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Abstract

Many new materials used in mechanical and structural engineering exhibit viscoelastic
properties, that is, stress depends on the past time history of strain, and vice versa. Investi-
gating the behaviour of viscoelastic materials under dynamical loads is of great theoretical
and practical importance for structural design, vibration reduction, and other engineering
applications. The objective of this thesis is to find how viscoelasticity affects the stability of
structures under random loads.

The time history dependence of viscoelasticity renders the equations of motion of vis-
coelastic bodies in the form of integro-partial differential equations, which are more difficult
to study compared to those of elastic bodies.

The method of stochastic averaging, which has been proved to be an effective tool in
the study of dynamical systems, is applied to simplify some single degree-of-freedom linear
viscoelastic systems parametrically excited by wide-band noise and narrow-band noise. The
solutions of the averaged systems are diffusion processes characterized by It6 differential
equations. Therefore, the stability of the solutions is determined in the sense of the moment
Lyapunov exponents and Lyapunov exponents, which characterize the moment stability and
the almost-sure stability, respectively. The moment Lyapunov exponents may be obtained by
solving the averaged Itd equations directly, or by solving the eigenvalue problems governing
the moment Lyapunov exponents.

Monte Carlo simulation is applied to study the behaviour of stochastic dynamical systems
numerically. Estimating the moments of solutions through sample average may lead to er-
roneous results under the circumstances that systems exhibit large deviations. An improved
algorithm for simulating the moment Lyapunov exponents of linear homogeneous stochas-
tic systems is presented. Under certain conditions, the logarithm of norm of a solution
converges weakly to normal distribution after suitably normalized. This property, along
with the results of Komlés-Major-Tusnddy for sums of independent random variables, are
applied to construct the algorithm. The numerical results obtained from the improved

algorithm are used to determine the accuracy of the approximate analytical moment Lya-
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punov exponents obtained from the averaged systems. In this way the effectiveness of the
stochastic averaging method is confirmed.

The world is essentially nonlinear. A single degree-of-freedom viscoelastic system with
cubic nonlinearity under wide-band noise excitation is studied in this thesis. The approx-
imated nonlinear stochastic system is obtained through the stochastic averaging method.
Stability and bifurcation properties of the averaged system are verified by numerical simu-
lation. The existence of nonlinearity makes the system stable in one of the two stationary

states.
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Introduction

1.1 Stability and Bifurcation of Stochastic Dynamical
Systems

1.1.1 Stochastic Stability

Stability problems spread widely in physical sciences and engineering applications. For
example, the vibration of buildings under wind and seismic loads should not be too large,
or in better cases, diminish gradually as time passes by. Phenomenally, stable system means
that its output should be under a preset level, provided that its input is small. If a system
becomes unstable, its ouput will exceed a critical level or lose control even if the input is
small enough.

Mathematically, a deterministic system with state vector x € R¢ may be characterized by

the differential equation
x(t) = A(t,x), x(0) =x,€R". (1.1.1)

If the mapping A : [0,00) x R? — R? is continuous, and locally Lipschitz with respect to
X, then equation (1.1.1) has a unique solution in the neighborhood of the initial point
(0,xp) [12], [49]. Since a shift transformation can always be applied, the trivial solution
or zero equilibrium point of the transformed system is usually considered, without loss

of generality, when studying the stability property of the corresponding solution for the

1



1.1 STABILITY AND BIFURCATION OF STOCHASTIC DYNAMICAL SYSTEMS 2

original system. Different types of stability for system (1.1.1) can be found in many classical
references, such as [79], [18], and [120].

It is usual that a system is affected by some indetermined or random parameters, and
external disturbances or noises. A vector stochastic process &(t), which describes the
indetermined disturbances, may be introduced and thus leads to the so-called stochastic

differential dynamical system
X(t) = A(t,x,&(1), x(0) = x,eR". (1.1.2)

The existence of &(¢) makes the stochastic system different from the deterministic system
since the state at any fixed time is not uniquely determined, thus the stability has to be
defined first in order to investigate system (1.1.2) in a rigorous sense.

Similar to deterministic systems, the equilibrium point x*=0 can be considered for
system (1.1.2), without loss of generality, by applying a shift transformation, provided that
it is a solution of the transformed system. The most frequently used stochastic stability
concepts are almost-sure stability and moment stability, whose definitions follow Kushner

[68], Khasminskii [58], and Arnold [8] below.

Almost-Sure (a.s.) Stability or Stability with Probability One (w.p.1)
The equilibrium point x* =0 is stable with probability 1 (w.p.1) if, for any £ >0 and p >0,
there exists 5 (&, p) > 0 such that

Plsup[xm]>e}<p,
t=>0

whenever ”X(O) H <&, where P {-} denotes the probability, | - H denotes a suitable vector

norm.

Almost-Sure Asymptotic Stability
The equilibrium point x* =0 is asymptotically stable w.p.1 if and only if it is stable w.p.1

and

P| lim x| =0} =1.
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Moment Stability
The equilibrium point x* =0 is stable in the pth moment if, for any ¢ >0, there exists § >0

such that E[ Hx(t) ”p] <eg,forall t >0and ” x(0) H < §,where E[ - ] denotes the expectation.

Lyapunov’s direct method is widely used in studying the stability of deterministic sys-
tems. The idea is to find a function, that is positive everywhere, except at the origin where it
takes zero value. This function is known as the Lyapunov function and can be treated as the
total energy of the system. If the derivative of this function with respect to time is less than
or equals to zero, it means that the total energy of the system is nonincreasing with time. In
this sense the trivial equilibrium point is stable. More details on Lyapunov’s direct method
can be found in references such as [12] and [54].

With the theory of probability and stochastic processes, there is also the stochastic
Lyapunov function theorem for determining the stability of stochastic dynamical systems,
which has a close relation with the martingale theory, since the derivative of Lyapunov
function may be evaluated in accordance with Itd’s theorem. More details may be refered
to the work by Kushner [68], Khasminskii [58],and Arnold [8]. Compared to deterministic
cases, it is generally more difficult to find the Lyapunov functions for stochastic systems.

Although Lyapunov function theorem provides a method to determine the stochastic
stability of dynamical systems, it is generally not an easy task to find the Lyapunov functions
for stochastic systems. Therefore, other direct methods concerning with the stochastic
stability, such as determining the Lyapunov exponents and the moment Lyapunov exponents
of stochastic dynamical systems, are exploited.

For a linear system

x(t) = A x(t), x(0) =x, # 0,

the Lyapunov exponents are defined by

.1
Iy (o) = lim —log [}x(t; xo) (1.1.3)

which characterize the exponential rates of growth or decay of the solutions as t —o0. The
Lyapunov exponents were first introduced by Lyapunov [78], and later advanced by Oseledec

[89] to stochastic dynamical systems. Another approach to the Lyapunov exponents is the

product of independent and identically distributed (i.i.d.) invertible random matrices (see,



1.1 STABILITY AND BIFURCATION OF STOCHASTIC DYNAMICAL SYSTEMS 4

e.g. [38], [39], [23]), which gives an alternative proof to Oseledec’s multiplicative ergodic
theorem. It is shown that A (x,) exist w.p.1 if A(t) is a stationary stochastic process
with E[HA(t) H] <oo. If moreover A(t) is ergodic, then A (x,) take only finitely many
deterministic real values.

Hence, the Lyapunov exponents determine the almost-sure stability. If the largest Lya-
punov exponent is negative, the solution will decay to zero exponentially as t — oo, and
hence the system is asymptotically stable w.p.1. If the largest Lyapunov exponent is positive,
the system is unstable w.p.1. Lyapunov exponents are widely used in stability analysis be-
cause they provide a criteria for asymptotic stability w.p.1, which has a better performance
than stability w.p.1, when the state of a system is required to return to the equilibrium state
under small stochastic perturbations.

Generally, convergence w.p.1 does not imply convergence in moments, and vice versa.
Thus stability w.p.1 may not be enough in engineering applications if moment stability is

required. The moment Lyapunov exponents are defined by
A (p3 %) = tirgo%ng[Hx(t; x| (1.1.4)
Ay (P; %) determine the stability of the pth moments of the solutions of a dynamical
system. The pth moments are asymptotically stable if A (p; x() <O0.
The connection between the moment Lyapunov exponent and the Lyapunov exponent,
i.e. the moment stability and the almost-sure stability, was established by Molchanov [81]

and extended by Arnold et al. [9], [7], [5] for linear stochastic dynamical systems in the
form of
r
dx(t) = By(t,x)dt + Y B,(t,x)dW,,
i=1
and
x(1) = A(E@®)) x(1),

where A is analytic and &(¢) is a stationary ergodic diffusion process. It has been proved

that, if the non-degenerate conditions hold, A, , (xy) and A, (p; X,) are independent of

x(t

the non-zero initial condition xy, and A, ) (X)) =A5}  almost-surely with A 7% being the

largest (top) Lyapunov exponent. Moreover, A

Ay (©)=0and A, (0) =AT%,

x(n (P) is a convex analytic function in p with
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The stability index §, (t),which is the non-trivial zero of A _ ® (p),i.e. Ax(t) (3, (t)) =0, char-
acterizes the stability range of the moment. With the convexity of A, (p) and A, (0) =0,
if 8, <0, then A, (p)>0 for all p>0, which means all the pth moments (p>0) are
unstable. Therefore, only 8, ) >0 is meaningful in applications. When 0< p <4, ), the pth
moment is asymptotically stable.

From Jensen’s inequality, it can be concluded that higher moment stability implies lower
moment stability. However, following Markov’s inequality and Chebyshev’s inequality, the

stability of pth moment (p >0) implies only weak stochastic stability, i.e.

lim SUpP{Hx(t)H}s}:O, for all £ >0, (1.1.5)
X)) =07 >

which is weaker than the definition of almost-sure stability. These two stability concepts
are equivalent for linear autonomous systems [58], [8]. But for a general system, there is
no such result. Therefore it is important to determine both the largest Lyapunov exponent
(almost-sure stability) and the moment Lyapunov exponent (moment stability) in order to

have a complete picture of the dynamical stability of stochastic system (1.1.2).

1.1.2 Stochastic Bifurcation

The deterministic bifurcation theory studies the stability of equilibrium points of a family

of deterministic paramerized systems
x() = Ax;), xeR?, aeR™, (1.1.6)

with o being the m-dimensional parameter. The equilibrium solutions of equation (1.1.6)
are determined by A(x; o) =0 when « varies. If the Fréchet derivative Dy A (x; ) with
respect to x has zero eigenvalue at some equilibrium point (x,, &), some branches of the
equilibrium solutions may change their stability properties. In this case it is said that
bifurcation occurs [45], [113].

For general stochastic dynamic systems (1.1.2), the solutions are stochastic processes.
It is interesting to study a class of solutions that are Markovian, stationary, and ergodic
processes.

Markov property says that the future is independent of the past when the present is

known. It is known that a solution of system (1.1.2) is a Markov process provided that
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&(t) is a family of independent random vectors which are also independent of x, [8].
The transition probability function P (s,X,t, B) of a Markov process x(t) defined on a
probability space (€2, 7, P) is a conditional distribution given by

P(s,X,t,B) = P {x(t) e B| x(s) =X},

where 0 <s<t<o0, XER 4 Be B, B4 is the Boral sigma-algebra. The transition proba-
bility satisfies the Chapman-Kolmogorov equation [40], [105]

P(s,X,t,B) = /?d P(t,y,t,B)P (s, X, 7,dy). (1.1.7)
I

Using this equation, all finite-dimensional distributions of a Markov process can be deter-
mined from the initial distribution and the transition probability; thus all the properties
of the process are known. A Markov process is homogeneous in time ¢ if its transition

probability is stationary or invariant under time shift, that is,
P(s,X,t,B) = P(s+u,X,t+u,B).

In this case it can be written that P (s, X, t, B)=P (t —s, X, B).

A stochastic process x(t) is (strict) stationary if, for any sequence of t,, t,, - - -, t, and
arbitrary h, the joint distribution of random vectors x(¢,), x(t,), - - - , X(¢,) are the same as
thatof x(t, +h), x(t,+h), - - -, x(¢t,+h). This means that all joint probability distributions
of a stationary process are invariant under time shift. Thus stationary processes play
a significant role in applications. The necessary and sufficient conditions for a Markov
process to be a stationary process are (see, e.g. [58], [8]) that, x(¢) is homogeneous, and an

invariant distribution o exists such that

o(B) = /?dP(t,y,B)Q(dy), forall Be B4, t > 0. (1.1.8)
/

This invariant distribution is the stationary limit distribution of x(¢) and is independent of
the initial distribution [8].

For a stationary Markov process, it is reasonable to expect further that the ergodic
property holds, i.e. the space average of a function can be evaluated by the time average

along the trajectories almost everywhere [18], [11], [101]. This requires that ([41], [102]), the
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invariant probability measure o is unique, and for every bounded B-measurable function

f:Q— B,
.17
TILmOO?/O f(x(t))dt:/kd f(x)o(dx). (1.1.9)

If system (1.1.2) is linear, it is obvious that the trivial solution is a stationary solution and
its stability can be determined in the sense of Lyapunov exponents and moment Lyapunov

exponents. Consider a general stochastic dynamical system of the form
x(H) = A, E(0); ), xeRY, aeR™, (1.1.10)

where o denotes the m-dimensional parameter. Without loss of generality, assume that
x =0 is a stationary solution, since a shift transformation can always be applied. Similar to
deterministic systems, the stability of this trivial solution can be investigated by linearizing

equation (1.1.10) at x =0 with respect to x,
v = DeA(0,£(2); ) v = A(E(F); o) V. (1.1.11)

If the linearization is applied directly for the non-trivial stationary solution x,(¢), then the

equation for the perturbed variable v=x—x_ becomes

v = DxA(x,(1),&(t); a)v,
(1.1.12)

X (1) = A(xg (1), £(); o).

Obviously, the equations for the perturbed variable v in (1.1.11) and (1.1.12) are lin-
ear and homogeneous. Thus the stability of the trivial or non-trivial solutions may be
determined by the Lyapunov exponents and moment Lyapunov exponents for a given a.
Moreover, the Lyapunov exponents can be the indicators of stochastic bifurcation, that is,
when « varies, change of the sign of the largest Lyapunov exponent indicates change in
the stability of the trivial solution. This type of bifurcation is called stochastic dynamical
bifurcation, or D-bifurcation [10].

It is possible that, when the parameter « varies, the stability of a stationary solution
does not change, but the invariant distribution ¢ of the stationary solution has a “qual-
itative change”. This phenomena is called stochastic phenomenological bifurcation, or
P-bifurcation [10], [87], although some researchers doubt that if it should be called a bifur-

cation, since the stability of the solution keeps unchanged and it is not obvious to define
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a “qualitative change” [24]. The relation between P-bifurcation and stability index, i.e. the

non-trivial zero of moment Lyapunov exponents, can be found in [10].

1.2 Approximate Method for Stochastic Dynamical
Systems

For the general stochastic dynamical system (1.1.2), it is difficult to find the solution or even
to determine if a solution exists. Therefore approximate methods have to be applied so that
system (1.1.2) can be converted to or approximated by some types of system which may be

more easily studied.

1.2.1 Method of Stochastic Averaging

The method of averaging, after it was developed by Krylov, Bogoliubov and Mitropolskii
[66], [20], has been widely used in investigating deterministic dynamical systems. The
principle is to separate the variables of the system into two parts, slow-varying variables
and fast-varying variables. Then the terms related to the slow-varying variables may be
approximately replaced by some simpler forms. After this simplification the solution of the
approximate dynamical system may be obtained.

Consider the following deterministic system
x(t) = ¢A(t,x,¢8), (1.2.1)

where 0<e <1 is a small parameter. If A is T-periodic in ¢, A and its derivatives are
continuous and bounded, system (1.2.1) can be approximated in the first-order by the

averaged system

y(t) = eAr(y), (1.2.2)

where

_ 1 +T
Ar(y) = ?/ A(t,y,O)dt:LQt%{A(t,y,O)}. (1.2.3)

Under the above conditions and approximation, ||x(t) —y(t) H = 0(¢) on the time scale ¢!

ase—0.
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In more general cases, the averaging operator . “7/{ - } defined in (1.2.3) may be extended
t

to the form
1 T+T
F{-} = lim —/ {-}dt, (1.2.4)
t T—oo T J,;

provided that the limit exists. The standard averaging operator in (1.2.3) requires that the
functions being averaged be periodic. However, the functions to be averaged in (1.2.4) are
not necessarily periodic, although a better approximation is obtained if these functions are
almost periodic. The extension of the averaging operator enlarges the cases where averaging
method can be applied. Additional discussion can be found in [97], [76], [82].

A more complex case is the integro-differential system in the form of

t
x(t) = cA(t,x) + 8/ H(t,s,x(s))ds, (1.2.5)
0

where A and H are continuous for all ¢, 5 >0 and x. The averaging method due to Larionov

[69] shows that, if there exists the limit

1 T t R
lim = / [A(t,x)—l— / H(t,s,x(s))ds}dt:A(x), (1.2.6)
T Jo 0

T— o0

in which A(¢,x), H(t, s, x(s)), A(x) satisfy the Lipschitz condition with respect to x, the

solution to the differential equation

¥() = eA(y), y(0)=x(0), (1.2.7)

is defined for t > 0, and, for any finite time interval [¢,, £, ] along the trajectory y,

tz’\
/‘AW®Ms<C%—qL

t

with C being a constant, then the solution of equation (1.2.5) can be approximated by the
solution of (1.2.7) over a time interval of order ¢ ~1/2.

If the second-order averaging for deterministic system (1.2.1) is considered, x is expressed
as x(t)=y(t)+ex;(t,y), and A(t,x, ¢) is expanded as Taylor series in terms of the small
parameter €. Then it can be obtained, by substituting x(¢) into equation (1.2.1),

. ox1(t,y) ]! ox; (t, JA(L,y,0
Y(t)=8|:1+8%:| ”A(t,y,O)— Xlgt y)}+s (88" )}+a(82). (1.2.8)
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Expanding the matrices in equation (1.2.8) and neglecting the higher-order terms result in

the second-order averaged equation

ox; (t,
y(t) = ¢ [A(t, y,0) — %] + £2B(t, y,x1). (1.2.9)
To solve the averaged equation (1.2.9),
ox; (t, -
PLY) _ Atty0) — Arty) (1.2.10)

may be chosen. After x; is obtained from equation (1.2.10), equation (1.2.9) can be solved
for y(t). Similar procedures can be followed in order to obtain higher-order averaging
approximations.

The averaging method for stochastic differential equations was proposed by Stratonovich

[106], [107] and developed by Khasminskii [57], [56]. For a stochastic system
x(t) = eA(t,x,&(),¢), x(0) =X, (1.2.11)

where 0 < ¢ < 1is a small parameter, & (¢) is a zero mean value, stationary stochastic process.

If ase—0,A(t,x,&(t), €) can be expressed uniformly in ¢, x, § as
A(t,x,§(t), ) = Ao(t,x,&()) + e A1 (¢, X) + o(e), (1.2.12)

where Ay, A; and their first- and second-order derivatives with respect to x are smooth
and bounded functions, A, Ay and A; are measurable for fixed x and ¢, and the correlation
function E[’g ()& (t—i—t)] decays to zero fast enough as 7 increases, or &(t) is a wide-band
process, then system (1.2.11) can be approximated uniformly in weak sense (see, e.g. [56],

[34], [103], [102]) on the time scale £ 2 by a Markov diffusion process x(t) satisfying
dx(t) = &’ m(x)dt + g0 (X) AW (1), (1.2.13)

provided that the following limits exist

O oA
m(z) :ﬂz{Al +/ E[—"Ao,]dr},
t _ oo LOX

o0

o(x)o’(x) =7 {/ E[AOAgf]df}, (1.2.14)

— Q0
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where Ag; =Ao(t+7,x%, E(t+7)).

Stochastic version of higher-order averaging may follow the same procedure as the deter-
ministic case. In fact, the weak convergence of stochastic averaging as ¢ — 0 is the result of
the functional central limit theorem for stochastic processes [34], [103], [102]. The condi-
tions for weak convergence of averaging principle are very general assumptions, which are
considered to be satisfied in many physical and engineering applications.

It is also stated ([57], [34], [35], [103], [102]) that, if A(t,x,&(t),0) in equation (1.2.11)

satisfies the strong law of large numbers for fixed x, i.e.

T
A(x) = lim %/ E[A(t, x,£(1),0)]dt, (1.2.15)
— 00 0

then the averaging principle leads to convergence w.p.1 to the solution of a deterministic

system
x(t) = eA(x), x(0) = x, (1.2.16)

1

on time interval of order ¢ ™" as ¢ — 0. The difference between the solutions of the original

system (1.2.11) and the averaged system (1.2.16), after normalized by /¢, converges weakly

to a Gaussian Markov process over a wider time interval of order &2

Similar almost-
sure convergence results are also established in [47], [64], [65] under some slightly more
restrictive conditions.

By applying the stochastic averaging method, the state variables of the original stochastic
dynamical system will be approximated by a new set of averaged variables which are Markov
processes. The transition density functions of the averaged variables can be obtained
from the Fokker-Plank-Kolmogorov equation, and thus the properties of the approximate
solution are known.

Although stochastic averaging principle only ensures that the approximate solution given
by equation (1.2.13) converges in distribution to the true solution of equation (1.2.11) over
a finite time interval, it still provides a useful approach when the true solution is difficult

to obtain. The accuracy of the approximate solutions may be verified by experiments or

simulations in practice.
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1.2.2 Existence and Uniqueness of Solutions of Stochastic
Differential Equations

From Section 1.2.1 it is known that a general stochastic dynamical system may be approxi-

mated by the It6 stochatic differential equation
dx(t) = m(x)dt + o (x) dW(¢). (1.2.17)

Before studying the stability of its solution, it should be confirmed that a solution exists.

For this purpose, the following more general form of equation can be considered
dx(t) = m(t,x)dt + o (£,x)dW (1), x(0) =x0€R?, 0<t<T<oo, (1.2.18)

where m is a d-dimensional vector, ¢ is a d X r matrix, and W is a r-dimensional vector

Wiener process. Equation (1.2.18) is a formal expression of stochastic integral

t t
x(t) = x¢ + / m(s,x(s))ds + f o (s,x(s))dW(s). (1.2.19)
0 0

It has been shown ([58], [115], [41], [8], [36]) that, if m(¢,x) and o (¢, X) are measurable on
[0, T] x R% and, forall t € [0, T],x,yeR d satisfy the Lipschitz condition

Hm(t,x) —m(t,y) H + Ha(t,x) — o(t,y)” < KHX -yl (1.2.20)
and the restriction on growth condition
|m@, x| + |00 < K21+ x|, (1.2.21)

where K >0 is a constant and || o ||> =tr (aa T) ,then equation (1.2.18) has a unique solution
continuous w.p.1 on [0, T] satisfying the given initial condition. For the special case when
equation (1.2.18) is linear, which finds wide applications in physics and engineering, it has
a unique solution continuous w.p.1.

The solution of equation (1.2.18) is a diffusion process with m(¢,x) being the drift
coefficient and b(t,x) =0 (¢, x)o (t,x)T being the diffusion coefficient. Diffusion process
is a special case of Markov processes with continuous sample functions and usually serve
as the theoretical model of physical diffusion phenomena. If its transition density function

q(t,X; ty,X,) has continuous derivative with respect to t and continuous second-order



1.3 NOISE MODELS AND MONTE CARLO SIMULATION 13

derivatives with respect to x, then for fixed x;, and ty such that #, <t, q satisfies the well-

known Fokker-Plank or Forward Kolmogorov equation (FPK equation) [8]

d 4 9?[b,(t,
%+Z—[m (£, %)q __ZZ j(1:304] —0, (1.2.22)

ot . 8x 8x
=1 i=1 j=1
with the initial condition

q(t,x; t), X)) = §(xX—X;), ast |ty (1.2.23)

where m, and bi]., i,j=1,2,---,d are the elements of m and b. It can be seen ([41], [8])

that, every Markov diffusion process is uniquely determined by its infinitesimal generator
defined by

Zm (t, x) + ZZbl](t X) o —— (1.2.24)
i=1 j=1

The stability property of a diffusion process may be determined through its transition
density function, since the density function of state vector x at time f can be obtained by the
Chapman-Kolmogorov equation (1.1.7) using the initial distribution. However, the Fokker-
Plank-Kolmogorov equation (1.2.22) is not always easy to solve. Hence it is necessary to

find other ways to analyse the stability property of equation (1.2.18).
It is shown ([81], [9], [7], [5], [111]) that, for a linear stochastic system, the pth moment

Lyapunov exponent A (p) is the principal eigenvalue of the differential eigenvalue problem

ZL(P)T(p) = Ap)T(p),

where .Z°(p) is a differential operator associated with the system parameters, T'(p) is the
corresponding non-negative eigenfunction. Solving this eigenvalue problem by methods

such as perturbation, the pth moment Lyapunov exponent can be obtained.

1.3 Noise Models and Monte Carlo Simulation

1.3.1 Wide-band and Narrow-band Noises

In oder to study the properties of dynamical systems under the perturbation of noise,

suitable mathematical models for different types of noises have to be established. With
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the application of stochastic integrals, noises may be defined as the solutions of certain
stochastic differential equations, since the existence, uniqueness, and Markov properties of
solutions are based on the properties of the governing equations.

Gaussian white noise process & (t) is the formal derivative of the Wiener process given by

g()dt = /Sy dW (1), (1.3.1)

with constant power spectral density S(w) = Sp. Such noise does not exist in reality since its
power is infinity. However, it provides a very simple and useful mathematical idealization
for wide-band noise.

A real noise, or more specifically an Ornstein-Uhlenbeck process, is defined by
dé(t) = —aé(t)dt + o dW (1), (1.3.2)

with power spectral density

2

S(w) = (1.3.3)

o 4+ w?’
Ornstein-Uhlenbeck process is stationary and Gaussian [40]. From (1.3.3) it can be seen
that its power mainly concentrates in lower frequency band. When « increases, the spectrum
becomes “flatter”, which means it may be considered as an approximate model of wide-band
noise by suitably choosing « and 0.

The more general definition of “real noise” is defined as a stationary ergodic diffusion

vector process & (t), which is described by the Stratonovich stochastic differential equation

r
d&(H) = Qo(E(®))dt + Y Qi((1)) o W,
i=1
with Q;, i=0, 1, ..., r, being smooth [9]. Such noise may not be Gaussian but may be
more suitable to describe noises in the real world.
The bounded noise process was introduced by Stratonovich [106]. It overcomes the
shortcoming of Ornstein-Uhlenbeck process, which is not bounded. The unit bounded

noise is given by

£(t) = cos[vt + o W(t) + 6], (1.3.4)
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where 6 is a uniformly distributed random number in [0, 277) and is independent of W (¢).

Using Itd’s Lemma, it can be seen that £(¢) is the solution of the It6 differential equation

de(r) = —(u,/l S %025) dt — o /1 — £2 dW(p), (1.3.5)

or equivalently, the Stratonovich stochastic differential equation

dé(t) = —vy/1 —&2dt —0,/1 —E20dW(2). (1.3.6)

Thus the bounded noise is a special kind of non-Gaussian general “real noises”. The power

spectral density of the unit bounded noise is

o2 (? + 2 + Lot)
S(w) = : — (13.7)
2[(w+ )2 + 304][(@ — v)? + ;0¢]

Equation (1.3.7) shows that the power of the bounded noise can be controlled by adjusting
the values of v and o, and it mainly distributes in the neighborhood of v. Hence the
bounded noise is a very good realistic model of narrow-band noise and is widely used in

many engineering applications.

1.3.2 Monte Carlo Simulation

For Itd stochastic differential equations, the complete behaviour of solutions can be obtained
by solving the determininstic Fokker-Planck-Kolmogorov equations for the transition prob-
ability density functions. However, in many cases such procedures may have great practical
difficulies, although it can be done analytically or numerically in principle. Therefore, direct
numerical approaches to the corresponding It6 equations may have to be applied. Moreover,
the generation of noises may be obtained by computer simulation of stochastic differential
equations.

There are two types of discrete schemes, strong approximation scheme and weak approx-
imation scheme. The difference between them is the way they converge to the exact solution
[60], [80].

A strong approximation scheme with order y requires that the error of approximation
satisfies

e(h) = E[|x(1) —x"(D)||]] < ch?, (1.3.8)
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where x is the exact solution, x" is the discrete approximation, & > 0 is the time step, T is the
total length of time of simulation, C and y are positive constants, and C is independent of h.

Weak schemes do not require path-wise approximation but focus on obtaining more
information about the probability measure. Hence for a weak scheme whose approximation
converges weakly with order y >0 to the exact solution, the error of approximation only

needs to satisfy
€(h) = ‘E [§x(T))] — E[g(xh(T))]’ < CH, (1.3.9)

where g(x) is a continuously differentiable function with derivative at least of the order of
2(y+1).

The direct numerical simulation schemes and their features are always associated with the
properties of Wiener process and Ito differential equation. The simplest numerical scheme,

the Euler scheme, for system (1.2.18) is
X = x* tm, ) b+ o, x5 AWE, k=0,1,2,- -, (1.3.10)

which is obtained from the stochastic Taylor expansion of stochastic integral [60], [59].
The superscript k means the value at the kth iteration. Time step h=t1;_, —f;, and AWK
satisfies the [-dimensional Gaussian distribution with zero mean and covariance matrix hl.
The Euler schemes are strong approximation schemes of order 0.5 and weak approximation
schemes with order 1.0, and are widely used in applications due to their simple forms. Sim-
ilar to Euler scheme, higher order schemes can also be constructed through the stochastic

Taylor expansion.

1.4 Viscoelasticity and Integro-differential Equations

1.4.1 Equations of Motion for Linear Viscoelastic Bodies

Viscoelasticity has been observed in a number of materials, such as polymers, composites,
metals, and alloys at high temperatures. Investigating the behaviour of viscoelastic materials
under dynamical loads is of great help for engineering applications.

Generally speaking, elastic materials have the capacity to store mechanical energy without

dissipation because they have the property to recover to the original states after they are
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unloaded. On the other hand, Newtonian viscous fluid cannot store mechanical energy
except in non-hydrostatic stress state. However, some materials both store and dissipate
mechanical energy; such property is called viscoelasticity. In classical elasticity, there are no
strain-rate effects. That is the strain at time t depends only on the stress at time ¢, and vice
versa. However, for viscoelastic materials, stress is not a function of instantaneous strain
but depends on the past time history of strain; this dependent relation also holds for strain.
It has been observed that, typically, the strain of viscoelastic material under constant stress
increases with time in creep test, while the stress decreases with time under constant strain
in relaxation test.

In the case of linear aging viscoelasticity, where aging means the mechanical properties
of a given material change with its age, the relation between uniaxial strain e(f) and stress

o (t) can be expressed as Stieltjes integrals, according to the Riesz’s representation theorem
331 [25], t t
e(t) = f F(t,7)do (1), o(t) :/ G(t,t)de(7), (1.4.1)
— 00 — 00

where F(t,7) is called the creep function, and G(¢, ) is the relaxation function. In the

complicated strain and stress states, the integral representation will be

t t
&ij(t) =/ Fiju(t, T) dog(7), ajj(t) =/ Gijki(t, T) degi(T), (1.4.2)

where {e;;(t)}=&(t) is the strain tensor and {0;j(t)}=0(¢) is the stress tensor. Corre-
spondingly, Fjjx(t, T) is the tensorial creep function and G (%, T) is the tensorial relaxation
function.

For linear non-aging materials, the time when they are loaded can be selected as the time
origin without loss of generality. Therefore, the creep function and the relaxation function
are only determined by the time difference  — 7. If the creep function, relaxation function,
strain, and stress are further assumed to be differentiable, then the constitutive relation

reduces to

t

t
&ij(t) =f0 Fij(t—1) doy(7) =Fijk1(0)0k1(t)+/ Fyja(t—7)op(v)d,

° (1.4.3)

t
oij(t) =/0 Gijki(t—7)deg(t) = Gijkl(O)Skl(t)Jr/O Gijki(t—1)ew(t)d,
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where Gijx;(0) is the instantaneous elastic modulus. The conditions

+OO . +m .
/0 [Gia(0)] dt < oo, fo |G (0] dt < oo (1.4.4)

ensure that the equilibrium elastic modulus Gijjx;(+00) exists. There are also differential
representations of the constitutive relation. They include the derivatives of strain and stress,
which describe their dependence on time history. These two types of representation are
equivalent [25].

One choice of relaxation and creep functions under uniaxial strain state often used is

G(t) = Ee 7, F(t) = % (1 + %) , (1.4.5)

where E is the general elastic modulus, A is known as the relaxation time. Equation
(1.4.5) describes the stress relaxation and creep phenomena and is associated with the
well-known differential Maxwell model [25], [32]. Furthermore, the generalized Maxwell
model, which consists of a sequence of differential Maxwell units coupled in parallel, can be
used as an approximation to most linear viscoelastic behavior as close as possible [96], [32].

Obviousely, the relaxation function for generalized Maxwell model will be given by
M
G(t) =Y Eje '/, (1.4.6)
j=1

where M is the number of Maxwell units in the parallel chain.

The linear theory is often used under the assumption of infinitesimal deformation. How-
ever, for some materials, such as concrete subjected to high stresses or partial unloading
[27], the deformation is beyond the range where superposition and, therefore, linearity are
valid. As a result, the general theory of nonlinear viscoelasticity has to be applied. However,
the constitutive relation for nolinear viscoelastic materials is far more complicated and is
still under development. Generally it is defined through the deformation gradient but not
strain, and there may be many choices due to the variety of materials. Green-Rivlin theory

[43] is a common approach in determining the mechanical properties of viscoelastic solids.
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From linear elasticity theory, the governing equations for the dynamic response of an

elastic body with boundary and initial data are given by, using Newton’s Second Law [37],

P, 9oy f0,  in Dx[0,T) (1.4.7)
- = ;\x 1), n X 5 5 o T.
Do T ax, T '
u; =0, on 0D, x[0,T),
oV = &p» on 0D, x[0,T),
u;(x,0) = uy,, in D,
du;(x,0) )
— = U, in D, (1.4.8)

where i=1,2, 3, p is the mass density of the elastic body, u(x, t) = (uy, u,, u;) is the dis-
placement vector,x € D C R3,0D= 0D, ® 0D, is the boundary of D, f(x,t) =(f,, f,, f3) is
the body force, and v = (v, v,, v5) is the unit outward vector normal to d D, . If viscoelastic-
ity is considered, then from the constitutive relationship (1.4.3) one has the integro-partial
differential equation
2 2
% — /Ot Gijkl“‘”%df =f, in Dx[0,T),

or

0 T=f, (1.4.9)

— i G...(0
a2 il (0) ox; ox;

combining with the boundary and initial conditions in equations (1.4.8). Under the as-

9%u. 0 , 1 L, 0 ,
U eg(u(x, 1)) _/ Ga(t—) eg(u(x T))d

sumption of small deformation, the symmetric strain tensor is given by [37]

1 |:8ul.(x, ) N du;(x, 1)

(X, 1) = —
8’](X ) axj 0x;

. } ij=1,23. (1.4.10)

Substituting equation (1.4.10) into (1.4.9) leads to the general form of equations of motion

for viscoelastic dynamical system with the displacement vector u(x, t) as variables.

1.4.2 Stability of Integro-Differential Equations

Stability of elastic structures under deterministic loads has been investigated by many re-
searchers for decades [21], [22], [121], [72]. Stability of elastic structures under random

loads can also be found in some references such as [75], [73], [119]. However, the study of
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stability of viscoelastic structures is in its infancy, since it is more difficult to study the sta-
bility of integro-partial differential equations, and moreover, the constitutive relationships
for viscoelastic materials are also under development.

For one-dimensional small deformation problems, the governing equation of motion

reduces to hyperbolic partial differential equation of the form

9%u(x, t) 9%u(x, t)
p —_—

E = f(x,1), 1.4.11
o2 a2 &0 (1.4.11)
for elastic case, and
0%u(x, t) t 3u(x, 1)
—_— = G(t—1)———=dt = f(x,1),
P or /0 (=0 e AT =I®0
ot 2 2 t 2
9“u(x, t) o“u(x,t) / . 0°u(x, )
— = G(0)——— — G(t—1)———dt = 1), 1.4.12
v (0) 552 A (t—1) a2 T f(x,t) ( )

for linear viscoelastic case. Thus studying the dynamic response of a viscoelastic body may

lead to studying an integro-partial differential equation of the type

t
Uy (%, 1) = [P (u,(x, )] — fo H(t—1) [¥(u,(x,7)]_ dt +f(x, ). (1.4.13)

Note that equation (1.4.13) includes the linear and nonlinear viscoelastic constitutive rela-
tionship. When one takes ¢ (x) = c,x and v (x) =, x, where c; and ¢, are constants, equation
(1.4.13) can be converted to (1.4.12) easily.

The stability of equation (1.4.13) in deterministic cases has been studied by some re-
searchers. If the viscoelasticity vanishes, i.e. H(t) =0, equation (1.4.13) describes the one-
dimensional nonlinear elastic response when ¢ is nonlinear, and it is known that generally
the corresponding initial-boundary value problem does not have globally smooth solution
for any nonzero initial and boundary data. However, for the cases when viscoelasticity ex-
ists, the results given in [28], [29], [19] show that, for materials with linear viscoelasticity, i.e.
¢ and ¢ are linear functions, the initial-boundary value problems associated with equation
(1.4.13) have globally defined smooth solutions, provided that the initial data in equations
(1.4.8) and forcing function f are suitably smooth and small, and these solutions tend to
zero as t—o00. Furthermore, if H(t) is an exponential kernel, i.e. Maxwell viscoelastic

model, the initial data and f need not be small to ensure that the response reduces to zero
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with time [51]. This implies that viscoelasticity has the similar effect as damping and helps

to stabilize structures.

1.5 Scope of the Thesis

Study on the stability of dynamical systems in engineering mechanics arises from the
investigation of responses of strucures subjected to dynamic loads. Although there are
numerous works on the stability of elastic structures, research on the stability of viscoelastic
structures, especially for the cases under random loads, appears to be limited. Due to the
wide applications of viscoelastic materials, research in this area is of great importance.

This thesis focuses on the stability of viscoelastic systems under stochastic perturbations.
The main goal is to obtain the Lyapunov exponents and moment Lyapunov exponents of
certain models of viscoelastic systems. These models may be simplifications of realistic
structures, such as buildings subjected to earthquake or wind loads. After the Lyapunov and
moment Lyapunov exponents are known, the stability of these systems may be improved by
adjusting or optimizing system parameters.

This chapter presents the preliminary backgrounds which will be applied to the study
of stochastic stability. Stochastic differential equations provide the mathematical models
for realistic stochastic phenomena, on which analytical and numerical methods can be
applied to investigate the properties of these systems. Generally speaking, the methods of
averaging and perturbation are two important methods for obtaining approximate solutions
of dynamical systems. Numerical methods may be employed when the analytical methods
are difficult to apply, or when the analytical approximations need to be validated.

Chapter 2 presents a new algorithm on simulation of moment Lyapunov exponents for
linear homogeneous stochastic systems. Since numerical simulation results can be used to
verify the accuracy of approximate analytical solutions of stochastic systems, an accurate
and efficient algorithm is necessary.

In Chapter 3,an example of single degree-of-freedom (SDOF) linear viscoelastic system is

established. Then the method of stochastic averaging, both the first- and the second-order,
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is applied to determine the moment Lyapunov exponents of the sytem under wide-band
and narrow-band noise excitations.

In Chapter 4,a SDOF nonlinear viscoelastic system is considered. The system is simplified
using the method of stochastic averaging. Lyapunov exponents for the trivial and non-trivial
stationary solutions are then obtained. Stochastic bifurcation phenomena associated with

the nonlinear system are studied.

Chapter 5 presents some conclusions from this study and directions for future research.



Monte Carlo Simulation of Moment
Lyapunov Exponents

As introduced in Chapter 1, the moment Lyapunov exponents characterize the moment
stability of a stochastic dynamical system. Although it is quite straightforward to set up the
partial differential eigenvalue problem with the pth moment Lyapunov exponent A(p) as
the principal eigenvalue ([9], 7], [5], [111], see also [119]), the actual solution of the eigen-
value problem is very difficult. For certain simple two-dimensional or four-dimensional
systems, approximate analytical methods, such as stochastic averaging or perturbation, have
been applied to obtain approximate analytical results of the moment Lyapunov exponent
A(p) (see,e.g. [4], [55], [84], [86], [116], [117]). In general, numerical approaches, such as
Monte Carlo simulations, have to be applied to determine the moment Lyapunov exponents.
Furthermore, even when approximate analytical results are available, their accuracies have
to be verified by numerical simulations.

When investigating the stability of a general stochastic dynamical system, it is usual to
consider the corresponding linearized system near its stationary solution as presented in
Section 1.1.2. The linearized system is homogeneous. This shows the importance of linear
homogeneous systems in the study of stochastic dynamical systems.

There are some references discussing the numerical approximation of Lyapunov expo-

nents, such as [109], [110], [44]. However, there seems to be only one numerical algorithm

23
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for determining the moment Lyapunov exponents using Monte Carlo simulation published

so far [118], which is described briefly in Section 2.1.

2.1 Numerical Algorithm Using Sample Norm

Consider a general d-dimensional linear homogeneous stochastic dynamical system
Xt =AE®)X(@®), X(0) =X,. (2.1.1)

In the cases that &(¢) is described by It6 or Stratonovich stochastic differential equations,
equation (2.1.1) is solved using an appropriate numerical discretization scheme with a time
step h. To have an accurate estimation of the pth moment, E[HX(t) HP ], a large number of
sample realizations must be simulated, since the evaluation of expectation is determined by
the sample average.

When system (2.1.1) is stable, the solution decays exponentially in time, whereas, when it
is unstable, the solution grows exponentially with time. To avoid float-point data overflow
or underflow, it is essential to devise an appropriate scheme to normalize the solutions
regularly during simulation. In practice, there is no need to normalize the solution at every
iteration. Suppose the solution is normalized after every K iterations, or after every time
period Ty, =Kh.

Let S9! be the unit sphere in d-dimensional space R?. For a given initial condition

X(0)=X,eS5% L ie. |X, | =1, and simulation time T =MT)y, one has

M

|X(mTy, Xo) |
X(D)|| = |X(T, Xy | = : (2.1.2)
x| = | 0| L[l X(0n=1) T, X))|
Since equation (2.1.1) is linear homogeneous, it can be seen that
X —DT , X
X, (t) = (m—DTy+ 0), m=1,2, ... (2.1.3)
HX((m_l)TN>X0)
solves equation (2.1.1) with the initial condition
X —1DT,, X
X,,(0) = ((n—DTy, X,) d=1 (2.1.4)

HX((’”_ I)TN’XO) H
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Thus

M
XD =TT XTIy (2.1.5)
m=1
Equations (2.1.3) and (2.1.4) indicate that normalization procedure can be performed for
every time period Ty, such that the solution of the stochastic differentials always restarts

from initial conditions with unit norm right after the normalization (see Figure 2.1).

x|
R | ‘
true solution }
|
|
|
|
1)
/
/
XTIy == ‘ 4

ly
} mth normalized ‘
} solBtion |
[X((m-1)Ty)] g |
|
|
|
|

/

19 T T T T T P
| |
| -

Figure 2.1 Growth of the solution and normalization

Let X" denote the solution from an appropriate numerical discretization scheme with
time step h. For a large simulation time T with M large, the pth moment Lyapunov

exponent should be approximated as

M
“hoo L NI <h P
Alp) = TlogE[”x )] = sz, 1%9E L];[l IXE (1) } (2.1.6)
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In the algorithm in Xie [118], the pth moment Lyapunov exponent is evaluated as

M
- 1 —
Ap = g too [ F [IXLrol] 2.1.7)

where the expectation is determined by the sample average

P (2.1.8)

N
E[IRA T ] = < Yo IRk T
s=1

with N being the sample size for simulation, and X:* the sth sample path of X,

It is obvious that equations (2.1.6) and (2.1.7) are different since all HX;(TN)” are
dependent and thus the order of the expectation operation and the product operation
cannot be exchanged. Noticing that equation (2.1.7) can be rewritten as

M

Al(p) = %%TiNlogE[HX’;(TN)HP}, (2.1.9)
it actually gives the average of M moment Lyapunov exponents simulated for a time period
of Ty rather than the moment Lyapunov exponent simulated for a long time period of
T =MT). Theoretically, the larger the value of T}, the more accurate the approximation.
Unfortunately, to avoid float-point data overflow and underflow, the value of T, cannot be
very large. Although each simulation of the moment Lyapunov exponent for a relatively
short time period of T\, may not be accurate, for some systems the algorithm based on
equation (2.1.7) yields satisfactory results because of the Central Limit Theorem. However,

there are systems for which equation (2.1.7) leads to erroneous results.
One possible revision to correct the insufficiency of algorithm (2.1.7) for linear homoge-
neous systems is to normalize the solutions by their expectations, but not their norms as in

equation (2.1.3). With unit norm initial condition and the definition

X"((m—1)Ty+1,X,)
[ X" (n—D Ty, X,)]

Y1) = - =12 ..., (2.1.10)

P
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the approximate moment Lyapunov exponents at time T are given by

A= L 1og]  EFMTW[] MH E[X" oy |
MTy = LE[|X (M =DT)[] 5 E[IX* (=D T0) [
Sh P
:;IogE X (MTy)
MTy E[|x* (1 -DTy)]]
1 = Xh(mTy)
+]VI—TNn;plogE|: [Hxh (m—])T H
1 —
= W: log E[ | ¥, (T [[1] + Z plogE[|| ¥ (Ty) H]}. (2.1.11)
N m=1

The solution of equation (2.1.1) may be a diffusion process and its variance may in-
crease significantly with time. Although equation (2.1.11) is exact theoretically when M
approaches infinity, there are two main sources that will lead to significant numerical errors.

First,according to the Central Limit Theorem, for independent and identically distributed
(ii.d.) random variables x;, x,, ... with the same mean value ¢ and variance o2, the distri-
bution of sample average x = ( N «_1 X;)/N tends to the normal distribution MV(i1,5%/N).
This means that equation (2.1.8) will not give acceptable results of the expected values
when the variances of the solutions are so large that it is impossible to reduce the error of
estimation to an acceptable level with a finite number of samples.

Second, due to the finite lengths of floating-point representations in computers, when
two numbers are summed up, the smaller one will be neglected if the difference of their
exponent bits exceeds the limit. If a system is unstable, its solution grows exponentially
with time. Even when the system is stable and the chance that the solution takes extremely
large values may be rare, once it happens, all the contributions from other samples will be
eliminated. Thus this truncated error in estimating the expectations will be dominant in
simulations with large variances.

To illustrate, consider the first-order linear homogeneous stochastic system

dx(t) = ax(t)dt + ox(t) dW (1), (2.1.12)
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where a and o are real constants. The solution of system (2.1.12) is given by

1 >
x(t) = x(0) exp{(a—ia )t + aW(t)}.
The pth moment Lyapunov exponent can be easily determined as
.1 p p )
A(p) = lim S log E[|x(t)|F] = 3 [(p—Do? +24],
and the variance of norm is

Var [|x@®)|] = E[|x0]*] = {E[|x®)[]}? = (e — 1).

Figure 2.2 shows the numerical results of the moment Lyapunov exponents for a=0,
o =1, and different values of the total time of simulation T, in which equation (2.1.12) is
solved numerically using the explicit Euler scheme. The time step for iteration is #=0.001,
the sample size is N=>5000 and equation (2.1.11), i.e. the revised algorithm, is used to
determine the approximate moment Lyapunov exponents. It is obvious that the longer
the time T for simulation, the worse the results. Because the variance of ‘x(t)! increases
exponentially with time, it is impossible to get an accurate estimate of the pth moment using

sample average from finite sample sizes N for ¢ large.

2.2 Estimation of the Expectation through Logarithm of
Norm

Because of the possible large errors in simulating moment Lyapunov exponents with in-
creasing time of simulation, it is required to develop a new algorithm to overcome the
difficulty in estimating the moments. Since the errors are caused by large variances of the
solutions, it is clear that how to reduce the variances in order to obtain a good estimation of
the moments using a finite number of samples is the key.

There exists variance reduction techniques in Monte Carlo simulation [60], [80]. These
methods construct either an alternate correction process or a new random variable to reduce
the variance of estimation through the sample average. However, in order to have the best
effect, the solution to the equation to be simulated should be known in advance. In practice,
one has to guess and choose the required functions for estimation. Thus it is not easy to say

how much these techniques will improve the results.
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Figure 2.2  Simulation of moment Lyapunov exponents for a first-orderlinear system

Notice that
logE | [X(D)||"] = log E [ e?"®IXTI] = c(p), (2.2.1)

where C(p) is the cumulant generating function of IogHX(T) ” In the special case when

IOQH X(T) ” is normal, C(p) takes the simple form

1
C(p) = pE[log|X(D)|] + Ep2 Var[log|X(T)|], (2.2.2)

where Var[ -] denotes the variance. Therefore it may be possible to use the statistical

properties of log H X(T) ” in estimating the moment Lyapunov exponents.

2.2.1 Asymptotic Normality of Logarithm of Norm

Since the simulation of stochastic dynamical systems is based on the theory of stochastic

integrals, it is natural to start with the following d-dimensional It stochastic differential
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equation
.
dX(f) = By(X,)dt + Y B;(X, 1) dW;. (2.2.3)
i=1
When the system is linear homogeneous with constant coefficients, equation (2.2.3) takes
the form
,
dX (1) = ByX(t)dt + Y B;X(1)dwW,, (2.2.4)
i=1
where B,i=0,1,...,r,are d x d constant matrices. Let p(t)= IOQHX(t) H and A be the
largest Lyapunov exponent. It has been shown ([58], p. 243) that the limit distribution of
(p(t) —)Lt)/\/ Var[p(t)] is standard normal as t — o0 if Var[p(t)] — 00, and there exists
a constant « > 0 such that, for any vector Y,

.
> (BX) > aX Y| 225
i=1

is satisfied.

However, in applications, there are many cases that the non-degenerate condition (2.2.5)

is not satisfied. An extended result by Arnold et al. [7] shows that, for any X (0) #0,
.1 .1 »
Jim ~p(t) =2 as, Jim —logE|[x®)’] = Acp), (2.2.6)

and the normalized p(¢) converges weakly to Gaussian distribution with

p(t)—At D

vt

N(0, A"(0)), t—o0, (2.2.7)
provided that
dimLA(g;: 0 <i<r)(s)=d—1, forallseP/¥ ", (2.2.8)

where £A(g;) denotes the Lie algebra generated by the set of vector fields g;, dim the
dimension, 2/~ the projective space obtained from S%~! by identifying s and —s, and g

are given by

1 :
go(s) = g<B0 —5 ZB%, s), gi(s) =gB;s), i=12,...,1, (2.2.9)
i=1
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in which g is defined as, for any d x d matrix B and s € S,
g(B,s) = (B — (s'Bs)I)s = Bs — (s"Bs)s. (2.2.10)

It is obvious that g(B, s) is the orthonormal component of vector Bs with respect to s.
The linear homogeneous system with constant coefficients, i.e. equation (2.2.4), can be

converted to the Stratonovich form. Thus it can describe the stochastic dynamical system

. 1 r r
X(t) = (BO -3 > Bi+) :Biéi(t)) X(1) = A(E@)) X(1),
i=1

i=1
with &,(¢), i=1, 2, ..., r, being unit Gaussian white noises. It is very likely that noise & (¢)
takes other forms. The result obtained by Arnold et al. [9], [5] solves this problem under
some conditions.
Return to the general d-dimensional linear homogeneous system (2.1.1), with A being
an analytic function and &(¢) being a vector stochastic process on a connected smooth

manifold M described by Stratonovich stochastic differential equation

d&(t) = Qo(&(n)) dr + Zr: Qi(&(1)) o dw,, (2.2.11)
i=1
where Q;, i=0, 1, ..., r,are smooth. If
dm/A(Q;: 1 <i<r)(§)=dimM, forall EeM, (2.2.12)
dimLA(g(A(&),s) : EeM)(s)=d—1, forall seP/*, (2.2.13)

then, for any X(0) #0, equations (2.2.6) and (2.2.7) are still true. Condition (2.2.12)
ensures that & (¢) is a stationary ergodic diffusion process with a unique smooth and positive
invariant density o on manifold M [5]. Fortunately, condition (2.2.13) is satisfied for most
problems frequently considered in engineering applications [9]. Moreover, conditions
(2.2.12) and (2.2.13) can be replaced by
. 0 .
dim LA(QO—i—g(A, 9+ Qe Qr)(g,s, £) = dimM + d,
for all (§,s,t) e M x P/d_1 X R,
(2.2.14)
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As a result of equations (2.2.6) and (2.2.7), one can write [4]

A(p) =Ap+ %A”(O)pz + o(p?). (2.2.15)

2.2.2 Estimation through Logarithm of Norm

Suppose HX(T)H is obtained for linear homogeneous systems (2.2.4) or (2.1.1), and the
corresponding system satisfies conditions (2.2.8), or (2.2.12) and (2.2.13). When T is large
enough and X(0) #0, p(T)= IogHX(T) ” is near Gaussian according to the discussion in
Section 2.2.1.

Let X"(T) still be the solution at time T obtained from an appropriate numerical dis-
cretization scheme with time step h, and X*(T), s=1,2, ..., N, be the different samples
of X"(T). Then X*(T) can be treated as independent and identically distributed (i.i.d.)
random vectors with the same distribution as X"(T). Thus the pth moment Lyapunov

exponent is approximated as

N
Ar(p) = logE [[XP()|*] = - log {]‘[ e[ %"+ 1) \|P]}
s=1

1 N 3
= 7 log E [exp (pZIogHXh’S(T) H)} . (2.2.16)

s=1

By defining

p"(T) = log|X"(T)

b

i =E[p"D)],  (58) = Var[p"(D)], (2.2.17)

~h,s —h N
. P (T) — .
P = Fm L Ry = 3D,

T s=1

equation (2.2.16) becomes
A

_ 1 i} _ 1
Al(p) = NT log E [exp(p;ﬂ%N + paj’fRN)} =p—+ —

_hR
= NTIogE[eP"T v]. (2.2.18)

With the notation
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equation (2.2.18) is converted to
—h
- MT 1 \/IT] (}h
A(p) = p=L + — logE[eVNPorén]. 2.2.20
(p) = p + 7 109 E[e | (2.2.20)
Let FZ‘N (x) be the cumulative distribution function of ¢, then FZ"N (x) tends to the
standard normal distribution of AV(0, 1) as N — oo according to the Central Limit Theorem,

ie. F sz (x) = P (x) uniformly, where ®(x) is the standard normal distribution function

@(x)—#fx ex (—y—z>d
_\/E o p > y.

Using the Edgeworth expansion theorem for distribution [42], [31], one may have

FN(x) = ®(x) + Z ¢, @0 (x), (2.2.21)
k=3

where ®®) (x) is the kth derivative of ®(x), and the coefficients ¢, can be determined by the
equality of moments on both sides of equation (2.2.21). Notice that ), has zero mean and
unit variance. If the kth central moment of ,6h(T) is /ZZ, for k > 3, then using integration by

parts, it is easy to deduce from equation (2.2.21) that

_ls _1m=36

BT T o ams 4T i
°VN (a7) # N (or)

Therefore equation (2.2.20) yields

>

—h 00
= Kt 1 VN p&lx 10N
Al =p— + —1Io porxdF
(P =P + 57 g/_ooe N (x)
a1 INp2 (G2 3/2 3 (=h\3 2 4(=hy4
:p?—l—ﬁmg{eZ prlor [1—N p(GT) C3+NP(O'T) C4+:|}
—h —h2
mp 1 2(‘7T) 1 1 5 1 4 =n — h\4
_phr — _logl1+-N N [ 3 ] .
Pt P g 109 L NP o N g —3(07) | +

(2.2.22)

The tail distribution of F;"N (x) is of paramount significance, since it is required to de-

. . ghe . . . . .
termine the expectation of eVNPaTty in equation (2.2.20) from a finite sample size N in
simulation. This means that accurate higher-order moments of 5"(T) are required in order

. . . 5h . . .
to obtain a good approximation of E[e*/ﬁp 1iv]. However, it is very difficult to do so in
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practice. If only lower-order moments are considered, the estimation error of moments
may make the sum of a finite number of terms within the argument of the last logarithm in
equation (2.2.22) be negative when N becomes large, which will lead to invalid operation
in simulation. Despite there are many methods to estimate the distribution of a random
variable in statistics, for example, the saddle point approximation [100], [13], [61], the kernal
function estimation [30], these methods only ensure the uniform approximation of the
probability density function, which is not enough to obtain a good approximation of the
expectation of eVNPoTly, Therefore, the distribution of p"(T) has to be considered to find
an appropriate estimation.

Noticing that equation (2.2.2) is true for normal distribution, one may attempt to see if the
last logarithm term in equation (2.2.22) can be dropped in simulation since the distribution
of the normalized p"(T) approaches normal as T goes to infinity, just as indicated by
equation (2.2.7). Actually, p"(T) obtained from simulation always takes values within some
finite interval [A, B]. If the truncation of p"(T), i.e. p"(T) 1, ppls considered, where 145
is the indicator function of [A, B, E[e” p h(T)llA)BJ] approaches E[epﬁh(T)] as close as possible
when A — —o0 and B— oco. Helly’s second theorem ([77], pp.45, see also [53]) shows that
the value of E[eP? "(Dlias | can be approximated by evaluating the expectation using normal
distribution when T is large enough. These reasons provide a support that E[epﬁh(T)] may
be estimated by taking 5" (T) as a normal random variable.

From the definition of ﬁh’S(T), it can be seen that ﬁh’S(T), s=1, 2, ..., N, are i.i.d.
random variables with E[,éh’s(T)] =0, Var[,éh’S(T)] =1. Moreover, using equation (2.2.1),
it is obvious that the existence of moment Lyapunov exponents ensures that E [e”ﬁh’s(T)] <00
for |n| < 1o, where 1 is some constant. Then according to the theorem proved by Komlés

et al. [62], [63], a sequence of standard normal random variables z;, s=1, 2, ..., N, can
k

be constructed such that, for every N and all x >0, the partial sums Ry = Z ,5h’5 (T) and

s=1

k
Vik= Z z, satisfy

s=1

P {Ircnax}Rk — Vk‘ > CyologN + x} < SOe_ax, (2.2.23)
<N
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where Cy, 8, 8o depend only on the distribution of 5"*(T), and § can be as large as possible
by choosing Cy large enough. Thus it follows !R N—VN | = 0(log N) almost-surely for every
N [62], [63].

Considering the near normality of p"*(T) and the finite sample size, events with zero
probability are treated as not likely to occur in simulation. This means that Ry is replaced by
Vn+O(l0g N) in the evaluation of expectation and thus equation (2.2.18) is approximated

as

—h
_ 1 B
R(p) = p=E + = logE [eP(’?{VwO('OgN)}]

ﬁ_}%+l 2_(5%)2+() logN (2.2.24)
T 2P T N ) -

=P
Hence, when the sample size N is large enough, by neglecting the last term in equation
(2.2.24) and estimating the mean and variance of logarithm of norm, the pth moment

Lyapunov exponent is given by

- 1
Al(p) =

~|

_ 1 _
{ pE [log| K1) ] + £ p?Var log| R¥(r) H]} . (2.2.25)

It is obvious that the variance of |Og”)_(h(T) H will be much smaller than the variance of
H)_(h(T) H when H)_(h(T) H becomes large; therefore obtaining a good estimation of the pth
moment Lyapunov exponent through sample average is possible.

From equation (2.2.25) one also sees that the largest Lyapunov exponent can be approxi-

mated as

- 1 _
i E [1og|X"(D)] ], (2.2.26)

which is the same result as given by Talay [109].
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2.3 Algorithm for Linear Homogeneous Stochastic
Systems

2.3.1 Implementation of Algorithm

Following equation (2.2.25), an algorithm for simulating the moment Lyapunov exponents

of linear homogeneous stochastic dynamical system (2.2.4)

dX (1) = ByX(t)dt + Y B;X(1)dw,,
i=1

or equivalently, in the Stratonovich’s form,

dX(t) = <B0 — % > Bf) X(H)dt + > B;X(t) o dW,,

i=1 i=1

and system (2.1.1)
X(t) = A(E() X (1),

r
d&(t) = Qo(E(®)dt + ) Qi(£(1)) o AW,
i=1
can be described as follows. Since the simulation requires the statistical properties of
logarithm of the norm, the normalization operation described in Section 2.1 can be applied.
STEP 1. Use an appropriate time discrete approximation, such as the Euler scheme, to
discretize system (2.2.4) or (2.1.1) with time step h. Details of various numerical schemes

for solving stochastic differential equations can be found in [60].

STEP 2. Set the initial conditions of the state vector X" (t, Xh (0)) by X"(0)es?, ie.
X" =1, s=1,2,...,N,

X H =+/XTX is the Euclidean norm of vector X.

where N is the sample size,
STEP 3. Solve the discretized system iteratively. Apply the normalization procedure as

described in Section 2.1, i.e. normalization is performed after every K iterations or after

every time period Ty, =Kh. At the mth normalization, or at t =mT), the sth sample is

normalized using equation (2.1.4), i.e.

X" (mTy, Xm5(0)) XM (Tyy, XI5 (0))

Xh,s 0) = — ~ _ ,
1O = R T, X 0)] R (T, X )|
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Simulation is then continued with the initial condition Xh * +1(0) with HX 1100 H =1 for
another K iterations.

STEP 4. Defining

P (mTy) = log| X" (mTy, X"5(0))|, ok (Ty) = log || XL (T, X5 (0)],

then, using equation (2.1.5),

5 (MTy) = log] X" (MTy, X" (0)|

Iog[l_[ [ %0 (T X5°(0)) H Z B’ (Ty)-

m=1

STEP 5. After KM iterations, i.e. at time T = MKh, use the following equations

E [1og| X*(T)]| | = E[5"(1)] = Zp’”(T) s

(2.3.1)
Var [log|*(1)| | = Var[7"(1)] = ; [t = (ah)?] = (&),
to estimate the mean and variance of log| X"(T) .
STEP 6. Use equation (2.2.25), combining with equations (2.3.1), i.e.
A(p) = % [pﬂ'% + %pz(c‘r?)z] , (23.2)

to calculate the moment Lyapunov exponents for all values of p of interest.

It is known from statistics [26] that the estimators for [ﬁ% and (67’1)2 in equations (2.3.1)
have accuracy of order 1/N. As introduced in Section 1.3.2, Euler scheme is a weak approx-
imation scheme with order 1.0. Thus if Euler scheme is applied to discretize the system, the
error of approximations for E [IogHX(T) H] and Var [IogHX(T) H] is of order O(h). Com-
bining these results with equations (2.2.15) and (2.2.24), when T is large enough, the error
of algorithm presented in this section for simulating the moment Lyapunov exponents is

approximately
OgN
A1 = A9 = o) + 000 + 0 (). 233)
It should be mentioned that, although higher order schemes lead to more accurate results,

itis easier to implement the Monte Carlo simulation using the Euler scheme due to its simple
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form, especially when the system is high dimensional and complicated. Moreover, Romberg
extrapolation may be applied to increase the accuracy of the results to O(h?) using the Euler
scheme [108].

Before the algorithm presented in this section can be applied, conditions (2.2.8) (for
system (2.2.4)), (2.2.12) and (2.2.13), or (2.2.14) (for system (2.1.1)) need to be satisfied.
According to the definition of Lie algebra ([52] and [88]), LA(g;) is actually a vector space
generated by the set of vectors g;, thus dim £A4(g.)(s) can be determined by the dimension
of this vector space. It turns out that condition (2.2.8) is satisfied, provided that the space
spanned by vectors {gi 0<i< r} has dimension d, i.e. the set of vectors { g :0<i< r} has
rank d, since s € 2/4~1. For system (2.1.1), condition (2.2.13) is satisfied for the special case

(5]

[ 0 1 0 0 |
0 0 1 0
AG)=| : o (2.3.4)
0 0 0o - 1
| a,(8) ay(§) az;(&) - ay@) ]

In particular, when d =2, equation (2.3.4) stands for the general second-order oscillator

q(t) — ay(§)q(t) —a,(§)q(t) = 0. (2.3.5)

If a, (&) is constant, equation (2.3.5) becomes

q@®) + B q@) +f(E@®) q@) =0, (2.3.6)

which describes the motion of a damped oscillator under noise perturbation. For equation
(2.3.6), one has
1

A1) = 0 (2.3.7)
T =fEm) -8’ o

When f (&) is not a constant function, the vectors g(A(&), s) are not in the same direction
for different values of &. Thus it can be easily verified that condition (2.2.13) is true.
It is stated in reference [5] that most systems considered in physics and engineering satisfy

the required conditions to ensure the existence of the moment Lyapunov exponents and the
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asymptotic normality of logarithm of norm. This means that the algorithm in this section
may be applied directly in most cases, and the asymptotic normality of the logarithm of

norm may be verified through the histogram estimation obtained in simulation.

2.3.2 Speedup of Simulation

To obtain a more accurate estimation of the mean and variance of log H X"(T) H from equa-
tions (2.3.1), large sample size N has to be used. Moreover, time for simulation T has to be
large enough to get a good approximation of moment Lyapunov exponents according to the
definition. This means iteration times in solving the system will be extremely large. Since
the simulation of different samples can be implemented independently, parallel computa-
tion using MPI (Message Passing Interface) or OpenMP application program interface will
be a great benefit to the simulation of moment Lyapunov exponents.

Message passing is a programming standard used widely on multiprocessing computer
systems with distributed memory, where each processor runs the codes on its own memory.
When it is required to communicate among processors, messages and data will be sent
through a programming interface, namely the Message Passing Interface [104].

Let T, be the serial execution time of simulation on a single processor. If the simulation
task is distributed uniformly to a multiprocessing system with m processors, then the
execution time on each processor will be T,/m. Moreover, if the communication time
among processors during simulation is T¢, then according to Amdah!’s timing model [92],
[112], the speedup of simulation is defined as

S _ m
Ts/m~+T. 14+mT./Ts

Spd(m) = (2.3.8)

It can be seen that, if T, < T, the speedup is almost m. When m is large, the execution time
of simulation will be reduced greatly.

From the steps of the algorithm presented in Section 2.3.1, the iteration procedure for
solving the discretized system in STEP 3 is the most time-consuming part. This part of
simulation can be distributed to multiprocessors, and each processor can run the iteration
procedure of some samples independently without knowing the information on other pro-

cessors. Only in STEP 5, the logarithm of norm simulated by different processors needs
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to be gathered to evaluate the mean and variance. Thus the communication time among
processors is only the time of sending a small amount of data to a processor, which is
obviousely far less than the iteration time in simulation. Since T, < Tj is satisfied, parallel
computation using MPI is extremely suitable for the simulation of moment Lyapunov ex-
ponents. For more information about programming with MPI and OpenMP, one can refer

to http://www.mpiweb.org and http://www.openmp.org.

2.4 Examples in Application

The Monte Carlo simulation algorithm presented in Section 2.3 is applicable to linear
homogeneous stochastic dynamical systems, which have wide applications in engineering
mechanics, such as oscillators under parametric excitations of noises. In this section,
moment Lyapunov exponents of three single degree-of-freedom systems under white noise,
real noise, and bounded noise excitations, respectively, are determined. The numerical

results of simulation are compared with known approximate analytical results.

2.4.1 An Oscillator under White Noise Excitation

Consider the following two-dimensional oscillator under the excitation of white noises
q(t) + [26B + &' 20, 5,(0] 4(0) + 0 [1 + &' %01 8, (D] q(t) = 0, (2.4.1)

where ¢, (t) and ¢, (¢) are unit Gaussian white noise processes, 0 < & < 1 is a small parameter.
Approximate moment Lyapunov exponents can be obtained by the method of perturbation

([55], see also [119]), which is given by

+ 2 3p+2
A(p) =ep (—ﬁ + P1—6wzof + P1—6ozz> + O(&%). (2.4.2)
Equation (2.4.1) can be converted to the It6 differential equations
X 0 1 X
= . P
X, —w? —¢ (2,3 — 5022) X,
0 0 X, 0 0 X,
dw (1) + dw, (1), (2.4.3)

_ol/2,2 _o12
ew o, 0] |x, 0 —&/%0, | |x,
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where x, (t) =q(t), x,(t) =q(t). It is obvious that system (2.4.3) is of the form (2.2.4) with
d=2,r=2,and

0 1 0 0 0 0
B, = , B, = , B,=
—w? —¢ (2,8 — %022) —81/260261 0 0 —81/20’2
Using equation (2.2.10), it can be verified that the set of vectors {g, g,,8,} spans a space
with dimension 2 since all g;, i=0, 1, 2, are two dimensional vectors. Thus for s ¢ pi-1,

condition (2.2.8) is satisfied. Therefore the algorithm presented in Section 2.3 can be applied

to simulate the moment Lyapunov exponents.
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Figure 2.3 Moment Lyapunov exponents under white noise excitation (¢ =0.1)

The explicit Euler scheme is applied for the simulation
x’f“ =xK 4 x5 n,

1
x12<+1 = x§ + [ — a)zx’f - 8(2,3 - Eof)xlz‘] -h— 81/20)201fo . AW{‘ — 81/202 . AW;‘.



2.4 EXAMPLES IN APPLICATION 42

The damping coefficient is set to 8 =0, and w=1. The sample size is N =10000, time step
h=0.0001, and the number of iterations is MK =5 x 107, i.e. the total length of time of

simulation is T =5000.
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Symbol: Simulation results / '
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% 0,=0,0,=1 i )

Figure 2.4 Moment Lyapunov exponents under white noise excitation (¢ =0.5)

Figures 2.3 and 2.4 show the comparison of approximate analytical moment Lyapunov
exponents given by equation (2.4.2) and the Monte Carlo simulation results for different
values of 0, 0,, and ¢. It can be seen that the approximate analytical results agree rather
well with the simulation results in most cases, implying that the algorithm in Section 2.3
works well as predicted.

To illustrate the asymptotic normality of logarithm of norm, the normalized histograms

of log H x(T) H for some typical values of o, and o, are plotted in Figure 2.5. The correspond-
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Figure 2.5 Histograms of logarithm of norm compared with normal density approximations

under white noise excitation

ing normal density approximations given by

_(x) — ; exp _(x——ﬂéﬂ)z (244)
% \/EC_T# 2(57}5)2 4.

are also shown in the same figure for comparison. It appears that, as the time of simulation
T is large enough, the distribution of IogHX(T) H does approach normal distribution. This
is also a complementary evidence that system (2.4.1) is eligible for the new algorithm when

simulating the moment Lyapunov exponents.
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2.4.2 An Oscillator under Real Noise Excitation

Consider an oscillator under the excitation of real noise or Ornstein-Uhlenbeck process
¢(1):
4(t) +2eBq(1) + o [1 = £'2(D] q(1) = 0,

d¢(t) = —al(t)dt + o dW(1).

(2.4.5)

Xie ([116], see also [119]) determined the approximate moment Lyapunov exponents using

the method of perturbation as

A(p) = —epP + p( +2)[ LA 2<a4+22a2w2+48w4>o4w4]
Pr=mer ‘162 +40?) | 32a@+0d) (@ +40d)
+0@E). (2.4.6)

Obviously, system (2.4.5) can be simulated using the algorithm presented since it takes

the form of equation (2.3.6) with f(x) =? — e!/2w?x.

Letting
(1) = q(), %) =q(0), x;(t) =), (2.4.7)
system (2.4.5) can be converted to the It6 differential equations
X, X, 0
lxz‘ = | —w*x; — 2eBx, + e 2wlxyx, ¢ dt + 1 0 ¢ AW (D). (2.4.8)
X, —ax, o

The iteration equations using explicit Euler scheme are then given by

k+1 k k

X = XK (—wPxk — 26Bxk + 20 xExKy - b,

x];“ :x§ —oex§~h+a - AWK,
The state vector is (x,, x,) T, i.e. the norm for evaluating the moment Lyapunov exponents is
1/2 . o . .
Hx(t) H = (x}+x3) /2 The sample size for estimating the expected value is N =20000, time

step h=0.0001, and the total length of time of simulation is T'=5000, i.e. the number of

iterations is MK =5 x 107.
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Figure 2.6 Moment Lyapunov exponents under real noise excitation for different o
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Figures 2.6 and 2.7 show typical results of the moment Lyapunov exponents for different

values of o and o, with the parameters taken as e=0.1, f=0.05, w=1. It can be seen

that when o is small, i.e. the noise intensity is weak, and for different values of «, the

approximate results from the perturbation method agree well with the simulation results.

This is reasonable since the analytical approximations are obtained by weak noise expansion

of eigenvalue problem governing the moment Lyapunov exponents.

The normalized histograms of IOQHX(T) H are plotted in Figure 2.8 with selected values

of w and o. It can be seen that the histograms agree with the normal density functions in all

cases; this fact implies that the simulated moment Lyapunov exponents using the algorithm

in Section 2.3 are more reliable if the approximated analytical results from perturbation

method do not agree well with the simulation results.
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Figure 2.7 Moment Lyapunov exponents under real noise excitation for different o

2.4.3 An Oscillator under Bounded Noise Excitation

Consider an oscillator under the excitation of bounded noise,

G(t) +26Bq(t) + ? [1 — spcosz (] q(1) =0,
(2.4.9)
dz(t) = vdt + £'20 AW (1).

Xie ([117], see also [119]) determined the approximate moment Lyapunov exponents using
the method of perturbation as
83p(p—|-2)a)4u202 [v2—|—4(a)2 —82,32)+ i8204]

A(p) = —epp +
32(w?—&2B2) [(2 wz—szﬁz—i—v)z-i—%sza‘*] [(2 w2—82,32—v)2+;118204]

+ o(&%) (2.4.10)

Similar to the real noise case, condition (2.2.13) is satisfied with f(x) =w? — euw?x in

the form of equation (2.3.6). And the bounded noise Cos¢ () satisfies condition (2.2.12)
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Figure 2.8 Histograms of logarithm of norm compared with normal density approximations

under real noise excitation

according to equations (1.3.5) and (1.3.6). Therefore the algorithm presented in Section 2.3
can be applied. Using the same notation as (2.4.7), the It6 differential equations for system

(2.4.9) become

X, X, 0
x, { = ) —0*x; — 26Px, + cw?ux, COSx; ¢ df + 0 dW (1). (2.4.11)
1/2

X3 Vv E'To
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Figure 2.9 Moment Lyapunov exponents under bounded noise excitation for different o

The iteration equations using explicit Euler scheme are then given by
xlfH = x’f + x§ - h,

x12<+1 = xF + ( — w*xk — 2eBxK + /202 uxk COSx§> - h,

xé‘“ =xk+ v h+e%0 . AWK,

The norm for evaluating the moment Lyapunov exponents is ”x(t) H = (x%—l—x%)l/ 2

48

. The

sample size for estimating the expected value is N =20000, time step #=0.0001, and the

total length of time of simulation is T'=5000, i.e. the number of iterations is MK =5 x 107.

Typical results of the moment Lyapunov exponents for different values of o and p are

shown in Figures 2.9 and 2.10, with the parameters taken as e =0.1, =0.05, v =1, v=2.

It can be seen that the approximate results from perturbation method agree well with the

simulation results for small « and large o. This is the result that, in the eigenvalue problem

governing the moment Lyapunov exponents, the approximate analysis using perturbation
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Figure 2.10 Moment Lyapunov exponents under bounded noise excitation for different

method requires &/ be small enough and €02 be in the order O(1). The discrepancy
between perturbation and simulation for small o and relatively large ;« shows that some

better approximation methods have to be considered.

Figure 2.11 shows the asymptotic normality of log HX(T) , where the histograms for
selected values of © and o are plotted and compared with the corresponding normal
density approximations. The simulated moment Lyapunov exponents using the algorithm
in Section 2.3 and the old algorithm in Section 2.1, which uses the direct sample average of
norm as the estimation of moment, are compared in Figure 2.12, with the same values of
and o used in Figure 2.11.

It can be seen that, for =1 and o =5, the variance of |0g H x(T) H is small and the values

of HX(T)H are also small, since Hx(T) ” = eXp{ IOng(T)|

}, thus direct sample average of



2.4 EXAMPLES IN APPLICATION

0.12

0.09

0.06

Histogram

0.03

0.06

0.04

Histogram

0.02

0.00

Figure 2.11

n=05 0=1

50

60

70

80 90
log ||x(T)]|

100

110

0.08

0.06

0.04

0.02

n=1,o0=1
T=5000

0.00

10 20 30 40 50
log [[x(T)]|

0.30
025;
020;
OJSQ
OJOQ

0.05

0.00

nw=1,o0=5
T = 5000

27 24 21 18 -15
log ||x(T)]]

Histograms of logarithm of norm compared with normal density approximations

under bounded noise excitation

pth norm gives a good estimation of pth moment. As a result, the moment Lyapunov

exponents from both algorithms are almost the same in a wide range of p.

When 1=0.5 and o =1, most samples of l0g||x(T)|| are negative, this implies that the

variance of |x(T)| is small, thus theoretically the sample average of pth norm should be a

good estimator of pth moment. However, Figure 2.11 shows that the variance of log||x(T) |

is rather large. Note that the estimated pth moment through the sample average of pth

norm is given by

N N
(D] = & DI = > ew{ploglx @]},
s=1 s=1
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when different samples of HXS(T) Hp are summed up, the truncated error due to the finite

lengths of floating-point representations will be significant, especially for large ! p

,just as

described in Section 2.1. This effect can be observed clearly from the difference of moment

Lyapunov exponents for large ‘ p‘ in Figure 2.12.

A(p)

Figure 2.12 Comparison of algorithms for simulation of moment Lyapunov exponents
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In the other two cases, i.e. =1, u=1.5, and o =1, it is obvious that the values and

the variances of ||x(T)|| are all extremely large, therefore the estimation of pth moment of

”X(T) H in the old algorithm is not accurate for large p, and correspondingly the simulated

moment Lyapunov exponents can only be trusted for small values of p.

2.5 Summary

Contrary to intuition, Monte Carlo simulation of moment Lyapunov exponents of stochas-

tic dynamical systems is a very challenging topic. Because the solution of a system grows
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exponentially when it is unstable and decays exponentially when it is stable, float-point
overflow or underflow renders “brute-force” approaches inapplicable. Furthermore, be-
cause the variance of the solution may grow with time, it is very challenging to obtain an
accurate estimation of the moments with finite sample size.

For linear homogeneous stochastic dynamical systems satisfying some conditions, the
limit distribution of the logarithm of norm of the solution is normal. The mean value
and variance of the logarithm of norm, combined with normalization of the solution, can
be used to reduce the possible large variance of the solution so that the pth moment can
be estimated. Numerical examples illustrated in Section 2.4 show that this approach gives
a better numerical approximation than the previous method [118], which uses the direct

sample average of norm as the estimation of expectation.



Stochastic Stability of SDOF Linear
Viscoelastic Systems

As shown in Section 1.4, the general equations of motion for linear viscoelastic systems are
integro-partial differential equations, which are generally difficult to solve, and the stability
of their solutions are not easy to determine. In applications, it may be possible to derive
a simpler form of equations, say integro-ordinary differential equations, when considering
the boundary conditions. In this way, studying the stability properties of the solutions may

be easier.

3.1 An Example of SDOF Linear Viscoelastic System

Consider an elastic beam under dynamical axial compressive load P(t). It is known that the

equation of motion is given by

Aazv ny ov +E184v L P() 92y —0
PG T P0G, T ax2

where v(x, t) is the transverse deflection of the beam, x the axial coordinate, pA the mass
per unit length of the beam, 8, the damping constant, and EI the flexural rigidity of the

beam.

53
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Since the term including EI is associated with the constitutive relation, the equation of

motion for the viscoelastic case becomes, using equation (1.4.3),

82 4 2

ov 0*v v
,oAa 5 +ﬂoa + EI(1 —,7/) +P(t) =0, (3.1.1)

where the material relaxation operator & is taken as

t
s {ut)} = /0 H(t—s)u(s)ds, (3.1.2)

in which H (¢) is the relaxation function describing the property of viscoelasticity.

If the beam is simply supported, the transverse deflection can be expressed as

o0
. NITX
V(x, 1) = an(t)smT. (3.1.3)
n=1
Substituting equation (3.1.3) into (3.1.1) leads to the equations of motion
q,(t) +2Bq,(t) + w, |:1 — L) - %/] q,(t) =0, n=12,..., (3.1.4)
1’l

where
EI 4 2
p=Po wfzz—(ﬂ), Pn:EI<E).
2pA pPA \ L L
If only the nth mode is considered, and the damping, viscoelastic effect, and the amplitude

of load are all small, the equation of motion of a single degree-of-freedom (SDOF) system

can be written as, by introducing a small parameter ¢,

t
§(t) + 2eB4(t) + * {[1 +e'2e()] qt) - s/ H(t—s)q(s)ds} = 0. (3.1.5)
0

The presence of small parameter ¢ is reasonable since damping and noise perturbation
are small in many engineering applications. Moreover, the memory effect of many mate-
rials used in structural engineering is not too strong, therefore the viscoelasticity is also
considered to be weak.

The almost-sure stability of viscoelastic systems has been investigated by some re-
searchers. For example, Ariaratnam [1] studied the almost-sure stability of a SDOF linear
viscoelastic system subjected to random fluctuation in the stiffness parameter by evaluat-
ing the largest Lyapunov exponent using the method of stochastic averaging for integro-

differential equations due to Larionov [69]. Potapov [90] studied the almost-sure stability of
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a viscoelastic column under the excitation of a random wide-band stationary process using
Lyapunov’s direct method. Potapov [91] described the behaviour of stochastic viscoelas-
tic systems by numerical evaluation of Lyapunov exponents of linear integro-differential
equations.

However, as described in Chapter 1, almost-sure stability cannot assure moment stability
for non-autonomous systems. Therefore it is important to study the moment stability of
SDOF linear viscoelastic systems (3.1.5) in terms of moment Lyapunov exponents.

For small & such that w? —&? 2 >0, letting
q(t) = x(D)e” ", (3.1.6)

the damping term in equation (3.1.5) can be removed to yield

t
i) + @ {[1 +e' PEM]x(t) — e / H(t—s)x(s) ds} =0, (3.1.7)
0
where
~2 2 202 % w? r w? —&pt
0" =" —e"p7 E(t):a)Z_—gZﬂZS(t)’ H(t)za)z——ezﬁze h(t).

It is easy to verify that the moment Lyapunov exponents of systems (3.1.5) and (3.1.7) are

related as
Ao (P) = —epB + A (D). (3.1.8)

Therefore, without loss of generality, the stochastic stability of the SDOF viscoelastic system

t
q(1) + o* {[1 +e'2EM)] q() — 8/0 H(t—s)q(s)ds} =0 (3.1.9)

may be considered by determining its pth moment Lyapunov exponent.

3.2 Stability under Wide-band Noise Excitation

Consider the case that £(¢) in equation (3.1.9) is a wide-band stationary noise with zero
mean. In this section, the method of averaging, both first-order and second-order, will
be applied to obtain the differential equations governing the pth moment. The moment
stability of viscoelastic system (3.1.9) can then be determined by solving the averaged

equations.
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As stated in Section 1.2, the solution of the averaged system (1.2.13) converges weakly to
the solution of the original system (1.2.11) only in time scale of order 1/&% as e —0. The
definition of moment Lyapunov exponents requires to consider the moments of solutions
as time approaches infinity, in this sense the results from the averaging method may not be
close to the true results. Although this limitation exists, the averaging method still provides
a way to simplify the generally more complicated systems and to obtain the corresponding
properties as an approximation. Moreover, considering that the integral operator & has
the low-pass property, i.e. it has the effect of depressing the fast-varying components, one
can expect that the averaging method leads to a good approximation in the stability analysis
of viscoelastic systems. On the other hand, numerical approaches for the original systems
may also be applied. Combining the results from the averaging method and numerical

approaches, it is possible to understand the behaviour of original systems.

3.2.1 First-Order Stochastic Averaging

In order to use the method of stochastic averaging to investigate system (3.1.9), the following

transformation is applied
q(t) = a(t)cosd(t), q(t) = —wa(t)Nd(t), (1) =wt+ ¢(1). (3.2.1)
From the first two equations of (3.2.1), one has
a(t)cos®(t) —a(t)g(t)Sind(t) = 0. (3.2.2)
Substituting (3.2.1) into system (3.1.9) yields
a(t) SN ®(t) + a(t)p(t) cosP(t)
= —&'2wE(t)a(t) cosd(t) — ew /0 tH(t—s)a(s) cosd(s)ds.  (3.2.3)

Letting P=aP, it is easy to see that P is the pth norm of system (3.1.9). Thus from equations
(3.2.2) and (3.2.3), P(t) and ¢(t) can be solved as
P(t)
= eFV (P, 0, 1) +PFO(P,¢,8,1), (3.2.4)
¢(t)
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where
—wpl,P(t) SN (1) FV P, ¢,1)
FY(P, g, t) = — ,
—wl, cosd (1) FV (P, ¢,1)
LwpP(t)E(1) SN2 (¢) FO(P, ., 1)
F(O)(P>(/J:S>t): = ’
Log®)[1 + cos20(1)] F(P,¢,&,1)

(s) 1/p
I, = /H(t— )[ )] cosd(s)ds.

Then system (3.2.4) can be approximated by the following averaged equations

P(t) m
el Tldr 4+ e26dw), (3.2.5)

@(1) m,

where

mp = .7 { FV (P, go,t)—i—f E

0 aF(O) aF(O) T

(0) 1 0

ap F 8—F2T dr ,
—00 %

f—'—

0 0
0 aF§ )F(O) oF;”

1)
F, (Pga,t)+/;ooE 2P dp Lo

[66T]ij_ﬂ/{f E[F(O)F(O)}dr}, hj=1,2

dr},

| |
W
—'—

t

./Z{}_ Ilm —f {-}dt,

0 0 .
FY =FO(P,g,6(t+10),t41), j=1,2.

Noting that equations (3.2.4) are integro-differential equations, the averaging method for
integro-differential equations [69] should also be applied. That is to say, in order to simplify
the system, the method of stochastic averaging due to Khasminskii is used to obtain the
approximate Ito stochastic differential equations, and the averaging method for integro-
differential equations due to Larionov is used to obtain the approximate drift terms in the

It6 equations in which the viscoelastic terms are involved.
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When applying the averaging operation, P(¢) and ¢(t) are treated as unchanged, i.e. they
are replaced by P and ¢ directly. Now consider 1, first. By substituting in the corresponding

terms one has

_ 1, -
ip = —wpP. 7 (I} + A—szpPng {nt,
where

t
L =sdin d)(t)/ H(t—s) cos®d(s)ds,
0

0
J, = / R(2){ pSin2® (1) Sin 20 (1+7) + 2 cos20(1)[1 + cos20(1+7)] | dr,

— 00

and R(t)=E [S (HE(t+ ‘L’)] is the correlation function of the wide-band noise & (¢).
Observing that conditions (1.4.4) are required, i.e. H(t) and t - H(t) are integrable over
[0, 00), then applying the transformation s=¢—17 and changing the order of integration

lead to

1 T t
AL} = lim —/t H(t—s) cos®(s) Sin ®(r)dsdt

t T —o00 =0 Js=0

1 T t
= lim —f H(t)sin®(t) cos®(t—t)drdet
t=0Jt=0

1 T T
= lim — H SinQwt — 2¢) + 9n dtd
om o /IZO/;:T (‘L’)[ Quwt—wt+2p) + a)t] T

1 [ . 1
= - H(t)Shwtdr = -#°(w).
2 o 2
Similarly, it can be shown that

t
LW{COSq)(t)/ H(t—s) cos<I>(s)ds} = %Hc(a)),
0

t

where
o0 o0
H(w) = f H(t)sSnwtdr and HE(w) = / H(t)coswtdr (3.2.6)
0 0

are the sine and cosine transformations of the viscoelastic kernel function H (t).



3.2 STABILITY UNDER WIDE-BAND NOISE EXCITATION 59
On the other hand,
_ 5 T [0
{1} = lim ﬂ/ / R(7) cos2wtdrdt
t T—o0 2T t=0J1=—00
1 (T O 2—p B}
+ Ilim — R(r)[— COS (4wt 42wt +4¢)
Tooo T Ji—oJr=—oo 2
+2 cos(2wt+2g5)] drdt
2 (0 2
S A / R(r) cos2wrdr = L2 502m),
2 T=—00 4
where the cosine and sine power spectral density functions of noise & (t) are given by
00 00 0
S(w) = / R(t) coswtdr = 2/ R(7) coswtdr = 2/ R(7) coswtdr,
— 00 0 —00
0o 0
¥(w) = 2/ R(t)Snhwtdr = —2/ R(t)Snhwtdr. (3.2.7)
0 —00
Similarly, m, and [o6 T]ij can be evaluated to yield
iy = wpP |~ @) + L2 0s00) |, (@) + 0% (20)
mp = wpP | —=H*(w) + —wSQw) |, m,=—w|-H )+ -o¥VQw) |,
Sl 16 ¢ 2 8
_ 1 - _ _
[‘“’T]n =bu= ga)zszZS(za)), [““T]lz = [GGT]ZI =0,
1
[667],, =bn= ga)2[25(0) + SQw)]. (3.2.8)

Noting that the transition probability density function for the solution of the averaged

equation is the solution of the Fokker-Planck equation, which depends on the diffusion

matrix 3! but not every single element 0jj thus one can take

_ _ _ - 1SQw _ 25(0)+SQ2w
012 =021 =0, on=+vbu=wpP, %, 022 = Vb =w, %

(3.2.9)
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Finally the averaged It differential equations are

dP = swpP [—%Hs(a)) + pl——zza)S(Za))i| dt + " 2wpP @dwlm, (3.2.10)

dp = —ew [%Hc(w) + %w\IJ(Za))i| dr + 61/2a),/ wdwz(t). (3.2.11)

It can be seen that P(t) does not depend on @(t); therefore it can be solved independently.
The property of independent increment of Wiener process indicates that the expectation of
the second term in equation (3.2.10) is zero. Therefore taking the expected value on both

sides of eqation (3.2.10) yields

p+2

- 1 s
dE[P] =Ewp |:_EH (w) + 7

a)S(Za))i| E[P]dzr. (3.2.12)

From equation (3.2.12) it is easy to obtain the moment Lyapunov exponents for the averaged

system by
_logE[P] I p+2
and the Lyapunov exponent is given by
1 1
Ar=A(0) =¢cw [—EHS(a)) + ga)S(Za))] . (3.2.14)

From equations (3.2.13) and (3.2.14) it is clear that the viscoelasticity helps to stabilize the
system, whereas noises destabilize the system. The stronger the noise, the more unstable the
system. The boundaries for almost-sure stability and pth moment stability are determined
by A =0and A(p) =0, respectively.

Equations (3.2.13) and (3.2.14) show that, in the first-order approximation, the stability
of the averaged system (3.2.5) is determined by the power spectral density of the wide-band
random excitation at 2w. Using equations (1.3.1) and (1.3.3), the pth moment Lyapunov
exponent for Gaussian white noise model is reduced to

A(p) = cwp [—%Hs(a)) + pl——zza)az} , (3.2.15)

and that for real noise model becomes

2
pt2_ oo ] . (3.2.16)

1
AP =cop | o+ P00
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A general choice of viscoelastic kernel function is, according to equation (1.4.6) of gener-

alized Maxwell model,

M
H(t) =) ye ™", (3.2.17)
j=1
Its sine and cosine transformations are given by
M M
wYy; VK
H @)=Y 52—  H(w)= L (3.2.18)
(@) ;sz-l-wz ) ;sz-l—a)z

Thus, from equations (3.2.13) and (3.2.14), when

M 4
)/.
SQw) < A
].ZZI: sz + w?

system (3.2.5) is asymptotically stable almost-surely. When

S 3 8)/].
2 >
( (x))< ; (p—|—2)(Kj2+602)

the pth moment of system (3.2.5) is asymptotically stable. These results indicate that the
stronger the viscoelastic effect (i.e. larger y), the wider the stability region; the larger the

relaxation time (i.e. smaller « ), the wider the stability region.

3.2.2 Second-Order Stochastic Averaging

The first-order stochastic averaging may not be adequate in some applications. Similar to
deterministic systems, higher-order averaging may be applied to obtain better approxima-
tions. Hijawi ef al. [48] studied the dynamic response of nonlinear elastic structure under
random load using both the first-order and the second-order stochastic averaging methods.
Lin and Cai [74] also presented several examples where some terms in equations may not be
small enough. In this section, a second-order averaging method is applied and the results
are compared with those obtained using the first-order averaging.
Rewrite equations (3.2.4) as

P()
—¢ h Lan )l (3.2.19)

@(t) f &
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where
(s) 1/p
fi= —a)pP/ H(t—s) [P( )] Sin(wt +¢) cos(ws+¢) ds,
(s) 1/p
—w/ H(t— )[P( )] coS(wt+¢) coS(ws—+¢) ds,

81 = %wppé(t)Sin(ZwH—Zgﬂ),

& = %a)g(t)[l + coswt+2¢)].
Let

P(t) =P(t) +eP|(P,@,1),  ¢(t) =@(1) +e9,(P,@,1), (3.2.20)

where P(t) and ¢(t), as will be shown, are the results of the first-order averaging and will be

determined later. Differentiating equations (3.2.20) with respect to time ¢ yields

' . P,
P P 9t
=A] ¢ +e¢ , (3.2.21)
¢ p 99
dt
where
oP, 9P,
AT
A=l 5 Z
i_l 1+ ei_l
aP 017
It is easy to check that
Al = 1+ ). (3.2.22)
e 9%
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Substituting equations (3.2.21) and (3.2.22) into equation (3.2.19) yields

aP
= f 71
F = gA! Lo + &1/2A71 &
A a(p
% f, — B_tl &
P, ( 8P> P, ( 8<p1>
h=% h=%) "3 P~ %
=¢ +82
f,= 2 3%<f Ty 2 (- )
27 Tyt ! g 2 ot
P, P,
——g1 - —gz
+el/? + e + o(?) (3.2.23)
a(pl 8(p1 o . oL
gz —_——
9P 81— Y - &

Expanding f,, f,, g, and g, at P and ¢ leads to
fi = —wp [PI* + &P I + P, (I° — I*)] — ewP J* + o(e),
f = —o[I€ = g, (I + )] — a% I 4 o(e),
& = %wpl_’é(t) SiNQwt+2¢)
+ ewpE(t) [% SnQwt+2¢) + Py, cos(2wt+2¢)] + o(e),

9 = %a)g(t)[l + cos(2a)t+2<;3)] — ewp E(1) SINQRwt+2¢) + o(e),

where

t " P(s)7P _ _
:/ H(t—s) | — cos(wt+ @) coS(ws+ @) ds,
0 | P(¢) |

ftH(t )—P(S)_l/psjn( t+@) sin(ws+¢)d
= —5) | —= D) ws s,
0 0 v v

/tH(t ) [P0 l/p cos(wt+¢@) Sin(ws+¢)d
= —S _— w [ON S,
0 B(r) Y Y

f "P(s)1P _ _
0 | P(¢) |
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; 5y L/P
J€ = / H(t—s) [P(S)] [ B }COS(a)t—H/_J) cos(ws+¢) ds,
0

P(t) P(s) P(t)
]sc _ /tH(t—S) [p(s)]l/p |: P — P i| Sin(a)t—|— p) COS(ws—+ _)dS
= o] |Be B v o

Thus equation (3.2.23) can be written as

(=€ + &2 + gl/? ! + &3/2 ! + 0(32), (3.2.24)
7% s ok & &
where
_ oP dep
* PISC——I, *:_Icc__l,
h “P ot 12 @ ot

1 - 1
g = Ea)ppg(t) sSnQwt+2¢), & = Ea)é(t)[l + coswr+2¢)],

daP aP _ _
fl** — _8_P1f1* _ 8_(/—)1f2* _ a)[pPIISC + PPQOI(ICC—ISS) —{—P]SC] ,

d 0 1
fz** — _%fl* _ ﬂfz* +w |:§01(ICS+ISC) _ ;]cc] ,

dg
*ok 3pl * aPl * Pl q - D -
o =——=g — —& +wpt) | = SiNQwt+2¢) + Py, cOsQwt+29) |,
aP Rl 2
gt = 00 1 () sinot+20) (3.2.25)
2 813 1 8@ 2 1 : -

From Section 3.2.1, it is known that

1
{1} = S @),

t

in which P is treated as a constant under the averaging operation. The first-order term in
the P equation of (3.2.24) is given by £;*, which, after averaging, should be the same as the
result of the first-order averaging. Setting f,* to the averaged result of the deterministic term

in the P equation of (3.2.4), i.e. L%{Fl(l)} in m,, of equation (3.2.5), one obtains
t
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When P is treated as a constant in I, it can be seen that

1
ISC _ E7‘_/5((/())

t 1 o0
:f H(t—s)sin(wt+¢) coS(ws+¢@)ds — E/ H(r)sShwtdrt
0 0
t 1 o0
:f H(t) sin(wt+¢) cos(wt —wt+¢@)dt —5/ H(r)sShwtdrt
0 0

1 o0 o0
= 5/ H(t)SnQRwt—wt+2¢p)dr — / H(t) sin(wt+¢) cos(wt —wt +¢)drt,
0 t
(3.2.26)

and

/ H(z) sin(wt+¢) cos(wt —wt +@)dt </ |H(1)|dr.
t t

From conditions (1.4.4), H(t) is absolutely integrable over [0, 00), this means the second

integral in equation (3.2.26) tends to zero as t approaches to infinity. Therefore one can

choose approximately

P, 1 [™ . _
— = ——a)pP/ H(t)Sln(Zwt—a)r+2<p)‘d1:
at 2 0
= —%a)pf’ [Hc(a)) SinQRwt+2¢) — H*(w) cos(2a)t+2¢)],
i.e.
P, = }1 pP [#°(w) cOSRwt+2¢) + #*(w) SINQRwt +2¢)] . (3.2.27)

Similarly, noticing that

) 1
99 _ _, [1“ - —Hc(a))] ,
ot 2

it can be set approximately

8(,01 1 c - s : bt
- =3¢ [+ (w) cOsQuwt+2¢) + H*(w) SNQwt+2¢)],
or
1 .
o =7 [#° () coswt+2¢) — #H () SINQwt+29)] . (3.2.28)

Since P, and ¢, have been determined, equation (3.2.24) can be simplified by substituting
equations (3.2.27) and (3.2.28) into equations (3.2.25), and then the stochastic averaging
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method can be performed for equation (3.2.24) as in Section 3.2.1. Thus following the same
procedure as the first-order averaging, after some tedious deduction, the averaged version

of equations (3.2.24) is given by, still denoted by P and ¢,

dP = m}dt + &, dW, + 67, dW,,
(3.2.29)

where higher-order terms have been neglected, and

i epr[—%H( )+p+ 0820 )] 2%:2)0)2?#(@)5(20)),

cw [—%Hc(a))—%a)\y(Zw)] + 82éw {— [Hc(w)]2 - [HS(O))]Z _(UHC(CU)‘IJ(ZCO)} ,
b, = [6%6*"],, = %a)z P*P’SQw) [e + £*H (w)],

by, = [6*¢*"],, = b3 = [¢76""], =0,

by, = [6*6*"],, %wz [SQw)+25(0)] [ + &>+ ()] .

Similar to the first-order averaging, it can be set that 6;%, =05} =0 and thus

o1 = /b5 = pr\/ Lsw) [¢ + &2+ (w)],

55 = \[bh = a)\/ [SQw)+25(0)] [ + £24 ()]

Therefore by taking the expectation on both sides of the It6 differential equation for P in
(3.2.29) one has

21’(1’+ ) Wit
16

p+2

- 1
dE[P] = {8a)p [—EHS(Q))—{—?wS(za})] H (w )S(Za))} E[P]dt,

and the pth moment Lyapunov exponent, including the second-order term, is

A(p) = ewp [—%Hs(w)-l-Pl——’:wS(Zw)} ZP(P:) ?

H(0)SQw).  (3.2.30)
Obviously, the largest Lyapunov exponent from the second-order averaging is given by

A=cw [—%Hs(a)) + éwS(Zw)] + 82%a)2HC(w)S(2a)). (3.2.31)
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3.2.3 Numerical Results and Discussion

In order to check the accuracy of the approximate results obtained by the method of
stochastic averaging, Monte Carlo simulation is applied to compute the moment Lyapunov
exponents.

In the Monte Carlo simulation, the viscoelastic kernel function takes the form of equation

(1.4.6),1.e.

M
H(t) = Z yje"‘ff.
j—l

Two different models of wide-band noise approximation, i.e. Gaussian white noise and real
noise, will be discussed separately.

Case I: The wide-band noise is taken as the simplest model, i.e. Gaussian white noise
(1.3.1).

Letting

t
x1 (1) = q(t), x,(t) = q(1), x]-+2(t)=/ yje‘KJ“‘s)q(s)ds, j=12--,M,
0
(3.2.32)

equation (3.1.5) can be written as an (M +2) degrees-of-freedom system of It6 differential

equations
X o 1 0 0 0 Xy 0
X, —* —2ef ew? -+ ew? X, —e 20w,
d; X5 " 0 —kK 0 X5 rdt + 1 0 r dW (2).
: 0 0 0 :
M+2 AV 0 R EovEs 0
(3.2.33)

Equation (3.2.33) is linear homogeneous. It can be verified that the algorithm introduced

in Section 2.3 can be applied to simulate the moment Lyapunov exponents. The norm

for evaluating the moment Lyapunov exponents is |[x(f) | =\/ XT4+x3+4 -+ +x3,.,. The
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iteration equations are given by, using the explicit Euler scheme,
x'f“ = x{‘ +xéc - h,

M
x'2‘+1 = x5+ < — w*xk — 2eBxK + 0? Zx}‘”)h — e 2o w?xk . AWK, (3.2.34)
j=1

k+1 _ Kk k k H—
X5 =X +(ij1—/c]-xj+2)h, j=12,---,M.

with & being the time step and k denoting the kth iteration.

+0 Symbol: Simulation . /

1 Solid Line: 1st-Order Averaging Ny, /
0.8 Dash Line: 2nd-Order Averaging ;

1 B=0.05 w=1 /
0.6 Y=k =1, ¥,=k,=0.5

1 £=02,0=2 /

<§~ 0.4 -\ . £=0.1,0=2
NX £=02,0=1
£=0.1,0=1
0.2
0.0
-0.2 I I T T T T T

Figure 3.1 Moment Lyapunov exponents under white noise excitation for different ¢ and o

Figure 3.1 shows typical results of the moment Lyapunov exponents for different values of
¢ and o, where the parameters are taken as 8=0.05, M =2, y, =k, =1,,=«,=0.5,0=1.
The analytical results from the first-order and the second-order averaging are also included

in the figure. In Monte Carlo simulation, the sample size for estimating the expected value
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is N =5000, time step is #=0.0001, and the total length of time for simulation is T'= 5000,
i.e. the number of iteration is 5 x 10”.
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Figure 3.2 Moment Lyapunov exponents under white noise excitation

It can be seen that the first-order averaging results agree with the simulation results very
well when ¢ and o are small, i.e. the intensity of noise is weak. The second-order averaging
does give a better approximation. As shown in equations (3.2.14) and (3.2.15), when the
intensity of noise o increases, the system becomes more and more unstable in the sense that
the largest Lyapunov exponents and moment Lyapunov exponents (for p > 0) increase.

Figures 3.2 and 3.3 illustrate the variation of moment Lyapunov exponents from second-
order averaging with respect to the viscoelastic characteristic parameters y and «. The

curves A(p)=0 give the boundaries of the moment stability. The pth moments for p>0
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Figure 3.3 Moment Lyapunov exponents under white noise excitation

are of interest in application. As the figures show, with the increase of viscoelastic intensity
v, the stability region for p>0 becomes wider, which indicates that the viscoelasticity

helps to stabilize the system. Moreover, when « increases, i.e. when the relaxation time

of viscoelasticity decreases, the stability region for p >0 becomes narrower, implying that

larger relaxation time helps to stabilize the system
Case II: The wide-band noise is approximated by a real noise, the Ornstein-Uhlenbeck

process, given by equation (1.3.2).

Denoting

yje—xj(t—s)q(s) ds, j=12,---,M,

x1 (1) = q(1), %) =4(t), x,0)= A
(3.2.35)

xM+3(t) =&(t),
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equation (3.1.5) is converted to the Ito differential equations

X, o 1 0 0 0 0 X, 0
X, —* —2eB e’ sw? —ellw? x, 0
0 —x; 0 0 0
al = 1N ! % a2 Uawe.
: : 0 o - 0 0 : 0
XM+2 Ym0 0 0 —ky 0 XM+2 0
(3.2.36)

Thus the discretized equations using explicit Euler scheme are
xi‘“ =xF+x5.n,

M
1
X = k4 (—a)zx’f — 2efxk 4 s0? Zx]lﬁrz — 81/2w2x’1‘x§4+3> - h,

j=1
k+1 _ Lk k k H—
X5 = ]-+2+(ij1—/<jxj+2)-h, j=1,2,---, M,
x’]f,[tg = x’lf,1+3 + (—ax11§4+3) ‘h+o - AWK, (3.2.37)
The norm for evaluating the moment Lyapunov exponents is Hx(t) ” = Jxi x5+ X2, Y

and the algorithm presented in Section 2.3 is applied to simulate the moment Lyapunov ex-
ponents.

The moment Lyapunov exponents for different values of viscoelastic parameters are
plotted in Figures 3.4 and 3.5, with £¢=0.1, $=0.05, v=a=0=1, and M=2. Other
parameters for numerical iterations are the same as for the case of Gaussian white noise.
Figure 3.4 shows that the stronger the viscoelasticity (i.e. larger yj), the more stable the
system, and larger relaxation times (i.e. smaller « j) make the system more stable as shown
in Figure 3.5. These conclusions are indicated by equation (3.2.16) and are the same as the
case of Gaussian white noise excitation.

Figures 3.4 and 3.5 also indicate that the second-order averaging method does not im-
prove the accuracy of approximation significantly. Therefore the approximate results from

the first-order averaging are acceptable in engineering applications.
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Figure 3.4 Moment Lyapunov exponents under real noise excitation for different y

Figure 3.6 shows the comparison of moment Lyapunov exponents for different values of
a,withe=0.1,=0.05,M =2,y,=1,k, =2,y, =k, =w=1,0 =2. As discussed in Section
1.3.1, the power spectral density of real noise is flatter for larger values of & and thus a real
noise can be approximated as a wide-band noise. The simulation results show that, when «
is large but still of the same order as o, this approximation is acceptable.

It should also be mentioned that, for Euler scheme in the Monte Carlo simulation of
stochastic differential equations, the error of discrete approximation for moments is of the
order of h. Since the numerical estimation of moment Lyapunov exponents requires large
time T for simulation, the number of iteration must be extremely large to make the time
step h be small enough, this increases the numerical error during computation. Therefore
the discrepancy between the simulation results and averaging results is partly contributed

by the round-off error in the iterative computation.
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Figure 3.5 Moment Lyapunov exponents under real noise excitation for different «

Figures 3.7 and 3.8 show the variation of moment Lyapunov exponents from second-
order averaging with respect to the parameters of real noise. From Figure 3.7, it can be
seen that the larger the noise parameter o, the wider the stability region for p>0, i.e. the
more stable the system. According to equation (1.3.3), larger « means that the power of
noise spreads over a wider frequency band, which reduces the power of the noise in the
neighbourhood of resonance. Figure 3.8 shows that with the increase of noise intensity o,

the stability region of the pth moment (for p >0) dwindles away as expected.

3.3 Stability under Narow-band Noise Excitation

It is often the case that the noise perturbation in equation (3.1.5) is not wide-band. A general
model of narrow-band noise is bounded noise, as described in Section 1.3.1. Ariaratnam

[2] determined the largest Lyapunov exponent of a linear viscoelastic system parametrically
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Figure 3.6 Moment Lyapunov exponents under real noise excitation for different o

excited by a bounded noise using the averaging method. Xie [119] obtained the largest
Lyapunov exponent of a linear viscoelastic system excited by a bounded noise, which was
a revised version to that of Ariaratnam [2]. In this section, the method of stochastic
averaging, both first-order and second-order, will be used again to obtain the eigenvalue
problem governing the pth moment Lyapunov exponent. The moment Lyapunov exponents
of the system can then be determined by solving the eigenvalue problem.

In order to apply the averaging method for integro-differential equation, the SDOF

viscoelastic system (3.1.5) is rewritten as

t
§(t) + 2eBq(t) + w? {[1 — c&(D)]q(r) — s/ H(t—s)q(s) ds} =0, (3.3.1)
0
where the excitation takes the form of bounded noise

£(t) = pcos[vt + 2o W(t) + 6]. (3.3.2)



75

3.3 STABILITY UNDER NAROW-BAND NOISE EXCITATION

4
T
]

71
i
il

¢ 7 ]
7
[/

SESR
] SN
EEER
SR SN
SIS I
PR e
B RERIEIINIEIIES
S
RIS
S st i)
e
SRS

i
)

i
-

=

i

s
A

%

1

i !
ik
i

7 7}
} = il
il / /5
j

i

T

il

/

=

R S
R N
i
”/////;;;,’f/l/;/;//”f/////l//” il

5
RS
S B
RESEESRSIIK
SRR R

R
RIS
SRR

o S3oeses Saserssses
PSS
SRRy
RS SSSESI NS U o
7 7
3 = SRR '";.~.¢:0.~.~::;4¢§g;.,:,,3.,:,,., 255 i ///Il/ 7 il ///
S S !
040001000 I 7]
i ”/””””””””I/I;;;IIIIIW”,’;%%I//%%%/W
m

SIS =
RIS
RRIRERS

XX

SN
SRS

SRR

SRS S

R SERIBIIER
s

3 RIS

R e e

R e R S

SRSRNRINENS B R s s

SRS % e

555 %
2

SRR
SRR
X
s
e
G ZI/II///II//I//II///IIIIIIII/I/

‘?:EE":':""??Z:Z?:;'Z %

s L

7 ”l”””””””/m”l”lllllllllllll%;//”/ i
i

SIS
SRR
SRR
gt
T
oy

ity it
g A

gy 0 g
)
]
i
i

et
Lo
S
o2set

IR
5 2

SRR
e

07742

2525
BRRREEEES
BESSSssisssss s

SIS 5555555

SRR
SRR
SRS o5
SR % Z
555 .
7

RIS,
LA
Car et eestor e
s
S

SIS S
Sy SSSSSSSRITOSSSS T s te T Tt bo%s o
BRI RS
3 R SRS SIS 55
RSSSSESESEE S
B S
SIS
5 25 ‘0.':,. 0% .’o:,

(555
Sossesces

SIS SRS 5
R
Sasesss
e
S e
SRS %
Sos o3

3

SRSIIEN
3 SR
3% 3
3 SIS
e
Sk

o

S
s
355

5
RS

SRR
O So e se st

S
e aetees
SRR
SRRRESESES
SRS &

7
7

ege i ry 0
sty ang a1
sy a1 bt gy O it
g
i
/]

e
R
Rk 7
Ry ! 1l
R Sk A
R s il
IS RIS ol Uiyl
LS i) i
s i
R 55 LSS
IR s oy s as gyttt
RSt e et g
IR SR e sec e etteadtat g tey ety gy gt iy g
SEEERERESEIEIIIEE Sooaessestetenreottetecltasttosttiptlopl tagtt by itny Upyyy ity U
RS s rassaeets ot tataserseosteoter ar oy eyt tayag ty by Uiy gy ity
S T
50000000 LTI
SR AT ]
% 1 tesltayens e g
Urpttarltteglttig ey, lhay
Lot syt
origstngtog
1ayl0cq) taglltas iy i
gty e ltpy
iy

it
21,000y gy
AR
4
i
%
%

Figure 3.7 Moment Lyapunov exponents under real noise excitation

3.3.1 First-Order Stochastic Averaging

Applying the transformation
q(t) = a(t) cosd (1), q(t) = —wa(t) Snd(t),
d(t) = %vt + (1), P(t) = a(t)?, (3.3.3)

v = 2o W(t) + 6,

and taking
1
(3.3.4)
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Figure 3.8 Moment Lyapunov exponents under real noise excitation

lead to the equations for P(t) and ¢ (t)

P(t) = epP {ﬁ [cos2d (1) — 1] + % coS(vt + 1) sinzcb(t)} — cwpPU. SN (1),
o) = & {A — Bsin2d () + % cos(vt + ) [1+ coszcb(t)]} — ¢, cosd (1),

dy (1) = e 2odW (1), (3.3.5)

where

o P(s) ]
UC—/O H(t—s) [%] cos P (s)ds.

Obviously, P(t) is the pth norm of the state vector for system (3.3.1).
When applying the averaging operation, P(¢) and ¢(t) are treated as unchanged, i.e. they

are replaced by the corresponding averaged variables directly.
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Using the results in Section 3.2, it can be seen that

. 1.
AU Sn@ (1)} = o (3v),

1
L?Z{Uc cos® ()} = EHC(%V).
Thus the averaged equations for P(t) and ¢(t) are given by, still denoted by P(t) and ¢(¢),

P(t) = epP [—ﬂ + ”4—” sSnRe—y) — %wHS(%v)] ,

1 (3.3.6)
o(t) =¢ [A + 11_0) cos(2¢p — 1) — Ea)HC(%v)] .
Denote
A 1 1
B=pB+ szS(%u), Ag=A— EwHC@v). (3.3.7)
Applying the transformation
1
© =9 — ¥, (3.3.8)
and using the It6’s Lemma lead to the It6 differential equations
dO(t) = my dt — el/zgdW(t), (3.3.9)
dy (1) = 26 dW (1),
where
1 . A 1
mpzsp(zua)sn’lZ@ _ ,3), e, =5(A0 + Ho cosz®>. (3.3.10)

Solving the probability distribution of P(t) from equations (3.3.9) is rather difficult since
these equations are coupled. It is easier to obtain the eigenvalue problem governing the pth

moment Lyapunov exponent. By taking a linear stochastic transformation
S=T@P, 0<OLm, (3.3.11)

where O takes the value in [0, 7] because the coefficients in equations (3.3.9) are periodic

functions in ® of period 7, the Itd equation for the transformed pth norm process S is
1/2

2
1/2

ST PAdW (1)

2
ds = <mPT +mg T + %T”)Pdt _°

1 . ea? €
- ?<mPT+ moT' + — =T )Sdt .

T?SdW(t). (3.3.12)
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T(®) is chosen as a bounded and non-singular transformation such that processes P and
S have the same stability behaviour [111]. Hence it is required that the drift term of the Itd
equation (3.3.12) be independent of ©®, i.e.

1 , co? "

so that
dS = ASdt 4 ogdW (1). (3.3.13)

Taking the expected value of equation (3.3.13) leads to dE[S]= AE[S]dt. According to the
definition of the moment Lyapunov exponent, A is the moment Lyapunov exponent of
the averaged system (3.3.9). Comparing the drift terms in equations (3.3.12) and (3.3.13)
results in the eigenvalue problem governing the pth moment Lyapunov exponent

o? w NI A

=T (Ao + MT cosz®)T/ +p( - MT S|n2®>T — AT, (3.3.14)
with Agr)(p) = A(p) = eA(p).

For the special case 0 =0, i.e. the bounded noise reduces to harmonic excitation, the

problem becomes deterministic, and it is not necessary to solve the eigenvalue problem
(3.3.14) to determine the stability property. In this case, the averaged equations (3.3.6)

reduce to, by taking p=1 to restore to variable a(t),

a(t) = ¢a |:—,3 + iuwsin(Zga—Q)] ,
| (3.3.15)
o) =¢ |:A0 + Zuw COS(2¢—9):| .

Since equations (3.3.15) are not stochastic differential equations, the method for determin-

istic systems can be used to study this system. Applying the transformations

x(t) = a() cose(t),  y(t) = a(t) Sing(1),

leads to
x —8,3 — }Le,ua)siné A is,ua) coso x

¥y eAo + lepwcosd  —ef + lepwsing y
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The characteristic equation is given by

~ 1
(p 4+ eB)* + & (A(Z) — E;ﬁaﬂ) =0.

It is obvious that the roots of the characteristic equation are not affected by 6, and they are

8( — ﬁ + }I‘/,uza)z — 16A%>, nw>=4A,

1o = (3.3.16)
8(—/3:|:i;1“/16A%—,u2a)2>, nw<4A,.

Since the solution a(t) can be written in the form of a(t)=c, exp(p,t)+c, eXp(p,t), the

given by

stability of system (3.3.6) under the case o =0 is determined from equation (3.3.16) by the

Lyapunov exponents

8( — ,3 + %ﬂ/,uza)z — 16A3>, pw=4A,,

Ay = (3.3.17)
—&p, nw<4A,.

From equation (3.3.17) it can be seen that, when uw <4A,, system (3.3.6) is always stable.
However, if jw >4A,and |/ pn?w? — 16Ag >4p, system (3.3.6) becomes unstable.

3.3.2 Second-Order Stochastic Averaging

The second-order averaging operation may be applied to improve the accuracy of moment
Lyapunov exponents. Similar to the case of wide-band noise excitation, the transformations

(3.2.20), i.e.

P(t) = p(t) + 8P1 (P> ¢> t)) <P(f) = @(t) + 8(»01(;)) (;5) t))

are applied again with P(t) and ¢(t) being determined later. Substituting equations (3.2.20)
into equations (3.3.5) yields

p pr1 5 p(f_’g1+P1f1)
) & +¢&
@ 5 &

+ o(e?), (3.3.18)
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where
(1) = %vt + @),
fi = Bleos2d(t) — 1] + EZ costve-+y) sin2d(r) — w0, sinb(@),
f,=A—Bsin2d(t) + 7 cos(vt—i—w) [1+4 cos2®(t)] — wU, cosd(1),
g = —2Bp, SN2®(t) + pwe, cos(vt+1r) cos2d(t)
— wp, U, cos®(t) + wp, U, sin d(t) — %UC* sn (1),

g = —2B@, COS2®(t) — pwe, CoS(vt+1) Sin2d(t)

+ wp, U, SiN®(t) + wep, U, cosd(t) — %UC* cosd (1),
0, — ‘ ( 17 -
= H(t—s) ( ) cosd(s)ds,

0. ! () -
/ H(t—s) () Slnd>(s)ds,

, - 1
= / H(t—s) |:l_’(s)i|l’ [lil(s) —lil(t)] cos d(s)ds.
0 P(1) P(s)  P(t)

Using equations (3.2.21) and (3.2.22), and neglecting the third- and higher-order terms

of &, equations (3.3.18) are converted to a dynamical system in variables P and ¢

-

_ aP1 _
PPh=50 1 [p®Pa+PifD

=& 8 +¢&
7 %

¢ fh— —1 £
_ 3P, 9P dg, IP,
—(pPf, = — D= — (- —1 =
) ot " 9P g

+ (3.3.19)

(phf — 2020 (g 8“)1 ol
PEh =% V2 3¢

Noticing that f; and f, yield the same results as those of the first-order averaging after
they are averaged, 0P, /dt and d¢, /9t can be taken as the fast oscillation terms to avoid the

complexity of solving the integro-differential equations, i.e. the terms which vanish after the
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averaging operation,

oP _ sSin(2vt+2¢
a_tl = pP [/8 cos(vt+2¢) + chlll v4+ <p+w)} ,
, (3.3.20)
. _ w COS(Vt—+ @ COS(2vt+2¢p+
0 _ _ psin(uitag) + POV | e COSRVIR29+Y)
ot 2 4
Solving P, and ¢, from equations (3.3.20) leads to
- [ Bsin(vt+2¢ Cos(2vt+2¢
Plsz['B (vi4+29)  po (1;+ <p+1/f)],
v Y (3.3.21)

Bcos(vt+2¢) puwsSnwt+y)  uwsSnQRvt+2¢+y)
— + + :
v 2v 8v
After P, and ¢, are known, the averaging operation can be performed over equations

01

(3.3.19). In the process of averaging, P and ¢ are still treated as constants. Based on the

results in Section 3.2, it is easy to obtain that
- = 1 - - 1
A Usno0) = 2+ (3v), g {Uccos@n)] = Z#(3v),
ﬂtZ{Ussin d(n)} = %HC(%U), J/;/Z{US cosd(t)} = _%Hs(%v)'

Hence the second-order averaged equations are

P p(trosn20—p)P . pop(—p cos20+a sin20)P
d =¢ ) dr +¢ 71« X . ) dt

7 Ao+ Lpwcos26 V| 8+ o (,3 Sin20+& cos2®)

0
+&l/2 dw (1), (3.3.22)
1
where
® - 1 A 1 c(1 Q ) 1 2.2
O =¢(t) — 51/f(zf), Q@ = wH (3v), 8 =2B(B—2B) — TG (3.3.23)

Similar to the first-order averaging, taking the transformation S= T((:))P, 0<O®<m,and

using the It6’s Lemma lead to the eigenvalue problem

o Uw , NN IO
8[§T +(A0+Tcosz®)T +p(—ﬁ Ts,mz@)T]

2 L[5 4 poo(psin2e + 2P (4500 — _
+ & 5 S+ puw(BSN20 +acos20 ) | T +¢ 5 asSN20 — Bcos20 )T = AT,
V %

(3.3.24)
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in which, for simplicity of presentation, the overbar has been dropped.

3.3.3 Solving the Eigenvalue Problems

Itis still not easy to find the analytical solutions to eigenvalue problems (3.3.14) and (3.3.24).
Noticing that the coefficients in equations (3.3.14) and (3.3.24) are periodic in ® with period

7, thus eigenfunctions T(®) can be expanded to a Fourier series in the form

[ee]
T(®) = Cy + Z(ck C0S2k® + i Sin2kO). (3.3.25)
k=1

Substituting the expansion into eigenvalue problem (3.3.14) or (3.3.24) yields a set of
homogeneous linear algebraic equations with infinitely many equations for the unknown
coefficients Cy, Cx and Sk, k=1,2, .. .. In particular, for the first order eigenvalue problem

(3.3.14), one has
—(co + A)Co + byS; = 0,
—(c1 + A)Cy +diS1 + b1S, =0,
2a1Cy + diC1 + (c1 + A)S; + b, C, =0, (3.3.26)
akSk—1 — (ck + A)Ci + dicSk + biSi1 = 0,
axCr_1 + diCr + (ck + NSk + biCrp1 =0, k=2,3,...,
where

1 1
a, = g,ua)(Zn—Z—p), b, = guw(2n+2+p),
6= o 4 phy dy=2A =0,1,2
n—EU”‘FP,Ba n— of, n==u1,2....

In principle, infinite terms of coefficients Cx and Sy are required to obtain the exact
solutions of the eigenvalue problems. However it is difficult to do so in practice. Therefore,
only a finite number of terms are considered to obtain an approximate solution. If the
expansion is truncated to order K, i.e.

K
T(®) = Co+ » _(CxC0S2k® + S Sin2kO), (3.3.27)
k=1
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the system of equations, e.g. (3.3.26), reduces to a generalized linear algebraic eigenvalue

problem of the form

[A — A©B]Y=0, (3.3.28)

where Y={Cy, C1,S1,...,Ck,Sk}T, A and bB are (2K+1) x (2K +1) matrices including
the coefficients ay,, b, ¢, d,;.

Equation (3.3.28) has non-trivial solutions only if the determinant ‘A —A®B } =0, which
leads to a polynomial equation for A of degree 2K +1. Solving the polynomial equation
for the largest root leads to the approximate moment Lyapunov exponents. Generally
there is no analytical solution for this polynomial equation of A®) when K > 1. Therefore

numerical method has to be adopted.

3.3.4 Numerical Results and Discussion

In the Monte Carlo simulation, the Maxwell viscoelastic model is considered, i.e. the vis-

coelastic kernel function is taken as H(t) =ye ', Let

t
x (1) =q), x0)=q@1), x30)= /0 H(t—s)q(s)ds,

x,(t) = vt + 2o W(t) + 6. (3.3.29)

Equation (3.3.1) can be rewritten as Itd differential equations

X, X, 0
X, —2¢eBx, — o*(1+¢eu Cosx,)x; + 8w2x3 0
d b = dt + | dW(t). (3.3.30)
X3 YX; — KX3 0
Xy v el e

The norm for evaluating the moment Lyapunov exponents is Hx(t) H =/x?+x3+x3. The

moment Lyapunov exponents are simulated using the algorithm in Section 2.3 with explicit
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Euler scheme given by
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x’f“ =xF 4 x5 h,
X = ok (= ?xF — 268k + e’k — epw®xF cosxf)h,
(3.3.31)
k+1 k
Xy = x3 + (yxl kx3)h,
xffrl =xK+ v h4e%0 . AWK,
0.06
Solid symbol: Simulation
1 . Empty symbol: 1st-Order Averaging
S Line: 2nd-Order Averagin

0.034 . 1ng

- kﬁﬂ‘m ,0‘32;';'

Vv ﬂ\kﬂ .@-8--&-3'8"0-6
0.00 b N gegg 0 0 2
KT :—v T T B ST T —T— T ¥ -]
2 -0.03 ™ T e,
< | . o e y=0.1 .
v vV === y: 0.5 .

0064 4+ & ----y=10 T

| ] o y: 2‘0 ° -
0094  £=01, =005 k=10 .

n=10,0=1.0 .

1 =10,v=20 )
-0.12 . : . T .

-1 0 1 2

Figure 3.9 Moment Lyapunov exponents under bounded noise excitation for different y

Different parameters are selected to compare the moment Lyapunov exponents obtained

by the averaging method and Monte Carlo simulation. The Fourier series expansion for

T(®) is truncated to the order 4,1i.e. K =4, to obtain the approximate analytical result. The

sample size for evaluating the ensemble average as the expected value is N =5000, time step

h=0.001, and the number of iterations is 5 x 10°. The following parameters are fixed as:

€=0.1,=0.05,0w=1.0,v=2.0,1i.e. A=0.
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Figure 3.10 Moment Lyapunov exponents under bounded noise excitation for different «

Figure 3.9 shows the moment Lyapunov exponents for different y withk =0 =pu=1. The
simulation results and the approximate analytical results agree very well for small values of
y and p>0. It can be seen that with the increase of the intensity of material relaxation, the
moment Lyapunov exponents at p >0 decrease. This observation implies that the material
viscoelasticity helps to stabilize the system.

The moment Lyapunov exponents for different k at y =c =p =1 are plotted in Figure
3.10. It shows that the averaging method provides a good approximation of the moment
Lyapunov exponents. It is obvious that, the smaller the value of «, the smaller the moment
Lyapunov exponents for p>0. Since small k means large relaxation time constant, this
result indicates that longer relaxation time will also help to stabilize the system.

In Figure 3.11, the moment Lyapunov exponents for different values of ¢ and y =0.5,
k = =1 are presented. It is clearly seen that the stability of the system increases, when the

noise intensity parameter o increases, in the sense that the moment Lyapunov exponents
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Figure 3.11 Moment Lyapunov exponents under bounded noise excitation for different o

decrease for p>0. It is because that, the larger the value of o, the wider the frequency
band of the power spectral distribution. This means that the power of the noise will not
be concentrated in the neighborhood of the central frequency v, which reduces the effect
of the primary parametric resonance. Also, increasing the noise parameter o decreases the
discrepancy between the simulation results and the approximate analytical results for p > 0.

The moment Lyapunov exponents for various values of p are showed in Figure 3.12,
where y =0.5, k =1, 0 =2. The result indicates that, as expected, increasing the noise
amplitude ; makes the system unstable. Moreover, with the increase of amplitude u, the
difference between the simulation results and the approximate analytical results becomes
more and more significant.

Figure 3.13 shows the asymptotic normality of |0g HX(T) H for some selected parameters,
where the histograms and the corresponding normal density approximations are compared.

From the figure it can be seen that the sample size N = 5000 may not be enough in simulation.
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Figure 3.12 Moment Lyapunov exponents under bounded noise excitation for different

To improve the simulation results, larger sample size is required to obtain a better estimation
of the mean and variance of log ” x(T) ” .

On the other hand, from Figure 3.9 to Figure 3.12, it can be observed that the second-order
averaging does not improve the accuracy of analytical results too much. To illustrate this
more, some typical numerical results of the moment Lyapunov exponents obtained from
the eigenvalue problems are plotted in Figure 3.14. The Fourier series is expanded to the
fourth order, i.e. K =4. It is obvious that the results for the first-order and the second-order
averaging have no significant difference provided that 0 <& «1. This means that as far as
the method of averaging is concerned, the first-order is enough to determine the stability of

SDOF viscoelastic system with small parameter ¢ under bounded noise excitation.
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Figure 3.13 Histograms of logarithm of norm compared with normal density approximations

under bounded noise excitation

3.4 Summary

SDOF viscoelastic systems under parametric perturbations of random loads, including

wide-band noise and narrow-band noise, are studied in this chapter. As described in Section

1.3.1, Gaussian white noise and Ornstein-Uhlenbeck process are the models of wide-band

noise, and bounded noise is treated as a narrow-band noise. Stochastic averaging method

is applied to simplify the equations of motion, which are integro-differential equations.

Then the stability of the averaged systems is determined in the sense of moment Lyapunov

exponents. The algorithm presented in Section 2.3 is used to simulate the stability of the
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Figure 3.14 Comparison of moment Lyapunov exponents for the 1st-order and 2nd-order av-

eraging

original SDOF viscoelastic systems. Comparing the approximate analytical results and the
simulation results, it can be seen that averaging method provides a good approximation to
the original SDOF viscoelastic systems in most cases. However, in the cases when the energy
of noises concentrate in the neighborhood the primary parametric resonance frequency and
their intensities are not small enough, the averaging method appears to be insufficient, as
indicated by the results from bounded noise excitation. Moreover, higher-order averaging
seems to provide no significant improvement for the analytical approximation; thus the
first-order averaging is enough in determining the stability of viscoelastic systems.

From the approximate analytical results and the Monte Carlo simulation results of the
moment Lyapunov exponents in Section 3.2 and 3.3, it is clear that increasing the intensity of
viscoelasticity, material relaxation time, and decreasing the noise intensity help to stabilize

the viscoelastic system. This result is useful in engineering applications.



Stochastic Stability of SDOF Nonlinear
Viscoelastic Systems

Stochastic stability of SDOF linear viscoelastic systems has been discussed in Chapter 3 in
the sense of moment Lyapunov exponents, where only the trivial solutions are considered.
In engineering applications, the linear constitutive relation may not be sufficient for many

materials. Therefore it is necessary to consider the situation where nonlinear viscoelasticity
is exhibited.

4.1 An Example of SDOF Nonlinear Viscoelastic System

With the material relaxation operator & defined by equation (3.1.2), the linear viscoelastic

constitutive relation for uniaxial stress o (t) and strain £(¢) can be expressed as

t
o () = E[e(t) _ f H(t—f)s(r)dr] — E(1 — 9 )e(t), (4.1.1)
0

where E is the Young’s modulus.

The exploration of nonlinear theory has started its way many years ago since the be-
haviour of materials cannot always be described by the linear theory correctly. However,
due to the complexity of modelling of materials, which is related to many other areas such as
physics and chemistry, the study of nonlinear constitutive relations for viscoelastic materials

has a long way to go.

90
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In the common approach of Green-Rivlin theory, stress is expressed as a polynomial
expansion in linear functionals of strain history. Thus the one-dimensional uniaxial con-

stitutive relation has the form [25]

de(t)

a(t)—/ H,(t—71)

t ot pt de(t,) de(z,) de(t;)
H t_ )t_ )t_ d d d
+ /0 /0 /0 3T =Ty 1) dr; dr, dr F1endn T

(4.1.2)

where e(7) is the nonlinear strain measure. In the case of one dimension, e(7) is given by
1
e(t) = 5{[1+e(r)]2—1}. (4.1.3)

Equation (4.1.2) appears to be too complicated in practice. Therefore, there are many
other different but simplier forms of constitutive relations related to the variety of materials.

One possible constitutive relation is

t
o(t) = E[g(8(t)) - /0 H(t—f)g(S(T))df] = E(1 — o7 )g(e(t)), (4.1.4)

where
g(e) = e(1+8,6+8,6%), (4.1.5)

and §,, §, are small constants related to materials. Constitutive relation (4.1.4) was in-
troduced by Leaderman [71]; it has been used to characterize the large deformation of
rubberlike network polymers and textile fibers [70], [46].

Using equation (4.1.4) for nonlinear visoelastic materials, it is possible to derive the
equations of motion, which are generally integro-partial differential equations and are
difficult to solve as described in Section 1.4. As an example, consider a column under

dynamical axial compressive load P(t) as shown in Figure 4.1. The equation of motion is

ZM(x, t) n 3%v(x,t) av(x,t) 82v(x, t)
_— = )O b)

gnY + P(t
dx2 sz Th; Oz

(4.1.6)

where p is the mass density per unit volumne of the column, A the cross-sectional area,
v(x, t) the transverse displacement of the central axis, §y the damping constant, M (x, t) the

moment at the cross-section x.
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Figure 4.1 A column under axial compressive load

Noticing that the geometry relation
3%y
& = —@Z = —Vxx<Z
holds, in which z is the distance from the central axis of a point in the cross-section. If the

column is elastic, one obtains

M(x,t) = / ozdA = — / Eveoz’dA = —El vy,
A A

where I is the moment inertia of the cross-section. If the column takes the nonlinear
viscoelastic constitutive relation (4.1.4), and the cross-section is symmetry about the central

axis, then
M(x,t) = / ozdA =/E(1 — 7 )g(e)zdA
A A

= —EI(1 — T Yvex — 8,EJ (1 — T )2, (4.1.7)

]:/z4dA.
A

Substituting equation (4.1.7) into (4.1.6) leads to the equations of motion

where ] is given by

9%y v 0%y 9ty
+38,E](1 — %‘)[2&(&)2 + (&)2&] —0. (418
0x2 \0x3 0x2/ ox*
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Further suppose the column is simply supported, then the boundary conditions are
v(0,1) = v(L,t) = vxx(0,1) = v (L, £) = 0, (4-1-9)

where L is the length of the column.

It is not an easy task to solve the nonlinear equation (4.1.8) analytically. To simplify the
problem, if the axial compressive force does not greatly exceed the Euler buckling load of
linear elastic column, it is reasonable to assume that the transverse displacement can be

approximated by the one-mode vibration [22], i.e. the Galerkin approximation in the form
of

v(x, 1) = q(r) Sin ? (4.1.10)

which satisfies the boundary conditions (4.1.9) automatically. Substituting equation (4.1.10)
into (4.1.8) yields

T

o+ i — (T) Plorg

35,E]
4

(@) a0-aons B 0 op =

Letting

= =BG 0= -2

equation (4.1.11) becomes the following general single degree-of-freedom nonlinear vis-

coelastic system with cubic nonlinearity,
i+283+ @[ (1=7)q — £ + 80— )¢ | =o0. (4.1.12)

It can be seen that, when § =0, equation (4.1.12) reduces to a SDOF linear viscoelastic
system, whose stochastic stability properties have been studied in Chapter 3. The existence
of cubic nonlinearity makes the behaviour of equation (4.1.12) different from that of the
linear cases. As it will be shown, stochastic bifurcation phenomena, which never exist in

linear systems, may occur.
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4.2 Stability and Bifurcation under Wide-band Noise
Excitation

There seems no previous study on the stochastic stability properties of nonlinear viscoelas-
tic systems in the form of equation (4.1.12). Only a similar problem was discussed by
Ariaratnam (3], where the nonlinearity appears in the damping term but not the stiffness
term and viscoelastic term.

Consider the case that the excitation £(¢) in equation (4.1.12) is a wide-band noise with
zero mean. Similar to the study in Chapter 3, the stochastic averaging method is applied
to simplify equation (4.1.12) so that it is easier to investigate the properties of the averaged

system.

4.2.1 Approximation by Stochastic Averaging

In order to use the averaging method, in the cases that the damping, viscoelastic effect, and
the amplitude of excitation are all small, a small parameter 0 < & < 1 is introduced such that

equation (4.1.12) becomes

éay+%ﬁmo+wﬂh—w“%uﬂ«o—s[fHa—gasm}
+ w28{q3(t) —& /OtH(t—s)qs(s)ds} = 0. (4.2.1)
After the same transformation as that in equations (3.2.1), i.e.
q(t) = a(t)cos (1), 4(t) = —wa(t)SNd(t), @ (t) = ot + @(1),
is applied, it is found that

a(t) = FV(a,0,1) + FO(a, 0, €, 1),
(4.2.2)

. 1 0
o(t) = FY(a, 0, 1) + F\¥(a, 0, £, 1),
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where

F(l)(a _ _ 8 3 : .

(@, 0,t) = —efa(t)[1 — cos20 ()] +d5a ([ SiN4D (1) +28iN2®(1)]
—ewsSN® () — eSwsSind(t)],

F\"(a,¢,t) = —sa(t) Sn2d(t) + S%az(t)[COSM)(t) +4c082(1) + 3]

— -2 cos® () — 8- cosD()]°
®alt) 0 ’

FO(a,0,6,1) = —%el/za)g(t)a(t) sin2a (1),

B (a,¢,&,1) = —%81/2w§(t)a(t)[1 + cos20 ()],
I° = fOtH(t—s)a(s) cos P (s)ds,
Jo= /OtH(t—s)a3(s) cos’ ®(s)ds.

Since £(t) is a wide-band noise, § is also a small constant, according to the method

of stochastic averaging, equations (4.2.2) can be approximated by the following averaged

equations

a(t) Mg _
dy =1 _ dt + o dW(1), (4.2.3)
@(t) My
where the coefficients are determined following the same procedure as that in Section 3.2,

1 3 3
ity = g[ — B — S0 (@) + ~0’S20) - g(Sa)HS(a))az]&,

_ | B 1, 3 . o 3.,
my = 8[ — Ea)H (w) — ga) Y (Q2w) — (Sa)gH (w)a ] + g(Sa)a ,

__ 1 _
[O’O’T]H =b = gsa)zS(Zw)az,

[667],, =bn = %8(4)2 [25(0) + S2w)]. (4.2.4)
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To make the variables a(t) and ¢ (t) decoupled, the elements of matrix ¢ can be chosen as

S22
511 =+ b11 = 81/20)(_1 %,

2 2
0 = \/b_zz = 81/20)\/—5(0) —g S a))’

o012 =021 = 0.
Therefore, the It6 stochastic differential equation for a is given by
da = ¢(ma — n,a’)dt + e'*nsadw (1), (4.2.5)

where

1 3 3 S22
n=-pg- Ea)HS(a)) + Ea)zS(Za)), n, = §8a)H5(a)), N3 =w % (4.2.6)

Note that for a given initial condition, the transition density function of equations (4.2.3)
determines the properties of the one-point motion, i.e. the motion of (Zl(t), <,Z)(t)) with the
given (El(O), gZ)(O)). This means the stationary response of equations (4.2.3) is completely
described by the one-point motion. Since the selection of & which resulting in equation
(4.2.5) does not change the form of Fokker-Plank equation associating with equations
(4.2.3), the stability of amplitude of the one-point motion can be determined through
equation (4.2.5), which is decoupled from ¢(¢) and is easier to solve.

However, if one is interested in the variation of invariant measure for the random dy-
namical system generated by equations (4.2.3), the n-point motion, i.e. the simultaneous
motion of n pairs of (Fz(t), (ZJ(t)) with different initial conditions has to be considered. This
implies that the system is studied in the view of stochastic flow [15]. There are many possible
stochastic differential equations which have the same one-point motion as that of equations
(4.2.3) [67], different choices of stochastic differential equations may have different invari-
ant measures [15]. Since only the amplitude of motion of the original equation (4.2.1) is of
interested in this chapter, and the study of stability is through the corresponding linearized
system, it is an appropriate way to consider the stability of equation (4.2.5). For more details

about the n-point motion and stochastic flow, one may refer to [67], and other articles such

as [15], [14], [6], [98], [99], [16], and [17].
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It is observed that the nonlinearity of stiffness term in system (4.2.1) does not contribute
in the averaged equation (4.2.5). This is due to the transformation (3.2.1) in standard
stochastic averaging method, which appears to neglect the contribution from the cubic
nonlinear stiffness term. If the viscoelastic terms do not appear in equation (4.2.1), i.e.
if system (4.2.1) reduces to an elastic nonlinear system, the standard stochastic averaging
method leads to a linear averaged system, which makes it impossible to study stochastic
bifurcation. Therefore standard averaging method is generally ineffective in investigating
systems with strong nonlinearity in stiffness terms [95], [93]. If the nonlinearity in stiffness
term can not be neglected, modified averaging method accounting the total system energy
may be applied to certain autonomous systems whose stiffness terms are integrable [94].

However, the viscoelastic terms in equation (4.2.1) make the system being non-autonomous,
thus it is not an easy task to proceed following the modified averaging method. Fortunately,
the presence of viscoelasticity leads to an averaged equation including nonlinear effect as
in equation (4.2.5), which is of great importance in stability analysis. Moreover, § is small
because both §, and §, are small constants for most materials characterized by equation
(4.1.5). This means the contribution from nonlinear stiffness term may be neglected com-
pared to the damping effect of viscoelasticity. Hence, the approximation from the standard
stochastic averaging method in this section is easier to apply and may be acceptable in

applications.

4.2.2 Stability and Bifurcation of the Averaged System

The Stratonovich form of equation (4.2.5) is
1
da = 8[(7]1 - 5n§>a—n2a3] dt + &1/2,a 0 AW (1), (4.2.7)

which acts as a mathematical model of the deterministic system
da 1 ,\_ _ 3]
— =¢ ——=n3la—n,a 4.2.8
dt [("1 2 '73) 2 (4.2.8)
under parametric white noise perturbation.
Consider the deterministic nonlinear system (4.2.8). Note that a should be non-negative

in transformation (3.2.1), thus, from the deterministic stability theory, it is known that there
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are equilibrium points a; =0 in all cases, and
1 ( 1 2)
a, = [—(n,—=n3)
1 " =53

if n, — %n% and 7, take the same signs. Linear stability analysis shows that the eigenvalue,

i.e. the Lyapunov exponent associated with a, =0, is
1
Ay = 8( —= 2).
0 =50

Therefore the trivial solution is stable if 1o <0. Similarly, by linearizing equation (4.2.8)
du 1, 5
—=¢ ——n3)—3n,a ]u,
dt [(’71 2 ’73) 2

where u denotes the variation of solution from aj, it can be seen that the eigenvalue associ-

near a,; as

ated with a, is
15 -2 1,
A= 5[(’71 __’73) —3n2a1] = _25<771 - _’73>’
2 2
which indicates that the non-trivial solution a, is stable when 1, <0.

Clearly, noise in equation (4.2.5) or (4.2.7) is multiplicative with respect to the trivial
solution, since a, =0 is also the solution of the noise-disturbed system. On the other hand,
is additive with respect to the non-trivial solution of the undisturbed system (4.2.8) because
a, cannot solve equation (4.2.5) or (4.2.7) [10].

For the stochastic nonlinear system (4.2.5) or (4.2.7), it is obvious that a, =0 is the trivial
stationary solution. In order to find the the non-trivial stationary solution a,(t), i.e. the
“stochastic attractor”, one may follow the procedure in [3]. Letting r.(t)= Ina,(t) and

applying It6’s Lemma lead to
1
dr, = 8(’71 — Eng — nzaf) dt + 81/2773 dW (¢). (4.2.9)

Since a,(t) is stationary, so is r,(t), thus

dE[r,(1)]
d
Taking expectation on both sides of equation (4.2.9) yields
1
m — —n3 —nE[al] = 0. (4.2.10)

2
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Define n* by | .
*x A 2
= — —= . 4.2.11
n " (771 2773) ( )

It can be seen that, only when n* >0, E [a2] can be solved from equation (4.2.10) as

1 1
E[al] = *:—( —- 2), 4.2.12
[a2] =7 " m— 35 ( )
i.e. the non-trivial stationary solution only exists when n* > 0.
The stationary probability density p.(a) for system (4.2.5) is determined by the Fokker-
Planck equation
B d[s(nla — 772613)1)5(61)] 4 1 42 [gn§a2ps(a)]

P : e =0. (4.2.13)

Solving equation (4.2.13) yields, p,(a) =& (a) associated with the trivial solution in all cases,

where 8 (a) is the Dirac delta function; and when n; — %n% >0,

pi(a) = n3 (4.2.14)

0 a <0,

2
Camh/m—2 exp( _ ﬁ» a>0,

where C is a normalization constant. The condition that p (a) is a density function requires
1, >0, therefore n* > 0 is satisfied and the existence of the non-trivial stationary solution is
confirmed.

The stability of stochastic dynamical system in the form of equation (4.2.5) or (4.2.7) has
been well-studied in many books and articles such as [10]. Since the Lyapunov exponents of
a stochastic system can characterize its almost-sure stability, the largest Lyapunov exponent
of equation (4.2.5) is solved below and then the stability of the trivial and non-trivial
stationary solutions can be determined.

By linearizing equation (4.2.5) at the trivial solution ay =0, the corresponding Lyapunov

exponent is given by
1, L s 15
Ay = 8(771—5773) = 8[_'8_560/_/ (a))—i-ga) S(Zw)]. (4.2.15)

It can be seen that the nonlinearity in viscoelasticity has no contribution in A, therefore it

does not affect the almost-sure stability of the trivial solution.
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Denote the variation of solution from the non-trivial stationary solution as(t) by
u(t) = a(t) — as(t).

Then u(t) can be used to determine the stability of as(t). Substituing u(t) into equation

(4.2.5) and considering the linear parts with respect to u(t) lead to the linearized system
du = 8(771 — Snzasz)u dt + 81/2n3u dW(¢). (4.2.16)
Letting (t) = In |u(t)| and applying Itd’s Lemma yield
1
dr = 8(’71 — Eng — 3n2a52> dt + 81/2n3dW(t),
i.e.
t
0
Since a,(t) is stationary and ergodic, from the ergodic theory it is known that

t 1
r(t) = r(0) + 8/ (’71 — 577% — 3772(152) ds +/ e/ 2n3dW (s).
0

. 1! ) )
tILn;IO p /0 a;ds = E[aZ]. (4.2.17)
Thus using the law of iterated logarithm for Wiener process, equations (4.2.17) and (4.2.12),
the Lyapunov exponent for the non-trivial stationary solution is given by
.1 1
A= lim p In |u(t)| = 8(771 — zn% — 3n,E [af])

t— 00
= —28(771 _%ng) = 28[,3—!—%60#/5(60)—%(028(2@)]. (4.2.18)

When A, is negative, as(t) is stable w.p.1. Again, the nonlinearity in viscoelasticity does not
affect the almost-sure stability of the non-trivial solution.

From equations (4.2.15) and (4.2.18), it can be seen that, when system parameters change
such that Ay varies from negative to positive, the trivial solution will change its stability
from stable to unstable with probability one. If n* >0 such that the non-trivial solution
exists, because 1, takes the opposite sign as Ao, A1 will change from positive to negative and
thus the non-trivial solution will change from unstable state to stable state with probability
one. This means the “jump” from a stationary solution to another stationary solution, and
indicates that system (4.2.5) exhibits stochastic dynamic or D-bifurcation [10] at the point

where 1, —%17%:0.
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If the non-trivial solution exists with the stationary density function given by equation

(4.2.14), one may describe the properties of p,(a) by its shape. The peak value of p,(a), if

dp.(a
exists, locates at the point where Pé( ) =0. Fora >0,
a
—n2_ 2 2
@ _ e 15 ~ % gamni=3 exp( - BE ) (4.2.19)
da n3 UE

Since 7, >0, it can be seen that equation dp,(a)/da=0 has solution only when 1, —n3 > 0.
This indicates that when n, — ng < 0,p,(a) hasno peak; while n, — n% >0, p,(a) has one peak.
Thus the shape of ps(a) has a qualitative change, i.e. the system exhibits phenomenological
or P-bifurcation [10], at the point where 1, —n3 =0.

Define two variables b}, and b, as

1 1 1
bp £y = S = =B — JoH (@) + S0”SQw), (4.2.20)
A 2 1 s 1,
bp = 1y =15 = =B = SoH’ (@) + L0 SQw). (4.2.21)
Obviously by, >bp, Ay=¢bp,, Ay =—2¢b},. The complete bifurcation scheme can be de-

scribed as follow.

When b, < b, <0, one has A, <0, A, >0, thus only the trivial solution exists and is stable.
If the system parameters change such that b, <0< b, the Lyapunov exponents become
Ay >0, A, <0, therefore the trivial solution loses its stability, and the non-trivial stationary
solution appears and is stable. This indicates that, phenomenally, the solution of the system
“jumps” from the trivial solution to the non-trivial stationary solution. Furthermore, if
system parameters continue changing such that 0 <b, < b,,, the stability of the stationary
solutions do not change, i.e. only the non-trivial stationary solution appears as stable.
However, the shape of the stationary density function changes, from having no peak to
having one peak.

The bifurcation phenomenon can be clearly described in Figure 4.2, with the power
spectral density of the wide-band noise being the varied parameter. The D-bifurcation

point is given by

$p=3[f+ 0]
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while the P-bifurcation point is

161 1 s
Sp = —| B+ ~wH (a))].
w-L 2
ps(a) ps(a) py(a)
a a a
2 [ |
E [aSJ D-bifurcation P-bifulrcation
bp<bp<0 —_— bp<0<bD — 0<bP<bD

|
| A <0
|
|

AO<O, A>0 Ag>0

Sp Sp SQw)

Figure 4.2 lllustration of D-bifurcation and P-bifurcation

4.2.3 Numerical Results and Discussion

In order to validate the approximate analytical results in the previous section, Monte Carlo
simulation is applied to the original nonlinear viscoelastic system (4.2.1). The Maxwell
viscoelastic model is considered, i.e. the viscoelastic kernel function is taken as H(t) =
ye vt
The wide-band excitation is taken as the Gaussian white noise with constant power

spectral density o2, Let

t
x (1) =q(0), x,0)=q@1), x30)= fo H(t—s)q(s)ds,

t
x,(t) = f H(t—s)q’(s)ds. (4.2.22)
0
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Equation (4.2.1) can be converted to It6 differential equations, which are the same as

Stratonovich form,

X, X,
X, —2eBx, — a)le + 8w2x3 — 8a)2xf + 88w2x4
d 1 ' = ¢ dt
X3 VX — KX3
Xy yxf — KX,
0
el 2w? oX;
0
0

The explicit Euler scheme is applied to simulate the response of system (4.2.23), i.e.
x'f“ =xk 4 xk.n,

X, =%+ —w? x1 — 28,3x2 + ew? x3 + edw? x4 Sw? ( )3] h+ &0 - AWK,

XU = xb 4 (yxf —wxh) -,
x{,f“ =xk+ y(x'f)3 - Kxfj] - h.

The amplitude of response is taken as, corresponding to equation (3.2.1),
x,\271/2
a(t) = [xf + (—2) ] . (4.2.24)
a)

In the simulation, time step is chosen as #=0.0005. The following parameters are fixed as:
e=0.1,w=1, 8=0.05.

In order to illustrate the stationary solution and inspect the bifurcation phenomenon,
different initial conditions should be used. A simple choice is to initialize the samples with
the initial displacement and velocity (x1 (0), x, (0)) uniformly distributed in a region.

Figures 4.3 to 4.6 show the numerical solutions for 0 =0.5, 0 =1.0, and ¢ = 1.5, respec-
tively, with y =0.5, k =3, § =0.01 fixed. The sample size is taken up to N =50000 to better
illustrate the statistic properties. The histogram of a(T) can be an approximation of the

stationary probability density p (a) when T is large enough.
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Figure 4.3  Stationary solution for §=0.01,0 =0.5
A simple calculation shows that, for 0 =0.5,
1 1
bp=—-B— Ea)H S(w) + Sa) o? = —0.04375 < 0,
1 1
bp=—p — Ea)H (w) + —6a) o? = —0.059375 < 0,
Ap = eby, = —0.004375 < 0, i, = —2eb}, = 0.00875 > 0. (4.2.25)

Obviously, approximate analytical results show that the trivial solution is a stable stationary

solution. This is indicated in Figure 4.3, as the first- and second-order moment appear to be

zero and have almost no change when simulation time ¢ >2000. The histogram of a(T') at

T=

7000 shows that the stationary density function approaches the Dirac function.

In the case 0 =1.0,

1 s 12 2
D=—ﬁ—5wﬂ(w)+§wa = 0.05 > 0,

1
bp :—,B—EwH (a))+—6wa = —0.0125 < 0,

Ay = €bp =0.005> 0, A; =—2eb,=—0.01 <0.

(4.2.26)



4.2 STABILITY AND BIFURCATION UNDER WIDE-BAND NOISE EXCITATION 105
25

20
0=1.0, T=6150

E[a(n)]
Histogram
o o
& =
n | n |

Stationary probability density

5 ‘ ‘ ‘ ‘ ‘ ‘ 0.06 4 of the averaged system
0 1000 2000 3000 4000 5000 6000 |
t
700 0.04
600 ]
— 500- 0.02
“'E 400 - |
s3]
3001 0.00
200 0
100
0 1000 2000 3000 4000 5000 6000
t
Figure 4.4 Stationary solution for §=0.01,0 =1.0
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Figure 4.5 Stationary solution for §=0.01,0 =1.5

Since bp <0< bp, the trivial solution loses its stability property, and the solution should

appear as a non-trivial solution, i.e. D-bifurcation has occurred. The trends of E[a,] and
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p(x,x,)

T=0 T =5000

Figure 4.6 Joint histograms of stationary solutions for different values of o (§=0.01)

E[aZ] and their values for large ¢ in Figure 4.4 show that it is true. Moreover, the histogram of

a(T) for large simulation time T = 6150 has no peak, just the same as what the approximate
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analytical result predicts. This indicates that the attraction from the non-trivial stationary
solution is not strong enough, thus most sample trajectories are still be attracted by the
trivial solution. The stationary density function of the averaged system given by equation
(4.2.14) is plotted and compared with the histogram of a(T). It shows that the averaged
system has some difference with the original system, although their stability properties are
similar.

Foro = 1.5,

1 1
bp=—B— Ea)HS(a)) + ngoz = 0.20625 > 0,

b, =—p — la)HS(a)) + ia)zoz = 0.065625 > 0
P 2 16 - ’

Ao = ebp, = 0.020625 > 0, A, = —2ebp = —0.04125 < 0. (4.2.27)

It is expected that the stability of non-trivial stationary solution should not change. This
is also verified by Figure 4.5. One peak appears in the histogram of a(T) at time T'=5800,
which agrees with the approximate analytical result and shows that P-bifurcation has oc-
curred. The difference of the stationary density function p,(a) and the histogram of a(T)
again shows that the averaged system can not thoroughly describe the behaviour of the
original system.

Some joint density fuctions of the state variables x, and x,, i.e. the displacement and
velocity of the system, are shown in Figure 4.6. They can be approximated by the joint
histograms of x; and x,. The left column is the initial joint densities p,(x;,x,) at t=0,
which are set to be uniformly distributed in a rectangle region. The right column shows the
stationary densities p,(x,, x,), which are approximated at large simulation time T'=5000.
The differences of p (x,, x,) can be seen in the figure.

In order to simulate the Lyapunov exponents, linearization near the stationary solution

is required. For the Lyapunov exponent A,, which is related to the trivial solution, the
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equations for simulation is

u u, 0
u —2efu, — w*u, + ew’u, + edw’u e 2wlou
a{ 1= ? : ’ e P awe.
Uy YU, —Kus 0
U, —Kuy 0
(4.2.28)
While for the Lyapunov exponent A, related to the non-trivial solution, the equations for
simulation become
U Uy
u, —2eBu, — 0*u; + ew’u; + edwu, — 38w*(x")*u,
d b= dr
u, 3y (x{)%u, — kuy,
0
e 2wou,
iy AW (¢), (4.2.29)
0
0

where x{' is the stationary solution of equation (4.2.23), i.e. the simultion of A, should start
after the sample solutions of equation (4.2.23) have entered stationary state. This can be
reached by running the iteration of equation (4.2.23) for a long enough period of time.
Figures 4.7 shows the simulated Lyapunov exponents for different values of o with y =0.5,
k =3. The results for two cases, § =0.01 and § =0.1, are plotted in the same figure. The
analytical results given by equations (4.2.15) and (4.2.18) are also plotted in the figure for
comparison. It can be seen that the approximate Lyapunov exponents related to the trivial
solution A, agree very well with the simulation results. However, the simulation results of
A, through equation (4.2.29) stand totally on the opposite side of the axis, although the
simulation results in Figures 4.3 to 4.6 show that the non-trivial stationary solutions are

stable. The reason may be due to the method of simulation, i.e. the linearized equation
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Figure 4.7 Lyapunov exponents for different values of o

(4.2.29) near the non-trivial stationary solution may not be proper in numerical calculation
of A,. Although the simulated stationary solutions have close probability properties with
the true stationary solutions in the statistic sense, each single trajectory may have large
changes or jumps during the simulation, which makes the estimation of variation between
the staionary solution and the perturbed solution impossible.

An alternative way of simulation of A, is through the equation
du = 8[7)1 — 3n2(a5t(t))2]udt + e udw (t), (4.2.30)

which is the linearization of equation (4.2.5) near its non-trivial stationary solution, and
a* (t) is the non-trivial staionary solution of the original system (4.2.1) and can be obtained
by equation (4.2.24) using the stationary simulation results of (4.2.23). The simulated a* (¢)
is be better than x’ () because it is the amplitude of motion and has much less variation than
every single state variable. However, equation (4.2.5) is the averaged version of equation

(4.2.1), thus it is still not sufficient to describe the stability properties of the true stationary
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Figure 4.8 Lyapunov exponents for different values of y

solution. The simulated Lyapunov exponents 1, through the alternative equation (4.2.30)
are plotted in Figure 4.7. It can be seen that they correctly indicate that the true non-trivial
stationary solution is stable, but the rates of decay may not be accurate.

All the simulated results of A, in Figure 4.7 show that different values of § have very little
effect in the stability of the stationary solutions, provided that § is small. This verifies the
approximate ananlytical result obtained in Section 4.2.2, where it is stated that § has no
contribution to the Lyapunov exponents.

Figures 4.8 and 4.9 show the comparison of the Lyapunov exponents for different values of
y and «, which illustrate the effect of viscoelasticity on the stability of stationary solutions.
Both figures confirm that the analytical approximation through averaging agrees with the
simulation of A, i.e. the stability of trivial solution. It can be seen that, with the increase
of viscoelastic intensity, the trivial solutions will change from unstable to stable. That is,

viscoelasticity helps to reduce the amplitude of vibration. On the other hand, with the
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Figure 4.9 Lyapunov exponents for different values of «

decrease of «, or the increase of the relaxation time 1/, the trivial solutions also become
stable. Therefore materials with longer relaxation time help to stabilize the system to a lower
level of vibration.

Figure 4.10 shows the approximated analytical results of the Lyapunov exponents ob-
tained through stochastic averaging with the variation of y and «, for the case of S2w) =1.5,
where both the boundaries of D-bifurcation and P-bifurcation are plotted. It can be seen
that, under the excitation of wide-band noise with a certain intensity, the nonlinear vis-
coelastic system stays near the non-trivial staionary solution when y is small. When y
increases, the system change to stay near the trivial staionary solution. The larger the value

of y, the wider the area where the system stays near zero.
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4.3 Summary

The stochastic stability and bifurcation of a SDOF nonlinear viscoelastic system under
the parametric excitation of wide-band noise are studied in Section 4.2. By applying the
standard stochastic averaging method and the averaging method for integro-differential
equations, the largest Lyapunov exponents associated with the trivial and non-trivial sta-

tionary solutions are obtained for the nonlinear averaged system.

0.37 A

£=0.1, =0.05 w=1, §=0.01, SQw)=1.5

i
i

.
\\\\\\\\\\\\\ \\\

\ il
n
i

\7:‘\\\\\\\\\\\\}‘\\ \ \

\
\\\\\\
\\\\\

Boundary of P-Bifurcation

Boundary of D-Bifurcation

Figure 4.10 Lyapunov exponents and boundaries of bifurcations

The existence of nonlinearity induces stochastic bifurcation when the intensity of random
excitation increases, which makes it different from the linear case. Combining the largest

Lyapunov exponents and the stationary probability density, the existence of nonlinear
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viscoelasticity indicates that, when the power spectral density of wide-band excitation
increases, the system “jumps” from the trivial solution to the non-trivial stationary solution
with probability one. When the intensity of excitation continues to increase, the stationary
probability density p,(a) will change its form, from having no peak to having one peak.

The existence of viscoelasticity always help to stabilize the system to the static state in the
sense that the largest Lyapunov exponents associated with the trivial solution are smaller
and the energy of random excitation required to stimulate the stochastic bifurcation is
larger. Unlike linear viscoelastic systems, with the increase of the intensity of excitation, the
amplitude of vibration of a nonlinear viscoelastic system does not increase to infinity with
probability one, but limit to a higher level of vibration with large probability. This is an
important property in engineering applications of viscoelastic materials.

Monte Carlo simulation confirms the bifurcation phenomena. The simulated results
show that the standard stochastic averaging method provides a good approximation for
the nonlinear viscoelastic system when the nonlinear effect is small. The discrepancy of
the largest Lyapunov exponents between simulation and analytical approximation appears
after D-bifurcation occurs, this means an improvement of simulation methods should be

considered.



Conclusions and Future Research

5.1 Conclusions

The objective of this thesis is to study the stability properties of viscoelastic systems un-
der stochastic excitations. The equations of motion of viscoelastic bodies appear to be
integro-partial differential equations due to the time history dependence of viscoelastic
constitutive relation. Therefore, it is impossible to solve the equations analytically in almost
all the cases. Under certain boundary conditions, the general equations of motions may
reduce to integro-differential equations, which are easier to be investigated, analytically or
numerically. The Lyapunov exponents, which characterize the almost-sure stability, and
the moment Lyapunov exponents, which describe the moment stability, may be obtained
through different approximate methods. Since the equations of motion of a viscoelastic
body includes the time history, they are non-autonomous. Hence, it is required to study the
moment stability of such systems so that the complete behaviour of the responses can be
determined.

Monte Carlo simulation is an important numerical approach to study the properties of
stochastic dynamical systems. It may also be a referential criterion to determine how ac-
curate the approximate analytical solution is. The simulated moment Lyapunov exponents
may be evaluated through the sample average of norms. However, when a system is unsta-

ble, its solution may grow exponentially with large variance. This makes the estimation of

114
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moments through sample average norms inaccurate. Therefore a good algorithm for the
simulation of moment Lyapunov exponents is necessary.

An improved algorithm for simulating the moment Lyapunov exponents of linear ho-
mogenuous systems is presented in Chapter 2. The importance of linear homogenuous
systems lies in the fact that studying the stability of a general stochastic dynamical system
usually leads to the stability problem of a homogeneous system linearized near the station-
ary solution. Considering the asymptotic normality of the logarithm of norm, which is
satisfied by most systems in applications, the estimation of moments is converted to the
estimation of mean and variance of the logarithm of norm, which uses the results of sums of
independent random variables by Komlés-Major-Tusnddy. Numerical examples show that
this approach works well for different cases in engineering applications.

The stability of a single degree-of-freedom linear viscoelastic system under the paramet-
ric excitation of wide-band noise and narrow-band noise is studied in Chapter 3, where
the bounded noise is the model of narrow-band noise, and the Gaussian white noise and
Ornstein-Uhlenbeck process are the models of wide-band noise in Monte Carlo simula-
tion. The method of averaging, both first-order and second-order, is applied to simplify
the integro-differential equations. Then the moment Lyapunov exponents are determined
directly from the averaged equations for the cases of wide-band noise excitation, or are de-
termined numerically by Fourier series expansion from the eigenvalue problems governing
the moment Lyapunov exponents in the bounded noise case. The stability of the SDOF
linear viscoelastic system is determined in the sense of the moment Lyapunov exponents.
Numerical simulations using the algorithm presented in Chapter 2 show that the approx-
imated analytical results from the averaged system agree well with the simulation results.
This indicates that the method of stochastic averaging is an effective tool in analyzing the
stability properties of viscoelastic systems.

The approximate analytical results and the Monte Carlo simulation results of the moment
Lyapunov exponents in Chapter 3 show that, in order to stabilize the SDOF linear viscoelastic
system, the intensity of viscoelasticity and the material relaxation time have to be increased,

while the noise intensity has to be decreased.
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Since nonlinearity exists everywhere, Chapter 4 investigates the stability of a SDOF
viscoelastic system with cubic nonlinearity under the parametric excitation of wide-band
noise. Stochastic averaging method is applied again to simplify the system. The existence
of nonlinear viscoelasticity makes the nonlinear analysis possible because the averaged
equation is nonlinear. The Lyapunov exponents of the averaged system are solved using
the ergodic property of the stationary solutions. Monte Carlo simulation is also applied
to obtain the Lyapunov exponents numerically. The results indicate that, when the trivial
stationary solution loses its stability property under the change of some system parameters,
the response does not always increase infinitely, but stays as the non-trivial stationary
solution. This D-bifurcation phenomenon makes the behaviour of nonlinear viscoelastic
systems different for that of linear viscoelastic systems. The nonlinear viscoelastic system
may exhibit P-bifurcation under some conditions. However, P-bifurcation does not mean
the change of stability of solutions, but the formal change of stationary probability density.
In the case of weak nonlinearity, the averaging method provides a good approximation to
the original SDOF nonlinear viscoelastic system.

From the results in this thesis, it can be concluded that viscoelasticity always help to
stabilize the system, in the sense that the Lyapunov exponents and moment Lyapunov

exponents decrease when the effect of viscoelasticity increases.

5.2 Future Research

It can be seen that the method of stochastic averaging plays an important role in the
research of this thesis. As introduced in Chapter 1, the solution of the averaged system only
converges weakly to the solution of the original system in a finite time scale. However, the
evaluation of Lyapunov exponents and moment Lyapunov exponents requires the properties
of the solutions at infinite time according to their definitions. Therfore, theoretically, the
Lyapunov exponents and moment Lyapunov exponents obtained from the averaged systems
are still not sufficient to totally describe the properties of the original systems. Although
there is such limitation, as an effective approximation, the averaging method has widely

used in physical sciences and engineering since it was developed, and it has provided many
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important results in applications. If the averaging principle can be strengthened in the
convergence properties or in wider time scale, it would be of great help. However, this seems
to be a challenge work, and has to wait for the advances in mathematics.

The results in Chapter 4 advise that modified averaging methods need to be developed
for the cases with strong nonlinearity. Even in the cases of weak nonlinearity, the standard
averaging method needs to be improved if considering the difference of staionary density
functions between the averaging approximation and the simulation. The simulation results
of the Lyapunov exponents related to the non-trivial solution also require improvement in
algorithm. It seems that simulation through the linearized equations of nonlinear systems
is not an appropriate approach, especially for high-dimensional systems. One possible
approach may be through the non-trivial solutions themselves, i.e. the Lyapunov exponents
are found from the stationary time series [114], [50].

In the practical analysis of structural dynamics, a large structure is usually discretized
by finite element method, which leads to a multiple degrees-of-freedom (MDOF) system.
Therefore, studying the stability of MDOF viscoelastic systems under stochastic perturba-
tions is of great importance. Some research have been found for coupled oscillators, i.e. the
cases of two degrees-of-freedom elastic systems, where the polar coordinate transformation
similar to the SDOF case was applied [83], [84], [85]. However, for systems with degrees-
of-freedom higher than 2, even in the elastic cases, the analysis is not easy to proceed when
considering the random perturbations.

The theory of stochastic dynamical systems are far from complete. There is a long way to
go before a satisfactorily complete understanding can be obtained. However, the splendid

world encourages everyone step deep into the research of this essentially random nature.



Bibliography

S.T. ARIARATNAM. Stochastic stability of linear viscoelastic systems. Probablistic

Engineering Mechanics, 8, pp.153-155,1993.

2. S.T. ARIARATNAM. Stochastic stability of viscoelastic systems under bounded noise
excitation. In A. Naess and S. Krenk, editors, IUTAM Symposium on Advances in

Nonlinear Stochastic Mechanics, pp. 11-18. Kluwer Academic Publishers, 1996.

3. S.T. ARIARATNAM. Stochastic bifurcation in hereditary systems. In Proceedings of the
8th ASCE Joint Specialty Conference on Probabilistic Mechanics and Structural Relia-
bility, University of Notre Dame, Notre Dame, Indiana, 2000. CD-ROM Proceedings
(Kareem, Haldar, Spencer, and Johnson, eds.), paper PMC2000-163, 6 pages.

4. L. ARNoLD, M.M. DoYLE, AND N.S. NAMACHCHIVAYA. Small noise expansion of
moment Lyapunov exponents for two-dimensional systems. Dynamics and Stability of

Systems, 12(3), pp. 187-211,1997.

L.ArRNOLD, W.KLIEMANN, AND E. OELJEKLAUS. Lyapunov exponents of linear stochas-
tic systems. In L. Arnold and V. Wihstutz, editors, Lecture Notes in Mathematics,
VOL. 1186, pp. 85-125, Berlin, 1986. Springer-Verlag. Proceedings of a Workshop, Bre-

men, Germany, 1984.

6. L.ARNOLD,N.S.NAMACHCHIVAYA, AND K. SCHENK-HopPE. Toward an understanding
of the stochastic hopf bifurcation: a case study. International Journal of Bifurcation

and Chaos, 6(11), pp. 1947-1975,1996.

7. L.ArRNoOLD, E. OELJEKLAUS, AND E. PARDOUX. Almost sure and moment stability for
linear It6 equations. In L. Arnold and V. Wihstutz, editors, Lecture Notes in Mathematics,
VOL. 1186, pp. 129-159, Berlin, 1986. Springer-Verlag. Proceedings of a Workshop,

Bremen, Germany, 1984.

118



BIBLIOGRAPHY 119

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

L. ARNOLD. Stochastic Differential Equations : Theory and Applications. John Wiley ¢
Sons, Inc., New York, 1974.

L. ARNoLD. A formula connecting sample and moment stability of linear stochastic

systems. SIAM Journal of Applied Mathematics, 44(4), pp-793-802,1984.
L. ARNOLD. Random Dynamical Systems. Springer-Verlag, Berlin, 1998.

V.I. ARNOLD AND A. Avez. Ergodic Problems of Classical Mechanics. Addisin-Wesley
Publishing Company, Inc., Redwood City, California, 1968.

V.I. ARNoLD. Ordinary Differential Equations. The MIT Press, Cambridge, Mas-

sachusetts, 1973. Translated from the Russian by R.A. Silverman.

O.E. BARNDORFF-NIELSEN AND D.R. Cox. Asymptotic Techniques for Use in Statistics.

Chapman and Hall, London, 1989.

P.H. BAXENDALE AND D.W. STROOCK. Large deviations and stochastic flows of diffeo-

morphisms. Probability Theory and Related Fields, 80, pp.169-215,1988.

P.H. BAXENDALE. Asymptotic behavior of stochastic flows of diffeomorphisms. In
K. It6 and T. Hida, editors, Lecture Notes in Mathematics, VOL. 1203, pp. 1-19, Berlin,

1986. Springer-Verlag. Proceedings of the International Conference Held in Nagoya,
1985.

PH. BAXENDALE. Stability along trajectories at a stochastic bifurcation point. In
H. Crauel and M. Gundlach, editors, Stochastic Dynamics, pp. 1-25, New York, 1999.
Springer-Verlag.

P.H. BAXENDALE. Stochastic averaging and asymptotic behavior of the stochastic
Duffing-van der Pol equation. Stochastic Processes and Their Applications, 113, pp. 235-
272,2004.

G.D. BIRKHOFF. Dynamical Systems. American Mathematical Society, Providence,

Rhode Island, 1966.

E BLooM. Ill-Posed Problems for Integrodifferential Equations in Mechanics and Elec-
tromagnetic Theory. Society for Industrial and Applied Mathematics, Philadelphia,
1981.



BIBLIOGRAPHY 120

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

N. BogoL1uBovV AND A. MITROPOLSKIL. Asymptotic Methods in the Theory of Non-

linear Oscillations. Gordon and Breach, New York, 1961.

V.V. BoLoTIN. Nonconservative Problems of the Theory of Elastic Stability. Pergamon

Press, Oxford, 1963. Translated from the Russian.

V.V. BoroTIN. The Dynamic Stability of Elastic Systems. Holden-Day, Inc., San Fran-

cisco, 1964. Translated from the Russian.

P. BouGEROL AND J. LACrROIX. Products of Random Matrices with Applications to

Schrodinger Operators. Birkhéduser, Boston, 1985.

P. BoxLER. Lyapunov exponents indicate stability and detect stochastic bifurcations.
In P. Krée and W. Wedig, editors, Probabilistic Methods in Applied Physics, pp. 97-119,
Berlin, 1995. Springer-Verlag.

R.M. CHRISTENSEN. Theory of Viscoelasticity: An Introduction. Academic Press, New

York, second edition, 1982.

H. CrAMER. Mathematical Methods of Statistics. Princeton University Press, Princeton,
1946.

G.J. Creus. Viscoelasticity : Basic Theory and Applications to Concrete Structures.
Springer-Verlag, Berlin, 1986.

C.M. DAFERMOS AND J.A. NoHEL. Energy methods for nonlinear hyperbolic volterra
integrodifferential equations. Communication in Partial Differential Equations, 4(3),
Pp- 219-278,1979.

C.M. DArFerMOS AND J.A. NoHEL. A nonlinear hyperbolic volterra equation in vis-
coelasticity. In D.N. Clark, G. Pecelli, and R. Sacksteder, editors, Contributions to

Analysis and Geometry, pp. 87-116. The John Hopkins University Press, 1981. Supple-

ment to the American Journal of Mathematics.

L. DEVROYE AND L. GYORFI. Nonparametric Density Estimation : The L1 View. John

Wiley ¢ Sons, Inc., New York, 1984.

W. FELLER. An Introduction to Probability Theory and Its Applications, voL. 2. John
Wiley & Sons, Inc., New York, second edition, 1965.



BIBLIOGRAPHY 121

32.

33.
34.

35-

36.

37

38.

39.

40.

41.

42.

43.

44.

].D. FERRY. Viscoelastic Properties of Polymers. John Wiley ¢ Sons, Inc., New York,
third edition, 1980.

W. FLUGGE. Viscoelasticity. Blaisdell Publishing Company, 1967.

M.I. FREIDLIN AND A.D. WENTZELL. Random Perturbations of Dynamical Systems.
Springer-Verlag, New York, 1984.

M.IL. FREIDLIN AND A.D. WENTZELL. Random Perturbations of Hamiltonian Systems,
vOL. 109 of Memoirs of the American Mathematical Society, No. 523. American Mathe-
matical Society, Providence, Rhode Island, 1994.

A. FRIEDMAN. Stochastic Differential Equations and Applications, voL. 1. Academic
Press, New York, 1975.

Y.C. FuNG. A First Course in Continuum Mechanics. Prentice Hall, Inc., second edition,
1977.

H. FURSTENBERG AND H. KESTEN. Products of random matrices. The Annals of
Mathematical Statistics, 31(2), pp. 457469, 1960.

H. FURSTENBERG AND H. KESTEN. Noncommuting random products. Transactions of
the American Mathematical Society, 108(3), pp. 377-428,1963.

C.W. GARDINER. Handbook of Stochastic Methods : for Physics, Chemistry, and the
Natural Sciences. Springer-Verlag, Berlin, third edition, 2004.

L.I. GIHMAN AND A.V. SKOROHOD. Stochastic Differential Equations. Ergebnisse der
Mathematik und Ihrer Grenzgebiete, Band 72. Springer-Verlag, Berlin, 1972. Translated
by Kenneth Wickwire.

B.V. GNEDENKO AND A.N. KoLmoGoORoOV. Limit Distributions for Sums of Independent
Random Variables. Addison-Wesley Publishing Company, Inc., 1954. Translated from
the Russian.

A.E. GREEN AND R.S. R1vLIN. The mechanics of nonlinear materials with memory.
part i. Archive for Rational Mechanics and Analysis, 1(1),1957.

A. GRORUD AND D. TaLAy. Approximation of Lyapunov exponents of nonlinear
stochastic differential equations. SIAM Journal on Applied Mathematics, 56(2), pp. 627-
650,1996.



BIBLIOGRAPHY 122

45.

46.

47.

48.

49.

50.

51.

52.
53.
54.

55-

56.

J. GUCKENHEIMER AND P. HoLMEs. Nonlinear Oscillations, Dynamical Systems and
Bifurcations of Vector Fields. Springer-Verlag, New York, 1983.

L.LH. HaLL. Viscoelasticity of textile fibers at finite strains. Journal of Polymer Science
Part A-2 : Polymer Physics, 5(6), pp. 1119-1144,1967.

A.]. HEuNis AND M.A. KoURITZIN. Strong convergence in the stochastic averaging
principle. Journal of Mathematical Analysis and Applications, 187, pp. 134-155,1994.
M. Hyawr, R.A. IBRAHIM, AND N. MosHCHUK. Nonlinear random response of ocean
structures using first- and second-order stochastic averaging. Nonlinear Dynamics,
12(2), pp- 155-197,1997.

M.W.HIRscH, S.SMALE, AND R.L. DEVANEY. Differential Equations, Dynamical Systems
and An Introduction to Chaos. Elsevier Academic Press, San Diego, California, second
edition, 2004.

J. HoLzruss aAND U. ParLITZ. Lyapunov exponents from time series. In L. Arnold,
H. Crauel, and J.-P. Eckmann, editors, Lecture Notes in Mathematics, VOL. 1486, pp. 263-
270, Berlin, 1991. Springer-Verlag. Proceedings of a Conference, Oberwolfach, Ger-
many, 1990.

W.J. Hrusa. Global existence and asymptotic stability for a semilinear hyperbolic
volterra equation with large initial data. SIAM Journal on Mathematical Analysis,
16(1), pp. 110-134,1985.

N.JacoBsoN. Lie Algebras. John Wiley & Sons, Inc., New York, 1962.

T. KawaTa. Fourier Analysis in Probability Theory. Academic Press, New York, 1972.

H.K. KHALIL. Nonlinear Systems. Prentice Hall, Inc., Upper Saddle River, N.]., third

edition, 2002.

R.Z. KuasMINskII AND N. MosHCHUK. Moment Lyapunov exponent and stability
index for linear conservative system with small random perturbation. SIAM Journal
of Applied Mathematics, 58(1), pp. 245-256,1998.

R.Z. KHAsMINSKII. A limit theorem for the solutios of differential equations with
random right-hand sides. Theory of Probability and Its Applications, 11(3), pp. 390-
406,1966. English translation.



BIBLIOGRAPHY 123

57

58.

59-.

60.

61.

62.

63.

64.

65.

66.

67.

68.

R.Z. Kuasminskil. On stochastic processes defined by differential equations with a
small parameter. Theory of Probability and Its Applications, 11(2), pp. 211-228, 1966.

English translation.

R.Z. KuasMINSsKIL. Stochastic Stability of Differential Equations. Kluwer Academic
Publishers, Norwell, MA, 1980. English translation.

PE. KLOEDEN, E. PLATEN, AND H. ScHURZ. Numerical Solution of SDE Through Com-
puter Experiments. Springer-Verlag, Berlin, 1994.

P.E. KLOEDEN AND E. PLATEN. Numerical Solution of Stochastic Differential Equations.
Springer-Verlag, Berlin, 1992.

J.E. KoLassA. Series Approximation Methods in Statistics. Springer Science+Business
Media, Inc., New York, third edition, 2006.

J. KoMmLOs, P. MAjoR, AND G. TusNADY. An approximation of partial sums of in-
dependent rv’s and the sample df. i. Z. Wahrscheinlichkeitstheorie verw. Gebiete, 32,
pp- 111-131,1975.

J. KomLGs, P. MAJOR, AND G. TusNADY. An approximation of partial sums of inde-
pendent rv’s and the sample df. ii. Z. Wahrscheinlichkeitstheorie verw. Gebiete, 34,
pp- 33-58,1976.

M.A.KouritziN AND A.]J. HEUNIS. Rates of convergence in a central limit theorem for

stochastic processes defined by differential equations with a small parameter. Journal

of Multivariate Analysis, 43, pp.58-109,1992.

M.A. KouriTzIN AND A.]. HEUNIS. A law of the iterated logarithm for stochastic
processes defined by differential equations with a small parameter. The Annals of
Probability, 22(2), pp. 659-679,1994.
N. Kryrov AND N. BoGoLruBov. Introduction to Nonlinear Mechanics. Princeton
University Press, Princeton, NJ,1943.
H. KunitA. Stochastic Flows and Stochastic Differential Equations. Cambridge Univer-

sity Press, Cambridge, 1990.

H.J. KUSHNER. Stochastic Stability and Control. Academic Press, New York, 1967.



BIBLIOGRAPHY 124

69.

70.

71.

72.

73

74.

75:

76.

77

78.

79.

8o.

81.

G.S. Lar1oNov. Investigation of the vibrations of relaxing systems by the averaging
method. Mechanics of Composite Materials, 5(5), pp. 714-720,1969. English translation
from Mekhanika Polimerov, No. 5, pp. 806" C813, September”COctober, 1969.

H. LEADERMAN, E MCCRACKIN, AND O. NAKADA. Large longitudinal retarded elastic
deformation of rubberlike network polymers. ii. application of a general formulation
of nonlinear response. Journal of Rheology, 7(1), pp. 111-123,1963.

H.LEADERMAN. Large longitudinal retarded elastic deformation of rubberlike network
polymers. Journal of Rheology, 6(1), pp. 361-382,1962.

H. LerpHOLZ. Stability of Elastic Systems. Sijthoff ¢ Noordhoff, Alphen aan den Rijn,
The Netherlands, 1980.

Y.K. LiN AND G.Q. CaL Probabilistic Structural Dynamics : Advanced Theory and
Applications. McGraw-Hill, Inc., New York, 1995.

Y.K.Lin AND G.Q. CAIL. Some thoughts on averaging techniques in stochastic dynamics.
Probabilistic Engineering Mechanics, 15(1), pp. 7-14, 2000.

Y.K. LIN. Probabilistic Theory of Structural Dynamics. McGraw-Hill, Inc., New York,
1967.

P. LocHAK AND C. MEUNIER. Multiphase Averaging for Classical Systems : with Appli-
cations to Adiabatic Theorems. Springer-Verlag, New York, 1988.

E.LukAcs. Characteristic Functions. Charles Griffin & Company Ltd., London, second
edition, 1970.

A.M. LyapuNov. Probleme générale de la stabilité du mouvement. Communications
de la Société Mathématique de Kharkov, 2, pp. 265-272,1892. Reprinted in Annals of
Mathematical Studies, vol. 17, Princeton University Press, Princeton, 1947.

A.M. LyapuNov. Stability of Motion. Mathematics in Science and Engineering, vol. 30.
Academic Press, New York, 1966.

G.N. MILSTEIN. Numerical Integration of Stochastic Differential Equations. Kluwer
Academic Publishers, Dordrecht, 1995.

S.A. MorLcHANOV. The structure of eigenfunctions of one-dimensional unordered

structures. Mathematics of the USSR. Izvestija, 12, pp. 69-101,1978.



BIBLIOGRAPHY 125

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

J.A.MURDOCK. Perturbations. Theory and Methods. Society for Industrial and Applied
Mathematics, Philadelphia, 1999.

N.S. NAMACHCHIVAYA, H.J. VAN ROESSEL, AND M.M. DoYLE. Moment Lyapunov
exponent for two coupled oscillators driven by real noise. SIAM Journal of Applied
Mathematics, 56(5), pp. 1400-1423,1996.

N.S. NAMACHCHIVAYA AND H.]. VAN ROEsSEL. Moment Lyapunov exponent and
stochastic stability of two coupled oscillators driven by real noise. ASME Journal
of Applied Mechanics, 68(6), pp. 903-914, 2001.

N.S. NAMACHCHIVAYA AND H.J. VAN ROESSEL. Stochastic stability of coupled oscilla-
tors in resonance : A perturbation approach. ASME Journal of Applied Mechanics, 71,
Pp- 759-768, 2004.

N.S. NAMACHCHIVAYA AND L. VEDULA. Stabilization of linear systems by noise :
application to flow induced oscillations. Dynamics and Stability of Systems, 15(2),
Pp-185-208, 2000.

N.S.NAMACHCHIVAYA. Stochastic bifurcation. Applied Mathematics and Computation,
30, Pp. 37-95,1990.

PJ. OLvER. Applications of Lie Groups to Differential Equations. Springer-Verlag, New
York, second edition, 1993.

Y.I. OseLEDEC. A multiplicative ergodic theorem. Lyapunov characteristic number for
dynamical systems. Transactions of the Moscow Mathematical Society, 19, pp. 197-231,
1968. English translation.

V.D.Potapov. On almost sure stability of a viscoelastic column under random loading.
Journal of Sound and Vibration, 173(3), pp. 301-308,1994.

V.D. Potarov. Numerical method for investigation of stability of stochastic integro-
differential equations. Applied Numerical Mathematics, 24, pp.191-201,1997.

M.]. QuiNN. Parallel Programming in C with MPI and OpenMP. McGraw-Hill, Boston,
2004.

].B. ROBERTS AND J.F. DONNE. Literature review : Nonlinear random vibration in

mechanical systems. The Shock and Vibration Digest, 20(6), pp. 16-25,1988.



BIBLIOGRAPHY 126

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

J.B. ROBERTS AND P.D. SpaNos. Stochastic averaging : An approximate method of

solving random vibration problems. International Journal of Non-Linear Mechanics,
21(2), pp. 111-134, 1986.

J.B. RoBERTs. Techniques for nonlinear random vibration problems. The Shock and
Vibration Digest, 16(9), pp. 3-14,1984.

R. Roscoe. Mechanical models for the representation of visco-elastic properties.
British Journal of Applied Physics, 1, pp.171-173,1950.

J.A. SANDERS AND FE. VERHULST. Averaging Methods in Nonlinear Dynamical Systems.
Springer-Verlag, New York, 1985.

K.R.ScHENK-HOPPE. Bifurcation scenarios of the noisy duffing-van der Pol oscillator.
Nonlinear Dynamics, 11, pp. 255-274,1996.

K.R. ScHENK-HOPPE. Stochastic Hopf bifurcation: an example. International Journal

of Nonlinear Mechanics, 31(5), pp. 685-692,1996.

R.J. SERELING. Approximation Theorems of Mathematical Statistics. John Wiley ¢ Sons,
New York, 1980.

A.N. SHIRYAYEV. Probability. Springer-Verlag, New York, 1984.

A.V.SKOROKHOD, F.C. HOPPENSTEADT, AND H. SALEHI. Random Perturbation Methods

with Applications in Science and Engineering. Springer-Verlag, New York, 2002.

A.V. SKOROKHOD. Asymptotic Methods in the Theory of Stochastic Differential Equa-

tions. American Mathematical Society, Providence, Rhode Island, 1989.

M. SNIR, S. OTTO, S. HUSS-LEDERMAN, D. WALKER, AND J. DONGARRA. MPI : The

Complete Reference. The MIT Press, Cambridge, Massachusetts, 1996.

K. SoBczyk. Stochastic Differential Equations : with Applications to Physics and Engi-

neering. Kluwer Academic Publishers, Dordrecht, 1991.

R.L.STRATONOVICH. Topics in the Theory of Random Noise, voL.1. Gordon and Breach

Science Publishers, Inc., New York, 1963.

R.L.StrATONOVICH. Topics in the Theory of Random Noise, voL. 2. Gordon and Breach

Science Publishers, Inc., New York, 1967.



BIBLIOGRAPHY 127

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

D.TaLAy AND L. TuBARO. Expansion of the global error for numerical schemes solving
stochastic differential equations. Stochastic Analysis and Applications, 8(4), pp. 483-
509,1990.

D. TaLAYy. Approximation of upper Lyapunov exponents of bilinear stochastic differ-
ential systems. SIAM Journal on Numerical Analysis, 28(4), pp. 1141-1164,1991.
D.TaLAy. Simulation of stochastic differential systems. In P. Krée and W. Wedig, editors,
Probabilistic Methods in Applied Physics, pp. 54-96, Berlin, 1995. Springer- Verlag.

W. WEDIG. Lyapunov exponent of stochastic systems and related bifurcation prob-
lems. In S.T. Ariaratnam, G.I. Schuéller, and 1. Elishakoff, editors, Stochastic Structural
Dynamics — Progress in Theory and Applications, pp. 315-327, London, 1988. Elsevier
Applied Science.

R.E. WHITE. Computational Mathematics : Models, Methods and Analysis with MAT-
LAB and MPI. CHAPMAN ¢ HALL/CRC, Boca Raton, Florida, 2004.

S.WiGGINs. Introduction to Applied Nonlinear Dynamical Systems and Chaos. Springer-
Verlag, 1990.

A.WoLp, ].B. SWIFT, H.L. SWINNEY, AND J.A. VASTANO. Determining Lyapunov expo-
nents from a time series. Physica, 16D, pp. 285-317,1985.

E. WoNG. Stochastic Processes in Information and Dynamical Systems. McGraw-Hill,
New York, 1971.

W.C. X1E. Moment Lyapunov exponents of a two-dimensional system under real noise
excitation. Journal of Sound and Vibration, 239(1), pp. 139-155, 2001.

W.C. XI1E. Moment Lyapunov exponents of a two-dimensional system under bounded
noise parametric excitation. Journal of Sound and Vibration, 263(3), pp. 593-616, 616
2003.

W.C. X1E. Monte Carlo simulation of moment Lyapunov exponents. ASME Journal of
Applied Mechanics, 72(2), pp. 269-275, 2005.

W.C. X1E. Dynamic Stability of Structures. Cambridge University Press, 2006.

E. ZEIDLER. Nonlinear Functional Analysis and Its Application, voL.1: FIXED-POINT

THEOREMS. Springer-Verlag, New York, 1985.



BIBLIOGRAPHY 128

121. H.ZI1EGLER. Principles of Structural Stability. Blaisdell Publishing Company, Waltham,
MA,1968.



