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Abstract 

The current tendency to increase the lifetime of reinforced concrete (RC) structures creates concerns about their 

serviceability and safety. Reinforcement corrosion is the most common deterioration process in RC and can 

severely decrease the structural capacity. Assessing the structural capacity of corroded structures remains an 

important issue to maintain structural safety and to achieve more targeted repairs. On-site quantification of damage 

and related structural reliability requires advanced non-destructive techniques to evaluate the damage and efficient 

methods for structural health monitoring. This paper presents the initial results of an experimental campaign on 

corroding RC beams. Beams with a length of 3 m are subjected to local accelerated corrosion while being observed 

with the acoustic emission (AE) technique and vibration-based monitoring (VBM). AE investigates the damage 

progress and location of concrete cracking. When cracks are formed, the stress redistribution in the material causes 

elastic waves, which can be recorded by piezoelectric transducers at the surface of the beam. Analysis of the AE 

parameters and waveforms is carried out to localise and characterise the corrosion-induced damage sources. 

Additionally, VBM observes the change in modal parameters of the beams, extracted from data measured by 

accelerometers. These changes can be linked to a loss of stiffness in the structure, which is closely related to a 

decrease in structural capacity. It is shown that the local (AE) and global (VBM) monitoring techniques supplement 

each other, as they are most effective in different phases of corrosion damage progress, and both the damage 

process and the loss of stiffness can be observed. 
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1 Introduction 

At present, the need for efficient, reliable and accurate monitoring techniques to detect 

reinforcement corrosion in existing concrete structures is high. A large number of reinforced 

concrete (RC) structures are reaching the end of their designed lifetime, which increases the 

risk of severe corrosion damage. Furthermore, chloride-induced corrosion could be considered 

as the most hazardous degradation mechanism because of two main reasons. On the one hand, 

chloride-induced corrosion is the most frequently occurring degradation mechanism [1]. On the 

other hand, this type of damage can lead to pitting, a very local reduction of the reinforcing bar 

(rebar) diameter, which can result in sudden and unexpected decreases of the structural capacity 

[2, 3]. Since large economic and societal losses are generally at stake when civil structures 

become deteriorated, it is necessary to investigate, monitor and assess corroding concrete 

structures. 

  

Several techniques are already developed with the aim to detect and monitor corrosion in RC 

structures. These techniques can be divided into various categories: electrochemical methods, 

optical methods, elastic wave methods and electromagnetic methods [4-7]. Each of these 

techniques has their own advantages and disadvantages, and performs best during certain 

phases of the structure’s lifetime. Therefore, it is recommended to combine several techniques 

and consequently improve the robustness and accuracy of the results. This research investigates 
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the combination of the acoustic emission (AE) technique and vibration-based monitoring 

(VBM). Both techniques are compatible since they complement each other’s limitations and 

excel at different aspects.  

 

AE sensing can be used to monitor the initiation and propagation phase of the corrosion process 

and investigate the damage mechanism on a local scale. The AE technique has been used in the 

literature with the aim to localise, quantify and characterise corrosion damage by performing 

various AE analysis methods: source localisation algorithms [8, 9], parameter-based analyses 

[10, 11] or signal-based analyses [12, 13] and clustering [14, 15]. VBM is a more global 

technique which detects variations in structural stiffness based on modal characteristics [16, 

17]. Since corrosion causes a decrease in stiffness, VBM can be applied to detect corrosion 

damage in RC structures [18]. The corrosion damage is mainly portrayed by decreases in natural 

frequency [19, 20]. Other modal characteristics such as modal damping ratios [19, 21] and mode 

shapes [22] should be used carefully because the effect of corrosion on both characteristics is 

not always apparent or straightforward.  

 

Despite the opportunities of both AE and VBM, there have been few studies which combine 

both techniques. To the authors’ knowledge, only Lacidognia et al. [23, 24] have combined 

both AE and VBM for damage monitoring in concrete specimens. They performed bending 

tests on unreinforced concrete beams and confirmed that the combination of both techniques is 

indeed promising. The current paper investigates combining AE and VBM to monitor 

corrosion-induced damage in RC. It is to our knowledge the first time that both techniques have 

been combined for damage detection during corrosion tests on RC beams.   

 

For this research, four beams have been tested with AE and VBM according to the experimental 

test program described in Section 2. The RC specimens, the test setup, the AE technique and 

VBM are briefly explained. Section 3 presents the results of both monitoring techniques. 

Finally, the discussion of Section 4 examines the added contribution of combining both 

techniques in a single monitoring campaign. 

2 Experimental test program 

2.1 Description of the corroded specimens 

A total of four concrete beams (concrete class C40/50) with dimensions 220x150x3000 mm³ 

have been tested within this experimental program. An overview of the reinforcement layout 

can be found in Figure 1. Two RC beams have been corroded by an accelerated corrosion 

process, based on previous experimental programs [8, 13, 25]. The corrosion process was 

described in detail by Vandecruys et al. [26]. From the sample age of 28 days, a direct current 

was imposed to the tensile rebars of the corroding beams during 10 weeks. The beams were 

placed upside-down and a bottomless wooden tank filled with a 5% sodium chloride solution 

was placed on top. Two ribbed rebars were locally exposed to corrosion, over a distance of 40 

cm. The first beam was corroded symmetrically and reached a corrosion level of 5.6%. The 

second beam was corroded asymmetrically and reached a corrosion level of 9.2%. Both 

corroded areas are shown in Figure 3. To obtain these corrosion levels, a current density of  

50 µA/cm² was used during the first three weeks, and thereafter increased to 100 µA/cm² and 

250 µA/cm² for the symmetrically and asymmetrically corroded beam respectively. The final 

two beams remained uncorroded and were used as reference beams. 
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Figure 1: Reinforcement scheme of the test specimens 

2.2 The acoustic emission technique 

2.2.1 Working principle 

The occurrence of damage is generally manifested by a release of energy. This release of energy 

is accompanied by an elastic wave which propagates through the specimen and reaches sensors 

which are attached to the surface of this specimen. The AE sensors are mostly piezoelectric 

sensors which can transform the elastic waves to electrical signals. With the assistance of pre-

amplifiers, the electrical signals can travel to the acquisition system. Either the entire waveform 

can be stored or only certain parameters of the signal. The latter reduces the acquired 

information but consequently also decreases the required storage space. A typical AE signal 

together with its commonly analysed parameters is illustrated by Figure 2. 

 

 
Figure 2: Typical AE signal with indication of its parameters 

2.2.2 Setup 

Acoustic emissions were monitored during the first three weeks of the corrosion process to 

investigate the initiation of corrosion and the propagation of cracks. The corroded beams were 

equipped with six AE sensors (see Figure 3), and the reference beams with two. Broadband 

sensors with a flat frequency response between 100 and 400 kHz were used. The AE sensors 

were connected to preamplifiers with a gain of 34 dB which in turn were connected to a Vallen 

AMSY-8 acquisition system. The digital frequency filter of the system was set between 50 and 

500 kHz and an acquisition rate of 5 MHz was used. An amplitude threshold of 40 dB was used 

to avoid low-amplitude noise signals. The pre-trigger time, duration discrimination time and 

rearm time were set to 20 µs, 500 µs and 5000 µs respectively. Finally, the length of the stored 

AE signals was 819.2 µs. 

 

Threshold

Time
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Figure 3: Acoustic emission setup and indication of corroded areas, dimensions in mm 

2.3 Dynamic testing 

2.3.1 Working principle 

With VBM, modal characteristics such as natural frequencies, mode shapes, modal damping 

ratios etc. can be obtained by performing dynamic tests. Within this experimental program, 

these dynamic tests start with the excitation of a beam with a hammer, after which the beam 

settles in free vibration. The accelerations are registered by accelerometers that are attached at 

the surface, and processed to provide modal characteristics. 

2.3.2 Setup 

During the entire corrosion process, the beams were periodically monitored with VBM. The 

setup of these dynamic tests is shown in Figure 4. First, the accelerated corrosion process was 

briefly shut down and the beams were rotated to make sure the corroded tensile reinforcement 

was located at the bottom of the beams. Then, the beams were placed on inflated tyres to create 

free-free boundary conditions and a total of 28 accelerometers were installed on the beams with 

all operational frequencies covering the range 2.5 to 1000 Hz. Finally, the beams were excited 

by horizontal and vertical impacts of a hammer to excite vertical bending modes, torsional 

modes as well as lateral modes. The accelerations were analysed using the stochastic subspace 

identification (SSI) method [27, 28] to obtain the modal characteristics. All outliers of the 

results were omitted after which the results were averaged per mode. A more detailed 

description of the setup and processing of the signals can be found in [26]. 

 

 
Figure 4: Vibration-based monitoring setup, dimensions in mm 
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3 Results 

3.1 The acoustic emission technique 

The AE technique is a local technique which can be used for several purposes. However, to 

obtain more accurate and reliable results, ideally all noise should be filtered out from the 

received signals. This is the first step which was performed during the AE analysis of the locally 

corroded beams. Secondly, the AE events caused by corrosion damage were examined to 

identify the onset of concrete cracking. Thirdly, a 1D source localisation of the AE events is 

performed. The algorithm predicts the location of degradation based on differences in signal 

arrival times between sensors, originating from the same source. Finally, the AE events which 

occurred before concrete cracking are localised separately. These last results can prove that AE 

emissions are valuable damage precursors, since damage can be observed and even localised 

before it becomes visible at the surface of an element.  

 

For this research, filtering of the noise signals occurred in a three-step process. First, signals 

with a small signal-to-noise ratio (𝑆/𝑁 < 10 𝑑𝐵) were deleted. Second, only the AE events 

which could be localised in 1D, over the length of the beam, were kept. This means that the 

arrival times of the signals related to the same source, that were being picked up by various 

sensors, allowed for source localisation. Finally, a clustering algorithm was applied on the 

signals to find clusters of noise which remained undetected by the previous filtering steps. In 

this work, an Agglomerative Hierarchical Clustering Algorithm is used, as described by Van 

Steen et al. [14]. It is found that the symmetrically corroded beam contains one small noise 

cluster with only few high-frequency noise signals. The asymmetrically corroded beam 

contains a similar small cluster with high-frequency noise, as well as a large cluster containing 

low-frequency noise signals. This second noise cluster contains a larger number of signals that 

are typically characterised by small amplitudes, small rise times, small durations and few 

counts. Both types of noise clusters were also found in the reference beams, confirming the fact 

that both clusters are caused by noise and not by the corrosion process. After performing the 

three filtering steps, the majority of the remaining signals can be attributed to the corrosion 

process and related concrete cracking. In further analysis, only filtered results will be used.  

  

To match the AE results with the observed corrosion cracks, the average crack width of the 

corroded bottom surface of the beams is shown in Figure 5. The crack widths are calculated by 

Equation 1. Both corroded beams showed two longitudinal cracks, labelled right (r) and left (l), 

which were measured with a crack meter with an interval of 5 cm over the corroded length of 

the beams. The accuracy of the crack meter equals 0.02 mm for crack widths under 0.1 mm, 

0.05 mm for cracks between 0.1 mm and 0.9 mm and increases to 0.1 mm for larger cracks. 

The crack widths of both cracks (𝑤𝑟 and 𝑤𝑙) were summed at every location 𝑖. The average of 

these values (𝑤𝑎𝑣) is taken as the average crack width at a certain moment in time. 

𝑤𝑎𝑣 =
1

𝑛
∑ (𝑤𝑟,𝑖 + 𝑤𝑙,𝑖)

𝑛
𝑖=1   (1) 

 

The cumulative amount of AE events can give an indication of the progress of corrosion and 

related concrete cracking. For the symmetrically corroded beam, a sudden increase in 

cumulative AE slope is noticed from day 5 of corrosion, see Figure 5. This could be caused by 

the start of concrete cracking [11, 13]. At day 8, the crack measurements confirmed the presence 

of a surface crack. The asymmetrically corroded beam probably already showed a first surface 
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crack after day 1 and developed a second large crack right before day 5, as shown by the jumps 

and the increase in slope in Figure 5. Van Steen et al. [14] performed an AE signal analysis on 

the same beams (called Beam-3 and Beam-4 in the referenced study), and found similar 

moments of concrete cracking based on clustering of the signals with frequencies above 95 

kHz. Concrete cracking was accompanied by the emerging of a cluster with lower-frequency 

signals. 

 

Furthermore, it can be noted that the asymmetrically corroded beam has more AE events. This 

may be caused by the location of the asymmetrically corroded area, which is favourable to 

localise AE signals, because more AE sensors are in its direct surrounding. Since the AE events 

are filtered based on their localisation feasibility, more AE events will be retained for this beam. 

 

 
Figure 5: Crack widths (indicated by the crosses) and cumulative amount of filtered AE events 

(indicated by the black lines) over time 

 

The previous results have shown that the onset of concrete cracking can be pointed out by AE. 

Additionally, the localisation of corrosion damage by means of AE data is investigated. Figure 

6 shows the results of the 1D localisation algorithm based on the arrival times of the AE signals 

at different sensors and the predefined velocity of the signals (3500 mm/ms). The figure clearly 

illustrates a good agreement between the corroded area and the location of the AE sources.  

 

 
Figure 6: AE source locations along the beam length, with the corroded zone indicated in grey 

 

Figure 7 shows the localisation of the AE events before cracking, detected during the first 5 and 

1.2 days of corrosion, for the symmetrically and asymmetrically corroded beam, respectively. 

Because of the accelerated corrosion process, only few AE events were received by the sensors 
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before surface cracking, which leads to a reduced accuracy. However, the localised AE sources 

still are predominantly located at the corroded areas. Therefore, the location of corrosion hot 

spots could be derived from the AE results even before cracks are visible at the concrete surface.  

 

 
Figure 7: AE source locations along the beam length before cracking, with the corroded zone 

indicated in grey 

3.2 Vibration-based monitoring 

Information can be obtained about the evolution of the stiffness of an RC element by performing 

vibration-based monitoring. First, the changes in natural frequencies (𝑓𝑛) were analysed and 

showed promising results. On the other hand, only minor changes in mode shapes were noticed 

and changes in modal damping were found to be less reliable, as shown by Vandecruys et al. 

[26]. Therefore, the mode shapes and modal damping are not included in this analysis. 

 

Figure 8 shows the changes in natural frequencies for both corroding beams, corrected with the 

changes in natural frequencies of the reference beams. This correction takes into account effects 

unrelated to corrosion such as creep and shrinkage of the concrete, which may influence the 

stiffness too. The results show a decrease in natural frequencies over time, indicating a stiffness 

loss due to corrosion damage. This stiffness loss is mainly caused by three phenomena: concrete 

cracking, reduction in rebar diameter and bond loss between the rebar and the concrete. 

 

 
Figure 8: Results of vibration-based monitoring: vertical bending modes (B#), torsional modes (T#) 

and horizontal bending modes or lateral modes (L#) 
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4 Discussion 

The results of Section 3 show that AE sensing is more sensitive to damage detection in the early 

stages of the accelerated corrosion process. Before cracking of the concrete cover, corrosion 

damage was already noticeable from the AE signals. During the initiation of corrosion, AE 

signals can be used as damage precursors and localise the area of the RC element which is 

corroding. Immediately after concrete cracking, damage was confirmed by an increase in AE 

events. From this moment, also crack width measurements could indicate the corrosion damage 

since cracks were now visible at the concrete surface. VBM, however, only showed slow 

decreases in natural frequencies with a relatively large scatter for the local corrosion damage 

with limited corrosion levels examined in this study. The VBM technique is therefore found to 

be less sensitive for local corrosion detection at lower damage degrees.  

 

With the AE technique, damage was continuously monitored and located. Yet, when damage is 

not captured at the moment of occurrence, it remains undetected. Both the dynamic tests and 

crack measurements were performed periodically in this study, allowing to detect existing 

damage at that point, yet causing an unawareness of what happens in between measurements.    

 

During propagation of the corrosion cracks, the AE events were still localised in the corroding 

area of the beam, confirming the location of damage. However, upon severe cracking and 

spalling, AE signals will be attenuated and it is expected that less AE sources can be detected 

and localised accurately. Yet, at later phases of the structure’s lifetime, when severe dama e 

may develop, VBM will show more significant changes in modal characteristics. It is expected 

that for corrosion damage beyond the mass losses indicated in this paper, as will be subject of 

further tests, damage will become even more apparent from the changes in modal 

characteristics. These changes indicate decreases in stiffness, which is an important damage 

indicator when assessing the remaining structural capacity of a corroded element. 

 

From an analysis of the preliminary experimental results presented in this paper, it can be 

observed that acoustic emission and vibration-based monitoring supplement each other, as their 

detection sensitivity is related to the extent of damage, and their efficiency is highest in a 

different phase of corrosion damage progress. 

5 Conclusion 

Four RC beams were monitored with AE and VBM during 70 days of accelerated corrosion. 

Two beams were locally corroded in a symmetrical and asymmetrical corrosion setup to reach 

corrosion levels of 5.6% and 9.2%, respectively. The other two beams were also monitored with 

AE and VBM, but remained uncorroded and were used as reference beams.  

 

AE analysis showed the moment when concrete cracking initiated and was also able to localise 

the corrosion damage zones. Even before cracking, the AE source localisation could indicate 

the local corrosion regions. The results of VBM showed decreases in natural frequencies when 

corrosion damage increased. These changes in natural frequency are caused by decreases in the 

concrete stiffness due to cracking, rebar section loss and bond reduction due to corrosion. 

 

The experimental program illustrated the benefit of combining the AE technique with VBM. 

With AE monitoring, information can be obtained about active damage processes in the early 
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stages of the corrosion process. VBM will show changes in modal characteristics at later stages 

of the corrosion process, when severe damage already occurred. Additionally, AE provides 

local information about the damage process itself, while VBM focusses on more global aspects, 

such as the reduction in stiffness. 
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