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Abstract  

In this investigation the dynamic response of specimens under vibrational load was monitored to detect 
possible damages non-destructively. Our objective is to extract modal parameters of both original and 
defected specimens using non-contacting measurements. The presence of a defect causes an alteration of 
the specimens mass and stiffness leading to changes of frequency response and damping ratio. The test 
specimens were thin steel plates. A small amount of additional mass was glued to some of the samples to 
simulate a defect. An electromagnetic shaker was used as vibration source and the dynamic response was 
recorded with a scanning laser Doppler vibrometer (SLDV).A periodic chirp signal was applied in order 
to excite resonant frequencies of the plates. Finite Element Analysis (FEA) was employed to calculate the 
influence of defects on natural frequencies and mode shapes of the specimens. The experimental results 
for original and defected specimens were mathematically compared with use of the correlation coefficient 
method. Thereby, it was found that the values for resonant frequencies are suitable parameters to 
distinguish original and defected specimens. FEA and experiments are in a close agreement verifying the 
reliability of the method. 
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�

�

1. Introduction 

Monitoring the presence of damages and realizing causes ofpossible failureis an important topic 
of quality control in engineering science. Amodern branch of science which is in particular 
focused on such assessments is called structural health monitoring (SHM). Several non-
destructive methods such as X-Ray imaging, ultrasonic methods, thermal - and eddy current 
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methods are capableof detecting damage without any contact with the structures [1, 2]. However, 
these methods are sometimes time consuming and costly. Another method to detect the existence 
of damageis based on measuring the dynamic response of structures under vibrational load. It is 
the purpose of this method to extract modal parameters such as resonant frequencies, mode 
shapes and damping ratios of damaged samples and compare them with the modal parameters 
of undamaged specimens.The change of modal parameters in damaged samples is a consequence 
of alterations in mass and stiffness in the region of a defect. The vibration analysis is supposed to 
be an efficient way to discover possible damages because of its easy execution and reliability, 
and because of its ability of acquiring both local and global information of the structures [3]. 
In order to implement this method, the structure has to be excited by an external vibration source 
and the response needs to be gathered utilizing measurement tools. In the present study, we have 
employed an electromagnetic (EM) shaker to impose the vibration force and a scanning laser 
Doppler vibrometer (SLDV)provided by Polytec GmbH was used to record the dynamic 
response of the structure. Thereafter, the modal parameters of damaged and undamaged samples 
were compared with use of the correlation coefficient (CC) [4]. Thereby, a useful criterion for 
the detection of damage was established. 

�

2. Experimental Setup 

The samples used in the present investigation were thin plates of steel with slits as depicted 
in figure 1a. The dimensions of the plates were 28.5mm × 96.3mm × 0.25mm.The existence of 
some damage was simulated by gluing an extra mass onto thesurface of the sample as depicted in 
figure 1b, schematically. The weight of the extra mass was modified as indicated in table 1 in 
order to investigate its influence on the vibration mode. The samples were mounted on the 
electromagnetic shaker as can be seen in figure 2a. The vibration direction of the shaker is out of 
plane. Furthermore, figure 2a shows the measuring head of the scanning laser Doppler 
vibrometer (SLDV).The SLDV allows non-contacting, high spatial resolution measurements [5]. 
The measurement principle of theSLDV is the detection of the sample velocity by determining 
the shift of the laser frequency caused by the Doppler effect. This measurement is repeated for 
any sample point of interest. The location of the measurement points is defined through a mesh 
as depicted in figure 2b. The vibrations of the sample were excited by a periodic chirp signal in 
the frequency range up to 1 kHz. This means that the electromagnetic shaker increased the 
vibration frequency periodically in small digital steps. A reference signal from the shaker was 
connected to the analyzing unit of SLDV. This signal was used to correlate the results obtained 
for the different measurement points.  Therefrom, the SLDV can calculate the mode shapes of 
the vibrating plates.

Defektoskopie  rijen 2012.indd   212 22.10.2012, 13:50:23



DEFEKTOSKOPIE  2012                    213 

Fig. 1a: Specimen used in experiments 

Fig. 1b: Location of the extra mass on the surface of the specimen. 

�

Table 1: Extra masses and the amounts of the total mass modification 

Weight[g] Modified amount (%)
Original Specimen 5.38 -

Mass 1 0.1145 2.13 
Mass 2 0.381 7.08

�

�

(a)      (b) 

Fig. 2: (a) Experimental setup and (b) measurement points of the SLDV on the specimen 

Extra mass location 
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3. Finite Element Simulations 

In order to obtain a deeper understanding of the deformation behavior computer simulations 
were performed. The commercial Finite Element code ANSYS was used to derive 
naturalfrequencies and mode shapes through modal analyses. The model depicted in figure 3 is 
a detailed copy of the experiment.For the steel plates a Young’s modulus of 200GPa and 
a Poisson ratio of 0.3were assumed. Damaged samples were simulated by introducing an extra 
mass equivalent to the experimental procedure. The model was meshed with elements of type 
Solid 186. This is an element using quadratic interpolation functionsfor the displacements. The 
total number of nodes in the mesh was between 130941and 226416, whereby the latter number 
of nodes was used for the sample with an extra mass of 0.381 g. A frequency range from 0 to 
1000 Hz was covered by the simulations, and four different modes were found in this interval. 
On a qualitative level, the simulation results are in good agreement with the experiments. The 
simulations are considered as validation of the results obtained with the SLDV, and vice versa.

     Fig. 3: Sketch of the simulated specimen and specimen holder 

�

4. Results of Experiment and Simulation 

A comparison of the experimental and simulation results regarding the resonant frequencies of 
undamaged samples is depicted in figure 4, and the deviations between experiment and 
simulation are summarized in table 2. The deviations were in the range of approximately 3 %. 
Differences in this order of magnitude must be expected when results from two completely 
different methods are compared.The effect of an extra mass on the resonant frequencies is 
summarized in figure 5 and tables 3 and 4. Once again satisfactory agreement between 
experiment and Finite Element Analysis was achieved. 

�
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Table 2: Resonant frequencies of experimental and FE analyses of undamaged samples 

Mode 1 Mode 2 Mode 3 Mode 4
FEA 60 270 381 878
Exp. Analysis 58 267 367 850 

Error (%) 3.34 1.12 3.67 3.19
�

Table 3: Resonant frequencies [Hz] recorded experimentally.�

Mode 1 Mode 2 Mode 3 Mode 4
Original 58 267 367 850
Mass 1 58 265 365 845 
Mass 2 55 256 345 849

�
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Fig. 4: Resonant frequencies collected from experimental and FE analyses of undamaged samples 
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Fig. 5: Simulation results of the specimen before and after adding extra masses 
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Table 4: Resonant frequencies [Hz] collected from simulations. 

Mode 1 Mode 2 Mode 3 Mode 4
Original 60 270 381 878
Mass 1 58 254 381 853 
Mass 2 49 234 369 881

�

�

Aside from the value of resonant frequencies, the damping ratios related to the different vibration 
modesprovide additional information about the sample. To obtain the damping ratio, one first 
needs a complete frequency response diagram showing amplitude versus vibration frequency. 
Since the presence of noise in the measurements is unavoidable, we here sum up the frequency 
responses of all measurement points belonging to one definite specimen on a logarithmic scale. 
Thereby, the appearance of noise is reduced. The experimental frequency response diagrams for 
samples with and without additional mass are depicted in figures 6 and 7. 

Fig. 6: Comparison of frequency response before and after adding extra masses 

From these diagrams one can determine the damping ratioζusing the bandwidth method. Thus, 
one obtains [6] 

02 ω
ωζ

⋅
∆=

          
(1)

where the bandwidth ∆ω is defined as the width of the frequency response curve when the 

amplitude is 2/1 times the peak value at ω0.The values for the damping ratios of the different 
vibration modes are given in table 5. One can see that especially the damping ratio of mode 4 is 
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very sensitive to alterations of mass at the location indicated in figure 1b. Therefore, the value of 
the damping ratio can be used as criterion whether a sample has been damaged. 

Table 5: Damping ratio before and after inserting extra mass 

Mode 1 Mode 2 Mode 3 Mode 4
Original 0.0345 0.0037 0.0068 0.0012
Mass 1 0.0345 0.0038 0.0068 0.0024 
Mass 2 0.0370 0.0078 0.0268 0.0088

Fig. 7: Indicating modes of the Fig. 6 separately, (a) Mode 1, (b) Mode 2, (c) Mode 3 and (d) Mode 4 

�

5. Correlation Coefficient Method 

Finally, we suggest a criterion which quantifies the damage of the different specimens. For this 
purpose, we utilize the method of correlation coefficients [4].This method was originally 
developed to determine correlations between statistically distributed samples. Nevertheless, it is 
also very useful when undamaged and damaged specimens are compared. We here compare the 
values of resonant frequencies of undamaged and damaged samples. The correlation coefficient 
is defined as�
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Where Rn are the reference values, R is mean of the Rn, An are the values to be compared and A
is mean of the An.CC is a value between -1 and 1. Therefore,r = 1-CC2 is used to get a value 
between 0 and 1. For r = 0 the two sets of values are perfectly correlated, and r = 1 means that 
they are completely uncorrelated. In our treatment, Rn and An are the values of the resonant 
frequencies ofundamaged and damaged specimens, respectively. 

 Applying this method to the experiments of the present study yields values for r which 
are summarized in table 6. In fact, these valuescan be considered as a measure for damage 
occurring in the specimens. 

Table 6: Values for r obtained from experimental analyses (Original specimen is the reference). 

Original Mass 1 added Mass 2 added
r= 1-CC2 0 9.38*10-7 7.54*10-4

�

 It is important to notice that the values obtained for r are usually rather small when 
applied to vibration analyses. This is because the correlation coefficient was originally developed 
for the interpretation of randomly distributed samples or populations. The correlation coefficient 
is an appropriate tool to determine even weak correlations of statistical experiments. However, in 
vibration analyses even damaged samples still show a strong correlation with undamaged ones. 
But the differences of the signals become more evident when observed on a finer scale. 
For instance, the experiments for the vibration response of the present investigation look quite 
similar on the scale of figure 6, but the differences become clear on the scale of figure 7. 
Therefore, the threshold value for r distinguishing between damaged and undamaged samples is 
small.

6. Summary and Conclusions 

In this study, a scanning laser Doppler vibrometer was used to analyze the vibration response 
of thin plates of steel, and the results for the resonant frequencies were validated by Finite 
Element simulations. The damage of a sample was modeled by adding an extra mass to the 
specimen. The grade of damage was successfully quantified with the help of the correlation 
coefficient method. An alternative method is the determination of the damping ratio related to 
the different deformation modes. It has been demonstrated that a scanning laser Doppler 
vibrometer is a useful tool to detect damages of specimens non-destructively.

Defektoskopie  rijen 2012.indd   218 22.10.2012, 13:50:25



DEFEKTOSKOPIE  2012                    219 

Acknowledgments

The authors like to thankthe Austrian Research Promotion Agency (FFG) and the Vienna 
Technology Agency (ZIT) for financial support through the COMET program. 

References

[1] Y. Zou, L. Tong and G. P Steven, Vibration-based model-dependent damage (delamination) 
identification and health monitoring for composite structures-a review, Journal of Sound and Vibration, 
Vol. 230, pp. 357-378 (2000) 

[2] S. W. DEBLING, C. R. FARRAR, M. B. PRIME and D. W. SHEVITZ (1995) Report LA-13070-MS, 
Los Alamos, NM, Damage identification and health monitoring of structural and mechanical systems 
from changes in their vibration characteristics: a literature review 

[3] PizhongQiao, Kan Lu, Wahyu Lestari and Jialai Wang, Curvature mode shape-based damage 
detection in composite laminated plates, Composite Structures, Vol. 80, pp. 409-428, (2007) 

[4] Lizheng Zhang, Development of Microelectronics Solder Joint Inspection System: Modal Analysis, 
Finite Element Modeling, and Ultrasonic Signal Processing. Dissertation, Georgia Institute 
of Technology, (2006) 

[5] P. Castellini, M. Martarelly, E.P Tomasini, Laser Doppler Vibrometry: Development of Advanced 
Solutions Answering to Technology’s needs. Mechanical Systems and Signal Processing 20 (2006) 1265-
1285

[6] Manuel Martinez Rodriguez, Analysis of Structural Damping, master dissertation, Lulea University 
of Technology, (2006) 

Defektoskopie  rijen 2012.indd   219 22.10.2012, 13:50:25



220     DEFEKTOSKOPIE  2012

Defektoskopie  rijen 2012.indd   220 22.10.2012, 13:50:25


