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Abstract

Knowledge of the damping properties of a windshield is a fundamental element of the acoustical characterization of a car.

The measuring method of damping for a windshield is presented in the paper. The damping loss factor - as a basic measure of

mechanical damping - was determined experimentally by two means: the reverberation time from impact hammer testing as well as

the modal behavior from 3D laser scanning vibrometer measurements. The results proved that the modal shapes have a fundamental

effect on the measured damping values.
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1 Introduction

Since a windshield has great impact on the acoustic proper-
ties of a vehicle, the identification of its vibration properties
is essential for the acoustic design of a car's passenger com-
partment. In this work, the modal behavior as well as the
damping properties of a windshield were examined exper-
imentally. The derivation of these properties by measuring
on simplified models (e.g. prismatic rod) [1, 2] or via finite
element modelling [3] is a rather common procedure for sim-
ple materials. However, the examination of real windshields
— even free-free state (i.e. hanged on elastic ropes) or in a
mounted state (i.e. mounted in the chassis) — can provide fur-
ther important, case-specific information. The aim of pres-
ent work is to develop the optimal method for the acoustic
characterization of a car windshield, and to experimentally
determine those vibration properties, which can be useful
in executing more accurate acoustic simulations or design.

2 Measure of vibration damping

Vibration damping properties can be divided into two
major groups: material damping and structural damping.
The former can be considered as a pure material prop-
erty, which can be determined by standardized methods,
while the latter one depends mostly on such geometrical
and structural features as the bindings, macrostructure or
mounted elements — beside the properties of composition
materials, obviously. From this point of view, a windshield

— as a geometrically and structurally complex part with
specific manufacturing technology — should be treated as
a structure rather than a simple "set of materials" and thus,
it should be investigated as a whole. Data reached in such
way could complement the "classical" data obtained from
simplified test specimen-based testing.

For the determination of structural damping there are
numerous methods in the literature [4]. The elbowroom of
investigation is further expanded by the high number of
index numbers for the characterization of damping (e.g.
logarithmic decrement, half power bandwidth, damping
ratio, specific damping capacity, damping loss factor, loss
angle etc.). For windshield characterization, the damping
loss factor (DLF) was chosen as the most suitable measure
of damping because of such parameters, as high damping
value and multi degree of freedom — beside the relative
ease of determining DLF.

The damping loss factor () is the most comprehensive
value for damping representation [4]. In general it is spec-
ified as the ratio of the imaginary and the real parts of the
complex modulus:
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where E"is the loss modulus, £’ is the storage modulus and
@ is the loss angle. It can be interpreted as the energy loss
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per radian, normalized by the whole energy of the vibra-
tion. Damping loss factor can be expressed from other
measures of vibration damping. In this paper the expres-
sion from logarithmic decrement was further improved to
reach the correlation between DLF and reverberation time
as follows [5]:
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where f'is the frequency and 7 is the reverberation time.
The latter one means the period of time needed for the
vibration energy to decrease to the one-millionth part
of its original value. This corresponds to a 60 dB drop
while the vibration amplitude decreases one-thousandth
times. Supposing exponential decay 7, can be expressed
via linear extrapolation from the times required for a
30 dB or 20 dB decay (usually designated as 7, and T,
respectively).

3 Experiments

Two types of windshields were used in the experiments:
a "normal" and an "acoustic" one (noted with N and A,
respectively). The latter one has higher damping value,
with better acoustic properties. Both types have the fol-
lowing sandwich structure: Glass layer - Normal/Acoustic
polymer layer - Glass layer with the thicknesses of 2.1 mm
- 0.76 mm - 1.6 mm, respectively. The local damping loss
properties were investigated via impact excitation and
local acceleration measurement. The results of this mea-
surement were complemented and verified with the find-
ings of vibration shape analysis.

3.1 Impact measurements

The basic principle of DLF measurement is exciting the
system by an impulse (e.g. with an impulse-hammer) and
measuring the response at the same point (e.g. the acceler-
ation). Knowing the exact excitation and the response, the
frequency response function (FRF) and the impulse-re-
sponse can be calculated. By filtering the response to the
required frequency band and plotting the amplitude-de-
cay, T, can be determined. The amplitude decay curve
could be enhanced by the Schroder-integration of the sign,
which results in a smooth, well evaluable curve [6].

Raw force (excitation) and acceleration (response) data
were processed in the Test.Lab program of LMS using the
Reverberation time module. Measurements were there-
after processed in an in-house MATLAB code, offer-
ing more flexibility and transparency for the calculations.

The comparison of the two methods is unfortunately
beyond the limits of the present paper and hence is omitted
from this document. A diagram of the data processing flow
is plotted in Fig. 1. The excitation with impact hammer
(type PCB/086C03) was applied near to the location where
the piezo accelerometer (Dytran 3035B2G) was placed.

The whole surface of the investigated windshield was
mapped by impact measurements trough 50 measured
points (with 3 measurements at each — see Fig. 2). DLF
maps for the whole surface of the windshields were then
constructed for 1/3 octave frequency bands.
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Fig. 1 Block-diagram of data processing

Fig. 2 Measured points on the windshield (up) and measurement with

impact hammer and piezo accelerometer (down)



3.2 Vibration shape analysis

Beside the damping loss factor measurements, the modal
behavior of a free-free hanged windshield was investi-
gated beside stationary excitation by an electrodynamic
shaker (TIRA/S51110) and vibration measurement by a
laser-scanning-vibrometer (PSV-400). The major aim
of this investigation was to interpret the results of DLF
measurements. The experimental setup is illustrated in
Fig. 3. The analysis was executed in a frequency range up
to 1 kHz. As a result, the transfer functions were obtained
at each measured points. Using this data, vibration shapes
could be visualized. Further information was derived
from the average velocity of all measured points, exam-
ined as a function of excitation frequency.

4 Results and discussion

4.1 Normal and acoustical windshield

The difference between the two types of windshields can
be clearly understood according to the result plotted in
Fig. 4. Note that all results are indicated in normalized
form. It can be observed that the modal character (i.e. the
resonance peaks) of acoustic windshield disappears at
significantly lower frequency than that of the normal one
(f, for the acoustic windshield in comparison to f, = 4f, for
the normal windshield). The difference manifests itself in
the DLF values too — see Fig. 5 for the surface averaged
damping loss factor () values of normal and acoustic
windshields besides free and mounted condition. It can be
further concluded, that mounting the normal windshield
into the chassis significantly increases its damping, while
that of the acoustic one changes only moderately.

4.2 Damping distribution measurements

Measured DLF distribution confirmed earlier findings
and revealed that normal and acoustic windshields could
have significantly different damping characteristics at the
same frequency-band. In Fig. 6, DLF maps for the normal
and acoustic windshields are plotted at two different fre-
quencies. At the lower frequency (Frequency 1) the DLF-
distribution is quite similar, while the absolute values are
somewhat higher for the acoustic windshield. In contrast,
at the higher frequency (Frequency 2) the distribution map
is completely different and the measured damping values
are significantly higher for the acoustic windshield.

Fig. 7 also shows that the acoustic windshield has sig-
nificantly higher average damping. However, DLF distribu-
tion is similar in a sense that the middle region has higher
average damping for both windshields. In turn, the average
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Fig. 3 Vibration shape analysis: measurement setup with laser-

scanning-vibrometer and evaluation computer (up) and the measured
points of the windshield (excitation point marked with X, bottom)

specific deviation (calculated as the frequency-average of
the specific deviations from surface-average DLF) indicates
that the measured damping of normal windshield has gener-
ally higher spatial fluctuation than that of the acoustic one.

4.3 Vibrometer measurements
Vibration shapes of the windshields — excited by shaker
and measured by laser scanning vibrometer — proved that
the position of the excitation point has great impact on
the operational vibration shape. In Fig. 8, the vibration
shapes of an acoustic windshield can be seen beside 4 dif-
ferent excitation points (stationary excitation) at the same
Frequency 2 as indicated in Fig. 6. Based on the symme-
try, the last excitation point seems to excite the most effec-
tively the related modal shape.

From the results a crucial conclusion can be extracted: if
one compares the bottom-right pictures of Fig. 6 and Fig. 8
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Fig. 4 Normalized transfer functions and maximum surface velocity distribution (at the marked frequency) of normal and acoustic windshields
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Fig. 5 Surface-average damping loss factor values as a function of
frequency for normal and acoustic windshields — measured in free-free
state (up) and in mounted state (down)

(i.e. the same windshield at the same frequency but two
basically different measurements) the measured vibration
shape is reflected quite accurately on the determined DLF-
distribution: The regions with high mobility (i.e. high abso-
lute value of vibration velocity response in Fig. 8) are found
to show low damping values while higher DLF values were
measured for regions with low mobility. This result implies

that the modal shapes have dominant impact on the mea-
sured DLF values — in other words: the measured damping
is highly influenced by geometrical properties and is far
from being purely material-characteristic.

5 Conclusion

A novel damping measurement method was demonstrated
in the paper. Results were checked against data from a
highly-efficient scanning vibrometer. It was found, that
the measured damping values are strongly related to modal
shapes. This appears to be quite useful, since resonance
problems can always be linked to a modal vibration (fre-
quency). On the other hand, this means that it might be
quite hard to compare different windshields from the point
of view of vibration damping, since as geometry is changed
the modal shapes and frequencies will change too.

For the future, two research directions are proposed.
Firstly, it is suggested to make the damping loss factor
measurement more effective by using for example sur-
face-excitation instead of point-based impact measure-
ments. Secondly, develop a measurement method, which
can provide reliable and comparable damping values for
different windshields independently of the geometry and/
or modal shapes.
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Fig. 6 Damping loss factor distribution at two different frequencies on the normal and acoustic windshields
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Fig. 8 Measured vibration shapes at the same frequency beside 4 different excitation points
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