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Abstract

A class of abstract stochastic variational inequalities of the second kind described
by uncertain parameters is considered within the framework of infinitesimal and
large displacement elastoplasticity theory. Particularly the focus is set on the rate-
independent evolutionary problem with general hardening whose material character-
istics are assumed to have positively-definite distributions. By exhibiting the struc-
ture of the evolutionary equations in a convex setting the mathematical formulation
is carried over to the computationally more suitable mixed variational description for
which the existence and uniqueness of the solution is studied. Time discretised as
usual with backward Euler, the inequality is reduced to a minimisation problem for
a convex functional on discrete tensor product subspaces whose unique minimiser
is obtained via a stochastic closest point projection algorithm based on “white noise
analysis”. To this end a description in the language of non-dissipative and dissipative
operators is used, both employing the stochastic Galerkin method in its fully intrusive
or non-intrusive variant. The former method represents the direct, purely algebraic
way of computing the response in each iteration of Newton-like methods. As the
solution is given in a form of polynomial chaos expansion, i.e. an explicit functional
relationship between the independent random variables, the subsequent evaluations
of its functionals (the mean, variance, or probabilities of exceedence) are shown to
be very cheap, but with limited accuracy. Due to this reason, the intrusive method
is contrasted to the less efficient but more accurate non-intrusive variant which eval-
uates the residuum in each iteration via high-dimensional integration rules based on
random or deterministic sampling - Monte Carlo and related techniques. In addi-
tion to these, the problem is also solved with the help of the stochastic collocation
method via sparse grid techniques. Finally, the methods are validated on a series
of test examples in plain strain conditions whose reference solution is computed via
direct integration methods.






Rezime

U okviru teorije malih i velikih plasti¢nih deformacija razmatrana je klasa apstrak-
tnih stohastickih varijacionih nejednakosti opisanih slu¢ajnim promenljivim. Pose-
ban fokus je stavljen na asocijativni evolucioni problem sa generalnim oja¢anjem
¢ije materijalne karakteristike imaju distribuciju odredenu zakonom maksimalne en-
tropije. Proucavajudi strukturu evolucionih jednacina uz pomo¢ konveksne teorije
analizirani su uslovi za postojanje i jedinstvenost resenja uz dodatnu matematicku
reformulaciju problema u numericki prikladan mesoviti varijacioni opis. Dobijena
nejednakost se nakon implicitne diskretizacije svodi na minimizaciju konveksnog
funkcionala definisanog u tenzorskom prostoru. ReSenje tako postavljenog prob-
lema se moZe dobiti novouvedenom stohastickom metodom projekcije najbliZe tacke
uz pomoc¢ teorije analize belog Suma. Pomenuta metoda se sastoji od dva koraka:
elasti¢nog i plasti¢nog, ¢iji su algoritmi bazirani na stohasti¢koj Galerkinovoj metodi.
Uz pomoc¢ funkcionalne analize Galerkinov metod je formulisan na dva nacina: di-
rektan (intruzivan) i posredan (neintruzivan). Intruzivni metod predstavlja direktan,
algebarski nacin dobijanja reSenja u svakoj iteraciji Njutnove metode. Zahvaljujuci
polinomnoj formi resenja sve predstojece evaluacije njegovih funkcionala, kao Sto
su srednja vrednost, varijansa itd. postaju racunski jako efikasne, ali ogranicene
tacnosti. U cilju unapredenja tacnosti Galekinova methoda je implementirana i u
svojoj manje efikasnoj, neintruzivnoj varijanti, koja racuna rezidual u svakoj Njut-
novoj iteraciji numeri¢kom (deterministickom ili stohastickom) integracijom. Obe
varijante Galerkinovih metoda su uporedene sa metodom stohasticke kolokacije za-
snovane na pravilu “sparse grid”-a. Konacno, sve predstavljene metode su verifiko-
vane na seriji test primera u ravanskom stanju deformacije i za referentno reSenje
dobijeno uz pomo¢ direktne integracije.






Zusammenfassung

Im Rahmen der Elastoplastizititstheorie infinitesimaler und starker Verschiebun-
gen wird eine Klasse von abstrakten, stochastischen Variationsungleichungen be-
trachtet, welche durch unsichere Parameter beschrieben werden. Im Speziellen
wird das raten-unabhiingige Evolutionsproblem mit allgemeiner Verfestigung
betrachtet, dessen Materialeigenschaften-Verteilung als durch die Maximum-
Entropie Methode gegeben angenommen wird. Durch die Darstellung der Struk-
tur der Evolutionsgleichungen in einem konvexen Rahmen wird die Existenz
und Eindeutigkeit der Losung betrachtet und die mathematische Formulierung
in eine berechnungstechnisch besser passende gemischt-variationale Beschreibung
iiberfiihrt. Innerhalb eines Euler-riickwarts Zeitschrittes reduziert sich die Un-
gleichung auf ein Minimierungsproblem fiir ein konvexes Energiefunktional auf
diskreten Tensorproduktunterrdumen, dessen eindeutige Losung mithilfe eines
stochastischen nichstgelegenen-Punkt-Projektionsalgorithmus basierend auf der
“white noise” Analyse bestimmt wird. Hierzu wird eine Beschreibung basierend
auf nicht-dissipativen und dissipativen Operatoren benutzt und die sogenannte intru-
sive stochastische Galerkinmethode in den Berechnungsprozess eingefiihrt. Diese
Methode stellt einen direkten algebraischen Weg zur Berechnung der Losung in
jeder Iteration von Newton-dhnlichen Verfahren dar. Da die Losung in der Form
einer polynomiellen Chaos-Entwicklung gegeben ist, also einer expliziten Beschrei-
bung des funktionalen Zusammenhangs der unabhéngigen Zufallsvariablen, sind die
nachfolgenden Auswertungen von Funktionalen dieser Losung (Mittelwert, Varianz,
Uberschreitungswahrscheinlichkeit) berechnungstechnisch sehr giinstig. Zusitzlich
wird die Methode mit der nicht-intrusiven Variante verglichen, einem pseudo-
Galerkin Verfahren, welches das Residuum in jeder Iteration mit Methoden zur
hochdimensionalen Integration basierend auf zufilligen oder deterministischen Ab-
tastverfahren auswertet. Abschlieend wird die Methode mit einer Reihe von Test-
beispielen mit einfachen Spannungsbedingungen validiert, deren Referenzlosungen
tiber direkte Integrationsverfahren berechnet werden.
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Chapter 1

Introduction

In order to enhance the quality and reliability of industrial design an important goal
of engineering sciences is to understand and analyze the non-reversible behaviour of
a structure under the influence of external excitations. Therefore, in last few decades
a significant development of elastoplasticity theory has been made in terms of its
mathematical formulation and numerical computation. With time the theory has
grown into two separate branches: the classical and the finite strain theory. The
classical theory is used to describe the irreversible phenomena based on the small
strain assumption [215, 89, 224, 41, 160]. The theory consists of the complete study
of the existence, uniqueness, and stability of the solution together with the various
computational approaches for its numerical computation [92]. Even though exist-
ing algorithms are fully securing the desired accuracy, the practical application of
infinitesimal models is limited to few real situations due to the small strain assump-
tion. Consequently, the classical approach has been altered to a more complex and
yet not completely understood finite strain theory. In contrast to the infinitesimal,
the finite strain theory [101, 24, 54, 161, 40] deals with several issues such as the
existence of the non-unique stress and strain measures, the problem of finding the
physically acceptable decomposition of the total deformation into elastic and plas-
tic parts, as well as non-objective material time derivatives of the spatial variables.
In order to overcome these issues several different specifications of the rate equa-
tions have been considered over time and studied in many papers and books, such
as [10, 24, 69, 159, 101, 161, 128]. Accordingly, the finite strain theory is consid-
ered to be controversial even though the computational analysis offers the numerical
algorithms capable to solve the highly complex problems.

Regardless of their great practical application in every day life, the classical and finite
strain models still cannot describe many phenomena. Properly calibrated elastoplas-
tic models are successfully used to capture the most important aspects of material
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Chapter 1 Introduction

behaviour arising in problems such as metal forming, the design of steel, etc. How-
ever, these models cope with the inability to describe materials undergoing significant
changes in the micro-structure, such as soil, rock, concrete, powder, and bone tissue.
In addition, the deterministic analysis fails to accurately predict the system response
under poorly known excitations, for example seismic phenomena, wind, snow, etc.
Nevertheless, up to the present time their study has been done in a quite determin-
istic way by “averaging” the existing experimental data and neglecting the influence
of the obviously present uncertainty on the system response.

In order to improve the quality of the prediction this paper substitutes the determin-
istic approach with a more realistic stochastic counterpart which takes all present
uncertainties into consideration.

1.1 Related work

The first attempt to describe elastoplastic equations in stochastic manner was pub-
lished by Anders and Hori [8]. They considered the three-dimensional isotropic soft-
ening of a non-homogeneous elasoplastic body in small deformation conditions and
for a quasi-static state described by random material properties. Assuming the elas-
tic modulus to be the only uncertain variable, authors proposed a stochastic finite
element method based on the Karhunen-Loeve expansion along with the polynomial
chaos expansion combined with the bounding body theory [167, 211]. The method
searches for the joint distribution functions of variables of consideration by approx-
imating the yield function via the perturbation expansion. However, the number of
terms taken in the expansion in [8] is considerably small, mostly limited on one or
two terms. This is a great disadvantage as it affects the accuracy of the method and
may only handle random variables with embarrassingly small variances. In addition,
another disadvantage may be subscribed to the complexity of numerical approxima-
tion, which does not allow more than one random parameter (in this particular case
the Young modulus) to be considered.

Besides the bounding body media approach, another probabilistic finite element
method for elastoplastic materials in 3-D case has been proposed. Namely, Ning,
Wilson and Jiashou [170] developed a direct partial differential approach, which re-
lies on the incremental theory of plasticity and the modified initial stress method
introduced by Zhuo [170]. The method incorporates advantages of variational and
constant stiffness approaches, and at the same time enables simultaneous itera-
tive computations of the gradients and mean values of displacement and stresses.
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1.1 Related work

Briefly, Ning and co-workers observed a random 3-D problem described by the
Mohr-Coulomb yield criterion with uncertain elastic modulus, Poisson ratio, and
strength parameters including the coefficient of internal friction and cohesive force.
In order to describe the probabilistic elastoplastic behaviour, they rewrote the equi-
librium equation in a set of sub-incremental and iterative equations. Following this,
authors achieved the forward and back substitution of the global stiffness matrix
within each iteration by adjoint vector methods. Although the probabilistic differen-
tiation method has been derived for the case of more than one random parameter, the
disadvantages still exist as all uncertain inputs are considered to be random variables,
not random fields. In latter case the method efficiency can be jeporised due to pres-
ence of large number of random variables. In addition, the method cannot be used
for input with large variances due to poor accuracy of the Taylor expansion used in
calculation of reliablity index.

Even though the previously mentioned methods try to illuminate the elastoplastic
behaviour, they fail to deliver full or enough accurate prediction of the structural be-
haviour under the influence of uncertainty. For a more realistic description, Jeremié
and co-workers [208, 209, 105] derived the Fokker-Planck (FP) equations for the
probability density function (PDF) of the random state variable, i.e. stress. The
Fokker-Planck equation can be derived by taking linear/nonlinear constitutive equa-
tions and describing the variation of the state variable in time by the Kubo stochastic
Liouville [120] equation. In this way one obtains the evolutionary probability density
of the state variable which further may be translated to the linear and deterministic
FP differential equation. According to [208, 209, 105] the PDF method does not
suffer from the closure problem associated with the regular perturbation approach,
neither does it require repetitive use of the computationally expensive Monte Carlo
method [133, 32]. However, the method is, mathematically speaking, very complex
and up to now can be used only for one-dimensional problems.

The quantification of uncertainty in finite deformation problems using the spectral
stochastic finite element method (SSFEM) [78, 150] first appeared in the work of
Acharjee and Zabras [3, 5, 4]. They considered the influence of the uncertainty in
the initial configuration and the heterogeneity of the material on the deformation of a
specimen via a spectral stochastic approach similar to the one presented in this work.
In order to overcome difficulties arising from the employment of polynomial chaos
algebra, they developed the collocation strategy with the help of a rigorous contin-
uum sensitivity method (CSM). Though this method provides an attractive alternative
to intrusive techniques, it does suffer from the curse of dimensionality. Furthermore,
in its present form the method is not suitable for problems involving high dimensional
uncertainties.
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Another version of spectral approach can be found in [11]. The method considers
the stochastic boundary value problems whose mathematical formulation involves
inequality constraints. However, the paper lacks the important study of the exis-
tence and uniqueness of the solution as well as the full derivation of the problem.
In a numerical way the problem is solved using the sparse grid approach where the
stochastic convex domain of admissible stresses is described in a set of collocating
points. In addition, the only uncertainty considered in the numerical examples is the
one describing the hardening of material.

In order to provide more realistic description of elastoplastic models, as well as more
efficient algorithms than previously mentioned, this thesis promotes the original idea
of a functional approximation of random variables/fields used to describe the material
characteristics of elastoplastic systems.

1.2 Purpose of the study

In reality one possess only incomplete knowledge on the material characteristics and
external excitations imposed on a system. Therefore, the main purpose of this disser-
tation is to develop an understanding and provide the quantification of the uncertainty
arising in problems described by irreversible phenomena. Following this the two pri-
mary aims of this study are:

1. to investigate the presence of uncertainty in elastoplastic systems on both the
material and structural level, and to ascertain the proper mathematical formu-

lation accurately representing random media, and

2. to develop the most suitable numerical algorithms for the integration of random
evolutionary equations.

Once the model is constructed and the numerical algorithms are developed, the sensi-
tivity analysis can be done to determine the behaviour of heterogeneous materials.

1.3 Scope and focus of research

The aim of the present study is to develop a mathematical formulation and numerical
approximation of small deformation [215, 92] and large displacement elastoplastic
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1.3 Scope and focus of research

behaviour [101] in a stochastic setting, going from linear elasticity via perfect plastic-
ity to plasticity with linear hardening. By exhibiting the structure of the evolutionary
equations in a convex setting [92, 65, 188], the study is carried over to the variational
inequality formulation for the stochastic problem. This will hopefully show the math-
ematical similarity between the deterministic and the new formulation, and thus help
to explain the abstract variational inequality and its stochastic interpretation.

In engineering practice there are many phenomena which may be described by a
deterministic variational inequality of a particular order, such as the obstacle and
contact problem. Due to the necessity to solve these problems a powerful mathemat-
ical tool has been developed, see e.g. [112, 81, 62, 92]. However, many of known
phenomena are of an uncertain nature, and thus an attempt is made to extend the
theory to a more general case described by a stochastic variational inequality (SVI)
[88, 87, 86]. The main goal of this thesis is to extend the mentioned class of ran-
dom variational inequalities (RVI) described by a random monotone operator on a
random subset of a Hilbert space [88, 87, 86] to a mixed SVI for the elastoplastic
problem, and to provide the study of the uniqueness and the existence of the solution
for such posed problem. Another goal is to offer the appropriate numerical tool for
solving the mixed SVI by transforming the variational inequality to the equivalent
convex minimisation problem. This goal will be achieved with the help of a novel
approach - a stochastic closest point projection algorithm based on “white noise anal-
ysis” [194, 155, 193, 195].

For the sake of simplicity, the associative irreversible behaviour described by the
Prandtl-Reuss flow rule and the von Mises function with linear elastic and mixed
hardening is taken as a study example. The perfectly plastic material behaviour is
not considered mathematically as it cannot be described within Sobolev spaces (see
[148, 147]) regarding their ability to form shear narrow bands of very high displace-
ment gradients. Once the model is adopted, the material parameters describing the
constitutive relation and the evolution path are assumed to be uncertain and further
modeled by a random variable, random field, or stochastic process [6, 46, 59], de-
pending on their properties. Such posed problem is then numerically treated using
stochastic Galerkin method, similar to the one in the classical finite element methods
[151, 107, 108, 150, 73, 67, 155, 193, 194].

In order to separate the random part of the problem from the deterministic (spa-
tial) one, the input random fields are approximated by the Karhunen-Logve ex-
pansion [78, 107, 110, 150], followed by polynomial chaos expansion a la Wiener
[150, 238, 246] in each FEM integration point. Such an approach further allows an
explicit functional relationship between the independent random variables and the
solution, making the subsequent evaluations of functionals (the mean, covariance, or
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probabilities of exceedence) very cheap [107]. In general two possible versions of
stochastic Galerkin method are introduced: the non-intrusive, which uses the classi-
cal finite element method in a black-box fashion, and the intrusive, which requires
the full knowledge of the model. Besides the Galerkin projection, several other ver-
sions of general non-intrusive methods such as stochastic collocation [17, 144, 172]
are also discussed.

The intrusive Galerkin method directly computes a solution via linear and nonlin-
ear operations of polynomial chaos algebra [56, 140, 150]. The method takes the
ansatz of the response solution in a form of polynomial chaos expansion, which fur-
ther allows the theory of functional analysis to be employed. As it does not rely
on sampling, the method is shown to be very robust and efficient. However, the
same procedure may be applied in another way by calculating the residuum via high-
dimensional integration methods. These are known as non-intrusive Galerkin tech-
niques [150, 11], as they are based on random sampling—Monte Carlo and related
techniques—or deterministic sampling such as collocation methods.

By highlighting the dependence of the random solution on the uncertain parame-
ters, the influence of individual uncertain characteristics on the structure response
is investigated by testing several numerical problems in plain strain or plane stress
conditions.

1.4 Significance of the study

As it is becoming increasingly difficult to ignore the presence of uncertainty in the
description of materials, the main significance of this paper is to improve the exist-
ing mathematical models of elastoplastic phenomena by including the uncertanties
into the problem. In recent years there has been an increasing interest in stochastic
linear problems (see e.g. [107, 157, 244]), taking the form of linear elastic equations,
while only few studies are considering more complex nonlinear phenomena. To al-
low further generalisation, this thesis offers a study of an elasto-plastic system, or,
mathematically speaking, a variational inequality described by a random constitutive
tensor. Such a model can be used as the surrogate for the description of rocks or
soils, concrete, and many biological materials such as bone tissue. In these situa-
tions the stochastic models are more informative than the deterministic ones. They
produce the full distribution of possible outcomes, give the confidence levels that a
certain outcome will happen, provide correlations between the events, and so on. In
this manner the description of real situations, such as the development of a tumor in
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bone tissue, the breaking risk of a concrete dam, the confidence of materials in civil
structures under the influence of known or uncertain excitations (seismic phenomena,
wind, and snow), can be provided.

In addition to reasons previously mentioned, the stochastic elastoplastic formula-
tion may also become very important in the process of the identification of material
properties such as yield stress, hardening, etc. Namely, once a set of noisy and in-
complete measurement data is provided one may alter (update) the a priori assumed
probability model to a more realistic one with the help of Bayesian probabilistic
models [122, 180, 192, 191]. The process of updating requires the computation of
the system response when the input parameters are uncertain, which is the topic of
this work. For example a constitutive tensor can be identified by measuring the de-
formation of a specimen under an applied force. On the other side, theoretically a
constitutive tensor can be modelled with the help of the maximum entropy approach
[222, 52] as one possess certain information about material characteristics a priori.
Such model further can be updated (see [192, 191]) using the measurement and the
stochastic elastoplastic formulation as presented in this work.

1.5 Expected results

One of the main objectives of this study is to propose several solution strategies for
the propagation of uncertainties in an elastoplastic model. Uncertainty propagation
with the help of direct integration techniques such as Monte Carlo methods requires a
huge computational effort. To overcome this issue, the thesis investigates and devel-
ops more efficient methods for the computation of the unique solution of the stochas-
tic convex optimisation problem. These methods employ the stochastic Galerkin
projection in its fully intrusive or non-intrusive variant. The intrusive methods are
essentially algebraic and require only one program-run, which makes them very effi-
cient computationally. However, the algebraic operations require certain truncations
which further may cause poor accuracy if the order of corresponding polynomials
is not sufficiently high. Additionaly, the increase of the polynomial order is not an
easy task since the memory requirements and the dimensions of the problem fastly
grow. In order to overcome these problems a non-intrusive variant of the stochastic
Galerkin method is pursued. The method integrates the residual with the help of one
of several possible numerical techniques such as random sampling, full or sparse grid
quadrature. The advantage of non-intrusive methods is the possibility to use FEM in
a black-box manner. Such an approach delivers better accuracy in smaller stochastic
dimensions at the expense of computational cost. Similar is valid for the stochastic
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collocation method with the only difference that one does not need any improved
communication with the deterministic software such as the call of the residual or
stiffness functions.

1.6 Thesis outline

The thesis is organised as follows: Chapter 2 gives an overview on the mathematical
theory of deterministic plasticity with the focus on the description of infinitesimal
behaviour. Most of this chapter is a presentation of the existing work published in
[195]. To give a better mathematical understanding the abstract mixed variational
formulation of the infinitesimal problem is introduced and further extended to the
large displacement case.

Chapter 3 offers the mathematical description of the stochastic elastoplastic be-
haviour described by uncertain parameters. The chapter starts with the description of
uncertainties appearing in the elastoplastic problem and their modelling with the help
of a fully or reduced parametric approach. Such modelled parameters are then intro-
duced into the generalised formulation of the irreversible behaviour previously de-
scribed in Chapter 2. Once the description of basic constitutive relations is provided,
the abstract and mixed stochastic variational formulations of the problem are intro-
duced. For computational purposes the problem is reduced to the minimization of
the quadratic convex functional for which the numerical algorithms are proposed.

Chapter 4 outlines the process of the discretisation of the considered problem. As
the input properties and the structure response are time, spatially and stochastically
dependent, this chapter offers possible numerical strategies for the approximation of
time intervals, geometrical domain, and probability space. In this light Chapter 4 is
a preparation for Chapter 5, which further considers various numerical approaches
used to solve the discretised problem. The main focus of Chapter 5 is set on the di-
rect stochastic Galerkin method and its non-intrusive alternative as novel procedures,
while the numerical methods already existing in literature are only shortly reviewed.
Following this, the stochastic variant of the closest point projection algorithm [215]
is introduced and analysed.

In order to enrich and clarify the structure of Chapter 5, Chapter 6 provides more
details about functional approximations and polynomial chaos algebra. The chapter
contributes the basic polynomial chaos operations of linear and nonlinear type for
both scalar and tensor valued random variables together with the various numerical
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approaches for their computation.

Furthermore, Chapter 7 outlines the structure of the library PLASTON (PLAstic-
ity - STOchastic aNalysis), and provides a concise description of main routines and
library modules by offering the most important user information. After this, some ap-
plications of numerical methods are presented in Chapter 8 on several test examples
in plain strain conditions.
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Chapter 2
Deterministic theory of plasticity

Everything, including that which
happens in our brains, depends on
these and only on these: A set of
fixed, deterministic laws. A purely
random set of accidents.

M. Minsky

In order to introduce the mathematical formulation of the stochastic elastoplastic be-
haviour a short overview of its origin, i.e. the deterministic theory, is presented. The
description is based on the general loading behaviour and fundamental notions such
as continuity and smoothness conditions, decomposition of the deformation into elas-
tic and plastic parts, the associated flow rule, the loading criterion, and the isotropy.
According to these the chapter studies the associative plasticity models described
by a rate-independent response with the plastic flow occurring instantaneously upon
activation, and enforcing the stresses to stay in the elastic domain bounded by an
yield surface [92, 101, 115, 215]. The presence of viscosity and its influence on the
plastic flow rate have been neglected since the viscoplastic solids exhibit permanent
deformations but continue to undergo a creep flow as a function of time under the
influence of the applied load, for more detail see [55, 93, 160, 215, 135, 234, 42].

2.1 General formulation

Let the material body G smoothly move through the Euclidean space R? in the time
interval 7 = [0,7] C R such that in each moment it occupies a certain spatial
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Chapter 2 Deterministic theory of plasticity

domain. The body represents a three-dimensional manifold with piecewise smooth
Lipschitz continuous boundary I" = 9G, on which are imposed boundary conditions
in Dirichlet and Neumann form on I'p C 0G and I'y C OG respectively, such that
I'pNI'y = @and G = I'y UIp. The body is imagined as being an assemblage of
material particles X moving in time to the new position z = ¢(X,t) : GoxT — R3,
where the twice piecewise continuously differentiable function (X, -) describes the
path of the material point X € G in R®. For any fixed time ¢ the mapping (-, %)
represents the new configuration G, i.e. deformation [215, 30, 115, 24]. According
to this two possible configurations are explored—the initial (material) G, (at to = 0)
and the current (spatial) G; (at arbitrary time ¢).

The body motion obeys several conservation laws [249, 229], i.e. the conservation of
mass, linear and angular momentum, and the first and second law of thermodynam-
ics. Under the assumption of quasi-static deformations, the linear momentum takes
the form of the equilibrium equations given here in spatial description (with respect
to the current configuration):

—dive=f ae inG xT, (2.1

where o € Sym(R?) denotes the stress tensor and f € R? describes volume forces.
The continuity of forces on Iy implies:

oc-n=ocy aeinlyxT, (2.2)

where n € R? is the exterior unit normal at x € I'y, and oy € R%is a prescribed
surface tension. In addition, one may constrain the displacement u € R? on I'p
as:

u=ug ae inlpxT, (2.3)

where u is the prescribed boundary displacement, here for the sake of simplicity
assumed to be uy = 0 (i.e. homogenous Dirichlet boundary conditions).

The spatial description in the form as previously given can be physically interpreted
due to the presence of Cauchy stresses . However, its practical implementation is
limited since the coordinates & are not generally known before the problem is solved
(e.g. finite strain case). Thus, very often Egs. (2.1) to (2.3) are rewritten with respect
to the initial configuration X (material formulation) as shown in [215, 101, 55].

The thermodynamic laws describe the state of the system in a local form with respect
to the deformation gradient ' = V¢ € GL,(d), the local entropy s € R and a
set of additional internal variables 1 € Q belonging to the vector space or possibly
manifold. Note that the deformation gradient F'(z:) belongs to the general linear
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2.1 General formulation

group (i.e. the smooth (differentiable) manifold locally similar to a linear space')
F(z) € GL,(d) = {F = Vy(z) € R™? | det F > 0}, (2.4)

and only exists under the smoothness assumption on the mapping ¢ : Gy — G, for
all z € G. With respect to this, the thermodynamic state can be described in terms of
the Helmholtz free energy [249]

Y(F,T,n) =inf (U(F,s,n) — sT), (2.5)

and the evolution law:
n=n(F,n) (2.6)

which takes into account historical effects due to the evolution of internal variables
with time. The Helmbholtz free energy in Eq. (2.5) is obtained via the Legendre trans-
formation of the internal energy U and represents the function of the deformation
gradient F', the internal variables 7, and the temperature 7. However, in this work
one is only interested in isothermal conditions for which the temperature dependence
is excluded.

When the irreversible process occurs, the system energy dissipates over time accord-
ing to the reduced local Clausius-Duhem inequality [92, 90]:

oY L

where F' is arbitrarily chosen such that the relations for the first Piola-Kirchhoff
stress P = 0v/OF and the conjugate force x = —0/0n hold. In this notation the
inequality Eq. (2.7) obtains the following form:

X:7>0 2.8)

further used to closely describe the associative, rate-independent, and isothermal ir-
reversible processes in small and finite strain case. Namely, those two cases are
different with respect to the measure of displacement v = = — X and strain (mea-
sure of deformation). In small strain case one has ||V ul — ||[Vyu = Vsu :=
u® Vgl << 1,i.e. the overlapping of the current G; and initial G, configurations as
a direct consequence. Here, V; denotes the derivative with respect to the material
coordinates, and Vg with respect to spatial ones. On the other side, in finite strain
case the statement V y;u ~ V gu does not hold, and thus the description of the body
is not unique [101, 24, 30, 55].

I This means that manifold can be described by a collection of charts, which lie within a linear space.
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Chapter 2 Deterministic theory of plasticity

2.2 Small deformation plasticity

When the displacements are small compared to the initial size of body, one may
neglect the difference between the initial and current configuration. This further
means that the strain is uniquely defined as a symmetric part of the displacement
gradient:

1
e =Vgu:= 3 [Vu+Vu'] ae.ing, (2.9)

and belongs to a space of symmetric tensors Sym (R?) = {e € R¥*? : € = €T}
The use of linearised strain as a measure of deformation is justified by the invari-
ability condition under the rigid body displacements U, := {u : § = R|u =
a+bx,ccRbec R>¥:bp = —bT) such that e(u) = 0 iff u € U,.
Besides, the strain tensor is constrained by six so-called compatibility conditions
[57, 169] and describes the change in volume via the sum of diagonal elements,
as well as the change of the angles via off-diagonal elements (shear strains). Fol-
lowing this, from Eq. (2.5)-Eq. (2.8) one may deduce the Helmholtz free energy
1 = (e, n), evolution law 7 = (e, n), stress o = O /0¢&, and conjugate forces
X = —0v/0n as functions of the total strain € and the vector of internal variables 7).
These quantities describe the standard media [89, 91] for which the internal variables
quantify the hardening/softening of material (i.e. the increase/decrease of its elastic
limit o). To these one may add the decoupling of the strain into elastic and plastic
response via the additive decomposition:

e=¢.(0)+¢ep(n), (2.10)

where the elastic strain €, defines the measure of the deformation when the distorted
body returns to its original shape and size after the force is removed, and the plastic
strain €, describes the irreversible behaviour, i.e. plays a role of an internal variable
— the “memory” of the material.

In order to simplify the notation one may collect the set of “plastic-like” variables to
a generalized plastic strain E,, := (e,, 1) and its conjugate stresses to a generalised
stress X = (o, x). In this notation, following Eq. (2.10), one may rewrite the total
Helmholtz energy as a sum

Y= "/}e(se) +wirr(Ep) 2.11)
of reversible 1), = %<€e, Ae.) and irreversible ¥;,.,. = %(Ep, HE,) energy, both for

simplicity taken as the quadratic functions of corresponding strains. Here, A and H
denote the elastic and hardening operators, respectively, and (-, -) the corresponding
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2.2 Small deformation plasticity

duality pairing. Similar to these the dissipation inequality in Eq. (2.8) transforms
to:
(X E,) :=0:¢,+ (x,7) >0, (2.12)

where the second term (x, 7)) represents the dissipation due to the evolution of the
internal variable 7).

Table 2.1: Plasticity described at material point

Model Variable Law valid a.e.

General Additive decomposition &€ = e, + €,

hardening UV = Ye + Virr

plasticity  Generalised strain E, = (gp,m)
Generalised stress X =(o,x)
Reversible energy Ve = 3(ec, Ae.)
Irreversible energy Virr = 3(E,, HE,)
Hooke’s law o = Ae,
Hardening law x = Hn

Elasticity  Strain €E=¢€.,€e,=0,n=0
Energy 1/) = we’ "/}irr =0

Perfect Strain e=€.+ep,n=0

plasticity  Energy VY =13(e—ep Ale —&p))

Mixed Conjugate force x = (s,¢)

hardening Internal variable n = (ep,v)

plasticity Kinematic law S=—Hy,:€p
Isotropic law (= —Hjsov
Hardening law x=H:n,H

Depending on the properties of the general internal variable E,, one may separate
elastic from plastic material behaviour. If E, = 0 the behaviour is purely elastic
(reversible), further described by a quadratic function ¥, := 1 (e.), i.e. the Hooke’s
constitutive relation o = Ae, = A : €.. Here, A € £(Sym(R¢)) denotes the fourth
order symmetric, bounded, measurable, and pointwise-stable constitutive tensor; and
A corresponding linear operator. For an isotropic homogenous material A takes the
form of linear function A = K1 ® 1 + 2G[I — %1 ® 1] in terms of two material
parametersz, the bulk & and shear G moduli.

2T represents the fourth-order and 1 the second-order symmetric identity tensor
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Chapter 2 Deterministic theory of plasticity

In case the internal variables F,, are present the material behaviour is plastic. In this
work the focus is set only on two “simple” possible cases of such behaviour: perfect
and mixed hardening plasticity (see Table 2.1). The perfect material undergoes irre-
versible changes of shape or size of the body without any further increase of stresses
and loads, while the hardening material experiences the change of the domain of ad-
missible stresses by its size (isotropic hardening) or position (kinematic hardening).
For more details the reader is referred to [215, 92, 101, 55].

2.2.1 Associative plastic flow rule

The evolution of the plastic strain according to the associative flow rule is described
by elastic domain K—a closed convex set containing the origin (¥ = 0 € K)—
which the stress cannot leave. In this sense, the dissipation in Eq. (2.12) becomes
maximal [136] and for O € K the law is clearly satisfied.

Table 2.2: Plastic flow rule formulations

Dual

Normal cone Ne(X)={Ze€é|(Z,T-X)<0}C¢&
Indicator of K Ui (X) = 0,if ¥ € K, otherwise ¥ (X) = o0
Flow rule E, € Ng(X) =00k (X) < (E,, X —T) <0
Primal

Conjugate dual VE(E)={T €Y |sup ((=,T) —¥x(T))}
Dissipation J(E,) =V (E,) = {T € K| sup (E,,T)}

Convex domain £ K = 0%¢(0) = 95(0)
Barrier cone of K K> :={Z| (2, T) < o0 VT €K}
Flow rule X € 0U¢(E,)

Yield function
Gauge function ge(X) =inf{A >0 |VZ: (5,X) <\(E) }

Yield function o (X) = g(X) — 1,
Convex domain K={%¢x(¥) <0}
Flow rule AN>0: E, € Mo (X) A Ao (X) =0

With the help of the definition of the elastic domain the flow rule can be described
in two equivalent forms: dual and primal. The first is given in terms of indicator
function ¥ (X) of I, whose sub-differential represents the normal cone Ny (X')
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at point X on K, see Table 2.2 and [92, 195, 168]. On the other side, the primal
law introduces the convex and lower semi-continuous support function ¥g (=) of C,
obtained by the Legendre-Fenchel transform of the indicator function. This function
is identified with the dissipation j (Ep), i.e. anon-negative (as 0 € K), convex, lower-
semicontinuous, and positively homogenous (VA > 0 : j(AZ) = A\j(Z)) function
satisfying j(0) = 0. The effective domain of j is the so-called barrier cone K> of
K, a closed convex cone. For such support functions one has K = 0% (0) = 94(0),
3 c 9j(E,) & X € 9j(0) (as for any positively homogenous convex function),
and (£,X) = j(&). Following this, the primal formulation of the flow law (see
Table 2.2) is equivalent to the dual form by stating that 95* = dWx is a cone. For a

detailed derivation please see the technical report by Rosi¢ et al. [195].

As for the characterization of the elastic domain, the most common one is still miss-
ing, namely in terms of a yield function. For that the notion of a Minkowski [187]
or gauge functional gi(X') of a convex set K is needed. The functional defines the
“canonical” yield function ¢ (X) which further gives the definition of the flow rule
as in Table 2.2. In case of a smooth function ¢x (X') the sub-differential O (X)
is replaced by gradient Vi (X), and the flow rule obtains the form of the familiar
relation of classical elastoplasticity: I\ > 0 : E, = A\WVox(X) A Ao (X) =
0, K = {X¥ | ¢x(X) < 0}. Note that over the years a large number of yield func-
tions (criteria) have been developed mostly for materials used in engineering. For
this the reader is referred to [55, 45, 236, 158] for further details.

2.2.2 Time discretisation of the flow rule

Let us divide the time interval [0, T'] into steps At,, = t,, — t,,—1 with time points
denoted by t,,,n = 0,1,---. The goal is to approximate the state of the material
such that the relations in Table 2.2 are satisfied at the end of the time increment given
the state of the material at ¢,,_;. The state is described by values of the total strain
E, := (e,,0), its increment AE,,, and the plastic strain E,, ,, (which then defines
the stress ¥, = A : (E,, — E,,)). To simplify the notation for all quantities to

€9

follow an index “n” is used to denote the quantity at time %,,.

In order to approximate the rate Ep one may use the difference quotient AE,, , =
(Epn — Ep 1)/ At,, which in an Euler backward fashion has to be in the normal
cone N (X,,) at the end of the increment ¢,, (see Table 2.2). This is a special case
of Moreau’s sweeping process [162]:

b

< (AE,,) € Ne(B,) = 0¥k(Z,). (2.13)
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As Ni is a cone it also holds that AE,, € Ny(X,)—one utilises the rate in-
dependence here—and hence the previous equation may be rewritten as a discrete
normality rule:

(AE,,,T—-X,)<0, VTek. (2.14)

2.2.3 The closest point return algorithm

Both because this is the prototype for the actual computation and as this procedure is
used in the abstract proofs, the well-known return mapping algorithm [215, 101, 195,
168] is described here starting with the dual rule in Table 2.2. As AE, , = E, ,, —
Ep,nfl = En _Ee,n _Enfl +Ee,n71 = A-En""-Ee,nfl _Ee,n = A—l(ztrial -
X,) with Xtriel .= A(AE,, + E.,_1), one obtains from (Ep, 3> —T) <0the
variational inequality

(AE,,, T —-X,)<0, VI'ekK (2.15)
and the equivalent minimisation functional
(X, AT - X,)) > A7 Ixtra T 3) VTIek (2.16)

as a special case of a general variational inequality described in Section 2.3. This
further leads to a constrained minimisation problem

XY, = argmin®(X)
ek

1 . )
= argmin {=(A"}(Xtrial _ 3 sptrial _ 5oy (2.17)
Tek 2

in its familiar “closest-point-return” form. This means that X, is the projection
of Xtrial onto the closed convex set K in the metric given by A~!, i.e. the norm
(X : A~ X)1/2. Observe that X' is the stress which would result if the
increments were purely elastic.

2.3 Minimisation principle

After the preceding well-known description at a material point, the present and next
section will cover some abstract results regarding the theory outlined in the previous
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sections. As already discussed, the elastoplastic problem in each time step converts to
the standard convex optimization problem described by a quadratic convex objective
function @. In addition, if the minimisation is performed over a convex region then
the existence and uniqueness of the globally optimal minimum directly follow [195,
224, 239].

Let &(z) be a strictly convex, continuous, Giteaux differentiable, and coercive func-
tional on a Hilbert space Z, i.e. ¢(z) — oo as ||z|| — oo. In particular one may
look at a continuous (or bounded a(z1, z2) < c||z1]|||22]]), symmetric and Z-elliptic
(a(z,z) > c||z||?) bilinear form a : Z x Z — R and an element yy € Z*. These are
used to define the functional:

&(z) = %a(z, z) — (y, 2). (2.18)

As a and y are continuous and Gateaux-differentiable, and as a is Z-elliptic, @ has all
the properties stated above. To handle the dissipation one has to allow for a second
convex functional j on Z, which may not be Gateaux differentiable everywhere. This
functional is supposed to be the support functional of a closed convex set  C Z*
containing the origin. One then has (see [92, 195]):

Proposition 2.3.1. With the notation and assumptions just described the problem to
minimise

min ($(z) +5(2)) (2.19)
has a unique solution:
w = argmin (P(2) + j(2)), (2.20)
zEZ

characterised by 0 € O(P(w) + j(w)), ie.
— 5B(w) € dj(w), 2.21)

where 6&(w) = a(w,-) — y is the Gateaux derivative of D. The last relation may
also be written as:

Vz e Z:a(w,z—w)+j(z) —j(w) > (y,z —w), (2.22)

i.e. an elliptic variational inequality of the second kind.

Proof. See [81]. ]

37



Chapter 2 Deterministic theory of plasticity

For brevity’s sake let us denote w* = —§®(w). Then Eq. (2.21) becomes

w* € 0j(w), (2.23)
which is equivalent to
w € I (w*) = 0 (w*), (2.24)
or
(w, 2" —w") <0, Vz"ek. (2.25)

Following this one may write:

Theorem 2.3.2. With the notation and assumptions as before, the problem:

min (P(2) + j(2)) (2.26)
z2EZ
has a unique solution w € Z,
w = argmin (P(z) + j(2)) (2.27)
2EZ
characterised by
Jw* e L, Vz e Z: alw,z)+ (w*, z) = (y, 2) (2.28)
and
V2t e Kt (w,z" —w*) <0. (2.29)
Proof. Follows from Proposition 2.3.1 and Eq. (2.23)-Eq. (2.25). ]

The bilinear form a defines a linear, continuous, self-adjoint, and coercive ((Az, z) >
c2||2]|?) operator A : Z — Z* via

Yo,z € Z: a(z,v) = (Az,v). (2.30)

Due to the properties just stated, A has an inverse A~! : Z* — Z with the same
attributes. This allows us to define a bilinear, continuous, symmetric, and coercive
form a* on Z*:

a*(z5,23) = (27, A7), (2.31)
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or, in other words, if © € Z solves:
Vze Z: alu,z) = (23, 2), (2.32)

then
a* (27, 25) = (27, u). (2.33)

If the bilinear form a can be identified in our application with the Helmholtz free
energy, then a* is the complementary energy.

We need the following result, now for variational inequalities of the first kind:
Proposition 2.3.3. Let V be a Hilbert space, p : Z — R a strictly convex Gateaux-

differentiable, coercive functional, and KC C V a non-empty, closed, convex set con-
taining the origin. Then the minimisation problem:

i 2.34
iy #(v) 239
has a unique solution u €V,
u = argmin ¢(v), (2.35)
vell
characterised by
YoeK: (dp(u),v—u) >0, (2.36)

where d is the Gdteaux-derivative of .

Proof. See [81]. O

LetV = Z*, and p(2*) = %a*(y — 2%,y — 2*) with Giteaux derivative:
0p(z7) = a” (%) —a’(y,) = a* (2" —y,"). (2.37)
From Eq. (2.28) in Theorem 2.3.2 one may see that w solves :
VzeZ: alw,z)=(y—w", z), (2.38)

and hence with Eq. (2.32)

<P(w)=§a (y—w,y—w)=§<y—w,w>7 (2.39)
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and
op(w*) =a"(w* —y,:) = —w (2.40)

Eq. (2.36) reads
VzreK: —(w,z" —w*) >0. (2.41)

These results can be collected in:

Theorem 2.3.4. With the notation and assumptions as before, the problem in Theo-
rem 2.3.2 is equivalent to:

1
w* = argmin —a*(y — 2%,y — z¥) (2.42)
z*e 2

(w* is in K the closest point to y in the a* metric), characterised by:

JweZVzeZ: alw,z)=(y—w"z) (2.43)

and
VzreK: (w,z"—w") <0. (2.44)
Proof. Follows from Proposition 2.3.3 and Eq. (2.37)-Eq. (2.41). ]

Hence, computing w* as the closest point in Eq. (2.42), the pair (w,w*) satisfies
Theorem 2.3.2.

2.3.1 Functional spaces

The boundary value problem described by the equilibrium equation given in Sec-
tion 2.1 will be recast in a weak form, also known as a variational formulation. This
requires the definition of the functional spaces [92, 195] that are relevant to the prob-
lem considered in this work, namely plasticity with linear kinematic and isotropic
hardening. The solution spaces are assumed to be the elements of the space of ad-
missible functions. However, in a perfect plasticity case further described spaces are
not applicable any more. In such a situation one introduces the space of functions
of bounded deformation, as proposed in [147, 63]. For reasons of simplicity those
spaces are not considered in this work.
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Let V be a Hilbert space—with its dual V*—to which corresponds the space of the
Bochner-Lebesgue p-integrable functions:

T ;
(/ IIv(t)ﬁ’;dt> < oo, 1 <p<oo}
0

(2.45)
with the usual extension to ||v]|.., = ess sup ||v(t)||y for p = oo. Going a step
t

Ly(T,V)={v:T = V|||,

further one introduces the Sobolev space:
H™T,V)={v € Ly(G) : D*v € La(G), o« < m} (2.46)
and for u,v € Lo(G) defines the duality pairing as:
(u,v) 1,6) = / u(x)v(x) dz, (2.47)
g

such that for u,v € H™(G)

(,v)rm(gy = Y (D*u, D) (2.48)
la|<m
holds. In the previous notation @ = (a1, ...,aq4), @] = a1 + ... + ag, and the

derivatives D%y = 91...0% v are taken in a weak sense.

With the help of these definitions one may describe the space of admissible displace-
ments as a Hilbert space U of one times differentiable functions including specified
boundary conditions, see Table 2.3. This space is mapped to a strain space £ via in-
jective linear operator Vg € L(U, E) with the closed range, which for some constant
Cyq > 0 and all v € U satisfies the following inequality ||Vsulle > Cqyllully. By
additive decomposition the space of plastic strain £, becomes the subspace of &, i.e.
the space of functions with zero trace. Similarly, the space of the internal variables
Q is defined [195].

Besides previously described spaces, one may introduce the space of their functionals
— dual spaces (also called stress or spaces of dynamic variables), see Table 2.3 and
[92, 123]. To this set belongs the space of stresses R = £* determined by constitutive
law o0 = AV gu, which further gives f = Vio € F = U*. Thus, the space of
forces F is determined by operator V§ € L(E€*,U*) dual to Vg. Similar is valid for
the space of the conjugate thermodynamic forces C. In order to simplify the notation,
the definitions of the generalised strain space P and generalised stress space ) are
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Chapter 2 Deterministic theory of plasticity

given as shown in Table 2.3. For a later formulation one may also introduce the so-
called primal w := (u, E,) € Z and dual w* := (f,X) € Z* variable given in
corresponding “strain” Z and “stress” space Z*.

Table 2.3: The defintion of spaces for kinematic and dynamic variables together with
the corresponding inner products

Variable Space
Displacement u U:={uec H(G)|u=00onTp}
Force f F =U*

<f7'u’>]:><l/{ = fngdx+fFNQUds
Strain € & :={e|e € Ly(G,Sym (R?)}
Plastic strain ¢, Epi={ep €& : tre, =0 ae. inG}
Stress o R:=E&* ={o: 0 € Ly(G,Sym(R%)}

(0,€)rxe 1= fg o:edr
Internal variables 0 Q:={n|n=(ep,v) € La(G,Sym(R? x R)}
Conjugate force x C:={x|x=(s,¢) € La(G,Sym(R?) x R}
(X;Mexo = [gsepde+ [;¢-vdr
Gen. pl. def. E,, P=E& xQ
Gen. stress 2 YecY =RxC
(X, Ep)yxp = (0,€p)rxe + (X, Mcxo
Primal w := (u,E,) Z:=UXxTP
Dual w* := (f,X) Z¥r=Fx)Y
(W, whwexw = (fru) Fxu + (X, Ep)yxp

2.3.2 Variational formulation

As the variational form taken by elastoplastic problems includes variational in-
equalities and hence the corresponding minimization problems, this section collects
some general results on this topic, mostly coming from the works of Stampacchia
[131, 112], Glowinski [81], Duvaut and Lions [62], etc. In these papers one may find
the description of the variational inequalities arising in problems such as stationary
elasticity, perfect plasticity, and the contact problem.
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2.3 Minimisation principle

Linear elasticity

Following the definitions for functional spaces in Section 2.3.1, one is able to intro-
duce the linear functional:

I(v) = / Fla.1) - v(z) dz +/ o(x) - v(x) ds, (2.49)
g I'y
together with the operator A : £ — R:
(Ae, €)rxe = /[A ce(x)] : e(z) dz, Veel& (2.50)
g

such that the linear Hooke’s law takes the form (Ae,e) = (o,€), Ve € &, ie.
o = Ae := A : e. By virtue of previous assumptions, the bilinear form

a(u,v) = /gAe(u) :e(v) dz, (2.51)

introduces an inner product ||u| 4 = a(u,u)'/? in the space U, called the energy
inner product [92, 202]. The energy norm is equivalent to the standard norm ||u/|;
of the space H'(G), i.e. C1||ul; < ||ulla < Caljull; (C; and C; are constants).
Note that in the following text the usual Euclidean norm in Lo(G) is denoted as
Jul) = ()72,

In this notation the weak form of equilibrium Eq. (2.1) can be further stated as fol-
lows:

Problem 2.3.5. Primal formulation of Elasticity problem PE. For a given loading
f € F find the solution u € U such that

a(v,u) = (Ae(u),e(v)) =Ll(v), Yvel, (2.52)

Au=/{ inlU", (2.53)

is satisfied.

In terms of the Lax Milgram theorem [124] the conditions of boundness and /-
ellipticity of the bilinear form a directly imply the well-possedness of the problem in
the sense of Hadamard, and therefore Problem 2.3.5 admits the unique solution. For
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more details see [92].

The primal formulation in Problem 2.3.5 is not the only possible description of elastic
behaviour. If one adopts the displacement w € f and stress o € R as variables
of consideration, the description in Problem 2.3.5 changes to the so-called mixed
formulation, where the solution space is not any more the space U/ alone, but the
Cartesian product of spaces U/ and R. According to this, the mixed formulation
requires the introduction of a new—dual— operator A* := A~! and the energy
norm ||o||%. = (A*0,0) := (0, o) 4~ via the continuous, symmetric, and coercive
bilinear form:

a*(o,7)=(A%o,T) = / A e T da. (2.54)
g

If a is identified in our application with the Helmholtz free energy ., then a* is
identified with the complementary energy ¢ via the Legendre-Frenchel transforma-
tion:
* 1 —1 1 *
Yi(o) =sup{{o,e)rxe — ()} = 5/ (A7 o) dx = 24 (o,0).
g

ect
(2.55)
In addition to a* the mixed description requires the definition of the continuous bi-
linear form b as follows:

b(T,v) :=(Bt,v) = (B*v,T) = /gs(v) 7 de, (2.56)

further leading to:

Problem 2.3.6. Mixed formulation of Elasticity problem ME. For a given loading
f € F and the space of admissible stresses R find the solution w € U such that

a*(o,7)—b(t,u) = 0, VreR
blo,v) = Lv) Yvelu (2.57)

hold. In terms of operators previous equations become

A*c — B*u =
Bo = /. (2.58)

The uniqueness of the solution can be proven in a similar manner as for the case of
the primal problem, for more information see [92, 202].
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2.3 Minimisation principle

From the optimisation point of view the primal and mixed problems may be reformu-
lated to a minimisation of the certain cost functional ¢(v), assuming that the bilinear
form a is symmetric. In other words, the primal Problem 2.3.5 transforms to the
minimisation of:

d(v) = %a(v,’v) — (L, v), (2.59)

a strictly convex, continuous, Gateaux differentiable, and coercive functional on a
Hilbert space U, i.e. P(v) — oo as ||v|| — oco. As a and ¢ are continuous and
Gateaux-differentiable, and as a is U-elliptic, ¢ has all desired properties and thus
the primal formulation in Problem 2.3.5 may be rewritten as a convex unconstrained
minimisation problem

w = arg min(P(v)). (2.60)

vel

The minimum satisfies d(@(w)) = 0, where 0&(w) = a(w,-) — ¢ denotes the
Gateaux derivative of @.

Similarly, the dual minimisation Problem 2.3.6 (see [229] chapter I) reads:

o = argmin(9*(0)) = arg min[la*(o', o) — / o(x)n(z)ug(z) d'], (2.61)
ocsS oces 2 I'p

where the statically admissible set S = {o € R4 : 0 -n = ty} requires the
definition of the Hilbert space Rq = {o € R : —dive = f} with the norm
(o, 7)r, = (o, 7)r + (dive,divT),.

Elastoplasticity

After integrating both the flow rule in its primal form (see Table 2.2) and the equi-
librium Eq. (2.1) previously multiplied by test function v — 1 over the computational
domain G, one may arrive to the primal formulation of the elastoplastic behaviour,
i.e. a variational inequality of the second kind [92, 240, 229, 97]:

a(w(t),z — (1) + () — j@(0) = (fz— (), VzeK. — (262)

Here, j denotes the dissipation functional, (f, z — w(t)) the linear continuous func-
tional, and a(z,w) = (Az,w) the bilinear form with A : Z — Z* being a linear,
continuous, self-adjoint, and coercive (i.e. (A2, z) > ca||2||?) operator. The inequal-
ity is posed on a convex non-empty domain K to which the test functions z belong.
To allow for the dissipation functional, one may pose the problem on a primal space
Z = U x P (a space of primal solution w, see Table 2.3), and thus generalise for-
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Chapter 2 Deterministic theory of plasticity

mulation to the abstract one:

Theorem 2.3.7. Problem ABS-P. Given a function f € H (T, Z*) with f(0) = 0,
there exists a unique function w € H(T,Z*) with w(0) = 0 and w(t) € K,
which solves the following problem a.e. int € T :

Vee Z: a(w(t),z —w) +i(z) — j@(t) = (ft), 2 —w(t).  (2.63)

If in addition fy, fo € HY(T,Z*) with f1(0) = f2(0) are two different loadings,
and wi,wy € HY (T, Z*) are the corresponding solutions, then

w1 — wellr. < ellfi — fallz,- (2.64)

Proof. The existence, stability and uniqueness of the solution w € H' (T, Z*) with
w(0) = 0 and w(t) € K> are studied in [92] for a given f € H'(T,Z*) with
f(0)=0. O

The primal problem is not uniformly concave/convex, therefore generalized Newton
methods (radial return) often exhibit bad global convergence properties. In order to
overcome this difficulty one reformulates Theorem 2.3.7 by introducing the function
w* € HY(T,Z*) coming from the definition of the sub-differential:

9j(w) = {w* € 2 j(2) > j(w(t)) + (w*(t), 2 — w(t)), Vze Z}. (2.65)

This together with the positive homogeneity of j allows to write j(u) = (w*,w) and
j(z) > (w*, z), which substituted to Eq. (2.62) gives an equality

a(w(t),z) + (w*(t),z) = (f,z), VzeZ (2.66)
followed by an inequality:
w* € dj(w), ae. t€T. (2.67)

Going back to convex analysis [65] one has that w*(t) € 9j(w(t)), and thus w(t) €
97* (w*)(¢) for all ¢ € T. With this in mind one may rewrite Eq. (2.67) to:

Ve Koo (i), 2 —wi () <0 VteT, (2.68)

and subsequently pose a mixed formulation of the abstract plasticity problem, which
will be used further:
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2.4 Large deformation elastoplasticity

Theorem 2.3.8. Problem ABS-M. With the notation and assumptions above there
are unique functions, w € H'(T,Z*) and w* € HY(T, Z*) with w(0) = 0 and
w*(0) = 0, which solve the following problem a.e. t € T :

Vo e Z: a(w(t), ) + (w*(t), 2) = (f(£), 2) (2.69)

and
Vzr e K (w(t),z" —w*(t)) <O0. (2.70)

If, in addition, fi, fo € HY(T, Z) with f1(0) = f2(0) = 0 are two different load-
ings, and wi,ws € H(T,Z) and wi,w; € H(T,Z*) are the corresponding
solutions, then ' .

s — wallp. < ellfy - fallr, @71)

and

lwi = wille. < (s = follo, + 11 = folloe) < €llf = folln,. 272)

Proof. The existence and uniqueness may be proven in a similar manner as for the
primal abstract problem, for further details see [195]. O

2.4 Large deformation elastoplasticity

The theory of infinitesimal plasticity is very simple and clear, however not very ap-
plicable in practice. In real situations such as metal forming the assumption of lin-
ear deformation is not appropriate due to existence of non-negligible local rotations.
This further results in non-unique stress and strain measures, as well as non-objective
material time derivatives of the spatial variables.

In early works the finite deformation theory was based on the assumption of hy-
poelasticity, i.e. the additive decomposition of the rate of deformation into elastic
and plastic parts, where the elastic part is described by the hypoelastic rate equation
[15]. However, experiments have shown that the hypoelastic formulation is not so
adequate due to the inconsistency with elastic response in some specific situations
observed in [53, 54]. This constatation has been proven in the work of Simo and
Pister [218] for the Jaumann, Green-Naghdi and Truesdell formulations. Therefore,
the hypoelastic formulation is replaced by the hyperelastic one [217] which decom-
poses the deformation gradient in a multiplicative way. Such an approach is found to
be mathematically more complex than the first mentioned. To reduce the complex-
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Chapter 2 Deterministic theory of plasticity

ity scientists investigated different numerical approaches to the problem [184]. This
tendency is recently replaced by a theory of the evolution processes given in terms of
the second law of thermodynamics with respect to the current configuration [216] or
the intermediate one [130].

Due to the previously mentioned reasons, the theory of finite deformation plasticity
is very much controversial and still study of research, see [1, 69, 159]. Hence, in this
work only the large displacement analysis is considered.

2.4.1 Description of kinematics

In contrast to infinitesimal, the finite deformation theory is not uniquely described
as the current and initial configuration are not overlapping. In other words, the dis-
placement field is not infinitesimal, and one may distinguish the initial Gy from the
current (deformed) configuration Gp. Accordingly, there are at least two possible
descriptions of the material behaviour depending on the choice of the reference con-
figuration. The description with respect to the initial configuration is called material
or Lagrangian, while the spatial (Euler) description is the one given with respect to
the current configuration.

In order to relate the mentioned configurations, one introduces the deformation gra-
dient, see Section 2.1, which splitts by a multiplicative decomposition [143]

F = F°FP (2.73)

to the plastic FP and elastic F'° gradients, locally defining an intermediate config-
uration. In the following discussion the material will be assumed to be plastically
isochoric for which F'P belongs to a special linear group:

F? € SL(d) = {F” | det FP = 1}, (2.74)

such that the hydrostatic pressure can be evaluated directly from the determinant of
F¢ [30]. In a more general case, when the isochoric condition is not assumed, the
deformation gradient belongs to a general linear group, i.e. FP? € GL(d).

Even though the deformation tensor relates the initial with the current configuration,
this quantity has no physical meaning. The physical description of the deformation,
i.e. the change in time with stretching and the change of angle between two elemental
vectors of the body, is only possible in terms of right C = FTF = C°CP and left
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2.4 Large deformation elastoplasticity

b=FFT = b°bP Cauchy Green deformation tensors [30, 101]. Once these tensors
are introduced, the further mathematical description of the elastoplastic behaviour
can be given in terms of the Green-Lagrangian finite strain tensor £ = %(C’ - 1)
or the Eulerian-Almansi finite strain tensor °> e = ¢,(E) = F-TEF~!. Besides
these, other deformation measures [10] can be equivalently used for the material
description.

Table 2.4: Stress measures

Stress Relation Stress Relation

I Piola-Kirchhoff P = JoF~! Cauchy oc=J"'r

(Non-sym.) =7F T (Sym.) =J 'PFT
=FS =J 'FSFT

I Piola-Kirchhoff S = JF'¢F~T Kirchhoff T =Jo

(Sym.) =F'vF T (Sym.) = PFT
=F'P =FSF"

Similarly to strain, the definition of stress also depends on the chosen reference con-
figuration, see Table 2.4. Namely, one may differ a second Piola-Kirchhoff stress
S which relates forces and areas in the initial configuration from the first Piola-
Kirchhoff stress P representing the force in the current configuration exerted per
unit area in the initial configuration. Note that the stresses expressed with respect
to the current configuration, such as the Cauchy o and Kirchhoff 7 stresses, are the
only ones having the real physical meaning.

The stresses are conjugated to the strain tensors [30, 101] by the energy law:
1 . .
§S:C:P:F:T:d, (2.75)

from which follows the connection between the second Piola-Kirchhoff stress S and
the right Cauchy Green tensor C, the first Piola-Kirchhoff stress P and the change
of the deformation F, as well as the Kirchhoff stress 7 and the rate of deformation
d= ¢, (E)=F TEF ' ie.d = (I +17)/2 where symmetry is kept in | =
FF~! known as a velocity gradient.

3obtained by a push forward operation . applied on the Green-Lagrangian tensor
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2.4.2 Evolution equations

The irreversible and work-dissipating elastoplastic processes are usually described
with the help of the energy function and evolution equations for internal variables. In
contrast to the small strain theory the local equations are not necessarily formulated
in objective rate forms [142, 24, 101] due to the existence of non-negligible rota-
tions. In order to avoid incorrect results, the choice of rates as well as the evolution
equations has to be made such that the objectivity and the second law of thermody-
namics are fulfilled. Another problem of large strain plasticity is a violation of the
classical convexity properties due to the assumption of finite strains and their mul-
tiplicative split. Therefore, one has to introduce more general notions of poly- and
quasi-convexity in the description of the considered energy potential [40, 161].

The goal of the multiplicative decomposition of the deformation gradient is to make
the separation of the elastic F'¢ from the plastic deformation gradient F'¥ such that
the elastic properties depend only on F'°. This further means that the free energy can
be expressed as:

Y =yY(Fn), (2.76)

where 7 € R™ denotes the vector of internal variables which records changes in F”
and may influence the elastic properties. Moreover, the energy satisfies the material
objectivity requirements: ¢Y(QF°¢,n) = ¢(F°¢,n) VQ € SO(d) & ¢(F°¢,n) =
Y(FT Fe,n); and defines the first Piola-Kirchhoff P stress and conjugate force x
[101, 40] as:

_ oy

X = 2.77)

P = _
OF’ 08,

respectively. Here, =, = (Il := Fr—t 1) represents the generalised plastic strain
closely determining the components of the conjugate force x := (g, () such that
¢ = —0y/0Il and ( = —0v¢/In. Variable ¢ denotes the so-called back-stress,
here used in an invariant form* ¢ = II1”7¢ with II being a linear operator from the
cotangent bundle of the intermediate configuration into itself [101].

Collecting the conjugate forces into the generalised stress: X := (S,() one may
introduce the convex non-empty set of admissible stresses K (contains 0) whose
indicator function ¥x(X') = 0 when X' € K, otherwise Wi (%) = oo. This allows
us to carry the same mathematical description of the flow rule as in Section 2.2.1

“4Invariance under all plastic deformations
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[40]. Namely, by introducing the sub-differential

i(s.() = {5, eR™IxR™: U@+ T,(+7)2
Uk(S¢) + M:T+q-7 Y(T,7)€RD < R™Y (2.78)

one may distinguish the primal rule:

2, = (FPIL ) € 00k (S, ), (2.79)

from its dual: ~
(S,¢) € 0¥k (1L, ), (2.80)

where Wi denotes the conjugate dual of Wy, i.e. support function of K (see Sec-
tion 2.2.1): ) )
Uik (Il,m) =sup {S : 1T+ ¢ - n}. (2.81)

Function W} is a homogenous function of degree 1 (i.e. U5 (a(I1, n)) = oWk (11, 1),
for all @ > 0) often identified with the dissipation rate, see Section 2.2.1.

Another formulation of the flow rule can be given in terms of the yield function ¢x
describing the convex domain® K = {X € R4 x R™ : ¢x-(X) < 0}. In a special
case when ¢y is smooth enough this formulation results in the very well known
Kuhn-Tucker condition: Ep = MOso(X), A > 0,9 < 0, Ao = 0, where A
represents the plastic multiplier.

The theory as given in this section relates to the case of general material behaviour
described by a free convex energy function, see Eq. (2.76). However, one may spe-
cialize it to the case of linear elasticity, perfect plasticity, and mixed linear hardening
plasticity as shown in Table 2.5. This model describes the isotropic elastic response
in terms of the Saint-Venant Kirchhoff hyperleastic energy . given in a quadratic
form. The direct consequence of this assumption is the linear relation A between
the second Piola-Kirchhoff stress S and Green-Lagrange strain FE, which allows the
model to inherit the favourable properties regarding the poly-convexity conditions.
This further means that the strain energy remains the convex function with respect
to any of the intrinsic deformation measures, such as the deformation gradient, its
co-factor, and the determinant J. Note that the constitutive relationship in Table 2.5
is written with respect to the material description. However, its reformulation to
the spatial representation can be easily done by applying the Lie derivative on the
Kirchhoff stress as shown in [101].

SNote that ¢(2) does not depend on the first Piola-Kirchhoff stress
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Table 2.5: Large deformation plasticity

Theory Variable law
Linear Energy e = : AE
elasticity  Constitutive law S = AE
Perfect Internal variable G, :=Cr~t = (FPTFr)-1
plasticity ~ Energy Y= 1/)(C G))
Yield function ¢)C = ng;C(S C)
Plastic dissipation D), := 75 c? pG’ L>0
Evolution equation G, = —2)\C 185¢;¢G
Mixed Kinematic law = =const - G,
hardening Yield function oK (C S,¢,)=0
plasticity  Plastic dissipation D), :== —S - 3C 9y G,'
- 3 1 C d: -1 + C
Flow rule G,= —2/\C 185¢;¢G
£= —2>\C 19 pc =
V= 184({)){

With respect to the previous assumptions the perfect plastic behaviour is described

by elastic strain energy, which can be expressed as a function in terms of one argu-

ment, i.e. the deformation gradient F'°, or two arguments: the right Cauchy-Green

tensor C' and the internal variable C; L see Table 2.5. Once the energy is declared,

one may determine the system dissipation properties from the second law of thermo-
10C ov 10G),

dynamics:
ov
(5_280) 3ot 209G, ot

The law specifies the dissipation functional D), and the evolution equations, see Ta-
ble 2.5, obtained via the maximum dissipation principle [128, 101, 136]. Note that
this description uses the invariant form of the yield function ¢ with the second
Piola-Kirchhoff stress .S and the right Cauchy Green deformation tensor C' as argu-
ments.

(2.82)

By further generalisation of the model, one arrives to the mixed hardening case (or
generalised Prager-Ziegler rule) described by a scalar variable v, the isotropic hard-
ening, and a tensor variable =, the kinematic hardening. According to [101] one
may assume that = is proportional to C?>~!, which means that they share the same
principal directions (eigenvectors). Following this, the second principle of thermo-
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dynamics reads:

>0 (2.83)

§ 0%\ 10C ) oW 10G, w10z Ovldv
20t “0G,2 ot  0E200 ow2ot

aoc

and further reduces to D,,, see Table 2.5. Similar to before, the evolution equations
follow from the principle of maximal dissipation and under the smoothness assump-
tion have the form given in Table 2.5 [101].

2.4.3 Variational formulation

The weak form of equilibrium equations in spatial description can be formally writ-
ten in the same manner as in the case of small displacements, see Section 2.3.2. The
reasons for this are the infinitesimal virtual displacements and the boundary condi-
tions imposed on the deformed configuration. However, the spatial description of
the equilibrium equations is not very suitable since the deformed configuration and
corresponding coordinates are only known once the problem has been solved. Addi-
tionaly, the coordinates do not stay fixed, and the configuration keeps evolving. To
avoid this issue, the equilibrium conditions are usually expressed with respect to the
initial configuration fixed for a deformable body, i.e.

a™(w, ) = —(T(w),T)g, =M (w), Ywel, (2.84)

where Y = {u : B — R3 |uo(X) =0 VX € I'p} [215]. Here, all terms are
determined via the spatial-material transformation of variables of consideration (see
[101]). In this regard, the right hand side of Eq. (2.84) becomes:

(™(w) = (w, Fy)g, + | w-Tdr, (2.85)
I'n

where 77 = eg(w(p(X)) = 0.5(w ® Vg + Vg ® w) = 0.5(VywF ! +
F~TVyw) denotes the Gateaux derivative of the Green-Lagrange deformation E
[101].

Note that Eq. (2.84) is expressed in terms of the second Piola-Kirchhoff tensor related
to the Kirchhoff tensor 7 via S = F~17F~T. However, the weak formulation
can be recasted in terms of other stress measures, for more information please see
[101, 215].
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2.5 Summary

This chapter briefly summarizes the theory behind small and large deformation
elastoplasticity simultaneously constructing the solid mathematical background nec-
essary for better understanding of the following chapters. Special attention is given
to the convex analysis and the theory of variational inequalities resulting in an ab-
stract formulation of the elastoplastic problem in both the primal and mixed form.
Additionally, the chapter offers reformulation of the mixed problem to the minimi-
sation of a convex functional in a form as used in practical numerical algorithms. In
finite case this is only valid under certain assumptions of poly- or quasi- convexity of
the energy potential.

54



Chapter 3

Plasticity described by uncertain
parameters

As far as the laws of mathematics
refer to reality, they are not certain,
and as far as they are certain, they
do not refer to reality.

A. Einstein

Uncertainties in inelastic systems arise from a variety of sources including the ge-
ometry of the problem, material properties, boundary conditions, initial conditions,
or excitations imposed on the system. As a result, depending on the source of the
randomness, the system behaviour has an uncertain character. In the deterministic
sense the parameters describing elastic (reversible)/inelastic (irreversible) behaviour
are determined by indentation techniques and then considered as constants in the
classical model [215]. However, in case of materials such as soil and bone this
approach does not properly describe the output due to the existence of significant
changes on the micro-structural level. In order to give a more reliable description of
heterogeneous materials, this chapter introduces the material parameters as random
fields and processes via the maximum entropy principle [222], and further reformu-
lates the classical plasticity theory in a stochastic variational setting. Particularly the
chapter focuses on the infinitesimal problem of generalised standard media [89, 91]
described by a von Mises yield function, i.e. the stochastic variational inequality of a
second kind.
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3.1 Related work

Stochastic elastoplasticity is a relatively new research area which aims to quantify
the influence of uncertainty appearing in material properties, geometry and possible
external loadings on the elastoplastic system response. In the literature, so far, there
are not many publications on this topic. Most of them consider linear problems
described by elliptic partial differential equations, see e.g. [107, 244, 245, 220, 156].
On the other side, the nonlinear problems have been considered only recently in the
last few years [174, 140, 109].

To the author’s knowledge there are two main streams in modelling stochastic in-
finitesimal elastoplastic behaviour: the approximate plasticity theory by Anders and
Hori [9, 8], and the moment equations method by Jermi¢ and Sett [105, 209]. The pi-
oneering work of Andres and Hori [9, 8] studies the fault formation rate-independent
problem described by Young’s modulus as uncertain parameter. The model is de-
veloped with the help of the bounding media analysis and the modulus taken in a
form of a homogenous Gaussian random field. Such posed problem is then resolved
by the numerical method that uses the perturbation expansion around the stochastic
mean. However, the perturbation is characterized by an inability to accurately ap-
proximate the problems described by moderate or large variances in input material
properties. Besides this, the method faces the so-called “closure” problem in which
the higher order moments cannot be computed without prior knowledge of the lower
order moments.

In order to find a more accurate representation, Jeremic et al. [105] and Sett et al.
[209] recently developed new formulations for the general 1-D elastoplastic consti-
tutive rate equation with random material properties and random strain rate. The ap-
proach is of the moment equations type, and directly provides the second order exact
expression for the evolution of the probability density functions of the stress variable
via the generic Eulerian—-Lagrangian form of the Fokker—Planck—Kolmogorov equa-
tion (FPKE), see Kavvas [106]. In this way the closure problem is resolved on the
expense of the complexity of the algorithm and slight overestimation of the response
variance.

In contrast to the infinitesimal, the finite deformation theory is not yet completely
understood in the deterministic sense. Namely, the convexity of the total potential
energy functional is broken and thus the symmetry between the potential energy
principle and complementary energy is lost [161, 40]. These problems lead to the
complicated phenomena followed by high degrees of nonlinearity, which are very
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difficult to handle especially in a stochastic setting. Therefore the stochastic descrip-
tion of the large deformation plasticity seems not to be an easy task; and the only
work pursued so far in this direction can be found in [3, 4, 5]. These papers consider
the simple plasticity problem described by a power plastic flow law with uncertain
isotropic resistance or the fiber orientation of the hyperelastic material.

Even though previously mentioned studies provide some sort of stochastic elasto-
plastic models, most of them are affected by improper parametrisation. The models
do not take into account the uncertainty of the material properties describing the con-
stitutive equations. Even if they do, the principle of maximum distribution [222] is
not followed. This may result in the non-convexity of the energy functionals due
to the negative values of the system properties. Moreover, the models are based on
weak approximations of the response surface causing the over- or under-estimation
of the variance.

In order to resolve the previously mentioned problems the formulation given in this
work starts with the classical description of the deterministic elastoplasticity (see
Chapter 2) and extends it to the stochastic one with the help of the convex analysis
and variational inequality theory. In this way, the total reformulation of the prob-
lem is avoided, and the abstract similarity between the deterministic and stochastic
approaches is shown.

3.2 Motivation

Elastoplasticity has found an important place in the field of computational mechanics
due to its large practical application. However, presently the variety of models that
exist (e.g. [215, 101, 55]) relies on the assumption of the complete knowledge of
the system, i.e. one assumes that the material characteristics, as well as the external
loadings applied on the structure are entirely known. The question posed in this
work is if one can really trust purely deterministic models as it has been done until
now. Namely, uncertainty is widely present, starting from the mathematical model
which cannot perfectly match the data up to poorly known external loadings. The
uncertainty arises on both structural and parametric levels including the geometrical
uncertainty, uncertainty in initial and boundary conditions, etc.

Due to the previously mentioned reasons, this thesis investigates the impact of the
model parametric uncertainty on the system response, as well as the accuracy of
the mathematical model describing the true physics. In order to achieve this, the
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Chapter 3 Plasticity described by uncertain parameters

uncertainties in:
e history of loading f (¢, z,w),

e constitutive tensor A(x,w), i.e. the corresponding material properties such as
the bulk K (x,w) and shear G(x, w) moduli,

o and the domain of admissible stresses /C(w) determined by random yield stress
oy(z,w), isotropic H;s,(z,w) and kinematic H;,, (x, w) hardening

are assumed. Moreover, the mentioned properties are modelled as random
fields/processes according to the principle of maximal distribution [222]. Note that
such description of parameters further can be improved by collecting the measure-
ment data and solving an inverse problem in a Bayesian fashion [192, 180, 191, 154,
196, 122].

3.3 Modelling uncertainty

Let (Q, F7,P) be the probability space with the total mass equal to unity, where {2
denotes the space of elementary events, 7 C 2’ a ¢-algebra of subsets of (2, and
P a probability measure [14, 28, 176]. In this space one may introduce the set of
uncertain material parameters as described in the previous Section 3.2, and further
model them as random fields and/or stochastic processes [6, 59] in two distinguish-
able ways: the fully-parametric and reduced-parametric approach. With the help of
expert knowledge the first approach makes assumptions on the distributions of un-
certain parameters and further includes them as such into the model. In general prior
information on uncertain parameters is given in terms of second order statistics (the
mean and the variance) and/or additional properties such as the definition of sup-
port, positive-definiteness, etc. In contrast to this, the reduced-parametric method
focuses more on the analysis of parameters as part of some relation than individually
on each of them. However, similarly to the full approach the method requires certain
expert knowledge. The only difference is that this knowledge is not applied on each
parameter individually but more on a part of specific group.
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3.3 Modelling uncertainty

3.3.1 Random variable and maximum entropy principle

In (2, F,P) the random variable (RV) (w) is formally defined as a Borel measur-
able function with values in some vector space V), i.e. as a mapping:

k: (S, F) = (V,BR)) (3.1)

shortly written as « : 2 — V. In many problems the space {2 is not concretely acces-
sible so that the usual idea of a function (formula) looses much of its meaning. The
representation of RVs, therefore, often differs from what is used for “normal” vari-
ables. Namely, the RV is described in terms of a single function

F,:=Pw: k(w) <z) =Pk < x), (3.2)

called a probability distribution function [6, 59]. The function F}; is non-decreasing,
non-negative, goes to unity as x — oo, approaches zero when x — —oo and takes
values in [0,1]. Furthermore, if F; is absolutely continuous its derivative— a non-
negative real-valued Borel measurable function f := dF,/dxz (f > 0) on R—
describes the density of the probability at each point in the sample space. This func-
tion is known as the probability density function (PDF) and may be used for the
description of « instead of F,.

Following previous definitions the unknown parameter « can be modelled as a ran-
dom variable x(w). This actually means that one has to assign to x(w) some proba-
bility distribution F;. However, that is not an easy task. The decision depends on the
properties the quantity may have as well as on possible information about its second
order characteristics collected by experiments. Once this information is available,
the decision can be made with the help of the principle of the maximum entropy
distribution [220], otherwise ad-hoc assumptions have to be introduced.

The principle of the maximum entropy distribution [182, 52, 104, 127, 220, 222]
can be used to determine the unknown distribution of the material property if some
data in a form of expected values or other statistical functionals are available. If
nothing is known about the distribution except that it belongs to a certain class, then
the distribution with the largest entropy has to be chosen.

The distribution can be found by solving the optimization problem

fr(z) = arg max W(f) (3.3)
fecy
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Chapter 3 Plasticity described by uncertain parameters

of maximizing the entropy

+oo
Wi = [ faosria))ds G4
determined by a probability density function f(z) of the RV x [210]. Here, C;
denotes the admissible set of all PDFs satisfying following constraints (i.e. available
information):

e the mean value constraint
Blg() = [ g(x(a,))P(dw) = g, (3.5)
Q
where g : k + g(k) is known function of !,

e and the support function constraint

supp f(z) = X, (3.6)

where y may be bounded or not bounded.

The solution of the optimisation problem in Eq. (3.3) can be found by numerous
methods proposed in the literature: the interior-reflective Newton method [51], Pow-
ell’s dogleg method [44], etc. For more information the reader is addressed to
[220, 222].

The random variables and their functions describe the properties independent of
material position. For this reason, they cannot be used for modelling the hetero-
geneous properties such as bulk and shear moduli, or for the time dependent pro-
cesses such as the external loading. To overcome this issue, one has to generalise
the notion of the random variable to a random field (RF) [6, 59] by taking the
vector space V in Eq. (3.1) as a space of continuous functions C(G,R) on the ge-
ometrical domain G. Note that if the domain G is interpreted as a time interval
T = [-T,T)] then the random field has a meaning of stochastic process. Loosely
speaking, the random field may be seen as an indexed family of random variables
{k(z,w), (r € G C R w € Q)}, or as a measurable mapping

K GxQ—oV 3.7)

on a common probability space (€2, B,P). This allows a RF to be considered as a

!'As a function of RV k, g(k) also represents the RV.
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3.3 Modelling uncertainty

function of both elementary events w € 2 and x € R [198], or as a set of all finite
dimensional distribution functions [59]:

Fm(klv o kny ...,CC”) = P(K(zl) <k, .., ﬁ(zn) < kn)a (3.8)

where {z1, 22, ...,2,} € G and {ky, ..., k,,} € R.

In practice, however, the information in Eq. (3.8) is often not accessible. In the
best case scenario only the second order statistics, such as the mean value %(x) (see
Eq. (3.5)) and the covariance cov,(z1,z2), are known. The mean #(x) is usually
obtained by averaging the experimantal data, while the covariance is computed ac-
cording to:

covy (1, 22) = E(Ry, ® Rasp), 3.9

where k(z) = k(xz) — &(x) (E(k(x)) = 0) denotes the fluctuation of the field.
According to the maximum entropy principle [222], the available information can
assist in selecting the distribution of the field in a similar manner as for RV. Basically,
there are several rules for choosing the distribution function:

o the distribution is normal if nothing is known about s besides its mean and
standard deviation,

e the uniform distribution on the interval [a, b] is the maximum entropy distribu-
tion among all continuous distributions supported in the interval [a, ],

e and the exponential distribution is the maximum entropy distribution among
all continuous distributions supported in [0, oo) (positive-definite).

3.3.2 Fully-parametric approach

The parametric method approaches the problem of quantifying the uncertainty in the
system by modelling each of the parameters one is uncertain about in a form of a
random field/process, as further described. Let us take the constitutive tensor A as a
corresponding example. By the parametric approach the distributions of maximally
21 independent parameters (random fields) are chosen according to the maximum
entropy principle. This corresponds to a full material anisotropy. However, in a more
simple situation such as isotropy, the number of parameters reduces on the expense
of mutual dependency. The dependence complicates the problem of choosing dis-
tributions as the random fields have to fulfill certain restrictions on the probability
distributions coming from the global properties of the constitutive tensor.
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Chapter 3 Plasticity described by uncertain parameters

In general, for a quantity x(w) one may adopt one of two possible types of ran-
dom fields (random variables): Gaussian or non-Gaussian. Gaussian random fields
[2, 6, 25, 102] appear very natural regarding the properties of Gaussian random
variables—independence and simple specification of their finite distributions via the
second order information (the mean value and covariance). If covariance is not
known one may adopt its theoretical substitute, see [2]. However, Gaussian random
fields are not suitable for practical application as for example they are not positive-
definite. Therefore, more general non-Gaussian random fields [83, 82] are intro-
duced. They represent the nonlinear transformation ¢ of a standard Gaussian random
field O(x,w) with zero mean and unit variance [175]:

w(z,w) = ¢(x,0(x,w)) = F ' oerf(f(z,w)), (3.10)
where F); denotes a non-Gaussian and erf a Gaussian distribution function. Its mean
value

E(n(z,w))/ggb(x,w)ﬂ”g(dw), (3.11)

and covariance
covul.9) = [ [ o0, w2)dFycay a0 (w1, 02) = pa(@iny) - G.12
GgJg

are given with respect to the second order statistics of Gaussian RF. In Eq. (3.11)
Py(dw) denotes a standard Gaussian measure and Fy(),0(y) in Eq. (3.12) represents
the joint probability density of two random variables (z) and 6(y).

Regarding the covariance, one may model the random field x(x,w) as homogenous
or heterogeneous. Homogeneous random field is a field with constant mean and
covariance cov(x,y) = c¢(xz — y) as a function of the distance alone [46], or, more
rigorously, the field all of which probability distributions in Eq. (3.8) remain the
same under the translations. However, the latter definition is rarely employed in
practice. Furthermore, the random field can be modelled as isotropic if the covariance
function depends on the distance alone, or, more generally speaking, the probability
distribution function is invariant under orthogonal transformations [46, 2].

Following the previous discussion, the elastoplastic behaviour in this work is mod-
elled by taking all material properties (i.e. yield stress, hardening parameters, bulk
and shear moduli) in a form of lognormal random fields. Such decision is made due
to the positive-definite property of corresponding constitutive and hardening tensors.
In this manner the convexity of the considered problem is ensured.
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3.3 Modelling uncertainty

The lognormal random fields are restricted to a positive cone in a vector space; how-
ever, their logarithms 6(z,w) = In k(x,w) are not and may have any value. As-
suming 6(z,w) to have finite variance one may choose a Gaussian distribution for a
maximum entropy of In £ (z, w). With respect to this a generic field of some random
elastoplastic parameter is adopted in the form of the modified lognormal distribu-
tion

k(z,w) = ko(z) + k1(x)exp(p + ob(x,w)). (3.13)

Here, o and x; are given functions of coordinates, (i, o are the mean value and
standard deviation of the base Gaussian field, and 0(x, w) is the normally distributed
random field with zero mean and unit variance.

3.3.3 Reduced-parametric approach

In the previous sections the so-called fully-parametric approach was considered.
However, such modelling cannot represent the “model uncertainties” via nonlinear
mapping x +— A(k). The reason is that the modelled matrix A := A(k) belongs to
a small subspace of all matrices satisfying the required properties (e.g. the subset of
positive definite and symmetric matrices Rixn) [221, 85, 220, 84]. In addition, the
fully—parametric approaches require the large amount of information, i.e. the type
of the probability distributions and at least second order statistics for each uncertain
parameter. This makes the modelling process more complicated because the identifi-
cation of possibly large number of parameters from the small amount of experimental
data is practically not feasible. Hence, the total number of system parameters has to
be reduced. One way of doing this is to take for a parameter the random matrix (ten-
sor) A obtained from the optimisation problem in Eq. (3.3) under the constraints of
some already given a priori (available) information. In this way the anisotropic het-
erogeneous media [221, 220, 85, 84] can be modelled with the help of the minimal
number of parameters such as the mean and the parameters prescribing the fluctua-
tions of the tensor, i.e. correlation lengths and coefficient of dispersion.

Modelling of constitutive tensors

Instead of modelling material parameters such as the bulk and shear moduli, one
may try to model the constitutive tensor A, hardening tensor H, or Hill’s tensor (in
yield criterion) with the help of the mathematical theory of random matrices in high-
dimension and information theory [210]. For simplicity reasons in the further text
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Chapter 3 Plasticity described by uncertain parameters

only the elastic constitutive tensor A is considered. However, a similar procedure
can be performed for other tensors as well.

The expert knowledge one posseses about the tensor A is as such: the tensor is sym-
metric, positive-definite second order random field with the mean value E(A) = A
and finite second order moment. Similar is valid for its inverse. This a priori informa-
tion follows from the basic requirements of the well-possedness of the elastoplastic
problem; and is just naturally imposed constraint used to model A with the help of
the maximum entropy approach, see Section 3.3.1 and [221, 220]. Thus, let the con-
stitutive tensor A(x) be a matrix-valued heterogeneous random field with values in
a set R’*". In addition, let the mean value of A(z) be a matrix A—belonging to a
set of real squared symmetric positive-definite matrices which may take into account
possible material symmetries such as isotropic, orthogonal, transversal, etc.— and
let the fluctuation part of the field A := A — A be purely anisotropic 2. Then, the
random tensor A admits the decomposition

A(z,w) = UL (2)T(z,w)U 4(x) (3.14)

advocated in [221, 220, 85, 84]. Here, T'(x,w) represents the source of uncertainty
and U 4 (z) the Cholesky factor of the mean matrix A(x). This means that the fluc-
tuations of the random field are fully controlled by T'(x, w), while the mean is deter-
mined by U 4(x). Note that in this formulation the mean matrix is not random but
deterministic and depends only on the spatial coordinate x—the heterogeneous field.
Otherwise, if the matrix A is irrelevant of the spatial coordinates then the field A is
homogenous. In a more general case, when the field A admits possible anisotropic
fluctuations around the mean (not just locally), the matrix U 4 becomes random and
has a more general form than upper triangular. However, this kind of model goes be-
yond the scope of this work. For more information please see [221, 220, 85, 84].

The stochastic germ T'(z,w) of the random matrix A cannot be arbitrarily chosen.
This matrix belongs to 3, an ensemble of square real symmetric positive-definite
random matrices with finite second order moment (i.e. E(T'(x,w)) = I, I is the unity
matrix), and the probability distribution constructed with the help of the maximum
entropy principle [222] (see Section 3.3.1). In other words, the field T'(x, w) is given
by a nonlinear transformation (see [221])

T(x,w) = ¢(T(x,w)), (3.15)

where the set I'(z,w) = {6;;(z,w),1 < i < j < n} consists of n independent
Gaussian random fields 6;; with zero mean and unit variance. To this set one may as-

2Even for isotropic mean media the modelled heterogeneous random field A is locally anisotropic.
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sociate the set of autocorrelation functions {r;;(z), s.t. r;;(0) = 1,1 <i < j < n}
parametrised by correlation lengths {17}, _; [179], one for each dimension of the
Euclidean space. For simplicity reasons the correlation lengths for different 0;; are
often taken to be identical. According to this, the random field T'(x,w) fundamen-
tally differs from the random matrices defined in an usual mathematical sense [221].
Namely, the field T'(x,w) admits the Cholesky decomposition:

T(z,w) = UT(z,0)U(z,w) (3.16)

resulting in the random upper triangular real square matrix U (x,w) with the ele-
ments:

2z_g,. ifi<j
Uy, = VY (3.17)

Sy JerFp erf(8;)) i = j.
Here, 67 := (E{||T(z,w) —E{T (z,w)}||?)/||E{T (z,w)}||* denotes the coefficient
of the dispersion, erf standard cumulative distribution and F_ L the reciprocal cu-
mulative distribution function, i.e. a non-linear isoprobabilistic transformation that
maps a Gaussian field ;; into a positive-distributed field (Gamma, lognormal etc.).
The normalisation of such transformation is done by introducing the normalisation
constant cy. This constant equals 2 when F, represents the Gamma distribution
Fr(a;,1) with parameter

a; =0.5[(n+1)/6% + 1 — 4] (3.18)

[221]. Similarly,
cr=e V2[(n4+1)/6% 4+1— 4] (3.19)

when F, denotes a lognormal cumulative distribution.

Following the previous definitions of the random tensor T and the matrix
U 4, one may show that the heterogeneous and non-normalised random field
A (see Eq. (3.14)) is the positive-definite and invertible matrix with bound
E(|[A71(z)[|?) < ¢ < oo for all fixed z € G. In addition, the tensor A admits
the finite fluctuation [221]:
E{|A(x) - A@)|*}]"* _ _or (tr(A)2]"
0a(z) = = 5 = 1+ =2 , (3.20)
[A(z)] Vn+1

tr(A)
described by the coefficient of dispersion § and the mean model. In this manner
the tensor A meets all the requirements for the description of the elastoplastic mate-
rial.
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3.4 Stochastic plasticity — general formulation

Let (2, B,P) be a probability space with 2 the set of elementary events w, IP the
probability measure, and B an o-algebra on the set {2. The uncertain parameters
introduced in Section 3.2 belong to this space, and are here generally denoted by
k(z,w). The body represents the three-dimensional manifold with piecewise smooth
Lipschitz continuous boundary I" = 9G on which are imposed boundary conditions
in Dirichlet and Neumann form on I'p C 0G and I'y C 0@ respectively, such that
I'bNIy = @and G = I'y U I'p. The body is imagined to be an assemblage
of material particles moving in the time interval 7 = [0, 7] C R assumed to pass
simultaneously [215, 30, 115, 24]. Under the influence of the external loads the
body G deforms, moves and changes its configuration. The motion is described by a
sequence of mappings between the initial Gy and the current configuration G; (w):

z(w) =X, t,w) : GoxT x N —=R3 (3.21)

such that the continuous function ¢(X, -, w) for fixed w € € is twice-differentiable
and describes the path of the particle X. Similarly for fixed X and w the function
©(X, -,w) describes the new configuration G;(w), and for fixed pair (X, ¢) it is mea-
surable with respect to /3. From this follows that the randomness in (w) at some
arbitrary time ¢ € T determines the uncertain geometry of G;. In order to describe
the motion the reference configuration can be chosen arbitrary, i.e any smooth image
of the body including those configurations never occupied. However, to simplify the
analysis the reference configuration is chosen to be time and w-independent. As-
suming that the initial geometry is known these requirements satisfies only the initial
configuration, and thus the body motion is further described with respect to Gy (ma-
terial description).

The body motion in Eq. (3.21) has a similar form as in the deterministic case (see
Section 2.1). The only difference is w as the “extra” parameter. This means that the
six conservation laws [249, 229] in the stochastic description have the same form as
in a classical formulation. However, the laws have to be satisfied not only almost
everywhere in G—as in Section 2.1—but also P-almost surely. Besides this, the rest
of the description is the same. Namely, the local thermodynamical state is identified
with the set (F(w), s(w), n(w)), where F'(w) is the random local deformation gradi-
ent, s(w) the random local entropy, and 1(w) the vector of random internal variables.
In order to properly define these terms the weak differentiation operator V is intro-
duced. The operator maps a single tensor product 1 (x)p2(w) to (Vi (x), p2(w)).
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3.5 Small deformation plasticity

Following this, the deformation gradient becomes:
F(wi) = V(P(J},LU) = [le(x)]@Q(W% (3.22)

where the split to ¢1(x) and @2(w) is described later in Chapter 4 Section 4.4.
Once more, as in Section 2.1, the focus of the study is on the isothermal process
described by a free random Helmholtz energy ¢ (F(w),n(w)), the evolution law
7)(w) = N(F(w),n(w)) and the dissipation inequality:

x(w):pw) >0 Ywe. (3.23)

These laws are then combined with the principle of the conservation of the momen-
tum, i.e. the equilibrium equation (see Section 2.1):

divo(z,w) + f(z,t,w) =0, Ve e G, VieT,Vwe (3.24)

v(r,w) =vo(z,w) =0, ondlp,Vw e Q, (3.25)
t(z,w) = to(z,w), ondly,Vw e Q, (3.26)

where the stress o, the force f and non-zero Neumann conditions are defined as
random fields over the probability space 2. In further analysis the initial conditions
are taken to be homogeneous for reasons of simplicity. Note that this assumption
does not globally affect the formulation.

3.5 Small deformation plasticity

Assuming the mapping between the space of displacements and strains to be linear
one arrives to the small deformation theory determined by an additive decomposi-
tion of strain into elastic and plastic parts P-almost surely. Formally, the problem is
seen as a special case of general principles given in Section 3.4, where the displace-
ments are assumed to be sufficiently small compared to the original dimensions of
the body.

3.5.1 Functional spaces

In contrast to the deterministic description fully defined by functional spaces de-
scribed in Section 2.3.1, the stochastic formulation requires the introduction of the
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spaces of random variables with finite variance. Only with the help of these one may
further define the spaces of the variables of consideration.

Spaces of RVs

The material properties describing the time evolution equations of elastoplastic ma-
terial are considered to be random variables with respect to spatial position and time.
Their description starts with the introduction of the linear space L, (2, F,P) of all
random variables x which belong to (€2, F,P) and have finite L,-norm [176, 102],
ie.

Lyp(Q, F, P) := Ly(Q) = {[[xll,, = (/Q |k(@)l” dPW)/? < o0} (3.27)

with the usual extension to |||, = esssup{|x(w)| : w € Q} for p = co. Note
that L, norm with 1 < p < oo has all the required properties of a norm, in contrast
to the case when 0 < p < 1 and the triangle inequality fails. For p = 0 the corre-
sponding space Lo(§2, F,P) describes a space of all RVs equipped with the topology
of convergence in probability, while the norm ||x||; = E(x) < oo describes the Ba-
nach space L1 (2, F,P) of the integrable random variables. This space is important
because the random variable  has the mean only if it belongs to space L; (€2, F, P).
In further text one assumes RVs to be of the square integrable type, i.e. they span the
vector space Lo (2, F,P) described by an inner product:

(r1(w)]r2(w)) = E(r1(w)r2(w))- (3.28)

Note that the inner product in Eq. (3.28) is equal to zero only if x(w) is equal to zero
P-almost surely. According to the Riesz—Fischer theorem [176, 102] such assump-
tion completes the Ly (2, F,P) space to a Hilbert space with the norm:

[£ll2 = [l£llz, = V(K1 (w)r2(w)), (3.29)

equal to the covariance (K1, k2) = cov(k1, k2) of two zero-mean RVs k1 and ko.
In addition, one may show that the Ls-space is dense in Ly, i.e. |1 < [|&].

Moreover, by generalisation with the help of Lyapunov’s inequality, one may show
that the space L, is dense in L, for 0 < p < ¢ < oo such that:

6l < llkllgy Lg € Ly, 1/p+1/¢=1 (3.30)

holds.
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However, in this thesis the author is mostly interested in spaces of Gaussian random
variables 6 as a basis of other kinds of RVs. Assuming that 8 are standard one may
define the inner product according to Eq. (3.28) as (01|02) = E(61603). This product
completes the closed subspace of Lo (2,58, P) of centered Gaussian random variables
[102] to a Hilbert Gaussian space ©. The normally distributed random variables 8 :=
{61 (w), ..., 0k(w), ...} in © are orthonormal, i.e. uncorrelated, and hence they form
a complete orthonormal system (CONS) for ©. Moreover, Gaussian RVs possess
moments of all orders, meaning that the product of Gaussian RVs belonging to O is
again in Lo(2). Due to these favourable properties the Gaussian RVs are used as a
stochastic CONS in the following discussion.

Definition of tensor product spaces

When working with uncertain variables such as displacement and stress, one has to
formally introduce the linear space ¥ = Lo(2, B, P; V) with V being the determin-
istic Hilbert space of variable of consideration, see Section 2.3.1. The space is built
such that for v € 7 and w € () one has

v(,w) €V, (3.31)
and for z € G:
v(z,-) € La(Q, B, P). (3.32)

In other words, the variables live in a space obtained as a tensor product of the corre-
sponding deterministic space V' and the stochastic space (.5). The choice of (.5), and
hence the stochastic regularity of the solution, depend on the stochastic regularity of
the right hand side and parameters [107]. For the sake of simplicity, (S) is taken to
be Lo (Q2) such that

YV >~V (5) (3.33)

is the Hilbert space induced by the inner product:
(ulv)) = E((ulv)v), (3.34)

and duality pairing:
{(u, v) = E((w, v)y). (3.35)

Here, E(-) = [, (-)P( dw) is the mathematical expectation with respect to the proba-
bility measure PP.

Following previous definitions, one may construct Table 3.1 by substituting the de-
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Chapter 3 Plasticity described by uncertain parameters

terministic generic space V in ¥ with the proper space of definition as described in

Table 3.1: The definition of the stochastic spaces for kinematic and dynamic variables
together with the corresponding inner products

Variable Space Duality pairing

u U :=U®(S)

f F=U"2(S) (f,u)agxw =E(f,u)rxu)

€ & :=E®(S9)

o Z=R®(S) (o.e)axe :=E(e o)rxe)

n 2=0x(9)

X € =C®(9) omMexe =E(x,mMcxe)

E, P :=P®(9)

> Y :=Ya(S) (T E)oxr =E(Z E)yxp)
w Y =UxP

w* Z*=Fx¥Y (ww)y oy =E(w',w)zxz)

Chapter 2 Section 2.3.1 for each variable of consideration. Here, % represents the
space of displacements, .% of forces, & of deformations, Z of Cauchy stresses, 2 of
internal variables, and € of conjugate forces. In general, these spaces may be written
in a short form as a space & of the generalised plastic deformation E,, := (g,,n)
and the space % of the generalised stress X' := (o, x). Furthermore, separating the
primal w := (u, E,,) from the dual variable w* := (f, ), one may distinguish the
primal space 2 = % x &2 from its dual Z* = .Z x % . This notation allows the de-
scription of the uncertain elastoplastic behaviour to be given in the similar framework
as in Section 2.2, with the only difference that constitutive and evolution laws must
hold almost surely Vw € (2. Another difference is that the presence of the uncertainty
requires some simple extensions such as the definition of the linear mapping

Vs: U —¢& (3.36)
between the displacement %/ and the deformation & spaces. Namely, the differen-
tiation is done in a weak sense such that for a single tensor product u; (x)us(w) €

U :=U ® (S) one has:

Vs :up(x)ug(w) = (Veuy(z))uz(w). (3.37)
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3.5 Small deformation plasticity

By linearity and continuity this can be extended to a linear bounded operator:

VsZ(Vs®I):

used in the following description.

U @ (S) = E(S), (3.38)

3.5.2 Material point description

The formulation in one material point is a straightforward generalisation of the for-
mulation given in Section 2.2, as summed in Table 3.2. Similar to the deterministic

Table 3.2: Stochastic plasticity described at material point

Model Variable Law valid a.s.
Elasticity =~ Deformation €x(w) = €ep(w)
Energy wez(eex(w)) = %E(<Eez7«Am€ez>z)
Hooke’s law (W) = —Vether(w) = Az (W) : €cr(w)
Perfect Deformation 2 (W) = €ep (W) + €pa(w)
plasticity  Encrgy V(@) = Ve (@) + Pirr ()
Hooke’s law (W) = =V (w) = Az (w) @ €eg(w)
Flow rule E((épy, T — 0)y) < 0,V7,(w) € Ky(w)
Elastic domain  C, (w
General Deformation E, . (w) = (eps(w), Nz (w))
hardening €2 (W) = €ea (W) + €pa(w)
plasticity  Energy Vo (w) = Yoo (W) + Yirra(w)
wirr(w) = %E(<Epz7HmEp:r>m)
Hooke’s law Yp(w) = (04 (W), Xz (W) = =Vethy(w)
Flow rule E(E,,T - X),) <0
Mixed Hardening H (w) = diag[H in(w), Hiso(w)]
hardening Conj. stress x(w) = (s(w), {(w))
plasticity ~ Conj. strain nw) = (ep(w), v(w))
Hard. law x(w) = H( ) :n(w)
Back stress (w) Hyp(w) : gp(w)
Isotropic stress  ((w) = Hygo(w)v(w)

formulation one may distinguish three different cases of material behaviour: linear
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Chapter 3 Plasticity described by uncertain parameters

elasticity, perfect plasticity, and general hardening plasticity (further on specialised
to a linear case). Throughout this work the focus is set on the general and linear
hardening models whose special cases represent elasticity and perfect plasticity. The
linear elasticity (reversible behaviour) in a material point x is specified by the random
total deformation €, (w) equal to the elastic deformation &, (w) P-almost surely. As
a consequence, the Helmholtz free energy v, (w) only consists of the elastic part
Yex(Eex(w)) defined as a mathematical expectation of (e, Ae) in a material point
x. Taking the partial derivative of the energy in a weak sense one obtains Hooke’s
law for o, (w) (see Table 3.2) valid almost surely on €. In this definition the double
dot product is interpreted in a weak sense. The same law is also valid in a perfect
plasticity case. The only difference is that the random total deformation is additively
decomposed almost surely to the random plastic €, (w) and elastic & (w) part, and en-
ergy to its reversible ., (w) and irreversible ;... (w) part. The stochastic evolution
of a plastic deformation Ep (or €, is described by a flow rule valid almost surely
on the elastic domain J#,,(w). This variable consists of a random plastic deformation
€ps(w) and the vector of the random internal variables 1),,(w). The internal variables
are energy conjugated to the random stress o ,.(w) and conjugate force x,.(w), which
are gathered in a generalised random stress X, = (0, (w), xz(w)) described by a
random constitutive A, tensor and random hardening H .. Taking the hardening
to be linear, i.e. determined by the random isotropic H,s,(w) and kinematic modu-
lus H;p(w), one may reduce the previous model to the mixed hardening case, see
Table 3.2.

3.5.3 Associative plastic flow rule

Let be given the convex closed and nonempty subset %~ of Z containing the origin
0 PP-almost surely. The indicator function of this set Wi (X) is equal to 0 in P-
almost sure sense if the stress belongs to a set, otherwise takes the value at infinity.
Furthermore, one may define a normal cone Nic(X') to 2 in a point X such that
the stochastic flow rule in dual form can be written as given in Table 3.3, similarly
to the dual rule in Table 2.2. Analogously, the primal flow rule is determined by a
support function ¥%, with the convex domain % as sub-differential. In practical
computation the convex set .#” is expressed via the yield function ¢ 5, which under
the smoothness assumption gives the classical formulation of the flow rule similar to
the one in Table 2.2. Therefore, following the correspondence between Table 2.2 and
Table 3.3, one may introduce the convex closed set

FxHW > H ={(f,0,x)| (6,x) € A} (3.39)
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3.5 Small deformation plasticity

Table 3.3: Flow rule formulations

Primal
Support function W% (=) = sup {{Z,T) — o(T) | T € ¥}
Dissipation  j(B,) = W}, (E,) = { sup (B, T) | T € #}
Flow rule 3(w) € 0w, (E,)
Dual
Cone Ne(X)={Zeé|(E,T-X) <0} C¢&
Indicator Uy (X(w)) =0, if X' € K, else ¥y (X(w)) = 00
Flow rule Ny (Zw)) =00y (Z(Ww) e (B, X -T) <0
Yield function
Yield function b (X(w)) = gx(X(w)) — 1,
Gauge gx(Z)=inf {A>0|VZ: (5,%) <\ (2)}
Convex domain 7 ={YeZ: ¢(w,B(w)) <0Pas.}
Flow rule IN>0: E,(w) € Mw)dpx (Z(w))

>
A (X(w)) =0

with the barrier cone .# > = {0} x ¢ >, where

W >H ={(o,X) ERZXEC| by (,0,0, x)<0,Vrae. inG,Vwas. in Q}
. (3.40)
and 2> C Z. Once % is defined, we are ready to extend the mathematical theory
given in Chapter 2 to the more general case including the uncertainties of material
parameters or the right hand side.

3.5.4 Variational formulation

As described in the previous chapter, the variational formulation of elastoplastic be-
haviour is part of the theory of variational inequalities. This theory was initiated
by Kinderlehrer et al. in [112], Duvaut et al. in [62] and Glowinski in [81], who
considered free boundary value problems in partial differential equations that can
be modeled and analyzed as elliptic variational inequalities. However, these stud-
ies were oriented on the deterministic problems and not on the stochastic problems.
Only very recently few studies tried to combine the monotone operator theory and
convex analysis with the measure theory in order to prove the existence results for the
stochastic elliptic variational inequalities. Namely, Gwinner in his papers [88, 87, 86]
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Chapter 3 Plasticity described by uncertain parameters

proves the existence of the solution for the special class of nonlinear elliptic stochas-
tic boundary value problems with unilateral Signorini boundary conditions. Under
reasonable assumptions he shows that the solution lies in an appropriate Bochner -
Lebesgue space of measurable functions. Furthermore, Ghosh et al. [80] investigate
a class of stochastic second order nonlinear variational inequalities with bilateral
constraints on the example of the stochastic game with the stopping times, while
Forster et al. in [68] studies stochastic elliptic variational inequalities of the second
kind described by a bilinear form with stochastic coefficients with the example of the
obstacle problem and the Richardson equation.

Existing results in previously mentioned studies are further extended with the help
of the theory of the deterministic variational inequalities to the description of the
stochastic elastoplastic problem given by Eq. (3.24). The variational description
is formulated on the Hilbert tensor product space % := Z ® (S) isomorphic to
Ly(Q,P; Z), i.e. the space of Z-valued RVs with finite variance. In this way the
stochastic problem can have the same theoretical properties as the underlying de-
terministic one, which is highly desirable for any further numerical approximation.
Moreover, the theory represents the abstract extension of Section 2.3.2, and thus can
follow the same pattern as before.

Let (€2, B,P) be a probability space and (4, (-, -)) a separable Hilbert space in which
one considers for fixed w the linear functional ¢(w)(v) € L(U,R) = U*. This
function for each fixed v € V represents the Borel measurable function on €2 [88, 87,
86]. In other words, the stochastic representative £ € L(% ,R) = % * of the linear
functional in Eq. (2.49) becomes:

t(v) := (t(w), v) = E(l(w)) = /QE(W)(W)P( dw), (3.41)

where for fixed w the functional ¢(w)(v) has the same form as in the deterministic
case (see Eq. (2.49)). In a similar manner one may define the stochastic bilinear
form

a:ZxZ—R: alz,w):= {(Az, w)), (3.42)

where ((-, -)) is the duality pairing between (Z @ (5))* = Z* @ (5)* and Z ® (5).
The bilinear form is associated with a linear, continuous, self-adjoint and coercive
operator A : & — Z*. In addition, it is continuous for each w in 2, as well as
measurable in B. By a similar procedure one may define the dissipation rate:

j(w) = / () () P(dw). (3.43)
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3.5 Small deformation plasticity

Let us remark that—loosely speaking—the stochastic weak form is just the expected
value of its deterministic counterpart formulated on the tensor product space, whose
solution is an element of this space. Note that the same notation is used as in the
deterministic formulation in the hope that the meaning is already clear from the con-
tent.

Following previous definitions one may interpret stochastic linear and bilinear map-
pings as the parameter w-dependent deterministic forms. This further leads to a
stochastic description of the elastoplastic problem analogue to the one presented in
Problem 2.3.7:

Problem 3.5.1. Problem SP-P: given a function f e H\(T,.Z) with f(0) = 0, set
f=1f,01 € H(T,F x #). Then, there exists a unique function w = (u, E,) €
HY(T, Z) withw(0) = 0 and 1 (t) € X >° which solves a.s. in Q, a.e. in T:

a(w(t), z —w(t)) +j(2) = j(w) = (f, 2 — (1)) (3.44)

forall z = (v, (p,v)) € Z. If in addition f,, f» € HY(T,.F) are two different
loadings, and wy,ws € HY(T, Z) are the corresponding solutions then.:

w1 —wallr.m.2) < clfr = Follo, (m.2) (3.45)

determines the stability of the solution.

The existence and uniqueness of the solution are summarized in the following theo-
rem, obtained by slightly rewriting Theorem 7.3. in [92]:

Theorem 3.5.2. Let & be a Hilbert space; & C % a nonempty, closed, convex
cone; a : Z x % w R a bilinear form that is symmetric, bounded and % -elliptic;
¢ € HY(T; Z*) with £(0) = 0 P-almost sure, and j : # > R non-negative, con-
vex, positively homogeneous and Lipschitz continuous. Then there exists the unique
solution w of Problem 3.5.1 satisfying w € H* (T, Z).

Proof. The proof of the existence is derived from the time discretisation of the prob-
lem and the construction of the linear interpolant of the discrete solution. The in-
terpolant approaches the abstract solution w for the limit case of the time step ap-
proaching zero. For a detailed derivation please see [92]. The proof of the unique-
ness follows from the assumption of two different solutions wy and ws, and z = o
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and z = w; respectively, such that:
a(wy, wy — i) + j(wr) — j(t2) < (€, 2 — 1) (3.46)

and
— a(wl, Wy — 11}1) +](w2) — j(wl) < —<<f, Wy — ’LU1>> (3.47)

are satisfied. After summation one obtains:
alwy —wy,wy —wy) <0 P— as. (3.48)
which due to the 2 -ellipticity of a leads to w; = wy P-almost surely. O

The mixed formulation of the stochastic plasticity problem with combined general
hardening as an analogue to Problem 2.3.8 reads:

Theorem 3.5.3. Problem SM-P: there are functions w = (u,n) € H*(T, Z) with
w(0) = 0 and w* € HY(T, Z*),w*(0) = 0 and 1> € > such that a.s. in Q, a.e.
inT:

a(w(t), z) + (w(t), 2)) = (f, 2) (3.49)
forall z = (v, (pu,v)) € & and

Vere c 2t (b, 2F —w*) <0. (3.50)

If in addition fi,f, € HYT,.Z) are two different loadings, and wy,w; €
HYT,Z) and wi,ws € HY(T, Z*) the corresponding solutions, then:

lwy — walz (7.2 < cllfi — follo, (7.9) (3.51)

and ) .
lwy —wsllL (7,2 < i = falloo o, (3.52)

The existence and uniqueness of the solution are determined by similar assumptions
as made in the abstract primal problem:

Theorem 3.5.4. Under same assumptions as given in Theorem 3.5.2 the solution w*
of Problem 3.5.3 exists and it is unique.

Proof. Follows from the proof of Theorem 3.5.2. O]
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In case that the 2 -elliptic bilinear form is given as

a(wr, wp) = /Q/g(e(ul)—e;:A(e(uz)_sg) dz P(dw)

+//HZ‘SOV11/2 dz P(dw)
QJg
+ /Q /g Hyine, : € da P(dw), (3.53)

the general hardening reduces to the case of the linear mixed hardening. As a special
case, the linear mixed hardening admits the same theory as already presented, and
thus is not repeated here.

3.6 Large deformation plasticity

The reasons for introducing uncertainty in the large deformation model are essen-
tially the same as in case of small deformation plasticity. Hence, the assumptions
given in Section 3.3 are further taken to be valid. The theory follows Section 3.4 and
the deterministic formulation in Section 2.4.

Table 3.4: Stress and strain formulations

Name Law
Gen. plas. deform. E,(w) = (II(w),n(w)), I(w) := FP~(w)
Energy Y(w) = V(F(w),n(w)),
I Piola-Kirchhoff P(w) =0y/0F,
Conjugate force X (W) = (s(w),C(w)) = —OY/IE,

S(w) = —0 /0T and C(w) = —d/n.
Generalised stress Y(w) = (§(w),¢(w)),s(w) =TT (w)s(w)

Let X be a material particle and ¢(X, ¢, w) the mapping between the initial and the
current configuration in the time interval 7 as introduced in Eq. (3.21). The function
is assumed to be smooth enough such that the deformation gradient F' exists and has
a form as given in Eq. (3.22) with the differentiation operator understood in a weak
sense. Once the deformation gradient is known, one may split it by multiplicative
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Chapter 3 Plasticity described by uncertain parameters

decomposition to the random plastic F'P and elastic F'¢ part P- almost surely:
F(w) = F¢(w)FP(w), P-— as. (3.54)

This further allows the definitions of the strain as well as the stress measures in a
similar manner as given in Section 2.4.1, see Table 3.4. The only difference is that
now they represent random variables (fields).

Assuming the material objectivity in P-almost sure sense, the system is described
by random free energy ¢)(F.,n) with random elastic gradient F'¢(w) and internal
variables 1(w) as arguments. These further determine the random generalised stress
X (w) and conjugate forces x(w), see Table 3.4. The plastic state is specified by
a random plastic deformation gradient F'?(w) and possibly by a vector-valued ran-
dom internal variable n(w). These quanitities describe the random general plastic
deformation =Z,(w) = (M(w),n(w)), where TT := FP~'. The evolution of the
plastic deformation is driven by a plastic flow rule, also known as normality rule,
which similarly to a small deformation plasticity rule may be written in primal and
dual forms. The law essentially has the same form as in Section 2.4.1 (only valid
P-almost surely). Hence, the final results are merely just recollected in Table 3.5.
Namely, with the help of the yield function one may introduce the closed non-empty
convex domain:

H ={(f,2)| £ en} (3.55)

with the barrier cone # > = {0} x £, where
H ={5 | ¢px(r,w, %) <0, ae inG, as. inQ}. (3.56)
From Eq. (2.78) follow the indicator function of the set .7 :

() = {0 ¥ e Kas. G5

oo, otherwise,

and its sub-differential:

Vi (s,¢) = {5 € Lo(QR*I X R™) . Upe(G+T,(+7) >
Uk, Q) + (ILTY + (. 7), Y(T,7) € Lo(Q,RED x R™)},  (3.58)

which further leads to the primal formulation of the flow rule in Table 3.5. The dual
of the indicator function is known as the dissipation

Ui (I1,m) = sup { (S, IT) + (¢, )} (3.59)
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3.6 Large deformation plasticity

featuring the dual formulation of the flow rule in Table 3.5.

Table 3.5: Normality rule

Primal é € 0U(S ,C),é’ = (FPIL,7) a.s.
Dual S, C) € 0¥ (II,n) a.s.
Yield function E’ =X0nop(X), A>0,0<0, Xp=0 as.

Following previous statements, one may conclude that the geometrical nonlinear
plasticity is very similar to the small deformation plasticity. These similarities are
further used in the numerical computation of desired functionals.

3.6.1 Constitutive description

The elastic behaviour is assumed to be described by a linear Saint Venant law which
takes into consideration the quadratic energy function ¢, = i((E, AE)), where
E(w) = +(FT(w)F(w) — I). As a consequence, the model has the same stress-
strain relationship as in the small deformation case, i.e. (5, AE)) = (Z,S)), V5 €
&. Here, S denotes the random second Piola-Kirchhoff stress tensor, i.e. the deriva-
tive of energy 1. with respect to the Green-Lagrange strain tensor. For the source
of randomness is taken the elastic constitutive tensor A, assumed to have the same
properties as in a case of small deformations. With such an assumption the stochastic
model of large displacement plasticity inherits the poly-convexity conditions and can
be considered in a similar manner as the infinitesimal one. Thus, in order to avoid
any repeating the results are only collected in Table 3.6.

3.6.2 Variational formulation

Let (€, B, P) be a probability space in which the linear functional (see Eq. (3.41))

v):/Q/tv-fdeE”(dw)—&-/Q/Fch}dF]P’(dw) (3.60)

is defined with respect to the current configuration, where & represents the initial
stress. The functional ¢ is continuous and measurable with respect to 5. Similarly,
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Table 3.6: Stochastic large deformation plasticity

Theory Variable law a.s.
Linear Energy Ye(w) = $(E(W), A(w)E(w)))
elasticity  Constitutive law S(w) = A(w)E(w)
Perfect Internal variable G,(w) = CP Hw)
plasticity ~ Energy Y(w) = Y(C(w), Gp(w))
Yield function bx (W) = o (S(w), C(w))
Plastic dissipation D), := —§ - %Cagp G;l >0
Evolution equation G, = —2A\C~'95¢x G,
Mixed Kinematic law E(w) = const - Gp(w)
hardening  Yield function drWw)(C,8,5,()=0
plasticity  Plastic dissipation D, := —S - 1C BG" G,!
—3 1 Ca —1 + C
Flow rule G = —2)\C 135¢;¢G
== —2>\C Locpc =
v =AC 19 pxc

let us define the bilinear form corresponding to Eq. (3.42) as:
a®(u,v) := (Ae(u) / / Ae(u v) dzP(dw), (3.61)

where the strain measure e(v) := Vgwv is of the linear type due to the definition of
the virtual test functions v. Here, Vg is the symmetric differential operator given by
Eq. (3.37) such that the bilinear form a® admits the same properties as in the small de-
formation case, see Section 3.5.4. Namely, operator A is linear, continuous, coercive,
and symmetric. Following this, the variational equilibrium equation becomes:

a’(u,v) = —4(v). (3.62)

However, as previously mentioned, the current configuration is not suitable to be
taken for the reference due to the unknown coordinates x. Instead, for the reference
one chooses the initial— time and w-independent—configuration. Following the
same procedure as in Section 2.4.3 one may rewrite a® to:

™ (w, S) = (T A/ ). S dX P(dw), (3.63)
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where 1" = %(FTV mw+V yw? F) P-almost surely. In this description the second
Piola-Kirchhoff stress is used, so that the linear functional obtains the form:

M (w) = (w, Fy)g, +/Q : w - T dI" P(dw), (3.64)

where F'y, is the volume force and T the initial stress in material description. Thus,
the final form of equilibrium Eq. (3.62) reads:

am™(w, S) = —™(w). (3.65)

3.7 Conclusion

The present chapter develops the stochastic model of an irreversible behaviour de-
scribed by uncertain material parameters and right hand side. Formally speaking the
model is an extension of the classical deterministic theory carried out with the help of
mathematical tools such as convex analysis and variational inequality theory. Start-
ing from the global description of the stochastic irreversible behaviour in Section 3.4,
both the small (Section 3.5) and the finite deformation (Section 3.6) descriptions are
fully derrived and presented. The latter case considers the large displacement the-
ory as a natural generalisation of the infinitesimal one. For simplicity reasons, the
infinitesimal theory is initially described in one material point (Section 3.5.2) and
then extended to the whole domain by introducing tensorial spaces in Section 3.5.1.
In this setting the existence and uniqueness of the solution for linear elliptic partial
differential equations and second order stochastic variational inequalities (see Sec-
tion 3.5.4) are shown. In addition, the transformation of variational inequality to the
stochastic convex optimisation problem is provided. The convexity is guaranteed by
choosing the positive definite distribution for material properties via the maximum
entropy principle (see Section 3.3).

Particulary this chapter studies linear elasticity, perfect plasticity, and general harden-
ing plasticity with emphasis on mixed linear hardening. These problems are written
in two equivalent forms: the abstract primal and mixed formulation, from which the
latter one is employed in computational algorithms, see Chapter 5.
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Chapter 4

Discretisation

An approximate answer to the right
problem is worth a good deal more
than an exact answer to an
approximate problem.

J. Tukey

The elastoplastic model presented in Chapter 3 requires the introduction of the ten-
sorial product space V ® (.S) in which both VV and () are the infinite dimensional
sub-spaces. In addition, the models are time-dependent as the evolutionary laws for
the plastic-like variables are introduced. In such a setting the practical computation
is not possible, and hence the suitable discretisation has to be introduced. There-
fore, this chapter considers the mid-point algorithms for the time discretisation of
the evolutionary equations, as well as the spatial discretisation of the problem via
finite element methods. These lead to the system of equations with stochastic co-
efficients, the discretisation of which is considered in Chapter 5. To this end, the
tractable representation of the random field in the countable number of the mutually
independent random variables is introduced, as well as the stochastic version of the
closest point projection algorithm formulated by a straightforward extension of the
very well known radial return map algorithm [215, 92].

4.1 Related work

Elastoplasticity theory is a very broad research subject. There are many papers and
publications which deal with the discretisation problems in time and spatial domain.

83



Chapter 4 Discretisation

This section only briefly reviews some of the existing methods and computational
approaches to this problem. For more detailed information the reader is addressed to
[215, 92].

For the first time the implicit Euler time integration algorithm has been applied in
the work of Wilkins [241] for the problem of the elastoplastic evolutionary equa-
tion. He considered the first order differential equation and constructed the algo-
rithm which is the precursor of today’s classical closest point projection algorithms.
Later on, the implicit Euler has been extended to the general mid-point algorithms
[177, 178, 215, 92], for which the corresponding stability analysis is studied in
[214, 215, 92]. In contrast to the mentioned one-time step methods, Artioli et al.
[12] have studied the double-step methods as their natural extension in the case of
linear hardening plasticity. In addition, they proposed an exponential type of algo-
rithm which appears to outperform the single and double step integration algorithms
on the expense of efficiency [13]. However, these are not the only time integration
schemes. Basically, for the time discretisation one may use any kind of general inte-
gration methods designed for ordinary differential equations such as, for example, the
Runge-Kutta method [43, 35] or the BDF2 method [64]. The stability of the BDF2
method together with the practical application in J, plasticity has been studied in
[181]. However, these methods are not often used in practice due to the complicated
algorithmic scheme which is not so suitable for the numerical implementation.

In computational applications the spatial discretisation of the mentioned problems is
mostly done with the help of finite element methods [21, 250] as the most appropriate
for experimental verification. However, these methods are not the most suitable for
the consideration of the error estimates or the accurate approximations of the stress
tensor. For this reason, the spatial discretisation techniques are still the subject of
research, especially in an adaptive manner [39]. Typical examples are: the finite
difference method [43], the boundary finite element method [50, 31], the least square
approach [29, 223, 206] and the wavelet based methods [166].

In addition to time and space discretisations, one also requires the discretisation of
the random fields describing the elastoplastic differential equations. The random
field discretisation [82, 235] can be performed in several ways depending on its rep-
resentation. The most often used are series expansion methods reviewed in [153].
For example, the interpolation method interpolates the random field via the finite el-
ement shape functions in nodal positions [134], while the approximation of the field
in the mid-point of the element is studied in [121]. Another possibility is to spatially
average the random field over some sub-domain as in [235]. However, the most often
used are the spectral representations described in [78, 107, 145], which are consid-
ered later in this work. The detailed discussion about their numerical computation

84



4.2 Time discretisation

can be found in [108, 227, 190, 153], as well as in [7].

4.2 Time discretisation

The time discretisation of elastoplastic evolutionary equations presented in Chapter 3
is done with the help of the generalised family of mid-point methods. The mid-
point methods are described by the parameter ¢ taking the values in the bounded
interval [1/2, 1] due to the stability properties of the algorithm. However, these are
not the only possible time discretisation methods, but the most often used in practice.
Instead, one may use any other kind of implicit Runge-Kutta methods, e.g. [35,
64].

4.2.1 Abstract problem

Let the time interval [0, 7] be divided into L, equal time increments such that
t, = nAt,n = 1,...L;, where At := T/L; is the time step-size. Further-
more let the time approximation of some quantity ¢ in time ¢,, be denoted as ¢y,
its backward difference as Ag,, := ¢, — ¢n_1, and the backward divided differ-
ence as 0q,, := Aq, /L. Using this notation the evolutionary variational inequality
in Eq. (3.44) can be approximated by the following algorithm as a special case of
Moreau’s sweeping process [162, 92]:

Problem 4.2.1. Problem ABS-Prim-Time: find i := {w,}:t, € 25, with wy = 0
such that for all 0 < n < L; and all z € & holds:

a(Wp—149,2 —0wy) +  j(z) — j(dwy) 4.1)
> lp_1a9(z —dwy,), P—as.

By replacing dw,, ~ Aw,, previous equation transforms to

da(Awy, z — Aw,)  +  j(2) — j(Awy)
> ln—149(2 — Awy) — a(wy—1,2 — Awy)  (4.2)

required to hold P-a.s. for all z € Z. Furthermore, the solution w,, is unique and
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admits the stability condition:

1 2 1 2
Jmax (0} = wdlz < 6 =l . (43)

Uniqueness and existence of the solution in Problem 4.2.1 follow from the proof
presented in Section 3.5.4 and [92]. Note that in Problem 4.2.1 the term w14y
is used as a shortcut for the term Yw,, + (1 — @)wy_1, ln_1+9 for £(t,,_1+9) and
tn_l_ﬂg for (TL -1+ 19)At = ﬁtn + (1 — ﬁ)tn_l.

Setting ¢ = 1 for the implicit Euler discretisation and v, := £(t,,) — a(wy,—1, -), one
may see that Problem 4.2.1 can be easily transformed to a time-discrete version of
Theorem 3.5.3:

Theorem 4.2.2. Problem ABS-Mix-time: find solution Aw, € #° C % such
that exists w), € J in all t,, satisfying

Vz € 230 a(Awp, 2) + (W), 2) = (yn, 2)) P— a.s. (4.4)

and
V' e (Awp,z" —w) ) <0 P— as. 4.5)

The approximate solutions {w, }, {w};} converge as At — 0 to the solutions w(t)
and w*(t) of the problem ABS-M in Theorem 3.5.3.

Proof. Everything except the convergence of w;, is already shown. This follows
along analogous arguments as proof of the uniqueness in Problem 4.2.1 (see [92]).
O

For computational purposes the minimisation Problem 2.3.4 has much greater impor-
tance than the abstract formulation given in Problem 3.5.3. Due to this the following
problem is further studied:

Theorem 4.2.3. Problem ABS-D: for all t,, find w}, by minimisation:

1
wy =argmin —a*(y, — 2, yn — 2%), (4.6)
e 2
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where y,, = U(t,,) — a(wy,—1,-) and w, is the closest point in & to y, in the a*-
metric. Computing Aw,, € Z by

Vze 2 a(Awp, 2) = (Yo —wy,,2) P—as. 4.7
one has that Aw,, € # *° and

Vet e (Awp,z" —w)) <0 P—as. (4.8)

Proof. One can make similar assumptions to Proposition 2.3.3 and Eq. (2.37)-
Eq. (2.41) from which then follows the proof of theorem. O

However, the time discretisation introduces a certain numerical error into the model.
Under the standard regularity conditions and fixed w the error is of the following

type:

max||u, — wylle < cAt (4.9)
for ¢ # 1/2 and

max||w, — wy|lq < cAt? (4.10)
for J = 1/2, where || - ||, is a norm with respect to the bilinear form a [92]. Here,

w,, represents the solution of Problem 4.2.1 and u,, the solution of the original Prob-
lem 3.5.1 in time ¢,,.

4.2.2 General hardening plasticity

Theorem 4.2.3 is the abstract formulation of the elastoplastic behaviour. However,
let us rewrite it for the case of the general hardening plasticity. For this one may
use the backward Euler time discretisation and the same identification of 2, Z* and
variables as in Section 3.5.4. Then, following Theorem 4.2.3 one may define the
bilinear form

a(w,z) = d(ep(u) g,(v)) +a"(n.e)
= (e(u) —ep(u), A(e(v) — ep(v)))) + (n, He)) ~ (4.11)

and its dual
a?* (X1, X)) = aP* (o9, 02) + (x1, H™ ' : x2), (4.12)
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where a?*(o,7) = o : A~ : 7. The inverse tensors A~! and H ! are part of the
definition of the constitutive laws and are positive-definite, symmetric and bounded
(see Section 3.5.2). Following this, one may introduce the analogue of the Theo-
rem 4.2.3 as:

Corollary 4.2.4. General hardening. Set S, = A : Ep,,, y, = S, —
a%(E, n—1,-)) and compute AE,, € X, E,, = E,,,_1+AE,, and ¥,, € A&
as the unique solution of

VM :a?(AE,,, M)+ (X, M) = (y,, M)), P—as. (4.13)
VT € % : (AE,,,T—-X,) <0, P-—as. (4.14)

Proof. Existence, uniqueness, and stability of the solution follow from Prob-
lem4.2.1. ]

In order to pose the corresponding minimisation problem one may recall the deriva-
tion given in Section 2.2.3 and propose the closest point projection algorithm:

Corollary 4.2.5. Set X'l = y, = S, — a9(E, ,_1,"). Compute the unique
minimizer of:

1 ) .
X, = argmin —a?* (X'l _ 3 ytrial _ 37) (4.15)
Xex 2

and AE,,, as the unique solution of
VM : o (AE,,,M) = (y, — X,, M). (4.16)
Then, AE,,, and X, solve the problem in Corollary 4.2.4 and AE,,, € J > satis-

fies
VI'e ¥ : (AE,,T-X) <O0. (4.17)

Proof. Existence and uniqueness of the solution follow from Corollary 4.2.4. O

Furthermore, the general hardening plasticity can be specialized to the linear hard-
ening and perfect plasticity case by assuming appropriate constitutive relations as
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described in Chapter 3. For more information on these formulations the interested
reader is addressed to [195].

Let us remark that Theorem 4.2.3 and Corollary 4.2.5 can lead to a completely dual
formulation [92]. However, the computations are usually performed according to
the mixed formulation in Corollary 4.2.4 on a global level, whereas upon discretisa-
tion at each Gauss-point the local computation is usually done according to the dual
formulation.

4.2.3 Closest point projection

This section considers the problem of the minimisation of the functional represent-
ing the evolutionary path of the plastic strain for the case of general hardening (see
Corollary 4.2.5). More special cases such as perfect plasticity and linear hardening
can be easily derived by taking into account appropriate restrictions (see [191]).

The minimisation as given in Corollary 4.2.5 belongs to the class of the optimization
problems with inequality constraints [137, 163] of the following form:

1 ) )
minimise &, (w) 1= 5«2;”” — 3, AT (Ztrial _ 33 ),
subject to Yo €Z: (X)) <0, (4.18)

where @, is the convex functional in time n and ¢,,(o) is the convex mapping from
Z to X called the yield function. In deterministic theory [215, 137, 55] the op-
timization problem in Eq. (4.18) is generally solved by the so-called closest point
projection or radial return map algorithm'. The algorithm consists of two steps: re-
versible (non-dissipative) and irreversible (dissipative), often called elastic predictor
and plastic corrector. The non-dissipative step defines the trial state, while actual
projection happens in the corrector step if certain conditions are fulfilled. More pre-
cisely, if the stress lies outside of the elastic domain. In such a case the dissipative
step searches for the closest distance in the energy norm of a trial state to a convex
set of elastic domain, and then projects the stress back to the yield surface.

Let us assume that the quantities: the total strain E,,_; = (&,-1,0), the plastic
strain B}, , 1 = (€pn—1,Mn—1), and the displacement increment Aw,,_; are given
at time ¢,,_; (beginning of the step). Then, one may compute the stress X, _; via

! the second name is more appropriate for perfect plastic behaviour
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constitutive relationships (see Section 3.5.2). The goal is to update those fields in
time ¢,, assuming that the time At,, and load A f,, increments are known.

Non-dissipative step

In the proceeding numerical computation one first deals with the geometrical non-
linearities and solves the equilibrium equation Eq. (4.16) for the increment of the
displacements. This is the global phase of the algorithm in which the configuration
is updated. In second phase the configuration is fixed and the quantities are updated
such that the stress admissibility condition is satisfied. Therefore, one first solves the
equilibrium Eq. (4.16) rewritten in a form of residual:

QAE,,,, M) =a'(AE,,,,M) - (y, — X,,M)) =0 (4.19)

which further represents a nonlinear equation with respect to the displacement in-
crement. Namely, the plastic strain E,, ,(w) and the consistency parameter \,,(w)
2 are nonlinear functions in terms of E,(w). As E, ,(w) is regarded as a given
fixed history variable, the only remaining independent variable is u,,, i.e. Au,,(w)
as u,,_1(w) represents the convergent solution from the previous step. This means
that the operator Q(w) is nonlinear in Aw,,(w), and hence the system in Eq. (4.19)
has to be solved iteratively [21, 250]. However, this is only possible after spatial and
stochastic discretisation have been performed.

By solving the equilibrium Eq. (4.19) one obtains the increment of the dis-
placement Aw,,, and hence the increment of the elastic deformation AE,., :=
(Vs(Au,(w)),0) by freezing the plastic flow AE,,, = 0. As the increment of
the total strain is purely elastic, one may employ Hooke’s constitutive law to com-
pute the increment of the forecasted (trial) Cauchy stress, i.e. Xl (z, w) =
Y1+ C(zg,w) : AE.,(x4,w), where the generalised constitutive modulus
C(z4,w) = diag[A(z,,w), H(z4,w)] consists of A(zg,w) = K(z4,w)1 ®1+
2G(zg,w) (I — 31®1) and H(zy,w) = diag [H in (24, w), Hiso(zg,w)]. Note
that the double-dot tensor multiplication : is applied on the random quantities, and
thus admits slightly different properties than the usual double-dot multiplication (see
Chapter 5 and Chapter 6).

Once the trial stress has been computed, one may check its admissibility with respect
to the yield condition ¢( X! (z, w)) < 0 at time t,,. If ¢(XLrel(zy, w)) < 0 P-
almost surely the step is non-dissipative and (-),, = (+),—1. Otherwise, the stress is

2this parameter will be introduced later
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non-admissible and one has to perform the dissipative step as further described. Note
that in the following discussion the term x4 is not used for simplicity of notation.

Dissipative step

The solution of the minimisation problem is determined by a Kuhn-Tucker theorem
[137]:

Theorem 4.2.6. Let ¢, (w) be a Gateaux differentiable functional on % and ¢, a
Gateaux differentiable mapping from % into ¢ . Assume that Gdateaux differentials
are linear in their increments. Suppose X2, minimises ©@,, subject to ¢,,(X) < 0 a.s.
and that X, is a regular point of the inequality ¢,,(X),) < 0 a.s. Then there is a
Lagrange multiplier A € #*, \ > 0 such that the Lagrangian:

Ln(w) = Pp(w) + (bn, \) (4.20)

is stationary at X, almost surely; furthermore (¢, \)) = 0 a.s.

Proof. The proof of previous theorem can be found in [137]. O

According to this, the solution of Eq. (4.18) is obtained from the optimality condi-
tion:
OsL, =0and 0\L, =0 as. (4.21)

in which the second equation may be rewritten in a Kuhn-Tucker form:

A > 0and Ao, (X)) = 0as. (4.22)

If &, and ¢,, are convex— the positive cone .# is closed and has non-empty
interior—and if the regularity condition is satisfied the saddle point condition is suf-
ficient requirement for the existence and optimality of the solution [137]:

Theorem 4.2.7. Assume that there exists \s € Z*, s > 0, and an Xy € X such
that the Lagrangian L(X,)\) = &(X) + (&(X), \) has saddle point at (X, \)
ie.

L(Z,N) < Lo, X)) < LN, (4.23)
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forall ¥ € Z#,\ > 0. Then X solves Eq. (4.18).

Proof. The saddle-point condition with respect to A [137] gives:

(o(Zs), A) < (d(Zs), As) 4.24)
for all A > 0 a.s. Thus, one may take some A, > 0 a.s. and pose
{(&(Xs), Ag 4+ As)) < (D(Xs), As)), (4.25)
from which it follows:
{(Xs), Ag)) < 0. (4.26)

Due to the convexity assumption one has that ¢(X') < 0 with respect to which the
saddle-point condition implies

{(6(X5), As)) =0, as. (4.27)
Assuming that ¥y € % and ¢(X,) < 0, the saddle-point condition transforms to:
P(Xs) = P(Xs) + (D(Xs), As)) < P(Xg) + (D(Zy), As)) < P(Xy).  (4.28)
This further implies that A\; minimises ®(X') subject to ¢(X') < 0. O
Following the previous theorem one may rewrite the standard optimality conditions
Eq. (4.21) at one material point x, to:

ro(w) = AT LDl 2 )4\, 056(%,) = 0 as.
bs(w) :=0(X,) = 0 as. (4.29)

After simple mathematical derivation with the help of the constitutive relations given
in Section 3.5.2, the first relation in Eq. (4.29) transforms to

AE), (w) = M0s¢(X,(w)) =0 as. (4.30)

This is exactly the expression used in the classical formulation of elastoplasticity
theory.

Note that the system in Eq. (4.29) is in general nonlinear. Its linearisation can be
performed with the help of the local Newton method, for example. However, due
to the dependence on the w-parameter this can be done only after the stochastic dis-
cretisation.
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4.2.4 Large deformation analysis

The time integration of the Jo flow theory in finite strains is basically the same as in
the infinitesimal plasticity case. The problem reduces to a general form of the convex
optimization problem in a similar pattern as given in Eq. (4.18). Its unique minimizer
can be computed with the help of the closest point projection algorithms similar to
those already presented in Section 4.2.3. The only difference lies in the stress and
strain measures, i.e. the hyperelastic relationships, here only briefly summarized. For
the complete mathematical derivation the reader is referred to [215, 101, 21].

The J5 flow theory in finite deformations represents the natural extension of the small
deformation plasticity. Namely, the theory is based on the assumption of the convex
stored hyperelastic energy function for which the corresponding numerical algorithm
becomes the classical radial return map. Moreover, in absence of the plastic flow the
algorithm reduces to the finite elasticity case [215, 212, 217, 213].

Let us assume that the energy ¥ (C,CP,n) is convex and admits the volumet-
ric/deviatoric decomposition such that [215]:

o= Yu(J) + a(b”) + hn(n)

1 1 —e

= KG9 = 1)~ %) + SG(b) ~3) + ) 43D
holds, where b° = (J¢)~2/3b¢, J¢ = det (C*), and /5,(n) is the stored internal
plastic energy. To this complies the constitutive law (see Eq. (2.77)) given in terms
of the Kirchhoff stress tensor:

oy

— 9F*
T aC*®

(F)" = Jpl + s, (4.32)

where p = £((J¢)? — 1)/J¢ denotes the pressure and s the deviatoric stress. For
a complete formulation, one requires the defintion of a set of admissible stresses via
the invariant form of the yield criterion, e.g.

2
o730 = ey (7 ~ o, ~ 2l + ¢ 433
in a von-Mises sense. To these is added the associative plastic flow rule in material

description:

Ci'pil = —%)\tr(be)FflanT, 77 — —Aax¢(77 X)a (434)
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or in spatial one [215, 101]:

2
L,b¢ = —gAtr(be)n (4.35)
~ 2
L,q = )\ngmtr(be)n, (4.36)
. 2
Gg= —gHisoA. (4.37)

Here, n = s/||s|| is the normal, s = dev(T — ) is deviatoric stress, L,, denotes
the Lie derivative of a function [101], g is the back-stress, and ¢ is the isotropic
hardening. Note that the flow relations are similar to those in infinitesimal plasticity,
and thus can be numerically integrated in a similar manner as before.

Following the previous notation, let at time ¢,,_; be given {y,_1, I_)Z_l, I
(see Eq. (3.22)) and corresponding stresses 7,1 and X,,—1. Then, one may compute
the increment of the displacement by solving the equilibrium equation:

a™(w,S,) =—4"(w) (4.38)
which can be rewritten in a form of a nonlinear residual dependent only on Aw,,:

Q(Auy,) :=ad™(w,S,) — ' (w) =0. (4.39)
By solving previous equation for the increment of displacement Aw,,, one may up-
date the deformation path according to:

Pn = Pn—1 + Aun(@n (X))7 (440)

and hence the deformation gradient from F,,_; to F,, = [1 + V;Aw,|F,,_;. Once
these quantities are known, given loading increment A f,, one may update the kine-
matic and dynamic quantities from time ¢,,_; to time %,,.

Basically, the update algorithm has the same predictor-corrector form as the one
given in Section 4.2.3. The predictor assumes the step to be purely elastic, and then
updates the state according to the yield criterion—the corrector step. Notice that in
comparison to algorithm for small deformation case the only difference lies in the
choice of stress and strain measures. The algorithm starts by freezing the plastic flow
so that the intermediate configuration does not change and:

[Cﬁ_l]t”al — Cp—l ’l’]f:ml = N1 4.41)

n—1°
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hold. Introducing the operators of push-forward and pull-back, i.e. the relative defor-
mation gradients
fn=F,F ;EI
and
fn = (Jn/J7L—1)71/3f'n
Eq. (4.41) transforms to: -

A N (4.42)

given in spatial description. In this formulation the trial stress can be computed
according to:

ririel = p,J,1+ s where
striel —  Gdev b and (4.43)

Once the trial stress is evaluated, one may check the yield condition and, if neces-
sary, proceed with the dissipative step. The dissipative step solves the Lagrangian
in Eq. (4.20) for the multiplier A and updates the strain-like variables in material
description according to:

1= —%A/\[C?;;1 :C,|F,'n, F,; ", (4.44)

MNn — Nn-1 = *A/\axﬁbnv (4.45)

or in spatial description as given in [215, 101].

Note that the formulation considered here is only semi-discretised, because the finite
element discretisation of Eq. (4.38) is not performed yet and w-dependence is widely
present.

4.3 Spatial discretisation

The solution of the elastoplastic problem belongs to the tensor product space ¥ =
V ® (S), where V denotes the appropriate deterministic space (see Section 2.3.1) and
(S) the stochastic space (see Section 3.5.1). The tensor representation allows the dis-
cretisation of each of the components separately. This section briefly reviews the fi-
nite element (FEM) discretisation [22] of the sub-space V, i.e. the semi-discretisation
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Y = Vi ®(S) of the tensor space ¥ representing strains, stresses, or displacements.
In the next chapter the discretisation of (S') will be considered, and hence the full dis-
cretisation of the problem.

The FEM discretisation of displacement { and plastic strain £ (or stress R) spaces is
done with the help of piecewise affine and piecewise constant functions, respectively.
Besides FEM, one may use any other available discretisation technique such as the
finite difference approach [126], the least square method [223, 206], etc.

Let the domain G be discretised via partition 7}, in a finite element way such that:

G~G,= U G. (4.46)

Ge€Th

represents the union of the closed subsets G, with a non-empty interior and Lipschitz
closed boundary. Then, by taking the finite number L,, of shape functions N,(x) as
ansatz [49], i.e.

Uy, := span {N; (x)}f;l cu, (4.47)
one may discretise the displacement as

LW,
u(z,w) = up(z,w) = Zul(w)]\/}(x) = N(2)u(w), (4.48)

i=1
where N = [Ny(x), Na(z),... Ny, (z)] denotes the vector of shape functions and
u(w) = [ui(w),...ur, (w)]T represents corresponding coefficients, i.e. random
variables in (S). As functions in %}, := U, @ (S) are continuous, € is well de-

fined as an operator:
&(un)(y) = Vs(N(y)u(w)) (4.49)

in each FEM integration point y. This further determines the discretised space &},.

By taking the piecewise constant functions the space of general plastic deformation
&p and stress R are approximated as:

Le Le
eph =Y _&iVi, on= oV, (4.50)
i=1 i=1

where V; denotes the i-th indicator function over element j. The function takes the
value 1 when ¢ = j, otherwise V; = 0. Similar is valid for internal variables ny,
internal forces x;, and corresponding spaces Qj and Cp. In other words, the stress
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space R is discretised by:

Rp={on€R:0g, =const VG, € T} CR. (4.51)

Following previous definitions one may define the discretised spaces P, := Epp, x Qp,
and YV, := Ry, x Cp, of the general plastic strain F,; and the general stress X,
resepectively (see Section 3.5.1). In addition, let 2 := Z ® (.5) be a tensor product
space between Hilbert space Z and the space (.S) of variables with finite variance
(see Section 3.5.1). Its convex, closed, non-empty subset (cone) is denoted by #*°.
Let us assume that the same assumptions are valid as they are given in Theorem 3.5.2;
then one may perform the finite element approximations 27, = 2, ® (.S) of the space
Z (see Section 4.3) and ;> = %5, N &> of the convex subset Z' > C Z.

With the help of previously made assumptions one may formulate the discretised
version of Problem 4.2.1 on a subspace %, as:

Problem 4.3.1. Abstract problem ABS-Prim-FEM. Find wy,, : T — 23 with
wpo = 0 and Awpy, € J,>° such that for all t € T and all z, € 23, the second
order inequality:

a(Awp p, 2 — Awp )+ J(zn) — §(Awpn) (4.52)
> Upan(zn — Awp ) — a(Wh -1, 2 — AWpn)

is valid P-almost surely.

The previous analysis is given with respect to the finite element approximation of
considered spaces. However, the major difficulty in solving the primal Problem 4.3.1
is the non-differential term of the dissipation functional 7, which may be solved by
regularisation (j is approximated as a sum of differentiable terms), or by discretisa-
tion of the inequality via a set of integration points to a set of uncoupled inequities,
ie.

This further modifies the inequality in Eq. (4.52) by including j;, [92].

Existence and uniqueness of the solution are given under the same conditions as
before, see Theorem 3.5.2. If one assumes that the functional j(-) is proper on 2,
then the discrete counterpart of the abstract problem has unique solution [81, 92]
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which for fixed w satisfies the Céa’s type of inequality [49]

. 1/2
maxu, — whnlla < AL+ e ”z;;‘éﬂg”wj-lw —zillz| . 454
=
Here, At is the time step and || - ||, is norm with respect to the bilinear form a,

wp,,n, denotes the discretised solution of Problem 4.3.1 and w,, the solution of orig-
inal Problem 3.5.1 in time ¢,,. However, the error estimate as given in Eq. (4.54) is
not complete as the problem is only semi-discretised and the general error estimate
requires the discretisation of the stochastic space (5) as shown in Section 4.4.

Similarly to primal, one may discretise Problem 4.2.2 given in a mixed form by
taking the subspaces 2}, C 2" and 2" C Z*, where %), = 27, N ¢ . The discreti-
sation can be formulated in a variational:

Problem 4.3.2. Problem ABS-Mix-FEM: find Awy, ,, € J£,>° C %, and Juwy, ,, €
Ky, such that for all t,,

Vz € 24t a(Awhn, 2) + (Wh 4, 2) = (Yhms 2) P — as. (4.55)
and

Yz € Kt (Awpp, 2" —wp ) <0 P— as. (4.56)

or in a minimisation form as:

Corollary 4.3.3. Problem ABS-D: find wy, ,, such that for all t,, holds:

* . 1 * * *
Wh,p = AIgMIN =@ (yh,n — 2y Yhyn — Zh) 4.57)
2p EHn

With yp n = L(tn) — a(Wh n_1, ) and wy, , being the closest point in .}, 10 Yp, , in
the a*-metric. Computing Awy, ,, € 23, by

Vz € 2t a(Awpn, 2) = (Ynn — Who»2n) P —as. (4.58)
one has that Awy, , € J,>° satisfies

Vzp, € Kt (Awp g, 2" —wy ) <0 P—as. (4.59)
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Specializing Corollary 4.3.3 to the general hardening case one obtains:

Corollary 4.3.4. Set X' =y, = S}, — a9(Ep pn—1,-). Compute the unique
minimizer of:

1 . )
Y = argmin fag*()?;“fml -, Z’Z”"'l — X)) =: argmin Oy, (4.60)
XheHn 2 Xnhetn

and AE), j,,, as unique solution of
Q(AEpyhn, M) = ag(AEp,;m, M) - <<yhn — Ehn, M>> =0. (461)

Then, AEy, jy, and X}, solve the problem in Problem 4.3.2 and AEy, y,, € ;>
satisfies
VT e 2 (AEppn, T — X)) <0. (4.62)

Proof. Existence and uniqueness of the solution can be found in [195]. O]

Note that the discretised problems presented in this section are, however, only semi-
dicretised since all formulations are w-dependent. Due to this they can be only nu-
merically treated when the discretisation of the stochastic space (.5) is performed.

4.4 Stochastic discretisation

The discretisation of the stochastic space (S) of RVs with finite variance is done such
that only a finite number of random variables is used in the problem description. The
best way to satisfy this condition is to approximate random fields by series expansion
methods, where the number of random variables tend to be small, but large enough to
satisfy the accuracy and computational requirements for a certain type of problem. In
a case of the weak sense stationary and homogeneous processes (random fields) the
expansion is of the Fourier type [199], a special case of Karhunen-Logve expansion®
[78,76, 145, 107]. The expansion approximates random fields or stochastic processes
as a sum of products of functions defined on the time or spatial domain and functions
of random variables. Due to this property the KLE is often called the fensor product
representation.

3valid in a general case of non-stationary and non-homogeneous processes or random fields

99



Chapter 4 Discretisation

4.4.1 The Karhunen-Loéve expansion

For its favourable properties a Karhunen-Loeve expansion (KLE) (also known as a
proper orthogonal decomposition) is chosen for the discretisation of the random field.
The principal idea behind the KLE is that given an ensemble of data one can find a
basis of a given dimension that spans the data optimally in Lo sense. It was invented
independently by Karhunen (1947), Loeve (1948), and Kac and Siegert (1947) and
widely described in many books and papers [33, 47, 75, 77, 78, 99, 197, 201, 227,
152]. Therefore, here only short description. For more information the reader is
referred to [78, 108, 107].

Let be given the random field k(z,w) and its admissible covariance function
cov (21, x2) = E(Rz, ® Ra,), where Ry, and &,, represent the fluctuations of
the random field (see Eq. (3.9) and the text following). The admissibility condi-
tion [26, 203] requires that the covariance is symmetric and positive-definite, i.e.
Sy Z?Zl cxeoV, (2, z;)c; > 0 for all 2, z; € R and ¢, ¢; € C. With this in
mind the random field x(z,w) admits the expansion:

R, w) =YV wr(w)ri () (4.63)
k=0

in which the split into the spatial x4 () and stochastic £ (w) part has occurred. Tak-
ing \g = 1, {o(w) = 1 and ko(x) = K(x) the previous formulation transforms
to:

r(r,w) = (@) + > Ve (w)rr (), (4.64)
k=1

where £(x) is the mean value of the random field, & (w) are the uncorrelated zero
mean and unit variance random variables (E(&,,£,) = dmn), and (\;, ;) is the pair
of eigenvalues and eigenfunctions of the covariance kernel cov,,, respectively.

For computational purposes the series in Eq. (4.64) is truncated to a finite number of
terms M :

f(r,w) = &) + Y Ve (w)rn(z), (4.65)
k=1

such that the approximation is the best one achieved in Lo (G X Q) =2 Lo(G) @ L2 ()
norm. In other words, the truncated expansion in Eq. (4.65) converges to x(z,w) in
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4.4 Stochastic discretisation

sup E((x(x) — &(x))?) = sup Z Merip(z)? = 0, as M — oo. (4.66)
T€Y p=M+1

The KLE computation is performed by solving the spatially FEM-discretised eigen-
value problem [107]:
WK,k = )\kMK,k (467)

with K being the eigenfunctions, A\ the corresponding eigenvalues, W = M C M
a symmetric positive semi-definite matrix, and M a Gram matrix with elements
M;; = fg N;(z1)Nj(z2)dx1dxs. Regarding properties of matrix W, the solution
of Eq. (4.67) can be obtained with the help of a Krylov subspace method [200, 95]
with a sparse matrix approximation. This method comes very naturally as it does
not require an assembled form of the dense matrices W and M. On the other side,
Krylov subspace methods are very suitable for the implementation as one may use
open libraries such as LAPACK or ARPACK [125]. However, for the problem of
huge dimensions one may use sparse hierarchical matrix techniques [110] as more
suitable tools. They represent an efficient and fast discretisation of the random fields
due to their log-linear computational cost of the matrix-vector products and log-linear
storage requirement.

Finally, having the solution of the eigenproblem one may rewrite the Karhunen-
Loéve expansion in Eq. (4.65) in a discretised form as:

M
K(w,w) ~ ) + YV Ak N (2)6 (@), (4.68)
k=1

where the first term % (z) represents the mean value of the given random field in the
finite element basis.

Note that the Karhunen-Loeve expansion in Eq. (4.65) is straightforward in a case of
the Gaussian random field (see Section 3.3.2) due to mutual independence of the un-
correlated random variables £ (w), which represent a linear combination of Gaussian
random variables. On the other side, in a case of the non-Gaussian random field (i.e.
the nonlinear transformation of Gaussian, see Section 3.3.2) the random variables
&k (w) are uncorrelated and generally unknown. However, they can be computed via
the following integration [78]:

1 _
&p(w) = VoS /g(/i(x,w) — &(x))kk(x)dz. (4.69)
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Figure 4.1: Comparison of numerical and analytical covariance functions

exp(—r/l.) for different values of correlation lengts l. and different number M of
KLE terms.
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4.4 Stochastic discretisation

Example 4.4.1. Let us take the zero mean first order process described by the non-
smooth correlation function exp(—r /1.) with the correlation length l.. taking the val-
ues in interval [1 = 0.1] as shown in Fig. 4.1. The goal is to compare the analytical
with the numerically computed covariance. As one may notice in Fig. 4.1, the sim-
ulation result agrees better with the analytical result if the ratio of the length of
the process (in this case the unit measure) and the correlation length is smaller. A
smaller ratio implies a highly correlated process. Such a process requires a smaller
number of random variables to be taken into the expansion. Also, note that the non-
smooth correlation function at zero lag leads to less good approximation result for
that point.

Example 4.4.2. The fluctuation of the random field depends on the chosen value of
the correlation lengths. This dependence is shown in Fig. 4.2, where the correla-
tion length 1. of the centered Gaussian random field is varied. The Gaussian field
is numerically simulated by 500 KLE terms (full approximation) and two types of
covariance functions: the smooth and non-smooth correlation functions of the ex-
ponential type. The results show that the smooth correaltion function produces the
smooth realisations of the Gaussian random field (see Fig. 4.2, a)-c)), as expected.
The function is smooth for r = 0 in contrast to the square root function which is not
differentiable in v = 0 (hence corresponding realisations are not smooth). One may
also note that with decrease of the correlation lengths the fluctuation of the random
field realisations increases. Going from a)-c) and from d)-f) in Fig. 4.2 one may
notice that fluctuations become larger due to the smaller value of the correlation
length.

Example 4.4.3. Let us take the random field as used in the numerical results in
Chapter 8, and investigate the values of the KLE modes of the base Gaussian random
field with respect to the mean value and the standard deviation, see Fig. 4.3. In
addition, let us distinguish two cases: the non-smooth and the smooth corresponding
correlation function. As shown in Fig. 4.3, the first KLE mode is the smoothest and
takes the largest value. Going from the left to the right, the number of terms in the
KLE grows, and thus the amplitude of the 20-est mode decreases, while fluctuations
grow. Similar is valid for the realisations of the random field. Namely, the small
number of the KLE terms does not accurately represent the considered random field,
see Fig. 4.4. The approximation delivers different variance than the random field
possess. On the other side, taking the large number of terms is not always necessary
as sometimes the eigenvalues may decay quite fast enough.
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00 ' 00
b) cov = exp(—72/0.25%) e) cov = exp(—r/0.25)

c) cov = exp(—72/0.1252) f) cov = exp(—r/0.125)
Figure 4.2: Comparison of realisations for Gaussian cov = exp(—r? /1) and square-
root cov = exp(—r/l.) covariance functions for different values of correlation
lengths [,
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Figure 4.3: The shape of M-th KLE mode for smooth (a-c) and non-smooth (d-f)
correlation function
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Figure 4.4: Realisations of lognormal random field with the number of terms M kept
in KLE
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4.4.2 The KLE/PC expansion

Since the probability density functions of uncorrelated random variables in the
Karhunen-Loeve expansion are unknown they are evaluated by integration, see
Eq. (4.69). However, one may use the functional approximation instead. The ba-
sic idea is to represent the RV as a function of some other—more simple—type of
random variables as explained in detail in Chapter 6. In other words, one may ap-
proximate the RV & (w) by a convergent polynomial chaos expansion (PCE):

&iw) =Y & Ha(0(w)), (4.70)

aceJ

where f,(f) are the coefficients and H, (6(w)) the Hermite polynomials with uncor-
related and independent Gaussian RVs 6(w) as arguments. Once the approximation
of & (w) is computed, one may substitute it back to Eq. (4.63) such that:

M
ma,w) =D Y VARG Ha(8(w))ki(x) @.71)

k=0aeJ

holds. The series in Eq. (4.71)—further called the KLE/PC expansion—is a common
way used to approximate the non-Gaussian random fields [152, 151, 107], see the
numerical procedures described in Chapter 5.

For computational purposes one may neglect the terms in the PCE representing the

small value of the product such as Ay (& ,(CO‘) )2a! as they contribute to the small change
in variance. Following this, the truncated form of Eq. (4.71) becomes:

M
(z,w) 2 Y Y VAE Ha(0(w))rn(2), (4.72)
k=0 €T, p

where Jys,p is the multi-index set determined by M RVs and the polynomial order
p. The error of this type of truncation is given in terms of the following estimator:

Ik(z,w) = i@l @G = . Y. ME)al  @473)
k>M ae I\ Im

Note that in the most general case both expansions converge in Lo (£2). Due to this
the positive definiteness of the random field realistions for some fixed «w may be
violated since polynomials are not bounded. That may cause numerical instability as
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4.5 Summary

Hadamard’s requirements of the well-posedness are not satisfied. To avoid this kind
of problem the expansion in Eq. (4.73) for fixed w has to be done by a point-wise
transformation of the Gaussian random field [152, 149, 151].

4.5 Summary

The material models introduced in Chapter 3 are time, w- and spatially dependent,
and thus one has to discretise them. Time integration is studied with respect to the
general mid-point integration schemes from which the simplest variant is chosen,
i.e. the implicit Euler method. In regard to this, the time-discrete version of the ab-
stract problem is analysed in Section 4.2.1, while the general hardening plasticity in
Section 4.2.2. For computational purposes the time-discretization algorithm is con-
sidered in Section 4.2.3 in a form of the closest point projection for small deformation
plasticity. This is further extended in Section 4.2.4 to the .J; finite deformation plas-
ticity. Besides the time discretisation, this chapter offers the brief overview of the
spatial discretisation of the problem in Section 4.3. However, the time and spatial
discretisations are not enough to numerically threat the problem. The reason for this
are the input material characteristics described as uncertain. Therefore, their stochas-
tic discretisation is studied in Section 4.4 in a usual computational manner with the
help of the combination of the Karhunen-Loeve and polynomial chaos expansions.
This kind of discretisation allows the description of quantities in a form of poly-
nomial chaos expansion in each local FEM integration point. Such representation
is then suitable for the implementation of intrusive Galerkin methods as described
further in Chapter 5.
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Chapter 5

Numerical approaches

There are always two choices. Two
paths to take. One is easy. And its
only reward is that it’s easy.

Unknown

The semi-discretised equations in Chapter 4 are w-dependent, and thus cannot be
numerically treated before the stochastic discretisation has been preformed. There-
fore, one of the primary goals of this chapter is to discretise the stochastic space (.5)
and to propose several solution strategies. According to the type of the RV repre-
sentation they use, the strategies are classified into: the direct integration (RV rep-
resented by sample), the direct Galerkin method (RV given by polynomial approxi-
mation), and the pseudo-Galerkin and collocation methods (RV represented by com-
bination of polynomial approximation and samples). These methods are extended
form of the corresponding counterparts used for solving linear stochastic problems,
e.g. [107, 145, 244, 140, 157, 191].

A novelty in this work is the construction of the purely algebraic method for solving
the stochastic variational inequality of the second kind. The method relies on the ap-
propriate weak approximation of the convex elastic domain, which further allows the
stochastic closest point projection (SCPP) method to be a purely deterministic pro-
cedure. The idea is to project the problem in a Galerkin manner—similar to the one
in the classical finite element approach—onto the polynomial basis of the discretised
space. The projection is done in a purely algebraic manner without any sampling.
This is achieved with the help of the polynomial chaos algebra (see Chapter 6) and
the construction of the probability estimates for the RV inequalities. Such introduced
method is fully straightforward and intrusive, i.e. it is efficient and requires reformu-
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lation of the finite element code.

Another way of solving the stochastic variational inequality in terms of projection is
based on the approximation of the convex domain on the finite set of the integration
points such that the density of the approximated stochastic space in (.5) is fulfilled.
In this manner one avoids possibly not enough sharp estimates used to functionally
approximate the random inequalities in an intrusive approach. The points used in
the approximation are part of the random or deterministic integration rules. As the
integration is not full, this kind of approach leads to much cheaper estimates than the
direct integration approach, also studied in this work.

The chapter is organized as follows: Section 5.1 briefly reviews the existing solution
strategies with the special emphasis on the direct integration techniques, which are
described in Section 5.3. The largest part of this chapter (Section 5.4.1 and Sec-
tion 5.4.2) deals with the stochastic Galerkin and its pseudo-version. The study fo-
cuses on the small deformation plasticity case as the finite .J5 theory represents its
natural extension. Finally, some of the adaptive techniques are advocated in Sec-
tion 5.6.

5.1 Related work

In the last decade the numerical methods for solving stochastic partial differential
equations (SPDE) corresponding to the description of linear elastic behaviour have
developed quickly and on many fronts. To reduce the cost of direct integration
techniques, Ghanem and Spanos [78] and later Matthies and Keese [145, 107] pro-
posed to use the Karhunen-Logve expansion in combination with white noise anal-
ysis for the random field discretisation. This has inspired many scientists to fol-
low the same path and construct various numerical approaches for solving the large
stochastic parametrised linear systems of equations in intrusive (algebraic), or non-
intrusive (numerical) way. For example, the intrusive approach has been studied in
[140, 145, 73, 76, 17, 247], the setting of the non-intrusive Galerkin approach in
[61, 109, 244, 16, 144, 5] and the interpolation in [114, 139].

In contrast to linear SPDEs, the nonlinear ones are still considered as a relatively
young research area, especially in the field of elastoplasticity. Initially, Acharjee and
Zabaras [4, 3] proposed the intrusive numerical algorithm for solving the large de-
formation stochastic hyperelastic problem. They studied the influence of the uncer-
tain initial configuration, as well as the uncertain material parameters on the stress
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response with the help of the polynomial chaos expansion. However, the method
does not provide the intrusive solution strategy for the stochastic inequalities arising
in the definition of the elastoplastic behaviour. Namely, the approximation of the
convex elastic domain is done with the help of perturbation-like techniques or col-
location. A similar study was recently provided by Arnst and Ghanem [11] for the
contact and elastoplastic problem in a small deformation regime. Besides these, other
kinds of approaches have been also investigated as already discussed in Chapter 1.
For example, Anders and Hori [9] treated uncertainties with the help of the pertur-
bation technique in combination with the Karhunen-Loeve expansion of the global
stiffness matrix. The method is characterised by an inability to accurately approxi-
mate the random fields described by moderate and large variances. A complex, but
mathematically speaking “deterministic” version of the numerical method for solving
one-dimensional stochastic elastoplastic problems can be found in [209, 105]. The
approach is of the moment equations type and it is based on the Eulerian-Lagrangian
form of the Fokker-Planck equations.

5.2 Representation of a random variable

Selection and assessment of the numerical methods for the uncertainty propagation
through the elastoplastic model strongly depends on the random variable representa-
tion, which may take the form of:

e sampling

e distribution

e moments

e or the functional approximation [180].

The benefits and detriments of those techniques vary greatly depending on the par-
ticular application and available computational resources. For those who prefer a
simple black-box FEM fashioned technique the best variant is the sampling method,
i.e. the direct integration (see Section 5.3). Its purpose is to evaluate the RV at some
—randomly or deterministically—chosen points ws € €2, and then to statistically
process the data. However, in terms of practical (industrial) utilisation the method is
not very comfortable to use due to its computational inefficiency.
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Representing the random variables in terms of distribution or moments, one refor-
mulates the elastoplastic model into a not necessarily simpler but equivalent conser-
vation (e.g. Fokker-Planck) equations for probability (see [105, 209, 208]) or more
complicated evolutionary integro-differential equations. These methods require huge
computational effort and until now have been only used yet for some small test ex-
amples, not real applications.

In recent years an alternative representation has gained increasing momentum. The
idea is to describe an RV & as a function of other — known — RV's of some simple
type. A typical example is given by polynomials of normalised Gaussian RVs. This
is Wiener’s polynomial chaos expansion (PCE) [238, 102], also called more recently
“white noise analysis” [98, 96]. In some way this representation allows the idea of
using the algebra of RVs as primitive objects, and hence aquires a distinctly func-
tional analytic flavour [207]. In this chapter such approach is fully derived with the
help of the knowledge presented in Chapter 6.

5.3 Direct integration methods

The goal of stochastic analysis is to calculate the response statistics, i.e. some func-
tionals of the solution such as the mean value and variance of the displacement, the
probability exceedence of the von Mises stress, etc. For a fixed x € G these statis-
tics may be written as the mathematical expectation of a functional of the solution
U(z,w,u(z,w)) [151] :

U, (x) = E(¥(z,w,u(z,w))) = / U (z,w,u(z,w))P(dw) (5.1
Q
in infinite dimensional space. However, in practical computation the integral in
Eq. (5.1) is finite dimensional since the random fields u(x,w) and ¥(z, w, u(z,w))
are only approximated by a finite set @ = {6;}}, of independent RVs (see Sec-
tion 4.4 and Chapter 6). The RV independence allows the integral in Eq. (5.1) to be
transformed to

‘l’u(x)z/Q /Q U(z,w, N(@)uw) dPy (@) - - dPy(wn)  (5.2)

according to Fubini’s lemma, where the triple () BAM) Py ) — with QM) =
Qp x...xQy C RM and Q; = range (0;) = 0;(£2)—defines the probability space.
Here, P;(w;) denotes the probability distribution of §; and w = (wyq,...,wpr) €
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QM)

The integral in Eq. (5.2) in general cannot be evaluated exactly, but rather numerically
via the finite sum:

N
Uy (z) m Uy =Y w;U(z,09 u(6Y)) (5.3)

j=1

in a set of points {0 }IC, described by weight functions {w;}} . This corre-
sponds to the integration by the quadrature rule (the set of the deterministic points
and corresponding weights) [94, 233, 70, 34, 114] or to the Monte Carlo method and
its quasi-variants—the points are selected according to the underlying probability
measure [204, 100, 72, 36, 32, 133, 132].

Algorithm 1: Schematic representation of direct integration algorithm

Direct Integration method

1: generate the sequence {0,|;=12.. ~n} C O

2: forj=1— N do

3:  evaluate input RFs k = {K, G, 0y, ...} at 01):

4: - base Gaussian field in KLE

5: v(z, B(j)) = 224:1 \/ﬁ% (x)g(k)

6: - apply transformation

7: k(z,00)) = ko + Kkiexp(y(z, 09))

8:  run FEM code with property x(z,01)) to obtain:

9: n(x,09)) € {u(x,09)),0(x,00), e(x,00),...}
10: end for

—_

: compute mt%ral
Uy =320 Uz, n(0)w;

_.
n

The numerical integration as given in Eq. (5.3) has a very nice property. Namely,
one may independently compute the integrand in each integration point by the finite
element method procedure (or some other deterministic solver), see Algorithm 1, and
then sum the corresponding results. As there is no interaction between the particular
solutions, all terms in the sum may be computed in the same time with the help
of parallelization techniques. This leads to an enormous reduction of the overall
computation time. In addition, the method is stable and does not depend on the type
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Table 5.1: Various integration rules and their convergence in terms of number of
samples. MC is Monte Carlo, gMC quasi-Monte Carlo, FTPQ- full tensor product
quadrature and SGSQ sparse grid Smolyak quadrature rule

Method Sequence Convergence
MC random according to p.d.f. O(N—1/2)
gMC  low discrepancy sequence  O(||¥ x| gy (logN)™N—1)
FTPQ deterministic O(N—P/M)
SGSQ deterministic O(N~—"(logN)"“ ")

of the problem being solved, i.e. whether the functional is of linear or nonlinear type.
However, the integration is of the high-dimensional nature, and hence one requires
a large amount of the integration points in order to achieve the desried convergence
and accuracy of the solution. Due to this, the direct integration methods are often
marked as impractical.

In the literature one may find various types of integration rules, which differ from
each other by the way the integration points are chosen. The simplest and the most
often used is the Monte Carlo (MC) method [205, 204, 36, 133] whose set of points
{g(j)}é\/:l is built according to the probability distribution function (p.d.f.). Once
the solution is evaluated in a deterministic fashion, one may extract the final statis-
tics using Eq. (5.3) for which w; = 1/N,Vj. According to the central limit the-
orem and the law of large numbers the method converges towards Gaussian law
EN = A}gnoo Uy -V, = 0\21,]\7_1/29, where 6 is the standard Gaussian random

variable with zero mean and unit variance, and oy = || Wy ||7_/N is a standard de-
viation of the functional ¥ [151]. In other words, the method converges under the
weak regularity conditions' with probability one. In addition, the smoothness of the
integrand is taken only through the variance, such that the small variance and low
accuracy requirements characterise the most suitable conditions for this method. On
the other side, the slow convergence rate is the biggest disadvantage of the method.
Namely, the error reduces by one order of magnitude for the number of the evalua-
tions increased by two orders, which makes the MC method fairly impractical.

The variance reduction techniques (e.g. antithetic variates, stratified sampling, im-
portance sampling, control variates, etc.) try to improve the MC convergence rate

I'Bven when one does not know that the integrand is smooth and differentiable, the Monte Carlo method
still performs very well
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by manipulating the variance. The improvement is achieved by choosing the
so-called low discrepancy (or quasi-random) instead of purely random sequence
[36, 107, 133, 132] of numbers. By definition a low discrepancy sequence has a
small measure of deviation (discrepancy) Dy < c(logN)* N~1 of a given distribu-
tion from an ideal one, where c and k are the constants independent of NV but possibly
dependent on dimension M. Its asymptotic behaviour is described by the Koksma-
Hlawka inequality [36], i.e. ¢ < 0?1, Dy where ¢ and 0\21, represent the error and the
total variation of the integrand, respectively. According to this, the variance reduc-
tion implies faster convergence rate than the standard MC method, i.e. the rate is
O(|[¥ x| gy (logN)™ N—1), where || ¥ ||y denotes the bounded variation norm.
However, in contrast to the MC sampling the convergence is problem dependent.

Besides random and pseudo-random sequences, one may use deterministic quadra-
tures to integrate the functional in Eq. (5.3) [94, 233, 70, 34, 114]. As the number
of the quadrature points strongly depends on the problem dimension, their (possibly
ad-hoc) selection is often non-trivial especially in high-dimensional spaces. Namely,
there are numerous ways to choose sampling points: full tensor quadrature, sparse
grid Smolyak [114], cubature grid, etc. Each of them selects the points to achieve
better convergence rates than MC or quasi-MC methods. However, both selection of
points as well as convergence are strongly problem dependent.

The full tensor product quadrature grid—obtained as the simple product of the
1-D integration rules—numbers N points associated with the convergence rate
O(N~P/M) [107]. The error exponentially decreases with the dimension M for
the fixed polynomial order p, and results in O(N 1) (the best scenario) for M = p
(highly smoothed integrand). However, due to the exponential law (N*!) the number
of points grows quickly with the dimension M, and thus the rule becomes imprac-
tical for large families of high dimensional problems. In order to reduce the num-
ber of points the Smolyak’s algorithm combines the component rules into a single
quadrature rule—sparse grid—such that the new abscissas are the set of the com-
ponent abscissas; and the new weights are the component weights multiplied by the
sparse grid coefficient [94, 233, 70, 34, 114, 109, 186, 219, 20]. The grids are often
nested and hence reuse many of the points. Even though the number of points is
the same in nested and non-nested case, the constants are much larger in the non-
nested case for the same number of abscissas of univariate quadrature formulas.
This means that the nested Smolyak approximation requires less function evalua-
tions than the corresponding non-nested formula [172, 71]. Compared to previously
introduced methods the sparse grid requires the fewest number of samples for the
same accuracy. The method is associated with the logarithmic convergence law, i.e.

O(N~"(logN )l<d71>(7'+1) ), where 7 represents the number of the bounded mixed par-

115



Chapter 5 Numerical approaches

tial derivatives that the integrand can have.

Finally, the direct integration method, see Alogortihm 1, uses the KLE approximation
of the random field for the evaluation of the current sample point. In such a case the
random field realisation is not always smooth. This can break the regularity of the
solution as assumed in the error estimates in Chapter 4. In addition, the random field
in such a setting can violate the positive-definiteness property. This can be avoided
by taking a large number of terms in the KLE [151].

5.4 Stochastic Galerkin method

The stochastic discretisation of the elastoplastic problem can be described by any fi-
nite dimensional subspace (S)s C (S). Thus, the challenge is to find the most suit-
able (S) s such that the high dimensional problem can be efficiently and accurately
solved. According to literature the most promising way of doing this is a discreti-
sation by stochastic finite elements, e.g. [78, 145, 151, 227, 107, 113]. Namely, by
the initial proposal of Ghanem and Spanos [78] and later Matthies and Keese [145]
the most suitable choice for the subspace (S) 7 := La(€2, 3(0), P) is the span of the
multivariate orthogonal basis H, (0(w)), i.e. (S) := span {H,(0(w))}acs C (S),
where H,,(0(w)) denotes the multivariate Hermite polynomial in the mutually in-
dependent Gaussian RVs 0(w) (see Chapter 6), and J represents the set of multi-
indices given in Eq. (6.11). As stated in [102, 98, 96], the Cameron-Martin theorem
[37] guarantees that the algebra of Gaussian variables is dense in Lo(£2). Still, the
Gaussian variables and Hermite polynomials are not the only possible choice. In-
stead, one may use any other type of variables and polynomials declared in Askey
scheme. For more information the reader is addressed to [248, 247, 246, 66, 243].

Once the spatial discretization has been done by the Galerkin projection, one strives
to use the same procedure in the stochastic space as well [74, 150, 103, 17, 248, 140].
This can be achieved by using the Wiener’s polynomial chaos expansion [74, 145,
152] for the solution ansatz:

w(@) = ulH,(0(w)), (5.4)
acJ

£p(0) = Z E;Q)Ha(e(w)), (5.5)
acd

o(0)=> o H,(0(w)), (5.6)
aeJ
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where u(®) := [uga), cee u(LO;)]T, s,(,a), and o(®) denote the nodal vector of coeffi-
cients of polynomial chaos expansion gathered in a block-vector u = [..., (), s

e, and s, respectively. Inserting Egs. (5.4)—(5.6) back to the semi-discretised form in
Egs. (4.48)—(4.50), the full discretisation of the solution becomes

Ly
=Y > ulN;(@)Ha(0(w)), (5.7)

=0 aeJz

L.
&= Y eV (@) Ha(0(w)), (5.8)

j=0a€Jz

Le
6:=Y Y o V(2)Ha(0(w)). (5.9)

=0 aeJz

Here, the index set 7 is taken as a finite subset of 7, the set of all finite non-negative
integer sequences, i.e. multi-indices, see Eq. (6.11). Although the set 7 is finite with
cardinality |7z| = Z and J is countable, there is no natural order on it; and hence
one does not impose one at this point. In addition, note that for simplicity of notation
the same index set is used for all kinds of variables though one may assume that each
of them is approximated by different polynomial orders.

Once the solution is discretised, the minimum of the convex cost functional in each
time step n has to be found, whether one considers the small or large displacement
elastoplasticity. To achieve this, one has first to resolve the nonlinear equilibrium
equation for unknown displacement, see Eq. (4.61) for infinitesimal, or Eq. (4.38)
for finite deformation case. In other words, one has to update the body configuration
by solving the nonlinear residual equation:

Q(w) < > Au;a)Ha(e(w))) =0 (5.10)

a€Jz

for the increment Aw,,. The computation is performed by projecting the system in
Eq. (5.10) in a Galerkin manner similar to the classical FEM

VeeJz: QW .=E (Q(w) K > Auwﬂa(e))] Hﬁ(0)> =0 (5.11)

ac€Jz

such that the error in the approximate solution is orthogonal to the space spanned
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by Hz(0). Due to the orthogonality of Hermite polynomials, Eq. (5.11) reduces
to Z coupled problems Q®) = 0, each of size of the “deterministic” problem.
Furthermore, by gathering the left hand side of the equation in the block vector
Q=(.,QY, .)7 Eq.(5.11) transforms to:

Let us assume that Q is Lipschitz continuous and differentiable except on a set of
a measure 0. Then, in time step n and iteration (k) of the Newton-like method one
may define an element K € 0Q (indices are omitted for a simplicity of notation)
with components:

(K)a,ﬁ = (DuQ)aﬁ:Duﬂ(Qa)

= Du(EQHL))

/g VN (2)(Acp)a.s(z) VN (z)dz. (5.13)

Note that the stochastic and deterministic (see [21]) stiffness matrices have similar
form with the only exception that the material properties (A.;)q, () are given in a
form of the mathematical expectation:

(Aep)as :=E (HQ(H)HB(B)ASP(Z NT(z)uV H,(6), 9)) . (5.14)

Following this, the nonlinear system in Eq. (5.11) reduces to the symmetric and pos-
itive definite linear system of equations:

K Doul = —Quff—) = QFY, voult e %, (),  (5.15)

which further can be solved by Krylov sub-space methods described in Section 5.4.1.
Once the system is solved, the displacement increment can be udated to:

AuP) = AuFY psu® . E=1,...,m (5.16)

ie.
u;k) = u;’f—l) + (5u£lk), andu,, = u,_1 + Au;m). (5.17)

Note that in Eq. (5.15) one does not need to evaluate the Jacobian K%k_l) in each
iteration. Instead, by taking y(’“) = Q%k) - QSLk 71), the displacement correction can
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be computed via:
p® = Aul®) — AulF—D = (K®)~ty®), (5.18)

where the inverse matrix (Kg,k))_1 is obtained as a rank-two update of the previous

inverse (KSZ“ 71))_1. In other words,

1 T -1 T
K® = (14 q®v® O KED (14 vRgE T, (5.19)

n

where I is an identity matrix and vectors v and q are defined as:

BT (k 1/2 k
vk = ( Pyl ) KO p®_y®), ¥ = P (s20)
p(k)TKglk) pk) pF)* y (k)

This method is called BFGS [146, 138, 21] and belongs to a class of quasi-Newton

methods. The initial value of matrix K%O) is computed by taking the so-called mean
stiffness matrix, which corresponds to the mean values of the random material pa-
rameters. As its estimation is rather simple, the matrix K%O) is often seen as a pre-

conditioner [107] for solving linear system of equations (see Section 5.4.1).

Previous discussions are drawing the principle behind the stochastic Galerkin method
in a very general form. However, in order to perform actual computation one has
to find the way to compute the residual in Eq. (5.11) and the stiffness matrix in
Eq. (5.13), both given in a form of high-dimensional integrals over probability space.
Basically, one may distinguish two approaches to this problem:

e intrusive Galerkin and
e non-intrusive Galerkin.

The intrusive method [244, 140] approximates the displacement via the polynomial
chaos expansion (PCE) in the finite stochastic subspace, and further uses the poly-
nomial chaos algebra (see Chapter 6) to compute the stress, the plastic strain, etc.
locally in each FEM integration point (see Algorithm 2). The statistics are then eas-
ily evaluated in an algebraic way. Even though such an approach is numerically
stable and feasible, its implementation is very demanding and requires very efficient
procedures. Another possibility is to sample the residual in each iteration of the
Newton-like methods by generating the set of samples for w ( i.e. €)—the so-called
non-intrusive Galerkin approach (see Section 5.4.2).
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Algorithm 2: Stochastic Newton method via PCE algebra

Newton method

1: for each time stepn =1 — L, do

2: - set the initial values for k = 0

3 117(10) =Up-1

4. -setk =k + 1 and compute

5 Q’(nkfl) — fint(uglkfl)) _ fewt

6:  for each FEM Gauss point¢ = 1 — L, do
7 - evaluate consistent tangent matrix

8 Aep(yi) (see Algorithm 4)

9: - compute PCE terms of element stiffness
10: K@) (y;) =3 (VN(u:)" : AS (yi) : VN (y;) Ha(0)
11:  end for

12:  Set the mean based preconditioner

13: P=I®K

14:  fori=1— MAXITER do

15: - solve by PCG (or GMRES) iterations

16: sulitt (k) 5ug)’(k) + P71(lek—1) _ K%k_1)5u£f)’(k))
17:  end for

18: - update displacement

19: ug") = uslk_l) + sul®

20:  for each FEM Gauss point j = 1 — L, do

21: -update strain

22: e (y)) == VN (y,)a,”

23: - constitutive integration

2 o1 (wy) = oM, 1. 6), ) =i (0,0, &0),
25: - internal force

26: it =3, @ VN (y;) el (y)

27:  end for

28: - assemble £ and compute residual

29: Q — fint(uglk)) _ femt

30: - check convergence

310 i || Q||/[|£9*t|| < €40r then
2 (Ja=(0F

33: EXIT
34:  else

35: goto4
36:  end if

37: end for
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5.4 Stochastic Galerkin method

5.4.1 Instrusive Galerkin method

In order to solve the stochastic minimisation problem given in Theorem 4.3.3 one has
to evaluate the high—dimensional integrals. According to previous sections this can
be done by approximate computation of integrals using the random or deterministic
sequences of numbers. However, such an approach can cause a possible computa-
tional overload due to slow convergence rates. To overcome this problem, one may
evaluate the integral in an algebraic way in case that the integrand ¢ : Q@ — R
is smooth enough. One such possibility would be to project ¢» onto a multivariate
Hermite polynomial H, (see Chapter 6) of unit norm [107], and then to define the
mathematical expectation E(¢(w)H, (w)) in a following form:

E(¢(w)Ha(w)) = ValE(D ¢(w)), (5.21)

where D%¢(w) is the partial derivative of ¢(w) corresponding to the multi-index «.
Such an approach directly allows the evaluation of the elastoplastic solution in a
purely deterministic (algebraic) way—known as the intrusive Galerkin method. This
novel procedure does not require sampling at any stage of the computation. Instead,
the method employs the polynomial chaos algebra coming from the polynomial chaos
approximation of the input random fields Eq. (4.65) and the solution ansatz [140].

Approximation of a convex set

With the help of the Euler implicit difference scheme described in Section 4.2 one
may pose the following optimisation problem:

X, = arg min @, (T'y,), (5.22)
ThEHXn

where %}, represents the convex elastic domain of admissible generalised stresses
3%, described by a yield function ¢, as

S ={X, €V ®(5): ¢(X)) <0as.}. (5.23)

Computationally, the process of solving Eq. (5.22) reduces to the iterative method
of solving stochastic convex optimisation problem, which aims at finding the closest
distance in the energy norm of a trial state to a convex set of elastic domain, known
as a closest point projection. From Eq. (5.22) and Section 4.2.3 one may deduce
the typical operator split of the closest point projection algorithm into two steps: the
reversible (non-dissipative) and irreversible (dissipative), also called elastic predictor
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and plastic corrector step.

Plast zone: No. pt.:328 Plast zone: No. pt.663

i
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i iieeses
s enaen

a) Direct integration psq (328 ppts) b) Markov psg (663 ppts)

Plast zone: No. pt.:388 Plast zone: No. pt.:294

:
i

e $

¢ e 0 90 0

¢) Chebyshev pso (388 ppts) d) Mean (294 ppts)

Figure 5.1: Comparison of plastic zones obtained by different yield criteria decisions.
Number of points that plastify is denoted by ppts.

Having that in each FEM-integration point the variables of consideration are essen-
tially the RVs belonging to (.S), one may use the methods presented in Chapter 6
for their discretisation. Such an approach yields to the representation of the convex
domain .7}, in terms of the finite PC approximation of the yield function b, ie.

Hng ={Zn €V @(S)sld:= > ¢ H,(0) <0} (5.24)
aceTz

This formulation is not “computationally simple” per se, because the decision cri-
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terion is given in terms of the coefficients of the polynomial chaos expansion of ¢.
In order to satisfy the condition (ﬁ < 0 almost surely, one cannot simply convert
Eq. (5.24) to the constraints on the coefficients ¢(®). For example, by taking all co-
efficients to be greater than zero $(®) > 0 the positive definiteness of the random
variable ¢ is not assured. Thus, the criterion in Eq. (5.24) has to be reformulated
to anoter one, which uses the weaker version % j of the set ., 7. The choice of
7 depends on the general requirements of the system response on accuracy and
computational cost.

The inequality in Eq. (5.24) can be relaxed such that the constraint is satisfied only
for some finite number of points = := {67},j = 1, ..., Np, instead almost sure.
Similar idea appeared in [11], where the domain . is defined as a set of the “de-
terministic” constraints:

Ky ={Z] €Vy®(8)s|07) <0} j=1,.,N, (5.25)

The number N, is finite and corresponds to the full or sparse quadrature grid as
described in Section 5.3. Note that this number may drastically grow with the di-
mension Z, not only for the full but also for sparse quadrature. This may on the other
hand increase the overall computation time as the integration of the stress has to be
performed over the set =.

In order to avoid sampling as given in Eq. (5.24) we formulate another approximation
K 7 for 7. The simplest and most natural choice would be

HF={S eV (S)s| ¢ <o}, (5.26)

i.e. /7 taken as the mean of 7. This corresponds to the case when the mean of
¢ is far from zero, and higher order moments of ¢ are relatively small compared to
the mean value. Actually, they need to be such that the probability of ¢ to be zero or
positive is equal to zero. As expected, this criterion can be used only when the von
Mises oy s and yield o, stresses have non-overlapping probability density functions
(e.g. initial elastic behaviour and strong plastyfing). However, in the critical region
(also called transition zone) when two stresses are similar to each other (i.e. their
probability densities are overlapping) one cannot use the mean based criteria to make
the decision. If does, then the estimated plastifying zone is only mean accurate.

The mean convergence is not the scenario one would like to have, and hence another
definition of Eq. (5.26) has to be provided. For this, let us consider the von Mises
yield criterion in a form of ¢ = ovas — o, where both von Mises oy s and yield o
stresses are positive definite random variables. Then, the inequality ¢ < 0 reduces
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to the comparison oy s < o, of two random variables oy s and o, in almost sure
sense, i.e.
oy < 0y (5.27)

in PCE terms. Assuming that the PC approximation of the RV o, admits the same
properties as the original?, both sides of Eq. (5.27) are divided by o, > 0 such that
Eq. (5.27) transforms to inequality

o:=2YM g, (5.28)

Oy

This formulation is more convenient as one may employ the Markov inequality [129]
to determine the upper bound on probability that RV ¢ satisfies Eq. (5.28):

Proposition 5.4.1. Given the positive definite random variable @ one has

Pr(p > 1) <E(p). (5.29)

The Markov upper bound for cumulative distribution of random variables relates the
probabilities to the expectation. The estimate provides useful but not tight bound on
the probability of stress being outside of the convex elastic domain. Hence, the esti-
mate cannot be considered as more sharp than the mean estimate given in Eq. (5.26).
However, for further improvement, one may take into account the higher order mo-
ments of ¢ and paraphrase a one-sided Chebyshev inequality [129] (also known as
Canolli’s inequality):

Proposition 5.4.2. Let ¢ be a random variable with mean E(p) and variance var ¢,
then for all a > 0 one has:

. var ¢
Pripi=¢p—E(p)>a > —> . 5.30
r(g:=¢ (<p)_a]_mw+a2 (5.30)

2one may hope that the number of terms in PCE is large enough to keep the property of positive definite-

ness
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Figure 5.2: Probability distribution functions of von Mises stress oy g, yield stress
0y, corresponding yield function ¢, and description of state
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Proof. Let us choose any b > —a such that:

Prp>E(p)+a] = Prlp>ad

(5.31)
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holds. Applying the Markov estimate [129] on the last inequality, one may obtain the
set of bounds parametrised by b:

w+b ?

a+b

Note that from all possible bounds given in Eq. (5.32) one is particularly interested
in the smallest possible b = var ¢/a satisfying

bQ
— w_ (5.32)

Prjp>al <E (atb)?

var ¢ + v?

Ao (5.33)

b = arg min
v
O

According to this, the stress stays in elastic area if the higher order moments of o,
are bigger than the same for oy s, even though the von Mises stress has greater mean
than the yield stress, see Fig. 5.2. The bound in Eq. (5.4.2) may be further improved
with respect to the higher order moments of ¢:

E((® +0)")

Pr [E((ﬁn) 2 a’] 2 (0,+ b)n

, (5.34)

where n represents the even order of the moment and b is the optimisation parameter
which minimises the bound (see Eq. (5.33)).

Following the previous defintions, one is able to construct the new set £; in terms
of the probability occurrence p, :

HF={Z eV ®(8),|Pr(d<0)>p}, (5.35)
where the probability estimate Pr (éf; < 0) follows from the Proposition 5.4.1 or

Proposition 5.4.2. Here, p, is the probability defining the occurrence of the elastic
behaviour (the stress belongs to the convex set .#7). The choice of p, depends on
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the particular situation. For example, in some integration points it may happen that
¢ has 50% probability to be in the elastic and 50% to be in the plastic zone. This
relates to the transition zone for which the proper choice has to be made.

Note that the set %7 in Eq. (5.35) does not require the previously introduced esti-
mates. Another possibility would be to compute the probability of exceedance by a
very cheap direct integration (see Section 5.3).

Closest point projection

The evolution equations described in Section 3.5.3 are further discretised by implicit
Euler scheme, see Section 4.2. Their integration over time is done in a strain-driven
manner by assuming that the stress and internal variables are updated from their
values known at time ¢,,_1 for a given strain increment in time (see Section 4.2.3).
Following this, one may distinguish two steps in closest point projection algorithm
as further described.

Elastic Predictor

Let be given the time interval of interest 7 = [0,7] such that the
generalised total E,_;(w) := (ey—1(w),0) and plastic E,,_1(w) :=
(€pn—1(W), (€pn—1(w),Vp—1(w))) strains are known at time ¢,_;. They repre-
sent the vector of random variables, each approximated by the polynomial chaos
expansion (PCE) with Hermite transforms J#(E,,_1) = (ngi)l)aej = (E,_1) €
R>* and #(Ep 1) = (Epn_1) € R, respectively. In order to perform
the numerical computations these PCEs are truncated to a finite number of terms
Z corresponding to the multi-index set J7 := Jar,, described by M random vari-
ables and polynomial order p. Thus, the variables are replaced by approximations
E,_;and E'p’n,l, where " denotes the projection on the finite subspace generated by
{H, | « € Jz}. For simplicity, one may use the same finite subspace for E,,_1(w)
and plastic strain E,, ,,_1(w).

Besides the total and plastic strain, at time ¢,,_; are known the elastic strain E. (w) =
E(w) — E,(w), ie. E., and the generalized stress X,,_; (w), i.e. 2, _1. The main
goal is to update these fields from ¢,,_; to ¢,, in a manner consistent with the consti-
tutive equations previously described.
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Given previously mentioned quantities one may first compute the increment of the
displacement Aw,(w) (i.e. its approximation A,,) by solving Eq. (5.15), and then
the increment of the elastic strain as:

Aign = (VS(A'&'n)aO) = (VS(AU'ELQ))OLEJZ7O)' (536)

The last relation assumes the state of the plastic flow AEW = (0,...,,0) to be
frozen, i.e. the total strain increment is purely elastic with the corresponding stress
A6, = S2(A,AE,,). Here, Sy denotes the dot product between random matrix

A and vector AE”, (see Section 6.4). Following this, the generalised trial stress is
defined as: o A SR .
ytrial — 37 1 +S,(C,AE,,), (5.37)

where C denotes the PCE representation of the general constitutive matrix C(w) :=
diag [A(w), H(w)] consisting from the Hooke’s tensor A(w) and the hardening
H (w) = diag[H j, (w), Hiso(w)]. Its Hermite transform reads

H(C) = diag [#(A), #(H)| = (Cacy- (5.38)

Once f]fl”al is known, its admissibility (i.e. whether it belongs to .2 or not) can be

further investigated with respect to the yield condition ¢(w) projected to qAS In this
work the von Mises material is considered, i.e. the yield criterion in a form of:

2 4 2
6= l[dev & — ]l +\/;[6-y+é], (5.39)

where § :=deve = 6 — % >, 01 denotes the deviatoric part of the stress, while

& = —§2(ﬁkm, €p)and ¢ = ﬁiso e U represent the back stress and isotropic conju-
gate force (corresponding to the equivalent plastic strain ), respectively. The norm
I - |7, in Eq. (5.39) is of the .J5 type

lo|ls, = /35 ® 8 = VF = 6vu, (5.40)

in which one first computes the product 7 := 5;; ® 5;; and then the root oy =
V/7, as discussed in Section 6.3.2. According to this the approximation of the yield

function reads:
N 2 B
¢ =0vM — \/g[o'y + dv (541)

and thus the yield criterion can be inspected. If the stress >, belongs to the elastic
domain the minimization given in Eq. (5.22) is trivial since the step is purely elastic
and X, = X'l Otherwise, the value is corrected by projecting the stress back to
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the elastic domain %7 — plastic corrector.

Algorithm 3: Spectral Stochastic Closest Point Projection (SSCPP)

I Non-dissipative predictor
~ (0 ~ ~
nitialize j = 0, 1, €3, B = By 1, A0 =
1. Evaluat(e )strain 0
AE, =B —E,, 1, AEe . =AE, - AE

p.n
2. Evaluate stress

2,() -5 1+S2(C(J) AE(J))

()

p,n

II Dissipative corrector

3. Compute yield function 3%’ = $(5%)

4. Compute residual: #1) = E,n - E(]) N

sn PN
5. Check the yield conidition and residual:
o 2. (9) L (j
if |, | 1.(0) < €1 and HTg‘Z,L)HLQ(Q) < €5 then
the step is elastic; exit
else @
6. Compute constitutive tensor C, ‘

7. Compute consistent tangent moduli A
8. Solve linear system

AL ATY = 20 o AND A
9. Update variables
G+1) _ 20)

B =E |+ AEY

AT =39 + ALY

(see Eq. (5.47))

ep n

pn 1

end
10. Setj =j+ landgoto 1

Plastic Corrector

Let us project the Lagrangian £(w) from Eq. (4.20) onto the Hermitian basis in
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a Galerkin manner such that the minimisation problem in one integration point in
Eq. (5.22) reads: R . . o
Lo =Pp+ A @ (X)) (5.42)

Applying the standard optimality conditions the solution has to satisfy

0€ sl = 05D + A ® O5:0m, (5.43)
ie.
o = A (Bt 5 4 3 0d(E,) = 0 as.
bni=p(X,) = 0 as. (5.44)
Collecting the right hand side to 7, := (’f‘sn,(j;n)T and unknowns to 7,, :=

(5\”, Ep’n)T, the linearisation of Eq. (5.44) in a Newton manner leads to the fol-
lowing block-system:
DTrypl,n[ATn] = _rypl,na (545)

where D~ry); ,, represents the corresponding derivative, i.e. the Jacobian A, (the
consistent tangent moduli). In other words, by linearising the previous equation the
following system of equations is obtained:

AepATn = —Typln, ep = ZA ) ® A (546)

where A(®) = E(HgH,H.,) (see Chapter 6). Here, the PCE of the consistent tan-
gent moduli [215] reads:

A, = |« A N , 5.47
PN 0 02,00) =, (547)

where &1 = €5 A, + A, @ 92 5hp and Ey = EEH,+ )\, o B%XQA&,L.

After solving the system in Eq. (5.46) one obtains the plastic multiplier A and the
increment of the plastic strain AF,, ,, necessary for the update of the corresponding
values from time ¢,,_ to time ¢,, as shown in Algorithm 3.

Stiffness matrix

In order to solve the linear system of equations in Eq. (5.12) one has to compute the
Jacobian, i.e. the stiffness matrix. In case of infinitesimal deformations the Jacobian
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consists only of one term K (®)(z) := fgh VN(m)Aég)(m)(VN(x))Tdm, while in
the finite deformation case it splits to two terms, linear K ; and geometrical K .
stiffness matrices. Here, A, represents the tangent elastoplastic tensor, see [215].
The linear stiffness is computed in a similar way as K, while the nonlinear part
depends on the polynomial approximation of the second Piola-Kirchhoff stress:

Kno)l = | Nir(2)S (@)N; s da, (5.48)
an

where index 7, I denotes the partial derivative over coordinates and S g'}) is the stress
obtained in each FEM point via PCE algebra.

Algorithm 4: Consistent moduli computed via PCE algebra

Stochastic consistent tangent moduli in integration point y;

Known: k = {K, G, H;so, Hrin}, X := (0, X)
1. Express inputs in PCE format in Gauss point y;
fo= Y050, 54 ()€ Ha(0(w)) = 30, ) (57) Ha (6)
2. Evaluate deviatoric stress
s:=deve =6 — %tl‘é’l =0 — %(&11 + G99 +(§'33)1
3. Compute .Jo norm by Newton method
b=|5lls, = \/55i; & 3
4. Compute parameter 1) )
Go=02GeAN) Tb=09=¢(—Go
5. Solve linear system for parameter p_ o
p e (§+ (Hiso + Hyin) + (3G)) =0 — ¢
6. Find normal 72; = &; = b
7. PCE multiplication:
g3 =2Ge0, q=2Gep
8. Compute moduli
Ap=K1®1+G[I-11®1)-@nen

From previous definitions one may conclude that the stiffness matrix for the nonlin-
ear problem is not as easy to compute as in linear problems. Namely, one looses
the property of the linear dependence between Jacobian and input material parame-
ters. This additionally complicates the problem since the KL/PCE of K cannot be
computed using the black-box based deterministic software, but its stochastic coun-
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terpart. In order to show this, the model of infinitesimal plasticity is chosen as a
numerical example.

The essential motivation behind the intrusive Galerkin method is to employ the PCE
methods for the estimation of the tangent elastoplastic moduli A.,. By PCE approx-
imation of all RVs describing elastoplastic behaviour, one may use the favourable
properties of PCE algebra (see Chapter 6) and compute the constitutive tensor in an
integration point for the von Mises .J, plasticity according to Algorithm 4. Here, the
operations @, — denote the PCE multiplication and division, see Chapter 6, and the
term dev(-) represents the deviator of the quantity. Note that Algorithm 4 formally
has the same structure as the corresponding deterministic procedure in [215].

In order to evaluate the stiffness matrix in Eq. (5.13) one has to compute the Hermite
transform H(A) = (A(®)),c 7 (see Chapter 6) of the parametric matrix A(x). The
simplest way of doing this is to use the algebraic expression coming from the defi-
nition of the constitutive tensor and transform it (in each FEM integration point) via
the polynomial chaos algebra to :

H(A) = H(K)L® 1+ 2H(G)[T - %1 21]. (5.49)

Here, H(K') and H(G) denote the Hermite transforms of random fields of bulk K
and shear G moduli, respectively. They are computed by finite KL/PCE approxima-
tions in integration point x¢:

M,

Ke,0)= > D K@) | Ha(0) = Y K (we)Ha(0),
a€IMy . py, | T €T My, ,pp

(5.50)

and

M,
Glae.0)= D D Gjlas” | Ha(®)= > G(rg)Ha(6).
a€Img.pg | J €T My pgy

(5.51)
Following Eq. (5.50) and Eq. (5.51) one may note that K is described in terms of
two independent sets of RV's C(D‘) and¢(® ie.in M = M, + My RVs. Thus, its final
approximation admits p = max(ps, py) order in which the multi-index @ may take
the value in Jp obtained by gathering two multi-index sets Js, p, and Ty, p,. For
simplicity reasons, one may assume that the solution set 7 is identical to Jp *.

3This assumption is not necessary. However, even in a more general case the analysis is formally the
same.
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5.4 Stochastic Galerkin method

Once the “material property” Aé(;) has been estimated (Algorithm 4), the term K ()
is computed as a “usual” finite element stiffness matrix by calling the black-box
deterministic code with Aé%) as input parameter. This results in the final form of the
equilibrium Eq. (5.15):

Kéu = [ Y K9 AW] su=Q, (5.52)

a€Jz

where the elements of the tensor A(®) are given by Agf/) = E(H,H,Hpg). Simi-

larly, u = [...,u(®), ..] € RE» @RZ and Q € RE» @ R are the block vectors of the
nodal polynomial coefficients of the solution and the right hand-side, respectively.
The concrete representation of Eq. (5.52) in terms of matrices and column vectors
may be obtained by interpreting the symbol ® everywhere as a Kronecker product
[157, 192]. Namely, by exploiting the isomorphy between RE» @ RZ and REn»*Z
the term (K () @ A(®)) acts as K(®su(A)T,

The operator K in Eq. (5.52) inherits the properties of the corresponding determin-
istic operator in terms of symmetry and positive definiteness [145, 152, 192]. The
symmetry may be verified directly from Eq. (5.52), while the positive definiteness
follows from the Galerkin projection and the uniform convergence of the solution in
Eq. (5.52) on the finite dimensional space R(Zn*Ln) @ R(Z%Z) (see [150, 145, 107]).
Due to the uniform convergence alluded to above the sum can be extended far enough
such that the operators K in Eq. (5.52) are uniformly positive definite with respect to
the discretisation parameters [145, 152]. This is in some way analogous to the use of
the numerical integration in the usual FEM [225, 49, 250].

Solving linear systems of equations

Following the previous sections the fully discrete forward problem in each iteration
becomes a linear, symmetric, and positive definite system of equations of size L,, X Z,
formally written as:

Kv =Q. (5.53)

Here, K and Q represent the stiffness matrix and the residual at some time step n
and Newton iteration (k), respectively; and v denotes the unknown variable. Ac-
cording to the discussion given in Chapter 3 the system is well-posed in the sense of
Hadamard and admits the unique solution, which, however, may be difficult to find
in an efficient computational manner for high-dimensional systems. Note that the
knowledge on the system matrix K in this case may help to design the most suitable
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numerical iterative procedure. For high-dimensional systems the application of the
direct method (such as the sparse Gauss elimination [101]) is robust but computa-
tionally very expensive and thus impractical. Due to this the various approaches for
solving Eq. (5.53) are developed. Most of them investigate the non-zero structure of
K as well as its local matrices K before any computation is started. Namely, the
matrix K has the block-sparse structure by virtue of the properties of the polynomial
chaos approximations and the structure of A, while the local matrices have the iden-
tical sparse form coming from the finite element discretisation. Besides sparsity, the
participating matrices also admit the symmetry which may advocate the use of the
preconditioned MINRES [231, 67, 232] or CG [76, 183, 107] procedures for solving
Eq. (5.53). MINRES is applied in a case when the stiffness matrix is described as
symmetric, and CG when it is symmetric and positive definite. The preconditioning
is suggested due to the large conditional numbers of the stiffness matrix and faster
convergence. According to [231] one may distinguish two types of preconditioners:
the mean based and Kronecker tensor product preconditioners. The choice strongly
depends on the existing fluctuations. For small and moderate values the mean based
preconditioner P = I ® K is recommended. Otherwise, one may employ the Kro-
necker type of preconditoner P = L ® V, where L and V are found by solving the
optimization problem | K — L ® V|| g in Frobenous norm [231]. Note that the use
of the Kronecker preconditioner may lead to longer computational time than the use
of the mean based due to the additional computational time necessary to solve the
optimization problem. However, in both cases the computation cost does not include
the assembling of the global stiffness matrix K. Instead in each iteration:

vt — v L pH(Q — Kv) (5.54)

one computes the corresponding matrix-vector products wgﬁ 20— K@)y of
“local” stiffness matrices K () with v(® such that vitD = v 4+ 4 where

40 = K1 (QU) - 3, s wl VAL 1157, 1071

Besides the Krylov sub-space methods, any other type of numerical methods for
solving large systems of equations (for review see [48]) can be used. For example,
some of choices are: the multi-gird approach suggested by Le Maitre [140], the
incomplete block-diagonal preconditioner based on the domain decomposition FETI-
PD solver [79], the hierarchical approach [183], and so forth. Furthermore, one may
combine the standard iterative methods with low-rank tensor decompositions as in
[118, 111, 157, 19], or one may use the non-overlapping domain Schur complement
based geometric decomposition with two-level scalable preconditioners [226].
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5.4 Stochastic Galerkin method

Convergence

The solution of the stochastic elastoplastic problem belongs to the tensor product
space % = U ® (S) numerically approximated by the separate discretisation of
each of the subspaces U and (S), respectively. The approximation in this setting is
important as one may construct the suitable error estimates of the additive type. Ac-
cordingly, the total resulting error in the numerical solution of elastoplastic problem
summarises the time-, spatial- and stochastic discretisation errors. The time and spa-
tial estimates are already discussed in Eq. (4.9) and Eq. (4.54), while the stochastic
error estimate is given by Céa’s lemma [49] for the Hermite approximation in Gaus-
sian random variables. Finally, what one expects is that the closure Ups ,(5) 5, , is
dense in (S) [151] such that the solution wy, A, converges according to:

lu— wnstplan, <C inf u-vla,. (5.:55)
’UE@/},,J

Note that in contrast to the finite element theory the regularity of the stochastic so-
lution is not yet known. One may only specify the convergence rates as described
further in Section 6.2.2.

5.4.2 Non-intrusive Galerkin method

The analytic evaluation of the problem in Section 5.4.1 is efficient in a case of small
and moderate stochastic dimensions. However, the method is built upon the polyno-
mial chaos algebra whose accuracy strongly depends on the number of terms used in
the PCE. Thus, the method is intrusive and requires the knowledge of the full model
and corresponding finite element code. However, when the deterministic code is not
open sourced or the implementation of the intrusive method is expensive, one may
substitute the direct approach with a more practically oriented technique called the
non-intrusive Galerkin method [61, 109, 244, 16, 144, 245, 5].

Similar to the fully intrusive case, the solution ansatz is taken as the Hermite polyno-
mial chaos expansion in Gaussian random variables (see Eq. (5.4)-Eq. (5.6)), and the
residual is projected in Galerkin manner onto the finite dimensional subspace (5) s
according to:

Q) =[....E(Ha()Q()[D>_usHz)),...] =0, (5.56)
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where Q(u) = (..., Q) (u)T,...)7 is the block-version of the residual. Eq. (5.56)
has the same form as in the fully intrusive case, see Eq. (5.11). However, the pro-
cess of evaluating the integral E(H,(-)Q(-)[>_,, usHpg]) is significantly different.
Instead of its analytical integration with the help of the complicated functional ex-
pressions in Section 5.4.1, the integral is computed numerically with the help of the
direct integration techniques [152, 107] (see Section 5.3):

/Q HaQ(W)[ S wl) Hy] dP(w sz 2(0)Q(0.)> " wM Hy(6.)),

B
(5.57)
where
E={0.,1<z<Np}, 0={b1,....0u} (5.58)
represents the set of the integration points and w := {wz} 2, corresponding

weights. Note that the evaluation of the integral requires V,, evaluations of the resid-
ual, Q(0.), z =1, ..., Np, each corresponding to the numerical integration over the
spatial domain G C R? done in a classical FEM way. This could be seen as an ad-
vantage compared to the intrusive Galerkin method, because the FEM code is used in
a black-box fashion. On the other side, the number of calls of the deterministic soft-
ware increases drastically with the stochastic dimension which may lead to expensive
or almost impractical procedures.

Closest point projection

The goal of the closest point projection is to minimise the stress

X, = arg min @y, (T'h) (5.59)
The%’j‘

over the discretised set 7}, the weak formulation of the convex set .%;. As dis-
cussed in Section 5.4.1, the weak construction is necessary in order to perform the
actual computation. Moreover, in order to avoid the algebraic constraints given in
Eq. (5.24), here the set

Hf ={Zn € Y ®(5)s: p(Xn(02)) <0, V0. € =} (5.60)

is introduced as a set of constraints on a finite number of the integration points =.
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5.4 Stochastic Galerkin method

Algorithm 5: Non-Intrusive Stochastic Closest Point Projection

I Non-dissipative predictor

. (0 . .
1: Initialize j = 0, €1, €2, Ez(n)l =Epn 1, MO —

2: for Sample point 8 i = 1,..., N, do
3: - Evaluate strain

4 AE(J) 00 = p B (00) — Ep,n—_1(9( ),

5. AE&{%((% )) = AE,(00) — AES), (00);

6: - Evaluate stress ‘ ‘

7 AXT(60) = CP(0D): AEY,(6D);

8: =P 00) = 59 (00) + AX (00,

9:

10: II Dissipative corrector

11:

122 - Compute yield function

13: o (01) = (27 (09)) ;

14: - Compute residual ‘ ‘ _
15: R (00) = —AE),(00) + 39 (60))04 (01,
16: - Check the yield conidition and residual:

17: -if 61 (01) < ¢ and |RY(6))| < €5 then;
18: the step is elastic EXIT ;

19: -end }
20: - Compute moduli C(6()) and AY),, () ) ;
21 - Solve for AT := [AEY),(61), AA;”( 0]
2. AGL(0)ATY (00) = —RY), (D))
23: - Update the variables '
24 EJiD(0") = EY(69) + AE(61);
25: AT (00) = AP (0 + AT (0,
26: end for . 4
27: - Project to E](DJ:: ) and XS{H)
2 (B ) DBl = 320" wi B (09) Hy (89));
2. AT g1 = SN AT (00) H g (60)):;

30: set j = 7 + 1 and goto line 2.
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Such construction allows the decoupling of the problem in Eq. (5.59) into V,, smaller
problems, which may be solved independently. Note that each of them corresponds
to the normal deterministic optimization problem as presented in [215], for which the
closest point projection consists of two steps called the predictor and the corrector
step, respectively. Therefore, Algorithm 5 has a very similar structure to the one
given in Section 5.4.1. Moreover, from the programming point of view Algorithm 5
has a less complex structure than Algorithm 3. Namely, the most of computation is
done in the existing FEM part of the code.

Briefly, the procedure in Algorithm 5 consists of point evaluations of the trial stress
and the yield function in time n in a black-box manner. For each stochastic integra-
tion point the von Mises stress is investigated with respect to the yield criteria. This
may lead to two possible states of the trial stress X%!(@.): inside of the convex
domain J£7(6.) when the step is elastic, or outside of the set when a correction
has to be introduced. The correction is obtained by solving the Lagrangian problem
decoupled into N, smaller problems #:

L£(0,) =D(0,)+ \0O.)p(0,), 0.¢cZ, (5.61)

for which the optimality conditions read 0s£(6,) = 0. The corresponding system
of equations is then point-wise solved for each A(6.) by deterministic solver. In
this way the update of the variables from the state n — 1 to state n is numerically
performed (see Algorithm 5).

5.5 Stochastic collocation

The stochastic collocation approach can be broadly classified into: interpolation and
regression techniques. The basic idea of interpolation is to find the polynomial u(8)
such that

u(0.) = u, (5.62)
for a set of points = = {6.}%,. 1In other words, each RV wu(w) =
[u1(w), ..., ur, (w)]T that belongs to the space of RVs with finite variance Lo (€2)

can be approximated by a polynomial function (PCE)

a0) = Y ul¥,(0) (5.63)

acJz

4Ny, is the number of samples
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in a finite dimensional subspace (.5) 7 spanned by the multi-dimensional interpolat-
ing polynomials {¥, },c7, of high degree [244, 16]. Once the approximation is
prescribed, one may compute PCE coefficients from a given data set {u,}L_, by
solving

u(0,) = u,, (5.64)
i.e. the linear system of equations
Vu=v (5.65)
where
Vi(01) Wa(61) Vz(601)
Ve [, ] = \111(:02) \112(:92) \I]ZEGQ c REXZ (5.66)
Ui(01) Wa(0y) - Wy(0r)

is the Vandermode-like matrix of coefficients, and
u:= [ul,...,uZ]T, (5.67)

v = [uy,...,up)” (5.68)

are the unknown PCE coefficients and sample values, respectively. The system in
Eq. (5.65) further can be solved by some of existing methods for solving linear sys-
tem of equations.

On the other side, the regression approach searches for the function that minimises
some cost, usually the mean square error. In this particular case, the goal of regres-
sion is to find the multivariate polynomial expansion which fits the data by minimis-
ing the following error in each FEM point [242]:

. . . s 2
agl(lgn)ye = ugl(lsn)j/ﬂ[u(w) w(w)]” P(dw), (5.69)

where 4 (w) denotes the polynomial approximation of the solution. As the distance
squared is minimised, this computes the orthogonal projection in the corresponding
inner product. The function & approximates the solution by a finite number of uncor-
related and independent RVs 6 := {6; }jle, and hence the integration in Eq. (5.69)
may be evaluated numerically (see Section 5.3):

L

2
min ¢= min [u(ez)—zuwhya(az)] w(8.,). (5.70)

we(S)s we(S)s i
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Further on, the solution of Eq. (5.70) can be found from the optimality condition:
u:= (u)ges €0,mé=0, (5.71)

which in component form becomes:

ZZZ“ Vo (0:)Vs(6 ZZ“ W50, )w., (5.72)

a z=1 B z=1

where w, := w(6.) denote the integration weights and uw, := u(6.) the sample
points. In matrix notation the previous equation reduces to:

Ju := H"WHu
= H"Wv, (5.73)

where J is the Gram matrix, u and v have same meaning as before, and
H:=[V.(0.) € RY*Z, (5.74)

W := diag [wy,] € RFXL, (5.75)

In previous equations the data set u is computed by solving the deterministic resid-
ual equation at each independent grid point 8.. This means that the collocation
approach already decouples the system into L smaller independent systems of equa-
tions before the linear system is solved. These solutions are obtained by available
deterministic solvers, while the solution of the linear system is computed using the
Krylov preconditioned techniques or any other type of methods for large systems of
linear equations.

The displacement w is not the only solution one wants to have information about,
but also about stress, elastic and plastic strain, etc. The process of their computing is
greatly similar to Eq. (5.73). Formally one may write:

Jo, = H'WHog,
= H'"Wr,, (5.76)

where o, is the unknown block-vector of PCE coefficients of the stress, 7, :=
[0.]7 € RL is the vector consisting of the FEM integrated stresses o, in each col-
location point €,, and H is of the same meaning as in Eq. (5.73). The stress o, is
obtained by solving the corresponding deterministic minimisation problem Eq. (5.59)
in each 6., which corresponds to the closest point projection algorithm as described
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in Section 5.4.2. Similar is valid for the plastic or elastic strain.

Finally, the greatest difference between the non-intrusive Galerkin and the interpo-
lation approach lies in the way of computing the corresponding polynomial chaos
coefficients. In the latter case one uses interpolation to fit the polynomial chaos
expansion to the data set obtained by sampling, while the non-intrusive Galerkin
projects the residual error onto the subspace spanned by orthogonal Hermite poly-
nomials and computes the corresponding expectation by sampling. The linearised
system is then further solved in a classic “intrusive way”.

5.5.1 Convergence

The full tensor product convergence results are studied in ([16]), while the sparse
tensor product convergence results for the isotropic and anisotropic Smolyak method
can be found in [172] and [171], respectively. According to this, an isotropic full
tensor product interpolation with Clenshaw-Curtis abscissas converges with rate
C(o, M)exp (—op), where o describes the analyticity of a solution, M denotes
the number of RVs, and p the polynomial order. Another expression for the same
convergence rate can be given in terms of the number of collocation points L, i.e.
C(o, M)L=°/M [172]. Obviously the rate increases with L, and thus the full ten-
sor grid interpolation is rarely used in practice. Practically more suitable Smo-
layk interpolation has a much better performance advocated by convergence rate
O(o/log (2M)) for Clenshaw-Curtis and O(o /logM) for Gaussian abscissas.

5.6 Adaptivity

The stochastic Galerkin and non-intrusive Galerkin methods face the problem of re-
solving a huge amount of equations for which the computational cost grows with
the number of deterministic as well as stochastic dimensions. In order to afford the
computation in real time one has to study the sparsity structure of the solution with
respect to which possible reduction techniques shall be designed. As the solution be-
longs to the space Z & (.S) obtained as a tensorial product of the deterministic Z and
stochastic (S) spaces, one may try to cut down the computational cost by reducing
or reformulating the basis in both of mentioned spaces. In this way one may search
for the optimal subspace 2, C Z ® (.5) with the help of the prior or posterior error
estimates.
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The system in Eq. (5.52) immediately reduces if one succeeds to find the most suit-
able basis for the discretisation of the deterministic space Z. In such a situation the
computational effort for both, the Galerkin based methods and sampling techniques,
reduces. Furthermore, by choosing the appropriate stochastic basis with respect to
the probability distribution of the base RV the system in Eq. (5.52) admits sparse
form. Both mentioned alternatives are exploited in stochastic multi-element or multi-
wavelet techniques [141]. Another possibility would be to compute the solution of
the problem on the coarse mesh, to decompose it in a KLE manner, and further to
apply it on the fine mesh [60].

In recent years several approaches for the reduction of the stochastic space have ap-
peared. Most of them exploit the structure of the solution using the a priori estimates
or indicators, while others try to find the optimal subspace already during the process
of solving—on the run. For example, one may show that the solution of the stochastic
linear elliptic PDE admits sparse form after some appropriate conditions have been
fulfilled [230]. Moreover, the mentioned non-zero structure can be discovered by
studying the so-called zero-dimensional stochastic problem [27], which corresponds
to the Galerkin solution of the PDE for one stochastic degree of freedom. Another
approach is to use the variational low-rank approach with the successive rank-one
update based on the minimum energy principle [119]. In this case the reduction of
the basis is done with respect to the a posteriori error indicator given in terms of the
suitable residual norm. By adding new terms of PCE one may immediately quantify
its influence on the solution. The residual type of the estimate is also fundamental
for the method published in [164, 165]. The basic idea behind the method lies in the
singular value decomposition of the solution which further transforms the large linear
system Eq. (5.52) into a much smaller nonlinear one. Moreover, one may compress
the solution in a low-rank tensor product format [156, 157] and keep it as such dur-
ing the computation, thereby not only reducing the amount of data to be handled but
also the computational cost. Such representation can be found adaptively during the
solution process by alternating iteration and compression with the help of the trun-
cated singular value decomposition (SVD). A similar approach, though not exactly
adaptive, is to use the alternating least-squares algorithm (ALS) for the separated
representation of the solution with the low rank [61]. In this way all d-dimensional
algebraic operations transform to much cheaper one dimensional operations.

Besides the reduction of Eq. (5.52), one may try to reduce the initialy nonlin-
ear system by optimizing it with respect to the equations, and not to the solution
[174, 173]—the generalised spectral decomposition approach. This method relies on
solving the eigen-like problems by one of two basic ad-hoc algorithms: the basic
power type or the improved power type method.
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5.7 Conclusion

The present work develops numerical techniques for the solution of the problem of
infinitesimal and finite .J5 elastoplasticity described by uncertain parameters. Start-
ing with the approximation techniques such as the Karhunen Loeve and polynomial
chaos expansions the intrusive and non-intrusive numerical methods are proposed.
Their efficiency strongly depends on the approximation properties of the ansatz
spaces and the stochastic regularity of the response.

In order to compute the functional of the solution, three different numerical tech-
niques are proposed: the first based on the direct integration, the second employing
the properties of the Galerkin projection, and the third done in a full collocation man-
ner. With respect to the use of the deterministic solver all mentioned approaches are
classified into intrusive and non-intrusive methods. The former do not use the de-
terministic solver (FEM code) in a “black box” manner. Instead, the deterministic
solver is adopted to work with new kinds of variables. On the other side, the non-
intrusive approaches, such as direct integration and collocation, allow the use of the
FEM code as delivered by companies. This is an important advantage. However,
with respect to the computation time those methods are not very favourable.

To handle the discretised stochastic evolution law, a stochastic closest point projec-
tion algorithm is introduced. The method minimises the energy functional in a purely
algebraic manner via polynomial chaos algebra. In such a setting the algorithm effi-
ciency as well as accuracy are highly affected by the choice of the ansatz spaces, as
well as the approximation of the input material uncertainties. For later comparison
purposes, the projection algorithm is also constructed in a sampling (non-intrusive)
setting. Its difference to the direct intrusive procedure lies in the approximation of
the convex domain and the way of computing the residual. Namely, the direct ap-
proach computes the integrals over the probability space in purely algebraic way; and
functionally approximates the random inequalities via Markov, Chebyshev or other
kinds of probability estimates. In contrast to this, the samling non-intrusive approach
weakly decouples the variational inequality on a set of integration points with the
help of pseudo-Galerkin projection or the least square estimate.

Finally, as PCE oriented approaches both the stochastic Galerkin and collocation

method greatly depend on the regularity of the solution, and their convergence rates
strongly relate to the number of random variables and polynomial order.
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Chapter 6

Polynomial chaos algebra

One person’s constant is another
person’s variable.

S. Gerhart

In order to simplify the analysis of a complex random problem one may try to express
the uncertain solution in some system of idealised elementary random variables—the
technique called the “white noise analysis”—as already discussed in Chapter 5. The
basis is usually chosen with respect to the probability distribution of the involved
random quantities, for example the Hermite polynomial basis is used for the approx-
imation of the lognormally distributed random fields, see Chapter 5. According to
this, the chapter studies the idea of the polynomial chaos expansion and correspond-
ing algebra in detail. This will hopefully give a more detailed description of the
numerical methods presented in Section 5.4.1.

The chapter is organized as follows: in Section 6.1 and Section 6.2 are given short
definitions of the white noise and the polynomial chaos expansion together with its
numerical computation. Furthermore, the elemental and nonlinear operations on ran-
dom variables, as well as their numerical computations are studied in Section 6.3.
This is then generalised to the algebra of the matrix-valued random variables used in
the package PLASTON (see Chapter 7). For most of operations small numerical ex-
amples are provided. They may further help to understand the study of the accuracy
and computation cost of the numerical algorithms presented in Chapter 8.
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6.1 White noise analysis

A random field may be interpreted in two ways: as a mapping w — (-, w), w € £,
known as the distribution-valued random field, or the function = — k(z,-), = € R¢
in the suitable space of the stochastic distributions. If the random variables construct-
ing the field are of the square integrable type then this space is known as a Schwartz
space S, otherwise, in a more general case, Hida and Kondratiev space [96, 98].
This further means that the random field definition given in Section 3 is not general
enough. Hence, its application in some specific cases such as the white noise problem
is not possible at all. Therefore, a more general definition has to be introduced.

Let S(RY) be a Schwartz space of all infinitely differentiable real functions f(x), z €
R? on a d-dimensional Euclidean space R [58] decreasing at infinity, together with
all their derivatives, more rapidly than any negative power |a:|_k sk ={1,2,...}.
This space is a Fréchet space under the family of seminorms:

11110 = sup {(1 + [2[*)[0* f ()1}, 6.1)
where k represents integer [98] and a := (a1, q9,..qy,) the multi-index set
of non-negative integers such that |a] = a3 + a2 + ... + a4 and 0%f =

ool f /025 9252...0x5* with an obvious modification when some a; = 0, i =
{1, ...,d}. In this topology S(R?) is a locally convex nuclear space. The dual space
of S(R?) is the space S’(R?) of all real linear continuous functionals on S(R?)
equipped with a weak topology. The elements of the space S’(R?) are said to be the
real tempered generalised functions (distributions), which, taken for the realisations
of the random variables, are called the generalised random field.

With previous definitions of the Schwartz space one may identify the probability
space with the triple (S'(R?), B,P.,), where B represents the family of the Borel
subsets of S’(R) and PP, the white noise (or the normalized Gaussian) measure
specified by a Bochner-Minlos theorem. The theorem states the existence of a unique
probability measure P., on B(S’(R?)) with the following property [58]:

E[ei(.,cb)] _ / pi<w,¢> dpv(w) _ e—%\|¢\|2 (6.2)
for all ¢ € S(RY), where ||¢||* = ||¢||iz(Rd). Here, < w,¢ >= w(¢) represents
the action of w € S’'(RY) on ¢ € S(RY). Following this, for any ¢ € S(R?)

the random variable (-, ) : Ly(R?) + S'(R%) is normally distributed with the
zero mean and the variance equal to |[¢[|?. According to these definitions, the
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triplet (S"(R?), B(S'(R%)),P,) becomes the one-dimensional white noise probabil-
ity space corresponding to the one dimensional white noise:

w: S(RY) x S'(RY) — R. (6.3)

Similarly, the triplet (S’, B,P.,) becomes the multidimensional space with S :=
[12, SR, 8 = [/, §'(RY), B = [[1, B(S'(R")) and 7" = P, x P, x
... X P, to which corresponds the multi-dimensional case of the white noise

w:S xS = R™ (6.4)

6.2 Decomposition by homogeneous chaos

Following the previous section, the space Lo (S’(R?), B,P,)) =: L2(2, B,P) can be
directly decomposed to a so-called homogeneous chaos (Wiener’s polynomial chaos,
the Wiener chaos, or the Wiener Ito Chaos) introduced by Wiener [238] and proved
by Segal [207]. Note that the word “chaos” has nothing to do with the modern term
“chaos” in mathematics where it characterizes the unpredictable behaviour of dynam-
ical systems. Formally, the polynomial chaos can be seen as a functional approxima-
tion of a given random variable [149, 151]. Its definition starts with the Hilbert space
O (see Chapter 3) and the family of the multivariate polynomials X (01,60, ..,0,,)
up to order p:

Pp :={X (61,0, ..,0,,), X is a polynomial of degree p, m < oo}, (6.5)

where 61, 05, .., 0,, are orthonormal RVs belonging to ©. Following this, a homoge-
neous chaos of order p represents a vector space H,, given as:

Hy:=PpOPy_1, pEN, (6.6)

with P, being the closure of the linear space P, in La(£2, B,P). In addition, the
vector space H,, generates the polynomial chaos H<, = (J!_, H, such that Ly can
be orthogonally decomposed [96] to

Ly(2,B(©),P) := (P H,, (6.7)

p=0

where the space of polynomials P(©) = U°P,(O) is dense in L,(2, B(O),P)
[102]. As the RVs {6;}52, are problem specified, the orthogonal polynomials in
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Table 6.1: The Wiener-Askey Chaos table

Type RV £(w) Basis X (£)  Support

Continuous ~ Gaussian Hermite {—00, 0}
Gamma Laguerre [0, 00}
Beta Jacobi [a, b]
Uniform Legendre [a, D]

Discrete Poisson Charlier {0,1,2,...}
Binomial Krawtchouk {0,1,..., N}
Negative Binomial ~Meixner {0,1,2,..}
Hypergeometric Hahn {0,1,...,N}

Eq. (6.5) are chosen in such a way that their weight function in the orthogonality
relation has the same form as the probability distribution function of the underlying
random variables. In case of Gaussian random varaibles that means that the poly-
nomials are Hermitain as the weighting function of m-dimensional Hermite poly-
nomial is the same as the probability density function of the m-dimensional Gaus-
sian random variable. Following this, each function « in the Gaussian Hilbert space
Ly(2, B(©),P) obtains a unique representation:

k(w) = Z EaHa(w), (6.8)
acd

where the multivariate polynomials H,, (w) are given via the product of the corre-
sponding univariate Hermite polynomials h, (€;) [150]:

Ho(0) =[] ha, (65), (6.9)

and the orthogonality relation:
E(HoHg) = b, with |[Hy |7, = al. (6.10)

Here, o := («;);c7 and similarly 5 denote the multi-indices, i.e. the sequence of
non-negative integers with only finitely many non-zero elements:

a=(al,..,q;5..) €T = N(()N) (6.11)
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6.2 Decomposition by homogeneous chaos

for which [a] := 3777 | a; and a! := [[72, a;!. The length of the multi-index is the
largest j € N for which o > 0. Even though in this work the basis is chosen to be
Hermitian, see Eq. (6.8), other possible choices do exist and hence the polynomial
expansion may be generalised to:

K(w) =Y &YX (Ew)), (6.12)
J

where X, denotes the generalised basis and £(w) corresponding RVs [248, 244]. For
example, the density result similar to Gaussian random variables may be achieved by
Possion random variables and the corresponding orthogonal Charlier polynomials.
The choice of the suitable CONS depends mostly on the type of the problem one is
solving as shown in Table 6.1.

According to Cameron and Martin [37] and later Xiu [248, 244], an expansion as
given in Eq. (6.8) or Eq. (6.12) converges in the Lo sense for any arbitrary stochastic
process with the finite second moment. This requirement means that the L, norm of
Eq. (6.8)
Ikl7, = Z K2al, K = (kalka), (6.13)
aceJ

satisfies the growth condition ) alk? < oo [98]. Note that this condition may be
posed in a slightly different way. However, in such a case one requires the definition
of more generalised stochastic test function spaces and the spaces of the stochastic
distributions called Kondratiev spaces. For more information please see [98].

6.2.1 Estimation of PCE coefficients

The number of terms (also known as the cardinality of the index set Jz) of the p-th
order Hermite polynomial expansion in M Gaussian RVs is determined by

_( M+p\ _ (M+p)
Z.( o >Mp! (6.14)

and grows rapidly with the polynomial degree, see Fig. 6.1. Note that if PCE terms
are not chosen in an addaptive manner as presented in Section 5.6, the polynomial
chaos approximation may become computationally hard for large M. Since this issue
has been already addresed before (see Section 5.6), the following text will consider
only the estimation of PCE coefficients without any further introduction of adaptive
techniques.
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Figure 6.1: The number of terms of PCE as a function of the number of random
variables and polynomial degree

For a given orthonormal basis 8 := {6;}°, of © and the function r €
L2 (€, %3(0),P) of Gaussian RV 0, the expansion in Eq. (6.8) can be evaluated with
the help of the Galerkin projection:
1
Vae J: &Y =E(k()Hal())/(Ho|Ha) = —E(()Ha(") (6.15)

i.e. the high-dimensional integration. The integral in Eq. (6.15) can be estimated

Table 6.2: The approximation of lognormal RV & with the order of polynomial

Order Error PCV

1 19.1%  [3.7434 2.9947]

2 4.70%  [3.7434 2.9947 1.1979]

3 0.89%  [3.7434 2.9947 1.1979 0.3194]

4 0.12%  [3.7434 2.9947 1.1979 0.3194 0.0639]

5 0% [3.7434 2.9947 1.1979 0.3194 0.0639 0.0102]

in both numerical and analytical ways. The analytical computation is only possible
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6.2 Decomposition by homogeneous chaos

when the function (0) is smooth enough, i.e. if all partial derivatives of x belong to
L. In such a case the coefficients (%) follow from the differentiation rule:

10
107 |
107
w 10_6 r
n
=
T 10° ¢
~10
10— s-0.1
---0=0.3
1072 ——0=0.6
--0=08
ol === 2l
0 5 10

Number of points

Figure 6.2: Convergence of the PCE of lognormal RV obtained by Gauss-Hermite
quadrature for different values of the standard deviation o of base Gaussian RV

£ = (a!)T'E(DW k), (6.16)

where D(®) is the partial derivative with respect to the multi-index [107]. For exam-
ple, the coefficients of the lognormal random variable x = exp(u + of) are given

as:
1 1
K = ZgOR (el oY) = — gt ta, (6.17)
a! ol
On the other side, the numerical integration can be performed in a way as described
in Section 5.3. This is usually done when the function is not smooth enough or the

partial derivatives are too complicated.

Example 6.2.1. The accuracy of the polynomial chaos approximation of the lognor-
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mal random variable & = exp(1 + 0.80) analyticaly expanded in PCE of order 1 up
to 5 is estimated with respect to the true value, see Eq. (6.16). According to Table 6.2
the relative root mean square error (RRMSE)

. . \/ZO&EJN] [(H(I(j%) - Hi?]z/Pa!
Ve, (553120l

decreases with the number of terms in PCE. In Eq. (6.18) the index ;r denotes the
PCE of the current order and 4 the true value of the variable. Note that this er-
ror measure considers only p + 1 lowest order modes [56], and hence evaluates the
accuracy of the PCE within the space covered by basis functions up to order p. Be-
sides the analytical method, one may compute the coefficients of PCE numerically by
Gauss-Hermite (GH) quadrature rule. Fig. 6.2 shows that GH for PCE of order 5 has
monotonic convergence and requires very few functional evaluations. However, the
number of necessary evaluations (i.e. sample points) strongly depends on the input
variance and grows with its increase.

(6.18)

6.2.2 PCE convergence

In contrast to deterministic the stochastic regularity is not yet completely investi-
gated. The rates of the optimal approximation are known [23, 38] although in norms
of stochastic distribution spaces [96] weaker than Lo(€2) norm. The error estimate
is provided by Benth and Gjerde [23] and further improved by Cao et al. [38]. The
latter error estimate prognoses the error:

1€ = Ellsto—avr < €lseo—atar \/Cl(d)led + Cy(d)2-d, (6.19)

valid for the generalised random variable ¢ € () ~9+4V) with ¢ > 0, d > 1.
Here, S(»~%V) is the stochastic analogue of the spatial Sobolev space as described
in [96], and the terms C' (d) and Cy(d) are functions of w = 1/(1—d) and s = d—1,
respectively, such that C(d) = exp(2w)dw and Cy(d) = exp((s2*)71)(275 w).
From previous expression one may conclude that the convergence is exponential in p
and algebraic in M. This means that the error reduces with the increase of both the
maximum stochastic dimension M and the polynomial degree p.
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6.3 Polynomial chaos algebra

The representation of the random variable in a form of polynomial chaos expansion
allows us to use the algebra of RVs as primitive objects in stochastic calculations, see
Chapter 5 for example. Note that some of existing publications (e.g. [56, 140]) are
already discussing this topic, but only in its basic form. In order to provide a deeper
understanding of the problem this work offers the detailed study of the linear and
nonlinear PCE algebra. In this regard the section uses unified notation £ € L2(Q2, R)
for a scalar-valued RV and

£0)= > ¢“H.(0) (6.20)

acJz

for its corresponding projection onto the Hermitian basis (i.e. approximation), also
called the polynomial chaos variable (PCV).

6.3.1 Elementary operations on scalar valued RVs

The algebra of RVs represents a collection of operations such as addition, subtraction,
multiplication and division with the same priority as in the algebra of real numbers.
Elementary operations play a crucial role in defining more complex operations such
as inverse, square root, etc. However, in contrast to real numbers, RV arithmetics is
not an easy task. The difficulties are reflected in the choice of suitable algorithms
and their convergence in terms of existing polynomial chaos approximations.

Addition: Let be given two RVs &; and &3 in Lo (€2, R) with the corresponding Her-
mite transform:

H(E) = (€ aes = (&), i=1,2 6.21)

and finite projections él and éz belonging to the subspace spanned by the Hermite
polynomials P := span{ H,,« € Jz}. Here, 5(¢;) denotes the Hermite transform,
i.e. a linear (unitary) transformation compatible with addition and scalar multiplica-
tion:

(&1 £ &) = H(61) £ (&),  H(c&1) = e (&) (6.22)
for any RVs &; and & in Ly (€2, R) and a scalar ¢ [150, 151, 192].

Following preceding definitions, one may define addition as operation of adding two
sequences of coefficients, i.e. polynomial approximations &; and &;. The operation
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is commutative, associative and characterised by a neutral (identity) element £. The
neutral element is a constant function ¢ : w +— 0 (described by a Hermite transform
(0,0,...0)) such that when added to any arbitrarly chosen RV é 1, the RV f 1 does not
change. In other words, /(£ + &) = (&) forall &, € Lo(Q, R).

Multiplication. The product of two RVs lies in a bigger subspace than the terms en-
tering the multiplication. This further means that the PCE cardinality of the product
increases with every new multiplication. However, this issue can be resolved with the
help of Cameron-Martin theorem [37] and properties of the polynomial chaos repre-
sentation. Namely, the dimension of the product of two random variables &; (i.e. 51)
and & (i.e. 52) can be reduced by a Galerkin projection onto the Hermite basis [56],
ie. 1

& = JEEH) =BG &) = 3 3 eV, (6.23)

aceTJ BET

where ¢}, ; = E(Hq HgH-)/~! [150] represents the element of the three dimensional
tensor. More formally, the operation of multiplication represents the Hermite trans-
form:

H (&) = (€)Q3(E2)1), e s Q3 := (c2p), (6.24)

where each coefficient is a bilinear form in the coefficient sequences of the factors.
The collection of the bilinear forms Q2 = (Q3)~c 7 is a bilinear mapping that maps
the coefficient sequences of £; and &5 into the coefficient sequence of the product

H(€3) = Qa((€1), (§2)) = Q2 (H(&1), H#(&2)) - (6.25)

For computational purposes one truncates the Hermite transform by replacing the
random variables by their finite representations denoted by ~, which, for simplicity
reasons, are here assumed to belong to the same subspace P. However, as previously
discussed, the product Qg((él), (fg)) does not necessarily lie in the same subspace as
the terms entering the product. This may cause the growth of the problem dimension
on the expense of the actual computation [56], e.g. successive multiplication. To
overcome this issue, the product Qs ((£1), (£2)) is simply projected onto the subspace
P in a Galerkin manner such that:

&= Qa(lr, &) = €186 (6.26)
Note that in other sections of this thesis the symbol (3\2 is shortly denoted by e .
Due to the symmetry of the tensor (@Q3) the multiplication is the commutative and

associative operation, characterised by a neutral element {—the constant function
w +— 1—with the Hermite transform 27 (¢) = (1,0,0,...,0), such that . = £ - €.
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Considering multiplication one may notice that the total accuracy consist of two dif-
ferent truncation errors. The first one occurs in the truncation of the input approxima-
tions and the second in the final Galerkin projection. However, it may be shown that
those truncation errors are negligible if the order of the polynomial chaos expansion
is chosen sufficiently high to describe properly the result of the multiplication (e.g.
see the following example).

Example 6.3.1. The square x of the skewed random variable represented by the
polynomlal chaos coefficients [1 0.7 0.1 0.02] is computed by the Galerkin projection
X = Q2 (§ f ) onto the Hermite basis of different orders. As expected, the product
accuracy improves with the increase of the polynomial order, see Table 6.3. This
further means that the product cannot be in general simply projected onto the basis
of one of input RVs. The reason is the skewness of the input which cannot be properly
described by the small order PCE. In this specific case, the 4th order approximation
can be used for the actual computation since the RRMSE:

() _ (a)y2,
. xp — X6 ) 627)

(x§)%a!

is smaller than 2%. Here, X,(,a) denotes the coefficients of the p-order PCE approxi-

mation of the random variable x and Xé ) the analytic result obtained for the poly-

nomials of the sixth order (the true value).

Table 6.3: The square of RV & and its accuracy with the order of polynomial approx-
imation of result

Order Error PCV

1 43.73%  [1.4900 1.4000 0 0 0 0]

2 17.78%  [1.5100 1.6800 0.7300 0 0 0 0]

3 5.03%  [1.5124 1.7040 0.8212 0.2040 0 0 0]

4 1.062%  [1.5124 1.7040 0.8212 0.2040 0.0416 0 0]

5 0.21%  [1.51241.7040 0.8212 0.2040 0.0416 0.0040 0]

6 0% [1.5124 1.7040 0.8212 0.2040 0.0416 0.0040 0.0004]

Remark: the lognormal random variable is the exponential transformation of the
Gaussian RV, and thus is a group under multiplication since the Gaussian RVs form
a vector space. This means that after multiplication of two lognormal RVs one again
obtains the lognormal RV.
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Table 6.4: The accuracy of RVs division with respect to the order of polynomial
approximation of result

Order Error PCV

1 16.83%  [1.2240 1.0000 0 0 0]

2 2.68%  [1.2465 0.8873 0.2705 0]

3 0.19%  [1.2447 0.8964 0.2486 0.0335]

4 0% [1.2448 0.8960 0.2496 0.0320 0.0016]

Division. In contrast to multiplication the division of two RVs cannot be done in a
completely straightforward way by the direct projection of the formula £ = £3/&;
onto the polynomial chaos basis [56]. Instead, one reformulates the problem to &; -
& = &, i.e. the system of equations with the unknown &. Taking the results of
Eq. (6.25) the system becomes:

H(&3) = Q2(&1), (§)) = Q2 (H(&1), #(£)) (6.28)

or in a matrix notation:
CE = &3, (6.29)

where C = [, Y5, &7 T 6 = (€@, )T and & = (., €57, .7
Projecting the system in the Galerkin manner to &; @ £ = 3, Eq. (6.29) becomes:

Céi=6& (6.30)

with the corresponding vectors and matrices described by the index set Jz. This
system may be solved by Krylov subspace methods, such as the preconditioned con-
jugate gradient method, SOR, GMRES, etc. In order to simplify the notation the
division of two PCVs is denoted as:

=6 +¢, (6.31)

where the symbol =+ indicates the linear system of Eq. (6.30) which has to be
solved.

Example 6.3.2. Let us take the RV described by the PCE coefficients
[1.4240 1.2448 0.4480 0.0832 0.0080 0.0003] and divide it by the Gaussian RV
[10.2]. As the first variable is of the fifth order and the second of order one, one
expects that the result has order 4. This is proven in Table 6.4 where the convergence
of the division with respect to the polynomial order is shown. The error is computed
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Table 6.5: Error [%] of n-th division of non-Gaussian RV by Gaussian RV 0. The
non-Gaussian RV has: a) small, b) high coefficient of variation.

a)0 = (1,0.1) Division/ Order 1 2 3 4
1st 5.08 0.36 0.01 0.00
2nd 3.86 0.24 0.01 0.00
3rd 2.97 0.23 0.01 0.00
4th 2.65 0.31 0.01 0.00

b)# = (1,0.3) Division/Order 1 2 3 4
1st 31.88 8.99 1.40 0.00
2nd 49.02 2271 6.70 0.00
3rd 85.81 66.55 33.58  0.00
4th 15795 192.69 15641 0.00

according to Eq. (6.27), i.e. the relative root mean square error with respect to the
given analytical result.

Example 6.3.3. Let us divide the RV & with 7 (§) = [1.10150.5302 0.1030
0.0101 0.0005] by the Gaussian RV [1 0.1] (case a) in Table 6.5) and the RV x with
A (x) = [2.0215 2.3464 1.1430 0.2943 0.0405 0.0024] by the Gaussian RV [1 0.3]
(case b) in Table 6.5). These two cases represent the “good” and “bad” scenario
with respect to the value of the coefficient of variation (i.e. the ratio of the standard
deviation to the mean) of numerator'. In the first case the coefficient is 0.27, while in
the second 4.29. The goal is to investigate the RMSE behaviour of the result with re-
spect to the order of its polynomial chaos approximation. According to Table 6.5 the
approximation error: a) reduces, b) grows with every new division. The reason for
this lies in the piece of information each of the PCE terms of numerator carry over
to the division. Namely, if the coefficient of variation is small (as for &) the higher
order terms do not carry much information, and the truncated division is close to
the truth. However, this initial error is then reduced through the successive division
since it gets divided by Gaussian RV. On the other side, if the variance of the RV is
not so small and the higher order terms are not negligible, as in case of x, the low
order truncations will produce large error. This error transforms the initial problem
to another one, and one does not divide x, but some other RV by Gaussian. This phe-
nomenon becomes worse with every new successive division. However, if the proper
order is used (4th in this case) one obtains the correct result and the error does not
alter any more.

Note that the Gaussian RVs are already accurately approximated by the first order PCE
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Table 6.6: Error [%] of n-th power of Gaussian RV 0 with the order of PCE

0 = (1,0.1) Power/ Order 1 2 3 4
2nd 082 0 0 0
3rd 242 0.07 0 0
4th 474 029 006 O
oth 772 069 0.03 5.8e-4

6 = (1,0.5) Power/Order 1 2 3 4
2nd 10 0 0 0
3rd 25 2.78 0 0
4th 4130 869 072 0
5th 5645 1738 269 0.18

0=(1,2) Power/Order 1 2 3 4
2nd 3077 O 0 0
3rd 5714 127 0 0
4th 76.52 27.83 464 O
5th 88.11 46.21 11.75 1.57

Power function. This function is a generalisation of the product of RV with itself.
Going one step further from the product given in Eq. (6.25), one may define the
product of three RVs with finite variance as x := &; - &2 - &3 (the cube xy (=& - & - &
is a special case):

o 1
=33 34 )géﬂ)&(j)EE(HaHﬁHyHé). (6.32)

acJ BET veT

However, such representation is not comfortable for practical computation due to the
definition of the forth order tensor E(H,HzH~Hs). To avoid its computation, one
may employ the associativity of the product and sequentially calculate the power:

A (x) = Qs((&1), (€2), (&) == Q2(Q2((&1), (£2)), (&3))- (6.33)
After the Galerkin projection on the subspace P, Eq. (6.36) becomes:
1= Qal(6): (), (&) (634)
ie. R o R
X=&0(5208) =684, (6.35)
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Table 6.7: Error [%] of n-th power of non-Gaussian RV with the order p of PCE

np 1 2 3 4 5 6 7 8

2 43.73 1778 5.03 1.06 021 O 0 0

3 73.47 4465 2068 845 284 076 0.11 0.03
4 90.23 7022 44.67 2525 1238 5.16 1.80 0.46
5 97.08 86.87 67.68 47.35 2920 15.64 7.03 2.29

where 7 follows from Eq. (6.25) [150]. This definition requires the computation of
the third order tensor cg’ﬁ), which may be precomputed and stored in the memory for

any further multiplication.

Similarly to this procedure, one may compute the product of n variables as:

H(X) = Qu((&1), (&2), -+, (§n)) = Qn-1(Q2((&1), (§2)), -+, (€n)).  (6.36)

Each Q,, is again composed of a sequence of k-linear forms {Q], } < 7. The sequence
defines each coefficient of the Hermite transform of the n-fold product [150].

Example 6.3.4. In this example one investigates the RRMSE of the n-th power of
some arbitrary chosen RV projected on the subspace spanned by the Hermite poly-
nomials of different orders. For simplicity, let us take the Gaussian RV with the mean
w = 1 and different values of the standard deviations o = {0.1,0.5, 2}, respectively.
In such a case one may observe the drastic change of the RRMSE with the polynomial
order. Namely, if one takes a small standard deviation, e.g. ¢ = 0.1, the error of the
5th power for the 2nd order approximation is just 0.69%, while for o = 2 this error
becomes ca. 46%. This behaviour is shown in Table 6.6 for different degrees of the
power function. The analytical (true) value is obtained by the PCE of the bth order
(as the input variable has order 1).

Similarly, one may compute the power of the non-Gaussian RV with the PCE
() =110.70.20.08] (see Table 6.7). Namely, the second power is already well
approximated by the PCE of the order 4, while 3rd power requires the PCE of the
order 5. As the exponent increases, one has to use more terms in PCE to keep the
accuracy. For example, the projection onto the same basis as the term entering the
power delivers much higher error for the 5th power than for the 3rd power:

Negative n-th power of RV. The inverse of the RV &, denoted by X, could be seen

as a division between the neutral element 5 and &, ie. ¥ = f 5 see Eq. (6.31).
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Similarly, one may define the second negative power as 7 := é -2 = f %, as
well as the further ones by sequential dividing by x. Another way would be to first

compute the power é 2 and then to divide 1) = 5 + f 2,

6.3.2 Nonlinear functions of RVs

The nonlinear functions of RVs are much more difficult to compute compared to
basic operations. The reason is that one is not able to apply the Galerkin projection
on the “formula” directly, but only on its linearised form. The process of linearisation
can be done with the help of the stochastic version of the Newton-like methods, which
is the subject of this section.

Square root. In order to find the square root of a RV £ one has to solve the nonlinear
equation:

fx) =2(£) — Qa((x), (x)) =0, (6.37)

where the function f(x) is differentiable with respect to y. Regarding the smoothnes
condition one may define the Jacobian J = 2y and compute the solution in Newton
iterative manner. In such a case the linearised version of Eq. (6.37) becomes

%(T(k)) _ Q2(J(k), AX(k))7 (6.38)

where 7(®) .= f(x*)) — f(x*~1) is the residual in iteration k. Once the lineari-
sation is performed, the system in Eq. (6.38) is projected onto the finite polynomial
basis such that

= Qa(J®, Ax Ry (6.39)

holds. This system is now easy to solve and the solution has a form of

A(k)_i (k 1) ~(k—1) ~(k—=1) 5 (& A(k 1)
(= SEE LA = D (RED L EE ), 640)

where £(*~1) = W The iterations repeat as long as the fraction of the proba-

bilistic norms is such that:

[JE Ax®) + r(k)”Lz(Q)
0] > €,
[EQS2l FNES)

(6.41)

with € being the specified tolerance. Note that the approximation of RV x*F=1) is ob-
tained by division #(*~1) = ¢ = Y(*~1) which requires another Galerkin projection
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Figure 6.3: The square root of Gaussian RV (u = 1,0 = 0.2) obtained by Newton
method for different initial points: NM1 starts with RV (0.8,0), NM2 with RV (1,0)
and NM3 with (1,0.1). The last one is the closest to the solution.

and possibly another iterative process.

The Newton method converges quadratically if the initial point x(°) is close enough
to the solution (see Fig. 6.3). However, if the initial value is not taken properly, the
method diverges. To satisfy this condition, the initial point of the PCV square root
has to be taken in the form of PCV close enough to the PCV of root. This choice
greatly depends on the variance of RV &. For the small and moderate values one may
assume that the initial point is PCV with the mean value equal to the square root of
ft¢ (the mean value of &) and higher order terms equal to zero. However, if the input
variance is large enough this assumption is not good and one has to precompute the
initial point by some sampling technique (see Fig. 6.5). In such situation, of course, it
is recommended to use a small number of sampling points, much less than necessary
for the integration method to converge.

The Newton method as given in Eq. (6.40) is relatively inefficient since in each itera-
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tion one has to compute x as a solution of a linear system of equations of dimension
Z x Z. This may harm the efficiency of the algorithm. In order to avoid this issue
one may try to find the reciprocal square root of &, i.e. £/+/€; and then to compute

the root v/Z by simple multiplication ¢ - £//€.
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Figure 6.4: a) The square root of RV with coefficients x = [1.5124 1.7040 0.8212
0.2040 0.0416 0.0040 0.0004] obtained by non-preconditioned (NP) and precondi-
tioned (P) Newton method b) Convergence of methods

Example 6.3.5. Ler us take the RV 2 (x) = [1.51241.7040 0.8212 0.2040
0.0416 0.0040 0.0004] whose square root represents the RV J(§) =
[10.70.10.02]. The example is chosen to show the performance of the Newton
method when the input variance is not so small. To investigate the influence of the
initial point on the convergence of the Newton method, one may consider two differ-
ent scenarios: 1) the initial point is deterministic and 2) the initial point is stochastic.
The first scenario takes for a starting point the mean value \/1.5124§ which produces
the result 72 (&) = [1.0230 0.6478 0.1504 — 0.0053 0.0059 0.0001 — 0.0003],
close to the correct solution but not the same. This happens because the initial point
is deterministic, not random. To overcome this issue, the initial point is chosen in an-
other way by preconditioning, i.e. by collocating the solution in a very small number
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of samples. In this way the mean value and the standard deviation of the initial point
become closer to the real solution (see Fig. 6.4 b)). With such initial point the Newton
method delivers the exact solution 52 = é up to the error defined by the convergence
tolerance. This can be observed in Fig. 6.4 a), where one clearly sees the deviation
of the root 51 from the correct result ég.

10° 10°
—— Newton
102 | 1021 ™ - - - - Halley
10" 10
5 5
L L
10° 10° |
10° | 10° }
-10 ) ) ) -10
10 2 4 6 8 10
Iteration Iteration
a) b)

Figure 6.5: a) The square root of Gaussian RV (u = 1,0 = 0.2) obtained by Halley’s
method for different initial points: NM1 starts with RV (u = 0.8, 0 = 0), NM2 with
RV (1,0), and NM3 with (1,0.1); b) Comparison of Newton and Halley’s method

Another way to compute the square root of PCV is to use the Halley’s method, the
Householder’s method of order two (see Fig. 6.5). The method consists of the se-
quence of iterations:

(k) 2f (XM f' ()
2[f(xW)]* — Fx®) f(x k)

where f is given in Eq. (6.37). After the Galerkin projection the final system of

(k+1) _

X X (6.42)
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equations has a form:

D = [x® 8 (R =] + 3¢ 8 (30 £ 9, (6.43)
where & = Y(*) & x(*). The method converges cubically (see Fig. 6.5 a)), and in-

volves more operations per iteration than the corresponding Newton method (see
Fig. 6.5 b)). However, the sensitivity on the initial point is similar.

n-th square root. Similar to the square root, one may compute the n-th square

root by solving the nonlinear system JZ(x) = Qun((x),(x),...,(x)) =
Q.—1(Q2((x), (X)), - -+, (x)) (see Eq. (6.36)) by the Newton method:
1
X(k+1) _ - <(n _ 1)X(k) + (X(k)g)n_1> ) (6.44)

Inverse square root. The inverse square root is described by a nonlinear func-

tion f(n) = 7%2 — = 0, whose linearised form is given by n*+1) =
0.5m*) (3 & (n(k))g), where £ represents the Newton iteration. Taking notation
kF) = (x#))2 and ¢*®) := ¢ . k(¥ and further projecting the linear system in a

Galerkin manner one obtains:

o (36 2 ¢k, (6.45)

Note that the method requires only the operations of multiplication and summation,
not the division. The initial point is chosen in a similar way as for the direct Newton
method. However, the method is not stable, and thus is even more sensitive on the
choice of the initial point compared to the direct procedure. If the initial value is not
close to the reciprocal square root, the iterations diverge from it rather than converge
to it. To overcome this issue, one may run one iteration of the direct method in order
to precompute the solution, i.e. to find the initial point.

Exponential function. The exponential function is one of the functions which often
appear in computational problems describing nonlinear behaviour of the structure. It
may be characterized in a variety of equivalent ways, of which the most known is the
power series method. Let us find the exponential of some RV £ with the mean € and
the fluctuating part &:

X =expé =exp (E+&) =explexpé (6.46)
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As exp £ is constant, one expands the fluctuating part according to:

exp§~ = 2 + Z ) (6.47)

i=1

where £" is the power function as previously described (see Eq. (6.36)). With the
help of the Galerkin projection one may compute exp £ in a finite number of terms
and then multiply it by exp&. However, the power series method is not the best
approximation for RVs with large input variance—the values can be far from the
mean. For such cases [56] proposes the integral method where the solution is found
via equation § = f1X t~'d t. Another possibility is to compute the value with the
help of the Newton approach, similarly to before.

: : 107 ‘ ‘
0 20 40 60 0 5 10 15

Number of terms Number of terms
a) b)

Figure 6.6: The convergence of the Taylor method for exp(0): a) with respect to the
number of terms b) with respect to the polynomial order

Example 6.3.6. The numerical properties of Taylor expansion applied on RV
exp(1 + o) are tested on the example of the Gaussian RV 6 = N (1,0), where o
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takes the value in the interval [0.1 2]. The analytic solution, evaluated according to
Eq. (6.16), is compared to the numerical solution in Fig. 6.6. The comparison shows
that the Taylor expansion with 20 terms and PCE operations in the space spanned by
the polynomials of order T are enough to get the error of ca. le-14 for o0 = 0.1 (see
Fig. 6.6a)), or similar for moderate deviations. However, by applying the same pro-
cedure to the RV with the large standard deviation o = 2, the error is not negligible
any more. This can be reduced with the increase of the polynomial order as shown
in Fig. 6.6b). For example, going from order 7 to order 15 the approximation error
reduces from le-2 to le-8.

Logarithm. This function is an isomorphism from the group of positive RVs under
multiplication to the group of random variables under addition, i.e. In(§1£2) = In&; +
In €. The function is inverse to the exponential, i.e. exp (In ) = £ and In (exp &) =
&, and hence admits similar properties of the Taylor expansion:

Iné =1n €O i(_l)nﬂw, (6.48)

) n
i=1

Here, é (0) denotes the first coefficient in the PCE approximation of &.

Table 6.8: The convergence of the logarithm of RV with the order of PCE

Order PCE

1 [0.9996 0.2027 0 0]

2 [1.0000 0.1999 0.0004 0]

3 [1.0000 0.2000 0.0000 0.0000]

Example 6.3.7. Ler [2.7732 0.5546 0.0555 0.0037 0.0002] be the PCE coefficients
of the random variable whose logarithm represents the Gaussian RV with the PCE
coefficients [1 0.2]. The accuracy of the numerical solution computed with the help
of the Taylor expansion with 20 terms is investigated in Table 6.8. The expansion is
evaluated via the Galerkin projection onto the Hermite basis of different polynomial
orders. According to the results in Table 6.8, the exact solution is already achieved
with the third order approximation. However, if one reduces the number of terms
in the Taylor expansion, the polynomial order has to grow in order to achieve the
same accuracy. This is valid only for moderate input variances. However, in case of
large input variances the method is not accurate enough and one has to use another
procedure, such as the Newton method.
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Sinus function. The sinus function of the random variable £ can be approximated
by the Taylor expansion:

) 7 e N £2n+1
sin (5)—;(71) BT IV (6.49)

where £27 1! denotes the power function of RV &.

Example 6.3.8. Let be given the Gaussian RV with the mean equal to 1 and the
standard deviation belonging to the interval [0.1 2]. To evaluate its sinus, the Taylor
expansion with 20 terms and the PCE of order 1 up to 14 are used, see Fig. 6.7. The
convergence error is computed with respect to the 15th order approximation, taken
as a reference solution. For more proper analysis, the reference is compared to the
solution obtained by the Monte Carlo simulation with 2 - 10 samples. The relative
error in the mean and variance for 0 = 0.8 are 4.2e-04 and 1.83e-04, respectively.

RRMSE

10}

-40 ) )
0 5 10 15
Number of terms

10

Figure 6.7: The convergence of the sinus function of the Gaussian RV

General nonlinear function. In general, nonlinear functions are approximated by
the Taylor expansion around the mean when the variance is small or has moderate
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values. In case of large input variances, one has to use some iterative technique, such
as the Newton-Raphson method as previously described.

6.4 Algebraic operations on vector and matrix
valued RVs

In the previous sections the algebra of RVs belonging to Lo (€2, R) was considered.
However, this can be generalised to a case when RVs belong to Lo (€2, RN ) or, more
generally, Lo(Q, RM>N) as shortly described in this section.

The dot product. Let us take the vector of RVs

rw) =Y rWH,(0w)), = eR", (6.50)
aced

represented by the Hermite transform JZ(r) = (r®) := (r) € R"*7. Similarly to
this, let us take the vector s € Lo (€2, R™). Then, the dot product between these two
vectors is the scalar-valued RV b € Ly (€2, R) given by the Hermite transform:

H(b) = (Z Qz((ﬁ%(%))) =:S1((r), (s)), (6.51)
i=1

where S; represents the linear combination of the bilinear forms Q2 ((7;), (s;)). In
a computational sense, one applies the projection such that b = S;((7), (8)). The
element-wise product may be defined similarly.

Matrix-vector product. The more general case is the product of the matrix-valued
random variables R(w) and the vector-valued random variables r(w) via the classical
dot product. Let be given the Hermite transforms of those variables as 7 (R) =
(R(¥)) := (R) € R™*"*7 and #(r) = (@) := (r) € R"*J, respectively.
Then, the matrix-vector dot product b(w) = R(w) - r(w) has the Hermite transform
H(b) = (b) € R™*7 with the elements (RVs):

H(b) = Z Qa((Rij), (r5)) | =:S2((R), (7)),

%

where the form So represents the linear combination of the bilinear forms
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Q2((R;j), (r;)) with the summation done over the second index (index 2 in nota-
tion of S). Notation S; is used for the summation over the first index, i.e. for the
product r - R, where 7 is the vector of the length m. The rest of operations such as
addition, summation, n-th power, etc. one may define with the help of the previous
two operations in a similar manner as in previous sections.

Matrix product. By generalizing the formula in Eq. (6.52) one may define the inner
product = € Ly(2, RM*L) of two matrix-valued RVs & € Lo(Q, RM*N) and
X € La(Q,RN*L) respectively :

AE) = Y Q@) ()| =8:(8,5). (652
J=1,..,N I
In the further text the notation = = Sg(é, f)) =: $,56 is used to denote the matrix

product due to simplicity reasons.

Hadamards pointwise product. The pointwise product = € Lo(Q, RM*N) of ¢
and X in Ly (2, RM*N) is given as:

H(Z) = (Q2((P1s), (X10)) 15 (6.53)

which after the projection gives = = [(Qz((qc)u), (ﬁ'IJ))) | =: P35,
1J

Double dot product. Another product to be defined is the double dot product in its
two variants: the first

N N
H(£) = ( Z ((P1s), (2]1))) » € Ly(LR) (6.54)
I=1J=1
after the projection denoted as: X
=Pt Y (6.55)

and the second

N N
(Z > Qa((@r)), (EU))> . €€ Ly(R) (6.56)
1

denoted as:
E=P1 - X (6.57)
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The product fulfills the same law of contraction as in the matrix algebra of the real
numbers. Namely, the order of the result is reduced to two in case of the double dot
product, and for one in case of the inner (dot) product.

Matrix Determinant. In linear algebra of random variables the scalar valued de-
terminant x := det = is a value associated with a square matrix valued RV = ¢
Lo(Q, RY*N) Tts value can be computed by the Leibniz or Laplace formula. How-
ever, if the matrix dimension NN is large these methods require many stages of com-
putation and are very inefficient. Thus, another type of approach has to be used.
Namely, for a given matrix-valued RV = one may try to compute its determinant
by factorizing the matrix as a product of matrices whose determinants can be more
easily calculated—the so-called decomposition approach. This idea comes from the
matrix algebra of the real numbers, where one may find the determinant of a positive
definite matrix A € RY*¥ by its LDU decomposition:

det(A) = det(L) det(D) det(U) = det(D), (6.58)

where U is the unit upper triangular, D the diagonal, and L the unit lower triangular
matrix with the same memory requirements as in a case of LU decomposition. Matrix
D is diagonal and hence the determinant of A reduces to the product of N diagonal

elements:
N

det(A) = [[ Dai, (6.59)
i=1

which is further easy to compute fast. Let us now suppose that LDU decomposition
Z = Y A® of a matrix-valued random variable = € Lo(Q, RV *Y) exists (i.e. that =
is positive definite), where again X is the unit lower, ¢ the unit upper and /A the diag-
onal matrix. After the Galerkin projection the matrix becomes = = > 5 A6 ¢ such
that the determinant represents a product of scalar valued RVs x = Qn (5\1, ce A N),
according to Eq. (6.59). Here, )\; are the projections of the diagonal elements of the
matrix valued RV A.

Matrix inverse. The inversion is the process of finding the matrix RV & :=
Le Ly(,RNV*N) that satisfies ¢ = T for a given invertible matrix RV
€ Lo(Q,RV*N) If the matrix-valued RV takes the values in R?*? or R3*3
one may compute the matrix of co-factors (adjugate matrix) and calculate the inverse
directly. However, such recursive method is not optimal for large matrices due to
reasons of computational cost. Instead, one usually solves N linear systems of equa-
tions Z¢; = e;, j = 1,..,N, where ®. ; =: ¢; is the unknown vector of RVs, and
e; the corresponding j-th unit element, i.e. the vector of zero random variables with
f on j-th position. The term &. ; represents the jth column of a matrix ¢. Here,

1] [
[
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one should not forget that each element of the column is given by the PCV. After the
Galerkin projection one obtains N linear systems of equations, which further may be
solved by Krylov subspace methods.

6.5 Conclusion

This chapter studies the functional approximation of random variables in a form of
polynomial chaos expansion, and develops the powerful algebraic tool for uncertainty
quantification of nonlinear materials. Even though elementary operations as defined
in Section 6.3.1 are not so frequently used in practice, their accurate representation
is of primary importance in choosing an approximation technique for the nonlinear
counterparts. Namely, after linearisation and Galerkin projection, the computation
of nonlinear operator is shown to be the simple evaluation of elementary operations
in a Galerkin manner. Such an approach is characterised by a high accuracy in low
order approximation for the functions with moderately fluctuating variables (i.e. the
variance is small or moderate) as arguments. However, if the argument variance
is high, the polynomial approximation can fail, especially in case when the Taylor
expansion is used.
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Chapter 7

Numerical implementation —
PLASTON

The central enemy of reliability is
complexity.

Geer et al.

PLASTON (PLAsticity-STOchastic aNalysis) is a general-purpose MATLAB li-
brary for the numerical simulation of elastoplastic behaviour described by uncertain
parameters. The library supports a wide range of tasks, from finite element calcula-
tions to numerical methods for solving stochastic partial differential equations. The
package contains procedures for simulation of linear and nonlinear problems in small
and large displacement regimes. The functions are written in open source code with
permission to be re-used and modified.

7.1 Overall design

The PLASTON library is a stochastic finite element program for the elastoplastic
analysis. The library is written in MATLAB (version 6.1 release 12.1) and represents
a tool for solving 2-D stochastic partial differential equations specified by uncertain
coefficients, boundary conditions, or the right hand side. The package numerically
solves the partial differential equations with the help of direct integration, stochastic
collocation, and Galerkin methods. In preprocessing step PLASTON is coupled with
FEAP [228] for higher accuracy in meshing. The input data are separated in three
txt files: input_coordinates, input_elements, and input_boundary. However, the com-
munication with external software is only in the preprocessing phase, the rest of the
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Figure 7.1: The PLASTON module structure

FEM program is done inside of the PLASTON library. There are several reasons for
this. First of all, the significant communication overhead is avoided, and second and
more important the FEM subroutines are redesigned to work with random variables.
Still, an possibility to connect PLASTON with the external software such as PAK
[237] exists.

The key features of the PLASTON code are four modules for the stochastic analysis:
ISGM, NISGM, DISFEM, and NPSFEM, see Fig. 7.1. The rest of the code con-
sists of the solver (SOL), the finite element program FEM, and the statistic toolbox
STAT.

FEM is the finite element program library for solving the elasto-plastic problems.
It consists of two modules: SFEM and LFEM, for small and large displace-
ment analysis, respectively. Each of these modules contains the functions de-
scribing shape functions, integration, the stiffness and mass matrices, internal
forces, elastic and plastic constitutive equations, the closest point projection al-
gorithm, corresponding linear and nonlinear solvers, etc. Most of linear solvers
that library offers are already built-in in MATLAB, while the nonlinear solvers
are developed additionally. One may choose between the Newton-Raphson,
the modified Newton-Raphson (with or without line search) and the BFGS
algorithms. The time discretisation is done by a backward Euler method. Ba-
sically, the FEM modules represent the efficient numerical implementation of
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Figure 7.2: The DISFEM and NPSFEM scheme of communication

models shortly reviewed in Chapter 2. The toolbox is fully vectorised as de-
scribed in Section 7.2.1.

DISFEM is the module for the direct integration of stochastic partial differential
equations. It integrates the solution over the probability space as described in
Section 5.3 with the help of the random or quasi-random sequences, or sparse
Smolayk grid delivered from the QUAD package. Once the type of integra-
tion is chosen, DISFEM imports the KLE of the base Gaussian random field
from RField and hands it in to QUAD, where the expansion is sampled and
nonlinearly transformed in a point-wise fashion. These samples are then for-
warded to FEM as a parametric input. After solving, the deterministic solution
(realisation) is transferred to STAT which computes the desired statistics.

NPSFEM is the module (see Section 3.3) that has similar structure to the DIS-
FEM. The only difference lies in the process of constructing input random
fields. Namely, the normalized non-Gaussian random field is built in RField,
and transformed to the heterogeneous non-Gaussian random field (TenField)
in a set of points obtained from QUAD. Once the samples are initialised, the
module calls the deterministic software FEM and calculates the desired statis-
tics in STAT.

ISGM is the module for the intrusive stochastic Galerkin method, as described in
Section 5.4.1. After spatial discretisation has been performed in FEM, the
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RField

PCE Tensor
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Figure 7.3: Schematic representation of intrusive Galerkin method

modul discretises the random fields in RField by applying the KLE followed
by PCE. The KLE part is built in RField which communicates with FEM mod-
ule. The evaluation of the PCE is done in the PCE Toolbox in an algebraic or
numerical way. The direct algebraic method requires the KLE of the Gaussian
base random field from RField, while the numerical integration calls the proce-
dures from QUAD. Furthermore, the random fields are compressed in a Tensor
Toolbox [116] with the help of the Tucker (or canonical) decomposition. This
toolbox provides an efficient way of computing tensor-matrix, tensor-vector,
and matrix-matrix products, see Section 7.2.1. Such prepared data are then
handed over to StoFEM which preforms stochastic analysis using the PCE al-
gebra (see Section 5.4.1) (PCE Toolbox). However, the connection with the
FEM is not completely abandoned. The ISGM computes the solution with the
help of iterative methods which require the knowledge on the preconditioners
(usually the mean model). These are possibly obtained from the FEM. In ad-
dition, the FEM vectorisation procedures are fully employed during the ISGM
run.

NISGM represents the modul for the non-intrusive integration of the stochastic
elastplastic problem. The module highly communicates with the FEM pack-
age, and offers two solution strategies: the stochastic Galerkin and collocation
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Figure 7.4: Schematic representation of stochastic Galerkin and collocation methods

approaches. In case of stochastic Galerkin, the FEM is used for the evaluation
of the residual realisations (QUAD), as well as for building preconditioners of
nonlinear solver. However, the process of solving stochastic system of equa-
tions is done outside of FEM in SOL sub-module. Interpolation is designed in
a similar way. Namely, one calculates the solution (FEM solve), computes the
PCE basis (PCE Toolbox) with the help of the quadrature (QUAD), and then
solves the linear system (SOL) of equations right before the delivery. Both
procedures are schematically represented in Fig. 7.4 where the Galerkin pro-
jection is denoted by the red full line and the interpolation by the blue dashed
line.

SOL consists of procedures for solving the linear or nonlinear system of equations
in both the deterministic and stochastic case. For the linear system there are
several possibilities such as the Gauss-Seidel method, GMRES with SSOR,
GMRES with ILU, CG, PCG method and so on. In case of nonlinearities the
Newton-Raphson, modified Newton-Raphson and BFGS are offered.
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STAT post-processes the solution. The method of computing the statistics depends
on the form of the data delivered to STAT. If the output is an ensemble of
samples, one computes the statistics in usual way. However, one may also
project the data onto the polynomial chaos basis, and then compress PCE via
the singular value decomposition for future saving. If the data are already in
PCE format the statistics are computed in a straightforward manner.

7.1.1 The PCE toolbox

The polynomial chaos algebra as described in Chapter 6 plays a very important role
in the algorithm structure of ISGM. The algebra is implemented in the PCE Toolbox
module in a form of METHODS, i.e. functions that operate on PCE and its index, and
OPERATIONS executing the mathematical operations on a given PCE, also called
polynomial chaos variable (PCV). The linear and nonlinear operations are of the gen-
eral type and may be applied on the PCV or the MPCV (matrix valued PCV). Each
mathematical operation has its own function which directly computes the resulting
PCV. For example, in case of division one may use dpcet, where the corresponding
system of equations is solved in the direct way, or using PCG iterations via dpcetpcg.
All functions that carry quad in the name are functions which numerically compute
the coefficients using some sampling rule from QUAD. Similarly, all functions which
end on mc are of the Monte Carlo type. A typical example is the function for com-
puting the square root of PCV. Its implementation is done in several forms such as
pesqrinew for the Newton method, pesqrthalley for Halley’s method, pesgriinv
for the inverse Newton, pcsqrtinvhalley for the inverse Halley’s method, and fi-
nally functions which compute roots numerically: sqrtmc and sqrtquad.

The second important part of the PCE Toolbox is the part which computes the co-
efficients of the PCE for some specified random field, or random variables in KLE.
The computation can be done in a purely algebraic way: get_pce or numerically
pce_numerical. Similarly, if one would like to project the ensemble of data on the
PCE basis then the functions mc2pce or quad2pce can be used. The group of func-
tions Set PCE evaluates efficiently the PCE basis in a finite number of points with the
help of the vectorisation techniques described in Section 7.2. Finally, the group of
functions INDEX operates with Hermite polynomials and corresponding indices.
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Figure 7.5: The polynomial chaos algebra toolbox

179



Chapter 7 Numerical implementation — PLASTON

7.2 Storage and vectorisation

In order to reduce the memory requierements, the fully dense tensors are stored in
sparse format. The sparsity increases with the polynomial order, see Table 7.1 on the
examples of the global stiffness matrix K and the stochastic tensor A. The PLAS-
TON library uses the so-called coordinate storage, i.e. the tensor A € RN1 XNz xNn
is uniquely stored as a vector a € RY and a matrix A € RP”*#_ In this manner the
memory requirement reduces to (R + 1)nnz(A) [18, 117]. Similarly, the computa-
tion cost drastically decreases. For example, the cost of the inner product of two ten-
sors reduces from O(nnz(A)nnz(B)) to O(P logP), where P = nnz(A) + nnz(B).
For tensor-vector multiplication the cost is O(nnz(A), and for tensor-tensor multi-
plication the cost depends on the mode. It can be high O(nnz(A)nnz(B)) or low
O(nnz(A)log nnz(A) + nnz(B) log nnz(B)).

Table 7.1: The number of elements and sparse density p of stochastic matrices with
the polynomial order. The deterministic matrix K has size 117649 and density p =
0.0720.

p I p K A

Num p Num p Num p
2 30 0.4 1176490 0.0354 1000  0.0820
360 0.5 2352980 0.0248 8000  0.0478
4 115 0571 4117715 0.0182 42875  0.0356
5 168  0.625 6588344 0.0139 175616 0.0272
6 252  0.6667 9882516 0.0110 592704 0.0229

Compressing the tensors in a Tucker format, the computational cost decreases ac-
cording to [18]. The Tucker tensor requires much less memory than the full tensor,
i.e. the storage of the core plus the storage of the matrices entering the sum vs. the
storage of the full tensor (the number of elements is equal to the product of the tensor
dimensions). In case of the tensor-matrix multiplication the cost is of the matrix-
matrix multiplication; for the tensor-vector multiplication the multiplication of the
matrix with vector and the core with the vector. Similarly, one may find the costs of
the tensor-tensor multiplication, leading to the considerable time savings [18].

In PLASTON those operations are implemented via the Tensor Toolbox package, see
[116].
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7.2 Storage and vectorisation

7.2.1 Vectorisation of the deterministic solver

Extending the idea of the paper [185] on quadrilateral elements, an effective vec-
torised finite element code is implemented in PLASTON. The algorithm substitutes
all element-wise arithmetic operations carried out element by element by the matrix-
wise vector operations. The efficiency improvement of such implementation may
be seen in Table 7.2. The table compares the computation times of the classical
algorithm with the newly improved (vectorised). Note that the assembling of the
stiffness and mass matrices are the most improved, while the element calculations
are not influenced so much. The reason for this is that the element calculations are
characterized by matrices and vectors of small size (deterministic case).

Table 7.2: Improvement in computation time with vectorisation

Term Vectorised [s] Classical [s] Size Factor
Mass assembling 0.15 36.66 2260 238.80
Stiffness assembling 0.80 293.19 2260 367.10
Element calculations 0.13 5.17 2260  40.48
Mass assembling 0.12 0.15 176 1.22
Stiffness assembling 0.05 0.20 176 3.97
Element calculations 0.11 0.22 176 1.94

The speed-up of the computation run of the deterministic code greatly influences
all PLASTON procedures, especially the non-intrusive methods such as the non-
intrusive Galerkin, the direct integration and collocation. In addition, the vectori-
sation contributes much more to the nonlinear than linear problems. Namely, by
vectorisation the time for the matrix assemble in each integration point and each it-
eration of the Newton method reduces from 290 to 0.8 seconds. This is achieved by
using only the matrix-vector products and avoiding point-wise multiplications. The
vectorisation is basically done such that all the variables are memorised in the tensor
format. The tensor dimensions are specified by the number of the components, in-
tegration points (in FEM), elements, and PCE coefficients. Such formed tensors are
then stored in sparse format such that the Tensor Toolbox [116] or special functions
in vectorisation toolbox can be used.
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Chapter 7 Numerical implementation — PLASTON

7.3 Algorithmic scheme

Fig. 7.6 shows the simple scheme of the PLASTON algorithm. The preprocessing
step reads the input data from the .tzt files and builds three data structures: geom,
rhs and elem. The first one stores the nodal information: the coordinates, the total
number of nodes, boundary conditions, the element integration rule, etc. The struc-
ture elem provides the information about elements and boundary conditions such as
the connectivity array, the total number of the elements, etc., while rhs describes the
loading conditions. During this phase the mass matrix is computed and the material
parameters are initialized in corresponding structures. They describe the input ran-
dom fields via the type of the distribution, the second order statistics and polynomial
order. As the material characteristics are in general of the non-Gaussian type, the
function base_randomfield() maps them back to the Gaussian base field and outputs
the corresponding characteristics in rfg. In addition, the function base_randomfield()
computes the KLE decomposition of both the Gaussian (7fg) and non-Gaussianl ran-
dom field (rfgl). After this, the KLE random variables are expanded to the PCE via
get_pce(), which outputs the coefficients of the combined KLE/PCE expansion. The
combined expansion does not correspond to the integration point level, but nodal.
Thus, the suitable transformation is performed. However, if the random fields are
positive definite (lognormal) the interpolation is not done directly. Instead, the fields
are mapped by a lognormal transformation from the cone to the vector space in which
the straightforward interpolation is possible. Finally, the preprocessing step ends by
computing the triple product of the Hermite polynomials triple_product(), which is
then stored in the memory for the later use. Note that depending on the type of the
analysis the preprocessing step may be slightly different than presented. Namely,
instead of get_pce one may have function set_pce which computes the realisation of
KLE or PCE necessary for the methods that use the stochastic integration rules.

After all the input data have been prepared, the function force() computes the right
hand side from the loading conditions memorized in rAs. This means that the time in-
tegration is performed and the loading step in time n evaluated. Once the loading and
the number of the steps are known, the iterative loop over n is activated. This is then
followed by the iterative loop over k& coming from the nonlinear solver. Before the
loop is started, all random fields and variables are initialised in function initialise,
which takes for the initial conditions the values from the previous converged time
step. The iterative method calls classical functions such as epl_matrix, build_tenstiff,
and apply_force which compute the tangent modulus, the factorisation of the stochas-
tic stiffness matrix, and the residual, respectively. The linear system of equations is
solved inside of solve_linsys, which further handles the solution to update_disp for
the configuration update (i.e. the displacement update). As schematic diagram in
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Figure 7.6: The schematic diagram of PLASTON

183



Chapter 7 Numerical implementation — PLASTON

Fig. 7.6 is made for the small displacement analysis, the elastoplastic state is eval-
uated by function smallprog, and the internal force by inter_force and apply_force.
Note that the presented ISGM scheme is similar to those in classical finite element
programs. The difference lies in the pre-processing and post-processing step and the
way of treating the variables (not deterministic any more).

7.4 Summary

This chapter briefly summarises the construction of the MATLAB library PLASTON
with the special focus on the description of the overall design, implementation of the
polynomial chaos algebra operations, and the code vectorisation. Some specific and
the most important parts of the code are already given in previous chapters, for exam-
ple the stochastic Newton method. In order to graphically describe the computational
process the schematic form of the main algorithm is also presented and shortly de-
scribed.
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Chapter 8

Numerical resulis

The numerical study will start with a relatively simple example describing material
properties in a form of random variables independent of spatial coordinates, i.e. the
homogenous case. Such an example is suitable for further numerical analysis because
the number of the stochastic degrees of freedom one has to deal with is relatively
small. Later on the author will progress to the more difficult case illustrating the
properties of the stochastic Galerkin method applied on a more realistic material
description in a form of random fields, as introduced in Section 8.2.

8.1 Random variable case

In order to do the proper numerical analysis of the stochastic Galerkin method a
simple test example in 2D conditions is chosen, see Fig. 8.1. The plate with a

L
I ! —
I —
1 D 4 U —_ Y |
I -
I ; [~
I . [
b x

Figure 8.1: Geometrical setup of the problem
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Chapter 8 Numerical results

hole (dimensions L. = 56[mm], b = 20[mm], d = 10[mm], and unit thickness)
in plane strain conditions is constrained at one edge and loaded by uniform tension
f = 2t[kN] at the opposite. The material is described by uncertain bulk K[GPa]
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10°

RMSE

Figure 8.2: The RMSE of the input approximation
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10

modulus, shear G[GPa] modulus and yield stress o,[GPal]; all three taken to be log-
normally distributed random variables according to the maximum entropy principle
(homogeneous case). In addition, the yield criterion is chosen to be of the von Mises
type with the linear isotropic hardening H;,, = 2.24[GPa] as a deterministic param-

eter. To be more specific, the random parameters are modelled as:

K
G

Oy

10+ 15 - exp(1 + 0164),
10 + 5 - exp(1 4 026-),
0.1+ 0.25 - exp(o303),

(8.1)

where {6;}?_, are the standard Gaussian RVs and {o;}?_, are the input standard
deviations. The modified lognormal distributions in Eq. (8.1) are the right choice
with respect to the positive-definitness of properties they model, however only if one

presumes that the variables have finite variance, see Section 3.3.
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8.1 Random variable case

To start numerical computations the random variables k € {K,G,0,} are effec-
tively approximated by polynomial chaos expansions (PCEs) whose coefficients are
obtained by simple projection x(®) = E(xH,(0(-)). The accuracy of this approxi-
mation strongly depends on the polynomial order, see Chapter 6. The proper choice
has to be made with respect to the input variance of &, i.e. of o; according to Eq. (8.1).
The dependence can be shown by computing the relative root mean square error:

€ = ||Ka — Kitll o axg) /1Kt Loxg) (8.2)

versus the polynomial order of x,, where x, and x, represent the PCE approximation
and the true (analytical) value of k, respectively. The plotted results in Fig. 8.2
discover that the RVs with large input variance, or coefficient of variation p, =
std(k)/E(x) - 100%, require higher polynomial order than the RVs with small p,
for the same accuracy. Due to this the following section studies three different test
scenarios: p, = 5%, p, = 10%, and p, = 20%, each of them representing a
higher level of difficulty. Notice that p, = 20% is not so often met in practice as
the uncertainties in engineering problems are not so strong. However, this case is of
great numerical importance, and thus will be considered further.

8.1.1 Reference solution

To compare the methods described in Chapter 5 the result of the Monte Carlo simu-
lation with NV = 10® samples is introduced as the reference solution. According to
the law of large numbers, this method displays 1/ VN convergence. In other words,
regardless of the number of the stochastic dimensions the MC method reduces the
error three times by increasing the number of samples nine times. This is apparent
in Fig. 8.3 where the root mean square error (RMSE) is plotted across the number of
samples. Note that both the stress and the plastic strain RMSE are slowly converging
with the number of samples. The same is valid for the mean value.

In addition to these, Table 8.1 plots the convergence in variance for the stress com-
ponents, and Table 8.2 for the strain components. Apparently very few samples
(=~ 10%) are not sufficient to accurately represent the solution as expected. However,
from these data one can see that the error in the strain is smaller than the error in
the stress. This happens as the coefficient of variation of strain p,(¢) is smaller than
the coefficient of variation of stress p, (o) (as will be shown later). Graphically the
convergence in variance is shown in Fig. 8.4, where the variance is plotted across the
number of the finite element node. By comparing plots on the left and right hand side
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Figure 8.3: The stress and plastic strain convergence obtained by MC. The test is
performed for p, = 5%.
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8.1 Random variable case

Table 8.1: Relative error in stress variance with the number of samples used in the
Monte Carlo integration. The results are given for the input uncertainty equal to
po = 5%.

No. samp. o Oyy Oy ov M

103 6.6e+01 2.9e+02 2.1e+01 1.6e+02
3-10? 1.4e+00 7.5e+00 1.7e-01 2.8e+00
1.2-105  2.9e-01 1.4e+00 1.3e-02 7.1e-01
54-10°5 52e-02 3.0e-01 58e-03 9.0e-02
8-10° 2.1e-02  5.0e-02  4.0e-03  4.1e-02
9-10° 3.0e-03  1.0e-02  4.0e-03  4.0e-02

Table 8.2: Relative error in strain variance with the number of samples used in the
Monte Carlo integration. The results are given for the input uncertainty equal to
po = 5%.

No. samp. Exx Eyy Exy Ep,xx Epyy Ep,zy

3-10* 1.3e-01 9.7e-01 5.9e-01 6.0e-02 6.0e-02  le-01
1.2-10°  7.0e-02 4.5e-01 2.9e-01 2.0e-03 2.0e-03 2.0e-03
54-10° 1.0e-02 8.0e-02 5.0e-02 1.9e-03 1.9e-03 6.0e-03

8-10° 3.0e-03 1.2e-02 8.0e-03 3.0e-03 3.0e-03 4.0e-03

9-10° 2.0e-03  1.0e-02 4.0e-03 5.0e-04 5.0e-04 1.3e-03

200 80 -
—Mc 10* —MC 8 10
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Figure 8.4: The MC solution compared to the reference solution
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Table 8.3: The uncertainty in the response p, in [%] obtained by the direct integration
in plastic (P) and elastic (E) points of domain.

State  py  Opx  Oyy Ozy  Eax Eyy Exy Epza Epyy  Epay

P 5 173 1.7 40 62 3.1 39 907 902 755
20 424 59 49 303 148 193 137.8 1325 123

P
E 5 1.0 06 29 49 3.1 3.6 - - -
E 20 49 25 20 236 146 170 - - -

of Fig. 8.4 one may notice that the variance converges to the reference solution with
the increase of the number of samples used in integration.

Finally, Table 8.3 provides the results of the uncertainty quantification in the structure
response represented by the appropriate coefficient of variation p,. The coefficients
are computed in two points in the domain, one with elastic (E) and one with plastic
(P) response. As one may notice, the plastic deformation has the largest uncertainty
ratio p, in both cases, i.e. it is the most sensitive on the uncertainties in the input
characteristics. If the input uncertainty increases (p, of material properties) the out-
put uncertainty will increase too, not only for the plastic deformation but also for
other quantities. In addition, the elastic response has a much smaller coefficient of
variation than the plastic one, as already expected.

8.1.2 Intrusive Galerkin method

The intrusive Galerkin method as described in Section 5.4.1 is a purely direct “de-
terministic” method and does not require sampling at any stage. Instead, the method
employs the polynomial chaos algebra (see Chapter 6) and delivers the surrogate so-
lution in a form of the polynomial chaos expansion. Due to this the input properties
are approximated in a form of the PCE of order p,, and the ansatz of the solution is
assumed to be the PCE of order p,. This further means that in each time step and
each iteration one has to solve the linear system of equations of size N x Z, where N
represents the number of the spatial degrees of freedom and Z the cardinality of the
solution PCE determined by the number of input RVs and polynomial order p,,. In
order to properly investigate the convergence of the method and sesnitivity of the sys-
tem, the input parameters are assumed to be random separatelly, i.e. each at the time.
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8.1 Random variable case

Only through this analysis one may investigate the sensitivity of the output on the
input uncertainty. Later on the study will be done for all three uncertain parameters
as a more realistic scenario.

Let us assume that the bulk modulus K is described by a lognormal distribution
as in Eq. (8.1). In order to investigate its influence on the system response two
values of p,(K) = {5%,20%} are observed, as previously described. According
to Fig. 8.2, the polynomial expansion of order px = 6 can be safely used for the
approximation of the bulk modulus with p, = 5%. On the other side, for the same
accuracy p, = 20% requires a higher polynomial order. However, the question
is which polynomial order p, is necessary to achieve the desired accuracy in the
stress-or strain-like variables. In order to answer this question, the root mean square
error is plotted versus the polynomial order px as well as p,,, see Table 8.4. The
“reference” solution is computed with the polynomial order p,, = 9. According to
Table 8.4 the relative RMSE decreases with the polynomial order and approaches the
error of circa 10~!! for the polynomial order 6. Interestingly, the error is already
small for a polynomial order px = p,, = 2 in both the stress and plastic strain
case. This could be explained by a very small input variance which can be accurately
approximated with only few polynomial terms. On the other side, the fact that p,, = 2
delivers satisfactory results shows that the uncertainty in the bulk modulus is not so
drastically influencing the uncertainty in the response, as will be discussed later in
the text. Note that the solution of order one is not computed as the input in this case
would be normally distributed and not positive-definite any more.

The uncertainty in the shear modulus G gives similar results to those obtained for
K. This is expected as the bulk and shear moduli are constructing the more general
random parameter—constitutive tensor A. Therefore, the table with the calculated
RMSE for uncertain G is not provided. Instead, the influence of the uncertainty in
oy on the system response is investigated. Namely, the yield stress (together with the
material hardening) can have huge impact on the system response since it defines the
starting point of the plastic flow. This is proven in Table 8.5, which discovers that
the same amount of uncertainty (p, = 5%) in o, and K produces different results.
Namely, for the same polynomial approximation o, delivers larger RMSE. To be
more specific, the error in stress does not change drastically compared to Table 8.4,
while the error in plastic strain grows. In this situation the polynomial order 2 cannot
be any more successfully used for the computation of the final solution. Instead, one
has to use the double polynomial order to get the same accuracy in the plastic strain
as for K. The reason can be found in the approximation of the convex set which
strongly depends on the yield condition and 0. As in this case both the von Mises
and the yield stress are uncertain, the state of the material point (whether is plastic or
elastic) is greatly influenced by the adopted probability level.
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Table 8.4: The response RMSE (see Eq. (8.2)) for uncertain K with p, = 5%. The
error is computed with respect to the solution obtained using polynomial order 9.
The input is approximated by order py and the response by p,,.

2 2  1.1e-05 1.8e-06 1.0e-05 7.0e-05 1.5e-05 1.3e-05
3 3 28e-07 3.9e-08 8.0e-07 7.6e-08 7.8e-08 7.9e-08
4 4 13e-09 22e-10 3.6e-09 2.0e-10 1.9e-10 1.6e-10
6 6 53e-11 85e-12 1.9e-11 9.7e-14 23e-13 8.2e-13

Table 8.5: The response RMSE (see Eq. (8.2)) for uncertain o, with p, = 5%. The
error is computed with respect to the solution obtained using polynomial order 9.
The input is approximated by order py, and the response by p,,.

Po, Pu Ozx Oyy Ogzy Ep,xx Ep,yy Ep,ay
2 2 2.9e-05 8.5e-06 23e-05 8.4e-04 1.3e-03 6.1e-02
3 3  1.1e-06 4.4e-07 1.5e-06 1.9e-05 6.3e-05 4.3e-03
4 4 5.1e-08 2.7e-08 1.1e-07 1.1e-07 3.4e-06 2.5e-05
6 6 1.9e-12 6.5e-11 8.6e-11 4.7e-12 1.1e-09 2.4e-09

Table 8.6: The response RMSE (see Eq. (8.2)) for all three uncertain parameters
with pe = 5%. The error is computed with respect to the solution obtained using
polynomial order 9. The input is approximated by order p,, and the response by p,,.

Prx Pu Ozx Tyy Oxy Epax Ep,yy Ep,xy
2 2 39e-05 92e-06 3.8e-05 1.7e-03 1.8e-03 6.9¢-02
4 4 13e07 4.2e-08 1.3e-07 1.0e-06 3.7e-06 4.4e-05
6 6 9.3e-10 3.9e-10 3.5e-10 4.5e-11 6.7e-10 2.1e-08
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8.1 Random variable case

Table 8.7: The root mean square error (see Eq. (8.2)) for uncertain K with p, =
20%. The error is computed with respect to the solution obtained using polynomial
order 9. The input is approximated by order pj, and the response by p.,.

2 2 1.6e-03 2.9e-04 3.4e-03 1.8e-02 1.7e-02 2.2e-02
3 3 19e-04 3.7e-05 7.8e-04 5.4e-03 6.1e-03 4.9e-03
4 4 7.1e-05 1.2e-05 1.2e-04 1.1e-03 6.0e-04 3.4e-03
6 6 9.8e-06 1.7e-06 6.5e-06 1.4e-06 3.7e-06 8.le-06

Table 8.8: The root mean square error (see Eq. (8.2)) for uncertain o, with p, =
20%. The error is computed with respect to the solution obtained using polynomial
order 9. The input is approximated by order p,, and the response by p.

Po,  DPu Ozx Oyy Oy Ep,xx Ep,yy Ep,xy
2 2 93e-02 2.6e-02 3.6e-02 4.6e-01 5.3e-01 9.6e-01
3 3 93e-02 2.6e-02 3.6e-02 4.6e-01 5.3e-01 9.5¢-01
4 4 93e-02 2.6e-02 3.6e-02 4.6e-01 5.3e-01 9.5¢-01
6 6 9.3e-02 2.6e-02 3.6e-02 4.6e-01 5.3e-01 9.5e-01

Table 8.9: The root mean square error (see Eq. (8.2)) for all three uncertain param-
eters with p, = 20%. The error is computed with respect to the solution obtained
using polynomial order 9. The input is approximated by order p,, and the response

by pu.

P Pu Oxx Oyy Ozy Ep,xx Ep,yy Ep,xy
2 2 83e-03 2.0e-03 7.8e-03 7.3e-02 8.0e-02 4.7e-01
4 4 4803 1.2e-03 1.4e-03 3.9e-02 3.4e-02 1.8e-01
6 6 4.7e-03 1.1e-03 1.1e-03 3.8e-02 3.4e-02 1.6e-01
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Surprisingly, the results for RMSE for all three uncertain parameters in Table 8.6
are very much similar to those in Table 8.5. The only difference is that the error
slightly grows in both stress-and strain-like variables due to the increase of the input
uncertainty. This further means that the final response is mostly influenced by o, for
the same level of uncertainty in all three parameters.

Even though the material properties in practice do not exceed the uncertainty per-
centage of 5%, the ratio p, = 20% is further considered due to its numerical impor-
tance. Namely, with the increase of the input ratio p, the convergence of the intru-
sive Galerkin method (ISGM) slows down in all three case studies, see Table 8.7 to
Table 8.9. For example, if p, of the bulk modulus increases four times, the corre-
sponding error increases by multiple two, see Table 8.7. The same applied on p,, of
oy (Table 8.8), or on p, of all three uncertain parameters (Table 8.9), results in even
bigger errors. The reason for this lies in the truncation errors of the PCEs approxi-
mations of the input properties and the ansatz. In other words, the truncation errors
grow with the increase of the input variance if the polynomial orders p,, and p,, do
not change. Furthermore, one may investigate the sensitivity of the method on the
input uncertainty. While the sixth polynomial order gives accuracy of circa 10~° in
the response for the uncertain K (see Table 8.7), the same or even higher polyno-
mial order produces much bigger error in the output for uncertain o, see Table 8.8.
Adding K and G as uncertain the algorithm becomes more stable, and thus the error
in Table 8.9 reduces. However, in order to get the accurate solution, one has to use
high polynomial order approximations.

The previous analysis reveals that not all uncertain parameters have the same type of
influence on the result. This is also apparent from Table 8.10 and Table 8.11 which
provide the variation coefficient p,, of the output data. Tables show the results for two
points in the domain: P in the plastic and E in the elastic area. Namely, Table 8.10
discovers that when the uncertainty in the input grows the response ratio p,, increases.
The largest value belongs to the first stress component o, and the smallest to the
shear stress. This is expected due to the properties of the external force. One may
notice that the ratio p, is much bigger for the plastic than elastic stress response
because the stress is strongly nonlinear in input parameters. However, the change in
the deformation ratio p,, is not so drastic. Fig. 8.5 depicts a clear trend of the variance
increase of the von Mises stress with the increase of the input uncertainty in both the
elastic and plastic zone.

What is interesting in the data presented in Table 8.11 is that the first and the sec-
ond stress component, as well as the plastic strain, are strongly influenced by the
uncertainty in o,,. On the other side, the shear modulus G propagates the most of the
uncertainty in the total strain €. A similar behaviour is shown in Fig. 8.6, where the
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8.1 Random variable case

Table 8.10: The uncertainty in the response obtained by the intrusive Galerkin ap-
proach for the plate with a hole under the extension and assuming the yield stress,
bulk and shear modulus as uncertain according to Eq. (8.1). The order of polynomi-
als used in calculation equals 6. The yield condition in the material point is computed
according to pyg criteria.

U Oz [%] Oyy [%] Ozy [%]  €xa [%] 5yy[%] Exy [%]

plastic
5% 23.17 1.80 4.19 6.13 295 3.81
10% 39.18 3.02 2.51 10.21 4.92 6.34
20% 142.34 9.62 9.98 30.34 14.65 18.65

elastic
5% 0.88 0.23 291 4.80 2.94 3.44
10% 1.46 0.38 0.05 7.98 4.89 5.72

20% 4.58 1.19 0.20 23.43 14.40 16.78
04 0.1
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Figure 8.5: Influence of the input uncertainty p, on the PDF of the von Mises stress
oy m: a) elastic zone b) plastic zone. All parameters are considered as uncertain.
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Table 8.11: Comparison of the uncertainty in the response obtained by the intrusive
Galerkin approach for the plate with the hole under the extension and assuming
vield stress, bulk and shear modulus separately or all as uncertain according to
Eq. (8.1). The order of polynomials used in the calculation equals 6 and the input
uncertainty equals 5%. The yield condition is computed according to py criteria in
each material point.

RV 0w 0y 0wy Cax Sy Exy  Epaa Epyy  Epay
P
all  23.17 180 419 6.13 295 3.81 12507 12526 229.63
K 323 027 290 252 133 017 9.1 1024 6.21
G 231 019 208 525 250 357 311 3.92 1.02
oy 2286 1.78 218 189 084 130 12475 125.08 226.89
E
all 088 023 291 480 294 344 - - -
K 071 0.18 236 153 094 0.02 - - -
G 051 013 1.69 455 278 343 - - -
12 0.25
—all
10 0.2 ---K
-G
8
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56 5
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5 0.05
9%.5 100 960 320 340
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Figure 8.6: Influence of the input uncertainty on the PDF of the von Mises stress
oy in: a) elastic zone b) plastic zone
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8.1 Random variable case

Table 8.12: The yield point: comparison of different decision criteria for one point
in the domain and input uncertainty 20%.

Rule o Oyy Oy

Direct psq 39.18 3.02 7.03
Direct p75 1722 3.89 6.26
Direct pgg 1223 025 6.56
Direct pgg 1223 025 6.56

Mean 39.18 3.02 7.033
Markov prs 17.22 389 6.26
Markov pgg 26.65 345 7.49
Markov pgg 39.18 3.02 7.03

Chebyshev p5y  26.65 345 7.49
Chebyshev py5  26.65 345 7.49
Chebyshev pgy  12.23  0.25  6.56
Chebyshev pgg  12.23  0.25  6.56

0.1 0.1
——Chebyshey|
---Markov
0.08 0.08 —— Direct
0.06 0.06
[T [V
a [a)
a o
0.04 0.04
0.02 0.02
860 280 300 320 340 360 860 280 300 320 340 360
o, c,
VM VM
a) b)

Figure 8.7: Influence of the decision criteria on the von Mises stress: a) the direct
integration approach b) the direct integration, Chebyshev and Markov criteria for
Dpoo. All parameters are considered as uncertain with p, = 10%
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Chapter 8 Numerical results

probability density function (PDF) of the von Mises stress oy j; is plotted versus in-
put parameters. In the elastic zone the bulk and shear modulus shape the PDF of the
von Mises stress oy-37, while o, does not have any influence. The variance of oy s
given o, exists only due to the truncation errors introduced by the algorithm. On the
other side, in the plastic zone, see Fig. 8.6 b), the yield stress o, has the largest effect
onovyy.
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Figure 8.8: The residual convergence for different values of input ratio p, and a) all
three random parameters b) uncertain bulk modulus

The previous analysis examined the impact of the input uncertainties on the system
response without taking into consideration the type of the variational inequality crite-
ria used to measure the distance between the von Mises stress and the elastic convex
domain. The study in one material point in the domain reveals that not all criteria
produce the same plastic zone, see Table 8.12. Namely, by increasing the probability
level from pso up to pgg the considered decision criteria reduce the plastic zone to
a certain area. This means that the adopted probability level directly influences the
output uncertainty p,. Additionally, p, is affected by decision making as different
criteria may not deliver the matching plastic zone for the same probability level. For
example, the Markov limit (pgg) and the mean criteria give the same result as the psg
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8.1 Random variable case

direct integration limit. However, they overestimate the response variance and give
a larger p, than the pgg direct integration result. In contrast to this, the Chebyshev
Dog criterion gives the same result as the direct integration. This is expected as the
Chebyshev criterion takes into account the variance during the decision making, not
only the mean as the Markov rule. Graphically this phenomenon is illustrated in
Fig. 8.7 where the PDF of oy ), is plotted against the decision rule.

0

10 , 10°
107\ 110
“, — Markov — Markov

102 Y - --Chebyshev ) - - - Chebyshey,
F | ——Direct = 107 ——Direct i
) =}
S \ 5
3 | 3
= 10°% | 1= 10%
o N o
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2 X 2

10 1Tt

107 1 10°

10°5 ‘1 10° -

10 10 10 10 10
Number of iterations Number of iterations
a) b)

Figure 8.9: The residual convergence as a function of the decision criteria with: a)
Pso level b) pog level

Previous results do not reveal much the properties of the intrusive stochastic New-
ton method. Therefore, in order to investigate the convergence of the method, the
Lo-norm of residual is plotted in Fig. 8.8. The polynomial order of input is taken
to be p, = 6, while the polynomial order of the solution is p,, = 9. Clearly, the
residual requires more iterations to converge with the increase of variance. On the
other side, the fast convergence is observed only when one of the parameters is un-
certain, e.g. K or G. However, in this case one may notice that the stochastic New-
ton method converges quadratically to the value of 10~* when the convergence rate
slightly changes. The reason for this lies in the frequent use of the Galerkin projec-
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Chapter 8 Numerical results

tions in PCE algebra, i.e. the existence of the local truncation errors. Such behaviour
will be explained further in the following sections. Note that the convergence of the
residual is also greatly affected by the decision criteria as shown in Fig. 8.9. For
example, the Markov criterion with the psg flow limit is diverging, while the mean
criterion (direct) and Chebyshev converge. For the flow limit equal to pgq the direct
integration and Chebyshev criteria converge fast, while the Markov criterion overes-
timates the state by predicting more plastic points than they really exist.

Comparison to the reference solution

The previous section demonstrated the properties of the intrusive Galerkin solution
by comparing it to the “best achieved” intrusive solution of relatively high polyno-
mial order. Even though this kind of analysis is proper, it is not sufficient to judge
the method. Therefore, the ISGM solutions are compared to the reference solution
described in Section 8.1.1.

The comparison of the ISGM algorithm to the direct integration technique is not
an easy process. Namely, these two methods are not estimating the same problem,
though on the first look it may seem so. The difference lies in the approximation
of the convex set, i.e. in the prediction of the plastic state in each integration point.
While the direct integration technique samples the variational inequality and esti-
mates the plastic zone point-wise, the intrusive method uses the surrogate model (see
Section 5.4.1) and predicts the plastic zone with respect to some probability level p,.
Hence, the following comparison has to be analysed carefully.

Table 8.13: The root mean square error of the intrusive Galerkin compared to the
MC method for 10° samples and all three uncertain parameters

Order o Oyy Oxy oV M

2 5.6e-01 0.4947 5.4e-01 5.0e-01
5.2e-01 5.0e-01 5.3e-01 5.1e-01
5.6e-01 5.0e-01 5.3e-01 5.0e-01
1.3e-02  6.6e-03 6.5¢-03 8.4e-03
1.3e-02  6.6e-03 6.5¢-03 8.4e-03

O N B~ W

In order to check the convergence of the ISGM algorithm Table 8.13 plots the root
mean square error between the two solutions for all three uncertain parameters with
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8.1 Random variable case

Table 8.14: The root mean square error of the intrusive Galerkin compared to the
MC method for 10® samples and all three uncertain parameters

Order Cax Eyy Eay Epax Epyy Epay

2 6.3e-01 5.4e-01 5.6e-01 6.2e+00 6.0e+00 1.5e+00
6.2e-01 5.4e-01 5.5e-01 2.7e+00 2.9e+00 1.5e+00
6.1e-01  5.3e-01 5.5e-01 1.0e+00 1.0e+00 1.0e+00
6.0e-03  6.0e-03 7.0e-03 4.1e-01 4.2e-02  9.9e-01
6.0e-03  6.0e-03 7.0e-03 4.1e-01 4.2e-02  9.9e-01

O N B~ W

po = 5%. The data clearly indicate that the polynomial orders higher than 4 have to
be used in order to get 10~2 accuracy in the stress components. However, the same
order is not enough to get the desired accuracy in the plastic strain components as
the error is only reduced to 40% as shown in Table 8.14. This behaviour could be
explained by the different sizes of the plasticity zones the two methods produce in
each iteration of the Newton method. The size of the plastic zone directly influences
the values of the plastic strain and thus the error. The drastic change in accuracy is
revealed in Table 8.15. Namely, one may see that the presence of the uncertainty in
material characteristics such as the bulk modulus is very well quantified by the poly-
nomial order 9. However, the uncertainty in the yield condition is more problematic
since o, produces larger errors than K for the same polynomial approximations.

Table 8.15: The root mean square error of the intrusive Galerkin (polynomial order
9) compared to the MC method for 10% samples and different number of uncertain
parameters

RV ovM Exx Eyy Exy Ep,ax Ep,yy Ep,xy

K 54e3 55e3 5.6e3 553 553 56e3 5.5e3
oy 68e3 63e3 533 7.le-3 4.1e-01 4.2e-01 9.9e-01
all  13e-2 6.0e-3 6.0e-3 7.1e-3 4.1e-02 4.2e-01 9.9e-01

Besides the root mean square error, two more results are at least significant: the mean
value and the variance. As indicated in Fig. 8.10 the mean value of components o,
and o, match well the reference mean, while the variance of o, is underestimated
due to presence of the local truncation errors. On the other side, the strain estimates

201



Chapter 8 Numerical results

100 15
—ISGM
5 50 ---MC 10°
o} = 10
S 0 o°
° s
S -50 3
S > 5 |
-100 —ISGM
---MC 10° l
0 50 100 150 200 0 50 100 150 200
Node number Node number
150 15
—ISGM . —1SaM
100 ---MC 10
© &0
2 50 s
S t
2 = s
0
-50 ot d
0 50 100 150 200 0 50 100 150 200
Node number Node number
0 0.02
—ISGM
.05 ---MC 10° 0.015
w* ' " 5
G B
c -1 © 0.01
3 S
-15 0.005
2 0
0 50 100 150 200 0 50 100 150 200
Node number Node number

Figure 8.10: The second order statistics (mean and variance) of the intrusive stochas-
tic Galerkin method (ISGM) and the Monte Carlo (MC) method. Comparison is done
for the input uncertainty of 5%
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Figure 8.11: Comparison of probability density functions of von Mises stress ob-
tained by intrusive stochastic Galerkin method (ISGM) and Monte Carlo (MC) for
points with plastic and elastic state
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Figure 8.12: The probability density function comparison of the plastic strain ob-
tained by the intrusive stochastic Galerkin method (ISGM) and Monte Carlo (MC)
for two different points with plastic state
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are coinciding. This can be seen in Fig. 8.11 and Fig. 8.12 where the PDF compar-
isons of the von Mises stress and the plastic strain in one FEM integration point are
presented. In contrast to stress, the plastic deformation is not accurately approxi-
mated in both the elastic and plastic cases. The PDF obtained by the MC solution
in the first plot of Fig. 8.12 is narrower and more skewed than the PDF computed

by the ISGM. This means that the order used in the ISGM is not yet high enough to
accurately approximate the reference PDF.

0

10 10°
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---MC 10° ---MC 10°
107 1073
© © \
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3 \ 3 L
=10 < 10%
(o] ‘l o |‘
g ' g '
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b \ z \
1 1
0% 4 10°% 1
1 1
1 1
1 1
1
-8 -8
10 1 1 L 10 1 L 1
5 10 15 20 10 15 20
Number of iterations Number of iterations

Q) pe=05%

b) po =20 %
Figure 8.13: The residual convergence of the intrusive stochastic Galerkin method
(ISGM) compared to Monte Carlo (MC) for different values of the input uncertainty
Po

Finally, the algorithm is tested with respect to the Ly-norm of the residual plotted in
Fig. 8.13 for both uncertainty ratios, p, = 5 and p, = 20%. While the reference
Newton method converges quadratically, this trend characterizes the ISGM only until
some point, i.e. the accuracy of 10~* for p, = 5% and 10~2 for p, = 20%. Then
the convergence rate changes and becomes slower as the higher order terms in the
ISGM residual do not disappear with the increase of the number of the iterations.
This happens due to the existence of the numerical truncation errors in polynomial
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8.1 Random variable case

chaos algebra (see Chapter 6), which cannot be reduced if the polynomial order is
not increased.

Table 8.16: The response root mean square error for all three uncertain parameters
with py = 5%. The error is computed with respect to the solution obtained using 10°
MC samples. The input is approximated by order py. and response by p,,.

PK Pu Oz Oyy Ogzy Exx Eyy Exy
2 2 05636 04949 0.5418 0.6313 0.5424 0.5631
mecemp 65 0.9651 0.9534 1.0232 1.0355 0.9481 0.9724
4 4 05616 0.5001 0.5331 0.6102 0.5312 0.5511
mccmp 150 0.5356 0.5316 0.5535 0.5564 0.5301 0.5375
6 6 0.0132 0.0066 0.0065 0.0060 0.0060 0.0070
mccmp 520 0.2530 0.2517 0.2526 0.2517 0.2509 0.2514

However, the previous analysis is not completely honest because the MC method
needs a much longer computation time than the ISGM method for the same values of
the input uncertainty. Namely, as one can see in Table 8.1, in order to achieve 1073
accuracy one has to run circa one million samples (runs of deterministic code). On
the other side, the ISGM method requires only one run. To do the proper comparison
one has to compare the ISGM solution to the MC solution for the same computation
time, as shown in Table 8.16. Here the time factors are not discussed because the
time analysis will be given later in Section 8.3. Namely, for one ISGM run of order 6
one may compute only 520 response samples with the MC method. In average both
methods give similar results, while the higher order moments of the ISGM solution
are closer to the reference. The MC solution obtained from 520 samples overesti-
mates the PCE coefficients for both the stress- and strain-like components. In this
manner, ISGM outperforms MC.

8.1.3 Non-intrusive Galerkin method

Besides the intrusive Galerkin method, the polynomial chaos expansion of the solu-
tion can be also found with the help of the non-intrusive Galerkin (NSGM) approach
as described in Section 5.4.2. This method avoids the employment of the polynomial
chaos algebra and accompanying numerical errors, and uses the numerical integra-
tion for the computation of the Galerkin projection. However, this brings another
type of the error into the story as further investigated. By comparing the relative
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Table 8.17: The streess root mean square error of the non-intrusive Galerkin com-
pared to the MC method for 10 samples and all three uncertain parameters

Py, # of points Opa Oyy Oy oV M
2 25 1.47e-02 6.2e-03 7.7¢e-03 6.3e-03
3 69 8.8¢-03 5.8e-03 6.1e-03 6.2¢-03
4 351 7.6e-03  5.6e-03 5.9e-03 6.1e-03

1233 6.6e-03  5.5e-03 5.7e-03 6.1e-03
7973 5.9e-03 5.5e-03 5.6e-03 6.2¢e-03

16535 5.8e-03  5.5e-03 5.6e-03 6.2e-03

Table 8.18: The strain root mean square error of the non-intrusive Galerkin com-
pared to the MC method for 10% samples and all three uncertain parameters

Pu  # points Exa Eyy Eay Ep,az Ep,yy Ep,zy
2 25 7.4e-03 6.2e-03 8.2e-03 4.4e-01 4.5e-01 5.9e-01
3 69 6.0e-03 5.7e-03 6.3e-03 2.3e-01 2.4e-01 5.1e-01
4 351 5.9e-03 5.6e-03 6.1e-03 1.8e-01 1.9e-01 4.3e-01

1233 5.6e-03  5.6e-03 5.8¢-03 1.1e-01 1.1e-01 2.6e-01
7973 5.5e-03  5.6e-03 5.6e-03 6.8e-02 7.0e-02 1.4e-01
16535  5.5e-03 5.5e-03 5.6e-03 6.2e-02 6.3e-02 1.2e-01

Table 8.19: The root mean square error of the non-intrusive Galerkin compared to
the MC method for 10° samples and different number of uncertain parameters. The
number of sample points is 681.

RV ovum Cax Syy Eay Epax Epyy Epay

K 5.0e-03 5.5e-03 5.6e-03 5.5e-03 5.7e-03 5.8e-03 5.6e-03
oy 4.7e-03 5.3e-03 5.0e-03 5.5e-03 1.9e01 2.0e-01 4.4e-01
all  7.6e-03 5.6e-03 6.1e-03 1.8e-01 1.8e-01 4.3e-01 4.2e-01
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Figure 8.15: Comparison of the probability density function of the von Mises stress
obtained by the intrusive stochastic Galerkin method (ISGM), the non-intrusive
stochastic Galerkin method (NSGM), and the Monte Carlo (MC) method in points
with plastic and elastic state
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Figure 8.16: Comparison of the probability density function of the plastic strain
obtained by the intrusive stochastic Galerkin method (ISGM), the non-intrusive
stochastic Galerkin method (NSGM), and the Monte Carlo (MC) method in two dif-
ferent points in the plastic zone
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Table 8.20: The uncertainty in the response obtained by the direct integration in
plastic (P) and elastic (E) points

State Po Ozz [%] Oyy [%] Ozy [%] Exx [%] Eyy[%] Exy [%]

P 5% 17.14 1.50 3.99 6.21 2.96 3.74
E 5% 0.87 0.24 0.04 4.80 2.94 3.43

root mean square error of the stress components in Table 8.17—computed with re-
spect to the reference MC solution— one may notice that the error decreases with
the increase in a polynomial order and the number of integration points, as expected.
Similarly, the data indicate that the polynomial order 4 provides better accuracy than
the polynomial order 9 for ISGM, see Table 8.13. However, one has to bear in mind
that this conclusion may change with the increase of the input variance.

Compared to the ISGM results (see Table 8.14), the NSGM error in the strain compo-
nents converges much faster and has better accuracy in both the total and the plastic
components if the number of the sample points is large enough, see Table 8.18 and
Fig. 8.14. The only component that still has error larger than 10% is the shear compo-
nent of the plastic strain. Namely, while the stress components almost immediately
have an error of circa 1% (see Table 8.17), the plastic strain still experiences prob-
lems. If the number of points increases the error drops to circa 6%, see Table 8.18.
This happens due to the presence of uncertainty in all three input parameters and
possible skewness of the plastic strain. On the other side, if the uncertainty of each
parameter is introduced into the algorithm separately, the error decreases as given in
Table 8.19.

The previously described behaviour can also be seen in Fig. 8.14, where the errors
are plotted against the number of samples. As one may notice in Fig. 8.14 ¢) and d)
the error does not drop as quickly for the input ratio p, = 20% as for p, = 5% (see
Fig. 8.14 a) and b)). Thus, one requires much more than 10* samples to accurately
represent the solution.

As a comparison to the ISGM the probability density functions of the von Mises
stress and the plastic strain are plotted in two randomly chosen points inside the
domain, one in plastic and one in elastic zone, see Fig. 8.15 and Fig. 8.16. While the
stress PDFs are similar in all three cases, the plastic strain response is much better for
the non-intrusive Galerkin method. The possible reason is that the truncation in PCE
algebra delivers a higher numerical error than the corresponding local integration.
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Finally, the estimation of the response uncertainty in plastic and elastic points of the
domain is illustrated in Table 8.20, and as one may notice it is comparable to those
in Table 8.3.

8.1.4 Stochastic collocation

With the help of the stochastic collocation approach as described in Section 5.4.2 one
may choose the appropriate sparse grid and collocate the solution in a set of sample
points, the number of which has a great influence on the solution accuracy.

Table 8.21: The RMSE error of the stress obtained by stochastic collocation

po 7 of points O Oyy Oy oV M
5 69 2.2e-02  6.5¢-03  7.9¢-03  9.9¢-03
165 8.0e-03 2.3e-03 2.6e-03 3.6e-03
351 3.2e-03 9.0e-04 1.1.e-03 1.4e-03
20 69 1.5e-01 5.3e-02 6.0e-02 1.1e-01
165 4.4e-02 1.4e-02 1.6e-02 1.8e-02
351 1.4e-02 4.0e-02 6.1e-03  5.9¢-03

Table 8.22: The RMSE error of the strain obtained by stochastic collocation

po  # of points Ep,zx Ep,yy Ep,ay
5 69 8.2e-01 8.2e-01 1.6e+00
165 2.5e-01 2.5e-01 3.0e-01
351 6.4e-02  6.6e-02  8.5e-02
20 69 2.1e+00 2.1e+00 2.2e+00
165 4.5e-01 4.7e+00 4.6e-01
351 1.5e-01 1.5e-01 1.9e-01

To analyse this method, Table 8.21 and Table 8.22 plot the convergence of the solu-
tion (stress and plastic strain) with the number of points for different values of the
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input uncertainty p,. The reference is computed using 1233 points. As one may no-
tice the error decreases with the increase of the number of points. In contrast to this,
the error grows with the increase of the input uncertainty, as already expected. The
larger the input variance is, the more difficult it is to accurately represent the higer
order moments of the solution. The root mean squared error as defined in Eq. (8.2)
is used as the corresponding error indicator.

However, the real comparison of the solution can be only done with respect to the
reference solution, see Section 8.1.1. As the projection is already compared with
the huge Monte Carlo run, here we choose to compare the collocated solution with
the non-intrusive Galerkin. The data in Table 8.23 represent the RMSE between the
collocation and projection approach for the quadrature rules with the same number
of points. As the error is of order 10~*® for 681 sample points one may conclude
that the collocation gives a pretty similar results as the projection by integration.

Table 8.23: The comparison of the stochastic collocation to the non-intrusive
Galerkin method for 5% and 20% of the input uncertainty

po  # points Ozx Oyy Oy Ep,ax Ep,yy Ep,xy

5 69 2.3e-02  5.6e-03 1.0e-02 4.5e-01 4.5e-01 6.0e-01
681 6.3e-15 6.3e-15 6.5e-15 4.5e-15 4.2e-15 2.9e-15
1233 4.1e-15 4.3e-15 4.5e-15 29e-15 2.9e-15 2.9e-15

20 69 1.6e-01  5.9e-02 9.5e-02 2.0e+00 2.0e+00 2.2e+00
681 5.9e-15 6.4e-15 6.1e-15 3.4e-15 3.2e-15 3.le-15
1233 4.2e-15 4.4e-15 4.4e-15 29e-15 3.0e-15  2.6e-15

8.2 Random field case

The main goal of previous sections was to show the advantages and disadvantages
of the numerical methods presented in Chapter 5. However, the material properties
modelled as scalar valued random variables are not proper for the practical utilisation.
Namely, the material characteristics are in essence heterogeneous and change their
values from one point in the domain to the next. Such behaviour, for example, can
be described with the help of the random field theory, which is the subject of this
section.
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8.2.1 Input random fields

Going one step further from the problem considered in Section 8.1 one may model
the material properties as positively distributed random fields:

Kz, w) = exp(p + ov(z,w)), (8.3)

i.e. the exponential transformation of the Gaussian random field ~y(z,w) with zero
mean, unit variance and covariance function:

cov., = exp (—|z — y|/l.) or cov., = exp (—|z — y|*>/12). (8.4)

Here [, := (l,,[,) represents the vector of the correlation lengths and x and y the
spatial coordinates.

Table 8.24: The relative error in the mean and the variance of the approximated
Gaussian random field with the number of terms used in KLE

Error 10 20 40 50 70 90
Mean 1.8e-03 6.6e-04 1.1e-04 4.6e-05 4.0e-06 1.8e-06
Var  3.6e-01 1.3e-01 23e-02 9.4e-03 8.le-04 3.7e-04

Following the discussion in Section 4.4 the field  is first approximated by the
Karhunen-Loeve and then by the polynomial chaos expansion both resulting in PCE
in FEM integration point. The PCE is described by M Gaussian random variables
and Hermite polynomials of order p:

K(2gp, 0) = Y K (2gp)Ha(0). (8.5)
acJ

The KLE of the lognormal random field can be computed directly using the transfor-
mation of the covariance function from cov,, to cov,. In such a case the correspond-
ing PCE can be evaluated by the direct integration. However, a much easier way is
to compute the KLE of the Gaussian random field and then to compute the final PCE
of the lognormal random field [231] via:

) = 2 T (V)™ 8.6)

- 1
Q. me—1
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Figure 8.18: The influence of the mesh refinement on the von Mises stress O y,. Ele-
ments are taken to be the eight-noded quadrilaterals.

Here \,, and ~,,(z) are the eigenvalues and the eigenfunctions of the KLE of the
Gaussian random field.

Following the previous discussion the approximation accuracy of the random field
with the mean value E(x) = 28000 and p, = std k/E(x) = 10% can be computed
as shown in Table 8.24. Here the relative mean and the variance errors are plotted
across the number of terms used in the KLE expansion. As one may notice, the
relative errors decrease with the increase of the number of KLE terms. A similar
behaviour can be seen in Fig. 8.17 where the total kept energy is illustrated. The plot
indicates that one has to take into account a large number of RVs in order to properly
model the material. This number depends on the values of the input variance and the
correlation lengths of considered RF. If the input variance increases or the correlation
lengths decrease, the number of the KLE terms (RVs) has to increase. Besides this,
the approximation accuracy strongly depends on the spatial discretisation of the RF,
see Fig. 8.18. Namely, one has to use a higher-order basis and more elements (finer
mesh) to achieve the desired accuracy I This, however, immediately influences the
efficiency of algorithms, as will be seen later.

IConnected to this, one may note that the field realisations are not symmetric for the deterministic re-
sponse. The reason lies in the absence of material symmetry.

214



8.2 Random field case

8.2.2 Plate with a circular hole

Let us consider the same numerical example, i.e. a plate with a circular hole, as in the
random variable case. The input parameters are taken with the following statistics:
the bulk modulus K (mean 4.6667e+04 MPa, standard deviation 10%), the shear
modulus (mean 28000 MPa, standard deviation 10%), the yield stress oy (mean 243
MPa, standard deviation 10%) and the hardening modulus (mean 2240 MPa, standard
deviation 0%). The total applied load is 3000¢[N]. In order to describe the input
parameters the different values of the correlation lengths for the yield stress, bulk
and shear moduli are adopted. For an accurate representation we took the KLE/PCE
with the maximal number of random variables 100 and the order of polynomial 3,
where the spatial discretisazion is done with the help of 700 quadrilateral eight-noded
elements, i.e. 2290 spatial degrees of freedom. With respect to such discretisation
the coupled system in Eq. (5.53) is considered as a system of large dimension, i.e.
404988790 of the total degrees of freedom. However, as the correlation lengths are
relatively large, the number of RVs in the KLE can be reduced to much less than 100.
Fig. 8.19 and Fig. 8.20 illustrates the approximation accuracy of the shear modulus
in the mean value and the standard deviation compared to the reference solution
obtained by 10° Monte Carlo samples.

In order to compare the non-intrusive and intrusive methods the simpler version of
the problem considers only the shear modulus to be uncertain on the relatively coarse
FEM-mesh (i.e. 176 spatial degrees of freedom—eight-noded elements). The modu-
lus is assumed to be lognormal RF with previously described statistics and correlation
lengths I = [20 20]. This allows us to use only 5 RVs and the polynomial order 3
for modelling 89.06% of the total energy of the field. However, if the correlation
lengths are taken as smaller one has to take more RVs into consideration to maintain
the desired accuracy. In Table 8.25 the stress and strain RFs obtained by the direct
Galerkin (ISGM), stochastic collocation (SCOL) and pure Monte Carlo methods are
compared for the same number M = 5 of RVs used in the KLE approximation and
the polynomial order p = 3. The number of samples used in the Monte Carlo in-
tegration is equal to 3 - 10°, while the number of the collocating points is 13073.
According to the plotted RMSE both methods (ISGM and SCOL) deliver approxi-
mately the same result, while the mean error is slightly better for the direct Galerkin
method than the collocation.

Another comparison between the direct Galerkin method and the reference solution
computed with 10° latin-hypercube samples is presented in Table 8.26. Interestingly,
the error is pretty similar for all the stress and strain components and amounts to
circa 5%. This means that RMSE quantifies the sampling error in the MC method
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Figure 8.19: Realisation of the input random field G (shear modulus)
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8.2 Random field case

and not the Galerkin solution. In other words, the Galerkin solution is more trustful.
This phenomenon already appeared in previous examples, see Section 8.1.

Table 8.25: Comparison of the intrusive (IM) and non-intrusive (NM) methods to the
MC solution with 3 - 10° samples

Error Oxx Oyy Eyy Epax Epyy Epay

IM rmse 1.5¢-02 1.4e-02 14e-02 15e02 1.5e-02 1.4e-02
mean 1.3e-04 3.2e-05 1.2e-04 5.9e-04 5.1e-04 5.0e-04

NM rmse 1.5e-02 1.4e-02 1.4e-02 2.1e-02 2.0e-02 2.0e-02
mean 6.9e-04 1.6e-04 3.6e-04 29e-03 2.5e-03 2.4e-03

Table 8.26: The RMSE error between the direct Galerkin (10RVs, polynomial order
3) and 10° latin hypercube samples

Error Oy Oyy Oxy Exx Epax Epyy Epay

rmse  5.2e-02 5.3e-02 5.3e-02 5.3e-02 53e-02 52e-03 5.2e-03
mean 1.3e-04 5.1e-05 3.0e-05 3.0e-05 5.6e-05 6.2e-05 4.0e-05

As the correlation lengths strongly influence the obtained results, the direct Galerkin
solution is compared to the collocation response by plotting the root mean square
error in Table 8.27. Clearly, as the correlation lengths reduce, the error becomes
larger. The reasons are fluctuations of the random field, which cannot be covered by
polynomial order p = 3 and [ = 13073 sampling points. This behaviour can also
be seen in Fig. 8.21 where the probability density function of the von Mises stress is
plotted with respect to the correlation lengths in a randomly chosen point inside the
plastic zone.

Now let the RF has a correlation length equal /. = 20 and let us compute the Galerkin
solutions with a different number of RVs as shown in Table 8.28. Clearly, the RMSE
decreases with the number of the input RVs.

However, the previous comparison is done with respect to the small number of RVs.

In order to give the more accurate error analysis, the RMSE results comparing the
collocation solution with the reference solution obtained by 10° latin-hypercube
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Table 8.27: The RMSE between the direct Galerkin and the reference solution as a

function of the correlation lengths

le Ozx Oyy Ozy Eyy Epzx Ep,yy
[20 20] 4.3e-03  9.9e-04 2.4e-03 1.9e-03 1.7¢-02 1.4e-02
[1010] 6.5e-03 1.5e-03 4.3e-03 2.5e-03 2.5e-02 2.2¢-02
[5 5] 4.7e-02 1.1e-02 4.1e-02 9.4e-03 1.8e+00 1.7e+00
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Figure 8.21: Influence of the correlation lengths on the von Mises stress

Table 8.28: The RMSE between the direct and the non-intrusive Galerkin methods

for M RVs and polynomial order 3

Error M o Oyy Oy Exx Eyy Exy
rmse 10 1.4e-03 5.4e-04 2.7e-04 5.4e-04 6.0e-04 2.3e-04
mean 10 3.1e-04 1.2e-04 6.2e-05 1.2e-04 1.3e-04 4.8e-05
var 10 1.2e-02 2.7e-02 3.9e-03 24e-03 3.3e-03 3.5¢-03
rmse S5 8.4e-04 3.4e-04 1.7e-04 3.3e-04 3.7e-04 1.4e-04
mean 5  2.6e-04 1.0e-04 5.1e-05 1.0e-04 1.1e-04 3.9e-05
var 5 1.1e-02 5.3e-02 3.5e-04 1.8e-04 2.3e-04 3.3e-04
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8.2 Random field case

Table 8.29: The RMSE between the collocation and the reference solution (MC 10°).
The number of used RVs is 100 and order 3

Error oy Exx Exy Epza Epyy Epay
mean 2.8e-04 5.9e-04 4. 2e 04 4.2e-04 3.8e-04 3.8e-04 3.6e-04
var  2.7e-02 7.1e-03 6.9e-03 69e-03 2.1e-02 2.1e-02 1.5e-02
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Figure 8.22: The residual convergence: intrusive (ISGM) and non-intrusive (NSGM)
Galekin method, LH- latin hypercube integration
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Figure 8.23: Mean and variance of von Mises stress and plastic strain

220



8.2 Random field case

Monte Carlo samples are provided in Table 8.29 for inputs approximated by 100
RVs. The number of terms in polynomial chaos expansion used to approximate the
solution is 176 851.

This error estimate is different from the one given in Table 8.26 as the number of the
KLE terms used in the MC integration is equal to 100 and the correlation lengths are
taken to be equal to [, = 5. This means that the collocation method is stable with the
increase of the number of RVs. However, the question is how big error one makes
by assuming only 5 RVs in the input approximation. With this respect the RMSE
between the PCE solution with 5 RVs and the one with 100 RVs is computed. For
example, the error in the first stress component is already around 80%. The reason is
that 5 random variables for [, = 5 keep less than 30% of the total energy, and thus
the solutions of those two problems are completely different.

Similar to the RV example, the comparison of the convergence of the residual in
Fig. 8.22 shows that the non-intrusive method has better convergence than the direct
variant.

a) Prob(cym < 150)  b) Prob(cym < 200) ¢) Prob(cym < 250)

Figure 8.24: Probability exceedance of the von Mises stress

The previous discussion has focused more on the method properties, however, for
the engineering practice are more important the statistics of the output response ( i.e.
the actual value of the mean and the variance of the response, etc. ). Due to this,
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Fig. 8.23 plots the mean and the variance of the von Mises stress, as well as the mean
and the variance of the plastic strain. As indicated and expected, both the mean and
the variance achieve their maximal values exactly in the plasticity zone around the
hole. Their uncertainty is given by a ratio of 20% for the von Mises stress, and of
60% for the plastic strain component.

However, the probability exceedance of maximal stress occurence can be even more
important information for engineers than the second order statistics. Namely, one is
the most interested in zones of materials where the maximal value of the von Mises
stress occurs. Via stochastic analysis one is able not only to give the mathematical
expectation where this happens, but also the probability of such an outcome. For
example, in Fig. 8.24 the regions in which the von Mises stress crosses 150, 200 or
250 [MPa] (possible yield stress) are plotted. This information immediately can help
engineers to decide whether a material in such conditions can be employed or not.

8.2.3 Cook’s membrane

The Cook’s membrane in a finite deformation is clamped on one end and excited
by a shear force F' = 2t¢[kN] in y-direction on the second as shown in Fig. 8.25.
The plate is discretised via the finite element method into 225 quadrilateral eight-
noded elements (regular mesh). The statistics of the input parameters are given as:
the bulk modulus (mean 164.2068 [GPa], standard deviation 10%), shear modulus
(mean 80.1940 [GPa], standard deviation 10%), yield stress (mean 0.2 [Gpa], stan-
dard deviation 10%) and the istotropic hardening (mean 0.129[GPa], standard devi-
ation 0).

For such defined input parameters the membrane deforms according to Fig. 8.26,
where the obvious difference between the response obtained by deterministic (red
line) and stochastic (blue line) simulations can be seen. This means that the presence
of the uncertainty has a great influence on the output response, and thus cannot be
neglected.

The uncertainty in response greatly alters with the variation of the input uncertainty.
For example, if one compares the direct Galerkin solutions for uncertain shear mod-
ulus (see Fig. 8.27) and all three parameters, one may notice that the second order
statistics are bigger in case of uncertain shear modulus G. This can be explained by
the number of RVs used in simulation. When all three fields are uncertain, each of
them is modelled only by 6 RVs. Otherwise, the uncertain shear modulus alone is
modelled with the help of 20 RVs. This shows that the approximation of the input has
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a) E(ep) b) std (g,)

¢) oy > 150 d) oy > 200 e) oy > 250

Figure 8.28: The plastic strain statistics and the probability exceedance of the von
Mises stress for 100 RV and order 3.
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Figure 8.29: The mean and the variance of the response plastic strain with the cor-
relation lengths. 1. is taken to be 10. The number of RVs is 100 and order p = 3.
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Figure 8.30: The mean and the variance of the response displacement with the cor-
relation lengths. 1. is taken to be 10. The number of RVs is 100 and order p = 3
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a great influence on the accuracy of the solution. Although the statistics in Fig. 8.27
are not really comparable, one may still make conclusion about the influence zone of
the uncertainty. Namely, the zone is much wider when the three mentioned param-
eters are random than only one of them—shear modulus. This is already indicated
in Fig. 8.28 a) and b) where the mean and the variance of the plastic strain are plot-
ted. As expected, the plastic zone concentrates in the specific region of the domain
exposed to compression. In a similar manner one may compute the probability ex-
ceedance statistics, see Fig. 8.28 c)—e), and distinguish the zones in which the stress
exceeds some already known value with probability one.

The previous study has been done for the constant values of the correlation lengths.
However, without measurements one cannot be sure how large they can be for the
specific input parameters. As the goal of the identification problem [191] is to find
their accurate levels, here one may only assume some values. According to the data
in Fig. 8.29 for smaller correlation lengths the plasticity zone spreads wider than
for large correlation lengths. This happens due to the existing fluctuations in the
field with smaller correlation lengths. A similar behaviour can be observed in the
displacement field in Fig. 8.30. If the correlation lengths are smaller the input fields
are varying more and the statistics of the output are bigger than for large correlation
lengths.

8.2.4 Reduced parametric approach

The random fields in previous simulation are taken to be lognormally distributed,
and the constitutive tensor isotropic in the mean. However, the constitutive tensor
can be modelled in another way with the help of the reduced parametric approach
(see Chapter 3).

Following the mathematical theory given in Chapter 3 the constitutive tensor A is
constructed with the help of the Gamma distribution and by assuming the isotropic

tensor
271.1322 110.7441 0

A= |110.7441 271.1322 0 (8.7)
0 0 80.1940

for the mean. Furthermore, /. = 20 is adopted for the correlation lengths of the corre-
sponding Gaussian random field v, whose kernel is the exponential covariance func-
tion. Similarly, the dispersion of the base non-Gaussian random field 7" is adopted to
be 7 = 0.1. Note that A is only isotropic in the mean and not in its fluctuation part,
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8.2 Random field case

as can be seen in Fig. 8.32 and Fig. 8.33. Namely, in each realisation the constitu-
tive tensor owns the components A;3,A53 etc. even though the isotropic model does
not.

40¢

Figure 8.31: The geometrical set up

The response statistics obtained for such a defined model are given in Figs. 8.34—
8.37. The results clearly show that the plastic zone is much wider compared to the
results of the lognormally distributed random fields given in the previous section.
Apparently the uncertainty in the stress components is not as high as it goes up to
circa p, = 5%. However, the uncertainty in the elastoplastic strain is much bigger
and similar to the one obtained by the direct parametric approach.

Another example is made by considering the test with the geometrical domain of the
hook shape constrained on the top (red area) and loaded by the concentrated force
(blue area) f = 130t in the arc area as shown in Fig. 8.31. The mean matrix is
modelled by Young modulus £ = 7 - 10 [MPa] and v = 0.25. The yield stress
is 243 [MPa] and isotropic hardening H;s, = 2000 [MPa]. All other parameters
are the same as in the previous example. As one may see in Figs. 8.38-8.41 the
stress concentration appears to be in the arc area where it is expected. The highest
uncertainty of circa 40% happens in the first stress component, while others have a
much lower ratio of the uncertainty.
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Figure 8.34: The mean values of the stress and plastic strain components
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Figure 8.35: The mean values of the stress and plastic strain components
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Figure 8.39: The mean values of the stress and plastic strain components
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8.3 Complexity and computation cost

In order to decide which method is best applicable in practice one has to provide
the proper analysis of the accuracy and the computation cost. As the accuracy is
already considered, here we try to provide the time and the memory requirements of
the PLASTON package for the various methods presented in this work.

As discussed in Chapter 5, the stochastic Galerkin and collocation method differ in
the way they are solving the final system of equations. The direct Galerkin solves the
coupled system of equations at once by the preconditioned Krylov subspace method,
while the stochastic collocation decouples the system into the finite number of small
deterministic systems. This number depends on the number and the type of the col-
location points being selected for the numerical integration.

The direct integration methods, as purely sampling based procedures, are working
in a similar manner. For comparison Table 8.30 collects the data representing the
number of the total stochastic degrees of freedom for each of the previously men-
tioned methods. They are constructed for 179 deterministic degrees of freedom and
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Table 8.30: The number of stochastic degrees of freedom

M p Z Lg Lns Lrp
3 3 20 25 19 27
5 56 165 93 243
5 3 56 61 51 125
5 252 781 401 3125
20 3 1771 841 801 8000
5 53130 120321 90601 3200000

the problem described in Section 8.1. Thus, the computation times are compared
for the uncertainties represented by RVs, not RFs. However, a similar conclusion
can be made for the more general case of random fields, as will be discussed later.
The first and the second column in Table 8.30 represent the number of the stochas-
tic degrees of freedom M (i.e. the number of RVs) and the polynomial order of the
Hermite basis, respectively. In the third column is listed the number Z of the PCE
terms used in the Galerkin projection, i.e. this number multiplied with the number
of the deterministic degrees of freedom N gives us the size of the coupled system
which needs to be solved in each iteration. Note that Z grows with the dimension M
and order p exponentially, see Chapter 6. Similarly, in columns Lg, Lyg, and L7p
are given the number of points used in the non-nested Smolayk, the nested Smolyak,
and full tensor product rule, respectively. This number corresponds to the number
of the decoupled deterministic systems of size N x N which the direct integration
and collocation methods have to solve in each iteration. Note that this number grows
much faster than the number of terms in PCE. This is especially the case for the full
tensor product rule, which delivers a huge amount of the integration points for al-
ready small number of stochastic dimensions. Due to this the full tensor grid is never
used in practice, but mostly the nested Smolayk rule which compared to the previ-
ous two delivers the smallest number of points. Note that the number of the Monte
Carlo samples in Table 8.30 is not listed as it is very well-known that more than 1
000 000 samples are necessary for the accuracy of le-3 according to the law of large
numbers.

Even though the ISGM has the smallest dimension according to Table 8.30, that does
not necessary mean that its computation time is also the shortest. The algorithms
based on the stochastic Galerkin have to solve a much bigger system of equations in
each iteration of the Newton-like methods compared to the other presented methods.
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Table 8.31: ISGM overall computation time with the order p: t, total time, ts, time
spent on solving the linear system of equations in [%], typcet time spent on the mul-
tiplication of the matrix-valued PCEs in [%], tit,, time spent on the sparse matrix
multiplications in [%], tqpcer time spent on the division of the matrix valued PCEs in
[%], tsqre time spent on finding the square root of matrix-valued RVs in [%0]

p tp [S] tsol [%] tppcet [%] Litm [%] tdpcet [%] tsqrt [%]
2 55.43 27.04 47.70 20.75 2.78 0.47
4 124.30 28.42 54.20 30.84 1.75 0.32
6 438.88 21.43 68.24 56.11 1.72 0.36
9  4905.443 10.70 84.94 86.30 2.12 0.45
10 10771.275 10.16 85.48 87.79 2.13 0.47

The solving time is around 30% of the overall computation time for small polynomial
orders (see Table 8.31).

Table 8.32: The number of PCE algebra operations with the increase of the polyno-
mial order. Nypeet is the number of products, Ny, the number of the sparse matrix
multiplications, Ngpcer the number of divisions, Nggr¢ the number of square root
operations

Order Nppcet [S] Nttm [%] Ndpcet [%] qurt [%]

2 18503 40191 486 130
4 20465 44465 626 141
6 20465 44465 626 141
9 20465 44465 626 141
10 20465 44465 626 141

Besides, the computation time strongly depends on the time neccessary to perform
the PCE algebra calculations. For example, the multiplication can take more than
80% of the overall time. This is due to the tensor multiplications (see time t:4,,,)
which are mostly used in the product procedure. In contrast to this, the division
and the square root are relatively fast as their number of calls is relatively small, see
Table 8.32. The number of the tensor-product calls is twice compared to the number
of the product calls. On the other side, the square root function is the least frequent
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Table 8.33: The number of PCE operations with the number of iterations

PC products PC divisions  Tensor Products  Iterations

3105 425 8615 5
4968 680 13784 8
6210 850 17230 10
9315 1275 25845 15
15525 2125 43075 25
22977 3145 63751 40

—prod

0 500 1000
N

4 6
Polynomial order

a) Number of elements b) Polynomial order

Figure 8.42: Computation time as a function of: a) number of elements b) polynomial
order
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Table 8.34: Overall computation time t,, and time spent on solving the system of
equations tso;: ISGM compared to the sparse Smolayk method (SMOL-non-nested,

NSMOL-nested)
ISGM SMOL NSMOL

V4 tp tsol L tp tsol L tp tsol
10 26091 558 | 25 34.63 19.8 19 2098 11.23
20 4402 1192 | 69 97.92 56.78 39 42.74 22.82
35 6996 2383 | 165 23536 13528 | 93 102.54 53.27
56 11779 41.81 | 351 499.86 262.14 | 165 203.23 86.60
84 22520 68.81 | 681 972.05 512.72 | 237 30093 122.66
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as it is called just once in each iteration. Similarly, the division is not often used and
the number of calls is circa 3 times smaller than the number of product calls.

Table 8.35: Overall computation time with the number of integration points. ISGM
- intrusive Galerkin, NPRO- integration by projection (sparse grid), NSOL- colloca-
tion by nested Smolyak

Order ISGM L NPRO NSOL

2 2691 19  20.00 20.98
39 40.02  40.35
93 9239 93.64
165 165.56 166.11

6 2691 237 249.03 300.93
381 369.81 449.20
513 507.44 566.34
703 71043 761.03

The overall time of the ISGM procedure strongly depends on the polynomial order
(see Table 8.32) and the number of the iterations of the nonlinear solver (see Ta-
ble 8.33), or, more precisely, on the number of points in which the stress lies outside
of the admissibility region and for which the closest point projection has to be per-
formed. Namely, the number of the polynomial operations grows with the increase
of the points in plastic state. It is interesting to note that the division as well as other
PCE operations are not so often called during the program run. After multiplication
the division is on the second place with only 425 divisions in 5 iterations. Of course
these numbers depend on the nature of the problem (as previously said) as well as on
the deterministic dimension (the number of nodes). In order to recognize the depen-
dence Fig. 8.42 a) and b) depicts the time neccessary to compute the product of two
PCEs of dimension N x Z with respect to N and Z. The PCE product is the most
frequently called operation, but also the cheapest one. For Z = 120 the PCE product
of 1000 x 120 requires 5.54s. This means that in circa 6 seconds one can multiply
two PCEs describing 1000 elements in one integration point. In contrast to this for
the same PCEs the division and the exponent take circa 50 times more. However, by
luck they are not as often called as multiplication. This may mutually compensate. In
contrast to the linear dependence on the deterministic dimension, the PCE operations
are exponentially dependent on the stochastic dimension, as shown in Fig. 8.42 b)
where the time necessary to multiply, divide, and exponentially transform the matrix
valued PCE is plotted. The multiplication is again the most efficient operation, while
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the division and the exponent are more expensive due to employment of the iterative
methods in their implementation.

Table 8.36: Overall computation time t,, and time spent on solving the system of equa-
tions tso1: ISGM compared to the stochastic collocation (SCOL) and non-intrusive
Galerkin (NSGM)

ISGM SCOL NSGM

Z tp tsol L tp tsol tp tsol

10 2691 5.58 19 20.00 11.06 | 283.61 11.25
20 44.02 1192 | 39 3993 21.64 | 319.39 127.89
35 6996 23.83 | 93 92.89 51.38 | 458.42 385.62
56  117.79 4181 | 165 17045 83.27 6233  510.76
84 22520 68.81 | 237 249.03 111.49 | 881.9 779.93

Another study of the computation time can be done regarding the decision criteria
used to estimate the yield point. As shown in Fig. 8.43 a) the Markov criterion
appears to be much slower than the direct integration or the mean criteria for the
same probability level.

The reason is that the Markov plasticity zone is over-estimated, and thus more itera-
tions are necessary to achieve the same accuracy. The dependence of the computation
time on the achieved accuracy is plotted in Fig. 8.43 b). As expected, the bigger the
input variance is, the more computation time is needed.

The ISGM method has similar computation time as the projection by nested Smolyak
grid, see Table 8.34. However, this comparison is done for a very small system in
both the deterministic and stochastic sense, and hence it cannot be generalised. With
the increase of the number of the stochastic dimensions the number of the integration
points in the stochastic collocation grows, as well as the system size in the ISGM.
Therefore, the computation time increases, as shown in Table 8.35. Similar conclu-
sion can be made for the stochastic collocation method, see Table 8.36. However,
compared to the non-intrusive Galerkin method, ISGM only wins in computation
time but not in accuracy. Due to numerical errors caused by integration, the non-
intrusive Galerkin requires more iterations for solving the linear system of equations
than ISGM, and hence it is slower. To overcome this problem one may increase the
number of the integration points on the cost of overall computation time.
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Table 8.37: Overall computation time in case of material properties modelled as ran-
dom fields: ISGM -intrusive Galerkin, SCOL-stochastic collocation and MC-Monte
Carlo

Random fields computation time
ISGM SCOL MC
~5bh =~ 15h ~ 53days

Finally, if the material properties are modelled as random fields the total computa-
tion time grows drastically. For example for the problem with 2290 spatial degrees
of freedom, 20 RVs and the polynomial order 3 the total computation time of the
stochastic Galerkin method is around 5 hours. Here one has to take into account the
time for solving the KLE problems for all three uncertain RFs, the time of comput-
ing the mathematical expectation of the triple Hermitian product, and the rest of the
FEM procedures. On the other side, for the collocation with circa 13000 points one
needs approximately 15 hours, while the Monte Carlo solution, if not implemented
in parallel, requires around 53 days for 10° samples.

8.4 Conclusion

In the previous chapter the group of methods proposed in Chapter 5 is tested on
a few numerical examples in plane strain conditions. Even though the considered
problems are not of the three-dimensional type, nothing drastically would change in
the latter case, only the number of degrees of freedom would grow. The presented
study was designed to determine the effect of the input uncertainty on the system
response by considering two groups of methods: those based on the Galerkin pro-
jection of the residual onto polynomial basis and those collocating the elastoplastic
solution on the sparse Smolayk grid. Both methods are contrasted to the reference so-
lution obtained by direct integration with the help of 105 Monte Carlo samples. More
particularly two variants of the stochastic Galerkin method are considered: intrusive
and non-intrusive procedures. Both use the KLE/PCE approximation of the input
random fields and the PCE ansatz for the response solution. The difference lies in
the numerical computation of the stochastic residual: in the first case the solution is
obtained using polynomial chaos algebra, while in second the numerical integration
is purchased.
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In order to investigate the influence of the individual uncertain parameters on the sys-
tem response, the simple example describing the homogenous material properties in
a form of scalar valued RVs is first considered. The analysis suggest that the intrusive
Galerkin method is able to deliver the solution with the desired accuracy only if the
polynomial order of the solution is high enough. Lower polynomial orders can be
used only when the uncertainty entering the system is not too high. However, even
in such cases the method is greatly sensitive on the presence of the uncertainty in the
yield stress. There are several possible explanations for this. In general the algorithm
overestimates or underestimates the plasticity zone due to the weak approximation of
the convex domain and the existence of the local numerical errors which accumulate
with time. Only high polynomial orders can help to overcome this problem. How-
ever, the present results are significant in at least two major respects: the intrusive
Galerkin method compared to the Monte Carlo solution gives more accurate results
for the same computational load, and the computation of the statistics is much eas-
ier than in the sampling case. In addition, the ISGM is robust with respect to the
stochastic dimension M. Namely, even if the random variables are substituted by
the corresponding random fields, the algorithm still behaves in a similar manner. Its
accuracy strongly depends on the polynomial order. However, compared to the ran-
dom variable example the computational time increases. It is interesting to note that
the stress and strain-like solutions are alike to those obtained by the MC solution,
while the approximation of the possible non-smooth elasto-plastic deformation can
be a problem. In contrast to stress and strain, the plastic deformation admits huge
variance, and hence cannot be approximated by small polynomial orders.

In contrast to ISGM, the non-intrusive Galerkin method is not so sensitive to the
presence of uncertainty in the yield stress. At the same time, the method is more ac-
curate at the expense of computational cost. To keep the desired accuracy the method
increases the number of integration points with the increase of stochastic dimension.
Therefore, the method may become impractical in high stochastic dimensions. Be-
sides, the integration error affects the accuracy of the global stiffness matrix, which
further leads to the slower convergence of the Newton-like iterations than in case of
ISGM. This can be overcome by increasing the number of integration points, which
on the other side influences the efficiency of the algorithm.

The intrusive and non-intrusive variant of Galerkin method can be generally con-
sidered as “intrusive” since both require a certain modification in the finite element
code. While the intrusive method is completely invasive, the non-intrusive requires
only slight changes in the code. In this aspect, the stochastic collocation method and
the direct integration techniques are completely non-intrusive with the only differ-
ence that the collocation approach converges faster. When the elastoplastic problem
is described by random variables, this approach is maybe the most efficient as the
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computational load is similar to the ISGM one, and the accuracy is better. However,
the stochastic collocation approach only wins in small dimensions. With the increase
of the stochastic dimension the number of the integration points grows, and hence
the computational cost. This could be a problem if the cost of one deterministic run
is high enough.

Note that the conclusions drawn here are made for results validated with the help of
the Monte Carlo solution for 10° samples, even though this number is possibly not
large enough to be yet considered as the reference solution. Namely, the results in
this study show that the stochastic Galerkin and the collocation method detect the
error in the sampling produced by MC for low-dimensional problems.

From the aspect of computational cost and accuracy it is difficult to say which method
is the best applicable in practice. This strongly depends on the number of stochastic
dimensions and the properties of the posed problem. On the other side, with respect
to the accessibility to the finite element code, the stochastic Galerkin methods are not
recommended as they can be used only in combination with open-source codes.
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Conclusion

The present work introduces the idea of parameters describing the irreversible non-
linear behaviour as the incompletely known quantities whose probability distribution
functions can be determined with the help of the maximum entropy principle and
available a priori information. By favour of such modelled constitutive and harden-
ing tensors the classical deterministic approach has been extended to the stochastic
resolution of the inelastic problem described by uncertain parameters or an uncertain
right-hand side. Furthermore, with the help of the convex analysis and the theory
of variational inequalities, the mathematical similarity between the deterministic ab-
stract variational formulation and its stochastic counterpart has been illustrated. In
this regard the thesis provides the complete description of the stochastic variational
structure behind the inelastic phenomena with the focus on the infinitesimal as well
as the finite deformation elastoplasticity. By exhibiting the structure of the stochas-
tic evolutionary equations in a convex setting, the mathematical description of an
abstract primal variational formulation is carried over to the computationally more
suitable mixed variational description for which the existence and uniqueness of the
solution have been shown. With the help of proper convexity assumptions the mixed
problem is transformed to the numerically more comfortable minimisation of the
smooth convex functional on the discrete tensor product space, whose unique miniser
is obtained via the well-posed closest point projection method. To this end, a descrip-
tion in the language of non-dissipative and dissipative operators has been presented
and the relation between the global mixed and the local dual problem clarified.

The time and space discretisation of obtained stochastic evolutionary equations is
performed in a usual manner with the help of the implicit Euler scheme and the fi-
nite element method, while the stochastic dependence is resolved with the help of
the functional approximation of random variables via white noise analysis (stochas-
tic Galerkin and collocation) or by representing random variables in a more classical
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way by sampling (direct integration techniques). The former type of discretisation,
i.e. the idea of random variables as functions in an infinite dimensional space ap-
proximated by elements of finite dimensional spaces, is used to develop a completely
novel procedure— the stochastic closest point projection algorithm. The proposed
algorithm computes the functionals of the solution (given in some form of mathe-
matical expectation) in a purely algebraic manner if certain assumptions regarding
the smoothness of the integrand are made. Particularly, this thesis provides an ex-
tension of stochastic finite element methods and related numerical procedures in the
Galerkin context from the linear to the nonlinear case. These methods can be under-
stood in a sense of model reduction techniques due to the applied Karhunen-Loeve
and polynomial chaos expansions, the truncation error of which is minimised by
Galerkin projection. To this end, the coupled nonlinear system of equations is solved
via stochastic Newton-like methods. In each iteration of these methods the correction
of the solution is computed with the help of polynomial chaos algebra operations and
the preconditioned Krylov sub-space methods used to solve the corresponding cou-
pled linear system of equations. The present study separates two ways of computing
the residual in a Galerkin manner: fully intrusive or non-intrusive variant. The for-
mer method represents the direct, purely algebraic way of computing the response
in each iteration of Newton-like methods, while the latter evaluates the residuum in
each iteration via high-dimensional integration rules based on random or determinis-
tic sampling, e.g. Monte Carlo and related techniques. Besides the Galerkin method,
the thesis provides another version of a functional approximation approach, already
known as a stochastic collocation.

This research also aimed to identify the pros and cons of various computational al-
gorithms described in this work. Even though the detailed comparison is provided,
it is still difficult to clarify which method is the most suitable to use. The intrusive
Galerkin method would be the proper choice if the main requirement is the computa-
tional efficiency. However, the method achieves accuracy in the plastic strain solution
only when the polynomial order is sufficiently high. Also, the method cannot be con-
sidered efficient in case when the problem dimension is too high. When efficiency is
not the primary condition, but accuracy, the direct integration techniques by Monte
Carlo are considered as a suitable choice. However, if the integrand has large vari-
ance the Monte Carlo method may show not so good convergence. On the other side,
the stochastic collocation method and the non-intrusive Galerkin may be well suited
when the ISGM procedure cannot be applied. Finally, one may say that the choice
depends on the particular problem and the number of the stochastic dimensions.
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9.1 Outlook

The direct stochastic Galerkin method seems to be a promising way of computing the
response statistics of the solution. However, the method is fully intrusive and requires
the complete modification of the finite element codes. In addition, the convergence
of the method is greatly influenced by local errors in Galerkin projections used in
polynomial chaos algebra. This means that the higher order polynomial basis has
to be used in order to accurately represent the solution. However, such requirement
is difficult to fulfill as the number of terms of polynomial chaos expansion grows
rapidly with the polynomial order, and thus the efficiency of the algorithm is affected.
In order to prevent this the adaptive discretisation of the supported space can help to
reduce the curse of dimensionality. Thus, the next step in any following analysis is to
construct the numerical algorithm in an adaptive fashion similarly to [27, 119, 174,
173].

An assumption of the probability distributions for model uncertainties is not suffi-
cient in order to realistically represent the practical problems. Instead, one has to
quantify the uncertainty in the input with the help of the provided measurement data.
In order to improve the description of the material one may apply the identification
techniques in a probabilistic manner [180, 192, 191] onto the problem considered
in this paper. Some of these issues have already been addressed in [191]. Besides,
further reduction of the number of material parameters describing the problem can
be considered. In this respect one may use the existing theory of non-Gaussian sym-
metric tensor-valued random fields [221, 222] in order to model the fully anisotropic
constitutive tensor.

Another interesting view on the problems presented in this thesis would be to consid-
erate the nonlinear elastic response in combination with the linear or nonlinear mixed
hardening plasticity. In a deterministic sense some of those models are already con-
sidered in [189] where the elastic energy is assumed to be of the hyperelastic type.
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The focus of this study is set on the rate-independent evolutionary pro-
blem with general hardening whose material characteristics are assumed to
be uncertain. In this regard, within the framework of infinitesimal and large
displacement elastoplasticity theory, a class of abstract stochastic variational
inequalities of the second kind is considered, both theoretically and numeri-
cally. By exhibiting the structure of the stochastic evolutionary equations in a
convex setting, the mathematical description of an abstract primal variational
formulation is carried over to the computationally more suitable mixed va-
riational description for which the existence and uniqueness of the solution
is studied. Time discretised as usual with backward Euler, the inequality is
reduced to a minimisation problem for a convex functional on discrete ten-
sor product subspaces whose unique minimiser is obtained via a stochastic
closest point projection algorithm based on “white noise analysis”.
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