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Abstract: The objective of this study is to test the feasibility of time-lapse GPR measurements for
the quality control of repairing operations (i.e., injections) on marble blocks. For the experimental
activities, we used one of the preferred repairing fillers (epoxy resin) and some blocks from one of
the world’s most famous marble production area (Carrara quarries in Italy). The selected blocks
were paired in a laboratory by overlapping one over the other after inserting very thin spacers in
order to simulate air-filled fractures. Fractures were investigated with a 3 GHz ground-penetrating
radar (GPR) before and after the resin injections to measure the amplitude reduction expected when
the resin substitutes the air. The results were compared with theoretical predictions based on the
reflection coefficient predicted according to the thin bed theory. A field test was also performed
on a naturally fractured marble block selected along the Carrara shore. Both laboratory and field
tests validate the GPR as an effective tool for the quality control of resin injections, provided that
measurements include proper calibration tests to control the amplitude instabilities and drift effects
of the GPR equipment. The method is accurate enough to distinguish the unfilled fractures from the
partially filled fractures and from the totally filled fractures. An automatic algorithm was developed
and successfully tested for the rapid quantitative analysis of the time-lapse GPR profiles collected
before and after the injections. The whole procedure is mature enough to be proposed to the marble
industry to improve the effectiveness of repair interventions and to reduce the waste of natural
stone reserves.

Keywords: nondestructive testing; ground-penetrating radar; high-frequency antenna; marble;
fracture characterization; epoxy resin injections; quality control

1. Introduction

In recent years, the quarrying industry has experienced increasing demands for non-
destructive sensing techniques to optimize stone production, from on-site extraction opera-
tion, to quality control of the extracted blocks [1-7]. Fractures present in building stones
(either in situ large fractures or small defects of the produced stones) have always con-
cerned the quarry people as well as engineers engaged in the restoration and conservation
of stone monuments. Fractures might extend in all three dimensions, and they play a
key role in choosing the size and the shape of the extracted blocks as well as defining the
maintenance strategies. Therefore, most introduced sensing technologies mainly focus on
mapping the fractures [5-12]. Reliable characterization of rock fractures can considerably
optimize the production of building stones. Moreover, it is helpful to develop techniques
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to map fractures in order to protect the stones currently in use in historical buildings and
monuments and to be able to monitor the repair operation and check the condition of the
stone after treatment.

The ground-penetrating radar (GPR) method is a totally non-destructive sensing
technique capable of providing high-resolution images for a variety of engineering ap-
plications [13-17]. The GPR method has proved its ability as a valuable geophysical
technique to enter the quarrying and construction industries to map the fractures at differ-
ent stages: during exploration and extraction in quarries to reduce the production costs
and wastes [6,7,10-12,18-20], and for post-production demands to repair and restore the
stones [21]. From various research studies that use the GPR method to study rock fractures,
we can mention the theoretical models and laboratory experiments used to characterize
rock discontinuities [18-26], in situ GPR surveys to detect fractures at different zones of
quarries or in historical buildings [7,10,12,15,22,27-30], and 3D GPR acquisitions for 3D
reconstruction of the fractures and other features [11,12,31-34]. Most of these studies are
focused on the application of the GPR method to detect rock/stone fractures to optimize
the quarrying activities and to preserve the constructions. In recent years, an increasing
interest emerged to explore the efficiency of the GPR method to diagnose fractures and
determine their aperture and filling material. This is still an interesting research issue with
ongoing studies [10,18-21].

Fractures observed at GPR frequencies can be generally considered as thin layers
because the thickness of the fracture is normally much smaller than a quarter of the
wavelength, which is the standard resolution limit, i.e., the minimum thickness that GPR
can resolve. When the fracture thickness is larger than the resolution limit, the Fresnel
reflection equation quantifies the amplitude and phase distribution of the waves separately
received from both sides of the layer interfaces. On the contrary, when the fracture is a thin
layer, the reflections from the two interfaces overlap in such a way that a single composite
wavelet is received. The response of the thin layer is the sum of the primary reflections and
multiple reflections that occur within the layer. Their interferences may be constructive or
destructive and generate complex patterns. For layers much thinner than the wavelength,
the value of the resulting reflection coefficient changes linearly with the thin bed thickness.
When the layer becomes thicker, the magnitude of the reflection coefficient progressively
grows with a decreasing gradient until it arrives at its maximum value in correspondence
of a fracture aperture equal to a quarter of the wavelength. As a result, the reflection
coefficient variations can be used for characterizing the thin bed properties [18,35-39], e.g.,
to study thickness variations or to distinguish different filling materials [18,21].

In the past, the most common solution to the problem of fractures was to replace the
damaged stone with a new one. This method could negatively affect the beauty or the
strength of a structure, especially for historic buildings or sculptures [8,40]. New strategies
try to repair the damaged stones in a fast and high-quality way in order to overcome the
disadvantages of old solutions. The repairing methods apply different techniques such as
cement filling, injection of epoxy resin, polyesters resin, ultra-viola resin, and mastics [41,42] for
the restoration and strengthening of building stones, especially decorative stones or the facades
of historic buildings. The use of fillers for improving the consistency of building stones and
repairing fractures of decorative stones has been discussed in various studies [43—46]. Proper
injection of the filler into fractures will guarantee long-term protection of the stones. The choice
of the method and the material with which to fill the fractures depends on several factors,
such as the ratio of the cracks to the pores, the value and price, the color, and the application
area of the stone [42,47]. The properties of epoxy resin have made it a widely-used solution for
conserving and consolidating stones such as granites and marbles [48-50]. The epoxy resin is
composed of an epoxide component and a hardener or curing agent and has been applied in
the repair and preservation of a number of famous stone monuments in the world, especially in
Italy [45]. Epoxy resins are thermosetting adhesive materials that are known for their strength
and creep resistance and are widely used in the conservation and consolidation of stone, glass,
and wood [51]. Epoxy resin typically has a good resistance to moisture and chemical agents
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especially alkali materials. Additionally, its excellent resistance to mechanical stress and its
relatively high viscosity are two of the most significant characteristics of such resins [46,50].
Although epoxy resins are viscous, they can efficiently penetrate into porous and fractured
zones. All the aforementioned benefits explain the reason why epoxy resin is an increasingly
preferred choice to repair the fractures of stones and masonry structures [46]. Therefore, we
used epoxy resin as the filler material to fill the fractures in this study. The GPR measurements
were performed on air-filled artificial and natural fractures, and the measurements were
repeated after filling the fractures with epoxy resin to assess the effectiveness of time-lapse
GPR tests for quality control of the resin injections. Quality control is fundamental to ensure
the complete penetration of the resin to fully fill the fractures, even at its most remote angles.

2. Materials and Methods

The objective of the experimental activities is to validate an effective procedure to
collect and compare GPR measurements before and after fracture repair with the injection of
epoxy resin. The final goal is to assess that the resin has fully sealed the fracture. According
to the thin bed theory, the amplitude of the reflection of an electromagnetic wave from
an air-filled fracture is expected to be higher than the amplitude of the same reflection
after resin injection. However, time-lapse measurements should be properly executed and
analyzed to appreciate the amplitude decrease resulting from injection. The amplitude is
expected to be reduced by about 33% or even more [21]; the precise value depends on the
permittivity values of the resin and the marble.

2.1. Marble Specimens

For laboratory tests, we used six small marble blocks selected from quarry wastes in
Marina di Carrara, Italy. Using these six blocks, we prepared three specimens, shown in
Figure 1, with slightly increasing dimensions. We created artificial and irregular fractures by
placing the blocks on each other in pairs. To create artificial fractures, small PVC spacers with
the height of 2 mm for small blocks (Figure 1a, left), 3.5 mm for medium blocks (Figure 1a,
right), and 5 mm for large blocks (Figure 1b) were placed between each pair of blocks. The PVC
spacers were positioned as close as possible to the edges in order to prevent their influence on
the integrity of the resin after being dried. The inner surfaces of the blocks were not smooth or
polished. As a result, the distance between the two blocks, i.e., the thickness of the simulated
fracture, was not constant, especially for the large blocks (side view in Figure 1b) where the
fracture thickness approximately varied between 1 mm and 15 mm. Based on the surface area
of the blocks (Figure 1) and the volume of the resin required for the full injection, we calculated
an average fracture opening of 3 mm for small blocks, 3 mm for medium blocks, and 8 mm for
large blocks. Considering that the relative permittivity of the epoxy resin was expected to vary
in the range 3.5-4.7, a quarter of the wavelength for the 3 GHz antenna used in this study was
never less than 15 mm and the simulated fractures can be thus considered as thin layers. All
specimens were surveyed with the GPR before and after resin injections in the laboratory.

In laboratory tests, we also used four uniform marble blocks with the dimensions
40 cm x 40 cm x 10 cm dedicated to this study from a Botticino classic marble quarry in
Brescia province, Italy [52]. The main purpose of using regular Botticino marble specimens
was to control the amplitude drift of the GPR antenna during measurements.

We performed in situ measurements on a fractured marble block in Marina di Carrara
where hundreds of irregular marble blocks were deployed on the shore to form a protecting
barrier (Figure 2a). The selected block had the advantages of having a clearly visible air-
filled fracture and an accessible side parallel to the fracture suitable for radar measurements
(Figure 2b—d). Unfortunately, there was a small metal target embedded in the lower part
of the block (Figure 2e), maybe related to a previous use of the block or used for block
transportation. We performed time-lapse GPR measurements at the same locations before
and after resin injections to repair the natural fracture of the selected block. As can be
seen, the metal element shown on Figure 2e partially disturbed the radar measurements
performed near the base of the block.
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Figure 1. Top and side views of three fractured samples created for laboratory tests using six Carrara
marble blocks. (a) Two small blocks (left) with the fracture modelled between them at the depth
of about 5.6 cm with the average fracture opening of 3 mm. Two medium blocks (right) with the
fracture modelled between them at the depth of about 6.5 cm with the average fracture opening of
3 mm. (b) Two large blocks with the fracture modelled between them at the depth of about 10.5 cm
with the average fracture opening of 8 mm.



Sensors 2023, 23, 8490

50f 20

Figure 2. Carrara marble block for field test. (a) A pile of abandoned blocks on the Marina di Carrara
coast. (b) The selected block with a vertical, visible natural fracture. The vertical yellow arrow shows
the side selected for the GPR measurements. (c) Top view of fracture thickness. (d) Front view
of fracture thickness. (e) Detail of a metal target embedded near the fracture in the lower part of
the block.

To prevent the dispersion of the resin out of the fractures, both the artificial fractures
between the overlapped blocks in the laboratory and the natural fracture in Marina di
Carrara were properly sealed with silicone along their external perimeter with the exception
of a small injection point (Figure 3).

Figure 3. The process of simulating artificial fractures and resin injection in marble specimens.
(a) Simulating a fracture by overlapping two blocks. (b) Sealing the fracture perimeter with silicone.
(c) Resin injections inside the small blocks (left), medium blocks (middle) and large blocks (right).
(d) Removing the dried silicone from around the blocks. (e) Checking that resin arrived at all the
peripheral parts of the fracture.
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2.2. GPR Measurements

The GPR equipment consists of an IDS system [53] with a 3 GHz antenna. All labora-
tory measurements were repeated with two different control units to compare the effect of
their electronic circuits on the antenna amplitude drift.

GPR measurements were performed on the laboratory specimens for eleven days. In
addition, measurements on the Botticino blocks were performed every day for amplitude
calibration. Each set of measurements consisted of 16 records. Two records (n. 1 and
n. 16) were surveyed on Botticino marble blocks at the beginning and the end of the
measurements of each day to control the amplitude drift of the radar system. The reference
signal used to control the antenna amplitude drift was the reflection from a metal shield
inserted between the first and the second blocks measured by the antenna from the central
position of the first block. The remaining fourteen records were surveyed at the positions
shown in Figure 4a. All GPR measurements were performed as time-triggered surveys
without moving the antenna from the fixed position, except for records 13, 14, and 15 that
were surveyed as wheel-driven profiles by moving the antenna on the large blocks along
short trajectories. Profiles 13 and 14 were about 18 cm and 22 cm long, respectively, while
profile 15 was about 12-14 cm long.

Figure 4. (a) The positions of the GPR antenna for different measurements performed in the laboratory.
Records 1 and 16 were surveyed on marble blocks of Botticino for amplitude calibration at the
beginning and end of each experiment. Records 2 and 3 were surveyed from the central position of
the small blocks of Carrara (see Figure 1a, left). The antenna was rotated 90 degrees from record 2 to
record 3. Similarly, records 4 and 5 were surveyed from the central position of the medium blocks
of Carrara (see Figure 1a, right). Records 6 to 12 were surveyed on the large blocks of Carrara (see
Figure 1b) by deploying the antenna at the fixed positions from 6 to 12. Profiles 13, 14 and 15 were
recorded as continuous profiles parallel to the longer side of the blocks by moving the antenna from
the positions 13, 14, and 15. (b) Measurements on the Carrara marble block with natural fracture
used for field test (see Figure 2b). Profile 1 was recorded as a continuous profile from top to down.
Records 2 to 6 were surveyed by placing the antenna at the positions 2 to 6, and yellow numbers are
the distances of the antenna’s positions from the top of the block.

The first three days were used to repeat the whole set of measurements on the air-filled
fractures in order to check the repeatability and stability of the results. Resin injection
started after the measurements of the third day and GPR measurements were repeated with
the presence of resin inside the fractures for the following eight days. More information
about the volume of the injected resin on each day is listed in Table 1. Injections were
always performed after the GPR measurements of that day. The fractures of the small
and medium blocks were fully saturated with resin with the first injection performed on
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the third day. The fracture created between the large blocks was progressively saturated
with four injections. The large blocks were slightly dipping in such a way that the resin,
injected from the block corner closer to position 6 (Figure 4a), was gently flowing by gravity
towards the block side opposite to the injection point.

Table 1. Details for fracture conditions during the eleven days of laboratory measurements. Injections
were always performed at the end of the day after the GPR measurements of that day.

Small Blocks Medium Blocks Large Blocks
Day Fli;‘aii;::e Inj[eccct]ions F;:ai;;::e Inj e[z’zi]ons Fracture Filler Inj E[ez:::ilons
1st Air Air Air
2nd Air Air Air
3rd Air Air Air
101 163 45
4th Resin Resin Air
265
5th Resin Resin Air+Resin (310 cc)
6th Resin Resin Air+Resin (310 cc)
7th Resin Resin Air+Resin (310 cc)
260
8th Resin Resin Air+Resin (570 cc)
9th Resin Resin Air+Resin (570 cc)
100
10th Resin Resin Resin
11th Resin Resin Resin

The GPR field activities on the fractured marble block selected along the Carrara
coast started with a preliminary velocity test performed by collecting five time-triggered
records around the block in the presence of a metal shield at the opposite side of the
antenna. Velocities obtained as twice the block thickness divided by the shield reflecting
time were averaged among the five results to minimize the measurement errors. Six other
measurements were carried out to record the response of the air-filled and resin-filled
fracture to the radar signal. The first profile was a continuous vertical profile about 40 cm
long moving from top to bottom, and the other five profiles were time-triggered records.
Figure 4b illustrates the approximate position of the antenna on the block for GPR tests.
The perimeter of the fracture was then sealed with silicone, except for a small part to be
used for resin injection from the top of the block. After the silicone had cured, we injected
some epoxy resin into the fracture. The prepared amount was not enough to entirely fill the
fracture. So, we decided to perform a first set of measurements after this partial injection
was dried. Then we completed the injection by filling the fracture until no other resin could
enter, and when the new injection was also dried, we repeated the set of measurements.
Any set of measurements consisting of 6 records (one wheel-driven vertical profile and five
fixed-position time-triggered profiles) was repeated at the positions illustrated in Figure 4b.
Additionally, any set of measurements was accompanied by three velocity tests repeated in
the three best positions already tested during the first measurement day; the objective of
this being to collect the data suitable for antenna power calibration.

On the whole, for all seven Carrara marble blocks used in this study (either in lab or in
the field), the wave velocity obtained from the velocity tests was 10.8 cm/ns, corresponding
to a relative permittivity of 7.7.
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2.3. Data Processing

The data acquisition and processing techniques of GPR measurements depend on the
specific objective of each survey and the desired result. In this study, measured datasets
were processed in ReflexW software, version 9.5.6 [54]. The purpose of data processing
for the fixed-point measurements was to obtain a single stack trace from each record to
determine the amplitude reflection of the thin bed.

After time calibration, a dewow filter was applied to remove the DC and the very
low-frequency components affecting the records. Then, we applied a Butterworth bandpass
filter to suppress the noise outside the bandwidth of the antenna. Finally, we compressed
each time-triggered B-scan into a single A-scan by stacking all the traces belonging to
the B-scan.

As mentioned, additional calibration tests were performed on the Botticino marble
blocks at the beginning and at the end of each day of the laboratory measurements. The
objective of the data processing of these tests was to extract the amplitude of the reflection
produced by the metal shield at the base of the upper Botticino block (Figure 4a) in order to
control any possible drift of the transmitted energy either during the day or from different
measurement days. Thus, we processed these data with the same processing sequence
described above; then, by comparing the reflected amplitude at the beginning and at the
end of the day with an invariant reference amplitude, we extracted the calibration factor
needed to remove the drift effect from the measurements on the Carrara blocks. The
calibration factor was interpolated between the initial and the final calibration test of the
day to redistribute the drift effect throughout the duration of the experiment. As seen on
Figure 4a, each single day experiment consisted of 16 records and thus, the time span was
split into 15 intervals, assuming that the acquisition of any GPR record was approximately
taking the same time. As a result, the calculation of the calibration factor was performed
according to the following equations:

K

CF = Amp, @
K
CFi6 = Ampr 2)
(i—1)
CFi = (CF1) — (CF1 — CFi6) X ~2 3)
CAmp; = CF; x Amp; 4)

where K is an arbitrary value, CF is the calibration factor of the first record, Amp, is the
amplitude of the metal shield reflection of the first record, CFy; is the calibration factor
of the last record, Amp,, is the amplitude of the metal shield reflection of the last record,
i is the record number for Carrara blocks (ranging from 2 to 15), CF; is the calibration
factor of the ith record, Amp; is the amplitude of the thin bed’s reflection of the ith record,
and CAmp; is the same amplitude after calibration. Since K is the same for all days, this
procedure compensates both the drift effects occurring during the measurements and the
amplitude variations from day to day deriving from different conditions of the batteries
and different temperatures of the antenna electronics. This is very important if we want to
compare amplitudes measured during different days like before and after resin injections.

For the field data measured at the Carrara coast on the naturally fractured marble
block, we followed the same data processing approach, i.e., we applied time calibration,
dewow, bandpass filter to all records, and finally, we stacked the time-triggered records to
obtain a single A-scan for any measurement position. In addition, three GPR calibration
tests were measured using a metal shield placed on the opposite side of the block, in front
of the antenna, to control the amplitude variations of the reflection. The test was repeated
before and after each resin injection selecting three positions on the block that were not
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interfering with the fracture or the resin injections. The calibration factors were calculated
with the same approach described for the laboratory measurements.

Finally, the processing sequence that was applied to all the laboratory and field
GPR data collected as continuous profiles by moving the antenna along the blocks (three
profiles on the large block in laboratory and one profile on the naturally fractured block in
Carrara) consisted of time calibration, dewow filter, bandpass filter, envelope extraction,
and finally, amplitude calibration with the same procedure illustrated for the time-triggered
measurements.

3. Results
3.1. Laboratory Measurements

After stacking, all the time-triggered data of a measurement session, i.e., measurements
related to the positions from 2 to 12 plus the calibration tests 1 and 16 (Figure 4a), were
merged and compared on a single plot as shown in the example of Figure 5. The first and
last traces relate to the Botticino blocks that were used for the calibration process. Trace
numbers 2 and 3 showing a reflection at 1.2 ns (depth of about 6 cm) belong to the records
of the small blocks of Carrara. Trace numbers 4 and 5 showing a reflection at 1.4 ns (depth
of about 7 cm) belong to the records of the medium blocks. These pairs of records were
measured in the same positions on the small and medium blocks using two orthogonal
orientations of the antenna. Since the reflection came from the same reflecting point for each
pair, the thin bed reflection was expected to show the same amplitude. On the contrary, for
the records from 6 to 12 that belong to the large blocks and show a reflection at 2.2 ns (depth
of about 11 cm), the reflecting position was changing, and this affected the amplitude of
the reflection, as is clearly visible in Figure 5.

Figure 5. An example of a complete session of the laboratory time-triggered data after data processing
and stacking. Traces 1 and 16 are the calibration records measured on the Botticino blocks. Traces 2
and 3 belong to the small blocks of Carrara. Traces 4 and 5 belong to the medium blocks. Traces 6-12
belong to the large blocks. The reflections of the artificial fractures are highlighted by three rectangles.

The entire dataset consists of twenty-two sessions resulting from 11 days of measure-
ments repeated every day with two different radar units. Therefore, twenty-two plots
similar to Figure 5 have to be compared to analyze the radar sensitivity to resin injections.

The reflection amplitudes were measured by reading the peak-to-peak amplitude
range of the reflected waves. This prevented any possible influence from a residual DC or a
very low-frequency, unfiltered component of the signal.
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By using the amplitudes picked on traces 1 and 16, i.e., the amplitudes of the calibra-
tion tests, and following the procedure described above, all the data were calibrated to
compensate the amplitude instabilities of the radar systems. By comparing the amplitude
ranges measured with the calibration tests using radar unit 1 and radar unit 2, we con-
cluded that radar unit 2 was less stable. Variations of +-14.03% were observed with radar
unit 2, while radar unit 1 showed variations of £9.77%. As a result, we decided to base our
analysis only on the data produced by the best performing radar system and to ignore the
data measured with the more unstable system.

The next step was to compare the calibrated amplitudes for all the time-triggered
records measured after the beginning of resin injection (i.e., after the third day) with the
corresponding amplitudes measured before the injections (e.g., with the measurements of
the third day). The relative variation was calculated as:

Amp gz — Amp;
RV g38j = (Am%> x 100 (5)

where RV ;3¢ is the relative percentage variation of the amplitude between the jth day and
day 3 (with j varying from 4 to 11), Amp s is the amplitude on the third day, and Amp; is
the amplitude on the jth day. Using this definition, only positive variations were expected
because resin injections would reduce the reflected amplitude. Negative variations, if
observed, were attributed to noise or residual drift effects.

Table 2 shows the percentage variations measured for the small and medium blocks
averaging the eight measurement days (from day 4 to day 11) because the fracture was fully
injected between days 3 and 4, and no resin variations occurred after that. Since the rotation
of the antenna was not expected to affect the amplitudes reflected by the planar fractures,
each average included both measurements performed on each block, i.e., measurements 2
and 3 for the small blocks and measurements 4 and 5 for medium blocks (Figure 4a). Thus,
the average was calculated using the following equation for each block:

R

18 [ RVyge+ RV g,

RV=2) 5 ! 6)
j=4

where RV is the average percentage variation measured on the small or medium blocks,
and RV &j and RVII3 &j are the relative percentage variations of the amplitude between
the jth day and the third day, measured with the horizontal and vertical orientation of the
antenna, respectively. Table 2 also reports the standard deviations to demonstrate that the
residual drift effects and data noise did not remarkably affect the stability and significance
of the amplitude variations observed on different days.

Table 2. Average percentage reductions and standard deviations measured on the fractures of the
small and medium blocks after resin injections.

Small Blocks Medium Blocks
Average variation 25.59% 33.64%
Standard deviation 3.62% 7.43%

Figure 6 shows the percentage variations measured after each injection phase on the
seven different positions tested on the large blocks (positions 6-12 shown in Figure 4a).
Except for the data points measured on the fourth day after the first injection of only 45 cc of
resin, other data points are the average values of the measurements repeated on successive
days, i.e., three times after the second injection, and two times after the third and the
fourth injections. The yellow bars indicate the cumulative resin amount resulting after each
injection phase.
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Figure 6. Amplitude percentage variations of the artificial fracture reflections measured on the
large block at the selected positions after each injection phase. Positive numbers indicate amplitude
decrease. Yellow bars indicate the cumulative amount of the resin injected after each phase.

To illustrate the results obtained with the profiles 13, 14 and 15 measured by moving
the antenna on the large specimen, Figure 7 shows the comparison of profile 14 measured
on the third day, i.e., before injections (left image), with profile 14 measured on the last
day, i.e., after full injection of the fracture (right image). Data are presented after applying
the dewow filter and after time and amplitude calibration, by plotting the radar trace
envelope with the same color scale to facilitate the amplitude comparison of the reflection
from the fracture arriving at about 2.2 ns. For a more detailed comparison of the reflected
amplitudes, a selection of the same data (one trace every eight traces), is compared in
Figure 8 by overlapping the trace envelope before and after injections. Very similar images
were also observed by analyzing profiles 13 and 15 measured before and after injections.

Figure 7. Comparison of profile 14 measured on the large specimen before and after injections on the
third day (left) and on the last day (right), respectively. Data are plotted after time and amplitude
calibration, dewow filter, and envelope extraction.
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Figure 8. Data of Figure 7 overlapped after decimation by a factor of eight along the horizontal axis.
In black, the data before injections, and in red, the data after injections.

3.2. Field Measurements

Field data measured on the selected block in Marina di Carrara were processed using
the same processing steps applied to the laboratory data. The vertical wheel-driven profile
is shown in Figure 9 to compare the envelope amplitudes of the reflection before injections,
after the first injection phase, and finally, after the concluding injection phase. The arrival
time of the fracture reflection was 2.2 ns (about 12 cm) at the beginning of the profile (i.e., at
the top of the block) and gently increased as the antenna moved down along the block face.
At 30 cm from the initial position, the apparent depth of the fracture was about 14 cm. The
profile was cut at 30 cm because the last part was disturbed by the diffraction produced by
the metal target embedded in the block (Figure 2e). For the same reason, we analyzed the
point data measured in positions 2 to 5 (Figure 4b), while we ignored position 6 which was
too close to the metal element. The percentage amplitude reductions measured at these
positions after the first and the second injections are illustrated in Figure 10. To compare the
profile amplitude variations with the point measurements, Figure 9 shows the approximate
positions of the selected points.

Figure 9. The radar profile measured on the fractured block on the Marina di Carrara before and
after the two injection phases. Data are plotted after time and amplitude calibration, dewow filter,
and envelope extraction. The arrows indicate the approximate positions of the point measurements
reported in Figure 10.
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Figure 10. Amplitude percentage reductions of the natural fracture reflection measured at the selected
positions after the first and the second injection phases. Position 6 is not reported because the fracture
reflection was interfering with a strong diffraction generated by the metal element embedded in
the block.

4. Discussion
4.1. Laboratory Measurements

Numerical simulations and analytical models can predict the difference between the
air-filled and resin-filled fractures [18,21]. Figure 11 indicates the predicted theoretical
difference between the air-filled and the resin-filled fractures obtained by tuning the ana-
lytical models to the actual marble velocity measured on the Carrara blocks (10.8 cm/ns).
We assumed the relative permittivity of 3.5 for the resin. This is the minimum value of
the expected range for resin (3.5 to 4.7) and thus, the results will illustrate the minimum
theoretical differences that we can predict before and after injections. Based on Figure 11, if
GPR detects an air-filled fracture, a minimum of 38% amplitude reduction is expected after
the fracture is filled with the resin. In our laboratory tests, the predicted variation is about
38% for the 3 mm-thick fractures (the average fracture thickness for the small and medium
blocks), and 39% for the 8 mm-thick fracture (the average fracture thickness for the large
block). This percentage variation will increase to about 48% for thicker fractures (15 mm).

Figure 11. Comparison of the predicted amplitudes for the air-filled fractures (purple circles) versus
the resin-filled fractures (green squares) for a 3 GHz antenna. Marble relative permittivity: 7.7. Resin
relative permittivity: 3.5. The right plot shows the percentage amplitude reduction expected when
the resin substitutes the air within the fracture.
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By observing the percentage amplitude variations reported in Table 2, we can conclude
that the effect of resin injections within the fracture has been successfully detected for both
the small and the medium specimens. For the medium block, the average variation is
very close to the expected theoretical value (around 38%), while for the small block, the
variation is underestimated but still clearly assessed because a reduction of 25.59% in
reflection amplitude is so remarkable that it cannot be attributed to noise or to antenna
power instabilities that were not properly compensated by the calibration procedure.

By observing the graph in Figure 6, we understand that the first initial injection was
so minimal (only 45 cc) that was not able to fill the fracture in any position, as proved by
the GPR amplitude variations that are negative or close to 0% with a maximum positive
value of 6.65% in position 12. Note that negative variations are obviously not attributable
to the presence of the resin because resin injections cannot produce an amplification of
the reflected wave. Thus, negative variations are the result of noise and residual drift
effects. On the contrary, positive variations could be attributed to resin injections, but the
values are too far from the theoretical expectations (about 38%) associated with a filled
fracture. Moreover, positive variations never exceed 7% which is almost the standard
deviation observed on the medium block test. Therefore, the positive variations are very
likely attributable to noise and residual drift effects as well. After the second injection,
resulting in a cumulative resin volume of 310 cc, the situation does not change for most
positions except for positions 11 and 12 in which the amplitude variations rise to values
close to, or a little larger than 20%, suggesting that the resin was mostly flowing towards
these two positions. This is consistent with the expectations based on the inclination given
to the specimen. A 20% variation cannot be confused with amplitude variations produced
by noise or residual drift effects. Thus, it must be caused by resin injections; however, there
might be the probability that the fracture was still not totally filled. After another injection,
resulting in a cumulative resin volume of 570 cc, all amplitude variations approached
values between 20% and 31%. This proves that resin has reached all the tested positions;
however, in some points where the variations are still less than 25%, we might think that
the filling is not complete. It is interesting to note that the amplitude variation at position
12 jumps up from about 19% to 31%, the highest value measured at this stage. This seems to
confirm that the inclination of the specimen produces a preferential flow directed towards
that position, which seems to be the first zone to be totally filled. After the last injection,
resulting in a cumulative resin volume of 670 cc, all amplitude variations show further
small increases, with all values in the range 28-39%. According to GPR, we conclude that
the injections were successful at all positions. This is consistent with the fact that at this
stage, no more resin could be injected inside the fracture, and we are mostly sure that
the fracture was completely filled everywhere. It is interesting to note that the amplitude
variation at position 6 moves from 24% to 39% at the final stage. This is the highest increase
observed between stage three and stage four. Considering that the injection point was close
to position 6, and that the specimen was gently inclined to favor the resin flow towards the
opposite side of the block, it is quite reasonable that position 6 was not totally filled after
stage three and was completely filled only after the final injection.

With the perspective of a real application where the success of resin injections must be
checked rapidly and extensively, GPR profiles are preferable to single-point measurements.
This is the reason why we also performed some GPR profiles on the larger specimen,
where the antenna could run for about 20 cm. The comparison of profiles measured before
and after injections proves the effectiveness of the approach. By observing Figure 7 or
Figure 8, it is easy to assess the success of injections along the entire distance covered by
the profile. Apparently, Figure 8 shows amplitude variations in the order of 30% before and
after injections. This means that the amplitude reduction is clear enough and cannot be
misinterpreted as a random error produced by noise or residual drift effects. However, later
in this section, we will analyze these data more quantitatively to illustrate how continuous
profiles can be automatically interpreted for injection assessment.
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4.2. Field Measurements

The GPR data from the marble block with a natural fracture on Carrara coast were
analyzed to validate the injection assessment procedure on a real case. The natural fracture
is expected to be irregular in terms of geometry and thickness. These irregularities are
not an issue provided that the measurements before and after injections are accurately
repeated in the same positions or exactly along the same trajectories, so that the comparison
of reflection amplitudes before and after injections is meaningful [21].

The fracture reflection recorded along the vertical profile (see Figure 4b for profile
location) is illustrated in Figure 9 and shows a progressive amplitude reduction. After the
first injection, it seems that the first 12 cm of the profile are not affected by resin, while from
12 cm down to 30 cm, we observe a clear amplitude reduction suggesting that resin has
started to fill the middle and lower parts of the fracture. We remind here that the profile
runs vertically from top to bottom along the block side that faces the fracture, and that
the fracture was filled by injecting the resin from the top aperture. Thus, it is obvious to
expect resin accumulation in the lower part of the block that corresponds to the last part
of the radar profile. After the second injection that apparently was able to completely fill
the natural fracture, the profile shows a further reduction of the reflected amplitudes in
the middle and lower parts of the fracture, but also a remarkable amplitude decrease is
observed in the upper part. These results are fully consistent with the expectations. To
have a more quantitative evaluation of the resin effects, we can analyze the amplitude
percentage reductions reported in Figure 10. After the first injection, position 5 (the one in
the lowest location excluding position 6 for the mentioned interference of the embedded
metal element) shows a remarkable amplitude reduction of about 25%, which certainly
indicates the arrival of some resin at this position. After the second injection, this position
records another remarkable decrease in amplitude, arriving at a final percentage reduction
of about 45%, which should correspond to the complete filling of the fracture with the
resin. For positions 3 and 4, we observe a discrete decrease in the amplitude (about 14%)
after the first injection, which probably should be interpreted as an initial, but limited,
filling of the fracture occurring in the middle part of the block. A reduction of 14% is too
high to be attributed to noise or residual drift effects, but it is also too low to indicate the
complete filling of the fracture. After the second injection, positions 3 and 4 both report
a further remarkable reduction, arriving at about 49% and 27%, respectively, values that
are consistent with the complete filling of the fracture. Finally, at position 2, we do not
observe any significative variations after the first injection (the reduction of about 2% is
surely due to noise or residual drift effects), while we observe a very sudden change after
the second injection with a final amplitude reduction of about 34%. On the whole, the
behaviors observed at the selected positions are consistent with what was qualitatively
observed along the GPR profile (Figure 9), and demonstrate that the first injection, although
able to produce preliminary amplitude effects in the middle and lower parts of the block,
was not fully sealing the fracture. On the contrary, the fracture was fully sealed with the
second injection, and at all the positions, the expected amplitude reduction was recorded
with large values, up to 49% at position 3, and never less than 27% at the other positions.
The large range of the amplitude reduction recorded along the block is very likely due to
the thickness variations of the fracture. According to visual inspections of the external faces
of the block, the fracture aperture varies from 1 mm to 10 mm (Figure 2c,d), but we have no
idea about the real aperture inside the block where the GPR signal was actually reflected.
According to analytical predictions (Figure 11), the largest variations (49%) could indicate a
fracture aperture of about 15 mm or slightly more, but we must be honest in saying that
noise and residual drift effects can introduce important errors (up to about 10%, according
to what we observed with the laboratory tests). Thus, while the accuracy offered by this
procedure does not preclude the possibility to assess the success of the resin injections,
the measurement of the fracture thickness based on the observed injection effects is not
accurate enough, and only a very rough indication about thickness can be derived as an
optional add-on of the procedure.
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4.3. Automatic Analysis

In the perspective of an industrial application of the GPR method for the assessment
of the success of resin injections, the procedure must be reliable but also cost-effective, i.e.,
rapid and easy. The above laboratory and field tests have proved that the methodology is
reliable in discriminating where the fracture has been sealed from where the resin has not
arrived or has not completely filled the aperture. Based on our tests, a reduction percentage
of 20% may be the threshold that discriminates between successful and unsuccessful
injection, while 10% may be the threshold that discriminates between partial filling and
no resin at all in the fracture. In order to use these quantitative indicators, not only at
some check points where we decide to deploy the antenna and to collect a time-triggered
survey, but on the whole surface of the block where we can run profiles that investigate the
expected fracture, we need to develop an automatic procedure for the extensive analysis of
the amplitude variations. The procedure must consist of an automatic amplitude picking
of the highest amplitudes measured on the envelope of the fracture reflections, before and
after injections, and in the calculation of the relative percentage variation. In principle,
the procedure is very simple and the amplitude analysis algorithm is not a problem at all.
The main issue in applying the suggested procedure is actually on the data acquisition
side because any profile before and after injections must be rigorously repeated by moving
the antenna along the same trajectory. This is particularly important when the fracture
thickness is highly variable. To make the algorithm simpler, a good suggestion would
be to collect the data with the same spatial sampling interval, so that no decimation or
interpolation are needed to compare the profiles. To test a prototype of this automatic
algorithm, we used the short profiles measured in laboratory on the large specimen. These
profiles were collected with the required accuracy both regarding precise positioning and
calibration tests, and so the direct quantitative comparison of the profiles before and after
injections was possible. Figure 12 shows the result of the amplitude variation indicator
along the full trajectory of profile 14, the same profile presented in Figures 7 and 8. The
spatial sampling of the indicator is the same as the original radar profile, i.e., 2 mm. Most
values are above the threshold of 20% and assess the success of the injections along 90%
of the profile, as was qualitatively supposed by looking at Figure 7. However, a few
values around the distance of 4 cm from the beginning of the profile and at the end of the
profile fall in the range of 14-20% which might suggest that very minor air gaps are still
remaining at these positions. These points were not sampled by the measurements in the
fixed positions, for which we observed high amplitude reductions everywhere (Figure 6).
It is interesting to note that the distance intervals where Figure 12 seems to indicate partial
filling problems correspond to locations where the reflection received from the fracture
is quite strong (Figure 7). A possible interpretation is that the high amplitudes of the
reflection at these locations compared to the lower amplitudes of other sections of the
profile are due to larger apertures of the fracture which, for this specimen, is expected to
vary between 1 mm and 15 mm. Considering that the resin flow within the fracture was
produced by gravity without applying any pressure to the fluid, and that the specimen was
only gently lifted on the injection side to favor the resin flow in the desired direction, given
the fact that the two overlapped blocks were only deployed one over the other without
any mechanical connection, it is quite possible that the resin fluid did not completely fill
the gap in some points where the fracture was a little thicker, especially when this was
due to irregularities of the lower surface of the upper block. On the whole, the entire
procedure, consisting of careful acquisitions of radar profiles and specific calibration tests
followed by proper data processing and an automatic algorithm for amplitude picking and
analysis, seems sufficiently reliable and cost-effective for the purpose of quality control of
the resin injections.
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Figure 12. Percentage reduction in the reflected amplitude automatically picked along profile 14 mea-
sured on the large specimen before and after resin injections (third day and last day respectively).

5. Conclusions

In this study, GPR was tested as a promising method for non-destructive quality
control of resin injections used to repair marble blocks prior to their use in the ornamental
or construction industries. The proposed procedure, consisting of time-lapse measurements
properly performed before and after injections, was validated through laboratory tests
on three artificially fractured specimens and through a field test on a naturally fractured
marble block. For the injections, we used epoxy resin, which is a preferred filling material
in the stone market. The principle of the quality control of injections is the comparison
of the reflected amplitudes received from the fracture before and after injections. The
interpretation of the results was guided by the expectations based on analytical predictions
valid under the assumption that the fracture behaves like a thin bed. According to the
thin bed theory, a resin injected fracture investigated with a 3 GHz antenna behaves like a
thin bed up to a thickness of about 12-14 mm, the precise value depending on the actual
permittivity of the resin. Our laboratory and field tests were performed on fractures with
thicknesses varying from 1 mm to 15 mm, and the result was that the method was always
able to assess the injection success or failure.

Based on our experimental results and the theoretical predictions, we could calibrate
two amplitude variation thresholds (10% and 20%) that discriminate between the three
following situations:

- When the amplitude variation is lower than 10%, no resin is filling the fracture and it
shows an unsuccessful injection.

- When the amplitude variation is in the range 10% to 20%, it shows the partial filling of the
fracture, i.e., resin could only reduce the fracture thickness without filling it completely.

- The amplitude variations higher than 20% show a successful injection, meaning that
the resin has fully sealed the fracture.

An optional add-on of the procedure is the evaluation of the fracture thickness at
any measurement point, though with the tested equipment, for which power instabilities
cannot be ignored, we have to admit that the accuracy of this value is still very rough.
As a matter of fact, antenna power instabilities and drifts are still the bottleneck of the
entire procedure and the point on which to work in the future to improve the accuracy and
make the test easier. Currently, power instabilities do not prevent the application of the
method, but they require a proper calibration procedure during any test. The method was
successfully tested both with point measurements and with profile measurements, and
an automatic algorithm was proposed and validated for quantitative evaluations along
the profiles.
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As expected, the difference between the air and the resin within the fracture was
clearly detectable by a high-frequency GPR antenna, and we can conclude that the GPR
method is very promising in the marble industry for assessing the fracture condition before
and after treatment, thus reducing the waste of natural stone reserves by improving the
effectiveness of repair interventions.
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