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Abstract

Non-homogeneous structural members such as beams are very important in various engineering applications and for
experimental analysis purposes. A minor damage on any part of the structure reduces the strength of the structure and
leads to a major failure. The analysis of non-homogenous beam becomes complicated due to the change of material prop-
erties from point to point. However, it becomes much more complicated when there exists a taper on such type of beams.
In this paper, a new formulation of an objective function for the genetic search optimization procedure along with the re-
sidual force method is presented for the identification of macroscopic structural damage in a non-homogeneous tapered
beam. The developed model requires experimentally determined data as input and detects the location and extent of the
damage in the beam. Here, numerically simulated data using finite element models of structures are used to identify the
damage at a reasonable level of accuracy. Damage parameters given theoretically are compared by the present procedure

and are found to be in good agreement.

Key words: damage factor, non-homogeneous material, genetic algorithm (GA), residual force, eigen value, tapered beam

1. INTRODUCTION

During the last three decades, vibration based
methods have been developed and applied to detect
structural damage in the civil, mechanical and aero-
space engineering communities (Cawley & Adams,
1979; Stubbs & Osegueda, 1990). These methods
are based on the fact that the vibration characteris-
tics of structures (namely frequencies, mode shapes,
and modal damping) are functions of the structural
physical parameters such as mass, stiffness and
damping. Structural damage usually causes a de-
crease in structural stiffness, which produces
changes in the vibration characteristics of the struc-
ture. Gawronski and Sawicki (2000) employed mo-
dal norms to determine damage locations. The resid-
ual force concept has received wide attention for
application to damage detection and assessment.
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Residual force provides an objective function to be
minimized for achieving the dynamic balance.

Identifying the structural damage with the meas-
ured vibration data is an inverse approach in mathe-
matics. The usual damage detection methods mini-
mise an objective function, which is defined in terms
of the discrepancies between the vibration data iden-
tified by modal testing and those computed from the
analytical model (Hajela & Soeiro, 1990; Chak-
raverty et al., 2006). However, these conventional
optimization methods are gradient based and usually
lead to a local minimum only. A global optimization
technique is needed to derive a more accurate and
reliable solution.

In the last two decades, since first introduced by
Holland (1975), Genetic Algorithm (GA) has been
widely applied to various optimization problems
(Goldberg, 1989). Many authors have recently taken
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up this optimization problem using neural networks
(Tsou & Shen, 1994; Barai & Pandey, 1995), Ge-
netic Algorithm (Mares & Surace, 1996; Luh & Wu,
1999) and neural network with GA (Marawala &
Chakraverty, 2006) by studying the variation of
localized damage as a function of modal test data
and machine learning. As compared with the tradi-
tional optimization and search algorithms, GA
search from a population of points in the region of
the whole solution space, rather than a single point,
and can obtain the global optimum. Moreover, GA
has the advantage of easy computer implementation.
These properties make GA successful and powerful
in the field of structural optimization (Rajasekaran &
Pai, 2003).

All the work of damage identification mentioned
above is done for structures with uniform thickness.
It is also found that a lot of work has been done on
vibration analysis of beams and plates with variable
thickness (Subramanian & Raman, 1996; Al-Kaabi
& Aksu, 1990; Ashour, 2001; Singh & Chakraverty,
1994). But to the best of our knowledge investiga-
tion on damage identification of tapered structure is
scarce. It may be due to the fact that the inclusion of
the tapered function makes the governing equation
complex and thereby the damage detection also be-
comes complicated by traditional methods. More-
over as structural members are frequently operated
in extremely thermal and mechanical environment,
various kinds of new materials have been developed.
Very really, new materials viz. functional inhomo-
geneous materials have received attention and prac-
tical applications over a multi-scale range from aero-
space field to MEMS one. Research and develop-
ment of functional inhomogeneous materials such as
functionally graded materials and composite materi-
als contribute to weight saving and improvement in
stiffness or material strength in members. Such
weight saving in members often results in consider-
able decrease in thickness and stiffness and flexible
members cause vibration resulting from time varia-
tion of heating, which is called thermally induced
vibration. In this respect, Redecop (2006) has stud-
ied the free vibration characteristics of the non-
homogenous shells. Bhangale and Ganesan (2006)
have analysed the buckling and vibration behaviour
of functionally graded sandwich beam. When thin-
walled members are subjected to cyclic thermal and
mechanical loads, there exists a lot of chance of
failure of the member. Methods to identify damage
in a structure in particular to homogeneous beams,
plates and shells are already developed. But to the

best of our knowledge damage identification method
for non-homogeneous structure is not done. Again,
non-homogeneity function creates more complexity
in damage identification. The case of tapered non-
homogenous beam, makes the governing equation
much more complicated. Accordingly, a powerful
and reliable method such as Genetic Algorithm (GA)
has been utilized here which may identify and quan-
tify the damage.

An important class of damage identification
methods is based on the updating or modification of
structural matrices. Accordingly, investigations are
done using the residual force vector in damage de-
tection problems using optimal matrix modification.
Residual force provides an objective function to be
minimized for achieving the dynamic balance. Chen
and Garba (1988) put forward a theory for assessing
the occurrence, location and extent of potential dam-
age using on-orbit response measurements. This
method detects damages by using the minimum
norm solution of the residual force equation. Chiang
and Lai (1999) presented a two-stage structural
damage detection method. The residual force vector
is also used to localize damage preliminarily and the
simulated evolution method is employed to deter-
mine damage extent. Three techniques for damage
quantification are studied by Yang and Liu (2007) to
obtain damage extents after the suspected damaged
elements are determined, the first is the algebraic
solution of the residual force equation, minimum-
rank elemental update (MREU) technique is the
second and the third happens to be the natural fre-
quency sensitivity method. These damage detection
methods are demonstrated on a numerical example
with the measurement noises.

This paper introduces the concept of residual
force vector to specify an objective function for an
optimization procedure, which is then solved using a
Genetic Algorithm. Rao et al. (2004) have used this
procedure for homogenous uniform cantilever beam,
truss structures and portal frames. Panigrahi et al.
(2007) addressed the problem of damage identifica-
tion in a uniform cantilever beam of homogenous
material only by changing the selection methods in
GA. In (Panigrahi et al., 2008), the authors have
analysed damage detection of tapered beam by tak-
ing five elements into consideration. Here tapered
beams of non-homogenous material has been con-
sidered. Non-homogeneity parameters are intro-
duced in the governing equation to develop the
model. Damage parameters as used corresponds to
the reduction in stiffness of an element from which
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the structure is composed of. GA is employed to
determine the values of these parameters by follow-
ing an iterative process. When the objective function
is optimized, values of the parameters indicate the
state of the structure. Experimental data were simu-
lated numerically by using finite element model of
non-homogenous beam with and without noise and
simulations have been done. It is seen that the identi-
fied damage factors are in good agreement with the
theoretical one. Computer programme using MatLab
is employed to find the location and extent of the
damage.

As regards, in this paper, the section 5 of the
present paper is divided into five parts. In the first
part, damage assessment of uniform beam with ho-
mogenous material is discussed. In the second part,
uniform beam with non-homogenous material is
considered. Damage assessment of taper beam of
homogenous material and tapered beam with non-
homogenous material are considered in third and
forth part respectively. In the last part, a special case
is considered by putting slope parameter and non-
homogeneity factor as zero in the governing equa-
tion for tapered beam of non-homogenous material
and results are compared with that of uniform beam
of homogenous material.

2. RESIDUAL FORCE METHOD

This section describes the construction of dy-
namics of damaged structures. The governing equa-
tion of motion of the dynamics of a multi degree
freedom system is given by

[MI{X ()} + [K1{X ()} = F(t) (1)

where /M] and /K] are (n X n) system mass and
stiffness matrices and X (¢) and F (z) are (n X 1)
physical displacement and applied force vectors.

The ;7 eigen value equation for ambient vibra-
tion associated with equation (1) is

[K1{g,} = 4, [M]{¢;} =0 )

where 4, and ¢ ; are the j eigen value and corre-
sponding eigen vector.

In the finite element model of the structure, the
global stiffness can be represented as a sum of the
expanded element stiffness matrices.

K=Y K], o)

where k; represents the expanded stiffness ma-
trix of the /" element and m is the total number
of elements.
When damage occurs in a structure, the stiffness
matrix of the damaged structure /K,;/ can be
expressed as a sum of element stiffness matrices
multiplied by damage factors associated with
each of the m elements o; (i = 1,2,...m), resul-
ting from the damage.

Then, stiffness matrix of damaged structure may

be given by

[K;]= S a;lk]; where a;€[0,1]
Az et @

and m= Number of elements

The values of the parameters fall in the range 0
to 1. The value o; =1 indicates that the element is
undamaged and =0 or less than 1 implies com-
pletely or partially damaged element respectively.

If it is assumed that the experimental natural fre-
quencies and mode shapes of the damaged structure
continue to satisfy the eigen value equation (2), the

™ mode of the damaged structure can be written as

K, .} -2, Mg, } =0 (5)

where A;; is the experimentally determined eigen
value corresponding to the / mode shape of the
damaged structure. Furthermore as already pointed
out, the stiffness matrix is directly affected by the
damage and the mass matrix M is assumed to be
unaltered.

By substituting equation (4) in equation (5), an
expression for residual force vector for /” mode in
terms of a; can be written approximately (Mares &
Surace, 1996 ; Rao et al., 2004) as

Bj= M)+ S elhl ) @)

where R; is a column matrix of (nX7) order for "
mode. However, the overall residual matrix R will
be of (nXn) order as all the modes have been consid-
ered here. R will be zero, only if correct sets of o; are
introduced under available damaged modal informa-
tion Aj; and ¢;,.

3. IMPLEMENTATION OF GENETIC
ALGORITHM

GA is a search method based on Darwin’s theory
of evolution and survival of the fittest. Based on the
concept of genetics, GA simulates the evolutionary
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process numerically. Analogous to genes in genetics,
GA represents the parameters in a given problem by
encoding them in a string. Instead of finding the
optimum from a single point in traditional mathe-
matical optimization methods, in GA, a set of points,
that is, a population of coded strings, is used to
search for the optimal solution. Simple GA consists
of three operators: reproduction, crossover, and mu-
tation (Goldberg, 1989; Michalewicz, 1994).

Initial
Population

!

F.E.
Analysis

) Crossover
Fitness T

Mutation

Evaluation

Selection
Criteria

Stop
Criterion
No

Fig. 1. Flow Chart of Genetic Search

To implement GA, it is necessary first to devise
a general coding system for the representation of the
design variables. Most commonly the design vari-
ables are coded by a bit-string. Next step of the pro-
cedure is reproduction, which incorporates the con-
cept of natural selection. The fitness of different
members of the population must be evaluated before
mating to produce the next generation. There are a
number of methods of mating pool selection out of
which roulette wheel and Tournament selection are
mostly used by number of authors for reproduction
purpose. In this paper a method known as steady-
state selection is selected for reproduction purpose.
The main idea of the selection is that bigger part of
the chromosome should survive to next generation.
After the reproduction phase is over, the population
is enriched with better individuals. Crossover opera-

tor is applied to the matching pool with a hope that it
would create a better string. Following the cross-
over, the strings are subjected to mutation. The prob-
lem presented in the section below for which the
search procedure adopted is illustrated by flow chart
in figure 1. The procedure is repeated until the new
generation ceases to improve the objective function
that shows the occurrence of the convergence.

4. OBJECTIVE FUNCTION FOR GA FROM
THE RESIDUAL FORCE VECTOR

From equation (6), it is found that the residual
force vector is a (n X n) matrix where n is number of
modes. If /K,;/ and [M] are real symmetric matrices
it can be shown that the diagonal terms of matrix /R/
are zero, when a correct set of A, and ¢, are intro-
duced. Hence the objective function of damage fac-
tors in the present situation is as follows:

2 2 2
f((ll,(lz, ..... otm)=\/R11+R22+ ........ +Rnn (7)

where m is the number of elements and n is the
number of modes.

Vzéyé5+fTaL“2 ............. oy } ®)

Here our problem is to find out first the minimum
residual forces. The fitness function ¥ in the present
task is an inverse function defined as below C; repre-
sents a constant used to control the value of the fitness
function and C, represents a constant used to build
awell defined function for the ideal case (Mares &
Surace, 1996). The values of C; and C, are taken
equal to 1 in this work (Rao et al.,2004). The genetic
search procedure requires a proper selection of cross-
over and mutation operators. After some trials, the
GA was set up as follows: Population Size -20, cross-
over probability-0.25 and mutation probability —0.01.
Each structural parameter o; was represented as a 10-
bit binary numbers with variable limits 0 to 1.

5. ILLUSTRATIVE EXAMPLES

5.1. Uniform Cantilever Beam with
Homogenous Material

A cantilever beam with homogenous material
(figure 2) is considered first for the damage detec-
tion and extent of the damage using residual force
vector method along with genetic algorithm. The
beam is simulated numerically with a finite element
model taking five elements. Each element is having
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both translation and rotational degrees of freedom at
each nodal point to give a total of twelve. Because
the fixed-point degree of freedom (dof) has zero
rotational and translation movements, the total dof
are ten. The properties of the beam chosen are as
follows: modulus of Elasticity £ = 70.3 GPa; Cross-
sectional area 4= 1.82 x 10™* m* Moment of Inertia
I= 1.46 x 10° m*; density p = 2685 kg/m’; Total
length of the beam /= 0.5 m.

71 y) 3 4 5 6
/

RN
—
b
Lo
FN
th

A

Fig. 2. Cantilever Beam under Consideration

Qs ﬂ Qs

2
/
Q.

Fig. 3. One Element Force Diagram

Qs

Figure 3 shows the second element of the beam.
Q; and Qs are the transverse displacement and Qg
and Qg are the rotational vectors. There are total four
degrees of freedom. For the element as shown /,=0.1
m and other parameters remain same as of the full
beam.

The element mass and element stiffness matrices
for this element may be written as

156 221, 54 13,
. P, 41,2 131, -31,° ©

420 156 —221,

41,°

12 6, -12 6,

2 2
g e EL 41,> —e6l, 2I, (10)

3 12 -6/,

e
41,%

e

Two different situations for this case are consid-
ered as (a) beam is in a state of undamaged and (b)
the beam having element 2 damaged partially to an

extent of 40% and element 5 by 30%. From equa-
tions 9 and 10, the global mass and stiffness matri-
ces were calculated for undamaged beam. Again by
reducing the stiffness of the second element by 40%
and 5™ element by 30%, the global stiffness matrices
were calculated for the damaged structure.

Now FE analysis is performed to solve the eigen
value problem of these two situations and the vibra-
tion frequencies are presented in table 1. It is found
as usual that the frequencies in damaged structure in
all modes are lower than the undamaged one.

The modal data from table 1 are employed as in-
put to the model for finding out the values of dam-
age factors from which the location and extent of
damage may be identified. Figure 4 shows the best
value of the fitness function verses the number of
iterations. Here, the best value was established at
iteration number 29 because when the iteration
number was increased there was no improvement in
the solution. Accordingly figure 4 shows this behav-
iour up to 500 iterations.

a4 T T T T T T T T T

8.2 B

Best value of fitness function
.
oo
1

4.4+ 4

4.2 L

0 50 100 150 200 250 300 350 400 450 500

No of iterations

Fig. 4. Graph for Maximum Value of Fitness Function Verses
No. of Iterations

Table 1. Comparison of first six natural frequencies between
undamaged and damaged cantilever with homogenous material

Frequency Parameter (rad/sec)

Unif;;ged 203.83 [ 1277.98 | 3589.46 | 7090.92 | 11769.16 | 19551.83
Damaged
oS 1179.26| 1138.01| 302038 | 6425.67 | 1048085 | 1791537

From table 2 it reveals that in both the damaged
and undamaged situations the theoretical and GA
identification results are in good agreement.
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Table 2. Results of identified damage factors (o) of cantilever
beam of homogenous material

Element | Undamaged Situation (a) | Damaged Situation (b)
No. | Theoretical | Identified | Theoretical | Identified

1 1.0 0.95 1.0 0.94

2 1.0 0.96 0.6 0.57

3 1.0 091 1.0 0.94

4 1.0 0.93 1.0 0.97

5 1.0 0.95 0.7 0.68

5.2. Uniform Cantilever Beam with
Non-homogenous Material

Here the same cantilever beam (figure 2) with
non-homogenous material is considered. The
modulus of elasticity varies along with the length of
the beam. The modulus of elasticity at any distance
x from free end is given by

E=E, (1+0.5 ¢) (11)

where E,= Modulus of elasticity at the free end and
e = x /[ and other parameters same as previous ex-
ample. Figure 3 shows the second element of the
tapered beam. Q; and Qs are the transverse dis-
placement and Q4 and Q¢ are the rotational vectors.
There are total four degrees of freedom. For the
element as shown /,=0.1 m and other parameters
remain same as that of the full beam.

Putting Eq. 11 in Eq. 9 and 10, m® and £° will
both become the functions of the non-homogeneity
parameters. By putting the appropriate non-
homogeneity parameters, the values can be com-
puted. Two different situations for this case are con-
sidered as (a) beam is in a state of undamaged, (b)
the beam having element 2 damaged partially to an
extent of 40% and element number 5 by 30%. From
equations 9 and 10 global stiffness and mass matri-
ces were calculated for case (a) i.e. the undamaged
beam. Only global stiffness matrices were computed
for case (b) and (c) i.e. damaged beams reducing the
stiffness parameter.

Now FE analysis is performed to solve the eigen
value problem of these two situations and it is found
as usual that the frequencies in damaged structure in
all modes are lower than the undamaged ones. These
modal data are employed as input to the model for
finding out the values of damage factors from which
the location and extent of damage can be identified.
Figure 5 shows the best value of the fitness function
verses the number of iterations for above case (b).

33
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E est value of fitness fun clion
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Wl n nll Sdmusrds e s

O 1 WEVANOIA

Fig. 5. Graph for Maximum Value of Fitness Function Verses
No. of Iterations for Case (b)

As discussed previously, it may be seen from
figure 5 that the best value is achieved after 80 itera-
tions. Again it is worth mentioning that there is no
further development of the best value after these
iterations.

Table 3. Results of identified damage factors (a;) of uniform
cantilever beam of non-homogenous material

Undamaged Situation Damaged Situation
EleIIIr:)ent Case (a) Case (b)
Theoretical | Identified | Theoretical | Identified

1 1.0 0.95 1.0 0.97
2 1.0 0.96 0.6 0.57
3 1.0 0.95 1.0 0.94
4 1.0 0.96 1.0 0.96
5 1.0 0.94 0.7 0.66

From table 3, it may be seen that in both dam-
aged and undamaged situations the theoretical and
GA identification results are in good agreement for
the present problem.

5.3. Tapered cantilever beam with homogenous
material

Here a cantilever beam with variable thickness
(figure 6) is considered. The properties of the beam
are as follows Width= b= 0.0186m, the height at the
free end= H, = 9.81 x 10 ® m, Taper parameter or
the slope = r= (H-Hy) / L = 0.006 and other parame-
ters same as previous example. Height at any point
at a distance / from the free end of the beam is given
by

h=Hy +{(H - Hy)+ L}I=Hy+r 1 (12)
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Fig. 6. Cantilever Beam under Consideration

By putting this 4 parameter in area and moment
of inertia, these may be written as

Area=A, =b[Hy +{(H - Hy )+ L}l]

(13)

Moment of Inertia = I = [b{HO +{(H-Hy)=LYIP ]+12 (14)

Figure 7 shows the third element of the tapered
beam. Qs and Q; are the transverse displace-
ment and Q¢ and Qg are the rotational vectors.
There are total four degrees of freedom. For the
element as shown /,=0.1 m and other parameters
remain same as of the full beam.

HQ7

ﬂQs

QU Qs

Qs

Fig. 7. One Tapered Element Force Diagram

Table 4. Comparison of first six natural frequencies between
undamaged Case (a) and damaged tapered cantilever Cases (b)
and (c)

Putting Eq. 13 and 14 in Eq. 9 and 10, m® and k°
will both become the functions of the taper parame-
ters. By putting the appropriate thickness parameter,
the values can be computed.

Three different situations with » = 0.006 for this
case are considered as (a) beam is in a state of un-
damaged, (b) the beam having element 3 damaged
partially to an extent of 30% (c) the beam having
element 2 damaged partially to an extent of 40% and
element number 5 to an extent of 30%.

From Eq. 9 and 10, the global stiffness and mass
matrices were calculated for undamaged beam putting
original values of stiffness parameters for the case (a).
For the case (b) the global stiffness matrices were
calculated by reducing the stiffness value of the 3™
element by 30% and for the case (c) by reducing the
stiffness value of the 2™ element by 40% and 5™ ele-
ment by 30%. The mass matrix will remain same as
that of undamaged case. Now FE analysis is per-
formed to solve the eigen value problem of these
three situations and presented in table 4. It is found as
usual that the frequencies in damaged structure in all
modes are lower than the undamaged ones.

The modal data from table 4 are employed as in-
put to the model for finding out the values of dam-
age factors from which the location and extent of
damage can be identified. Figures 8 and 9 show the
best value of the fitness function verses the number
of iterations for case (b) and (c) respectively.

It may be seen from figures 8 and 9 that the best
value is achieved at 25 and 105 iterations respec-
tively.

Table 5 demonstrates that the theoretical and GA
identification results are in good agreement for

Frequency Parameter (rad/sec)

both damaged and undamaged situations.

Case (a) [179.17 |1261.79 |3660.76 |7285.05 |12133.40 |20260.63

5.4. Tapered cantilever beam with
Case (b) [170.76 |1123.43 |3462.90 |6737.11 | 11638.00 |19419.26 non-homogenous material
Case (c¢) [150.18 |1052.87 |2919.11 |6080.30 |10007.20 |18634.21

Table 5. Results of identified damage factors (o)) of tapered
cantilever beam of homogeneous material

In this section, the tapered cantile-
ver beam (figure 6) with a different
slope parameter along with non-
homogenous material is considered.

Undamaged Situation Damaged Situation Damaged Situation The modulus of elasticity is consid-

Element Case (a) Case (b) Case (c) ered to vary along with the length of
No

Theoretical | Identified | Theoretical | Identified | Theoretical | Identified | the beam. So, let us suppose that the

1 1.0 0.95 1.0 0.96 1.0 0.95 modulus of elasticity at any distance x

2 1.0 0.97 1.0 0.94 0.6 0.56 from free end is given by E=E,

3 1.0 0.98 0.7 0.65 1.0 0.94 (1+0.5¢) where E, = Modulus of elas-

4 1.0 0.92 1.0 0.96 1.0 0.93 ticity at the free end and e = x // and

5 1.0 0.95 1.0 097 0.7 067 | other parameters same as previous

example.
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Putting Eq. 11, 13 and 14 in Eq. 9 and 10, m°and
k° will both become the functions of the taper and
non-homogeneity parameters. By putting the appro-
priate thickness parameter, the values can be com-
puted. Three different situations with » = 0.02 are
considered as (a) beam is in a state of undamaged, (b)
the beam having element 3 damaged partially to an
extent of 30% (c) the beam having element 2 dam-
aged partially to an extent of 40% and element num-
ber 5 to an extent of 30%.

This section investigates the problem with and
without noise. Accordingly, the cases (a), (b) and (c)
are studied first without noise. Then, for simulating
to an experimental measurement, the natural fre-
quencies and the mode shape are perturbed ran-
domly as follows;

Noise level .
Imposing noise of 1% in frequency and 2% in mode
shape.

Noise level 11
Imposing noise of 2% in frequency and 5% in mode
shape.

From equations 9 and 10, the global stiffness and
mass matrices of tapered non-homogenous beam
were calculated in a similar manner as the previous
case. FE analysis is performed to solve the eigen
value problem of these three situations with different
noise levels and is found as usual that the frequen-
cies in damaged structure in all modes are lower
than the undamaged ones.

7 T T T T T T T T T

ol
i
T

m
T
1

Best value of fitness function
o

b
n
L

4 1 1 1 1 1 1 1 1 1
0 a0 100 150 200 250 300 3580 400 450 500

No of iterations

Fig. 8. Graph for Maximum Value of Fitness Function Verses
No. of Iterations for Case (b)

The above data are employed as input to the
model for finding out the values of damage factors
from which the location and extent of damage can be

identified. Figures 10 and 11 show the best value of
the fitness function verses the number of iterations
for case (b) with noise level I and case (c) with noise
level II respectively.

28 T T T T T T T T

ra
-y
(i)
T
I

gy

Best value of fitness function
n
o

25 B

245 1 1 1 1 1 L 1 1 1
0 a0 100 150 200 250 300 350 400 450 500

No of iterations

Fig. 9. Graph for Maximum Value of Fitness Function Verses
No. of Iterations for Case (c)
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o
[
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7.0845

Best value of fitiness function
2
@

7.0835

?. 083 1 1 1 1 1 1 1 1 L
1] 50 100 150 200 260 300 350 400 450 500

No of iterations

Fig. 10. Graph for Maximum Value of Fitness Function Verses
No. of Iterations for Case (b) with noise level 1

2107
25632

25632

25631

25631

Best value of fiiness function
B
2

2,863

2 EE2G 1 1 1 1 1 1 . 1 1
1] a0 100 150 200 280 300 3580 400 450 500
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Fig. 11. Graph for Maximum Value of Fitness Function Verses
No. of Iterations for Case (c) with noise level Il
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Table 6. Results of identified damage factors (o) of non-homogenous cantilever

5.5. Special case

beam for Case (a)

It is to be noted that, the equation for
Th tical Without noise Noise level 1 Noise level 11 uniform beam Wlth homogenous material

coretica

Element i i i ; ; ;
No damage Igefrl:llﬁed % of I(jlelrlrtllﬁed % of I(cjierrlrtllﬁed o, of | May be ob‘talned simply by putting r=0
factor AMAEE | oppor | CAMAEC | epor | AMAEC | epor | and e=0 in non-homogenous tapered
factor factor factor . . .
beam equation for without noise case.
1 1.0 0.96 4.0 0.95 5.0 0.90 10.0 . .
The case (c¢) in the fourth example is
2 1.0 0.95 5.0 0.93 7.0 0.92 8.0 .

solved by putting r=0 and e=0 and com-
3 1.0 0.98 20 095 >0 091 90 pared with the case (b) of the first exam-
4 1.0 0.92 8.0 0.94 6.0 0.89 1.0 ple. They are found to be in good agree-
> 1.0 0.91 2.0 0.90 100 | 092 8.0 | ment, which shows the reliability of the

Table 7. Results of identified damage factors (o;) of non-homogenous cantilever beam for

model for the non-homogenous
tapered beam.

Case (b)
) Without noise Noise level T Noise level 1T 6. CONCLUSION
Element Theoretical e s 5
N damage Identified % of Identified % of Identified % of
0 damage damage damage A procedure has been presented
factor fact error fact error | o error proc pr
actor actor actor for the simultaneous location and
1 1.0 0.96 4.0 0.94 4.0 0.91 9.0 quantification of the damage in
2 1.0 0.94 6.0 0.95 5.0 0.92 8.0 atapered beam with non-homo-
3 0.7 0.67 4.3 0.65 7.1 0.74 5.7 genous material. Investigation has
4 1.0 0.96 4.0 0.94 6.0 0.96 4.0 also been done to study the said
5 1.0 0.95 5.0 0.93 7.0 0.88 12.0 | problem with and without noise

Table 8. Results of identified damage factors (o;) of non-homogenous cantile-

ver beam for Case (c)

polluted experimental data. Genetic
algorithms have been employed for which
the optimization function has been formu-
lated in term of modified residual force

. Without noise Noise level I Noise level I vectors. The damage f?Ctors identiﬁed for
Element Tl(lieoretlcal the beam problem, which are obtained by
No oee [ Identified v, of | dentified| ,, . [Identified | ,, . | using GA for optimization purpose, show
damage erorgr damage e;)rgr damage eﬁrgr excellent agreement with those chosen for
factor factor factor the mechanical simulation of these damaged
1 1.0 093 | 7.0 | 095 | 50 | 092 | 80 | gructures.
2 0.6 0.55 9.1 0.54 10.0 0.66 11.7
3 1.0 0.95 5.0 0.91 9.0 0.93 7.0 ACKNOWLEDGEMENT
4 1.0 0.95 5.0 0.92 8.0 0.87 13.0 ) )
5 07 0.68 238 073 e 0.67 ) The authors would like to thank Direc-

It may again be seen from figures 10 and 11 that
the best value is achieved at 120 and 25 iterations
respectively. As such there is no further develop-
ment of the best value after these iterations.

All the situations i.e. Cases (a), (b) and (c¢) for
different noise levels are shown in tables 6 to 8 re-
spectively. It is found from all the cases that maxi-
mum error in identification of damage factor is 9%
in case of without noise. In case of noise level I and
11, the error percentages are 10 and 13 respectively.
As such, this methodology can also be applied with
noise polluted experimental data.

tor, Central Building Research Institute,
Roorkee for giving permission to publish the paper.
Thanks are also due to the anonymous reviewers for
valuable suggestions.

REFERENCES

Al-Kaabi, S.A., Aksu G., 1990, Free Vibration Analysis of Min-
dlin Plates with Parabolically Varying Thickness, Com-
puters & Structures, 34, 3, 395-399.

Ashour, A. S., 2001, A Semi-analytical Solution of the Flexural
Vibration of Orthotropic Plates of Variable Thickness, J.
of Sound and Vibration, 240, 3, 431-445.

Barai, S.V., Pandey, P.C., 1995, Vibration Signature Analysis
using Artificial Neural Networks, J. Comp Civil Engg.
(Trans ASCE), 9, 259-265.

-101 -

Ll
O
Z
=
0
%)
%]
—
<
4
=
<
=
Z
%)
a)
o
T
&
=
e
=
>
o
=
o
v




l
O
Z
=
)
%]
%]
—
<
&2
=
=
Z
%)
(@)
Q
I
&
=
a2
ol
=
2
[
=
Q
o

INFORMATYKA W TECHNOLOGI MATERIALOW

Bhangale, R.K., Ganesan, N., 2006, Thermoelstic Buckling and
Vibration Behavior of a Functionally Graded Sandwich
Beam with Constrained Viscoelastic Core, J. of Sound
and Vibration, 295, 294-316.

Cawley, P., Adams, R.D., 1979, The Location of Defects in
Structures from Measurement of Natural Frequencies, J.
Strain.Anal., 14, 2, 49-47.

Chakraverty, S., Singh, V.P., Sharma, R.K., 2006, Regression
Based Weight Generation Algorithm in Neural Network
for Estimation of Frequencies of Vibrating Plates, Com-
puter Methods Appl. Mech. Engg., 195, 4194-4202.

Chen, J.C., Garba, J.A., 1988, On-Orbit Damage Assessment for
Large Space Structures, AIAA Journal, 26 (9), 1119-
1126.

Chiang, D. -Y., Lai, W. -Y., 1999, Structural Damage Detection
using the Simulated Evolution Method, 4144 Journal,
37 (10), 1331-1333.

Gawronski, W, Sawicki, J.T., 2000, Structural Damage Detection
using Modal Norms, J. of Sound and Vibration, 229,
194-198.

Goldberg, D.E., 1989, Genetic Algorithms in Search, Optimiza-
tion and Machine Learning, Addsion-Weesley Longman,
Reading, Mass.

Hajela, P, Soeiro, F.J., 1990, Structural Damage Detection Based
on Static and Modal Analysis, AIA4 Journal, 28, 4,
1110-1115.

Holland, J.H., 1975, Adaption in Natural and Artificial Systems,
University of Miichigan, Ann Arbor, Michigan.USA.

Luh, G.C., Wu, C. Y., 1999, Nonlinear System Identification
using Genetic Algorithms, J. Sypt Control, Proc Imech
E., 213, 105-112.

Marawala, T., Chakraverty, S., 2006, Fault Classification in
Structures with Incomplete Measured Data using Auto
associative Neural Networks and Genetic Algorithm,
Current Science, 90, 4, 542-548.

Mares, C., Surace, C. 1996, An Application of Genetic Algori-
thm to Identify Damage in Elastic Structures, J. of Sound
and Vibration, 195, 195-215.

Michalewicz, Z., 1994, Genetic Algorithms + Data Structure =
Evolution Programs, Spring-Verlag, Second, Extended
edition, Berlin.

Panigrahi, S. K., Chakraverty, S., Mishra, B. K., 2007, Identifi-
cation of Damage in Structural Members using Genetic
Algorithm, National Conference on Emerging Techno-
logy and Developments in Civil Engg. ETDCE-07, Govt.
Engg. College, Amaravati, 71-78.

Panigrahi, S. K., Chakraverty, S., Mishra, B. K., 2008, Damage
Identification in Structural Members with Variable
Thickness using Genetic Algorithm, Inter. J. of Engine-
ering Simulation, 8, 3.

Rajasekaran, S., Pai, G.A.V., 2003, Neural Networks, Fuzzy
Logic, and Genetic Algorithms, Synthesis and Applica-
tions, Prentice-Hall of India Pvt. Ltd., New Delhi.

Rao M., Anand, Srinivas, J., Murthy, B.S.N., 2004, Damage
Detection in Vibrating Bodies using Genetic Algorithms,
Computers and Structures, 82, 963-968.

Redecap, D., 2006, Three Dimensional Free Vibration Analysis
of In-Homogenous Thick Orthotropic Shells of Revolu-
tion using Differential Quadrature, J. of Sound and Vi-
bration, 291, 1029-1041.

Singh, B., Chakraverty, S., 1994, Use of Characteristics Ortho-
gonal Polynomials in Two Dimensions for Transverse
Vibrations of Elliptic and Circular Plates with Variable
Thickness, J. of Sound and Vibration, 173, 3, 289-299.

Stubbs, N., Osegueda, R., 1990, Global Damage Detection in
Solids: Experimental Verification, /nt. J. Anal. Exp. Mo-
dal Anal., 5,2, 81-97.

Subramanian, G., Raman, A., 1996, Isospectral Systems for
Tapered Beams, J. of Sound and Vibration, 198, 3, 257-
266.

Tsou, P., Shen, M.H.H., 1994, Structural Damage Detection and
Identification using Neural Networks, 4144 Journal, 32,
176-183.

Yang, Q.W., Liu, J.K., 2007, Structural Damage Identification
based on Residual Force Vector, J. of Sound and Vibra-
tion, 305, 298-307.

ZASTOSOWANIE ALGORYTMOW GENETYCZNYCH
DO IDENTYFIKACJI ZNISZCZENIA
NIEJEDNORODNYCH STOZKOWATYCH BELEK

Streszczenie

Niejednorodne elementy strukturalne takie jak belki sg istot-
na cze¢Scia konstrukeji inzynierskich i stanowia przedmiot wielu
badan doswiadczalnych. Nawet niewielkie pgknigcie takiego
elementu obniza znacznie jego wytrzymatos¢ i, w konsekwencji,
wytrzymalo$¢ calej konstrukcji, co moze prowadzi¢ do znacz-
nych zniszczen. Analiza niejednorodnych elementéw struktural-
nych jest skomplikowana, poniewaz wtasnosci materiatu zmie-
niaja si¢ w zaleznosci od polozenia, a problem staje si¢ nawet
bardziej zlozony kiedy belka ma ksztalt stozkowaty. W niniej-
szej pracy przedstawiono nowe sformutowanie funkcji celu dla
optymalizacji takich belek metoda algorytméw genetycznych.
Optymalizacje potaczono z metoda sit residualnych i zastoso-
wano do identyfikacji makroskopowych pgknigé w niejednorod-
nych belkach o zmiennym przekroju. Opracowany model wy-
maga danych doswiadczalnych jako parametrow wejsciowych
i pozwala przewidywac¢ lokalizacjg i1 rozmiar pgknigcie materia-
hi. Dane wygenerowane numerycznie w oparciu o symulacjg
konstrukcji metoda elementéw skonczonych zostaty wykorzy-
stane do identyfikacji pgknigcia materiatu z dobra doktadnoscia.
Otrzymane teoretycznie parametry zniszczenia zostaly porow-
nane z wynikami z opracowanego modelu i otrzymano dobra
zgodnos¢.

Submitted: February 1, 2008
Submitted in a revised form: August 28, 2008
Accepted: September 16, 2008

-102 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


