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DETERMINATION OF DAMPING PROPERTIES OF LAYERED STRUCTURES
BY MEANS OF WAVE-PROPAGATION-BASED METHODS

SUMMARY

Problem of estimation of damping parameters of a structure by analysis of wave propagation in the structure, is
addressed. The task is formulated for a cantilever multi-layer beam undergoing random excitation. Since different
methods of solution of the problem have been developed the need arises to discuss and compare results obtained
by means of the latter ones. Stress is laid on Inhomogenous Wave Correlation method based on analysis of wave
field with damping included. Experimental tests are conducted to ensure objectivity of the obtained results. Case
of a single-layer beam is investigated first in order to validate the theoretical model used subsequently in studies
of sandwich structures. In analysis of multi-layer beams, two arrangements of layers inducing different damping
mechanisms, namely free layer damping and constrained layer damping, are taken into account. Discussion on
a physical interpretation of the determined damping parameters closes the study.
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WYZNACZANIE PARAMETROW TEUMIENIA W UKEADACH WARSTWOWYCH
Z4 POMOCA METOD OPARTYCH NA ANALIZIE PROPAGACJI FALI

Materialy lepkosprezyste wykazujq duze tiumienie wewnetrzne. Wlasnosé ta determinuje ich zastosowania przemy-
stowe, obejmujqce m.in. konstrukcje lotnicze, statki podwodne i pojazdy drogowe. Duze zainteresowanie tymi ma-
teriatami odzwierciedla liczba publikacji poswieconych tlumieniu drgan przy uzZyciu tasm i folii lepkosprezystych.
Szczegolng uwage poswieca sie drganiom poprzecznym belek laminatowych z warstwq lepkosprezystq. Odpowiedz
dynamiczna wspomnianych ukiadow wielowarstwowych zalezy od parametru tlumienia, dlatego tez konieczne wy-
daje sie opracowanie rozwiqzan umozliwiajqcych jego wyznaczenie. Istniejqce metody identyfikacji tumienia moz-
na podzieli¢ na dwie grupy. Sformutowanie modalne jest oparte na obliczeniu pasma czestotliwosci odpowiada-
jacego poziomowi predkosci drgan przynajmniej —3 dB, liczonego w stosunku do wartosci szczytowej, zmierzonej
w rezonansie (half-power bandwidth). Z uwagi na obserwowany we wszystkich uktadach wzrost gestosci modalnej
w wysokich czestotliwosciach, metoda powyzsza jest ograniczona do waqskiego zakresu niskich czestotliwosci, obej-
mujqcego kilka pierwszych modow drgan. Ponadto, sformulowanie to umozliwia wyznaczenie parametru ttumienia
jedynie dla czestosci wlasnych. Inna grupa metod jest oparta na analizie pola falowego generowanego w pobu-
dzanym ukladzie. Metody k-przestrzenne (k-space methods) uwzgledniajq tlumienie poprzez wprowadzenie zespolo-
nej liczby falowej.

Artykul prezentuje wyniki weryfikacji eksperymentalnej metody korelacji fali niejednorodnej (Inhomogenous Wave
Corelation), otrzymane dla stalowej belki wspornikowej pokrytej warstwq lepkosprezystq. Badana jest zaleznosé ze-
spolonej liczby falowej od czestotliwosci. Przedstawione sq takze wyniki uzyskane przy uzyciu innej, starszej me-
tody, zaproponowanej przez McDaniela i in. W tej ostatniej, w porownaniu z rozwiqzaniem oryginalnym, wprowa-
dzono dwie istotne modyfikacje. Po pierwsze, do wzbudzenia zamiast sygnatu przejsciowego uzyto ciqglego sygnatu
losowego. Po drugie, wzorujqc sie na rozwiqzaniu zastosowanym w metodzie IWC, do algorytmu identyfikacynego
wprowadzono funkcje koherencji. Obie metody wykorzystujq wyniki tego samego eksperymentu. Pole falowe genero-
wane w testowanej belce jest rekonstruowane na podstawie pomiarow przemieszczenia dokonywanych w punktach
rozmieszczonych wzdluz jej diugosci. Porownanie funkcji przejscia otrzymanych eksperymentalnie z rozwiqzaniem
teoretycznym umozliwia wyznaczenie wartosci zespolonej liczby falowej w funkcji czestotliwosci. Algorytm identyfi-
kacji zaimplementowano w programie MATLAB. Artykul zamykajq dyskusja wynikow i uwagi koncowe.

1. INTRODUCTION Since response of such multilayer systems depends to
a high degree on a damping parameter it seems desirable to
develop solutions enabling its determination.

Existing methods of damping identification can be divi-

Viscoelastic materials exhibit high internal damping. This
feature is exploited in their industrial applications ranging

from aircraft constructions to submarines and land vehicles.
High interest in those materials is reflected in number of
publications devoted to damping by means of viscoelastic
tapes and films. Much attention is paid to tranverse vibra-
tions of laminated beams with viscoelastic layer (cf. [1, 2]).

ded into two groups. Modal formulation is grounded on cal-
culation of half-power bandwidth [1]. Due to drastic in-
crease of modal density in higher frequencies, observed in
all structures, the approach is limited to low band covering
first few modes of vibrations. Moreover, only values of
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damping parameter, corresponding to natural frequencies,
can be estimated by means of the method. The other class of
solutions is based on analysis of wavefield generated in vi-
brating structure. The k-space methods take into account
damping by introduction of complex wave number.

The paper presents results of experimental verification of
Inhomogenous Wave Correlation method [3, 4], obtained
for cantilever beam covered with viscoelastic layer. Depen-
dence of complex wave number on frequency is investiga-
ted. Results obtained by means of alternative, older solu-
tion, proposed by McDaniel ef al. [5], are also demonstra-
ted. Section 2 and 3 show theoretical bases of IWC and
MacDaniel method, respectively. When compared to origi-
nal idea, two significant modifications are introduced to the
last method. First, random continuous excitation instead of
transient one has been used. Second, similarly to what had
been done in IWC method, coherence function has been
employed in identification algorithm. Both methods use re-
sults of the same experimental procedure described in sec-
tion 4. Wavefield generated in a sample is reconstructed
from measurements done in points located along its length.
Comparison of experimentally obtained transfer function
with theoretical solution enables determination of complex
wave number in terms of frequency. Identification algori-
thms implemented in MATLAB are used to find the para-
meter. The paper concludes with discussion of results and
final remarks.

2. THEORETICAL FORMULATION
OF IWC METHOD

IWC method was originally developed as a tool for identifi-
cation of direction-dependent dispersion curves in plane
structures. As a one-directional propagation is assumed, de-
scription of a wavefield simplifies significantly and takes
form

W(x) = e (1)

for given frequency ®, where k is complex. Relation be-
tween wave number and loss factor n is given by ratio of
phase and group velocity, denoted by ¢, and ¢,, respectively

[6]

Im{/;} G

Since for bending waves group velocity is twice the pha-
se velocity, loss factor may be expressed directly in terms of
wave number

_ Im{E}
=4 Re{/;}

3

Correlation between wave observed in experiment and
the one described theoretically is calculated for every frequ-
ency by means of the formula

W (k) W (x)p(x;)

nl: n (4)
\/Z|W(xi’]€)|2 Z|W(xi)|2 p(x;)
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IWC (k)=

where W (x;), p(x;) stand for transfer function and cohe-
rence, respectively, both calculated for response at x;, *de-
notes complex conjugate and x; is a location of ith measure-
ment point. Value of k is determined by maximisation of
ratio (4). Finite set of pairs (Re{/; }, Im{E }) is searched for
solution, no optimisation algorithm is used.

3. THEORETICAL FORMULATION
OF McDANIEL METHOD

The method is based on analysis of vibrations of Bernoulli
beam. Homogenous governing equation is used

4
EJa w(x,t)+pA8w(x,t) _0 (5)
ax* o’

After being Fourier transformed, the equation (5) beco-
mes

4
E(1-in(w)J M—mszW(x, ®)=0 (6)
X

where introduced term E(1-imn(®)) describes damping. So-
lution

W (x,0) = ¢ (@)e® + ¢, (@) * +

_ _ (7
+c3 (w)e™ + cy (w)e ™
includes complex wave number
k=g P4 2 (8)
E(1-in(w))/

If the theoretical model is correct, relation (7) should be
satisfied for every measured response. Thus, a set of equ-
ations written in matrix form for given frequency ®

W) B
q
. i g 6
W(x;) |=| o ke ki gk )
C3
. . . o
| W(x,) ] | o ke ok |

141



Michat RAK, Mohamed ICHCHOU, Jan HOLNICKI-SZULC

DETERMINATION OF DAMPING PROPERTIES OF LAYERED STRUCTURES...

ought hold, where x;, i = 1, ..., n denotes a location of ith
measurement point and #(x;, ®) is a response obtained at x;.
Unknown constants ¢;,J =1, ..., 4 are determined by_ means
of least square method for each complex value of k assu-
med in consecutive loops of optimisation procedure. Origi-
nal objective function, proposed by McDaniel et al., has

been modified. Now it introduces coherence function p

\/ilw<x,-,l?>—vv(x,->|2p<x,->
e(k) =

i=1

- (10)
\/ )| px)
i=1

where W(xi) denotes experimentally obtained response.
MATLAB built-in routine based on Nelder—Mead simplex
algorithm [7] has been employed. Loss factor may be calcu-
lated from expression (8)

Im{l;4}

n=4- et
Re{k4}

(11)
if k, minimizing (10), is used.

4. EXPERIMENTAL VALIDATION

Experimental apparatus is depicted at Figure 1. Steel sam-
ple of dimensions 0.27 mx0.02 mx0.001 m covered with
viscoelastic material manufactured by RIETER France was
tested . Clamping was realized by means of massive vice.
Gearing&Watson V4 shaker with Bruel&Kjaer 8200 force
charge mounted on its head, excited the sample at the free
end. Polytec OFV 350 laser vibrometer measured velocity
in 26 points spaced 0.01 m apart along length of the beam.
Bruel&Kjaer Pulse multi-analyzer system acquired data.

Fig. 1. Experimental apparatus

Frequency dependence of real and imaginary part of
wave number obtained for both presented methods is shown
in Figures 2 and 3, respectively. Shape of the curves repre-
senting real part of wave number agrees very well with the
one predicted theoretically within the whole frequency ran-
ge. Both methods produce almost identical results. How-
ever, evident differences are observed in imaginary part of
wave number. Loss factor calculated with the aid of formu-
las (3) and (11) for IWC and McDaniel method, respecti-
vely, is plotted in Figure 4. The fact that the parameter

160 ' .
IWC method
MacDaniel method e
140 ot
ot
E el
® 120F "
& el
5 o
= o
E 100} P
oo i
s
Z ot -
= Va
= 60
ar S -
2 ! L L 1 L L
1000 2000 3000 4000 5000 6000

Frequency [Hz]

Fig. 2. Real part of wave number vs frequency
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determined by means of McDaniel procedure takes negati-
ve value is a consequence of using minus sign in a damping
term appearing in equation (6). If loss factor of opposite
sign was obtained and the notation stayed unaltered, errone-
ous model of dissipation of energy would result (cf. [8]).
Finally, it is observed that an average value of the parameter
does not change with frequency. This means that hysteretic
model of damping applies. Unfortunately, no simple physi-
cal interpretation exists for loss factor obtained by use of
IWC method.

5. CONCLUSIONS

Two methods of damping identification, both based on
wave approach, have been verified experimentally. Beam
sample covered with viscoelastic layer has been used in
tests. Method proposed by McDaniel et al was originally
validated for low frequencies ranging up to 500 Hz. The
limitation resulting from appearance of other types of wa-
ves has been removed in the described experiment. Loss
factor has been determined within 6.4 kHz bandwidth. IWC
method adapted to the case of one-dimensional wavefield
has been used as an alternative to approach developed by
McDaniel et al.

Foregoing analysis lacks some important issues which
will be addressed in extended version of the paper. Missing
considerations embrace, among others, profound discus-

sion on obtained parameters, comparison of the results with
modal data and study on limitations of the methods.
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