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Abstract: Uncertainties in complex dynamical systems play an important role in the pre-
diction of dynamic response in the mid and high frequency ranges. For distributed parameter
systems, parametric uncertainties can be represented by random fields leading to stochastic
partial differential equations. Over the past two decades spectral stochastic finite element
method has been developed to discretise the random fields and solve such problems. On the
other hand, for deterministic distributed parameter linear dynamical systems, spectral finite
element method has been developed to efficiently solve the problem in the frequency domain.
In spite of the fact that both approaches use spectral decomposition (one for the random fields
and while the other for the dynamic displacement fields), there has been very little overlap be-
tween them in literature. In this paper these two spectral techniques have been unified with the
aim that the unified approach would outperform any of the spectral methods considered on its
own. Considering exponential and triangular autocorrelation functions for the random fields,
frequency depended element stiffness, mass and damping matrices are derived for axial and
bending vibration of rods. Closed-form exact expressions are derived using Karhunen-Loève
expansion. Numerical examples are given to illustrate the unified spectral approach.

Key words: random field, spectral method, stochastic finite element, frequency response,
Karhunen-Loève expansion

NOMENCLATURE

D dynamic stiffness matrix
f forcing function of the discretized system
Γ(ω) a constant matrix for the shape functions
N(r, ω) shape function vector
r spatial coordinate vector
s(r, ω) a vector of elementary functions for the shape functions
u response vector of the discretized system
D space of the random field H
λ j jth eigenvalue corresponding to the auto-covariance ker-

nel
Ω sample space
ρ(r, θ) random mass density
θ elements of the sample space Ω

ϕ j(r) jth eigenfunction corresponding to the auto-covariance
kernel

ûe(ω) nodal displacement vector for an element
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ξ j(θ) uncorrelated Gaussian random variables
c(r, θ) random distributed damping parameter
CH(r1, r2) covariance function of the random field H
H(r, θ) a random field in r
ks(r, θ) random distributed stiffness parameter
L1(•) damping operator
L2(•) stiffness operator
m order of the governing differential equation
n dimension of the element matrices
U(r, t) spatial displacement variable
ue(r, ω) displacement variable within an element
(•)0 deterministic part corresponding to (•)
(•)T matrix transposition
C space of complex numbers
Cn×m space n × m complex matrices

1. INTRODUCTION

Spectral methods are widely used in various branches of
science and engineering. Due to their general nature, the
meaning of spectral methods can be very different depend-
ing on the applications and the disciplines. These differences
mainly arise due to the lack of communication between dif-
ferent disciplines. In spite of these differences, the unifying
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factor between the spectral methods in different disciplines
is that generally they are very powerful tools for the ana-
lytical and experimental treatments of wide ranging physical
problems. In the context of stochastic finite element method
[1–14], spectral methods have been used extensively to an-
alytically represent the random fields describing parametric
uncertainties of physical systems. In the context of struc-
tural dynamics, spectral methods have been used in random
vibration problems [15–18] and for the discretisation of dis-
placement fields in the frequency domain [19–24]. Several
application of such method has been discussed in details in
ref. [25]. In spite of the fact that both approaches use spec-
tral decomposition (one for the random fields and while the
other for the dynamic displacement fields), there has been
very little overlap between them in literature. In this paper
these two spectral techniques have been unified with the aim
that the unified approach would perform better than any of
the spectral methods considered on its own.

Numerical computer codes implementing physics based
models are the backbone of today’s dynamic analysis of com-
plex systems. Laboratory based controlled tests are often per-
formed to gain insight into some specific physics of a prob-
lem. Such tests can indeed lead to new physical laws im-
proving a part of the overall science model. Test data can
also be used to calibrate a known model. However, neither of
these activities are enough to produce a credible numerical
tool because of the several types of uncertainties which exist
in the whole process of physics based computational predic-
tions. Such uncertainties include, but not limited to (a) para-
metric uncertainty (e.g, uncertainty in geometric parameters,
friction coefficient, strength of the materials involved); (b)
model inadequacy (arising from the lack of scientific knowl-
edge about the model which is a-priori unknown); (c) ex-
perimental error (uncertain and unknown error percolate into
the model when they are calibrated against experimental re-
sults); (d) computational uncertainty (e.g, machine preces-
sion, error tolerance and the so called ‘h’ and ‘p’ refine-
ments in finite element analysis) and (e) model uncertainty
(genuine randomness in the model such as uncertainty in the
position and velocity in quantum mechanics, deterministic
chaos). These uncertainties must be assessed and managed
for credible computational predictions.

In this paper we focus our attention to dynamical systems
with parametric uncertainties. In the parametric approach,
the uncertainties associated with the system parameters, such
as Young’s modulus, mass density, Poisson’s ratio, damp-
ing coefficient and geometric parameters are quantified using
statistical methods and propagated, for example, using the
stochastic finite element method. The effect of uncertainty is
significant in the higher frequency ranges. In the higher fre-
quency ranges, as the wavelengths become smaller, very fine
(static) mesh size is required to capture the dynamical be-
haviour. As a result, the deterministic analysis itself can pose
significant computational challenges. One way to address
this problem is to use a spectral approach in the frequency
domain [25]. The main idea here is that the displacements
within an element is expressed in terms of frequency depen-

dent shape functions. The shape functions adapt themselves
with increasing frequency and consequently displacements
can be obtained accurately without fine remeshing. The spec-
tral approach have the potential to be an efficient method for
mid and high frequency vibration problems provided the ran-
dom fields describing parametric uncertainties can be taken
into account efficiently. Here the spectral decomposition of
the random files are used in conjunction with the spectral de-
composition of the displacements field. It is expected that si-
multaneous use of these two types of spectral decompositions
will result into an efficient approach for distributed dynami-
cal systems with parametric uncertainties. Spectral finite el-
ement method in the frequency domain is briefly discussed
in section 2. The essential background of spectral represen-
tation of stochastic fields is given in section 3. The general
derivation of the element mass, stiffness and damping ma-
trices using the doubly spectral stochastic finite element is
given in section 4. In section 5 this general theory is applied
to axially vibrating rods with uncertain properties.

2. SPECTRAL FINITE ELEMENT IN THE FRE-
QUENCY DOMAIN

Spectral method for deterministic dynamical systems have
been in use for more than three decades (see for exam-
ple the book by Paz [26]). This approach, or approaches
very similar to this, is known by various names such as
the dynamic stiffness method [27–39], spectral finite ele-
ment method [19, 20, 25] and dynamic finite element method
[40, 41]. Some of the notable features of the method, which
can be discerned from the available literature are

1. the mass distribution of the element is treated in an exact
manner in deriving the element dynamic stiffness ma-
trix;

2. the dynamic stiffness matrix of one dimensional struc-
tural elements taking into account the effects of flex-
ure, torsion, axial motion, shear deformation effects and
damping are exactly determinable, which, in turn, en-
ables the exact vibration analysis of skeletal structures
by an inversion of the global dynamic stiffness matrix;

3. the method does not employ eigenfunction expansions
and, consequently, a major step of the traditional finite
element analysis, namely, the determination of natural
frequencies and mode shapes, is eliminated which auto-
matically avoids the errors due to series truncation; this
makes the method attractive for situations in which a
large number of modes participate in vibration;

4. since the modal expansion is not employed, ad hoc
assumptions concerning damping matrix being propor-
tional to mass and/or stiffness is not necessary;

5. the method is essentially a frequency domain approach
suitable for steady state harmonic or stationary ran-
dom excitation problems; generalization to other type of
problems through the use of Laplace transforms is also
available;

Proceedings of ICEAE 2009

812



Sondipon Adhikari, D. Roy Mahapatra

6. the static stiffness matrix and the consistent mass matrix
appear as the first two terms in the Taylor expansion of
the dynamic stiffness matrix in the frequency parameter.

3. SPECTRAL STOCHASTIC FINITE ELEMENT
METHOD

Problems of structural dynamics in which the uncertainty
in specifying mass and stiffness of the structure is modeled
within the framework of random fields can be treated us-
ing the stochastic finite element method [1–14]. Application
of the stochastic finite element method to linear structural
dynamics problems typically consists of the following key
steps:

1. Selection of appropriate probabilistic models for param-
eter uncertainties and boundary conditions

2. Replacement of the element property random fields by
an equivalent set of a finite number of random variables.
This step, known as the ‘discretisation of random fields’
is a major step in the analysis.

3. Formulation of the system equations of motion of the
form D(ω)u = f where D(ω) is the random dynamic
stiffness matrix u is the vector of random nodal displace-
ment and f is the applied forces. In general D(ω) is a
random symmetric complex matrix.

4. Solution of the set of complex random algebraic equa-
tion to obtain the statistics of the response vectors

Suppose H(r, θ) is a random field with a covariance function
CH(r1, r2) defined in a space D. Here θ denotes an element
of the (random) sample space Ω so that θ ∈ Ω. Since the
covariance function is finite, symmetric and positive definite
it can be represented by a spectral decomposition. Using this
spectral decomposition, the random process H(r, θ) can be
expressed in a generalized fourier type of series as

H(r, θ) = H0(r) +

∞∑

j=1

√
λ jξ j(θ)ϕ j(r) (1)

where ξ j(θ) are uncorrelated random variables, λ j and ϕ j(r)
are eigenvalues and eigenfunctions satisfying the integral
equation

∫

D
CH(r1, r2)ϕ j(r1)dr1 = λ jϕ j(r2), ∀ i = 1, 2, · · · (2)

The spectral decomposition in equation (1) is known as the
Karhunen-Loève expansion. The series in (1) can be ordered
in a decreasing series so that it can be truncated after a fi-
nite number of terms with a desired accuracy. We refer the
books [2, 42] and references therein for further discussions
on Karhunen-Loève expansion.

In this paper one dimensional systems are considered.
Moreover, Gaussian random fields with exponentially decay-
ing autocorrelation function is considered. The autocorrela-
tion function can be expressed as

C(x1, x2) = e−|x1−x2 |/b (3)

Here the constant b is known as the correlation length and it
plays an important role in the description of a random field.
If the correlation length is very small, then the random pro-
cess becomes close to a delta-correlated process, often know
as the white noise. If the correlation length is very large com-
pared to domain under consideration, the the random process
effectively becomes a random variable. The underlying ran-
dom process H(x, θ) can be expanded using the Karhunen-
Loève expansion [2, 42] in the interval −a ≤ x ≤ a as

H(x, θ) =

∞∑

j=1

[
ξ j(θ)

√
λ jϕ j(x) + ξ∗j (θ)

√
λ∗jϕ

∗
j(x)

]
. (4)

Using the notation c = 1/b, the corresponding eigenvalues
and eigenfunctions, for odd j are given by

λ j =
2c

ω2
j + c2

; ϕ j(x) =
cos(ω jx)√

a +
sin(2ω ja)

2ω j

(5)

tan(ωa) =
c
ω

(6)

and for even j are given by

λ∗j =
2c

ω∗j
2 + c2

; ϕ∗j(x) =
sin(ω∗j x)

√
a −

sin(2ω∗ja)

2ω∗j

(7)

tan(ω∗a) =
ω∗

−c
(8)

These eigenvalues and eigenfunctions will now be used to
obtain the element mass, stiffness and damping matrices.

4. GENERAL DERIVATION OF DOUBLY SPECTRAL
ELEMENT MATRICES

A linear damped distributed parameter dynamical system
in which the displacement variable U(r, t), where r is the spa-
tial position vector and t is time, specified in some domainD,
is governed by a linear partial differential equation

ρ(r, θ)
∂2U(r, t)
∂t2 + L1

∂U(r, t)
∂t

+ L2U(r, t) = p(r, t);

r ∈ D, t ∈ [0,T ] (9)

with linear boundary-initial conditions of the form

M1 j
∂U(r, t)
∂t

= 0; M2 jU(r, t) = 0;

r ∈ Γ, t = t0, j = 1, 2, · · · (10)

specified on some boundary surface Γ. In the above equa-
tion ρ(r, θ) is the random mass distribution of the system,
p(r, t) is the distributed time-varying forcing function, L1 is
the random spatial self-adjoint damping operator, L2 is the
random spatial self-adjoint stiffness operator and M1 j and

Proceedings of ICEAE 2009

813



Doubly spectral stochastic finite element method

M2 j are some linear operators defined on the boundary sur-
face Γ. When parametric uncertainties are considered, the
mass density ρ(r, θ) as well as the damping and stiffness op-
erators involve random processes. Here θ denotes the random
nature of the function. Frequency depended random element
stiffness matrices were derived by various authors using the
weighted integral approach [5, 6, 8, 43], the energy operator
approach [44] and a series expansion approach [45]. Sup-
pose the underlying homogeneous system corresponding to
system (9) without any forcing is given by

ρ0
∂2U(r, t)
∂t2 + L10

∂U(r, t)
∂t

+ L20U(r, t) = 0 (11)

together with suitable homogeneous boundary and initial
conditions. Taking the Fourier transform of equation (11)
and considering zero initial conditions one has

−ω2ρ0u(r) + iωL10 {u(r)} + L20 {u(r)} = 0 (12)

Like the classical finite element method, suppose that
frequency-dependent displacement within an element is in-
terpolated from the nodal displacements as

ue(r, ω) = NT (r, ω)̂ue(ω) (13)

Here ûe(ω) ∈ Cn is the nodal displacement vector and
N(r, ω) ∈ Cn, the vector of frequency-dependent shape func-
tions and n is the number of the nodal degrees-of-freedom.
Suppose the s j(r, ω) ∈ C, j = 1, 2, · · ·m are the basis func-
tions which exactly satisfy equation (12). Here m is the order
of the ordinary differential equation (12). It can be shown
that the shape function vector can be expresses as

N(r, ω) = Γ(ω)s(r, ω) (14)

where the vector s(r, ω) =
{
s j(r, ω)

}T
,∀ j ∈ Cm and the com-

plex matrix Γ(ω) ∈ Cnm depends on the boundary conditions.
The detailed derivation will be given in full paper.

Extending the weak-form of finite element approach to the
complex domain, the frequency depended n×n complex ran-
dom stiffness, mass and damping matrices can be obtained
as

Ke(ω, θ) =

∫

De

ks(r, θ)L2 {N(r, ω)} L2

{
NT (r, ω)

}
dr (15)

Me(ω, θ) =

∫

De

ρ(r, θ)N(r, ω)NT (r, ω)dr and (16)

Ce(ω, θ) =

∫

De

c(r, θ)L1 {N(r, ω)} L1

{
NT (r, ω)

}
dr (17)

Where, (•)T denotes matrix transpose, ks(r, θ) is the ran-
dom distributed stiffness parameter, L2{•} is the strain en-
ergy operator, c(r, θ) is the random distributed damping pa-
rameter and L1{•} is the energy dissipation operator. The
random fields ks(r, θ), ρ(r, θ) and c(r, θ) are expanded using
the Karhunen-Loève expansion (1). Using finite number of

terms, each of the complex element matrices can be expanded
in a spectral series as

Ke(ω, θ) = K0e(ω) +

NK∑

j=1

ξKj (θ)K je(ω) (18)

Me(ω, θ) = M0e(ω) +

NM∑

j=1

ξMj (θ)M je(ω) (19)

and Ce(ω, θ) = C0e(ω) +

NC∑

j=1

ξCj (θ)C je(ω) (20)

Here the complex deterministic symmetric matrices, for ex-
ample in the case of the stiffness matrix, can be obtained as

K0e(ω) =

∫

De

ks0 (r)L2 {N(r, ω)} L2

{
NT (r, ω)

}
dr and

(21)

K je(ω) =
√
λKj

∫

De

ϕKj (r)L2 {N(r, ω)} L2

{
NT (r, ω)

}
dr

(22)

∀ j = 1, 2, · · · ,NK

The equivalent terms corresponding to the mass and damping
matrices can be obtained in a similar manner. Substituting
the shape function from equation (14), into equations (21)
and (22) one obtains

K0e(ω) = Γ(ω)K̃0e(ω)ΓT (ω) and (23)

K je(ω) =
√
λKjΓ(ω)K̃ je(ω)ΓT (ω); ∀ j = 1, 2, · · · ,NK

(24)

where

K̃0e(ω) =

∫

De

ks0 (r)L2 {s(r, ω)} L2

{
sT (r, ω)

}
dr ∈ Cmm and

(25)

K̃ je(ω) =

∫

De

ϕKj (r)L2 {s(r, ω)} L2

{
sT (r, ω)

}
dr ∈ Cmm

(26)

∀ j = 1, 2, · · · ,NK

The expressions of the eigenfunctions given in the previous
section are valid within the specific domains defined before.
One needs to change the coordinate in order to use them in
equation (26). Once the element stiffness, mass and damping
matrices are obtained in this manner, the global matrices can
be calculated by summing the element matrices with suitable
coordinate transformations as in the standard finite element
method.

5. DSSFEM FOR RODS IN AXIAL VIBRATION

We consider the following method of time-frequency
Fourier spectral approximation for the displacement field for
axial vibration in a rod.
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The equation of motion of the stochastically inhomoge-
neous rod under axial motion is given by

∂

∂x

[
AE(x, θ)

∂U
∂x

]
+ c0

∂U
∂t
− m(x, θ)

∂2U
∂t2 = 0 (27)

Here the axial rigidity AE(x) and the mass per unit length
m(x) is assumed to be random fields of the following form

AE(x, θ) = A0E0 [1 + εAE HAE(x, θ)] (28)
m(x) = m0(1 + εmHm(x, θ)) (29)

Here HAE(x, θ) and Hm(x, θ) are assumed to homogeneous
Gaussian random fields with zero mean and exponentially de-
caying autocorrelation function of the form given by equation
(3). The ’strength parameters’ εAE and εm effectively quantify
the amount of uncertainty in the axial rigidity and mass per
unit length of the rod. The constants A0E0 and m0 = A0ρ0
are respectively the mass per unit length and axial rigidity of
the underline baseline model. The equation of motion of the
baseline model is given by

A0ρ0
∂2U(x, t)
∂t2 + c0

∂U
∂t
− A0E0

∂2U
∂x2 = 0 , (30)

where ρ0, E0, A0 and c0 are the nominal value of the den-
sity, elastic stiffness, cross sectional area and damping fac-
tor within a domain x ∈ [0, L]. With spectral expansion of
the axial displacement U(x, t) in the frequency-wavenumber
space, one has

U(x, t) =
(
ũ1e−ik0 x/L + ũ2e−ik0(1−x/L)

)
eiωt = u(x)eiωt (31)

where i =
√−1, k0 is the non-dimensional wavenumber for

the reference model in Eq. (30), which is given by

k0 = ωL
√
ρ0

E0

√
1 − ic0

ωρ0
. (32)

By defining spectral element nodes at x = 0, L and the one
axial displacement degrees of freedom at each node as u1(x =

0) and u2(x = L), one obtains the generic displacement field
in terms of these two degrees of freedom as

u(x) =

[
e−ik0 x/L − e−ik0(2−x/L)

1 − e−i2k0

−e−ik0(1+x/L) + e−ik0(1−x/L)

1 − e−i2k0

] {
u1
u2

}

=N(x, ω)ûe(ω) (33)

which gives the frequency dependent shape function N(x, ω)
as discussed earlier but for the one-dimensional rod problem
as an example. After some elementary algebra, the shape
function vector in equation (33) can be expressed in the form
of equation (14) as

N(r, ω) = Γ(ω)s(r, ω), where s(r, ω) =

{
e−ik0 x/L

eik0 x/L

}

and Γ(ω) =
1

1 − e−i2k0

[
1 −e−2ik0

−e−ik0 e−ik0

] (34)

Now we need to substitute s(r, ω) in equation (25) and (26) to
obtain the deterministic and random part of the element ma-
trices. In this paper a deterministic constant modal damping
factor is assumed. Therefore, we will only derive the mass
and stiffness matrices of the system. For the axial vibration
the stiffness operator L2(•) =

∂(•)
∂x . Because constant nomi-

nal values are assumed, we have ks0 (r) = A0E0. Using these,
from equation (25) one obtains

K̃0e(ω) = A0E0

∫ L

0

{
∂s(x, ω)
∂x

}{
∂s(x, ω)
∂x

}T

dx (35)

=
A0E0k0

L


−1/2 i

(
−1 + e−2 ik0

)
k0

k0 1/2 i
(
e2 ik0 − 1

)


(36)

The deterministic part of the stiffness matrix can be obtained
from equation (15) using the Γ(ω) matrix defined in equation
(34). The term M̃0e(ω) can be obtained in a similar way as

M̃0e(ω) = m0

∫ L

0
s(x, ω)sT (x, ω)dx (37)

= m0L



1/2 i(−1+e−2 ik0 )
k0

1

1 −1/2 i(e2 ik0−1)
k0

 (38)

The deterministic mass matrix can be obtained from the
above equation as M0e(ω) = Γ(ω)M̃0e(ω)ΓT (ω).

To obtain the matrices associated with the random compo-
nents, note that for each j there will be two different matrices
corresponding to the two eigenfunctions defined in equations
(5) and (7). Following equation (18), we can express the ele-
ment stiffness matrix as

Ke(ω, θ) = K0e(ω) + ∆Ke(ω) (39)

where ∆Ke(ω) is the random part of the matrix. Following
equation (24), this matrix can be conveniently expressed as

∆Ke(ω) = Γ(ω)∆̃Ke(ω)ΓT (ω) (40)

The matrix ∆̃Ke(ω) can be expanded utilizing the Karhunen-
Loève expansion as

∆̃Ke(ω) =

NK∑

j=1

[
ξKj (θ)

√
λKj K̃ je(ω) + ξ∗Kj

(θ)
√
λ∗Kj

K̃∗ je(ω)
]

(41)
where

√
λKj ,

√
λ∗Kj

are the eigenvalues corresponding to the

random field HAE(x, θ). The matrices K̃ je(ω) and K̃∗ je(ω)
can be obtained using the integrals of the form equation (26).
Using the expression of the eigenfunction for the odd values
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of j as in equation (5) one has

K̃ je(ω) =

∫ L

0

εAE A0E0 cos(ω jx)√
a +

sin(2ω ja)
2ω j

{
∂s(x, ω)
∂x

}{
∂s(x, ω)
∂x

}T

dx

(42)

= − εAE A0E0k2
0

L2

√
a +

sin(2ω ja)
2ω j

∫ L

0
cos(ω jx)


e
−2 ik0 x

L 1

1 e
2 ik0 x

L

 dx

(43)

In the above expression a = L/2 and the eigenvalues ω j

should be obtained by solving the transcendental equation
(6). In a similar manner, using the expression of the eigen-
function for the even values of j as in equation (7) one has

K̃∗ je(ω) =

− εAE A0E0k2
0

L2

√
a − sin(2ω ja)

2ω j

∫ L

0
sin(ω jx)


e
−2 ik0 x

L 1

1 e
2 ik0 x

L

 dx

(44)

The mass matrix can also be represented as equations
(39)–(41). The eigenvalues and eigenfunctions correspond-
ing to the random field Hm(x, θ) needs to be used to obtain
the elements of M̃ je(ω) and M̃∗

je(ω).
Using the expression of the eigenfunction for the odd val-

ues of j as in equation (5) one has

M̃ je(ω) =

∫ L

0

εmm0 cos(ω jx)√
a +

sin(2ω ja)
2ω j

s(x, ω)sT (x, ω)dx (45)

=
εmm0√

a +
sin(2ω ja)

2ω j

∫ L

0
cos(ω jx)


e
−2 ik0 x

L 1

1 e
2 ik0 x

L

 dx

(46)

In the above expression the eigenvalues ω j should be ob-
tained by solving the transcendental equation (6). In a simi-
lar manner, using the expression of the eigenfunction for the
even values of j as in equation (7) one has

M̃∗
je(ω) =

εmm0√
a − sin(2ω ja)

2ω j

∫ L

0
sin(ω jx)


e
−2 ik0 x

L 1

1 e
2 ik0 x

L

 dx (47)

Equations (42)–(47) completely define the random parts of
the element stiffness and mass matrices. The definite in-
tegrals appearing in these expressions can be evaluated in
closed-form. This further reduces the computational cost in

deriving the element matrices. The exact closed-form expres-
sion of the elements of the above four matrices are given in
the appendix.

6. CONCLUSIONS

The basic principles for Doubly Spectral Stochastic Finite
Element Method (DSSFEM) for damped linear dynamical
systems with distributed parametric uncertainty has been de-
rived. This new approach simultaneously utilizes the spectral
representations in the frequency and random domains. The
spatial displacement fields are discretized using frequency-
adaptive complex shape functions while the spatial random
fields are discretized using the Karhunen-Loève expansion.
In spite of the fact that these two spectral approaches ex-
isted for well over three decades, there has been very little
overlap between them in literature. In this paper these two
spectral techniques have been unified with the aim that the
unified approach would outperform any of the spectral meth-
ods considered on its own. The resulting frequency depended
random element matrices in general turn out to be complex
symmetric matrices. The main computational advantage of
the proposed approach is that the fine spatial discretisation
will not be necessary for high and mid-frequency vibration
analysis. The detailed derivations for rods in axial vibration
is given. Closed-form expressions of the element mass and
stiffness matrices have been derived for the stochastic para-
metric fields with exponential autocorrelation function. Nu-
merical examples have been given to illustrate the applicabil-
ity of the proposed method.
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applications, Ariaratnam ST, Schuëller GI, Elishakoff I, editors. Lon-
don: Elsevier Applied Science 1998; .

[2] Ghanem R, Spanos P. Stochastic Finite Elements: A Spectral Ap-
proach. New York, USA: Springer-Verlag 1991.

[3] Kleiber M, Hien TD. The Stochastic Finite Element Method. Chich-
ester: John Wiley 1992.

[4] Matthies HG, Brenner CE, Bucher CG, Soares CG. Uncertainties in
probabilistic numerical analysis of structures and solids - Stochastic
finite elements. Structural Safety 1997;19(3):283–336.

[5] Manohar CS, Adhikari S. Dynamic stiffness of randomly parametered
beams. Probabilistic Engineering Mechanics 1998;13(1):39–51.

[6] Manohar CS, Adhikari S. Statistical analysis of vibration energy flow
in randomly parametered trusses. Journal of Sound and Vibration
1998;217(1):43–74.

[7] Adhikari S, Manohar CS. Dynamic analysis of framed structures with
statistical uncertainties. International Journal for Numerical Methods
in Engineering 1999;44(8):1157–1178.

Proceedings of ICEAE 2009

816

http://www.epsrc.ac.uk�
http://www.epsrc.ac.uk�
file:www.Leverhulme.ac.uk�


Sondipon Adhikari, D. Roy Mahapatra

[8] Adhikari S, Manohar CS. Transient dynamics of stochastically pa-
rametered beams. ASCE Journal of Engineering Mechanics 2000;
126(11):1131–1140.

[9] Haldar A, Mahadevan S. Reliability Assessment Using Stochastic Fi-
nite Element Analysis. New York, USA: John Wiley and Sons 2000.

[10] Sudret B, Der-Kiureghian A. Stochastic Finite Element Methods and
Reliability. Tech. Rep. UCB/SEMM-2000/08, Department of Civil &
Environmental Engineering, University Of California, Berkeley 2000.

[11] Nair PB, Keane AJ. Stochastic reduced basis methods. AIAA Journal
2002;40(8):1653–1664.

[12] Elishakoff I, Ren YJ. Large Variation Finite Element Method for
Stochastic Problems. Oxford, U.K.: Oxford University Press 2003.

[13] Sachdeva SK, Nair PB, Keane AJ. Comparative study of projection
schemes for stochastic finite element analysis. Computer Methods in
Applied Mechanics and Engineering 2006;195(19-22):2371–2392.

[14] Sachdeva SK, Nair PB, Keane AJ. Hybridization of stochastic reduced
basis methods with polynomial chaos expansions. Probabilistic Engi-
neering Mechanics 2006;21(2):182–192.

[15] Nigam NC. Introduction to Random Vibration. Cambridge, Mas-
sachusetts: The MIT Press 1983.

[16] Lin YK. Probabilistic Thoery of Strcutural Dynamics. Ny, USA:
McGraw-Hill Inc 1967.

[17] Bolotin VV. Random vibration of elastic systems. The Hague: Marti-
nus and Nijhoff Publishers 1984.

[18] Newland DE. Mechanical Vibration Analysis and Computation. New
York: Longman, Harlow and John Wiley 1989.

[19] Doyle JF. Wave Propagation in Structures. New York: Springer Verlag
1989.

[20] Gopalakrishnan S, Martin M, Doyle JF. A matrix methodology for
spectral-analysis of wave-propagation in multiple connected timo-
shenko beams. Journal of Sound and Vibration 1992;158(1):11–24.

[21] Mahapatra DR, Gopalakrishnan S, Sankar TS. Spectral element based
solutions for wave propagation analysis of multiply connected lam-
inated composite beams. Journal of Sound and Vibration 2000;
237(819-836).

[22] Mahapatra DR, Gopalakrishnan S. A spectral finite element model for
analysis of axial-flexural-shear coupled wave propagation in laminated
composite beams. Composite Structure 2002;59(67-88).

[23] Mahapatra DR, Singhal S, Gopalakrishnan S. A higher order finite
waveguide model for spectral analysis of composite structures. Com-
puter Methods in Applied Mechanics and Engineering 2006;195(116-
113).

[24] Hu N, Wang HH, Yan B, Fukunaga H, Mahapatra DR, Gopalakrish-
nan S. The partition of unity finite element method for elastic wave
propagation in Reissner-Mindlin plates. Int J Numerical Methods in
Engineering 2007;70(1451-1479).

[25] Gopalakrishnan S, Chakraborty A, Mahapatra DR. Spectral Finite El-
ement Method. New York: Springer Verlag 2007.

[26] Paz M. Structural Dynamics: Theory and Computation. Reinhold:
Van Nostrand, second edn. 1980.

[27] Banerjee JR, Williams FW. Exact bernoulli-euler dynamic stiffness
matrix for a range of tapered beams. International Journal for Nu-
merical Methods in Engineering 1985;21(12):2289–2302. ISSN 0029-
5981.

[28] Banerjee JR. Coupled bending torsional dynamic stiffness matrix for
beam elements. International Journal for Numerical Methods in Engi-
neering 1989;28(6):1283–1298. ISSN 0029-5981.

[29] Langley RS. Application of the dynamic stiffness method to the free
and forced vibrations of aircraft panels. Journal of Sound and Vibration
1989;135(2):319–331.

[30] Langley RS. Analysis of power flow in beams and frameworks using
the direct-dynamic stiffness method. Journal of Sound and Vibration
1990;136(3):439–452.

[31] Banerjee JR, Williams FW. Coupled bending-torsional dynamic stiff-
ness matrix for timoshenko beam elements. Computer and Structures
1992;42(3):301–310.

[32] Banerjee JR, Fisher SA. Coupled bending torsional dynamic stiffness
matrix for axially loaded beam elements. International Journal for Nu-
merical Methods in Engineering 1992;33(4):739–751.

[33] Langley RS. A dynamic stiffness technique for the vibration analysis
of stiffened shell structures. Journal of Sound and Vibration 1992;

156(3):521–540.
[34] Langley RS. A dynamic stiffness boundary-element method for the

prediction of interior noise-levels. Journal of Sound and Vibration
1993;163(2):207–230.

[35] Ferguson NJ, Pilkey WD. Literature review of variants of dynamic
stiffness method, Part 1: The dynamic element method. The Shock
and Vibration Digest 1993;25(2):3–12.

[36] Ferguson NJ, Pilkey WD. Literature review of variants of dynamic
stiffness method, Part 2: Frequency-dependent matrix and other. The
Shock and Vibration Digest 1993;25(4):3–10.

[37] Banerjee JR, Williams FW. Free-vibration of composite beams - an
exact method using symbolic computation. Journal of Aircraft 1995;
32(3):636–642.

[38] Bercin AN, Langley RS. Application of the dynamic stiffness tech-
nique to the in-plane vibrations of plate structures. Computer and
Structures 1996;59(5):869–875.

[39] Banerjee JR. Dynamic stiffness formulation for structural elements: A
general approach. Computer and Structures 1997;63(1):101–103.

[40] Hashemi SM, Richard MJ, Dhatt G. A new Dynamic Finite Element
(DFE) formulation for lateral free vibrations of Euler-Bernoulli spin-
ning beams using trigonometric shape functions. Journal of Sound and
Vibration 1999;220(4):601–624.

[41] Hashemi SM, Richard MJ. Free vibrational analysis of axially loaded
bending-torsion coupled beams: a dynamic finite element. Computer
and Structures 2000;77(6):711–724.

[42] Papoulis A, Pillai SU. Probability, Random Variables and Stochastic
Processes. Boston, USA: McGraw-Hill, fourth edn. 2002.

[43] Gupta S, Manohar CS. Dynamic stiffness method for circular stochas-
tic Timoshenko beams. Journal of Sound and Vibration 2002;
253(10):1051–1085.

[44] Ghanem R, Sarkar A. Reduced models for the medium-frequency dy-
namics of stochastic systems. Journal of the Acoustical Society of
America 2003;113(2):834–846.

[45] Ostoja-Starzewski M, Woods A. Spectral finite elements for vibrating
rods and beams with random field properties. Journal of Sound and
Vibration 2003;268(4):779–797.

APPENDIX A: DERIVATION OF THE RANDOM ELE-
MENT STIFFNESS AND MASS MATRICES

In this section we derive the exact closed-form expressions
of the different terms of the element stiffness and mass ma-
trices corresponding to the random part of the respective ma-
trices. The definite integral which define these matrices are
given in equations (42)–(47). Since all of these matrices are
symmetric, only the expressions of the elements in the upper
triangular part are given here.

We express the matrix K̃ je(ω) in equation (42) as

K̃ je(ω) =
εAE A0E0k2

0

L

√
a +

sin(2ω ja)
2ω j

K̂ je(ω) (48)

The elements of the upper triangular part of the matrix

K̂ je(ω) = − 1
L

∫ L

0
cos(ω jx)


e
−2 ik0 x

L 1

1 e
2 ik0 x

L

 dx (49)
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are given by

K̂ je11
(ω) = −

2 ik0 − 2 ie−2 ik0 k0 cos
(
ω jL

)
+ e−2 ik0ω jL sin

(
ω jL

)

−4 k0
2 + ω j

2L2

K̂ je12
(ω) =

sin
(
ω jL

)

ω jL

K̂ je22
(ω) = −

−2 ik0 + 2 ie2 ik0 k0 cos
(
ω jL

)
+ e2 ik0 Lω j sin

(
ω jL

)

−4 k0
2 + ω j

2L2

(50)

Similarly the matrix K̃∗ je(ω) in equation (42) can be ex-
pressed as

K̃∗ je(ω) =
εAE A0E0k2

0

L

√
a − sin(2ω ja)

2ω j

K̂∗ je(ω) (51)

The elements of the upper triangular part of the matrix

K̂∗ je(ω) = − 1
L

∫ L

0
sin(ω jx)


e
−2 ik0 x

L 1

1 e
2 ik0 x

L

 dx (52)

are given by

K̂∗ je11
(ω) =

−ω jL + e−2 ik0ω jL cos
(
ω jL

)
+ 2 ie−2 ik0 k0 sin

(
ω jL

)

−4 k0
2 + ω j

2L2

K̂∗ je12
(ω) = −

−1 + cos
(
ω jL

)

ω jL

K̂∗ je22
(ω) =

−ω jL + e2 ik0ω jL cos
(
ω jL

)
− 2 ie2 ik0 k0 sin

(
ω jL

)

−4 k0
2 + ω j

2L2

(53)

The matrices associated with the random parts of the mass
matrix given by equations (46) and (47) can be obtained in
closed-form by using the integrals given by equations (49)
and (52) respectively.
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