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This paper presents a stochastic meshless method for proba-
bilistic analysis of linear-elastic structures with spatially varying
random material properties. Using Karhunen-Loeve (K-L) expan-
sion, the homogeneous random field representing material prop-
erties was discretized by a set of orthonormal eigenfunctions and
uncorrelated random variables. Two numerical methods were de-
veloped for solving the integral eigenvalue problem associated with
K-L expansion. In the first method, the eigenfunctions were ap-
proximated as linear sums of wavelets and the integral eigenvalue
problem was converted to a finite-dimensional matrix eigenvalue
problem that can be easily solved. In the second method, a Galerkin-
based approach in conjunction with meshless discretization was
developed in which the integral eigenvalue problem was also con-
verted to a matrix eigenvalue problem. The second method is more
general than the first, and can solve problems involving a multi-
dimensional random field with arbitrary covariance functions. In
conjunction with meshless discretization, the classical Neumann
expansion method was applied to predict second-moment charac-
teristics of the structural response. Several numerical examples
are presented to examine the accuracy and convergence of the
stochastic meshless method. A good agreement is obtained between
the results of the proposed method and the Monte Carlo simu-
lation. Since mesh generation of complex structures can be far
more time-consuming and costly than the solution of a discrete
set of equations, the meshless method provides an attractive alter-
native to the finite element method for solving stochastic-mechanics
problems.
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1. INTRODUCTION

In recent years, much attention has been focused on colloca-
tion [1, 2] or Galerkin-based [3—8] meshfree methods to solve
computational mechanics problems without using a structured
grid. Among these methods, the element-free Galerkin method
(EFGM) [4] is particularly appealing, due to its simplicity and its
use of a formulation that corresponds to the well-established fi-
nite element method (FEM). Similar to other meshless methods,
EFGM employs moving least-squares approximation [9] that
permits the resultant shape functions to be constructed entirely
in terms of arbitrarily placed nodes. Since no element connectiv-
ity data are needed, burdensome meshing or remeshing required
by FEM is avoided. This issue is particularly important for crack
propagation in solids for which FEM may become ineffective in
addressing substantial remeshing [10, 11]. Hence, EFGM and
other meshless methods provide an attractive alternative to FEM
in solving computational-mechanics problems.

However, most developments in meshless methods have fo-
cused on deterministic problems. Research in probabilistic mod-
eling using EFGM or other meshless methods has not been
widespread and is only now gaining attention [12, 13]. For exam-
ple, using perturbation expansions of response, Rahman and Rao
[12] recently developed a stochastic meshless method to pre-
dict the second-moment characteristics of response for one- and
two-dimensional structures. A good agreement was obtained be-
tween the results of the perturbation method and the Monte Carlo
simulation when random fluctuations were small. Later, Rahman
and Rao [13] incorporated the first-order reliability method in
conjunction with meshless equations to predict accurate proba-
bilistic characteristics of response and reliability. However, both
of these methods involved spatial discretization of the structural
domain to achieve parametric representation of the random field.
This requires a large number of random variables for multi-
dimensional domain discretization, and consequently, the com-
putational effort for probabilistic meshless analysis can become
very large. An alternative approach involves spectral represen-
tation of random field, such as the Karhunen-Loeve expansion,
which, in general, permits decomposition of random field into
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fewer random variables, although their actual number depends
on the covariance properties of random field. The Karhunen-
Loeve representation conveniently sidesteps spatial discretiza-
tion of the domain, but an integral eigenvalue problem must be
solved. Unfortunately, the solution of the eigenvalue problem is
not an easy task. Closed-form solutions are only available when
the covariance kernel has simpler functional forms. For general
covariance function and arbitrary domain, numerical methods
must be developed to solve the eigenvalue problem, which is a
subject of the current paper. Furthermore, no stochastic meth-
ods have been developed yet using spectral properties of ran-
dom field and meshless discretization. Indeed, meshless-based
spectral methods for probabilistic analysis present a rich and
relatively unexplored area for future research in computational
stochastic mechanics.

This paper presents a stochastic meshfree method for solving
solid-mechanics problems in linear elasticity that involves ran-
dom material properties. Using Karhunen-Log¢ve expansion, the
random field representing material properties was modeled by
a linear sum of orthonormal eigenfunctions with uncorrelated
random coefficients. Two numerical methods were developed
for solving the integral eigenvalue problem associated with K-L
expansion. In the first method, the eigenfunctions were approx-
imated as linear sums of wavelets and the integral eigenvalue
problem was converted to a finite-dimensional matrix eigen-
value problem that can be easily solved. In the second method,
a Galerkin-based approach in conjunction with meshless dis-
cretization was developed in which the integral eigenvalue prob-
lem was also converted to a matrix eigenvalue problem. In
conjunction with meshless equations, the Neumann expansion
method was applied to predict second-moment characteristics of
structural response. Several numerical examples are presented
to illustrate the proposed method.

2. THE ELEMENT-FREE GALERKIN METHOD

2.1. Moving Least Squares and Meshless Shape Function

Consider a function u(x) over a domain @ € RX, where
K =1,2,o0r 3. Let Q, C Q denote a sub-domain describing
the neighborhood of a point x € RX located in Q2. According to
the moving least-squares (MLS) [9] method, the approximation
u"(x) of u(x) is

W'(x) =Y pi(xa;(x) =p’ (®a(x), [1]

i=I

where p’ (x) = {p1(X), p2(X), ..., pu(X)} is a vector of com-
plete basis functions of order m and a(x) = {a(x), a»(x), ...,
apn(X)} is a vector of unknown parameters that depend on x.
For example, in two dimensions (K = 2) with x;- and x;-
coordinates,

pT(x)={1,x,x2},m=3 2]

and
P’ (%) = {1, x1, %0, %7, x1x2, X3}, m = 6 (3]

representing the linear and quadratic basis functions, respec-
tively, are commonly used in solid mechanics.

In Eq. (1), the coefficient vector a(x) is determined by mini-
mizing a weighted discrete £, norm, defined as

Jx) = wmlp’ xpax) - d;T’

I=1

= [Pa(x) — d]” W[Pa(x) — d], [4]

where x; denotes the coordinates of node I, d” = {d;, d>, ...,
d,} with d; representing the nodal parameter for node 1, W =
diag [w(x), wa(X), ..., w,(x)] with w;(x) the weight function
associated with node I such that w;(x) > 0 for all x in the
support 2x of w;(x) and zero otherwise, n is the number of
nodes in Q2 for which w;(x) > 0, and

p’(x1)

p’(x2)
P=— € LOV x B™). (5]
p’(x,)

A number of weight functions are available in the current liter-
ature [3-8, 10, 11]. In this study, a weight function proposed by
Rao and Rahman [11] was used, which is

) (')

(14424 —a+p) (%)

“ml

wl(x) = [ » 21 = Zml
1— (14 (%)

0, 21 > Zmi
(6]
where 8 is a parameter controlling the shape of the weight func-
tion, z; = ||x — X;|| is the distance from a sample point X to
a node x;, and z,,,; is the domain of influence of node /. The

stationarity of J(x) with respect to a(x) yields

Aa(x) = C(xd, [7]
where
A =) wxpx)p’ (x;) =P WP [8]
=1
and

C(x) = [wiP(Xx1), .., w,(X)P(x,)] =P'W.  [9]
Solving for a(x) in Eq. (7) and then substituting into
Eq. (1) yields

W) =) ®xd; =3 (0d, [10]
I=1
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where
2T (x) = {®1(x), B2(x), ... @, ()} = p' WA ®)C(x) [11]

is a vector with its /th component,
B,x) =) p,®A®OC®];1, [12]
=1

J

representing the shape function of the MLS approximation cor-
responding to node /. The partial derivatives of ®;(x) can also
be obtained as

m

O, =) {p.iAT'Cp+p;(A7'C+ATICy), ) [13]
j=1

where A7' = —A7'A ;A" and (),; = 3()/0x;.

2.2. Variational Formulation and Discretization

For small displacements in two-dimensional, isotropic, and
linear-elastic solids, the equilibrium equations and boundary
conditions are

V-o+b=0inQ [14]
and
o-n=1t on I (natural boundary conditions) [15]
u=1 on I', (essential boundary conditions)’

respectively, where o = De is the stress vector, D is the material
property matrix, € = Vu is the strain vector, u is the displace-
ment vector, b is the body force vector, t and @ are the vectors of
prescribed surface tractions and displacements, respectively, n
is a unit normal to the domain, €2, I'; and I',, are the portions of
boundary I" where tractions and displacements are respectively
prescribed, VT = {3/9x;, 3/dx,} is the vector of gradient op-
erators, and Vu is the symmetric part of Vu. The variational
or weak form of Egs. (14) and (15) is

/UT(SEdQ—/bT(SudQ—/ t'sudl +8W, =0, [16]
Q Q r,

where § denotes the variation operator and § W, represents a
term that enforces essential boundary conditions. The explicit
form of this term depends on the method by which the essential
boundary conditions are imposed [4, 10—12]. In this study, W,
is defined as

W, =Y xp)lux,) — )],

xyely,

(17]

where f7 (x;) is the vector of reaction forces at the constrained
node J € I',. Hence,

W, = Z 8t (xlu(x;) — a(x,)] + £ (x,)du(xy).  [18]

xyel’,

Consider a single boundary constraint i#;(x;) = g;(x,) applied
at node J in the direction of the x; coordinate. The variational
form given by Eqs. (16) and (18) can then be expressed by

/aTasdQ+ﬁ(x,)5ui(x,)=/bTaudQ+/ t"sudl
Q Q r,
[19]

Sfixplui(xy) — gi(xy)] =0, [20]

where f;(x;) and u;(x;) are the ith component of f(x;)and u(x; ),

respectively. From Eq. (10), the MLS approximation of u;(x,)
is

N
ul(x)) =Y ®,(x,)d) = @,

[21]
I=1
where
T {®1(X1)70’ CDZ(X./)v O,...,@N(Xj), O}v Wheni:]
P =
{0, ®1(x), 0, ®2(xy),...,0, Py(xs)}, wheni=2
[22]
d|
dt
d;
d=14 [23]
dy
dy

is the vector of nodal parameters or generalized displacements,
and N is the total number of nodal points in 2. Applying
Egs. (21-23) to the discretization of Egs. (19) and (20) yields

4,10, 11]
kK &7 d fe
T = , [24]
@ 0 JUfitxp) gi(xy)
where
ki ki kiy
Ky kxn Kon
k= e L(WN x wN)  [25]
kvt kw2 kyy
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is the stiffness matrix with

ky = / BIDB,dQ € LR x R, [26]
Q
representing the contributions of the Jth node at node!,
f?xt
fSXI
=1 1 en? [27]
fe]‘\)](t
is the force vector with
5 = / ®,b"dQ +/ ®,t7dr e R, [28]
Q I
®,, O
B/ =| 0 @/, [29]
P, @4,
and
1 v O
Llv 10 |, for plane stress
b 00 L
N 1—v v 0
E .
T ; (1)— v (@ , for plane strain
2

(30]
is the elasticity matrix with E and v representing the elastic
modulus and Poisson’s ratio, respectively. To perform numerical
integration in Egs. (26) and (28), a background mesh is required,
which can be independent of the arrangement of the meshless
nodes. However, in this study, the nodes of the background mesh
coincide with the meshless nodes. Standard Gaussian quadra-
tures were used to evaluate the integrals for assembling the stiff-
ness matrix and the force vector. In general, a 4 x 4 quadrature
rule is adequate, except in the cells surrounding a high stress
gradient (e.g., near a crack tip) where a 8 x 8 quadrature rule is
suggested.

2.3. Essential Boundary Conditions

In solving for d, essential boundary conditions must be en-
forced. The lack of Kronecker delta properties in the mesh-
less shape functions presents some difficulty in imposing the
essential boundary conditions in EFGM. Nevertheless, several
methods are currently available for enforcing essential boundary
conditions. A transformation method [11, 14] was used for the
stochastic-mechanics application in this work.

Consider the transformation

d = Ad, [31]

where

ull(x1)
uh(xp)
' (x2)

Mg (XZ) e SRZN

(=)
Il

(32]

M};(XN)

Ul (xy)

is the nodal displacement vector, and

177
7
P17
2
3" | e £ (Y x 0) [33]
BT

2T
QN .

is the transformation matrix. Multiplying the first set of matrix
equations in Eq. (24) by A=, one obtains

ATk Iij d AT fext
P = [34]
@, 0| fAix) gi(xy)
where
0
0
I, =AT® =11% < [2(J — 1) +i]th row. [35]
0
0
Let
k[
k=] ! |=A"Tk [36]
ki
and

fext — Afoext’ [37]
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where k! = {kit ko, .. ki )i = 1,2,...,2N. Eq. (34) can
be re-written as

le 0 }‘lext

1211\‘4—1 O A/\e/iw—l

K d | | 7 | <20 =1+ ilthrow
., 0| lnen] = | i ’
lA(zTN 0 Afj{,’ <~ (2N + 1)th row
7 0 8i(xy)

(38]

where M = (2J — 1) +i. Exchanging the Mth with the last row
of Eq. (38) leads to

kI 0 fed
ki 0 Fiis
7 0 d gi(x;) | < [2(J — 1) +i]throw
RLH o |fixn| Afﬁrl '
RT 0 Text
2N N~ (2N + 1)th row
k{,, 1 i
B B [39]
which can be uncoupled as
Kd =F [40]
ki d+ fix) = Fir, [41]
where
k{
ki
(piT _ .
A J <~ [2(J — 1) + i]th row
K= M (& =]|z 42
M) = | jr [42]

and

r Fext T

1

Ty
8i(X1) | —[2(J = 1) + i]th row

fen [43]

F=N,(f") =

Text
N

are the modified stiffness matrix and force vectors, respectively.
Using Eq. (40), the generalized displacement vector d can be
solved efficiently without the need for any Lagrange multipliers
[4, 10, 15].

In Egs. (42) and (43), M’] is a matrix operator that replaces
the [2(J — 1) + i]th row of k by <I’iJT and N’J is another ma-
trix operator that replaces the [2(J — 1) 4 i]th row of fext by
gi(x;), due to the application of a single boundary constraint at
node J. For multiple boundary constraints, similar operations
can be repeated. Suppose that there are an N, number of es-
sential boundary conditions at nodes Ji, J», ..., Jy.applied in
the directions, iy, is, ..., in,, respectively. Hence, the resulting
modified stiffness matrix and force vector are

N, o
K =[] M k) [44]
I=1
and
N
F = HN’,’I (£, [45]
I=1
respectively.

3. RANDOM FIELD AND PARAMETERIZATION
3.1. Random Field

Assume that the spatial variability of material property, such
as the elastic modulus E(x), can be modeled as a homogeneous
random field, given by

EX) = pe[l +ax)], [46]

where ug = E[E(x)] # 0 is the constant mean of elastic modu-
lus, a(x) € N is a zero-mean, scalar, homogeneous random field
with its auto-covariance function ', (§) = Ela(X)a(x + £)], €
is the separation vector between two points, x; = x € RX and
x; = X + & € RN both located in @ € RX, and €[] is the
expectation operator.
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In stochastic finite element or meshless applications, it is nec-
essary to discretize a continuous-parameter random field (e.g.,
Eq. (46)) into a vector of random variables. Various discretiza-
tion methods have been developed, such as Karhunen-Loeve
expansion (K-L) [16], the basis random variables method [17]
the midpoint method [18], the local averaging method [19], the
shape function method [20], the weighted-integral method [21],
the optimal linear estimation method [22] and others. Among
these methods, Li and Der Kiureghian [22] found K-L expan-
sion to be one of the most efficient methods for parameterizing
arandom field.

3.2. Karhunen-Loéve Expansion

Let {;, fi(x)}, i = 1,2,..., 00, be the eigenvalues and
eigenfunctions of the continuous, bounded, symmetric, and
positive-definite covariance kernel I'(x;,X;) = I'(£) of a(x).
They satisfy the integral Eq. (23)

/ I'(xy, X0) fi(xo)dx, = A; fi(x)), Vi=1,2,...,00, [47]
Q

where Q € RX is the domain over which the random field is
defined. The eigenfunctions are orthogonal in the sense that

fﬁ(x)fj(x)dX=5,-j, Vi,j=1,2,...,00, [48]
Q

where §;; is the Kronecker delta. The parametric random field

M
au) =Y Ui/Ai fi(), [49]
i=1

which represents K-L expansion, approaches «(x) in the mean
square sense for x € Q2 as M — oo. In Eq. (49), U;, i =
1,2, ..., M are uncorrelated random variables, each of which
has zero mean and unit variance. If a(x) is a Gaussian ran-
dom field, U = {U,,U,,...,Uy}T € ®™M becomes an M-
dimensional standard Gaussian vector.

K-L expansion given by Eq. (49) is quite useful in stochastic
mechanics, because it provides a parametric representation of
an arbitrary random field with bounded covariance functions.
This representation does not require any spatial discretization of
the domain. However, in general the solution of the associated
eigenvalue problem (i.e., solving Eq. (47)) is not an easy task.
Closed-form solutions are only available when the covariance
kernel has simpler functional forms, such as exponential and
linear functions [16]. When the covariance function is more
complex, numerical methods are needed to solve the eigenvalue
problem. In this study, two numerical methods based on wavelets
and meshless discretization are proposed to solve the eigenvalue
problem.

4. SOLUTION OF INTEGRAL EIGENVALUE PROBLEM

4.1. Wavelet Method
Wavelets constitute a family of functions constructed from
dilation and translation of a single function called the mother

wavelet. For x € i, consider a family of extended Haar wavelets
(EHW), defined as [24]

Vo) = A0 (2°x — 1),

where s and ¢ are the dilation and translational parameters, A; =
25/2 is the amplitude, and

[50]

1, xel0,1/2)
Yyx)y=1-1, xe[l/2,1) [51]
0, otherwise
is the Haar function. Let
Yo(x) = 1 and [52]
i (x) = ¥5,.(x), [53]

wherei =2 ++¢,s =0,1,...,andt =0,...,2° — 1. Itcan
be shown that the EHW basis functions, defined by Egs. (52)
and (53), constitute a complete orthonormal set over the domain
[0, 1].

For a one-dimensional random field in [0, 1], consider a Z-
order wavelet expansion of the covariance function and its ith
eigenfunction, given by

VA A
P, %) =YY Hihi(en)yj(x) = 7 (x)HE(x)  [54]
i=0 j=0

VA
fi) =Y vy (0) = BT (0w, [55]
Jj=0

where @7 (x) = {Yo(x), Y1(x), ..., Y- (0)}, v] = {vio, vi1 - -,
vic}, and H = [Hy;] with H; = [)' [} T x2)yie)y; (o)
dxdx;. Using Egs. (54) and (55), Eq. (47) simplifies to a matrix
eigenvalue problem

)\,[V,‘ = Hvi, [56]

which is a finite dimensional representation of the integral eigen-
value problem in Eq. (47) for x € N. Eq. (56) can be formulated
for any covariance function of a one-dimensional random field
and can be easily solved using standard methods of linear alge-
bra. Once the eigenvector v; is calculated, Eq. (55) can be used
to determine the eigenfunction f;(x).

For a multi-dimensional random field (x € %) with arectan-
gular domain, if the covariance function is separable to support
a multiplicative decomposition of the form

K
P(x1, %) = [ [ Tetxii, x20), [57]
i=1
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where x|; and x,; are the ith coordinates of two points in RnE
and I'(xy;, xp;) is the ith function, then similar wavelet approx-
imation can be applied to I'(xy, x,). In that case, Eq. (47) also
becomes separable and only requires solving one-dimensional
eigenvalue problem similar to the one described by Eq. (56).
However, wavelet-based methods may not be effective or ap-
plicable if the domain of a multi-dimensional random field is
irregular (i.e., any arbitrary shape in RX and/or is associated
with a general covariance function. Hence, more general meth-
ods are needed to solve the eigenvalue problem.

4.2. Meshless Method

For a multi-dimensional random field (x € RX) with arbi-
trary domain € RX, consider an MLS approximation of the
eigenfunction f;(x), given by

N
[0 =" fu®i (), [58]
=1

where fj; is the Ith nodal parameter for the ith eigenfunction,
®,(x) is the meshless shape function of the /th node, and N is
the total number of nodes. Using Eq. (58), Eq. (47) becomes

N N
> f / L(x1, %)@ (x0)d%a = i Y f®i(x1).  [59]
I=1 Q2 1=1

N
ey = Z Az/(/ [(x1, X2) P/ (X2)dX2 — )‘i‘I’l(Xl)) [60]
Q

as the residual error, which is associated with meshless dis-
cretization involving an N number of nodes. Following Galerkin
approximation,

f en®y(x1)dx; =0, VvVJ=1,...,N, [61]
Q

which, when combined with Eq. (60), can be expanded to yield
the following matrix equation

L RE = Sf;, [62]

whereﬁ = {ﬁ'], ..
[Sul,

., fin}" is theith eigenvector, R = [R], S =

RIJ:/ / I'(x1, X2)®; (%), (x1)dx1dx,, VI, J=1,...,N,
QJQ

[63]
and

S,J=/<I>1(x)(I>J(x)dx, VI,J=1,...,N. [64]
Q

Equation (62) also represents a finite dimensional analog
of the integral eigenvalue problem in Eq. (47) for a multi-
dimensional random field with an arbitrary domain. Equation
62 can be formulated for any covariance function and can be
easily solved by standard methods of linear algebra. Hence, the
meshless method is more general than the wavelet method and
can solve problems involving a multi-dimensional random field
with an arbitrary covariance function and an arbitrary domain.
Once the eigenvector f; is calculated, Eq. (58) can be used to
determine the eigenfunction f;(x).

Note that the meshless discretization proposed here is only
intended for solving the integral eigenvalue problem, not for dis-
cretizing the random field. Matrices R and S, which involve 2K
and K dimensional integration, respectively, can be computed
using standard numerical quadrature. Integration involves mesh-
less shape functions, which are already calculated and stored
for meshless stress analysis. Hence, the matrices R and S can
be generated with little extra effort. However, for a large K,
the computational effort in performing numerical integration
can become intensive. Also note that for meshless stress anal-
ysis it is not necessary that the number and spatial distribution
of nodes coincide with those for eigenfunction approximation.
Different and selective discretizations can be employed, if nec-
essary. However, in this study the same discretization was used
for both meshless stress analysis and for solving the eigenvalue
problem.

5. THE NEUMANN EXPANSION METHOD

5.1. Neumann Series
From Eq. (40), the discrete stochastic meshless equations are

K(U)d(U) =F, [65]
where K(U) and d(U) are the random stiffness matrix and the
random generalized displacement vector, respectively. Using K-
L expansion of «(x) from Eq. (49), it can be shown that

M
|:K(0) +y U,-K(i):| d=F, [66]
i=1
where
N o
K? =T M) (k). [67]
=1
. NC . A
KO =] Mj (k7). [68]
=1
k@ = A7TKO, [69]

k® = ATk, [70]



48 S. RAHMAN AND H. XU

) ) 0)
kll k12 klN
(U] ©) )
k21 k22 k2N
K= , [71]
) ©) ©)
kNl sz kNN
and
(i) (i) (i)
k11 k12 k]N
i) @) (i)
X k21 k22 k2N
k® = [72]
(i) ()] (i)
kNl kNZ kNN
with
k) = / B’ £ [D]B,dS2 [73]
Q
and
ki) = / B! £ D] /3¢ (x)B,dS. [74]
Q

Assume that K is positive-definite so that its inverse exists.
Multiplying both sides of Eq. (66) by [K®]~! gives

M
|:I + Z UiQ(i):| d= [75]
i=1
where
1=[K?]'KO, [76]
Q" = [KO]'K®, [77]
and
g=[K]'F. [78]
By inverting Eq. (75),
M —1
d= {1 +y U,Q“)} g [79]
i=1

The Neumann series expansion [25] of the right-hand side of
Eq. (79) leads to

[80]

00 M J
d=) (-1y [Z UiQ(i)] g,
j=0 i=1

that converges when

<1,

M
> UiQY [81]
i=1

where | - || denotes some matrix norm. Theoretically, the com-
bination of a large realization of U;, if allowed by its probabil-
ity distribution (e.g., Gaussian distribution), with A; may cause
Eq. (81) to fail. However, for practical applications involving
a small variance or an appropriately truncated distribution of
a(x), Eq. (81) is usually satisfied. In that case, the mean and
covariance of d can be calculated as follows.

5.2. Mean and Covariance of Displacement

Consider the R-order truncation of the Neumann series given
by

[82]

R M J
d=) (-1 [Z U,-Q“‘)] g
j=0 i=1

Using Eq. (82), d and dd” can be expanded as

M M M
d= |:I - UQY + Z: Z]: U;U;QOQY)
i=1 j=

i=1
M

M M
_ Z Z Z U,'Uj UkQ(i)Q(j)Q(k) + .. .i|g

i=1 j=I k=

[83]

and

M

G -2 U

Q(t)G + GQ(!)T}

M _M
Z Z U;U; Q(l)Q(/)G + Q(I)GQ</)T
i=1 k=
GQ(])TQ(I)T} _ [84]

where G = gg’. Let uy; = E[d] and 74 = E[(d — py)(d
—u)’l = €& [dd’] — L ug denote the mean vector and co-
variance matrix, respectively, of d. Applying the expectation
operator to Egs. (83) and (84) gives

|:I+ ZQ(!)Z 4 ZZ (l)ZQ(j)Z + Q(i)Q(_i)Q(i)Q(j)

+ Q(i)Q(j)ZQ(l) :| [85]

M
~e =G+ |:Z {Q(z‘)ZG +QVGQWT + GQ(i)TZ}

M M
+ Z Z{Q(lﬂQ(}ﬂG + Q(l)2Q(1)GQ(1)T+ Q(l)‘GQ(J)T2
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+ Q(i)GQ(j)TZQ(i)T+GQ(])T2Q(i)T2 + Q(i)Q(j)Q(i)Q(j)G
+ Q(i)Q(j)Q(i)GQ(j)T + Q(i)Q(j)GQ(j)TQ(i)T

+ Q(i)GQ(j)TQ(i)TQ(j)T + GQ(j)TQ(i)TQ(j)TQ(i)T

+ Q(i)Q(j)ZQ(i)G + Q(i)Q(j)2GQ(i)T

+ Q(i)Q(j)GQ(i)TQ(j)T + Q(i)GQ(i)TQ(j)TZ

+ GQ(i)TQ(j)TZQ(i)T} + - ] — ll/dl"‘g [86]

The series solutions of p,; and ~y, written above include explicit
terms for R = 4. For larger values of R, the algebra increases
significantly. The Neumann expansion method is useful when
random fluctuations are small. When the coefficient of varia-
tion of E(x) is gradually increased, | Y"*, U;Q®| — 1. In that
case, higher-order expansions may be required for satisfactory
estimates of py and ~y,. This is one of the drawbacks of the
Neumann expansion method.

Note that the generalized displacement vector d represents
nodal parameters, but not the actual displacements at meshless
nodes. Let puy = E[d] and v = 8[(& - ,u,a)(a — p)"] denote
the mean vector and covariance matrix, respectively, of the nodal
displacement vector d. From the linear relation between d and
d, given by Eq. (31),

1y = Apg [87]

and

va = AvaAT. [88]
Although similar equations can be developed for strains, for the
sake of brevity they are not described here.

6. NUMERICAL EXAMPLES

Three numerical examples are presented to illustrate the pro-
posed method. The first example involves wavelet and meshless
methods for solving the integral eigenvalue problem in Eq. (47).
The remaining two examples involve one- and two-dimensional
stochastic-mechanics problems taken from linear elasticity. In
the latter examples, K-L expansion of «(x), modeled as a ho-
mogeneous Gaussian random field, was invoked to describe the
random modulus of elasticity E(x). The wavelet or meshless
method was used to calculate the eigenvalues and eigenfunctions
required by K-L expansion. The Gaussian assumption implies
that there is a non-zero probability of E(x) taking on a negative
value. To avoid this difficulty, the variance of the input random
field was confined to a small value. Alternative representations
involving truncated Gaussian distribution or other distributions
suitable for a non-negative random field have been used by vari-
ous researchers [26]. Such issues have not been explored in this
paper, because the focus of this study was stochastic meshless
analysis. A linear basis function was used for all meshless calcu-
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lations. For the weight function, a value of B = 2 was selected.
Both Neumann expansion and simulation methods were used
to calculate second-moment characteristics of response and are
described as follows.

6.1. Example 1: Eigenvalue Problem

Consider a zero-mean, homogeneous, one-dimensional Gaus-
sian random field a(x), 0 < x < 1, with covariance function
I'y(&) = Ela(x)a(x + &)]. Three types of covariance functions,
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A  Wavelet (Z=31)
o  Wavelet (Z = 63)

T, E)c?

P S PP

0.0 0.2 04 0.6 0.8 10 @
lelm
1.0 3 :
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08 f & Exact
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“ ’ & Wavelet (Z =31)
B 04f o Wavelet (Z = 63)
&
% L
e 0.2 A m
0.0 w 4 5
+
0.2
04 ®
0.0 0.2 04 0.6 0.8 1.0
eI/
Triangular (Type C), b=0.1
Exact
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a  Wavelet (Z=31)
o  Wavelet (Z = 63)
Ae s o 4 2@ a4+ | ' I (c)
0.2 0.4 0.6 0.8 1.0
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FIG. 1. Covariance functions: (a) Exponential (Type A); (b) Sinusoidal (Type
B); and (c) Triangular (Type C).
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defined as
) 2 €]
Type A: T'w(§) =opexp| —— |, [89]
bL
: €]
sin (—
Type B: To(§) = 07 (lgl ”L), [90]
bL
and
2 €] €]
op(1—5). 3 =
Type C: T'o(§) = . [91]
, otherwise
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FIG. 2. Eigenvalues using wavelets: (a) Exponential (Type A); (b) Sinusoidal
(Type B); and (c) Triangular (Type C).
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were selected, where o is the standard deviation of a(x) and b
is the correlation length parameter. For numerical calculations,
or = 0.1 unitand b = 0.1 and 1.

Figure 1 shows the plots (lines) of exact normalized covari-
ance functions for exponential (Type A), sinusoidal (Type B),
and triangular models (Type C) when b = 0.1. Also shown
are the corresponding wavelet approximations of the covariance
functions using Eq. (54) for several values of expansion order
Z =15, 31, and 63. As expected, the wavelet approximation
improves when Z increases.

Figures 2 and 3 present several eigenvalues calculated using
wavelet (Z = 15, 31, and 63) and meshless (N = 10, 13, and

1.0
Exponential (Type A)
0.8 4 + Meshless (N = 10)
- A Meshless (N =13
g“ 06 N\b=1 o l\éleshless (N=16)
.E xact
g 047
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g
=
)
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=
©

Order, i

FIG. 3. Eigenvalues using meshless method: (a) Exponential (Type A);
(b) Sinusoidal (Type B); and (c) Triangular (Type C).
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()

®

FIG. 4. A bar subjected to linear body force distribution: (a) Geometry and
loads; (b) Meshless discretization (16 nodes).

16) methods for all three covariance kernels when » = 0.1 and
1. Clearly, the eigenvalues converge with respect to Z for the
wavelet method and with respect to N for the meshless method.
Also, the rate at which the magnitude of the eigenvalue de-
creases strongly depends on the correlation length parameter
b. The smaller the value of b, the more contribution is expected
from the terms associated with smaller eigenvalues. Figures 2(a)
and 3(a) also present comparisons with exact eigenvalues, which
are only available for the Type A covariance function [16]. For
covariance functions of Types B and C, wavelet- and meshless-
based eigenvalues using a large expansion order (e.g., Z = 127)
or a large number of nodes (e.g., N = 20) were used to eval-
uate the accuracy of results associated with lower-order values
of Z or N. Agreement between the eigenvalues predicted by
the lower-order wavelet expansions or meshless method and the
reference solution (exact solution or high-order wavelet expan-
sion/meshless method with large N) is excellent. Similar results
and observations were also made for the eigenfunctions, but are
not reported here for the sake of brevity.
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FIG. 5. Mean at distance along the bar (exponential kernel).

0.020
2 0016  0;=0.1 —
N —
:" _ 2
£ o012 b=0l1 y
= 24
= 7
3 /
= 0.008 // —--— Neumann Expansion (M=2, R=2)
- / ——— Neumann Expansion (M=2, R=4)
5 // —_ Neumann Expansion (M=4, R=2)
"g / /s Neumann Expansion (M=4, R=4)
8 0.004 // —————— Neumann Expansion (M=6, R=2)
wn /// Neumann Expansion (M=6, R=4)

r // e Simulation (5000 samples)
0‘000 - I 1 1 1 1 ] I L L
0.0 0.2 0.4 0.6 0.8 1.0

Distance along the bar, x

FIG. 6. Standard deviation at distance along the bar (exponential kernel).

6.2. Example 2: Response Statistics of a Bar with Linear
Body Force

Consider a bar AB of length L = 1 unit, subjected to a linear
body force distribution p(x) = x in the x direction, as shown in
Fig. 4(a). Point A on the bar is fixed, while point B is free. The
bar has a constant cross-sectional area A = 1 unit. The elastic
modulus E(x) = ug[l + a(x)] is random with mean ug = 1
unit, and «(x) is a homogeneous Gaussian random field with
mean zero and covariance function I',(§) = ela(x)a(x + &)],
where x and x + & are the co-ordinates of two points on the
bar. Three covariance functions of Types A, B, and C, defined
by Egs. (89), (90), and (91), respectively, were selected. For
numerical calculations, the following values were used: og =
0.1 unit and b = 0.1. A meshless discretization involving 16
uniformly spaced nodes is shown in Fig. 4(b).
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FIG. 7. Convergence of mean of displacement at free end of the bar (expo-
nential kernel).
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FIG. 8. Convergence of standard deviation of displacement at free end of the
bar (exponential kernel).
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FIG. 9. Standard deviation of displacement at free end for various covariance
functions.
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FIG. 10. A square plate with a hole subjected to uniformly distributed tension.
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FIG. 11. Meshless discretization: (a) N = 9; (b) N = 20; (¢c) N = 30;

(d) N =56; (e) N =90.

The stochastic meshless method developed in this study was
applied to determine the first- and second-moment character-
istics of the axial displacement of the bar when the covariance
function of x(x) is Type A (exponential). For the exponential co-
variance function, analytical methods [16] were used to calculate
the eigenvalues and eigenfunctions required in K-L expansion.
Figures 5 and 6 show the mean 1 (x) and standard deviation
o,(x), respectively, of the axial displacement as a function of x.
The Neumann expansion method with various combinations of
the orders of Neumann expansion (R) and K-L expansion (M)
was used to predict these results. Figures 5 and 6 also show the
corresponding results from the Monte Carlo simulation (M =
6) using 5,000 samples. When M = 6, K-L expansion provides
accurate representation of the random field. Therefore, the above
simulation results can be used as a reference solution. In Figures
5 and 6, Neumann expansion results agree very well with the
simulation results. As expected, the accuracy of the Neumann
expansion method improves when M and R increase.
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FIG. 12. Eigenvalues for isotropic covariance function (Type D) by meshless
method.
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To study the convergence properties of the predicted results,
additional stochastic meshless analyses were performed by in-
creasing the number of nodes () from 4 to 28. For each value
of N, a uniform spacing was used for meshless discreti-
zation of the bar. The same inputs defined earlier were also
used for each analysis. Figures 7 and 8 show the predicted
mean [uy(L)] and standard deviation [oj(L)] of the axial
displacement at the free end (point B) as a function of N.
The results of Neumann expansion using M = 6, R = 4 and
of the simulation method using M = 6 and 5,000 samples
are shown. Indeed, the stochastic meshless method yields

0.08

0.06

0.04

0.02

0.00

convergent solutions of mean and standard deviation of the
response.

Figure 9 shows the standard deviation of the displacement as
a function of x for all three covariance functions using wavelet
and K-L expansions. The Neumann expansion method with R =
4, M = 6,and Z = 63 was used to generate the line plots in Fig. 9.
Again, the selected orders of expansions and approximations are
large enough to produce a convergent solution of the response.
Figure 9 also shows the corresponding results from Monte Carlo
simulation (M = 6, Z = 63) using 5,000 samples. The Neumann
expansion results agree very well with the simulation results.
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FIG. 13. First and second eigenfunctions for isotropic covariance kernel (Type D) by meshless method; (a) f1(X); (b) f2(x).
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6.3. Example 3: Response Statistics of a Square Plate
with a Circular Hole Under Tension

Consider a square plate with a circular hole, as shown in
Figure 10. The plate has dimension 2L = 40 units, a hole with
diameter 2a = 2 units, and is subjected to a uniformly dis-
tributed load of magnitude 0°° = 1 unit. The Poisson’s ratio v
was chosen as 0.3. The elastic modulus was assumed to be a
random field and symmetrically distributed with respect to x,-
and x,-axes (see Fig. 10). The modulus of elasticity E(x) was
represented by E(x) = wg[l + a(x)], where ugp = 1 unit is

0.10

0.05

0.00

-0.05

-0.10

(@)

FIG.
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the constant mean over the domain 2 and «(x) is a homoge-
neous Gaussian random field with mean zero and covariance
function T'y(§) = ElaX)a(x + &)], where x = (x1, x) and
X+ & = (x; + &1, x2 + &) are the co-ordinates of two points in
the domain €2 of the quarter plate represented by region ABEDC
and shaded in Fig. 10. Due to symmetry, only a quarter of the
plate needs to be analyzed. Figures 11(a)-11(e) show five mesh-
less discretizations of the quarter plate with the total number of
nodes N =9, 20, 30, 56, and 90, which represent progressively
increasing degrees of meshless refinement.
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14. Third and fourth eigenfunctions for isotropic covariance kernel (Type D) by meshless method; (a) f3(x); (b) fa(X).
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For the quarter plate ABEDC, four types of covariance func-
tions of «(x), defined by

Consequently, the meshless method developed here is needed
and was used for the following calculations.

Figure 12 shows several eigenvalues calculated using the
meshless method (Egs. (58-64)) for N = 9, 20, 30, 56, and

Type A: 90, for the Type D covariance kernel. Clearly, the eigenvalues
L&) = oé exp (_@ — @)7 vV, x+£eQ [92] converge with respect to N, as expected. Similar comparisons
biL  bL of the first four eigenfunctions f;(x), f2(X), f3(x), and f4(x),
Type B: presented in Figs. 13(a), 13(b), 14(a), and 14(b), respectively,
, sin (f—]Ll) sin (z‘f_le) also demonstrate the convergence of eigenfunctions with respect
Fe@)=op—rmr—— V% x+£eQ, [93] to N. These convergent solutions of eigenvalues and eigenfunc-
biL b L tions provide confidence in the following probabilistic results
Type C: when N = 90. Note that there is no analytical eigensolution
|&1] 1€ available for the Type D covariance function with an arbitrary,

(€)= o (1 N 191_L> <1 N bz—L) VX, x+£eQ  [94] non-rectangular domain.
Using the finest discretization with N = 90 [Fig. 11(e)] con-
and sidered here, Tables 1, 2, 3, and 4 present the mean and standard

Type D: T' (&) = oé exp <—|l|f—L”>, Vx, x+ €€ Q, [95]

were selected, where o = 0.1 unitand b = b; = b, =0.5. Of
these four covariance kernels, the first three are separable (i.e.,
they satisfy Eq. (57)), but the last is an inseparable kernel and
belongs to the class of isotropic random fields. However, in all
four cases, the domain of the random field is not rectangular.
Hence, the wavelet-based method using one-dimensional EHW
basis functions cannot be used to solve the eigenvalue problem.

deviation of various displacements and/or strains at points A, B,
C,D, and E (see Fig. 10), when «(x) has Types A, B, C, and D co-
variance functions, respectively. Both Neumann expansion and
simulation methods were employed to calculate these statistics.
For both methods, meshless discretization was used to calculate
the eigenvalues and eigenfunctions required for K-L expansion.
The order of K-L expansion in both methods was chosen to be
M = 12 and was verified to be large enough to represent the
random field adequately. For the Neumann expansion method,
the value of R = 4 was used. For the simulation method, the
sample size was 5,000. According to Tables 1-4, the response

TABLE 1
Mean and standard deviation of displacements and/or strains for exponential covariance function (Type A, oz = 0.1,
by =b, =0.5)

Neumann expansion
(M=12,R=4)

Monte Carlo simulation
(M = 12, 5000 Samples)

Location Response? Mean Standard deviation Mean Standard deviation
A up —9.75 x 107! 1.12 x 107! —9.76 x 107! 1.12x 107!
11 —3.21x 107! 2.60 x 1072 —3.21 x 107! 2.56 x 1072
%) 2.95 2.40 x 107! 2.95 237 x 107!
£12 —3.96 x 107! 3.29 x 1072 —3.96 x 107! 3.25x 1072
B up —6.20 4.65x 107! —6.20 4.61 x 107!
£ 9.97 x 107! 8.00 x 1072 9.99 x 107! 8.21 x 1072
C U 2.97 2.50 x 107! 2.97 2.46 x 107!
11 —7.17 x 107! 8.68 x 1072 ~7.18 x 107! 8.72 x 1072
%) 1.39 x 107! 1.29 x 1072 1.39 x 107! 1.28 x 1072
€12 3.53x 107! 3.91 x 1072 3.53x 107! 3.90 x 1072
D U 2.04 x 10! 1.34 2.04 x 10! 1.33
& 9.89 x 107! 8.32 x 1072 9.88 x 107! 8.34 x 1072
E u —5.84 5.97 x 107! —5.84 5.99 x 107!
U 1.99 x 10! 1.38 1.99 x 10! 1.38
&n 9.78 x 107! 8.40 x 1072 9.78 x 107! 8.37 x 1072

“u; and u, represent horizontal and vertical displacements, respectively. €;; and &, represent normal strains in x; and x, directions,
respectively; and €, represents shear strain.
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TABLE 2
Mean and standard deviation of displacements and/or strains for sinusoidal covariance function (Type B, o = 0.1,
by =by,=0.5)
Neumann expansion Monte Carlo simulation
(M =12,R=4) (M = 12, 5000 Samples)
Location Response? Mean Standard deviation Mean Standard deviation
A u —9.78 x 107! 1.16 x 107! —9.78 x 107! 1.16 x 107!
11 -3.22x 107! 3.34 x 1072 —3.22x 107! 3.29 x 1072
%) 2.96 3.06 x 107! 2.96 3.02x 107!
e -397x 107! 4.13x 1072 -3.97x 107! 4.09 x 1072
B U —6.22 6.25 x 107! —6.22 6.19 x 107!
& 1.00 9.84 x 1072 1.00 9.74 x 1072
C us 2.98 3.08 x 107! 2.98 3.05x 107!
11 —7.20 x 107! 8.98 x 1072 —7.21 x 107! 9.00 x 1072
%) 1.39 x 107! 1.57 x 1072 1.40 x 107! 1.57 x 1072
£12 3.54 x 107! 4.09 x 1072 3.54 x 107! 4.09 x 1072
D U 2.04 x 10! 1.96 2.04 x 10! 1.96
& 9.92 x 107! 9.86 x 1072 9.93 x 107! 9.91 x 1072
E u —5.86 6.81 x 107! —5.87 6.85 x 107!
U 2.00 x 10! 1.94 2.00 x 10! 1.95
%) 9.81 x 107! 1.01 x 107! 9.82 x 107! 1.02 x 107!

“u; and u, represent horizontal and vertical displacements, respectively. €;; and &, represent normal strains in x; and x, directions,
respectively; and €, represents shear strain.

TABLE 3
Mean and standard deviation of displacements and/or strains for triangular covariance function (Type C, o = 0.1, b; = by = 0.5)
Neumann expansion Monte Carlo simulation
(M=12,R=4) (M = 12, 5000 Samples)

Location Response? Mean Standard deviation Mean Standard deviation

A u —9.75 x 107! 1.24 x 107! —9.75 x 107! 1.23 x 107!
e —3.21x 107! 2.65 x 1072 —3.21x 107! 2.61 x 1072
&2 2.95 2.41 x 107! 2.95 238 x 107!
£12 —3.96 x 107! 3.31 x 1072 —3.96 x 107! 3.27 x 1072

B uy —6.20 419 x 107! —6.19 4.08 x 107!
£ 9.97 x 107! 8.23 x 1072 9.98 x 107! 8.19 x 1072

C u 2.97 2.49 x 107! 2.97 2.46 x 107!
&1l —7.17 x 107! 9.64 x 1072 —~7.18 x 107! 9.59 x 1072
&2 1.39 x 107! 1.34 x 1072 1.39 x 107! 1.34 x 1072
E12 3.53x 107! 420 x 1072 3.53x 107! 4.16 x 1072

D U 2.03 x 10! 1.09 2.03 x 10! 1.06
£ 9.89 x 107! 8.30 x 1072 9.88 x 107! 8.13 x 1072

E u —5.84 5.66 x 107! —5.85 5.65 x 107!
u 1.99 x 10' 1.16 1.99 x 10! 1.16
&£ 9.78 x 107! 8.12 x 1072 9.78 x 107! 8.25 x 1072

“u; and u, represent horizontal and vertical displacements, respectively. 1, and &,, represent normal strains in x; and x, directions, respectively;
and ¢, represents shear strain.
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TABLE 4
Mean and standard deviation of displacements and/or strains for isotropic covariance function (Type D, o = 0.1, b = 0.5)

Neumann expansion
(M=12,R=4)

Monte Carlo simulation
(M = 12, 5000 Samples)

Location Response® Mean Standard deviation Mean Standard deviation
A uj —9.76 x 107! 1.18 x 107! -9.77 x 107! 1.19 x 107!
€11 -3.21 x 107! 2.79 x 1072 -3.22x 107! 2.79 x 1072
€2 2.95 2.58 x 107! 2.95 2.58 x 107!
€12 —3.96 x 107! 3.53x 1072 —3.97 x 107! 3.54 x 1072
B uy —6.20 4,97 x 107! —6.21 4,95 x 107!
£ 9.98 x 107! 8.62 x 1072 9.99 x 107! 8.49 x 1072
C Uy 2.97 2.66 x 107! 2.97 2.66 x 107!
€11 ~7.18 x 107! 9.16 x 1072 ~7.19 x 107! 9.28 x 1072
£ 1.39 x 107! 1.39 x 1072 1.39 x 107! 1.41 x 1072
€12 3.53x 107! 4.09 x 1072 3.54 x 107! 4,13 x 1072
D Uy 2.04 x 10! 1.45 2.04 x 10! 1.44
€2 9.90 x 107! 8.78 x 1072 9.88 x 107! 8.52 x 1072
E uj —5.85 6.07 x 107! —5.84 5.98 x 107!
up 1.99 x 10! 1.48 1.99 x 10! 1.46
&0 9.79 x 107! 8.79 x 1072 9.78 x 107! 8.59 x 1072

“u; and u, represent horizontal and vertical displacements, respectively. €;; and &, represent normal strains in x; and x, directions,

respectively; and &, represents shear strain.

statistics from the Neumann expansion method match very well
with the simulation results. For M > 12, changes in the statistics
by both methods were so small that the statistics in Table 1-4 can
be viewed as convergent results. The details of the convergence
study are not reported here for the sake of brevity.

CONCLUSIONS

This paper presents a stochastic meshless method for proba-
bilistic analysis of linear-elastic structures with spatially varying
random material properties. Using Karhunen-Loeve expansion,
the homogeneous random field representing material proper-
ties was discretized by a set of orthonormal eigenfunctions and
uncorrelated random variables. Two numerical methods were
developed for solving the integral eigenvalue problem associ-
ated with Karhunen-Logve expansion. In the first method, the
eigenfunctions were approximated as linear sums of wavelets
and the integral eigenvalue problem was converted to a finite-
dimensional matrix eigenvalue problem that can be easily solved.
This method facilitates the calculation of eigenfunctions for any
covariance kernel of a one-dimensional random field, but only
for a separable covariance kernel of a multi-dimensional ran-
dom field. Consequently, a second method was developed for
a multi-dimensional random field with any arbitrary covari-
ance function. By using a Galerkin approach in conjunction
with meshless discretization, the integral eigenvalue problem
was also converted to a matrix eigenvalue problem. The second
method is more general than the first and can solve problems
involving a multi-dimensional random field with arbitrary co-

variance functions. In conjunction with meshless discretization,
the classical Neumann expansion method was applied to pre-
dict second-moment characteristics of the structural response.
Several numerical examples are presented to examine the ac-
curacy and convergence of the stochastic meshless method. A
good agreement is obtained between the results of the proposed
method and the Monte Carlo simulation. Since mesh genera-
tion of complex structures can be far more time-consuming and
costly than the solution of a discrete set of equations, the mesh-
less method provides an attractive alternative to the finite ele-
ment method for solving stochastic-mechanics problems.
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