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CORROSION MONITORING IN REINFORCED CONCRETE
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Abstract

Cracking of concrete due to corrosion of reinforcement is one of critical problems in rein-
forced concrete (RC) structures. Here, an application of acoustic emission (AE) to corrosion
monitoring is studied. In an accelerated corrosion test, AE events are detected continuously.
Comparing with permeation of chloride ions, a relationship between chloride concentration and
AE activity is clarified.  It is demonstrated that the onset of corrosion and nucleation of cracking
are readily identified by AE monitoring.  Applying SiGMA procedure, generating mechanisms of
a surface crack, a spalling crack, and an internal crack due to expansion of corrosive product are
studied.  The surface crack is nucleated dominantly by tensile cracks.  For the spalling crack,
both tensile and shear cracks are generated, but the former dominates near a stress-free surface.
In contrast, the main mechanism of the internal crack is of shear-crack motion.  Based on these
findings, a strategy for repairing corroded RC members is discussed.
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1. Introduction

It is widely recognized in concrete engineering today that concrete structures are not mainte-
nance-free.  A variety of activities for maintenance and repair of the concrete structures are on-
going all over the world.  According to the Standard Specification for Concrete Structures on
Maintenance by the Japan Society for Civil Engineers (JSCE, 2001), six representative mecha-
nisms for concrete deterioration are recognized.  These are the deterioration due to salt attack,
neutralization, chemical attack, freezing and thawing, alkali-aggregate reaction, and fatigue.  Out
of these mechanisms, neutralization, chemical attack and alkali-aggregate reaction are actually
associated with the transition of chemical contents in concrete.  Thus, it is not easy to identify
them nondestructively at an early stage of deterioration.  Concerning the deterioration due to
freezing-thawing and fatigue, it is demonstrated that the rate process analysis of acoustic emis-
sion (AE) activity in a compression test of core samples is applicable to estimate the damage de-
gree quantitatively (Ohtsu and Watanabe, 2001).

In reinforced concrete (RC) structures, passive-alkali layer on the reinforcement in concrete
is readily broken by ingress of chloride ions.  Eventually, salt attack leads to the corrosion of re-
inforcement.  Because almost of all concrete structures are reinforced by reinforcing steel-bars
(rebars), the corrosion is presently considered to be the most critical deterioration in concrete
structures. A variety of studies have been conducted for nondestructive inspection, nucleation
mechanisms, preventive treatments, and repair techniques.  As for nondestructive techniques of
corrosion inspection, the measurements of half-cell potentials and polarization resistances are
developed and commercially available.  It is, however, reported that reliability and accuracy are
still marginal.
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In the present paper, an AE inspection of the corrosion is investigated.  This is because in situ
AE monitoring techniques have been standardized to estimate the structural integrity of the ex-
isting concrete structures (NDIS 2421, 2000; Yuyama et al., 1998).  AE techniques have been
extensively studied in concrete (Ohtsu, 1989) and are applied to the estimation of corroded
members (Yoon et al., 2000). An applicability of AE techniques to monitor the corrosion in RC
members is investigated in two tests.  During an accelerated corrosion test, AE events are moni-
tored continuously.  AE activity is compared with the half-cell potentials for nondestructive
evaluation of corrosion and with ingress of chloride ions.  Analyzing concentration of chloride
ions around rebars, we attempted to quantitatively estimate the onset of corrosion and nucleation
of cracking from AE observation.  In a crack-expansion test, we simulated crack patterns due to
expansion of corrosive product by employing expansive agent.  Then, cracking mechanisms of a
surface crack, a spalling crack, and an internal crack are identified by applying SiGMA (Simpli-
fied Green’s functions for Moment tensor Analysis) procedure.

2. Experiments

Mixture proportions of tested concrete are given in Table 1.  In the accelerated corrosion test,
two types of mixture were employed. The water-to-cement ratios (W/C) were 45 % and 55%.  In
the crack-expansion test, W/C of concrete was 50%.  In all the mixes, sand and gravel were
common and the maximum gravel size was 20 mm.  Admixture was added to control the slump
values and air contents. Compressive strengths were determined at 28 days after moisture-cured
in the standard room (20oC).  Averaged strengths of three samples were 40.9 MPa for the con-
crete of W/C = 45 %, 34.6 MPa for W/C = 55% and 39.1 MPa for W/C = 50 %.

In the accelerated corrosion test, reinforced concrete slabs of dimensions 10 cm x 25 cm x 40
cm were made.  A sketch of the slab is shown in Fig. 1.  The test was conducted as shown in Fig.
2.  In a tank, a copper plate was placed at the bottom, and 100 mA electric-current was charged
between rebars and the copper plate.  To maintain electrical conductivity, the tank was filled with
3% NaCl solution.  AE sensors of 50 kHz resonance (RA5; Physical Acoustics Corp.) were
placed on the top surface as shown in Fig. 1.  Amplification was 40 dB gain in total and the fre-
quency range was set from 10 kHz to 200 kHz.  AE hits under accelerated corrosion were de-
tected continuously.  After the tests, core samples (see Fig. 1) were taken and crashed.  Chloride
contents were measured by the potentiometric titration.

Table 1  Mixture proportions of concrete

Unit weight per volume (kg/m3)
Test

W/C
(%)

Air con-
tents
(%)

Slump
values
(cm)

Water Cement Sand Gravel

45 5.2 3.5 175 389 686 1138Accelerated
test 55 6.8 7.7 176 321 741 1179

Crack-expansion
test 50 5.5 4.1 162 323 853 1072

In the crack-expansion test, a concrete plate of dimensions 10 cm x 25 cm x 25 cm was
made.  In order to simulate radial pressure due to corrosion product, expansive agent of dolomite
paste was poured into a hole of 30 mm diameter as shown in Fig. 3.  The specimen corresponds
to a cross-section of a reinforced concrete (RC) member. A 6-channel AE system was employed
to record AE waveforms as shown in Fig. 4, and SiGMA analysis was performed from detected
waveforms.
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Fig. 1  Sketch of reinforced concrete slab for an accelerated test.

Fig. 2  Accelerated corrosion test.

Fig. 3  Specimen in a crack-expansion test.
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Fig. 4  Setup for the crack-expansion test.

Fig. 5  AE activity and half-cell potential vs. time during accelerated corrosion (W/C=55%).

3. Results and Discussion

Accelerated Corrosion Test
Three specimens were prepared for each W/C ratio, and the chloride contents were measured

after accelerated corrosion.  For W/C = 45%, core samples were taken at 4 days, 10 days, and 12
days elapsed, while for W/C = 55% at 4 days, 8 days, and 10 days elapsed.  These periods are
determined from a comparison between AE activity and half-cell potentials.  One example in the
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specimen of W/C = 55% is given in Fig. 5.  High AE activities are observed at two stages of 3
days and 7 days elapsed.  For nondestructive evaluation of corrosion, the half-cell potential
measurement is normally carried out.  From the potentials measured at the surface, the probabil-
ity of corrosion is estimated as more than 90% when the potentials are lower than –350 mV.  As
seen in Fig. 5, the potentials start to decrease, around at the first AE activity (finished at 4 days).
Then the potential reaches lower than –350 mV after 10 days, following the second AE activity
(finished at 8 days).  Consequently, the test of one specimen for W/C = 55% was finished at 4
days, and the other was completed at 8 days.  The third specimen was conducted up to 10 days.
Results in Fig. 5 reveal that AE activities could provide earlier warning than the half-cell poten-
tial measurement.

Fig. 6  Distribution of chloride ions in depth.

Fig. 7  Comparison between AE activities and chloride contents.

Distribution of chloride contents in depth was determined, and results are given in Fig. 6.  At
the location of concrete cover, chloride ions per m3 becomes higher than 1.2 kg after 12 days in a
sample with W/C = 45%.  In contrast, it reaches over 1.2 kg after only 8 days for W/C = 55%.
This is because the permeability increases with an increase in W/C ratio in concrete.  According
to the Standard Specification (JSCE, 2001), the lower and upper bounds for triggering corrosion
are prescribed as 0.3 kg/m3 and 1.2 kg/m3, respectively.  Consequently, the amount of chloride
contents, C(t), was computed at cover-thickness based on Fick’s law,

C(t) = Co (1 – erf (x/2[Dt]1/2)),                    (1)   
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where Co is the surface concentration, D is diffusion coefficient, t is time and erf is Gauss’s error
function. Results are compared with AE activities in Fig. 7.  Here, chloride contents in concrete
were determined first from potentiometric titration. The surface concentration and the diffusion
coefficient were estimated by the regression analysis, by fitting the distribution using Eq. 1.
Obtained values of the surface concentration, Co, and the diffusion coefficient, D, are 10.02
kg/m3 and 6.05 x 10-8 cm2/sec, respectively..

Right after the chloride contents become higher than the lower bound (0.3 kg), the first high
AE activity is observed in both cases of W/C = 45% and 55%.  At the stage where the chloride
content exceeds the upper bound (1.2 kg), another high AE activity is observed.  These results
demonstrate that high AE activities of the two stages are observed in the accelerated corrosion
test.  One is the stage where the chloride content reaches 0.3 kg/m3, and the other is the stage
where the chloride level becomes higher than 1.2 kg/m3 in concrete.

Fig. 8  Deterioration process due to salt attack.

Fig. 9  Crack patterns observed after the test.
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These are in remarkable agreement with the deterioration process due to salt attack, which is
prescribed in the Standard Specification.  According to the process shown in Fig. 8, there exist
the first stage for the initiation of corrosion from the incubation to the development period, and
the second for the nucleation of cracking from the development period to the accelerated corro-
sion.

 
Characterization of Corrosion Cracks by SiGMA

Nucleation of typical corrosion cracks was simulated by employing expansive agent.  A hole
of 30 mm diameter to represent the rebar location was made at 3 cm depth from the side, corre-
sponding to 3 cm cover-thickness.  After casting expansive agent into the hole, surface cracks
were observed after two days.  During extension of these cracks, AE events were detected by six
AE sensors as shown in Fig. 4. After the test, SiGMA analysis was conducted.  Three main
cracks observed are shown in Fig. 9, which are labeled as crack traces (a), (b), and (c).  In refer-
ence to the cross-section of a reinforced concrete member this model simulates, crack trace (a)
corresponds to a surface crack, which is normally observed as corrosion cracking. Crack trace (b)
is commonly observed as a spalling crack due to corrosion.  An internal crack (crack trace (c)) is
generally not taken into account, because this is inaccessible to usual visual inspection.

Fig. 10  Results of SiGMA analysis classified in three clusters.

Fig. 11  AE activities during crack nucleation.
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AE events analyzed by SiGMA procedure were first located, and then were classified as
three clusters responsible for crack traces (a), (b) and (c) from Fig. 9.  All the results of SiGMA
analysis are plotted in Fig. 10. AE events analyzed are marked with arrow or cross symbols.  The
arrow symbol represents a tensile crack, and the arrow direction indicates the crack opening di-
rection.  Shear cracks are denoted by cross symbols, and their two orientations correspond to the
crack motion vector and the crack normal vector, respectively.  

Fig. 12  AE activities classified into shear and tensile cracks.

Concerning crack trace (a), tensile cracks running vertically to the surface are mostly visible
from outside.  In contrast, shear cracks are not explicitly associated with the extension of sur-
face-breaking cracks.  For crack trace (b), tensile cracks are primarily observed at the locations
far from the reinforcement or close to the stress-free surface, while shear cracks are mostly ob-
served near the reinforcement.  In crack trace (c), tensile and shear cracks are fully mixed up.

In order to elucidate cracking mechanisms on these three crack traces, activities of AE events
are plotted in Fig. 11, after classifying into tensile cracks and shear cracks.  It is obvious that in
the beginning, crack trace (a) is created, followed by crack traces (b) and (c).  In Fig. 12, AE
events of tensile and shear cracks are separately plotted.  It is found that crack trace (a) propa-
gates as the tensile cracks.  For both crack traces (b) and (c), tensile cracks are nucleated as well
as shear cracks.  In particular, activity of shear cracks is higher than that of tensile cracks in the
case of crack trace (c).  Thus, we find that cracking mechanisms are different, depending on
crack traces.  The surface crack or trace (a) is first observed due to corrosion and AE events are
generated as tensile cracks along the final crack surface.  The spalling crack or trace (b) is nucle-
ated as a mixture of tensile and shear cracks.  Approaching to the surface, tensile cracks are pre-
dominant over shear cracks.  The internal crack or trace (c) is generated diagonally to the surface
and consists mostly of shear cracks.

In actual practice of visual inspection, the detection of surface and spalling cracks is the main
target for inspection.  By monitoring the nucleation of tensile cracks by applying SiGMA proce-
dure, it is possible to estimate and predict the extension of these two types of cracking.  It is
noted that internal cracks could be generated following the surface cracks.  This must be taken
into account in visual inspection, because the presence of the internal cracks could lead to the
loss of durability of an entire structure.

4. Conclusion

In order to inspect the corrosion of rebars nondestructively, practical electro-chemical tech-
niques of the half-cell potential and the polarization resistance have been developed.  Because
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their reliability and accuracy are still marginal, an application of AE to corrosion cracking is
studied.  Results obtained are summarized, as follow:
1. In the accelerated corrosion tests, AE occurrence is monitored continuously.  Investigating

ingress of chloride ions, a relationship with chloride concentration and AE activity is ob-
tained.  Right after the chloride contents become higher than 0.3 kg/m3, a high AE activity
period is observed.  Subsequently, at the stage where the chloride contents become higher
than 1.2 kg/m3, another high AE activity period is observed.

2. Two stages of high AE activities are observed in the accelerated corrosion test, which re-
markably correspond to the two stages in the deterioration process due to salt attack. These
are the initiation of corrosion from the incubation period to the development and the nuclea-
tion of cracking from the development period to the accelerated.  This suggests that these two
stages are possibly identified by in situ AE monitoring.

3. The corrosion probability by the half-cell potential reaches over 90% after the appearance of
these two stages.  It confirms that AE monitoring could provide earlier warning of corrosion
than the half-cell potential measurement.

4. Applying SiGMA procedure, nucleation mechanisms of a surface crack, a spalling crack, and
an internal crack due to the expansion of corrosion product are identified.  The surface-
breaking crack is nucleated dominantly by tensile cracks.  For the spalling crack, both the
tensile and the shear cracks are generated. Tensile cracking is dominant near a stress-free sur-
face, but the main mechanisms of the internal crack is of shear-crack motion.

5. In the case of visual inspection, the detection of the surface and spalling cracks is the main
target.  Monitoring the nucleation of tensile cracks by applying SiGMA procedure, it is pos-
sible to estimate and predict the extension of these two types of cracking.  It is noted that the
internal crack could be generated following the surface crack, and the main mechanism of the
internal crack is of shear.  Even though the cover concrete and the reinforcement are repaired,
this implies that the internal crack may still exist and could result in the loss of durability.
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