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Abstract 
Aim of this paper is the description and the comparison of two Structural Health Monitoring (SHM) 

techniques to identify a structural damage of a tower crane. First technique considers the natural 

frequencies and the mode shapes. Consequently, the damage is localized and quantified exploiting well-

known techniques, implemented in a Multi-Level Damage Identification Platform (MuDI). The second 

approach considers the displacement of some points of the crane due to the excitation of a running load. In 

this case, Continuous Wavelet Transform (CWT) is performed and, by analyzing the CWT coefficients, 

only the damage position is identified. This second approach requires few sensors and optimizes cost that 

is a relevant parameter in operational conditions. The obtained results of these two techniques are 

compared, together with their efficiency. 

1 Introduction 

Collapse of civil or industrial structures and malfunctioning of machines could have serious consequences. 

Structural Health Monitoring (SHM) is a procedure that aims at providing an efficient and continuous 

information, about the condition and the efficiency of the supervised structure. Many monitoring strategies 

have been proposed regarding both the experimental setup (i.e. choice, number and positioning of 

transducers, kind of excitation, etc.) and the measured data management. In this paper, two techniques are 

taken into consideration to localize a structural damage of a tower crane.  

The first approach considers natural frequencies and mode shapes to localize the damage and by a modal 

updating technique quantify its amplitude. A Multi-Level Damage Identification Platform (MuDI) 

performs the identification procedure. Multi-Level means that, each level of a damage identification 

process is informed by the previous, in order to decrease the number of the sought damage parameters. As 

an example, the concurrent application of different localization procedures leads to possible damage zones 

of the crane, then a model updating of possible damaged parameters (e.g. stiffness of some elements) 

obtains the damage quantification. The possible damage parameters are selected as a subset of all the 

possible model parameters, and this selection is informed by the localization level. In other words, the 

application of different localization methods makes the localization process more robust, with the 

consequence of limiting the number of parameters to be updated in the damage quantification [1-5]. 

The second approach is based on the Continuous Wavelet Transform (CWT) of the structure response 

signal. CWT highlights the singularities of a signal, because its coefficients show a maximum in 
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correspondence of these singularities. Since, the response of a structure excited by a running load shows 

anomalies when the load crosses the damage, because the elastic waves are reflected by the structure 

discontinuity, this irregularities can be detected analyzing the CWT coefficients [6-11].  

In this paper, a finite element model (FEM) allows to calculate natural frequencies and mode shapes of the 

damaged and undamaged test structure. The first technique uses directly the modal parameters so 

obtained. However, we must consider that in operative conditions mode shapes and natural frequencies 

have to be identified by some modal identification techniques (e.g. OMA) and it involves the use of a 

large number of sensors. 

The second approach uses natural frequencies and mode shapes to calculate the response at some 

observation points when a running load, the carriage movement along the jib, is simulated. The analysis of 

the CWT coefficients allows identifying the damage position, but it does not allow quantifying the damage 

size. The convenience of this approach, in operative conditions, lies on the use of few sensors, because it 

needs the structure responses and not the modal parameters of the structure. This one optimizes cost that is 

a relevant parameter. 

2 MuDI approach  

First of the two approaches employed in this paper for damage identification consists in using a Multilevel 

Identification Platform, named MuDI [1]. Damage identification using MuDI is a process based on three 

steps corresponding to the first three levels of damage identification defined by Ritter [2]: 

• level 1: damage presence; 

• level 2: damage localization; 

• level 3: damage quantification. 

First level is approached by the frequency shift technique proposed by G. Hearn and R.B. Testa [3]. The 

required data are the natural frequencies of both damaged and undamaged structure together with the 

mode shapes of the undamaged one. The fundamental assumption of this formulation, correct for most of 

the civil and industrial structures, is that degradation of a structure has significant effect on its stiffness, 

but negligible variation of its mass. For each element of the structure, the characteristic ratio of equation 

(1) is calculated: it represents a prediction of modal frequencies change occurring when that element is 

damaged:  
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In equation (1) ∆𝜔𝑖 is the variation of the ith natural frequency, 𝐾𝑁 is the stiffness matrix of the Nth 

element, 𝑀 is the mass matrix and 휀𝑁(Φ𝑖) are the displacements induced by the ith mode shape in the Nth 

element. 

Presence of damaged elements is verified by comparing this characteristic ratio with the ones calculated 

from the measured frequency shift in the structure.  

Through the minimization of the mean square error defined in equation (2), the presence of the damage is 

estimated for each element: 
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where M is the total number of elements. 

Besides the presence of damage, a first approximation of damage location is also obtained. 

The second method implemented corresponds to level 2 and is based on the formulation of A. K. Pandey 

et al. [4]. Since, different damages can cause the same frequency shift, this method is supposed to give a 

better estimate of damage position than the estimate valued by the techniques based on natural 
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frequencies. The authors proposed the use of a parameter based on mode shape, the mode curvature, in 

order to identify the correct position of the structural damage. Once this parameter for both damaged and 

undamaged structure is known, this method allows localizing the damage. 

The mode shape curvature is numerically computed at each monitored point, using a central difference 

approximation with the displacements of the adjacent points: 

 𝑣𝑖
′′ =

(𝑣𝑖+1−2𝑣𝑖+𝑣𝑖−1)

ℎ2  (3) 

h is the length of the element. The damage is then localized near the points that maximizes the difference 

 𝛥 = |𝑣𝑖𝐷
′′ − 𝑣𝑖𝑈

′′ | (4) 

where the subscripts D and U mean damaged and undamaged, respectively. 

The third implemented method, level 3, quantify the damage. It requires a FE model of the undamaged 

structure in order to perform an updating of a selected group of parameters. The goal of this procedure is 

to minimize the difference between the damaged structure modal data set and the corresponding 

undamaged one. The implemented formulation is the one given in [5] for iterative least squares 

procedures. 

3 Case of study: multilevel damage identification of a tower crane 

In this section, the MuDI damage identification procedure is performed on a tower crane. The structure 

consists of 105 steel pipes with a square cross section of 0.1 m side length and thickness of 0.01 m. The 

steel type is classified as S355, according to the National Italian Code. 

The FEM of the crane consists of 105 frame elements, modeling the steel bars, and 55 nodes (figure 1). 

 

Figure 1: Finite Element Model of the tower crane 

The monitored nodes, assembled in the Group 1 inside of the FE model, are those on the upper current of 

the cantilever truss beam, as shown in figure 2. 
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Figure 2: Selection of the monitored points 

The FEM model of the crane tower is imported in MuDI software, so that its data can be correctly 

acquired by the platform. 

In order to start with damage identification, natural frequencies and mode shapes of undamaged structure 

were calculated. A damage is simulated in the frame 98, between the nodes 47 and 48 (figure 3), by 

reducing its cross-section area of 20%. Then, natural frequencies and mode shapes of the damaged 

structure are calculated also for this new damaged configuration of the crane model.  

 

Figure 3: Damaged element 

The result of the damage identification level 1 shows that the area around the seventh element, which 

corresponds to the frame 98, is the one with the highest damage index. As said before, the result is 

obtained by comparing the measured ratios (Fig. 4) and the characteristic ratios (Fig. 5) of the first three 

vibration modes, related to the first frequency.  

 

Figure 4: Result of the damage identification level 1 

After, also damage identification level 2 is performed and the node 48, belonging to the Group 1 (the 

monitored points), is identified as that damaged. 
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Figure 5: Result of the damage localization level 2 

The MAC index between damaged and undamaged mode shapes is calculated for the first three vibration 

modes. It can be noticed that the same order modes are perfectly correlated. The correlation between the 

first and the second mode is very high ad almost equal to one, because the two mode shapes of the 

monitored side of the structure are very similar (see figure 6). 

 

  MAC 

D
am

ag
ed

 

m
o

d
es

 1 1 0.98 0.43 

2 0.98 1 0.42 

3 0.42 0.41 1 

  1  2 3 

  Undamaged modes 

Table 1: MAC index for the first three vibration modes 

a) 

b) 

 c) 

 

Figure 6: a) first, b) second and c) third mode shape 

The two levels performed allowed to select the most likely damaged elements. These elements were 

renamed as Group1, Group2, Group3, Group4, Group5 (figure 7). Damage quantification is performed 

through an iterative process: it consists in updating a multiplier parameter of the cross section area of each 

selected element and making a comparison between the natural frequencies and mode shapes of the 

damaged structure model and of the updated model. The process of model updating is stopped once a 

combination of parameters that minimizes the difference between the two models is reached.  
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Figure 7: Most probable damaged elements  

As shown in figure 8, modal updating is able to find the multiplier that reduces the cross section area of 

the imposed percent reduction. 

 

Figure 8: Results of model updating 

In order to test the sensitivity of the proposed method, the 98th frame is divided into four sections (figure 

9) and a damage is imposed in the first of them by reducing its cross section area of 20%. The process of 

damage identification is performed again. The results of the first two levels of damage identification show 

negligible differences respect to the previous test case. 

 

Figure 9: Structure with the divided 98th frame  

After model updating is performed on a group of possible damaged elements (figure 10). 

 

Figure 10: Defined groups for model updating of the second test case 

Damage quantification results are less precise with respect to the previous case. Nevertheless, the 

damaged frame is identified and the reducer multiplier is estimated. This estimation is 0.9352, by using an 

error tolerance of 1x10-6 and 0.8542 with an error tolerance of 1x10-10. This happens because the software 

stops to update the model when the error is smaller than the tolerance. 

MuDI approach is performed again with a damage of 10%. In addition, in this case the level 1 and level 

2give almost the same results of the previous cases and the model updating shows a good estimation of the 

reducer multiplier: 0.9367. 
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4 CWT theoretical background: wavelet analysis and damage 
detection method 

In this section, the background of the damage identification method based on CWT is discussed. 

CWT of a one-dimensional signal f(t) is defined by the following equation [7]: 

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

𝑠
)  𝑑𝑡

+∞

−∞
 (5) 

where ψ(t) is called mother wavelet, �̅� is its complex conjugate, and it has the following two properties: 

 ∫ 𝜓(𝑡)𝑑𝑡 = 0  ,
+∞

−∞
∫ |𝜓(𝑡)|2 𝑑𝑡 <  ∞

+∞

−∞
 (6) 

The mother wavelet function can be scaled and expanded by the parameter s and it can be translated by the 

parameter τ: 

 𝜓𝑠,𝜏(𝑡) =  |𝑠|−𝑝 𝜓 (
𝑡−𝜏

𝑠
) (7) 

Symbol 𝐶𝑠,𝜏 indicates the wavelet coefficient, which depends on the s and τ parameters. 

Wavelets are band-limited functions and the convolution integral is equivalent to a band-pass filter. The 

parameter τ localizes the wavelet and the parameter s is proportional to the inverse of the wavelet Fourier 

spectrum central frequency. 

Wavelet analysis allows detecting instantaneous changes in a signal. In fact, a relationship exists between 

the number of vanishing moments of a particular wavelet and the identification of a discontinuity in a 

function, or within any of its derivatives [6-11]. 

The identification of damage is carried out identifying the maxima of the wavelet coefficients at different 

scales. The elastic waves travelling in a structure are partly reflected by the local structural variation due 

to a localized damage. A perturbation in the structure response is observed and it appears as a peak of the 

wavelet coefficients: its time duration is correlated to the adopted scale parameter. Unfortunately, a 

general and robust procedure cannot be based only on a peak finder algorithm, because boundary effects 

and other disturbances can be appear and corrupt the analysis result. 

The damage identification procedure based on CWT needs the response of the structure at certain 

observation points. Here, these responses are not measured, but they are calculated by the normal modes 

obtained by a FEM. In our case, the number of modes used to find the physical response is very relevant. 

In fact, the singularities in the signal of the structure displacement due to the presence of a damage can 

emerge only if the normal modes combined to construct the response show these singularities. Therefore, 

it is essential to arrange a suitable FEM mesh and a linear combination of modes up to a convenient order. 

More simply, the linear combination can be stopped not before the first mode showing these singularities 

and the FEM mesh must be sufficiently thick to be representative of this higher order mode. Clearly, these 

considerations are necessary having to work with numerical models and they would be transparent to an 

analysis of experimental responses. 

Hence, the eigenvalues and the eigenvectors, n, are computed by an FE model quiet similar to that used 

by the MuDI approach and they are employed to compute the response, w(xo,t), when the structure is 

excited by a running load [12]. 

The considered load travels on the upper elements of the crane with velocity v = 0.025 m/s and it is 

simulated by a Gaussian distribution as follows: 

 𝐹 = 𝑎 ∙ 𝑒
− 

[𝑥−(𝑣𝑡)]2

𝑐2  (8) 

with amplitude a =5 and width c = 0.5 

The generalized coordinates of the response, qn, are calculated by the set of independent equations 

below: 
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 �̈�𝑛 + 2𝛿𝑛𝜔𝑛�̇�𝑛 + 𝜔𝑛
2𝑞𝑛 = 𝑎 ∙ ∫ 𝜑𝑛(𝑥)𝑒

− 
[𝑥−(𝑣𝑡)]2

𝑐2 𝑑𝑥
𝐿

0
  (9) 

and the physical displacement is: 

 𝑤(𝑥0, 𝑡) = ∑ 𝜑𝑛(𝑥𝑜)𝑞𝑛(𝑡)𝑁𝑚
𝑛=1  (10) 

The displacement of equation (10) is polluted by a numerical random noise proportional to the 10% of the 

standard deviation of the signal. 

5 CWT results 

The CWT analysis is performed using ®MATLAB Wavelet Analyzer tool in correspondence of the four 

observation points of table 2. 

Point O1 O2 O3 O4 

Position 16 m 21.6 m 27.2 m 32.8 m 

Table 2: Observation points in CWT analysis. 

The analysis is performed considering the load travelling on the upper elements of the crane (from the 

beginning to 52 m) and the simulated damage is a reduction of 20% of the cross-section area between the 

nodes at 24 m and 28 m (as shown in figure 3). As can be notice from the CWT analysis results of the 

undamaged and damaged structure, shown respectively in figure 11 and figure 12, the presence of damage 

can be easily identified for almost all the observation points without the knowledge of the undamaged 

structure. 

 

Figure 11: CWT analysis of undamaged structure 

The analysis is performed in correspondence of the frequency range excited by the considered load, indeed 

in this range of scales the CWT transform highlight the discontinuity introduced by the presence of the 

damage. 

The results in figure 12 show that the needed number of observation points is lower compared to the 

MuDI method shown in the previous sections, but cannot be less than two. In fact, considering only the 

first observation point the CWT analysis does not allow to identify the presence of the damage. 
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Figure 12: CWT analysis of damaged structure  

Figure 13 shows the comparison of the coefficient lines, of all considered scales, calculated in three 

different conditions: the undamaged structure, the structure with a reduction of cross-section area equal to 

the 10% and with a reduction of cross-section area equal to 20%. 

 

Figure 13: Comparison of the coefficient lines of the undamaged and damaged structure obtained from the 

CWT analysis of the response measured at 21.6 m.  

As expected, the amplitude of the coefficients in correspondence of the damage increases with the severity 

of the damage itself. 
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6 Conclusions 

Two structural damage identification techniques are studied. The MuDI approach uses natural frequencies, 

mode shapes and an updating technique to localize the damage and to quantify its severity. The CWT 

approach allows identify the damage position by the response of the structure. The analysis is performed 

by numerical data, the results of a test structure FEM. Both the approaches give good results and they are 

compared together with their efficiency. 

It is important to focus on some limitations and advantages of the two methods. MuDI gives a complete 

identification of the damage, localization and quantification. On the contrary, in operative conditions it 

needs a high number of sensors to identify the natural modal parameter of the structure by an operational 

modal analysis technique. CWT localizes the damage and it does not quantify its severity, but in operative 

conditions, it needs a few number of sensor, because this approach uses the structure response and it does 

not need natural frequencies and mode shapes. This observation leads to consider the possibility of using 

the two approaches in cascade: CWT localizes the damage more efficiently; MuDI can take advantage of 

the CWT localization in order to quantify it. 
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