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Abstract 
Corrosion of pre-stressing strands causes a deterioration of condition of civil engineering structures like bridges, 
therefore periodic inspections are necessary to prevent collapse of such structures. The corrosion of steel is a 
slow process however it can be well reproduced in the lab using accelerated corrosion process. Monitoring the 
amount of corrosion in a sample is of great importance to predict the integrity and the residual life-time of 
structures. The ultrasonic techniques were proposed as valid methods of analysing the data recorded during the 
monitoring. In this paper we show results of our experimental study and the application potential of ultrasonic 
techniques to analyse the effect of damage induced by accelerated corrosion on the linear and nonlinear elastic 
behaviour of a steel strands. These initial results show the possibility for the application of nonlinear ultrasonic 
testing methods for monitoring of condition of strands which are built into bridge girders. 
 
Keywords: Electrochemical corrosion, cracking, ultrasonic testing, linear and nonlinear behaviour, pre-stressing 
steel strands 

 
1. Introduction 
 

Many precast pre-stressed concrete beam bridges were built in the last century throughout 
world. Pre-stressed concrete with steel strands or rods is a building material closely associated 
with the advances achieved by building technology and is a widely used method of civil 
engineering structures. Although steel is usually protected against corrosion in concrete, 
prestressing steel can suffer stress corrosion.  
The life span of pre-stressed concrete infrastructures depends on the corrosion resistance of 
pre-stressing tendons. The cementations material constitutes a barrier against the ingress of 
aggressive substances to the steel surface. The high-alkaline pH of concrete pore solution 
around 12 keeps the steel in passive condition with an oxide passive film formed on the steel 
surface [1]. 
However, the diffusion of corrosive species such as chloride and sulphate from external 
environment through the concrete pores or voided grout in the sheath destroys passivity 
condition of pre-stressing steel and promotes its corrosion [2]. Another phenomenon, called 
concrete carbonation, induces the breakdown of the passive layer by reducing the pH value of 
alkaline pores solution [3, 4].  
The stress corrosion cracking (SCC) is the most dangerous strands corrosion form because it 
can cause the sudden and unexpected failure of steel cables without any externally visible 
indications [5]. In the past various failures of building structures attributed to SCC. In the 
present one of the best known is the collapse of bridge structure in Italy. Pre-stressing tendons 
are buried deeply in the concrete or put in plastic sheath hence corrosion tests based on 
electrochemical techniques used for reinforced bars are not effective. Acoustic tests are often 
used, among others, they could be based on either ultrasonic measurements [6] or acoustic 
emission approaches [7], sometimes applied in combination with other methods [8].  
This paper is a continuation of our previous work on detection and characterization of corrosion 
on concrete reinforcements [9, 10]. The goal of this contribution is to analyze the effects of 
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damage induced by corrosion on the linear and nonlinear elastic properties of a pre-stressing 
steel strand during the accelerated corrosion process. 

 

2. Tested object and accelerated corrosion procedure  
 

Commercially available seven-wire steel strand of 15.7 mm in diameter was subjected to 
accelerated corrosion process. The strand consists of a steel central straight wire surrounded 
by six helical wires (Fig. 1). 
  

 
 

Figure 1. Photo of tested seven - wires strand.  
 
The electrolyte used to perform steel corrosion was obtained by dissolving 30 g NaCl in 1 
litre of distilled water at room temperature. The corrosion cell was located in the centre of the 
strand and consisted of a cylindrical plexiglass tube of 60 mm diameter and 16 mm length, 
fitted with two caps at each side for exits for strand. The corrosion process was accelerated by 
the impressed current. A potentiostat/galvanostat was used for electrochemical experiments.  
In such tests, the anode (pole+) is the strand to be corroded and the cathode (pole-) an external 
electrode [11], in our case made of copper. The steel strand has been polarized under a 
constant current density j = 3 mA/cm2. This value has been used, because it allows a 
sufficiently short experiment. The strand central part of 50 mm length was only subjected to 
corrosion; remaining steel surface in corrosion cell has been coated with an electric insulator 
(Fig. 2).  

 
 

 
 

Figure 2. The strand equipped with corrosion cell. 
 
 



3. Experimental part 
 

The accelerated corrosion was intermitted and its consequences were analysed by use of linear 
and nonlinear methods. Measurements have been carried in four steps: before accelerated 
corrosion beginning and in periodical 14-daystime intervals (three steps) during the 
accelerated corrosion procedure (42 days). The linear and nonlinear elastic properties of the 
strand were interpreted from the recorded data. 
 

3.1 Linear measurements 

 

Impact-echo method based on the propagation of stress waves, which are generated by a 
mechanical impulse was used (Fig. 3). We determine the low-amplitude response of the 
strand and evaluate the changes in the linear material characteristics – resonance 
frequency/wave speed as a function of the corrosion procedure.  

 

 
 

Figure 3. The schema of arrangement used in the Impact-echo method. 
 

A short-duration mechanical impact, produced by tapping a hammer or a small steel ball 
against the surface of tested object, produces low-frequency stress waves that propagate into 
the structure and are reflected by flaws and/or external surfaces [12]. Reflected waves are 
recorded on the surface by a sensor in the form of a voltage signal. The resulting voltage 
versus time plot (time-domain realization) is digitized and fed into the memory of a computer, 
which subsequently carries out the frequency analysis of it. A time realization and the 
corresponding frequency spectrum are the results of this test. The predominant frequencies 
(which are represented by local maxima in the spectrum) may be associated with multiple 
reflections within the structure, carrying information on the structure integrity and defect 
localization. A mechanical impulse, provided in our case by a special hammer, and the sensor 
S was used to pick up the response (see Fig. 3). The measurements gave rise to frequency 
spectra of the specimen response to a mechanical impulse, as shown in Fig. 4.  
Dominant frequencies (denoted a, b, c, d) pertain to measurement results in gradual stages of 
the accelerated corrosion action. The longitudinal direction predominant frequency of strand 
with corrosion cell, before corrosion procedure beginning (intact strand: line-a), equals 4 050 
Hz. The diagram shows clearly that the predominant frequency values decrease with gradual 
strand corrosion. Table 1 summarizes frequencies of longitudinal oscillations for all 
measurements during the accelerated corrosion procedure. It is seen that the predominant 
frequency value, after 14 days, shifted to 3 360 Hz, which corresponds to a shift of value 690 
Hz. The predominant frequency value, after 28 days, shifted to 2 520 Hz, which makes, in 
comparison with frequency value of intact strand, a shift of value 1 530 Hz. Final 



predominant frequency shifted to 1 980 Hz, which makes a shift of value 2 070 Hz in 
comparison with frequency value of intact strand with corrosion cell. The experimental value 
of the longitudinal direction predominant frequency amounts 4 110 Hz for the intact strand 
without corrosion cell. This experimental value is comparable with theoretical calculated 
value 4 180 Hz.  
 

 
 

Figure 4.  Response frequency spectrum of the strand with corrosion cell: a – before corrosion procedure 
(intact strand), b – after 14 days, c – after 28 days, d – after 42 days. 

 
 

Table 1. Values of predominant frequency in dependence on corrosion stage 
 

Corrosion  

stage 

before corrosion 

(a- intact strand)  
b - after 14 days  c - after 28 days  d - after 42 days  

Predominant 

frequencies 
4 050 Hz 3 360 Hz 2 520 Hz 1 980 Hz 

 

 

3.2 Nonlinear measurements 

 

Nonlinear dynamic response may manifest itself in a variety of manners, in this study, 
nonlinear ultrasonic techniques were applied to investigate the amplitude dependence of the 
resonance frequency. The used method is a nonlinear frequency domain method, also termed 
single mode nonlinear resonant acoustic spectroscopy (SIMONRAS), and investigates the 
shift of the resonance frequency as function of the resonance amplitude.  
The experimental set-up and the testing of its component units have been described in detail 
[13, 14] and is briefly described here. The measuring apparatus consists of two principal 
parts, namely, a transmitting section and a receiving and measuring section. The transmitting 
section consists of four functional blocks: a controlled-output-level harmonic signal 
generator, a low-distortion 100 W power amplifier, an output low-pass filter to suppress 
higher harmonic components and ensure high purity of the exciting harmonic signal to exciter 
(denoted E in Fig. 5). The main chain of the receiving section includes an input amplifier with 
filters designed to minimize the receiving chain distortion and a band-pass filter amplifier. 
Having been amplified, the sensor (denoted S in Fig.5) output signal was fed into a Tie Pie 
Handyscope HS5 - XM 500 HM measuring instrument to be sampled and analyzed. For the 
purpose of improving the reliability and accuracy of the nonlinear experiments and 
minimizing the error effects the attention was focused to transmission between exciter (E) and 



sensor (S). A program package to control the measuring process, the data processing and 
evaluation makes an indispensable tool. The photo of the experimental arrangement is showed 
in Fig. 5. 
 
  

 
 

Figure 5. The photo of the experimental arrangement: E – exciter, S – sensor.  
 

An exciting impulse, provided in our case by an electrical harmonic sinusoidal signal, was 
applied at the exciter point E, a piezo-electric sensor S was used to pick up the response (see 
Fig. 5). In order to monitor frequency peak shift as function of the amplitude, four sweeps are 
made at successively drive exciting voltage values (12V, 10 V, 8 V, 6 V) over the same 
corrosion stage. The measurements gave rise to frequency spectra of the strand response to an 
electrical impulse as shown in Fig. 6 through 10. Fig. 6 corresponds to the first measurement 
results before corrosion procedure beginning, for voltage value 12V. The predominant 
frequencies occur in two frequency ranges as it is shown in this response frequency spectrum.  
 
 

 

 
Figure 6. Response frequency spectrum corresponding to the measurement before accelerated corrosion action; 

the whole frequency range. 
 



 
Following Fig. 7 shows detail of predominant frequencies. The first dominant frequency value 
equals 4 500 Hz for all exciting voltage values as is evident in graph B and  the second 
dominant frequency equals 15 700 Hz for all exciting voltage values as it is analogically 
apparent in graph C.  
 

 
 

Figure 7. Details of predominant frequency ranges correspond to four exciting voltage values. 
 
 
Next Fig. 8 corresponds to the second measurement; the strand was submitted to accelerated 
corrosion fourteen days. The predominant frequencies occur in the second frequency range 
only, as it is shown in diagram A. Diagram B shows the predominant frequency range in 
detail. It is seen that predominant frequency peaks depend on exciting voltage value. The 
predominant frequency value is 27 900 Hz for the highest voltage value 12 V.  Dominant 
frequency peak values successively growth with decreasing voltage value. The dominant 
frequency equals 28 300 Hz for the lowest voltage value 6 V, it corresponds to shift  of 400 
Hz in comparison with the highest exciting voltage value 12 V.  
  
 

 
   

Figure 8. Response frequency spectrum corresponding to the measurement after fourteen days accelerated 
corrosion action: A-the whole response frequency spectrum, B-detail of predominant frequencies. 

 
 

Fig. 9 analogically compares measurement results after 28 days of accelerated corrosion 
action. Dominant frequencies occur in the second frequency range again as it is apparent from 



diagram A. The predominant frequencies (diagram B) prove similar values as shown in Fig. 8, 
B. Dominant frequency pertains exciting voltage value 12 V is 26 800 and values of dominant 
frequencies growth stepwise with decreasing voltage value. Dominant frequency value 27 100 
Hz corresponds the lowest exciting voltage value 6 V. The frequency shift amounts to 300 Hz  
in comparison with the highest voltage value 12 V.  
 

 
 

Figure 9. Response frequency spectrum corresponding to the measurement after 28 days accelerated corrosion 
action: A-the whole response frequency spectrum, B-detail of predominant frequencies. 

 
 
Next graph in Fig. 10 (on the left) represents results of the last measurement after 42 days 
accelerated corrosion action. In this case the highest frequency amplitudes occur on the 
background level. At the end of the measurement, corrosion procedure was finished and 
resulting damage was visually inspected. The photo, in Fig. 10 (on the right), shows clearly 
consequences of accelerated corrosion action. The corroded part of the strand is covered by 
layer of rust and corrosion species. 
  
 

 
 

Figure 10. Response frequency spectrum corresponding to the 42 days accelerated corrosion action – on the left; 
photo of the strand at the end of the accelerated corrosion procedure - on the right.  

 
 

The strand appearance after removal of the rustyer is showed in Fig. 11. It is clear, from this 
photo that all six external wires corroded completely and the central wire (in middle part 
which was immersed in corrosion solution) was weakened and ruptured in a consequence of 
corrosion.  
 



 
 

 
 

Figure 11. Ruptured strand after removal of the corrosion layer. 
 
 
4. Conclusions 
 

In this paper we investigated the changes in linear and nonlinear characteristics of a pre-
stressing strand as damage is progressively induced by accelerated corrosion procedure. 
Measurements have been carried in four steps: before accelerated corrosion beginning and in 
periodical 14-daystime intervals (three steps) during the accelerated corrosion procedure (42 
days). In case of the linear characteristics measurements, we determine the low-amplitude 
response of the strand and evaluate the changes in the linear material characteristics – 
resonance frequency/wave speed as a function of the corrosion procedure. Frequency spectra 
showed that predominant frequency values successively decreased with accelerated corrosion 
action. Frequency spectrum corresponds to the last measurement showed the same trend 
without changes which were able to characterize strand rupture due to corrosion.  
In case of the nonlinear measurements, we investigated the shift of the resonance frequency as 
function of the exciting amplitude/exciting voltage value. Progressive damage of the strand 
produced the shift predominant frequencies in dependence on exciting amplitude. The 
accelerated corrosion procedure was ended when values of predominant frequencies (the last 
measurement after 42 days) appeared on background noise level. A visually inspection 
showed strand resulting damage: all six external wires corroded completely and the central 
wire was ruptured. High transmission loss was caused by strand damage due to corrosion 
procedure. The advantage of applied nonlinear ultrasonic method is that the increase in 
nonlinearity is the most sensitive indicator of cumulative micro-damage within a material in 
consequence of corrosion attack in comparison with applied linear characteristics.  
Further studies will be performed to exploit the possibility of using our approach to 
monitoring of condition of strands which are built into bridge girders. 
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