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Abstract 

This chapter presents applications of the roving mass technique associated to Wavelet 

transforms in damage identification and localization, in beam-like structures, using numerical 

and experimental data, the research works developed at the Graduate Programs of Integrity 

of Engineering Materials and Structures and Civil Construction of University of Brasília.  
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1 Introduction 

Structural pathologies or even structural collapse are often initiated by cracks in 

structural members. Structural damages must be identified in its initial state before 

compromising the integrity and service life of the structure. However, in its initial state, 

a crack is relatively small making it difficult to detect changes in the dynamic 

properties. Moreover, there are situations where damages may be hidden due to external 

cover façade, finishing, or skinning of buildings, bridges, etc. turning the detection of 

damages a difficult process. Therefore, auxiliary tools to indicate possible existence of 

damages are always welcome. 

 Aktan et all (1997) introduced the firsts concepts of structural identification. 

However, methods for identifying cracks, based on the changes of dynamic properties 

of bridges and buildings, are not very well effective and practical. Moreover, depending 

on the size of the surface crack, a crack can be detected using traditional technique like 
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the visual inspection. However, it is not possible to visually identify cracks when the 

structure surface is covered, insulated or located in unreachable locations. To overcome 

these difficulties, numerical/computational techniques have been under development 

(Breysse et al., 2008; Schabowicz, 2010) thus enabling quick decision-making process 

concerning the minimization or elimination of damages.  

 From the point of view of safety and economy, the detection of damages 

especially in bridges is an important issue. It is essential to perform periodic inspection 

to detect changes in the structural stability (Radzieński, Krawczuk and Palacz, 2011). 

Recent research on the technical literature shows that many damage identification 

algorithms were developed using dynamic characteristics, especially in the frequency 

domain (Doebling et al., 1996). In general, these techniques use comparisons between 

the intact and damaged response of the structure. Techniques based on Wavelet 

Transforms can overcome this limitation. Such techniques have been applied over the 

years and have been presented satisfactory results (Wang and Deng, 1999; Law et al., 

2005; Ren and Sun, 2008; Liu, Li and Zhang, 2009; Mikami, Beskhyroun and Oshima, 

2009; Palechor et al., 2014). 

 The purpose of this report is presents applications of the roving mass technique 

associated to Wavelet transforms in damage identification and localization, in beam-like 

structures, using numerical and experimental data. The research works was developed at 

the Graduate Programs of Integrity of Engineering Materials and Structures and Civil 

Construction of University of Brasilia. The numerical analysis models damage beams 

by Timoshenko FE model with additional mass. And the experimental essay applies 

non-stationary forces signal to excite commercial profiles of steel beams simply 

supported (close to real situations). 

 Firstly, Section 2 presents a description of the roving mass technique and a 

dimensional analysis of principal parameters. Section 3 carries out a numerical analysis 

using Timoshenko FE model combined with wavelet transform. Finally, section 4 

presents experimental results of a steel beam obtained in Vibration Laboratory of 

Dynamical Systems Group developed by Graduate Programs of Structures and Civil 

Construction and Integrity of Engineering Materials of University of Brasília. 

2 Roving Masses Technique 

 Damage identification may be seen as an inverse problem of identification of a 

system whose input signals and output signals are known, but the geometry of the 

damage location and shape are unknown (Ticona Melo et al., 2016). This means that the 

purpose of damage detection is to describe a damage in an existing structural model, 

based on output data obtained experimentally (dynamic response) from specific input 

signals. It is often desirable to detect irregularities or changes in structure response, 

considering properties that have been altered by the presence of the damage in the 

structure. 

 Studies of identification of damage in structures using an auxiliary mass have 

been done (Mermetas and Erol, 2001; Zhong and Oyadiji, 2008; Zhong, Oyadiji and 

Ding, 2008; Erwin Ulises Lopez Palechor et al., 2018; Palechor, Bezerra, Morais, et al., 

2019; Santos et al., 2019). This technique consists of the application of an additional 

mass along the length of structure to magnify the effect of the discontinuities. 
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 In free vibration case, the Euler-Bernoulli beam’s motion equation beams is 

described by follow expression, 

𝐸𝐼
𝜕4𝑢

𝜕𝑥4
+ [𝜌𝐴 + 𝑚𝑎𝛿(𝑥 − 𝐿𝑑)]

𝜕2𝑢

𝜕𝑡2
= 0, (1) 

where 𝐸 and 𝜌 are Young modulus and density, respectively, cross-sectional area 𝐴, 

beam length 𝐿, 𝑢 is the transverse displacements (and acceleration 𝑢̈), and 𝑚𝑑 is the 

damage mass. 

 To obtain the dimensionless of Euler-Bernoulli beam equation, we assume 𝑢 =
𝛿𝑢𝑢̅, (beam static deflection 𝛿𝑢), 𝑥 = 𝐿𝑥̅ and 𝑡 = 𝑇𝑡̅ = 𝑡̅ 𝑓𝑛⁄  (𝑓𝑛 = 1/𝑇 is the 

fundamental frequency) in which 𝑢̅, 𝑥̅, and 𝑡̅ are dimensionless parameters. 

4𝜋2

𝛽4
𝑢̅𝐼𝑉 + 𝑢̈̅ +

𝑚𝑑

𝜌𝐴𝐿
𝑢̈̅𝛿 (𝑥̅ −

𝐿𝑑

𝐿
) = 0, (2) 

where, the dynamic characteristic of beam is described by the parameters 𝛽 (done by 

expression 2𝜋𝑓𝑛 = (𝛽2 𝐿2⁄ ) √𝐸𝐼 𝜌𝐴⁄ ) and function of boundary conditions), mass 

discontinuity 𝑚𝑑 and its position 𝐿𝑑. For the present analysis, the damage beam is 

characterized by the presence of mass discontinuity to simulate an open crack, i.e., a 

rigidity discontinuity. Santos (2019; 2020) shows the correspondence between mass and 

rigidity discontinuity for small values.  

  Frequency-shift curve is the modal frequency of damage beam (with mass 

discontinuity for this analysis) as function of a roving mass along essayed beam. Zhong 

Oyadiji (2008) and Zhong Oyadiji and Ding (2008) shows the possibility to determine 

damage location in beam-like structures by discontinuity in curvature of frequency-shift 

for first frequencies. Palechor et al. (2014; 2018; 2019) use Discrete Wavelet Transform 

(DWT) to evidence discontinuity in frequency-shift curves with good results. 

3 Numerical Damage Identification in Beam-like Structures with Roving 

Masses Technique 

 This work section presented a numerical study of additional mass spatial probing 

identification technique using DWT of frequency shift curves of damaged Timoshenko 

FE 2-nodes beam (Santos et al., 2019; Santos, 2020). Simply supported and free-free 

beams was analyzed for two damage mass, ¼ and ½ of beam span. WDR index is 

proposed to analyze the magnitude of the damage. 

 Numerical analyses of an aluminum beam with geometric and material 

properties are presented in Table 1. 
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Table 1: Geometric and material properties of the aluminum beam. 

Characteristics of the beam 

Mass [g] 385,33 

Length [m] 395,00 

Base of the cross-section [m] 19,00 

Height of the cross-section [m] 19,00 

Cross section area [mm²] 361,00 

Moment of inertia [mm4] 1,09.10-4 

Modulus of elasticity [GPa] 66,66 

Shear modulus [GPa] 24,18 

Density [kg/m³] 2702,27 

Poisson’s ratio 0,33 

  Free-Free (F-F) and Supported-Supported (S-S) boundary conditions are studied. 

The damage was simulated as discontinuity mass positioned at half and a quarter span 

from left support, respectively, L/2 and L/4 (Figure 1). 

 

Case 1 Case 2 

  

Case 3 Case 4 

  

Figure 1: Beam cases with different boundary conditions and damage positions. 

3.1 Frequency-Shift Curve 

  The frequency-shift technique was applied for three first modal frequencies for 

each case. Using a roving mass 𝑚𝑎 of 2% of total beam mass 𝑚𝑡, the frequency-shift 

curve was used to determine a discontinuity mass 𝑚𝑑 varied from 1% to 10% of 𝑚𝑡. 

Figure 2 and Figure 3 shows the frequency-shift curves for F-F and S-S beams, 

respectively, as function of discontinuity mass 𝑚𝑑. It was observed the influence of the 

structure's mode shape. But, also, it was observed minor variations in frequency-shift 

L/2

m d

L/4

m d

L/2

m d

L/4

m d
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curve when discontinuity mass is located at a nodal point (Figure 2b1, Figure 2a2 nd 

Figure 3b1). 

 

Case 1 Case 2 

(a1) (a2) 

(b1) (b2) 

(c1) (c2) 

Figure 2: Frequency-shift fn(x/L)/max (fn(x/L)) function of ma position in F-F beams (cases 
C1 and C)2: (a) first frequency, (b) second frequency and (c) third frequency. 
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Case 3 Case 2 

(a3) (a4) 

(b3) (b4) 

(c3) (c4) 

Figure 3: Frequency-shift fn(x/L)/max (fn(x/L)) function of ma position in S-S beams (cases 
C1 and C)2: (a) first frequency, (b) second frequency and (c) third frequency. 

3.2 DWT of roving mass (𝒎𝒂) and damage mass (𝒎𝒅) relationship 

For a discontinuity mass located at middle span of F-F (C1) and S-S (C3) beams, using 

the bior6.8 mother wavelet, the influence of the additional mass 𝑚𝑎 on the frequency 

shift curve is studied. To define a useful metric, it is proposed wavelet damage ratio 

(WDR) that relate damage level by the ratio between damage signal 𝑆𝑑 and base signal 

𝑆𝑏 (Figure 4).  

Palechor, Erwin U. L., et al. (2022)                                Roving Mass & Wavelet to Structural Damage Detection and Localization pp. 881-898

In Jorge, Ariosto B., et al. (Eds.) Fundamental Concepts and Models for the Direct Problem, Vol. 2, UnB 887



 

Figure 4: WDR index determination using the wavelet functions bior6.8. 

  The WDR index is expressed by equation, 

𝑊𝐷𝑅[𝑑𝐵] = 20𝑙𝑜𝑔10 (
𝑆𝑑

𝑆𝑏
), (3) 

in which 𝑆𝑑 and 𝑆𝑏 corresponds, respectively, to the maximum absolute value of DWT 

coefficient at damage position and without singularities positions, as shown in Figure 4. 

Figure  and Figure 6 present frequency-shift curve for 1 and 10% damage relative to 

roving masses of 1, 2 and 5% additional mass. 

(a) (b) 

Figure 5: Frequency-shift curve of C1 beam as function of roving mass 𝒎𝒂  

for damage mass 𝒎𝒅 of 1% (a) and 10% (b). 

(a) 
 

(b) 

Figure 6: Frequency-shift curve of C1 beam as function of roving mass 𝒎𝒂  

for damage mass 𝒎𝒅 of 1% (a) and 10% (b). 
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  Figure  show WDR index for additional mass of 5% with a slight tendency to 

saturation. Figure 6 present the same tendency in this regard. Increasing of roving mass 

does not improve the damage perception, i.e., an increase in WDR. 

3.3 Final Comments on the Numerical Example 

 The frequency-shift curve makes possible detect and locate a damage using only 

damaged response, eliminating comparison to an intact response. The proposition of 

WDR index as a metric to reduce frequency-shift curve to a value need more analysis. 

The damage perception was not increased with more roving mass. Palechor (2013) have 

the same impression in his experimental study. But it is necessary more numerical and 

experimental observation about this question. 

4 Experimental Damage Identification in Beam-like Structures with 

Roving Masses Technique 

This work presents the application of an identification methodology based on the 

analysis of the dynamic properties of simply supported steel beams. Beams here are 

submitted to the action of additional masses that can generate progressive changes of 

the natural frequencies (Mermetas and Erol, 2001; E. U.L. Palechor et al., 2018). The 

change in the structural stiffness due to the existence of damage in the beam may not be 

so evident. Therefore, in this research, the Wavelet Transform is used to help in the 

process of locating possible stiffness changes due to damages (Rizos, Aspragathos and 

Dimarogonas, 1990; Mermetas and Erol, 2001; Kotambkar, 2014; Khoa and Quang, 

2016). This research also presents experimental tests results on steel beams with 

simulated damages. The experimental tests were carried out in the Laboratory of 

Vibrations of the Department of Mechanical Engineering in the University of Brasília. 

Even though the experiments were conducted within the laboratory, the size of the 

beams tested corresponds to small commercialized steel beams available in the market. 

  The additional mass placed on the beams were small steel plates fixed with 

braces and bolts. The assembly of the added masses is schematically shown in Figure 7. 

 

 

(a) Additional Mass 

 

(b) Additional Mass 

 

(c) Steel plate to add mass. 

Figure 7: Additional mass on the beam. 

  Figure 8 show schematic representation for location and characteristics of 

induced damage on essayed beams. The additional masses (M) add together 3.366 kg 

for Case C1 and 24.718 kg for Case C2. 
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(a) Case C1 

 

(b) Case C2 

Figure 8: Schematic representation of Damage Position for Cases 1 (a) and 2 (b) 

 

 Figure 9 shows details of the test scheme assemblage the steel beams in the 

Laboratory of Vibration and Dynamics of Systems of the University of Brasília. 

 

 (a)  (b) 

Figure 9: Experimental setup of simply support beam: (a) general view of essayed beam, 
and (b) detail of measurement points (discretization of 20cm). 

 To ensure simple support (Figure 10a), two plane plates and a roller were used 

to allow displacement only in the x direction. For the hinged support (Figure 10b), two 

20 cm
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grooved plates with a roller were designed to restrict the translation in all direction, 

permitting only rotation. 

 

 

(a) Left Support. 

 

(b) Right support. 

Figure 10: Detail for simple support at steel beam ends. 

 In order to carry out the dynamic tests the following tools are used 

accelerometers PCB 352C34 and PCB352C33, modal hammer PCB 086C0 (with steel 

tip) and NI cDAQ + NI 9187 + LabView software as data acquisition. 

 

The experimental procedure follows the steps below for each roving mass position: 

• Step 1: the experimental specimens were subjected to impact load (modal 

hammer) applied in middle span (Figure 11). 

 

 

Figure 11: Impact modal analysis for beam essayed with roving mass. 

 

• Step 2: Force and acceleration dynamic signals was acquired by NI+Labview 

signal conditioner (Figure 12). This modal impact test was carried out four 

times. Exponential ad force windows were applied to acceleration and force 

signal, respectively, to reduce leakage effect. Force and acceleration temporal 

signals were saved for posterior treatment. 

• Step 3: Estimation of inertance response of force and acceleration dynamic 

signals by a Matlab script. First modal frequencies were accurately identified 

performing a weighted average of values around a peak detected in spectrum 

response. 

Uz=0Uy=0

Y

Z

X

Ux=0

Ux=0
Uy=0

Y

Z

X
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Figure 12: LabView control panel. 

 The frequency resolution is very important to determine frequency variations 

due to additional mass location along essayed beam. Thus, several parameters are 

necessary configure to be able the analysis of dynamic signals: analyzed data size (N), 

acquisition rate (∆t) and sampling frequency (Fs). The best results were obtained with 

the following parameters: (a) 𝐹𝑠 = 1653 𝐻𝑧, (b) ∆𝑡 = 0.000605 𝑠, and (c) 𝑁 =
16384 (214). 

 Once inertance FRF estimated (Figure 13), the peaks correspond to firsts modal 

frequencies are identified for each roving mass position. After the peak identification, 

the estimated modal frequency 𝑓𝑛,𝑒𝑠𝑡 is performed a weighted average of frequencies 

around the lobe of spectrum frequency (National Instruments, 2009). 

𝑓𝑛,𝑒𝑠𝑡 =
∑ 𝑃𝑜𝑤𝑒𝑟(𝑖) 𝑖 ∆𝑓

𝑗+𝑚
𝑖=𝑗−𝑚

∑ 𝑃𝑜𝑤𝑒𝑟(𝑖) 
𝑗+𝑚
𝑖=𝑗−𝑚

  (4) 

where, 𝑗 is array position of frequency peak and 𝑃𝑜𝑤𝑒𝑟 (𝑖) represents the amplitude 

value of FRF spectral line.  

 Once the corrected frequencies are obtained, these values are plotted to 

compound the frequency-shift curve. The discretization of essayed beam for roving 

mass position was done by 20 cm. For C1 and C2 beams (5m and 6m long), 

respectively, there are 26 and 31 positions for the roving mass. The frequency-shift 

curve are interpolated to obtain a vector with a larger number of data and thus calculate 

the wavelet coefficients as described in Palechor et al. (Palechor, 2013; Palechor, 

Bezerra, Morais, et al., 2019; Palechor et al., 2022). 
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Figure 13: Example of inertance FRF spectrum for essayed beam with a roving mass. 

 In the frequency domain, the peaks corresponding to the first natural frequency 

of the structure are identified. Figure 13 shows an example inertance FRF spectrum 

with/without application of the exponential window. Noise reduction and signal 

stabilization are clearly visible due to the use of the exponential window. 

4.1 Experimental Results of Case C1 

 Figure 14 represents the frequency-shift curve for first frequency of case C1 

beam. This graph corresponds to first frequency of C1 beam as function of roving mass 

position along its 26 measured nodes. The added mass used was 3.266 kg, positioned on 

each node. 

 

 

Figure 14: Frequency-shift curve for first frequency of beam C1. 

In Figure 14, the dashed line represents the FRF peak frequencies. The dotted line is 

estimated frequency using Equation (4). And the solid line is the cubic spline 
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interpolation of estimated frequency (Erwin Ulises Lopez Palechor et al., 2018; 

Palechor, Bezerra, Morais, et al., 2019; Palechor et al., 2022). This numerical 

interpolation obtains best fits signals to damage location. 

 Figure 15 are the DWT of frequency-shift curve using four mother wavelet 

functions (sym6, rbio2.6, db5 and bior6.8). It can be observed a group of spikes 

between nodes 8 and 9 and between nodes 23 and 24 which matches to damage located 

at 1.5m and 4.5m, respectively. This last one shows less prominent, but still noticeable. 

Such peaks are big enough to be seen compared with the other peaks exists. 

 

 

(a) symlet 6 

 

(b) rbio 2.6 

 

(c) db5 

 

(d) bior 6.8 

Figure 15: DWT first frequency using (a) symlet 6, (b) rbio2.6,  
(c) db5 and (d) bior 6.8 mother wavelets. 

 

4.2 Experimental Results of Case C2 

 Figure 16 represents frequency-shift curve for first frequency of case C2 beam. 

This graph corresponds to first frequency of C2 beam as function of roving mass 

position along its 31 measured nodes. The roving mass used was 24.718 kg, positioned 

on each node. 
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Figure 16: Frequency-shift curve for first frequency of beam C2. 

 Figure 17 presents the DWT of frequency-shift curve using four mother wavelet 

functions (sym6, rbio2.6, db5 and bior6.8). It can be observed a group of spikes 

between nodes 25 and 27 and between nodes 28 and 29 which matches to damages 

induced. The techniques of signal interpolation with the cubic spline in the frequency 

domain and the method of main lobe correction showed good results. 

 

 

(a) symlet 6 

 

(b) rbio 2.6 

 

(a) db6 

 

(b) bior 6.8 

Figure 17: DWT first frequency using (a) symlet 6, (b) rbio2.6,  
(c) db5 and (d) bior 6.8 mother wavelets. 
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4.3 Final Comments on the Experimental Example 

 This section presented experimental results using roving mass technique to 

locate damages in essayed beams with simulated open cracks. Measuring of 

fundamental frequency of essayed beams with an added mass positioned along it. Two 

cases were analyzed: case C1 and C2, respectively, with 5m and 6m. Both beams are 

commercial steel I-section. The damage is responsible for pronounced peaks clusters on 

DWT coefficients of frequency-shift curve. 

 The experimental results illustrate the roving mass methodology for damage 

identification based only on structure damaged response. According to Rytter 

classification (Palechor, Bezerra, de Morais, et al., 2019; Silva et al., 2019), this method 

has level II, i.e., determine damage location but not damage quantification. The 

amplitudes of the wavelet coefficients can vary even if the same beam and damage are 

used in the same test since the signal processing is affected by the noise signal present, 

but the coefficients wavelets do not stop generating larger amplitudes in the regions 

proximate to the damage location. 

 

5 Conclusions 

This chapter presents applications of a non-destructive method called roving mass 

technique. This technique based on the frequencies shift using an additional roving mass 

presented coherent results for the two cases that were investigated (free-free and simply 

supported beam). This response-only technique, associated to Wavelet transforms, carry 

out damage localization in beam-like structures using numerical and experimental data. 

It was possible to locate the damage presence due to a discontinuity in modal frequency 

curve along beam. Also, it is possible to observe that the bigger the damage, the bigger 

this variation. The research works is developed at the Graduate Programs of Integrity of 

Engineering Materials and Structures and Civil Construction of University of Brasília. 

 Different mother wavelet functions (db5, coif3, sym6, and bior6.8) were 

analyzed with a better signal to noise ratio.  

 Finally, the proposed methodology has shown promise as it only needs to 

analyze the dynamic data of the damaged structure to successfully localize the damage, 

unlike other techniques that require the intact and damaged response.  
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