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Introduction

NTEREST in global structural health monitoring has grown

rapidly as the number of aging structures in service increases.
Structural health monitoring offers the possibility of detecting and
identifying structural damage before catastrophic failure occurs.
Currently, vibration-based damage detection and identification tech-
niques offer the greatest promise for future development of an op-
erational global structural health monitoring system. One method
for vibration-based damage identification presented by Mares and
Surace! used a genetic algorithm (GA) to select parameters in a finite
element model of the structure so that the differences between the ex-
perimental and calculated dynamic properties were minimized. Dif-
ferences between the calculated model parameters and some base-
line set of model parameters for the undamaged structure indicated
damage. Friswell et al.? used a combined genetic and eigensensitiv-
ity algorithm in order to incorporate the search capabilities of the
GA and the efficiency of sensitivity techniques. This hybrid method
offers the search capabilities of the GA and the efficiency of sensi-
tivity methods.

This work further examines the effectiveness of a hybrid-genetic-
sensitivity (HGS) approach® for damage identification for stiffened
plate structures using changes in the natural frequencies and mode
shapes between the damaged and undamaged structure. Three cases
were examined for a uniaxially stiffened clamped plate (USCP) and
cross-stiffened clamped-plate (CSCP) structures: one damage site
case, one damage site with 5% white noise added to the calculated
modal parameters, and two damage site case.

Hybrid-Genetic-Sensitivity Approach
for Damage Identification

Damage Identification Problem
The damage identification problem in this study is posed as an
optimization problem: to minimize the difference between the exper-

Presented as Paper 2002-5463 at the AIAA/ISSMO 9th Symposium on
Multidisciplinary Analysis and Optimization, Atlanta, GA, 4-6 September
2002; received 17 July 2003; revision received 13 September 2004; accepted
for publication 14 September 2004. Copyright © 2004 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved. Copies
of this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0001-1452/05
$10.00 in correspondence with the CCC.

*Graduate Research Assistant, Department of Aerospace and Ocean En-
gineering. Student Member ATAA.

TProfessor, Department of Aerospace and Ocean Engineering. Associate
Fellow ATAA.

439

imental modal parameters of the damaged structure and the modal
parameters of the structure found using a finite element model of
the structure. This assumes that a correlated finite element model of
the undamaged structure exists. The plate structures considered here
are isotropic, and damage is modeled by reductions in the elastic
modulus E and Poisson’s ratio v of a particular finite element. The
design variables in the damage identification optimization problem
were the ratios of the elastic modulus and Poisson’s ratio of the
damaged element(s) to the undamaged values.

The objective function for the damage identification problem is
shown in Eq. (1). This objective function is used for the general
damage case, where all of the elements in the finite element model
could feasibly be damaged simultaneously. The third term in Eq. (1)
is used to reduce the “smearing” of parameter changes over many el-
ements because damage, especially at the incipient stages, is usually
a local phenomenon:
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In this equation wy,, and wy,, are the rth experimental and mod-
eled natural frequencies of the structure, ¢ex, and @', are the rth
experimental and modeled mode shapes of the structure, Ny, is
the number of damaged elements, and Ny is the number of ele-
ments in the finite element model. The variables «, 8, and y are the
weighting coefficients of the terms in the objective function.

The values of the weighting coefficients o, 8, and y were deter-
mined using trial and error because no widely accepted means of
determining these values is available. Two versions of the objec-
tive function were used in this study. The first version considered
only one possible damage site, and so y was set to zero in Eq. (1).
In this case the weighting coefficients used were chosen such that
the natural frequency information accounted for 80% of the ob-
jective function value and the mode shape information accounted
for 20%. These weighting coefficients ensured that more impor-
tance was given to the natural frequency information, which can be
measured with higher accuracy. In the general damage case, where
an arbitrary number of damage sites can exist, y in Eq. (1) was
nonzero. The best combination of weightings in the general damage
was found when the natural frequency information accounted for
60%, mode-shape information accounted for 20%, and the number
of damage sites accounted for 20% of the total objective function
value. The actual values of the weighting coefficients were unique
for each case because the number of elements and degrees of free-
dom for various cases could be different.

+5 )

Hybrid-Genetic-Sensitivity Method

An elitist selection scheme was used for the GA in this study,
which ensured that the best individual in every population was held
over to the next generation. A crossover rate of 0.9 and a mutation
rate of 0.1 were used in the GA portion of the HGS approach to en-
sure that the design space was highly explored. The high crossover
and mutation rates are essential in this application for increased ex-
ploration of the design space. The high crossover and mutation rates
tend to slow the convergence to the optimal values by the GA, but
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this was not a major concern because a sensitivity-based procedure
was used later to refine the best individuals in the final population.

To ensure that the best starting points were selected by the GA,
while reducing the computational cost, a relatively large popula-
tion size was used over a relatively few generations. In this study
the population size was set at 20 individuals, and the GA was run
over 20 generations. The GA reduces the average objective function
value quickly over the first 10 generations, and then the average ob-
jective function value of the population stagnates because the GA
is not efficient at refining the design points. For this reason, the GA
is stopped at 20 generations, and a sensitivity-based optimization
is then used to complete the optimization process. Usually, the fi-
nal population of the GA will have many individuals with design
points that are very close to each other; these individuals usually
correspond to the optimum design in different stages of refinement.
The individuals selected to be refined by the sensitivity-based op-
timization had to be sufficiently far apart from each other in the
design space. To discriminate between two individuals representing
the same element in the final population, Eq. (2) was used to find
the distance between the designs:

dij = J(Ei — E))? + (v, — v))? )

where d; ; is the distance between the ith and the jth individuals
in the final population, E; and E; are the elastic modulus of the ith
and the jthindividuals, and v; and v; are the Poisson’s ratio of the ith
and the jthindividuals. If the value of d; ; wasless than 0.001, the jth
individual is not used in the sensitivity-based optimization because
it is sufficiently close to the ith individual. If all of the individuals
in the population are sufficiently close to each other in the design
space, only one value is selected for refinement. The “fmincon”
routine in the Optimization Toolbox for MATLAB®,* which is a
nonlinear optimization routine, was used with the stopping criteria
defined as Af < 0.0001 or a maximum of 20 iterations.

Performance of the HGS Method on Plate Examples

The performance of the HGS method for damage identification
is demonstrated here for a uniaxially stiffened clamped plate and
a cross-stiffened clamped plate using numerical examples. Both
plates were clamped on all four sides of the plate. Figure 1 shows
the geometry of the plate model used in the study. The stiffener
in the plate was made of the same material as the rest of the plate
and was modeled using beam elements in the SDT Toolbox for
MATLAB.> The thickness of the stiffeners was 10 mm in both
cases.

The geometric properties of the plates denoted in Fig. 1 were
W =0.3 m, L=0.357 m, and t =0.01 m. The material properties
of the undamaged plate examples were density p =2770 kg/m?;
elastic modulus E = 7.31 x 10* MPa; and Poisson’s ratio v = 0.33.

The first scenario analyzed using the HGS approach was one
damage site using the objective function in given in Eq. (1) with
y = 0for both the USCP and CSCP. The plate for both the USCP and
CSCP was modeled using an 8 x 8 four-noded finite element model
from the SDT Toolbox.’ Figure 2 shows the performance of the HGS
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Section A-A
Fig. 1 Layout of the uniaxially stiffened clamped plate example.

t

# of Runs Selected as Damaged

Fig. 2 Damage locations found by the HGS algorithm for USCP and
CSCP using an 8 X 8 mesh and one damage site.

# of Runs Selected as Damaged

Fig. 3 Damage locations found by the HGS algorithm for the USCP
and CSCP using an 8 X 8 mesh with 5% white noise in the simulated
experimental data for one damage site.

approach in finding the single damage location for both the USCP
and CSCP over 25 runs. In this figure the 8 x 8 grid represents the
finite element mesh of the plate, and the columns indicate the number
of times the corresponding element was selected as the damaged
element by the HGS algorithm. The damaged element for the USCP
is element (4, 2), and the damaged element for the CSCP is element
(3, 6). The HGS algorithm found the correct damage location 23 of
25 runs for the USCP case and 21 of 25 runs for the CSCP case.

To examine the robustness of the HGS algorithm, 5% white noise
was added to the calculated modal parameters to simulate experi-
mental signal noise for the single damage site case. Again, the ob-
jective function given in Eq. (1) with y =0 was used for both the
USCP and CSCP, and an 8 x 8 finite element mesh was used for
the plate. The performance of the HGS approach in finding the sin-
gle damage location with added 5% white noise for both the USCP
and CSCP over 25 runs is shown in Fig. 3. The damage sites were
the same for this case as in the single damage site case just cited. The
correct damaged element was determined 20 out of 25 runs for the
USCP case and 17 out of 25 runs for the CSCP case.

The performance of the HGS approach in identifying the mate-
rial properties at the damage location is shown in Table 1 for both
the single damage site case and the single damage site with added
random noise case.

The next case examined was for two damage locations on the
USCP and CSCP examples. Figure 4 shows the results of the HGS
approach for two damage sites on the USCP example using the
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Table 1 Comparison of percent relative error in the
results obtained from a pure GA algorithm and the
HGS approach various example cases

Case E(GA) v(GA) E(HGS) v (HGS)
USCP(1) 6.098  9.434 3.235 7.334
USCPRN 8987  15.54 4.26 8.83
USCP(2)  13.06  24.43 12.75 18.83
CSCP(1) 7830  9.484 4.023 7.234
CSCPRN 1530  25.03 10.47 17.32
CSCP(2) 4376  56.98 32.67 38.92

# of Runs Selected as Damaged

Fig. 4 Damage locations found by the HGS algorithm for a USCP
using an 8 X 8 mesh with two damage sites.

# of Runs Selected as Damaged

Fig. 5 Damage locations found by the HGS algorithm for a CSCP with
an 8 X 8 mesh with two damage sites.

objective function in Eq. (1) with y # 0 over 25 runs. The damage
locations were in the positions (4, 2) and (6, 6) on the mesh.

The HGS approach correctly found the damage sites the majority
of the time; the number of erroneous damage sites selected increased
over the single damage site cases. The HGS approach found the cor-
rect damage location (4, 2) in 21 of the 25 runs, whereas the correct
damage location at the (6, 6) position was found in 18 of the 25 runs.
Because an arbitrary number of damage sites were feasible, some of
the damage detected by the HGS approach was smeared over other
elements to try to match the experimental data. Figure 5 shows the
damage locations found by the HGS approach for the CSCP exam-
ple with two damage sites. This figure shows that the HGS algorithm

finds the damage in location (6, 3) in 13 of the 25 runs and in location
(3, 6) in 15 of the 25 cases. The accuracy of the damage location
for this case was lower than any of the other cases. This could be
caused by the cross stiffeners that reduce the effects of the damage on
the modal properties. This case shows that an objective function that
allows an arbitrary number of damage locations might not be the best
option because the damage is again smeared over many elements.

Table 1 shows a comparison of the HGS approach to the GA-only
approach for the three cases just mentioned using the USCP and
CSCP examples. Both the GA and the HGS approach were limited
to 420 objective function evaluations. The case labeled USCP(1) and
CSCP(1) represent the uniaxially stiffened clamped plate and cross-
stiffened plate example with one damage site. The cases denoted
USCPRN(1) and CSCPRN(1) represent the case where one damage
site exists, and 5% white noise was added to the simulated dynamic
response data. The cases denoted USCP(2) and CSCP(2) represent
the case with two damage sites. The results in this table correspond to
the damage locations described for each of the cases in the preceding
sections and are averaged over the 25 runs.

The results in Table 1 show that again the HGS algorithm has
superior performance compared to the pure GA damage identifi-
cation algorithm for both the USCP and CSCP cases. Most of the
improvements made by the HGS algorithm were in refining the val-
ues of the damage parameters again. The accuracy of the both GA
and HGS approach for the two damage site case is relatively low,
and a different method would probably be required to find damage
in this case and damage in those locations. But in general the HGS
approach gives significant improvement over a pure GA damage
identification algorithm.

Conclusions

The hybrid-genetic-sensitivity (HGS) approach was demon-
strated for two plate structures: a uniaxially stiffened clamped plate
and a cross-stiffened clamped plate. The HGS approach was shown
in all cases to outperform a pure genetic-algorithm (GA)-based al-
gorithm using the same number of objective function evaluations.
The HGS approach was also shown to be robust with reasonable
performance when white noise was included in the simulated exper-
imental data. These results show that it is possible to solve damage
identification problems more efficiently using a combination of opti-
mization procedures by utilizing the positive attributes of each com-
ponent of the algorithm. In this case the exploration characteristics
of GAs were exploited to find starting points for a sensitivity-based
optimization procedure, which is much more efficient in refining
results. This combination resulted in global optimization with im-
proved efficiency over a pure GA.
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