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Abstract 
In this paper a new damage detection method is proposed based on correlation of Hilbert-
Huang transformation of measured responses of beam structure. Intrinsic mode functions 
(IMFs) of dynamic responses of structure in measured points affected by a triangle pulse 
loading using empirical mode decomposition (EMD) are calculated. Hilbert transform is 
used to obtain instantaneous amplitude on first IMF. Accordingly, correlation coefficient of 
obtained instantaneous amplitude of damaged and undamaged structure responses are 
evaluated. A Finite Element model (FEM) of two spans continues beam structure is selected 
to estimate the efficiency of proposed method. The dynamic responses of beam at several 
points are obtained using analytical approach. Finally, the obtain results from analytical 
approach was verified based on the FEM, which illustrates that proposed method determined 
the location of damage with the acceptable accuracy. 

 
1 INTRODUCTION 

Structures in their lifetime face with natural and unnatural events such as: earthquake, 
float, explosion and etc. Therefore, those destructive events can cause damage to structures. 
Regardless, the important question is how much and where damages are.  

Structural health monitoring (SHM) is one of the important engineering challenge in last 
decades. The main purpose of SHM is to monitor of structure and detect the damage. 
Generally, the idea of SHM can be defined in two part: 1- determining natural frequency of 
structure from measured data, 2- comparing them with original data of source structure to 
detect every changes that have been caused by damages [1].  

Several damage detection methods have been proposed. Some of these methods when 
have been applying for structures, faced with a failure. The reason is low sensitivity of 
response system to damage location and low accuracy of measured response of structure by 
sensors [2,3]. The using of signal processing tools for SHM have been affected several 
researches in the last three decades. Because of proper estimation and low cost, Signal 
processing methods have been developed.  

In the last years, number of damage detection methods based on signal processing have 
been increased. The main purpose of these methods, determining of the changes in physical 
properties of damaged structure and the changes as modal parameters which is measurable. 
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Modal parameters include: natural frequency, mode shape, and damping ratio. For instance, 
fast Fourier transform (FFT) has been applied to obtain modal parameters of structures from 
random vibrations data in frequency domain. Litter and Eilss [4] found although FFT method 
would be able to estimate modal damping, this method don’t have enough accuracy to detect 
damage in composite structure [5-7].  

In order to overcome FFT limitations, the time-frequency analysis has been introduced. 
First type of time-frequency analysis is short time Fourier transform (STFT). It is based on 
divided Fourier transform that has been estimated by time windowed function. In this method 
the relation between time and frequency is difficult, because of time windowed function. 
Smaller the size of windows, higher the accuracy in time domain and reduce the accuracy of 
frequency content. This subject brings a limitation in STFT method. In time-frequency 
analysis methods for health monitoring, wavelet analysis has been developed in the last 
fifteen years [8,9]. Wavelet transform is an adaptive windowed Fourier’s method [10] and be 
able to process non-stationary signal for linear system. This method provides a proper 
resolution for instantaneous frequency. Although, wavelet analysis concludes to the decent   
time-frequency domain, generally for the mother wavelet size, this method is poor. Even 
though wavelet analysis has shortcoming, this method can be accounted as one of the best 
available methods to determine the modal parameters of structures can be altered by ambient 
loads [11,12].  

Regardless of all advantages of remarked methods, there is a need for appropriate method 
to process non-linear and non-stationary signals of structure. Huang has been proposed, 
Hilbert Huang transform (HHT) for processing of non-linear and non-stationary signals. This 
method can be included in empirical mode decomposition (EMD) that has been mixed with 
Hilbert transform of signal. EMD is a method to attain the complete data and decompose 
signals using combination of intrinsic mode function (IMF). Hilbert transform has been 
applied for each IMF that has been decomposed in time-frequency domain.  

This process completely remarked in Donnely and Rogres [13] by some numerical 
examples. HHT method has been applied in damage detection and system identification 
successfully. For instance, Yang [14] used HHT for free vibration responses of ASCE single 
degree of freedom structure. The proposed method has been applied to determine the 
damping ratio and natural frequency based on instantaneous amplitude and phase angle. Wu 
et al. [15] proposed a method based on Hilbert Huang transform for structural health 
monitoring of an engineering structure under ambient vibrations. Hilbert Huang spectrum and 
intrinsic spectral analysis based on HHT has been used to created spectrum, which the 
frequency of structure has been evaluated. Using HHT for damage detection has been 
developed by Queck et al [16] who investigated the feasibility of HHT for damage detection 
in aluminum beam with a crack in a sandwiched aluminum beam with an internal 
delamination a reinforced concrete slab with different degrees of damage. The results 
indicated the crack and delamination in homogeneous can be located accurately and damage 
in reinforced concrete slab can be determined. Cheraghi and Taheri [17] estimated the 
vibration characteristics of plastic pipes using piezoelectric sensors and HHT method. 
Experimental and numerical examples have been applied to show combination of several 
methods which can be calculated. Therefore experimental studies showed the present result 
were verified with finite element method analysis.  

The main contribution of this paper is to develop a damage detection method based on 
HHT in dynamic responses of structures. This method proposes a coefficient correlation 
matrix between sensors for damage and undamaged responses. Also, it calculates cross 
correlation function of sensors for both the damage and undamaged amplitude. The 
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instantaneous amplitude have been evaluated for all sensors using HHT method and 
analytical analysis. In the next section at first definition of EMD and Hilbert transform is 
introduced. Then, statistical analysis for damage detection based on HHT is investigated. The 
numerical example results show the proposed method can determine the location of damage 
with the acceptable accuracy. 

2 EMPIRICAL MODE DECOMPOSITION 

Huang et al. has been proposed the application of EMD for mode decomposition of data 
for intrinsic mode function [18]. An IMF is an oscillatory function that has two conditions: 1- 
Number of zero-crossing and extreme must be equal or differ at most by one. 2- The main 
value of envelope defined by the maxima and minima is zero. In contrast Fourier’s transform, 
IMFs could be behaved as a non-stationary signals where instantaneous amplitude depends 
on time and frequency. Hence IMF represents generalized from of a simple harmonic 
function.  
Steps to determine IMFs, called sifting process were organized by Huang [18]: 1- In original 
signal, entire number of local maxima and local minima of signal should be determined. 2- 
Obtained extremes of signal should be connected by cubic spline that upper envelope shows 
with Smax(t) and lower envelope with Smin(t). 3- Mean value of envelopes should be gained 
and original signal subtract from m1 to estimate first IMF, h1= S(t) – m1(t). This process can 
be iterated to obtain a better first IMF. Therefore h1(t) is new input C1 and residue r1, S(t)= 
C1+r1. Residual has been obtained from subtract first IMF to original signal, r = S(t) – C1 that 
r1 as new input of signal S(t) which can be determined by repeating of previous steps. Sifting 
process stops when last IMF that, called residue has no more extremes. Eventually the 
original signal during EMD can be represented as a summation of IMFs and the residue: 

1

( ) ( )
n

j n
j

x t C t r


    
(1) 

where Cj is IMF and rn is residual. 

3 HILBERT HUANG TRANSFORM 

Hilbert Huang transform consists two part: 1- EMD, 2- Hilbert transform (HT). HT for 

each time-series data is y(t), defined by: 

1 ( )
[ ( )] ( ) .

x
HT x t y t PV d
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(2) 

Where P is Cauchy principle value of singular integral [10]. Hilbert transform of data x(t) is 
the complex pair of data. Analytical signal of IMFs is: 

( ) ( ) iy(t)Z t x t    (3) 

Instantaneous amplitude and phase of analytical signal Z(t) are defined by: 
 

2 2 ( )
A( ) ( ) iy(t) , ( ) arctan( )

( )

y t
t x t t

x t
     

(4) 

The equations of  and A, shows that x(t) has a polar system and it depends on amplitude and 
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phase. Instantaneous frequency is expressed: 

( )
( )

d t
t

dt

    
(5) 

 

4 DMAGE DETECTION METHOD 

There are several damage detection methods that have been proposed based on vibration 
signal of structures. In most of them a damage index has been described as different between 
damage and undamaged structure. For example, Xu and Chen [19] estimated damage location 
by changing the stiffness in a three floors building using EMD. Location and instance time of 
damage determined by unusual properties in IMFs.  

The intension of this paper is to propose a damage detection method based on amplitude 
coefficient correlation of damaged and undamaged responses of structures, while a signal 
decompose to IMFs and the changes appear in the first IMF. Therefore, every changes on 
original signal, can be revealed on IMFs, since original signal depends on IMFs. Also, these 
changes have effect on analytical signal and Hilbert transform. Instantaneous amplitude in 
measured joints on structure is calculated by Hilbert transform of first IMF of response. 
Coefficient correlation matrix in damaged and undamaged joint is estimated with graphically 
comparison, the location of the damage can be determine.  
4.1 Damage detection with correlation coefficient  

Correlation coefficient is one of the statistical tools to obtain type and degree of a relation 
of a numerical variable with another numerical variable. Also, Correlation coefficient is a 
criteria to define the correlation between two variables and investigate the intensity of a 
relation. Amount of this coefficient ranges between 1 to -1. 

Correlation of the undamaged and damaged structure can be defined by: 
 

cov( , )
( , )

h d

h d
h d

a a

a a
a a     

(6) 

In which ah is instantaneous amplitude of undamaged structure, ad is instantaneous 
amplitude of damaged structure, ρ is correlation coefficient of ah and ad , cov is covariance of 
ah and ad, 

ha is the standard deviation of undamaged instantaneous amplitude, and 
da is the 

standard deviation of damaged instantaneous amplitude of structure.  
After computing of instantaneous amplitude for all points in undamaged and damaged 

structure, correlation coefficient are calculated for all amplitude. The damage of beam can be 
detected based on Damage Matrix (D.M) that is developed as: 

( , ) ( , )
D.M

( , )
h h d d

h h

a a a a

a a

 


   
(7) 

Once D.M is computed for each damage and with graphically results of D.M, the location 
of damage can be determined. 
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5 NUMERICAL EXAMPLE 

In this section, the proposed damage detection method based on HHT method is evaluated 
by its application to the continues concrete beam with two spans shown in Figure 1. The 
length of beam is 80m and each span is 40m. The top layer of the beam has been covered by 
concrete deck with 0.5m thickness and each concrete segment has a 4m width and 6m length. 
The FEM of continues concrete beam with two spans was created in SAP 2000 to validate the 
efficiency of proposed method. 

 
 
 

 
 

 
Figure 1:  (a) Front view of the continues concrete beam with two spans and (b) Arial plan of the beam. 

In this paper nine sensors are installed at certain points which is known in Figure 1. To 
attain the dynamic responses of points, a triangle pulse loading is applied to point 7. The 
configuration of this loading shown in Figure 2. 

 

 

 
Figure 2:  Configuration of triangle pulse loading. 

To evaluate the HHT method it is required to attain the damaged responses of continues 
concrete beam. Then the damage on beam is detected with comparison of damage and 
undamaged dynamic responses. In this study different damage scenarios were considered by 
stiffness reduction for special segment. Configurations of the damages for each scenario are 
presented in Table 1 and the locations of damages are displayed in Figure 3.  

 
 
 

 
Damage Scenarios Damage location Stiffness reduction (%) 

D1 28.75 m 20 
D2 28.75 m 40 

                    Table 1: Damage scenarios, damage location, and stifness reduction. 

a 

b 
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Figure 3: The locations of damages. 

6 NUMERICAL RESULTS  

To process of dynamic responses of structure based on HHT method, responses of all 
sensors were calculated using analytical analysis. IMFs of all sensors were obtained by 
combination of EMD and HT. Figure 3 shows the IMFs of sensor No. 4 in undamaged case. 

Figure 4: IMFs and residue of sensor No. 4 in undamaged case. 

With combination of IMFs with HT the instantaneous frequency and amplitude of Hilbert 
were derived. The instantaneous amplitude for all sensors were evaluated. For example 
Figure 4 shows the instantaneous amplitude of first IMF for sensor No.4 in both undamaged 
and damaged with scenario D1. 

 Figure 5: Instantaneous amplitude of first IMF for sensor No.4 in undamaged and damaged with scenario D1 
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The calculated Instantaneous amplitude combine with correlation coefficient and the 
correlation coefficient of all sensors were obtained. Auto correlation of undamaged and 
damaged points are calculated. Based on the correlation coefficient of all sensors, the n×n 
matrix includes correlation of different sensors are generated. Therefore, the results for 
damage detection in different scenarios are depicted in following Figures: 

 
           Figure 6: Damage matrix for scenario D1. 

The Figure 6 shows the damage matrix (D.M) for scenario D1 for all sensors. The sensors 
No.1, No.5, and No.9 are in supported beam and the data is zero. The correlation of a sensor 
with itself is one and when the D.M parameters calculate, Correlation of these sensors are 
zero. Based on Figure 6 the correlation of all sensors are calculated and the damage location 
based on the scenario D1 is between sensor No. 3 and No.4. Therefore, correlation of sensor 
No.3 and No.4 has a clear discrepancy. For example in sensors No.6, No.7, and No.8 the 
amount of correlation coefficient between sensor No.3 and No.4 is too different, it means 
there are obvious changes in sensor No. 3 and No.4 based on scenario D1. Accordingly, the 
location of damage in scenario D1 is located with variety of coefficients correlation in 
sensors.  

 
           Figure 7: Damage matrix for scenario D2. 
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The Figure 7 shows the D.M for all sensors in scenario D2. Based on the location of 
damage in scenario D2, the Figure 7 shows the changes in sensor No.3 and No.4 in all 
sensors that have an evident difference in correlation coefficient with together. In this 
scenario the amount of damage is more than scenario D1 and the damage detection has a 
proper accuracy. Hence, the location of damage with the correlation coefficients changes are 
located and damage location in Figure 6 and Figure 7 for damage scenario D1 and D2 were 
detected. 

9 CONCLUSIONS 

Damage detection and system identification are tools for structural signal processing to 
insure the safety of them. These methods consider the variation of mass and stiffness of 
structures based on modal parameters. The vibration based methods require to put rigorous 
efforts to identify minor damage in structures. In present study, a new damage detection 
method was proposed based on correlation of Hilbert-Huang transformation of measured 
responses for a beam structure. The dynamic responses of beam in six points were obtained 
using analytical analysis. Accordingly, The IMFs of dynamic responses of structure were 
calculated using EMD. The Hilbert transform was applied to each IMF for determination of 
instantaneous amplitude. The correlation coefficient of instantaneous amplitude of points 
were evaluated for the damaged and undamaged structure responses.  This method is able to 
trace the location of the damage by comparison of the correlation coefficients. The 
performance of the proposed method was investigated by application on a numerical model 
of a continues concrete beam with two spans. The excitation consider as a triangle pulse load. 
Two damage scenarios were created. Therefore, the locations of damages in different 
scenarios were located with variety of coefficients correlation in sensors. The results show 
that proposed method determined the location of damage with the acceptable accuracy. 
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