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Abstract: The detection and quantification of fractures in rocks, as well as the detection of lithological
changes, are of particular interest in scientific fields, such as construction materials, geotechnics, reser-
voirs and the diagnostics of dielectric composite materials and cultural heritage objects. Therefore,
different methods and techniques have been developed and improved over the years to provide
solutions, e.g., seismic, ground-penetrating radar and X-ray microtomography. However, there are
always trade-offs, such as spatial resolution, investigated volume and rock penetration depth. At
present, high-frequency radars (>60 GHz) are available on the market, which are compact in size and
capable of imaging large areas in short periods of time. However, the few rock applications that have
been carried out have not provided any information on whether these radars would be useful for
detecting fractures and lithological changes in rocks. Therefore, in this work, we performed different
experiments on construction and reservoir rocks using a frequency-modulated continuous wave
radar working at 300 GHz to evaluate its viability in this type of application. The results showed
that the radar quantified millimeter fractures at a 1 cm rock penetration depth with a sensitivity of
500 pm. Furthermore, lithological changes were identified, even when detecting interfaces generated
by the artificial union of two samples from the same rock.

Keywords: frequency-modulated continuous wave (FMCW) radar; radar imaging; millimeter wave
imaging; non-destructive testing

1. Introduction

The detection and characterization of rock fractures and lithological changes are of
great importance for the quality control of construction and dielectric composite materials,
the characterization of reservoirs, the inspection of cultural heritage objects and geotechnics.
Usually, applied methods utilize acoustic or electromagnetic (EM) waves [1-3]. In particular,
acoustic methods have demonstrated higher penetration depths in rocks than EM signals.
However, better axial resolutions can be reached using high-frequency EM microwaves
and X-rays. Additionally, the latter have the advantage of being contactless, which is not
the case with acoustics methods.

Historically, ground-penetrating radars (GPRs) with frequencies below <20 GHz have
been used [4]. In a recent review [5], the authors presented the progress in GPR imaging and
data processing for applications in different disciplines, such as geology, civil engineering
and archaeology. Currently, automated machine learning and classification models have
been applied to processing GPR data in order to classify geological structures, obtain
dielectric permittivity variations and identify boundaries [6—10]. In addition, among the
different types of GPR radars, it is worth mentioning multi-frequency holographic radars,
which have better spatial resolutions than impulse subsurface radars [11]. However, one of
the limitations of GPRs is the impossibility of measuring millimeter and sub-millimeter
fractures due to the range of frequencies that are usually used.

Remote Sens. 2023, 15, 2605. https:/ /doi.org/10.3390/1s15102605

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs15102605
https://doi.org/10.3390/rs15102605
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-7688-6424
https://orcid.org/0000-0001-8415-6544
https://orcid.org/0000-0003-4434-8052
https://doi.org/10.3390/rs15102605
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15102605?type=check_update&version=1

Remote Sens. 2023, 15, 2605

20f13

Nevertheless, in order to avoid lateral spatial limitations, a near-field scanning mi-
crowave microscope has recently been proposed that measures the dielectric permittivity
of minerals with a spatial resolution of tens of microns [12,13]. This sub-wavelength res-
olution is achieved by working in the near field. However, this method is also limited
in axial spatial resolution since it works below 3 GHz. Thus, it has not been applied in
fracture imaging.

Another approach that has been proposed in recent years uses terahertz time-domain
spectroscopy (THz-TDS) to detect ufractures [14]. The limitation of using this technique
is that in most common rocks, the penetration depth is a few millimeters and high time-
consuming for imaging large surfaces [14,15].

Finally, X-ray microtomography, which is a commonly used method for imaging
fractures with high spatial resolutions, has the disadvantages of imaging small volumes
(~mm?3), being ionizing, not being compact in size and also being very time-consuming [16].

One solution to overcome these limitations while keeping a high lateral and axial
resolution is working at the EHF band (30-300 GHz). Various applications and implemen-
tations of systems using frequency-modulated continuous wave (FMCW) radars within
these frequencies have been presented in [17-21]. However, so far, there have been no
reports on rock applications.

Hence, we propose the use of a 300 GHz FMCW radar to show its feasibility for
detecting rock fractures and lithological changes. We present measurements of reservoir
rocks, such as dolomite and limestone, and construction rocks, such as granite. The results
demonstrated that we could quantify the thicknesses of fractures at the millimeter scale
with a centimeter penetration depth, being sensitive to ufractures and small lithological
changes. The acquisition time for imaging a surface of 121 cm? with a spatial step of 1 mm
and a penetration depth of 3 cm was around 15 min. In addition, we present a method to
obtain 3D fracture reconstructions from radar image measurements.

2. Materials and Methods

The experiments were carried out by taking raster scan radar measurements of artificial
fractures created by positioning two samples from the same rock with a chosen air gap
between them. To test the feasibility of the method for detecting lithological changes, we
performed a series of measurements of superposed rocks.

2.1. Samples

Limestone, granite and dolomite samples were taken from different outcrops in the
southwest of France. In particular, the limestone samples were partially metamorphosed
rocks [22] that formed fracture water reservoirs and the dolomite samples were part of a
porous reservoir unit. In addition, the type of limestone and granite samples taken are
usually used for construction purposes.

From each rock, two rectangular cubes of different thicknesses were cut out and
polished. The chosen thicknesses were greater than the EM wavelength involved to ensure
sufficient interactions between the electromagnetic waves and the matter. We also selected
thicknesses that provided amplitudes of reflected signals that were detectable by the radar.

The surfaces were ~ 10 cm x 10 cm and the thicknesses were as follows:

- Granite ~ 0.9 cm and ~ 1.2 cm;
- Limestone =~ 1 cm and ~ 2 cm;
- Dolomite ~ 0.5 cm and ~ 0.8 cm.

The roughness of the rocks was much lower than the EM wavelengths used (=1 mm)
but their thicknesses varied by up to 0.18 cm from point to point. The measurements were
made with the use of a caliper, giving an absolute error of 0.02 mm.
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2.2. FMCW Radar System

Figure 1a shows the Synview radar architecture used in the measurements [23]. The
first stage of the system, working at low frequencies, features a voltage control oscillator
(VCO) combined with a phase locked loop (PLL) for stabilization in order to generate fast
saw tooth-like frequency sweeps. A multiplier chain is then inserted for the up-conversion
to reach the desired working frequency, corresponding to the ] band (220 to 330 GHz), with
a 275 GHz center frequency. The output power is about 60 uW and the dynamic range
is 60 dB. The signal is then demodulated and measured with a national instrument data
acquisition card. Figure 1b shows the generated chirp signal, with frequency as a function
of time. The continuous line represents the emitted signal and the dashed line represents
the reflected signal. The distance between the two lines is fixed, which means that the
mixer generates an intermediate frequency (f,ixer), Which consists of a tone with a constant
frequency. The latter, which is obtained in the frequency domain, is related to the target
distance [23]:

_ coAt €0 fmixer Tsweep

d= 2n 2nBW M

where ¢ is the speed of light in a vacuum, At is the back-and-forth propagation-induced
time delay, n is the refracting index of the propagation media at the working frequency, BW
is the frequency bandwidth and Tsyeep is the sweep period.

In the case of multiple reflections, multiple frequency tones are detected. Hence,
different distances are measured.
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Figure 1. (a) The radar architecture; (b) the chirp signal.

The imaging process can be performed through synthetic aperture radar (SAR) recon-
struction or by focusing the radar signal. Both approaches have advantages and disadvan-
tages, depending on the application [24]. Since we aimed for better spatial resolutions, we
chose the focusing method. Thus, we used a Teflon lens in the system. Figure 2 shows a
schematic of the measurement setup.

In particular, the optical setup included lenses with three focal lengths (50, 100 and
200 mm). We estimated the beam waist diameter (wp) and Rayleigh length (Zrayseign) for
the three cases to select the most suitable option for our application. The Rayleigh length is
the distance from the beam waist (in the propagation direction), where the beam radius
is increased by a factor of the square root of 2. Assuming a Gaussian beam model of the
signal, both parameters could be estimated as follows:
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where f is the lens focal length, D is the signal diameter and A is the wavelength. All
of these parameters are depicted in Figure 2. For our application, the best compromise
was found using the 100 mm focal length lens as it offered a lateral resolution of 2.5 mm

with a Rayleigh length of 4.9 mm, which was close to the size of the fractures that were
being studied.

Teflon lens Sample
(f:100mm) =
y Radar _ A i
b| T8 T awo
A 4 b
aAa Lol eich
e
F

VCO & data acquisition card
Figure 2. The experimental setup using an FMCW radar.

The radar axial resolution is related to the media refractive index and signal band-
width by

co
=_9 4
2nBW @)
So, given that BW =90 GHz and n =1 (in the fracture), the system axial resolution was
1.7 mm. Experimentally, the lateral resolution was confirmed by imaging a USAF target, as

described in Figure 3. In the system, the XY stage where the radar was mounted had an
accuracy of 0.5 mm.
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Figure 3. The USAF target calibration measurement.

Before performing a measurement, we calibrated the maximum and minimum am-
plitude tone frequency signals of the system by reflecting them on metal and without
reflecting them, respectively. The metal was placed perpendicular to the signal propagation
direction at the focal distance of the Teflon lens (100 mm in our case) to ensure that all
reflected signals were collected by the radar. Both measurements established an amplitude
scale, which helped to better discriminate noise from reflected signals and set the minimum
and maximum of the unit colorbar in the images. Specifically, the latter was presented in dB
and the range of colors varied in order to increase the image contrast. This was performed
while visualizing the axial images around the fracture or area of interest.
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In particular, for each pixel, there is a position given by the motors and a measured
signal containing different tones with varying amplitudes in the frequency domain that are
proportional to the distances (see Equation (1)). To generate a complete image at a given
distance, the amplitudes of the tones located at the same frequency, i.e., the distance of
interest, were taken for each motors’ position.

2.3. Measurements

The radar system was set to image a surface of around 11 x 11 cm with a step of 1 mm.
Acquired an image took around 15 min. In all measurements, the chosen distance from the
Teflon lens to the first rock face was optimized to collect as much as possible the reflected
beams. Assuming that the objects were larger than the wavelengths involved and neglecting
interference and diffraction, we simulated the system (radar + rocks + artificial fractures)
through ray tracing, using the free open-source web application software Ray Optics Simula-
tion. We used the refractive indices of the rocks as presented in the bibliography [25,26].
We found a distance of around 8 cm in all cases. The experiments were rather robust since
changing the distance to 7 or 9 cm had no impact on the detected signals.

The first experiments were performed to realize rock fractures by positioning two
samples from the same rock parallel to each other with a 5 mm air gap. The thinner samples
were put closer to the radar. Figure 4a—c presents the experimental configurations. Then,
we measured the limestone samples with variable air gaps (wedged air gaps) to quantify
the experimental sensitivity and the axial spatial resolution within the fractures. Figure 4d
shows this scenario.
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Figure 4. The experimental configurations for measuring rock fractures. (a) Limestone case; (b) gran-
ite case; (c) dolomite case; (d) Wedge limestone case.

A subsequent series of experiments was carried out with superposed rocks to test
the possibility of measuring lithological changes. In Figure 5 are depicted the different
studied cases.

Limestone Dolomite 15
mm

120 mmi; 8 mm -
Limestone 110 mm

110 mmi 5 mm

1

(a) Radar (b) Radar (c) Radar

Figure 5. The experimental configurations for measuring lithological changes. (a) Superposed
limestones; (b) superposed dolomites; (c) superposed limestone and dolomite.

3. Results

In Figure 6, we present the fracture detection results for the rock configurations shown
in Figure 4a—c. For all cases, we show the experimental photographs and the radar images
obtained in the axial direction. This means the XY surfaces for different z cuts. Firstly, we
present the reflection from the front face of the first rock (named “A’), then the reflection
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from its back face (named ‘B’) and the results obtained when situated in the air gap (named
‘C’). Lastly, we show the reflection from the front face of the second rock (named ‘D’). As
previously explained, each pixel in the images represents the tone frequency amplitude
detected for the selected distance.

Limestones (case fig.4a)
Front photo First rock-front face First rock-back face
- N e [

In first
rock-back face

S'dle Phﬂ% Air gap Second rock-front face 20
0
L ¢ °
" -10
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g -30
-35
-40
dB -45

Granites (case fig. 4b)
Front photo First rock-front face First r
- .

8 Vietal mark
In first
rock-front face
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Dolimites (case fig. 4c)
Front photo First rock-front face First rock back face
7N T

& Metal mark

Side photo Air gap Second rock-front face 150

Figure 6. The experimental photographs and axial images obtained using the configurations pre-
sented in Figure 4a—c. (a) Limestone case; (b) granite case; (c) dolomite case.
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As the thicknesses of the rocks varied and they could be a bit tilted regarding the
electromagnetic waves, the images presented for Z-slides did not coincide perfectly with the
XY planes of the rocks. Moreover, since the rocks were heterogeneous, e.g., contained fossils,
intraclasts and ferromagnesian minerals, the ‘B” and ‘D’ images did present amplitude
variations caused by the EM waves traveling at different velocities (vel = cyo/n), and
because they underwent different absorption and scattering. However, the two faces of the
rocks that mimicked the fracture were identified. It should be noted that when EM waves
propagated within a rock, the wavelength was shortened since A = ¢/ (nfs) (where f; is
the signal frequency). Therefore, within the material, the lateral and axial resolutions of the
EM signals were smaller in value (see Equations (2) and (4)). This meant that there was an
impact on the signal dispersion, depending on the size of the inclusions and fractures.

In the figures, metal marks can be seen. They were metallic tape on the rock that
were bigger than the radar lateral resolution to ensure signal reflection. When the electro-
magnetic signals arrived at the metal, they were fully reflected; thus, a higher amplitude
of the frequency tone was measured than that obtained by the variation in the dielectric
permittivity of the rock—rock or rock-air interfaces (Fresnell equations). Hence, it helped to
identify the rocks’ faces more easily. This is outlined by the red dashed lines.

Especially in the limestone case (Figure 6a), we identified in images ‘A’ and ‘B” more
attenuated regions that corresponded to variations in the thickness of the rock. We signaled
this using black dashed lines. Additionally, as expected, in the ‘B’ image, it can be seen that
there were more reflected signals where the metallic mark was (and an absence of them in
image ‘D’).

In the granite case, the ‘B” and ‘D’ images presented pixel amplitudes that varied in a
grainy way. This could have been caused by the high heterogeneity of the structures. In the
photographs, the high quantity of black crystals, e.g., biotites and amphiboles, is visible,
which had sizes in the order of the lateral spatial resolution. In image ‘A’, a crack on the
surface is visible . This was generated when cutting the sample and only had a depth of a
dozen microns.

Lastly, in the dolomite case, in the 'B” and "D’ images, it was possible to detect another
kind of variation in the pixel amplitudes. They showed a strong preferential direction. In
particular, the latter helped us to identify the front face of the second rock due to the high
attenuation of the signals.

In Figure 7a, we present a photograph and sketches of the experiment shown in
Figure 4d. In the drawings, we added in green some axial cuts with the corresponding
numbers of radar images presented in Figure 7b. The first radar image shows the first face
of the first rock (slide 1). Slide 2 is within the first rock. From slides 3 (the back face of the
first rock) to 15, the distance between two consecutive slides is 500 um. In Figure 7a, the
blue dashed rectangle signals a thickness variation in the first rock. It was thicker in the
bottom part. This is why in slide 4 of Figure 7b we can see in the upper part the reflection
from the first face of the second rock, while the reflection in the bottom part was from the
second face of the first rock. We indicated this with white solid rectangles. Additionally,
in slide 9, we present in the white solid rectangles the reflections from the middle of the
first face of the second rock and in slide 15, we present the last reflection obtained. The
reflections from the second rock face were inclined with respect to the boundaries (see the
white rectangle in slide 9) because the thickness of the first rock increased at the bottom
(see the blue rectangle in Figure 7a). Therefore, the reflected signals from the lower part of
the second rock face arrived later.

The sequence of images from slide 3 to 15 were utilized to make a 3D reconstruction.
We used the open-source image processing software FIJI"™. We first imported the raw
images into FIJI and then subtracted any background noise using the subtract background
tool. Next, we used the FIJI plug-in ‘3D viewer’ to obtain the 3D image results. We did
not interpolate the images. To help with the visualization, the distances used between the
slides were 1.4 mm instead of 500 pum. Figure 7c presents an upper view of the 3D image.
Additionally, we provide a video obtained using the same plug-in, showing an animation
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of the 3D images, in the Supplementary Materials. In the video, it is possible to notice the
variation in the thickness of the first rock. By generating images from different views of
the 3D images and using in them the measuring tool from FIJI, it was possible to obtain
different parameters for the variation in the thickness and fracture slope of the first rock.
We measured a thickness variation of 1.43 mm and in the experiment, it was 1.8 mm. The
gap slope (angle between rocks) was obtained using Figure 7c. We obtained 6.5° for the
thicker part and we measured 9 £ 2° in the experiment. In addition, we deduced that the
slope in the image appeared clearly when the fracture thickness was around 1.4 mm. This
value, as expected, was close to the radar’s axial resolution. However, we could see a gap
between the rocks when the distance was around 500 pm.

Figure 7. (a) A photograph and drawings from the experiment presented in Figure 4d; (b) the radar
image results; (c) the upper view of the 3D image reconstruction.
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Figure 8 shows the results obtained from the configuration of superposed rocks shown
in Figure 5. For each case, we present the radar image from the front face of the first rock,
within the first rock and the interface between them. In particular, the front face of the first
rock image in Figure 8c shows a color change that we do not see in Figure 8a, which shows
the same rock. This indicated that this last rock was tilted with regard to the direction of the
electromagnetic signals. Additionally, it should be noted that the rock’s edge in Figure 8b
looks irregular. This was related to the rock shape.

Superposed limestones (case fig. 5a)
First rock-front face Within the first rock Interface

Superposed dolomites (case fig. 5b)
First rock-front face Within the first rock Interface 10

i)
0
-5
dB

Limestone, superposed with dolomite (case fig. 5¢)
First rock-front face Within the first rock Interface

(c)

Figure 8. The axial images obtained using the configurations presented in Figure 5a—c. (a) Superposed

limestones; (b) superposed dolomites; (c) superposed limestone and dolomite.

In the reported cases, the interfaces were visible. However, we also performed tests by
overlaying granite rocks in which the interfaces were not detected.
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Although the aim of the study was to detect fractures and lithological changes, we
estimated the refractive indices of the rocks to better understand the images and validate
the experimental results obtained using the published indices. To do so, we used the
distance found between images ‘A’ and ‘B’ in Figure 6a—c and the thicknesses of the rocks
‘H’. In the acquisition program, the distance ‘d’ is estimated by considering that the wave
propagates in the air. Therefore, with the obtained ‘d 4" and ‘dp’ values, the refractive
indices were estimated using n = (dg —da)/H. Thus, njjpestone = 2-8, Ngolomite = 2.66
and ngyqnite = 2.45. Although these values were approximate since the thicknesses of the
samples varied, they are in accordance with the published indices [25,26]. In particular,
the refractive index of limestone was closer to that of marble as the samples were partially
metamorphosed [22].

The values found showed that the wavelengths were reduced by more than half. If
we take a 275 GHz center of frequency for an EM wave propagating in air, we obtain a
wavelength of 1 mm, which is reduced to less than 500 um inside a rock. Moreover, as
previously mentioned, this also had the impact of more than halving the lateral, as well
as the axial, resolution (see Equations (2) and (4)). Therefore, the measurements were
even more sensitive to smaller rock heterogeneities. This result also contributed toward
explaining the amplitude changes between pixels in the images presented in Figure 6.

We would like to mention that the measurements were carried out and repeated on
different days but obtained the same results.

4. Discussion

In this manuscript, we demonstrated that it was possible to clearly detect fractures in
rock at a penetration depth of about 1 cm using a 300 GHz radar. However, this depended
to a large extent on the dielectric properties of the rocks and their water contents. In
particular, the rock samples were not subjected to thermal treatment to evaporate the water
contained in their pores and fractures, so the experiments were representative of what
is found in nature. Hence, by heating rock samples, a higher penetration could possibly
be achieved.

In this work, we did not focus on the heterogeneities or anisotropies of the rocks
since this was not the aim of the study. Nevertheless, this information can be seen in the
radar images presented in Figure 6b,c. Chiefly, since the granite samples were isotropic, the
variations in pixel amplitudes could have been caused by their high mineral heterogeneities.
On the other hand, the dolomite samples were more homogeneous but also anisotropic,
with higher porosity and water contents. Hence, the radar images might show a preferential
direction caused by the water within the pores. In the limestone case, the pixel amplitudes
did not vary as much as those in the two other cases. This could have been caused by the
fact that limestone is more homogeneous than granite and less porous than dolomite.

Among the results presented in the case of superposed rocks, dolomite looked the
least clear. This could have been due to its significant signal absorption behavior, possibly
caused by the large amount of water contained in its pores. However, when we conducted
the same experiment on granite (which has less absorption), we found no signals coming
from the interface. This could have been caused by the fact that the granite is usually
isotropic igneous rocks. On the contrary, this is not generally the case with limestone or
dolomite, which are sedimentary rocks. This difference could be explained by Figure 8a,b,
in which we detected signals from the interface even when the samples were not obtained
from the same rock (similar refractive indices). Hence, it could have been mainly caused
by the different structure orientations between them, i.e., anisotropy. Note that when
superposing the rocks, we did not take into account the orientations of their structures and
no air layer was visible between them.

As seen in the results obtained by measuring the wedge air gaps (Figure 7c), the angles
found between the rocks were smaller than those measured in the experiments. These
results were to be expected considering the effect of the geometry of the reflection of the
first face of the second rock, i.e., the electromagnetic waves did not propagate orthogonally
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with respect to the samples. However, the angles were so small that they did not induce
any impact. In the cases where the angles were more than 15 degrees, a formula that
relates the dip angles between the reflector and the reflection must be used, as follows
(Equation (2.1) in [27]): RealAngle = arcsin(tana), where « is the angle measured in
Figure 7c. Thus, tana = Z1/X1, where Z1 and X1 are the distances measured to calculate
the angle. The error was estimated by performing a propagation of uncertainty using the
equation Real Angle = arcsin(Z1/X1). The absolute errors of Z1 and X1 were given by the
lateral and axial resolutions of the radar system. Therefore, they were responsible for the
sensitivity and accuracy of the detected angles. In our case, the estimated error was 2.3°.

The artificial fractures measured in the study contained air. However, in nature,
fractures can also contain water or other minerals. In these cases, other approaches, such as
that developed in [28], should be applied to obtain information on the dielectric permittivity
and thicknesses involved in order to identify the fracture content.

5. Conclusions

In this manuscript, we showed that the use of a 300 GHz FMCW radar allowed for
the detection and quantification of millimeter fractures with a sensitivity of up to 500 pm
ata 1 cm penetration depth in reservoir and construction rocks. Radar images of 121 cm?
with 1 mm? pixels were obtained in 15 min. We also showed that with the acquired images,
three-dimensional reconstructions of the fractures could be carried out.

In addition, it was possible to measure lithological changes in two different rock types
that were superposed and in two superposed samples from the same rock.

All of these results could be useful for the quality control of construction materials,
the characterization of reservoirs, the inspection of buildings or architectural art and even
the detection of rock erosion.

Although this method could be used to study any rock material, the results will depend
on the absorption, porosity and water content of the constituent minerals, among other
factors. Therefore, further studies should be carried out on other reservoir and construction
rocks in order to obtain results on a wider range of samples of interest. Additionally, the
impacts of rock heterogeneities and anisotropies in high-frequency radar images should be
studied as well.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs15102605/s1, Video S1: 3D animation of fracture reconstruction
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