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ABSTRACT

System identification and mode shape
correlation techniques are methods which
have been proposed for localization of
damage in structures. Their success,
however, depends on the quality and
completeness of the measured data and in
many cases accurate localization is
difficult. This paper present a new
damage indicator utilizing the elements
strain energies of the validated
analytical models before and after the
occurrence of damage. It is shown that
for equality on the two sets of energy,
stiffness of damaged elements have to
reduce hence localized. The accuracy of
localization depends on the ability of
the validated models to reproduce modes
of the structure rather than on the
accuracy of the updated parameters. The
method is demonstrated using simulated
damage in beam elements.

NOMENCLATURE

U strain energy of an element

ref strain energy of an element
per unit flexural rigidity

R radius of curvature of
deflection shape of an element

Dr damage indicator

CDI cumulative damage indicator

El flexural rigidity of an element

{V '} mode shape deflection within
an element

[KE] element stiffness matrix per

unit flexural rigidity
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_dy_

slope of element deflection
dx

1 INTRODUCTION

have in recent years
been proposed as alternative technology
for nondestructive testing {(NDT) of
structures. The simplest application of
a vibration technique in NDT is the
monitoring of changes in structural
dynamic characteristics, particularly
natural frequency, from the moment when
the structure was first put into

Vibration methods

service. In this case a change in
natural frequency indicates a structural
change and often imply a damage has
occurred. Alternatively in. quality
control applications, variation in
natural frequency from an average
expected “normal” variation may also
indicate  improper structural integrity
of a product [1l}, The other more

advanced application of vibration
methods is not only the detection but
also the localization of the damage in
the structure.

A number of publications on damage
localization methods exist [2-6]. The
proposed methods are based on mode shape

correlation, system identification
/analytical model improvement and
pattern recognition. With system
identification/analytical model

improvement the stiffness matrix of the
validated models before and after the
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occurrence of the damage are compared so

as to identify regions of change. The
success, however, depends on the
accuracy of the system identification

algorithm used which in most cases is
deteriorated by measurement noise and
incompleteness of the measured data.
Mode shape correlation technique also
suffer the problem of measurement noise
and incompleteness in the measurement
coordinates.

This paper present a new damage
indicator. The analytical models before
and after the occurrence of the damage
are validated using measurement data
before and after the damage is detected.
Analytical mode shapes are then computed
from the two validated models. The mode
shapes are used to compute element
strain energy before and after the
occurrence of the damage. Using
simulated damage on beam tiype elements,
it is shown that for equality on the two
sets of energy, stiffness of damaged
elements in the damaged structure has to
be reduced hence localized. The strain
energy method is demonstrated using
fixed-fixed beam and a plane frame with
successful results. The localization
accuracy depends only on the ability of
the validated models to reproduce modes
of the structure rather than on the
physical meaning of the stiffness
parameters.

2. THEORY

Consider a structure made of beam type
elements. The strain energy in any
element is a function of the second
derivative of the elements deflection
curve and the flexura] rigidity.

2 12
= _dy_
U 0.5 |ET dx? dx
elem
2
= 0.5 |Ell—=]| dx (1)
) R
elem
where R is the radius of curvature.

Lets define a reference strain energy to

be the energy per unit flexural
rigidity. Thus, the reference strain
energy of an element becomes:
d2 ’
= Ay _
Urer 0.5 vz dx
elem
2
= 0.5 |{—{ dx (2)
= 3
elem

in an element where
that damage is represented by a
reduction in flexural rigidity. It is
postulated that for a given mode of

Consider a damage

vibration the curvature of a beam
element will increase if its stiffness
is reduced. The increased curvature

implying a reduction in R and therefore
an increase in reference strain energy.
Thus for a given element and a given _jth
mode of vibration, the following hold::

o <0 (3)

ref{before) ref(after)

The implication here is that when a
damage takes place, there is a local
stiffness reduction. For a given
vibration mode, the damaged element
tends to flex more than before the
damage was inflicted. The other elements
will have fairly the same degree of
flexing as before the damage took place.
However, inspection of equation (1)
shows that comparing strain energy may
not be very useful for damage
localization, since the reduction of the
denominator occur when there is a
reduction in the numerator. Furthermore,
the stiffness parameters of the elements
before and after the ocurance of damage
may not be known accurately.

Inspection of equation (2) suggest that
the reference strain energy could be a
more meaningful tool for damage
localization provided the deflection
shape of an element is known accurately.
Thus we define Damage Indicator as
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percentage change in reference strain

energy:

ref{before) U;ef(arter)

Dr = 100
ref(before)

The damage indicators are summed over
several modes in the frequency range of
interest to define the Cumulative Damage
Indicator (CDI).

mode n

CDI = Z DI (5)

mode i

How do we determine the reference strain
energy of the elements before and after
damage has occurred? If we could
accurately measure mode shapes of the
structure when it was brought into
service and some times later then the
reference strain energy is computed by:

_ e T -] s
U o =05 {VT} K] (V") (6)

In  practice it is not feasible to
Arstermine the reference strain energy
from measurement of mode shapes since
the later are often incomplete and
contaminated. The approach which has
been found promising is to first
formulate analytical model of the
structure. Then perform test on the
structure prior to the occurence of the
damage and update the analytical model
using test data. When a damage has
occurred further tests are done on the
structure and the original analytical

model is updated using test data of the
damaged structure. The updated/validated
analytical models before and  after

damage has occurred are then used to
compute mode shapes and hence evaluate
reference strain energy using (6).

In the study reported in this paper the

inverse eigenvalue sensitivity algorithm
with virtual perturbation of the
stiffness matrix {6], was used in
analytical model improvement with good
results. It would be of interest to find
out the suitability of other system
identification algorithms. The  strain

energy balance method is demonstrated by
simulation examples.

3. SIMULATION EXAMPLES
3.1 EXAMPLE 1: A FIXED-FIXED BEAM

A beam of rigidity 5000 Nmz, mass per
unit length 3.5 kg/m and length 2.5 m
was simulated with both ends fixed. Beam
point receptances at 0.25 m and 1.0 m
from one of the ends (nodes nl and n4 in
figure 1) were simulated by modeling
using a 10 elements FE model. The
receptances cover the frequency range of
50 Hz to 250 Hz at 1 Hz interval and
were contaminated by 5 percent mean zero
random errors to simulate measurement
noise. An initial analytical model wag
assumed with flexural rigidity 5300 Nm
and mass per unit length 3.3 kg/m. The
contaminated receptances were used to
update the initial parameters using a

frequency domain inverse eigenvalue
sensitivity algorithm with virtual
perturbation of the stiffness matrix

[6]. The updating was performed by
adjusting the parameters of the ten
elements independently and result in a
validated model of the undamaged beam.

A damage was then simulated in element 9
(between nodes n8 and n9) by a 20 %
reduction in flexural rigidity. The
point receptances at nodes nl and n4
were then simulated using exact flexural
and mass parameters. The receptances
were also contaminated by 5 % random
errors and used to update the initially
assumed theoretical parameters.

Table 1 shows the parameters of the
validated models of the beam before and
after simulation of the damage. In both
updating cases contaminated transfer
receptances at nodes n6 and n8 in
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addition to nl and n2 were also
simulated for excitations at nl and n4.
These were used as control measurements
for “mode shape” correlation purposes as
required by the wupdating algorithm.

Figure 2 shows a plot of cumulative
damage indicator for the first 6 modes,
using exact modes of the undamaged and
damaged beam. The damage is perfectly
localized by a high negative value of
CDI for element 9.

Figure 3
indicator

is a plot of cumulative damage
using modes of the models
validated using simulated noisy FRF
data. Again the damage in the 9th
element has been successfully localized.

Figure 4 is a plot of percentage
difference of stiffness parameters of
the models validated after and before

the occurrence of the damage. It can be
seen that localization is poor. System
identification on its own is not
reliable due to inaccuracy in the

updated parameters.

3.2 EXAMPLE 2: A PLANE FRAME

A plane frame made of 5 beam members, Bl
to B5, was simulated by a 14 elements 39

DOF model (figure 5). The frame was
simulated to be supported by soft
springs as fhown. The simulated
stiffness (Nm“) and mass (kg/m)
parameters were as follow:

Parameters of simulated Frame

El 21333 5208 14292 9000 9000
M 6.280 3.925 5.495 4.710 4.710

Point receptances at midspan of beams B4
and B5 were computed at 0.5 Hz interval
in the frequency range of 50 Hz to 150
Hz. The receptances were contaminated by

5 % mean zero random errors to simulate
measurement noise.

Furthermore, an initial analytical model
was assumed with the following
parameters:

Shrameters the initial analytical
model

El 25000 6000 10000 11000 9000
M 6.0 3.5 50 55 55
The initial model parameters were

updated using the contaminated point
receptances, to obtain a validated model
of the frame before damage.

To simulate a structural damage, the
node at mid span of beam member B3 was
remodeled into a pinned connection,
giving common horizontal and vertical
degrees of freedom for the two elements
joined at this point but separate
rotational degrees of freedom. The frame
now had 40 DOF after the damage. Using
the simulated parameters, point
receptances of the 40 DOF frame were
computed at the mid span of beams B4 and
BbS. These were also contaminated by 5 %
mean zero random errors to simulate

measurement noise. The simulated
receptances were then used to update the
initial analytical model to obtain a

validated model after the gcurance of
the damage. In the updating the initial
model structure with 39 DOF was
maintained although the data belonged to

a 40 DOF system.

Figure 6 show the contaminated simulated
receptances before and after the damage.
The updated parameters before and after
damage are given in table 2. The
updating was performed using inverse
eigenvalue sensitivity algorithm with
virtual perturbation of the stiffness
matrix. In both updating cases transfer
receptances at the FE nodes of beams Bl
and B5 were also simulated with random
errors. These were taken as control
measurements for “mode shape”
correlation  purposes.

Figure 7 show a plot of cumulative
damage indicator {CDI) whereas figure 8
is a plot of damage indication by simply
taking the difference in the validated
stiffness  parameters.
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it can be seen that where analytical
aedel in. .uvement failed to localize the
damage due inaccuracy in the parameters
and particularly made difficult due to
incorrect model structure, the strain
energy method using cumulative damage
indicator has successfully localized the

damage to beam B3,

4. CONCLUSION

System
model

identification or analytical
improvement alone is not reliable
for damage localization. A new damage
indicator utilizing reference strain
energy of beam type elements (or macro
elements) has been presented. Simulation
results show this indicator to be a very
effective tool for damage localization
in beam type structures. The success of
the localization depends on the ability
of the validated models to reproduce
modes of the structure rather than on
the accuracy of the validated
parameters. Further work however is
required to assess its capability and

limitations in real structure damage.
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El before damage

5062 5037 5029 4977 4099 5010 5026 5032 5050 4948

El After damage

5000 4036 5043 4031 4904 4911 4926 5126 4745 4534

Table 1. Validated stiffness parameter al beam before and after damage
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UPDATED PARAMETERS BEFCRE SIMULATION OF DAMAGE
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Table 2. Validated parameters of frame before and after damage
Figare 5. Plane frame with 14 beam elements
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Figure 7: Damage indicator for the frame Figure § Localization by % change of frame stiffness parameters
109 ¢ r 100 : =
- (@) S E
© - ]
= 1073 5 1073 N
-] E 3 = =
e - = — -
=9 K 3 = .
3 > 1. .k -
é 106 ; ‘ . 10-6
: i \'v —
109 L 10-9 !
50 100 150 50 100 150
Frequency Hz Frequency Hz

Figure 6: Simulated receptance of fram. before and
after damaze a) & mid of B b) at mid of BS

1406




	MAIN MENU
	FRONT MATTER
	TABLE OF CONTENTS
	AUTHOR INDEX
	Search CD-ROM
	Search Results
	Print
	View Full Page
	Zoom In
	Zoom Out
	Go To Previous Document
	CD-ROM Help

