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Abstract 
 
 Failure of high-strength steel cables of prestressed-concrete structures (PCS) is becoming a 
serious problem, as the deterioration of structures progresses due to corrosion induced in severe 
environment as chloride attack. This attack is dangerous due to the fact that these cables are ten-
sioned at 80% UTS in concrete, so a stress-corrosion cracking (SCC) mechanism can be devel-
oped in this condition causing steel brittle failure without any external warning.  The applicabil-
ity of acoustic emission (AE) technique for evaluation and detection of SCC and localized corro-
sion of steel cables in simulated concrete-pore solution (0.01M of NaOH at high alkalinity) con-
taminated by chloride ions (0.1M) is studied. Tests performed in laboratory show that the crack-
ing process can be practically monitored by AE, as well as wires failure under constant load de-
formation. A novel analysis of AE parameters using the principal component analysis (PCA) is 
used to discriminate localized corrosion from SCC. Kmean is used first as unsupervised method, 
and to validate the clustering k-nearest neighbor is used as supervised method. Among this study, 
the AE monitoring of cable corrosion was proven to be useful under severe load condition. 
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Introduction  
 

In recent years, the deterioration of concrete structures such as bridges caused by the corro-
sion of pre-stressing cables has been a significant problem. Proper techniques for the inspection 
of damaged structures are important to make rational decision regarding rehabilitation, repair or 
replacement. Thus, the development of non-destructive techniques (NDT) to evaluate the degra-
dation by corrosion of pre-stressing cables in long-term service has been one of the most impor-
tant issues for effective maintenance programs.  

 
Several conventional NDT techniques such as electromagnetic testing have been applied to 

locate and determine corrosion severity. However, these techniques are ineffective because pre-
stressing tendons are buried deeply in the concrete or put in a plastic duct. Some works have 
been published on the application of in situ monitoring techniques of the corrosion process but 
few concerning non-destructive control methods [1- 5].  

 
However, knowledge about corrosion mechanism and the detection of localized corrosion 

and SCC of cables in concrete is insufficient. The reason is probably because the characteristics 
of these types of corrosion detected by non-destructive evaluation (NDE) techniques are still 
unclear. Consequently, this paper presents a study on determining the type of corrosion cracking 
by acoustic emission (AE). An acoustic emission is defined as the transient elastic wave gener-
ated by the rapid release of energy from a localized source or sources within the material. The 
elastic energy propagates as a stress wave (AE event) in the structure and is detected by one or 
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more AE transducers. AE events may be generated by moving dislocations, crack growth and 
propagation, plastic deformation, etc. AE differs from other NDT methods in two key respects. 
First, the signal has its origin in the material itself and is not introduced from an external source. 
Second, AE detects movements or strain, whereas most other methods detect existing geometric 
discontinuities or breaks. One of the main objectives of AE is to discriminate among different 
sources of damage; thereby attributing each emission to a particular source type or failure mode. 
The parameters analysis of an AE event evaluates and correlates AE features such as amplitude, 
counts, energy, peak frequency, etc. The classification of these parameters drives the investigator 
toward the correlation of the AE with the source. In the present study AE was used to monitor 
SCC of high strength steel tendons in chloride medium. 

 
High-strength steel cable (T13-7) was selected as the material in this work. Corrosive solu-

tion contaminated by 0.1M of chloride ions was used and to accelerate corrosion, a pit potential 
of 0.6 V/SCE was applied. Correlations of analyzed AE parameters were used to describe the 
corrosion characteristics and their mechanism. An unsupervised clustering analysis of selected 
AE parameters (counts, amplitude, duration, and rise time) was used after removing AE signals 
related to steel failure.  

 
      Two well-separated clusters, A and B, which correspond to two types of signals due to local-
ized corrosion propagation and sub-critical growth of the cracks were discriminated. To validate 
this classification a supervised method was used. With the help of AE analysis and fractographic 
observations it was possible to evaluate a crack propagation rate of 10-8 m/s. 
 
Experimental Method 
 
Material description 

Eutectoid cold-drawn steel wires (4.2 mm in diameter) were used. This steel has a fully ori-
ented fine pearlitic microstructure, which is fairly different from usual reinforcement steel bars 
(Fig. 1). The steel wires after drawing were treated for a few seconds at 400°C for stress relief. 
Due to the cold-drawing process, wires have the ultimate tensile strength (UTS) higher than 1800 
MPa, and a fracture elongation lower than 5% (Table 1). 
 

 
Fig. 1. AFM images of steel microstructures showing pearlite oriented to cold-drawn axis, and 
pearlite perpendicular to cold drawn axis. 
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Table 1. Chemical composition of major elements and steel mechanical properties. 

 
 
AE monitoring system and experimental results 

Acoustic emission instrumentation consisted of an acquisition card (MISTRAS) developed 
by Euro Physical Acoustics (EPA). Two wide-band WD piezoelectric transducers (namely, S1 
and S2), which have a frequency range from 100 to 1000 kHz, were employed. The electrical 
signal from each transducer was pre-amplified using EPA 1220A preamplifier with a gain of 60 
dB. The sampling frequency for data acquisition was 5 MHz. In order to eliminate external noise, 
two frequency filters were also used: a low-pass filter with a cut-off frequency at 20 kHz and a 
high-pass filter with a cut-off frequency at 1200 kHz. The threshold level was fixed at 26 dB.  S1 
and S2 were positioned respectively at 64 cm and 49.5 cm from the corrosion cell (Fig. 2a). For a 
better separation of AE activity generated during localized corrosion and SCC stages on steel 
surfaces the principal component analysis coupled to clustering algorithm were used.   
 

 
Fig. 2. Experimental device using during this study (a); Hit-time correlation and current density-
time correlation during SCC test (b). 
 
     The principal component analysis (PCA) is a mathematical algorithm used to reduce the di-
mensionality of a data set for compression, pattern recognition and data interpretation. The algor-
ithm projects, by a linear transformation, a p-dimensional data vector X into a new q-dimen-
sional data vector Z, containing what is referred to as the data’s principal components. 
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Given the data  with , and the new data vector 
 where Z1 is the linear combination of the original Xj (j =1, …, p) with 

maximal variance; Z2 is linear combination, which explains most of the remaining variance and 
so on. If the p-coordinates are a linear combination of q < p variables, the first q principal com-
ponents will completely characterize the data and the remaining (p – q) components will be zero.    
In addition, Kmean clustering algorithm is used for partitioning N AE data points into K classes. In 
this study, Noesis® software developed by Euro Physical Acoustics was used for AE data clus-
tering. 
 
     Corrosion processes of cables in chloride medium (0.1M of Cl-) was monitored by AE. Strand 
was exposed to a constant load, which was equal to 80% of its previously determined UTS. Steel 
fracture occurred at 61 h of the test (Fig. 2b). 
 
      The analysis of AE data shows a low number of hits from the beginning till 59 h of the test, 
since localized corrosion occurs throughout the surface of the material. Passive-layer breakdown 
at the beginning of the corrosion process and metal dissolution into the solution do not generate a 
detectable energetic AE activity [6-13]. Indeed, localized Corrosion is an electrochemical pro-
cess with cathodic and anodic half-cell reactions. At high alkalinity, pH 12, the anodic reaction 
(1) leads to the formation of iron cations, according to: 

                                                        (1) 

This reaction is balanced by the cathodic reduction of oxygen, which produces hydroxyl anions 
according to reaction (2). 

                                     (2) 

 
      The products of both reactions combine together and in a last stage they produce a stable film 
that passivates the reinforcing steel. The stability of this film depends essentially on the oxygen 
availability that controls reaction (2) and on the pH of the interstitial solution in the interface 
steel/solution. The passive film on iron steel surface is thermodynamically stable in the alkaline 
environment even when chloride ions are present. In this situation, corrosion tends to be local-
ized and chloride-induced corrosion initiation follows the model of pitting corrosion. It is a two-
stage process in which pit nucleation is followed by pit growth. Pit nucleation is accompanied by 
a local fall in pH and increase in the chloride content at the pit nucleation site. The local fall in 
pH renders the passive film locally unstable and the presence of chloride ions promotes the dis-
solution of iron and stabilizes the local fall in pH. These steps of localized corrosion are not suf-
ficiently energetic to be detected by AE. 
 
 The number of AE hits increased after 58 h when the SCC occurs on metal surface till the 
final failure of steel specimen. The question now is how to well discriminate localized corrosion 
from SCC? To answer this, the principal component analysis (PCA) is applied using NOESIS 
software after removing AE signals related to steel failure. 
 
 For a better separation of AE signals released during corrosion stages (localized corrosion 
and SCC) on steel surfaces, Kmean clustering algorithm is used. Step I in the classification analy-
sis consists of suppressing of AE parameters that have no physical significance (e.g., threshold, 
channel number...). In step II the most relevant AE parameters are identified by the determina-
tion of the correlation coefficient between parameters.  In Step III, the classification algorithms 
are applied on non-correlated AE parameters (e.g. amplitude, duration, counts, and rise time)



 258  

and to segment signals into several populations (Fig. 3). Step IV assesses and optimizes cluster 
validity based on minimization of Davies-Bouldin Rij criterion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Example of single link clustering of AE features according to NOESIS software. 
 

Kmean clustering is used as unsupervised method for data analysis. Figure 4(a) shows the pro-
jection of correlation matrix obtained by PCA, first principal components (PC1) versus zeroth 
principal components (PC0).  This plot clearly shows the presence of two well-separated clus-
ters, A and B, which correspond to 2 types of signals due to localized corrosion propagation and 
SCC. The class A presents low amplitude, low AE counts, short duration (see Fig. 4(b) to 4(d)) 
and a central peak frequency around 130 kHz (Fig. 5). This is in accordance with several studies 
reported in the literature [8-11]. Indeed, the breakdown of passive film formed on steel surface at 
high alkaline pH due to chloride attack in severe load condition and the propagation of localized 
corrosion, due to local acidification caused by concentrated chloride ions (0.1M) leading to Fe2+ 

release, does not generate sufficiently energetic AE waves.  
 
The class B presents higher amplitude, long duration and a large signal power spectrum 

(<400 kHz). Indeed, the typical steps in energy relaxation during SCC crack propagation are 
generally much larger than that during localized corrosion. Consequently, AE events generated 
by SCC have higher amplitude. To validate this classification, a test set using k-nearest neighbor 
(supervised method) is applied on selected AE parameters. In the k-nearest neighbor (kNN) algo-
rithm, the classification of a new sample is determined by the class of its k nearest neighbors. 
This method gives less than 2% error and confirms the existence of two well separated classes. 
Table 2 shows the feature-discriminated statistics of AE parameters. Based on AE monitoring 
(Fig. 2b) and microscopic observations (Fig. 6) a mean value of crack propagation Vp = da/dt of 
10-8 m/s can be estimated. Here, dt is calculated taking into account the propagation time (tf – ti) 
determined by AE monitoring and da is estimated from fractured steel surface equal to 3.2 mm 
(see Fig. 6). This crack propagation value is faster than the theoretical value obtained for this 
steel in air (2.3 x 10-13 m/s). This difference confirms the effect of corrosion on the deterioration 
of mechanical properties of the studied material.  
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Fig. 4. Projection of AE data: (a) PC1 and PC0 axes; (b) Correlation of amplitude versus AE 
counts; (c) Rise time versus amplitude and (d) 3D plot of AE counts, rise time and duration.  
 

Table 2. Feature discriminated statistics for PCA analysis for class A and B. 

AE parameters Wilk’s Rij Tou 

Amplitude 0.9647 0.031 49.675 
Counts 0.9816 0.088 20.666 
Duration 0.9978 0.279 7.009 
Rise time 0.9997 0.372 4.780 

 
According to SCC theory based on surface mobility, developed by Galvele, the crack ve-

locity, Vp will given by: 

                                           (3) 

where Vp is the crack velocity in ms-1, Ds the surface self-diffusion coefficient in m²s-1, L the 
diffusion distance of the adatoms or vacancies in m; σ the elastic surface stress at the tip of the 
crack in Nm-2, a the atom size in m; k the Boltzmann constant in JK-1; and T the temperature in 
K. The measurement of surface self-diffusion coefficients, in the presence of electrolyte, has 
proved to be very difficult, and no Ds values for metals in the presence of chloride medium are 
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found in the literature. To find a very crude estimate of Ds, the following equation, based in the 
work of Gjostein and Rhead can be used: 

        (4)                    

R is the gas constant (R=1.987 cal mol-1K-1), and Tm the melting point of the surface adsorbed 
impurity in K (magnetite). The theoretical value of Vp is 2.3 x 10-13 m/s. Vp value obtained in 
chloride medium at high alkalinity of pH = 12 is between 10-7 and 10-8 ms-1 according to our 
previous studies. SCC cracking generates a significant AE activity in comparison with the local-
ized corrosion, since the most dominate cracks process is transgranular (TG) (Fig. 7). 
 

 
Fig. 5. Corresponding FFT of three types of signals recorded during the test. 
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Table 2. Feature-discriminated statistics for PCA analysis for class A and B. 
 

AE parameters Wilk’s Rij 

Amplitude 0.9647 0.031 
Counts 0.9816 0.088 
Duration 0.9978 0.279 
Rise time 0.9997 0.372 

 

 
Fig. 6. Microscopic observation of fractured steel surface: (a) transverse section, (b) crack open-
ing. 
 

 
Fig. 7. Microscopic observations of fractured steel surface showing a ductile failure and trans-
granular (TG) cracks. 
 
Conclusions  

In laboratory, AE technique is powerful for the study of localized corrosion and stress corro-
sion mechanisms of prestressing strand in the presence of chloride ions at high alkaline pH. The 
unsupervised clustering analysis of AE data allows the discrimination of corrosion mechanisms, 
that is, localized corrosion and cracks growth due to stress corrosion.  
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The classification of clusters was made using k-nearest neighbor. Four AE discriminating 
feature were found, e.g., amplitude, rise time, AE counts and duration of collected signals. The 
analysis of power spectra of collected events show the presence of one peak frequency in the 
case of localized corrosion, a large frequency band in the case of SCC (< 400 kHz) and in the 
case of steel failure it is lower than 800 kHz. By means of AE monitoring and SEM it was possi-
ble to estimate a crack propagation rate of 10-8 m/s. 
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