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A B S T R A C T

Ground-penetrating radar (GPR) is an effective non-destructive detection technology for locating and char-
acterizing reinforcing bars in concrete structures. However, the accurate quantification of reinforcing bar
diameters, especially in small-diameter cases, remains a challenging issue. In this paper, a sizing method based
on multiple-input-multiple-output (MIMO) GPR arrays is presented to estimate the reinforcing bar diameter
in concrete. The method employs a linear array of ultra-wideband (UWB) antennas to acquire the full-matrix
MIMO data of the reinforcing bar embedded in concrete. The diffraction stacking algorithm is applied to the
obtained MIMO data to reconstruct the reinforcing bar. The 3 decibels (dB) drop technique is used to measure
the chord length that passes through the peak intensity point of the reconstruction image of the reinforcing
bar. Following that, the diameter of the reinforcing bar can be determined based on its cover depth and the
chord length. Extensive numerical studies and experiments have been conducted to examine the performance
of the proposed method in different scenarios. The method shows excellent sizing accuracy for reinforcing bars
with different diameters and cover depths.
1. Introduction

Cross-section reduction of reinforcing bars induced by corrosion
has a direct impact on the durability and sustainability of reinforced
concrete (RC) structures [1–4]. Accurate measurement of reinforcing
bar diameter is therefore of paramount importance for the health ex-
amination and safety evaluation of the concrete structures [5]. Ground-
penetrating radar (GPR), based on electromagnetic wave propagation
and reflection, has been effectively implemented to detect and locate
subsurface reinforcing bars in concrete due to the great contrast of
permittivity between concrete and reinforcing bars [6–9]. However,
accurately estimating reinforcing bar diameters remains a challenging
issue for the existing GPR techniques.

Several methods have been proposed to estimate the diameter of
cylindrical objects using GPR data. As the hyperbolic geometry re-
flected by cylindrical objects in B-scans contains information of ob-
ject parameters, pattern-based methods including curve-fitting tech-
niques [10–13] and generalized Hough transform algorithms [14–16]
were developed to estimate the diameter based on the hyperbolic arc.
The methods can estimate cylindrical objects with diameters larger than
20 mm with good accuracy [11]. However, they are ineffective in quan-
tifying cylindrical objects with diameters smaller than the GPR working
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wavelength [17,18]. To size the small-diameter reinforcing bars, dual-
polarization methods were proposed based on the difference of radar
cross-section of cylindrical bars on orthogonal polarizations [19–21].
They use the ratio of the amplitudes of orthogonal polarizations to
estimate the diameter of the reinforcing bars. However, the method
has not been well established to take into account of different GPR
operating frequencies and subsurface permittivity values, so it is still
challenging to be accurately used in real situations. Full-waveform
inversion (FWI) was applied to extract the size of reinforcing bars with
an error of less than 11% [17], but its large amount of computational
cost limits its applicability in real-time in-situ subsurface examination.
To obtain characteristics of reinforcing bars in real-time, machine
learning (ML)-based algorithms have been developed [18,22,23]. The
algorithms establish the relationship between radar data and reinforc-
ing bar parameters by training with a large amount of paired data. The
applicability and the accuracy of the ML-based algorithms in different
subsurface scenarios heavily depend on the training dataset.

Multiple-input-multiple-output (MIMO) GPR arrays have been
adopted to improve the detection accuracy of subsurface objects [24–
27]. Different migration algorithms have been implemented to MIMO
GPR data to reconstruct subsurface objects. These migration algorithms
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Fig. 1. Schematic of MIMO GPR array inspection of reinforcing bar in a concrete
structure.

include the diffraction stacking migration [28–30], the Kirchhoff migra-
tion [31,32], the phase-shift migration [32], the F-K migration [32,33],
and the reverse time migration [34,35]. Their imaging results demon-
strate that the MIMO array configuration greatly improves the image
resolution and reduces side-lobe levels compared with the conventional
single-input single-output (SISO) GPR [24,26,32]. However, to the best
of our knowledge, the combination of MIMO GPR arrays and imaging
methods has never been investigated for sizing subsurface targets.

In this paper, we present a method for sizing reinforcing bars based
on MIMO GPR arrays. In this method, a linear array of ultra-wideband
(UWB) antennas is used to acquire the full-matrix MIMO data. The
diffraction stacking algorithm is applied to the full-matrix MIMO data
to image the reinforcing bars in concrete. From the reconstructed
image, the length of the chord that passes through the peak intensity
point is measured using a 3 decibels (dB) drop technique. The diameter
of the reinforcing bar is then calculated based on the cover depth and
the chord length. To the authors’ knowledge, this is the first time that
MIMO arrays are used to estimate the size of subsurface objects in the
GPR field. The promising results obtained in the study can provide
guidance for the use of MIMO GPR arrays to size subsurface objects
in different applications.

The rest of the paper is arranged as follows. Section 2 describes the
details of the proposed method. Section 3 presents the performance of
the method in numerical simulations. The simulated scenarios include
reinforcing bars of different diameters, cover depths, and spacing. In
Section 4, experiments are conducted to evaluate the performance of
the method in real cases. Finally, the conclusion is drawn in Section 5.

2. Methodology

2.1. MIMO GPR imaging using diffraction stacking algorithm

The experimental scenario of using an MIMO GPR array to detect
the reinforcing bar in concrete is shown in Fig. 1. A linear array with
𝑁 𝑦-polarized antennas is placed on the concrete surface at 𝑧 = 0.
Each antenna serves as both the transmitter and receiver. The antennas
transmit signals sequentially, and the signals received by all antennas
are collected to obtain the 𝑁 × 𝑁 full-matrix MIMO data.

The diffraction stacking algorithm is an imaging technique that
sums the acquired signals at different positions based on the time of
flight [28]. The intensity 𝐼 at each pixel position (𝑥, 𝑧) of the image
represents the amplitude of the summed signal, which is calculated by
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where 𝑁 denotes the number of transmitter and receiver; 𝑆𝑖𝑗 represents
the complex signal in the time domain that is transmitted by antenna
2

Fig. 2. Schematic diagram of the sizing method for reinforcing bar.

𝑖 and received by antenna 𝑗; 𝑑𝑖 and 𝑑𝑗 are the distance from the
transmitter to the pixel position (𝑥, 𝑧) and the distance from the pixel
position (𝑥, 𝑧) to the receiver, respectively; 𝑥𝑖 is the 𝑥-coordinate of
the transmitting antenna 𝑖 and 𝑥𝑗 is the 𝑥-coordinate of the receiving
antenna 𝑗; 𝑣 denotes the propagation velocity of electromagnetic waves
in the concrete that is calculated by 𝑣 = 𝑐∕

√

𝜀𝑟, where 𝑐 stands for the
speed of light and 𝜀𝑟 is the relative permittivity of the concrete.

Prior to imaging, the acquired 𝑁 × 𝑁 MIMO data should be
preprocessed. Time delay correction is carried out to compensate for
time delays through cables and from the antenna feeding point to
the antenna phase centre. Background subtraction is performed to
eliminate the direct coupling between antennas and the reflection of
concrete surface [29].

2.2. Sizing method for reinforcing bars

It is challenging to directly size the reinforcing bar from the diffrac-
tion stacking image due to the limit of resolution. In this study, we
adopt the 3 decibels (dB) drop technique to estimate the diameter of the
reinforcing bar from the reconstruction image. It is well-known that an
antenna beam width is generally determined by the half power value,
also called −3 dB point [36]. The defect smaller than the width can be
assumed to be a radiator, which tends to emit everywhere inside the
beam. Similar approach has also been applied in the area of ultrasonic
inspection [37]. Hence, the size of the defect can be measured as the
distance between −3 dB of the reconstruction image.

It should be noted that the diameter cannot be measured directly
using the 3 dB drop technique. This is because a linear antenna array
at a fixed position on top of the reinforcing bar has a limited viewing
range and the metal bar is a total reflector. Hence, only the upper
part of the bar can be imaged. Therefore, the peak intensity point of
the reconstructed reinforcing bar image can only be located above the
centre of the bar. Only the chord length of the reinforcing bar 𝑏 passing
through the peak intensity point 𝑃 can be quantified directly using the
3 dB drop technique. As illustrated in Fig. 2, the chord length 𝑏 will
be measured as the distance between −3 dB points of the image. Given
the cover depth of reinforcing bar ℎ, which can be determined using
curve fitting techniques [38], and 𝑧-coordinate of peak intensity point
𝑧𝑃 , the height of segment 𝑎 can be calculated as 𝑎 = 𝑧𝑃 - ℎ. The radius
of the reinforcing bar 𝑅 can then be obtained by

(𝑅 − 𝑎)2 + ( 𝑏
2
)2 = 𝑅2. (2)

Fig. 3 outlines the flowchart of the proposed reinforcing bar sizing
method based on MIMO GPR arrays.

3. Simulation validation

3.1. Simulation of the MIMO GPR array

The proposed method for reinforcing bar sizing is firstly verified in
the simulated scenario. In the numerical study, gprMax2D [39,40] is
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Fig. 3. Flowchart of the reinforcing bar sizing method based on MIMO GPR array.

Fig. 4. Illustration of the simulation model in gprMax2D software. A reinforcing bar
with a diameter of 8 mm is located at a cover depth of 30 mm in a concrete slab.

used to obtain the MIMO array data of the reinforcing bar in concrete.
The simulation scenario is shown in Fig. 4. A reinforcing bar with a
diameter of 8 mm is located at a cover depth of 30 mm in a concrete
slab. The concrete slab has a size of 500 mm × 100 mm. The spatial
discretization is 0.1 mm in the 𝑥- and 𝑧- directions, and the time step 𝛥𝑡
is 0.236 ps. The concrete model is surrounded by an air layer of 20 mm
on the lateral and bottom sides, and 80 mm on the top. A perfectly
matched layer (PML) is used outside the air layer to avoid reflections
from the boundary. The relative permittivity and conductivity of the
concrete are set as 6 and 0.001 S/m, respectively. A linear array
consisting of 15 𝑦-polarized hertzian dipoles with a spacing of 10 mm
is placed along the 𝑥-axis on the concrete surface. The array centre
is aligned with the centreline of the reinforcing bar. The excitation
waveform is a Ricker pulse with a central frequency at 6 GHz. Each
antenna sequentially transmits radar signals and all antennas receive
reflected signals, obtaining 15 × 15 full matrix MIMO GPR array data.

3.2. Validation of the reinforcing bar sizing method

The diffraction stacking algorithm is applied to the MIMO GPR data
to reconstruct the reinforcing bar. The normalized imaging result is
3

Fig. 5. The imaging result of a reinforcing bar with a diameter of 8 mm using the
diffraction stacking algorithm. The peak intensity point 𝑃 is positioned at 𝑧 = 31.9 mm.
The length of the chord passing through the point is measured as the distance between
−3 dB points in the image (6.6 mm). The diameter is calculated as 7.63 mm using the
proposed method.

Table 1
Sizing of reinforcing bars with different diameters and cover depths.

Cover depth Actual diameter Estimated diameter Reconstruction error
(mm) (mm) (mm) (%)

H30

8 7.63 4.6%
12 12.09 0.75%
16 17.12 7.03%
20 21.3 6.51%
24 25.11 4.64%
28 29.85 6.62%

H40

8 7.72 3.46%
12 11.11 7.4%
16 15.82 1.1%
20 20.49 2.44%
24 25.27 5.3%
28 29.18 4.23%

H50

8 8.12 1.44%
12 11.13 7.28%
16 15 6.25%
20 19.53 2.37%
24 23.36 2.68%
28 28.82 2.95%

shown in Fig. 5. The black circle represents the actual size and position
of the reinforcing bar. It can be seen that the reinforcing bar can be
located accurately.

The 3 dB drop technique is applied to determine the chord length
according to the analysis in Section 2.2. As shown in Fig. 5, the peak
intensity point 𝑃 is located at 𝑧 = 31.9 mm, and the chord length 𝑏
obtained using the 3 dB drop technique is 6.6 mm. Given the cover
depth of the reinforcement ℎ = 30 mm, the height of the segment 𝑎 is
calculated as 1.9 mm, and the reinforcing bar diameter is computed as
7.63 mm. It can be seen that the reinforcing bar diameter calculated
using the proposed sizing method is very close to the actual diameter
(8 mm).

3.3. Effect of the size and position of the reinforcing bar

Parametric study has been carried out on reinforcing bars with
different diameters and located at different cover depths to further
demonstrate the sizing accuracy of the proposed method. The reinforc-
ing bar diameter varies from 8 mm to 28 mm. The cover depths are
30 mm, 40 mm, and 50 mm, respectively, which are commonly used
in RC members [41]. The imaging results of the reinforcing bars with
diameters of 12 mm, 20 mm, and 28 mm at different cover depths are
shown in Figs. 6(a)–6(i). The white lines in the images represent the
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Fig. 6. Diffraction stacking migration imaging results for simulated concrete models including reinforcing bars with diameters of 12 mm, 20 mm, and 28 mm at (a)–(c) 30 mm
cover depth, (d)–(f) 40 mm cover depth, and (g)–(i) 50 mm cover depth. D and H represent the diameter and the cover depth, respectively.
chord lengths that pass through the peak intensity point as measured
using the 3 dB drop technique. The reinforcing bar diameters are
determined based on the proposed sizing method, as listed in Table 1.
It can be seen that the estimated diameter values are very close to
the actual diameter values, and the percentage errors are all less than
10%. The results demonstrate that the proposed method maintains high
accuracy for sizing reinforcing bars with different diameters and cover
depths.

3.4. Effect of the array position

It should be noted that the sizing method requires the centre of the
array to be aligned vertically with the centre of the reinforcing bar.
This can be achieved experimentally by doing a B-scan imaging and
identifying the centre of the hyperbolic signature [10]. However, in
practice, the alignment may not be perfect each time. Hence, it would
be necessary to discuss the impact of the misalignment of the array.
An angle 𝜃 is used to describe the misalignment, which is between the
line connecting the centres of the array and the bar with respect to
the direction normal to the surface. Fig. 7 demonstrates the imaging
results for an 8 mm reinforcing bar at 30 mm below the surface, with
4

the distance 𝑙 between the centre of the array and the centreline of
the reinforcing bar varying from 5 mm to 20 mm. The reconstructed
diameter of the reinforcing bar varies between 7.63 mm and 7.12 mm.
To further illustrate the impact of the misalignment of the array,
different cover depths and different array positions are investigated in a
parametric study. The results are summarized in Table 2. It can be seen
from the table, the reconstruction is still reasonably accurate (with an
error less than 6%), when 𝜃 is smaller than 20 degree.

3.5. Effect of reinforcing bar spacing

As real reinforced concrete structures generally contain multiple
reinforcing bars, it is essential to investigate the influence of reinforcing
bar spacing on the sizing accuracy of the proposed method. Paramet-
ric studies have been carried out on models containing three 8 mm
reinforcing bars at 30 mm depth, with spacing varying from 20 mm
to 200 mm. The centre of the array is aligned with respect to the
reinforcing bar in the middle. Fig. 8 illustrates imaging results for cases
with the spacing of 20 mm, 60 mm, and 100 mm. Table 3 summarizes
all reconstructed results for the reinforcing bar in the middle. As can
be seen from the table, when the spacing between bars is small, the
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Fig. 7. Diffraction stacking migration imaging results for simulated concrete models including reinforcing bars with diameters of 8 mm at a cover depth of 30 mm. The distances
between the array centre and the centreline of the reinforcing bar 𝑙 are: (a) 5 mm, (b) 10 mm, (c) 15 mm, and (d) 20 mm.
Table 2
Sizing of reinforcing bars with 8 mm diameter at different array positions.

Cover depth 𝑙 𝜃 Estimated diameter Reconstruction error
(mm) (mm) (◦) (mm) (%)

H30

0 0 7.63 4.6%
5 9.5 7.63 4.6%
10 18.4 7.63 4.6%
15 26.6 7.28 8.98%
20 33.7 7.12 11%
25 39.8 6.8 14.94%
30 45 6.39 20.18%
35 49.4 6.29 21.36%

H40

0 0 7.72 3.46%
5 7.1 7.72 3.46%
10 14 7.54 5.79%
15 20.6 7.54 5.79%
20 26.6 7.14 10.76%
25 32 6.8 15.05%
30 36.9 6.96 13.03%
35 41.2 6.68 16.55%

H50

0 0 8.12 1.44%
5 5.7 8.12 1.44%
10 11.3 7.8 2.48%
15 16.7 7.6 4.92%
20 21.8 7.54 5.79%
25 26.6 7.31 8.59%
30 31 7.29 8.88%
35 35 7.12 11%

Table 3
Sizing of reinforcing bar of 8 mm diameter in the case of multiple bars with different
spacing.

Spacing (mm) Estimated diameter (mm) Reconstruction error (%)

20 10.8 35%
60 7.17 10.35%
80 7.31 8.59%
90 7.46 6.76%
100 7.63 4.61%
200 7.63 4.61%

reconstruction error could be large, due to the interference of reflected
signals of adjacent reinforcing bars. As the spacing increases, such
interference is reduced, leading to improved reconstruction accuracy.
It should be noted that the spacing in reinforced concrete structures
is usually larger than 90 mm [42,43]. Therefore, the estimation of
diameter would be reasonably accurate with an error of less than 7%.

4. Experimental validation

4.1. Preparation of concrete samples

To further verify the performance of the proposed sizing method
in real cases, four concrete samples are prepared, as shown in Fig. 9.
Sample 1 (S#1) is prepared for investigating the sizing accuracy with
different reinforcing bar diameters. As shown in Fig. 9(a), S#1 has a
5

size of 500 mm × 130 mm × 400 mm, and has three reinforcing bars
with respective diameters of 10 mm, 13 mm and 16 mm embedded in
the concrete sample. The cover depths of the bars are around 30 mm
with a casting tolerance of 2 mm. Samples 2–4 (S#2-S#4) are prepared
for investigating the sizing accuracy with respect to different cover
depths. As shown in Fig. 9(b), each of them has a size of 200 mm ×
130 mm × 400 mm with an embedded 13 mm diameter reinforcing
bar. The cover depths of these bars are 20 mm, 30 mm, and 40 mm,
respectively. The concrete samples were cast in wood moulds and
demoulded after 24 h. MIMO GPR array experiment was conducted
after curing the samples for 28 days.

4.2. MIMO GPR array measurement

The MIMO GPR array system consists of a vector network analyser
(Keysight VNA 5022A) and a linear antenna array, as shown in Fig. 10.
The antenna array is formed by 15 𝑦-polarization Vivaldi antennas with
a spacing of 10 mm, and is assembled in a foam box. To reduce the
coupling between antennas and environmental noise, the antennas are
surrounded by absorbers in the box. In the experiment, the antenna
array is placed on the top surface of the concrete. The middle of the
array is aligned with the centreline of reinforcing bar measured by a
B-scan. To preserve high resolution and sensitivity to reinforcing bars,
801 sample points across an ultra-wide frequency band from 2.9 GHz
to 9 GHz are recorded. Each antenna acts as both the transmitter
and receiver. Due to the limited ports of our VNA, the signals are
collected by manually connecting each antenna to the VNA channels.
The process is repeated until the data received by all antennas have
been collected. The data collection process can be accelerated using a
multiport switch [29]. After the 15 × 15 full matrix data are acquired in
the frequency domain, they are transformed to the time domain via the
inverse Fourier Transform. To remove the direct coupling of antennas
and the surface reflection, background signals are measured by placing
the array on the regions that are far from the reinforcing bars, and then
they are subtracted from the measured full-matrix data.

4.3. Experimental results

The diffraction stacking algorithm is applied to image the acquired
full-matrix MIMO GPR data. The wave velocity in concrete was es-
timated based on the backwall reflection. The experimental imaging
results of reinforcing bars with different diameters and cover depths
are shown in Figs. 11(a)–11(c) and 11(d)–11(f), respectively.

The 3 dB drop technique is used for characterizing the chord length
of the reinforcing bar, as shown in Fig. 11. The diameters of reinforcing
bars calculated by the proposed sizing method are listed in Table 4. It
can be seen that the errors of the estimated reinforcing bar diameters
are less than 6% in all cases. The measured results demonstrate that the
proposed method maintains its high accuracy when sizing reinforcing
bar diameters in real cases.
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Fig. 8. Diffraction stacking migration imaging results for simulated concrete models including three reinforcing bars with different spacing of (a) 20 mm, (b) 60 mm, and (c)
100 mm.
Fig. 9. Test concrete specimens: (a) Specimen S#1 with three reinforcing bars with diameters of 10 mm, 13 mm, and 16 mm, and at a cover depth around 30 mm. (b) Single
reinforcing bar with a diameter of 13 mm embedded in three specimens S#2, S#3, S#4 at cover depths of 20 mm, 30 mm, and 40 mm, respectively.
5. Conclusion

In this study, we present a method for estimating the diameter of
the reinforcing bar using the MIMO GPR array. The method uses a
linear array of UWB antennas to acquire the full-matrix MIMO data,
and then applies the diffraction stacking algorithm to reconstruct the
6

image of the reinforcing bars. The diameters of the reinforcing bars
are measured based on the cover depth and the chord length that is
determined by the 3 dB drop technique. Both numerical simulations
and experiments have demonstrated that our method has excellent
sizing accuracy with less than 10% error for reinforcing bars with
different diameters, and cover depths, even when the alignment of the
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Table 4
Experimental validation for the sizing of reinforcing bars with different diameters and
cover depths.

Sample Actual diameter Estimated diameter Reconstruction error
(mm) (mm) (%)

D10H32(S#1) 10 10.2 2.01%
D13H30(S#1) 13 13.52 4%
D16H32(S#1) 16 16.77 4.8%
D13H20(S#2) 13 13.34 2.6%
D13H30(S#3) 13 13.76 5.86%
D13H40(S#4) 13 13.05 0.38%

Fig. 10. Experimental setup of the MIMO GPR array measurement using a stepped-
frequency GPR control system with a linear array including 15 𝑦-polarization Vivaldi
antennas.

array is not perfect. The diameter of reinforcing bars is an important
indicator to reflect the health status of reinforced buildings. Therefore,
our proposed method with its high sizing accuracy can greatly facilitate
the health inspection of reinforced buildings. In addition, the promising
sizing accuracy achieved in the work can provide insights into further
7

investigation of MIMO GPR systems for accurately sizing subsurface
objects in various applications.

It should be noted that the proposed sizing method is demon-
strated on the cylindrical reinforcing bars. However, in a real scenario,
reinforcing bars may have complex shapes due to the corrosion dam-
age, leading to compromised reconstruction results. This would be
investigated in the future work.

CRediT authorship contribution statement

Weixia Cheng: Methodology, Software, Investigation, Data cura-
tion, Writing – original draft. Hai-Han Sun: Methodology, Investiga-
tion, Writing – review & editing. Kang Hai Tan: Writing – review &
editing, Supervision. Zheng Fan: Conceptualization, Writing – review
& editing, Supervision.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

The authors acknowledge funding from A*STAR Science and Engi-
neering Research Council, Singapore under AME Individual Research
Grant (IRG) 2018 Grant Call (Project No. A1983c0030).
Fig. 11. Imaging results of experimental concrete specimens using the diffraction stacking algorithm: (a)–(c) reinforcing bars with diameters of 10 mm, 13 mm, and 16 mm, and
at a cover depth around 30 mm in S#1; (d)–(f) reinforcing bars with a diameter of 13 mm at cover depths of 20 mm, 30 mm, and 40 mm in S#2, S#3, S#4, respectively. D and
H in the figures denote the diameter and the cover depth, respectively.
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