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Abstract 
 

Wavelet entropy and power were calculated for acoustic emission (AE) signals obtained from 
scratch tests on hot dip galvanized samples with different corrosion levels. Wavelet power was 
distributed in different frequency bands, according to damage mechanisms. The frequency bands 
were automatically obtained by an innovative method that consisted in searching for the relative 
minima of the wavelet entropy of signals and the subsequent application of a clustering algo-
rithm. The damage evaluation entailed studying the evolution of the wavelet power in a specific 
frequency band, which corresponded to the fracture of the zeta-phase columns of the galvanized 
coating. Results showed damage to increase along with the level of corrosion.  
 
1. Introduction 

 
The early detection of corrosion in galvanized steel used as reinforcement in concrete struc-

tures is crucial in monitoring the condition of concrete structures in different environments and 
under different load circumstances. The identification of damage processes by acoustic emission 
(AE) has proven very effective in many applications [1-4]. AE through signal processing can be 
applied on-line as a non-destructive technique on remote or inaccessible parts of a structure. This 
approach is rooted in the broad field of pattern recognition and damage detection in materials 
and structures. 

 
The present paper is within a program destined to evaluate the adherence of commercial gal-

vanized coatings with varying depth, working under different load and corrosion conditions (see 
[5, 6] and included references). Wavelet transform (WT) was applied to AE signals coming from 
scratch test (ST) on corroded galvanized steel. The aim was to identify damage mechanisms 
through the assignment of a few concise and precise parameters to different coating damage 
processes, and then use some of them to evaluate damage. 

 
With this purpose in mind, hot-dip galvanized samples were corroded in a salt chamber and 

then submitted to ST. Damage mechanisms involving deformation, fracture and/or extraction of 
the different phases that conformed to the corroded coating, briefly denoted in [5] as oxide, chlo-
ride, eta phase and zeta phase, were identified. WT results were adequately obtained as time-
frequency AE patterns, which revealed that AE power was distributed in five frequency bands. 
Consequently, the evolution of AE wavelet power in different frequency bands was carefully 
compared with SEM and EDX observations along scratches, which permitted the assignment of 
one mechanism to each band. In particular, signals due to corrosion and non-corrosion mecha-
nisms could be easily separated; different mechanisms coexisted along the ST.  
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 In the present paper we present and exhaustively explain a new automated method to assign 
frequency bands to damage mechanisms based on wavelet entropy considerations. Once the 
bands are obtained for different scratches, a damage evaluation criterion is applied. We face the 
problem of adherence evaluation in non-corroded and corroded samples; corrosion levels 1, 2 
were considered.  
 
2.  Experimental 
 
 The preparation of hot-dip galvanized samples (50 mm x 20 mm x 4 mm plates) involved the 
procedure described in [5]. Samples were hot-dip galvanized at 450ºC for 3 min, after which 
some were submitted to corrosion. 
 

     
Fig. 1. Transversal cuts of samples. Left: T0; centre: T1; right: T2. 

 
 In the present study we compare results for material that was either not corroded (level 0) or 
corroded up to two corrosion levels (1, 2). Results are given for one sample of each type since 
general results coincide. According to the corrosion level (0, 1 and 2), samples are respectively 
named as T0, T1 and T2. The mean coating thicknesses were 152, 158 and 166 µm, in that order. 
T1 and T2 were respectively corroded for about 900 h and 1800 h in a salt mist chamber to simu-
late a marine environment, and afterwards they were cleaned with an ammonia hydroxide water 
solution (150/850 ml). Sample T0 was left as cast and was taken as a reference. Figure 1 shows a 
transversal cut of each sample. The coating of sample T0 appears quite homogeneous. The Zn-Fe 
phases, gamma (very thin), delta (well defined and homogeneous), zeta (columnar grains) and 
eta (almost pure Zn), are observed from steel to Zn (top). The interior part of the coating of sam-
ple T1 remained largely unchanged, and only the top of the eta phase was affected by corrosion. 
Corrosion also affected the eta-zeta two-phase region of the coating of sample T2. As was stated 
in [5], corrosion products are a mixture of a Zn oxide and a hydrated Zn chloride. 
 
 Two scratches were performed on each sample, according to the procedure described in [5]. 
STs with AE were performed under controlled conditions using a device that consisted of a 
loaded probe with a diamond indenter moving linearly along the sample at constant speed, and 
with linearly increasing force (0-150 N) over 180 s; the scratch length was about 1 cm . The pie-
zoelectric sensor was in the 100-1000 kHz range, signals were pre-amplified (60 dB), the thresh-
old was at 25 dB and digitization was at 4 MHz/16 bits. In addition to digitizing the signal, the 
AE system entails the measurement of pertinent hit parameters, where a hit is defined as each 
signal that surpasses the threshold.  
 

We denote the n-th AE signal recorded along the test as sn(t), with n = 1…Nr. The total num-
ber of registers (Nr) depends on the sample and the scratch that corresponds to each ST. If Δt = 
2.5 10-7s is the sampling period, sn(k) corresponds to sn(kΔ t) with k = 1…N ; it thus denotes the 
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k-th sample of the signal sn(t). In our case, 4000 data were recorded for each AE signal, which 
means N = 4000 for all signals.  

 
The supra-index n is related with the position along the scratch. If Tn is the instant, at which 

the AE signal sn(t) was captured, the corresponding position on the scratch is given by xn = vTn , 
where v is the speed of the diamond indenter. At the beginning of the ST time is initialized to 
zero, and at the end it is set at Te = 180 s. We emphasize that two temporal scales are involved. 
One is designated with lower case t to measure time in each register, which ranges within 0 – 1 
ms, and the other is designated with capital T that measures time among registers, ranging within 
0 - 180 s. 

 
For practical reasons, we use the relative position in %, Xn(%), on the scratch instead of the 

real position xn. Thus, the relative position where the signal sn(t) is captured is at Xn(%) = 100 
(Tn/Te).  
 

 a)  b) 

  c) 

Fig. 2. Details of the central part of scratches. Top left: T0; top right: T1; bottom: T2. 
 
 SEM and EDX observations showed in [5] that the failure mechanisms in the non-corroded 
samples (such as sample T0) were the slippage of the eta phase and the breakage of zeta phase 
columns with eventual ulterior extraction of the zeta phase cracked particles. Other mechanisms 
besides the aforementioned appeared when corrosion was considered as for samples T1 and
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T2—namely, the transversal cracking of the oxide phase and the interfacial cracking and extrac-
tion of the chloride particles. Figure 2 shows the central part of scratches in the three samples. 
For samples T1 and T2, we can observe transversal oxide cracks in the middle of scratches and 
extracted chloride particles (white and sized in the order of microns) at the borders. The density 
of transversal cracks is higher for sample T2. 
 
3.  Damage Mechanisms Identified by WT Parameters  
 
3.1. Visual frequency bands obtained by wavelet power 

AE is a non-stationary process, i.e. the power spectrum changes with time, where short and 
long-time phenomena coexist. For this reason a scale-time procedure like the WT [7] is an ideal 
tool for managing data. The synthesis and analysis formulas are respectively displayed in (1) and 
(2) for the register n:  

 (1) 

where  

       (2) 

are the coefficients that constitute the WT; sub-index k corresponds to time displacement (in our 
case as previously mentioned 1 ≤ k ≤ 4000) and sub-index j corresponds to scale, which is asso-
ciated with frequency (in our case 50 ≤ f ≤ 600 kHz). Moreover, ψjk(t) is the displaced and di-
lated version of a wavelet ψ(t). The ψjk(t) set is an orthonormal basis of functions with finite en-
ergy.  
 

 
Fig. 3. AE signals coming from scratch 1 of samples:  Left (T0; s1432(t)); centre (T1; s704(t)); right 
(T2; s1096(t)). 
 

Continuous wavelet analysis does not directly provide the time-frequency analysis of the sig-
nal; it considers dilation and translation factors for continuous time and time-scale parameters, 
where the scale can be correlated with frequency (the correspondence depending on the wavelet 
employed). At the same time, the best wavelet basis depends strongly on the physical process 
involved. For this reason, we used the AGU-Vallen Wavelet software [8] designed for AE sig-
nals and based on Suzuki’s work [9], where the mother function is a Gabor (Gaussian) wavelet. 
The Gabor wavelet choice was made for different reasons: it is suited to the AE phenomena and 
the scale-frequency correspondence is provided, as is clearly explained in [9]. Furthermore, 
when WT with different bases (Haar, Gaussian, Symmlet, Daubechies) was applied to signals in  
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Fig. 4. WT maps from signals of Fig. 3: a) (T0; X1432=80.3 %); b) (T1; X704=80.9 %); c) (T2; 
X1096=81.0 %). 
 
previous work [6], we found that the scales where information was pertinent were essentially the 
same.  

 
Continuous wavelet analysis does not directly provide the time-frequency analysis of the sig-

nal; it considers dilation and translation factors for continuous time and time-scale parameters, 
where the scale can be correlated with frequency (the correspondence depending on the wavelet 
employed). At the same time, the best wavelet basis depends strongly on the physical process 
involved. For this reason, we used the AGU-Vallen Wavelet software [8] designed for AE sig-
nals and based on Suzuki’s work [9], where the mother function is a Gabor (Gaussian) wavelet. 
The Gabor wavelet choice was made for different reasons: it is suited to the AE phenomena and 
the scale-frequency correspondence is provided, as is clearly explained in [9]. Furthermore, 
when WT with different bases (Haar, Gaussian, Symmlet, Daubechies) was applied to signals in 
previous work [6], we found that the scales where information was pertinent were essentially the 
same.  
 

Our results after applying the software [8] were obtained as time-frequency patterns where 
different colors were assigned to the different power intensities. Numerically, a matrix of 
squared absolute values of WT coefficients was assigned to each signal register; the number of 
rows and columns was determined by the register duration and the sampling frequency. Each 
matrix is graphically represented by a wavelet map that represents the AE power distribution in a 
color scale, increasing from blue to red, with one color assigned to each rectangle determined by 
time-frequency intervals. Figure 3 shows some examples of registers, and their corresponding 
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wavelet maps are seen in Fig. 4. We observe that AE power is distributed in a number of fre-
quency bands.  

 
On the basis of visual observation of the total wavelet maps like those presented in Fig. 4, the 

entire frequency range B0 =[50-600] kHz, was divided into three frequency bands, which were: 
B1 = [ 50-200] kHz 
B2 = [200-350] kHz 
B3 = [350-600] kHz. 
 

Due to results such as those shown in Fig. 4, one of the parameters that proved successful in 
identifying damage was related with the wavelet power for frequency interval j for each register 
defined by: 

                (3) 

We used the same parameter defined in [5], the frequency location of the wavelet-power maxi-
mum. As different mechanisms coexisted, we studied the evolution of primary, secondary and 
tertiary maxima occurring in the previously defined B1, B2 and B3 frequency bands. We followed 
a special procedure in order to determine the position of these maxima: if the first maximum 
corresponded to one of the bands, the second was the one that fell in one of the other two bands; 
so that for the third maximum only one band remained as a possibility. Second and third maxima 
were only considered if their amplitude was higher than 80% of the amplitude of the first maxi-
mum. Primary, secondary and tertiary maxima for the n-th register are respectively named as 

,   and . For the frequency positions of these maxima, it holds that jmax1∈Bm1, 
jmax2∈Bm2 and jmax3∈Bm3, where m1, m2 and m3 can take the values 1, 2, or 3. Thus, one, two or 
three maxima can be assigned to each register sn(t), respectively located at jmax1; jmax1 and  jmax2; 
or jmax1, jmax2 and jmax3. The procedure is summarized in the flow chart displayed in Fig. 5.  

 

 
Fig. 5. Flow chart 1, which summarizes the frequency location of WP maxima. 
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The frequency location of maxima versus the relative position Xn (%) is shown for each regis-
ter in Fig. 6. The present study includes two levels of corrosion. The important finding is that the 
procedure was successful for corrosion levels 0, 1 and 2. In all the cases it can be seen that the 
different maxima were distributed in narrower frequency bands than the three initially proposed 
B1, B2 and B3. A set of five frequency bands was finally obtained, as can be seen in Fig. 6. We 
denote them in lower case, as b1 - b5 to distinguish them from the initially defined bands B1-B3.  

 

 
Fig. 6. Position of the primary, secondary and tertiary maxima of WP. Upper: T0 (Left: scratch 1; 
Right: scratch 2); centre: T1 (left: scratch 1; right: scratch 2); lower: T2 (left: scratch 1; right: 
scratch 2). 
 
 The correlation between the visually obtained b1 - b5 frequency bands and failure mechanisms 
established in [5] was based on careful SEM, EDX and XRD observation of the coatings, before 
and after the STs. In this way the obtained classification was:  
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 b1: [100] kHz: Deformation by slippage of the eta phase (mechanism A). 
 b2: [100-150] kHz: Extraction of the cracked zeta particles by zeta-eta interfacial sliding 
(mechanism B).  
 b3: [150-160] kHz: Cracking of the columnar zeta phase (mechanism C). 
 b4: [210-270] kHz: Transversal cracking of the oxide phase (mechanism D). 
 b5: [≈500] kHz: Extraction of chloride particles by oxide-chloride interfacial cracking 
(mechanism E). 

 
3.2. Automated frequency bands obtained by wavelet entropy  

The classification of AE signals in frequency bands b1 - b5, based on wavelet power con-
siderations, is visually noticeable. Nevertheless, it is not suited for introduction in on-line dam-
age detection algorithms. Moreover, the position and the width of the frequency bands that iden-
tify the mechanisms varied somewhat among different samples and even among different 
scratches on the same sample. This has to do with the rheological status of the coatings, i.e. the 
level of internal stresses. In [10] Reumont et al. have clearly shown that internal cracks form 
during galvanization following internal stresses, due to the different properties of phases; this 
also happens in the corroded coatings. So, the specific value of the characteristic frequency could 
suffer some variation for different samples and also for different scratches of the same sample.  
 

For these reasons, an improved automated clustering method, based on entropy consider-
ations, was applied to each ST. Less explained results were previously presented in [11, 12]. For 
entropy, we used the Shannon-Weaver definition [13]; (4) is the version adapted for wavelets. 
Formulas (4) and (5) allow us to obtain the entropy  for scale j (frequency interval related with 
j) for each register sn(t). 

               (4) 

where Nj is the number of coefficients involved at level j (in our case Nj is always N) and  is 
given by: 

                           (5) 
 
The concept of information entropy appears in different fields dealing with complex systems 

and with different definitions, including the description of the dynamic behavior of complex sys-
tems [14], in deconvolution filters [15], or as an estimator for blind source separation [16]. 
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Fig. 7. Entropy versus frequency curves corresponding respectively to the signals of Fig. 4. 
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In our case, entropy is a parameter that represents the degree of intrinsic order or degree of 
organization of the signal: a relatively low entropy value indicates the existence of a structure 
recognizable in the elementary wavelet patterns. Contrarily, a high entropy value indicates the 
lack of a simple and identifiable structure. We used these concepts to divide the total frequency 
band into different bands. When we examine different wavelet power maps as those shown in 
Fig. 4, we observe a structure in certain frequency bands, and a quasi-uniform distribution in 
others. Entropy takes lower values for the frequencies, for which a structure is found. 

 
Fig. 8. Map of relative entropy minima in the frequency-Xn (%) plane. From left to right: scratch 
1 of samples T0, T1, T2. The limits of bands are shown. 

 
Applying (4), for each register located at relative position Xn(%), we obtained an entropy-

frequency function; this calculation was carried out for all the frequencies of the entire band B0. 
Figure 7 shows as examples the entropy-frequency curves corresponding to the three particular 
registers shown in Fig. 3. In these curves we notice several relative minima located for each reg-
ister n at frequencies . Note that a number of different values of are obtained for each 
register. Thus, it is possible to collect a set of relative minima  in a map of points in the fre-
quency-Xn % plane. Figure 8 shows these results for scratch 1 of samples T0, T1 and T2. It can 
be seen that these points, corresponding to entropy relative minima, are roughly organized in 
frequency bands for the three samples. 

 
In order to improve the separation in frequency bands, a K-means clustering method was ap-

plied to the points, using the subroutine “kmeans” of the statistics toolbox of MATLAB [17] 
(which uses a two-phase iterative algorithm to minimize the sum of point-to-centroid distances 
[a,b]). We applied the procedure in two-steps in order to eliminate the high frequency dispersion 
of the [>500] kHz band. First, we clustered all the points corresponding to the entire band B0 in 
three bands, thus obtaining (in an automated form) the bands b5, b4 and bl, bl being the lowest 
frequency band (note that B0 = b5+b4+bl). Second, the points in band bl were clustered in three 
bands, thus obtaining automatically the bands b1, b2 and b3 (note that Bl = b1+b2+b3). The whole 
procedure is summarized in Fig. 9, which displays flow chart 2.  

 
Table 1 shows the bands b1 - b5 automatically obtained for both scratches of samples T0, T1 

and T2. Note that the automated bands b1 - b5 are now re-defined with respect to those obtained 
visually, which were shown in Section 3.1. The values now obtained are seen to be similar, al-
though they vary from one ST to another.  
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Fig. 9. Flow chart 2, which summarizes the bands b1-b5 automatically obtained by searching the 
entropy relative minima. 
 
Table 1. Frequency bands obtained by the automated clustering of entropy relative minima for all 
STs. 
ST (sample, 

scratch) / 
band (kHz) 

T0, s1 T0, s2 T1, s1 T1, s2 T2, s1 T2, s2 

b1 [50-100] [50-100] [50-90] [50-100] [50-100] [50-100] 
b2 [100-150] [100-160] [90-130] [100-140] [100-140] [100-140] 
b3 [150-200] [160-210] [130-170] [140-190] [140-190] [140-190] 
b4 [200-400] [210-410] [170-380] [190-390] [190-380] [190-380] 
b5 [400-600] [410-600] [380-600] [390-600] [380-600] [380-600] 

 
4. Coating Damage Evaluation 
 

Damage is necessarily related with the number of broken atomic bonds, while AE power is 
connected with the strength of these bonds, which could be affected by the corrosion level, but in 
a way not easily elucidated. Below we propose a method for evaluating damage based on the 
evolution of the number of cracked zeta phase columns over the ST. It was shown in Section 3 
that mechanism C, cracking of the columnar zeta phase, which corresponds to band b3, is the one 
affecting the deepest region in the galvanized coating over the ST, both in corroded and non- 
corroded samples. This encouraged us to seek a method suited to evaluate the number of broken 
zeta phase columns over STs for different corrosion levels.  

 
Consequently, we calculated the relative wavelet power for each record in band b3, , de-

fined as 

               (6) 

  
Figure 10 shows this parameter along the two scratches carried out on samples T0, T1 and 

T2. Note the presence of very different features for corroded and non-corroded samples, with a 
very different density of maxima in each case. We considered the location of the maxima (i.e., 
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Fig. 10. for scratch 1 (upper) and scratch 2 (lower). From left to right, samples T0-T2. 

 
the location of peaks) in the curves shown in Fig. 10 to be directly related with the location of 
damaged zeta phase columns. This is justified by a simple calculation: The width of the columns 
is about 6 µm, as can be observed in Fig. 1. Similar values are obtained for the inter-maxima 
distance, because the total length of scratches was around 1 cm.  
 

For this reason, the density of maxima was calculated in small and finite intervals of AE 
registers (i.e., the local density of maxima). To this end we determined the mean number of rela-
tive maxima with values surpassing a threshold, set at 0.001, for a given number of AE consecu-
tive registers (we opted for 5). This density was assigned to the five AE registers of the same 
interval. The results in Fig. 11 illustrate this density of  maxima versus the relative position 
along the scratch, for the two STs and the three samples. The features are seen to be very differ-
ent for the corroded and non-corroded samples. Clearly, higher values of density of maxima 
are obtained for corroded samples than for non-corroded samples, and values increase along with 
the level of corrosion.  
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Fig. 11. Density of maxima for scratch 1 (upper) and scratch 2 (lower). From left to right, 
samples T0-T2. 

 
However, results were even more significant when we calculated the cumulative number of 

the maxima with values higher than the 0.001 threshold. This parameter is plotted versus 
the relative position along the scratch in Fig. 12. Note that some steps took place at some Xn(%) 
values for scratches on sample T0. It can also be seen that both the qualitative and quantitative 
features in Fig. 12 are certainly very different for corroded and non-corroded samples. The quan-
titative evaluation of damage can thus be defined straightforward by means of this parameter. 
The first line in Table 2 shows the total number of the maxima (directly related with the total 
number of damaged zeta phase columns) in each ST for samples T0, T1 and T2. It clearly in-
creases in conjunction with the corrosion level.  

 
Somewhat arbitrarily, we defined the critical damage point (CDP) on each scratch as the 

point in position %, at which the number of cumulative maxima is 40. Results for all STs and 
samples are shown in the second line of Table 2. Note that the CDP shows a decreasing trend 
according to corrosion level. 

 
Thus, the correct ascription of frequency bands to different mechanisms, the selection of the 

frequency band that corresponded to the deepest located damage mechanism, and the definition 
of an appropriate parameter to quantify damage both permitted the evaluation of damage evolv-
ing over STs and allowed us to establish the difference corresponding to corrosion level. 
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Fig. 12. Cumulative number of maxima for scratch 1 (upper) and scratch 2 (lower). From 
left to right, samples T0-T2. 
 
Table 2. Total number of WP maxima in band b3 and Critical Damage Point (CDP) for scratches 
1 and 2 corresponding to samples T0-T2 

  
ST (sam-

ple,scratch)  
T0, s1 T0, s2 T1, s1 T1, s2 T2, s1 T2, s2 

Total number of 
WP maxima in 

band b3 

104 90 136 157 171 192 

CDP 
 (position %) 

61 55 40 42 42 29 

 
 Some of the results have been previously summarized in Refs. [11, 12], but some more de-
tails and references regarding entropy calculations and the criterion to evaluate damage are given 
in the present paper. We understand that the supply of these details is important. This is because 
the present paper renders a twofold purpose. On the one hand it deals in evaluating damage in 
galvanized steel analysing AE signals. On the other hand it intends to go further in the route of 
searching for regularities in the evolution of some parameters that connect damage and AE. 
These regularities could be useful in a future complete theory that is still lacking. 
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5.      Conclusions 
 

In the line of previous work, specific frequency bands were assigned to different failure 
mechanisms applying the WT to AE signals coming from STs on corroded and non-corroded 
galvanized coatings. The damage identification procedure was improved by using an entropy 
criterion and a clustering method. 

 
Damage evaluation was performed defining new parameters related with the transversal frac-

ture of the zeta phase columns. The parameters were connected with the evolution of certain pa-
rameters over STs. They were: the wavelet power in the corresponding frequency band, the den-
sity of maxima of this function, the cumulative number of maxima, and a critical damage point, 
defined at the position on the scratch, at which a given number of maxima were cumulated. The 
CDP showed a clearly decreasing trend in relation with the level of corrosion. 
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