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Abstract

In this paper, a novel approach for vibration based damatgetien is proposed.
The approach relies on the use of a large network of sensossifpdy hundreds
of them) to which a programmable linear combiner is attaciidw linear com-
biner is programmed to work as a modal filter. The frequenaytextt of the

output of the modal filter is proposed as feature for damaggctien. It is shown
that if a local damage is present, spurious peaks appeae iRRfr of the modal
filter whereas if temperature changes are considered, tiredfFfhe modal fil-

ter is shifted but its shape remains unchanged. The appiiedokeresting be-
cause of the ability to differentiate between local damagkgiobal environmen-

tal changes to a structure.
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Introduction

Health monitoring problems have received increased istérem many different
fields of engineering for the last two decades. The problentasbe able to de-
tect, locate and assess the extent of damage in a structihatsibss remaining
life can be known and possibly extended. If the location efdamage is known,
local techniques such as ultrasonic methods, radiograuldy-current methods
or thermal field methods are of common use. The need for gidénalage de-
tection (when the vicinity of damage is not known) has ledrésearchers into
developing vibration based methods. The literature on tigest is very large
[1]. The key point for a successful damage detection is toaekfrom the mea-
surements features which are sensitive to damage. The rmwshon features
found in the literature are modal properties (eigenfregies2] and eigenmodes
[3]). Recent developments in “modal based” damage detettichniques aim at
acquiring modal properties of large structures by usingianitsources of vibra-
tions (wind, traffic ...) which are in principle not known duwat one has to use

so-called output-only modal identification methods [4, 5/]6

In the frequency domain, other methods exists based onr drdgency re-
sponse functions [8] or transmittance (also called trassimility) functions [9,

10, 11, 12]. For frequency response functions the input imeisiccurately known.



This is a drawback for the design of a health monitoring syst@der operating
conditions since, as mentioned earlier, the input is gdiyemat known, unless

the excitation is imposed by the monitoring system. In theeaaf transmittance
functions, frequencies much higher than those used for hiddatification are

used because transmittance functions are sensitive t@ekan vibration char-
acteristics of two neighboring points which occur only athfrequencies. Such
an approach will most probably fail for large and heavy dtrtes for which such

high frequencies are not sufficiently excited by ambientcest

More recently, researchers have turned towards featutesceed from the
time domain data in order to detect damage. Working on tinmeadio data allows
to be able to detect non-linearities [13] which arise fortaiertypes of damage
such as crack propagation, or unusual events in the sigh¥lsThis information
is lost when the time domain data is projected in the frequelmmain. These

methods rely on signal processing techniques such as thelevaransform.

It is also worth noting that there is an increased interesttie monitoring
of composite materials. Traditional modal based methodsbeaused, but also
more advanced techniques are under development. Featumésrest are : Lamb
Waves (high frequency traction/compression waves [151T§, random decre-
ment (RANDEC) signatures [18], identified NARMAX (nonlirregutoregressive
moving average with exogenous input) model coefficient$, [d@ecific damping

capacity (SDC, [20]).



Although many researchers have been working on the sulgequite a few
years, there are still problems that have not found satmfasolutions. A major
one is the fact that environmental changes (temperaturajdity) are responsi-
ble for changes in features of interest of the same order ghiiade (or more) as
damage, making very difficult to determine whether the $tmecis damaged. A
few recent studies can be found in which by monitoring théuiies over a long
period of time, it is possible to eliminate the effect of envimental conditions of
the data [21, 22]. On the other hand, it is important to poutttbat experimental
equipment evolves very rapidly and allows one to envisianubke of large net-
works of wireless sensors for health monitoring in a not tsbeaht future. These
technological advances might be the key to successfultiordased automated
damage detection techniques if intelligent methods ardymed in order to take
advantage of the enormous amount of information providethkge large net-

works.

The aim of this paper is to study the damage detection probigire frame-
work of large networks of sensors and address the issue fefrelitiating the
environmental (global) changes from the damage (localphgés to a structure
dynamic response. For this purpose, a new feature base@ aonlcept of spatial
filters is proposed. Spatial filters can be seen as a singéosénilt from a large
network of sensors. The individual outputs are combineal &nsingle output by

means of a linear combiner. This single output can be degdigmeh that it mimics



the behavior of a single degree of freedom system in whicé tesfilter is called
a "modal filter”. The filter can be tuned to any of the modes efdtructure in the
frequency band of interest. There is in addition a possybdf multiplexing by

changing in real time the linear combiner coefficients.

One application of the use of modal filters for damage deinatan be found
in [23], where it is proposed to use modal norms (extracta@tgusodal filters) as
a damage indicator. The philosophy developed in this papeguite different. It
is based on the fact that if a global change is applied to tietstre (i.e. tempera-
ture), the shape of the output of the modal filter does notghavhereas if a local
stiffness change is applied, spurious peaks appear in thedtl the resonant fre-
guencies of the structure. The appearance of peaks in thelriber is therefore
an attractive feature in order to differentiate betweenrenmental and damage

effects.

The paper is organized as follows : in the first part, the cphoé spatial
and modal filtering is presented. In the second part, the ¢inpadamage on
modal filters is studied with a numerical example. In the fmst, the ability of
modal filters to differentiate between global and local desis demonstrated on
a simply supported beam example. Comparisons are madeheitiisual modal

features for damage detection (MAC and frequency devigation



Spatial filtering and modal filters
[Figure 1 about here.]

Let us consider a structure equipped with an array sensors (Fig.1). Spatial
filtering consists in combining linearly the outputs of tretwiork of sensors into
one single output according to= > ayx. Upon proper selection af;, various
meaningful outputs may be constructed, as, for example ahfokrs. The idea
behind modal filtering is to configure the linear combineructsa way that it is
orthogonal to all the modes of a structure in a frequency ludridterest, except
model. The modal filter is then said to be tuned to méded all the contributions
from the other modes will be removed from the signal. Thilusirated in Fig. 2
where the FRF of such a modal filter is represented. Becausgatifl aliasing,
there are some restrictions on the frequency band whereliléets can be built,

for a given size of the sensor array.
[Figure 2 about here.]

The coefficients of the linear combiner can be either contpirten a known
model of the structure, or directly computed from experitakmeasurements
(FRFs). For more details on the determination of the modal fdoefficients, the
reader should refer to [24, 25, 26]. Note that the coeffici@itthe modal filter

are independent of the excitation type and location.



Modal filtering with an array of sensors

Let us assume that the structure equipped with the lineabownis discretized
using the finite element method. Let us n@&g, [M] and[C] its stiffness, mass
and damping matrix. The structure is subject to an extenitagion{f}. The

finite element method leads to a system of equations of tree typ

[KJ{u} + [MJ{a} + [C{u} = {[} €y

where{u} is a vector containing the nodal values of the displacemighecstruc-
ture. If we assume that the excitation is harmonic, the nespavill also be har-

monic and we can write :

{u(t)} = Real ({U}e™") (2)
{£(t)} = Real ({F}e™") (3)

{U} and{F'} are complex valued vectors containing the information aloe
amplitude and phase of the signaj$/}* denotes the complex conjugate{df }.

Equation (1) becomes :
(IK] —w’[M] + jw[C]) {U} = {F} (4)

For a system discretized witN degrees of freedom, there existscouples of

eigenmodes and eigenfrequenci¢®,},w;). The eigenmodes (column vectors)



can be put in a matrij®] and the eigenvalues on the diagonal of a mdikix

0] = [B)Dy...D,)] (5)

Al = |diag(w})] (6)

If the eigenmodes are mass normalized, the following orhatjity properties

hold :

[@]" [K][@] = [A] (")

[@]" M] [®] = I (8)
In modal coordinates, vectqt/} can be written
{U} = [®]{Z} 9)

where {Z} is the vector of modal amplitudes. Replacing and premuyitif

Equation (4) by[®]”, we get :
([A] = (1) + jw [®] [C] [®]) {2} = {b} (10)

with :
{v} = [@]" {F} (11)



b, is called the modal input gain. Assuming thét’ [C] [] is diagonal, this leads

to a system ofV decoupled equations of the type
(w? — w4 2j§iwiw) z; = b;

The modal amplitudes; are therefore given by :

b;
(W — w? + 2j§wiw)

Zi =

and the response of the structure is :

N
b;
U\ —
52 ; (W — w? + 2j§wiw)

{®:}

(12)

(13)

(14)

We assume that the structure is equipped with an arraysgnsors whose mea-

sured values are put in a vectdr'}. The output of the sensors is a linear combi-

nation of the response of the structure :

{Y} = [d{U}

which leads to

bi

{Y} = 2:21 (wZQ — w24 2j§iwiw) ([C]{(I)Z})

(15)

(16)



The output on sensdrof the network as a function af therefore reads :

Yi(w) =Y — il —— (17)

wherecy; is the result of the product of lineof [c] with {®;} and is usually called

the modal output gain.

If the n sensors in the array are connected to a linear combiner \&ithog
for sensork (Fig.1), the output of the linear combinergs= znj apyr and the
k=1

global frequency response is :

n N {Xn: QCri 1 b;
G(w) = Z OékYk Z
k=1

Pl (% —w”+%&% )

(18)

A modal filter which isolates modé can be constructed by selecting the

weighing coefficientsy, of the linear combiner in such a way that

Z akckz = 0y (19)

For more details on the subject, we refer to [26].

Impact of damage on modal filters

If we now assume that the structure is damaged, equatiore@brbes :

10



([K + AK] — w*[M] + jw[C]) {U} = {F} (20)

where[AK] represents a change in stiffness du to damage on the sgudthe
guantities related to the damaged structure will be noteal"byThe output of the

linear combiner is now :

. {él ki Y by
G(W) — kglakyk(W) = 2:21 (CJZ'Q — w24 QJéZCsz) (21)

The impact of damage can be decomposed into three effects :

e 1; : the change in the modeshapes of the structure will affeatrtbdal input

gain which changes the amplitude of the modal filter ;

o (W, é) : the change in the eigenfrequencies and modal damping fiatita

respectively the position and peak amplitude of the modat§l;

o3 arcr; - because of the change in the modeshapes, equation(19)ahay n
k=1
be satisfied. In this case, the output of the modal filter doéssplate mode

[ perfectly and the other modes may appear in the response.

The third effect is interesting because it is a clear indic#tat the shape of the
eigenmodes has changed. Indeed, changes in the peak pasidamplitude of
the modal filter can be caused by shape changes as well asrdporgrequency
changes. One patrticular case worth nothing is when thessff change is global

([AK] = B[K]). In this case, the modeshapes are not altered and Equa#dn (

11



still holds. In all other cases, it is expected that when dgemaccurs, peaks will
appear at all the resonant frequencies of the damaged sy$temis the feature

which is proposed for damage detection.

Numerical example

In order to illustrate the impact of a structural modificaten the output of modal

filters, we have built a numerical demonstrator with thedwihg features :
e Generation of random inputs with prescribed power spedeasities ;

e Computation of structural response in the time domain basedodal de-

composition ;
e Generation of noise on the outputs based on RMS value of ginalsi ;

e Estimation of FRF and PSD of outputs based on Welch’'s avepage

odogram method [27] ;

e Computation of linear combiner coefficients for modal filheyr

Simply supported beam

The demonstrator has been applied to an example of a simpbpsied beam rep-
resented in Fig. 3. It is made of aluminum (Young’s modulus886é- Pa, Pois-
son’s ratio = 0.3, density = 2718;/m?), the length of the beam & = 326mm

and the cross section is rectangula=50mm, h = 4mm). The modal damping

12



is 1% for all the modes. The beam is equipped with an arralp @qually spaced
velocity sensors and a linear combiner as described on theefign this study,

we assume perfect measurements (noiseless and perfeatyrenized).

[Figure 3 about here.]

A numerical model of the structure is built using 100 EulemBoulli beam
finite elements. The beam is excited through pseudo-randord-bmited noise
(repeated sequences) in the frequency band [0,10000] hitajoing the first 10
modes of the beam) at the location indicated on the figure.tifieresponse of
the structure is computed and the linear combiner coefteignare determined
based on the eigenmodes of the structure (for more detedg26]). The individ-
ual time domain data of each sensor are combined to form tliahfitier output
in the time domain. The Welch’'s average periodogram methdtien used in

order to estimate the FRF of the modal filter.

Output of modal filters

The estimated FRFs of the output of the linear combiner tuoedodes 1 to 6
for the initial (undamaged) structure are shown on Fig. 4.tNéa investigate the
effect of damage on the output of these modal filters. In paldr, we will see if

the effect of a local damage can be distinguished from a ¢&tftness change

(due essentially to temperature changes). We thereforgdsmwo scenarios :

13



e Scenario 1, local damage : a stiffness reduction of 10% instwion

betweer).1L and0.2L is applied to the initial structure.

e Scenario 2, environmental effects : a stiffness reductfi@¥@on the whole
beam is considered. This is a simplified model of a stiffnéssge due to

temperature dependant properties of the materials of thetste.

These structural changes affect the output of the modaldiltd/e represent the
FRF of the output of the modal filters for the first scenario an b and for the

second scenario on Fig. 6.
[Figure 4 about here.]
[Figure 5 about here.]
[Figure 6 about here.]
[Figure 7 about here.]
[Figure 8 about here.]

As expected from the theoretical developments, it can be thed an interest-
ing feature of the output of the modal filters is that when thmdge is local, new
peaks appear in the modal filter (this effect is more pronedrfor modal filters
tuned to modes 4 to 6), whereas when the damage is global, adalrflter is
shifted in frequency but the general shape is not alterets. dlso interesting to
look at the frequency deviation defined by :

Af; = fizfi, 100(%) (22)

(2
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wheref; is the i" eigenfrequency of the damaged structure #rid the i eigen-

frequency of the initial reference structure, and AielC' defined by :

(67 ¢;)?

(676 (85 )

whereg; is a column vector containing th® ieigenmode of the initial structure
andgzgj is a column vector containing thé jeigenmode of the damaged structure.
These two classical indicators are shown in Fig. 7 and 8 wbeeecan see that
the average frequency deviation is equivalent for both dgns&enarios and that

the MAC is not affected by any of the scenarios considered.

In real conditions, the temperature field may not be pesfactiform. There-
fore, we now consider the following scenario where the tawpee field is dif-

ferent at the two ends of the beam :

o A stiffness reduction of 1.5 % between elemdnénd.1 and betweerd L

and L, as well as a stiffness reduction of 2 % betweehand.9L

The FRFs output of the linear combiner tuned to modes 1 to éepresented on
Fig 9. One can see that small peaks appear on modal filter 6 Diméyamplitudes
of the peaks are much smaller than for the local damage soemdrich shows
that it is still possible to differentiate between globatidacal damage. The fre-
guency deviation for this damage case is represented in(rif s equivalent to

the two damage scenarios considered before.

15



[Figure 9 about here.]

[Figure 10 about here.]

Conclusion

In this paper, we have studied the vibration based damagetd®t problem using
a large network of sensors. Our aim was to find a feature thdd cbfferentiate
between local and global (environmental) stiffness chandée novel idea pre-
sented consists in using the frequency domain output ofifleecmodal filters.
A combined theoretical and numerical study showed that &mesting feature of
the output of modal filters is the appearance of spuriousgp&akocal stiffness
changes which does not occur for global changes. The appeaod peaks in the
output of the modal filters was therefore identified as a goddtator in order to
differentiate between damage and environmental effects.

A comparison with the classical MAC anf features has shown that these
estimators were not able to detect damage in the examplé&deoed. Indeed, on
one hand, the frequency deviation due to environmentattsfi@as of the same
order of magnitude as the one due to damage, and on the othéy Wwa have
shown that the MAC values were not altered by the local dansageario. On
the contrary, the modal filters showed the clear appearangeaks for the local
damage scenario and their shape was not altered by temgechtanges. In the
case were the stiffness change is not perfectly uniform]lgmeaks may appear

but their amplitudes are much smaller than in the case ofal &iigfness change.

16



It is therefore still possible to differentiate the globé#feet of environment and

the local effect of damage even when the stiffness changs ganfectly uniform.

There remains however a large amount of work in order to seedif a fea-
ture can be used in practice. One further step consists dyisiy the behavior
of modal filters for output-only measurements which are muaoine practical for
real structures where the input consisting of environnemtd traffic excitations
is generally not known. A first study on the subject can be tbm{28]. Further
research should also focus on issues related to the rolsgsphi¢he damage de-
tection method such as (i) sensor placement, (ii) influeie®ise and delays on

the measurements, (iii) influence of sensor failure.
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Figure 6: FRF of output of linear combiner tuned to modes 1, &n§ironmental
effects : 2% stiffness reduction on the whole beam
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mode mode

Figure 7: Frequency deviation for the two scenarios, loeahage (left : 10%
stiffness reduction betweénl L and0.2L) and environmental effects (right : 2%
stiffness reduction on the whole beam)
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Figure 8: Diagonal of MAC values with reference to initight for the two sce-
narios, local damage (left : 10% stiffness reduction betweel and0.2L) and
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environmental effects (right : 2% stiffness reduction omwhole beam)
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Figure 9: FRF of output of linear combiner tuned to modes 1, twe@rly uniform
stiffness change on the whole beam : stiffness reduction58f betweert) and
1L, 9L and L, stiffness reduction of 2% betweell. and.9L
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Figure 10: Frequency deviation for a nearly uniform chang#he stiffness dis-
tribution : stiffness reduction of 1.5% betweérand.1L, .9L and L, stiffness
reduction of 2% betweeni L and.9L
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