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Highlights:  

 The , RA and AF of AE parameters were useful in association with fracture 
mechanisms of pre-corroded beam specimens.  

 The damage of corroded RC beam specimens were sufficiently characterized by the 
cumulative AE hits.  

 Loss of cross-section (mass loss) was a factor that contributed to loss of strength due 
to steel corrosion in concrete specimens.  
 

Abstract: The acoustic emission (AE) technique is known as a non-destructive 
testing (NDT) method, which is effective for assessing corrosion in concrete 
structures. This study aims to utilize the AE technique, for the assessment of pre-
corroded concrete specimens, which are under load testing. Experiments were 
carried out on small-scale pre-corroded specimens, which were subjected to 
monotonic loading. The results showed that the majority of the beam specimens 
failed with shear cracks. Three AE parameters, namely acoustic emission hits, as 
well as the RA and AF values, were also used, in order to assess the flexure 
behaviour of the pre-corroded beam specimens. These experiments helped to 
understand the flexural behaviour of pre-corroded specimens, which were under a 
loading test, via the use of the AE technique.  

Keywords: AE; corrosion; concrete; flexural behaviour; NDT. 

1 Introduction 

The acoustic emission (AE) technique is known as a non-destructive testing 
(NDT) method, which is useful in assessing steel corrosion in reinforced concrete 
(RC) structures. This is due to its capability to  detect steel corrosion. The AE 
technique also monitors and analyzes energy signals successfully, due to the 
corrosion of steel reinforcements by acoustic emission sensors, which are placed 
on the surface of the concrete. Also, AE parameters such as AEhits, energy, and 
signal strength, are used to characterize the corrosion process in steel 
reinforcements [1-8]. The sources of the AE are classified into two forms, namely 
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average frequency (AF) and RA value, which are both used in order to distinguish 
between the failure types. Besides, AE amplitude parameters, such as the b-value 
and Ib-values, have also been proposed for assessing damage severity in RC 
structures [4, 9-14]. Furthermore, the AE technique enables damage localization 
of steel corrosion, as well as the detection of micro and macro cracking [15-17]. 
This research aims to use AE technique in monitoring pre-corroded concrete 
specimens, which are subjected to flexural loading. Moreover, three parameters, 
AE hits, as well as the AF and RA values, are to be used, in order to characterize 
the corrosion damage of pre-corroded specimens.  

2 Corrosion Assessment Using AE Technique 

In the field of civil engineering, the AE technique has been widely used for 
structural health monitoring (SHM) and assessment of steel corrosion damage, 
especially in the evaluation of corroded concrete structures [6, 7, 18-22]. This AE 
technique was operated without disturbances to the processes and progressions 
associated with concrete structures [23-26]. The first study of this technique was 
carried by Dunn, et al. [27], in order to assess corrosion in a series of laboratory 
tests . The AE technique is also applicable, feasible, and sensitive, when 
analyzing and monitoring steel corrosion in RC structures. Moreover, there are 
two types of AE data measurement, namely parameter and signal-based analysis 
[26, 28, 29]. The principle of the AE technique is shown in Figure 1.  

 

Figure 1 Acoustic emission technique [30,31]. 
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3 Corrosion Assessment Using AE  

3.1 Accelerating of Steel Corrosion 

Figure 2 below shows the accelerated corrosion process of the steel 
reinforcements. In this process, steel reinforcements with a size of 12 mm in 
compliance with BS 4449 [32], was used as a tension reinforcement. These steel 
reinforcements were immersed into a 5% sodium chloride (NaCl) solution in a 
plastic container, and were corroded before concrete casting. Also, a direct 
current (DC) power supply was used for electrolysis, as the steel reinforcement 
was connected to the positive terminal, at the anode. However, the steel 
reinforcement bar was connected to the negative terminal at the cathode. 

 

Figure 2 Accelerated steel corrosion. 

Therefore, after the corrosion process, the product (rust) on the steel 
reinforcements was removed, in accordance with ASTM G1-03 [33]. The 
corroded steel reinforcement was then weighed, in order to assess the mass loss. 

3.2 Assessing Steel Corrosion 

Based on converting the current flow, the mass loss was determined though the 
use of Faraday’s law, as shown in Eq. (1), 

 Δm = 
ெ.ூ.௧

௭.ி

ெ.ூ.௧

௭.ி
, (1) 

where, 

Δm = steel consumed (g, gram) 
M  = atomic weight of metal (56 g/mol for steel) 
I  = current (A, amperes) 
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t =  time current (s, seconds) 
z =  ionic charge or electrons transferred in the half-cell reaction (2 for 

steel)  
F = Faraday’s constant (96500 A/s) 

3.3 Fabrication of Concrete Specimens 

Six pre-corroded specimens with dimensions of 100 x 100 x 500 mm3 were 
reportedly fabricated in this process. The details of these pre-corroded specimens 
are shown in Figure 3. 

 
Figure 3 Beam specimens (in mm). 

In accordance with BS 8110-1, beam specimens with 28 MPa of compressive 
strength were produced in one batch of concrete casting [34]. The dry density of 
concrete was 2192.91 kg/m3, as the beam specimens (with steel reinforcements) 
having corrosion levels of 0%, 8.17%, 9.06%, 24.21%, 27.56%, and 50.57%, 
were prepared as pre-corrosion samples. The corrosion level (%) of the beam 
specimens was also measured as the mass loss of steel reinforcement, before and 
after accelerated testing of steel corrosion [35, 36]. Moreover, the bottom cover 
was also located at 26 mm from the concrete surface. Ordinary Portland cement 
(OPC), river sand, and crushed-type granite (with a maximum aggregate size of 
10 mm) were also used in preparing the concrete specimens. 

3.4 Data Acquisition 

The pre-corroded specimens were subjected to a three-point load testing. The 
flexural load test was carried out using a universal testing machine (INSTRON 
Satec Series) at 100 kN, as shown in Figure 4. Each specimen was also supported 
at both ends, with the distance between the supports and loading point being 200 
mm. 

Furthermore, data acquisition from the pre-corroded specimens was conducted 
using the AE technique, throughout the flexural load testing. A PCI-2 AE System 
from MITRAS Group, Inc., was observed to be connected to six acoustic 
emission sensors, which were mounted on the surface of the specimens, via the 
use of wax as a coupling agent.  
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Figure 4 Data acquisitions using an INSTRON Satec Series universal testing 
machine at 100 kN and AE technique. 

4 Results and Discussion 

4.1 Compressive Strength and Modulus Elasticity 

Table 1 below, showed the compressive strength and average modulus from the 
elasticity tests, which were carried out on the casted concrete samples in the 
experiment. As indicated in Table 1, compressive strength on the 7th and 28th day 
was observed to be higher than the design strength of 28 MPa. However, the 
concrete had already met its characteristic strength on the 7th day. Besides that, 
the modulus of elasticity was 26.49 GPa. 

Table 1 Compressive strength and average modulus of elasticity of concrete. 

Age of 
concrete 

Compressive strength 
(MPa) 

Average modulus of elasticity 
(GPa) 

For one 
specimen 

Average 

7th day 
30.85 

29.40 - 27.11 
30.25 

28th day 
35.14 

37.31 26.49 37.79 

38.99 
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4.2 Corrosion Level 

After the accelerated corrosion test via the impressed current technique, the steel 
reinforcements were cleaned, in order to remove the rust. The results after 
cleaning are shown in Figure 5.  

Also, Table 2 indicated the quantitative results, as six steel reinforcements casted 
into the beam specimens with corrosion levels between 0–51%, were used in the 
experiment. 

 

(a) S0 

 

(b) S8 

 

(c) S9 

 

(d) S24 

 

(e) S28 

 

(f) S51 

Figure 5 Condition of steel reinforcements after accelerated corrosion test. 
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Table 2 Quantitative results of accelerated corrosion process. 

Beam 
specimens 

Initial mass, Mi 
(g) 

Final mass, Mf 
(g) 

Mass loss, 
∆m (g) 

Corrosion level  
(%) 

S0 520 520 0 0.00 
S8 514 472 42 8.17  
S9 508 462 46 9.06  

S24 504 382 122 24.21 
S28 508 368 140 27.56  
S51 522 258 264 50.57 

4.3 Mechanical Behaviour  

Figure 6 showed that most of the beam specimens in this research had 
experienced brittle failure. Also, the specimen with the highest level of corrosion 
(i.e. S51) was observed to have experienced significant yielding (before failure), 
which further indicated ductile failure. Theoretically, the S0 beam specimen 
should have experienced ductile failure, which indicated that the section was still 
under-reinforced.  

The steel reinforcements was also observed to have attained its yield strength, 
compared to the concrete. As the steel reinforcement started to yield, the beam 
began to sag, and large tensile cracks became visible, before eventually failing. 
Therefore, the S0 beam specimen experienced brittle failure. According to 
observations, the S0 beam specimen suddenly failed, with the concrete also 
failing in compression. This mode of failure was not preferable, as it provided 
little or no warning before its occurrence. Therefore, this failure mode was 
observed to have low safety.  

 
Figure 6 Load versus deflection of the beam specimens. 
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However, as corrosion levels increased, there was a shift in the dominant failure 
mode from brittle to ductile, as shown in Figure 6. The yield of steel 
reinforcements became more pronounced with the increment of the corrosion 
level, inferring the higher working stress sustained, as a result of the effective 
cross sectional area reduction.  

By plotting the peak load against corrosion level, a linear increase was found with 
the decreasing load capacity of the pre-corroded specimens, as shown in Figure 
7. The regression value (R2) of the linear graph with a negative gradient was 
0.934, which was very acceptable due to being close to 1. Additionally, this result 
confirmed that the beam specimen’s capacity loss was linked with that of the 
cross-section, at the failure location. 

 

Figure 7 Loss of ultimate strength vs. mass loss of the beam specimens. 

Furthermore, Figure 8 indicated that majority of the specimens had failed, due to 
shear and small cracks at the support and middle part of the beams. However, 
specimen S51, which had the highest level of corrosion, failed in the middle part 
of the beam, with a single crack.  

As the loading process progressed, a crack started to develop at the support, which 
propagated further to the top of the middle span with an increase in width, until 
the occurrence of failure. Moreover, the crack formation in the S51 specimen was 
probably due to the reduced cross section of the steel reinforcement, as well as 
the existence of corrosion pits, which acted as precursors to cracking.  
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(a) S0 (b) S8 

  
(c) S9 (d) S24 

  

(e) S28 (f) S51 

Figure 8 Condition of the specimens after failure. 

Based on the load and deflection curves as well as observations, the development 
of the beam damage was classified into three general levels, as shown in Figure 
6. These classification includes damage level 1 (micro-cracking), 2 (first visible 
crack and crack distribution), and 3 (damage classification), which were further 
represented as DL1, DL2, and DL3, respectively. 

4.4 AE Technique Data 

4.4.1 Cumulative AE Hits 

Based on Figure 9, the cumulative AE hits and load level (%) of the pre-corroded 
specimens were indicated. Generally, the cumulative AE hits were observed to 
increase as the level of specimens' corrosion also improved, due to the loss of 
cross section. However, the corrosive beam specimens (S8, S9, S24, S28, and 
S51) experienced different trends of cumulative AE hits. This was due to the 
presence of different levels of corrosion pits in the steel reinforcements, which 
resulted into high AE activity in the beam specimens.  

When the load was applied, the AE hits also increased, prior to the appearance of 
the first visible crack. After the first cracking of the concrete between 10 to 20% 
of the load level, the AE hit level was observed to have significantly increased. 
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Afterwards, the cracks was found to have propagated, as the AE hits gradually 
increased until the failure of the beam specimen, during the loading process. 
However, for the S9 specimen, the AE hit activity increased insignificantly 
(stagnant) at around 2 x 105, after a load level of 50%. This occurrence was 
probably due to stressing and concrete cracking, especially the longitudinal type 
near the steel reinforcement, which was dissipated due to corrosion.  

 
Figure 9 Cumulative AE hits versus load level (%) of the specimens. 

4.4.2 Crack Classification – RA Value and AF 

In order to study the mechanism of the pre-corroded specimens' fracture in a more 
detailed way, the RA value and the average frequency (AF) were plotted against 
load (kN), as shown in Figure 10. From the beginning of the loading process in 
the S0 specimen, shear cracks were observed due to high RA and low AF values 
[17, 37]. This indicated that high-density events occurred within the concrete in 
the tension area [8]. Moreover, after the first few loads until the end of damage 
level 1 (when the first visible crack occurred), the RA and AF values significantly 
decreased and increased, respectively.  

This indicated that micro-fractures were extensively propagated. After the first 
visible crack occurred, the RA and AF values tended to increase and decrease, 
respectively, therefore, resulting in the occurrence of shear cracking. This also 
indicated the nucleation of the concrete cracking. After 17 kN of this load, both 
the RA and AF values fluctuated, therefore resulting in the occurrence of a shear 
and tensile cracking. During the early phase of damage level 3, which occurred 
slightly after yielding, the increase and decrease of the RA and AF values 
suggested shear cracking, respectively. This indicated the progress of concrete 
cracking, due to ultimate failure.  
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(a) S0 (b) S8 

 

(c) S9 (d) S24 

  

(e) S28 (f) S51 

Figure 10  Average RA and AF values versus load of the specimens. 

Furthermore, all the corroded beams specimens (i.e. S8, S9, S24, S28, and S51) 
showed similar trends, as the S0 sample was different at damage level 1. 
However, after the first visible crack of the S28 specimen, both the RA and AF 
values fluctuated until the end of the loading process. This indicated the even 
occurrence of shear and tensile cracking, until the ultimate failure of the concrete 
specimen. Meanwhile, when the first crack occurred at the S51 pre-corroded 
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specimen, a sudden increase in the values of RA & AF was detected, which 
indicated the occurrence of tensile cracking.  

This condition also showed the occurrence of macro-fractures in the tensile 
reinforcement area. Moreover, the significant pitting corrosion occurred at the 
middle part of the steel reinforcements. This pitting corrosion is also known to 
help tensile cracks propagate extensively. At damage level 2, a mixture of tensile 
and shear cracking occurred, as well as a significant increase and decrease in the 
values of RA & AF, respectively. There was also shear cracking in the tensile 
area, due to the extensive yield of the steel reinforcement. After the yielding 
point, which was at damage level 3, the beam specimen had tensile cracks, due to 
a decrease in the RA and AF values. However, at the end of the damage level 3, 
the relationship switched to shear cracking. Before the failure of the concrete 
beam, the RA and AF values significantly increased and decreased, respectively. 
This phenomenon was found to be associated with the yielding of the steel 
reinforcement, until it breaks into two parts.  

Aggelis, et al. [17], explained that the wave modes were often excited by crack 
type (i.e. shear or tensile cracks). Even though longitudinal waves were still 
excited, most of the energy transmitted were shear waves, which were slower. 
Due to this, most of the energy (or maximum amplitude) arrived later than the 
first longitudinal wave, therefore, resulting in a high RA value. However, tensile 
cracks were observed to cause a transient volumetric change inside the material, 
as well as convert the released energy into longitudinal (dilatational) waves. 
Therefore, the excited pulses containing longitudinal waves of large amplitude, 
were faster than other types of crack, with the resulting RA value being low. 
Based on Figure 11, it was observed that, as the corrosion level became higher, 
the average AF and RA values increased and decreased, respectively. 

 

Figure 11  Average AF against average RA value. 
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4.4.3 Ib-value 

Before and after filtering, the Ib-value of the S0 beam specimen was shown in 
Figure 12. During this process, the Savitzky-Golay smoothing method was used, 
in order to filter the Ib-values of the beam specimen. The filter had two options 
for parameter filtering, namely polynomial fit (N) and window length (F). This 
filter was also suitable for a variable that was slowly varying and corrupted by 
random noise. 

In order to smoothen the noisy parameters, the replacement of each data point 
was beneficial to the signal-to-noise ratio increase, without even distorting the 
signal. Moreover, averaging was found to reduce the level of noise without 
influencing the value obtained. This was due to nearby points being measured 
close to the same underlying value. 

Furthermore, Figures 12(b) and 13, showed the filtered Ib-values for the six beam 
specimens. The solid line described the trend of the Ib-value, as it was clearly 
observed that all the beam specimens displayed a similarities, except for the S51 
sample, with a corrosion level of 51%. For the S0 beam specimen, the trend 
established was due to an increase in the Ib-value during damage level 1, which 
was further accompanied by a slight fluctuation and decrease in DL2 & DL3, 
respectively.  

This indicated that micro-crack formation was dominant before the first crack 
that occurred during damage level 1, due to a steady rise of the Ib-value. 
Immediately the first crack occurred at damage level 2, the localization of macro-
cracks began. At the damage level 3, the Ib-value was observed to have 
decreased, due to macro cracks starting to open. Also, the decreasing trend of the 
Ib-value was observed as a serious damage alert. 

  
(a) Before filtering (b) After filtering 

Figure 12 Ib-value of the S0 beam specimen. 
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(a) S8 (b) S9 

 

(c) S24 (d) S28 

 
(e) S51 

Figure 13   Ib-value against time of the beam specimens. 

With the exception from other specimens, the S51 sample (highest corrosion 
level) showed a significant drop in Ib-value, at the early phase of damage level 2. 
The drop of this Ib-value indicated the occurrence of damage. Also, the cross 
section reduction due to corrosion, caused cracks to open in the tension 
reinforcement area of the beam specimen. When the first visible crack occurred 
in the early phase of damage level 2, the Ib-value decreased until the inception of 
DL3. Moreover, this continued to fluctuate, until the failure of the beam 
specimen. This indicated that after the first visible crack, macro-cracks were 
observed to be propagated until the occurrence of failure.  
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5 Conclusions 

The conclusions based on the results obtained from the testing of pre-corroded 
beam specimens under flexure loading, was summarized as follows, 

1. Majority of the beam specimens were observed to have failed with shear 
cracks. However, the specimen with the highest level of corrosion failed with 
tensile cracks. This was probably due to cross section losses of the steel 
reinforcement, as well as the existence of pitting corrosion, which acted as 
precursors to cracking. 

2. The AE parameters, such as the RA and AF values, were useful in the 
association with fracture mechanisms of pre-corroded beam specimens. 
Shear cracks were also observed due to a high RA and low AF values at 
damage level 1. This result indicated that high-intensity events occurred 
within the concrete in the tension reinforcement area, due to corrosion.  

3. The damage of the corroded RC beam specimens was sufficiently 
characterized by the cumulative AEhits and Ib-value in the AE data. In the 
pre-corrosion beam specimens, the cumulative AE hits increased in 
correlation with the corrosion level of the steel reinforcements. This was due 
to the presence of pitting corrosion in the steel reinforcements, which caused 
high AE activity. Furthermore, the Ib-value increased during damage level 1, 
accompanied by a slight fluctuation and decrease in the Ib-values, in DL2 & 
DL3, respectively. A decreasing trend in the Ib-value was also considered to 
be a serious damage alert.  

4. The loss of cross-section (mass loss) was a factor that contributed to the loss 
of strength by steel corrosion in beam specimens. Also, the increased level of 
corrosion in the steel reinforcements was found to have a linear relationship 
with the decreasing load capacity of the corroded beam specimens. 

Nomenclature 

AE = acoustic emission 
NDT = non-destructive testing 
RC = reinforced concrete 
AF = average frequency 
SHM = structural health monitoring 
NaCl = sodium chloride 
DC = direct current 
Δm = mass loss 
M = atomic weight of metal 
I = current 
t = time 
z = ionic charge or electrons transferred in the half-cell reaction (2 for steel) 
F = Faraday’s constant 
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