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Abstract

Worldwide, asset managers are struggling with the management of aging infrastructure in reinforced concrete (RC).
Early detection of reinforcement corrosion, which is generally considered as the major problem, can help to perform
dedicated maintenance and repair. The acoustic emission (AE) technique is promising to reach this goal, however,
research on the characterisation of the different damage sources during corrosion in RC remains scarce. In this paper,
the characterisation of damage processes is investigated on small RC prisms and upscaled to RC beams under
accelerated conditions in a laboratory environment. Damage sources are assigned based on careful validation with
crack width measurements and dummy samples. Signals originating from different AE sources are compared in the
time and frequency domain. Moreover, the continuous wavelet transform (WT) is applied to provide information on
time-frequency characteristics. The results show that the moment of concrete macro-cracking can be derived from a
sudden increase of the cumulative AE events and cumulative AE energy. However, validation with crack measurements
is required. The shift in both peak and centre frequency of the AE signals is found to be a better indicator. WT allows
to distinguish AE sources when frequency ranges are overlapping. Possible AE sources, e.g. the corrosion process
and concrete cover cracking, are successfully assigned. The major contributions of this paper are the characterization
of AE sources from corrosion damage in RC, and validation with crack measurements, dummy samples as well as a
dedicated wavelet analysis.
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Introduction the structural integrity in a non-invasive way, even when
damage is not yet visible on the surface.

In the viewpoint of efficient inspection and early detection,
the acoustic emission (AE) technique is an ideal choice as
it allows non-destructive and continuous monitoring of the
structure. The technique detects elastic waves originating
from micro-structural changes inside a material®. The sound
wave radiates from its origin, also called the AE source,
and propagates in all directions as an elastic wave. When
the wave reaches the surface, it causes small displacements
which are detected by piezoelectric transducers attached to
the surface of the material. The technique enables to both
capture the corrosion process itself and the progress of
concrete cover cracking .

Many applications of AE monitoring during mechanical
testing of corroded RC samples are reported in the liter-
ature*%, whereas AE monitoring during the (accelerated)
corrosion process itself is less discussed. For reinforcement
corrosion monitoring, different stages during the process can
be distinguished, namely the initiation stage (before concrete

Corrosion of the reinforcement seriously threatens the
durability and structural safety of our existing reinforced
concrete (RC) structures. The passive layer protecting the
rebar is easily destroyed by carbonation and/or the presence
of chlorides. Steel dissolves and turns into expansive
corrosion products. On the one hand, this causes a reduction
of the cross section of the rebar. On the other hand, as the
corrosion products occupy a larger volume than the original
steel, internal tensile stresses in the concrete will build up.
This will eventually result in cracking and spalling of the
concrete cover. Both mechanisms will influence the bond at
the reinforcement-concrete interface.

Currently, inspection of existing RC structures is
mainly based on visual findings, core drilling, and
electrochemical measurements'. Although visual inspection
is straightforward, damage can only be detected once it has
reached the surface. Core drilling is a destructive technique
which only gives insight into the damage level of the zone
where the core was taken, making it difficult to generalise
the result towards the global condition of the structure.
Electrochemical techniques are widely used, however, these

techniques are unsuitable to monitor continuously and are
dependent on climatic conditions (e.g. moisture content of
the concrete)”. To allow an enhanced and earlier assessment
of ongoing deterioration processes, a proper combination
of certain non-destructive techniques (NDT) and structural
health monitoring (SHM) is powerful as it enables to assess
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cracking) and the propagation stage (during concrete crack-
ing) 78,

AE analysis in concrete structures is mainly based on AE
parameters, which are a set of extracted features that describe
the signal. Examples of AE parameters are amplitude, rise-
time, and duration. Unfortunately, parametric results are
dependent on a threshold which is defined by the user before
the start of the test. This makes it challenging to compare
the results when different test setups are considered. Indeed,
AE parameters such as rise-time, duration, and counts are
influenced by this threshold. In addition, rebar corrosion is a
very complex process which involves the interaction between
different damage mechanisms. Therefore, several types of
AE sources are present.

An advantage of the AE technique is that the character-
istics of an AE signal depend on the source type. Therefore,
different damage processes can be distinguished based on the
underlying modal structure of an AE signal. Signal-based
analysis, which makes use of the entire waveform instead
of few parameters describing the signal, allows a more
reliable interpretation of the different damage mechanisms.
It would provide the ability to tell which source mechanism
is present. Based on this information, maintenance and repair
interventions can be planned. However, the transfer function
of an AE signal that describes the transfer from source
to acquisition, is influenced by many aspects such as the
couplant, sensor and system, but also the propagation path
of the signal”. Dedicated signal-based analysis can therefore
be challenging.

Characterisation of AE sources during corrosion has been
briefly discussed in the literature'*!". AE sources were
assigned based on the peak frequency of the signals. In
this paper, a more in depth wavelet analysis is performed
to express the frequency spectrum in function of time to
identify the characteristic features of AE signals'’. This
approach has been applied by Yoon et al.* on corroded RC
beams during four-point bending tests to distinguish between
different stages during the test. However, it has not been
performed so far during the (accelerated) corrosion process
itself.

The research described in this paper aims to obtain a
reliable and extensive dataset of AE monitoring during the
corrosion process in RC as these datasets are still scarce
in the literature. This paper aims to assign damage sources
to AE signals recorded during accelerated corrosion in RC
at two different sample scales. On a first sample scale, the
RC prisms, different corrosion levels are targeted. Therefore,
uncracked and cracked samples are obtained. On a second
sample scale, the RC beams, the developed methodology
is upscaled to larger samples. AE source characterisation
is based on a range of dummy samples in which specific,
isolated AE sources are present.

In a first part of the paper, an overview of the experimental
program on RC prisms, RC beams, and dummy samples
is given. Second, the AE post-processing methods are
described. Third, general trends of the cumulative AE events
and energy, and peak and centre frequencies of the signals
are discussed for the accelerated corrosion tests of the RC
prisms and beams. Fourth, AE source characterisation is
performed by means of the dummy samples. Signals are
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compared in the time and frequency domain, and time-
frequency characteristics are analysed. Finally, results are
compared with literature findings and results from a test
series with a different AE sensor type.

Experimental test program

Accelerated corrosion of RC prisms

Specimen preparation and material properties A first test
series was performed on RC prisms. These prisms were
part of a larger experimental program. After AE monitoring
during the accelerated corrosion process, which is the focus
of this paper, the RC prisms were subjected to pull-out
tests to quantify the bond loss'?. Prisms reinforced with a
smooth rebar and prisms reinforced with a ribbed rebar were
tested. The nominal diameter of both rebar types was 12
mm. The embedded length was equal to 100 mm. Three
target corrosion levels, namely 1.5%, 5%, and 10% mass
loss, were compared for both the smooth and ribbed rebars.
Six samples were continuously monitored with AE detection.
The nomenclature of the samples is built as shown in figure 1.

Only the middle part of the main rebar was bonded to
the concrete. Polyvinyl chloride (PVC) tubes were used to
avoid bonding of both rebar ends. A wooden mould with
dimensions 150x150x250 mm? was made in which the
rebar was placed in the centre. To connect the power supply
of the accelerated corrosion setup, the rebar was protruding
from both sides.

Table 1 shows the concrete composition. An average cubic
compressive strength of 55.04 MPa (standard deviation (SD)
3.20 MPa) was obtained at 28 days according to EN 12390-
3. The samples were cured for 28 days in a curing room
(20£1°C, 95+3% relative humidity (RH)). Afterwards, the
specimens were fully immersed in a 5% sodium chloride
solution. After three days, the samples were placed in the
accelerated corrosion setup in a climatised room (20+1°C,
60+3% RH). The accelerated corrosion process and AE
monitoring started at a sample age of 31 days. Table 2 gives
an overview of the samples and their specifications.

CL1-R1

\: Sample number
Rebar type: smooth (S) or ribbed (R)

Corrosion level (CL) 1, 2, or 3 (i.e. 1.5, 5, or 10 % mass loss)

Figure 1. Nomenclature of the RC prisms.

Table 1. Concrete composition.

Materials kg/m® concrete
CEM142.5N 350
Sand (0/5) 620
Aggregates (4/14) 1270
Water 164
Salt (NaCl) 7

Accelerated corrosion setup A direct current was imposed
to induce and accelerate the corrosion process. The current
density was set to 100 pA/cm? or 1.16 mm/year. The
required current in mA can be calculated by multiplying the
current density with the corroding area of the rebar. The
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Table 2. Sample specifications of the RC prims and RC beams.

Sample name  Target corrosion level ~Rebar type  Corroding length ~ Number of

[% mass loss] [mm] AE sensors
CL1-R1 1.5 Ribbed 100 2
CL2-R1 5 Ribbed 100 2
CL3-R1 10 Ribbed 100 2
CL1-S1 1.5 Smooth 100 2
CL2-S1 5 Smooth 100 2
CL3-S1 10 Smooth 100 2
B10R1 10 Ribbed 1500 4
B10R2 10 Ribbed 1500 4

rebar acts as an anode and was therefore connected to the
positive side of the power supply. The cathode, in this case a
stainless steel plate, was connected to the negative side. The
specimens were partially immersed in a 5% sodium chloride
solution during exposure to ensure electrical connectivity
and chloride ingress.

Figure 2 shows the accelerated corrosion setup. The
corrosion process was interrupted every week in order to
measure the cracks with a crack meter. The accuracy of the
crack measurements was 0.05 mm. Additionally, every side
of the specimen was visually inspected and photographed.

Faraday’s law was applied to estimate the duration of
the accelerated corrosion process for each target corrosion
level. Respectively 14, 47, and 94 days were needed to reach
corrosion levels 1, 2, and 3.

Acoustic emission monitoring Broadband piezoelectric
sensors with a flat frequency response between 100 and 400
kHz were attached on top of the specimen surface with hot
melt glue. The AE sensors were connected to preamplifiers
with a fixed gain of 34 dB. The preamplifiers are in turn
connected to a Vallen AMSY-6 acquisition system. Both AE
parameters and waveforms were stored on a PC during the
monitoring period. The data was visualised in real time with
the Vallen VisualAE software. Further data processing was
performed in Matlab.

All samples were monitored with two sensors placed on
top of the sample with a linear distance of 100 mm (equal
to the corroding rebar length), allowing localisation in 1D.
In previously performed experimental work on a smaller
sample scale'*, a similar setup was used and it was proven
that the AE technique was able to record the AE signals
originating from the bottom part of the sample. Therefore,
this setup was upscaled to the current test setup. Moreover,
three samples could be monitored at the same time with the
six-channel AE system.

The amplitude threshold was set to 40 dB to avoid false
detections due to background noise. This threshold was
experimentally determined by monitoring environmental
noise before the start of the test. However, it was found
that electromagnetic interference due to the presence of
fluorescent lamps was still captured as their amplitude
could reach 55 dB. In order not to miss important low-
amplitude signals, it was decided to set the threshold to 40
dB and eliminate signals due to electromagnetic interference
afterwards. This fixed threshold was used to determine the
time of arrival (TOA) in order to discretise different AE
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signals and store them together with a pre-trigger part. The
pre-trigger time, duration discrimination time, and rearm
time were set to 20 us, 400 us, and 400 s respectively. The
sampling rate was set to 10 MHz and the length of the stored
signal was 204.8 us.

Accelerated corrosion of RC beams

Specimen preparation A series of RC beams with
dimensions 150x200x 1800 mm?® were cast'>. They were
reinforced with one smooth or ribbed rebar and corroded
up to three target corrosion levels. Two beams with a target
corrosion level of 10% mass loss and reinforced with a
ribbed rebar having a nominal diameter of 14 mm, referred
to as BIOR1 and B10R2, were monitored during the first
weeks of the corrosion process with the AE technique and
will be discussed in this paper (see table 2). The rebar
had a total length of 2000 mm of which 1500 mm was
exposed to corrosion. The concrete cover was 30 mm.
The concrete composition was the same as for the RC
prisms. The beams were placed in a curing room (20£1°C,
954+3% RH) for 28 days. Afterwards, the beams were
moved to a climatised room (20£1°C, 60+3% RH) where
the accelerated corrosion process and AE monitoring were
started at a sample age of 29 days.

Accelerated corrosion setup The same principle as for the
RC prisms was used to accelerate the corrosion process.
However, instead of immersing the beams partially in the
sodium chloride solution, the beams were placed upside-
down and a bottomless wooden tank with a length of 1250
mm was placed on top of the samples and sealed with
silicone. The 5% sodium chloride solution was added in
this tank. The beams were corroded with a current density
of 50 pA/cm?. The accelerated corrosion setup is shown in
figure 3. Every week, a visual inspection was carried out
and crack width measurements were performed with a crack
meter (accuracy 0.05 mm).

Acoustic emission monitoring A 2D sensor layout was used
to monitor the beams continuously (figure 3). Four sensors
were attached to the concrete. The distance between the
sensors along the length of the beam was 750 and 500 mm
for BIOR1 and B10R2 respectively. The same AE sensors
and acquisition system as during the experiments on the RC
prisms were used. The threshold was 40 dB. The pre-trigger
time, duration discrimination time, and rearm time were set
to 200 us, 450 s, and 5000 us respectively. The sampling
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Figure 2. Schematic representation of the accelerated corrosion setup of the RC prisms, in mm.
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Figure 3. Schematic representation of the accelerated corrosion setup and 2D AE sensor configuration of the RC beams, in mm.

rate was set to 5 MHz and the length of the stored signal was
819.2 us.

AE monitoring of dummy samples

A set of dummy samples in which specific AE sources were
isolated, was tested to characterise the different AE sources.
Table 3 gives an overview of the different dummy samples
that were tested and the possible processes that can occur
in these samples. The dummy samples can be divided in
three groups: (1) tests on rebars only, (2) tests on concrete
prisms, and (3) a three-point bending test on a concrete
beam. In the first group, rebars with a length of 30 cm were
monitored with two sensors, one at each end of the rebar.
In the second group, concrete prisms were monitored with 2
sensors on top (same layout as previously discussed for the
RC prisms). None of the dummy samples of the second group
showed concrete cracking. Typical signals originating from
concrete cracking were investigated on an uncorroded RC
beam that was subjected to a three-point bending test (group
3). The sensor closest to the bending crack was used for
data analysis. In all samples, electromagnetic interference is
likely to occur due to the presence of fluorescent lamps in the
lab as discussed in'®. All dummy samples were monitored
with the same sensors as used during the corrosion tests
(flat response 100-400 kHz). The pre-trigger time, duration
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discrimination time, and rearm time were set to 200 us, 400
us, and 400 ps respectively. The sampling rate was set to 5
MHz and the length of the stored signal was 819.2 us.

AE post-processing methods
SNR filtering

As the major objective of this paper is to assign damage
sources to the recorded AE signals, most reliable signals
need to be kept for further analysis.

Although the settings for the pre-trigger time and stored
length of the signal were determined by calibration with
ultrasonic pulses and pencil lead breaks (PLB), it was found
that these settings were not suitable to capture the onset of
all occurring AE signals, e.g. when the signal had a low
amplitude and a long rise-time, or when the first part of the
signal was too noisy. For the signal analysis, it is favourable
to analyse signals of which the waveform was completely
stored. Therefore, AE signals were filtered based on their
signal-to-noise ratio (SNR).

SNR gives the ratio of the signal power S to the noise
power N. S is defined as the maximum absolute amplitude
value in mV of the entire signal, whereas /V is defined as the
maximum absolute amplitude value in mV of the first couple
of microseconds of the signal. The SNR was calculated
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Table 3. Overview of the dummy samples.

Name Description Possible AE sources
Steel 1 Ribbed rebar in dry conditions (20°C, 60% RH) (not  Electromagnetic interference
connected to a power supply)
Steel 2 Ribbed rebar in a sodium chloride solution connected to ~ Corrosion, electromagnetic interference
a power supply
Concrete 1 Concrete prism in dry conditions (20°C, 60% RH) Cement hydration, electromagnetic interference
Concrete 2 Concrete prism in a sodium chloride solution Cement hydration, absorption, electromagnetic
interference
Beam 1 Three-point bending test on an uncorroded RC beam Concrete cracking

following equation (1). Based on the recorded AE signals,
the SNR threshold was set to 10. If the SNR was larger
than 10, the difference between the actual signal and noise
level was large enough and the signals were kept for further
analysis.

The SNR criterion was found to be a reliable way to filter
the AE signals. Moreover, it does not depend on the fixed
threshold and can therefore be applied for other test setups
as well. If the threshold was increased before acquisition,
the same problem of missing the onset of certain signals
would still occur. If the threshold was increased during
post-processing, important low amplitude signals such as
corrosion would have been missed.

N

After filtering, AE events were localised in 1D. An event
discrimination time of 2 ms was applied meaning that all hits
belonging to the same event are recorded within this time
frame. For the 2D setup (RC beams), 1D localization was
performed with sensor pairs 1 and 2, 3 and 4, 1 and 3, and 2
and 4.

SNR = 20-log, (5> (1)

AE parameter and signal analysis

As a first step, cumulative AE event and AE energy curves
were analysed. In a second step, the peak and centre
frequency of localised AE events were investigated. The peak
frequency of the signal was determined as the frequency with
the maximum signal amplitude in the frequency domain. The
centre frequency was determined as the centre of gravity
of the signal in the frequency domain. In a third step, AE
sources were distinguished and analysed in the time and
frequency domain. Moreover, wavelet transforms (WT) were
calculated to distinguish between AE events that show the
same peak and centre frequency ranges.

The WT allows to analyse frequency components of an
AE event as a function of time. It is a further extension of the
short fourier transform (SFT) and overcomes the resolution
problem of an SFT!”. Instead of using a constant window
shape as basis functions in case of an SFT, the basis functions
are now small waves or wavelets that are scaled with respect
to frequency.

The continuous WT is defined as '*:

CWTlat) = [ usle) @

1 t—b
INCO

with

Yap(t) =
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The parameter a stretches or compresses the mother wavelet
1(t). The parameter b shifts the wavelet over time. Several
mother wavelets can be used. In this paper, the Morlet
wavelet is used following previous research on corrosion in
RC*. The basis function is as follows:

2

Y(t) = exp <2> cos(5t) )
Furthermore, average values of AE parameters such as
amplitude, rise-time, and duration are discussed. The
amplitude was defined as the maximum signal amplitude
in the time domain, the rise-time was calculated as the
time difference between the first threshold crossing and the
moment the maximum amplitude is reached. The duration
was calculated as the time difference between the first and
last threshold crossing. The parameters are defined in ISO
12716-2001(E) and were obtained from the Vallen VisualAE
software.

Results of AE monitoring during rebar
corrosion

This section describes the general trends of the AE results
over time obtained from monitoring the RC prisms and RC
beams. AE source characterisation based on dummy samples
and signal analysis will be discussed in the next section.

Results of the RC prisms

The cumulative localised AE events versus time of all
samples is presented in figure 4. All results are shown against
the average crack width which was measured every week.
When the sample does not show surface cracking
during the corrosion process, the amount of AE events
increases almost linearly as shown on the graphs of
CL1-R1, CL1-S1, and CL2-S1. Possible AE sources are
fluid flow of the sodium chloride solution through the
(capillary) pore channels of concrete, further denoted as
absorption, cement hydration, the corrosion process itself,
and internal concrete micro-cracking. Uniform corrosion of
steel not embedded in concrete is typically characterised by
continuous signals whereas pitting corrosion is characterised
by burst emissions'®. AE events due to pitting corrosion
are caused by the formation of salt crystals in the pits,
hydrogen bubbles developed at the cathodic site, local plastic
deformation of the pit, and the expansion of corrosion
products'®. The development of hydrogen bubbles at the
cathodic site will not occur inside the RC sample as the
cathode and anode are separated in the current corrosion
setup. Besides, friction between the corrosion products and
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Figure 5. Average crack width (CW) and cumulative AE energy versus time of samples (left) CL2-R1, and (right) CL3-S1.

the concrete matrix due to movement of these corrosion
products in pores and cracks, and debonding (loss of
adhesion between steel and concrete) may occur.

The moment that the crack reaches the surface was
distinguished by the first significant increase of the
cumulative AE events and is indicated on figure 4 by
the dashed line. This was evidenced by comparing the
cumulative AE curves with the crack width measurements.
However for sample CL2-R1, this increase occurs on day
15 when no crack was observed during the next crack width
measurements.
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For all samples, also the cumulative amount of AE energy
was analysed. The AE energy is calculated by squaring and
integrating the AE signal. The energy unit (eu) is equal to
10~ V25, Values were imported in Matlab from the Vallen
Visual AE software. It is found that the moment of cracking
can also be observed by an increase in cumulative AE energy.
In case of sample CL2-R1 (figure 5 (left)), the increase of the
cumulative is in line with the crack measurements. However,
it was found that for sample CL3-S1 (figure 5 (right)), the
cumulative AE energy increases from day 20 which is earlier
than the increase of the AE events.
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For most samples, the increase in AE events and AE
energy was observed on the same day. For samples CL2-R1
and CL3-S1, the increase was noticed on a different day. The
approach can therefore not be generalised for all samples.
Moreover, note that the entire history is needed to pinpoint
the moment of cracking as the increase of AE events and
AE energy is different for each sample. Validation with crack
measurements is required, making this approach less suitable
for on-site application.

In a next step, the peak and centre frequency of the
AE signals was investigated. Figure 6 shows the peak
frequencies of all samples. A shift towards lower frequencies
can be seen as soon as the surface crack starts to grow.
The moment of macro-crack formation was determined from
the previously described analysis of the cumulative AE
energy/events compared with the crack width measurements
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(figure 4), and is indicated by the dashed line. For example
for sample CL3-R1, the average peak frequency before
cracking is 228 kHz (SD 85 kHz). After crack initiation, the
average peak frequency decreases to 210 kHz (SD 48 kHz).

For samples CL2-R1 and CL3-S1, the moment of cracking
was more difficult to determine based on the cumulative
amount of AE events and AE energy. However for both
samples, the shift in peak frequency is clear and in line with
the observations of the crack measurements.

As observed from figure 4, the AE events of sample CL2-
R1 increased at day 15 whereas the increase in AE energy
was at day 20. It was observed that the few lower frequent
signals between day 15 and 20 were recorded. This may
indicate that the sample was already severely cracking inside
before the crack reached the surface, however, this could
not be validated by other measurements. The same holds
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for sample CL3-S1 where the increase in AE events was on
day 35, but on day 20 when looking at the AE energy. Here,
few lower frequent signals with a high energy were observed
before day 20.

For samples CL3-R1, CL1-S1, CL2-S1, and CL3-S1 also a
group of events having a higher frequency (above 400 kHz)
was observed. Possible AE sources will be assigned in the
next section.

The same analysis was performed for the centre frequency.
The results of samples CL2-R1 and CL3-S1 are shown
in figure 7. The shift is visually less pronounced than
for the peak frequency, however, also a decrease can be
noticed. For example for sample CL2-R1 the average centre
frequency before cracking is 250 kHz (SD 29 kHz). The
centre frequency decreases to 230 kHz (SD 29 kHz) after
cracking.

Results of the RC beams

Similar results were found for the RC beams. Figures 8 and
9 show the cumulative AE events and AE energy of signals
that were localised in 1D for samples BIOR1 and B10R2
respectively. The moment the crack reaches the surface and
continues to grow causes an increase of both AE event and
energy rate. This is indicated by the dashed line and is
evidenced by crack measurements.

As was the case for the RC prisms, the moment the
crack reaches the surface can be distinguished based on the
frequency content of the signals, although the shift is less
pronounced. The peak and centre frequency of each event
versus time of sample B10R1 are shown in figure 10. Figure
11 shows the same for sample B10R2. Notice that there is a
decrease of both peak and centre frequency when the surface
crack starts to grow. Due to a malfunction of the AE system,
waveforms were not stored for four days in case of beam
B10R2. This is indicated by the grey area in figure 11. The
AE parameters such as AE energy were still stored and were
imported in Matlab to obtain the cumulative AE events and
AE energy curves shown in figure 9.

It can be concluded from this section that the onset of
macro-cracking can be distinguished from the cumulative
AE events and AE energy. However, the increase is sample
dependent and crack measurements are favourable. Before
macro-cracking, the cumulative AE curves increase linearly.
The onset of concrete macro-cracking can be distinguished
by an increase of the AE activity. After macro-crack
initiation, the cumulative AE curves follow the same trend as
the crack width. The shift in peak and centre frequency tend
to be a better indicator. Ongoing AE sources will be studied
more in depth in the next section.
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AE source characterisation

In this section, AE sources will be characterised by
comparing the signals obtained in the accelerated corrosion
tests and in the dummy samples. The signals will be
compared in the time and frequency domain. Also the
contour map of the wavelet transform (WT) will be analysed.

As previously presented in table 3 a set of dummy samples
in which specific AE sources were isolated, was tested. The
dummy samples are divided in three groups: (1) tests on
rebars only, (2) tests on concrete prisms, and (3) a three-point
bending test on an uncorroded RC beam.

Results of the first group (steel) are shown in figure 12.
Based on sample Steel 1, electromagnetic interference can
be distinguished. These signals have a peak frequency which
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is higher than 450 kHz. Their centre frequency is higher
than 375 kHz. The signals could easily be recognised by
their apparent source location. As these signals are caused by
electrical interference on the AE system (e.g. by switching
the light on and off), the signal reaches both sensors at
the same time. As the arrival time is the same for both
sensors, these signals are localised in the middle of the two
sensors. Moreover, it was found that these signals occurred
at the same time in samples Steel 1 and Steel 2. A typical
signal in the time and frequency domain as well as the
contour map of the WT is shown in figure 13. The signals
are characterised by a short rise-time (average (AVG) 15
psec, SD 31 usec) and a short duration (AVG 83 usec, SD
127 psec). The average amplitude of the signals is found to
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Figure 12. Peak frequencies (left) and centre frequencies (right) of the AE signals captured on rebars not embedded in concrete.
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Figure 13. Typical signal due to electromagnetic interference in the time (top left) and frequency (top right) domain, and contour

map of the wavelet transform (bottom).

be 47 dB (SD 5 dB). The contour map of the WT shows
a very localised signal in time, ranging between 500 and
1000 kHz. In the corrosion tests, also signals with a peak
frequency around 220 kHz were found to be originating from
electromagnetic interference. They can be distinguished
based on the presence of high frequency components and the
shape of the WT.

Sample Steel 2 can corrode as it is immersed in a sodium
chloride solution and connected to a power supply. Based on
the peak and centre frequencies of the signals, this sample
shows a second group with a peak frequency around 220 kHz
which can be assigned to the corrosion process. Few signals
with a lower peak frequency (below 200 kHz) were also
observed in the beginning. The average centre frequency is
292 kHz (SD 23 kHz). A typical signal is shown in figure 14.
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The signals are characterised by low amplitudes (AVG 45
dB, SD 5 dB) and have a long duration (AVG 227 usec, SD
220 psec). The average rise-time is 38 usec (SD 62 usec).
Based on the contour map of the WT, a slowly damping
signal can be seen leading to a long duration.

Sample Steel 2 gives typical signals from the corrosion
process of a rebar not embedded in concrete. Therefore, a
typical signal of corrosion of steel in concrete obtained in the
initial phase of the accelerated corrosion tests on the beams
was analysed subsequently and is shown in figure 15. It was
found that the corrosion process could be captured when
the rebar was embedded in the concrete. The signals were
found to have an amplitude below 50 dB. These signals were
only observed during the accelerated corrosion tests and not
in the dummy samples which strengthens the finding that
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Figure 15. Typical signal of corrosion in steel embedded in concrete in the time (top left) and frequency (top right) domain, and

contour map of the wavelet transform (bottom).

these signals are caused by the corrosion process itself. The
contour map of the WT shows a signal with a slow damping
and therefore a long duration. The signal is slightly altered
due to a different travel path.

Results of the second group (concrete prisms) are shown
in figure 16. These dummy samples were used to distinguish
cement hydration and absorption of the sodium chloride
solution. The samples did not contain a rebar.

Concrete 1 is a concrete prism that was taken from
the curing room (20+1°C, 95+3% RH) and placed in the
climatised room (20+1°C, 60£3% RH) at the same age
as the RC beams (29 days). The sample was placed in dry
conditions. Based on this sample, signals due to cement
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hydration can be distinguished. It was found that this process
mainly occurs in the beginning of the test and decreases over
time. The peak frequency is around 220 kHz and the centre
frequency around 270 kHz. Figure 17 shows a typical signal.
The signals are characterised by a low average amplitude
of 49 dB (SD 7 dB), an average duration of 89 usec (SD
91 psec), and an average rise-time of 13 usec (SD 18
psec). The contour map of the WT shows that the signal is
mainly localised in the first 30 usec. The signals are quickly
damping and have a short duration.
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Figure 16. Peak frequencies (left) and centre frequencies (right) of the AE signals captured on concrete samples.

Time domain

Freq. domain

= 1 = 0.08
A £, 0.06 h
g 0 "lﬂ‘ﬂlw‘f““)J}w“‘J\\wly,. - g 0.04 i
Z i ‘www“*w‘ = ““
. B |
2 U 2002 ,ﬂ‘ ,
g IRURR
< 1 < 0 AL
0 200 400 600 800 0 250 500 750 1000
Time [psec] Frequency [kHz|
1000 . Wavelet transform 100
— X
50 L ==
E 750 75 =
=F 2
o
g 500 L 50 €
g o
o - =
£ 250 @\ o= - % 5
0 T T T T 0
0 200 400 600 800
Time [psec]

Figure 17. Typical signal of cement hydration in the time (top left) and frequency (top right) domain, and contour map of the

wavelet transform (bottom).

Signals due to absorption, can be distinguished in sample
Concrete 2. This concrete prism had aged in the climatised
room for more than two years. Therefore, cement hydration
was less likely to occur and the main AE source was expected
to be absorption of the sodium chloride solution. AE hits
caused by absorption of the electrolyte were also reported
by Goldaran et al.'” and Zheng et al.''. The concrete prism
was completely dry and placed in a sodium chloride solution.
As was the case for cement hydration, this process mainly
occurs in the beginning of the test. Once the concrete is
saturated, AE events are not recorded anymore. The peak
and centre frequency of the signals are respectively around
230 and 265 kHz. A typical signal is shown in figure 18. The
average amplitude was found to be 46 dB (SD 5 dB). The
average duration and rise-time were respectively 156 usec
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(SD 129 psec) and 32 psec (SD 29 psec). The representation
of the signal in the frequency domain and the contour map of
the WT show an important share of lower frequencies.

Electrical interference was recorded for samples Con-
crete 1 and 2, however, these signals were not localised and
are therefore not shown in figure 16. As seen in figures
6, 7, 10, and 11, electromagnetic interference was also
measured during the accelerated corrosion tests on the RC
prisms and beams. As discussed before, these signals can
be distinguished by high peak and centre frequencies. In
general, it was found that electromagnetic interference was
more likely to be recorded on samples containing a rebar than
in plain concrete.
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Figure 18. Typical signal of absorption in the time (top left) and frequency (top right) domain, and contour map of the wavelet

transform (bottom).
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Figure 19. AE signals captured during a three-point bending test of an uncorroded RC beam, (left) peak frequencies, and (right)

centre frequencies.

To investigate typical signals from concrete cracking, the
signals of an uncorroded RC beam subjected to a three-
point bending test were compared. The result is shown in
figure 19. Three signal groups can be distinguished, the first
group having a peak frequency around 220 kHz, the second
group having a peak frequency around 220 kHz and a smaller
peak around 100 kHz, and the third group having a peak
frequency around 100 kHz. The first group mainly occurs
in the beginning of the test, the second group throughout the
entire test, and the third mainly after occurrence of bending
cracks.

A first group consists of signals having a clear peak around
220 kHz (figure 20). Some of these signals also show a small
peak above 250 kHz. The average amplitude of these signals
is 50 dB (SD 8 dB). The average rise-time was found to be
25 psec (SD 30 usec), and the average duration 152 usec
(SD 146 usec). The WT shows a localised signal during
the first 200 psec. It was found that it can be difficult to
distinguish between corrosion of steel in concrete and these
signals originating from concrete cracking. However when
comparing figures 15 and 20, the signals from cracking show
a shorter duration with large WT coefficients in the first 400
usec whereas signals from corrosion show a longer duration
with large WT coefficients in the first 600 usec.
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A second group contains signals with a peak frequency
around 220 kHz and a second peak around 100 kHz (figure
21). The signals belonging to this group have an average
amplitude of 53 dB (SD 8 dB), an average rise-time of 40
psec (SD 30 usec), and an average duration of 263 usec (SD
183 usec). As was the case for group 1, the highest wavelet
coefficients are found in the first 200 usec of the signal. The
difference with group 1 is the presence of lower frequencies.
Note that the signals can be similar to the signals originating
from absorption. However, it can be expected that signals due
to absorption are mainly occurring the beginning of the test,
whereas cracking starts after corrosion initiation.

A third group consists of signals having a peak frequency
around 100 kHz. A typical signal is shown in figure 22. These
signals have a higher average amplitude of 56 dB (SD 11
dB), a higher average rise-time of 49 usec (SD 38 usec), and
a higher average duration of 389 usec (SD 214 psec) than
groups 1 and 2. The highest wavelet coefficients are found
in the first 400 usec of the signal. The signals can easily be
distinguished by their low frequency components.

Table 4 shows an overview and summary of all possible
AE sources with their most important characteristics. A
distinction of the AE sources only based on AE parameters
such as amplitude, rise-time and duration proves difficult.



Van Steen, Nasser, Verstrynge, and Wevers 15
9 Time domain 0.4 Freq. domain
> 15 =
E 1 l’ £o03 f
g 05 ey g
N H“ o Eo2y
B 2 0. ‘
g -1.% " ‘H” g 0-1 W
<t -9 <0 0 LALTN
0 200 400 600 800 0 250 500 750 1000
Time [usec] Frequency [kHz]

1000 . Wavelet transform . 100
— K
E 750 - 5 =

o
o :
g 500 1 - 50 S
(&) ]
=) A o
o PAPAVAR A A o~ £ 2

0 T T T T 0
0 200 400 600 800
Time [psec]
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the wavelet transform (bottom).
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Figure 21. Typical signal of concrete cracking (group 2) in the time (top left) and frequency (top right) domain, and contour map of

the wavelet transform (bottom).

Amplitude ranges overlap and parameters such as rise-time
and duration depend on the pre-defined threshold. Therefore,
for low amplitude signals, the duration and rise-time can be
equal to zero. In general, large differences between minimum
and maximum values can be noticed for the amplitude,
duration, and rise-time.

To characterise the sources, signal analysis can help.
However, except for signals originating from electromag-
netic interference, the peak and centre frequency ranges of
the different AE sources overlap. This may be caused by
the sensor sensitivity and its effect on the signal transfer
function. Although broadband sensors with a flat frequency
response were chosen, the applied sensors are most sensitive
around 220 kHz. Therefore, most signals may show a peak
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in the frequency domain around 220 kHz. In order to make a
better distinction, the contour maps of the WTs are shown in
the discussion. Still, it is found that signals originating from
corrosion, absorption, and micro-concrete cracking (group 1-
2) were difficult to distinguish from each other. In that case,
the moment of occurrence during the test can help.

These results validate the initial observations made in
the previous section. Signals occurring in the beginning of
the test such as absorption, cement hydration, and micro-
cracking (group 1-2) are characterised by a higher frequency
around 220 kHz. The decrease in frequencies can now be
attributed to the occurrence of concrete cracking, especially
macro-cracking with low amplitude (group 3).
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Figure 22. Typical signal of concrete cracking (group 3) in the time (top left) and frequency (top right) domain, and contour map of

the wavelet transform (bottom).

Table 4. Overview of different AE sources and their most important characteristics.

AE source Amplitude [dB]  Rise-Time [usec]  Duration [usec]  Peak freq. [kHz]  Centre freq. [kHz]
Average (range)  Average (range) Average (range) Average (range)  Average (range)
Corrosion 45 (40-70) 38 (0-590) 227 (0-640) 220 (100-280) 292 (190-360)
Cement hydration 49 (40-80) 13 (0-100) 89 (0-410) 223 (200-240) 270 (200-340)
Absorption 46 (40-60) 32 (0-100) 156 (0-370) 232 (210-260) 265 (230-300)
Concrete cracking group 1 50 (40-80) 25 (0-210) 152 (0-640) 221 (200-250) 272 (210-340)
Concrete cracking group 2 53 (40-80) 40 (0-170) 263 (0-630) 219 (180-250) 233 (170-290)
Concrete cracking group 3 56 (40-90) 49 (0-140) 389 (30-640) 112 (90-170) 208 (160-280)
Electromagnetic interference 47 (40-60) 15 (0-50) 83 (0-190) 392 (240-810) 535 (480-660)

Comparison with the literature and
discussion

In the literature, it was concluded by Van Steen et al.'*,
Li et al.'%, and Zheng et al.!' that the cracking process
was characterised by AE signals having a higher frequency
than AE signals originating from the corrosion process. The
results presented in this paper are different from the results
observed in the literature.

In Van Steen et al.'*, small scale cylindrical samples
(diameter 36 mm, length 60 mm) were tested to allow
micro-CT scanning of the samples. The lowest frequency
of the cluster containing signals from corrosion was 245
kHz. So, part of the corrosion signals overlap with the
observations on the current scale. Note that the frequency
filter inside the acquisition system was set between 230 and
850 kHz, whereas it was set between 95 en 850 kHz in the
current investigation. Lower frequencies will therefore not be
captured. Signals caused by mortar cracking showed higher
frequencies which is most likely related to the sample scale,
resulting in detection of micro-cracking at short source-
sensor distance, and sensor type (broadband sensor up to 850
kHz).

Li et al.'® obtained three groups based on the peak
frequency of the signals. Measurements were performed with
1 sensor mounted on the protruding end of the embedded
rebar. All observed groups started from the beginning of the
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test. Group 1 had signals below 50 kHz, group 2 around 110
kHz, and group 3 higher than 240 kHz. Group 1 was assigned
to the formation of hydrogen bubbles, group 2 to corrosion,
and group 3 to concrete cracking. To validate these findings,
the paper mainly refers to the work of Yoon et al.* who tested
corroded RC beams subjected to four-point bending tests.
However, these tests were divided in four different phases
in which multiple processes are going on at the same time.
Moreover, the ongoing mechanisms may be different from
an accelerated corrosion test. Li et al.'” observed a crack on
the surface at the end of the test, however, this was not clear
from the AE measurements.

Zheng et al.'' mainly refer to Li et al.'’ and Yoon et
al.* to assign damage processes to the observed groups. The
difference between the groups is also based on the peak
frequency of the signals. Four groups were distinguished: (1)
below 30 kHz, (2) around 50 kHz, (3) around 150 kHz, and
(4) higher than 200 kHz. Group 1 was assigned to variations
of the water level (absorption), group 2 to the formation
of hydrogen bubbles, group 3 to corrosion, and group 4 to
micro- and macro-cracking. Cracking was observed during
the experimental program, but had no clear influence on the
AE results (no increase in AE event or AE energy rate).

In order to investigate the effect of a different sensor
type, additional dummy samples were tested using a similar
sensor as presented in Li et al.'” and Zheng et al.!', namely
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Figure 23. Peak frequencies of AE signals of dummy samples monitored with 150 kHz resonance sensors.
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Figure 24. Peak frequencies (left) and centre frequencies (right)
using a 150 kHz resonance sensor.

a resonance sensor of 150 kHz. A corroding rebar not
embedded in concrete was monitored with one sensor at
the end. Dummy samples Concrete 1 and Concrete 2 that
were presented in the previous section were also monitored
with two 150 kHz sensors with a spacing of 100 mm. A
beam was monitored during a three-point bending test with 1
sensor in the middle of its span. The additional dummies will
be denoted as Steel-150-1, Concrete-150-1, Concrete-150-2,
and Beam-150-1. The peak frequency versus time of each
additional dummy sample is shown in figure 23.

It is found that many processes such as corrosion of steel,
cement hydration, and absorption have a peak frequency
of 150 kHz. For concrete cracking, three groups could be
distinguished: (1) above 180 kHz, (2) around 150 kHz, and
(3) below 140 kHz. These groups respectively correspond to
groups 1, 2, and 3 as observed in the previous section. Yet,
the group around 150 kHz is much more pronounced due to
the use of a 150 kHz resonance sensor.

Additionally, an accelerated corrosion test was performed
on an RC prism. Two 150 kHz resonance sensors were
placed with a distance of 100 mm between each other.
The corrosion process was accelerated in the same way as
the previously described RC prisms. Figure 24 shows the
peak and centre frequency of the signals in time. Signals
with a peak frequency above 180 kHz can be observed in
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the beginning of the test meaning that the sample probably
started to crack internally. When the crack is visible on the
surface, lower frequencies can be observed as was the case
for the other samples monitored with broadband sensors.

It can be concluded that the general observations made in
the previous sections of this paper remain valid. Processes
such as corrosion, absorption and cement hydration are
influenced by the sensor sensitivity (flat response with small
peak at 220 kHz versus resonance sensor with peak at 150
kHz). In all cases, a decrease in frequencies is observed
for concrete cracking. Therefore, absolute values of AE
signal characteristics are to be approached with care and
sensor sensitivity is to be included in source characterisation
and signal analysis, especially when comparing literature
data from tests with differing setups. Furthermore, it is
recommended to validate AE source characterisation with
other measurements, such as surface cracking.

Conclusions

This paper focused on the characterisation of different
AE sources by monitoring RC samples during accelerated
corrosion tests and dummy samples. The approach is applied
on two sample scale: RC prisms and RC beams.

For the RC prisms, results show that the moment of
concrete cracking can be distinguished from cumulative
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AE events and cumulative AE energy curves, however, the
entire history is needed and comparison with crack width
measurements is helpful as a uniform threshold cannot be set.
The shift in both peak and centre frequency is more clear and
can be noticed when the crack reaches the surface. Similar
findings were found for the RC beams.

To characterise the corrosion-induced AE signals, damage
sources were assigned based on careful validation with
dummy samples in which individual AE sources were
isolated. Based on an analysis of the frequencies of the
AE signals recorded in the different dummy samples,
it is found that AE signals from corrosion, absorption,
cement hydration, and concrete crack initiation have a
peak frequency around 220 kHz, which corresponds to
a small sensitivity peak for the applied AE sensors. AE
signals originating from concrete macro-crack growth have
a distinctly lower peak frequency around 100 kHz. As peak
and centre frequency ranges for the different AE sources
overlap, also contour maps of the wavelet transforms were
presented. The wavelet transform allows to analyse time-
frequency characteristics. Still, the distinction between e.g.
internal concrete micro-cracking and absorption remains
difficult.

To further validate these findings, results were compared
with literature data and results from additional tests with
a resonance type AE sensor. The existing literature on
characterising AE signals during corrosion in RC is still
scarce. Other publications have found different frequency
ranges for the described damage processes as a different
sensor type was used. It can be concluded that the assigned
frequency ranges depend on the sensor type and sensor
arrangement. Absolute values for AE source characteristics
should thus be approached carefully. The validity of the
frequency decrease observation upon corrosion-induced
concrete cracking was confirmed by the additional tests with
resonance sensors.

This is an important step forward towards AE source
characterisation of corrosion damage in RC structures.
Further elaboration of the current methodology for natural
corrosion processes and on-site application is necessary and
planned in future work.
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