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Abstract. Though there have been many efforts to make the inverse problem of damage identification small by reducing its finite
element degrees-of-freedom, there have been few efforts to make it small by reducing its spatial domain of problem. Thus, as the
extension of the author’s previous work in which the damage identification algorithm was formulated from the dynamic stiffness
equation of motion, the present study introduces a spectral element model (SEM)-based reduced-domain method (RDM) of
damage identification. In the present RDM, a three-steps process is used to reduce the domain of problem by iteratively searching
out and removing damage-free parts of structure in the course of the damage identification analysis. To validate the present
RDM, numerically simulated damage identification tests are conducted. The experimental tests for a damaged cantilevered beam
specimen show that the present RDM can fairly well locates and quantifies all local damages (i.e., slots) placed along the beam
specimen.
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1. Introduction

Since the first attempts by Thompson [1] and
Kirmsher [2] to quantify the local structural damages,
the structural damage identification (i.e., detection, lo-
cation and quantification) has been an active research
area. The structural damages generated within a struc-
ture may lead to the changes in the dynamic charac-
teristics of the structure such as the vibration response,
natural frequency, mode shape and the modal damp-
ing. Thus, the changes in dynamic characteristics of
a structure in turn can be used to identify the struc-
tural damages within the structure. In the literature,
there have been appeared a variety of structural damage
identification methods (SDIM) and the extensive re-
views on the subject can be found in the references [3–
6]. An intensive literature survey shows that the fi-

nite element models have been widely used in most
structure-model based-SDIM including the finite ele-
ment model (FEM)-updatemethods (e.g. [7–9]) and the
experimental-data-based methods (e.g. [10–25]).

In FEM-update methods, it is assumed that an FEM
of a structure is available and the parameters of the stiff-
ness and mass matrices can be updated to match with
the experimental modal analysis model. The parameter
changes of the stiffness and mass matrices between the
intact state and damaged state are the used to detect,
locate and quantify the structural damage. However,
because the degrees-of-freedom (DOF) of FEM are
in general much larger than those of the experimental
modal analysis model, it is inevitable to reduce the DOF
of FEM. Reducing the DOF of FEM may results in the
loss of physical interpretability along with the stiffness
diffusion phenomena that may provide fault damage
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identification. Thus, as the alternatives to the FEM-
update methods, the experimental-data-based methods
have been proposed in the literature.

The experimental-data-based SDIM derived from
FEM eigenvalue problems can be classified into sev-
eral groups depending on what experimental data are
used to detect, locate, and quantify structural damages.
They include the natural frequencies [10–14], mode
shapes or mode shape curvatures [15,16], transfer func-
tion parameters [17], flexibility matrix [18], residual
forces [19,20], substructural flexibilities [21] and FRF
data [22–25]. It has been well recognized that the FRF-
data offer certain advantages over modal data, because
the modal extraction process is not required. Further-
more, the FRF data may provide more information on
the structural damage by including the higher vibration
modes that are not in frequency range of measurement.

For the reliable damage identification, a sufficiently
accurate structure-model should be used. However, as
a drawback of FEM, it has been well recognized that
very fine meshes should be used to obtain satisfactory
high frequency dynamic responses. This will increase
the DOF to render the FEM-based SDIM not practi-
cal for real time damage identification. Thus, to im-
prove the accuracy of structure model and also to make
use of the inherent advantages of FRF-data over the
modal data, Park et al. [24] used the spectral element
bar model and FRF-data to locate the damages within a
free-free bar, and Lee and Shin [25] proposed a spectral
element model (SEM)-based SDIM in a general form,
in which the measured FRF-data can be used, and then
applied it to a beam structure. Because the spectral
element matrices (which are often called the exact dy-
namic stiffness matrices) formulated from the exact dy-
namic (i.e., frequency-dependent) shape functions are
used in SEM, only one finite element is enough for a
uniform structure element, regardless of its dimensions,
to obtain exact dynamic characteristics of the structure
element [26,27]. Accordingly this may reduce dras-
tically the number of DOF to be manipulated in the
damage identification analysis.

Because the structural damage identification is the
inverse problem, it is desirable to reduce the DOF of
FEM for easy and efficient manipulation of the finite
element models, without significantly degrading the
damage identification results. In the literature, various
techniques have been used to reduce the DOF of FEM.
They include the Guyan reduction technique [27,28],
the dynamic condensation technique [29], and the im-
proved reduced system (IRS) [30]. As the severe struc-
tural damages are localized at a few small areas in fact,

rather than spread wide over whole structure, one does-
n’t need to examine whole (spatial) domain of structure
for damage. Thus, in addition to the efforts to reduce
the DOF of FEM or as the alternatives to the efforts,
it is desirable to reduce the domain of structure to be
examined by removing the parts of structure where the
probability of damage is extremely low.

Thus, the purposes of the present study are to ap-
ply a concept of reduced-domain method (RDM) to the
SEM-based damage identification theory that was de-
rived in the author’s previous work [25], and then to
verify the reduced-domain method experimentally as
well as numerically, by applying it to a beam structure.

2. Development of reduced-domain method

2.1. Damage identification algorithm

By following the well-defined spectral element for-
mulation procedure [26,27], the forced vibration of a
structure system can be represented by

[S(ω)]{U(ω)} = {P(ω)} for intact state
(1)

[S(ω)]{U(ω)} = {P(ω)} for damaged state
where ω is the circular frequency. The frequency-
dependent matrix[S] represents the spectral system
matrix (or the exact dynamic stiffness matrix) of the
structure system. The vectors{U} and{P} represent
the spectral components of nodal degrees-of-freedom
vector (simply, nodal DOF) and those of externally ap-
plied nodal forces vector (simply, nodal forces), respec-
tively. The quantities with over-bar (−) represent the
quantities in the damaged state.

The matrix[S] is considered as the known quantity
because it will be so determined that Eq. (1a) represents
therefined structure model for the intact structure. The
vector{U} is also considered as the known quantity
because it will be measured directly from the damaged
structure. However, the matrix[S] is the unknown
quantity because it should depend on the not-yet-known
current damage state. The matrix[S] can be represented
by

[S(ω)] = [S(ω)] + [∆S(ω)] (2)

where [∆S] is the perturbed spectral system matrix
generated by the presence of damage.

Applying Eq. (2) into Eq. (1) gives

{P(ω)}−[S(ω)]{U(ω)} = [∆S(ω))]{U(ω)}(3)
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Now express the matrices and vectors in Eq. (3) in the
partitioned forms as

{P(ω)} =
{

Pm(ω)
Ps(ω)

}
=

{
F(ω)

0

}
,

{U(ω)} =
{

Um(ω)
Us(ω)

}

[S(ω)] =
[
Smm(ω) Sms(ω)
Ssm(ω) Sss(ω)

]
, (4)

[S(ω)] =
[
Smm(ω) Sms(ω)
Ssm(ω) Sss(ω)

]

[∆S(ω)] =
[
Smm − Smm Sms − Sms

Ssm − Ssm Sss − Sss

]

where the subscriptsm and s denote the quantities
corresponding to the ‘master’ nodal DOF vector{Um}
and the ‘slave’ nodal DOF vector{Us}, respectively,
and{0} denotes the zero vector.

Applying Eq. (4) into Eq. (3) and conducting a
lengthy manipulation yields

{F(ω)} − [X(ω)]{Um(ω)}[Y(ω)]{Um(ω)} (5)

with

[X(ω)] = [Smm]− [Sms][Sss]−1[Ssm]

[Y(ω)] = [T]T [∆S][T] (6)

[T(ω)] =
[

[I]
−[Sss]−1[Ssm]

]

where[I] denotes the identity matrix. By representing
the master nodal DOF vector{Um} in Eq. (5) in terms
of the inertance FRF vector{Am}, Eq. (5) can be
rewritten as

{δ}+ 1
ω2
[X(ω)]{Am(ω)} = − 1

ω2
[Y(ω)]

(7)
{Am(ω)}

where{δ} is the nodal forces locator vector having a
unit value only at the component corresponding to the
node at which a harmonic point force is applied, and
the components of the inertance FRF vector{Am} are
defined by the ratio of the acceleration to the applied
force as [32]

Ami ≡ −ω2 Umi

Fi
(i = 1, 2, . . . , M) or

(8)

{Am} ≡ −ω2

{
Um

F

}

whereM is the number of ‘master’ nodal DOF.

The spectral system matrix[S] for the complete in-
tact structure system can be obtained by assembling all
spectral element matrices as

[S(ω)] =
N∑

k=1

[Lk]T [sk(ω)][Lk] (9)

whereN is the number of finite elements and[sk] is the
spectral element matrix for thek-th finite element. The
matrix [Lk] denotes the locator matrix, which locates
the components of[sk] into [S] for the assembly. If the
spectral element matrix[sk] is not available, it can be
represented in terms of the conventional finite element
matrices, as an approximation, as

[sk] = [kk]− ω2[mk] (10)

where[kk] and[mk] are the finite element stiffness and
mass matrices, respectively. In the similar sense, the
perturbed spectral system matrix[∆S] can be obtained
from

[∆S(ω)] =
N∑

k=1

[Lk]T [∆sk(ω)][Lk] (11)

where[∆sk] is theperturbed spectral element matrix
for the k-th element.

In the previous work [23], the presence of damage
was represented by the degradation of Young’s modu-
lus asE = E(1−D), whereE andE are the Young’s
moduli for the intact and damaged states, respectively,
andD is damage magnitude, and showed that theper-
turbed spectral element matrix[∆sk] can be approxi-
mated as

[∆sk(ω)] ∼= Dk[sk(ω = 0)] = Dk[kk] (12)

whereDk is ‘effective’ damage magnitude assumed to
be uniform over thek-th finite element, and[kk] is the
conventional finite element stiffness matrix for the k-th
element.

By using Eqs (9) and (11), Eq. (7) can be rewritten
in the form [25]

[Φ(ω)]M×N{D}N×1 = {b(ω)}M×1 (13)

where

{D} = {D1 D2 . . . DN}T

{b(ω)} = {δ(ω)}+ 1
ω2
[X(ω)]{Am(ω)} (14)

[Φ(ω)] = [ϕ(ω) ϕ2(ω) . . . ϕN (ω)]

with
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Fig. 1. The conceptual illustration of three-steps process: in (a),� indicates local damages.

{ϕk(ω)} = − 1
ω2
([Lk][T(ω)])T [kk(ω)]([Lk](15)

[T(ω)]){Am(ω)} (k = 1, 2, . . . , N)
One may note from Eq. (13) that[Φ] and{b} are deter-
mined by only the spectral element matrix in the intact
state[S], the nodal forces locator vector{δ}, and the
measured inertance FRF{Am}. Solving Eq. (13) for
{D} implies the structural damage identification.

Equation (13) representsM linear algebraic equa-
tions (for a specific excitation frequencyω) in N un-
known damage magnitudesDk. Note M is equal to
the number of ‘master’ nodal DOF whileN is equal
to the number of finite elements to be examined for
unknown damage magnitudesDk. In generalN > M ,
because the number of measured nodal DOF is very
limited in practice while a huge number of very fine
finite elements should be used to search for unknown
local damages. Thus, as a strategy to make the dam-
age identification problem of Eq. (13) well-posed, one
can properly vary the excitation frequencyω and col-
lect more equations from Eq. (13) to form a (N by N )
matrix equation as [25]

[Ψ]N×N{D}N×1 = {B}N×1 (16)

where

[Ψ]N×N =



[Φ(ω1)]M×N

[Φ(ω2)]M×N

...
[Φ(ωr)]M×N


 ,

{B}N×1 =




{b(ω1)}M×1

{b(ω2)}M×1

...
{b(ωr)}M×1




(17)

(N = r × M)

Note that Eq. (16) is formulated in a general form so that
it can be applied to any structure in principle. However,
in contrast to the 1-D or truss-like frame structures, it is
quite complicated or difficult to formulate the spectral
element matrix for the plate-like 2-D structures and 3-
D structures. Thus, for such complex structures, the
spectral element matrix[s] required to set up Eq. (16)
can be replaced with the approximate spectral element
matrix [s]approx = [k] − ω2[m], where[k] and [m]
are the conventional finite element stiffness matrix and
finite element mass matrix, respectively.

2.2. Reduced-domain method

If only n finite elements among totalN finite el-
ements are damaged, in other words, ifDn+1 =
Dn+2 = . . . = DN = 0, the summation in Eq. (11)
needs to be carried out only for then damaged finite
elements as

[∆S(ω)]=
n∑

k=1

[Lk]T [∆sk(ω)][Lk] (n < N) (18)

while the summation in Eq. (9) should be carried out
for all N finite elements. Accordingly the dimension
of the matrix Eq. (16) can be reduced as follows:

[Ψ]n×n{D}n×1 = {B}n×1 (19)

where

[Ψ]n×n =



[Φ(ω1)]M×n

[Φ(ω2)]M×n

...
[Φ(ωr)]M×n


 ,

(20)

{B}n×1 =




b(ω1)}M×1

{b(ω2)}M×1

...
{b(ωr)}M×1



(n = r × M)
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Fig. 2. Numerical validation of the three-steps process with varying the level of the noise in measured FRF-data.

Equation (19) implies that, by removing damage-free
parts of structure from the initial domain of problem,
the size of the inverse problem of damage identification
can be reduced drastically without degrading the accu-
racy of damage identification results at all. Thus, in-
stead of examining whole domain of problem to search
out damage (i.e., full-domain method; FDM), it is de-
sirable first to reduce the domain of problem in advance
by removing damage-free parts of structure and then
to examine only the reduced domain of problem (i.e.,
reduced-domain method; RDM). To realize this idea of
RDM, the locations and sizes of the damage-free parts
of structure should be known in advance. However,
unfortunately this is not true for most practical cases.
Thus, a special methodology is required to search out

surely damage-freeparts of structure during the process
of damage identification analysis.

In the previous study [25], it was numerically and
experimentally shown that the damage magnitudes pre-
dicted in the finite elements containing damage inside
become larger and larger, converging to the true dam-
age values, as the total number of finite elements,N , is
gradually increased by dividing the finite elements used
in the previous analysis into the finer finite elements,
while those predicted in the truly intact finite elements
become smaller and smaller, converging to zero. The
result seems to be natural as far as the structure model
and the vibration data used for damage identification
are sufficiently accurate and reliable.
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Fig. 3. Numerical example for the feasibility tests of the present reduced-domain method: a cantilevered beam with three local damages.

Motivated from the above observations, this study
proposes a three-steps process to realize the idea of
RDM, which is conceptually illustrated in Fig. 1.

1. The first step (Fig. 1a): Divide the domain of
problem intoq finite elements and make the first
damage prediction for the q finite elements by
using Eq. (16). The results are represented by
Dj(j = 1, 2, . . . , q).

2. The second step (Fig. 1b): Divide each finite
element used in the first step intop finer sub-
elements, which produces total (p × q) finite el-
ements. Make the second damage prediction
for the (p × q) finite elements. The results are
now represented byDi

j(i = 1, 2, . . . , p; j =
1, 2, . . . , q).

3. The third step (Fig. 1c): IfD i
j < Dj , conclude

that the ith sub-element within the jth finite el-
ement is damage-free. On the other hand, if
Di

j > Dj , conclude that the sub-element is pos-
sibly damaged. Based on this judgment, remove
all damage-free sub-elements from the domain of
problem by settingDi

j = 0 and then examine
only the remained parts of domain for damage by
using Eq. (19) in the next iteration, which starts
again from the above first step.

By the iterative use of the present three-steps process
of RDM, surely damage-free parts can be searched out
and removed every iteration from the initial domain
of problem to leave only damaged parts: this implies
the location of damages. During the iterative process
of RDM, the damage magnitudes can be quantified si-
multaneously from Eq. (19). As mentioned previously,
however the present RDM becomes valid only when the
above three-steps process can be successfully applied.
Numerically simulated damage identification tests con-
ducted in the present study show that the three-steps

process works fairly well as far as the noises in FRF-
data can be lowered below a certain level, which can be
readily satisfied by most well-prepared vibration tests.

3. Numerical and experimental tests

3.1. Numerical test of the three-steps process

For successful application of the present RDM, the
proposed three-steps process should work correctly.
However, the validity of the three-steps process may
depend on the accuracy of the structure model and the
measured vibration data (i.e., FRF-data) used for dam-
age identification. Thus, by assuming that the struc-
ture model used for damage identification is the refined
structure model so that it is accurate enough, the valid-
ity of the three-step process will be tested numerically
by varying the level of the noise in the measured FRF-
data. As an illustrative example, a simply supported
damaged beam is considered. As shown in the top of
Fig. 2, the beam has the lengthL = 1.2 m, bending
stiffnessEI = 11.2 N-m2, and the mass density per
lengthρA = 0.324 kg/m. A damage of effective mag-
nitudeD = 0.5, uniformly distributed over the length
0.044 m, is pre-specified at the center of the beam (see
top of Fig. 2). The damage is then inversely identified
by the full-domain method at the first two steps of the
three-steps process. The example beam is modeled by
the spectral Bernoulli-Eulerbeam element matrix given
in Appendix. To represent the measurement noise in
measured FRF-data, the random noise generated by
the random noise generator function in MATLAB� is
added to the theoretically computed FRF, as done by
Thyagarajan et al. [23].

Figure 2 shows the damage identification results at
the first two steps of the three-steps process, followed
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3rd Iteration

Fig. 4. Detailed procedure of the reduced-domain method: 0% random noise in FRF.

by the judgment at the last (i.e., third) step, obtained by
varying the level of the noise in FRF-data. As shown
in Fig. 2, the example beam is divided into total three
finite elements at the first step. At the second step,
the three finite elements used at the first step are then
divided into three sub-elements to make total nine fi-
nite elements. When there exists no noise in the mea-
sured FRF-data (i.e., zero random noise), the damage
magnitude in the middle finite element containing dam-
age inside is predicted larger at the second step than
at the first step, while the damage magnitudes in the
other intact finite elements are predicted smaller at the

second step than at the first step. Figure 2 shows that
this is true up to about 9% noises in FRF-data. In
other words, the three-steps process works correctly for
the present example problem up to about 9% noises in
measured FRF-data. For the successful applications of
the present three-steps-process-based RDM, the noise
in the true measured FRF-data should be minimized as
low as possible, probably less than about 5%, which
can be met by most well-prepared vibration tests. As an
additional effort to improve the reliability of the present
three-steps process, one may repeat the first two steps
several times by using further finer finite elements.
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Fig. 5. The effects of the noise in measured FRF-data on the damage identification results obtained by the reduced-domain method.

3.2. Numerical test of the reduced-domain method

The numerical feasibility tests for the present RDM
are conducted for a cantilevered Euler-Bernoulli beam.
As shown in Fig. 3, the beam has the lengthL = 0.4m,
bending stiffnessEI = 14.6 N-m2, and the mass
density per lengthρA = 0.275 kg/m. The spec-
tral Bernoulli-Euler beam element model given in Ap-
pendix is used. For the feasibility tests, three local
damages are pre-specified along the beam, as shown
in Fig. 3, and then inversely identified by applying the
present RDM. The three local damages have the mag-
nitudesD1 = 0.4, D2 = 0.5, and D3 = 0.3. In
Fig. 3, the circle (©) indicates the location of the ap-
plied harmonic point force (i.e.,x = 0.133m) and the
crosses (×) indicate the FRF measurement points (i.e.,
x = 0.133, 0.267, and 0.356 m).

Figure 4 is given to show the detailed procedure of
the present RDM, in which the three-steps process is

applied every iteration, without considering the noise
in the measured FRF-data. In the first iteration, as
shown in Fig. 4, the beam is divided into nine (equal)
finite elements at the first step, and then into 27 finite
elements at the second step. Because the FRF-data are
measured at three points (see Fig. 3), three excitation
frequencies are used at the first step to obtain total
nine equations for the nine finite elements model, while
nine excitation frequencies are used at the second step
to obtain total 27 equations for the 27 finite elements
model. The excitation frequencies are chosen in the low
frequency range for the better damage identification,
based on the discussion in the previous work [25]. In
the third step, by comparing the damage magnitudes
predicted at the first and second steps, the sub-elements
in which the predicted damage becomes larger at the
second step are indicated by the plus (+) sign, whereas
the other sub-elements are indicated by the minus (−)
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Fig. 6. Geometry of a damaged beam specimen (units: mm).
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Fig. 7. The inertance FRF curves measured atx = 0.133 m (point 1), 0.267 m (point 2), and 0.356 m (point 3) of the damaged beam.

sign. In this study, as shown in Fig. 4, the accuracy of
the predicted damage distribution along the beam with
respect to the true damage distribution is represented
by the damage identification error (DIE) defined by

DIE ≡
√√√√ 1

L

N∑
j

lj(DPred
j − DTrue

j )2 (21)

where L is the total length of beam andDj is the
damage magnitude in thejth finite element of length
lj . The superscripts “True” and “Pred” denote the true
and predicted damages, respectively. The smaller DIE,
the more accurate damage identification.

Figure 4 shows that, in the first iteration, the damage
magnitudes in the truly damaged finite elements are in-
deed predicted larger at the second step, whereas those
in the truly intact finite elements are predicted smaller.
Thus, in the third step, only the 5th, 14th, and 23rd fi-
nite elements are marked by the plus sign, whereas the

other finite elements are marked by the minus sign. In
the first step of the second iteration, the finite elements
marked by the minus signs are all removed from the
domain of problem by settingD = 0, and only the re-
maining three finite elements marked by the plus signs
are examined for damage. In the next step, the three
finite elements are divided into three finer sub-elements
to make total nine finite elements. By comparing the
damage prediction for the three finite elements at the
first step with that for the nine sub-elements at the sec-
ond step, one may see that the damage is predicted
larger only in the three centered sub-elements marked
by the plus sign. Figure 4 clearly shows that, if no noise
exists in the measured FRF-data, the present RDM can
locate and quantify all local damages very accurate.

Figure 5 shows the effects of the noise in measured
FRF-data on the accuracy of the damage identification
results obtained by the present RDM. The results shown
in Fig. 5 are obtained from the mean values of five sim-
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1st step 
DIE = 9.53 e-02 

3rd step 

2nd step 
DIE = 5.44 e-02 

2nd Iteration 

0.085 

0.252 
0.193 

0.358 
0.453 0.442 

1st step 
DIE = 1.95 e-01 

3rd step 

2nd step 
DIE = 9.95 e-02 

0.057 
0.107 0.064 

0.078 

0.284 
0.182 

1st Iteration 

0.359 
0.458 0.439 

1st step 
DIE = 4.34 e-02 

3rd Iteration

Fig. 8. Experimentally measured FRF-data based damage identification results obtained by the reduced-domain method.

ulations conducted for each level of noise in FRF-data,
which is increased up to 12%. As expected, increasing
the level of noise in FRF-data indeed degrades the ac-
curacy of damage identification. For the present exam-
ple problem, the RDM is found to fairly well locate and
quantify all pre-specified local damages up to about 9%
noise in FRF-data.

3.3. Experimental tests

Figure 6 shows a cantilevered beam specimen used
for experiments. The beam is 0.4 m long, 0.02 m
wide, and 0.005 m thick. The beam has the mass

densityρA = 0.275 kg/m and the bending stiffness
EI = 14.6 N-m2, all determined by experiments. The
intact beam is damaged by introducing three slots of
4.94 mm wide and 0.78, 1.03, and 0.56 mm deep: i.e.,
the slot A, slot B and slot C in Fig. 6. The depths of
the slot A, slot B, and slot C are so determined that
the corresponding effective damages become 0.4, 0.5,
and 0.3, respectively. Thus, the damaged beam spec-
imen may represent the numerical example problem
considered in the previous section (see Fig. 3). To
excite the damaged beam specimen, an impulse point
force is applied atx = 0.133m (point 1) by the shaker
B&K 4810. As shown in Fig. 7, the (inertance) FRF
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curves are measured at three pointsx = 0.133m (point
1), 0.267 m (point 2), and 0.356 m (point 3) by us-
ing the accelerometer B&K 4374 and signal analyzer
HP 35670A. The FRF mesurement is repeated many
times until the FRF-data showing a very satisfactory
coherence [32] is measured. The result is shown in
Fig. 7.

Figure 8 shows the damage identification results ob-
tained by the present RDM, using the experimentally
measured FRF-data shown in Fig. 7. As well proved
by the previous numerical feasibility tests, the present
results also show that the present RDM can fairly well
locate and quantify all damages, i.e., the three slots.
The discrepancies between the predicted damage distri-
bution and the true damage distribution may be mostly
due to the noise in measured FRF-data and the error in
the structure model. Comparing Figs 5 and 8, one may
observe that the damage distribution predicted by us-
ing the real measured FRF-data is quite similar to that
predicted by using the analytically simulated FRF-data,
considering about 7% to 9% random noises.

4. Conclusions

In the present study, a reduced-domain method is ap-
plied to a SEM-based structural damage identification
theory developed in the author’s previous work, and
then its feasibility is tested experimentally as well as
numerically. In the reduced-domain method, a three-
steps process is used to reduce the domain of problem
by iteratively searching out and removing damage-free
parts of structure in the course of the damage identifica-
tion analysis. Numerical tests show that, the reduced-
domain method works quite well, for the example prob-
lem, up to about 9% noises in FRF-data. Experimental
tests conducted for a damaged cantilevered beam also
shows that the reduced-domain method fairly well lo-
cates and quantifies all local damages (i.e., three slots).
However, for the successful application of the present
reduced-domain method to the practical problems, the
level of the noise in measured FRF-data should be low-
ered below a certain value, in general, depending on
the size and strength of the damage.
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Appendix

The spectral element matrix for an intact finite
Bernoulli-Euler beam element is given by [26,27]

[s(ω)] =
κEI

Ch · c − 1
[
s1 s2

sT
2 s3

]

where

[s1]=
[−κ2(Ch · s+ Sh · c) −κ · Sh · s
−κ · Sh · s −(Ch · s − Sh · c)

]

[s2]=
[
κ2(Sh+ s) −κ(Ch − c)
κ(Ch − c) −(Sh − s)

]

[s2]=
[−κ2(Ch · s+ Sh · c) κ · Sh · s

−κ · Sh · s −(Ch · s − Sh · c)
]

with

s = sinκl, c = cosκl, Sh = sinhκl,

Ch = coshκl
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