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Abstract. The reliability analysis of structures subjected to stochastic loading involves evaluation of time and
probability of the system’s residence in a reference domain. In this paper, we derive an asymptotic estimate of exit
time for multi-degrees-of-freedom structural systems. The system’s dynamics is governed by the Lagrangian
equations with linear dissipation and fast additive noise. The logarithmic asymptotic of exit time is found
explicitly as a sum of two terms dependent on kinetic and potential energy of the system, respectively. As an
example, we estimate exit time and an associated structural performance for a rocking structure.
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1. Introduction

In problems that cover a wide range of engineering applications, there is a stochastic process model
for a system, and the goal is to keep the system within a prescribed admissible domain. Exit from this
domain can be in some sense catastrophic. Examples are the loss of integrity and the destruction of
structures, the loss of stability, the disruption of normal operation, etc.

There are two parameters, closely related to the system’s lifetime and reliability, probability P(¢) of
exit from an admissible domain over a given time interval [0, f) and the mean exit time Ez, where 7 is
the first moment the system leaves the prescribed domain. If exits are rare independent events, exit
probability P,(7) can be approximated by the Poisson law P,(f) = 1—-e™, where A= 1/(E7) (Bolotin
1984). This makes the mean exit time a parameter of a high priority.

In general, the analysis of the non-stationary exit processes for a mdf nonlinear system with non-
white noise perturbation is prohibitively difficult. The appropriate mathematical basis to examine the
exit processes is large deviations theory (Kushner 1984a,b, Freidlin and Wentzell 1998). This theory
provides an alternative approach to the analysis of the perturbed dynamics. Essentially, the estimates of
the mean exit time and related quantities are obtained as the solution of a deterministic variational
problem. The large deviations principle considers the cost (action) functional that must be minimized
by the “most likely” exit path. The solution the Hamilton-Jacobi equation associated with minimization
of the action functional corresponds to the logarithmic asymptotics of the mean exit time.

Large deviations in a multi-degrees-of-freedom Lagrangian diffusion system has been discussed
(Kovaleva 2006a,b). In this paper, we extend the large deviations principle to the mdf Lagrangian
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systems with coloured noise. Following (Kushner 1984a,b), we construct the Hamilton-Jacobi equation
for the logarithmic asymptotics of the mean exit time. We show that, under some non-restrictive
assumptions, this equation has a closed-form solution.

The paper is organized as follows. Section 2 reminds some requisite issues of large deviations theory
and introduces the Hamilton-Jacobi equation for the logarithmic asymptotic of exit time.

In Section 3 we show that the solution of this equation can be constructed as a sum of two terms. The
first term takes a form of kinetic energy with a linearly transformed matrix. The second term depends
on potential energy and satisfies a linear PDE of a simple structure. Under some non-restrictive
assumptions, we find the explicit solution of this equation.

Section 4 demonstrates an application of the theory to a problem of the controlled motion of a rocking
block. The control task is to prevent overturning during the requisite time interval. The logarithmic
asymptotics of the mean exit time from the reference domain is found as an explicit function of the
system and noise parameters. This allows design of a regulator effectively counteracting the noise-
induced deviations.

2. Basic methodology

The equations of motion take the form

doLg.§ L,
i & &

where g € R", £&°(r) = &(1/€) is a zero-mean stationary Gaussian process in R, A is a nxr - matrix.
Lagrangian L(g, ¢) = T(g, ¢ ) —11(g), where T(q, ¢) = (¢, M§)/2 and I1{g) are kinetic and potential
energy of the system, respectively. The matrices M and B are positive definite square matrix. The point
q =0 is assumed to be a unique asymptotically stable equilibrium of the unperturbed system in the
reference domain.

Define the impulse p = JL(g, ¢ )/Jq and construct the function

Bg = AE(r) (D

H(@.p) = (. P)~ Ua. §) = T(§) +11@) = T() +11(q) @
in which
QG P =M'p, T()=1047'p) = L (p. Mp)

Substitution of function (2) into Eq. (1) yields
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Let the admissible domain G: {(g, p)chRzn, t<7%} be an open bounded set with smooth
boundary 7"and closure G. The unperturbed counterpart of system, Eq. (3) (4= 0) is assumed to have a
single asymptotically stable point O: {g =p =0} G*, and all trajectories of the unperturbed system
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originating in G tend to O. The task is to estimate the mean time Ez?, where 7° = inf {t: (¢(¢), p(1)) 2 G}
is the first moment the system leaves G.

The convergence of the unperturbed orbits from G to the asymptotically stable origin O entails the
convergence of the perturbed orbits originating in G to a small neighbourhood of O. Motion evolves
within this neighbourhood over the exponentially large time interval until the burst-like escape from the
domain G (Freidlin and Wentzell 1998, Kushner 1984a,b). This implies that escapes from a given
domain are rare events, and large deviation theory is useful for the asymptotic analysis. Omitting the
detailed analysis, we refer to the main result of large deviation theory concerning the exit time estimation.
Under some non-restrictive assumptions, the mean time Ez°obeys the estimate (Kushner 1984a,b)

lime In(E7") = 1nf S(g, p) =S, 4)

e—>0

where S(g, p) is the solution of the Hamilton-Jacobi equation (Kovaleva 2006a,b)

o”H o8 as oSy _ -
[H,S]—( 0,) o”q) _<0"_p Aé)p) =0,50,0)=0 %)

in which [H, S] is the Poisson bracket
.51+ (22,2 (22,29
A is the positive definite matrix defined as
A= AW, W= [EEDEO)d ©

Here and below the prime denotes transposition of a vector or a matrix.

3. Calculation of S,

It is easy to prove that Eq. (5) is satisfied if

O _ (OH 35 _ 1 0H

ol K=24"B 7
é’p ﬁp aq 5(] )

or, by Eq. (2)
ZA) AT 108 oIl
— = K—=KM = K'— 8
dp " op P 5 Oq ®)
that is !
S p) = 3 (p. KM "'p) + () ©)

where the function ® satisfies the equation

20 _ 9l g0y = g (10)
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Eqs. (9) and (10) define the solution of Eq. (5) and estimate (4). We note that the term ( p, KM ~'p)/2
can be interpreted as kinetic energy of a system with the mass matrix M° = MK

Now we consider some special cases allowing the precise solution of Eq. (10). Suppose that

1. The matrix K = k/,, where 1, is the n-th order identity matrix, & is a scalar We obtain from Eqs. (7)

S(g, p) =kH(q, p) (11)

2. The matrix K = diag {k,,..., k,}. Potential energy Il(g) is in the form

II(g) =Y figy), fi(0) =0 (12)
i1
Thus we have

0 (q) =3 k. fi(a) = (k. f(@) (13)

i=1

where the vectors k = (ky,..., k), f = (f1».-., f,). Formulas (9), (10) and (13) yield
1 _
S(a. p) = 5 (. KM"'p) + (k. lg)) (14)
3. The system is linear; the equations of motion are written as
Mg + Bg + Cq = AE (1) (15)

where C is positive definite matrix. Potential energy of the system is //(g) = (g, Cq) /2. In this case we
find from Egs. (9), (10)

Sg, p) = % [( p. KM "'p) + (g, K'Cq)] (16)

3. Definition of the exit point and the terminal state

Exit location and the state of the system at the moment 7°are defined by condition (4). Let the
minimum of the quasi-potential S(g, p) be achieved at a point (¢*, p*) € int G In this case, the terminal
state of the system converges in probability to (¢*, p*) as &0 (Freidlin and Wentzell 1998). If all
entries of the vectors ¢ = ¢* and p = p* are fixed on the boundary G, then, by (4), S, = S(¢*, p*).

In general, the boundary is defined as a set of equalities

Qg p) =0 (@ =1...r), (¢, p) € I’ (17

or, in the vector form, @ (g, p) = 0, where @ is the vector with entries @, (i = 1,..., r), Following the
standard minimization procedure (Fiacco and McCormick 1990), we introduce the extended function
Fq.p, 1) =S8, p) + (1, @(q, p)), where entries of the vector A are the Lagrange multipliers 4,(i=1,...,
7). Under the regularity assumption (Fiacco and McCormick 1990), the minimum of F{(q, p, 4) is
defined by the equations JF/Fq = JF/Fp = 0 and conditions (17).
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In a number of applications, the admissible domain G, is identified by the variable g, that is G,:
{D(q) <0}, 1, {D(q) =0} (i=1,...,r)} Formally, there are no particular restrictions to the impulse p.
In this case F(q, p, A) = S(q, p) + (A, Aq)), that is

é’F é’S —1 *
— =—==KM p=0 =0. 18
o ap p=0.p (18)

Therefore, if the boundary value of the impulse p is not prescribed, then p* =p(z%) = 0 at the moment

“the most likely” exit path reaches the boundary 7. Then by (4), (18)

lim & n(E7°) = inf S(g, p) = inf &q) (19)

£50 r Iy

5. Example

As an example, we analyse rocking motion of a structure standing free on a moving foundation (Fig. 1).
Performance criterion is toppling probability, which is closely associated with exit time. The task is to
choose the control parameters maximizing the mean exit time.

During the earthquakes, many of the buildings and elevated highways move like rigid blocks and end
up leaning or fallen to one side. A detailed analysis (Kovaleva 2005) has proved that the effect of
structural flexibility on the rigid motion of a structure as a whole is negligibly small if the height of the
structure significantly exceeds its width. This makes the rigid block motion a credible dynamic model
in analysis of rocking response of a slender structure.

We consider the simplest case of a planar response of a slender, rigid, uniform, rectangular block.
Assuming rigid foundation, large friction to prevent sliding, and the Newton restitution law at impact,
the only possible response mechanism under ground excitation is rocking about the corners of the block
(Fig. 1). Rocking oscillations are excited by random ground acceleration resulting in overturning with a
non-zero probability. The control U is implemented to minimize the toppling probability.

Let M be the mass of a rectangular block of width 2/ and height L >> h; K = Mp? and p be the mass
moment of inertia and the radius of inertia about the axes of rotation Oy or O,. The position of the
centre of gravity C on the axe of symmetry is determined by the angle o = arcsin(4/[) << 1; the distance
from the bottom edges to the center of gravity is O, C = O, C = [. The angle of rotation about the corner

R

% > /

Fig. 1 Block rocking about the bottom of the corner
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of the block is g <<'1 (Fig. 1).

The horizontal ground motion induces rocking; the control torque U counteracts rotation. The ground
acceleration £%(¢) = 4(¢/e) is assumed to be zero-mean stationary Gaussian process, 0 <g < 1.

The equation of rocking motion is written as

K§ + Mgl sin(a —|g|) = —MI{(H)cos(a— g} - U (20)

Whenever g = 0, an impact rule is applied: ¢ = £, g(t,) = 0, § .(t.) = pg (t,), in which p<(0, 1] is the
restitution coefficient, ¢ .(f) = ¢ (¢, £ 0). For simplicity, we let p = 1.

As shown in Kovaleva (2005), two parameters affect the structural stability, the position of the centre
of gravity and dissipation in the system and at impact. Since the position of centre of gravity is
unchangeable, the control torque is chosen as U = ¢ . The coefficient 5 can be interpreted as the gain
factor of the velocity feedback.

Linearisation with respect to the small angles ¢ and « yields the equation

G +bg —n(q —asigng) = o (1) 2y

where n* = Mgl/K, o= MI/K = n’/g, b = B/K. Considering Eq. (21) as the Lagrange equation, we define
kinetic, potential and total energy as

2

Tp) = 1 42= ; P 11(g) = % [~ (g - asgng)’]

N =

Hg. p) = 5 7" + e’ = (q - @ seng)’]} @)

The potential function 7/(g) is presented in Fig. 2. The dashed line (-4, A) is tangent to the maxima of
the potential function /@) = I(—c) = (na)*/2. The curvilinear triangle (-4, 0, 4) represents the domain
of rocking oscillations, exit from this domain entails overturning. In the phase plane, the admissible
domain is restricted with the diamond-shaped separatrix 7 (Kovaleva 2005).

I {lpl = n(lq| - @)} (23)

By Egs. (4), (11), the mean exit time is calculated as

limog In(E7") = inf [kH(q, p)] = Sy (24)
£—> q,.p €
I1q)
A
—A A

Fig. 2 The potential of the rocking oscillator
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Fig. 3 The conservative phase portrait of the rocking oscillator

where, by Egs. (6), (7), k = 2b/(c2S(0)), S(w) is spectral density of the process (7). In order to
minimize H(g, p) at the boundary 7", we rewrite Eq. (23) as

I {p* = (g —asgng)’} (25)
Substituting Eq. (25) into Eq. (24), we obtain

. o b(na) _ bgpd
limeln(E7) = =
g0 (E7) S(0) 1S(0)

(26)

Formula (6) and (26) imply that an increase of the spectral density S(0) reduces E7*. Physically, this
stems from the fact that free motion of the system is a slow process compared with noise, and the effect
of the low-frequency portion of the noise spectrum is similar to the effect of the resonance excitation.
Then the value Ez* depends on both the geometric parameters of the block and the gain factor b but it is
independent of the mass. If the geometric parameters are unchangeable, an increase of the parameter b
improves structural performance.

5. Conclusions

The paper has developed an algorithm for calculating a reliability-based performance criterion,
associated with the first-passage problem. It has been shown that the mean time until escape from an
admissible domain of structural integrity can be calculated in the closed form. The approach employed
is based on the solution of the Hamilton-Jacobi equation for the logarithmic asymptotics of the mean
exit time. The solution of this equation explicitly depends on kinetic and potential energy of the system
and can be found for both non-linear and linear systems.

This approach is of potential use in the dynamics and control problems for a wide class of mechanical
and physical systems. As an illustration, the time until overturning for a controlled rocking structure is
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estimated. The solution is found as an explicit function of the block’s geometric parameters, the
regulator’s gain factor, and the noise spectrum.
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