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Abstract: Radar polarimetric imaging for non-destructive testing is a powerful and flex-
ible tool that can be used to enhance the detection of internal structures. In this study,
reinforced autoclaved aerated concrete (RAAC) is measured using a polarimetric system
in three different acquisition modes—two downward-looking and one sideways-looking
configurations, each at a different height. Each acquisition mode is compared and new
polarisation states are created using the principle of polarisation synthesis. Images of
the internal structures are created using a 3D imaging algorithm, which are used for the
analysis. The comparison between acquisition modes demonstrates that using a higher
lift-off and polarisation synthesis could offer more flexible operation in the field, allowing
the use of handheld detectors and drone-based systems for inaccessible areas. Additionally,
the sideways-looking data captured both horizontal and vertical reinforcement and were

E'rIIJEC'C‘E‘(tf:sr detected within a single polarisation channel; this configuration also has reduced clutter
Academic Editor: Fabio Tosti from the air—concrete boundary, providing a viable option for single polarisation systems.
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Polarimetric Ground Penetratin . . . . .
e Reinforced autoclaved aerated concrete (RAAC) is a unique construction material that
Radar and Augmented Reality for

Reinforced Autoclaved Aerated has been used in Europe since the 1950s and received global academic interest since the

Concrete Inspection. NDT 2025, 3, 4. 1980s [1-3]. It is characterised by its aerated structure and absence of coarse aggregates,
https:/ /doi.org/10.3390/ resulting in significantly different structural properties compared to traditional reinforced
ndt3010004 concrete. RAAC is approximately three to four times lighter than conventional concrete;
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integrity [4,5]. Due to the inherent lack of structural robustness in autoclaved aerated
concrete (AAC), the integrity of the embedded reinforcement is crucial to the strength of
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RAAC. Understanding the condition of the reinforcement, such as its thickness, arrange-
ment, and evidence of corrosion, is essential. This highlights the importance of the research
presented in this paper, which supports efforts to address this critical industry need. In re-
sponse to these issues, European standards were established in the 1990s in an attempt to
ensure the long-term durability of RAAC structures [4,6-8]. Most of the current research
has investigated inspection techniques for traditional reinforced concrete when compared
to aerated concrete. Consequently, this paper incorporates inspection studies from both,
as the inspection techniques would be transferable. The non-destructive assessment of
RAAC panels is critical in evaluating structural safety and its condition whilst in situ.
Non-destructive testing (NDT) techniques for reinforced concrete can be categorised into
the following domains: ultrasonic, electrochemical, magnetic, and electromagnetic.

Ultrasonics have widely been used in assessing the structure of concrete, particularly
for corrosion damage assessment and identifying cracks, although the heterogeneity of the
concrete and issues with sensor coupling due to surface roughness can impact the accuracy
of this method [9-12].

Electrochemical methods include the half-cell potential [13-15], electrochemical
impedance spectroscopy [16-18], polarisation resistance measurements [19-21], and the
galvanostatic pulse method [22-24]; these techniques are somewhat invasive and usually
require holes to be drilled to directly connect probes to the reinforcement bars themselves.

Magnetic techniques such as magnetic flux leakage [25-27] and eddy current test-
ing [28-30] are commonly used to assess the corrosion of the reinforcement bars; these
methods are capable of detecting variations in the depth and diameter of the rebars [31].
However, they are generally less effective in assessing cracks and defects within the con-
crete itself, as these techniques primarily target the conductive and magnetic properties of
the steel reinforcements.

Electromagnetic techniques, especially short-range, ultra-wideband radar, are widely
used for various applications in concrete inspection, such as locating reinforcements, mea-
suring the concrete cover thickness, and detecting corrosion. Ground penetrating radar
(GPR) is one of the most commonly used technologies in this field and is often used as a
general term for these radar-based techniques. Corroded reinforcement often manifests as
a reduction in reflected energy and an increase in propagation delay [32-34]. Additionally,
GPR can measure the radius of the reinforcement [35] and produce high-resolution images
of the structure [36]. An investigation was conducted using angled GPR inspection with a
dielectric wedge, focusing on the end-bearing regions of RAAC panels, a critical area in
assessing RAAC’s structural integrity [37]. While there are relatively few studies involving
polarimetry, one such study found that corrosion shifted the scattering characteristics
of the reinforcement from low-entropy dipole scattering to low-entropy surface scatter-
ing [38]. Other studies have used dual-polarisations but lack cross-polar receivers [39,40].
There is limited research using full polarimetric measurements for reinforced concrete
inspection and none that the authors could find specifically using polarisation synthesis.
This study aims to advance state-of-the-art techniques for the inspection of RAAC, using
ceiling panels from educational estates, which can be classified as “in-service” artifacts,
obtained from the Manufacturing Technology Centre (MTC). This contribution includes
an investigation comparing surface and air-coupled antenna configurations along with
downward- and sideways-looking geometries. A novel application of fully polarimetric
GPR and polarisation synthesis is used to improve the detection of the reinforcement. It is
shown that polarisation synthesis can be used to create an adaptable system that can reduce
the orientation dependence of reinforcement and selectively filter for different features.
The additional comparison between low /high liftoff and downward-/sideways-looking
configurations illustrates the potential of these acquisition modes, highlighting the use of
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GPR scanners without contact with the concrete, providing an equivalent resolution and
performance. The non-contact modality is important due to the relatively common occur-
rence of asbestos-containing coatings that can be present on RAAC panels. Thus, avoiding
disturbing these coatings has a significant health and safety benefit [41]. This research
paves the way for the development of more flexible systems, potentially fusing polarisation
synthesis and higher-lift-off geometries. Traditional scanning techniques have often used
dual co-polar GPR systems in order to measure both horizontal and vertical sections of
the reinforcement. The high-lift-off results, coupled with polarisation synthesis to remove
the orientation angle dependence of these systems, will allow the use of handheld GPR
scanners, as the operator will no longer be required to maintain the alignment with the
horizontal and vertical reinforcement axes. Additionally, the high-lift-off results suggest,
for certain scenarios, that drone-based systems could be used for the inspection of RAAC
panels in less accessible locations.

2. Methodology
2.1. Experimental Setup

A stepped-frequency continuous-wave (SFCW) radar system was used for the data
collection. This included a Copper Mountain Technologies (CMT) S5065 2-port vector network
analyser (VNNA) and a quad-ridged antenna (Astro Antenna AHA-118D). The antenna was
dual-polarised and hence had two inputs, which were connected to the two ports of the
VNA; the S-parameter measurements S11, 512, S22 correspond to the transmitted-received
polarisations as horizontal-horizontal (HH), horizontal-vertical (HV), and vertical-vertical
(VV), respectively. The VH polarisation is omitted since HV=VH due to the reciprocity of
the mono-static configuration. The VINA was set up with the following settings outlined in
Table 1.

Table 1. VNA settings.

Start Frequency Stop Frequency Intermediate .
(GHz) (GHz) Frequency (kHz) Frequency Points

A positioning system was used to obtain a 100 x 100 2D raster scan spanning
0.94 x 0.94 m. Figure 1 shows an image of the positioning system, sand tank, VNA, and
antenna used to acquire the measurements. The experimental system was originally devel-
oped for research on the characterisation of buried targets using high-lift-off polarimetric GPR,
and it was found that the system could be readily adapted to the requirements of this study.

A single RAAC panel was used for all measurements; it was in generally good con-
dition with minimal defects over the main body of the panel. However, the ends of the
vertical sections of the reinforcement were exposed due to a break in the panel during the
removal process. Assessing the corrosion condition of the exposed rebar revealed minimal
rusting and good contact between the reinforcement and the concrete surround. There were
also no visual signs of water ingress on the AAC itself. Three sets of results were obtained
for the RAAC panel in different antenna elevations and angles. The elevations were 0.06,
0.18, and 0.2 m; the 0.06 m and 0.18 m elevations were positioned in a downward-looking
configuration, whilst the 0.2 m elevation was angled at 20° from the vertical axis. A 20°
angle was selected as a compromise to provide a sideways perspective, revealing the
benefits of reduced reflected signals from the surface and also minimising ambiguity in the
depth axis. The RAAC panel was positioned on the bed of sand and was raised with one
and two sheets of radar absorbing material (RAM) for the 0.18/0.2 m and 0.06 m lift-off
heights, respectively. The RAM not only helped to position the RAAC panel at the desired
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height, but also reduced any parasitic late time reflections from the surface of the sand tank.

The images shown in Figure 2 illustrate the setup for each configuration.

(b) (©)

Figure 2. Images of the different RAAC configurations with 6 cm, 18 cm, and 20 cm lift-off distances.
(a) Downward- looking configuration with 6 cm lift-off. (b) Downward-looking with 18 cm lift-off.
(c) Sideways-looking with 20 cm lift-off and 20° angle.

2.2. Pre-Processing

Measurements from the VNA’s S11 and S22 parameters presented a strong return
reflection resulting from the impedance mismatch between the SMA connecting cable
and the antenna. This confounded the small reflections obtained from the RAAC panel
reinforcement. However, as this reflection remained relatively constant over multiple
measurements, mitigating this effect by using a background measurement was possible.
Therefore, a C-Scan measurement of the sand tank prior to placing the RAAC panel was
obtained and subtracted from the subsequent RAAC measurements. This process removed
the strong back reflection and additionally removed other signals from the clutter present
in the environment.

Polarimetric antennas generally distort the calibrated VNA output; these distortions
usually present as an imbalance in the magnitude and phase between co-polar channels
and often poor cross-polar isolation. To ensure that the polarimetric data acquired matched
the physical polarisation properties of the target, the polarimetric calibration of the antenna
was performed using a methodology described in [42]. This aims to balance the magnitude
and phase between co-polar channels and improve the cross-polar isolation. It provides
more accurate polarimetric data and, as such, the reliable analysis and post-processing of
the results can be performed. Without this procedure, the synthesised polarisation state
would be distorted by the antenna and would not align with the intended polarisation state.

The processing of the obtained frequency-domain S-parameter data was as follows.
Firstly, the time-domain signals of the C-Scan were obtained via a Hanning-windowed
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inverse Fourier transform. These signals were then trimmed to align the start time of the
measurements with the end of the antenna and the end time to shortly after the final RAAC
pulse was received.

In order to accurately calculate the depth within the panel and the refraction angle
between the air and the RAAC, the relative permittivity of the material is required. The rel-
ative permittivity of the RAAC that was used throughout this study was estimated using
the panel thickness and the time delay in receiving the surface pulse and the underside
pulse. A time delay of 0.48 ns and an RAAC thickness of 0.11 m resulted in a permittivity
estimate of e, = 1.7, a low value due to the high aeration and dry condition of the material.

2.3. 3D Polarimetric Synthetic Aperture Radar

The 3D polarimetric imaging algorithm has been developed and fully explained in [43].
A brief overview of the algorithm is given here; however, for full details, please refer to the
referenced paper.

A forward model was developed to account for wave propagation within the system,
incorporating a spherical wave path length and refraction at the air-medium boundary.
Additional factors, including the antenna gain, transmit power, geometric spreading loss,
and transmit wavelength, were considered to ensure alignment with the system’s parame-
ters. The lift-off of the antenna above the surface was sufficient such that the antenna was
air-coupled; this required the calculation of the refraction in order to accurately capture the
path length through two media.

The range to a potential target position can be separated into two lengths: the antenna
to the surface and the surface to the target position. The range from the antenna to the
surface is given by the Euclidean distance from these points (ry,) [44],

rp =y (xap = X2+ (v = Y)2 + (zap — 2)? M

where (x4p, Y Ap,Z24p) are the antenna coordinates in 3D and (X, Y, Z) are the coordinates
of the gridded surface area. The range in the second medium (r2;,) from the surface to a
particular imaging depth (zp) is calculated from the incident angle to the surface, using
Snell’s Law to calculate the transmitted angle. By combining the range calculations with
Snell’s Law, the Euclidean distance to a particular imaging depth can be calculated using
Equation (2) [45]:

rp = & @
" Jommea- ()

where €; and €; denote the relative permittivity of the the air and ground medium, respec-

tively. Thus, the total path length is given by
Tp = T1p + 12p. 3)

The equation that is solved for the inversion procedure is given by Equation (4) and
follows the same methodology as [43]. This equation combines the range calculations
into phase using k and r, with the complex phasor. The expected receive voltage V; for a
particular transmit power, wavelength, range, antenna gain, and geometric spreading loss
for an unknown reflectivity function ¢ is given by the radar range equation [46] and by
rescaling the power to a voltage using the power equation [47,48].

Vw,2) = [[[ o2 Vi, (64,2 Vi (1, y,2)e 20mrm ) thraeud) dxayaz - (4)

Here, V;, , and V;,, are the expected receive voltages for each medium derived from the
radar equation [46], and the exponential term includes k1 and ky, for the wavenumbers
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resulting in the phase lengths for medium 1 and medium 2, respectively. Equation (4) is
now in the form Ax = b and was solved using Tikhonov-regularised inversion. Solving for
o results in the images seen in the following sections.

2.4. Jones Vector Polarisation Synthesis

As mentioned in Section 2.3, for full details of the polarisation synthesis methodology,
please refer to [43]. In this section, the synthesis of new polarisation states from the
measured scattering matrix is performed using the Jones vector. The Jones vector is used to
describe the polarisation state of a wave using the amplitudes Ay and A, and phases Jy
and dy between the x and y components.

The Jones vector, representing the complex amplitude of the electric field, is given

by [49-51]
E, Ayeidx
* (Ey> (Ayet&y> ©

Rewriting this in terms of the ellipticity x and orientation ¢ angles, which describe the
polarisation state of a wave, presents a more convenient representation for the parametrisa-
tion of the polarisation synthesis process [52]:

[ cos xcos ¢ +isinxsing ©)
~ \cosxsing —isinycosg )’

To synthesise new polarisations from the scattering matrix, the Jones vector is used to
represent the transmit E; and receive E, polarisations in the following equation [53]:

u 2

Pe(@r, Xrs 91 X1) = ‘Er((Perr) SEt((Pt/Xt)‘ )

where P is the received power for the polarisation described by the transmit and receive
Jones vectors applied to the scattering matrix S.

3. Results
3.1. Polarisation Components

In the following section, SAR images of the same RAAC panel are displayed for
each polarisation component and for each measurement configuration; these results are
normalised between 0 and 1 for easier interpretation of the relative signal levels between
the polarisation components for each measurement configuration. The images shown are
2D slices of the 3D volume and were taken at a depth of 0.02 m, corresponding to the top
portion of the reinforcement, while 3D isosurface representations are shown in Section 3.3.
Two downward-looking measurements were obtained at 6 cm and 18 cm lift-off heights, as
shown in Figure 3 and Figure 4, respectively, and a sideways-looking measurement was
taken at a 20 cm height and a 20° angle from the vertical, as shown in Figure 5. In all these
cases, a 2D reconstruction of the plane containing the top, i.e., the nearest layer, of the rebars
is shown. This is at a depth of 2.0 cm inside the RAAC panel. The issues of reconstructing
and presenting the entire 3D volume of the panel are addressed later in Section 3.3. These
different configurations enable a comparison between the different potential acquisition
modes. The internal structure of the RAAC panel is visible, showing the reinforcement
in all three configurations. There are minimal observable differences between the two
downward-looking configurations, highlighting the potential for higher-lift-off solutions
for the detection of internal reinforcement within concrete structures. The 6 cm and 18 cm
lift-off heights in Figure 3 and Figure 4 both capture the horizontal and vertical sections
of the reinforcement in the co-polar HH and VV channels, respectively. The cross-polar
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component is sensitive to the reinforcement intersection. Coupling the co- and cross-polar

components reveals detailed information about the geometry of the reinforcement.
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Figure 3. The 6 cm lift-off SAR images reconstructed at a depth of 2 cm, shown with (a) HH, (b) HV,

and (c) VV polarisations.
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Figure 4. The 18 cm lift-off SAR images reconstructed at a depth of 2 cm, shown with (a) HH, (b) HV,
and (c) VV polarisations.

The sideways-looking configuration, seen in Figure 5, illustrates different features and
has the benefit of receiving a smaller signal from the air-concrete interface. The antenna
alignment was such that the vertical co-polar channel was well aligned with the vertical
reinforcement, whereas the horizontal co-polar component was affected by the tilt angle of
the antenna. Both the HH and VV channels reveal the internal structure of the RAAC panel,
displaying the horizontal and vertical sections; however, the reconstructed image has a
different perspective due to the sideways view angle. The HH channel, shown in Figure 5a,
detected both horizontal and vertical sections of the reinforcement; this acquisition mode
has potential use for single polarisation systems that could be tilted, allowing for the
detection of the full internal structure.

The sideways-looking cross-polar component in Figure 5b is more sensitive to the
horizontal sections of the reinforcement, producing a consistent return along the length of
the horizontal sections, as compared to the downward-looking measurements, which are
more sensitive to the reinforcement intersections.

04 1.033 0.06 1.033 1.00
0.75
0689 0.04 0689
) ) 0.50
0.2 - > ’
0.344 0.02 0.344
0.25
0.000 0.00 0.000
0.000 0.301 0.601 0.902 0.000 0.301 0.601 0.902
x (m) x (m)
(b) (0

Figure 5. The 20 cm lift-off and 20° angle SAR images reconstructed at a depth of 2 cm, shown with
(a) HH, (b) HV, and (c) VV polarisations.
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3.2. Polarisation Synthesis

Polarisation synthesis provides an adaptable technique that can be used to enhance
the detection and characterisation of targets by allowing the selection of the form of
polarisation used. It can be seen that different polarisation states reveal different features
of the target; the following section illustrates this by selecting three different types of
polarisation, which include circular and elliptical polarisations. The chosen polarisation
states for the downward-looking configurations are depicted in Table 2 and are defined by
their ellipticity and orientation angles for both transmit and receive polarisations.

Table 2. Downward-looking polarisation states.

Polarisation Xrx (©) Xrx (©) @1y ©) P ©)
reclr (RHO) 15 : -
cir%ﬁﬁfl (alfﬁC) —4 —45 - -
euﬁﬁfﬁiﬁm —30 —30 50 50

Circular polarisations, as seen in Figures 6 and 7, are able to detect the reinforcement
consistently and remove the orientation angle dependence of linear co-polar polarisations.
This allows all reinforcements to be detected, regardless of the orientation, and displayed
in one image. These images have a high signal-to-noise ratio as this polarisation is iso-
lated from much of the co-polar background clutter. The chosen elliptical polarisation in
Figures 6¢ and 7c illustrates the use of polarisation synthesis to selectively filter for different
target features, such as highlighting the connecting reinforcement lengths separately. This
can be seen for both downward-looking configurations; the balancing of the return signals
from the horizontal and vertical sections of the rebar is achieved by tilting the orientation
angle to 50°. This tilting of the orientation angle was required due to the difference in the
return signal from the horizontal and vertical sections; the values selected were chosen
through manual experimentation.

The resultant images produced from the sideways-looking configuration seen in
Figure 8 require different polarisations to be selected to reveal distinct features, and these
are displayed in Table 3. The angled perspective results in different cross-polar returns, and
portions of the horizontal and vertical reinforcement are measured by the HH polarisation
component, as shown in Figure 5a. This mode still provides benefits, as seen with the single
polarisation HH channel, which can effectively capture most of the reinforcement with a
single polarisation channel.

1.033 1.00 1.083 1.033
0.75 0.6
0.75
0689 0689 _0.689
£ 050 E 0.50 § 0.4
> B>
0.344
0344 0.25 0344 0.25 0.2
0.000 0.000 0.000 0.0
0.000 0.301 0.601 0.902 0.000 0.301 0.601 0.902 0.000 0.301 0.601 0.902
x (m) x (m) x (m)
(a) (b) (c)

Figure 6. The 6 cm lift-off polarisation synthesised SAR images reconstructed at a depth of 2 cm,
shown with (a) RHC, (b) LHC, and (c) LHE polarisations.
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Figure 7. The 18 cm lift-off polarisation synthesised SAR images reconstructed at a depth of 2 cm,
shown with (a) RHC, (b) LHC, and (c) LHE polarisations.

Table 3. Sideways-looking polarisation states

Polarisation Xix (©) Xrx () Prx ) Prx ()
RHC 45 45 - -
LHC —45 —45 - -
45°
0 0 —45 45
Cross-polar
1.033 1.033 .00 1.033
0.75 0.75 0.75
0,689 0,689 0,689
E 050 E 050 & 0.50
> > >
0344 0.344 0.344
025 0.25 0.25
0.000 0.000 0.000 0.00
0.000 0.301 0.601 0.902 0.000 0.301 0.601 0.902 0.000 0.301 0.601 0.902
X (m) x (m) x (m)
(@) (b) (0)

Figure 8. The 20 cm lift-off 20° angle polarisation synthesised SAR images reconstructed at a depth
of 2 cm, shown with (a) RHC, (b) LHC, and (c) 45° cross-polar polarisations.

The circular polarisation images for the sideways-looking configuration seen in
Figure 8a,b are still able to detect the reinforcement consistently, similarly to the downward-
looking configuration. The intersections of the reinforcement have angled breaks within
the image, which reverse for right-hand and left-hand circular polarisations; these can be
balanced by selecting a cross-polar polarisation state that is at a 45° orientation angle, align-
ing this result more closely with the downward-looking configurations. This is illustrated
in Figure 8c.

Figure 9 shows a cross-section of the horizontal and vertical reinforcement. The signal-
to-noise ratio and resolution can be compared between the different measurement con-
figurations and polarisations. For example, HH compared with RHC polarisation in
Figure 9a,c shows that RHC provides a slight improvement in target localisation. Addi-
tionally, the comparison between VV and RHC illustrates a more significant improvement
in signal to noise by the order of approximately 10 dB. This improvement is attributed
to the higher surface reflection in the co-polar channels, which circular polarisation more
effectively rejects. This difference is less noticeable for the sideways-looking configura-
tion shown in Figure 9e,f, where the co-polar surface reflection is less of a factor aligning
HH/VV and RHC more closely.
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Figure 9. Cross-section of horizontal and vertical reinforcement with (a)—HH/RHC at 6 cm lift-
off, (b)—VV/RHC at 6 cm lift-off, (¢)—HH/RHC at 18 cm lift-off, (d)—VV/RHC at 18 cm lift-off,
(e)—HH/RHC at 20 cm lift-off and 20° angle, and (f)—VV/RHC at 20 cm lift-off and 20° angle.

3.3. 3D Image Representations

Thus far, 2D slices of the 3D volume have been shown; however, the SAR algorithm
produces volumetric data, and, as such, it may be useful to represent the internal RAAC
structure in 3D. The 3D visualisation has been achieved using isosurfaces, where the
higher-amplitude portions of the return signal are represented as a solid surface. The fol-
lowing images show the full depth of the RAAC panel with each polarisation component.
An additional feature is seen in the horizontal component when observing the full depth
profile of the RAAC panel in both the 6 cm and 18 cm downward-looking configurations in
Figure 10a and Figure 10b, respectively. This feature is associated with an air cavity that
runs horizontally through the entire panel, illustrating the sensitivity of GPR in detecting
structural defects. This can be seen more clearly in Figure 11. In Figure 10c,f,i, we illustrate
a vertical section below the reinforcement, which is due to an air cavity between the RAAC
concrete and RAM sheet. This is also visualised in Figure 11.

Comparatively, the vertical component of the sideways-looking result in Figure 10i
illustrates a similar profile to the downward-looking configurations, as this component is
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aligned to the vertical reinforcement; however, the horizontal component in Figure 10g is
more affected by the tilt angle, which displays both horizontal and vertical components.
The cross-polar component of the sideways-looking image in Figure 10h compared to the
downward-looking images in Figure 10b,e can be clearly seen, with the intersections of the
reinforcement visible in the downward-looking case and the horizontal reinforcement with
the sideways-looking case.

() (k) o
Figure 10. Isosurface representations of the internal reinforcement with measurement configurations
and polarisations as follows: (a)—HH at 6 cm lift-off, (b)—HYV at 6 cm lift-off, (c)—VV at 6 cm lift-off,
(d)—HH at 18 cm lift-off, (e)—HYV at 18 cm lift-off, (f)—VV at 18 cm lift-off, (g)—HH at 20 cm lift-off
and 20 ° angle, (h)—HYV at 20 cm lift-off and 20 ° angle, (i)—VV at 20 cm lift-off and 20 ° angle,
(j)—RHC at 6 cm lift-off, (k)—RHC at 18 cm lift-off, and (1) —RHC at 20 cm lift-off and 20 ° angle.
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@) (b)
Figure 11. AR volume rendering of 18 cm lift-off result with RHC polarisation with two visual
perspectives (a,b).

In Figure 10j-1, a right-hand circular polarisation was used to create a 3D isosurface
representation of the internal RAAC structure. Both downward-looking configurations
in Figure 10jk reveal very similar features, as seen in the previous section. However,
the sideways-looking angle seen in Figure 101 has a slight perspective shift due to the
angled view, although it still captures many of the same features. The upper portion
of the reinforcement is well resolved and the air cavity has improved visibility when
using circular polarisation, which can be seen between the first two upper horizontal
sections. The vertical section of the lower air cavity is also visible. Contrasting the circular
polarisation isosurfaces with the single polarisation results shows the improved resolution
of the reinforcement structure and lower clutter within the imaged area.

3.4. Augmented Reality

Augmented reality (AR) is emerging as a valuable tool to enhance the interpretation
of complex NDT data. AR visualisation of subsurface features is effective with GPR when
overlaying data sets directly onto physical structures, as demonstrated by Pereira et al.
in [54]. In addition to visualisation, the optical tracking elements of AR devices have
been used to index the positions of GPR units in areas where GPS data are unreliable [55].
Light detection and ranging (LiDAR) sensors can complement GPR data by returning
detailed surface information to assist in interpreting subsurface features [56]. These sensors
also support the spatial mapping capabilities of AR devices, which can be fused to align
GPR scans with surface topography [57]. Handheld devices such as Screening Eagle’s
GPR Live exemplify the growing adoption of portable AR-integrated solutions in the
field [58]. Inspectors can achieve an “X-ray vision” effect, where buried utilities, reinforcing
bars, cracks, and voids are projected onto the surface of a structure in real time, enhancing
situational awareness and reducing the reliance on invasive techniques. However, achieving
this effect on-site and in real time requires further work to improve the depth perception
of superimposed objects, automatic pose estimation, and rendering optimisation [59,60].
In this study, a custom AR application was created in Unity using the Vuforia engine,
integrating optical tracking algorithms to superimpose GPR data onto physical samples.
The processed 3D data, parsed with an open-source volume rendering tool [61], were
displayed on Meta Quest 3 and HoloLens 2 head-mounted devices (HMDs) for hands-
free visualisation. Natural feature image tracking was employed to ensure the accurate
alignment of the digital data with the physical sample by using a fiducial marker placed
at a fixed position relative to the structure. This approach allows the spatial pose of
the image to be computed relative to the HMD’s cameras, enabling the precise overlay
of the isosurfaces onto the structure. Figure 11 shows an image from the HMD; the
data are highly contrasted against the sample, aligning closely with the observable rebar.
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The practical applications of this technology extend beyond basic visualisation. In field
inspections, AR can reduce uncertainty about the precise locations of structural elements,
such as reinforcing bars, which would traditionally require invasive methods like drilling or
probing to verify. Furthermore, AR-based systems have the potential to support long-term,
large-scale structural monitoring. By automatically indexing data against position during
routine inspections and integrating additional metrics, such as LiDAR surface scans, AR
can be used to create temporal digital twins. These digital models offer a comprehensive
and evolving depiction of the structural integrity, making data interpretation, storage,
and sharing simpler.

4. Conclusions

Using polarimetry to image the internal structures of RAAC panels has been demon-
strated to be a flexible and powerful technique. Measuring the full polarimetric data and
using the principle of polarisation synthesis can improve the reconstruction of the internal
reinforcement; this methodology can be applied in real time and also in post-processing,
allowing a more detailed investigation into the RAAC properties. The comparison between
two downward-looking lift-off heights demonstrates the potential for the development of
systems with higher lift-off, offering greater flexibility in the choice of the acquisition mode.
Additionally, this approach provides significant health and safety benefits by ensuring
that asbestos coatings remain undisturbed, which is highly desirable in healthcase estates,
where RAAC is commonplace. This allows the measurement of panels using handheld sys-
tems by removing the orientation angle dependence with circular polarisation, and the high
lift-off scenario has potential for use with drones for less accessible areas. Sideways-looking
results have shown benefits in revealing the internal structure with a single polarisation
and a reduced signal from the air-concrete interface, improving the signal-to-noise ratio
and thus illustrating another viable acquisition mode. Additionally, integrating polarisa-
tion synthesis with AR has been shown to have potential as it could be used for real-time
inspection using handheld devices; overlaying supplementary sensor data could give a
user more detailed metrics for the determination of the positions of reinforcement and
potential degradation. GPR has been shown to detect not only the metal reinforcement
but also air cavities, which can aid in the assessment, and has the potential to detect other
defects, such as water ingress.

5. Future Work

In this study, reliably detecting the lower layer of reinforcement was challenging.
Therefore, investigating a non-contact modality that allows the imaging of the lower layer
of reinforcement would be highly beneficial. This may involve a closer sideways-looking
measurement with a more directional antenna.

Additionally, defects such as water ingress would be visible to GPR due to the high
permittivity of water, creating a strong contrast with the surrounding material. As such,
artificially inducing water ingress and monitoring the condition of the RAAC panels using
GPR would be a worthwhile investigation.

Further work aimed at the development of a non-contact handheld detector would
have significant industrial applications and would provide substantial health and
safety benefits.
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