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Early Detection of Corrosion Damage in Reinforced
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Abstract—Corrosion of reinforcing bars constitutes a signifi-
cant factor contributing to cracking and spalling in reinforced
concrete (RC) structures. To prolong the service life of RC struc-
tures, it is crucial to develop a robust non-destructive inspection
system for early-stage corrosion damage assessment. Although
ground-penetrating radar (GPR) has proven its effectiveness
in detecting severe corrosion damage, identifying early-stage
corrosion with conventional GPR methods with single-input-
single-output (SISO) configuration is challenging due to their
limited sensitivity to subtle changes in the properties of the
reinforcing bar and the surrounding environment. To address this
challenge, this study introduces a method that employs a GPR
array to increase sensitivity in detecting early-stage corrosion.
The method uses a linear multiple-input-multiple-output (MIMO)
GPR array to reconstruct images of the reinforcing bars during
the corrosion process. The reconstructed images are highly
sensitive to corrosion-induced rusts and cracks that exhibit
different dielectric permittivity and conductivity compared to the
concrete. By analyzing the differences in these images from those
of bars in a healthy state using the structural similarity (SSIM)
index, the progression of corrosion can be precisely identified.
The effectiveness of this method has been validated through
numerical simulations and experimental corrosion monitoring
tests. Compared to conventional SISO GPR configurations, the
MIMO array offers a broader perspective in sensing corrosion
products surrounding the reinforcing bars, thereby improving
sensitivity and robustness in detecting early-stage corrosion.

Index Terms—Early detection of corrosion, ground-penetrating
radar, multiple-input-multiple-output (MIMO) array, reinforced
concrete, structural similarity (SSIM)

I. Introduction

CORROSION of reinforcing bars stands as a pivotal de-
terminant in the degradation of reinforced concrete (RC)

structures. The buildup of expansive corrosion products causes
tensile stresses within the concrete, leading to the formation
of cracks and spalling of the concrete cover. In addition,
the reduction in the cross-sectional area of reinforcing bars
compromises the bonding strength between reinforcing bars
and concrete, diminishing the overall loading capacity of
RC structures. To extend the lifespan of RC structures, it
is imperative to establish a robust non-destructive inspection
technique to evaluate corrosion damage at its early stages.
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Various non-destructive inspection methods have been in-
vestigated to assess corrosion damage in concrete, including
electrochemical methods [1]–[3], X-ray computed tomography
(X-ray CT) [4]–[6], ultrasonic methods [7]–[10], and elec-
tromagnetic methods [11]–[13]. Traditionally, electrochemical
methods involve half-cell potential and polarization resistance
measurements [1]–[3]. The corrosion potential serves to assess
the likelihood of corrosion in testing areas [1]–[3], [14], while
polarization resistance aids in calculating the corrosion current
density, thus estimating the mass loss of reinforcing bars [15]–
[18]. However, these measurements are destructive, which
require drilling holes to connect the device with reinforcing
bars [1]. X-ray CT technology has been utilized to monitor the
progression of corrosion by analyzing X-ray attenuation [4]–
[6], [19]. Nonetheless, the trade-off between image resolution
and specimen size restricts the ability to detect small cracks
and rust in large concrete samples [19]. Ultrasonic methods
have been explored for detecting corrosion-induced cracks
based on the change in acoustic impedance [7], [8]. However,
these methods lack sensitivity to changes in reinforcing bars
caused by corrosion.

Ground penetrating radar (GPR), which uses electromag-
netic waves to inspect subsurface structures, has been exten-
sively studied for corrosion assessment in concrete [11], [12],
[20]–[24]. The behavior of electromagnetic waves propagation
in a material depends on its dielectric permittivity and con-
ductivity [13]. Corrosion, as a form of chemical deterioration,
arises from the ingress of water, carbonation, and chloride.
It generates corrosion products and cracks with various di-
electric permittivity and conductivity compared to concrete,
influencing the propagation of electromagnetic waves [13].
Analyses of reflections from reinforcing bars throughout the
corrosion process have been conducted using a single-input-
single-output (SISO) configuration [25]–[30]. Some studies
indicate that corrosion results in a decrease in amplitude and an
increase in travel time of reflections of the reinforcing bar [25],
[26], [30], whereas, Lai et al. [29], [31], [32] demonstrated that
the reflection of corroded reinforcing bars exhibit an increased
amplitude and a decreased travel time. The discrepancies in
phenomena related to corrosion in different literature can be
attributed to the different experimental setups employed in the
accelerated corrosion process. Besides the corrosion products,
corrosion-induced cracks also significantly affect the amplitude
of reflections [32], [33]. The previous studies primarily used
a pair of antennas with polarization that is parallel to the
orientation of the reinforcing bar to evaluate the corrosion,
whereas dual-polarized antennas with polarizations that are
parallel and perpendicular to the bar orientation have also been
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employed to detect corrosion damage in concrete, based on
polarimetric decomposition [34], [35].

In the abovementioned studies, GPR has proven effective
in detecting corrosion damage in RC structures. However,
identifying early-stage corrosion, defined as the phase where
only rust forms, remains challenging. This is partly due to the
limited data obtained from a standard configuration involving
only a single pair of transmit and receive antennas, referred to
as a single-input-single-output (SISO) configuration. Such a
setup restricts the range of perspectives and angles for the
electromagnetic waves to interact with the reinforcing bar.
Moreover, the impact of temperature variations on GPR signals
has been neglected in prior studies, potentially masking the
identification of subtle changes induced by the initial thin layer
of rust.

Multiple-input-multiple-output (MIMO) antenna arrays can
concurrently transmit and receive multiple signals of different
traveling paths, capturing more geometric information for
subsurface targets compared to SISO configurations [36].
MIMO arrays have been widely used to reconstruct subsurface
objects [36]–[38]. Recent developments include the successful
utilization of MIMO arrays to accurately estimate the diameter
of healthy reinforcing bars in concrete [39]. Corrosion of
reinforcing bars introduces corrosion products, causes cracks,
and alters the shape of the bars. In comparison to the SISO
configuration, the MIMO array can provide more information
about these subtle changes around the bars under corrosion
due to its broader coverage. This capability holds significant
potential for assessing the early-stage corrosion of reinforcing
bars.

In this paper, we introduce a method to detect early-
stage corrosion in RC samples using MIMO GPR array
imaging. The method involves utilizing a linear antenna array
to collect full-matrix data that capture the comprehensive
reflected signals from the reinforcing bar in the concrete in the
corrosion process. This full-matrix data is then processed using
a diffraction stacking algorithm to reconstruct the image of the
reinforcing bar undergoing corrosion. Since corrosion results
in the reduction in the cross-sectional areas of reinforcing
bars and the formation of rust and cracks with different
permittivity, these physical changes influence the reconstructed
images. However, temperature fluctuations also affect these
images by altering the dielectric permittivity and conductivity
of the materials involved, leading to measurement uncertainty.
To address this issue, the Optimal Baseline Selection (OBS)
method is utilized to mitigate the influence of temperature.
Subsequently, the structural similarity (SSIM) algorithm is
employed to quantify the changes in reconstructed images
and correlate them with early-stage corrosion progression.
Numerical simulations and experimental monitoring tests have
been conducted to evaluate the effectiveness of the proposed
method. The method shows high sensitivity in detecting cor-
rosion damage in concrete, particularly in identifying rust
accumulation and crack propagation in the early stages of
corrosion.

II. Testing Approach
A. Numerical Model

Numerical models are developed first to simulate the MIMO
GPR array method to access the image variation with differ-
ent levels of corrosion damage using open-source software
gprMax [40], [41]. As shown in Fig. 1, a reinforcing bar with
a diameter of 16 mm is located at a cover depth of 30 mm
in a concrete slab. The spatial discretization is 0.05 mm in
the x- and z- directions. A perfectly matched layer (PML) is
implemented around the concrete model to prevent reflections
from the boundary. The material properties of components in
the RC model are detailed in Table I [42], [43]. A linear array
consisting of 6 y-polarized hertzian dipoles spaced 10 mm
apart is utilized to acquire the full matrix data. The excitation
signal for the source is a 6 GHz Ricker pulse.

Fig. 1. Schematic of the simulation model in gprMax2D software [40], [41].

TABLE I
Material Properties Used in the RC Model [42], [43].

Materials Rust Air (crack) Concrete Reinforcing bar
Relative permittivity 10 1 6 1

Electrical conductivity (S/m) 0.00001 0 0.01 ∞

To explore the impact of corrosion damage on reconstructed
images of the reinforcing bar, 18 scenarios are created with
varying levels of rust thicknesses and crack sizes to simulate
different levels of corrosion damage, as shown in Fig. 2. The
symbols RT and VL represent the maximum rust thickness
and the maximum vertical length of the crack, respectively,
indicating the corrosion levels of the reinforcing bar. These
simulated scenarios of corrosion damage were referenced from
previous research on the subject [8], [44], [45]. Since there
is an interface layer (air) between a reinforcing bar and
concrete [44], in the corrosion-free scenario (C#1), a simulated
air layer of 0.1 mm around the reinforcing bar is modeled.
Given that corrosion tends to initiate predominantly on the
upper surface of reinforcing bars due to their proximity to
the concrete surface [45], we simulated two scenarios, C#2
and C#3, with rust thicknesses RT of 0.05 mm and 0.1 mm,
respectively, occupying the upper air layer of the reinforcing
bar. Rust is shown in red color in the figures. This phase
is characterized by the free expansion of rust accumulation.
Subsequently, the expansion of rust introduces tensile stresses
surpassing the tensile strength of mortar, leading to the emer-
gence of micro-cracks in scenario C#4 (in green color). As
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Fig. 2. Simulated models of a reinforcing bar with varying levels of rust thicknesses and crack sizes. Rust and cracks are shown in red and green colors,
respectively.

the corrosion progresses, cracks expand, as shown in scenarios
C#5 to C#18, and ultimately approach the concrete surface in
scenario C#18.

B. Experimental Setup

1) Accelerated Corrosion: A reinforced concrete slab mea-
suring 600 mm × 300 mm × 100 mm was cast and sufficiently
cured for 28 days before the initiation of corrosion testing. The
slab was reinforced with two reinforcing bars with diameters
of 16 mm, which were positioned 30 mm below the surface. To
simulate a realistic distribution of chlorides, the specimen was
first submerged in a 5% sodium chloride solution for 5 days.
After this, it was removed from the water bath and stored in the
laboratory for 5 months to attain a relatively stable moisture
content within the concrete.

An accelerated corrosion process of the reinforcing bar was
achieved by subjecting the sample to direct current under
dry conditions. As shown in Fig. 3, a reinforcing bar was
connected to the positive terminal of a DC power source as
the anode for corrosion, while another bar was connected to
the negative terminal as the cathode. The experiment involved
an initial phase with a constant current density of 100 µA/cm2

for the first 227 hours, followed by an increase to 200 µA/cm2

until the 395th hour when a fine crack appeared on the surface
of the concrete. At this point, the corrosion test was concluded.

2) Corrosion Monitoring using GPR Array: Fig. 3 illus-
trates the experimental setup used for the corrosion monitoring
test. The GPR array used in this experiment has 6 antenna
elements with a spacing of 10 mm. The antenna is a self-
designed Vivaldi antenna [46] operating from 1.3 GHz to 9.0
GHz. Each antenna was connected to an individual channel of
a 6-port vector network analyzer (Keysight VNA P5022A).
To achieve a balanced compromise between the detection
ability and sensitivity to the reinforcing bar, an ultra-wide

Fig. 3. Experimental configuration of the corrosion monitoring system.

frequency band ranging from 2.9 GHz to 9 GHz was chosen,
and a total of 801 sample points were recorded. Each antenna
served as both the transmitter and receiver, so for each MIMO
GPR measurement, 6×6 full matrix data are collected. The
MIMO GPR array measurements were conducted periodically
to monitor the accelerated corrosion process. To capture early-
stage corrosion information, the data was recorded every hour
for the initial 11 hours, followed by longer intervals of 2, 4,
10, and 24 hours, respectively.

C. GPR Array Imaging for Early-Stage Corrosion Monitoring

Upon acquiring the full matrix data corresponding to one
scenario, the diffraction stacking algorithm was utilized to
reconstruct the reinforcing bar. This algorithm is to reconstruct
the intensity I at each pixel position (x, z) in the image by
summing the signals based on the time of flight [47]. It is
expressed as:
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Here N denotes the number of antennas, which is 6 in this
study; CS i j represents the complex signal that is transmitted by
antenna i and received by antenna j, involving both amplitude
and phase information; The distances from the transmitting
antenna to the pixel (x, z) and from the pixel (x, z) to the
receiving antenna are denoted as li and l j, respectively; xi

and x j denote the x-coordinate of the transmitting antenna
i and the receiving antenna j, respectively; The velocity of
electromagnetic waves propagating in concrete is denoted as
v and is determined by v = c/

√
εr, where c stands for the

speed of light and εr is the relative dielectric permittivity of
the concrete.In this study, A-scan signal was collected from the
surface of the concrete. The velocity of wave propagation in
concrete was determined based on the time difference between
surface reflection and bottom reflection from concrete, as well
as the sample thickness v = 2×h

T2−T1
, where h represents the

thickness of concrete sample, and T1 and T2 denote the arrival
times of surface reflection and bottom reflection, respectively.

As corrosion can lead to a decrease in the cross-sectional
area of the reinforcing bar, along with the formation of
rust and cracks, the dielectric permittivity and conductivity
of the corroded reinforcing bar undergo significant changes
compared to its healthy state. Consequently, the reconstructed
image of reinforcing bars would be affected. The structural
similarity (SSIM) algorithm is utilized to assess the changes
in the reconstructed images in the progression of corrosion.
This algorithm quantifies the similarity between the reference
reconstructed image I0 and reconstructed image In during
the corrosion process. The similarity measurement considers
three comparisons between the two images: luminance l(I0, In),
contrast c(I0, In), and structure s(I0, In) [48], which are defined
as:

l(I0, In) =
2µI0µIn+C1

µI0
2+µIn

2+C1
. (2)

c(I0, In) =
2σI0σIn+C2

σI0
2+σIn

2+C2
. (3)

s(I0, In) =
σI0 In+C3

σI0σIn+C3
. (4)

In the equations, µI0 and µIn denote the mean values of images
I0 and In, and σI0 and σIn represent the variances of images
I0 and In; The term σI0In denotes the covariance between
images I0 and In; The constants C1, C2, and C3 stabilize
these computations, especially when the denominators become
small [48].

The structural similarity index S S IM(I0, In) is defined as
a multiplication of these three comparisons. A simplified
expression is presented as [48]:

S S IM(I0, In) =
(2µI0µIn+C1)(2σI0 In+C2)

(µI0
2+µIn

2+C1)(σI0
2+σIn

2+C2) . (5)

A lower SSIM index indicates a greater difference between
images.

An example of a reconstructed image of a reinforcing bar
is presented in Fig. 4.

Fig. 4. Diffraction stacking migration imaging result for a reinforcing bar
with a diameter of 16 mm.

D. Optimal Baseline Selection Method for Temperature Com-
pensation

GPR array measurements were carried out in the laboratory
under the operation of an air conditioner. The ambient tem-
perature in the laboratory is measured using a thermocouple,
with fluctuations of 1◦C. It should be noted that temperature
fluctuations affect the propagation of electromagnetic waves,
as they would lead to changes in the dielectric permittivity
and conductivity of materials [49]. In Fig. 5, the black
curve illustrates the SSIM index of reconstructed images of
a healthy reinforcing bar over a temperature range of 23.2◦C
to 24.4◦C before temperature compensation, and the standard
deviation is measured as 0.011. Notably, during the early
stage of corrosion, the thickness of corrosion-induced rust is
generally smaller than 0.2 mm [44], which is significantly less
than the wavelength employed in this study (approximately
20 mm). Consequently, the impact on the SSIM index of
the reconstructed image due to rust formation in the initial
stage is minimal. For instance, in simulation scenario C#2,
the reduction in the SSIM index is only 5e-4. Given these
observations, it becomes imperative to address and mitigate the
impact of temperature fluctuations on the monitoring results.

In this study, the Optimal Baseline Selection (OBS) method
is employed for temperature compensation [50]. This method
utilizes a set of M baseline signals acquired at different
temperatures as reference data. The objective is to identify
the baseline signal xm(t) that optimally aligns with the current
testing signal x(t) recorded at temperature T . The maximum
residual amplitude method is employed as a metric to evaluate
the similarity between the current testing signal and baseline
signals [51]:
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mmr = arg min
m
{max |x(t; T ) − xm(t; Tm)|} , (6)

where mmr is the baseline signal that exhibits the most optimal
alignment with the current testing signal. In this experiment,
we established a comprehensive baseline dataset comprising a
total of 1136 sets of full matrix data recorded at temperatures
ranging from 21◦C to 26◦C. The range covers the temperature
range in our laboratory in Singapore, where the air conditioner
operates during the day and remains inactive at night.

The red curve in Fig. 5 shows the SSIM index of the
reconstructed image after temperature compensation. It can be
seen that the application of the OBS method effectively miti-
gates the impact of temperature fluctuations on the GPR array
imaging results. This is highlighted by a notable reduction
in the standard deviation of the SSIM index by two orders
of magnitude. The standard deviation after the temperature
compensation is 1.6e-4.

Fig. 5. The SSIM index of reconstructed images with temperatures ranging
from 23.2◦C to 24.3◦C before and after temperature compensation.

III. Results Analysis

A. Results from Numerical Simulation

Fig. 6 presents the SSIM index of reconstructed images of
a reinforcing bar subjected to different degrees of simulated
corrosion damage. There is a noticeable decrease in the SSIM
index from scenarios C#1 to C#3, indicating increased dis-
similarity between the reconstructed images. This trend stems
from the effect of rust filling the air layer, which consequently
alters the shape of the reconstructed images. From C#3 to C#5
and C#8 to C#10, the appearance of micro-cracks induces
negligible changes in the SSIM index due to their small
dimensions. From C#5 to C#8 and C#10 to C#14, a notable
decrease in the SSIM index is observed with the substantial
expansion of internal cracks. However, from C#14 to C#17, as
cracks approach the surface of the concrete, the SSIM index
undergoes a relatively small fluctuation. This phenomenon is
attributed to the reduced impact of reflections from vertical
internal cracks on the reconstructed areas surrounding the
reinforcing bar. In contrast, a significant decrease in the SSIM

index for scenario C#18 can be observed, which is primarily
caused by the expansion of horizontal cracks. The simulated
results demonstrate the effectiveness of the proposed MIMO
GPR array imaging method in detecting corrosion damage,
including the identification of thin layers of rust and crack
propagation.

B. Results from Experimental Monitoring
1) Monitoring Initial Stage of Corrosion: The accelerated

corrosion process described in Section II-B1 was monitored
for a duration of 395 hours until the appearance of a fine
crack on the concrete surface. To provide a comprehensive
analysis of the early stage of corrosion, defined as the phase
where only rust forms, monitoring results for the SSIM index
of reconstructed images of the reinforcing bar from the initial
13 hours of corrosion are shown in Fig. 7.

It can be observed that there was a decrease in the SSIM
index within the first 5 hours of corrosion. From the 6th
hour to the 7th hour, the variation in the SSIM index was
minimal, followed by a significant decrease. This pattern
aligned with results observed in simulated scenarios from C#1
to C#8. Consequently, the decrease in the initial 5 hours of
corrosion should be attributed to the accumulation of rust,
filling the air layer with various dielectric permittivity, thereby
affecting the reconstructed images. Subsequently, the micro-
cracks appeared and continued to grow, leading to more
pronounced reflections and a significant decrease in the SSIM
index after the 7th hour. The corrosion monitoring results in
the initial stages validate that the MIMO array imaging method
effectively detects thin layers of rust and micro-cracks.

2) Monitoring Crack Propagation: Fig. 8 presents the
monitoring results for the SSIM index of reconstructed images
for the entire corrosion process, which spans a duration of
395 hours until the appearance of a surface-breaking crack.
A significant decrease was observed after the 7th hour. These
decreases aligned with results observed in simulated scenarios
from C#5 to C#8 and C#10 to C#14, indicating their as-
sociation with the enlargement of cracks. Beyond the 117th
hour, the SSIM index exhibited relatively moderate changes,
consistent with results observed in simulated scenarios from
C#14 to C#18. This phase can be attributed to expanded cracks
approaching the concrete surface, mitigating their impact on
the reconstructed area around the reinforcing bar. The rela-
tively significant decrease during this phase, such as at the
395th hour, may be due to expanded cracks in other directions,
as exemplified in the simulated scenario C#18.

The entire corrosion monitoring results obtained from the
MIMO array imaging method align well with numerical sim-
ulations, demonstrating its effectiveness in detecting corro-
sion damage in concrete, including the identification of rust
accumulation and crack propagation. The results show the
applicability of the proposed method in monitoring corrosion
damage throughout the entire corrosion process.

3) Comparison of Monitoring Results between Conven-
tional SISO Configuration and MIMO Array Imaging: The
performance of the MIMO GPR array imaging method in
identifying early corrosion damage, specifically rust accumu-
lation, is compared with that of the conventional SISO GPR
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Fig. 6. The SSIM index of reconstructed images of the reinforcing bar with various simulated corrosion damage.

Fig. 7. Monitoring results over a 13-hour duration of accelerated corrosion
using the MIMO GPR array. The SSIM index of reconstructed images has a
standard deviation of 1.6e-4.

configuration using the experimental results. Referring to the
antenna positions in Fig. 3, the SISO configurations include
the following cases: transmission from antenna 1 and reception
by antenna 5 with a spacing of 40 mm (S1R5); transmission
from antenna 1 and reception by antenna 6 with a spacing of
50 mm (S1R6); and transmission from antenna 3 and reception
by antenna 3 (S3R3).

Fig. 9 presents the monitoring results of the normalized
maximum amplitude of reinforcing bar reflections in var-
ious SISO configurations. The error bar after temperature
compensation is also presented. In the S1R5 configuration,
subtle amplitude variation was observed within the initial
3 hours of corrosion, which falls below the threshold of
measurement errors. The subtle amplitude changes in this

time frame may result from the limited angle of observation
provided by the SISO setup, which cannot fully capture the
thin rust distribution. The increase in amplitude at the 4th
hour, surpassing the measurement error, could be attributed
to the accumulation of rust. This accumulation introduced a
multiple interface, leading to stronger reflections. Furthermore,
the significant amplitude increased at the 7th hour may be due
to reflections from expanding cracks, aligning with the SSIM
index monitoring results shown in Section III-B1. However,
in comparison, the amplitudes of reinforcing bar reflections
obtained from the S1R6 and S3R3 configurations exhibit
fluctuations during the first 13-hour corrosion period. The
fluctuations can be attributed to rust not being situated on
specific propagation paths associated with these SISO config-
urations. The fluctuations within the range of measurement
errors make these configuration incapable of detecting early-
stage corrosion-induced damage. The results obtained from
various SISO configurations shown in Fig. 9 demonstrate that
the performance of the SISO configuration in detecting early-
stage corrosion is significantly affected by the positioning of
the antenna pairs.

Comparing the monitoring results obtained from MIMO
array shown in Fig. 7 and SISO configurations shown in
Fig. 9, it is evident that the SSIM index from MIMO array
imaging shows a noticeable decrease starting from one hour
onwards, whereas the change in amplitude acquired from
the SISO configuration in the best case (S1R5) only slightly
surpasses the measurement error after four hours of corrosion.
It demonstrates that the MIMO array imaging method is more
effective and sensitive in detecting the initial thin layer of
rust. This superiority of the MIMO array imaging method
can be attributed to the MIMO array’s capability to capture
comprehensive information from a wider range of angles
at which electromagnetic waves interact with the corroded
reinforcing bar. In contrast, the SISO configuration can only
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Fig. 8. Monitoring results over a 395-hour duration of accelerated corrosion using the MIMO GPR array. The SSIM index of reconstructed images has a
standard deviation of 1.6e-4.

Fig. 9. Monitoring results for the normalized maximum amplitude of reinforcing bar reflections obtained from SISO configurations over a 13-hour corrosion
duration: (a) emitted at antenna 1 received at antenna 5 with a standard deviation of 4.3e-3, (b) emitted at antenna 1 received at antenna 6 with a standard
deviation of 4.4e-3, (c) emitted at antenna 3 received at antenna 3 with a standard deviation of 2.7e-3.

acquire limited information from a specific angle. Addition-
ally, the positioning of the antenna pair in the SISO con-
figuration significantly affects the effectiveness of corrosion
damage detection, introducing uncertainty and unreliability in
the identification of corrosion progression.

IV. Conclusion

In this paper, we present a method for assessing the corro-
sion of reinforcing bars in RC structures using MIMO GPR ar-
ray imaging. In our method, the diffraction stacking algorithm
is employed to reconstruct reinforcing bars in concrete using
the full-matrix data obtained by the MIMO antenna array. The
reconstructed image is highly sensitive to rust and cracks in the
corrosion process. The SSIM index between the reconstructed
images of the reinforcing bar at different corrosion levels and
the image of the healthy bar is used to evaluate corrosion
damage. Numerical simulation with various levels of corrosion
damage and experimental monitoring measurements have been

carried out to validate the performance of the method. The
experimental monitoring results align closely with the simu-
lated ones, and both demonstrate that the SSIM index shows
a discernible decrease as rust accumulates and a significant
decrease as cracks expand.

The advantage of the MIMO GPR array imaging method in
detecting early-stage corrosion is further confirmed through a
comparison with the results obtained using the conventional
amplitude method with the SISO configuration. The measure-
ment results show that the SSIM index notably decreases after
just one hour of corrosion with the MIMO configuration, while
the amplitude changes of the reinforcing bar reflection only
slightly exceed the measurement error after four hours of cor-
rosion in the best SISO case. Furthermore, the ability to detect
early corrosion damage using the SISO configuration is greatly
influenced by the antenna position. The comparison highlights
the advantage of the proposed MIMO array imaging method
in providing high sensitivity and robustness in detecting early-
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stage corrosion.
In addition to the capability of assessing the development

of corrosion in an individual point of reinforcing bar, this
method also has the potential to serve as a portable in-
spection tool for evaluating the overall corrosion condition
of structures through scanning tests. However, it is worth
noting that, for measurement calibration, it is necessary to fix
measurement points and collect baseline data within the typical
environmental temperature range. Nevertheless, compared to
the widely adopted SISO configuration, our MIMO array
imaging method has greater potential for assessing the subtle
changes in material properties of concrete in the early stages
of corrosion.
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