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ABSTRACT   1 
 A new generic approach to damage detection is advocated. The new generic 
approach is optimal for the analysis of frequency domain data for health monitoring, 
damage detection, and diagnostics. The new approach consists of using new 
features based on the real and imaginary parts of the Fourier transform. This 
approach is more generic that conventional approaches based on power spectral 
density, and it can be shown that the power spectral density approach is a particular 
case of the proposed new generic approach.  

 Numerical examples based on the analysis of synthetic signals generated 
using the nonlinear model of a cracked part of machinery are given. The synthetic 
signals simulated the forced vibroacoustical oscillation under narrow band Gaussian 
excitation. Our new generic approach is used for detecting damage consisting of a 
fatigue crack of various relative sizes. The numerical examples show that the 
detection, based on Fisher’s criterion, was definitely more effective when using our 
new generic features that when using the conventional power spectral density 
feature.  

 The proposed new generic approach to damage detection offers a clear 
improvement in effectiveness over the conventional approach based on the power 
spectral density. 

INTRODUCTION 
 A new general optimal approach was proposed [1] for those cases where one 
and multidimensional Fourier transforms are used for health monitoring and 
diagnostics. This approach consists of using simultaneously the real and imaginary 
components of the Fourier transforms as diagnostics features. This is in contrast to 

                                                 
Leonid M. Gelman, and Victor Giurgiutiu, University of South Carolina, Mechanical 
Engineering Department, 300 Main Street, Columbia, SC, 29208, USA. 
Ivan V. Petrunin, National Technical University of Ukraine, Kiev, 01056, Ukraine. 



  

most published applications concerning health monitoring, diagnostics, and pattern 
recognition where the power spectral density (PSD) is used. 

 In the present paper we consider the forced oscillation diagnostics method 
with the narrowband Gaussian excitation for fatigue crack detection. The part of the 
machinery is the single degree of freedom nonlinear oscillators with the nonlinear 
stiffness due to the fatigue cracks. The method consists of exciting the tested objects 
into the resonance oscillations. The diagnostics decision is then based on the 
oscillation parameter estimates. Usually, the diagnostics information of the forced 
and free oscillation method of the crack diagnostics is contained in the Fourier 
transform of the high harmonic resonant oscillations [2,3]. 

 The purpose of the paper is the comparison of the diagnostics features based 
on the approach [1] with the traditional power spectral density for fatigue crack 
diagnostics. 

THE DYNAMIC MODEL OF MACHINERY PART WITH CRACK 
 The basis of the considered forced oscillation method of crack diagnostics is 
the fact that nonlinearity level in a cracked part of the machinery changes with the 
change of the crack size. 

 Assuming that the part of the machinery under analysis can be approximated 
with a single degree of freedom nonlinear oscillator, the equations of the motion can 
be expressed as follows [2, 3]: 
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, m and c are the object mass and damping 

respectively, Sk  and Ck  are stiffness at stretching (crack opening) and compression 
(crack closing) respectively. At compression the crack is closed and the material 
behaves like a continuum and the stiffness is the same as that of the material 
without crack kkC = . At stretching the crack is opened and the material is dis-
continuous, hence the stiffness decreases with the quantity SC kkk −=∆ . ( )tA  is 
the Rayleigh envelope of narrowband Gaussian process, ωf  and ϕ  are constant 
excitation frequency and random initial phase [4].  

 The random initial phase is uniformly distributed in the interval [ ]π2 ;0 . The 
natural frequency of the system with the crack is given by [2,3]:  
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where nω  is the natural frequency of the un-cracked part, 
m
k

n =ω . 

 The relationship between the relative stiffness change and relative crack size 
is given by [3] 
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where l

l∆  is the relative crack size; l∆  is the crack size, l  is part size in the 

direction of the crack. 

DIAGNOSTIC FEATURES 

 Following [1], we utilize simultaneously the real RX  and imaginary IX  
components of the most general short time Fourier transform of the high harmonic 
of the resonant oscillations as diagnostics features: 
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where 1t  is upper time limit, i  is the harmonic number. 

 We consider the two-class diagnostics of the relative crack size: 
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for hypotheses jH , j = 0, 1. 

 The optimal nonlinear transformations of the components (3) of proposed 
feature vector and of the PSD of high harmonic resonance oscillations are the 
likelihood ratios respectively: 
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where ( )jIR HXXW ,  is the conditional two-dimensional probability distribution 

function (pdf) of feature vector for hypothesis jH , ( )jPSD HXW  is conditional one-
dimensional pdf of the PSD for hypothesis jH . 

NUMERICAL SIMULATION 
 Since Equation (1) does not accept closed form solution, we used numerical 
simulation to study its response and crack detection opportunities. Using Equation 
(1), we generated numerically synthetic signals that represent the resonant response 
of the cracked part of the machinery under random narrowband Gaussian excitation 
centered on 0 ω . These synthetic vibration signals were used to illustrate a novel 
crack diagnostics method based on new features.  

 Using the histogram method [5], we estimate the conditional two-
dimensional pdf of the features described by Equation (3) and the conditional one-
dimensional pdf of the PSD of the synthetic vibration signal. 

 To compare the diagnostics effectiveness of the proposed new features vs. 
the conventional PSD feature, we are going to use Fisher's criterion [5]: 
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where jHu /  is conditional quantity for hypothesis jH , 1,0=j , 1m  and 2σ  are the 
mean and the variance operators respectively. 

Employing Monte-Carlo simulation procedure for training and testing of the 
diagnostics method, we calculate the Fisher criterion for our new features and the 
conventional feature, PSD: 
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The following parameters were used in the simulation. 

 
 



  

TABLE I. RELATIVE CRACK SIZE VALUES FOR TESTED HYPOTHESIS 

l
l∆∆∆∆  

Test case 
0H  1H  

Case (a) 0.1 0.15 
Case (b) 0.15 0.2 

 
TABLE II. RELATIVE FREQUENCIES OF THE CRACK MACHINERY PART FOR 

VARIOUS CRACK SIZE. 

l
l∆∆∆∆  0.1 0.15 0.2 

nωωωω
ωωωω0  0.97 0.96 0.94 

 

The Cracked Part of Machinery 
 We consider a part of machinery with natural frequency Hzf n 20=  
( πω 40=n  rad/s). In this part of machinery, we considered the presence of a crack of 
various relative crack sizes (Table 1). As shown in Table 1, two cases were 
considered: one with a mild crack (Case (a)), the other with a more severe crack 
(Case (b)). 

The Excitation 
 The excitation consisted of the narrowband Gaussian excitation of Equation 
(1), tuned to the natural frequency of the crack part of machinery ( 0ωω =f ). As 

shown in Table 2, we obtained, for each relative crack size l
l∆ , a different relative 

natural frequency, 
nω

ω0 . In generating the Gaussian excitation signal, the value 
3103.1 ⋅=b  was used for the parameter of the pdf of the excitation signal envelope. 

The Signal Processing 
 The simulated steady state resonant response signal was processed with an 
FFT algorithm. Then, attention was focused on the second harmonic ( 2=i ). The 
choice of the second harmonic was justified due to its higher sensitivity [3] to the 
presence of the crack than the other harmonics. This aspect is specific to the 
nonlinear nature of the descriptive Equation (1). 

 As diagnostic features, we use: (i) the new features, real and imaginary 
Fourier components; (ii) the conventional features, PSD. 

 Sampling interval is st 3105.2 −⋅=∆ ; number of time history periods varies 
from 28=n  to 29=n  in case (a) and from 29=n  to 30=n  in case (b) with the 
variation of the signal duration from 1t = 1.49s to 1t =1.54s. The aliasing parameter, 
ξ , was varied in the range [0,1]. For ξ =0 and ξ =1, there is no aliasing. For 



  

ξ ⊂ (0,1) aliasing presents. In our study, we investigated the effect of the aliasing on 
the sensitivity of our diagnostics features. 

 The number of simulation experiments was equal to 1000 for every 
hypothesis ( 0H  or 1H ) and for every value of the aliasing parameter ξ . 
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Figure 1: Variation of the Fisher criterion, F , with aliasing parameer ξ . The 
symbol ( ∗ ) represents results obtained with the new diagnostics 
features, while ( ) represents results for the conventional PSD feature. 
Case (a) and (b) of Table I apply. 

Simulation Results 
 Figure 1 presents the Fisher’s criterions (5, 6) vs. aliasing parameter ξ  for 
the new optimal features (stars) and the conventional feature, PSD (circles). The 
results for the simulation cases (a) and (b) are presented separately. In both cases, 
and for all values of the aliasing parameter ξ ⊂ (0,1) the new diagnostics features 
proposed by us provide a higher F value than the conventional feature, PSD. This 
indicates that the new diagnostics features have a better diagnostics effectiveness 
than the conventional feature, PSD. 

 We consider the diagnostics efficiency ratio R of the Fisher’s criterions for 
the optimal new features NEWF  and PSD PSDF  vs. aliasing parameter ξ  (Figure 2):  
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One can see from Figure 2 that the ratio R given by Equation (7) is always greater 
than 1 and reach maximums near the middle of the aliasing parameter range, i.e., at 

5.0=ξ . Over the whole aliasing parameter range, ξ ∈  [0, 1], the proposed new 
approach based on the features given by Equation (3) are shown to be more efficient 
for crack diagnostics than the conventional approach based on PSD feature. The 
effect of aliasing is to strengthen even more this diagnostic capability. 
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Figure 2: Variation of diagnostics efficiency ratio, R, with aliasing parameter, ξ, for 

cases (a) and (b) as defined in Table I. 

CONCLUSIONS 
 A new generic approach to damage detection has been presented. The new 
generic approach is optimal for the analysis of frequency domain data for health 
monitoring, damage detection, and diagnostics. The new approach consists of using 
new features based on the real and imaginary parts of the Fourier transform. This 
approach is more generic that conventional approaches based on power spectral 
density, and it can be shown that the power spectral density approach is a particular 
case of the proposed new generic approach.  

 Numerical examples based on the analysis of synthetic signals generated 
using the nonlinear model of a cracked part of machinery were given. The synthetic 
signals simulated the forced vibroacoustical oscillation under narrow band Gaussian 
excitation. Since the vibration of cracked parts of machinery is significantly 
nonlinear, our approach utilized the second harmonic of the Fourier transform, 
which is known to be more sensitive to internal damage than the other harmonic. 
The new generic approach was used for detecting damage that consisted of a fatigue 
crack of various relative sizes. The numerical examples showed that the detection 
was definitely more effective when using our new generic features that when using 
the conventional power spectral density feature. It is shown using Fisher’s criterion, 
that the power spectral density is not optimal feature for crack diagnostics for all 
cases. The optimal features proposed here provide better diagnostic effectiveness 
gains than the power spectral density. This result confirms previously published 
findings [1,6]. Thus, we recommend that both the real and imaginary parts of the 
Fourier transforms should be considered as fundamental diagnostics features, 
including crack diagnostics. The fact that the diagnostic effectiveness of these new 
features increases with the degree of signal aliasing is also worth mentioning. 
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