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TECHNICAL NOTES

Monitoring Corrosion in Oxide and Chloride Environments
Using Ultrasonic Guided Waves

Shruti Sharma' and Abhijit Mukherjee®

Abstract: Ultrasonic guided waves have been used for monitoring progression of rebar corrosion in concrete in chloride and oxide
environments. The effect of rates of corrosion in the two environments on the ultrasonic signals is reported. Surface- and core-seeking
guided wave modes were used to monitor beams undergoing accelerated impressed current corrosion in the presence (chloride corrosion)
and absence of chlorides (oxide corrosion). Effective combination of guided wave modes could relate to the differences in corrosion
mechanisms and rates in the two environments. Ultrasonic test results correlated well with that of the destructive tests.

DOI: 10.1061/(ASCE)MT.1943-5533.0000144

CE Database subject headings: Ultrasonic method; Corrosion; Reinforced concrete; Durability; Chloride.

Author keywords: Ultrasonic; Guided waves; Corrosion; Reinforced concrete; Durability.

Introduction

RC is the most popular construction material for infrastructure. It
has proven to be successful in terms of both structural perfor-
mance and durability. One major flaw, namely, its susceptibility to
environmental attack, can severely reduce the strength and life of
structures. In humid conditions, atmospheric pollutants percolate
through the concrete cover and cause corrosion of steel reinforce-
ments. The resulting hydrated corrosion products occupy volumes
about 6-10 times that of the steel (Broomfield 2007). The in-
creased volume induces tensile stresses in the concrete that result
in cracking, delamination, and spalling and further accelerates
corrosion. Moreover, bond between steel and concrete is reduced.
Corrosion in the form of pitting (area loss) may also reduce the
ductility of the steel bars (Andrade et al. 1993). If undiscovered,
corrosion can cause catastrophic failure of the structure (Simon
2004; Broomfield 2007). Thus, a rigorous inspection of the em-
bedded reinforcements for corrosion related damages on a regular
basis is imperative. The existing corrosion monitoring techniques
are electrochemical in nature which relates corrosion rate and
extent through assessment on surrounding concrete medium.
Techniques such as one-half cell potential are just qualitative in-
dicators of onset of corrosion. They are unable to discern its exact
location and magnitude. Large size of the concrete structures pre-
cludes a more extensive technique such as potentiodynamic scans.
Assessing the integrity of reinforcing bars poses practical difficul-
ties because the reinforcements are typically embedded inside the
surface. Moreover, the large size and limited accessibility of civil
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engineering installations prevent adoption of many currently used
nondestructive testing methods such as radiography, acoustic
emission, X-ray, etc. Hence, there is a need for a nonintrusive, in
situ and real time corrosion monitoring system for RC structures.

Ultrasonic wave propagation is beginning to gain popularity
among researchers in the detection of corrosion related damage in
reinforcing bars. The embedded reinforcements in concrete can be
excited at one end. The reinforcing bar acts as a waveguide that
assists its propagation. The waves leak into concrete and thus
attenuate before reaching the receiver at the other end of the
reinforcement. It is widely conjectured that debond impedes leak-
age of waves into concrete. However, inducing corrosion quickly
to develop a monitoring technique in a controlled manner is chal-
lenging. Hence, most of the researchers have concentrated on
simulated corrosion studies.

Corrosion has been simulated in various ways such as by in-
troducing debonding between steel and concrete in the form of
poly-vinylchloride (PVC) pipes (Wu and Chang 2006) or by
wrapping a tape on the bar (Reis et al. 2005). Higher signal
strength at the receiving end indicates debond and corrosion (Na
et al. 2002, 2003a,b; Wu and Chang 2006; He et al. 2006). He
et al. (2006) used frequencies between 1 and 2 MHz to relate the
effect of debond on signals in cylindrical specimens. The results
indicated that the received waveform is less attenuated with the
increase in debond for all frequencies. However, the lower fre-
quencies showed more sensitivity to the change in bond. Na et al.
(2002) used both high (1 MHz) and low frequencies (150 kHz) to
study the effect of various bond levels between steel and concrete
in RC beams and the effect of debond location on the received
waveforms. The results indicate that location of debond is not
discernible through pulse transmission (Ervin and Reis 2008;
Ervin et al. 2009). However, both low and high frequencies
caused increase in signal strength. All these studies were carried
out with simulated debonding. Effect of loading conditions (Wu
and Chang 2006), reinforcing ribs (Beard 2002; Miller et al.
2002; Kundu et al. 2006), corrosion products (Gaydecki et al.
1992; Miller et al. 2002), and anchorages (Na et al. 2002) on the
guided waves have been reported. Reis et al. (2005) used the
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fundamental flexural mode below 250 kHz for estimation of cor-
rosion damage in steel reinforced mortar. Debond defects were
simulated by wrapping a tape around the rebar. Waveform energy
that is indicative of attenuation was used to relate to corrosion
damage. Loss of bond between steel and surrounding concrete
could be detected and evaluated by this method. Na et al.
(2003a,b) used the guided waves for the inspection of steel-
concrete interfaces and glass fiber polymer-concrete interfaces.
Ervin and Reis 2008 and Ervin et al. 2009 used both low
[<200 kHz, L (0, 1) mode] and high [2-9 MHz, L (0, 9) mode]
guided longitudinal modes to ultrasonically monitor the acceler-
ated corrosion experiments. It was found that some modes were
sensitive to the combined effect of bond deterioration and mortar
stiffness reduction while some other modes related well to change
in cross-sectional area. In a recent publication on notched, deb-
onded, and corroded rebars, it is established that corrosion may
not be adequately simulated through debond only (Sharma and
Mukherjee 2010).

Thus, there is ample evidence that corrosion could be detected
by ultrasonics. But limited experimental evidence exists on using
ultrasonics for real time corrosion monitoring in beams undergo-
ing corrosion. Also, mechanism and progression of corrosion in
the absence and presence of chlorides is different. Prognosis of
these two types of corrosion would be vastly different. Thus, a
nondestructive technique that is able to discern these two modes
of corrosion will be of great benefit. This study reports progres-
sion of ultrasonic guided waves in bars undergoing corrosion in
chloride and oxide environments. Different guided wave modes
have been selected to evaluate their suitability in discerning dif-
ferent types of corrosion. A brief discussion on the corrosion
mechanism of steel bars embedded in RC is necessary to appre-
ciate the proposed method.

Corrosion Mechanism in Concrete

Concrete is alkaline due to the presence of hydroxides of calcium,
potassium and sodium [Ca(OH),, KOH and NaOH] and the alka-
linity typically ranges between pH 12 and 13. Due to the high
alkalinity of the concrete pore water, the steel reinforcing bars are
passivated by an iron oxide film that protects the bar. But the
passivating environment is not always maintained. In the presence
of oxygen, water and aggressive ions such as chlorides steel bars
are depassivated and corrosion is initiated.

Oxide corrosion (OC)—corrosion is an electrochemical pro-
cess where the anode and the cathode are on the same steel bar.
The corrosion of steel in concrete in the presence of oxygen but
without chlorides takes place in several steps. At the anode of the
steel reinforcing bar, iron atoms lose electrons to become ionic
(Fe**). At the cathode on the same steel bar where metal is not
consumed, oxygen in the presence of water accepts electrons to
form hydroxyl ions (OH"). This reduction reaction is referred to
as the cathodic reaction

Anodic reaction: Fe — Fe?* +2¢~ (1)

1
Cathodic reaction: 2e” + H,O + 502 — 20H" (2)

Both the anodic and cathodic reactions are necessary for the
corrosion to occur and they need to take place simultaneously.
The hydroxyl ions combine with the ferrous ions to form ferrous
hydroxide

Fe?* + 20H™ — Fe(OH), (3)

In the presence of water and oxygen, the ferrous hydroxide is
further oxidized to form Fe,O4

4Fe(OH), + O, + H,0 — 4Fe(OH); (Ferric hydroxide) (4)

Fe(OH); — Fe,05.2H,0 (Hydrated ferric oxide rust)  (5)

The manifestation of OC is in the formation of these corrosion
products on the surface of the rebar. Thus, the steel-concrete
interface is altered where rust is formed. At the initial stages,
the corrosion products increase the friction coefficient at the in-
terface through the roughening of the bar surface. As corrosion
progresses, due to higher volume of corrosion products than the
corresponding volume of steel, an outward pressure is generated
on concrete. This might initially improve the interfacial bond.
However, the pressure results in tensile stresses in concrete. As
concrete is weak in tension, cracks are developed in it leading to
debond. Most researchers have simulated debond by artificially
introducing an element at the interface.

Chloride corrosion (CC)—possible sources of chlorides in
concrete are aggregates, mixing water, admixtures (accelerators),
deicing chemicals, and use of sea water for construction. Struc-
tures in the coastal areas absorb the chlorides from the atmo-
sphere. Corrosion of steel in concrete in the presence of chlorides,
but with no oxygen (at the anode), takes place in several steps. At
the anode, iron reacts with chloride ions to form an intermediate
soluble iron-chloride complex

Anodic reaction: Fe + 2Cl™ — (Fe?* + 2CI") + 2¢~ (6)

When the iron-chloride complex diffuses away from the bar to an
area with higher pH and concentration of oxygen, it reacts with
hydroxyl ions to form Fe(OH),. This complex reacts with water
to form ferrous hydroxide

Cathodic reaction: (Fe?* +2CI7) +2¢~ + 2H,0
— Fe(OH), + 2H"2CI~ (7)

As in the case of OC of steel, ferrous hydroxide is oxidized to rust
in the presence of oxygen and water. The resulting corrosion
products and accompanying processes of cracking, spalling and
delamination of concrete occurring in both types of corrosion are
similar but the rate and the mode of occurrence of various aspects
of corrosion are different in the two cases. The rate of CC is much
faster than OC. Although CC leads to debond, its distinguishing
feature is pitting where crevices are formed in the bar leading to
local loss of material. Thus, in addition to debond, CC leads to
local weakening and loss of strength and ductility of the bar. This
study investigates the applicability of ultrasonic guided waves to
monitor progression of these two types of corrosion. An experi-
ment is carried out to create the two different corrosion environ-
ments in RC samples. The samples have been ultrasonically
monitored for the same period of exposure.

Experimental Procedure

Sample Preparation

Most commonly used M20 grade concrete with design weight
proportions of cement, sand and stone aggregates as 1:1.5:2.96
was prepared with water cement ratio of 0.45. RC beam speci-
mens of dimension 150 X 150X 700 mm were cast. One 25-mm
diameter plain mild steel bar of 1.2-m length was placed at the
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Fig. 1. Experimental setup

center of cross section of the beam at the time of casting. The bar
projected out by 250 mm on each side of the beam (Fig. 1).
Although ribbed bars that offer mechanical bonding between the
bar and the concrete are more popular in construction, in this
investigation, plain bars are used to avoid such mechanical bond-
ing and to observe how corrosion influences interfacial bond. In
natural environment, corrosion process takes several years to
occur. Hence, the process was accelerated using induced current.
Positive terminal of a constant power supply device was attached
to the projected bars of the beam. The middle 300 mm of the
beam was selected for exposure to corrosive environment. A thick
cotton gauze was placed in this region to keep it moist. A stainless
steel wire mesh was wrapped on the cotton gauze. The negative
terminal was connected to the wire mesh. A potential (i.e., poten-
tiostatic test) of 30 V was applied between the two terminals by
means of the constant power supply device. A dripping mecha-
nism was fitted on the wire mesh to keep the cotton underneath
saturated. For CC, 5% NaCl solution was used as drip. In OC,
plain tap water was used instead of NaCl solution. Cotton gauze
below the wire mesh uniformly distributed the water in the central
wrapped portion of the beam.

Ultrasonic Investigations

An ultrasonic testing system consisting of a pulser-receiver de-
vice, transducers, and display devices was used. The transducers
were attached at the two ends of the bars by means of a holder
and a coupling gel between the bar and the transducer. The hold-
ers maintained a constant pressure between the transducer and the
bar. Driven by the pulser (DPR 300), the compressional trans-
ducer (Contact type, Karl Deutsch Make) generates an ultrasonic
pulse that propagates through the embedded bar in the form of
longitudinal waves. The excitation signal consisted of a compres-
sive spike pulse with duration ranging from 10 to 70 ns. The pulse
transmitted at the other end of the bar was recorded on the receiv-
ing transducer (Fig. 1).

Both the beams undergoing accelerated oxide and CC were
ultrasonically monitored for 28 days. The selection of frequencies
for testing was done using the software Disperse (Pavlakovic and
Cawley 2000). They were also validated by experimentally con-
firming the signal fidelity. The modes that are easily distinguish-
able and have lowest signal attenuation were selected. For bars
embedded in concrete, which is a layered waveguide system,
leakage plays an important role. Frequency regions with lowest
attenuating modes are the ones with displacement profiles cen-
tered in the middle of the bar to minimize leakage but at a low
enough frequency to avoid substantial absorption (Ervin and Reis
2008; Ervin et al. 2009; Pavlakovic et al. 2001). Hence, funda-
mental mode, L (0, 1) mode at 100 kHz starting at zero frequency
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Fig. 2. Mode shapes: (a) surface-seeking mode L(0,1) at 100 kHZ;
(b) core-seeking mode L (0, 7) at 1 MHz

was selected. Another mode L (0, 7) at 1 MHz forms a low leak-
age mode corresponding to maximum energy velocity and mini-
mum attenuation (Pavlakovic et al. 2001) was also identified for
ultrasonic investigations.

However, the main feature for the selection of modes was its
mode shape that determines the radial distribution of displace-
ment and energy density (Fig. 2). It may be recalled that OC and
CC had different effects on the bar. While OC mainly affects the
surface of the bar, CC leads to pitting inside the bar. Thus, a mode
that has significant surface component would be sensitive to OC.
It is evident that L (0, 1) is such mode and hence, is a surface-
seeking mode [Fig. 2(a)]. The CC, on the other hand, would
manifest itself in a mode that progresses mainly through the core
of the bar and has negligible surface component. L (0, 7) is such
a mode and is referred to as the core-seeking mode [Fig. 2(b)].
Thus, these two modes have been considered in an attempt to
distinguish between corrosion mechanisms in two environments
of oxide and CC. Pulse transmission was monitored once each
day for 28 days. The signals had no significant variation after that
time. After the completion of exposure, both the corroded beams
were subjected to pullout test and the extracted bar was examined
for mass loss and tensile strength. The ultrasonic test results were
compared with those of destructive tests.
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Fig. 3. Peak-peak voltage ratio with surface-seeking mode

Results and Discussions

Visual Observations

Beams undergoing accelerated CC showed reddish brown patches
of corrosion products and a longitudinal crack parallel to the bar.
Within 7 days, the cracks appeared at the surface of the beam and
progressed along the direction of the reinforcement. With the in-
crease in the volume of corrosion products, another crack parallel
to the bar appeared on another face of the beam after 15 days. A
reddish brown liquid oozed out of the cracks and the ends of the
beam. The crack length and width increased with period of expo-
sure. At 28 days of corrosion, there were two large and wide
longitudinal cracks that divided the entire beam into two wedges
and the beam was in a significantly damaged condition.

Contrary to this, in the beam undergoing OC no visual change
was observed until 15 days. Then a longitudinal crack appeared
parallel to the reinforcement accompanied by a relatively small
leakage of corrosion products. The crack increased in length and
width but extended to only the middle one-half of the length of
the beam until 28 days exposure was over. A significant observa-
tion was the appearance of a perpendicular crack at the center of
the beam that was not observed in the CC sample. It appeared on
the 22nd day and progressed to divide the length of the beam into
two halves. This indicates van outward bending pressure on the
concrete due to OC. The observation may be useful in identifying
the type of corrosion at site.

Ultrasonic Monitoring with Surface-Seeking Mode

Fig. 3 shows ultrasonic voltage trends of the received signal in
both CC and OC specimens using surface-seeking mode L (0, 1)
at 100 kHz. In the CC specimen, rise in signal amplitude is ob-
served right from the 2nd day indicating loss of bond between
steel and concrete and this continued until 12 days. After 12 days
of exposure, the signal amplitude continuously dropped until it
became more or less constant after 21 days. The ultrasonic obser-
vations match closely with the CC mechanism. Initially, the for-
mation of soluble corrosion product causes delamination of the
bar from the surrounding concrete. Expected increase in pressure
caused by corrosion products is alleviated due to the release of
pressure by its dissolution. This continues until a considerable
amount of delamination takes place. After this, the presence of
chloride ions results in deterioration of bar through the local loss
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Fig. 4. Peak-peak voltage ratio with core-seeking mode

of material. It leads to attenuation of the signal and that continues
throughout the remaining period of exposure. This indicates that
CC begins with bond deterioration but finally leads to pit forma-
tion and local material loss.

In the OC specimen, the received signal amplitude initially
drops for 4 days before it starts to rise. This is possibly due to the
increase in confinement pressure caused by corrosion products
resulting in leakage into the surrounding concrete. It may be at-
tributed to less soluble corrosion products developing slower rate
in OC as against CC. After 4 days, the signal continues to rise
until the end of exposure indicating increasing delamination dur-
ing the whole period. But the rise in signal strength is slower than
CC. This shows that for the same period of exposure, OC affects
only the surface of the bar causing delamination and no severe
pitting or area loss. Thus, delamination dominates OC and pits are
not expected to form. Visual examination of the bar after conduct-
ing the pull out test revealed that there was localized surface
corrosion, small rust stains and a longitudinal crack in the middle
one-half length of the beam. Because of this local pressure build
up in a small length, a transverse crack appeared at the center of
the beam.

Ultrasonic Monitoring with Core-Seeking Mode

Fig. 4 shows the peak to peak ultrasonic voltage ratios of the
received and input signals in both CC and OC specimens for
the core-seeking mode L (0, 7) at 1 MHz. In the CC specimen,
the beam showed no significant change in voltage amplitude of
the transmitted pulse until 6 days. After 6 days, there was a con-
tinuous drop in the amplitude until it disappeared completely on
the 25th day. This points toward drastic nonuniform area loss in
the form of pits on the whole length of the bar. The widespread
loss of area was confirmed visually by opening the beam. As
corrosion progressed, there is increase in loss of energy due to
scattering, multiple reflections and mode conversions. Hence,
there was a drastic fall in signal amplitude. It is worth mentioning
that only signal amplitude of this mode L (0, 7) was studied and
there was no shift in arrival time of this mode as the exposure
continued.

Ultrasonic monitoring of the OC beam with L (0, 7) mode
shows no drop in signal until 12 days. Then it starts dropping
slowly but the fall is not as drastic as observed in CC. In 28 days

210/ JOURNAL OF MATERIALS IN CIVIL ENGINEERING © ASCE / FEBRUARY 2011

J. Mater. Civ. Eng. 2011.23:207-211.



Downloaded from ascelibrary.org by University of Newcastle on 09/12/14. Copyright ASCE. For persona use only; all rights reserved.

of exposure of OC specimen, a nominal fall of 0.5 V is observed
as against 3.5 V signal amplitude fall in CC specimen. This
clearly differentiates the rate as well as the corrosion mechanism
in the two environments.

Destructive Testing

The bars were subjected to a series to destructive tests after the
period of exposure was completed. The pullout strength of the
interface was determined by securing the specimen in a universal
testing machine and pulling the projected part of the bar at 0.02
mm/s. Pullout strength was 28 % lower for the specimen under-
going CC in comparison to the beam specimen in the virgin state.
The longitudinal cracks widened further during pullout test and
the beam easily split open. The corrosion products were spread in
the whole length of the beam accompanied by reddish brown
stains on the faces of the longitudinal cracks. Tensile test and
mass loss of the extracted bar were performed. The bar had lost
5.15 % of its mass and 32.8% of its tensile strength in comparison
to the bar in the virgin state. These reductions in pullout strength,
mass and ultimate tensile strengths correlate well with the ultra-
sonic monitoring results.

In the case of OC beam, an increase in pull out strength by
51% of the beam in the virgin state was observed. It may be
recalled that the bars used in the experiment are plain extruded
bars without any ribs. Thus, the initial bond at the steel-concrete
interface is only through friction and there is no mechanical bond.
Creation of corrosion products at the surface roughens it which
improves the bond and increases the pullout strength. For the
same exposure time, in the beam undergoing CC, corrosion is
widespread and extensive and the rust product is washed away by
chloride solution through the cracks. This results in release of
pressure and decrease in bond. In OC, the bar had lost only 0.316
% of its mass and 10.88 % of its tensile strength. Thus, ultrason-
ics are capable of monitoring progression of corrosion in oxide
and chloride environment by effective combination of guided
wave modes in bars embedded in RC structures.

Conclusions

Ultrasonic guided wave monitoring with specific core- and
surface-seeking modes successfully identifies the type of corro-
sion mechanism in chloride and oxide environments in a bar
embedded in concrete. In general, pitting and nonuniform area
loss highlighted by severe signal attenuation that marks CC, is
identified well by the core-seeking mode. With surface-seeking
mode, the signal strength initially rises followed by the drop. This
indicates that CC starts with delamination followed by local loss
of material. In OC, the rate of corrosion is slow and localized
marked by initial drop in signal due to pressure build up by for-
mation of corrosion products and then slow bond deterioration as
depicted by gradual rise in signal strength in surface-seeking
mode. Pitting is insignificant as manifested by very slow signal
fall in core-seeking mode in OC. Thus, through a judicious selec-
tion of ultrasonic modes the mechanism and rate of corrosion in
oxide and chloride environments in RC structures can be success-
fully monitored. The writers are experimenting with bars at dif-
ferent stages of corrosion in the two environments to explore the
ability of ultrasonics to predict the level of deterioration of the
bars and to correlate with its physical condition.
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