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The main idea of the paper is to introduce the second order perturbation second
probabilistic moment analysis in the context of the finite difference method (FDM)
modelling of vibrations. The approach can be successfully applied in all those engineering
analyses where FDM modelling of engineering structures vibrations is still useful and, at the
same time, some structural parameters are random variables or fields. The general
advantage of the stochastic finite difference method (SFDM) proposed is the relatively easy
extension of the existing deterministic results of the classical elastodynamics on the random
or stochastic case. However, similarly to stochastic boundary or finite element methods, the
approach proposed has its limitations on the second order random uncertainties measures
of input random variables. © 2002 Elsevier Science Ltd.

1. INTRODUCTION

The finite difference method (FDM) [1-3] being probably one of the oldest numerical
techniques in engineering and scientific computations is still widely used in the domain of
heat transfer [4], electrodynamics [5], electromagnetics [6] and in hydromechanics [7]
even for large-scale problems [8]. On the other hand, engineers and scientists usually obtain
the information about structural and system parameters in the form of statistical estimators
or random processes. Because of that, the idea of extension of the FDM on the random
variables, fields or processes modelling seems to be quite natural, and promising.

Due to such an extension, one can answer the question how the probabilistic parameters
of input result in corresponding parameters of the structural response. It is known that it
can be done using various mathematical and numerical methods [9-11]. The second order
perturbation second central probabilistic moments technique [10, 13] can be applied, for
instance, to show how to build up the stochastic solution starting from the corresponding
deterministic one. The alternative ways of random processes modelling to the method
proposed, in the context of a FDM stochastic extension, is the application of the
Monte-Carlo simulation technique [14] or stochastic spectral techniques (improved
Neumann, Karhunen-Loeve or Polynomial Chaos expansions [9]).

The stochastic perturbation technique is used here, analogously to its applications in the
finite element method [10] as well as the boundary element method [12] stochastic
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extensions, to utilize the FDM for the needs of probabilistic analysis [13]. Considering the
fact that input statistical information on random variables in engineering problems is
usually given using up to the second moment statistics-expected values and standard
deviations (variances or cross-correlations), then the second order perturbation method is
proposed. The application of higher than the second order perturbation methods needs
reliable data on higher order probabilistic moments that is not always available.
Furthermore, in numerous applications, the third order probabilistic coefficients are almost
equal to 0, while application of the fourth order perturbation analysis complicates decisively
the equilibrium equations solution. Finally, let us observe that most advanced tools for
reliability analysis are still based on the second order probabilistic analysis (second order
reliability methods (SORM)); so, from this particular point of view, there is no need to carry
out higher order perturbation analysis.

Considering the above, the application of the second order perturbation technique is
shown for the analysis of vibrations of structures with random parameters which is still of
interest [9, 11, 157]. The proposed approach is illustrated by the example of free vibrations of
a fixed—pinned beam and simply supported square plate. The results obtained in the paper
in the context of the application of the stochastic perturbation-based finite difference
methodology to vibration analysis [2] can be used to extend any existing FDM-based
computer programs to analyze problems with one or more parameters being random
variables or processes. In further extensions of the computational techniques for
applications in probabilistic mechanics and engineering, the usage of the FDM is
recommended considering the fact that this method is efficiently used for time discretization
of the analyzed structures as well. Because of that and considering the numerical modelling
of stochastic stationary and unstationary processes, the application of the specially adopted
FDM should be taken into account.

2. STOCHASTIC SECOND ORDER PERTURBATION APPROACH

Generally, we are looking for the solution of the problem
Mii + Ci + Ku =, 1

where M, C and K are linear stochastic operators, u is the random structural response, while
f1s the admissible excitation of the system. Usually, such operators are identified as mass,
damping and stiffness matrices in structural dynamics applications. As it is known [16], the
analytical solutions for such a class of partial differential equations are available for some
specific cases and that is why quite different approximating numerical methods are used.
Various mathematical approaches to the solution of that problem are reported and
presented in references [9, 17], however the second order perturbation second central
probabilistic moment approach is proposed below.

For this purpose, let us denote the random variable of the problem as a vector {b'(x; 0)}
and its probability density as p(b") and p(b" b*), respectively, where r, s=1, 2,...,R
index the random variables. Next, the expected values of this vector are defined as

~+ o0
B0 = [ oty @

and the covariance in the following way!

Cov(', b) = f o J v (b" — E[b'])(b* — E[F*])p(b", b*)db" db®. 3)

— 00J T 00



FINITE DIFFERENCE METHOD 653

If the discrete representation of random variable b(x; 0) is used, the statistical estimators
may be applied to approximate any order probabilistic moments of this variable.

Next, all material and physical parameters of Q as well as the state functions, being
random fields, are extended by the use of the stochastic expansion via the Taylor series as
follows [10]:

n

F(b) = FO(b°) + % <% FO(p) ﬁ Ab’), )

where ¢ is a given small perturbation, é4b” denotes the first order variation of 4b" about its
expected value E[b"] and F™(b) represents the n-th order partial derivatives with respect to
the random variables, while F™(b°) denotes the n-th order partial derivative calculated at
the expected value of the input random variables vector. Variable 0 represents the random
event belonging to the additional probabilistic space of admissible events (non-negative, for
instance). The second order perturbation approach is introduced here and hence, the
analyzed random function F(b) is extended as

2

F(b) = FO(b°) + eF"(b)Ab" + % Fr(b) b Ab*, (5)

Let us note that the second order equation is obtained by multiplying the R-variate
probability density function pg(by,b,, ..., bg) by the £*-terms and integrating over the
domain of the random field variables b(x; ). Then, the L.H.S. differential operator K(b)
introduced in equation (1) is extended as

K(b) = K°(b°) + K"(b)4b" + K'"(b) Ab"Ab* (6)
under the assumption that the small parameter of the extension ¢ is equal to 1. Further,
applying the stochastic second order Taylor series based extension to the basic
deterministic equation (1) of the problem and equating the same order terms, the following
relations are obtained for 7 € [0, oo):

Zeroth order equations:
MO ()i (b°% t) + CO(b°)u (b% 1) + KO (B°)u’(b°% 1) = £ (b°; 7). (7
First order equations (for r =1, ..., R):
M- (b%)ii°(b%; 1) + C"(b%)u® (b ) + K" (b%)u’(b°; 1)
+ MO(b°)ir(b% t) + CO(b°)ur" (b% t) + KO(bO)u" (b% 7) =" (b% 7).  (8)
Second order equations (forr,s =1, ..., R):
M 5(b%)i(b%; 1) + C(b%)u° (% 1) + K5(b°)u’(b°; 1)
+ 2M-"(b%)irs(b% ) + 2C " (b%) 1S (b 1) + 2K " (bO)us(b°; 1)

+ MO(BO)iE (b 1) + COBO) (b 1) + KOBOur(b% 1) =7 (% 7). (9)
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If we are looking for the n-th order partial differential perturbation-based equation, it can
be rewritten generalizing the statement posed above in the form

En: < >M(n)(b0 O(bo + Z < >C(n) bO)uO(bO + Z < )K(n)(bo)u (bO ) f(n)(bo; ‘L').
(10)

Assuming that higher than the second order perturbations can be neglected, this
equations system constitutes our equilibrium problem. The detailed convergence studies
should be carried out in further extensions of the model with respect to the perturbation
order, parameter 0 and coefficient of variation of input random variables.

Further, it is observed that equations system (8) is rewritten for all random parameters of
the problem indexed by r = 1, ..., R (R equations), while system (9) gives us generally R?
equations. To eliminate the large number of equations we multiply equation (9) by the
covariance matrix of input random parameters and therefore

Zeroth order equations:
MOBO)i®(b% ) + COBO)i (b 1) + KO(bOu®(b% 7) = £ (b°% ). (1)
First order equations (for r =1, ..., R):
MOBO)ii (6% 1) + CO(b)i" (0% 1) + KO(O)u" (b 1) = 7 (b°% 7)
— IM(BO)ii°(b% 7) + C (B0 (6% 1) + K (b)u°(b% ). (12)
Second order equations (for r, s = 1, ..., R):
MO (B (0% ) + CO(b)i? (% 1) + KO (b°)u' (b 1)
= {7 (% ©) = M (BO)ii°(b% 1) — C (b0 (% 7) — K (b)u° (% )
— M (B (b ) — 2CT (b)Y (0% 7) — 2K (B0)ur*(b%; 1)} Cov (i, ) (13)

Let us observe that for the n-th order perturbation approach, the closure of hierarchical
equations is obtained by the n-th order correlation of input random process components b"
and b, respectively. For this purpose, n-th order statistical information about input random
variables is, however, necessary.

To obtain the probabilistic solution for the considered equilibrium problem,
equation (11) is solved for u° (and its time derivatives 1i° and ii®, correspondingly), followed
by equation (12) solved for the first order terms of u'" and, finally, equation (13), for u®. The
two probabilistic moment characterization of all the state functions starts from the expected
value of the displacements. Using its definition

ELu(]) = | u(tpbix: ) b (14

the second order accurate expectations are equal to

E[u(®] = u°(t) + 3umS5 = u®(t) + Su®. (15)
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In quite a similar manner, we obtain second order probabilistic characteristics. Defining
covariance as

+ 0

Cov(u(t,); u(tz)) = J {u(ty) — E[u(t )]} {u(tz) — E[u(t2)]} pr(b(x; 0))db,  (16)

it is obtained that
Cov(u(ty); u(tz)) = w'(ty)u(tz) Cov(b", b°). (17)

This completes the two-moment characterization of the perturbation-based solution for
dynamic equilibrium problem (1). The entire solution simplifies in the case of free vibrations
when the following equation is to be solved:

[K - QuyM]® =0, (18)

where Q,, and @ are the eigenvalues and eigenvectors, respectively, and o =1,..., N
represents the total number of degrees of freedom of a structure. Using the second order
expansion, we obtain the following equations system:

[KO - Q(&)MOJ djO = 0, (19)
[KO - Q((;)MO] ¢,r = — [K’r - Q(;)MO - Q&)M’r] d)o, (20)

[K® — QGM]0? = — {[K"™ — QiEM° — 2Qi5M™ — QQ,M "] @°
+ 2[K" — QuMP — Q%M "] &%} Cov(}', b). 21)

To determine probabilistic moments of the eigenvectors, up to the second order derivatives
with respect to input random variables are to be determined. While zeroth order quantities
are obtained from relation (19) directly, the methodology to calculate first order terms is
definitely more complicated. Equation (20) is transformed for this purpose by multiplying
by the transposed zeroth order eigenvector and it is obtained that
' [K® — QO MO]P " — @0 QMO0 = — @O [K" — Q% M-"] 9. (22)
Since ®° is diagonal and K° and M° are symmetric, equation (22) is obtained as
[¢°'[K® — Q4M°]&"]" = &7 ' [K° — QQM°]#° = 0. (23)
Let us observe that Q" is diagonal and therefore
O QM D0 = Q00 MOP°, (24)

which finally gives

Q= 0°'[K" — QM "] 90, (25)
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Next, using an analogous technique in case of the second order equation, it is derived that
PO [K° — QOM°]d? — ¢°" QM PO
=— {cDOT[K*” —2QunM* — QoM 9° + 2(15°T[K" — QinM° — QoM "]} Cov (D', b°),
(26)
which finally implies that
P = [ [K" — 205MF — QO M ™] @°
+20° (K" — Qi M° — Q%M " 1@} Cov(b', bY). (27)
The next problem is to determine the first and second order derivatives of the eigenvectors.
Basically, the eigenvector derivative is expressed as a linear combination of all the
eigenvectors in the original system. Equations describing the coefficients of the linear
combination are composed using the M-orthonormality and K-orthogonality conditions
[9]. Starting from equation (20), the o-th eigenpair is rewritten as

[K® — Qo,M°] @y, = — [K" — QiM° — QoM "] &g, (28)

and equation (25) in the following form:

Qi = P [K" — odyM"]®(,. (29)
By substitution, these holds
[K® — QuM°1®¢) = R, (30)
with R{, being equal to
=~ [K" = 04K — QM ") PL,M° — Qi) M "1 9. 31)

Further, we assume that the a-th first order eigenvector @, can be expressed as a linear
combination of all zeroth order eigenvectors as

D) = POdl,,. (32)
The complete description of the coefficients af,, is given by [10]

0
(p(a)R:&)

————— for a # 4,
Q(O“) - Q(O&) (33)

r J—
Q) =
— 3P MDY, for o = 4.

Similarly as above, the second order eigenvector @7 is approximated by a linear
combination of all the zeroth order eigenvectors by

;) = %), (34)
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Then, one can demonstrate the following result [10]:
o0R)
ﬁ for o # 4,
ag)) — (a) (@) (35)
— GPYM DY) + 208 M D) + alyal;) Cov(b', bY) for o = 4.

Finally, the first two probabilistic moments of the eigenvalues and eigenvectors are found in
a way which completes the solution of the second order second central probabilistic
moment eigenvalue and eigenvector problem.

3. VIBRATIONS ANALYSIS OF SOME ENGINEERING STRUCTURES

The general methodology presented in the previous section is applied to the stochastic
analysis of vibrations and illustrated with examples of a Euler-Bernoulli beam as well as
a rectangular square plate supported at its corners. The obtained results show that the
application of the second order perturbation technique gives satisfactory results in
comparison with the exact probabilistic solution obtained using the definition of the
expected values and variances.

3.1. VIBRATION OF EULER-BERNOULLI BEAM

As it is known, the equation of motion for the forced lateral vibration of a non-uniform
beam has the form

62 62 52
gp[uazuﬂ+mua%w)ﬂmx (36)

where f'(x, t) is the external force per unit length of the beam, p is the mass density of the
beam, A(x) is its the cross-sectional area. Assuming constant cross-section of the beam
along its length, i.e., el(x) = el = const. and A(x) = A = const., equation (36) can be
rewritten as

4 2

0 0
el W(x 1)+ pA—

w
= 5 (6 ) =f(x. 1), (37

while for the free vibrations it is obtained that

0*w 0w
c264(xt)+62(xt) (38)
where
el
= | 39
c oA (39)

After the separation of space and time variables,

w(x, t) = W(x)T(t), (40)
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the following two equations are obtained for free vibrations:

4 2
T
g ;: gy =0, O ﬁtz(t) + 2T(1) = 0, (41)
where
2 2
4O pAw
B = c? el (42)

The characteristic function of the beam can be obtained as
W(x) = Cyexp(fx) + Cexp( —fx) + Csexp(ifix) + C,exp( —ifx), (43)

while o being the natural frequency of vibration can be expressed as

w = p> e (44)

Applying the stochastic second order perturbation methodology, equation (41) can be
rewritten in the form of up to the second order equations system as follows:

Zeroth order equation:
W xx(x) = (BH)°WO(x) = 0. (45)
First order (R simultaneous) equations:
W o) = (B WO(x) + (B W' (x) =0, r,s =1, ..., R. (46)
Second order (R*(R + 1)) equations:
W Sex () = (B WO (x) + 2B W(x) + (B W™ (x)) = 0,7, s = 1,...,R.  (47)

The B* are parameters of probabilistic derivatives that can be calculated directly. Finally, to
obtain the single second order equation, the last formula is written in the form

W Recx(x) — (B* WO (x) + 2(B*) "W (x) + (B*)° W "(x)) Cov (', b*) = 0, (48)
where
W Rix(X) = W Ee(x) Cov (¥, b°). (49)
The relevant orders of the function W(x) are calculated as
W (x) = Cy cos™ Bx + C,sin® fx + C3cosh™ fx + C,sinh™ fx, (50)

where the following notation is used:

n

ob"

cos™ Bx = — (cos fx), etc., (51)
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while the constants C; j=1,...,4 are calculated from the well-known boundary
conditions. Finally, the expected values of the characteristic function are calculated as

E[W(x)] = W°(x) + sW"(x) Cov(D", b°) (52)

and cross-covariances as
Cov,,(xV; x@) = Wr(xD)yWs(x?) Cov(b", b°). (53)
This completes the second order perturbation second central probabilistic moment

approach to the vibration analysis of beam structures.

3.2. ANALYSIS OF RECTANGULAR PLATES

Starting from Love’s equations [18] for shell equilibrium and applying zero curvatures,
the resulting expression can be rewritten as

DV*w + phiv = g, (54)
where D denotes the plate stiffness
eh’
D=—
12(1 — v¥y (55)

while p, e, v, h and g denote the mass density, Young’s modulus, the Poisson ratio and the
thickness of the plate as well as the magnitude of a uniformly distributed load applied on the
structure.

Relation (54) is usually rewritten in rectangular co-ordinates as

DWW xxxx + 2W xxyy + W pyyy) + phio = q. (56)
Looking for natural frequencies, the following transformation is applied:
w = W exp(jwt), (57)
which gives
D(W s + 2W gy + Wippy) + pheo® W =0, (58)

The solution can be carried further only if detailed boundary conditions are specified. If, for
instance, the plate has dimensions a x b corresponding to the x- and y-axis and is simply
supported along the axes parallel to the y direction, the solution can be expressed as

W(x, y) = Y(y)sin ? (59)
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which gives the motion equation in the form

Y yyyy 2<@>2 Y »y + [<@>4 - P_h w2:| Y =0, (60)
’ a ’ a D
where
Y(y) = Z Ciexp(Zi(y/b)). (61)

Further, it is obtained that

‘-})
Il
-+
Q|

mr/1+K (62)

and

(63)

w
K= .
(m*n?/a®)y/D/(ph)

Application of the second order stochastic perturbation technique makes it possible to
rewrite equation (56), in terms of input random field b"(x), r =1, ..., R, as

Zeroth order relation:
DOW e + 2W Sy + W) = (pheo®)° W, (64)
First order relations (r =1, ..., R):
DO(W:rxxxx + 2I/Vzrxxyy + W:;yyy) = (pth),rWo + (Phwz)o W.r
- D’r(W?xxxx + 2W?xxyy + Wf)yyyy)‘ (65)
Second order relation:
DOW Do+ 2W By + W) = {(pher®) W + 2Aphar?) "W
-D ’rS(W?xxxx + 2W,Oxxyy + W,Oyyyy)
— 2D (W Snx + 2Winsyy + Wiy} Cov(D, b°).  (66)
Calculating zeroth order terms from the first equation followed sequentially by the first and
second order terms, the probabilistic moments of natural frequencies and modes can be
obtained. Let us note that the remaining equations of plate vibration can be obtained by an
analogous way.
Finally, it should be mentioned that ¢ = 1 is assumed above to derive the perturbed

equations up to the second order in a general form, which makes it possible to obtain the
probabilistic moments up to the second central moment (covariance matrix). In further
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studies, both mathematical and numerical sensitivities of this model with respect to the
above assumptions are to be precisely verified. It is known, for instance, that the
perturbation approach so defined is effective in computational finite element method-based
analyses for standard deviations not higher than about 0-15 of the corresponding expected
values [ 10, 12]. Trying further to generalize the results obtained in equations (52) and (53), it
can be observed that when the expected value contains only even order terms, then the
covariance matrix is built up with odd order perturbations, so that, for the fourth order
perturbation analysis, the following description for the function W(x) expected value holds
true

E[W] =W+ W57 + W PoSpos, (67)

where S£°% denotes the fourth central probabilistic moments of the input parameters.
Further, the covariance matrix can be written as

Sip = WeWoSp7 4 WorHh o gprbo, (68)
As it may be recognized from an illustrating example presented in further considerations,
most of the third and fourth order derivatives with respect to the random input parameters

are equal to 0 for most of the known problems of the elasticity theory and, therefore, the
second order approximation is recommended.

4. GENERAL NUMERICAL APPROACH

4.1. DETERMINISTIC MODEL

Let us consider a sufficiently smooth real function y(x) defined discretly by the values y,
V1> V25 --- » Yo at uniformly distributed points x = 0, J, 29, ..., nd for 6 € R, /{0} and ne N.
The differences at the function values are calculated as [8]

(Aly)x:nézynJrl — Vn- (69)

Then, the first order derivatives of y(x) can be approximated in the form of

dy Vnt1— Vn
&y ~ it T 7
(dx)x_m; 5 (70)

Analogously, starting from the second differences
(AZy)x:né = (A ly)x:(n+ 1) — (A ly)x:nﬁ =Vn+1 — 2yn + Yn—-1> (71)

we obtain an approximation for the second order derivatives,

neN. (72)

d_zy ~ (Azy)xani _ Yn+1 — 2yn + Yn—-1
dx?)ic,s 67 6% ’

Further, for the sufficiently smooth real function w = w(x;) and the rectangular planar
network defined by the dimension 6 € R /{0} shown in Figure 1,
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o
Figure 1. FDM planar rectangular network.
the following approximating equations are obtained:

dw _wi—wo  dw Wy —wo (73,74)

dx; — 6 dx, — o ’
d*w  w; —2wo +w d*w  wy, —2wo +w
— xR T T2 0T (75,76)
dxy 0 dx3 0

Using analogous methodology, the higher order derivatives of function w(x) can also be
rewritten. All the equations posed above enable one to solve numerically all these
engineering problems which can be formulated in the form of partial differential equations.
As it is known, the method can be used in its relaxation version to assure better efficiency of
the computations as well as for curved boundaries of the continua, where some correctors
for parameter 6 should be applied [19, 20].

Extending these equations to up to the fourth order derivatives, the central difference
formula for transverse vibrations of a uniform beam can be obtained as

VVi+2—4VVi+1+(6—)v)VVi—4W/i—1+VVi—2:0, (77)
where
J=h*p*. (78)

Further, using the planar network presented in Figure 2, the equation of a plate motion can
be discretized as

D
F[(VVHz,j‘f‘ Wijia+Wia i+ Wi )+ 2Win 1 i1+ Wimi ot + Wimg jo1 + Wi i)

—8Wijer1+ Wisy j+ Wijor + Winr) + 200, /1 — phszi,; =0. (79)
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y (i,i-2)

(-1j-1) (i.[i-1) (ifr1, j-1)

(i-2,] (1. j) [dn (iHL.]) (if2, J)

(i-1 j+1) (,)+1) (i+1 j+1)

(ilj+2) -

Figure 2. FDM planar network for four-point approximation.

4.2. STOCHASTIC FINITE DIFFERENCE APPROACH

Considering the application of the second order perturbation second probabilistic
moment method in the FDM, we start from an approximation of the zeroth, first and
second order derivatives of the function W = W(x) being computed with respect to random
variable vector components {b,(x;0)}. For the first partial derivative in x; direction
(assuming the same density of finite difference net in orthogonal directions), the following
relations are obtained:

Zeroth order terms:

oW W —wg
~ . 80
5x,~ 5 ( )

First order terms (r =1, ..., R):

oW’y W W{—W§ 10

v awib, s 5 oap V1T Wk (81)
Second order terms (r, s =1, ..., R):
owry W WP —Wg 10
Gx  Gmdbob, s 8 sdbop, T ok (82)

Analogously, the second order derivatives with respect to variable x can be calculated as

Zeroth order terms:

(WO WP —2WG + W3

ox? 52 ®3)
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First order terms (r =1, ..., R):

;W) PW W Wi+ Wy 10

oxZ  ox2ob. 52 =535 (Wi = 2Wo + W), (84)
Second order terms (r, s =1, ..., R):
82(W’r ) 82 W TS __ QTS + Wy 1 62
ox?  ox20b,ob, 520 3 R (W, —2Wy + W5).  (89)

It should be mentioned that the relevant derivatives of the random variables can be
calculated directly starting from the additional probability density functions or numerically,
using discrete representations of the characteristic function W. Further, it is observed that
the above approximation holds true when the material properties of the structure analyzed
are treated as the random variables. In the case of geometrical properties being randomized,
the general finite difference scheme is more complicated since 6 = 6(0).

Starting from the above approximations the stochastic second order equations of
uniform beam transverse vibrations can be written as follows:

Zeroth order equation:
Wo, —dWs + (6 — )W — 4w + W2, =0. (86)
First order equations:
Wila — AWy + (6 — i)Wy — 4WiT s + Wity = 27, 87)
Second order equation:
WP, —awP + (6 = 20w — 4w, + W2, = QW0 + 20"W;) Cov(, b¥).  (88)

Furthermore, following equations (86-88), up to the second order stochastic free vibrations
of a plate can be introduced as

Zeroth order equation:
DO[(VVHzJ‘f‘VV;ﬁz‘f‘VV; 2J+le 2) + 2( z+1,+1+VVz 1j+1
Wi+ Wi
—8Wii1 + Wi+ W+ W) + 20W2] — (4*phw®)° W2, = 0. (89)
First order equations:
DO[( Wil i+ Wil o Wil s+ Wi o) + 2(Wik et + Wil i
+Wily -1+ Wik 1)
— 8(Wiliu1 + Wil i+ Wil 4+ Wil 1)) + 20W;] = (4*pho®)" W
+ (4*phw*)° W;"; — D" [( z+21+VVu+2+VVl 21+VV11 2)
+ 2( l+1,+1+VV1 11+1+VV1 1,j- 1+W/l+1j 1)

- S(W/i,oj+1 + W2 1,j+ VVi?j—l + W 1,j) + ZOVVi?jl (90)
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Second order equation:
DO[(VVi(-%Z—)Z,j + I/I/l(i)‘*'z + VVi(E)z,j‘F Wz(i)—z) + 2(‘/Vi(i)1,j+1 + VVi(E)l,j-%—l
+ Wi(z)l,j—l + VVi(i)l,j—l)
—8(WiTer + W2+ Wi + W) + 20Wi5] = {(4*phor®) " W,
+ 2(A*phe) Wi — DTS[(WE 5.+ Woa+ W2, i+ W)
F2WE e W W+ W)
— 8(I/Vi,0j+1 + Wio—l,j + VVi?j—l + W 1,j) + 20VVif)j]
= 2D"[(Witaj+ Wilaa + Wily j+ Wihon) + 20Wiky jur + Wily e
+ Wi o+ Wik o)
—8(WiSy + Wisy j+ WisS—y + Wiy ) + 20051} Cov(b", b°), 91)
where
W = WSy, 92)

Solving equations (89-92) for the zeroth, first and second orders of random function W,
the expected values and covariances of this function are obtained as

E[W(x)] = WO(x) + 3W " (x) Sy’ (93)
and for the second order moments,
Cov (W (xV), W (x?)) = W (x1) W (x?) Sy, (94)

which completes the general description of the second order perturbation second central
probabilistic moment extension of the FDM in case of the vibration of beams and plates.

5. NUMERICAL EXAMPLES

5.1. FIXED-PINNED BEAM-FREE VIBRATIONS

The analytical solution for natural frequencies and modes for the fixed—pinned beam can
be obtained as

of = () n=120 9)
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while for the first three modes it is obtained as

3926602 T+
I
w? = | 7068583 %, n=1,2,3. (96)
0
10210176

If Young’s modulus of a beam is taken as a random variable, then the first two probabilistic
moments of natural frequencies square can be calculated using fundamental theorems on
random variables as

1B
E[w;]=—FE[e], n=1,2,... 97
pA
and
IZBS
Var(w?) = p2A"2 Var(e), n=1,2, ... (98)

Starting from these formulas, the expected values and variances of natural frequencies can
be derived as

E[o] = /E*[w] = /E[w*] — Var(w) (99)
and
Var(w?) = 2 Var(w)(Var(w) + 2E2[w]). (100)

Using stochastic second order perturbation approach, the same probabilistic characteristics
can be calculated as

I 4
E[w?] = (w2)° + Y(w2)"™ Cov(b" b*) = pﬁ/: E[e], n=1,2,..., (101)
as well as
IZﬁS
Var(w?) = (w2)"(w2)* Cov(b™ b*) = z_Anz Var(e), n=1,2,.... (102)
0

As it can be observed, the analytical solution for probabilistic moments calculated from
the definition and the second order perturbation approach are exactly the same and that is
why there is no need to apply the higher order perturbation approach; it generally holds
true for all output linear functions of input random variables. For the other type of relations
between output frequencies and system random parameters, the expected values obtained
from the second order perturbation approach are higher than those derived from the
definition.

Analogous calculations are done using stochastic finite difference method (SFDM). Let
us consider the discretization of a fixed-pinned beam presented in Figure 3.
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0 1 2 3 4 5 6

| h I=4h . h |
I T 1 T

Figure 3. FDM discretization of a fixed-pinned beam.

By introducing fictitious nodes 0 and 6, respectively, the expected values and variances
are obtained by the use of the perturbation technique assuming a rectangular cross-section
b x h of the beam as follows:

Expected values:

E[w;] = (B)* L E[el; (103)
12p
Variances:
2 7\8 h4
Var(@)) = (B)° {3 Var(ey (104

where f, = {3:3788, 89732, 14:0024}. It should be underlined here that the main source of
the differences between analytical and FDM results from the partition of the beam into only
four intervals only.

5.2. SIMPLY SUPPORTED SQUARE PLATE

Let us consider vibrations of the square plate of thickness h, characterized by
Young’s modulus e, the Poisson ratio v and mass density p. Using the FDM discretization
for the plate shown below (see Figure 4), the following finite difference equation is
obtained:

h 2
(18 ' %) Wiy — 8Wys — 8Wsa + 2W,, =0, (105)
where A4 = a/3. The natural frequencies are obtained as

A |D A eh?
o (DA e 106
D=2\ oh T @@\ 12p(1 — v (106)

where the coefficients 4, are obtained as {19-7392; 49-35; 49-35; 789569}.
Analyzing, as in the previous example, the square of natural frequencies and considering
plate thickness as a random variable, the expected values are obtained as

E[w?] = e E[h*] = e (E*[h] + Var(h)) (107)
" a? 12p(1 —v?) a?12p(1 —v?)
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3,1 4, 1
z 3 77 5,7 >x
1, 3 2.3 3.3 4, 3 5.3 6,3
1,4 2.4 3.4 4.4 5.4 6,4
2.5 3.5 4,5 55
3, 6} 4, 6

vy

Figure 4. FDM discretization for a square plate.

for direct derivation using the definition. On the other hand, using the second order
perturbation technique, the result is exactly the same for “h” being a Gaussian random
variable:

12
EL07] = @)° + Yoiy™ Varth) =75 15 E°TH) (108)

where 4 = {18:0; 36:0; 36-0; 54-0}. Further, the variances are obtained for the analytical
derivation,

o e?
5 Var(h?), (109)

Var(o;) = 5 144071 — 2

which, using the relation characteristic for Gaussian variables, gives

Var(h?) = Var?(h) + 2 Var(h) E*[ ] (110)
can be rewritten as
& e?
Var(w?) = = (Var?(h) + 2 Var(h)E2[h]). (111)

a* 144p%(1 — v?)?

Using the SFDM procedure, it can be calculated that

Var(w?) = (w2)"(w2)" Var(h) fn 4 EAN] > Var(h). (112)

T at 144p2(1 —1?)
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It should be noted that if output frequencies are linear functions of some parameter, then
the corresponding probabilistic moments obtained by analytical and perturbation
technique are equal to each other, respectively.

6. CONCLUDING REMARKS

The second order perturbation second central probabilistic moment extension of the
classical finite difference methods (FDM) presented above can be successfully applied in
the numerical analysis of the typical stochastic partial differential equation systems that can
be solved in deterministic case. Further, it can be observed that the space discretization
formulation for the FDM obtained above may be easily reformulated for the time-domain
discretization. For this purpose, the spatial correlations for co-ordinates x*) and x‘® are to
be replaced with time moments () and t®, respectively. Such a formulation may be useful
in a numerical simulation where the finite element method is improved for space
discretization, while the FDM is applied for time incrementation procedure and, on
the other hand, in the wavelet-optimized finite difference method (WOFDM) [21] which
has become more and more popular; see the recently enormously growing engineering
applications field of the wavelet analysis. Next, it can be observed that the stochastic finite
difference method (SFDM) worked out may be applied for regular as well as irregular grids
and, on the other hand, can be relatively casily extended to cases where the relaxation
method should be used.

Having closed-form equations for deterministic output, probabilistic moments can be
computed using the second order perturbation technique implemented in any symbolic
computations mathematical package, as it is demonstrated above in the example of the
program MAPLE [22]. It should be underlined that starting from the closed-form
equations for the probabilistic moments of output function, the stochastic sensitivity
equations for different probabilistic moments of input structural parameters can be derived.
It enables engineers to verify if the structural response is more sensitive to expected values of
the given structural parameter and/or to its standard deviations.
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