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Abstract 
In this paper, a Structural Health Monitoring (SHM) procedure, based on the Continuous Wavelet 

Transform (CWT) applied on a pipe excited by a flow that carries a travelling load, is presented. The 

proposed procedure allows the early stage localization of damages along the structure. The basic idea is to 

take advantage of time-space relation given by a traveling load of which speed is known, because wavelet 

analysis may highlight the singularities of a signal related with the damage. The displacement of the pipe 

excited by the traveling load shows singularities when the load crosses the damages, because the elastic 

waves are reflected in correspondence of the structure discontinuity. An index, based on the analysis of the 

CWT coefficients, is defined to identify these singularities in time and the load velocity law allows finding 

their correspondent position. A numerical test is performed to validate the performance of the proposed 

technique.  

1 Introduction 

Pipelines are ever-present in industrial and civil structures, because they carry fluids and gasses in 

chemical or power plants, or more commonly in civil buildings. Collapse of this pipelines can provoke 

serious ecological pollution and economic losses. Monitoring of these structures is essential to optimize 

maintenance and repair in order to maximize performances and minimize losses. SHM is a process 

allowing preventing collapse and it consists of continuous recording and analysis of data. [1-6]. 

In this paper, the potentiality of a SHM approach based on CWT [7-9] is investigated. Wavelet transform 

of a signal allows isolating those instants where discontinuities exists. The displacement signal of a point 

of the pipe excited by the traveling load shows singularities when the load crosses discontinuities of the 

structure. They can depend on the designed shape or on the damages. In the first case, their positions are 

known, in the second one CWT allows localizing these damages. 

The coefficients of the Continuous Wavelet Transform (CWT) of the displacement are conveniently post-

processed and an index is obtained, allowing an automatic localization procedure. The considered 

displacements are calculated using the numerical model built considering eigenvalues and eigenvectors 

extracted from the Finite Element Model (FEM) of the damaged structure and it is polluted by a noise. 

The identification is performed considering three different damage extensions and five different positions 

on the pipe. Two analyses on this set of data are proposed: the first one allows establishing the minimum 

number of sensors for a correct damage localization, the second one provides the relationship between the 

position of the sensors and the damage location. 

2 Theoretical background 

In this section the background of the damage identification method based on CWT is discussed. 
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2.1 Wavelet analysis 

The Continuous Wavelet Transform of a one-dimensional signal f(t) is defined as follows[7-9]: 

 𝐶𝑠,𝜏 = 𝐶(𝑠, 𝜏) =  |𝑠|−𝑝  ∫ 𝑓(𝑡)�̅� (
𝑡−𝜏

𝑠
)  𝑑𝑡

+∞

−∞
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where ψ(t) is the mother wavelet, the symbol �̅� denotes its complex conjugates and 𝐶𝑠,𝜏.is the wavelet 

coefficient. 

The mother wavelet has two properties: 
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It is used for generation of other functions: 

 𝜓𝑠,𝜏(𝑡) =  |𝑠|−𝑝 𝜓 (
𝑡−𝜏

𝑠
)  (3) 

The parameter τ and s localise the wavelet and define its width in time and frequency, respectively. It can 

be shown [9] that the modulus of the wavelet transform |𝐶𝑠,𝜏| is the cross correlation at lag τ between the 

signal f(t) and the wavelet function, so the higher |𝐶𝑠,𝜏|, the higher the correlation or similarity 

between the template function 𝜓𝑠,𝜏(𝑡), at that time and that scale, and the signal f(t).  

Wavelet analysis allows identifying instantaneous changes within the signal. In fact, signal singularities 

can be detected by finding the abscissa where the maxima of the wavelet transform modulus converge at 

fine scales [7]. 

2.2 Damage detection method 

The CWT analysis is a useful tool in a damage identification procedure. The reflection of the elastic waves 

in correspondence of the local structural variation, due to the presence of the damage, induces a 

perturbation in the structure response. The coefficient line exhibits a local extremum, especially in the 

scale range that is sensitive to the damage characteristic wavelength. Unfortunately, many other reasons 

can be at the origin of the presence of the coefficient lines peaks (e.g. end effects, boundary conditions, 

noise in the signal, etc.) and these are spurious peaks in this identification analysis. For this reason, a 

reliable and automatic procedure cannot be based only on a peak finder algorithm. 

The automatic procedure here presented consists indeed of two steps.  

First, a specific range of scales is selected, so that the CWT of the system response is restricted to this 

range. In correspondence of this scales band, the envelopes of the wavelet coefficient lines are calculated 

and the upper envelopes, 𝑠𝑒𝑢𝑝𝑖𝑗
, are averaged over the scales range. Let Ns be the number of the 

considered scales, Nt  the number of time samples, No the number of observation points, i the scale index, j 

the observation point index and n the time sample index. The average of the upper envelopes is computed 

by the following equation [10]: 

 𝐴𝑗(𝑡𝑛) =
1

𝑁𝑠
 ∑ 𝑠𝑒𝑢𝑝𝑖𝑗

(𝑡𝑛)𝑁𝑠
𝑖=1  (4) 

The use of the envelope limits the fluctuation of the coefficient lines around the zero (as shown in the 

second subplot of Fig. 3) and the average operation reduces the effects of the spurious peaks highlighting 

the presence of the damage. 

Then, since the distance between the position of the damage and of the observation point is affecting the 

accuracy of the identification process, an additional index J is introduced. It is defined as the average of 

𝐴𝑗(𝑡𝑛) over the considered observation points. Hence, J can be calculated as follows: 

 𝐽(𝑡𝑛) =
1

𝑁𝑜
∑ 𝐴𝑗(𝑡𝑛)𝑁𝑜

𝑗=1  (5) 
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Therefore, the time instant 𝑡∗, at which the load crosses the damage, is identified by the local maximum of 

J with the highest prominence, excluding the maxima given by the boundary effects. The corresponding 

damage position can be easily computed when the velocity is known.  

In order to evaluate the effect of the relative distance between the position of the damage and the 

observation point, it is analyzed the maximum value of the prominence of the index A for all considered 

observation points and several damage positions.  

3 Numerical model of the load and of the structure  

The considered test bed, shown in figure 1, is a steel pipe of radius 0.2 m, 5 m long and 0.01m thick, the 

pipe is clamped at both the extremity. The structure is excited by a load that runs over the length of the 

pipe with a speed of 1 m/s. 

   

Figure 1: Test bed: position of the damage 

As shown in figure 2, six observation points are chosen, uniformly distributed along the structure. 

 

Figure 2: Test bed: observation points position 

The damage is simulated by three different thickness reductions at five positions. The considered test 

cases are summarized in table 1.  

Test Damage location 
Thickness 

reduction 

5 m 

1.5 m 

2 m 

2.5 m 

3 m 

3.5 m 

5 m 

0.6 m 

1.4 m 

2.1 m 

2.9 m 
3.6 m 

4.4 m 

O1 O
2
 O

3
 O

4
 O

5
 O

6
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1 1.5 m 30 % 

2 1.5 m 20 % 

3 1.5 m 10 % 

4 2.0 m 30 % 

5 2.0 m 20 % 

6 2.0 m 10 % 

7 2.5 m 30 % 

8 2.5 m 20 % 

9 2.5 m 10 % 

10 3.0 m 30 % 

11 3.0 m 20 % 

12 3.0 m 10 % 

13 3.5 m 30 % 

14 3.5 m 20 % 

15 3.5 m 10 % 

Table 1: Test cases 

A FEM of the studied structure is created and employed to calculate Nm natural frequencies, n, and 

eigenvectors, n. The response, w(xo,t), at each measurement point is calculated by modal analysis. Modal 

coordinates are the result of the following set of independent equations [11-12]: 

 �̈�𝑛 + 2𝛿𝑛𝜔𝑛�̇�𝑛 + 𝜔𝑛
2𝑞𝑛 = 𝐹 ∫

𝜑𝑛(𝑥𝑜)

[𝑟0
2+(𝑥0−𝑈𝑡)2]

2 𝑑𝑥𝑜
𝐿

0
 (6) 

and the physical displacement is calculated by the following linear transformation: 

 𝑤(𝑥0, 𝑡) = ∑ 𝜑𝑛(𝑥𝑜)𝑞𝑛(𝑡)𝑁𝑚
𝑛=1  (7) 

The response computed by equation (7) is polluted by a random noise proportional to the 5% of the 

standard deviation of the signal. 

By ®MATLAB Wavelet Analyzer the CWT analysis of the response is carried out and the result is shown 

in figure 3.  

 

Figure 3: CWT Analysis of the response measured on O2 of the pipe damaged at 2 m  

The analysis is performed using the dmay basis function. The figure shows that only in correspondence of 

a reduced set of scales, i.e. from 200 to 1000, corresponding to the frequencies excited by the imposed 

load, the CWT highlights the presence of the damage (positioned at 2 m). 
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4 Results: discussion and validation 

The CWT analysis is performed for the 15 tests of table 1. As shown in figure 4, while in correspondence 

of the observation points close to the damage the CWT plot highlight the time instant at which the load 

crosses the damage, the analysis performed on the other observation points does not guarantee a clear 

identification of the damage position.  

 

Figure 4: CWT analysis of the responses of test 3 for the six considered observation points in 

correspondence of the selected frequency range. 

Figure 5 shows the indices A and J (equations (4) and (5)) for the considered test case. As expected the A 

index mitigates the effect of the spurious components, but it does not give good result in correspondence 

of the observation points O5 and O6 (see figure 2), where also a visual analysis of a human operator cannot 
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provide the damage position. Instead, the use of index J allows to identify correctly the damage position, 

in fact it can be noticed that also considering only the two observation points close to the boundary, whose 

signal is characterized by a lower energy content, it is possible to perform the identification. 

 

Figure 5: a) comparison of index A computed for each measurement point (test 3); b) index J (test 3) 

The results obtained for each considered test are shown if figure 6, where the red line highlight the local 

maximum of J that has the highest prominence. For all considered cases, J provides the correct position of 

the damage. 

In order to evaluate the effects of the relative position between the damage and the observation points it is 

analyzed the maximum value of the prominence of the index A computed for all considered observation 

points. 

Figure 7 shows the prominence value related to the distance between the observation points and the 

damage, for a damage amplitude of 10%. Since, the position of the damage and of the observation points 

are both symmetric, the trends of the first and the last graph and of the second and third one are quite 

similar, respectively. The prominence grows with the shift of the damage along the direction of the 

running load, a result in line with a previous work [6]. 

a) 

b) 
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Figure 6: J index computed for all considered tests of table 1. 
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Figure 7: Comparison of the prominence value related to the distance between the observation points and 

the damage 

5 Conclusions 

In this paper, a SHM procedure applied on a pipe charged by a flow is presented. An index 

obtained through the postprocessing of the CWT coefficients is here proposed, since the 

inspection of the CWT spectrogram does not guarantee a clear, robust and general localization of 

the damage. As shown, the proposed index is indeed able to highlight the instant in which the 

load cross the damaged section, and provides good results for all considered test cases (for 
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thickness reduction from 10% to 30% and different positions on the pipe length), also for a 

reduced number of measurement points, as low as 2.  

Unfortunately, the index does not allow quantifying the amplitude of the damage, as shown by 

the analysis developed for three different damage thickness, which is however a common 

problem of many SHM algorithms [2].  

The analysis of the prominence related to relative distance between the observation points and 

the damage points out that the proposed index is sensitive to this distance and highlights that the 

results are sensitive to the position of the damage, in respect to the travelling direction of the 

running load. The amplitude of the index grows indeed with the shift of the damage along the 

direction of the travelling load: the closer the damage to end of the beam, the larger the index.  

Acknowledgements 

This research is supported by grants from University of Rome “La Sapienza”. 

References 

[1] O. S.Salawu, Detection of structural damage through changes in frequency: a review, Eng. 

Struct. 1997; 19, 9, 718–723. 

[2]  S. W. Doebling, C. R. Farrar, M. B. Prime, A summary review of vibration-based damage 

identification methods, Shock Vib. Dig.; 30, 2, 91–105, 1998. 

[3] C.R. Farrar, D.A. Jauregui, Comparative study of damage identification algorithms applied to 

a bridge: I. Experiment. Smart Materials and Structures; 7, 704–719, 1998. 

[4] J.N. Yang, P.C. Chang, H. Fujitani, H. Li, Jr. B.F. Spencer, Y.L. Xu, F.G. Yuan, Structural 

control and health monitoring, Proceedings of International Conference on Advances and 

New Challenges in Earthquake Engineering Research; 3, 9–14, 2002. 

[5] N. Roveri, A. Carcaterra. Unsupervised identification of damage and load characteristics in 

time-varying systems. Continuum Mechanics and Thermodynamics, 27.4-5: 531-550, 2015. 

[6] N. Roveri, A. Carcaterra. Damage detection in structures under traveling loads by Hilbert–

Huang transform. Mechanical Systems and Signal Processing, 28: 128-144, 2012.  

[7] W.J. Staszewski, Structural and mechanical damage detection using wavelets. The Shock and 

Vibration Digest; 30, 6, 457–472, 1998. 

[8] M. Rucka, K. Wilde, Application of continuous wavelet transform in vibration based damage 

detection method for beams and plates. Journal of Sound and Vibration, 297, 536-550, 2006. 

[9] G.Kaiser, A Friendly Guide To Wavelets, New York, Birkhäuser, 1994 

[10] S. Milana, N. Roveri, A. Culla, A. Carcaterra, Structural health monitoring of a plate by 

continuous wavelet transform, Proceeding of Novem2018, 7-9 May 2018 Ibiza. 

[11] Meirovitch, Leonard. Elements of vibration analysis. McGraw-Hill Companies, 1975. 

[12] P.K. Kundu, I. M. Cohen, D. R. Dowling, Fluid mechanics (5th ed.). Waltham, MA 

Academic Press, 2012. 

STRUCTURAL HEALTH MONITORING 3933



3934 PROCEEDINGS OF ISMA2018 AND USD2018


