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Everything changes and nothing stands still.

Heraclitus






A todas aquellas personas que me han apoyado y

aguantado durante esta aventura. Gracias.






Resumen

Las ecuaciones diferenciales son herramientas fundamentales para modelizar y
analizar sistemas dindmicos en Ingenieria. Las ecuaciones diferenciales permiten a
los ingenieros describir c6mo cambian en el tiempo y/o en el espacio las magnitudes
fisicas como, por ejemplo, la posicién de un sistema vibratorio (como puede
ser un muelle), la deflexiéon de un estructura mecénica (como puede ser una
viga), etc. Por otra parte, muchos sistemas del mundo real estan afectados por
incertidumbres. Por ejemplo, los errores de medicién, la comprensién incompleta
de fenémenos fisicos complejos, el ruido termal en los circuitos electrénicos o las
variaciones en las propiedades de los materiales debido a su heterogeneidad son
factores que involucran cierto nivel de aleatoriedad que debe tenerse en cuenta
en la modelizacién. Esta modelizacién suele realizarse en muchos casos mediante
ecuaciones diferenciales que, por tanto, contienen en su formulacién magnitudes
con incertidumbre, dando lugar a ecuaciones diferenciales aleatorias/estocédsticas.
Proporcionar métodos rigurosos para estudiar dichas ecuaciones es fundamental

para desarrollar soluciones robustas y fiables de problemas de Ingenieria.

Esta tesis presenta un andlisis probabilistico de tres clases de problemas de Inge-
nieria Mecénica, como son los sistemas vibratorios (osciladores), las estructuras
mecanicas (deflexién de vigas) y un problema mecdnico modelado por una ecua-
cién diferencial fraccionaria aleatoria. A lo largo del trabajo se han aplicado
diferentes técnicas probabilisticas para lograr una comprensién mas profunda del
comportamiento de estos sistemas bajo excitaciones aleatorias. Ademas, en esta
tesis nos hemos centrado en construir aproximaciones, no sélo de los momentos
estadisticos principales (media, varianza, etc.), sino también la funcién de densidad
de probabilidad de la respuesta (solucién) de los distintos modelos estudiados.
Proporcionar una descripcion probabilistica completa de este tipo de modelos
mecanicos es un tema que ha atraido un notable interés tanto de matematicos

como de ingenieros durante las ultimas décadas.

En primer lugar, se estudian dos osciladores aleatorios no lineales en los que el
término de restauracién depende de la posicion, en el primer caso, y de la posicién
y la velocidad, en el segundo. El término no lineal estd afectado por un pequeno
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parametro de perturbacion. Como en ambos casos no podemos obtener la solucién
explicitamente, utilizaremos el método de perturbacién estocédstica para construir
aproximaciones de la solucién estocastica y sus primeros momentos estadisticos.
Esto, en combinacion con el principio de maxima entropia, nos permitird obtener
aproximaciones de la funciéon de densidad de probabilidad estacionaria de la
solucion. En segundo lugar, se aborda el estudio de dos modelos estaticos aleatorios
que describen la deflexiéon de una viga en voladizo. Se distinguen dos escenarios
con respecto al tipo de procesos estocdsticos que modelan la distribucién de la
carga que soporta la viga, y suponiendo que algunos parametros del modelo,
como el médulo de Young o el pardmetro de rigidez flexural, pueden ser aleatorios.
Adaptamos convenientemente distintas técnicas estocasticas para calcular de forma
exacta o aproximada la funcién de densidad de probabilidad de la deflexién de la

viga en voladizo en cada uno de los dos modelos antes mencionados.

Por 1ltimo, se revisita un modelo sencillo propuesto recientemente para estudiar
una clase de osciladores aleatorios formulados mediante la derivada fraccionaria de
Caputo. Concretamente se construyen aproximaciones de la funcién de densidad de
probabilidad de la respuesta estocastica aprovechando el método de transformacién
de variables aleatorias adaptado a procesos estocasticos. En este estudio se dan
condiciones suficientes sobre los pardmetros (que son variables aleatorias) del
modelo para garantizar la convergencia de estas aproximaciones. Los resultados
de este estudio pueden ser de utilidad para acometer en el futuro el estudio de
osciladores aleatorios més complejos formulados mediante ecuaciones diferenciales

fraccionarias.



Resum

Les equacions diferencials sén ferramentes fonamentals per a modelitzar i analitzar
sistemes dinamics en Enginyeria. Les equacions diferencials permeten als enginyers
descriure com canvien en el temps i/o l'espai les magnituds fisiques com, per
exemple, la posicié d’'un sistema vibratori (com pot ser un moll), la deflexi6 d’una
estructura mecanica (com pot ser una viga), etc. Per altra banda, molts sistemes
del mén real estan afectats per incerteses. Per exemple, els errors de mesurament,
la comprensié incompleta de fenomens fisics complexos, el soroll termal en els
circuits electronics i les variacions en les propietats dels materials a causa de la
seua heterogeneitat sén factors que involucren cert nivell d’aleatorietat que ha
de tindre’s en compte en la modelitzacié. Esta modelitzacié sol realitzar-se en
molts casos mitjangant equacions diferencials que, per tant, contindra en la seua
formulaci6 incertesa, donant lloc a equacions diferencials aleatories/estocastiques.
Proporcionar métodes rigorosos per a estudiar estes equacions és fonamental per a
desenvolupar solucions robustes i fiables de problemes d’Enginyeria.

Esta tesi presenta una analisi probabilistica de tres classes de problemes d’Enginye-
ria Mecanica, com sén els sistemes vibratoris (oscilladors), les estructures mecani-
ques (deflexié de bigues) i un problema mecanic modelat per una equacié diferencial
fraccionaria aleatoria. Al llarg del nostre treball, hem aplicat diferents técniques
matematiques per a aconseguir una comprensié més profunda del comportament
d’estos sistemes sota excitacions aleatories. A més a més, en esta tesi ens hem
centrat en construir aproximacions, no sols dels moments estadistics principals
(mitjana, variancia, etc.), siné també la funcié de densitat de probabilitat de la
resposta (solucié) dels diferents models estudiats. Proporcionar una descripcié
probabilistica completa d’esta mena de models mecanics és un tema que ha atret
I'interés tant de matematics com d’enginyers durant les tltimes decades.

En primer lloc, estudiem dos oscilladors aleatoris no lineals en els quals el terme
de restauracié depén de la posicié, en el primer cas, i de la posicié i la velocitat, en
el segon. El terme no lineal esta afectat per un xicotet parametre de pertorbacio.
Com en tots dos casos no podem obtindre la solucié explicitament, utilitzarem

el metode de pertorbacié estocastica per a construir aproximacions de la solucié
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estocastica i els seus primers moments estadistics. Aixo, en combinacié amb el
principi de maxima entropia, ens permetra obtindre aproximacions fiables de la
funci6 de densitat de probabilitat estacionaria de la solucié. En segon lloc, s’aborda
I’estudi de dos models estatics aleatoris que descriuen la deflexié d’una biga en
volada. Distingim dos escenaris diferents respecte al tipus de processos estocastics
que modelen la distribucié de la carrega que suporta la biga i suposant aleatorietat
per a alguns parametres del model, com el modul de Young o el parametre de
rigidesa flexural. Adaptem convenientment diferents técniques estocastiques per a
calcular de manera exacta o aproximada la funcié de densitat de probabilitat de

la deflexié de la biga en volada en cadascun dels dos models abans esmentats.

Finalment, es revisita un model senzill proposat recentment per a estudiar una
classe d’oscilladors aleatoris formulats mitjancant la derivada fraccionaria de
Caputo. Concretament, es construixen aproximacions de la funcié de densitat
de probabilitat de la resposta estocastica aprofitant el métode de transformacid
de variables aleatories adaptat a processos estocastics. En este estudi es donen
condicions suficients sobre els parametres (que sén variables aleatories) del model
per a garantir la convergencia d’estes aproximacions. Els resultats d’este estudi
poden ser d’utilitat per emprendre en el futur 'estudi d’oscilladors aleatoris més

complexos formulats mitjangant equacions diferencials fraccionaries.
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Abstract

Differential equations in Engineering are fundamental tools for modelling and
analysing dynamical systems. Differential equations allow engineers to describe
how physical quantities change over time and/or space, such as vibratory systems,
mechanical structures, etc. However, many real-world systems are influenced by
uncertainties. For instance, measurement errors, incomplete understanding of
complex physical phenomena, random fluctuations like electronic circuit noise, and
unpredictable material properties variations are aleatoric factors. Understanding
both deterministic and random/stochastic differential equations is, therefore, vital

for developing robust and reliable engineering solutions in a random world.

This thesis presents a comprehensive probabilistic analysis of three mechanical
engineering problems: vibratory systems (oscillators), mechanical structures (de-
flection of beams), and a foundational mechanical problem modelled by a random
fractional differential equation. Throughout our work, we have applied different
mathematical techniques to better understand these system’s behavior under ran-
dom excitations. A significant focus has been on accurately approximating not
only the main statistical moments but also the probability density function of the
model’s response (solution) of the models studied throughout this dissertation.
Providing a complete probabilistic description of such types of mechanical models
is a topic that has attracted the interest of mathematicians and engineers during
the last decades.

In the first place, we will study two nonlinear random oscillators where the
restoring term depends on the position, in the first case, and on the position and
velocity, in the second one. The nonlinear term is affected by a small perturbative
parameter. As in both cases, we cannot obtain the solution explicitly, we will use
the stochastic perturbation method to construct approximations of the stochastic
solution and its first statistical moments. This, in combination with the principle of
maximum entropy, will result in obtaining reliable approximations of the stationary
probability density function of the response. Second, we will study two models
describing the deflection of a random static cantilever beam. We distinguish two
different scenarios with respect to the type of stochastic processes modelling the
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distribution of the load spanned the beam and assuming randomness for some
model parameters such as the Young’s modulus or the flexural rigidity parameter.
We then conveniently adapt different stochastic techniques to calculate exactly or
approximately the probability density function of the deflection of the cantilever.

Finally, we will revisit a simple model recently proposed to study a class of random
oscillators formulated via the Caputo fractional derivative. We will construct
approximations of the probability density function of the stochastic response,
taking advantage of the random variable transformation method. We rigorously
prove the convergence of these approximations under mild conditions of the model’s
parameters. This approach can inspire the study of more complex oscillators

formulated via fractional differential equations.
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Chapter

General Introduction

In modern engineering, the modelling of complex systems often involves uncertain-
ties that cannot be ignored. Many problems arising in Physics and Engineering
lead to differential equations whose data (initial/boundary conditions, forcing term
and/or coefficients) must be set from experimental information that involves what
is usually termed, epistemic (or reducible) randomness [74]. Despite this type of
uncertainty can possibly be reduced by using accurate measurements or improve-
ments in the modelling process, there is another uncertainty source often met in
mathematical modelling of real-world problems called aleatory (or irreducible)
randomness, which comes from the intrinsic variability of the phenomenon to be
modelled. This approach leads to the formulation of random/stochastic differen-
tial equations [89, 54]. Apart from answering fundamental questions about the
existence, uniqueness, and continuous dependence of the solution with respect to
the model parameter or stability, solving a random differential equation means not
only calculating, exact or approximately, its solution, which is a stochastic process
but also to determine its main statistical information like the expectation or the
variance. However, a more ambitious goal is to calculate the finite distribution
functions (usually termed the fidis) of the solution, being the first probability
density function (1-PDF), the main fidis since by integration, one can calculate
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any one-dimensional moment (so including the mean and the variance), and also
the probability that the solution lies within an interval of specific interest [89]. In
real-world applications of Physics or Engineering, this fact is a key point since it
allows us to calculate relevant information such as, for example, the probability
that the position and velocity of an oscillator subject to stochastic inputs lie on a
specific interval or the probability of collapsing a cantilever beam whose loads are
randomly distributed, etc.

This thesis applies differential equations with uncertainties to study three classes
of mechanical engineering problems: vibratory systems (oscillators), mechanical
structures (deflection of beams), and a foundational mechanical problem modelled
by a random fractional differential equation. To face these probabilistic models, we
first construct, exactly or approximately, the solution of the corresponding model
using different analytical methods, such as the Laplace transform and the stochastic
perturbation technique. Afterward, we apply some probabilistic techniques, such
as the Random Variable Transformation (RVT) method and the Principle of
Maximum Entropy (PME), to obtain the probability density function (PDF) to
the solutions of those models. This approach is crucial for better describing the

dynamics of the engineering systems under study.

Before studying the aforementioned probabilistic models from Chapter 3 to Chap-
ter 7, we first include, in Chapter 2 the main definitions and results that will be
required throughout the thesis.

In Chapter 3 and Chapter 4, we analyze two families of nonlinear oscillators
subject to random external forces utilizing the stochastic perturbation method
as a unifying technique. These types of oscillators can be formulated through

differential equations of the form
X() + f(X(1),X(@1) =Y (1), t>0, (1.1)

where f(-) is a nonlinear function and Y (¢) is a stochastic external source, which

acts upon the system producing random vibrations.

The study of this type of vibratory system is encountered, for example, in Physics
(in the analysis of different types of oscillators) and in Engineering (in the analysis



of road vehicles and the response of structures to earthquakes’ excitations or to sea
waves). For example, the model (1.1) where f(X (t), X (t))) := 26X (t)+w2 X (t), has
been used, from the original contribution [11], to describe the effect on earthbound
structures of earthquake-type disturbances being X (¢) the relative horizontal
displacement of, for example, the roof of a building with respect to the ground
[98]. The nature of vibrations in this type of system is usually random because
they are spawned by complex factors that are not known deterministically but
are statistically characterized via measurements that often contain errors and
uncertainties. While oscillators in Physics and Engineering systems have been
extensively studied in deterministic settings [2, 28], particularly in nonlinear cases
[106, 52, 53], stochastic analysis is more appropriate as it provides a deeper
understanding of their dynamics under real-world conditions. As previously said,
this will be the focus of our study in Chapter 3 and Chapter 4. Specifically, in
Chapter 3, the restoring term depends only on the position, while, in Chapter 4,
it depends on both position and velocity. This apparently small change in the
restoring term entails the study of the above-mentioned oscillators, which must
be performed separately. In both chapters, assuming that Y (¢) satisfies certain
hypotheses that will be specified later, we compute reliable approximations, not
only of the mean, the variance, and the covariance (as is usually done) but of higher
moments of the steady-state nonlinear oscillator. We then combine the foregoing
information related to higher moments and the PME method to construct reliable
approximations of the PDF of the steady-state solution. To show the versatility of
the theoretical results obtained in these two chapters, different types of external
stochastic inputs, such as the white noise, Ornstein-Uhlenbeck, or trigonometric

process, are considered in the numerical examples.

The aim of Chapter 5 and Chapter 6 is to contribute to the development and
application of stochastic methods to study foundational problems in the realm of
civil engineering structures. In particular, we will address the stochastic analysis
of the deflection experienced by a load-carrying beam and, more specifically, a

cantilever beam.

Beams are considered one of the most important structural elements in civil
engineering. They are key elements to support the floor of a building, as structural
components of bridges, or to build balconies, just to cite a few. If we apply loads
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to these above-mentioned beams, for example, the weight of building materials
or furniture, the flow of cars on a bridge, or people on the balcony, we have to
ensure that the structure can support these loads so as not to collapse. To properly
design a beam, it is necessary to know some key engineering characteristics, such
as the static deflection, the bending moment, or the shear force. To mathematically
describe these characteristics, as a first simplified approach, we can use Euler-
Bernoulli’s beam theory, also called shear rigid-beam or classical beam theory,
[75]. In the context of this theory, the equation governing the deflection, Y (x),
of a beam under a distributed load Q(z) is given by the following fourth-order
differential equation

2 2
% (Eld L@) — Qa), (1.2)
where E represents Young’s modulus of the material, and [ is the moment of
inertia of the beam’s cross-section. This model is a simplification of the theory
of elasticity that allows us to model the deflection of a static straight-axis beam
as a function of the applied load, provided it undergoes small deflections. The
deflection of a beam using Euler-Bernoulli’s beam model has been widely studied
from a deterministic point of view [84, 9, 18]. However, it is more realistic to
approach the corresponding study from a stochastic standpoint since uncertainties
are often present due to, for example, the heterogeneity of the beam materials
or the lack of knowledge of the physical phenomenon because of its own inherent
complexity. More accurately, the heterogeneity of the beam materials makes it
more realistic to assume that both the values of the beam’s moment of inertia
and Young’s modulus are random variables rather than deterministic constants.
In addition, the loads applied on a beam may vary randomly at each of its spatial
points due to environmental factors (such as the wind pressure or the snow load
on the ground) or to the use for which it has been built (such as the flow of people
on balconies, or vehicles on bridges), for instance. This latter motivates modeling
the load on a beam by a spatial stochastic process rather than via a deterministic
function. These reasons have motivated numerous probability-based methods over
the last few decades to better design and analyze civil engineering structures.
For instance, in [65], it is obtained the mean and covariance of the deflection of
a simply supported beam with stochastic bending flexibility, assuming that the
load is deterministic. In [43], authors assume that elastic modulus is a random



variable, and then the stochastic finite element method is applied to calculate the
mean, standard deviation, and coefficient of displacements. In [76], the authors
combine polynomial chaos with Neumann expansion method to obtain closed-form
expressions for the first two response moments and, then they apply the results
to a cantilever beam, where the bending rigidity of the beam is assumed to be a

stationary Gaussian random field.

Assuming that the beam is fixed at the origin, i.e., Y(0) = Y’(0) = 0, and adding
adequate endpoint values, model (1.2) allows us to study the deflection of beams
with different supports: simply supported (Y (I) = Y (1) = 0), built-in or fixed end
(Y(I) =Y'(l) =0) and free end (Y"(I) =Y"'(I) = 0), for example. As previously
indicated, in this thesis, we focus on the stochastic analysis of the cantilever case,
where the beam is firmly fastened at the origin, x = 0, but with no support at the
end, x = [. The boundary conditions for this configuration are:

Y (0) =0, (null deflection at the embedment),
Y’(0) =0, (null slope at the embedment),
Y”(1) =0, (null moment at the free end),

Y (1) =0, (null shear at the free end).

While this thesis deals primarily with the stochastic analysis of the cantilever case,
the same probabilistic techniques presented throughout Chapters 5 and 6 can also

be applied to beams with simply supported or fixed ends.

Specifically, in Chapter 5, we study model (1.2) in the case that Young’s modulus,
FE, is a random variable with an arbitrary PDF while the loads are randomly
distributed according to different stochastic processes describing punctual and
continuous loads. In Chapter 6, we face the most challenging scenario where the
flexural rigidity, E'1, is random, and the loads are applied on the beam according
to a Poisson delta-correlated process. This latter scenario describes the complex
case of cars crossing a bridge or the loads on a balcony occupied by people in
movement. In both chapters, we focus on the computation of the 1-PDF of the
deflection and the PDF of other mechanical quantities of interest, such as the
shear force or the bending moment. The main stochastic tools to conduct the
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study are the RVT method in Chapter 5 and the PME method in Chapter 6. In
both chapters, all the theoretical findings are illustrated by different numerical

experiments.

Over the last few decades, many contributions have proposed reformulations of
classical models in Mechanics using generalized derivatives. More specifically,
fractional derivatives have been utilized to model memory effects, aging in de-
vices and/or structures, viscoelasticity in materials, etc., [80, 5, 57]. On the other
hand, we have already pointed out the importance of including uncertainties
when modelling physical processes. On account of these two inspiring approaches,
several stochastic/random mechanical models using fractional derivatives have
been proposed in recent publications, [80, 86, 29]. The aim of Chapter 7 is to
extend the random analysis of a foundational mechanical model recently studied
n [12], taking advantage of the RVT method. Specifically, in this chapter, we
compute approximations of the PDF of the solution stochastic process of a random
fractional differential equation having a power-law generalized coefficient that
includes, as a particular case, the harmonic oscillator, so extending the classical
deterministic theory. The theoretical results are illustrated with different examples.
These instances are validated against the non-fractional model by imposing the
order of the fractional derivative approaches to 2, which corresponds to the random

harmonic oscillator.
The main conclusions of the thesis are presented in Chapter 8.

Finally, we want to point out that this thesis, heavily related to Probabilistic
Mechanical Engineering, has been developed within some of the goals of the two
following competitive research projects, whose principal investigators have been,

respectively, the advisors:

- Ecuaciones Diferenciales Aleatorias. Cuantificacion de la Incertidumbre y
Aplicaciones. PID2020-115270GB-100. IPs: Juan Carlos Cortés Lépez and
Rafael Villanueva Micé. Agencia Estatal de Investigacion.

- Métodos Computacionales para Ecuaciones Diferenciales Aleatorias. Apli-
cacion a Sistemas Vibratorios. AIC0O/2021/302. IPs: Marfa Dolores Rosell6
Ferragud and Julia Irene Real Herraiz. Generalitat Valenciana.



Chapter

Stochastic Preliminaries

For the sake of completeness, in this chapter, we will briefly summarise some
important definitions, properties, and results for random variables and stochastic
processes that will be required throughout the thesis.

2.1 Probability, random variables and stochastic processes

To properly approach the study of random and stochastic differential equations, it
is essential to first establish a solid background in the fundamental concepts of
probability theory. Hereinafter, we will follow the definitions and notations given
in [63], [17], and [89]. We briefly start by defining what a probability space, a
random variable, and a stochastic process are.

A probability space, (2, F,P), is a triplet made up of a sample space 2, which
includes all possible outcomes of a random experiment, a o-algebra, F, that is a
family of subsets of €2, usually call events, that includes all the sets resulting from
operations such as union, intersection, etc., of a numerable collection of themselves,
and a probability measure, P, which assigns a probability to each event in F.
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A random variable is a measurable function from a probability space to the real
numbers. Formally, given a probability space (€2, F, P), a random variable X maps
outcomes in € to real numbers such that for every Borel set B in R, the preimage
X~1(B) belongs to F. Recall that intervals are typical examples of Borel sets in
the real line. Random variables enable the quantification and analysis of random

phenomena by translating abstract outcomes into numerical values.

A stochastic process is a collection of random variables indexed by time (or space),
{X(t),t € T}, where T is the index set. For each ¢t € T, X (t) is a random variable
defined on a common probability space (€2, F, P). Stochastic processes model
dynamic systems where states evolve randomly over time (or space), allowing the

analysis and prediction of complex systems under uncertainty.

Next, we will define second-order variables and processes and explore their proper-
ties, including mean square convergence, continuity, differentiability, and integra-
bility.

A real random variable, X, that satisfies E [X 2] < 00 is termed a second-order ran-
dom variable. Here E[-] denotes the expectation operator. The space (L2(2), (-, -))
is the set of all second-order random variables endowed of the following inner
product (X,Y) = \/Im . From this inner product, one derives the following
norm, usually called 2-norm, || X|s = \/E[X?] < 4oco. It can be proved that
(L2(2), (-,-)) is a Hilbert space.

In this space, a key inequality, usually referred to as Schwarz’s inequality, is the
following:
E[XY] < [X[ollY ]2 XY € Ly(@). (2.1)

A stochastic process {X(t),t € T}, where T is a closed interval in R, is called a
second-order stochastic process if, for each ¢t € T, X (t) is a second-order random

variable.

A sequence {X,, : n > 0} defined in Lo(f2) is said to converge in mean square
(m.s.) to a random variable X € Ly () if the following condition holds:

lim || X, — X2 = 0.
n—oo
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When this condition is met, we denote this convergence as X,, ——— X.
n—oo

A second-order stochastic process {X(¢),¢ € T'} is m.s. continuous at ¢t € T' if

X(t+ At) 22 X (t).
At—0

The m.s. derivative of the second-order stochastic process { X (¢),¢ € T'}, denoted
{ dX(t)

,t € T}, if the following m.s. convergence

X(t+At) — X(t) ms.  dX(t)
At At—0 dt ’

holds.

Consider a partition P = {a = t,0 < th1 < --- < t,,, = b} of the interval
[a b] C R, such that A,, = max{t,  —tpr-1:k=1,...,n} = 0asn — +oo. Let

ok be an arbitrary point in [t,, x—1, tn k). Suppose f (¢, u) is a deterministic function
defined on the interval [a, b] and Riemann integrable for every u € U, where U is a
subset of R. We say that the second-order stochastic process { f(t,u)X(¢t):t € T}
is m.s. Riemann integrable over [a,b] if for each u € U, the following m.s. limit

exists for some sequence of partitions of [a, b]

n——+0o00

Z nk:’ nk)(tn,k _tn,kfl) —>Y( )

where Y (u f f(t,w) X (t)dt.

One function whose calculation will be a main objective throughout this thesis is
the PDF of the solution of a random differential equation.

Let X = X (t), t € T C R be a stochastic process, being T an interval of the real
line. The probability distribution of X is characterized by its finite-dimensional
distributions. These describe the distributions of the random vectors

(th,...,th), ti,...,tp, €T, n>1.
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For every finite set {¢,t2,...,t,} of T, there exist corresponding random variables
X1 = X(t1), X2 = X(t2),..., X, = X(t,) with a well-defined joint distribution

function

Fx, x5, x, (X1, t1; 22,12 ..., ty)

=PH{weQ: Xi(t1)(w) <x1, Xo(t2)(w) < xoy ..., Xn(th)(w) <z}, n>1

This joint distribution function is often denoted as F,,(x1,t1;T2,t2;...;Tn, tn),
and referred to it as n—th distribution function. Its associated n—th PDF is defined
by

O"F, (.T1 tl;.’IJQ t2 e Ty, t )
In(zr, tis e, tos .2, tn) = = 6;918372’...78%, = B,

provided the previous partial derivatives exist.

For fixed n > 1, the collections {F1, ..., Fy,} or {f1,..., fn} are known as the fidis.
When n = 1, we call it the 1-PDF, which we will work with throughout the thesis.
We will denote it as fx ) (), where X (t) is a stochastic process with ¢t € T.

The calculation of the 1-PDF is of great usefulness from a practical standpoint
since it permits determining the mean, px(t), and the variance, 0% (t), at each
point t € T,

px(t) = ELX () = [ Z £y (@) da, (2.2)
and
0% (1) = E[(X(£) — px (£))2] = EI(X ()2 — (ux (1)), (2.3)

respectively. Additionally, further one-dimensional higher moments with respect
to (w.r.t.) the origin and centered at the mean can also be calculated by means of
the 1-PDF,

E[(X(£)™] = /OO (@), m=1,2,...,

— 00

and

E[(X(t) — ux(1)™] = /Oo (z —px(®)" fxp(e)de,  m=1,2,...,

— 00

10



2.1 Probability, random variables and stochastic processes

respectively, provided the above integrals exist and are finite. Fixed an arbitrary
point ¢ € T, the 1-PDF is also particularly relevant to calculate the probability
that X (¢) lies on a certain interval of specific interest, say [z1, x2],

Play < X(t) < 2] = /962 [x(z)de.

Let {X(t) : t € T} be a stochastic process. Its n—th characteristic function is
defined by

(pn,X(ul, tl; PN ;Un7 tn) = E |:e1 Zj:l qu(tj):|

o o iZ" U;T
=/ / e &=t (Tt T, )Xy - - diy,
—o0 —o0
where i = y/—1 is the imaginary unit. An important property of this function is
that always exists.

In addition to the one-dimensional functions px (¢) (mean) and 0% (t) (variance),
which have been previously defined via the 1-PDF, one can also introduce the
following two-dimensional associated with a second-order stochastic process,

Fx(tl, tg) = E[X(tl)X(tQ)L tl,tz S T7

Covx(t1,t2) = Cov [ Xy, X, ] = E[(X (t1) — px (t1))(X (t2) — px(t2))]
=Tx(ti,t2) — px(t1)ux(t2), ti,t2 €T,

called correlation function and covariance function, respectively.
The correlation function has the following properties that will be utilized in some
chapters of this thesis,

- Symmetry: I'x (t1,t2) = I'x(t2, t1). This means that the correlation between

X(t1) and X(t2) does not depend on the order of ¢; and t.

- Boundedness: Fx(tl,tg) S Fx(tl,tl)rx(tg,tg).

11
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- Positive-definite: Y Y T'x(ti,t;)f(t:)f(t;) > 0, Vt1,....t, € T and an
i=1j=1
arbitrary function f(¢).

When considering two different stochastic processes, say X (¢) and Y (¢), the so
called cross-correlation function is defined as

ny(tl, tz) = E[X<t1>Y<t2>], ti1,to € T.

Notice that when X (t) = Y'(¢), the cross-correlation function becomes the cor-
relation function. It motivates the following notation I'x x (¢1,t2) = I'x (t1,t2) is
used in interchangeably throughout this thesis. The cross-correlation function has

similar properties as the correlation function, namely

- Symmetry: I'xy (t1,t2) = Ty x (t2,t1).

- Boundedness: F?Xy(tl,tg) S Fxx(tl,tl)Fyy(tz,tg).

This thesis uses tools from analyzing stationary stochastic processes and processes
with independent increments to model and analyse different problems. Next, we
introduce the main definitions and results related to these stochastic processes.

In certain situations, the original data may not exhibit useful mathematical proper-
ties, but its increments (differences) do. In such a case, modelling may be performed
using a stochastic process, say X (t), whose increments satisfy some properties.
Two important cases are:

1. Independent increment stochastic process are random functions such that the
following time-increments, X (t1,t2) := X (t2) — X (t1), ...y X(tn-1,tn) :=
X (tn) — X (tn—1), which are random variables, are mutually independent, for
1 <tg < -r <tpo1 Sty

2. When, in addition, the probability distributions of these independent incre-
ments depend only on the differences between the time parameters, such as

to —t1,...,t, — ty_1, respectively, the stochastic process is called stationary.

12
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The statistical distributions of stationary stochastic processes do not significantly
change w.r.t. their parameters. This type of process is particularly useful in contexts
where the statistical behaviour of the system is assumed not to change over time,
allowing for a more consistent and predictable analysis of the data. However,
checking that a stochastic process is stationary is very difficult in practice. This
motivates using a weaker definition called wide-sense or weak stationary stochastic

process.

We say that a second-order stochastic process, {X(¢) : ¢t € T}, is wide-sense

stationary if:
px(t) = px is constant, Covx(t,s) = Covx(r) only depends on 7= |t — s].

For wide-sense stationary stochastic processes, the correlation function only de-
pends on a single variable, I'x(7) = E[X(¢)X (¢t + 7)] and has the following
properties that we will be used in Chapters 3 and 4:

- I'x(7) is an even function, i.e., 'x(7) =Tx(-7), 7>0.

- If T'x (0) exists, then I'x (7) always exists and is finite. In fact, |[I'x(7)| <
I'x(0).

- I'x(7) is nonnegative definite in 7.

2.2 Some relevant stochastic processes

In this section, we will briefly define some of the stochastic processes that we will
utilize throughout the numerical examples of the thesis. Their properties will be

listed as they are necessary to carry out the corresponding computations.

Gaussian stochastic process. We say that {X(¢) : t € T} is a Gaussian
stochastic process if its fidis are multidimensional Gaussian. It is important to
note that a Gaussian distribution is characterized by its mean vector, p, and
covariance matrix, 3. Consequently, a Gaussian stochastic process is determined
by the values of u and X for every fidis.

13
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This definition can also be expressed in terms of the joint characteristic function.
Specifically, {X (t) : t € T} is a Gaussian stochastic process if, for every finite set
t1,...,tn, the joint characteristic function of the random variables X (¢1), ..., X (t,)
is given by:

Pn (U, t1s .Uy, ty) = W U= FUS ot

where u = (uy,...,u,), (p(t;))" = (E[X(t1)],...,E[X(¢,)]) is the mean vector
and X(t;,t;) = (Wi j)nxn is the covariance matrix associated to X (t1),..., X (t,):

pij = E[(X(8) — p(t)) (X (45) — p(t;))], 1<i,j<n

In some texts, this definition is also provided in terms of the joint probability
density function. However, such a definition is more restrictive and less general,
as the joint probability density function may not always exist and requires the
covariance matrix to be invertible, which is not always the case.

Gaussian trigonometric stochastic process. This stochastic process is defined
by a linear combination of independent Gaussian variables where the coefficients
are trigonometric functions, typically sine and cosine. An example of this kind of
process will be used in Chapter 4 in the following form

Y (1) = & cos(t) + & sin(h),

where &1,& ~ N(0,1) independent and identically distributed (i.i.d.) random
variables. This process is used to model phenomena where the underlying dynamics
have cyclical patterns or oscillations, exhibiting periodic behaviour.

Let us see that this stochastic process fulfills some of the properties we will need
later,

- Zero-mean, i.e., uy (t) =E[Y(t)] = 0:

E[Y ()] = E[& cos(t) + & sin(t)] = cos(t)E [&1] + sin(¢)E [&2] = 0.

- Wide-sense stationary. In the previous item, we have already seen that the

mean is constant. So, let us see now if the covariance function only depends

14
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onT=|t— s

Covy (t,5) = E[(Y(t) — py (1)) (Y (s) — py (s))]
[(& COS(t) + &2sin(t)) (€1 cos(s) + &2 sin(s))]
[5%] cos(t) cos(s) + E [£3] sin(¢) sin(s)
os(t — s) = cos(T).
In this case, the covariance function coincides with the correlation function,
Tyy(t,s) = cos(t — s).

E
E
E

Standard Wiener process. This stochastic process, {W(t) : t > 0} = {B(t) :
t > 0}, also called Brownian motion, is a continuous-time stochastic process that
models random motion. It satisfies the following conditions:

- It starts at zero with probability 1 (w.p. 1): P[{w € Q: W(0)(w) =0}] =
P[W(0) =0] = 1.

- It has independent increments: W (te) — W (t1),..., W(t,) — W(t,—1) are
independent, V{t;: 1 <i<n}: 0<t1 <ta < -+ <tp_1 <ty <00, n>1.

- It has stationary increments and Gaussian with zero-mean and variance
|t —s|: W(t) — W(s) ~ N(0; |t — s]|), for all ¢,s > 0.

From this definition, some important properties can be deduced (see [17, p. 216]):

- W(t) is Gaussian.
- It has zero-mean, uw (t) = 0.
- The covariance function is Covy (¢, s) = min(¢, s). In particular, its variance

function is o, () = t.

As throughout this thesis, we will work mainly with static mechanical problems,
the independent variable of this process will be denoted by z (denoting space)
instead of ¢ (time). This motivates the Brownian motion will be denoted by
B(z) (or W(z)). The Brownian motion will be used in Chapter 3 and Chapter 5.

15
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For the latter, to perform the stochastic analysis, we will take advantage of the

Karhunen—Loéve expansion of the Brownian motion [64, Ch. 5]

B(z) = pp(z) + Z V7ioi(@)é(w), we, 0<a <, (2.4)

Jj=1

where the mean is null: pp(z) = 0; {;(w) ~ N(0,1), j = 1,2,... are i.i.d. stan-
dard Gaussian random variables, and {v;, ¢;(x)} are the eigenpairs (eigenvalues
and eigenfunctions) obtained when solving the following homogeneous Fredholm

integral equation of second kind

l
/O e5 (@1, 22) by (w2) dars = v; b5 ().

Here, cp(r1,22) = Covp(r1,22) = min(x1,22), (21,72) € [0,1] x [0,1] is the
covariance function of the Brownian motion, B(z). It can be seen that [64, p. 216]

412 \/5 (25 — D .
I/j—4ﬂ2(2j_1)27 ¢j($)— lSHl( 21 :17)7 J=L2,...

White Gaussian noise stochastic process. Although the Brownian motion is
neither m.s. differentiable nor pathwise differentiable, it can be differentiated in a
generalized sense (using the theory of distributions), and the resulting process is
called white noise dB(1)
5 =&, =0
It can be shown that the white noise is a stationary zero-mean Gaussian stochastic
1

process, whose correlation function is given by I'¢¢(7) = 5Wd(7), where §(-) is the

Dirac delta function and W is the noise power [88].

Ornstein—Uhlenbeck stochastic process. This stochastic process is a continuous-
time process that describes the velocity of a particle undergoing Brownian motion
with friction. Mathematically, the Ornstein-Uhlenbeck stochastic process, X (t) is
defined as the stationary solution of the Langevin equation

dX(t)

L +aX(t) =

_dw()

ETa a >0,
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where W (t) is the standard Wiener process.

This stochastic process will be used in Chapter 3. It can be shown that is a
stationary zero-mean Gaussian stochastic process, and whose correlation function
is given by T'x x (1) = a2e~2I7l [103].

Random pulses. The following stochastic process will be extensively utilized in

Chapter 6. Let
N(D)

Z(x) = Z Usv(z, x;) (2.5)

be a stochastic process constructed by the superposition of pulses at the spatial
points z; whose shape is defined by a deterministic function v = v(z, ;) and
having pulse intensities given by a family of i.i.d. random variables U;, and N(I) is
a counting process, [58]. This stochastic process, Z(x), will be defined in the time
domain (position) (0,!]. In Chapter 6, specifically, we will handle this stochastic
process by taking the deterministic function, v(x, z;), as the Dirac delta function,
d(x — ;) (to represent pulses). Then, briefly, it will be a superposition of random
delta pulses correlated at random instants according to a Poisson-type counting

process.

2.3 Some important properties of Gaussian random variables and

stochastic processes

In this section, we will introduce some technical stochastic results of Gaussian

random variables and stochastic processes.

The following properties will be applied to calculate some higher-order moments
of the solution stochastic process, X (t), in Chapter 3 and in Chapter 4, since as it
shall be seen later, X (¢) depends on a product of the stochastic excitation, Y (),
evaluated at a finite number of instants, say t1,ta,...,tn, Y(t;) =Y;, 1 <i<mn.

Proposition 2.1 /89, p. 28]. Let the random variables Y1,Ys, ..., Y, be jointly

Gaussian with zero-mean, E[Y;] =0, 1 <i < n. Then, all odd-order moments of
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these random variables vanish, and for n even,

EMW1Ys - Y,] = Z E (Y, Yoo | E Yo, Yin - E [Yin, Vi ]

M1, M2,...,Mp

The sum above is taken over all possible combinations of n/2 pairs of n random

variables. The number of terms in the summation is1-3-5---(n—3) - (n—1).

Sometimes, we will use this property reformulated in the following way, and in
this form, it is often called the Isserlis or Wick theorem [70, 48].

Proposition 2.2 Consider a zero-mean multivariate normal vector, say (Y1, ...,Y,).
Then the expected value of their product can be expressed as a sum over all possible
pairings of the variables in terms of its correlation matriz

Ei---v, )= [[ EMvil=> [[ T,

pEP? {i,j}€p pEP? {i,j}€p

where I'(Y;,Y;) stands for the correlation of vector (Y;,Y;). The sum is over all
distinct ways of partitioning the set of indexes {1,2,...,n} into pairs {i,j} (the

set of these pairs is denoted by P2), and the product is over these pairs.

The following results permit interchanging the expectation operator with the mean
square derivative and the mean square integral. In [89, Eq. (4.130) in Sec. 4.4.2],
the first result is established for n = 2, and then it follows straightforwardly by
induction.

Proposition 2.3 Let {Y(t) : t > 0} be a mean square differentiable stochastic

process. Then,

BOY () Y (- )V (60)} = (B (1) Y ()D): t1seta 20,

provided the above expectations exist.

Proposition 2.4 [89, p. 104]. Let {Y(t) : —co < a <t <b < 400} be a second-
order stochastic process integrable in the mean square sense and h(t) a Riemann
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2.8 Some important properties of Gaussian random variables and stochastic processes

integrable deterministic function on t € (a,b). Then,
b b
E { / h(t)Y(t)dt} — / h(OELY (1)} dt.

The following is a distinctive property of Gaussian processes since they preserve

Gaussianity under mean square integration:

Proposition 2.5 [89, p. 112]. Let {Y(t) : a < t < oo} be a Gaussian process
and let h(t) be a Riemann integrable deterministic function on (a,t) such that the

following mean square integral,

X(t) = / h(t, 7)Y (r)dr,

exists, then {X(t) : t > a}, is a Gaussian process.

We close this section by stating the mean square Leibniz rule for differentiating a

mean square integral stochastic process:

Proposition 2.6 [89, p. 104]. Let Y(t) = {Y(t) : a <t < b} be a mean square
integrable stochastic process. Let f(t,s) be a continuous deterministic function on
t,s € (a,b), —o00 < a < b< oo with finite first partial derivative %. Then, the

mean square derivative of

t
Z(t) = / F(t.5)Y(s)ds, a<t<b, (2.6)
exists for all t € (a,b) and is given by

20) = FEOY (1) + /: %Y(s)ds, a<t<b (2.7)
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2.4 Perturbation technique

The perturbation technique is a powerful mathematical method used to find
approximate solutions to complex problems by introducing a small parameter
into the system. This technique is well established in the analysis of deterministic
nonlinear problems but can also be used for nonlinear random differential equations
with random inputs under specific conditions, as discussed, among others, in [89],
[72] and [45]. We will use this technique in Chapter 3 and 4.

Let’s look at a simple example of how this method works. Consider a second-order

system governed by the differential equation
aX(t) +bX(t) +eg(X (1)) = Y(t) (2.8)

where Y'(¢) is a random input and the nonlinear function, g(X(t)), is considered

differentiable w.r.t. X until an appropriate order.

The perturbation method relies on the premise that the solution process X (t) can
be expressed as a series expansion in powers of the parameter ¢, that is

X(t) = Xo(t) + eXq(t) + 2 Xo(t) + - -- (2.9)

Now, if we replace Eq. (2.9) in Eq.(2.8) and group the terms of the same order of
€, we obtain the following system of random differential equations which can be
solved in cascade

@ a):(:'o(t)—l—b):(o(t) = Y (t),
et toaXy(t) +bX4(t) z —g(Xo(t)), (2.10)

e aXy(t) 4 bXo(t) —X1(t)g'(Xo(1)),

This technique is usually applied by truncating the expansion (2.9) to the first-order
approximation
X(t) = Xo(t) +€X1(t), (2.11)
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since as € is small, the terms associated to higher powers (X, (t)e", n =2,3,...) in
the series expansion can usually be neglected. This fact determines the legitimacy
of the approximation only for a small range for the values of parameter ¢, which
is consistent with the initial assumption that € is a small parameter [50]. It is
important to point out that, as already reported in [89, Ch. 7], no proof is available
to show that the stochastic process X () given in (2.9) converges in the mean square
sense (or other probabilistic convergences), while some restrictive convergence
conditions have been established in the deterministic framework [92]. Therefore,
the convergence of X (t) can be formulated in terms of strong hypotheses about

its sample behaviour, which, in practice, results in very restrictive assumptions.

2.5 Random Variable Transformation method

When we have a random initial value problem (RIVP), for which it is possible to
obtain an explicit expression of the solution (which will depend on the random
variables that define the initial condition, source term and/or coefficients), it is
sometimes possible to define a transformation that allows us to obtain the PDF
of the RIVP solution. For this purpose, the following result, which allows us to
determine the PDF of a random vector V resulting from the transformation of
another random vector U whose PDF is known, will be very useful, as will be
shown in Chapters 5 and 7.

Theorem 2.1 (RVT method) /89, page 25]. Let us consider U = (Uy,...,Uy)
and V.= (V1,...,V,,) two n-dimensional continuous random vectors defined
on a complete probability space (2, F,P). Let r : R™ — R™ be a one-to-one
deterministic transformation of U into V, i.e., V. = r(U). Assume that r is
continuous in U and has continuous partial derivatives w.r.t. each U;, 1 <
i < n. Then, if fu(u) denotes the joint PDF of random vector U, and s =
r~ ! = (s1(v1,.-,00), -, 80 (V1,...,v,)) Tepresents the inverse mapping of r =
(ri(ut, .-y Un), .y Ta(ug, ..., up)), the joint PDF of random vector V is given by

fv(v) = fu (s(vV) |T1,
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where | T |, which is assumed to be different from zero, is the absolute value of the

Jacobian, that is defined by the determinant

051 (v1,---,Un) 95pn (V1,:-4,Vn)
8’01 e 3’(}1
Os )
J = det (8) = det :
v 9s1(v1,...,0n) 05p (V1,...,Un)
vy, e Ovp,

2.6 Principle of Maximum Entropy

Sometimes, it is not possible to use the RVT method, either because it is not
possible to obtain an explicit solution or because, even having such an expression,
it is impossible to define a transformation fulfilling the conditions of the theorem.
In this case, an alternative to constructing the PDF of the RIVP is based on the
application of the PME method described below. This technique will be used in
Chapters 3, 4, and 6 to obtain an approximation of the PDF of the stochastic

solution.

As detailed in [69], the PME is an efficient method to determine the PDF, fx(z),
of a random variable, say X, constrained by the statistical information avail-
able (domain, expectation, variance, symmetry, kurtosis, etc.) on X. The method
consists of determining fx (z) such that it maximizes the so-called Shannon’s
entropy (also referred to as differential entropy), which is given by S{fx} =
- ;12 fx(x)log(fx(z))dz, subject to several constraints, which are usually defined
by the N first moments, say a,,, n = 1,2,..., N, of the random variable X together
with the normalization condition, f;f fx(z)dz = 1. In this context, the admissible
set of solutions is then defined by A = {fx : [z1,22] — R : fflz 2" fx(r)dz =
an, n=0,1,..., N}. Notice that n = 0 corresponds to the normalization condi-
tion (i.e., the integral of the PDF is one), and that the rest of the restrictions are
defined by the statistical moments, E [X"] = a,, n =1,2,..., N. It can be seen,
by applying the functional version of Lagrange multipliers associated with A, that

N

fx(.’L‘) = ]l[wl,mz](x) e Zi:o Aﬂz’ ]1[331712](x) = {

1, S [xl,xg],

0, x ¢ [z, 23] (2.12)
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2.7 Monte Carlo stmulations

In practice, the Lagrange multipliers, A\;, ¢ = 0,1,..., N, are determined by nu-
merically solving the following system of IV 4 1 nonlinear equations defined by the

constraints

2 N ,
/ 2" Vg, 2g) () e Dimo i’ dz = an,, n=20,1,...,N. (2.13)
x1

In other words, the PME method selects the one that maximizes the Shannon or
differential entropy as a measure of randomness among all the PDFs that satisfy
the constraints given by the available statistical information. This can be naively
interpreted as looking for the PDF, which maximizes the uncertainty from the
minimal quantity of information [69)].

2.7 Monte Carlo simulations

The Monte Carlo method is a popular, intuitive, and flexible approach to uncertainty
quantification in virtually any class of mathematical problems whose data is affected
by randomness. It is based on performing simulations of the random data according
to their corresponding associated probabilistic laws. So, the method heavily relies
on good random number generators. In its crude form, the error convergence rate
is inversely proportional to the square root of the number of realizations of the
random inputs. The Monte Carlo has been demonstrated to be a powerful tool
to deal with stochastic/random engineering problems [66, 105]. The Monte Carlo
simulations will be used to compare and validate the numerical results obtained
by the different stochastic methods developed in this thesis.
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Chapter I

Probabilistic analysis of random nonlinear
oscillators subject to small perturbations in the

restoring term depending on the position

In this chapter, we study a class of single-degree-of-freedom oscillators whose
restoring function, which depends only on the position, is affected by small
nonlinearities and excited by stationary Gaussian stochastic processes. We obtain,
via the stochastic perturbation technique, approximations of the main statistics of
the steady-state, which is a random variable, including the first moments, and the
correlation and power spectral functions. Additionally, we combine this key
information with the Principle of Mazxzimum Entropy to construct approzimations
of the probability density function of the steady-state. We include two numerical
examples where the advantages and limitations of the stochastic perturbation
method are discussed with regard to certain general properties that must be
preserved.
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Chapter 8. Probabilistic analysis of random monlinear oscillators subject to small
perturbations in the restoring term depending on the position

3.1 Introduction

Many vibratory systems are governed by differential equations with small nonlinear

terms of the following form

X(t) +26X(t) +wi(X(t) +eg(X(1) =Y(t), t>0. (3.1)

Here, X (t) denotes the position (usually of the angle w.r.t. an origin) of the
oscillatory system at the time instant ¢, the parameter 25 > 0 is the damping
coefficient, wy > 0 the undamped angular frequency and, finally, € is a small
perturbation (|e] << 1) affecting the restoring term via a nonlinear function
of the position, g(X (t)). The expression X (t) + eg(X (¢)) is referred to as the
nonlinear restoring term. The right-hand side term, Y (¢), represents an external
source/forcing term (vibration) acting upon the system. In the setting of random
vibration systems, Y (¢) is assumed to be a stochastic process, termed stochastic
excitation, having certain characteristics that will be specified later in the present
study. This equation corresponds to the one seen in the Introduction Chapter,
Eq. (1.1), by taking f(X (), X (t))) = 28X (t) + w3 (X (t) + eg(X (t))).

Notice that the nonlinear restoring term in Eq. (3.1) involves the parameter €, which
determines the magnitude of the nonlinear perturbation, whose shape is given by
g(X(t)). When € = 0, Eq. (3.1) describes a random linear oscillator. In [15], authors
analyse this class of oscillators considering two cases for the stochastic source term
Y (t), first, when it is Gaussian and, secondly, when it can be represented via a
Karhunen-Loeéve expansion. In the case that € # 0, the inclusion of the nonlinear
term makes it more difficult (even simply impossible) to exactly solve Eq. (3.1). An
effective method to construct reliable approximations of Eq. (3.1) in the case that
e represents a small parameter is the perturbation technique [45, 72, 8, 85, 40]. In
the stochastic setting, this method has been successfully applied to study different
types of oscillators subject to random vibrations. After pioneer contributions by
Crandall [27, 26], the analysis of random vibration systems has attracted many
researchers (see, for instance, [46, 73, 40] for a full overview of this topic). In [32],
approximations of quadratic and cubic nonlinear oscillators subject to white noise
excitations are constructed by combining the Wiener-Hermite expansion and the

homotopy perturbation technique. The aforementioned approximations correspond
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3.1 Introduction

to the first statistical moments (mean and variance) since, as the authors indicate
in the introduction section, the computation of the PDF is usually very difficult
to obtain. In [30] authors extend the previous analysis to compute higher-order
statistical moments of the oscillator response in the case the nonlinearity is only
quadratic. The previous methodology is extended and algorithmically-automated in
[31]. In [39], the author considers the interesting scenario of a harmonic oscillator
with a random mass and analyses important dynamic characteristics such as
stochastic stability and resonance phenomena. A new type of Brownian motion
was introduced to conduct that study. The perturbation technique has also been
used to approximate the first moments, mainly the mean and the variance, of some
oscillators subject to small nonlinearities. The computational procedures of this
method often require amendments to the existing solution codes, so it is classified
as an intrusive method. A spectral technique that allows overcoming this drawback
is non-intrusive PCE (polynomial chaos expansion), in which simulations are used
as black boxes, and the calculation of chaos expansion coefficients for response
metrics of interest is based on a set of simulation response evaluations. In the
recent paper [37], authors design an interesting hybrid non-intrusive procedure
that combines PCE with the Chebyshev Surrogate Method to analyse a number
of uncertain physical parameters and the corresponding transient responses of a
rotating system.

Besides computing the first statistical moments of the response or performing a
stability analysis of systems under stochastic vibrations, we must emphasize that
the computation of the fidis associated with the stationary solution, and particularly
of the stationary PDF, is also a major goal in the realm of vibratory systems with
uncertainties. Some interesting contributions in this regard include [109, 20]. In
[109], authors first present a complete overview of methods and techniques available
to determine the stationary PDF of nonlinear oscillators excited by random
functions. Secondly, nonlinear stochastic oscillators excited by a combination of
Gaussian and Poisson white noises are fully analysed. The study is based on solving
the forward generalized Kolmogorov partial differential equation (PDE) using the
exponential-polynomial closure method. The theoretical analysis is accompanied
by several illustrative examples. In the recent contribution [20], authors propose

a new method to compute a closed-form solution of stationary PDF of single-
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degree-of-freedom vibro-impact systems under Gaussian white noise excitation.
The density is obtained by solving the Fokker-Planck-Kolmogorov PDE using the
iterative method of weighted residue combined with the concepts of circulatory
and potential probability flows. Apart from obtaining the density of the solutions,
it is worth pointing out that some recent contributions deal with the calculation
of the densities of quantities of interest, that belong to Reliability Theory, like the
first-passage time for vibro-impact systems with randomly fluctuating restoring

and damping terms (see [77] and references therein).

The goal of this chapter is to tackle the stochastic study of oscillators of the form
(3.1) in the case that the nonlinear term g is a transcendental function using a
polynomial approximation, based on Taylor’s expansions, and then to apply the
stochastic perturbation method to approximate the main statistical functions
of the steady-state. Afterward, we take advantage of the PME to determine
approximations of the PDF of the stationary solution. To conduct our study we
have chosen a general form of the pendulum equation

X(t) +26X +wi(X(t) +esin(X (1) =Y(t), t>0, (3.2)

where we will assume that 8 and wy are positive parameters, and the external
source, Y (¢), is defined via zero-mean Gaussian stationary stochastic process,
which corresponds to an important case in the analysis of vibratory systems [59,
100]. Assuming that Y(¢) is a stationary and Gaussian stochastic process is a
rather intuitive concept, which has been extensively used in both theoretical and
practical studies [60, 61]. Stationarity means that the statistical properties of
the process do not vary significantly over time/space. This feature is usually met
in a number of modeling problems as the surface of the sea in both spatial and
time coordinates, noise in time in electric circuits under steady-state operations,

homogeneous impurities in engineering materials and media, for example, [89,

Ch. 3].

This chapter is organized as follows: In Section 3.2 we will obtain the main
theoretical results for the stochastic model (3.2). Afterward, in Section 3.3, we

perform a numerical analysis through two examples, with criticism about the
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validity of the results obtained via the stochastic perturbation method. Conclusions

are drawn in Section 3.4.

Finally, we want to point out that the nonlinear term, sin(X(t)), that we have
chosen in our subsequent analysis, could be represented by other transcendental
functions, admitting polynomial approximations. With this observation, we want
to highlight the generality of the study presented in this chapter.

3.2 Probabilistic model study

This section is devoted to studying, from a probabilistic standpoint, the steady-state
of model (3.2). It is important to point out that the non-perturbated associated
model

X(t)+26X(t) +wiX(t)=Y(t), t>0, (3.3)
has a steady-state solution provided 8 > 0 and regardless the value of w3. For
the sake of completeness, we discuss this issue in the general setting that Y (¢) is
a causal stationary Gaussian process and also in connection with the examples

presented later.

Using the classical change of variable X = (X1(t), X2(t)" = (X(¢),X()",
Eq. (3.3) can be written (using for convenience the differential notation) as

—wg —20 1
i.e.,
ax@i = % Y Y xwar+ ) v (3.5)
S\ —w? 28 1 ' '
In the case that Y (t) = £(t) is the white noise (a zero-mean, Gaussian and

stationary process), i.e., {(t) = W(t) (W(t) is the standard Wiener process),
Eq. (3.5) writes

0 1 0 ..
dX(t) = ( o3 >X(t)dt+ ( X )W(t)dt,
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or

aX () = ( 01 )X(t)dtJr ( (1) )dW(t).

~uf -2

It is well known that this last equation has a stationary or steady-state solution if

the real parts of the eigenvalues of the matrix

0 1
FI(—% —%)

are negative (in other words, F is a Hurwitz matrix). Assuming 3 > 0, it is easy
to check that this condition fulfills since the spectrum of F is given by

U(F)={A1=—5+\/ﬁ2—w8, do = —f— ﬁ2—w5},

and Re(A\1) = Re(A2) = —f8 < 0 (Re(:) denotes the real part). Observe that
in the underdamped case (3?/wg < 1), A\; and Ay are complex conjugate. This
fact is used in Example 3.1 where § = 2—10 > 0 to guarantee the existence of the
steady-state solution. In the more general case that Y (¢) in (3.4) is such that
satisfies a state-space SDE of the form

AY (t) = r Y (£)dt + rod W (2), (3.6)

model (3.4) together with (3.6) can be written as

dXi(t) = Xo(t)dt,
dXo(t) = —wiXi(t)dt —28Xs(t)dt + Y (t)dt, (3.7)
AY (t) = rmY(t)dt + rodW (2).

This system is of the form

dX(t) = FX(t)dt + GdW (t), (3.8)
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where
X1 (t) 0 1 0 0
X(t)y=| Xo0t) |, F=| - 28 1 |, G=| 0 |. (39
Y(t) 0 0 1 2

The well-known results about the existence of a steady-state solution of It6 SDEs
then apply to study the larger dimensional system (3.7) (or equivalently (3.8) and
(3.9)). Consequently, it is enough to check that the real parts of all the eigenvalues
of matrix F are negative. In this case,

U(F):{)\1Irl,)\QI—ﬁ+\/52—wga/\3=—5— 52—‘”3}‘

Hence, since § > 0, it is sufficient that r; < 0. Notice that in Example 3.2, which
we will present later, Y (¢) is the Ornstein-Uhlenbeck process and 11 = —a < 0
(since @ > 0), so the existence of the steady-state will also be guaranteed. Finally, it
is interesting to point out that in the general case Y (¢) is a (zero-mean) stationary
Gaussian process (like the white noise and Ornstein-Uhlenbeck processes in the
Examples 3.1 and 3.2, respectively), it is possible to use state-space representations
of the form (3.8) to reduce a (stationary) Gaussian process driven ordinary
differential equation of the form
dL@ =FX(t) + GY (¢),

dt
as (3.4) into a larger dimensional ordinary differential equation driven by white
noise, i.e., a linear Ité6 SDE. This can be done when the spectral density of the
covariance function of Y (¢) is a rational function.

In the following subsections, we will apply the stochastic perturbation method to
approximate its stationary solution, which is a random variable. After that, we will
perform a stochastic analysis addressed to obtain the main statistical functions
of the stationary solution. In particular, we will obtain the first one-dimensional

moments and the correlation function.
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3.2.1 Stochastic perturbation expansion

In the case of model (3.2), the method of perturbation consists, as we have seen
in Chapter 2, in expanding the unknown, X (¢), in terms of a formal power series
of the perturbative parameter e, which is assumed to have a small value (|e| < 1),

X(t) = Xo(t) + eXq(t) + Xo(t) +-- -, (3.10)

where the coefficients X,,(¢), n > 0 need to be determined.

As we have mentioned before, this technique is usually applied by truncating the

expansion (3.10) to the first-order approximation
X(t) = Xo(t) + eX1(t), (3.11)
since |e| < 1, higher-order terms may not provide significant additional insights.

On the other hand, to derive a solvable family of differential equations after applying
the perturbation method to model (3.2), we will also use a double approximation
for the nonlinear term sin(X (¢)). Specifically, we first apply a truncation of its
Taylor’s series

. N Nk m1
sm(X(t))%Zm(X(t)) : (3.12)

m=0

and secondly, we approximate X (¢) using (3.11), i.e.

1Hm

M(Xo(t) + eX4(2))>m (3.13)

M

sin(X (t)) ~ sin(X (1) = Y

m=0

Substituting the expansions (3.13) and (3.11) into (3.2), and equating terms with
the same power of €, leads to the two following linear differential equations

@ Xo(t) +28X0(t) FwiXo(t) = Y(t),

. M _1\ym+1 .
el X1(t) + 28X, (1) +w3X1(t) wg (Z én?w(XO(t))Qm+1> ’(3 14)
m=0 ’

that can be solved in cascade. Although the method can be applied for any order

of truncation associated with Taylor’s expansion (3.12), in practice, the value of
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M is set when the approximations obtained with M and M 4+ 1 are very closed
with reference to a prefixed error or tolerance. In our subsequent analysis, we
will consider M = 2 (that corresponds to Taylor’s approximation of order 5,
sin(X (t)) ~ X (t) — 1/31(X (t))3 + 1/5!(X ())?), since, as we shall show later, the
approximations of the main statistics of the solution stochastic process do not
significantly change w.r.t. M = 1 (that corresponds to Taylor’s approximation
of order 3, sin(X (¢)) ~ X (t) — 1/3!(X (¢))?). To summarize, we have performed
a double truncation. The first one, based on Taylor expansion for the nonlinear
term (sin(X(¢))), and the second one, when applying the stochastic perturbation
expansion given in expression (3.11) (this latter approximation is fixed in our
analysis at order 1 in €, as it is usually done in the literature). Notice that the
order M of the Taylor truncation is independent of the order of truncation applied
for the perturbation method.

As previously indicated, we are interested in the stochastic analysis of the stationary
solution or steady-state. Based upon the linear theory of Laplace transformation
[68], the solutions X(t) and X (t) are given by

/ h(s)Y (t — 5)ds, (3.15)

and
m+1

) = W Z/ 2 +1) (Xt — s))2 L ds, (3.16)

where, for the underdamped case (%2 <1,
0

7% - sm(( BQ)%) if t>0,
0, it t<o0.

h(t) = (5 — 5%) (3.17)

Physically this situation corresponds to the case that the oscillator approaches zero
oscillating about this value [91]. Finally, we point out that the integrals defining
Xo(t) and X1(¢) in (3.15) and (3.16) must be probabilistically interpreted in the
mean square sense [89, Ch. 4].
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3.2.2 Constructing approximations of the main statistical moments of the

stationary solution

It is important to point out that the solution of model (3.2) is not Gaussian, so in
order to probabilistically describe the stationary solution, the approximations of
the mean and the variance (or more generally, the correlation) functions are not
enough. This fact motivates that this subsection is addressed to construct reliable
approximations of higher moments of the stationary solution (represented by the
first-order approximation (3.11)). This key information will be used in the next
section to obtain approximations of the stationary PDF, which in turn permits
the obtaining of any one-dimensional moment of the stationary solution.

Specifically, in the subsequent development we will compute any statistical moments
of odd order, E {()A((t))%“}, i=0,1,2,..., the second order moment, E {()/(\'(t))ﬂ,

the correlation function, I 2(7), the variance, V {)A( (t)}, and the spectral density
function, S)?(t) (f)-

As indicated in Section 3.1, we shall assume that the stochastic external source, Y (t),
is a stationary Gaussian stochastic process centered at the origin, i.e. E[Y (¢)] = 0,
being I'yy (7), its correlation function. Notice that the hypothesis E[Y (t)] = 0 is
not restrictive since otherwise we can work, without loss of generality, with the
process Y (t) = Y (t) — E[Y (¢)], whose mean is null.

The mean of the first-order approximation is calculated taking the expectation

operator in (3.11) and using its linearity,
E [f((t)} = E [Xo(t)] + B [X;1(1)]. (3.18)

To compute E [X(t)], we take the expectation operator in (3.15), then we first
apply the commutation of the expectation and the mean square integral by applying
Proposition 2.4, and, secondly, we use that E [Y(¢)] = 0,

E [Xo(8)] = E [/OOO h(s)Y (t - 5) ds} — /Ooo WSE[Y(t—s)ds=0.  (3.19)

To compute E [X;(¢)], we take the expectation operator in (3.16) (recall that we
take M = 2) and we again apply the commutation between the expectation and
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the mean square integral as well as the integral representation of Xy(t) given
in (3.15),

E [X, (1))
'] w2 oo
:E{—wg/o h(s)Xo(t—s)ds+3—?/0 h(s)(Xo(t — 5))* ds
-0 /0 OOh(s)(XU(t—s))5ds]
= —wg/ h(s)/ h(s1)E[Y(t — s — s1)]dsy ds

+—/ s)/ (1) /Ooh(82)/ooh(83)1E [Y(t—s—s1)

Y (t—s—52)Y(t —s— s3)]dssdsa ds; ds

_7/ s)/ 51/ 32)/000 33/ 34/h(55 Y(t—s—s1)

Y(t—s—5)Y(t—s—53)Y(t—s—54)Y(t — s — s5)] dss dsg dsg dsa dsy ds.
(3.20)

Now, observe that
EY(t—s—s1)Y(t—s—s)Y(t—s—53)Y(t—s—s4)(t —5—55)] =0,

since Y'(t) is a zero-mean Gaussian process, see Proposition 2.1. Then, from (3.20)

one gets
E[Yi(t)] = 0. (3.21)

Substituting (3.21) and (3.19) into (3.18), one obtains

E [)A((t)] = E[Xo(t)] + €E [X1(t)] = 0. (3.22)

To obtain the second-order moment, E [()? (t))2], we square the expression (3.11),
but retaining up to the first-order approximation in the parameter e,

E [(X()2] = E[(Xo(t)?] + 2¢E [Xo(t) X1 (2)] (3.23)
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To calculate E [(X((t))?], we substitute expression (3.15) and apply Fubini’s
theorem,

E [(Xo()?] = E[(/Oooh(s)Y(t—s)ds> (/Oooh(sl)Y(t—sl)dslﬂ

- /Oo h(s) /Oo h(s1)E[Y (t — $)Y ( — 51)] dsy ds.
’ ’ (3.24)
Now, E[Y (t — s)Y (t — s1)] can be expressed in terms of the correlation function,
Tyyv (), E[Y(t—98)Y(t—s1)]=Tyy(t—s1—(t—5)) =Tyy(s—s1). Then, (3.24)
writes

E[(Xo(t))*] = /OOO h(s) /Ooo h(s1)Tyy (s — s1)ds; ds. (3.25)

Observe that the correlation function is a deterministic function of a single variable
since Y'(t) is a stationary process. To calculate the term E [X(¢)X7(¢)] in (3.23),
we substitute the expressions of X¢(t) and X;(¢) given in (3.15) and (3.16) (recall
that we take M = 2), and apply Fubini’s theorem,

E[ Xo(t) X1(t)]
_E [Xo(t) (—wg /Oooh(s)XO(t—s) ds+“§/oooh(s)<xo(t—s))3ds
L [Thorxate - sp°as)|
_ /Ooo h(s)E [Xo(t) <—ngo(t _s)+ if X - s))ﬂ ds

:—wg/o h(s)/o h(sl)/o h(s2)E[Y(t — 51)Y (£ — 5 — 5)] dsy dsy ds

+ c:,;(!%/Oooh(s)/o h(Sl)/O h(Sz)/Oooh(SS)/oooh(54)

EY(t—s1)Y(t—s—52)Y(t —s—53)Y(t —s—s4) dsgdszdsydsy ds

_ ‘ﬁ/oooh(s) /Oooh(gl)/Oooh(SQ)/Oooh(sg)/()Ooh(34)/oooh(85)/oooh(86)

EY(t—51)Y(t—s—8)Y(t—s—83)Y(t—s—54)Y(t —5—85)
Y(t — s — sg)] dsg dss dss dsz dsa dsy ds.

(Xo(t = 5))°

(3.26)
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Now, we express the expectations that appear in the above integrals in terms of
the correlation function, I'yy (+), taking into account that Y'(¢) is stationary. For

the first expectation, one gets
E[Y(t—s1)Y(t—s—s2)]=Tyy(s1 —s— s2). (3.27)

To calculate the other two expectations, we will apply the symmetry in the
subindexes and the Proposition 2.2, taking into account that Y () is a zero-mean
stationary Gaussian process. To determine the second expectation in (3.26), we
will denote w1 =t — sy, uo =t —s—sg,ug=t—s—sgand ugy =t — s — s4 to
facilitate the presentation of our computations

E[Y(t —51)Y(t—s—s2)Y(t —s—s3)Y(t —s— 54)}
= E [V (u1)Y (u2) | E[Y (u3)Y (ua)] + E[Y (u1)Y ()] E [V (u2)Y (us)]
+E[Y (u1)Y (ug)| E[Y (u2)Y (us)]
=Tyy(uz —u)Tyy (us — uz) + Lyy (us — u1)Cyy (ug — us)
+Tyy (us —ur)Tyy (ug — ug)
=Tyy(s1 —s—s2)'yy(s3 —s4) + Tyy(s1 — s — s3)['yy(s2 — s4)

+Tyy(s1 —s—s4)yy(s2 — s3).

Then, the second integral in (3.26) can be computed as

) [htsn) [ htse) [ htsa) [t

CEY(t—51)Y(t—s—52)Y(t—5—83)Y(t —s— s4)]dsgds3dsods; ds

—/Oooh(s) /Oooh(sl) /Oooh(SQ) /Oooh(83) /Oooh(&;) (Lyy(s1 —s—s2)'yy(s3 — s4)

+Tyy(s1 —s—s3)lyy(s2 — sa4)

+Tlyyv(s1 — 85— 84)Tyy(s2 — s3)) dsg dsg dso dsy ds

—s (3o [Chio) [t /)83/h84

‘Tyy(s1—s—s2)Tyy(s3—s4) dsgdss dss ds; ds.
(3.28)
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Notice that we have taken advantage of the symmetry of the correlation function,
Tyy(+), to express the last multidimensional integral. The third expectation
in (3.26) can be analogously calculated

E[Y(t s (t—s5—so)Y(t—5—s3)Y(t —5—s)Y(t —5—s5)Y(t—5— 56)}

=T'yy(s1 —s—s2)yy(s3 — s4)Tyy(s5 — s6)
+Tyy(s1 —s—82)Tyy(s3 — s5)yy(ss — s6
+Tyy(s1—s—82)lyy(ss — s6)['yy(sa — s5
+Tyy(s1 —5—83)lyy(s2 — s4)Ty

+Tyy(s1 —s—83)Tyy(s2 — s5

+Tyy(s1 —s—83)Tyy(s2 — s6

+Tyy(s1 —s—s4)yy(s2 —s3

+Tyy(s1 —s—s4)lyy
+Tyy(s1 —s—85)Tyy(s2 — s3
+Tyy(s1 —5—35)yy(s2 — 84
+Tyy(s1 —5—85)Tyy(s2 — s6
+Tyy(s1 —5—36)yy(s2 — s3)Ty

I'y

(

(

(

(

(

(

+Tyy(s1 —s—s4)lyy(s2 — 85

(

(

(

(

(

+Tyy(s1 —5—36)yy(s2 — 84
(

)Lyy (
)Lyy(
)Lyy (
)Lyy (
)Lyy (
Ty (
sz — s6)['yy(s3 — s5
)Lyy (
)Lyy (
)Lyy (
)Lyy (
Lyy (
)Ty (

YY
Y
Y
Y

—l—ryy(Sl—S—SG)Fyy So — S5 Fy 83 — 84).

(3.29)

Then, substituting (3.28) and (3.29) into (3.26), and taking again advantage of
the symmetry of the correlation function, I'yy (+), to simplify the representation
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of the last multidimensional integral, one obtains
E [Xo(t) X1(t)] = 2 / h(s) / h(s1) / h(s3)Tyy (51— 5 — s3) dsy ds ds
0 0 0
w2 o0 [e’¢] [e’¢] [e’¢] o0
o h(s)/ h(sl)/ h(32)/ h(33)/ h(s4)Tyy (51— 5 — s2)
0 0 0 0 0

. FYY (83 — 84) d84 d83 ng d81 ds

_ °“§/Oooh(s) /()Ooh(sl)/(jooh(SQ)/()OOh(83)/() (s4 / (s5 / h(se)

. Fyy(sl — S — Sg)Fyy(Sg — 84)Fyy(85 — 86) d55 d$5 d84 d83 d52 d$1 ds.
(3.30)

So, substituting expressions (3.25) and (3.30) into (3.23), we obtain an explicit

approximation of the second-order moment for the approximation X (1),
E[ (X)) = / h(s)/ h(s1)Tyy (s — 51) dsy ds
+ 2¢ ( wo/ s)/ sl)/ h(s2)Tyy(s1 — s — 82)dsodsy ds

+ 8 [ts) [ s [hisa) [hisa) [hsn

Tyy(s1 —s—s2)Tyy(s3 — s4) dsgdsg dso dsy ds

_ “ég OOOh(S)/o / 52)/ 33)/ (54 / h(85)/oooh(86)

Tyy(s1 —s—52)yy(s3 — s4)Tyy (85 — s6) dsg dss dss dsz dsa dsy ds) .

(3.31)

Now, we compute the third-order moment of X (t), using the first-order approxi-

mation w.r.t. the perturbative parameter ¢,

E [(X(t))ﬂ = E [(Xo(£))?] + 3€¢E [(Xo(t))2 X1 (2)] . (3.32)
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By reasoning analogously as in the calculation of the foregoing statistical moments,
we obtain

E[(Xo(t))?]

- /0 h(s) /O h(s1) /O h(s2)E[Y(t — 8)Y(t — 51)Y (£ — 55)] dsp dsi ds (3.33)

=0,

and

B [(Xo(1)?Xa(0)
= [T [ 230~ Xot - 9) + S Kot - 9)° — (Kot — ) )| as
=0

(3.34)

We here omit the details of these calculations since they are somewhat cumbersome
and they can easily inferred from our previous developments. Then, substituting
(3.33) and (3.34) into (3.32), we obtain

~

E |[(X(1)*] = E[(Xo(t)*] +3¢E [(Xo(£))* X1 (1)] = 0.

In general, it can be straightforwardly shown that the statistical moments of odd
order are null,
E[(X(1)>"] =0, n=012,... (3.35)

The correlation function of X (t), using the approximation of first-order w.r.t. the

perturbative parameter ¢, is given by

Peg(r) =E|[XOX(t+1)]

(3.36)

The first term of (3.36) corresponds to the correlation function of Xy (¢). It is

determined, in terms of the correlation function T'yy (+), by applying the Fubini’s
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theorem and the stationarity of Y (¢),

E [Xo(t)Xo(t + 7)] / / h(s1))E[Y(t —s)Y(t+7—s1)]dsids o
3.37

= /0 h(s)/o h(s1)Tyy (T — s1 + s)ds; ds.

The two last expectations on the right-hand side of (3.36), correspond to the
cross-correlation function of Xy (¢) and X;(t). They can be expressed explicitly in
terms of the correlation function I'yy (+),

E[ Xo(t)X1(t + 7)]

= / h(s)E {Xo(t) (‘ngo(t +7—5)+ %(Xo(t tros) -0

5l (Xo(t+ 71— s))5>} ds

= —wp / h(s)/ h(sl)/ h(s2)Tyy(s1 +7 — s — s2)dszadsi ds
0 0 0

+%3 Oooh(s) /Oooh(sl)/Oooh(SQ)/oooh(sa)/Oooh(&x)

. Fyy(sl +7—-5— Sz)Fyy(Sg, — 84) dsy dszdsy dsy ds

_ %8 Oooh(s) /Oooh(sl)/Oooh(s;g)/{)ooh(53)/()ooh(84)/oooh(85)/Oooh(56)

Tyy(si+7—85—s2)yy(ss — s4)Tyy(ss — se) dss dss dsa dsz dsa dsi ds
(3.38)

and

E[ X1(t)Xo(t + 7')}

:/ h(s)E [Xo(t—i—r)( wXo(t — s) + 20 i (Xo(t—s)) —“;;(Xo(t—s))f’ﬂds

:_wo/ 5)/ (51 / (52)Tyy(s1 — T — s — s2) dsadsi ds
+“’—2° O h(s)/o h(sl)/o h(SQ)/OOOh(33)/Owh(S4)

. Fyy(sl - T —S8— Sg)Fyy(Sg — 84) d84 dS3 d82 d81 ds

_ %3 Oooh(s) /Oooh(sl)/Owh(SQ)/OOOh(33)/ONh(S4) /Oooh(ss)/oooh(%)

. Fyy (81 - T —S8— SQ)FYY (53 — S4)Fyy (85 — 56) d56 d85 d84 dS3 d82 d81 ds.
(3.39)
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From expressions (3.37)—(3.39), we observe that the correlation function, I' ¢4 (7),
given by (3.36), only depends on the difference 7 between two different instants, ¢
and t + 7 (as it has been anticipated in the notation in (3.36)). This fact together
with E {)A((t)} =0 (see (3.22)), allows us to say that the first-order approximation,

X(t), given in (3.11) and obtained via the perturbation technique, is a stationary
stochastic process. Additionally, it is clear that the covariance function of the steady-
state coincides with the correlation function, i.e. Cov {)A((tl), X(tg):| =T¢3(7),
where 7 = |t1 — t2] and, also the variance matches the second-order moment, which
in turn can be calculated evaluating the correlation function at the origin,

V[X(1)] =E[X1)*] = T5500). (3.40)
From the correlation function, I' ¢4 (7), it is straightforward to also determine the
power spectral density function (or simply, the power spectrum) of X (t)

[ee]

S () = [ e T (ra (3.41)
here, i = y/—1 is the imaginary unit and f is the angular frequency. Observe that,
S ) (f) is the Fourier transform of the correlation function of X (t). This function
plays a key role in describing the distribution of power into frequency components
composing a signal represented via stationary stochastic process [93].

3.3 Numerical examples

In the previous section, we have obtained approximations of the main statistical
moments of the steady-state of problem (3.2). In this section, we combine this key
information, together with the PME technique, to construct approximations of
the PDF of the stationary solution. We will show two examples where important
stochastic processes play the role of the external source, Y (¢), in problem (3.2).
In the first example, we will take the white Gaussian noise as Y (¢), while in the
second one, the Ornstein-Uhlenbeck stochastic process will be considered. Since the
validity of the perturbation method is restricted to small values of the perturbative
parameter €, the numerical experiments are carried out with criticism to this key
point taking into account that the numerical approximations must retain certain
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universal properties such as the positivity of even order statistical moments (for any
stochastic process); the symmetry of the correlation and power spectral functions;
the correlation function reaches its maximum value at the origin and the positivity
of the spectral function, in the case of stationary stochastic processes.

For the sake of completeness, down below we revise the main definition and results

about the power spectral function, Sg . (f) defined in (3.41), that will be used

X(t)(
throughout the two numerical examples.

Using the Euler identity ' = cos(z) + isin(z), it is easy to check that, for any
stationary process, the power spectral density is an even function,

Sz = [

—00

cos(fr)l' g p(r)dr = 2/0 cos(fr)l' g5 (r)dr = S}?(t)(—f).

(3.42)
This property is also fulfilled by the correlation function, I' ¢ (1) = Ig o(—7) [89,
Ch. 3]. Moreover, the correlation function reaches its maximum at the origin, i.e.
T2 (7)) < T2(0) [89, Ch. 3], while it can be proved that the power spectral
function is non-negative, S < t)( f) >0 [93]. To reject the possible spurious approx-
imations obtained via the stochastic perturbation method, we will check in our
numerical experiments whether all these properties are preserved. We will also
take advantage of the approximations of the power spectral density and of the
correlation function to obtain the two following important parameters associated
with a stationary stochastic process, the noise intensity (D) and the correlation
time (7), respectively defined by

. Jo Tggln)dr D
D— /r 25X<t)(0) P S O

Notice that the value of D comes from evaluating SX(t) (f) at f =01n (3.42). So,
the noise intensity is defined as the area beneath the correlation function I'2(7),
while the correlation time is a standardized noise intensity [7]. The parameters D

and 7 indicate how strongly the stochastic process is correlated over time.

In both examples, the numerical results that we shall show correspond to 3rd-

order Taylor’s approximations of the nonlinear term sin(X (¢)) in (3.13), since we
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have checked that no significant differences are obtained using 5th order Taylor’s

approximations.

Example 3.1 Let us consider as external source the stochastic process Y (t) = £(t),
where £(t) is a white Gaussian noise, i.e. is a stationary Gaussian stochastic process
with zero-mean, E[Y (t)] = 0, and flat power spectral density, Sy ) (f) = Mo for
all f. Then, its correlation function is given by Uyy (1) = %6(7), where 0(T)
is the Dirac delta function. We will take the following data for the parameters
involved in model (3.2), wo =1, B = 105 and No = 155 (that satisfy the conditions
explained in Section 3.2, so ensuring the existence of the steady-state solution), so

the nonlinear random oscillator is formulated by

*X(t) | 1dX(t)

2t TX® Fesin(X (1) =¢£@®), t>0.  (344)

We will now take advantage of the results derived in Subsection 3.2.2, to calculate
the following statistical information of the first-order approximation, )/(\'(t), obtained
via the perturbation method and given in (3.11): (1) the moments up to order 3,
ie E {()A((t))’}, i =1,2,3; (2) the variance, V [)A((t)}, and (3) the correlation
function, F)?)?(T). We will use this information to compute approximations, first of
the stationary PDF of X (t), using the PME, and, secondly, of the spectral density
function of )A((t)

From expression (3.35), in particular, we know that E {)A((t)] and E [()A((t))?‘} are

null. For the second-order moment, E [()?(t))ﬂ , using the expression (3.31) we

obtain
1 12641

40 512000

E |(X(1)?]
This value is also the variance since E [)?(t)} = 0. On the other hand, as

E {(X(t))ﬂ is always positive, we can obtain the following bound for the per-
turbative parameter, ¢ < 1.01258. Although this value provides a bound for the
validity of the perturbation method, we show that it is a conservative bound down
below.
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To this end, we will compare the mean and standard deviation of )?(t) obtained
via the perturbation method and the ones computed by Kloeden-Platen-Schurz
algorithm [54]. The results are shown in Table 3.1. We can observe that both
approzimations are accurate for e = 0 (which corresponds to the linearization of
model (3.2)), ¢ = 0.01 and e = 0.1. But significant differences in the standard
deviation are revealed for e = 0.5 and € = 1.

Perturbation  Kloeden-Platen-Schurz  Kloeden-Platen-Schurz

method (1000 simulations) (10000 simulations)
=0 Mean 0 0.00135 0.00027
sd 0.15811 0.16031 0.15873
¢ —0.01 Mean 0 0.00009 -0.00028
sd 0.15733 0.15419 0.15732
=01 Mean 0 0.00022 —1.806-107°
sd 0.15010 0.14933 0.14992
(o5 Mean 0 —-3.124-1077 0.00006
sd 0.11249 0.12931 0.12954
=1 Mean 0 0.00028 0.00010
sd 0.01762 0.11646 0.11267

Table 3.1: Comparison between stochastic perturbation method and Kloeden-Platen-Schurz
algorithm for different values of € with regard to the approximations of the mean and the
standard deviation (sd) of the steady-state. Example 3.1.

According to expressions (3.36)—(3.39), the approximation of the correlation func-
tion is given by

fl (T)v Zf’r > O,
Loo(r) =3 fa(7), if T <0, (3.45)
Looen
1 I
40 5120000 YT
where,
—7/20 399
© T
= 107200 + 12641¢(— 1
h(7) = g510012000 (399 (5107200 + 12641¢(—399 + OT))cos< % )

399
+1/399(5107200 — 12641¢(599 + 39907)) sin ( % T)) :
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and,

e7/20

81510912000

399
falr) = (399(5107200 +12641¢(399 + 107)) cos ( 50 T)

399
+4/399(5107200 + 12641¢(—599 + 39907)) sin ( 50 T)) .

Notice that, in full agreement with expression (3.40), it is satisfied that

E|(X(1)?] =V [X(1)] =Tg5(0) = % - 511226040106‘

In Figure 8.1, we show the graphical representation of the correlation function,
['52(7), plotted from the expression (3.45) and using different values of the pertur-
bative parameter €. To emphasize this dependence on the parameter €, hereinafter
we will denote this function by F)’(\)’(\(T, €). In Figure 3.1a, we observe that the ap-
prozimations of the F)/(\)/(:(T, €) deteriorate as € increases in full agreement with the
results obtained in Table 3.1. The deterioration of the approximations as € increases
can also be confirmed by checking that the general property |I' ¢ &(7)| < T'$5(0) for
the correlation function [38], does not fulfill for e = 0.5 and € = 1 (see Figure 3.1a).
In contrast, for smaller values of € € {0,0.01,0.1} this property holds. Notice that
the correlation functions for € = 0 and € = 0.01 are quite similar, as expected.
For the sake of clarity, we have plotted these results in Figure 3.1b. Finally, in
Figure 3.1c we show I' ¢ (7, €) as a surface varying (7, €) € [—20,20] x [0,0.1].

Now, we compute the approrimation of the PDF, f)?(t) (z), of the steady-state,
using the PME, taking N = 3 (see Section 2.6). Therefore, according to the PME,
the PDF is sought in the form
fA( )(x) _ e—1—>\0—,\1z—/\2x2—>\3x~”*
X(t )
where, in our case, A\g, A1, Ao and A3 are determined numerically solving the
system (2.13) with ag =1, a; =0, ay = 2 12641 o ond as = 0. In Table 3.2, we

40 ~ 512000
show the values of Ao, A1, Ay and A3 and the corresponding domain [x1,x3] for

the following values of the perturbative parameter € € {0,0.01,0.1}. The domain
has been determined using the Bienaymé—Chebyshev inequality [ — ko, p+ ko] (in
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€ 0.10 Fev(r. €)
( | ‘ i .\“\\\\\\%}}}\W %\
ZZ;\\ \\|\' \\\\\\ \\‘}}\“‘\\"‘ il

-0.01 |
-0.02 {

-20

(b) (©)

Figure 3.1: Correlation function I' > 5(7, €) of X\(t) (3.1a) and (3.1b): 2D-representation
of I'co(7,€) for fixed values of e. (3.1c): 3D-representation of I'>2(7,€) for € € [0,0.1].
Example 3.1.

our case = 0) with k = 10, see [19]. This guarantees the 99% of the probability
is contained in the above interval [u — ko, u + ko] regardless of the distribution of
the corresponding random variable [19]. In Figure 3.2, we compare the graphical
representations of the PDF, f¢
are quite similar.

® (y). From them, we can observe that the plots

To complete our numerical analysis, in Figure 3.3 we show a graphical represen-
tation of the power spectral density for e € {0,0.01,0.1}. We observe that the
approximation obtained via the stochastic perturbation method is able to retain the
properties of symmetry and positivity of the power spectral density for e € {0,0.01},
however, positivity begins to slightly fail for e = 0.1, therefore restricting the validity
of the results provided by the stochastic perturbation method. In Table 3.3, the noise
intensity (D) and the correlation time (7) have been calculated for e € {0,0.01}.
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e=0 e =0.01 e=0.1
Ao -1.92550119 -1.93046362 -1.977491823
A 1.16917582 - 108 2.28178507 - 108 1.72829555 - 1010
Ao 19.9999999 20.19948570 22.19159320
A3 —8.23925883 - 108 —3.07272453 - 1077 —5.17949495 - 109

[v1,25] [—1.581138,1.581138] [—1.573311,1.573311] [—1.501034,1.501034]

Table 3.2: Values for \;, i € {0,1,2,3} and the domain [z1,x2] obtained via the PME
method, for € € {0,0.01,0.1}. Example 3.1.

-15 -1.0 -0.5 0.5 1.0 1.5

Figure 3.2: Approximate PDF, fo (y), of steady-state, )?(t), for € € {0,0.01,0.1}. Exam-

X(t)
ple 3.1.

Example 3.2 In this second example, let us consider the Ornstein- Uhlenbeck
stochastic process to play the role of the external source, Y (t). As we have seen in
Section 2.2, it is defined as the stationary solution of the Langevin equation
%}Eﬂ +aY(t) = O’%t(t), a >0,

where W (t) is the standard Wiener process [54]. Notice that o > 0 is a necessary
and sufficient condition for a stationary solution. Y (t) satisfies the hypotheses
so that the stochastic perturbation method can be applied, i.c., is a zero-mean
stationary Gaussian stochastic process, being Tyy (1) = o2 eIl its correlation
function. We take the following values for the parameters in equation (3.2), wg = 1,
B =1/100, 0 = 1/100 and o = 1/2 (thus, it ensures the existence of the steady-state
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0.7

0.6

Figure 3.3: Power spectral density of the approximation solution X(t), S)?<t)(f), for e €
{0,0.01,0.1}. Example 3.1.

e=0 e =0.01
D 0.0025 0.00245062
T 0.1 0.0990026

Table 3.3: Values for D and 7, defined in (3.43), for € € {0,0.01}. Example 3.1.

solution). So, in this case, the nonlinear random oscillator is given by

.. 1 ..
X(t) + %X(t) + X(t) +esin(X(t)) =Y(¢), t>0. (3.46)
We will now apply the same steps as in Example 3.1 to obtain approximations of
the main statistical functions of the approrimate stochastic solution )?(t) First,
we will determine the three first statistical moments. From expression (3.35),
E {)A((t)] and E [)?3@)] are null. For the second-order moment, E {)A(Q(t)}, using
the expression (3.23) we obtain
13 465955883861

E|X2(t)| = - . 3.47
[ <)} 6300 126023688000000 (3.47)

From this expression, we can obtain a rough bound for €, since E [)?2(25)] > 0. In
this case, € < 0.558098. To check that our second-order moment approrimation
is consistent, we will compare it with the random linear oscillator obtained when
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e — 0 [89, Example 7.2,

X(t) + %X(t) +X(t)=Y(t), t>0.

Notice that, according to (3.40), expression (3.47) is also the variance of X (t),
\% [X(t)},

In Figure 3.4, we can observe that for t large enough (corresponding in the limit
as t — oo to the steady-state), the second-order moment of the random linear
equation approaches to our approximation for e = 0. Observe in the plot that the

E [X2(t)] — 0.00206349 ~ 535 as t — oo, in accordance with (3.47).

E(V2()

0.0020

0.0015

0.0010

€=05
€=04
€=001
€=0
. €=-001

E{VZ(t)} linear equation

t
50 100 150 200 250 300 350

Figure 3.4: Comparison of second-order moments between linear and nonlinear random
oscillator for small values of € and ¢ large (corresponding to the steady-state). Example 3.2.

Once we have obtained the mean, E [)A((t)} and the standard deviation, |V {)/(\'(t)] ,

of )?(t) via the perturbation method, we compare them with the ones computed
by Kloeden-Platen-Schurz algorithm. The results are shown in Table 3.4. We
can observe that both approxzimations are accurate for € € {0,0.01,0.1}, however,
significant differences in the standard deviation are shown for e = 0.5, thus showing

the perturbation method does not provide acceptable approximations.
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Perturbation  Kloeden-Platen-Schurz  Kloeden-Platen-Schurz

method (1000 simulations) (10000 simulations)
R Mean 0 -0.01267 -0.01283
sd 0.04542 0.04422 0.04447
¢ =001 Mean 0 0.00737 0.00725
sd 0.04501 0.04437 0.04394
=01 Mean 0 -0.00265 -0.00222
sd 0.04115 0.04081 0.04083
=05 Mean 0 -0.00626 -0.00643
sd 0.01465 0.03234 0.03246

Table 3.4: Comparison of the mean and the standard deviation (sd) between the stochastic
perturbation method and the Kloeden-Platen-Schurz algorithm for different values of e.
Example 3.2.

The approzimation of the correlation function, I' ¢ 2(7), using (3.36) together with

expressions (3.37)-(3.39) is given by

f1 (T), Zf T < O,
I'eo(r) =4 fa(7), if 7> 0, (3.48)
13 465955883861 ,

— €, if T =0,

6300  126023688000000

where,
er/100 19286265625 ¢ 165 (1585962845
= — 100
h(7) 298974181793219856000000 ( e ¢
31111
—992186496) + /1111 sin <100T> (317192569(282433420507

—3197833091 )¢ + 466418810254320000)

3V11117
100

—538069558062960000)) ,

+1111 cos ( ) (317192569(220363507 + 3050020523)e
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and

fa(7)

e 2 311117
= 1111 cos | ———
298974181793219856000000 100

-(220363507 — 3050020523 )€ + 538069558062960000)

. 3V1111
+elo <\/1111 sin (g) (466418810254320000

) (317192569

—317192569(282433420507 + 3197833091 )¢))
—19286265625(1585962845¢ — 992186496)) .

Then, we can check that property (3.40) holds.

In Figure 3.5, we show the graphical representations of the correlation function,
given by the expression (3.48), for different values of the perturbative parameter
€. First, in Figure 8.5a, we can observe that for ¢ = 0.1 and 0.2 the property
IT2(T)| < T52(0) ds not fulfilled, so showing the perturbations method does
not provide reliable approximations for such values of €. For the other values of
€, we have represented the correlation function (see Figure 3.5b). One observes
that ' (7, €) for € € {0,0.01} are quite similar. Finally, in Figure 3.5¢ we show
[52(7,€) as a surface varying (7,¢€) € [-20,20] x [-0.01,0.01].

Now, we will obtain the approxzimation of the stationary PDF in the form f)?(t)(x) =
e~ 17 o= Me=Xaa® =Xax® yoing the PME, taking N = 3 (see Section 2.6). The values
of Aos A1, A2 and A3 are shown in Table 3.5 together with the domain [x1, x2) for the
following values of the perturbative parameter e € {0,0.01,0.1}. As in Example 3.1,
the intervals [x1, x2] have been computed using the Bienaymé—Chebyshev inequality.

In Figure 3.6, we compare the graphical representations of the PDF, f)?(t) ().
From them, we can observe that the approzimations are very similar.

To complete our numerical example, we have calculated graphical representations
of the power spectral density, S)?( )(f), of the X (t). In Figure 3.7, we show two
plots. Panel left corresponds to € € {0,0.01}, and panel right to € € {0,0.001}. We
observe that the property of symmetry breaks down when € increases while positivity
is retained. In Table 3.6, D and 7 have been calculated for e € {0,0.001}.
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Fy(T €
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Figure 3.5: Correlation function I' (7, €) of )A((t) (3.5a) and (3.5b): 2D-representation of
I'~2(7,€) for fixed values of e. (3.5¢): 3D-representation of I' >~(7, €) for e € [—0.01,0.01].
Example 3.2.

3.4 Conclusions

In this chapter, we have studied a class of stochastic nonlinear oscillators whose
restoring term is a transcendental function that depends only on the position. We
have assumed that the oscillator is excited by a zero-mean stationary Gaussian
process. Since the nonlinear term is affected by a small parameter, to conduct our
probabilistic analysis, we have approximated the nonlinear term using Taylor’s
polynomial, and then we applied the stochastic perturbation method to obtain the
main statistical moments of the stationary solution. After this theoretical analysis,
we have carried out numerical examples where the stochastic excitation is driven
by two important stochastic processes, the Gaussian white noise and the Ornstein-
Uhlenbeck processes. Since a key point when applying the perturbation method
is the accuracy of the approximations in terms of the size of the perturbative

parameter, from the numerical results obtained in the two examples, we have
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e=0 e =0.01
o -3.17273924 -3.181779485
A1 —1.282642481 - 10~ 2.017945566 - 1010
Ao 2.423076923 - 102 246.7285778

A3 1.474799603- 1079  —2.2037993478 - 10~8
[z1,22] [—0.454256,0.454256] [—0.450168,0.450168)]

Table 3.5: Values of \;, i = {0, 1,2,3} and the domain [z1,x2] obtained via PME, for e =0
and 0.01. Example 3.2.

— €=0.01

-04 -02 0.2 0.4

Figure 3.6: PDF of )/(:(t), f)?m(a:), for e = 0 and 0.01. Example 3.2.

performed a critical analysis checking whether some important general properties
of the statistics associated to the stationary solution are correctly preserved. To
better check the accuracy of the approximations of the mean and the standard
deviation via the perturbation method, we have compared them with the ones
calculated by means of an accurate numerical scheme, showing good agreement
for certain sizes of the perturbative parameter. This comparative analysis includes
the linear case obtained when the perturbative parameter is null. In this limit
case, the results are also fully consistent. In summary, our study shows that, by
means of a class of stochastic nonlinear oscillators, the double approximation
Taylor-perturbation method is able to approximate the statistics of the stationary

solution. Additionally, we have taken advantage of the above-computed statistics,
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004 | — €=0.01 & i — €=0.001

0.03 €=0 i 1 €=0

Figure 3.7: Power spectral density, S;(\(t)(f)7 of X(t) Panel left: e € {0,0.01}. Panel right:
e € {0,0.001}. Example 3.2.

e=0 e = 0.001

D 0.0002 0.0001996
7 0.0969231 0.0969031

Table 3.6: Values for D and 7, defined in (3.43), for € € {0,0.001}. Example 3.2.

in combination with the Principle of Maximum Entropy, to construct reliable
approximations of the density of the steady-state. Our analysis has been performed
with criticism with regard to the size of the perturbative parameter, as required
when applying the stochastic perturbation method. Our approach can be useful
to study other stochastic nonlinear oscillators whose small perturbations affect
transcendental functions with the additional advantage of computing the density
of the stationary solution.

Publications associated with this chapter

The results of this chapter have been presented at the International Symposium
& International Student Workshop on Interdisciplinary Mathematics in the CiTi
areas (ISIM & ISWIM) in Budapest (Romania) from June 27-30, 2023. The
talk, titled Probabilistic analysis of a random nonlinear oscillator via the random
perturbation technique, was published in the conference proceedings with ISSN-L
2821-8779. Additionally, a complete version of the chapter’s findings has been
published in the paper [25].
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Chapter I

Probabilistic analysis of random nonlinear
oscillators subject to small perturbations in the
restoring term depending on the position and

velocity

In this chapter, we combine the stochastic perturbation method with the Principle
of Mazimum Entropy to construct approzimations of the first probability density
function of the steady-state solution of a class of nonlinear oscillators, whose
restoring function, which depends on the position and velocity, is affected by small
perturbations and driven by a stochastic excitation. The excitation is given by a
stationary Gaussian stochastic process with certain additional properties.
Furthermore, we approximate higher-order moments, the variance, and the
correlation functions of the solution. The theoretical findings are illustrated via
some numerical experiments that confirm that our approximations are reliable.
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Chapter 4. Probabilistic analysis of random monlinear oscillators subject to small
perturbations in the restoring term depending on the position and velocity

4.1 Introduction

When dealing with oscillators, the term g(X (¢)) that appears in Eq. (3.1) may not
only depend on position but may also depend on velocity. In this chapter, we address
the study of random cross-nonlinear oscillators subject to small perturbations
affecting the nonlinear term, g, which depend on both the position, X (¢), and the
velocity, X (t),

X(t) + 2€wo X (t) + eg(X (1), X () + W2 X (t) = Y (1), (4.1)

where X (¢) denotes the position of the oscillatory system at the time instant ¢, ¢
is the damping constant, wg > 0 is the undamped angular frequency, and finally, €
is the small perturbation parameter.

Here, the stochastic derivatives are understood in the mean square sense [89,
Ch. 4]. In our subsequent analysis, we will consider the case that g(X (t), X (t)) =
X2(t)X(t), which corresponds to the most complicated scenario, sometimes called
cross-nonlinearity [26, 23], and the excitation Y (¢) is a causal mean square differ-
entiable and stationary zero-mean Gaussian stochastic process whose correlation
function, I'yy (7), is known. The intuitive and physical interpretations of these
hypotheses have been explained in Section 3.1.

To the best of our knowledge, this is the first time that stochastic nonlinear
oscillators with the above-described type of cross-nonlinearities is studied using
our approach, i.e., combining mean square calculus and the stochastic perturbation
method. In this sense, we think that our approach may be useful to extend our
study to stochastic nonlinear oscillators having more general cross-nonlinearities,
in particular of the form g(X(t), X (t)) = 27]:[:1 Zn]\fble X"(t)X™(t). This in turn,
can be utilized for the case that the expression of g(X(t), X (t)) is given by an
analytic function of X (¢) and X (t), such that g(0,0) = 0, by representing it by
means of the truncation of its Taylor expansion of order (N, M). For instance, this
happens when g(X (t), X (t)) = sin(X (£) X (t)).

The chapter is organized as follows. Section 4.2 is divided into two parts. In

Subsection 4.2.1, we apply the perturbation technique to construct a first-order
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approximation of the stationary solution stochastic process of model (4.1) with
g(X(t), X(t)) = X2(t)X (t). In Subsection 4.2.2, we determine expressions for the
first higher-order moments, the variance, the covariance and the correlation of the
aforementioned first-order approximation. These expressions will be given in terms
of certain integrals of the correlation function of the Gaussian noise, Y'(¢), and
of the classical impulse response function to the linearized oscillator associated
with Eq. (4.1). In Section 4.3 we illustrate all theoretical findings by means of
several illustrative examples. Our numerical results are compared with Monte
Carlo simulations and with the application of the Euler-Maruyama numerical
scheme, showing full agreement. Conclusions are drawn in Section 4.4.

4.2 Probabilistic model study

As it has been indicated in Section 4.1, in this chapter, we will study, from a
probabilistic standpoint, the random cross-nonlinear oscillator

X () + 26wo X (t) + eX2(t) X (t) + wi X (t) =Y (). (4.2)

The analysis will be divided into two steps. First, in Subsection 4.2.1, we will apply
the perturbation technique to obtain an approximation, X (t), of the stationary
solution stochastic process, X (t). Then, in Subsection 4.2.2 we will take advantage
of X (t) to determine reliable approximations of the main statistical functions of
X (t), namely, the first higher-order moments, E [X™(¢)],n = 1,...,5, the variance,
V[X(t)], the covariance, Cov [X (1), X (t2)], and the correlation, I'x x (7).

4.2.1 Stochastic perturbation expansion

Let us consider the Eq. (4.2). The main idea of the stochastic perturbation
technique, as we have seen in Chapter 2, is to consider that the solution X (¢) can
be expanded in the powers of the small parameter € (|e| < 1),

X(t) = Xo(t) + eXq(t) + 2 Xo(t) + - -- (4.3)
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Replacing expression (4.3) into Eq. (4.2), yields the following sequence of linear
differential equations with random inputs

e X()(t)—f—QCwOX()(t)—i-ngo(t) = Y(t),
e Xi(t) + AwoXa () +wBXa(t) = —X3()Xo(t), (44

62 : Xg(t) + 2CWOX2(t) +W8X2(t) = —2X0(t)X1(t)Xo(t) — Xg(t)Xl,

Notice that each equation can be solved in cascade. As usual, when applying the

perturbation technique, we take the first-order approximation

X(t) = Xo(t) + eX1(1). (4.5)

This entails that in our subsequent development we will only need the two first

equations listed in (4.4).

As indicated in Section 4.1, now we will focus on the analysis of the steady-state
solution. Using the linear theory, the two first equations in (4.4) can be solved

using the convolution integral [68]:

Xo(t) = /0 h(s)Y (t — 5)ds, (4.6)
and -
Xi0) = [ h(s) (~X3( = )Xot = 5)) ds (4.7)
where
(e) = (wf — CPuB) F et sin ((wf — Cwd)*t), ift >0, 43
0, if ¢ <0,

is the impulse response function for the underdamped case ¢? < 1. This situation
corresponds to the condition in which damping of an oscillator causes it to return
to equilibrium with the amplitude gradually decreasing to zero (in our random
setting, it means that the expectation of the amplitude is null); the system returns

to equilibrium faster but overshoots and crosses the equilibrium position one or
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more times. Although they are not treated hereinafter, two more situations are
also possible, namely, critical damping and overdamping. The former corresponds
to ¢? = 1 and in that case the damping of an oscillator causes it to return as
quickly as possible to its equilibrium position without oscillating back and forth
about this position, while the latter corresponds to ¢2 > 1, and in this situation
damping of an oscillator causes it to return to equilibrium without oscillating;
oscillator moves more slowly toward equilibrium than in the critically damped
system [91].

4.2.2 Constructing approximations of the main statistical moments of the

stationary solution

This subsection is devoted to calculating the main probabilistic information of the
stationary solution stochastic process, X (), of model (4.2). As it has been previ-
ously pointed out, to this end, we assume that the input term Y'(¢) is a stationary
zero-mean (E [Y'(t)] = 0) Gaussian stochastic process whose correlation function,
Cyy(7), is given. We will further assume that Y (¢) is mean square differentiable.
This additional hypothesis will be apparent later. At this point, it is convenient
to recall that for any stationary stochastic process, its correlation function is
even, so I'yy (7) = Tyy (—7), [89, p. 47]. This property will be extensively applied
throughout our subsequent developments.

To compute the mean of the approximation, we first take the expectation operator
in (4.5),
E [X(t)} =K [Xo(t)] + B [X; (1)] . (4.9)

So, we now need to determine both E[X(¢)] and E[X;(t)]. To compute the
E [Xo(¢)], we again use the expectation operator in (4.6),

E [Xo(t)] = E [/OOO h(s)Y (t - 5) ds} _ /Ooo WSE[Y(t—s)ds=0,  (4.10)

where we have applied Prop. 2.4 and that E[Y (¢)] = 0.
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Now, we deal with the computation of E [X(¢)] in an analogous manner but using

the representation of X (t) given in (4.7),

[/ h(s) (=XE(t — 8)Xo(t — s)) ds]

_ /0 h(s)E [~ X2(t — 5)Xo(t — 5)] ds

= —/Oooh(s) /Oooh 51 / (s2 / h(s3)E[Y(t —s — s1) (4.11)

Y(t—s—s)Y(t—s—s3)] dszdsads; ds
=0.

Notice that the assumption of mean square differentiability of the input process

Y (t) appears naturally at this stage.

Let us justify the last step in expression (4.11). Let us denote u; =t — s — s1,
ug =t — s — s and ug =t — s — s3, then applying Prop. 2.3 and Prop. 2.1, both
with n = 3, one gets
E [Y(t — S — 81)Y<t — S — SQ)Y(t — S — 83)] =E [ (ul)Y(UQ) (U3)]
0

= G BV ()Y ()Y (us)] =0.

So, substituting (4.10) and (4.11) into (4.9), we obtain the expectation of the

approximation is null,

E {)A((t)} = E [Xo(t)] + €E [X1(£)] = 0. (4.12)

From the approximation (4.5) and neglecting the term €2, the second-order moment

for X (t) is given by

E [J?Q(t)] = E [X2(t)] + 2€E [Xo () X1 (2)] - (4.13)
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The first addend can be calculated using expression (4.6) and Fubini’s theorem,

B3] = [ hs) [ hE Y (= )Y (- s1))dss ds »

o0 o0 .].

:/ h(s)/ h(s1)Tyy(s — s1)ds; ds.
0 0

Notice that we have used that Y'(¢) is a stationary process, so

EY(t—9)Y(t—s1)]=Tyy({t—s1—(t—5s))=Tyy(s—s1).

Now, we calculate the second addend in (4.13). To this end, we substitute the
expressions of Xo(t) and X (t) given in (4.6) and (4.7), respectively,

E[ Xo() X, ()] = / B(S)E [Xo(t) (—X2(t — 5)Xo(t — 5))] ds
0
= / h(s)E [—/ h(s1)Y (t — s1) ds1/ h(s2)Y (t — s — s2)ds2

-/02(33)Y(t — 85— 83) d83/O;L(S4)Y(t — 85— 84) ds;;} ds

__ /0 “his) /0 “his) /0 “h(ss) /0 “h(ss) /0 ThE Y (t — s)Y (t — 5~ 52)

Y(t—s— 53)Y(t -5 — 34)] dss dsz dss dsy ds

D _ /0o;;(s)/;;z(sl)/02(32)/002(33)/002(84)(Tyy(81 — s —52)yy(s3 — s4)

+Tyy(s1 —s— S3)Flyy(82 —s4) + Flyy(81 —s—s4)yy(s2 — 33)> dsg ds3dss ds; ds

o /Oo;b(s) /002(51) /002(52) /002(53) /002(34) (2Fyy(81 — s —52)Tyy (53 — 54)

+ F/yy (81 — 85— S4)Fyy (82 — 83)) dss dsg dse dsy ds.
(4.15)

Observe that in step (I) of the above expression, we have first applied Prop. 2.3
and secondly Prop. 2.1-2.2. Indeed, let us denote by u; =t — s1, uo =t — s — so,
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ug =t — s — sz and ug =t — s — s4, then by Prop. 2.3, with n = 4, one gets
E[Y(t—5)Y(t—s—82) Y(t —s—53)Y(t—5—54)]
0

= 87164}3 [V (u1)Y (u2)Y (u3)Y (uq)],

and now we apply Prop. 2.1-2.2, with n = 4, to the right-hand side. This yields,

E[Y(t—5)Y(t—5—8)Y(t—5—53)Y(t—5—54)] =

— 3(34 (E[Y (u1)Y (u2) | E[Y (u3)Y (uq)] + E[Y (u1)Y (us)] E [Y (u2)Y (us)]
+E[Y (u1)Y (ug) E[Y (ug)Y (u3)])
— 834 (Cyy (uz —u)lyy (us — us) + Tyy (us —ur)Tyy (us — uz)

+lyy (ug — ur)Tyy (ug — u2))
=Tyy (u)|u231—s—82F/YY(u)|u:83—34 + FYY(U)|u:sl—s—83F/YY(u)|u282—S4

+ Ty (W) u=s1 —s—s54 Ty y () lu=so —s5-

In step (II) of expression (4.15), we have taken advantage of the symmetry of the

indexes.

Then, substituing (4.14) and (4.15) in (4.13) one gets,

E[X*(1)] = /0 “h(s) /0 Th(s1)Tyy (s — s1) dsy ds

py (/Oooh(s) /Oooh(sl)/Oooh(SQ)/Oooh(33)/Oooh(34)

. <2Fyy(31 — 5 —59)[%y (53 — 84)

(4.16)

+ Ty (s1—s—84)Tyy(s2 — 53)) dsy dss dsy ds; ds) )

Notice that E [)A( 2(t)} does not depend on ¢. This is consistent with the fact that
we are dealing with the stochastic analysis of the stationary solution. The same
feature will hold when computing higher-order moments, E P(\' "(t)}, n > 2, later.
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Since E {)A( (t)} is null (see (4.12)), then the variance of the solution coincides with
E [)22@)] .

Now, we calculate the third-order moment of X (t) keeping up to the first-order
term of perturbation e. Therefore,

E [)?3(15)} =E [X3(t)] + 3¢E [X2(t) X, ()] . (4.17)
Reasoning analogously as we have shown before, we obtain

E [X3(1)] :/Oooh(s) /Oooh(sl)/oooh(sQ)IE Y (t— )Y (t— 1) (t — 55)] dsp dsy ds

=0,
(4.18)

where we have applied Prop. 2.1 in the last step.
The second addend in (4.17) is calculated using Prop. 2.3 and Prop. 2.1,

B (X3 00(0) = [ (B [X30) (-X3(0 - )Xol - )] ds

- —/O h(s)/o h(sl)/o h(SZ)/O h(33)/0 h(s4)/0 h(ss)E[Y (¢ — s)
Y(t—s)Y(t—s—s3)Y(t—s— 84)Y(t — 85— 55)] dssdssdssdsods;ds

(4.19)
From (4.18) and (4.19), we obtain
E [X3(0)] = E [X3(1)] + 3¢E [XF(1) X1 (8)] =0.
Using again the first-order approximation of the perturbation €, in general, it can
be straightforwardly seen that

E [X”(t)] —0, n=1,35,.... (4.20)
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Indeed, we know that,

E [X”(t)] =E[X2(t)] +neE [X7 () X1(2)] . (4.21)

On the one hand, let us observe that applying first Fubini’s theorem and Prop. 2.4,
and secondly Prop. 2.1 for n odd, one gets,

E[X7(8)] = E K/OOZ(S)Y@ ) ds) n}

- /002(31) .-./OOZ(sn)E YV (t—81) Y (t — 52)] dsn - - - dsy = 0.

On the other hand, using the same reasoning as in (4.19),
E [X$ ™ (H)X1(t)] :/ h(s)E [ X5 (t) (—X3(t — 8)Xo(t — 5))] ds =0,
0

where first we have applied Prop. 2.3, to put the first derivative out of the ex-
pectation, and secondly, we have utilized that X7~ '(t), X3(t — s) and Xo(t — s)
depend upon n — 1, 2 and 1 terms of Y (), respectively, together with Prop. 2.1
(notice that n + 2 is odd since n is odd).

To complete the information of statistical moments of the approximation, we also
determine E [)Z"%t)} :

The fourth-order moment of X (t), based on the first-order approximation via the

perturbation method, is given by

E [)?4@)} = E[X2(t)] + 4¢E [X3(£) X1 (1)] . (4.22)

Reasoning analogously as we have shown in previous sections, we obtain for the
first addend,

E [Xg(t)] = 3/0‘02(8) /00;1(51)/00;1/(82) /OO;L(S:;)FY)/(S — Sl)Fyy(Sz — 83)d8d81 dSQ ((123273)
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and for the second addend,

E [ X5 (6)X1(t)]

-/ "hs) / hs) / h(s2) / h(ss) / (s / “h(ss) / E[Y (0 - s1)

Y(t—s2)Y(t—s3)Y(t—5—54)Y(t—5—55)Y(t—s— 36)] dsdsi dsz dss dsa dss dse

:7/002(5)/002(31)/002(32)/002(33)/Oo;(sn/00;1(35)/00;(86)(6%1»(85786)

. Fyy(sl — SQ)Fyy(Sg — S — 54) =+ 3Flyy(81 — S — 86)(2 FYY(SQ — S — S4)Fyy(83 — S — 85)
+ FYY(SQ — Sg)Fyy(S4 — 85))) d8d81 dSz d83 d84 d55 dSe .
(4.24)

In the last step of the above expression, we first used Prop. 2.3, and secondly,
Prop. 2.1-2.2. From this last proposition, we know that exist 15 combinations, but
we can reduce the expression by the symmetry of involved indexes.

Now we deal with the approximation of the correlation function of X (¢) via (4.5),

i.e., taking the first-order approximation of the perturbation expansion,

Peg(r) =E[XOX(t+7)]
=K [Xo(t)X()(t + 7')] +€ (E [Xo(t>X1 (t + T)} +E [X1<t)X()(t + T)]) .

(4.25)

The first addend in (4.25) corresponds to the correlation function of Xo(t). It can

be expressed as
E[Xo(t)Xo(t+7)] = /OOO /OOO h(s)h(s1)E[Y(t —s)Y (t +7 — s1)]dsds;

= /Ooo /Ooo h(s)h(s1)Tyy (T — s1 + s)dsy ds.
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The two last addends in (4.25) represent the cross-correlation of Xo(t) and X (t).
They are given, respectively, by

E[Xo(t) X1(t+7)] = / h(s)E [Xo(t) (-X5(t+ 7 — s)Xo(t+7 —5))] ds

:7/002(5) /002(31)/002(32)/002(33)/02(84) (20yy (1 — s — 52+ s1)[yy (83 — s4)

+Flyy (T — S — 84 + Sl)FYY (82 — 83)) dsg dsg dse ds1 ds,

and
E[Xi(t) Xo(t+7)] =E [/OO —Nh(s)X2(t — s)Xo(t — 8)Xo(t + T)} ds
/ /h51)/h82/h83/h54
“(Cyy(s1 — 82)[y (7 — 84 + 5+ s3)
+2T%y (s1 — 83)Tyy (T — 84 + 5+ 52)) dsg ds3 dsp dsy ds.
Summarizing,

/ / h(s)h(s1)Tyy (T — s1 + s)dsdsy

- 6/0 h(s)/oh(sl)/o h(sz)/ooﬁ(53)/ooﬁ(s4)(2 Tyy (7 — 5 — 55 + 51) Ty (55 — 54)

0%y (T — s — 84+ s1)Tyy(s2 — 83) + Dyy(s1 — $2)T%y (T — 84+ 5 + 53)

+2T%y (81 — 83)Tyy (T — 84 + 8 + 52)) dsg dsg dsy dsy ds.
(4.26)

Since E {)A( (t)} = 0, we observe that the covariance and correlation functions of

X (t) coincide,

Cov [)?(tl),)?(tg)] =Teelr), 7=t —ta|-
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Remark 4.1 The hypothesis that Y (t) is mean square differentiable can be re-
moved, rewriting the Eq. (4.6) in the following way

X(t) = /OOO h(s)Y (t — 5)ds = /_Oo h(t — 5)Y (s)ds, (4.27)

where h(-) is defined in Eq. (4.8). Indeed, applying Leibniz’s rule (see Prop. 2.6),
which is also valid when the partial derivative exists almost everywhere and does

not require that it be continuous [99], one gets

X(t):h(O)Y(t)—k/_t h’(t—s)Y(s)ds:/_t Wt —s)Y(s)ds,  (4.28)

since h(0) = 0 (see (4.8)). In this way, we do not require assuming the mean
square differentiability of Y (t). This fact shall be illustrated in the Example 4.2
exhibited in the next section, where Y (t) is chosen as a Gaussian white noise.

4.3 Numerical examples

This section is devoted to illustrating the theoretical findings obtained in previous
sections. We take the following data for the parameters of the random nonlinear
oscillator (4.2), ¢ = 0.05 (¢* < 1) and wy = 1.

Example 4.1 Let us consider as input excitation the causal trigonometric stochas-
tic process defined by Y (t) = & cos(t) + Easin(t), t > 0, where &1,& ~ N(0,1) are
independent. Observe that Y (t) satisfies the hypotheses, i.e., E[Y (t)] =0, Y (¢) is
Gaussian, mean square differentiable w.r.t. t and stationary, being its correlation
Tyy (t1,t2) = cos(t; —t2) or Tyy (7) = cos(7). Substituting this data into Eq. (4.2),
we obtain,

X(t)4+0.1X (1) +eX2(t) X (1) + X (t) = & cos(t)+Exsin(t), &, ~ N(0,1). (4.29)

Now we shall obtain approzimations to the first moments, E {)A(Z(t)} ,i=1,...,5,

the correlation function and the variance, V {)A((t)} , of the approximate solution

X (t) of random nonlinear oscillator (4.29).
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As we have seen in the expression (4.20), the moments of odd order are null, so,
in this case, E {)?(t)} =E {)?3(t)} =E {)/(\'5(25)} = 0. Now, we sequentially deduce
some bounds for the perturbation parameter € using the positiveness of even order
moments, i.e., E [)A(z(t)} >0 and E [)?4@)} > 0. First, it is easy to check that,

using expression (4.16), the second-order moment is given by

E[X%w]:lmy—mmmm@ (4.30)

so we obtain the bound e < 0.0005. Since E {)A((t)} =0, observe that the variance
of the first-order approzimation is given by (4.30). Secondly, using expressions

(4.22)—(4.24),
1153800000000

6409
This provides a stronger bound, ¢ < 0.000166641.

Now, applying (4.26), we obtain the following approzimation of the correlation

E[X%w]:3mm0— (4.31)

function

Iz ¢(7) = 100(1 — 2000¢) cos(T). (4.32)
In Figure 4.1 we show the graphical representation of the correlation function,
['s¢(7), given in the expression (4.32) for different values of €. The higher the
perturbation €, the lower the variability. This graphical behavior fully agrees with

the physical interpretation of the oscillator dynamics. Indeed, let us rewrite Eq.
(4.29) as follows

X () 4 (0.1 4+ eX?(1)) X (t) + X(t) = & cos(t) + & sin(t).

As € > 0 increases, the damped coefficient 0.1 + eX2(t) does, so the mechanical
system reduces its oscillations. It should be noted that ¢ = 0.0004 only satisfies
the first bound (e < 0.0005); however, we can observe that the corresponding
approximation preserves the symmetry of the correlation function. This might be
due to the sample regularity of the random excitation, Y (t), which is differentiable.

For the approximation of the stationary PDF, f)?(t) (x), we apply the results exhib-
ited in Section 2.6 based on PME by taking N =5 and € = 0.00005, which satisfies
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Figure 4.1: Correlation function I' 2o(7) of X (t) for different values of . Example 4.1.

the stronger bound previously determined (e < 0.000166641). We first compute the
approximation based on the three first moments

fon(z) = o~ 1-2.181+1.045-107°2—0.0052% ~4.9217-10 =
X(t) )

and, secondly, the approximation based on the five first moments

f (z) = —1-2.243+42.552-10"82—-0.0042% —2.177-10" %2> ~3.789-10 2% 4-6.754.10 " *32°
o =e .
X(t)

In Figure 4.2, we compare both graphical representations. From them, we can
observe that both plots are quite similar, proving that computations are consistent.

Finally, to check that our approximations are reliable, we compare the mean and
standard deviation of the approzimate solution obtained via the perturbation method
against the ones calculated by Monte Carlo. The results are collected in Table 4.1.

We can observe that both approximations agree.

Example 4.2 To previously perform our theoretical analysis, we have required the
stationary Gaussian stochastic excitation Y (t) be differentiable in the mean square
sense (or equivalently, its correlation function, T'y (7), be twice differentiable in the
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003l
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Figure 4.2: Approximation of PDF, f)/(;(z) (z), using until the third and the fifth order moment

for € = 0.00005 via the PME. Example 4.1.

Perturbation  Monte Carlo Monte Carlo
method (1000 simulations) (10000 simulations)
Mean 0 0.188808 -0.114379
Standard deviation 9.48714 9.31356 9.49534

Table 4.1: Comparison between perturbation method and Monte Carlo simulations using
€ = 0.00005. Example 4.1.

ordinary sense at T =0 [89, Ch. 4]), so having differentiable sample trajectories
[94]. If we carefully revise our previous development, we can notice this is a
hypothesis coming from the fact the nonlinearity cross-term depends upon X (t).
However, as it has been explained in Remark 4.1, the hypothesis of mean square
differentiability of Y (t) can be removed. This example is devised to illustrate this
fact by choosing Y (t) = £(t), a Gaussian white noise process with zero-mean and

correlation function T'yy (1) = AW4(r), where §(1) is the Dirac delta function

L
100

noise has been extensively used in the literature since earliest contributions [26].

and W is the noise power. In this example, we take W = This type of random

Observe that Y (t) = £(t) is a stationary zero-mean Gaussian process but is not

mean square differentiable (since its correlation function, given by the Dirac delta
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function, is not differentiable) and, consequently, its sample trajectories are not

differentiable either. In this case, Eq. (4.2) becomes

X(t) +0.1X(t) +eX2()X(t) + X () = £(t). (4.33)

As in the previous example, we are going to obtain approrimations to the five
first moments, E [)?’(t)}, i1=1,...,5, the correlation function and the variance,

\% [)?(t)}, of the approzimate solution )?(t) of Eq. (4.33). To implement the corre-
sponding formulas derived throughout Subsection 4.2.2 saving computational time
in Mathematica®, we have taken into account the following properties of the Dirac

delta function,

/oo h(#)5(t — ) dt = h(s), /OO h(t)'(t — ) dt = —h/(s).

As mentioned in Example 4.1, the moments of odd order are null, and using the
positiveness of even order moments, we can obtain some bounds for the perturbation
parameter €. First, using expression (4.16), the second-order moment is determined

by
1 €

T 40 160
so we obtain the bound ¢ < 4. Since E{)A((t)} = 0, expression (4.34) is also the

variance of the first-order approxzimation. Secondly, using expression (4.22)—(4.24),

E [X?(t)] (4.34)

. 3 759
E (XYt = — — ) 4.
[ ( )] 1600 644800 (4.35)

This provides a stronger bound, € < 1.59289.

Now, applying (4.26), we obtain the following approximation of the correlation
function,

fl (T)7 ZfT 2 Oa
Foclr) = (430

fa(m), if <0,
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where

e~7/20 (=399 (~399 + ber) cos (Y3 ) + v/399(399 + 100€) sin (Y507 ))
fi(r) = 6368040 ’
and
o e7/20 (=399(~399 + 5er) cos (Y3 ) + v/399(~399 + 100€) sin (Y307 ))
2\T) = '

6368040

In Figure 4.3, we show the plot of the correlation function, 1")?)?(7'), given in the
expression (4.36), for different values of € satisfying the weaker and the stronger
bounds previously determined. We can observe that for smaller values of € the
obtained approximation of the correlation function better preserves the symmetry

as expected.

.01 _____ =3
e=1
-------- €=0.5
L €=0.01
-0.01F
-0.02

Figure 4.3: Correlation function I' > (7) of X(¢) for different values of €. Example 4.2.

Applying the results presented in Section 2.6 taking N = 5, we obtain the ap-
prozimation of the PDF, f)?(t) (x), for e = 0.5, which satisfies the stronger bound
1.59289. We first compute the approximation based on the three first moments

fo (z)= o~ 1+1.992+1.438-10 %2 —22.8572%~2.197-10 "z?
X(t) )
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and, secondly, the approximation based on the five first moments

fo ( )_ —1+41.940—5.226-10" 12 —17.83722+1.580-10 %% —42.6792% —7.904.10 92"
x)\¥) =¢€ .

In Figure 4.4, we compare both graphical representations. We can observe, again, the
similarity between them, thus showing full agreement in our numerical computations.

20\
15[ third order
fifth order
1.0+
05
|.L..J.;.LJ...>...\.\|_.L.L|.J.1|
-1.5 -1.0 -0.5 F 0.5 1.0 15

Figure 4.4: Approximation of PDF, f)?(t) (z), using until the third and the fifth order moment
for e = 0.5 via the PME. Example 4.2.

Finally, to check that our approzimations are accurate, we compare the mean and
standard deviation of X(t) obtained via the perturbation method against the ones
computed by Kloeden-Platen-Schurz numerical scheme [54]. The results are shown

in Table 4.2. We can observe that both approximations are similar.

4.4 Conclusions

In this chapter, we have studied, from a probabilistic standpoint, a family of
oscillators subject to small perturbations on the nonlinear term that depends both
upon the position and the velocity (cross-nonlinearity) and whose forcing source
is driven by a mean square differentiable stationary zero-mean Gaussian process.
Nevertheless, we have seen that the hypothesis of mean square differentiability
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. Euler- Euler-
Perturbation
thod Maruyama Maruyama
metho (1000 simulations) (10000 simulations)
Mean 0 0.000281162 -0.0000170694
Standard deviation 0.147902 0.149143 0.149929

Table 4.2: Comparison between perturbation method and Kloeden-Platen-Schurz simulations
using € = 0.5. Example 4.2.

of the forcing term can be removed. This latter result has been illustrated by
taking the white noise process playing the role of external excitation. On the
other hand, we must point out that most contributions dealing with this type
of stochastic oscillator focus on the computation of the mean, the variance, and
the correlation function. Our main contribution is the computation of reliable
approximations of the probability density function of the stationary solution by
combining the stochastic perturbation method and the principle of maximum
entropy. In this manner, we provide a fuller probabilistic description of the solution
since, from the density, one can determine any one-dimensional moment and further
probabilistic information of the steady-state. As explained at the end of Section
4.1, the proposed approach can be very useful to open new avenues in the analysis
to other kinds of nonlinear oscillators subject to small fluctuations and whose
forcing term is a polynomial stochastic process in the position and the velocity or,
more generally, an analytical stochastic process that satisfies certain hypotheses.

Publications associated with this chapter

The results of this chapter have been presented at the Mathematical Modelling in
Engineering & Human Behaviour 2020 Conference in Valencia (Spain) from July
8-10, 2020. The talk, titled Analysing nonlinear oscillators subject to Gaussian
inputs via the random perturbation technique, was published in the conference
proceedings with ISBN 978-84-09-25132-2. Additionally, a complete version of the
chapter’s findings has been published in the paper [23].
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Chapter I

Probabilistic analysis of the Euler-Bernoulli
model for a static cantilever beam subjected to

random loads via probability density functions

This chapter addresses the probabilistic analysis of the deflection of a static
cantilever beam by randomizing the classical governing fourth-order differential
equation (Euler-Bernoulli model) with null boundary conditions. The probabilistic
study is based on the calculation of the first probability density function of the
solution, which is a stochastic process, as well as the density function of further
quantities of interest associated with this engineering problem such as the
mazimum slope and deflection at the free end of the cantilever beam, that are
treated as random variables. In addition, the probability density function of the
bending moment and the shear force will also be computed. The study takes
extensive advantage of the so-called random variable transformation method, which
allows us to fully unify the probabilistic analysis in three relevant cases commonly
studied in the deterministic setting. All the theoretical findings are illustrated via
detailed numerical examples corresponding to each one of the three scenarios.
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Chapter 5. Probabilistic analysis of the Euler-Bernoulli model for a static cantilever beam
subjected to random loads via probability density functions

5.1 Introduction

As it has been indicated in Chapter 1, the deflection of a beam subject to different

loads can be described by means of the general model given in Eq. 1.2. More

specifically, for the case of a static deflection cantilever beam with the flexural

rigidity (F4) constant, the aforementioned model writes [75, Entry 3 of Table 2.4]
d*Y (z) 1

with boundary conditions
Y(0)=0, Y'(0)=0, Y'(I)=0, Y"()=0. (5.2)

Recall that, here, Y (x) represents the deflection curve of the beam, E is the
Young’s modulus of elasticity of the material of the beam, i denotes the moment
of inertia of the cross-section of the beam around a horizontal line through the
centroid of the cross-section, [ is the length of the beam and Q(z) represents the
density of downward force acting vertically on the beam at the spatial point x,

which can be interpreted as load per unit length acting on the beam.

Despite model (5.1)—(5.2) is usually applied to assume a deterministic (nominal)
value for the Young’s modulus, F, it depends on the physical material properties
with which the beam has been built. Due to the heterogeneity of the material, the
mathematical nature of the Young’s modulus is random rather than deterministic
as it has been reported in different investigations [51, 90, 44, 36]. On the other
hand, the nature of Q(z) is also stochastic since, as it has been previously indicated,
represents the density of downward force acting perpendicularly on the beam.
At every spatial point z, the value of Q(x) will depend on the heterogeneity of
the material carried on the beam. Additionally, in practice, the value of Q(z)
on the whole spatial domain is approximated via measurements, so it contains
epistemic errors. All these considerations lead to rigorously treating (5.1) as a
random differential equation, where E is a random variable and Q(x) is a stochastic
process defined in a common complete probability space (€2, F,P). As it shall be
seen later, we will assume that E is an absolutely continuous random variable, so
having a PDF, while for Q(x) we will consider both the case that is a parametric
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stochastic process, which depends on absolutely continuous random variables, and

when it is a non-parametric process.

We point out that throughout the chapter, and following the standard notation in
Probability Theory, we will distinguish random variables and their realizations
(which are deterministic quantities) by using capital and lowercase letters in the

notation, respectively.

Under our approach, the solution of the randomized boundary problem (5.1)—(5.2)
is a stochastic process, Y (), and our goal will be to determine, under very general
assumptions on the model parameters, E and Q(x), the so-called 1-PDF of the
solution, fy(z)(y) [89, Ch. 3]. As we have seen in Chapter 2, obtaining the 1-PDF
permits determining all the one-dimensional moments, provided they exist, and
the probability that the solution lies within a certain interval of specific interest.
In the stochastic analysis of civil engineering structures, this information is of
paramount importance since it permits the evaluation of the probability of breaking
a structure (like a bridge, a balcony, a crane, etc.) that is carrying on distributed
or uniform forces. Indeed, this is done by calculating the probability that the

deflection of a beam lies within a certain safety interval.

Throughout this chapter, we will obtain an explicit expression of the 1-PDF,
fy(z)(y), of the random boundary problem (5.1)-(5.2) by considering different
forms of the density downward force, Q(x). The key tool that will be applied to
conduct our probabilistic analysis is the RVT method, see Theorem 2.1.

As it shall be seen later, to apply this useful probabilistic result, first, we will take
advantage of the Laplace transform to explicitly obtain a solution of model (5.1)—
(5.2) for three different forms of Q(z), hereinafter identified with Cases I-III, that
are often considered in the analysis of beams in civil engineering.

The analysis of a cantilever beam has been extensively faced, mainly in the
deterministic context (see, for example, [79, 108, 56]). In the stochastic setting,
the number of contributions is still limited with regard to the specific study of
a cantilever beam, although many other types of engineering structures have
been studied taking into account uncertainties. Next, we will concentrate on

commenting on the three main approaches, namely, polynomial chaos expansions,
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Monte Carlo simulation, and stochastic finite elements method, that have been
applied to analyse a cantilever beam subject to randomness. The next discussion is
presented in connection with the study performed throughout this chapter. In [76],
one combines polynomial chaos with the Neumann expansion method to obtain
closed-form expressions for the first two response moments in different engineering
problems. The authors apply the theoretical results obtained to analyze a cantilever
beam, where the bending rigidity of the beam, E1, is assumed to be a stationary
Gaussian random field with an exponential-type autocovariance kernel. In [78], it
is assumed that all parameters of the classical Euler-Bernoulli cantilever beam are
random variables. The study is performed in the case of a single load with constant
(deterministic) value W. In that paper, one also studies the case that the Young’s
modulus is a discrete random field modelled first via simple random walk with
stationary independent increments and, secondly, via an adapted autoregressive
model with Gaussian distributed random variables. In both cases, authors use
Monte Carlo simulations to numerically compute the distribution of the maximum
deflection of a cantilever beam. In [55], authors compare stochastic and data-
driven finite element methods to study a cantilever by assuming that the Young’s
modulus is modelled via the fluctuation of a nominal (mean) value using a standard
Gaussian random variable. In [10], the multilevel Monte Carlo is combined with a
finite element solver to compute the statistical quantities of the static deflection
and frequency response function for a cantilever beam with uncertainty in Young’s
modulus under a static and a dynamic load. The authors show that the multilevel
Monte Carlo method provides a significant computational cost reduction compared
to the standard (crude) Monte Carlo method. We also mention the use of Bayesian
techniques to better account for the deflection of a cantilever in the case that the
spatially variable flexibility is described via a random field represented by means
of a Karhunen-Loéve expansion [101, 64]. It is worth mentioning that, in some
contributions, the cantilever beams subject to randomness factors have not been
directly analysed, but as specific examples to test new stochastic techniques. In
this spirit, we here point out [104], where authors propose a stochastic dynamic
load identification algorithm to analyse uncertain dynamic systems with correlated
random system parameters. The adopted method is based on the approximation
the Green’s function by the second-order perturbation method and orthogonal

polynomial chaos bases. The authors then apply the theoretical results to perform
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numerical simulations and experimental studies with a cantilever beam under
a concentrated stochastic force to estimate the statistical characteristics of the
stochastic load from the stochastic structural response samples. To the best of our
knowledge, there is still an important lack of information regarding the complete
stochastic analysis of a cantilever beam that is subject to uncertainties. This
extended study should include the computation of the 1-PDF of the deflection in
the case that the most important parameters of the Euler-Bernoulli model (5.1) are
random variables with arbitrary probability distributions and also when the density
of the downward force Q(z) may randomly vary according to different realistic
situations. This chapter aims to face these aspects from a very general standpoint,
including the computation of the PDF of relevant quantities associated with the
analysis of the cantilever beam as the maximum deflection and the maximum
slope at the free end of the beam.

The chapter is organized as follows. In Section 5.2, we deal with the Case I,
corresponding to the scenario that Q(z) represents two uniform loads characterized
by two independent random variables covering the same span on the beam. In
Section 5.3, we study the Case II, where multiple independent concentrated loads
along the span of the beam are analysed. In this case, Q(z) will be represented by
a train of Dirac delta functions whose intensities (loads) are independent random
variables. In Section 5.4, we study the third scenario, Case III, where Q(x) models
a distributed load with an uncertain value characterized by a constant (nominal)
value affected by fluctuating changes due to the heterogeneity of the material at
every spatial point. Spatial fluctuations are modelled via a stochastic process. In
these three above-mentioned sections, we will extensively apply the RVT technique
to obtain an explicit expression of the 1-PDF of the solution stochastic process
of model (5.1)-(5.2), and the PDF of other quantities of interest, such as the
maximum slope, the maximum deflection, the shear force and the bending moment.
The theoretical results obtained in Sections 5.2-5.4, will be fully illustrated with
examples in Section 5.5. Conclusions will be drawn in Section 5.6.

Finally, we point out that the results in the three aforementioned Cases I-11I will
be intentionally presented in an analogous manner for ease of reading but also to
show the generality of the RVT method despite each scenario being completely
different from a mathematical standpoint.
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5.2 Case |: Two loads modelled via random variables

This section is addressed to compute the 1-PDF, fy (,(y), of the stochastic solution
of the random model (5.1)—(5.2), where

o Q07 0<.’L’Sl/2,
Q““‘{Qh 2 <z <l. (5:3)

This model represents the deflection of a cantilever beam with two different loads,
represented by Qg and @1, that occupy the same space on the beam, which is fully
loaded. As discussed in the previous section, due to uncertainties associated with
data, we will assume that model parameters F, (g, and Q1 are random variables.
Hereinafter, fr.q,,0,(€; o, q1) will denote the joint PDF of the random vector
(E,Qo,Q1), that can be factorized as the product of the corresponding marginal
PDF, ie. fr(e)fq,(q0)fqo,(q1), in the particular, but the important case that £,
Qo and @, are mutually independent. In Fig. 5.1 we show a graphical scheme of
the model.

Q, Q,

random variable random variable

L e .

/2

SEEALINERENNNNNNY

Figure 5.1: Case I: Cantilever beam with two loads modelled via random variables.

At this point, it is interesting to note that in our analysis, arbitrary distributions
have been assumed for model parameters, which will provide more generality to

our study.
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In order to obtain the 1-PDF, fy(,)(y), taking advantage of the RVT technique
(see Th. 2.1), we first need to explicitly calculate the stochastic solution of Eq. (5.1)—
(5.2). To this end, several techniques can be utilized. Here, we shall apply the
Laplace transform because of the well-known advantages of this integral transform
to compactly obtain the solution Y (z) when Q(x) is defined via a piecewise
function representing the loads spanned on the beam [47]. Furthermore, the
resulting expression of the solution is particularly useful for applying the RVT
technique, as it will be apparent throughout our subsequent development. To apply
the Laplace transform, we first need to extend the definition of (5.3) as

Qo, 0<.’IJSZ/2,
Qlx)=1 @, /2 <x <l
0, x> 1.

The above expression can be written in terms of a unitary Heaviside function,

U(x),
Q(r) = Qo U(z) —U(x —1/2)) + Q1 Uz —1/2) —U(x —1)). (5.4

Now, applying the Laplace transform, y(s) = L{Y (z)}(s) = [,~ e **Y(z) du,
to (5.1)—(5.2) with Q(x) given by (5.4), using the well-known properties of this

integral transform [83, Ch. 2] and isolating y(s), one obtains
_ 1 L (Qo Qo 1z Q1 12 Q1
y(s) = i (Scl te2+ i <8 S¢° + e , (5.5)

where ¢; =Y (0) and ¢ = Y"”’(0). The next step is to apply the inverse Laplace
transform to (5.5)

L

Then, using the inverse Laplace properties [83], and applying the boundary

conditions Y (I) = 0 and Y"’(I) = 0 in order to obtain the values of ¢; and cq, we
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obtain the solution stochastic process of model (5.1)—(5.2)

Yl(x;E7Q07Ql)7 O<$‘§l/2,
Y(z) = Q-0 (5.6)
YI(':E;EaQ07Q1)+318TE,Z.O(l—2JI)4, l/2<1‘§l,
where 5
Y'(2; E,Qo, Q1) = Mlz 2 Qo Qllm?’ + Qo zt (5.7)

1661 = ° 12Ei UE;"

Observe that the solution Y (x) is differentiable and, therefore continuous at
x = 1/2, which is interesting from an engineering point of view since it informs us
that the deflection varies smoothly at the spatial point, x = /2, where the load

changes.

Since Y (x) is a piecewise function, the calculation of the 1-PDF of Y (x) will be
done separately in the two subdomains 0 < x <1/2 and 1/2 < x <.

In the first case, we fix 0 < z < [/2 and then we apply the RVT method, i.e. Th. 2.1,
to U = (E,Qop, Q1) to obtain the PDF of the random vector V = (V7, V5, V3),
defined by the transformation r: R® — R?, whose components are conveniently

defined as
v1 =71(e,q0,q1) = Y'(x5€, 90, q1),

V2 = T2<€7QOa ql) = qo,
U3 = T3(evq07 Q1) =q1-

The inverse transformation of r, denoted by s: R3 — R3, is given by

e = s1(v1,v2,v3) = Z'(z;01,v9,v3),
qo = 82(01,02703) = V2,

q1 = 53(?)1,1}2,@3) = U3,

where

ZNz; 01,09, v3) = (3[21)21:2 + 9120322 — dlvga® — Alvsa® + 21)2:54) . (5.8)

481)1i
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5.2 Case I: Two loads modelled via random variables

To compute the PDF of the random vector V, it is necessary to obtain the absolute
value of the Jacobian of s,
1

721(1;; VU1, V2, '1)3)
U1

0s1(v1, v2,v3)

61}1

M

)

which is well-defined and different from zero w.p. 1 since (g, @1 and E (hence V7,
V5 and V3) are continuous random variables and 7 # 0. Applying the RVT method,
stated in Th. 2.1, we obtain the PDF of the random vector V = (V1, V4, V3),

Fvivevs (V1,v2,03) = fB.Q0.01 (21 (701,02, 03), V2, v3)

1
ZI(I;’Ul,’UQ,’Ug)
U1

In the particular and important case that E, Qg and ()1 are independent random
variables, the above expression writes

Jvi Ve, vy (1,02, 03) = fE(ZI(l”; v1,v2,v3)) fQ, (v2) fQ, (vs)

1
*ZI(CB; U1, V2, ”03)
U1

Notice that, according to the previous transformation r: R?* — R3, the solution
of model (5.1)—(5.2) corresponds to its first component v;, so marginalizing w.r.t.
Vo = Qo and V3 = ()1, one obtains the 1-PDF of Y (z),

1
fry) = / Ie <48yz' (31%qo2® + 9P qr1a® — dlgox® — dlqra® + 2qoa:4)) fao(q0)
R2

312q0x2 + 912q1x2 — 4lq0:c3 — 4lq1m3 + 2q0m4) ‘ dqo dq:.
(5.9)

'le(QI)m I(

Remark 5.1 In the latter expression, it can be difficult to calculate the improper
multi-integral using quadrature rules. For this reason and from a computational
standpoint, it is interesting to express the above integral expression for the 1-PDF
in terms of the expectation operator w.r.t. random variables (Qo, Q1) as follows

1
fy@®) = Eqoa [fE (48yi (312°Qoz* + 9°Qi12° — 41Qoz” — 4lQz* + 2Q0x4)>
| (32Qua? + 92Qua — 41Qua® — AIQra® +2Quat) ||, 0 <z <12,
48y21

(5.10)
since it permits applying Monte Carlo simulations to approximate the 1-PDF. We
will use this remark throughout the chapter.

85



Chapter 5. Probabilistic analysis of the Euler-Bernoulli model for a static cantilever beam
subjected to random loads via probability density functions

The computation of the 1-PDF on the second piece of the domain /2 < z <[, can
be calculated using a similar development as the one we have previously detailed
step by step. We omit the technical details that lead to the following explicit
expression in terms of the expectation operator

1
fr@(®) = Eqoaqu [fE (384yz (=1'Qo +1"Q1 + 81°Qox — 8I° Q1 + 961°Q12°
3 4 1 4 4 3 3
—641Q1x2° + 16Q1x )) . 38412 ’(—l Qo+ 1°Q1 + 81°Qox — 81°Q1x

+961° Q12 — 641Q12° + 16Q12*)

], 12<z<l
(5.11)

The maximum slope, S, and the maximum deflection, D, in a cantilever beam
represent key information to account for safety and control measures [75, 96, 71].
In the case of a cantilever beam, it is clear they are calculated at the free end
of the beam, i.e., z = [. It is easy to check that they are given by the following

expressions
l3
— V(1) —
§=Y(1) = ;2; (Qo+7Q1), (5.12)
and,
4
D=Y() = 3RAE; (7Qo + 41Q1) . (5.13)

In our context, S and D are random variables whose respective PDFs, fg(s) and

fp(d), provide important information about its probabilistic behaviour.

Similar to the above, to obtain the PDF of S, we apply the RVT method stated
in Th. 2.1 taking U = (E,Qq, Q1) to obtain the PDF of the random vector
V = (1, Vs, V3), defined by the transformation r: R?* — R3, whose components

are given by
l3
v = 7'1(6, QO’(]I) = M (qO + 7(]1> ’

U2 = 7’2(6, QO)q1> = qo,

U3 = T3(€, QO7C]1) =dq1-
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5.2 Case I: Two loads modelled via random variables

The inverse transformation of r, s : R — R3, writes
lS
48v11

qo = 52(U1,U2,U3) = V2,

e = s1(v1,v9,v3) = (ve + Tvs),
q1 = 83(1/1,1/2,113) = V3.

The absolute value of the Jacobian of the inverse transformation is
3

T 4807

|J

0s1(v1,v9,v
|—‘ 1(v1,v2, v3) (va + Tv3) #0, w.p.1.

8’(11

So, the PDF of V is given by

3

48U1i

3

48v%i

fV17V27V3 (Ulv V2, U3) = fE’ ( (7)2 + 7U3)> fQo (UQ)le (1)3) (U2 + 7’[)3)

To obtain the PDF of (5.12), which is given by Vi, we marginalize w.r.t. Vo = Qg
and V3 = @)1, turning out

3 3
£5(6) = a2 (g 0+ 700) ) foula) o, () ao + Tar)dao .

This PDF can be expressed by the expectation of the random vector (Qo, Q1) as

l3

Is(9) = g55m

EqQo.Q. [fE ( v - (Qo + 7@1)) (Qo + 7Q1)} : (5.14)

In a similar way, we can obtain the PDF of the maximum deflection (5.13),

4 14
fold) = grrBanan | (g (70 +41Q0) ) (7Qu +41Qn)| . (5.15)

From an engineering point of view, it is useful to represent the response of the
cantilever beam at each spatial point x in terms of static quantities as the bending
moment, M (z), and the shear force, V' (x). These relevant quantities can be obtained,
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respectively, in terms of the second and third-order derivatives of the deflection [97]
M(z) = —EiY"(x), (5.16)

and
V(z) = —EiY" (x). (5.17)

In our setting problem, the following expressions for the bending moment and the
shear force are, respectively, obtained

—2(Qo +3Q1)> + 3(Qo + Q1)lx — $Qoz?,  0<z<1/2,
M(x)= (5.18)
(302 + 1z — 12%) Qq, /2 <x<lI,

3(Qo+ Q1) — Qoz, 0<z<1/2,
V(z) = (5.19)
(Il—2)Q, /2<xz<l

We can observe that for x = [ both the bending moment and the shear force are
null (M (I) = 0 and V(I) = 0). In addition, at = = 0 they reach their maximum

value (positive or negative).

In order to obtain the PDF of (5.18), and taking into account that it is a piecewise
function, we need to calculate the PDF separately in the two subdomains.

To this end, we first fix z : 0 < z < [/2. Now we apply Theorem 2.1 taking
U = (Q1, Qo) to obtain the PDF of the random vector V = (V1, V3), defined by
the transformation r: R? — R?, whose components are given by

1 1 1
v1 =711(q1,q0) = —g(QO +3q1)1% + 5((]0 +q)lr — 5(10962,

Vg = 7"2(611; QO) = qo-
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5.2 Case I: Two loads modelled via random variables

The inverse transformation s : R? — R? of r is given by

V] — Vs (—%12 + %lm — %3:2)

17.._ 372 ’
21x Sl

q1 = 81(1)1,1)2) =

qo = 82(01302) = V2.

Now, we need to calculate the absolute value of the Jacobian of the previous
inverse transformation,

S ——

R

881(1}1, UQ)

M o,

Then, applying the RVT method and taking advantage of the expectation operator,
we obtain the PDF on the first subdomain 0 < z <1/2,

—1P 4 Lo — 1a?) Q0> 1

17, 372 1 372
Lz — 31 |31z — 22|

fM(m)(m) =Eq, [le (m_ (

To complete the analysis on the whole domain, we fix now = : [/2 < z < [. In
this subdomain, only one random variable appears, so in this case we use the
one-dimensional version of the RVT method. Using the same notation as above,
we take U = Q1 to obtain the PDF of the random variable V = V7, defined by
the transformation r: R — R such that
1 1
v=r(q)= <2l2 +lx— 2902) q1-
The inverse transformation of r is determined by

U1
_ 172 _ 12"
sl2 +lr — 5w

s(vy) :==r"Y(vy) =

Finally, we need to calculate the derivative of r—! that is given by

ds 1

dv; —%lz—f—la:—%xz'
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Then applying RVT method, the PDF on [/2 < 2 < [ is

fM(:c)(m):le ( i ) !

— P2 +lz— 122 | |-102 4+ 1z — L2?|

In summary, the PDF of the bending moment is given by

(=12 1y 1.2
Eqo |for | = ( 81+23m 2%) Qo ! . 0<az<l)2
sl — 512 ’%lm—%lQ‘
far(zy(m) = ,
m
le(él”lwéxQ) |32 41z — Lo 2<e<l
(5.20)
The PDF of the shear force, Eq. (5.19), is obtained in a similar way:
— (31— 2
]EQO le(v(zllx)Qo z ’ 0§(E§l/2,
v (v) = . ? (5.21)
v
1/2 l.

Finally, we point out that the results derived throughout this section can be
extended, using the same reasoning, to a finite number of loads, including the case
that the loads occupy different lengths on the beam.

5.3 Case II: Concentrated random loads P, spanned on the beam

In this section, we obtain the 1-PDF' of the solution stochastic process of model
(5.1)=(5.2) in the important case that loads are applied at n different spatial points,

z;,5 =1,...,n, along the span of the beam. This case can be modelled by taking
Qz) = Z P;o (x — xj), (5.22)
j=1

where §(-) denotes the Dirac delta distribution.

Let us assume that F and P;, j = 1,...,n, are mutually independent random
variables, being fr(e) and fp,(p;), j = 1,...,n, their respective PDFs. In Fig. 5.2,
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5.8 Case II: Concentrated random loads P; spanned on the beam

we show a graphical scheme of the model. In a similar way that in the previous
section, using the Laplace transform and its properties when computing the Laplace
transform of the Dirac delta distribution, we can obtain the stochastic solution of
model (5.1)—(5.2), via the following piecewise function

YWz E, Py,...,P,), 0<z<m,

J
YH(x;E,Pl,...,Pn)Jr%ZPk(xka)g, r; <z <xTjg1,
Y (x) = k=1 (5.23)
7=1...,n—1,

n
1
YII(x;E,Pl,...,Pn)+@ZPk(x—xk)3, Tn <z <1,
k=1

where N N
1 1
Y'Yz E, Py,...,P,) = @xQijPj - @x?’ZPj. (5.24)
j=1 j=1

]
- P
~ 1
/ random variable P.
~ ---  random variable .-
z { | P,
pd random variable
~ e
z
-
5
ey
~
| l

y

Figure 5.2: Case II: Cantilever beam with concentrated random variables loads at different
spatial points.

Once we have obtained the stochastic solution, we will obtain the 1-PDF of (5.23)—
(5.24) taking advantage of the RVT method. As the solution is given by means of
a piecewise function, the 1-PDF will be determined by applying this method to

each piece.
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To this end, we first fix 0 < < 2. Let us to define a mapping r : R**! — R7+!
that transforms the random vector U = (E, Py,...,P,) into V= (V1,...,V,41)
being

V1 = Tl(eypl"‘wpn) - YII(x;e7p17"°7pn>7
V2 = 7’2(6,p1,...,pn) = D1,
Unt1 = Tne1(€,p1,--sPn) = DPn.

The inverse mapping of r is given by the mapping s : R"t! — R"*! whose

components are

— _ 11/ ,..
€ - 81(U1,U2,-..,Un+1) = Z (1‘51}177}2)"'3’07’14-1)7
P1 = 32(U17U27~-~7vn+1) = g,
Pn = Sn—i-l(vla V2,... )Un—l—l) = Un+1,
where
1 n n
11/,.. _ 2 3
Z(xy 01,02,y Upt1) = ——— | =3z g TiVj41 + T E Vjt1
6v11 = =

Note that the absolute value of the Jacobian of s is

881(’1}1,’02, e ,Un+1)

61}1

1
—ZM(z; 01,09, ..., Up1)| # 0, wop. 1.

U1

T] =

Then, according to Th. 2.1, the PDF of V is given by

v Vo (W1se e vong1) = fe (Z%(@01, 00,00 vn41)) fr, (V2) - [, (Vn1)
1
N=ZM (501,09, ., V)| -
U1
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Finally, the 1-PDF of the stochastic solution (5.23)—(5.24), which is given by V7,

is obtained by marginalizing w.r.t. Vo = Py, ..., Vq1 = Py,
1 n n
frol) = /]R{ To | =gy | 730" 2oaips +2° 3 by | | fo (pr) -+ f. (pa)
j=1 j=1

@ —3z2 Zx]pj+x Zp] dp;---dpn, 0<ax<a;.

(5.25)
The above expression involves a multidimensional integral that may be computa-
tionally unaffordable in practice. To overcome this drawback, it is interesting to
notice that this expression can be rewritten using the operator expectation

n n

1
fY(x)(y) = EPl,..A,Pn fE _@ —31’22$ij +x3ZPj
=t I=t (5.26)
——33} Zm]P +x ZP , O0<x <.

6121

This expression is particularly useful when applying Monte Carlo simulations to
calculate the 1-PDF.

The computation of the 1-PDF on the other subdomains of the stochastic solution
(see (5.23)) can be calculated similarly. For simplicity in the presentation, we skip
the technical details here. Calculations lead to

fY(a:)( ) EPl ..... Pn[fE <6y2 (333 Zl‘kpk—m ZPk+Z x—xk ))

k=1

1 2 3 3
e zpf ZP +Z (o — ) e

]7 $j<17§17]’+1,j:17,..,n71,

(5.27)
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and

fr@) () =Ep,..pP, [fE ( (3962 > by —ZE?’ZPk; + Z T — ) ]>>
6% 3x ;xk}’k—x ;Pk—l—kz::l(x—xk) Py,

1, Ty, < x <.

(5.28)
Now, we will compute the PDF of the slope, S = Y”(1), and the maximum deflection,
D =Y(l), at the free end as we did in the previous section. From (5.23)—(5.24), it

is easy to see that

1 — ~ 3
2EZZxJ i D= (3z2xjpj —ijpj>, (5.29)
j=1
and applying the RVT technique with appropriate mappings, we can obtain the
PDFs of S and D in terms of the expectation operator

n

1 - 1
fs(s) =Ep..p, | fE | 5 > 2P 2577 =Y _23P||, (5.30)
j=1 i=

(5.31)

For the sake of completeness, we finish this section by calculating the PDF of the
bending moment and the shear force of the cantilever beam. Applying equations
(5.16) and (5.17) to (5.23)—(5.24), we obtain the expressions of the bending moment

Dkt Pe(@ — w), 0<z<a,

Sr—iiq Pl — xp), z; <x < Tjga,

0, T, <x <.
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and the shear force

ZZ:lka OSxlea

n7< P , - < < .
V(z) = Zk—g—H k ; i]l z _nxiJrll,

0, T, <x <.

(5.33)

Then, applying RVT technique to expressions (5.32) and (5.33) in a similar way

to the previous section, we can obtain the PDF of the bending moment

P T—x 1
Eleuypn—l |:an ( k;iia?( k)> |$ g |:| , 0<x< 2y,
m— n:l B (z—zk) 1
EPHlv--anl[an( kféiznk : )|x . J’ z; <o < T4,
fr(zy(m)= j=1,...,n—2,
1
an ( mn > ) Tp_1 <X S T,
x—xn) |x— xp)
07 Tn <X S l,
(5.34)
and the PDF of the shear force
Ep,,...plfr (v =25 s Pr)l,s 0<a<a,
]EP]'+1,...,PH,1|:.]CP” (U_ZZ;;+1 Pk;):| 3 "I;j <x S x]J’,l’
fV(w)(v) = J = 1,...,71—2, (535)
an(U)’ xn—1<x§xna
0, T, <z <.
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5.4 Case lll: A load modelled via Brownian motion

In this section, we assume that the density downward force, Q(x), is given by the
sum of a deterministic value, gy (nominal value), and a certain random quantity
that depends on the spatial point z on the beam. This latter quantity models the
uncertainties due to the heterogeneity of the beam. As for cantilever beams, the
key point is clearly located at the free end (in our case, on the right end); then to
mathematically analyze the problem, we have chosen a stochastic process whose
variance increases with its independent parameter (in our case, the space x) and
whose distribution is Gaussian. Specifically, we have selected a standard Wiener
process (also termed Brownian motion), B(x), to perform our mathematical anal-
ysis, although our subsequent approach also permits considering other stochastic

processes to play the role of B(x). Therefore, we shall assume that
Q@) =q+B(z), 0<z<l, (5.36)

being B(z) = B(x,w) the standard Wiener process. Recall that, up(z) = E[B(x)] =
0 and V[B(x)] = z, Vx > 0, [54]. Fig. 5.3 shows a graphical representation of the
problem.

q,+ Brownian motion

HHW

X

< [T

Figure 5.3: Case III: Cantilever beam with ¢o + B(z) as varying load, being B(z) the
Brownian motion.
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5.4 Case III: A load modelled via Brownian motion

In order to obtain an approximation of the 1-PDF of the solution stochastic process
of model (5.1)—(5.2) with Q(x) given by (5.36), we will consider the approximation
of B(x) obtained by truncating its Karhunen—Loéve expansion, see Section 2.2, at
a finite order, say IN. Then, the model is approximated via the differential equation

4 N
déﬁzé@wzﬁmmmﬁ,OQKL (5:37)

where

4]2 \/5 (25— D7 .
Vj—m, (ﬁj(x)— lSln(le), j_1727"‘7N7

and §;(w) ~N(0,1), j=1,2,...,N.

The solution stochastic process of model (5.37) together with the boundary condi-
tions (5.2), can be obtained using the Laplace transform. After somewhat technical
computations, we obtain

1 (2? (g0 fN 1 — cos (b;l) \/§N b;l — sin (b;1)
Y@—m(z(ﬂ+lz;@zg“z;®@
L l_\ﬁig.l—wf}@ﬂ) LD
o\ VIR 24

N 3,.3 :
2 —6b;z + bjz” + 6sin (bjx)
+\/ZZ & 6b° 0=t

Jj=1

. (5.38)
7 — )m
2

We fix 0 < ¢ < [l and we assume that E and {;, j = 1,..., N are independent
continuous random variables with PDFs given by fgr(e) and f¢,(§;), j=1,...,N
respectively. Now, we will apply the RVT method taking in Th. 2.1 as U =
(E,&,...,&N) to obtain the PDF of the random vector V = (Vi, Vo, ..., Vy1),
defined by the transformation r: RV*1 — R¥*+1 whose components are defined

where b; =

?
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2 N _ .
V1 :7“1(6,617...,61\]) — <:; <q20l2+l\/?Z§J1CZZS(b]l)
j=1 7
3 N _ .
et ) (i ff e )
=1 J

9 4 2 —6bx + b3z® + 6sin (bjz)
" \/;Zg’ 6b> ’

Jj=1

by

=ra(e, &1, -, én) = &1,

N1 = TN+1(6 &1, EN) = Ent1.

The inverse transformation of r, s: R¥*! — RN¥*1 is given by

1 2 1—cos (b;l
6281(U17U27...,1}N+1)*T (m <q012+l\/72’u]+1 )

\/>ZUJ+1 s1n(b l)) +7 (—qol \/>Zvj+11—cos (b; l))

—6b;x + bi2® + 6sin (bjz)
‘10 e \/>ZUJ+1 j 36b5 j 7
J

61 = 82(U1,U2,. . .,UN+1) = V2,

51\7 = 81\1+1(’U17’U27 .. .,’UN+1) = UN+1-

The absolute value of the Jacobian of the inverse mapping s writes

z? 1—cos (b5l
= _2Z< <q012+l\/72v3+1 )

bl — bl 1 — cos (bjl
\/>ZU]+1 sm( )>+ag<q0l \/>Zvj+1 cos ( )>

—6b, a:+b313—|—651n bjx
QO 2 \/7211]+1 j = ( ))
J

851(1)1,1)2, .. .,’UN+1)

81}1

M

#0, w.p. 1.
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5.4 Case III: A load modelled via Brownian motion

Similarly as developed in Cases I and II, the following expression for the 1-PDF
of the solution stochastic process is obtained

fo (EZ <x2 <q012+l\/7253 — cos (b;l)
\[Z&bl 51nbl)>+<_qol \[fo cosbl)
42 \[Z@ ijx—l—b?agz?—&—GSin(bja:)))

+a§< \/>fo cosbl>+gz4

N .
n 225]_6bjx+b?m —|—651r1(bj9r)>“|7 0<ca<l.

Fr@ () =Ee . en

607

(5.39)
To complete Case III with the same information as the one presented in Cases I
and II, we now compute the PDFs of the maximum slope and deflection at the
free end of the beam and the PDFs of the bending moment and the shear force.

For the sake of simplicity, we directly present the results we obtained. For the
maximum slope

1 [gq cos (b;l) b;l — sin (bl
§=Y'() =5 | g8+ lz\fZ@,—l\foj !
N _9 272
\/> + 031% + 2 cos ()
R ’

(5.40)

99



Chapter 5. Probabilistic analysis of the Euler-Bernoulli model for a static cantilever beam
subjected to random loads via probability density functions

its PDF is given by

1 1—cosbl b;l — smbl
fs(s) =Eey,..en le (M <qu3 12\/7253 \/72&
N 242 N
gzéfQerjl + 2cos (b;l) 1 qjl3+1l2 gzg_lfcos(bjl)
! 2b? 6% \ 8 A
j=

-2+ b2 42 b;l
_l\[Zf] s1n (b1) \/72& + bj 2—; COS(J)>H7
j

and, for the maximum deflection
D= Y(l) _i qu‘l + 113\/§i€1 — COS (b]l) _ 112\/§i€b]l — sin (le)
N CEi |8 3V & b2 2 V& b3
j=1 J j=1 J
2 XL —6bl + b3 + 6sin (byl
Y e Zé.] J J ( J ) :
l 6b2
j=1 J
its PDF is given by
1 (b)) 1, (b;)
f(d) =Eg,....c le <d ( 13\[ Z&; \[ Z@ —oin
N
2 —6bjl—|—b3l3+65in (b;1) 1 qo [ 3 1 — cos (b;1)
S e N R e T
1, — sin (b;1) —6b;1 + b31* + 6sin (b;1)
_51 \/>Z£] \/>Z€J J6b]5. .

Applying equations (5.16) and (5.17) to (5.38), the following expressions are,

(5.41)

(5.42)

(5.43)

respectively, obtained for the bending moment
M) = (2420 ,)_\Fig.l—cosw(l_ )
v)=— x T ] 2 J b? T
2 al bj(z —1) +sin (b;l) — sin (b;x)
—YTLE b3 ’
j=1 J

(5.44)
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5.4 Case III: A load modelled via Brownian motion

and the shear force

N il) — COS i L
V(z) =—qo(z—1) — \/?ij cos (b) 2 (b, >- (5.45)
=1

J

Its PDFs are given by

Fr(m) = Ees,. e [fer (m+ T (% + 2 = 201)

\/>Z€J ( — cos(b;l) (I—2)+ bj(z—1)+ sinb(géjl) - sin(bjx)>)
— cos(bq! bi(z — 1) +sin(byl) — sin(b1x -
'(‘\ﬁ(l b%(”a—m (oD sl <1>>> )

(5.46)

2 (1 —cos(bil) by (z — 1) + sin(byl) — sin(byx)
'|_ (e G =)

and

fV(ac)( v) =E¢,, en [f51 ((v + qo(z = 1) \/7253 cos(b;l) bQCOS(b x))

J

, (_ % <COS(b1l) . cos<b1x>>> ) ‘_ \/? (cos(bll) ;%cosaylx))

respectively.

|

(5.47)

Remark 5.2 In the previous analysis, we calculated the PDF of several quantities
of interest (deflection, shear force, and bending moment) of the beam thanks to the
application of the RVT method. It is worthwhile to point out that this technique
could also be applied to determine the second probability density function (2-PDF)
of the above-mentioned quantities [89]. This would allow us to quantify further
statistical properties, such as the correlation of the deflection at two different spatial
points. Here, we omit this analysis since it is very similar but involves cumbersome

mathematical expressions.
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5.5 Numerical examples

This section is devoted to illustrating the above theoretical findings. We show
three different examples corresponding to the theoretical results obtained in Cases
I-IIT developed in each one of the previous Sections 5.2-5.4, respectively. We take
the following data for the deterministic parameters of the model (5.1): { = 10 m
and i = 722 cm?*, while for the random parameters, we will assume that the
Young’s modulus of elasticity, F/, has a truncated Gaussian distribution with mean
pp = 210-10° Pa (Pascals) and variance o3 = 420 - 107 Pa?, i.e. E ~ Ny (up;0%)
where T = [ug — kog, ug + kog] = [209.9993 - 10, 210.0006 - 10°], taking k = 10.
The particular form of the stochastic process Q(z) will be specified below in each

example.

Example 5.1 (Case I) This example corresponds to Section 5.2, where the can-
tilever beam supports two different loads. We assume that the loads are defined by
random variables whose distributions are Gaussian, Qo ~ N (MQO = 40; 062;)0 = 0.4)

and Q1 ~ N (qu = 20,05, = 0.2).

Fig. 5.4 shows the graphical representation of the 1-PDF' given by expressions
(5.10) and (5.11) at different spatial points x € {1,...,10}. As it is expected, we

can observe that the variance increases as x does.

fy x(Y) = £y (V) = Fyy (V)
50000 -t (V) = £y, (V)
- »’(3)(5/) - fv(g)(}’)
40000 =Ly (V) = L0, ()
= {5 (V) =Ly, (V)
30000
20000
10000

lJLJLJ\ A

0.005 0.010 0.015 0.020 y

Figure 5.4: 1-PDF, fy(,)(y), of the solution stochastic process (5.6), computed by (5.10)
and (5.11), at different spatial points = € {1,...,10}. Example 5.1.
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5.5 Numerical examples

In Fig. 5.5, we show the plots of the PDFs of the mazimum slope, fs(s), and the
mazximum deflection, fp(d), at the free end of the cantilever beam. Computations
have been carried out by expressions (5.14) and (5.15), respectively. In Table 5.1,

we include the numerical results for the mean and the standard deviation of random
variables S and D.

fs(s) fo(d)

6000 800
4000

2000

0.0022 0.0023 0.0024 0.0025 0.0026 0.0027 0.0028 s 0.017 0.018 0.019 0.020 0.021 d

Figure 5.5: Left: PDF of the maximum slope, fs(s), at free end using expression (5.14).
Right: PDF of the maximum deflection, fp(d), at the free end using (5.15). Example 5.1.

Mean Standard deviation
Slope at free end 0.0024742 0.00005343
Max. deflection 0.0189006 0.00040673

Table 5.1: Mean and standard deviation of the maximum slope and the maximum deflection
of Y(z) at the free end of the beam. Example 5.1.

In Fig. 5.6 and Fig. 5.7, we show a graphical representation of the PDFs of the
bending moment, fur(z)(m) and the shear force, fv () (v), respectively, at different
spatial points x € {0,...,9}. Recall that at the end of the beam (I =10), M(l) =0
and V(1) = 0. We can observe in both figures that the variance decreases as the

position increases.

Finally, in Fig. 5.8, we show a graphical representation of the mean and stan-
dard deviation functions of the solution stochastic process, Y (x). They have been
calculated by expressions (2.2) and (2.3), where fy () (y) is given by (5.10)~(5.11).

Example 5.2 (Case II) Here we illustrate the theoretical results for a cantilever

beam subject to concentrated loads at specific spatial points. More specifically,
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fi () (M)

- M(())(m) -fM(S)(m) 4
- fM(J)(m) - fM(ﬁ)(m)
= fuxy (M) = by, (M)
= fy(m) =1, (m) 3
= fuy (M) = £ (M)

o — - A Al A 1 I m
-1200 -1000 -800 -600 -400 -200

Figure 5.6: PDF of the bending moment, fa;(,)(m), using expression (5.20) at different
spatial points x € {0,...,9}. Example 5.1.

we assume that four random loads are located at x; = 2,5,7,9, j = 1,2,3,4,
respectively. We will assume that all the loads are characterized by a common
Gaussian distribution, P; ~ N(up, = 20;0%]_ =0.02),j=1,...,4.

In Fig. 5.9, we have graphically represented the 1-PDF, fy (1)(y), computed by
(5.26)—(5.28), at the spatial positions x = j, j =1,...,10.

In Fig. 5.10, we have plotted the PDF of the mazximum slope, fs(s), and of the
mazimum deflection, fp(d), at the end of the cantilever beam. These two densities
are given by (5.30) and (5.31), respectively. In Table 5.2, we present the numerical
results of the mean and standard deviation of these two random variables.

Mean Standard deviation
Slope at free end 0.00104897 0.000022371
Max. deflection  0.00783446 0.000163552

Table 5.2: Mean and standard deviation of the maximum slope and the maximum deflection
of Y(x). They have been obtained via the PDFs (5.30) and (5.31), respectively. Example 5.2.

In Fig. 5.11, we show a graphical representation of the PDF of the bending moment,

Iu@)(m) at different spatial points x € {0,...,8}. Due to expression (5.32) at
instants x € {9,10}, the value of the PDF computed by (5.34) is zero. Fig. 5.12
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fv (V)

20 )
= fy (V) = £, (V)

1.5 - V{Z)(V) - v(7)(V)

-fvm)(v) - vm)(V)
= fvw(v) - [V(‘))(V)

ll L1 LA,

100 150 250 300

Figure 5.7: PDF of the shear force, fv(;)(v), using expression (5.21) at different spatial
points z € {0,...,9}. Example 5.1.

shows the plot of the PDFs of the shear force, fv(.)(v). Notice in this graphical
representation that several PDFs match, namely, fvo)(v) = fva)(v) = fv(2)(v),
fve) () = fr(v) = fve)(v), fre () = fre(v) and fvs)(v) = fre)(v). This
is a consequence of the definition of the shear force (see Eq. (5.33)) and the spatial
points, x; = 2,5,7,9 (meters), j =1,2,3,4, where the loads have been placed. We
can observe in Fig. 5.11 and Fig. 5.12 that the variance decreases as the position

increases.

Finally, in Fig. 5.13, we show the mean plus/minus 2 standard deviations of the

solution stochastic process, Y (x).

Example 5.3 (Case III) To illustrate the findings obtained in Section 5.4, we
will consider that the density of downward force acting perpendicularly on the beam
of length | = 10m s given by Q(z) = qo + B(x), 0 < x <, qo = 20, and we will
consider a Karhunen-Loéve expansion truncated at order N to approximate the

Brownian motion, B(x).

In Fig. 5.14, we show a graphical representation of the 1-PDF, fy (g (x), given
by (5.39) for different spatial points x € {1,...,10} considering as truncating order

N =1 (later we justify this approximation is enough to achieve reliable results).
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Y(x)

0.005

0.010

0.015f

0.020

Figure 5.8: Mean (1) plus/minus 2 standard deviations (o) of the solution stochastic process,
Y (z). Example 5.1.

We can notice that the higher the position, the higher the variability, as expected,
since the variability of the Brownian motion, B(x), increases with x.

In Fig. 5.15, we show the PDF of the mazimum slope and mazimum deflection at
the end of the cantilever beam. From both PDFs, we have calculated, in Table 5.5,

approzimations of the mean and standard deviation of these two random variables.

Mean Standard deviation
Slope at free end 0.0016496 0.00027951
Max. deflection  0.0164908 0.0020746

Table 5.3: Mean and standard deviation of the maximum slope and deflection at the free
end of the cantilever beam, obtained via the PDF (5.41) and (5.43), respectively. Example
5.3.

In Fig. 5.16 and Fig. 5.17, we show, respectively, a graphical representation of
the PDF's of the bending moment, fur(zy)(m), and the PDF's of the shear force,
Jv@)(v), at different spatial points x € {0,...,9}. Recall that x = 0 reaches their
mazimum value (positive or negative) and at x =1 =10, M(l) =0 and V(I) = 0.
To compute these PDFs we have considered again the truncating order N = 1.
This causes expressions (5.46) and (5.47) to change their structure slightly. So,
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fy ((Y)

140000

=L, (V) = £, ()
120000 =Ly (V) =Ly, (V)
- y(3)(Y) - y(g)(Y)

100000 = by (7) = Frp (9
80000 = L5y () = f0,(V)
60000
40000
20000

0.002 0.004 0.006 0.008 y

Figure 5.9: 1-PDF, fy(;)(y), of the solution stochastic process (5.23), computed by (5.26)-
(5.28), at the different spatial points z = j, j = 1,2,...,10. Example 5.2.

fs(s) fo(d)

2500
15000 2000
1500
10000

1000

5000
500

0.00100 0.00105 0.00110 0.0011 E:S 0.0075 0.0080 0.0085 d

Figure 5.10: Left: PDF, fs(s), of the maximum slope at free end. Right: PDF, fp(d), of
the maximum deflection at the free end. Example 5.2.

the PDF of the bending moment for N = 1 is given by

Frt(ey(m) = fe, ((m+ %0 (% +a® - 21:[)) <_ % (1—‘31‘:;(’911)(1 )

Jrb1 (z —1) +sin(b1l) — sin(blx)>>l>

5.48
3 (5.48)

—1

2 (1 —cos(bil) bi(z — 1) + sin(b1l) — sin(bix)
o | — l . B—— Jr

- l—z
o b
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v (m)
- M(O)(m) - M(S)(m) 20}
- Mw(m) - M(é)(m)
= fyy (M) = £, (m)
= fy (M) =1, (m) 5F
= fiyy (M)
0r
5F
| A | _
-400 -300 -200 -100

Figure 5.11: PDF of the bending moment, fy;(,)(m), using expression (5.34) at different
spatial points z € {0,...,8}. Example 5.2.

and the PDF of the shear force is given by

fv (V) = fe ((v + qo(z — 1)) ( % <cos(b1l) ;;OS(blx))) )
‘ \/> cos(bil) — cos(blx)) |1

Again, we can observe in both figures that the variance decreases as the position

(5.49)

increases.

In Fig. 5.18, we show the mean (u) plus/minus 2 standard deviations of the solution
stochastic process, Y (x), on the whole spatial domain.

Finally, in Table 5.4, we show a comparison of the values of the mean and standard
deviation of the maximum deflection of the cantilever beam, D, considering different
orders of truncation, N € {1,2,3,10,50}, of B(x) via a Karhunen-Loéve expansion.
We can observe that approximations are very similar with N = 1. This justifies
that our previous calculations have been carried out computations with this order.

Similar conclusions are derived from the PDFs, as we can observe from Fig. 5.19.
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fV (X) (V) - V(D)(V)’ fV(l)(V)’ fV(Z)(V)
2.0} = £y (V) £y (V) £ (V)

= f, v(©) W fV( 7) W

= fyey () by (V)

151

1.0}

0.5f

\"

20 40 60 80

Figure 5.12: PDF of the shear force, fv (,)(v), using expression (5.35) at different spatial
points = € {0,...,9}. Example 5.2.

N=1 N=2 N=3 N =10 N =50

Mean 0.0164908 0.0164886 0.0164946 0.0164893  0.016493
Standard deviation 0.0020746 0.0020860 0.0020821 0.0020854 0.0020879

Table 5.4: Mean and standard deviation of the maximum deflection, D, at free end, obtained
via the PDF (5.43) for different values of the truncation order, N, to approximate the Brownian
motion by its Karhunen-Loéve expansion, N € {1,2,3,10,50}. Example 5.3.

5.6 Conclusions

Throughout the chapter, we have studied, from a probabilistic standpoint, a
foundational model to describe the deflection of a static cantilever beam subject
to different loads, which is relevant in the civil engineering literature. Our analysis
has several advantages. First, it permits computing not only the mean and the
standard deviation of deflection but also its probability density function that
provides a fuller description. Secondly, our theoretical findings have been obtained
under very general hypotheses since we have considered a complete randomization
of model parameters (the density of downward force acting perpendicularly on
the beam and the Young’s modulus, denoted by Q(z) and F, respectively). Even
more, the results obtained in every one of the three cases analysed in the chapter
have been established, assuming arbitrary probability density functions for the
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Y(x)

0.002

0.004

0.006 |

0.008 -

Figure 5.13: Mean (u) plus/minus 2 standard deviations (o) of the solution stochastic
process, Y (z). Example 5.2.

random parameters involved in the model. This gives a great generality to our
results. Besides, we have probabilistically characterized, via the corresponding
densities, essential quantities of interest such as the slope, maximum deflection,
bending moment, and shear force of the cantilever beam under mild hypotheses.
Furthermore, we have shown that the Random Variable Transformation technique
provides a comprehensive, systematic, and unifying tool to obtain mathematical
results in a variety of scenarios, allowing us to obtain general formulas that are
very useful for carrying out computations, as shown in the examples.

Publications associated with this chapter

The results of this chapter have been presented at the International Confer-
ence on Mathematical Analysis and Applications in Science and Engineering
(ICMAS2SC’22) in Porto (Portugal) from June 27-29, 2022. The talk, titled Proba-
bilistic analysis of a cantilever beam with random parameters via probability density
functions, was published in the conference proceedings with ISBN 978-989-53496-
3-0. Additionally, a complete version of the chapter’s findings has been published
in the paper [24].
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f Y (x) (Y)

10000 = £y () =L, ()

=L (V) =L ()
8000 -fY(3)(-V) -fY(s)(-V)

- Y(4)(-V) - y(g)(.V)
6000 - Y(5)(y) - Y(IO)(-Y)
4000
2000

0.005 0.010 0.015 0.020 0.025 y

Figure 5.14: 1-PDF, fy(,)(y), of the solution stochastic process (5.38), computed by (5.39), at
different spatial position = € {1,...,10} of the cantilever beam considering an approximation
of the Brownian motion, B(z), via a Karhunen-Loéve expansion truncated at order N = 1.
Example 5.3.

fs(s) 2);Do(d)
1400
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1000

800 100

600
400 50

200

0.0005 0.0010  0.0015  0.0020  0.0025  0.0030 s 0.010 0.015 0.020 0.025 d

Figure 5.15: Left: PDF, fs(s), of the maximum slope at free end. Right: PDF, fp(d), of
the maximum deflection at the free end. Example 5.3.
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fmo(m
= Ly (M) = 5, (M) M (X)( )
= fyy (M) = (M)
= fyy(m) = £, (M) 0.25]
- M(3)(m) - M(B)(m)
= fup(m) = £y (M) 0.20l
0.15}
0.10F

-1400 -1200 -1000  -800 -600 -400 -200

Figure 5.16: PDF of the bending moment, fy;(,)(m), using expression (5.46) at different
spatial points € {0,...,8}. Example 5.3.

fv (V)
ol -fV(o)(V) - fv(s)(V)

: H =Ly (V) = (V)
0.12} =l (V) =1, (V)

=fyy (V) =L (V)
0.10f = Fy (V) = Fygy (V)
0.08}
0.06
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0.02
-1 \'
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Figure 5.17: PDF of the shear force, fy (4)(v), using expression (5.47) at different spatial
points z € {0,...,9}. Example 5.3.
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0.015f
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Figure 5.18: Mean (u) plus/minus 2 standard deviations of the solution stochastic process,
Y (z). Example 5.3.

fp(d)
200}
//B\ - N—1

N=2
N=3

150 / N=10
N=50

100} \

0.010 0.015 0.020 0.025

Figure 5.19: PDF of the maximum deflection at free end, fp(d), for different values of the
truncation order, N, to approximate the Brownian motion by its Karhunen-Loéve expansion
N € {1,2,3,10,50}. Example 5.3.
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Chapter

Extending the probabilistic analysis of the
Euler-Bernoulli model for a stochastic static

cantilever beam

In this chapter, we present a comprehensive probabilistic analysis of the deflection
of a static cantilever beam based on Fuler-Bernoulli’s theory. For the sake of
generality in our stochastic study, we will assume that all model parameters
(Young’s modulus and the beam moment of inertia) are random variables with
arbitrary probability densities, while the loads applied on the beam are described
via a Poisson delta-correlated process. The probabilistic study is based on the
calculation of the first probability density function of the solution and the
probability density of other key quantities of interest, such as the shear force and
the bending moment, which are treated as random variables too. To conduct our
study, we will first calculate the first moments of the solution, which is a stochastic
process, and we then will take advantage of the Principle of Maximum Entropy.
Furthermore, we will present an algorithm, based on Monte Carlo simulations,
that allows us to simulate our analytical development computationally. The
theoretical findings will be illustrated with numerical examples where different
realistic probability distributions are assumed for each model random parameter.
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Chapter 6. Extending the probabilistic analysis of the Euler-Bernoulli model for a stochastic
static cantilever beam

6.1 Introduction

In this chapter, we perform a full probabilistic study of the deflection of a static
cantilever beam using the Euler-Bernoulli’s model, see Eq. (1.2), with the main
novelty, w.r.t. the study performed in Chapter 5, that all its parameters (Young’s
modulus and the beam moment of inertia) are treated as random variables and
that the load applied on the beam is assumed to be described by a Poisson
delta-correlated process. Notice that in the previous chapter, we assumed the
moment of inertia as a deterministic parameter. We will calculate the solution’s
1-PDF via the PME. To achieve this goal, we first calculate the first statistical
moments of the solution. To complete the study, we also determine the PDF of
the shear force, and the bending moment, which are treated as random variables.
We also introduce an algorithm, based on the Monte Carlo method, to carry out
simulations from our theoretical findings. It is important to point out that the
calculation of the first moments of the solution is based on the so-called generalized
functions. This technique is introduced in [35], where authors elegantly analyze
other types of beams, different from a cantilever, assuming partial randomization of
the models under study. Particularly, they assume the flexural rigidity parameter
is deterministic. In the present chapter, apart from studying another type of beam,
namely the cantilever, dealing with the full randomization of the corresponding
Euler-Bernoulli’s model, we also obtain the 1-PDF of the solution, which, as it
was pointed out in Chapter 2, is the most important information associated with a
stochastic process. Indeed, from the 1-PDF one can determine any one-dimensional
statistical moment as well as the probability that the deflection varies on a specific
interval of interest. This is key information to, for example, analyze and quantify
the main risks that may affect civil structures. As it has been said, the calculation
of the 1-PDF will be done utilizing the PME. It is instructive to point out that the
PME method has been widely applied in civil engineering. In [107], the authors
obtain the PDF of the shear capacity of the reinforced concrete beam using
PME and compare it with brute force Monte Carlo simulation, obtaining good
approximations. In [21], the PME is modified to estimate the PDF of the material’s
fiber-reinforced concrete properties using their different order moments. In [42],
authors combine polynomial chaos expansions with a variation of the classical PME

to approximate the PDF of the response to several structural engineering problems.
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In [62], one proposes a new method for constructing the so-called probability box
(p-box) model based on the PME. The results are applied to perform a reliability

analysis for uncertain engineering structures.

The chapter is organized as follows. Section 6.2 introduces some deterministic and
stochastic preliminaries required to conduct the aforementioned probabilistic study
of the deflection of a cantilever beam subject to loads and assuming that the model
parameters, namely, the material Young’s modulus of elasticity and the beam
moment of inertia are random variables. In Section 6.3, we carry out the analysis
of the stochastic model by first computing, under very general conditions of the
model parameters, the mean and variance of the deflection. These two statistical
moments will be required later to approximate its 1-PDF taking advantage of the
PME method. Apart from the deflection, we will also calculate approximations
of the mean, the variance, and the PDF of other relevant physical quantities
associated with the beam, such as the bending moment and the shear force. In
Section 6.4, we present an algorithm, based on Monte Carlo simulations, that
allows us to simulate all the abovementioned physical quantities effectively. The
theoretical results obtained in Section 6.3 are compared with the ones obtained
via simulations using the algorithm presented in Section 6.4. Finally, conclusions

are drawn in Section 6.6.

6.2 Problem setting and preliminaries

As we have seen in the previous chapter, when ET is constant, the Eq. (1.2) can
be expressed as follows:
d*Y (z) 1
—_— = = 0 l. 6.1
= QW) 0<a< (61)
This equation, together with the boundary conditions Y (0) = 0, Y’(0) = 0,
Y”(l) =0, and Y"'(I) = 0 represent the deflection of a static cantilever beam, see
expressions (1.3). The meaning of each quantity in the previous model can be seen

in the previous chapter, see model (5.1).

Based on the reasons explained in Section 6.1, we will consider that the distribution
of the load supported on the beam, Q(x), is described by a stochastic process.
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Specifically, we will assume that Q(x) is determined by concentrated loads, P;,
acting vertically on the beam and randomly spanned according to the following

expression,
N()

i=1

where P; are assumed to be i.i.d. random variables, representing concentrated
loads acting at the abscissas z; € (0,1). N(I) denotes a Poisson counting process
with rate A > 0. This parameter can be interpreted as the expected number of
random loads, F;, that randomly apply per unit of space on the beam. Following
the notation used in [34], we use the term R_;(z — x;) := §(z — x;) to indicate
that P;, 1 < i < n, represent concentrated loads at the spatial points x;. Here, (-)
denotes the Dirac delta function. Furthermore, hereinafter we will assume that F
and I are independent random variables, so notice that they do not depend on z.

Fig. 6.1 shows a graphical representation of the model.

P, P, P, Py
Xl XZ X3 XN(I)E
x=0 x=1

Figure 6.1: Graphical representation of model (6.1), where the distribution of the random
concentrated loads, P;, on the spatial points x; of the beam is described by the stochastic
process given in (6.2).
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Remark 6.1 Throughout this chapter, we will use the most well-known generalized
function in Q(zx), i.e., the Dirac delta function. We will use this function to

represent a concentrated load at an arbitrary spatial point, say xo. Defining
R_1(z —x9) :=0(x — x9), (6.3)

by integration, we obtain Ro(x — x0), which is the unit step or Heaviside function.
If we continue integrating up to order n € N, we arrive at the following piecewise

polynomial function

0 .
Rn(x — 1'0) = { 17 ZfZL' < Zp,

n!

(l’ - xO)nv fo 2 Zo, (64)

that, for n = 1,2,3, corresponds to the linear, quadratic, and cubic ramp functions,
respectively. Notice that, (6.4) also works for n = 0. As it shall be seen later, these
functions Ro(-), R1(-), Ra(-) and R3(-) will be extensively used in our subsequent

calculations.

The stochastic process given by (6.2) is known as the delta-correlated process [95]
(also termed Poisson white noise process [41, p.186]). The process Q(x) can be
regarded as the formal derivative of its corresponding associated compound Poisson
process, C(z) = Zi\;(ll) P,0<z<lie. %;I) = Q(z). As we have seen before,
this process consists of a Poisson counting process, N(I), and random intensities,
P, acting at the spatial points on the beam, x;, i = 1,..., N(I) (this action is
mathematically represented by P;R_1(x — x;)). The loads P; are distributed along
the beam according to a Poisson distribution. This process is widely used to model
concentrated loads simulating, for example, cars traveling on a bridge, which has

motivated its consideration in our analysis.

We now introduce several statistical properties that will play a key role later for a
class of random processes that include, as a particular case, the foregoing random

processes Q(z) and

N()
Gj(z):=> PRj(x—1;), j=0,...,3, (6.5)
=1
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are filtered Poisson processes [58], which depend on the loads, P;, which are

randomly spanned on the beam according to a Poisson counting process N(I). Let

O]
Z(x) = Z Uiv(z, x;) (6.6)
i=1

be a stochastic process constructed by superposition of pulses at the spatial points
x; whose shape is defined by a deterministic function v = v(z,x;) and having
pulse intensities given by a family of i.i.d. random variables U;. As shown in [58],
the probabilistic structure of Z = Z(x) can be revealed via the characteristic
functional. Indeed, it can be shown that the cumulant function of order m of Z is

given by

min(z1,...,Zm)
Co™ (@1, ... x) = AE [Um}/ v(pyx1)---v(pyam)dp.  (6.7)
0

Note that we here have used x1,...,z,, to denote the variables of function Cy for
the sake of consistency with the independent variable x of Z, although any other
letter could be used too. As a consequence of the properties of cumulants [58], the

mean and the covariance can be obtained as particular cases of C(Z"(% (T1y. ey T):
pala) = BIZ@)] = AB[U] | o(pa)dp = O, (@), (6.8)
and

Covz(z1,22) =E[Z(21)Z(22)] — E[Z(21)] E [Z(22)]
= AE [U?] /Omm(zwﬂ v(p, 1)v(p, x2)dp
= CP (21, 22). (6.9)
Hence, the variance is given by

o2 (z) = C(ZQ) (x,x). (6.10)
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Later we will also need to handle the cross-covariance of two stochastic processes,
say Zy=2,(x) and Z,=Z,(z), of the form of (6.6) with different shapes, v and w,

N(1) N(1)

Zy(x) = Z Uw(z,x;), Zyp(x)= Z Uyw(zx, x;). (6.11)

In this case, the cross-cumulant function of order m = 2, which is just the cross-
covariance of Z, and Z,,, writes

min(z1,z2)
C(ZQU),ZU, (21,72) = AE [U?] / v(p, x1)w(p, x2)dp. (6.12)
0

As it shall be seen in the next section, these properties will be essential to obtain, in
the first step, the mean and the variance of Y'(z), i.e., the deflection of the cantilever
beam. Afterward, from these two statistics, we will approximate the 1-PDF of
the solution taking advantage of the PME. Furthermore, we will determine other
engineering probabilistic quantities of interest associated with the beam, such as
the bending moment and the shear force.

6.3 Concentrated random loads P, spanned randomly on the beam
In this section, we will carry out a probabilistic study of model (6.1). For the sake
of clarity, we substitute expression (6.2) into Eq. (6.1) and we then obtain

d4Y N(1)
(.'L‘) ZPiR,1($—$i), 0<.’E<l7
=1

1
dzt  — EI & (6.13)

Y(0)=0, Y/(0)=0, Y"()=0, Y"(l)=0.

To conduct the probabilistic study of model (6.13), we first need to obtain its
solution. For this purpose, we take advantage of the one obtained in [35]. The
difference between the two of them lies in the type of beam and, therefore, in the
boundary conditions of the model. Based on the solution

N(1)

1 1 1
Y(x) = ol Z PiR3(x — z;) + 601963 + 502962 + O3z + Cy, (6.14)
i—1
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we use the boundary conditions of model (6.13) in order to compute the integration
constants Cq, Cy, Cs, and Cy.

First, we calculate Cy
Y(0)=0—Cy=0, (6.15)

and C3
Y'(0)=0— C5=0. (6.16)

Second, we calculate C; using the third derivative

N N Q)
Y"(1 _O—>—ZPR0 )+C1=0—C = ZPRO(Z

(6.17)

and finally, we calculate Cy

N() 1 N(I)
Y"(1 _0—>— ZPRl(l ;) EZHRO(l—x,-)z+C2:0, (6.18)
=1

N(I) N(I)
Z PiRy(l— ;) = Y PiRo(l— )l | . (6.19)
1=1

Now, replacing the obtained integration constants into (6.14) and reorganizing the

solution, one obtains

El[ <G3( ) — éGO(z)x?’ - % (G (D) lGo(l))x2> L (6.20)

where G (z) has been defined in (6.5).

Y(z) =

The function G(x) represents the load function, which is independent of the
beam characteristics. However, for the sake of convenience in our subsequent
computations, we introduce the following relabeling of the previous stochastic
process G (x),

N() _
Gj(z) =Y FiRj(x —z;), j=0,1,23, Fy=— (6.21)
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where @j (x) is now also dependent on the beam characteristics. This allows us to
rewrite Y (x) given in (6.20) in terms of the stochastic processes @](x)
~ 1

Y(z) = Gs(x) — ééo(m _Z (Gl( ) — zéo<z>) 22, (6.22)

As has been indicated in Section 6.2, we are interested in approximating the 1-PDF
of the deflection of the beam, and for this goal, we shall apply the PME method. So
we will first calculate the mean of the deflection, taking the expectation operator
in expression (6.20)

E[Y (¢)] = E[Gs(x)] ~ ElGo()]s* — 5 (BIG()] ~ [E[Go(@)]) 2%, (6:23)

In order to provide an explicit representation of E[Y (z)], we shall compute IE[CA? i(x)],

i =0,...,3. Notice that E[G5(z)] is not specifically required for computing E[Y ()],
but it will also be calculated because it will be needed later. To this end, we will
take advantage of expectation E[Z(z)], given in (6.8), of the stochastic process Z(x)
defined in (6.6) with the following identification in terms of CAT’J(x) defined in (6.21):
the impulse shapes and pulse intensities are given by v(z,z;) = R;(x — x;),
7 =0,...,3, and U, := Fj, respectively. Then, taking into account the definition
of functions R;(x — x;), given in (6.4), one obtains:

E[Go(x)] = C2 () = AE[F / Ro(z — p
(6.24)
7] /0 dp = \E
E|[Gi(z)] = Y (x Ri(z—p
(Gt =5 / (6.25)
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E[Gs(x)] = O (x) = AE|[F] / "Ry — p)dp
. (6.26)
= \E [Fi]/o %(x —p)?dp = %]E [Fy] 23,

and
B(Ga(o)) = CF)(«) = XE[F)] [ Ra(o— p)dp

\ (6.27)
/ ~(z—p)’dp= —E[F]z’

24

Then, substituting the above expressions in (6.23), one gets the following expression

for the expectation of Y (x):

E[Y (z)] = %E 7] (11295 _ §lw + 21%?). (6.28)

Now, we compute the covariance of Y (x) using the representation (6.20) and its

properties as a positive semidefinite function:

Covy(x1,22) = E [Y(xl)Y(IQ)] —E[Y(21)] E[Y (22)]

) @) 2 1 @ 2
—C’as(:cl,xg) 2C’ SGl(xl,l)xz 206361(:62,1):61

1 (o 9 1

1 6.29
2Cg)A (2,1) (la:f — 33::1)’) (6.29)
3 0
l l
+ 402;20)(1 l)< x3x3 — 3%?1’% 31‘%.%% 1236%9%)

1 1
+ 202:20)6:1([ ) (6:013:2 + 6x1x2 lx1x2>
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6.3 Concentrated random loads P; spanned randomly on the beam

Taking x1 = xo = x in the above expression, using that Cg) (x,2) = Ué (z), and
; v

after some algebraic manipulations, one can obtain the variance of Y (),
2 2
o} (2) = Oy (x,2) = E[Y(2)*] ~E[Y (2)
_ 2 _ A2 I S RNV () 2 13
= aag(a;) 06361 (x,l)x* + 406,1(1)3: +C§3§O(x’ ) (l:r 3¢ > (6.30)

1, 1 2.5 104 1@ 15 4
+4oao(z)<9x St Pt 4+ 5O (1,0) (540 1)

In this expression, we now compute the terms of the form Ué and C’g )a , using

(6.10) and (6.12), respectively, ’ ’

o2 (z) = AE[F?] ’ R3(z — p)R3(z — p)dp = %QE [F?] 2, (6.31)
Cé?)a (z,1) = AE[F2] /Oz Ry(z — p)Ri(l— p)dp = 2341@ [F?] 2 <z - ;x) :
(6.32)
2 2 ! A 27 713
7%, (0= XELF?] [ Ra(l= p)Rs(1 = p)dp = ZE[F2] P (6.33)
Cov, @D = XEIF] /OZ Rs(w = p)Ro(l — p)dp = %E (7], (6.34)
l
72, (0= NELFE] [ Rall = p)Ro(l = p)dp = XE[F?] 1 (6.35)
l
€2 (10 = XEIF?] | Rl = p)Rall = p)dp = B[R]0, (6.36)

Substituting these expressions into (6.30) and after simplifying, one gets the
following expression of the variance

A 2 1
o2 (z) = EIE[FE] (-105:,;7 + gl:cﬁ — 1225+ l3x4> : (6.37)
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Consequently, the second-order moment of the deflection is

A 2 1
E [Y? = g2 E[Y (2)]? = ZE[F?] ( ———27 + 2125 — 22° + 132
[V2(@)] = 0% (2) + BY (2))* = GE[F?) { —qgpa + 5la® = P + Pa
)‘2 2 1 8 1 7 7 2,6 3,..5 34 4

(6.38)
This expression will be used later when applying the PME to approximate the
1-PDF of the deflection Y (z).

As we have seen in the previous chapter, two characteristics that are very important
when studying beams in engineering are the bending moment, M(z), and the
shear force, T'(x), defined as

M(z) := —FEIY"(z), and T(x):= —EIY" (),

respectively [97]. These physical quantities can be calculated differentiating (6.20)
and (6.5), and taking into account that, by (6.4), RY(x) = Ry(z) and RY'(z) =
Ro(x), so GY(x) = G1(x) and G4’ (x) = Gy(z). Consequently,

M(z) = =Gi(x) + G1(l) — Go(D) (I — ), (6.39)

and
T(x) = —Go(z) + Go(1). (6.40)

Applying the expectation operator in (6.39) and (6.40), and using the expressions
obtained in (6.24) and (6.25), one calculates the value of the mean of the bending
moment

E[M(x)] = —%)\]E [P] (z* +1* — 2lz) (6.41)

and the shear force
E[T(z)] = —AE[P] (z —1). (6.42)
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Now, we compute the variance of the bending moment of the beam

oti(2) = O3 (w,2) = E [M(2)*] — E[M ()]’
= 0%, (@) = 206 (@,1) + 206, (2. )(1 = @) +02,()  (6.43)
2
— 205, (@)1 — 2) + o2, ()1 — )%
In the above expression, note that o, () can be calculated by (6.33) changing [
by 2 and F; by P;, the term ¢ () can be determined similarly to (6.35) changing

F; by P;, and the rest of the terms can be expressed in an analogous manner using,
respectively, (6.9) and (6.12),

CE) (1) = AE[PY] /: Ri(z — p)Ri(l — p)dp = AE [P?] (‘il - f) , (6.44)
C&la, (w.1) = XE[PY] /Ow Ry(z = p)Ro(l - p)dp = %E [P?] 2. (6.45)

Substituting these expressions in (6.43) and simplifying, one gets
o3(z) = AE [P?] (ﬁz — Pz + %13 - ;aﬁ) . (6.46)

Consequently, the second-order statistic of the bending moment, which will be
required later to approximate its PDF via the PME, is given by

E [M?(z)] = \E [P?] (x2l e i 13(:3) + %AQE [P (2% + 1% — 2lz)” .

33
(6.47)

Now, we complete similar calculations for the shear force. Its variance is given by
2 2 2
03(z) = O (2,2) = E [T(2)?] ~E[T(2)]* = o2, (2)—2C5) (z,1)+02, (1). (6.48)
Carrying out computations in a similar fashion as before, one obtains

of(x) = =AE [P?] (z — 1). (6.49)
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The second-order moment is given by

E [T2(z)] = Az — 1) (—E [P2] + \E [P)? ( — l)) . (6.50)

6.4 Computational implementation

This section presents an algorithm that allows us to simulate the analytical devel-
opment shown in the previous section computationally. The proposed algorithm is
based on Monte Carlo technique, see Section 2.7. The method consists of a random
and repeated sampling of the stochastic process of the load function, Q(z), and of
the random variables of the moment of inertia, I, and Young’s modulus, F. The
objective is to obtain a number of simulations that together provide statistical
information on the PDF of the deflection, slope, bending moment, and shear

parameters of the beam.

The procedure has been divided into the following steps: (1) first, the beam is
discretized (2) then the stochastic process of the load function is simulated for each
of the discretized points of the beam, (3) in a third step, the random variables of
the moment of inertia and Young’s modulus are sampled and (4) with the values
obtained, the functions describing the behavior of the beam are evaluated, and
(5) finally, the process is repeated until it is obtained a set of simulations which

adequately represents the uncertainty of the behavior of the beam.

After the general description, we now give a detailed step-by-step description of

the procedure.

Step 1: Beam discretization Given the discrete nature of computer science, it
is necessary to deal with the stochastic model in a discrete manner. The Poisson
counting process has Ax as expected value, where x represents the position in the
axis of the beam. Although it is a discrete-continuous process, its simulation is
discrete as long as, computationally, you can only evaluate it in a finite set of
. The discretization of the beam is important because the simulation involves
assuming that there can only be charge points at the discretized positions and

hence an adequate discretization plays a key role to obtain accurate results.
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The approximate solution of the model (in our case, the deflection of the beam)
between spatial points can be linearly interpolated by knowing the approximations
at the adjacent points. Since the solution is not necessarily linear, the distance
between points must be small enough so that the error of the approximation is
acceptable for the application of the numerical results. Ideally, the beam should
be discretized at as many points as possible. However, the computational cost
increases proportionally to the number of points used in the discretization. An
appropriate strategy to optimize the trade-off between accuracy and computational
cost is to generate more points where the greatest uncertainty in the solution is
sensed, which generally coincides with the points of greatest structural weakness. If

this intuition is not predisposed, the ideal is to consider evenly distributed points.

Step 2: Simulation of the stochastic process

1. Vi €{0,1,..., Dy} determining a spatial position x; on beam b (where D,
is the total number of discretized points):

1.1. Vm €{0,1,...,Cp}, determining the number of load functions ¢,, to
be applied in beam b (where C}, is the total number of loads functions)
with intensity Q). and frequency f,,

1.1.1. The number of charge points s;*, generated by the charge function
¢y at point x; is obtained sampling from a Poisson distribution
with parameter A := f./Dj > 0, representing the expected value of

m

Si‘

1.1.2. Yk € {0,1,...,s}, the value of the point charge P; is:

P} =P 1 Q. (6.51)

where Pf~! = 0 if k = 0 and where in the case that is a random
variable, it is necessary to sample a value of its PDF. The distribution
of Q. can be any positive/negative and continuous/discrete random
variable. It can even be a nonparametric distribution constructed
from field data.
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At the end of the different loops, a value of Pis;” (hereafter P;) will have been

obtained for each x;.

2. The next step is to obtain the value of the net charge function G;(z), j =
0,1,2,3.

2.1. Vi €{0,1,...,D}:

21.1. Yz €{0,1,...,Dy}:

If o, < x,:
GQ(.’Ei) = Go(xi) + 0, (652)
Ga(z;) = Ga(x;) + 0, (6.54)
G3($Z) = G3($Z) + 0. (655)
Ifz; > x.:
Go(z;) = Go(z;) + B, (6.56)
G, (1’1) =Gy (1’1) + Pl(xl — .’Ez), (657)
Golas) = Gals) + %Pi(mi — )2, (6.58)
G (s) = Ga(:) + %Pi(xi — ), (6.59)

Step 3: Simulation of the random variables The values of the inertial
moment, I, and Young’s modulus, Ej, are obtained by sampling from their corre-
sponding PDFs. The distribution of these random variables can be any positive
parametric one. It can even be a nonparametric distribution constructed from field
data.
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Step 4: Evaluation of beam performance functions. Once the deterministic
values of all the variables have been obtained by simulation, we take advantage of
the analytical development introduced in the previous section to determine the
behavior of the beam w.r.t. its deflection (Eq. (6.20)) and, therefore, its moment
of inertia (Eq. (6.39)) and shear force (Eq. (6.40)).

1. Vi €{0,1,...,D}:

Yy (1) Gis(i) — éGo(l)x? —%«;1(1) G 22|, (6.60)

T By

Mb(l’z) = —Gl(l‘i) + Gl(l) — Go(l)(l — xi), (661)

Step 5: Repeat Steps 1-4 until it is obtained a set of simulations Once
all the Steps 1-4 have been simulated, the result of one simulation is obtained. To
determine the distribution of deflection, bending moment, and shear force of the
beam, it is necessary to perform multiple simulations by repeating Steps 1-4. The
greater the number of simulations, IV, the better results will be obtained from the

statistical analysis.

Once a large set of simulations has been generated, it is possible to construct the
95%PI (probabilistic intervals):

Vi €{0,1,...,Dy}:

95%PI of Yy(z:) = (Pas([Vy, Yy, Yi']), Pors([Yy, Yy, ..., Y3')
(6.63)
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95%P1 of My(z;) = (Pas([My, My, ..., M), Pors([My, My,..., M),

95%PI of Ty, (z;) = (Pos([T2. Ty, - .-, T2, Pors(Tp, Ty, ..., Ty))
(6.65)

where n € {0,1,..., N} and P represents the percentile function.

6.5 Numerical example

This section is addressed to apply the theoretical findings established in the
previous sections by means of a full illustrative example.

Let us consider a 10m long overhanging beam (cantilever) in form of a balcony or
lookout made up of an IPE 450 steel profile whose moment of inertia, I, is 33740cm?
+2%, and whose Young’s modulus, F, is 210Mpa [4]. Due to the heterogeneous
properties of the steel, we will assume Young’s modulus of the profile has some
variability according to a Gaussian distribution with a mean of 210Mpa and a
standard deviation of 5%. Just for illustrative purposes, let us assume the maximum
capacity allowed in the lookout is 20 people. We will assume that each person
weighs, on average, 700N (71.36kg) with a standard deviation of 5%. The above
description corresponds with the following deterministic data of our modeling
problem: [ = 10, and A = 20. While for the random parameters, and according to
the foregoing description, we will assume that the Young’s modulus of elasticity,
E, has a truncated Gaussian distribution, £ ~ N+(210 - 10%;0.05 - 210 - 10°)N/m?,
where T = [209.9993 - 10%, 210.0006 - 10°]. The moment of inertia, I, has a Gaussian
distribution, I ~ N(33740-107%;0.02 - 33740 - 10~®)m*. And, finally, let us assume
that the intensity of the concentrated loads P; follows a Gaussian distribution,
P; ~ N(700;35)N. We consider that E, I and P; are independent random variables.

In Table 6.1, we show a comparison of the mean and the variance of the static
deflection, Y (), given by expression (6.28) and (6.37), respectively, and the mean
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and variance obtained by Monte Carlo simulation following the procedure described

in Section 6.4. We can observe that the values are in full agreement.

E[Y (z)] (Eq. (6.28)) E[Y(2)] (simulation) o2 (z) (Eq. (6.37)) 0% (z) (simulation)

8

0 0 0 0 0
1 0.000463 0.000463 1.486249 - 108 1.563205 - 108
2 0.001730 0.001731 2.140720 - 107 2.248590 - 10~7
3 0.003633 0.003634 9.721975- 1077 1.019968 - 106
4 0.006023 0.006025 2.746732 - 106 2.878598 - 106
5 0.008772 0.008773 5.974110 - 106 6.254897 - 106
6 0.011770 0.011770 1.100046 - 10 1.150769 - 10>
7 0.014928 0.014928 1.804558 - 10~5 1.886364 - 10~5
8 0.018177 0.018175 2.719839 - 10~ 2.841349 - 102
9 0.021467 0.021464 3.844254 - 102 4.013907 - 10~5
10 0.024769 0.024730 5.171033 - 10~° 5.382120 - 102

Table 6.1: Comparison of the mean, E[Y ()], and the variance, 0% (), of the static deflection
of the cantilever beam at different spatial points z € {0,1,2,...,10} using the theoretical
approach (Eq. (6.28) and Eq. (6.37) for computing E[Y (z)] and o3 (), respectively), and
100000 simulations via Monte Carlo.

Once we have obtained the mean, E[Y ()], and the variance, 0% (x), we use the
PME to compute the 1-PDF of the static deflection, fy (,)(y). As we have seen in
Section 2.6, for each z, we first solve the system (2.13) for \; = A\;(x), i =0, 1,2.
Notice that, in our present framework, the = variable in Section 2.6 (the variable
of the PDF defined by the PME method), here is denoted by y. For example, for
the free-end, x = 10, where the mean and variance of the deflection are maxima,
the 1-PDF is given by

Frao () = ]]_D(Yuo))6—1+0‘893356—477‘134605y+9633.765685y27 (6.66)
where we have taken as domain the interval D(Y(10)) = [0,0.096694] is con-
structed using the Chebyshev-Bienaymé’s inequality [19] with 10 standard devi-
ations around the mean (and truncating the left-end of the interval to 0 value
in order to keep consistent with the physical meaning of the deflection) so that
fD(Y(lO)) fy(10)(y)dy =~ 1. To better compare the results obtained using the PME
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against the ones calculated by Monte Carlo, in Fig. 6.2, we show the corresponding
using Monte Carlo with simulations 1000, 10000, and 100000 simulations at the
spatial point, x = 10. Although we can observe a good agreement between them,
it is worth to point out that this little discrepancy can be explained because when
applying the PME we retain the information provided by the two first moments,

then being Gaussian the approximation while the response could be non-Gaussian.

fy qo)(Y)

— PME
— MCS 1000
----- MCS 10000

........ MCS 100000

0.01 0.02 0.03 0.04 0.05

Figure 6.2: 1-PDF of the static deflection of the cantilever beam, fy(,(y), at the spatial
point x = 10 obtained via PME and Monte Carlo using 1000, 10000 and 100000 simulations.

Now, we study the bending moment, M(z). In Table 6.2, we compare the mean
and the variance of M (z), given by expression (6.41) and (6.46), respectively, and
the ones computed by Monte Carlo using 100000 simulations. We can observe,

again, that the values show good agreement.

The 1-PDF of the bending moment, f;(,)(m), can also be computed by the PME.
Its approximation at the spatial point = 0, where its mean (in absolute value)

and variance are maxima, is given by

fM(O) (m) _ HD(M(O))e—1—17.197008—04000213771—1.524656m2’ (667)

where, similarly as it was done for the deflection, the domain of the bending moment
at © = 0 is given by D(M(0)) = [—250931.572337,0]. It has been calculated using
the Chebyshev-Bienaymé’s inequality with 10 standard deviations and taking into
account that the bending moment is non-positive.
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z  E[M(z)] (Exp. (6.41)) E[M(z)] (simulation) 0%, (z) (Eq. (6.46)) o2,(x) (simulation)

0 -69993.699374 -69878.898675 3.274244 - 108 3.291509 - 108
1 -56694.896493 -56586.404173 2.386924 - 108 2.399465 - 108
2 -44795.967599 -44696.961390 1.676413 - 108 1.685314 - 108
3 -34296.912693 -34206.526813 1.123065 - 108 1.128808 - 108
4 -25197.731774 -25118.063711 7.072368 - 107 7.103806 - 107
5 -17498.424843 -17432.235020 4.092805 - 107 4.104798 - 107
6 -11198.991899 -11145.801799 2.095516 - 107 2.096393 - 107
7 -6299.432943 -6258.001079 8.840460 - 106 8.808880 - 106
8 -2799.747974 -2768.248438 2.619395 - 106 2.586399 - 106
9 -699.936993 -681.106878 3.274244 - 10° 3.145759 - 10°
10 0 0 0 0

Table 6.2: Comparison of the mean, E[M (2)], and the variance, o3, (z), of the bending moment
of the cantilever beam at different spatial points z € {0,1,2,...,10} using the theoretical
approach (Eq. (6.41) and Eq. (6.46) for computing E[M (x)] and o3, (z), respectively), and
100000 simulations via Monte Carlo.

In Fig. 6.3, we show a graphical representation of the 1-PDF given by (6.67) and
the ones obtained by Monte Carlo using 1000, 10000, and 100000 simulations. We

can observe the results are fully consistent.

In Table 6.3, we compare the values obtained of the mean, E[T(z)], and the
variance, 0%(x), of the shear force, T'(z), given by expression (6.42) and (6.49),
respectively, and the ones computed by Monte Carlo using 100000 simulations.
Note that the results show good agreement.

As before, to complete the probabilistic analysis, we approximate the 1-PDF of
the shear force, fr(;)(t), using the PME. It results

fT(o) (t) = ﬂD(T(O))6_1_17'943337+0‘001424t_5‘088214'10781‘/2, (6.68)

where D(T'(0)) = [0, 45347.054670].

Finally, in Figure 6.4 we compare the three approximations of 1-PDF obtained by
Monte Carlo with 1000, 10000 and 100000 simulations against the one obtained
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fur 0)(mM)
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Figure 6.3: 1-PDF of the bending moment of the cantilever beam, fa;(4)(y), obtained via
PME and Monte Carlo using 1000, 10000, and 100000 simulations at the spatial point z = 0.

by Eq. (6.68) at the spatial point 2 = 0. The results show a full agreement as the

number of simulation increase.

Now, we are going to compare the theoretical and Monte Carlo approximations of
the expectation of all the physical quantities studied for the cantilever, namely, the
deflection, the bending moment and the shear force, using as goodness-of-fit the
symmetric mean absolute percentage error (SMAPE). Let us recall that for a set
of n theoretical values of the previous quantities, say Z; and their corresponding
approximations obtained by Monte Carlo, Z;, the SMAPE is given by

100% <~ |Z; — 2]
SMAPE = . . (6.69)
n ;(IZZ-IHZZ-I)/?

In Table 6.4, we show the SMAPE corresponding to the expectation of the
deflection, Y (x), the bending moment, M (x), and the shear force, T'(z), at the
spatial points z = 0,1,..., 10, considering the approximations obtained via Monte
Carlo simulations (MCS) with a different number of samples (1000, 10000 and
100000). It must be noticed that we apply the SMAPE with n = 10 since we must
exclude the term x = 10, in the case of the deflection, and x = 0, in the case

of the bending moment and the shear force, since their values are zero. We can
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z  E[T(z)] (Eq. (6.40)) E[T(z)] (simulation) o2 (x) (Eq. (6.49)) o2 (x) (simulation)
0 13998.739874 13989.984660 9.822734 - 106 9.868522 - 106
1 12598.865887 12584.463060 8.840460 - 10° 8.871837 - 10°
2 11198.991899 11184.844909 7.858187 - 106 7.891253 - 106
3 9799.117912 9787.433546 6.875913 - 106 6.893854 - 106
4 8399.243924 8387.069932 5.893640 - 106 5.922317 - 106
5 6999.369937 6985.927374 4.911367 - 108 4.941940 - 106
6 5599.495949 5588.894615 3.929093 - 106 3.946902 - 106
7 4199.621962 4191.937526 2.946820 - 106 2.953221 - 106
8 2799.747974 2792.303398 1.964546 - 106 1.971305 - 108
9 1399.873987 1391.025322 9.822734 - 10° 9.818576 - 10°
10 0 0 0 0

Table 6.3: Comparison of the mean, E[T'(z)], and the variance, o%(x), of the shear force
of the cantilever beam, at different spatial points = € {0,1,2,...,10} using the theoretical
approach (Eq. (6.40) for E[T'(z)] and Eq. (6.49) for o%.(x), respectively,), 100000 simulations
via Monte Carlo.

observe that the SMAPE is significantly reduced when using 100000 simulations,

as expected.

SMAPE (%) 1000 MCS 10000 MCS MCS 100000

Y (x) 0.288816 0.245558 0.032886
M (z) 0.824381 1.004208 0.653084
T(z) 0.726415 0.442595 0.203296

Table 6.4: Computation of the SMAPE calculated by (6.69) of the theoretical expectation
and the mean calculated via Monte Carlo simulations (MCS) with different samples (1000,
10000 and 100000) the deflection, bending moment, and shear force of the cantilever.

We finish this section by comparing the mean and probabilistic intervals of the
deflection, bending moment, and shear force, which we have obtained theoretically
and by simulations. First, we take advantage of the 1-PDF computed through
PME to construct 95% PI. To do this for the deflection Y (z) (similarly is done for
the bending moment, M (x), and the shear force, T'(x)), we need to obtain k(z)

137



Chapter 6. Extending the probabilistic analysis of the Euler-Bernoulli model for a stochastic
static cantilever beam

fr o)(t)
0.00012f
0.00010f e
e A N — MCS 1000
0.00006 | — MCS 10000
0.00004r /N . MCS 100000

0.00002

t
5000 10000 15000 20000 25000 30000

Figure 6.4: 1-PDF of the shear force of the cantilever beam, fr(,)(t), at the spatial point
x = 0 obtained via PME and Monte Carlo using 1000, 10000 and 100000 simulations.

satisfying

E[Y (z)]+k(z)oy ()
/E Fy (@) () = 0.95, (6.70)

[Y ()] —k(z)oy (a)
where fy(;)(y) is the 1-PDF of the deflection. Second, from the Monte Carlo

simulations, we obtain the probabilistic intervals using the algorithm based on the
percentile function explained in Step 5 in Section 6.4.

In Fig. 6.5, we show the mean and probabilistic intervals of the deflection, Y (z).
We can observe that the results provided using both approaches are very close,
showing better agreement in the case of the approximation of the mean E[Y (x)], as
expected. Although the value of k(z) := ky () obtained from (6.70) may change
with the spatial position z, in this case, we have obtained ky (x) ~ 1.96 for all
z=1,...,10.

Analogously, in Fig. 6.6 and 6.7, we show the corresponding plots for the bending
moment, M (x), and the shear force, T'(z). Here, it is worth pointing out that the
value of k changes as x does. In the case of the bending moment, k(z) := kps(x) =~
1.96 for z € {0,...,6}, kar(7) ~ 1.9, ks (8) ~ 1.75, and kpy(9) ~ 1.32. While for
the share force , kr(x) ~ 1.96 for z € {0,...,6}, k7 (7) ~ 1.95, kr(8) ~ 1.87, and
kT(g) ~ 1.51.
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To better understand the behavior indicated for k¥ = k(x) in each of the three
cases, let us observe that we have approximated the corresponding 1-PDFs by
applying the PME imposing three constraints (first, the one corresponding to
the normalization condition and the others two corresponding to the two first
statistical moments). In this manner, we determine a (truncated) Gaussian-like
approximation. As can be seen in Fig. 6.8, the approximations for fy(,(y) are
roughly symmetric for every spatial position z (in Fig. 6.8a we show the results
including all values of z, and in Fig. 6.8b we zoom-up a few values so that the
symmetry can be better graphically assessed). So, the classical Gaussian 20 rule-
of-thumb [19], corresponding to k = 1.96, is fulfilled. For the case of fy;(z)(m), it
can be seen that symmetry is roughly preserved for x € {0,...,6} and deteriorates
thereafter (see Fig. 6.8c-6.8d). Consequently, the approximation of fys(,)(m) is no
longer Gaussian, and the value of k departs from 1.96. An analogous explanation
can be given for the case of fr(,)(t) (see Fig. 6.8e-6.8f). In this latter case, it is
worth pointing out that we can also observe that in the case of the calculation
of the percentiles of fr(,)(t), there are steps in the functions. This is because
the shear force is defined by a linear function of Gy(z), see Eq. (6.62), which
corresponds to the step function. The differences in the smoothness of the steps are
due to the influence of the random intense load, P;, in extreme cases. Simulating
this parameter as a deterministic one, it has been observed that both functions
reduce the smoothness of their steps. This verification has also been done with
the parameters corresponding to the structural characteristics, E and I, observing
that their variability has no impact on the smoothness of the steps.

6.6 Conclusions

In this chapter, we have performed a full probabilistic analysis of a cantilever beam
using the Euler-Bernoulli’s theory. For the sake of generality, in our study, we have
assumed that all the model parameters (the moment of inertia, I, and Young’s
modulus, F) are independent random variables with arbitrary density functions,
and the load acting on the beam is described by means of the delta-correlated
process. The adopted approach has made it possible to compute the mean and
the variance of the static deflection, the bending moment, and the shear force,
with the purpose of later obtaining the first probability density function, taking
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Figure 6.5: Comparison of the mean and probabilistic intervals of the static deflection, Y (x),
using the PME and Monte Carlo simulations (MC).
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Figure 6.6: Comparison of the mean and probabilistic intervals of the bending moment,
M (x), using the PME and Monte Carlo simulations (MC).

advantage of the Principle of Maximum Entropy. In the numerical example, we
have compared these results with simulations obtained using a Monte Carlo-based
algorithm, with good results.
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Figure 6.7: Comparison of the mean and probabilistic intervals of the shear force, T'(x),
using the PME and Monte Carlo simulations (MC).

Publications associated with this chapter

The results of this chapter have been presented at the 6th International Sym-
posium on Uncertainty Quantification and Stochastic Modeling (Uncertainties
2023) in Fortaleza (Brazil) from July 30 to August 4, 2023 with the talk titled
Uncertainty-Based Analysis of a Cantilever Beam with Random Parameters Subject
to Correlated Noise. Additionally, a complete version of the chapter’s findings has
been published in the paper [22].
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(a) 1-PDF of the deflection at the spatial points
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(e) 1-PDF of the shear force at the spatial points
z€{0,1,2,3,4,5,6,7,8,9}.
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(d) 1-PDF of the bending moment at the spatial
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(f) 1-PDF of the shear force at the spatial points
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Figure 6.8: 1-PDF of the different studied characteristics of the cantilever beam.
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Chapter I

Probabilistic analysis of a foundational class of
generalized second-order linear differential

equations in Classic Mechanics

A number of relevant models in Classical Mechanics are formulated by means of
the differential equation y"(t) + AtPy(t) = 0. In this chapter, we improve the
results recently established for a randomized reformulation of this model that
includes a generalized derivative. The stochastic analysis permits solving that

generalized model by computing reliable approximations of the probability density

function of the solution, which is a stochastic process. The approximations are
built by the Random Variable Transformation method. We prove that these
approximations converge to the exact density under mild conditions on the data.
Finally, several numerical examples illustrate our theoretical findings.
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differential equations in Classic Mechanics

7.1 Introduction

The homogeneous linear second-order differential equation

y"(t) + f(t)y(t) =0, (7.1)

plays a key role in a number of problems mainly appearing in Physics and Engi-
neering. It describes simple harmonic motion or free undamped motion of a spring
of mass m and constant k£ > 0. In this case, one obtains the simplest formulation of
(7.1), where f(t) is the spring constant, f(t) = w? := £ (w is called the circular
frequency of the spring) [81]. On the other hand, there are real-world situations
where it is more realistic to assume that the spring constant changes over time.
For example, if the spring/mass system is in motion for a long period, the spring
will weaken due to wear and tear; if the temperature of the environment is rapidly
decreasing, this will affect the spring material. In these two scenarios, that fall
within the so called aging spring theory, possible choices for f(¢) are %e_“t, a>0
and %t, respectively [110, p. 197]. This latter choice, in a more general form,
f(t) = At, leads to the so-called Airy’s differential equation,

y'(t) + Aty(t) =0, (7.2)

that is encountered in the study of radiowave propagation (diffraction of radio
waves around the surface of the Earth) and in physical optics (the diffraction of
the light) [1, p. 89]. The differential equation (7.1) also appears in the theory of
elasticity to model the problem of determining when a uniform vertical column
will buckle under its own weight. In this context, the independent variable ¢ is
better denoted by x representing the deflection w.r.t. the stable (vertical) position
and f(x) = %z, where g denotes the gravitational acceleration, £ is the Young’s
modulus of the material of the column, I is its cross-sectional moment of inertia
and p is the linear density of the column [6]. Many other applications of model

(7.2) can be found in [102].

On the one hand, over the last decades classical ordinary differential equations, as
(7.1), have been reformulated in terms of generalized or fractional derivatives aimed

at better modelling complex phenomena such as acoustic attenuations in Acoustics
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[49], anomalous diffusion processes in complex media in Fluids [33] or memory
effects in materials (viscoelasticity, aging, etc.) in Structural Mechanics [80]. On the
other hand, when ordinary or fractional differential equations are applied to real-
world problems, one requires setting their parameters (initial/boundary conditions,
forcing term and/or coefficients) using the available information, which is usually
collected from measurements and metadata that often contain epistemic and/or
aleatoric uncertainties coming from measurement errors and/or lack of knowledge,
respectively. One can delineate two main different forms of this type of equation
depending on the way that uncertainty is considered in the equation, namely,
Stochastic Fractional Differential Equations (SFDEs) and Random Fractional
Differential Equations (RFDEs). In the former case, uncertainties are driven by
one (or more) prefixed types of stochastic processes such as the fractional Brownian
motion [67, Ch. 6] and/or the fractional Lévy process [82]. In the framework of
RFDESs, uncertainties are directly assigned to every parameter of the equation
via specific probability distributions that must be previously chosen so that they
properly represent the physical meaning of the corresponding model parameter
and the solution captures the uncertainties in the model response [87].

In this chapter, we are concerned with studying a generalization of (7.2), that
takes into account the previous considerations, namely, a fractional derivative and
a full randomization of model parameters. Additionally, a power-law generalized
coefficient is also included. Specifically, in this contribution, we deal with the
following Random Fractional Initial Value Problem (RFIVP)

Dy — Bt? = n=-—|-al, n-— a<n
{ D§Y)(t) — BtPY (t) = 0, t>0, |—al, 1<a< ' 13)

Y@0)=4;, j=0,...,n—1,
where || stands for the floor function, (“D§Y)(t) denotes the Caputo derivative
of order @ > 0, interpreted in the random mean square sense [14], of the stochastic

process Y (t). The initial conditions Ag, A1, ..., A,—1 and the coefficient B are

assumed random variables belonging to the space Lo () (see Section 2.1).

To study the RFIVP (7.3), from a probabilistic standpoint, entails computing its
solution, Y (¢), which is a stochastic process, but also determining its main statistical
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information. It includes the computation of the first moments of Y (¢), such as the

mean and the variance functions, and its fidis, particularly the 1-PDF [89].

Under the following hypotheses:

H1: Ap, A1,...,A,—1 and B are (mutually) independent random variables,

H2: There exist positive constants n, H and p, such that

[[B™||y < nH™  ((m — 1)))P, Vm > mgo > 1, integers,

n [12], the authors have recently studied the RFIVP (7.3). Specifically, in that
article, one constructs the solution stochastic process by means of the following

finite sum of n random generalized power series
Y(t) =D Y;(), (7:4)

where

Yi(t) =Y Xpit"™ 7, X = B Ajgm.j,
m=0 (7.5)

L TRy +j+1—«
gmaJ:H (’Y )’ ’y:a—i_ﬁ.

Clky+7+1)

k=1

Besides constructing the foregoing solution and studying its convergence, in the
mean square sense, in [12], one also constructs approximations for the mean and
for the variance functions of the solution by truncating Y;(t) at certain order, say
M. Then, taking advantage of this punctual statistical information, the PME [69]
was applied to construct reliable approximations of the 1-PDF of the solution.
The accuracy in the approximations of the 1-PDF, via this approach, heavily
depends on controlling two main sources of errors, first, the ones associated with
the approximations of the mean and the variance, and secondly, the associated
with the application of the PME with only these two (approximate) statistical
moments. The aforementioned errors involved in the calculation of the mean and
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the variance could, theoretically, be reduced at the expense of increasing the order of
truncation, M, of the random generalized power series solution (7.4)—(7.5) and/or
by constructing approximations for higher statistical moments. However, both
strategies might be unaffordable in many cases. Motivated by these drawbacks,
in this chapter, we propose a direct method to approximate the 1-PDF of the
solution stochastic process of the RFIVP (7.3), that avoids approximating the first
statistical moments of the solution and the application of the PME.

Our subsequent study will be based on the representation of the solution given
in (7.4)—(7.5), hence the foregoing hypotheses H1 and H2 must be fulfilled.
Specifically, hereinafter, we will assume the following assumptions:

Al: Ay, A4,...,A,—1 and B are (mutually) independent random variables whose
respective domains will be denoted by D(A4;), j =0,1,...,n —1 and D(B).

A2: B is a bounded random variable that takes values away from the origin, i.e.,
there exist positive lower and upper bounds, b; and b,,, such that

0<b <|Bw)| <b, <0, VYwe.

Now, we give two key remarks. The first one justifies that assumption A2 guarantees
that hypothesis H2 fulfills, while in the second one shows that the random variables
Aj,j=0,1,...,n—1, defining the initial conditions, have finite expectation. This
latter fact will be used later.

Remark 7.1 In [16, Subsect. 3.3], one proves that the boundedness of random
variable B is equivalent to the following condition about the exponential growth of

its absolute moments
dp,H>0: |[|B™|]2 <pH™, Ym > mg > 1, integers,

Notice that, this condition can be obtained from the inequality stated in assump-
tion A2 just taking p = 0 and relabeling the constant n as p = nH. Furthermore,
as it is proved in [12], the random generalized power series solution (7.4)—(7.5)

is mean square convergent on the whole real line. Almost surely convergence on

147



Chapter 7. Probabilistic analysis of a foundational class of generalized second-order linear
differential equations in Classic Mechanics

the whole real line is also guaranteed since, by assumption A2, B is a bounded

random variable.

Remark 7.2 As Ag, Ay,..., Ap_1 € La(Q), then E[A?] < 00, and by the Schwarz’s
inequality, E[|A;|]) < (E[A2])Y/? < co. This fact will used later.

The key tool to conduct our subsequent analysis is the RVT method. As we have
seen in Section 2.5, this result permits determining the PDF, say fy(y), of a
random vector, Y, that results from mapping another random vector, Z, whose
PDF, fz(z), is known. Notice that, for convenience, we have changed the notation

in this chapter with respect to the theorem.

7.2 Computing the 1-PDF of the solution stochastic process by
applying the RVT method

To compute the 1-PDF of the solution of the RFIVP (7.4), by means of the

application of Theorem 2.1, we will first consider the truncation of (7.4),

n—1

Y =Y VM), (7.6)
j=0
where
VM) =) Xt = A Y B gy it (7.7)
m=0 m=0

For fixed ¢, expression (7.6)—(7.7) can be interpreted as a continuous mapping of
the random variables, Ag, A1,...A,_1 and B, whose joint PDF can be expressed
as fag,Ay,...A,_1,B = faofa, - fa,_, B, by assumption Al. Then, in order to
apply Theorem 2.1 with £k = n + 1, we identify Z = (Z1,Z2,...,Zn, Zn+1) =
(Ag, A1, ..., A,_1, B), and define Y via the following transformation r : R"*1 —
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R™*! of Z whose components are

M
m m
y1 = 12,22, %0, Zng1) = 21§ Zpy19m,ot”
m=0
n—1 M
m m-+j
+§ : E :zj+1zn+lgm7jt’y j7
7=1m=0
yo =  1ro(21,22,- 520, Zntl) = 2o, (7.8)
Yn =  Tn(21,22,. 5 Zn, Zng1) = Zn,
Un+1 = Tnti(21,22,-0 0,20, Zngl) = Znti-

The inverse mapping of r, s = r~!, is given by
n—1 M .
Yi— 2 2 Yi+1Yngigm it
j=1m=0
21 - sl(ylay29y3>"'ayn7yn+l) = M 5
> Ynh1gmot™™
m=0
22 = 82(y1’y2)y3>"'ayn7yn+1) = Y2,
Zn = Sn(ylayQ’y37'°'7yn7yn+1) = Yn,
Zn+1 = 3n+1(y17y27y37'-'ayn>yn+1) = Yn+1,
(7.9)
being its Jacobian
851 1
J = ai(ylvy%yS?"'ynvyn-l—l) = M 750
Y1 ’Zmzo yaT+19m,0t7m‘

The expression in the denominator of the Jacobian depends on the random variable
B, which is absolutely continuous, so the denominator is distinct from zero w.p. 1.
Hence, it is well-defined.
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Applying Theorem 2.1, one gets

fyl,Y27--~1Yn7Yn+l (yla Y2, Yn, yn—i-l)
—1 M 1
f (?Jl - Z?:l > m=0 yj+ly77?+19m7jﬂmﬂ
= Iz

M
Zmzo ygl+1gm,0t7m

> fZ2 (yZ) T on (yn)fzn+l (yﬂ+1)
1

. = )
‘Zmzo y7T+1gm,Oﬂm‘

(7.10)

For fixed ¢, Y1 = YM(t), and marginalizing w.r.t. Yo = Ay,...,Y,, = A, 1, Y, 11 =
B, the 1-PDF of the truncated solution (7.6)—(7.7) is given by

v = [ [ (5 St St 48" g
M = e A
o D(A1) D(An-1) /D(B) ’ Z%:O bmgm@t’ym

1
“fai(ar) - fa,_y(an—1)fB(b) da
A 1 A 1)JB ‘Z%:O bmgm,oﬂm‘

1°°" dan,ldb.

(7.11)

So far, the 1-PDF, fy-m4)(y), of the truncated solution, YM (), has been obtained
via a semi-explicit expression (in terms of a multidimensional integral). Now, we
will impose mild conditions on the data so that fyu ) (y) converges to fy () (y),

where

_ xn—1 oo m 4ym+j
_ Y= 2521 2m=0%0"gm 51"
fr(y) = /D(A1) /D(Anl) /D(B) Taq < 2 m=0 0" gm0t

1
: fAl (al) e fAn71<an—1)fB(b> |Zoo_0 bmgm ot’ym‘ d

aq -+ dan_ldb.
(7.12)

For the sake of clarity in the presentation of the forthcoming development, we

introduce the following notation

M o)
sMt) =D b, s (t) =D b7, j=0,1,...n— 1
m=0 m=0

150



7.2 Computing the 1-PDF of the solution stochastic process by applying the RVT method

Then, expressions (7.11) and (7.12), can be written, respectively, as

- vy~ Z] 1a3](t)
Frawly) = /D(A1) /D(Anl) /D(B> fa ( 0" (1) ) (7.14)

fa(ar) - fa, (an_1)fB(b)|S(J)wl(t)| day

- day_1db,

and

B y— Y521 ajs;(t)
Frow) = /D(Al) ”./D(An—l) /D(B) fac ( so(t) ) (7.15)

@)+ a, (o) o) s

da1 s dan,ldb.

Now, let us derive a lower bound for Sy(t) and S}%(t), and an upper bound for
S;(t) and SjM(t), j=1,...n—1, in a certain neighborhood, that will be required
later when studying the convergence fym)(y) — fy)(y) as M — co. Let us
first observe that, from the initial condition and the form of the solution, one gets

Ao =Y(0) = ZXmoﬂ L, ZB Aogmot"™|

t=0

(7.16)
= Ay Z B™ Im, Oth‘ = A()So(())

m=0

Observe that in the above expression, we have used capital letters to denote the
series Sy (t) evaluated at ¢t = 0 because, in this setting, it represents a random power
series. Later, when this series as well as S;(t), j = 1,...,n — 1 are considered via
its samples or trajectories, for consistency with the notation, hereinafter they will
be denoted using lower-case letters, i.e. s;(t), 7 =0,1,...,n — 1. Since the random
variable Ag is different from zero w.p. 1 (because it is absolutely continuous),
then by the last expression, one deduces Sp(0) = 1 w.p. 1. From this fact and
taking into account that Sy(¢) is a random power series evaluated at t := t7, so

151



Chapter 7. Probabilistic analysis of a foundational class of generalized second-order linear
differential equations in Classic Mechanics

continuous w.p. 1, it is guaranteed that

360 >0: 0<myo < min{|sd (t)],]s0(t)]}, Vit |t] <o, VM >0 integer.
(7.17)
On the other hand, by Remark 7.1 and the definition of SJJ»‘/[(t), ji=1,...,n—1,
which are random power series evaluated at t := t7*J and convergent on the
whole real line, it is known that each S jM (t) is almost surely uniformly convergent
in every compact set of R. This guarantees that

dM,; >0: max{\sé\/l(tﬂ, |sj(t)]} < My j, Vi: |t <T,T >0, VM > 0,
integer 7 =1,...,n— 1.
(7.18)

Finally, as Sj]-\/[(t) converges uniformly to S;(¢), for each j = 0,1,...,n — 1 and
given €; > 0, then

3 My > 0 integer : |s§‘/[(t) —sj(t)| <€, VM > Mjinteger and (7.19)
Vt: |t| <T, T >0. '

Hereinafter, and according to (7.17), we will work in a neighborhood of ¢ = 0
(possibly small), where the RFIVP (7.3) is formulated, and where the bounds
(7.17)—(7.19) are guaranteed. We will prove the convergence fy ) (y) — fy (1) (y)
as M — oo for each t in that neighborhood. To this end, besides assumptions A1l
and A2, we will suppose that

A3: The PDF of the first random initial condition Ag, f4,, is Lipschitz in R, i.e.
exists Lg > 0 such that

|on(a2)7on(al)| §L0|a27a1|7 va?aal eR.

Let us observe that

(y -y ajsj(t)> 1

| fyayW) — fya(y)] < /D(Al) “./D(A7,,1)/D(B) T4, s0(t) |so(t)]
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g <y—E?—1lajS§W(t)> 1
o sl (t) [s37(1)]

fa,(ar) - fa,_,(an—1)fB(b)day - --da,_,db.

(7.20)

y*Z;:ll a; S} (t) 1
S5 (®) [So(?)]
value. We then arrange the terms and we apply the triangular inequality. Finally,

Now, we first add and subtract fa, inside the absolute

we take into account that any PDF is a non-negative function to remove the
unnecessary absolute values. The last expression then writes

- o a8} (#)
o)~ Freowls [ [ ( w0 )

@D
s (y -Yin aﬁj@)) e <y - 2%;11 aﬁf‘”(ﬂ)‘

lso®]  [s37(t)] so(t) syl (t)

(IT) (I17)

L
[50(1)]
———

()

fAl (al)) T fAnfl (an—l)fB(b) day - - - day,_1db. (7.21)

We are going to bound the terms (I)—(IV). For the term (I), let us denote by
Fy = fa,(0) (remember that by assumption A3 this value exists), then first
applying A3, secondly the triangular inequality together with bounds (7.17) and
(7.18), one gets

i () < () -]+
Yy — Z 1 a;s ( )
< Lo 0 J + Fy
g LO n—1 v 7
S |y|+jz::1|aj sg | Lo
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Let us now bound the term (II) by applying (7.17) and (7.19) for j = 0,

L sl sl _ 1M —sold)] _ e
so®1 s ON ~ Tso@NsT O~ Tso@NIsF @] ~ m2Zy’

The term (IV) can be similarly bounded applying (7.17)

Lo
[s0(t)] ~ Mo’

Finally, let us bound the term (III). To this end, we first apply assumption A3,
and secondly, the triangular inequality together with bounds (7.17)—(7.19),

n—1 n—1 M
Y- j=1 a]'Sj(t) Y= j=1 a;s; (t)
| fAO (So(t)) - fAO < sé”(t) ) ‘

Y- Z -1 aJSJ y - 23:11 ajs;-v[(t)
= ko s0(0) (1)

ysd (6) — 5B (1) S g (1) — yso(8) + s0(t) X a2 (1)
= LO

so<t>soM(t>

y (53 = s0(D) + X777 a5 (s0(0)s (1) — s (8)3,(1))

e LO
ORI

llsd(6) — 53 (O] + 72 Ly [so(6)s2 (1) — s (8)s0)]
= Fo [so(t )Hsé”(t)\

llsdt(6) — s (O + 72 lag| [s0(8)s2 () — s ()sot) + 55 (E)sot) — sb (8)s;(0)]
:LO

5o IsA (D)

llst(8) — s ()] + 372 | (15 (D112 () — s5(O)] + I (B)llso(t) — 3 (1))

< Lo
S0 @13 (O]

- Lo\y|€0+2j:1 |a;| (Ms,o€; +Ms,j€0).

2
ms,O

Substituting the previous bounds in (7.21), one gets

\fyy (W) —fyam ()]
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LO ! €0
< . + E a;|Ms ;| + F
/D(Al) /D(Anl) /D(B) ms 0 vl , a51Ms; ’ m2,

Jj=1

Yyleo + D . a o€; + M, j€o 1
+<L0|| Zizt el (o J>> }
5’0 ms,0

: fAl (al) T fAnfl(an—l)fBa)) day - - -da,_1db.

If we denote € := maxe¢;, and M :=max M, ;, j =0,1,...,n—1, one gets

| fY(t)(y) - fYM(t)(y)|

n—1
< yl+ M | | + Fo
/Dun) /D<An1>/v(3>{<m50< Z ’ m2o

Jj=1
lyle +2Me 3277 ay|
Lo I b fa (@) - fa, (@nen) S5 (0) das - - dan_adb
s,0

Lolyle LoMe Foe
D(A1) D(A,_1) JD(B) 30 30 = m3

+Lo|y|6 + 2LOM€
m3

Z| J|> fai(ar) - fa,_,(an-1)fB(b)day - --dan—1ddb

s,0

= E<2L0|y| >/ / fA1 (al)"'fAn,fl(a"—l)fB(b) day ---dap—1db
D(A1) An—1) /D(B)

3L./Vl
oMe g / / / laslfan (@)~ Fa, (an1) fi(8) das -~ dan_1dlb
D(A1) JD(A,-1)/D(B)

2L F
_ E( g|y| n 2o ) (/ fAl(al)dCU) / fa,_q(an—1)dan—1
L ms.0 D(Ay) D(Ap_1)

n—1
( fB(b) db>+3f:3M€ > (/ fAl(al)dCLl)“‘(/ fAjl(ajl)da’jl>
D(B) 50 = \Ip(an D(A;_1)

T ~- ~-

: (/ laj|fa; (aj)da]) (/ fAnl(an—l)dan—1> (/ fB(b) db)
D(Aj) D(Ap-1) D(B)
—_—
=E[4;1] = =1

) fAl (al) T fA,,Lfl(anfl)fB(b) da; ---dan_1db
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n—1
2Lo|y| Fo 3LOM
:é( 3 T3 | Te€ m3, ZEHAJ”
Jj=1

ms,O ms,O S,
n—1
o 2L0‘y| Fo 3LOM
_e<m20 ot T ZIEHAJ-H :
, , 05

Taking into account Remark 7.2, the above sum of the expectations is finite. So,
the following result has been established:

Theorem 7.1 Consider the random fractional initial value problem (7.3), where
its data satisfies the assumptions A1-A38. Then, the probability density function,
Ty (y), defined by (7.11), corresponding to the approzimate solution of order M
given in (7.6)~(7.7), converges to the probability density function, fyu)(y), given
by (7.12) of the exact solution (7.4)—(7.5) as M — oo for each (t,y).

7.3 Numerical examples

This section is devoted to illustrating the previous theoretical findings with two
numerical examples, where we graphically show the convergence of the sequence
of PDFs, fym)(y), to fy@)(y), as M increases. Additionally, as assumptions A1
and A2 guarantee hypotheses H1 and H2 fulfill, then Y (t), given by (7.6)—(7.7),
is mean square convergent to Y (t), given by (7.4)—(7.5). As a consequence, the

mean and the variance of the solution exist, and then they can be approximated
by

BY (0] = [ ufymo()dy (1.2

and

VIYM ()] = E[(YM(1))?] — (BYM(1)])?
oo oo 2 (7.28)
= /OoyszM(t)(y) dy — (/OonyM(t)(y) dy) :

respectively, (see [89, Th. 4.2.1] and [89, Th. 4.3.1], respectively).

Example 7.1 The first example aims to show that the results obtained with the
approach presented in this chapter are in full agreement with the ones obtained

156



7.3 Numerical examples

in [12]. To check that the results given in [12, Example 1] agree with the ones in
the present example, let us assume that the values of Ag and Ay and B are close
to that example, so ensuring assumptions A1-A3 fulfill. Firstly, let us consider
B =1 and a = 1.9. In [12] the random variable B is considered as a negative
beta distribution of parameters 2 and 3. According to Assumption A2 the random
variable B must be bounded and away from 0. To guarantee this assumption
is satisfied while the spirit of [12, Example 1] holds true, we here take B as a
negative Beta distribution of parameters 2 and 3 truncated at the interval [0.05,1],
i.e. B ~ —Bejg.051](2,3). The initial conditions Ay and Ay are taken as in [12,
Ezample 1]. So Ag is a Normal distribution with mean 1 and standard deviation 1,
i.e. Ag ~ N(1;1), hence E[Ag] = 1 E[A3] = 2. It is important to remark that the
PDF of a Gaussian distribution has bounded derivative on the whole real line, so
applying the Mean Value theorem, it is straightforward to check that it is globally
Lipschitz continuous [3]. As a consequence, assumption A3 fulfills. The random
variable A1 is assumed to have a uniform distribution of mean 2 and standard
deviation 1, i.e. Ay ~ U(2 —+/3,2 4+ /3). Additionally, we will assume that Ay,
Ay and B are independent, so assumption A1 holds.

In Figure 7.1, we graphically show the approximations, fym ), of the 1-PDF
(7.11) at the time instants t € {0.5,1,1.5,2} for different orders of truncation,
M € {1,5,10}. In each panel, we have performed a zoom to better illustrate the

convergence as M increases.

In Table 7.1, we collect the approrimations of the mean and the variance of the
solution using (7.27) and (7.28), respectively. We point out these figures agree with
the ones obtained in [12, Example 1]. To numerically verify the convergence of the
1-PDFs as M increases, Table 7.2 collects the L1-norm of the difference between
consecutive approximations of the 1-PDF w.r.t. the order of truncation, i.e.

ex1(t) = [ Fyars @) — Pyt @)1 = /D Frnrntoy ) = Fraro @) dy. (7.29)

Here, we have taken the same domain of integration, D;, as the one used for
plotting the PDF fort fixed. As we can observe, the error decreases with M, so
correctly illustrating convergence as expected.
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Figure 7.1: Approximations of fy (), given in (7.11), of 1-PDF of the solution stochastic
process at the time instants ¢ € {0.5, 1, 1.5, 2} for different orders of truncation M € {1,5,10}.
Example 7.1 with o = 1.9.

We complete this example showing the corresponding approximations when o = 1.2
at the same foregoing time instants and using the same orders of truncation. The
approximations of the 1-PDF of the solution are shown in Figure 7.2, while Table 7.3
collects the figures for the mean and the variance. In Table 7.4, we collect the
L1-norm for the difference for consecutive approximations. We can graphically and

numerically observe convergence as the order of truncation increases, respectively.

Example 7.2 In this second example, we deal with the case that o = 2.5, so
n = —|—2.5] = 3, and three initial conditions, Ay, A1 and As are then required.
We take Ag ~ N(2;32), hence A3 is fulfilled. The random variables Ay and Ay are
assumed Ay ~ Be(1,1) and Ay ~ U(2,4). In order to guarantee assumption A2
holds true, we will assume that B has a Gamma distribution of parameters (2,2)
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E[YM @) | VY M (1) t=0.5 t=1 t=1.5 t=2

M=1 1.9841|1.22372  2.84533|1.7836  3.37137|2.39698  3.26288|3.04415
M=5 1.9842|1.22378  2.84807|1.7872  3.40555|2.42417  3.46492|2.99021
M =10 1.9842|1.22378  2.84807|1.7872  3.40555|2.42417  3.46492|2.99021

Table 7.1: Approximations of the mean and variance at time instants ¢ € {0.5,1,1.5,2}
using different orders of truncation M € {1,5,10}. These values have been calculated using
(7.27) and (7.28), respectively. Example 7.1 with a = 1.9.

em(t); =19 t=0.5 t=1 t=15 t=2
M=1 0.00003521008 0.00184215438 0.01988455842 0.11839990407
M=5 2.5804011 - 10~17  1.4576956-10~12  1.6507047-10°  4.0953768 - 10~ 7
M =10 0. 0. 0. 3.4694469 - 10~ 17

Table 7.2: Values of the Li-norm defined in (7.29) for different orders of truncation, M €
{1, 5,10}, at the time instants ¢ € {0.5,1,1.5,2}. The order of the fractional derivative is
a = 1.9. Example 7.1.

truncated at the interval [0.05,15], i.e. Ay ~ Gajg.05,15(2,2). In Figure 7.3, we
show the approzimations fyyy for the PDF of the solution at the time instants
t € {0.5,1,1.5,2} for different orders of truncation. In each panel of Figure 7.3 is
graphically observed convergence as M increases. From the plots, and particularly
looking at the magnified plots, we can observe that, for t fized, the approximations
improve when M increases, while for M fized, the approximations deteriorate as t

increases, as expected.

7.4 Conclusions

In this chapter, we have provided an alternative approach to approximate the first
probability density function of the solution stochastic process of a generalized model
formulated via a differential equation that appears in a number of relevant problems
of Classical Mechanics. The proposed approach avoids double approximations,
and hence their associated errors, based on first approximating the moments of
the solution and secondly applying the Principle of Maximum Entropy. The mild
conditions assumed to conduct our study permit applying our theoretical results
to a wide variety of real-world scenarios where probability distributions must be
inferred from all the model data.
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Figure 7.2: Approximations of fy (), given in (7.11), of 1-PDF of the solution stochastic
process at the time instants ¢ € {0.5, 1, 1.5, 2} for different orders of truncation M € {1,5,10}.
Example 7.1 with o = 1.2.

Publications associated with this chapter

A complete version of the chapter’s findings has been published in the paper [13].
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t=1

t=15

t=2

E[YM (1) | VY M (t)] t=05

M=1 1.94084 | 1.16605
M=5 1.94185 | 1.16743
M =10 1.94185|1.16743

2.62433 | 1.53783
2.65148 | 1.56298
2.65148 | 1.56298

2.82825|1.99607
3.01537|2.03536
3.015392.03536

2.31313.18559
3.03015]2.53089
3.03099 | 2.52984

Table 7.3: Approximations of the mean and variance at time instants ¢ € {0.5,1,1.5,2}
using different orders of truncation M € {1,5,10}. These values have been calculated using
(7.27) and (7.28), respectively. Example 7.1 with a = 1.2.

err(); o =1.2 t=05 t=1 t=15 t=2

M=1 0.00093398498 0.02108848639 0.13985203151 0.48984846327
M=5 6.5739242 - 10~12  6.1373116-10~8 0.00001457034 0.00091111341
M =10 0. 3.1576341-10~16  5.6654917-10~12  8.4097494 - 109

Table 7.4: Values of the Li-norm defined in (7.29) for different orders of truncation, M €
{1, 5,10}, at the time instants ¢ € {0.5,1,1.5,2}. The order of the fractional derivative is
a = 1.2. Example 7.1.
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Figure 7.3: Approximations of fy (), given in (7.11), of 1-PDF of the solution stochastic
process at the time instants ¢ € {0.5,1,1.5,2} for different orders of truncation M € {1,5,10}.
Example 7.2 with a = 2.5.
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Chapter

General Conclusions

In the development of this thesis, the importance of the calculation of the so-called
first probability density function of the response of some mechanical engineering
models has been highlighted, since obtaining it has been our main objective in all
the chapters. Indeed, the computation of the first probability density function is
very advantageous since from it one can calculate any one-dimensional moment
of the response, such as the mean (or expectation) and the variance functions
but also higher-order moments, such as kurtosis and skewness, provided they
exist. In this manner, the probabilistic system’s response can be completely
characterised (as it happens in the Gaussian case) or better approximated in many
scenarios. Furthermore, the first probability density function permits computing
key information about the mechanical system such as the probability that the
response (e.g., the position and/or velocity of an oscillator; the deflection of a
beam; etc.) lies within an interval of specific interest.

In Chapters 3 and 4, it has been shown that the combination of the classical
stochastic perturbation method and the Principle of Maximum Entropy allows to
obtain approximations of the stationary probability density function of nonlinear
oscillators in scenarios where the restoring term depends on both position and
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velocity. Although the study is limited to the case where the external force is a
stationary Gaussian process (with zero-mean), which permits taking advantage
of the so-called random mean square calculus, it can be also useful to approxi-
mate the response of nonlinear oscillators when the external input can locally be
approximated via a stationary Gaussian process using the central limit theorem.
Nevertheless, we want to point out that our approach has several limitations that
need to be further explored in forthcoming studies. First, and as it also happens
when utilizing the deterministic perturbation technique, in the stochastic setting we
have been restricted to obtain reliable approximations to the stationary probability
density function of the system’s response only for small values of the perturbative
parameter. This fact stems from the need to truncate the expansion of the solution,
represented via the perturbation method, to first order. In this manner, we have
been able to take advantage of the rich properties that linear Gaussian processes
have. Furthermore, when the Principle of Maximum Entropy has been applied, we
have worked with a few statistical moments due to the aforementioned application
of the stochastic perturbation technique. In future works, it may be interesting to
explore two possible ways of improvement the above-mentioned limitations. On the
one hand, and maintaining the order of perturbation to the linear term, one can
explore the possibility of approximating more statistical moments. Nevertheless, we
guess that, due to its complexity, this must be only carried out by means of purely
computational development. On the other hand, it could be interesting to extend
the study exhibited in Chapters 3 and 4 by working with truncations of second
order when applying the stochastic perturbation method. However, the nonlinear
nature of such an approximation can be very challenging in combination with the
properties of Gaussian stochastic processes. The study could be extended, in the
case of Chapter 3, to a restoring term in the form of an arbitrary polynomial whose
variable is the oscillator position and, in the case of Chapter 4, to a polynomial
of two variables, position and velocity. This would allow us to approximate, in
both cases, the more general scenario in which the restoring term is defined by
an analytical function (in one or two variables) by its Taylor truncation to an

appropriate order.

In Chapters 5 and 6, a static deflection model has been studied using the Euler-
Bernoulli beam theory. In both chapters, an explicit solution of the model has
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been obtained, but we have had to adopt different approaches to determine its
probability density function. On the one hand, in Chapter 5, it has been feasible to
calculate it using the Random Variable Transformation method. This approach has
allowed for a detailed and accurate probabilistic analysis of the structural system
under study. On the other hand, in Chapter 6, it has not been possible to apply the
Random Variable Transformation method because of the load spanned in the beam
is described by a correlated delta process involving a random number of pulses.
In this case, first we have obtained the first statistical moments of the response
and then we have applied the Principle of Maximum Entropy to address the
approximation of the probability density function of the solution. An interesting
point that has not been widely documented in the literature is the possibility
of extending the Random Variable Transformation method when we are dealing
with a process defining via a random number of addends, such as those found in
Chapter 6. In future works, we aim to explore this generalization of the Random
Variable Transformation method, with the objective of effectively applying this
approach in situations where complex stochastic processes are involved, such as
the one presented in this case.

In Chapter 7, we have shown that the Random Variable Transformation method
is a powerful tool to obtain the first probability density function of oscillators
described by differential equations with Caputo fractional derivatives and with
data (initial position and velocity, and the oscillator’s constant) that depend on
random variables with arbitrary distributions. The study we have carried out is a
first step on a simple type of oscillators, but from the analysis, we can conclude that
it can be extended to oscillators with greater complexity both in its formulation
through other differential equations with generalised derivatives and involving
uncertainty via not only random variables but also stochastic processes. In this
sense, we believe that the ideas developed in this chapter have great potential
in the emerging field of fractional differential equations and their applications in
Probabilistic Mechanics Engineering.
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Differential equations in Engineering are fundamental tools for
modelling and analysing dynamical systems. Differential equations
allow engineers to describe how physical quantities change over time
and/or space, such as vibratory systems, mechanical structures, etc.
However, many real-world systems are influenced by uncertainties.
For instance, measurement errors, incomplete understanding of
complex physical phenomena, random fluctuations like noise in
electronic circuits, and unpredictable variations in material properties
are aleatoric factors. Understanding both deterministic and
random/stochastic differential equations is, therefore, vital for
developing robust and reliable engineering solutions in a random
world. This thesis presents a comprehensive probabilistic analysis of
three classes of mechanical engineering problems, such as vibratory
systems (oscillators), mechanical structures (deflection of beams), and
a foundational mechanical problem modelled by a random fractional
differential equation. Throughout our work, we have applied different
mathematical techniques to achieve a deeper understanding of these
system's behavior under random excitations.
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