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ABSTRACT

Structural health monitoring using measured vibration data may
(or not) be based on a numerical model. If a structural model is
not available, the measurements of the nominally healthy struc-
ture have to be used as the baseline for comparison. I[n this
way, alterations of the behavior may be tracked. This approach
can be considered as a reactive way to handle the problem since
the engineer will detect that the characteristics of the structure
changed, but he will not know if the modification(s) render(s)
the structure unreliable. The exploitation of a numerical model
allows the application of a more rich, proactive strategy. In
some conditions, the analyst may even be able to diagnose the
remaining lifetime of the structure.

A common approach to health monitoring is to use identified
modal data. In this paper, the direct use of operating deflec-
tion shapes (ODS) is considered. The main advantage of this
approach is that ODS are more sensitive to structure modifica-
tions than mode shapes which have to be identified; moreover,
the modal analysis efforts (and errors) are avoided. In this pa-
per, a two level approach for damage assessment is presented.
In the reactive level, current experimental ODS are compared to
the healthy measured ODS. The Frequency Domain Assurance
Criterion -FDAC- is used to track a global evolution and the
shifted residual ODS technique is used to obtain a first damage
localization. If changes in the ODS are significant, the proactive
level of damage assessment is activated. It uses a FE model and
is based on the theory of Minimization of Errors on Constitutive
Equations -MECE- to locate and quantify damage in terms of
physical parameters.

The proposed methods are applied on the example of an ac-
tual civil engineering structure on which the time evolution of
damage is known.
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NOMENCLATURE
K,M FE model stiffness and mass matrices
K*, M* perfectly identified matrices
AK, AM errors of the model matrices

K condensed stiffness matrix
] model modal matrix

measured vector

perfectly expanded shape

expanded experimental shape

error in the expanded vector
instrument shape vector

perfectly known force vector
identified force vector

residual force vector

perfectly estimated modal coordinates
estimated modal coordinates
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error in the identification of the exper-
imental frequency
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1 measured partition of dofs

1 INTRODUCTION

Vibration data may come in three different formats : time series,
FRF vectors and mode shapes. The direct use of time data re-
quires to measure the whole set of coordinates at the same time
(implying an expensive acquisition hardware). FRF vectors and
mode shapes are intrinsic properties of the structure (provided
it shows a linear behavior) and may be averaged. In this case,
acquisition may be much more flexible. A common reason to use
modes is that they are able to reconstruct FRFs with some level
of quality. The difference between the measured and the mode-



reconstructed FRFs is mainly due to those modes that were not
identified, to errors of damping identification and to the effect
of noise. Given a known force configuration, FRFs present the
advantage of being estimated directly from time data, avoiding
the extraction of modal parameters and thus identification er-
rors. Damping effects also appear more clearly than with mode
shapes. However, a drawback to the direct use of FRF data may
be the difficulty of choice. As a great number of FRFs is usually
available, the question becomes to determine which is the more
representative subset of data (i.e. containing more information
about damage). Note that computation cost may become high
when a structural model is exploited in the damage detection
procedure. If only experimental data is considered, this quan-
tity of information may be handled easily by current computers.
As FRF vectors are linear combinations of all the eigenmodes
that were excited (identified or not), they are more sensitive to
changes in the parameters. In general, only global modes are
accurately identified; and it has been observed that these modes
are relatively insensitive to changes in localized parameters [1],
31, Local modes which are more difficult to identify show bigger
changes in their shapes and frequency.

The aim of this paper is to present a two level approach for
damage assessment by using operating deflection shapes. In
the reactive level, current experimental ODS are compared to
the healthy measured ODS. The Frequency Domain Assurance
Criterion -FDAC [21_ is used to track a global evolution and the
Shifted Residual ODS technique is used to obtain a first idea
on damage localization. If changes in the ODS are significant,
the proactive level of damage assessment is activated. It uses a
FE model and is based on the theory of Minimization of Errors
on Constitutive Equations -MECE 1 to locate and quantify
damage in terms of physical parameters.

The proposed methods are applied on the example of an ac-
tual civil engineering structure on which the time evolution of
damage is known.

2 NON-MODEL BASED HEALTH MONITORING

Non-model based techniques assume that local model errors pro-
duce changes in the local responses. They are limited by the
number of sensors and may be used by comparing modal indica-
tor variations with regard to a previous healthy situation. Evo-
lution of the damage influence on the response can be tracked
in this way, but it cannot assess if the structure is still reliable or
safe. However, these methods present the advantage of not re-
quiring the expensive process of building a model. An extensive
survey of this type of methods is presented in reference a,
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2.1 Frequency Domain Assurance Criterion (FDAC)

An alternative solution to the use of identified mode shapes is
the direct exploitation of measured operating deflection shapes.
It was proposed in reference 2 to measure the degree of cor-
relation between two sets of ODS (X, Yw,) by the Frequency
Domain Assurance Criterion defined as :

T
— xwl ywz (1)
P | 1|

Note that FDAC allows to take into account the frequency shift
that is produced by the displacement of the modal base on the
frequency axis when model parameters are perturbed.

FDAC (Xey,Yw,)

The idea proposed here is to use FDAC in a cascade analysis
to observe global changes in the ODS when the undamaged
situation is taken as reference state.

2.2 Shifted residual ODS

By exploiting the frequency shift, it is possible to compare ODS
in a more rational way. Rather than comparing the shapes at the
same frequency, it is proposed to compare the reference shape
X,, taken at the reference frequency with the corresponding
FRF shape y.,s paired using FDAC. In order to do this, a residual
ODS is defined by :

AV =X, ~Yu3 (2)

This will provide a graphical representation about where the
errors might be.

3 MODEL BASED HEALTH MONITORING

As stated in reference [4], a validated mathematical model up-
dated to the current state of the system constitutes a rich knowl-
edge base, which can be exploited by comparing it with the cor-
related models of previous states. This serves the purposes of
fault detection and structural assessment. Model based damage
identification methods are superior since they allow to detect
not only the location of changes in the structure, but also its
nature and its amplitude level. The engineer may have a better
understanding of the physics behind the damage and is able to
exploit the rich knowledge base used to build the model.

The model based localization approach considered here makes
use of the model equilibrium conditions. In this category of
methods, one finds the force residual technique and the method
based on the minimization of errors on constitutive equations
(MECE). A drawback of these techniques however is that they
require a matching process in order to estimate the non mea-
sured degrees of freedom of the model (commonly referred as
expansion).



3.1 Model based error localization

Let us assume that modeling errors are negligible (i.e. equations
are correct, discretization is adequate) and that only model pa-
rameter errors (e.g. material or geometric properties) are ac-
tually present. Under these conditions, the dynamic equilib-
rium equation of the experimental structure corresponding to a
particular forced response vector (ODS) may be written in the
frequency domain as

K'v'=uw2e M*v* +¢" (3)

The validity of this equation is crucial for the rest of the devel-
opments. The assumption of the existence of such a structural
model for the experimental structure tells implicitly that both
the "undamaged" and "damaged" experimental structures have
a linear behavior and that dissipation effects do not influence
the operating deflection shapes being considered.

The correspondence between the damaged and the initial FE
model can be established through the following relations

K* = K+ AK (4)
M* = M+AM (5)
v = v+ Av (6)
Wer = wy+ Aw @)

The approximation v to the true experimental response vector
v* may be found by assuming that the numerical model is close
to the true structure. Using a standard formulation, an expanded
vector v is sought by minimizing the residue of the equilibrium
equation in some adequate metric :

min f; O f, (8)
where
f,=K-w"M) v-g (9)

In order to solve problem (8), the experimental data is exploited
by requiring that the expanded vectors should be similar to the
reference measured shapes. It can be done by minimizing the
difference between measured and calculated displacements in
some adequate metric i.e.

min (vi — ¥)T Z (vi = ¥) (10)

A great number of expansion techniques are based on the ex-
act verification of equation (10) (in this case, vi = V) while
solving equation (8). In the MECE expansion method (51, (6]
considered here, the two conditions (8 and 10) are performed
simultaneously.

If metric © = K=" is chosen to solve problem (8) and = = K
in equation (10), an optimization problem may be written as

min f,T Of +a(vi —V)T Z (vi-V) (11)
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It can be shown (! that the expansion problem (11) may also
be expressed in the form

min (v-u)" K (v—u)+a (vi —9)" K (vi - ¥)

(12)

subject to Ku=uwMv+g

where u is an instrument shape vector. In order to solve this
optimization problem, the expanded vector is expressed as a
combination of the FE modal base :

v=04 (13)

In equation (13) K assures a good balance between the two
terms, but other weight matrices may be used. The instrument
vector u introduced in the constraint equation of the optimiza-
tion problem (13) allows the definition of an local error indicator
that quantifies a residual strain energy (element-by-element or
substructure-by-substructure):

eo=(u-v)T K, (u=v) (14)

where K., is the stiffness matrix of substructure s.

4 APPLICATION EXAMPLE

The procedure for health monitoring based on the exploitation
of operating deflection shapes is illustrated on the example of
the 1-40 bridge over the Rio Grande river in New Mexico. This
civil engineering structure has been presented in details in the
literature (1, 71 The first mode shape of the bridge model is
shown in figure 1.

Figure 1: FE model of the bridge-1st mode

The true structure was tested in its undamaged state using ambi-
ent and forced excitations. Damage was induced on the bridge
by cutting through one of the main girders in four increasing
states (figures 2 and 3). Modal analysis was performed at each
state using a set of 26 accelerometers placed along the two sides
of the bridge deck.
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Figure 2: Bridge cross section

Figure 3: Section of the damaged girder vs state

In the following, the different techniques presented here are ap-
plied to the measured vibration data.

4.1 Frequency Domain Assurance Criterion

The reference FDAC is depicted in figure 4 where the undamaged
ODS are compared with themselves. This obviously generates
a FDAC without frequency shift (note that the maximal corre-
lation for a given ODS(w) is found at w and FDAC values on
the axis w = w are unitary. The cross points on the diagonal
correspond to the resonance frequencies. Without performing
a classical modal analysis, five eigenfrequencies are identified in
the interval [2 - 6] Hz.

Figure 5 shows the FDAC obtained for the last state of damage.
It can be observed that the first two eigenfrequencies moved
away from the diagonal. The maximum correlation is now less
than unity and happens on a discontinuous line. In the interval
[3 - 4.5] Hz however, the correlation between ODS remains very
close to one and no systematic frequency shift is observed.
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Figure §: FDAC (last damage vs reference

4.2 Shifted Residual ODS

The use of FDAC allows the comparison of ODS taking into
account the frequency shift. Let us consider for instance the
ODS measured at the frequency of 2.72 Hz which is located
between the two first eigenfrequencies (2.48 and 2.94 Hz re-
spectively) of the undamaged structure. The reference ODS of
the undamaged structure at 2.72 Hz is shown in figure 6.



Figure 6: Reference ODS at 2.72 Hz

According to FDAC (figure 5), the ODS of the damaged struc-
ture which better correlates to it, is situated at the shifted fre-
quency of 2.41 Hz. The situation is also shown in figure 7 where
the Bode plot at the damage position for the reference and last
damage situation are plotted. The decrease of the resonances
is indicated by the resonance peaks shift. The shift of the ODS
given by FDAC is also depicted.
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Figure 7: Bode plot at damage position

The ODS of the damaged structure at 2.41 Hz and at 2.72 Hz
are given respectively in figures 8 and 9. When these ODS are
compared with the one given in figure 6, it can be seen that the
ODS of the damaged structure at the shifted frequency (2.41
Hz) shows a higher level of similarity with the reference ODS
(undamaged structure at 2.72 Hz); the discrepancy between
these two ODS appears mainly in the zone where damage was
induced. At the opposite, the ODS of the damaged structure
at 2.72 Hz looks very different from the reference ODS at the
same frequency (2.72 Hz).

The residual ODS which are defined as the difference between
these ODS and the reference ODS are shown in figures 10 and
11. It can be observed that the use of the shifted ODS allows a
correct localization of the damaged zone which is not the case
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when comparison frequencies are the same.

Figure 9: ODS of the damaged structure at 2.72 Hz

4.3 Model based error localization using MECE

The expanded ODS of the damaged structure at 2.41 Hz is
shown in figure 12. It can be compared to figure 8. Results of
the MECE error localization using this damaged ODS are shown
in figure 13. Results are similar to those obtained with the mode

shapes in (.

5 CONCLUSION

The feasibility of a strategy to assess damage evaluation by
using measured operating deflection shapes has been studied.
The considered procedure is based on a two-level analysis. The
first level considers the comparison of ODS by use of non-model
based techniques such as FDAC and the residual ODS using the
concept of frequency shift. The second level is based on the
existence of a validated analytical model of the structure. In
this case, the ODS may be expanded and a residual energy based
indicator at the local level (element-by-element) is exploited. If
necessary, this second level may be enhanced by using a model
updating procedure.



Figure 12: Expanded ODS at 2.72 Hz

ACKNOWLEDGMENTS

The authors wish to express their deepest gratitude to Dr. S.
Doebling from Los Alamos National Laboratory (USA) for pro-
viding the measurement data and the FE model that lead to the
results obtained in the case of the |-40 bridge.

Part of the work presented in this text presents research results
of the Belgian program on Inter-university Poles of attraction

243

RN
Damage here

Figure 13: MECE error localization at 2.72 Hz

initiated by the Belgian state, Prime Minister’'s Office, Science
Policy Programming. The scientific responsibility is assumed by
its authors.

REFERENCES

(1

(7]

Doebling, S. W., Farrar, C.R., Prime, M.B_, Shevitz, D.W.,
Damage Identification and Health Monitoring of Structural
and Mechanical Systems from Changes in Their Vibration
Characteristics: A Literature Review, Los Alamos National
Laboratory Report LA-13070-MS, 1996.

R. Pascual, J. C. Golinval, M. Razeto, A Frequency Domain
Correlation Technique for Model Correlation and Updating,
IMAC XV, pp. 587-592, 1997.

Friswell, M.1., Penny, J.E.T., Is Damage Location Using
Vibration Data Useful?, DAMAS 97, Sheffield, UK, pp.
351-362, 1997.

Natke, H.G., Cempel, C., Model-based Diagnosis of Me-
chanical Systems, Springer-Verlag, Berlin, 1997.

Pascual, R., Golinval, J .C., Razeto, M., Mode/ Updat-
ing Using Operating Deflection Shapes, XVI International
Modal Analysis Conference, California, pp. 12-18, 1998.

Chouaki, A.T., Ladevéze, P., Proslier, L., Updating Struc-
tural Dynamic Models with Emphasis on the Damping
Properties, AIAA J., V. 36, No. 6, pp. 1094-1099, 1998.

Pascual, R., Golinval, J .C., Razeto, M., On the Relia-
bility of Error Localization Indicators, ISMA 23, Leuven,
Belgium, pp. 1119-1127, 1998.



