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Abstract

Accurate modelling of the damping in structures, along with the mass and stiffness properties,

is important for an accurate prediction of the dynamic response. Also important is modeling of
the variability in damping, along with the variability the mass and stiffness properties, from
sample to sample if the variability of the dynamic response is to be accurately predicted. The
present work is a part of the ongoing efforts in this direction. The objective of this paper is two-
fold. The first is to study the variability of the damping factors of various modes of the test
structure over its several samples. The second objective is to study the variability when the test
structures are made up of different materials. An experimental study is conducted on beam
samples of three different materials, Mild steel, Aluminum and Acrylic. Variability in frequency
response functions (FRFs), modal data including variability of damping factors is quantified.

The study offers some important insights into importance of modeling of damping uncertainty
for making accurate structural dynamic predictions.
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1 INTRODUCTION

Finite Element (FE) Models are widely used for analysis of engineering structures. A finite
element model that accurately represents the dynamic behavior of a system is very useful for
structural dynamic design and analysis, damage detection, structural health monitoring and vi-
bration control [1]. Despite the high sophistication of FE modeling, prediction of dynamic char-
acteristics using FE models often shows considerable discrepancies with respect to the
experimental measurements. These discrepancies may arise due to modeling inaccuracies asso-
ciated with material properties, boundary conditions, joints, damping and due to the idealization
and simplifications made in the modeling [ 1,2]. Measurement noise may also contribute to these
discrepancies. The conventional approach to FE model updating is typically deterministic in
nature [3—6], which means that the experimental data is obtained from a single test piece and
therefore the measured data does not have any variability. It is observed that the engineering
structures in practice, all conforming to the same nominal design have a variability associated
with them. In view of this, the deterministic FE model cannot accurately represent the dynamics
of'a population of nominally identical structures. The variability in the measured dynamic char-
acteristics occurs due to inherent variation in the material properties, geometry and manufac-
turing from specimen to specimen. Variability may also arise due to measurement noise [7,8],
environmental effect, damage [9], disassembly and reassembly of the same structure [10] and
material degradation over a period of time. It is therefore desired that the FE model is also able
to predict the variability of the dynamic characteristics across the samples. This has led to de-
velopment of stochastic approaches to model updating where both the deterministic as well
stochastic uncertainties in the model are identified. Most current methods of Stochastic FE
model updating identify uncertainties in parameters associated with the mass and stiffness ma-
trices [8,11,12]. This allows predicting variability of natural frequencies and mode shapes.

However, the question arises about the extent of the variability of dynamic response over
the samples of the test structure. The variability of the dynamic response depends on the varia-
bility of the damping loss factors. In the light of this, one of the objectives of this paper is to
study the extent of variability of damping factor that occurs across several samples of a given
structure. The second objective is to study the variability of dynamic characteristics in samples
of materials with different levels of damping. This is carried out for beams of three different
materials, Mild steel (MS), Aluminum (Al) and Acrylic.

If the variability of the damping loss factors is significant then this requires modeling var-
iabilities not only in the mass and stiffness matrices but also the damping matrix of FE model
so as to enable predicting the variability of the dynamic response.

2  EXPERIMENTAL STUDY OF VARIABILITY OF DYNAMIC
CHARACTERISTICS

The experiment is carried with three different beam materials, Mild steel, Aluminum and
Acrylic. Different samples of beam of each material are tested under free-free condition. FRFs
are measured at 16 test points in the transverse direction on each beam sample. An accelerom-
eter is mounted at test point 7 to measure transverse acceleration, while the excitation is given
using a modal hammer by hitting at different test points to measure FRFs over a frequency
range of 0-1000 Hz. Fig. 1 shows the experimental setup used to measure FRFs. The beam is
suspended vertically to ensure that the mass of accelerometer and the stiffness of the string used
for suspension does not affect the beam’s dynamic characteristics in the transvers direction.
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Fig. 1 experimental setup

2.1 Study on Mild steel beam samples

The nominal dimensions of the Mild steel beam samples are (750%31.5x5.3) mm and the
mass of the beam is 972 gm. Fig. 2 shows overlays of the experimental FRFs of various samples
at test point 1, 5, 7 and 10, respectively. It can be seen that the variability in experimental FRFs
is increasing as we go up the frequency range. The modal analysis of measured FRFs on the
beam samples is carried out. Figs. 3 and 4 show histograms of variability in natural frequencies
and loss factors with the fitted normal distributions, respectively, of the MS beam samples.
Increasing the number of samples will increase the accuracy of the distributions. Table 1 shows
values of mean, standard deviation and coefficient of variation (COV) of natural frequency and
loss factor for the first six modes of vibration of the beam samples. It is seen that the standard
deviation of natural frequency is increasing with the mode number but the variation in natural
frequency as a percentage of the mean value is nearly same for all the modes listed in the table.
It is also found that the natural frequencies for different modes vary on an average by 2.6%,
while the loss factors vary on an average by 9.81% over different samples. It is also noted that
the COVs of loss factor of higher modes are higher.
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Fig. 2. Overlays of the experimental FRFs measured on various beam samples at test points
a)lb)5¢)7d)10

Table 1. Mean, standard deviation and coefficient of variation (COV) of natural frequencies
and loss factors

Natural Frequency (Hz) Loss Factor (%)
Mode . .
Number Mean Standard Coefﬁment of | Mean | Standard Coefﬁc1ent of
value deviation variance value | deviation variance
(Fnean) (fiza) (feor = 2% 100) | (Lean) (Lora) (Leow = 22 X 100)
1 49.17 1.29 2.64 0.0421 0.0032 7.72
2 135.66 3.30 2.44 0.0163 0.0007 4.14
3 266.60 6.37 2.39 0.0084 0.0004 4.92
4 438.66 10.60 242 0.0055 0.0003 5.35
5 658.84 15.60 2.37 0.0039 0.0008 19.33
6 915.77 21.89 2.39 0.0037 0.0007 17.89
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Fig. 3 Histograms of variability in natural frequencies of the MS beam samples
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Fig. 4 Histograms of variability in loss factors of the MS beam samples

2.2 Study on Aluminum beam samples

In this section, 20 different Aluminum beam samples with nominal dimensions
(750%29.6x5.8) mm are used for the study. The nominal mass of the beam samples is 467.8 gm.
Fig. 5 shows overlays of the experimental FRFs of various samples at test points 2, 5, 7 and 11,
respectively. It is seen that, like MS beam, the variability in experimental FRFs increases as
we go up the frequency range. The modal analysis of measure FRFs on the beam samples is
carried out. Figs. 6 and 7 show histograms of variability in natural frequencies and loss factors
with the fitted normal distributions, respectively, of the Al beam samples. Table 2 shows values
of mean, standard deviation and coefficient of variation (COV) of natural frequency and loss
factor for the first six modes of vibration of the beam samples. It is seen that, like MS beam the
standard deviation of natural frequency is increasing with the mode number but the variation in
natural frequency as a percentage of the mean value is nearly same for all the modes listed in
the table. It is also found that the natural frequencies for different modes vary on an average by
1.5%, while the loss factors vary on an average by 14.32% over different samples. It is also
noted that the COVs of loss factor of higher modes are higher.
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Fig. 5 Overlays of the experimental FRFs measured on various Al beam samples at test
points a) 2b) 5¢) 7d) 10

Table 2. Mean, standard deviation and coefficient of variation (COV) of natural frequen-
cies and loss factors (Al beams)

Natural Frequency (Hz) Loss Factor (%)
Nl\lf;%zr Mean Standard | Coefficient of | Mean | Standard | Coefficient of

value deviation variance value | deviation variance
(Fnean) aa) | Goow =22 x100) | (Lipean) (Leta) (Leay = 724 x 100)

1 52.03 0.75 1.44 0.0444 | 0.00236 5.31

2 144.38 2.13 1.47 0.0026 | 0.00265 9.82

3 285.80 4.49 1.57 0.0207 | 0.00570 27.56

4 467.21 7.14 1.53 0.0090 0.0001 11.21

5 707.38 10.48 1.48 0.0058 | 0.00121 20.94

6 975.65 14.79 1.52 0.006 | 0.000664 11.05
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Fig. 6 Histograms of variability in natural frequencies (first six modes) of the Al beam samples
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Fig. 7 Histograms of variability in loss factors (first six modes) of the Al beam samples

2.3 Study on Acrylic beam samples

In this section, 20 different Acrylic beam samples with nominal dimensions (750%33.4x3.7)
mm are used for the study. The nominal mass of the beam samples is 97 gm. Fig. 8 shows
overlays of the experimental FRFs of various samples at test points 3, 5, 7 and 11, respectively.
It is seen that, like MS and Al beams, the variability in experimental FRFs increases as we go
up the frequency range. The modal analysis of measure FRFs on the beam samples is carried
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out. Figs. 9 and 10 show histograms of variability in natural frequencies and loss factors with
the fitted normal distributions, respectively, of the Acrylic beam samples. Table 3 shows values
of mean, standard deviation and coefficient of variation (COV) of natural frequency and loss
factor for the first six modes of vibration of the beam samples. It is seen that, like other two
beams, the standard deviation of natural frequency is in-creasing with the mode number but the
variation in natural frequency as a percentage of the mean value is nearly same for all the modes
listed in the table. It is also found that the natural frequencies for different modes vary on an
average by 0.93%, while the loss factors vary on an average by 27.56% over different samples.
It is also noted that the COVs of loss factor of higher modes are higher.
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Fig. 8 Overlays of the experimental FRFs measured on various Acrylic beam samples at
test points a) 1 b) 5¢) 7 d) 10

Table 3. Mean, standard deviation and coefficient of variation (COV) of natural frequen-
cies and loss factors (Acrylic beams)

Natural Frequency (Hz) Loss Factor (%)
Mode - -
Number Mean Standard Coefﬁment of | Mean | Standard Coefﬁpwnt of
value deviation variance value | deviation VarlLance
(fmean) (fstd) (fCOV = f:ijn x 100) (Lmean) (Lstd) (Lcmz = ﬁ X 100)

309



Asish Kumar Panda and Subodh V. Modak

1 13.23 0.13 1.03 0.0980 | 0.01312 13.39
2 35.90 0.40 1.13 0.0616 | 0.01744 28.32
3 71.41 0.66 0.93 0.0352 | 0.00810 23.02
4 113.83 1.03 0.90 0.0303 | 0.00799 26.38
5 179.93 1.16 0.66 0.0332 | 0.01455 43.84
6 241.80 1.53 0.63 0.0206 | 0.00545 26.39
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Fig. 9 Histograms of variability in natural frequencies (first six modes) of the Acrylic beam
samples
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Fig. 10 Histograms of variability in loss factors (first six modes) of the Acrylic beam samples

Table 4. Relative comparison of variability (COV of natural frequencies and loss factors)

Material Type Variability of natural Frequency Variability of loss factor
Average COV | Maximum COV | Average COV | Maximum COV
value of six value of six value of six value of six
modes (%) modes (%) modes (%) modes (%)
MS 2.6 2.64 9.81 19.33
Al 1.5 1.57 14.32 27.56
Acrylic 0.93 1.13 27.56 43.84

2.4 Comparison of Variability of dynamic characteristic of MS, Al and Acrylic beams

Table 4 shows a comparison of variabilities of natural frequencies and loss factors of three
different beam materials. The table shows average values of COV of natural frequencies and
los factors of six modes. It can be seen that average value of COV of natural frequencies de-
creases, whereas average value of COV loss factors increases, moving from low damping ma-
terial (MS) to high damping material (Acrylic). Maximum COV values of natural frequencies
are closer to the corresponding average values showing that relative variations of COVs of
natural frequencies over different mode of same material are small. Maximum COV values of
loss factors has a considerable difference as compared to corresponding average values showing
that relative variations of COVs of loss factors over different mode of same material varies a
lot. These variation are more in higher modes as compared to lower modes.

3 CONCLUSION

e The paper presents an experimental study of variability in damping, FRFs and modal data.
The investigations are carried out using three experimental beam structures made up of
MS, Al and Acrylic. They represent structures with low, medium and high damping.

e From the study, it is observed that different samples of structures show the variability of
not only the natural frequencies and FRFs but also the modal damping factors. Thus, there
is a need to develop methods for stochastic model updating which can also identify varia-
bility damping matrix parameters.

e The study also reveals that the test structures are made up of materials with higher damping
show higher variability of damping loss factors and lower variability of natural frequencies
as compared to structures made up of material with lower damping.

e It is therefore concluded that modeling of variability in damping is essential since there
exists a significant variability of damping loss factors over various samples of the test
structures. Modeling of damping variability will help to predict accurately a variability of
dynamic response. Hence, methods of stochastic FE model updating need to be developed
for identifying variability of damping matrix parameters.
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