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The present study aims at developing a robust non-destructive evaluation technique by using the scattering of
ultrasonic guided waves for early detection and assessment of localised damage in bare rebars in the form of
corrosion pits. The guided wave interaction with the pitting corrosion is numerically simulated by using ﬁnite
element analysis, and the results are validated with experiments. The received signal contains several wave
packets, which could be identiﬁed as various scattered modes that are generated from the edges of the corroded
region. It is found that when the damage is placed at the centre of the rebar, several scattered wave modes
superimpose to form two distinct wave packets in the received signal. A damage index is proposed by using these
two distinct wave packets. It is shown that the proposed damage index method can be used successfully to
monitor the axial extent and intensity of pitting corrosion in rebars. However, for the pitting corrosion that is
situated at an arbitrary position, a diﬀerent methodology, which utilises the diﬀerential time of arrival of various
scattered wave modes, is proposed to identify the location of the pitting corrosion. Finally, a non-dimensional
parameter, namely the scatter coeﬃcient, is deﬁned to analyse the energy contributions of various scatter
modes. It is found that this scatter coeﬃcient gradually increases with the mass loss and that the increment is
pronounced when the corrosion pit is closer to the receiver location. The ﬁndings of the study can be used to
identify the pitting corrosion in bare rebars.

1. Introduction
Reinforcement bars are widely used in civil structures to enhance
the tensile strength of concrete. Corrosion of reinforcement bars has
been a major cause of concern for researchers as it can result in catastrophic failure of infrastructure. In reinforced concrete (RC) structures,
concrete provides the alkaline environment and thus forms a passive
layer around the rebars. But, ingress of excessive acidic agents such as
chlorine deteriorate this passive layer. The corrosion product that is
generated due to this process gets debonded from the intact rebar and
results in a reduction of diameter. This reduction in the eﬀective diameter of the rebar leads to a lower moment of resistance, leading to
failure of structural components [1].
Guided waves are being increasingly used in the aerospace industry
for their utility in the identifying of cracks, debonding and delamination in aluminium plates and composite structures [2–5]. Studies have
indicated that they can travel over a long distance with low attenuation.
Thus, guided wave based techniques can be used scan damages in a

∗

large area with fewer measurements compared to conventional chemical methods like half-cell potential measurements, concrete carbonation test, etc. and mechanical methods like ultrasonic pulse velocity
test, rebound hammer test, etc. [6–8]. By utilising the dispersion
properties of guided waves, studies were successful in identifying and
generating speciﬁc wave modes which have dominant variation in the
wave characteristics due to a speciﬁc type of damage [9]. This success
inspired various researchers to deploy guided waves in the identifying
of defects in reinforced cement concrete (RCC) structures in the recent
years [10–12].
It is widely stated in the literature that the corrosion process in a
reinforced concrete (RC) leads to a reduction in the diameter as well as
in the debonding at the concrete-steel interface. Various researchers
have studied the discrete eﬀect of each of these two features of corrosion. In recent studies, it has been expressed that the diameter reduction
and debonding have a complementary eﬀect on the wave characteristics [13]. The co-occurrence of these two types of damage is studied,
and through numerical simulations, it has been shown that a concealed
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2. Wave propagation in reinforcement bar with damage

state of damage that is known as the zero eﬀect state can occur in a
corroded rebar RC structure [14]. It has become imperative to develop
damage identiﬁcation algorithms to detect such concealed damage in
rebars.
Corrosion in rebars can be classiﬁed into uniform corrosion and
pitting corrosion. Carbonation of concrete causes microcell corrosion in
which a numerous number of small corrosion cells are formed over a
large length of rebar. This eﬀect causes the cross section of rebar to
reduce in a large length of rebar. This type of corrosion is termed as
uniform corrosion. This type of corrosion is often slow and can be detected and controlled easily. Recently, embeddable piezoelectric patches were successfully tested to detect and quantify uniform corrosion
in RC structures [15]. Low chloride concentration often results in the
formation of macro-cell corrosion in rebars. In this type of corrosion, a
small portion of the rebar with high negative potential acts as anode
and rest of the rebar acts as a cathode. Corrosion of the rebar occurs at
the anodic site and cross section of this portion gets reduced due to the
formation of rust. This type of corrosion is termed as localised corrosion
or pitting type of corrosion [16]. The pitting type of corrosion can occur
and propagate at a faster rate. It is recognised to be more dangerous
because the cross section of the rebar is reduced to a point at which the
load-carrying capacity of the rebar is completely diminished and a
catastrophic failure of the structure is enforced [1,17].
ToF obtained from various wavelet transforms has been used to
detect uniform corrosion. The diﬀerential ToF of L (0, 1) mode from an
undamaged rebar and a corroded rebar has been used to identify the
corrosion state in various uniformly corroded rebar samples. It is reported that the diﬀerential ToF increases with the intensity of the
corrosion in the rebar [18]. However, the dominant change in the ToF
and the amplitude of wave modes, which is observed due to uniform
corrosion, could not be witnessed in the case of pitting corrosion.
Hence, the methods that are developed for uniform corrosion do not
hold good for pitting corrosion. The pitting corrosion in pipelines is
widely studied in the literature by correlating the reﬂection characteristics of guided waves with the damage sizes [19–21]. A. Demma
et al. [22] have investigated the dependence of reﬂection coeﬃcient on
circumferential extent and depth of defect in pipelines by using torsional T (0,1) mode and have proposed reﬂection maps to quantify
unknown defects in pipelines.
Pitting corrosion in rebars is detected and assessed by using ultrasonic guided waves in this study. The longitudinal guided wave mode, L
(0, 1), is excited by using contact-type transducers that are attached to
the ends of the rebar. The variation in amplitude measurements due to
bonding between the transducer and the structure is eliminated by
normalising the signal with respect to the peak amplitude of the L (0, 1)
mode. The response of the rebar with pitting corrosion is analysed and
various wave modes in the signal are identiﬁed. The scattered modes
that are generated due to the presence of damage can imitate the damage intensity and boundaries. The characteristics of the scattered
waves are predicted by testing rebars at various corrosion levels.
In the recent years, damage index methods have become popular
because of their capability to indicate the presence of damage. The
uncertainty in damage identiﬁcation is well accounted by using damage
index algorithms because they give the statistical probability of damage
occurrence at any location. Damage indices were proposed by researchers by using signal amplitude, FFT energy, wavelet coeﬃcients
and principal components [10], [23,24]. In this study, a damage index
that is based on the Hilbert coeﬃcients is proposed for the damages that
are located near the centre of the rebar. The eﬃcacy of this method is
evaluated for accurate identiﬁcation of corrosion in bare rebars. However, the corrosion that is located at an arbitrary location is identiﬁed
by retracing the damage boundaries by using the diﬀerential time of
arrival of various scattered wave modes. A non-dimensional parameter,
namely the scatter coeﬃcient is deﬁned to analyse various levels of
corrosion that are located at the centre as well as away from the centre.

The propagation of energy in a body with the aid of the movement
of particles in the body can be described as wave propagation. Wave
propagation is extensively used in the study of the mechanical behaviour of a material. The changes in mechanical properties aﬀect the
propagation characteristics of various wave modes, and this property is
extensively used for damage identiﬁcation. In this section, the theory of
guided waves in a cylindrical medium is presented, and the various
scattering modes that are generated due to corrosion damage are discussed.
The wave propagation in a cylindrical waveguide is governed by
equation (1)
..
(λ + μ) ∇∇⋅U + μ∇2 U + ρf = ρU
(1)
where U is the displacement vector, f is the body force vector, ρ is the
density, and λ and μ are Lamé constants. The solution that was suggested by Gazis for the governing equation above is considered to hold
good for longitudinal waves [25]. An alternative solution that was
proposed by Sun et al. can be used to estimate longitudinal as well as
torsional modes [26]. The displacement vector, U, can be expressed as
in equation (2) by using Helmholtz decomposition as the sum of the
gradient of scalar potential, Φ, and curl of zero divergence vector, Н.

U = ∇φ + ∇ × H and ∇•H = 0

(2)

The general solution that was presented by Sun et al. is given by
equation (3)

ϕ = f (r ) eimθei (kz − ωt )
Ηθ = hθ (r ) eimθei (kz − ωt )

Ηr = hr (r ) eimθei (kz − ωt )
ΗΖ = hz (r ) eimθei (kz − ωt )

(3)

Three traction-free boundary conditions on the outer surface and
the gauge invariance condition for an inﬁnitely long reinforcement bar
lead to an eigenvalue problem, [C][A] = 0, in which C is a 4×4 matrix.
The detailed solution of the above equations can be found in Ref. [6].
Theoretical dispersion curves can be plotted by using the eigenvalues of
equation (3). The presence of damage and changes in the interface
conditions render a complicated form to the set of analytical equations
that is mentioned above. Hence, numerical solutions are employed to
solve such problems.
The existence of corrosion in reinforcement leads to contamination
of the received signal due to scattering at the damage edges. The change
in the geometric properties of the reinforcement necessitates a change
in the group velocity in the damaged area. Hence, a change in the ToF
can be observed in that area. However, this change in the ToF cannot
result in an appreciable change in the ToF of the initially transmitted
signal of the entire structure.
Depending upon the location and relative size of damage, with respect to the reinforcement bar, an inﬁnite number of modes is possible.
The prevalence of any particular mode depends on the incident wave
energy and reﬂection coeﬃcients. A few basic scattered modes that
occur due to the front and rear edges of damage are shown in Fig. 1. A
part of the initial signal is unaﬀected by the damage and arrives at the
sensor at a time, T. The times of ﬂight for various portions of the rebar
are indicated by t1, t2 and t3. Arrival times for various damage-scattered modes are listed in Table 1. These modes can be identiﬁed in the
numerical and experimental signal with their arrival times.
The received signal takes a simpliﬁed form when the damage is
located equidistant from the actuator and sensor (that is, t1 = t3). In
such a case, the scattered wave modes 3 and 5 arrive at the same time.
Simillarly, two sets of scattered wave modes (6, 7) and (9, 10) also
arrive at the same time. Thus, in the received signal, these two sets of
scattered wave packets form two distinct peaks, which were observed in
the numerical simulations and experiments. In this study, the eﬀect of
rebar corrosion on the characterstics of various scattered wave packets
is analysed.
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Fig. 2. (a) Rebar samples used in the experiment and (b) a typical reinforcement bar used as a baseline, and a reinforcement bar with corrosion.

Fig. 1. Scattering pattern in damaged rebar.
Table 1
Scattered wave modes and their arrival times at the sensor.
Mode No.

Time of arrival at sensor

Mode No.

Time of arrival at sensor

1
2
3
4
5

T
3T
T+2*t1
T+2*t2
T+2*t3

6
7
8
9
10

T+2*t1+2*t2
T+2*t2+2*t3
T+4*t2+2*t3
T+4*t3
T+4*t1

Fig. 3. Group velocity dispersion curves for a 20 mm rebar.

were attached in order to generate longitudinal waves. A Tektronix
arbitrary function generator, AFG 3102, was used to generate input
signal. The response signal is collected at the receiver end by a digital
oscilloscope, DPO1034B, at a sampling frequency of 10 MHz. Averaging
of the response signal over 512 cycles is achieved by using an inbuilt
function in the oscilloscope.
Dispersion curves for a rebar with a diameter of 20 mm are plotted
by using DISPERSE software [32]. The group velocity is obtained from
numerical results for each of the frequencies of excitation by dividing
the length of the rebar with ToF, which is calculated by the diﬀerential
time from the peak input to the peak output signals. These dispersion
curves, as shown in Fig. 3, were veriﬁed by using group velocities that
were obtained through experiments on the undamaged rebar. From the
dispersion curves, it is observed that only one longitudinal mode is
possible for axisymmetric geometry in the frequency range of
0–150 kHz. A ﬁve-cycle Hanning pulse with 100 kHz central frequency
is selected for signal actuation as longitudinal mode, L (0, 1), can be
excited with less dispersion. The responses of an undamaged specimen
that was collected using simulation and experiments are compared in
Fig. 4(a). The direct transmitted signal and the boundary reﬂected
signal could be recognised from the energy envelopes of the signals by
using the Hilbert coeﬃcients [33], as shown in Fig. 4(b). The input
frequency of 100 kHz results in a dominant L (0, 1) mode, which has an
arrival time of 129.5 μs in the simulation. Additionally, it is comparable
to the arrival time (125.2 μs) of the direct transmitted signal that is
observed in the experiments.
Fig. 5 shows a typical comparison of FEA and experimental signals
for a 100 mm-wide corrosion of rebar with a diameter reduction to
16 mm diameter from 20 mm diameter. The eﬀective diameter of the
rebar is reduced in the numerical simulation by deleting the elements in
the speciﬁc portion of the rebar. The response of rebars with corrosion
damage shows the wave packets that were generated due to scattering
from damage edges, which were similar to the simulation results. This
damage-scattered signal can be utilised to study the eﬀect of a change
in the intensity, axial extent and location of pitting corrosion, which
will be addressed in section 4. In the rebar in which the corrosion is
located at the centre, two distinct wave packets can be observed in the
signal, as will be explained in section 4.1 and section 4.2. These wave
packets are analysed in order to develop a damage index method. In the
rebar in which the damage located away from the centre, more than

3. Numerical modelling and experimental validation
A numerical model of rebar with a simply supported boundary
condition is developed in Abacus/CAE 6.14, a ﬁnite element analysis
(FEA) software. The length and diameter of the rebars are 600 mm and
20 mm, respectively. Material properties of the rebar are listed in
Table 2. A mesh size of 2 mm and time increment of 1 × 10−7 s are
used to satisfy the Courant–Friedrich–Levy condition [27].
The eﬀect of ribs on rebar has been studied by a few researchers and
the key ﬁnding of their research is that the presence of ribs does not
aﬀect the signal when the ratio of the wavelength to the dimension of
the ribs is high [28], [29–31]. The typical rib dimension for a 20 mm
rebar is in the range of 1.25 mm–1.35 mm. The frequency of the testing
that is used in this study is 100 kHz. The wavelength-to-rib dimension is
estimated to be greater than 2, which indicates that the ribs have a
limited eﬀect on wave characteristics. Therefore, a simpliﬁed solid
rebar model is used instead of ribbed rebar for simulation. A ﬁve-cycle
Hanning pulse at 100 kHz is applied at one end of the rebar to generate
longitudinal waves. A rebar without damage is used as a baseline. The
baseline signal shows a clear transmission signature at a time, ‘T’, and
boundary echo after time, ‘3T’. Corrosion is simulated in rebar by reducing the diameter of the selected portion while keeping all the other
modelling parameters unchanged.
Rebar samples, such as those that are shown in Fig. 2(a) with various corrosion intensities, axial extents, and locations were used in
experiments to verify the simulation results. The corrosion in the rebar
samples is achieved by scrapping oﬀ the material from the surface of
these samples. A schematic diagram of a pristine rebar and a rebar with
corrosion damage that is located at the centre, with an axial extent of
100 mm, is shown in Fig. 2(b). The ends of these samples were ﬂattened
and contact transducers of diameter 12.5 mm (supplied by Olympus)

Table 2
Material properties of rebar.
Material

Density (kg/m3)

Poisson ratio

Young's Modulus (GPa)

Steel

7850

0.30

200
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(a)

(b)

Fig. 4. (a) Comparison of baseline signal from experiment and FEA and, (b) comparison of energy envelope of baseline signal from experiment and FEA.

Fig. 5. Comparison of FEA and experiment signal of rebar with 100 mm-wide
corrosion located at the centre.

Fig. 6. Comparison of the signal from a corroded rebar with baseline signal by
using FEA.

two packets are observed, as will be explained in section 4.3, four of
which are signiﬁcant and are used to identify the damage.
4. Results and discussion
From numerical studies and experiments, it is observed that the
presence of damage results in scattering of wave energy. The wave
packets that are generated due to scattering are examined in this study
to develop a method to ascertain the progress of the damage. Three
types of variations in corrosion are examined. First, the intensity of
corrosion is varied for a ﬁxed axial extent of corrosion at the centre by
reducing the diameter of rebar in the corroded region. The radial proﬁle
of the pitting corrosion is maintained as circular for computational
simplicity. Second, the axial extent of corrosion is varied for a ﬁxed
reduction in diameter at the centre. Third, the location of corrosion is
varied while maintaining the intensity and axial extent of corrosion as
constant.

Fig. 7. Comparison of energy envelopes of the signal from corroded rebar with
baseline signal by using FEA.

4.1. Assessment of corrosion in a rebar with varying corrosion intensity

It is further observed that an increase in corrosion of the rebar results in an increase in the amplitude of scattered wave packets. The
diﬀerential time of arrival of the two wave packets has a direct correlation with the boundaries of the damage. A damage index is therefore
developed by using the reﬂection pattern that occurs due to the pitting
type of the corrosion that is located at the centre of the rebar. In this
method, the rebar is discretised into n elements with n+1 nodes, as
shown in Fig. 8. The boundary of the damage is assumed to exist at each
of the nodes, and the damage index is calculated. The path that is

In order to examine the eﬀect of corrosion, rebars with various intensities of corrosion are modelled and the results are compared with
the baseline signal. Fig. 6 shows the comparison between signals with
and without a 100 mm-wide corrosion that is located at the centre with
a diameter reduction to 16 mm. Fig. 7 shows the energy envelope that is
plotted using a Hilbert transform [33] of the signals. Two distinct peaks
can be observed in the signal of the corroded sample, and this eﬀect can
be attributed to the scattering from the edges of the damage.
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Table 3
Estimation of damage length using damage index plot for a 100 mm-wide
corrosion damage in rebar (FEA).

Fig. 8. Discretisation in a typical rebar for damage index calculation, and path
of the signal in case of damage at the node, k.

Reduced
diameter (mm)

First
peak
(mm)

Second peak
(mm)

Damage size
(mm)

Error in length
estimation (%)

17
16
15
14
12

234
234
231
234
231

330
330
333
333
333

96
96
102
99
102

4%
4%
2%
1%
2%

followed by the scattered wave for a damage boundary that is located at
the kth node is shown in Fig. 8. Typically, if there is no damage the
value of the damage index will be zero. The damage index at each node
is deﬁned by the following equation:
t2

DI(x) =

∫ (S − B)2dt
t1

(4)

where t1 = (L + 2∗x )/ V

t 2 = t1 + Δ
V is the velocity of the speciﬁc mode.
L is the length of rebar.
x is the distance of a node from the sensor.
Δ is the bandwidth of the input pulse (50 μs for 100 kHz).
S is the signal from the specimen with damage.
Fig. 10. Comparison of the signal from rebars with various intensities of corrosion by using experiments.

In the current case, the length of the damage is maintained at
100 mm, and the diameter of the corroded portion is reduced. The
damage index of various corroded rebar samples, which was calculated
by using FEA signal, is shown in Fig. 9. It can be observed from the
ﬁgure that the value of the damage index increases with an increase in
the level of corrosion. The front and rear edges of the damage have a
high damage index as there is change in the cross section. This high
damage index can be used to monitor the progress of the corrosion in
the rebar. In detail, the peak in the damage index plot indicates the
location of the damage edge, while the area under the curve for each
case of damage can be used in order to estimate the intensity of corrosion. An estimate of the axial length of corrosion, which is obtained
from the peak-to-peak distance in the damage index plot, is listed in
Table 3, showing excellent agreement with actual length of corrosion.
The results of the simulation are veriﬁed with experimental results
in a few cases. A comparison of the signal of the corroded rebars with
the baseline that was obtained from experiments is shown in Fig. 10. In
line with the simulation results, the signal from a corroded rebar has
scattered wave packets, which form two distinct wave packets. The

Fig. 11. Damage index plots for rebars with various levels of corrosion by using
experiments.

damage index is calculated by using the experimental signals and it is
plotted against each of the discretised nodes. It can also be observed
that the increase in the corrosion intensity results in an increase in the
damage index, as shown in Fig. 11. Hence, the progression of the corrosion due to the change in the intensity can be monitored by using the
proposed method. The estimation of the length of the corroded portion
by using the damage index is presented in Table 4 for a few experimental specimens, showing good agreement with actual length of corrosion as well.

4.2. Assessment of corrosion in a rebar with varying axial extents of
corrosion
Fig. 9. Damage index of steel bars with various intensities of corrosion located
at the centre.

The corrosion in a rebar can also progress due to an increase in the
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diﬀerential time of arrival of the scattered wave packets increases with
the increase in the length of the corroded portion. The damage index
that is similar as deﬁned in section 4.1 can be used to monitor this
category of pitting corrosion progression in the rebar. Damage index
that is calculated by using FEA signals in a few cases of corrosion with
diﬀerent lengths of corrosion is shown in Fig. 12. In the ﬁgure, the
damage index that is obtained for corrosion cases of the axial extents of
100 mm, 150 mm and 200 mm clearly shows the edges of corrosion
damage. Hence, the pitting corrosion can be monitored when its progress is along the axial direction. The lengths of the corroded portion
that is calculated for the FEA signals by using the damage index plots
are listed in Table 5. The simulation results are veriﬁed by using damage index plots of the signal from experiments, as shown in Fig. 13.
The length of the damage, which was estimated from experiments, is in
agreement with simulation results that are presented in Table 5.
On the other hand, in the case of the corrosion with an axial extent
of less than a cut-oﬀ length, it is observed that damage could not be
quantiﬁed by using the damage index that is deﬁned in this study. This
is because the distinct peaks in received signal from damage edges
could only be observed when the damage is larger than the cut-oﬀ
length. Numerical models with various lengths of damage are analysed,
and the cut-oﬀ length for the current case is 70 mm. As can be observed
in the pitting corrosion that has an axial extent of 50 mm, the damage
index method results in a large error in Table 5. A diﬀerent approach
shall be followed in order to decompose the superimposed signal so that
damage can be quantiﬁed in such cases.

Table 4
Estimation of corrosion length from damage index plots by using experimental
signals.
Corroded rebar
diameter (mm)

First
peak
(mm)

Second
Peak (mm)

Damage size
(mm)

Error in length
estimation (%)

16
12

246
255

342
345

96
90

4%
10%

Fig. 12. Damage index plot for various lengths of damage located at the centre
by using FEA.

4.3. Localisation of corrosion at an arbitrary location in the rebar

Table 5
Estimation of corrosion length using damage index plot for damage that is
equidistant from transducers.
Corrosion
length
(mm)

Damage size
estimated
from
simulation
(mm)

Error (%)
(Simulation)

Damage size
estimated from
experiment
(mm)

Error (%)
(Experiment)

50
100
150
200

102
99
129
178

100%
4%
14%
11%

–
96
132
192

–
4%
12%
4%

In the previous two sections, the damage is maintained at the central location of the rebar. This conﬁguration causes the various scattered waves to arrive at a similar time. Thus, the wave modes are superimposed and result in two distinct wave modes that could be used to
develop a damage index. In this section, the location of the pitting
corrosion is varied and its eﬀect on the wave characteristics is examined. For this study, an axial extent of 100 mm, and a reduced diameter of 16 mm are chosen for the corrosion. A typical signal in the
simulation for the pitting corrosion that is located at a distance 200 mm
from the actuator is shown in Fig. 14. Unlike the corrosion that is located equidistant from the actuator and the sensor, the asymmetric
corrosion results in multiple wave packets. Typically, four dominant
wave packets can be observed due to scattering. These four wave
packets are due to reﬂections from structure boundaries and the damage edges, as shown in Fig. 15. The arrival time of each of these wave
packets depends upon the location and the axial extent of the damage.
Hence, an estimate of the damage can be made by using these scattered

Fig. 13. Damage index plot for various lengths of damage located at the centre
by using experiments.

length of the corroded portion. Hence, various rebars with the varying
axial extents of corrosion for the same reduction in diameter were
studied by using FEA and experiments. It is observed that the

Fig. 14. Response of a rebar with corrosion located at 200 mm from the actuator.
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3T

Scoeff =

3T

∫ (S − B)2dt /∫ (B)2dt
0

0

(5)

where Time arrival, T = L/ V
V is the group velocity;
L is the length of the rebar;
S is the signal from the specimen with damage; and
B is the baseline signal.
The scatter coeﬃcient of corroded rebars with a ﬁxed axial extent
and intensity is calculated for various locations of damage. The damage
that is closer to the sensor results in a higher scatter than that of a
damage that is away from the sensor. This observation concurs with the
ﬁndings that the reﬂection coeﬃcients diminish with the increase in the
distance between the sensor and the damage [34]. Fig. 17 shows the
variation of scatter coeﬃcients with the location in the various axial
extents of corrosion, with diameter reduction to 16 mm. From this localisation plot, it can be predicted that the increment in the axial extent
of corrosion is likely to cause an increase in the scatter coeﬃcient.
In order to deﬁne a corrosion damage intuitively, it is essential to
quantify it in terms of mass loss. The percentage of mass loss is deﬁned
as the weight of material loss due to corrosion in a rebar with respect
the initial weight of the rebar. Mass loss in the current case is achieved
by reducing the diameter of the rebar for a given axial extent of corrosion. It is observed that scatter coeﬃcient increases with the loss of
mass, as shown in Fig. 18, which depicts the variation of the scatter
coeﬃcient against the mass loss in a rebar that has a 100 mm-long
pitting corrosion.
It is understood that the scatter coeﬃcient is aﬀected by the change
in the location, axial extent and intensity of corrosion. Therefore, the
axial extents of corrosion can be estimated by using the diﬀerential ToF
of various scattered wave modes, while the empirical plots for localisation and mass loss, which are presented in this section, can be used to
estimate location and intensity of an arbitrary damage.

Fig. 15. Schematic diagram displaying the path followed by various scattered
wave modes.

waves.
Contrary to the previous cases, in the present case, the arrival time
of the scattered waves is not superimposed. Hence, for the damage that
is located at an arbitrary location, a diﬀerent approach is required to
estimate the damage. The scattered wave packets that are obtained
from the FEA and experimental results for a typical damage that is located at 200 mm from the actuator end are highlighted in Fig. 16. The
front edge of the damage can be reconstructed by using the 1st and 4th
wave packets, and rear edge can be estimated by using the 2nd and 3rd
wave packets. Let T1, T2, T3 and T4 be the arrival times of each of the
wave packets. The location of the front edge of the damage from the
actuator
end
can
then
be
obtained
as
x1 ≈ 0.5 × (L − 0.5 × (T4 − T1) × V ) , and the location of the rear edge of
the damage from the actuator end can be estimated as
x2 ≈ 0.5 × (L − 0.5 × (T3 − T2) × V ). The location and the extent of
corrosion that are estimated by this method for various cases are tabulated in Table 6. It is observed that the current method could be
applied with considerable accuracy to the detection of damage location.
The observed error can be attributed to the diﬀerence in the wave velocity in the corroded and intact portions of the rebar, which is not
taken into account in the present study. In addition, the possible
overlap of the scattered signal with boundary reﬂections contributes to
the shifting of peaks, which results in the error in the length estimation.

5. Conclusion
Pitting corrosion of bare reinforcement bars is examined in the
current study by using longitudinal guided waves. The response of
various corroded bars is studied in order to discern the changes in signal
due to corrosion. It is observed that a direct transmitted signal is not
aﬀected much by pitting corrosion; hence, it could not be used to
identify damage, which, however, can be highlighted by various damage-scattered wave modes. For damage that is located equidistant
from the actuator and the sensor, scattered wave modes are superimposed and two distinct wave packets can be observed. A damage
index method is thus developed using these two wave packets for assessment.
In order to identify arbitrary pitting corrosion that is located away
from the centre, a method is developed by utilising the energy and the
time of arrival of scattered wave modes. The arrival time of dominant
scattered wave modes is utilised to trace the front and rear edges of the
damage. The factors that aﬀect the scattered energy in a corroded rebar
are explored by deﬁning a scatter coeﬃcient. It is found that the scatter
coeﬃcient gradually increases with the mass loss, and the increment is
pronounced when the pitting corrosion is closer to the receiver location.
The scatter coeﬃcient when used in conjunction with the localisation
method is found to be promising in the assessment of pitting corrosion
in reinforcement bars. The current progress in wave propagation mechanism and damage index methods would further help in evaluating
the corrosion status of the embedded rebars in concrete. The proposed
damage index method would be tested in the future study for the
complex geometries of the pitting corrosion and for the rebars embedded in concrete.

4.4. Evaluation of corrosion by using the energy of scattered wave modes
From the previous studies, it is observed that intensity of damage
has a direct correlation with the energy of the scattered wave modes. In
this section, the factors that aﬀect the scattered energy are studied. A
non-dimensional parameter, scatter coeﬃcient (Scoeﬀ), is deﬁned as the
ratio of the energy of the scattered wave modes of a specimen to the
energy of the direct transmitted wave. The total energy of all the wave
modes that occur before the arrival of the boundary reﬂected signal is
considered to deﬁne this parameter.

Fig. 16. Scattered wave modes, with paths identiﬁed, for a damage located at
200 mm from actuator end from (a) FEA and (b) experiment.
59

NDT and E International 101 (2019) 53–61

R.C. Sriramadasu et al.

Table 6
Location estimation by using the time of arrival of damage edge scattered wave packets.
Sample No.

T1 (×10−6 s)

FEA results
1
215.5
2
225.0
3
253.5
Experiment results
1
212.4
2
220.6

T2 (×10−6 s)

T3 (×10−6 s)

T4 (×10−6 s)

×1 (mm)

×2 (mm)

Damage location

Actual Location

Error (%)

262.5
273.5
300.5

350.0
329.0
350.0

398.0
376.0
389.0

108
141
158

208
242
248

158
192
203

150
200
240

6%
4%
15%

271.7
264.6

337.0
310.0

371.8
352.6

133
161

231
252

182
207

200
250

9%
17%
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