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Abstract

:

The characterization of a quarry site which is suitable for railway ballast aggregate production represents a big challenge for the mining industry. The knowledge of structural discontinuities within local geological materials is fundamental to guide mining operations, optimize investments, and guarantee quarry security. This research work presents an innovative methodology for the subsurface investigation of a quarry excavation area down to a depth of about 50 m in Falconara Albanese, Calabria, Italy. The proposed methodological approach incorporates photogrammetry, drone technology, and GPR data acquisition and processing. Photogrammetry represents the first step for obtaining a 3D topographical model reconstruction of the whole quarry, helping to detail the acquisition approach and properly plan the subsequent drone survey. In particular, two 120 MHz antennas have been mounted on the drone and two profiles have been acquired above and across the quarry. Results show the presence of fractured material and demonstrate the applicability of the method for identification of areas that are more suitable for railway ballast production. The presented method is therefore capable of detecting subsurficial fractures at a quarry site by means of a relatively fast and cost-effective procedure. Results are achieved within the framework of an industry project.






Keywords:


quarry site characterization; railway ballast production; drone GPR; photogrammetry; quarry security












1. Introduction


The identification of optimal site conditions for railway ballast production is far from being trivial. Railway ballast aggregate must satisfy a few requirements in order to be used for railway track support. In particular, it has to withstand a range of forces, such as large cyclic loadings or vibrations of varying frequencies and intensities. Moreover, this material has to resist chemical actions linked to repeated wetting and drying cycles determining crystallization of rain-dissolved soluble salts [1]. Therefore, during ballast production it is fundamental to control the particle shape, the grains surface/texture, their gradation, and degree of purity. On the whole, these features are responsible for providing high stability to the ballast layer as well as lateral resistance to the lateral ballast flow.



The reliability of quarry-site investigations hangs on several factors and actions. Determining the most suitable materials and evaluating the degree of fracturing represent fundamental steps for a proper site assessment. On the other hand, the level of profitability of a quarry depends on specific properties, such as rock texture and the size of the blocks [2]. In particular, recent studies indicate the main factors for quarry site identification and characterization [3]: (1) type of rock, (2) rock weathering grade, (3) presence of geological structures relating to jointing and fracturing, (4) thickness of overburden at quarry site, (5) land-use distribution, and (6) accessibility of quarry site. Therefore, actions with the aim of retrieving the main tectonic structures and deformation style at a quarry site are necessary to identify optimal exploitation conditions [4].



In line with this, it is well recognized that the rock type specifies the rock’s physical and mechanical properties, and its suitability for a specific engineering function [5]. While the weathering grade refers to rock rippability, which in turn controls the excavation method, the presence of rock discontinuities gives insights about the feasibility of producing large size blocks, an aspect that is particularly relevant for extraction of ornamental granite [6]. Together with this, the knowledge of available weathered rock at a quarry location may support economic feasibility studies and consequently aid in planning an optimal mining operation.



Among geophysical prospecting techniques, ground penetrating radar (GPR) is an electromagnetic method based on the use of high-frequency (10 MHz–2.5 GHz) electromagnetic waves to get high resolution images of shallow geologic features, i.e., faults and fractures. A detailed description of the method can be found in [7]. Compared to drilling prospecting techniques, the choice of indirect geophysical prospecting methods such as GPR guarantees repeatability and rapidity [8].



The reliability of GPR as a non-invasive, fast-applicable and accurate geophysical prospection method for detecting subsurface anomalies has already been underlined in many studies. The first GPR experiments for geological engineering applications highlighted that such a technique could solve a wide range of engineering and environmental problems. In particular, GPR was already adopted to detect solid buried waste [9,10] to investigate internal rock structures [11,12] and to image structural details of subhorizontal fractures on the floor of a gneiss quarry [13]. Moreover, GPR data have been acquired on vertical cliff faces through a conventional common-midpoint (CMP) survey for delineating fractures in limestone cliffs [14]. Specifically, this nondestructive method was extensively applied for detecting and modeling rock fractures with the aim of optimizing the extraction of ornamental stone deposits in quarries [15]. Besides, this GPR was successfully used for quality assessment of natural stones to evaluate the presence of fractures and physical defects [16]. Despite a range of GPR application examples, there has been an emphasis on its powerful application in the high-resolution definition of fractures in bedrocks [7].



There are a few problems relating to the use of GPR for two- and three-dimensional structure identification. First of all, a comprehensive interpretation of radargrams may be limited due to low data quality [17] and interference phenomena originating from nearby sources. Secondly, proper GPR data processing is necessary to retrieve reliable subsurface images and avoid data distortions and misinterpretations [18]. Additionally, one of the main difficulties of GPR application is the calculation of the dielectric constant characterizing the specific rock layer in which electromagnetic waves propagate: the more accurate the dielectric constant, the more precise the detection and the morphological characterization of anomalies at true investigation depth [19]. This important physical parameter is not constant but varies within the rock both on microscopic and macroscopic scales. Hence, it is appropriate to calculate the bulk dielectric constant starting from the average propagation velocity. This parameter can be estimated by fitting different hyperbolic diffractions linked to fractures found at various depths [20]. Another limitation of the GPR technique is the instrumental frequency of antennas, which influences the depth of investigation. Accordingly, a higher instrumental frequency allows for a more detailed near-surface characterization, while lower frequency antennas allow for a deeper scanning at lower spatial resolution. Therefore, the reliability of GPR studies relies upon the trade-off between instrumental frequencies and the depth of investigation.



Successful examples of GPR applications for fracture identification in different mining environments have already been shown in literature in limestone [20], marble [21], and underground marble mine [22] contexts. Nevertheless, the identification of near-surface discontinuities at quarry sites by means of GPR antennas represents an ongoing topic to be encouraged [23].



Moreover, in harsh topographic environments the application of the GPR method is not easily achievable. This limitation can be overcome by mounting the GPR on unmanned aerial vehicles (UAVs), commonly known as drones.



UAVs equipped with GPRs are well suited to traverse areas inaccessible to humans, such as minefields [24]. Such prospecting technologies have recently been receiving attention both for military purposes and civil engineering applications, i.e., when applied for surveillance, diagnostics, and real time monitoring purposes in the context of natural hazards [25,26]. The first remarkable examples of the application of UAVs in quarry contexts can be found in [27,28] and, more recently, in [29]. In this work, the technology was adopted for monitoring purposes and analyzing the structural-geological setting of a quarry, with the objective of identifying unstable zones. Further scientific contributions have shown the potential of UAV-based photogrammetry for accurately mapping an open pit quarry [30] and the high-resolution reconstruction of a quarry’s topography [31,32]. Furthermore, in recent years UAV technologies have been successfully used for environmental applications, allowing for the acquisition of high-resolution remote sensing data and photogrammetric reconstruction in a flexible way [33,34].



The integration of a GPR system mounted onboard an UAV represents a promising research direction in that it creates a mobile automation solution for a wide range of geoengineering challenges. A few applications of UAV GPR systems can be found in studies aiming at identifying buried objects without being in contact with the soil [35] and performing non-destructive testing activities [36,37]. However, UAV radar systems are limited by the bias affecting UAV height [25] and their energy-limited nature, which influences their flight time [38].



Nevertheless, UAV technology offers the opportunity to inspect wide areas by moving around an arbitrary, predefined trajectory at different heights, making detailed geophysical surveys possible. Furthermore, compared to traditional survey methods, the drone-based approach is less time-consuming, especially when an extended area needs to be surveyed [20].



With these premises, the main objective of this work is to characterize a quarry excavation area, in Falconara Albanese, Southern Italy. The study area, described in detail in Section 2.1 was investigated by means of the UAV GPR technology supported by the photogrammetric technique, where the photogrammetry represents the first step for defining the acquisition approach and properly planning the subsequent drone survey. In this way, after defining UAV flight paths, experimental activities were carried out across the quarry excavation area by means of a GPR system. Acquired GPR data were then processed and analyzed. The interpretation of results provides insights about the overall degree of fractures characterizing the quarry excavation area, which in turn allows for the identification of areas with the potential for quarry exploitation (Figure 1).



Considering the objective of this study, we found a trade-off between penetration depth and resolution by focusing on an instrumental frequency range between 50 and 300 MHz. In this way, it is possible to detect subsurface high fractured rocks, a meaningful indicator for the extraction of suitable material for railway ballast production. Furthermore, the GPR survey is supported by geological and lithological data providing additional information about the local geological setting [39].



The presented work lays the foundations for the recognition of the most suitable methodology to be applied in the future to new quarry sites. It demonstrates the feasibility of using a UAV GPR system to successfully detect subsurficial fractures and discontinuities in quarry sites characterized by ongoing railway ballast production activities. In this way, it is possible to support railway industry operations in the process of quarry site characterization by means of a fast-applicable, reliable, and cost-efficient geophysical prospecting technique.




2. Materials and Methods


In this section, details about the study area hosting the experimental activities and the adopted methods are provided. Specifically, Section 2.1 contains an extensive description of the study area, including information about local geological formations. Moreover, a 3D topographical reconstruction of the quarry is presented, serving as a basis for the subsequent drone GPR analysis. In Section 2.2, details about data acquisition and processing operations are reported.



2.1. Study Area


The study area belongs to the municipal territory of Falconara Albanese (CZ, Italy), rising from elevations of 650 m a.s.l. on a gentle slope in the proximity of the municipal territories of Paola, Marano Principato, Fiumefreddo Bruzio, and S. Lucido.



The quarry is located about 4 km inland (airline distance) from the Tyrrhenian sea coast (Figure 2).The area is geologically diverse and complex, with formation belonging to three orogenic phases, from the lower Paleozoic to the Holocene [40]. The region belongs to the Calabrian Arc, an orogenic structure characterized by a number of tectonic units derived from original paleo-geographic domains of the Tethys [41], including remnants of the Alpine-Betic back-thrust belt superimposed onto the Apennine Chain during the opening of the Tyrrhenian back-arc basic [42].



From a geodynamic perspective, the area is ruled by active crustal deformation as a result of subduction of the Ionian lithosphere beneath the Calabrian Arc. The Calabrian Arc constitutes a composite subduction complex, which is segmented longitudinally into two different lobes having different structural styles, deformation rates, and basal detachment depths [43]. The entire region is, therefore, dominated by fractures relating to different local responses to regional movements. Besides, the combined presence of both excavation and collection districts at the quarry site provides an additional level of topographical complexity.



Based on published cartography and literature, it is possible to recognize a variety of geological materials of the metamorphic type, such as granulites, gneiss with marble, amphibolites, and high grade alpine metamorphites [39]. The geological setting is completed by the presence of Mesozoic carbonate successions, portions of the Paleozoic basement made up of granite plutons, and a variety of metamorphic rocks. The whole spatial distribution of local geological units is enclosed in Figure 2. As it can be seen, geological formations are classified according to the era and specifically into: Paleozoic, Mesozoic, and Cenozoic. In particular, Mesozoic rocks are further classified into Triassic, Jurassic, Cretaceous-Jurassic, Cretaceous, and Paleogene-Cretaceous, based on the system they belong to; Cenozoic rocks can be further distinguished according to their epoch into Holocene, Pleistocene, Plio-Pleistocene, and Miocene. The area is also characterized by the presence of granite formations, as shown in Figure 2.



The analysis of outcropping geological formations in the region reveals the presence of rock types particularly suitable for ballast aggregation. Previous studies [3] have indicated that the following rock types are desired for quarry sites: granite, basalt, rhyolite, andesite, diorite, and well-cemented sedimentary rocks. In line with this, the presence of granulites (prealpine) and subsequential calcarenite (Miocene) characterizes the entire quarry district, as can be seen from Figure 2, confirming the area suitability as a quarry site.



A more comprehensive analysis of the physical characteristics of local rocks reveals the prevalence of the gneiss and mica schists rock types [44]. Gneiss shows a poorly developed cleavage while schists are dominated by coarse grained foliation and by the presence of elongated minerals. In particular, the mica schists represent foliated metamorphic rocks having a well-defined schistosity, a lamellar crystallographic habit, and the predominance (more than 50%) of biotite and muscovite. Both schist and gneiss refer to high-grade metamorphisms; while schists have the tendency to split into layers, gneiss are outlined by a typical gneissic banding, which is due to the effect of high temperature and high pressure during the process of rock formation.



To enhance the geological characterization, the quarry excavation area was preliminarily studied by carrying out a 3D topographical model reconstruction of the quarry. The reconstruction was achieved starting from pictures obtained from the image acquisition system mounted onboard a Phantom RTK drone. The drone flight was carried out through a grid acquisition pattern, covering the entire quarry, at an altitude of 70 m above ground level. The acquired pictures were processed by means of a photogrammetric open source software, i.e., MeshRoom. Pictures of the quarry 3D model are shown in Figure 3. The analysis of the 3D model was useful to obtain knowledge about the elevation within the quarry site and thus optimize the acquisition patterns of the GPR drone. The picture information is available from the enclosed metadata, i.e., the focal length and GPS data [45].




2.2. Data Acquisition and Processing


The survey was carried out by means of a COBRA Plug-in SE-150 monostatic antenna mounted on a DJI Matrice 600 Pro drone. In a monostatic configuration, transmitter and receiver are assumed to be at the same position. The antenna is characterized by a central frequency of 124 MHz and a bandwidth of 260 MHz. The antenna configuration allows us to investigate the subsurface structure with a vertical resolution of 27 cm and a penetration depth up to 40 m assuming a granitic substratum (relative dielectric constant equal to 5). A ground station was prepared in order to control acquisition operations. The data acquisition system was composed by a plug-in GPR-system and a wireless unit for real time sampling in 32 bit. A data logger was mounted on the drone allowing for GPR data logging and instrument controlling from the ground station (Figure 4). The drone was equipped with an automatic terrain following option for altitude detection with high precision on low elevation. After the initial takeoff and before the final landing, the flight height was kept constant at an average value of 6 m. Additional details about the UAV survey are shown in Table 1, where information about trace number, dimensions of movements, geographic coordinates and altitude is provided. In particular, the following variables are included: “trace”, “roll”, “pitch”, “yaw”, “latitude”, “longitude”, and “altitude”, with trace referring to trace number, roll, pitch and yaw values representing rotation angles with respect to x, y, and z axes, and latitude and longitude indicating geographic coordinates.



Cobra DAQ data acquisition software (v0.8.30 build 0) was used for GPR data acquisition, by setting the Bluetooth technology for signal ringing reduction. Four survey profiles were then recorded using constant offset between transmitter and receiver antennas. Data were acquired with a sampling interval of 3.125 ns and 512 samples per trace over a time window of 800 ns.



Data were post-processed using PRISM processing software (RadarTeam, v2.59). A number of filtering operations were applied to filter out from the data signal components having frequencies outside the bandwidth of the GPR system, hence enhancing the signal-to-noise ratio. Specifically, background removal was used to take out background influence, i.e., direct signal coming from the transmitter antenna, as well as to reduce the magnitude of ringing and horizontal banding artifacts throughout the whole signal [46]. A very important filter procedure in GPR data processing is band-pass filter. The band-pass filter is composed of two filters, namely the high-pass and the low-pass filter. The first one applies a cut-off to low frequency components from the whole frequency spectrum of a single trace, allowing for the removal of both ground-wave and other sources of environmental noise. On the other hand, the low-pass filter applies a cut-off to high frequency components from the frequency spectrum of each trace, usually related to additional electromagnetic interferences [18]. Band-pass filters in the range of frequencies between 3 and 309 MHz were chosen to highlight those signal frequencies within the instrument’s bandwidth where most of energy is located, removing the influence of high and low frequency-noise [46]. FK-filtering was carried out assuming a powering factor of 1.3 in order to remove the effect of lateral reflections from the quarry and properly locate subsurface dipping reflectors [6]. A moving average filter (5 trace-window) was applied to horizontally smooth the profile and, hence, facilitate subsequent results interpretation. The electromagnetic wave generated by the GPR is typically characterized by attenuation phenomena during its propagation through a medium. Compared to seismic waves, electromagnetic waves are characterized by a faster amplitude decay of the signal with depth [18]. As part of the data processing procedure, time-varying gains were introduced to compensate for signal exponential attenuation with depth, due to absorption, spherical divergence, and scattering phenomena [46]. Topographic correction was also applied in order to reconstruct a GPR profile as close as possible to the local relief. The conversion from time to depth domain was achieved by considering a radar velocity of 0.135 m/ns. The propagation of electromagnetic waves in the subsurface is related to the dielectric constant   k   by the relation   v = c /    k     , where   c   represents the velocity of electromagnetic wave in free space, which is about 0.3 m/ns. For granite bedrock, the dielectric constant may vary from 5 to 8 [47].



Time-depth conversion was performed by using a relative dielectric constant of 5, corresponding to a wave velocity of 0.135 m/ns, based on the assumption that subsurficial materials are mostly made of dry granite (Table 2 [48]). Moreover, in order to highlight the energy content of the signal and retrieve instantaneous amplitude, Hilbert transform was used [49].





3. Results


Out of the four GPR recordings, we chose to present only two of them for further data processing. During the experiments there were some connection and power supply difficulties affecting initial survey operations, making a few recordings insufficient to provide insight about interior quarry districts. This issue prevented us from making use of all recordings. The two selected profiles were recorded along two track segments, as shown in Figure 5. The GPR surveyed area is characterized by an excavated district (Area I), from where materials were extracted, and a flat and convex zone (Area II), corresponding to the railway ballast collection district. The two districts are separated by a road crossing the quarry, which serves as a transport route for materials to be processed. In Figure 5, the two flight trajectories of acquired profiles, together with surveyed quarry districts, are shown.



GPR profiles were post-processed as described in Section 2.2. Profile 1 presents a 358.7 m-long profile for 1461 total traces, while profile 2 is a 263.6 m long profile for 1273 total traces.



Both profiles were interpreted in order to identify the meaning associated with the presence of discontinuities. In order to facilitate the interpretation of the radargrams, a few of the most commonly recognized features of GPR profiles are summarized and shown in the following scheme (Figure 6). A detailed overview of results interpretation and implications is provided in Section 4.




4. Discussions


Interpreted GPR profiles are presented in Figure 7.



Along the whole of profile 1 (top panel in Figure 7), the position of the first reflectors is related to the ground slope. Between distance coordinates of 20 and 115 m, the radargram shows the signal coming from the inner region of the excavated area (a). Between 8 and 13 m of depth, one can observe irregular reflectors that could be related to the contact between near-surface weathered fresh granite (altered material due to excavation procedures) and the unaltered granite below (b). In this region, at a depth of about 32 m, reflectors parallel to the topography can be noticed. These reflectors might indicate the separation between fractured material and underneath homogeneous granite (c). In the region of distance coordinates between 115 and 150 m, first reflectors associated with superficial granite are located at a depth of about 4 m. This evidence might suggest that the signal is actually coming from the region where the road is located. Importantly, the presence of weak reflectors constituting a V-shaped structure (dashed red lines) can be observed below the road district (d). The region between the location of first reflectors and the location of the V-shaped reflector is characterized by the absence of reflections. This evidence suggests the existence of homogeneous granite without any fracture, which extends to a relatively large depth. By comparing depth and structure of reflectors in the excavated district with those coming from the road region, we observe that the quarry excavation design follows subsurficial fractures. In this way, it can be assumed that the excavation path was specifically designed in such a way as to exploit the presence of fractures, with the aim of minimizing ballast production costs. An extended area with high energy in the electromagnetic signal can be seen at about 25 m of depth, between 160 and 220 m (e). These reflectors could be related to the presence of discontinuities in the subsurface. Additionally, a region without any reflectors can be identified between 250 and 325 m coordinates along the traces. Finally, the presence of a series of hyperboles between 310 and 360 m coordinates and about 20 and 30 m depth can be observed. This might indicate the presence of a point object (f).



Along profile 2 (bottom panel in Figure 7), it is possible to recognize the presence of irregular reflectors within the first 7 m of depth, corresponding to an extremely fractured and weathered granitic substratum layer (a). These reflectors are hence related to the corresponding contrast in electromagnetic properties of media in which waves propagate, i.e., air and altered granite. Scatter zones that typically characterize fractures are responsible for signal reflection phenomena; this element is quite well evident within the first 15 m of depth (b). According to field observations, the quarry area is overall ruled by the presence of fractured and altered materials at near-surface level, therefore confirming the high degree of surficial fracturing.



A relatively large area with high energy in electromagnetics signal can be seen at about 25 m depth, between 160 and 220 m (c). These reflectors could be linked to the presence of discontinuities and fractures in the subsurface, where the relatively large extension of the zone is probably related to the presence of sub-horizontal fractures filled with water. These water-filled fractures would determine a large contrast in the dielectric constant and, in turn, a large amplitude in the signal. This observation is supported by the fact that the geographic area belongs to the Malpertuso creek basin [50]. A similar structure might be responsible for the presence of relatively high energy reflectors on the 2-D section at about 30 m depth, between 100 and 120 m (d).



At about 30 m of depth, a weak reflector extending for almost the entire length of the 2-D section (black dotted line) can be observed. This GPR signal could be associated with the contact between fractured material and underlying basement host material. Below the depth of 30 m, the profile is characterized by the absence of any reflections, confirming the presence of homogenous granitic rock (e). This observation is consistent with the regional setting of the entire region, where the crystalline basement represents the main geological formation [51]. The goodness of this observation is further supported by the use of an antenna having a central frequency of 124 MHz, which ensures a penetration depth of about 50 m in the granitic substratum.



To be noted is also the presence of sub-vertical structures at about 100 m and 180 m (black lines), whose inner regions are characterized by absence of reflections, due to attenuation phenomena affecting electromagnetic waves during their propagation through altered materials [6]. Considering the regional geological setting of the area, the presence of dike-structures filling large fractures in massive rocks cannot be excluded.



The energy content of GPR signals is shown in Figure 8, for profile 1 and 2, respectively. These sections indicate the reflection energy associated with electromagnetic waves, where dark red corresponds to high energy level, while green indicates a low energy content.



As can be seen, it is possible to identify the presence of both near-surface fractured materials and a subsurficial high energy zone. This evidence, in line with what was previously shown [11,49], confirms the connection between the presence of fractures and high energy signal reflections. Below the depth of 45 m, a homogenous green area can be observed, corresponding to the granitic unaltered material.



The authors are aware of the critical role of the dielectric constant in GPR data interpretation. However, the choice of literature values for dielectric constant is part of the authors’ strategy to present a methodological approach to detect subsurface fractures under the limited conditions characterizing a quarry excavation area. In addition, the chosen value of dielectric constant corresponds to the average value among literature values associated with different degrees of altered/fractured granite [52], something that approximates the site conditions hereby addressed.



With regard to energy content, it should be noticed that a large contrast in dielectric constant clearly results in a high signal amplitude. The presence of water filled structures might be the reason for a considerable signal amplitude increase. For this reason, although only a single value of dielectric contrast was used in experimental results, we interpret the results as strongly affected by the presence of water filled structures.



As far as the resolution is concerned, the adopted instrument guarantees a vertical resolution of about 27 cm. According to the theory of thin beds [53], it is possible to detect reflections corresponding to fractures having thinner apertures, provided that these structures are separated by a distance equal to the vertical resolution. These thinner structures can generate a contrast of electromagnetic impedance due to interferences of down- and upward waves bouncing within the thin layer.



Moreover, GPR velocity models often incorporate sources of error that commonly affect the accuracy and precision of a velocity estimate [54]. Accordingly, the application of additional geophysical prospecting techniques, such as active seismic and electrical resistivity tomography, is usually recommended to further validate GPR results. However, due to the particular location of the hereby presented study case, constraining data interpretation with direct data was not achievable. Nevertheless, the analysis of in-situ rock samples was used to support our results interpretation. Based on in-situ observations, we confirm the presence of metamorphosed granitic rocks characterized by a moderate level of weathering and alteration (Figure 9). Considering the abundance of compacted opaque minerals surrounded by very fine-grained ground mass characterizing these rocks, it is possible to confirm the good engineering quality of this material as railway ballast, in line with what was previously shown [5].



Our results demonstrate the applicability of the UAV GPR method for identifying subsurface fractured levels that serve as a guide for optimizing quarry design and hence reducing related production costs.




5. Conclusions


The characterization of quarry excavation areas for railway ballast production poses a big engineering challenge due to huge extraction operational costs and associated safety issues. In line with this, one of the preliminary steps for minimizing costs and maximizing revenue in the railway ballast production industry is represented by fracture identification within highly-resistant geological formations. Besides, guaranteeing security during quarry operations constitutes an important task among mining activities. The presented approach can be adopted to identify structural discontinuities and quickly detect areas that have the potential for quarry exploitation in the most cost-effective way and under adequate safety conditions. Consequently, the method can be used as a tool to support quarry planning activities.



We present a methodological approach for fast characterization of a quarry excavation area, by exploiting the advantages of the novel drone GPR technology and with the support of the photogrammetric technique. Drone GPR profiles were recorded at the quarry site in the municipality of Falconara Albanese, Southern Italy, allowing for the identification of subsurface fractures. The proposed approach can be applied not only for subsurface discontinuities mapping, but also for effectively evaluating the depth of rock layers. In addition, the installation of a camera on a Phantom RTK drone allows for the spatial reconstruction of the whole quarry area. As a consequence, the presented method is capable of supporting quarry strategic design and development prior to cutting the benches of a quarry.



On the whole, we show that the drone GPR technology can be successfully used to detect surficial fractured zones at the quarry site. In particular, the choice of a relatively low frequency antenna allows for the investigation of the extent of discontinuities and fractures down to a depth of about 50 m. Based on the outcomes of this study, we conclude that the area is suitable for further exploitation purposes and for railway ballast production under safe conditions.



In mountain regions, the evaluation of site accessibility may lead to increased transportation time and cost while performing railway industry operations. For this reason, the adoption of drone GPR technology helps in carrying out geological investigations in poorly accessible areas, such as those presented here. Performing GPR surveys in complex geographic conditions constitutes a big challenge for engineers and geologists in their efforts to cope with harsh topographic environments. Thus, this work shows the advantages of using a powerful instrument like a drone, which is capable of flying autonomously, while assuring safer conditions during field work operations and more precise results compared to those obtained from the application of traditional prospecting techniques. Moreover, it has to be highlighted that the UAV-GPR technology leads to economic benefits, with it being relatively cheap compared to costlier and more time-consuming borehole traditional methods or manual surveys, which require rock core samples to be retrieved from underneath the surface. Besides, carrying out manual surveys would also necessitate interruption of production activities, something that would in turn affect the whole business. Considering that cost calculation is particularly relevant to mining activities such as those relating to ballast aggregate production (i.e., drilling, blasting, and crushing operations), the presented UAV-GPR approach provides a low-cost geological survey solution, capable of limiting railway ballast production costs. In addition, the integration of photogrammetric images allows for a more accurate characterization of the entire quarry area, something that was not previously tested at that site.



In order to increase the near-surface resolution, a GPR investigation with higher frequency antennas (e.g., 800 MHz) is recommended. Although the use of higher frequency antennas helps to better identify structural discontinuities and fractures in the first meters of subsurface, the inclusion of antennas with different frequencies would also add value to the results.



Considering the adoption of GPR, the present study may be considered as a step forward, since conventional quarry site-characterization analyses for railway ballast purposes usually do not include GPR data. Moreover, due to ongoing quarrying operations and related safety issues, a detailed field site survey was not viable. This fact prevented us from obtaining information about faults and their spatial arrangement within the quarry site. Accordingly, this study, far from providing local geological insights, offers railway engineers a methodology for quarry site characterization, by taking into account available geological information. In addition, we are currently working on the harmonization of image processing techniques and artificial intelligence algorithms for automatic detection of discontinuities from GPR profiles in the context of quarry technologies development. In this way, it is possible to further benefit from advantages related to the application of the drone GPR method, particularly at sites where local geological information is missing.



Although crystalline hard rocks are hardly capable of hosting groundwater due to their absence of porosity, it has to be remarked that these rocks become more porous in response to tectonic processes and actions, which leave them intersected by fractures and faults, as also shown in [47]. In this way, fractures and faults systems allow for the transportation of surface water to deeper levels of the earth’s crust. The application of GPR methods in hard-rock terrains is, hence, also relevant for fruitful exploration of groundwater resource zones.



Moreover, the application of the GPR method in granite rocks is recommended as attenuation of electromagnetic signal is generally low in such geological materials. In this case, high penetration depths (several meters) can be reached while preserving a good resolution. For this reason, GPR represents a very promising method for deeper fracture and fault identification, and at the same time a flexible prospecting alternative, which guarantees reliable results. Finally, the application of drone GPR is particularly useful for the purpose of detecting fractures in this specific case and, hence, distinguishing intact geological materials from fractured ones, with the aim of improving quarry management in a non-destructive way.



The proposed results have been developed within the framework of a research project oriented towards quarry security operations in production processes [55], and could be integrated with UAV systems embedding infrared thermography sensors [56].
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Figure 1. Scheme presenting an overview on the methodological approach. 
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Figure 2. Local geological materials and quarry location. Details are provided in the text. 
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Figure 3. Pictures showing the 3D reconstruction of the quarry. On the bottom, a slight enlargement shows additional details of the quarry topography. 
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Figure 4. Ground station inside the quarry and the drone GPR used in the survey. 
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Figure 5. (Top panel): view from top of flight trajectory corresponding to Profile 1. (Bottom panel): view from top of flight trajectory corresponding to Profile 2. Area I corresponds to the excavated zone, while area II indicates the collection zone. 
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Figure 6. Commonly interpreted features of GPR sections. 
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Figure 7. (Top panel): interpreted profile 1. The inner region of the excavation area (a), the contact between altered/unaltered granite (b), fractured area (c), V-shaped structure in correspondence of the road (d), large fractured area (e), and the point object (f) are shown. (Bottom panel): interpreted profile 2. The presence of fractured near-surficial substratum (a), scattered zones corresponding to discontinuities (b), large fractured area with water filled structures (c), smaller fractured area (d), homogeneous granitic rock (e), and sub-vertical structures (f) are shown. 
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Figure 8. Energy content of GPR signal for Profile 1 (top) and 2 (bottom), respectively. 
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Figure 9. Details of quarry wall. The presence of granite geological formation is shown. Besides it can be observed a moderate level of rock weathering. 
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Table 1. Extraction from GPR data. Details about the survey, including altitude, are provided.
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	Trace
	Roll (°)
	Pitch (°)
	Yaw (°)
	Latitude (°)
	Longitude (°)
	Altitude (m)





	1
	0.45
	1.11
	58.70
	39.2879524
	16.0973279
	−0.14



	2
	0.41
	1.08
	58.68
	39.2879524
	16.0973279
	−0.13



	2
	0.43
	0.81
	58.61
	39.2879524
	16.0973279
	−0.13



	3
	0.42
	0.72
	58.70
	39.2879524
	16.0973280
	−0.13



	4
	0.43
	0.70
	58.67
	39.2879524
	16.0973280
	−0.12



	5
	0.41
	0.78
	58.66
	39.2879524
	16.0973280
	−0.12



	6
	0.43
	0.71
	58.69
	39.2879524
	16.0973280
	−0.11



	7
	0.43
	0.53
	58.71
	39.2879524
	16.0973280
	−0.10



	8
	0.46
	0.59
	58.74
	39.2879524
	16.0973280
	−0.10



	9
	0.44
	0.97
	58.66
	39.2879524
	16.0973280
	−0.10



	11
	0.45
	1.19
	58.69
	39.2879524
	16.0973279
	−0.11



	11
	0.41
	0.97
	58.72
	39.2879524
	16.0973279
	−0.12



	12
	0.40
	0.66
	58.69
	39.2879524
	16.0973280
	−0.11



	13
	0.43
	0.64
	58.78
	39.2879524
	16.0973280
	−0.11



	14
	0.44
	0.83
	58.68
	39.2879524
	16.0973280
	−0.09



	15
	0.44
	1.05
	58.70
	39.2879524
	16.0973280
	−0.08



	16
	0.45
	0.85
	58.67
	39.2879524
	16.0973280
	−0.08



	17
	0.52
	0.64
	58.72
	39.2879524
	16.0973280
	−0.08



	18
	0.49
	0.64
	58.69
	39.2879524
	16.0973280
	−0.07



	19
	0.49
	0.76
	58.70
	39.2879524
	16.0973280
	−0.08
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Table 2. Electromagnetic Properties of Earth Materials (Griffin, 1995).
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	Material
	Relative Dielectric Constant
	Conductivity (mS/m)
	Velocity (m/ns)
	Attenuation (dB/m)





	Air
	1
	0
	3
	0



	Fresh Water
	80
	5
	033
	1



	Dry Sand
	3–5
	01
	15
	01



	Wet Sand
	20–30
	1–1
	06
	03–3



	Limestone
	4–8
	5–2
	12
	4–1



	Granite
	4–6
	01–1
	13
	01–1



	Ice
	3–4
	01
	16
	01
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