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Abstract

:

This work aims to analyze theoretically and with laboratory tests the sensitivity of high-frequency GPR (Ground-Penetrating Radar) to resin injections used in the building and ornamental stone industries to repair marble blocks before final slab cutting. We simulate uniform fractures in the laboratory using small regular marble blocks and we compare the results of GPR tests with the analytical model of the thin bed reflections. We performed two series of GPR surveys with a 3 GHz antenna, progressively increasing the fracture thickness from 0.25 mm to 16 mm, to analyze the results on two simulated conditions: open fracture and repaired fracture. The repaired condition was simulated by substituting the resin layer with polyvinyl chloride (PVC) sheets because the permittivity of PVC is quite similar to the permittivity of epoxy resin. According to the analytical models, when a thin air-filled fracture is filled with resin, the received signal amplitude is expected to decrease by 33% (26% if resin is simulated with PVC). The results showed a very good match between the predictions and the real data observations when the fracture is thicker than 4 mm. Although the analytical and laboratory results show some deviations when the fracture is thinner than 4 mm, the qualitative trend of the amplitude variations is still consistent with the predictions and the 3 GHz antenna can resolve the change in the filling material down to the minimum tested thickness (0.25 mm). As a result, our findings validate the GPR method as a proper tool for nondestructive quality control of resin injections in marble fractures.
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1. Introduction


Discontinuities and defects of natural building stones have always concerned quarry engineers and experts engaged in the restoration and conservation of stone monuments. Fractures and voids are also a critical problem when the natural stone is supposed to be used for decorative and ornamental purposes. In recent years, there has been an increasing interest in repairing natural stones by injecting a filling material in their fractures. Nondestructive methods are then required to monitor the injection efficiency. Therefore, after detecting the fractures and voids, defects can be filled in order to improve the quality of stones. A common solution is to inject a filling material such as different polyester resins, epoxy resins, or cement in some cases [1,2]. The properties and good performance of epoxy resin in this field have introduced it as a practical filling material [3,4,5,6]. However, successful repair of stones using filling materials depends on deep penetration of the injected material and optimum filling of the fractures. Thus, the quality check of the injection operation with a nondestructive method is of primary importance to validate the success of the repair operation.



Geophysical surveys have always played an important role in different projects that concern natural resources. Wherever high contrasts in the physical properties of the target and its hosting medium are expected, proper geophysical techniques can be successfully applied to provide valuable information about the subsurface conditions, e.g., [7,8,9,10,11,12,13,14,15,16,17,18]. Among different geophysical techniques, the ground penetrating radar (GPR) method can provide high-resolution results in a variety of applications, e.g., [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. In recent decades, GPR surveys have been increasingly used in the quarrying industry and stone production to study the depth to different layers, detect faults and fractures and monitor the defects of stones, e.g., [11,13,34,35,36,37,38,39,40,41,42,43]. Considering the high potential of the GPR method to enter the quarrying and stone industry, interest is increasing in studying the capabilities of the GPR method to help in different stages of stone production.



The need to investigate the effectiveness of the GPR technique for characterizing fractures and determining their aperture and filling material emerged in the last decade and the research is still ongoing [40,42]. The GPR method has the potential to detect the fractures of stones and monitor their repair conditions to help in optimal production of building stones as well as managing the repair or protection of stones in use. Previous studies have demonstrated the sensitivity of high-frequency GPR antennas to fracture aperture and to different properties of the material hosted within the fractures [44,45]. However, the objective of these studies was to explore the potential of GPR as a tool for characterizing a fractured rock by determining fracture apertures and hosted materials (e.g., water, clay, sand, air). The main conclusion of these studies is that the GPR method has the required sensitivity, but fracture aperture and hosted material are conflicting properties that can be hardly distinguished in field conditions unless strong a priori assumptions can be made to reduce the spectrum of possible materials present in the fractures. Moreover, a complex procedure in the frequency domain is implemented by considering not only the amplitude response of the radar wave but also the phase response [46]. In this paper, we focus our attention on the specific objective of resin-injection quality control. As a result, we reduce the range of possible filling materials to either completely filled with air or completely filled with resin. Under this assumption, we analyze the amplitude difference in GPR data before and after resin injection in fractures of marble blocks. The results are promising for a practical application in a real environment, showing the capability of GPR measurements to help the quarrying industry to produce higher quality stones for building or ornamental use.




2. Materials and Methods


Rock fractures can be considered thin layers in a homogeneous rock from the GPR point of view [47]. In this study, we used the analytical model of thin bed to calculate the theoretical expectation for GPR measurements before and after resin injection. Our studies are limited to the assumption that the fractures are filled first with air and then with resin. We then performed GPR measurements on marble blocks with uniform fractures before (filled with the air) and after repair (filled with the resin), to explore how GPR data will be really affected after resin injection. In order to avoid superposition of the desired reflections by the reflections from the sides of the blocks, a test was performed to determine the proper dimensions for the blocks to be used in laboratory tests.



Four marble blocks from a quarry in Botticino, Italy, were used for laboratory experiments. The contact between two blocks was used to simulate the air-filled fracture, increasing the fracture aperture progressively. These fractures were then filled with resin sheets to compare GPR results of air-filled fractures with those being repaired by resin injection. Since our lab facilities cannot guarantee the required accuracy in producing resin sheets with very thin thickness (lower than 1 mm) and the production of resin sheets is time-consuming, we decided to test only two different apertures (1 mm and 2 mm) with resin-filled fractures. To test the procedure on a wider range of apertures (from 0.25 mm to 16 mm), we simulated the resin material with industrially produced uniform sheets made from polyvinyl chloride (PVC) with permittivity values close to those of the epoxy resin. We used an IDS antenna with the frequency of 3 GHz in all experiments [48]. Amplitude differences observed in our measurements, even though the difference is not exactly equal to the theoretical prediction for some fracture apertures, prove the capability of the GPR method to monitor the repair of stones.



2.1. Selecting the Dimensions of the Blocks


In order to select the dimensions of marble blocks to be used for our laboratory tests, preliminary measurements were performed on a few already-available Carrara marble blocks, quarried in Tuscany in the center of Italy. The velocity of radar waves in these blocks and the relative permittivity were, respectively, 0.096 m/ns and 9.63, as measured in some previous studies [40]. The dimensions of these blocks were 75 × 60 × 21 cm, and being too heavy, it was not possible to move them without the use of a small laboratory hoist. Therefore, we decided to select smaller blocks that we could manage to move as much as required for our current study.



The 3 GHz antenna that was used for all our experiments was also used for the survey to determine the block dimensions. Figure 1a illustrates the data acquisition procedure that was based on time triggering of the antenna with its position fixed on the top block in the center. A 5 mm-thick high-density polyethylene (HDPE) layer was placed between the two blocks. Figure 1b shows the GPR data after applying time calibration and dewow. The vertical axis is the two-way reflection time, and the horizontal axis is the number of the collected traces because the antenna was placed in the center of the block and was continuously collecting data at regular time intervals. Figure 1c shows a single radar trace extracted from Figure 1b and plotted in wiggle mode to better compare the amplitudes of the recorded events. We can easily recognize the reflection from the thin bed, i.e., the boundary between the two blocks, at 4–4.5 ns (red arrow). The reflection is well-isolated from other events because the reflections generated by the surface waves reflected from the edges of the block and/or the multiples of the thin bed reflection arrive later than 6.5 ns and they are quite weak (blue arrows). Moreover, 4 ns are more than enough to separate the arrival of the thin bed reflection from the weak horizontal reverberations of the background signal which do not last more than 2 ns. Based on these data, we can predict that by reducing the thickness of the marble blocks to 10 cm, we still preserve the necessary separation, about 2 ns, between the background signal and the thin bed reflection as well as between the thin bed reflection and its multiples. To ensure that surface wave reflections from the block edges also arrive later and with a similar delay of about 2 ns, the distance between the antenna and block edges has to be larger than 20 cm. In conclusion, we selected the ideal size of 40 × 40 × 10 cm for the marble blocks to be used, expecting the weight of each block to be about 42 kg.



Therefore, four uniform marble blocks were extracted with the desired dimensions from Botticino Classico rocks, the quarries in Botticino in the province of Brescia, the second most momentous quarrying area in Italy [49]. Figure 2 demonstrates an example of the GPR measurements performed using three of these blocks with their contacts considered as the air-filled fractures. We remind that all our GPR measurements were performed using a 3 GHz IDS antenna fixed in the center of the blocks. All GPR data acquisitions of this study were time-triggered.




2.2. Laboratory Measurements


The contact between the two upper marble blocks of the block pile was considered as the objective fracture. The fracture aperture (thickness of the contact) was gradually increased to study GPR response for different fracture apertures. GPR measurements were first performed on the blocks with air-filled fractures. Then, filling materials with the same thickness range of air-filled fractures were put in the contact between the blocks and GPR measurements were repeated for each thickness. Epoxy resin and PVC sheets were the filling materials used in this study.



2.2.1. Filling Material


The epoxy resin (Figure 3a) used in this research is a transparent epoxy resin that consists of two components: resin (density: 1.12 g/cm3; mass fraction: 5/8) and hardener (density: 0.98 g/cm3; mass fraction: 3/8). The main properties of this epoxy resin are excellent mechanical strength, good chemical resistance, extended workability, excellent environmental moisture resistance and a short catalysis time (6 h for 1 mm sheet at 30 °C). The low viscosity of this epoxy resin prevents the air bubbles to remain after hardening. It also allows the epoxy resin to penetrate deep into rock cracks and fractures to be uniform after drying [50]. Considering that we used the contacts between the blocks for simulating the fractures in the lab and we aimed at studying a variety of fracture apertures, we did not inject resin in the fractures. Instead, the repair after resin drying was simulated by first preparing the dried resin layers and then putting them in the fractures. This way, we ensure that the same blocks could be used in all measurements, keeping the condition of the blocks unchanged. Figure 3a demonstrates the steps we followed to prepare a couple of resin layers, each with the thickness of 1 mm. After calculating the volume of resin required for a 40 × 40 × 0.1 cm layer, proper volume percentages of the components A and B were mixed (1). To avoid any irregularities, a completely flat base was prepared and covered with a plastic film to prevent the resin from being attached to this base. The side walls of a 40 × 40 cm square were prepared using adhesive silicone (2). The required volume of resin was poured on the prepared base, always keeping the base perfectly horizontal to prevent resin from flowing and being accumulated at a corner (3). Considering the objectives of our study, keeping a uniform thickness at different parts of the resin layer was very important. When the resin layer was dried, it was easily detached from the base (4) thanks to the plastic cover below it. The thickness of the resin layer was measured at different parts to control its uniform thickness. To simulate the repaired fractures with the apertures of 1 mm and 2 mm, one and two epoxy resin sheets were, respectively, placed between the marble blocks. To simulate the repair of larger fracture apertures in an economic way, PVC sheets with the relative permittivity close to the relative permittivity of epoxy resin were used as the filling material (Figure 3b). Another benefit in using PVC material is that, being industrial products, PVC sheets have uniform thickness regardless of how thin they might be. Preparing extremely thin and uniform resin sheets in the laboratory, on the other hand, is very difficult, if not impossible.



According to the information available about the properties of various epoxy resins and PVC material, the relative permittivity of epoxy resin is usually expected to be in the range 3.5–4.7 while the permittivity of PVC is in the range 3–3.3 [51,52,53]. Thus, the two materials are roughly similar and we expect similar responses to GPR surveys. Additionally, since the permittivity of PVC is a bit lower than the permittivity of epoxy resin, the amplitude comparison of radar response between the air and PVC is expected to be more challenging than the comparison between the air and resin. As a matter of fact, the higher the permittivity of the filling material, the more easily it can be distinguished from the air. Similarly, to make conservative conclusions in the analytical models, we decided to assume the relative permittivity of 3.5 and 3 for epoxy resin and for PVC, respectively, i.e., the lowest values for these materials.




2.2.2. GPR Measurements


All GPR measurements were performed in the time-triggered mode, placing the antenna in the center of the upper block (Figure 4a). As shown in Figure 4a, the block above the thin layer was rotated 45° with respect to the lower blocks. This setup allows easier handling of the upper block, which had to be removed and replaced many times to change the fracture aperture. Prudentially, we performed a test to compare the data before and after rotation of the upper block without observing any difference. As a matter of fact, no artifacts are expected from this modification of the setup because the distance between the antenna and any edge of the first and second marble block is still equal or larger than 20 cm, thus ensuring that no other signals except the thin bed reflection can arrive within the first 3 ns.



At the first step, GPR measurements were designed to calibrate the wave velocity in marble blocks in order to obtain an accurate estimation of the marble permittivity, which is a fundamental parameter to predict the thin bed behavior. In order to estimate the EM wave velocity in the blocks, the antenna was placed on the top block, and a metal shield was placed below it. The test was also performed with all the four blocks (Figure 4b). A sharp reflection of the shield was observed at the known depth (10 cm in the first record and 40 cm in the second record). The difference between the recorded two-way travel times is an accurate measurement of the time taken by the radar wave to travel forward and backward in 30 cm of marble material. In principle, this method is better than using only the single block data. The advantage of making two measurements rather than one is that with only one measurement, the result is affected by the accuracy of the time calibration, which is always questionable. The background signal is different from the shield reflection and thus we should not use the difference between the background and the reflection for accurate velocity calculation. On the other hand, with two measurements on two different thickness values, the result is not affected by the time calibration. Therefore, we subtracted the time related to the reflection from the shield placed below one block from the time related to the reflection of the shield placed below all the four blocks. The result is thus the travel time of the wave along 60 cm of marble, which leads to calculating the wave velocity without any influence from the time calibration. Following this idea, the wave velocity was measured to be 10.2 cm/ns in the homogenous marble blocks used in this study, corresponding to a relative permittivity of 8.64.



After estimating the velocity, GPR measurements were performed on air-filled and repaired fractures to test GPR response to thin layers. As mentioned earlier, due to economic problems and practical limitations, only two 1 mm-thick resin sheets were prepared. For these sheets, five measurements were performed with the following properties of the thin layer: 0 mm air, 1 mm air, 2 mm air, 1 mm resin, and 2 mm resin.



Regarding using the PVC sheets, a more extended range of fracture thickness could be simulated. We performed GPR tests before and after fracture repair for fracture apertures as thin as 0.25 mm. The fracture aperture was gradually increased from 0.25 mm to 16 mm. Table 1 lists the 22 measurements that were performed on air-filled fractures with 22 different apertures, and then repeated after being filled with thin layers of PVC. A total of 44 acquisitions were thus performed to compare the GPR response between the air-filled and PVC-filled fractures.




2.2.3. Data Processing


In order to determine the amplitude reflection of the thin bed, measured datasets were processed in ReflexW software, version 9.5.6, to obtain a single stack trace from each record. Time calibration and bandpass filters were applied to the data before stacking. After stacking, all the data were merged so that all the results could be visualized and compared on a single plot. Figure 5 illustrates the final results of the mentioned processing steps applied on datasets that were measured to compare the air-filled fractures (traces 1–3) with the resin-filled fractures (traces 4–5). Figure 6 shows the results for measurements on the air-filled fractures (traces 1–22) and the PVC-filled fractures (traces no. 23–44). Figure 5 and Figure 6 were produced by applying a global normalization so that an equal gain is applied to each trace. Thus, the reflection amplitudes generated by the thin bed can be visually compared to obtain a preliminary qualitative result.



From the preview of the laboratory data, we can notice that GPR has observed the thin layer, although weakly, even with the smallest thickness. As the fracture aperture increases, the amplitude increases, and we can also appreciate slight amplitude differences at equal thickness suggesting that air-filled fractures are more reflective than resin-filled or PVC-filled fractures. These are encouraging observations, but the more substantial issue is whether these findings demonstrate that GPR can distinguish between the air-filled thin layers and the resin-filled or the PVC-filled thin layers with the sensitivity that is needed to apply the method to real blocks with unpredictable fracture geometries and thickness values. To prepare the theoretical background for interpreting the data from the laboratory test, in the next section we apply the thin bed analytical model to predict the expected amplitudes of the reflections.





2.3. Analytical Models


Analytical models were carried out to explore the theoretical expectations comparing GPR results before and after filling the fractures. Rock fractures can be generally considered thin beds with a distance between the two interfaces less than the resolution limit determined by Rayleigh’s criterion. When a fracture in a homogeneous rock is considered a layer, it gives two signals of opposite polarity, which are reflected by the two interfaces of the fracture. If the two distinct signals are clearly identifiable and separated in time, the fracture thickness can be calculated by the time difference between the two reflections, knowing the signal velocity in the filling layer. The difference between a thin layer and a thick layer depends on the resolution of the radar system. Conventionally, the vertical resolution is estimated as a quarter of the wavelength calculated with the nominal frequency of the antenna. At 3 GHz, the theoretical expected resolution is 25 mm, 13.4 mm, and 14.4 mm for the air, resin, and PVC filling material, respectively. Thus, 14 mm is about the maximum thickness that we can consider as a thin bed either before or after filling the fracture. When contemplating the fracture as a thin layer, the two reflections can overlap in such a way that just a single composite wavelet is identifiable, and this interference may be constructive or destructive. The response of the thin layer is the sum of the primary reflections and multiple reflections that occur within the layer [46,54,55]. Therefore, the reflection coefficient is affected by the properties of the thin bed (i.e., thickness and filling material) because it is related to the permittivity contrast between the rock and the filling material as well as to the ratio of the bed thickness to the wavelength within the thin bed. The value of the reflection coefficient changes linearly with the thin bed thickness for layers much thinner than the wavelength. The magnitude of the reflection coefficient oscillates between zero and a maximal value as the layer becomes thicker, depending on the destructive or constructive interference between the primary and multiple reflections [46]. This behavior can be analytically predicted using the following equation [46]:
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(1)




where Γ is the thin bed reflection coefficient, R12 is the normal incidence electromagnetic reflection coefficient between mediums 1 and 2 (rock and filling material, respectively), and λ is the pulse wavelength inside the thin bed. The following equation is used to calculate R12:


   R  12   =      ε 1    −    ε 2         ε 1    +    ε 2       



(2)




where ε1 and ε2 are, respectively, the permittivity of medium 1 and medium 2. We used Equation (2) to predict the theoretical behavior of the air-filled, resin-filled, and PVC-filled thin beds.



Figure 7 indicates the predicted theoretical difference between the air-filled and the resin-filled fractures. Although only two thicknesses of 1 mm and 2 mm were tested in the laboratory measurements with resin layers, a wide thickness range (0–40 mm) is plotted here in order to explore the trend of the reflection coefficient variations. The results illustrate that a 33% difference between the air-filled and the resin-filled fractures is expected for the smallest fracture apertures. The percentage difference theoretically increases to 100% when the fracture thickness is equal to half the wavelength calculated within the resin. Therefore, if GPR detects a thin bed fracture before resin injection, a minimum of 33% amplitude reduction can be expected after resin injection.



Similarly, Figure 8 shows the predicted theoretical disparity between the air-filled and the PVC-filled fractures. The comparison was limited to the thin bed range of the laboratory tests, i.e., from 0.25 mm to 16 mm. The qualitative trend for larger fractures would be the same as observed in Figure 7. The findings show that a 26% difference between the air-filled and the PVC-filled fractures is expected even for the smallest fracture apertures. The percentage difference then gently increases to 35% when approaching the 16 mm thickness.





3. Results and Discussion


The laboratory data were processed by using the ReflexW software, but the amplitude picking was performed manually. To prevent the influence of any DC or very low frequency components on the amplitude values, we decided to analyze the peak-to-peak amplitudes (sum of positive and negative peaks) of the reflected waves. We did not make any amplitude compensation for possible variations of the power radiated by the TX antenna during the measurements since the antenna was properly warmed up before the measurements, and the time needed to collect all the data, before and after filling the fracture, was short enough to assume that the radiated power could not be affected by drift phenomena induced by battery discharge.



GPR findings before and after filling the thin layer with resin are shown in Table 2. A 33% amplitude difference between the air-filled and the resin-filled fracture was predicted based on the thin bed analytical model (Figure 7). An amplitude decrease is confirmed by the real data, but the intensity of the amplitude variation is less remarkable, although high enough to be observed on the real data.



These findings indicate that GPR can detect the change in the filling material at these thickness values, i.e., it can be used to perform a quality check of the resin injection. However, the accuracy is not high enough to use the amplitude variations to estimate the permittivity of the filling material, i.e., to identify the filling material. Since the amplitude decrease observed in the results of laboratory measurements is lower than the prediction, the permittivity of the filling material would be underestimated. Nevertheless, the quantitative interpretation of the amplitude variations is beyond the objectives of this work. Our assumption is that we know the injected material and what we need to control with a nondestructive method is only its diffusion within the injected fractures.



The results of the laboratory tests where PVC was used as a substitute of the resin are shown in Figure 9. The plots compare the expected theoretical trend with the observed amplitude trend for the air-filled fractures (left) and the PVC-filled fractures (right). The graphs of the real amplitudes have been properly rescaled before plotting to fit the theoretical values of the reflection coefficient calculated at the thickness of 16 mm. We observe an encouraging similarity between the theoretical and the experimental trends. It is also encouraging to observe that it was possible to pick the amplitudes of the thin bed reflections even when the fracture thickness is very small (0.25 mm).



Figure 10 illustrates the quantitative comparison of the percentual amplitude variations as predicted from the thin bed theory and as observed experimentally.



For most thicknesses, the observed values are very similar to the values predicted by the thin bed theory. More specifically, we can notice that the final trend of the theoretical plot that is progressively increasing, arriving at 35% for 16 mm, is not perfectly matched by the real data that start to deviate from this trend when the thickness overcomes 13 mm. However, this is consistent with the theory, because according to the resolution limit determined by Rayleigh’s criterion mentioned in Section 2.3, the maximum thickness that we can consider as a thin bed after filling the layer is about 14 mm. Thus, the theoretical predictions become questionable for thickness values larger than 14 mm. On the other hand, we also notice that real data severely deviate from the theoretical predictions when the thickness is smaller than 4 mm. This seems to suggest the following statement as a general conclusion: although fractures can be detected at any thickness in the explored range (from 0.25 mm to 16 mm), it seems that the accuracy of the amplitude measurements with the 3 GHz antenna is not good enough to make a quantitative characterization of the filling material when the thickness is less than 4 mm. Again, the mismatch between the real data and the predictions is underestimating the expected amplitude variations and this would result in underestimating the permittivity of the filling material. This underestimation is consistent with what was observed in the comparison of the air-filled fractures with the resin-filled fractures, and it seems to suggest that the problem persists up to thickness values of about 4 mm. For fractures with an aperture larger than 4 mm and up to the maximum thickness that can be modeled as a thin bed, the amplitude variation is so close to the predicted results that a quantitative characterization of the filling material becomes quite reliable. However, returning to our specific application where the objective of the GPR survey is to detect the change in the filling material, i.e., to perform quality control of the propagation of the injected material within the fracture, we can conclude that the method is successful for any tested thickness, thus validating the methodology on a wide range of fracture apertures (from 0.25 mm to 16 mm).



Going back to Figure 9, we can easily explain the deviation between the theoretical predictions and experimental observations when the fracture thickness becomes very small. For very thin fractures, the reflection coefficients are very small and the reflected GPR waves are so weak (Figure 8) that the picking becomes more sensitive to the noise, resulting in less accurate amplitudes.



From Figure 9, we can also observe that for very thin fractures, amplitudes are more sensitive to thickness variations, i.e., the derivative of the amplitude versus thickness graph is larger than elsewhere. From this comment, we can derive an important recommendation for a successful use of GPR to perform the quality control of resin injections. If GPR measurements after resin injections are not exactly repeated at the same locations of the measurements performed before injections, the observed amplitude variations might be generated not only by injections but also by thickness differences at the two different locations. Thus, erroneous conclusions might result from the quality control especially where the observed fractures are particularly thin.




4. Conclusions


Epoxy resin is widely used to repair the fractures of building and decorative stones. In this study, we considered the thin layer between two marble blocks as a fracture in a homogenous rock to analyze the potential of the GPR method to perform nondestructive quality control of resin injections. Since the resin adheres strongly to the stone after injection, we used dried filling layers to be able to change the fracture thickness during testing. By progressively increasing the thin layer thickness from 0.25 mm to 16 mm, we tested the GPR response at 3 GHz before and after injections, where the after-injections situation was simulated by filling the thin layer with PVC sheets, the permittivity of PVC being very similar to the permittivity of epoxy resin. The GPR response before and after injections was also quantitatively compared with the theoretical predictions based on the analytical model of the thin bed reflection.



Except for very thin fractures (thickness values smaller than 4 mm), experimental measurements fit very well the theoretical predictions up to the maximum thickness that can be modeled as a thin bed (about 14 mm at 3 GHz for a resin-injected fracture), equal to the resolution limit determined by Rayleigh’s criterion. Although some deviations from the theory are observed with very thin fractures, the experimental amplitude variations are always qualitatively consistent with the predictions and large enough to be detected. Based on these results, this study validates the GPR method as a proper tool for quality control of resin injections in marble fractures of any thickness in the tested range (0.25–16 mm). For the thickness range where experimental data fully match the theoretical predictions, the potential of the GPR methodology is even higher, being able to characterize the injected material. However, the characterization of the injected material is beyond the scope of this work which is focused on validating the GPR as a tool for controlling the successful diffusion of the resin within the repaired fractures. An important recommendation that descends from this study is that GPR tests before and after injections must be accurately repeated at the same locations to prevent ambiguities between the amplitude effects induced by the injections and the amplitude effects induced by the thickness variations due to wrong positioning of the antenna. The recommendation is particularly relevant when the fractures are very thin because GPR amplitudes are extremely sensitive to thickness variations in that range of thickness values. Finally, a further recommendation is necessary considering that GPR tests before and after the resin injections cannot be performed in a short time interval as we did in our laboratory simulations, where resin injections were simulated with wafers made with PVC sheets. As a result, it is recommended to conduct all the measurements when the battery is fully charged, to wait for a proper warm-up of the antenna before starting the measurements and to perform a prudential calibration test on a proper specimen of the power radiated by the TX antenna at the beginning and at the end of every measurement session. The goal is to ensure that the received amplitudes are only affected by changing the filling material and they are not affected by any other factor (e.g., temperature, battery level, other environmental conditions), and in case of unwanted variations of the external conditions, to have calibration tests for estimating and applying the proper amplitude corrections.
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Figure 1. (a) Time-triggered GPR data acquisitions on two marble blocks separated with an HDPE layer. (b) The processed GPR data. (c) A single radar trace extracted from the processed GPR data. 
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Figure 2. Time-triggered GPR measurements with the antenna fixed in the center of the marble blocks. 
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Figure 3. (a) The procedure to prepare resin sheets with the thickness of 1 mm in the laboratory: 1. Mixing resin components; 2. Preparing a flat surface covered by a plastic film and adding adhesive silicone side walls; 3. Pouring the volume of resin required to prepare a 40 × 40 × 0.1 cm layer, always keeping the surface horizontal; 4. Detaching the dried resin layer. (b) PVC material that was used instead of resin in the fractures (block contacts). 
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Figure 4. (a) GPR measurements in the center of marble blocks with the fracture aperture that was gradually increased from 0.25 mm to 16 mm. (b) Tests using a metal shield to estimate the velocity. 
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Figure 5. Data processing results for measurements on thin bed air-filled and resin-filled fractures. Note that the horizontal axis is the stacked trace number. The fracture thickness values and the filling material for these traces are: 1: 0 mm air, 2: 1 mm air, 3: 2 mm air, 4: 1 mm resin, 5: 2 mm resin. 
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Figure 6. Data processing results for measurements on the air-filled and PVC-filled fractures with the thickness value varying from 0.25 mm to 16 mm (see Table 1). Note that the horizontal axis is the stacked trace number: 1–22 for the air-filled fractures and 23–44 for the PVC-filled fractures. 
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Figure 7. Comparison of the predicted amplitudes for the air-filled fractures versus the resin-filled fractures with a 3 GHz antenna. Circles: air data, Stars: resin data. 
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Figure 8. Comparing the predicted amplitudes for the air-filled fractures versus the PVC-filled fractures with a 3 GHz antenna. Circles: air data, stars: PVC data. 
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Figure 9. Amplitude versus thickness for the air-filled fractures (left) and the PVC-filled fractures (right). Stars are peak-to-peak amplitudes from laboratory tests, after rescaling. Circles are reflection coefficients calculated from the thin bed theory (Equation (1)). 
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Figure 10. Comparing the amplitude difference between the air-filled and the PVC-filled fractures obtained from theoretical models (circles) and laboratory measurements (stars). 
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Table 1. List of the 22 different values of the fracture apertures (0.25–16 mm) that were filled with PVC.
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	Trace

Number
	Thickness

(mm)
	Trace

Number
	Thickness

(mm)
	Trace

Number
	Thickness

(mm)





	1
	0.25
	9
	3.5
	17
	11



	2
	0.5
	10
	4
	18
	12



	3
	0.75
	11
	5
	19
	13



	4
	1
	12
	6
	20
	14



	5
	1.5
	13
	7
	21
	15



	6
	2
	14
	8
	22
	16



	7
	2.5
	15
	9
	
	



	8
	3
	16
	10
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Table 2. Variations in the peak-to-peak amplitudes of the air-filled and resin-filled layers between marble blocks.






Table 2. Variations in the peak-to-peak amplitudes of the air-filled and resin-filled layers between marble blocks.





	Fracture Thickness (mm)
	Difference in the Peak-to-Peak Amplitude (%)





	1
	20.0



	2
	12.1
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