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Abstract: The main goal of the research is to assess the effectiveness of aerial ground-penetrating radar (GPR)
in delineating boundaries between disturbed clayey ground and rock formations along the old Wadi. The study
also tackles technical challenges associated with drone-based GPR applications in urban open areas,
considering geological heterogeneity, topographic variations, and environmental conditions. The potential of
using drone-based GPR equipped with an unshielded dipole antenna as a transformative tool in geospatial
analysis was demonstrated. The research encompasses academic insights and field borehole drilling
experiments to validate the accuracy and reliability of drone-based GPR data in real-world scenarios.
Anticipated contributions include advancements in understanding drone-based GPR technology for mapping
disturbed soil boundaries in foundation engineering applications and other relevant areas and

recommendations for optimizing its performance in challenging terrains.
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1. Introduction

Accurate mapping of boundaries between disturbed ground and natural rock or soil is critical
for advancing foundation engineering practices [1-3]. Conventional surveying methods, including
local 1D borehole drilling and manual 2D geophysical surveys (e.g., Electrical resistivity
tomography), face limitations in coverage, cost, and time efficiency, especially in challenging terrains
[1,4]. Overcoming these challenges requires innovative techniques like ground-penetrating radar
(GPR) to understand subsurface structures comprehensively. Beyond foundation engineering, in
agriculture, traditional land GPR has already found applications in monitoring soil water content
during irrigation in clay-disturbed soils [5] and mapping nonlinear boundaries between covering
clayey soil and natural soil for agricultural purposes [6]. For example, Guo et al. [7] utilized land-
based GPR to study the 3D sedimentary architecture of recent sediments in the Yungang braided
river study area in Datong (China), emphasizing the need to characterize unstable, disturbed ground
quantitatively.

Environmental applications also include using land-based GPR in prospecting alluvial karst and
structures associated with subsidence areas [8]. Sass et al. [4] applied ground-based GPR to gain
knowledge about the thickness and internal structure of the Oschingen landslide in Germany,
detecting near-surface sediment structures despite signal attenuation and reflections. In
transportation infrastructure assessment, the GPR unit attached to a railway vehicle was used to
assess the condition of Croatia's old railway underground infrastructure [9,10]. The numerous
applications of GPR for road pavement assessment were reviewed in [11]. The railway/highway
vehicle-based GPR studies are held above the ground at a fixed distance, mapping underground
infrastructure, including pavement thickness, disturbed soil, and gravel inventories.

However, ground-based GPR is limited to a few measurement lines in relatively flat and
accessible areas convenient for traditional land GPR measurement.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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On the other hand, Airborne ground-penetrating radar (GPR) emerges as a cutting-edge
technology, utilizing electromagnetic waves to penetrate the subsurface and capture detailed
geological information [12]. In contrast to traditional ground-based GPR, drone-based GPR offers
several advantages over conventional ground-based methods [13]. Unmanned aerial vehicles (UAVs)
equipped with GPR sensors can rapidly and non-invasively cover large and unacceptable areas,
offering a three- and even four-dimensional perspective of the subsurface boundaries with their
geotechnical properties and achieving heightened spatial resolution [14].

Additionally, what sets drone-based GPR apart is the Real-Time Kinematic (RTK) GPS
positioning. That enables precise survey paths to be repeated, opening new opportunities for 4D data
acquisitions [15]. The UAV-mounted GPR system, equipped with advanced signal processing
techniques such as cross-correlation-based background subtraction and interference suppression
[16,17], ensures accurate detection of underground targets. Geotechnical properties such as soil
moisture mapping [18] and field-scale soil electrical conductivity mapping [19] can be achieved using
drone-borne GPR.

This technology is beneficial in regions with limited accessibility, such as hill slopes prone to
landslides or areas affected by colliery waste. Ruols et al. [20] successfully recorded a significant 3D
dataset using drone-borne controlled-source electromagnetic (CSEM) systems over alpine glaciers,
showcasing the feasibility of obtaining intricate imagery of the immediate subsurface in challenging
terrains. Vergnano et al. [21] also applied drone-borne GPR with a 900 MHz antenna for snow cover
depth mapping in the Alpine regions. Concluding that drone technology is ready to support GPR-
based applications at high altitudes and mapping the proper surface under snow cover.

Saponaro et al. [22] exemplified the utility of drone-mounted GPR in guiding and optimizing
mining operations. By mounting two 120 MHz GPR antennas on a drone, they successfully mapped
structural discontinuities within local geological materials in a quarry excavation area in Falconara
Albanese, Italy. This application demonstrates the adaptability of drone-based GPR for specific
geological investigations. Edemsky et al. [23] conducted experiments in challenging clay soils,
revealing characteristic objects in the upper subsurface environment using airborne GPR. However,
the challenges of using GPR in clayey soil, where electromagnetic waves rapidly decay, are
acknowledged [23]. This difficulty is manageable, as Cheng et al. [6] demonstrated when using land
GPR for mapping disturbed clayey layers in agricultural fields.

Similar to [21], our study uses drone-based GPR to map disturbed clayey ground depth. Despite
the challenges, Edemsky et al. [23] highlighted penetrating clayey soil with aerial GPR due to fast
wave decay. Experiences in land GPR applications, such as [6] mapping of disturbed clayey layers in
agricultural fields, suggest potential avenues for success.

The primary objective of our research is to investigate the efficacy of aerial ground-penetrating
radar in mapping boundaries between disturbed clayey ground and the rock formation based on the
old Wadi and showcasing its potential as a transformative tool in geospatial analysis.

The study also addresses technical challenges associated with drone-based GPR applications in
urban open areas, considering geological heterogeneity, topographic variations, and environmental
conditions. The scope encompasses academic information and borehole drilling experiments in the
field to validate the accuracy and reliability of UAV-based GPR data in a real-world scenario.
Anticipated contributions of this research include advancements in the understanding of drone-
based GPR technology in disturbed soil boundary mapping for foundation engineering applications
and in other areas where this is required and recommendations for optimizing its performance in
challenging terrains.

2. The site under study

The construction site under study is located in Beer-Sheva city on the northern edge of the Negev
desert, approximately 115 kilometers southeast of Tel Aviv and 120 kilometers southwest of
Jerusalem. The town is positioned along the primary route from the central and northern parts of the
country to Eilat in the far south (Figure 1a). Specifically, the site is located in the western part of the
city (Figure 1b) within the boundaries of old Wadj, filled by disturbed clayey soil during the
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Children’s Park construction (Figure 1c). The filling soil is classified as low plastic inorganic clay up
tosilty clay (CL/ML indexes following the Unified Soil Classification System [24]). This soil is a matrix
for carbonate pebble-size material overlaying calcareous sandstone from the Pliocene period (Figure
1d). A drilling survey, intended to reach a depth of 15 meters, faced essential challenges and was
prematurely halted at 5 meters. A robust underground water stream necessitated this cessation and
the collapse of the disturbed clayey ground, vividly illustrated in Figure 2. Antecedent government
topographic data for the region indicated the presence of natural rock or soil surfaces at depths

ranging from 8 to 15 meters, lacking precise details.
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Figure 1. The maps of the construction site under study. (a) The zoom-out map of Israel, (b) The map

of Beer Sheva city with a superimposed red triangle indicating the location of the site under study, (c)

The orthophoto of the Children’s Park with the construction site under study marked with red, made

right before the survey, (d) The zoom-in fragment of the geological map of the region [25] with a

superimposed red triangle indicating the location of the site under study.
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Figure 2. The photographs of the drilling campaign. (a) The drilling machine used for the campaign
aborted midway, (b) The closer view around the drilling borehole reveals a distributed soil (filling)
composition, primarily consisting of approximately 90% CL/ML matrix [24] and 10% random
concentrations of white chalk pebbles, (c) Zoom inside the drilling borehole, depicting the presence
of water at a depth of 5 meters and evident collapse in the pit's sides around 4 meters depth.

3. Materials and Methods

A drone-based GPR system comprises integral components, each playing a crucial role in
ensuring the accuracy and functionality of the technology. The fundamental component at the core
of this system is the GPR unit manufactured by RADAR Systems, Inc. (RADAR SYSTEMS Inc., Riga,
Latvia). This single-unit GPR includes the radar transmitter and receiver antennas, which emit
electromagnetic waves into the ground and capture the reflected signals. The selection of antennas is
a critical consideration, tailored to the specific application, considering factors such as the desired
penetration depth and resolution.

The amalgamation of GPR technology with drone technology for foundation engineering
surveys signifies a synergistic alliance between aerial platforms and subsurface sensing capabilities.
As depicted in Figure 3, the GPR unit is securely mounted onto the drone, positioned beneath the
aircraft, with the radar antennas (the dipole antenna in the case under study). This configuration
enables the drone to transport the GPR system while maintaining an optimal distance from the
ground to ensure accurate data acquisition. Furthermore, Real-Time Kinematic (RTK) technology is
seamlessly integrated to provide georeferencing, facilitating precise data mapping to specific
geographical coordinates. The SKYHUB computer (SPH Engineering, Riga, Latvia) meticulously
maintains data synchronization between the DJI M300 drone and the GPR unit, ensuring coherent
and reliable information collection throughout the flight.

Several crucial specifications must be considered to attain optimal performance in the
integration process. The selection of the GPR frequency is paramount as it directly influences the
depth of penetration and the resolution of subsurface data. Lower frequencies provide greater depth
penetration but may compromise resolution, while higher frequencies offer finer details at shallower
depths [26]. The choice of the appropriate frequency band hinges on specific research objectives and
the characteristics of the particular site under investigation [26,27].
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Figure 3. A DJI M-300 drone with a GPR 150 MHz dipole antenna at the bottom provides subsurface
sensing capabilities up to 15 m below the surface. The Sky-Hub computer, which is positioned on the
right side, is responsible for controlling automatic flight operations. At the front of the drone, a small
radar (altimeter) measures the distance from the ground, maintaining a constant flight altitude of 5
meters. The survey took place around the construction site at the Children's Park in Beer-Sheva City,
Israel (Figure 1c).

To address the uncertainty in geological exploration by borehole drilling and optimize
subsurface penetration, a drone-based GPR system was configured with a central frequency of 150
MHz. The chosen operating bandwidth spans from 75 to 300 MHz, with a scan resolution of 512 to
1024 samples per scan. This GPR configuration aims to provide detailed insights into the subsurface
composition, contributing to a comprehensive understanding of the geological structure in the
construction site vicinity. Moreover, the drone's payload capacity and flight time are critical factors
influencing the system's overall usability. A well-balanced drone with adequate payload capacity
ensures the secure mounting of the GPR unit without compromising flight stability.

Drones present a distinctive advantage in their adeptness at efficiently covering expansive areas
while effortlessly navigating urban impediments such as fences, trees, bushes, and streetlights,
thereby maintaining a constant and stable flight pattern around the area of interest. Given the
prevalence of high trees and fences encircling the construction site at Children's Park(Figures 1c and
3), the drone's flying altitude was restricted to 5 meters above the surface. To optimize data
acquisition over the undulating terrain of the park, the selected flight path commenced at the hilltop,
descending around the construction site's center, aligning with the natural surface of the hills beneath
the distributed soil. Leveraging SKYHUB technology, the drone's trajectory is pre-programmed to
follow a designated pattern, often comprised of parallel flight lines or a grid configuration tailored
to the research objectives. These predefined patterns enable the GPR sensors to capture data across
the entire survey area precisely. Figure 4 visually represents the specific flight pattern executed in the
park around the areas of interest.
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Figure 4. The Children's Park construction site (dashed red line) is enclosed by a white fence (Figure
3). The yellow point in the center marks the drilling test location (Figure 2). The drone's precise flight
path begins and ends at the west corner of the hilltop (purple circle), capturing changes in the natural
surface under the distributed clayey soil. Obstacles like streetlights, trees (marked with white), and a
metal fence (marked with blue) are visible on the map. The numbers show the straight section of the
drone flight.

The flight altitude and speed of the drone impact the flight-path design, as they affect the
sensor's effective field of view. Like ground-based GPR, slow velocity scanning is preferable for
underground features [26,27]; therefore, the flight velocity was set to 1 m/sec. The drone's flight
altitude was optimized to maintain a consistent ground clearance for data accuracy. Figure 5 shows
the typical calculation scheme [28,29] for estimating the radius of the maximum exposure area under
the drone at the surface (R1) and underground (R2) as a function of desirable drone altitude (H) and
requirable target depth (D).

Drone Altitude

Earth Surfac

Target D

\

Figure 5. Airborne GPR footprint calculation, modified from [28-31].

Based on Egs. 1-3, R1 is a function of the drone’s altitude (H), speed of the electromagnetic wave
in material (v), and radar center frequency (f) [29-31].

V =300/e 1)
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A=V/f (2)
R1 = 24¥2 3)

where A is the wavelength, ¢ is the value of air relative dielectric permittivity (~1) [26,27]. Eq.
1 returns v, of 300 mm/ns. Based on Eq. 2 and f that was set to 150 MHz, the 4 value is 2 m.
Therefore, H =5 m above the ground yields the value of R1 equal to ~2 m.

Depth and resolution are also critical factors affecting the quality of data collected through
drone-based GPR surveys. Depth refers to how deep the radar waves can penetrate and gather
information into the ground. The choice of GPR frequency plays a pivotal role in determining
penetration depth. Balancing depth and resolution is an ongoing challenge, and it is essential to strike
a harmonious equilibrium to obtain the most informative and high-quality data during drone-based
GPR surveys. To estimate the radius R2 of the maximum exposure area under the drone at a depth
under the earth's surface (Figure 5), and additional parameters such as vertical resolution (Dg) and
minimum size (4,,;,) of a detectable object, additional equations are required [28-31]:

R2 = R1+@ @
A _((D+H)/10, (D +H)/10 > D )
mn { Dg/2, (D + H)/10 < Dy (6)

Considering Children’s Park's local clayey saturated soil near-surface lithology, the estimated
value g, according to Eq.1, is ~15 [26,27]. Therefore, following Eq. 2, vqy is 77.46 mm/ns, and hence
for the depth D =15 m, the estimated radius of the object at such a depth R2 is ~5 m with Dz =1m
and A, =2 m. Empathizing that H =5 m is a good choice for searching the underground natural
rock or soil surface (which is covered by a few meters of distributed clay).

4. Results

The meticulously planned flight path, strategically designed to optimize the capture of
subsurface features, is depicted in Figure 4 (green lines with numbers). The drone commenced its
survey from the hilltop (the purple circle), where the surface transitions to natural rock, and followed
a perpendicular direction to the dip of the hill. The flight was organized into distinct sections to
address specific objectives. The initial section, from west to east (waypoints 3 to 8), aimed to
circumvent urban obstacles such as 4-meter trees, 1.5-meter fence, and 4.5-meter streetlights while
maintaining a low altitude of 5 meters above the ground.

The second section, traversing from northwest to southeast (waypoints 0 to 7), mirrored the first
but in the opposite direction, mapping the sub-rock natural surface to the hills' natural surface. The
third section was primarily dedicated to examining underground variations in the east-west
direction, investigating whether the slope exhibited drastic changes or maintained a consistent
formation beneath the surface.

As detailed in Sect. 3, the penetration depth for the aerial survey was established at a minimum
of 15 meters underground, a consideration guided by the saturated clay's geophysical properties.
This parameter ensured comprehensive subsurface data collection, allowing for a thorough
exploration of the geological structure beneath the clayey soil.

Figure 6 presents the radarogram from the first survey section (waypoints 3-8, as illustrated in
Figure 4), offering a detailed insight into subsurface structures. The horizontal and vertical axes
denote path and depth distances in meters, with the 0-meter level in the vertical direction set at the
Children's Park surface. Hilltops are designated in a positive vertical direction, while the subsurface
is represented in a negative vertical direction. Waypoints 3-8 are distinctly marked with vertical black
lines and corresponding numbers at the top of Figure 6.
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Figure 6. The radargram illustrates the first survey section (waypoints 3-8 from Figure 4). The
horizontal and vertical axes represent path and depth distances in meters, with the Children's Park
surface at the 0-meter level. Key features include distinct lines representing the surface, variations in
distributed soils, a light blue line indicating a water layer at 5 meters depth, a dark blue line marking
the top of the weathered rock at around 8 meters depth, and a purple line signifying the natural hard
rock surface starting from the hilltop and descending under the park at approximately 10 meters
below ground level. Parabolic reflections from obstacles along the flight path are also visible.

The results reveal distinct features in the radargram. The surface is represented by a continuous
line (in white), while variations in the distributed soils are marked by red, orange, yellow, and green
lines. A light blue line denotes a saturated water layer, validated by the 5-meter depth observed by
the drilling campaign ( Figure 2). The dark blue line signifies the top of the weathered/erosive rock,
positioned approximately 8 meters below the park's surface. A purple line highlights the natural hard
rock surface, commencing from the hilltop and descending beneath the park's surface at
approximately 10 meters below ground level. Furthermore, hyperbolic reflections of high intensity
are evident from fences and trees along the flight path, providing additional insights into the
subsurface composition and potential obstacles.

Figure 7 presents radargram from the second and third survey sections (Figure 4, waypoints 0-
7 and 7-13 in Figure 7), providing critical insights into the subsurface composition. The color scheme
aligns with the description above in Figure 6, with 0 meters set to the park's surface (in white) and a
penetration depth of 15 meters underground. Notably, the water layer is identified approximately 4
meters underground, while the desirable rock layer is detected around 8 meters beneath the surface.
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Figure 7. This radargram illustrates the second and third survey sections (waypoints 0-7 and 7-16
from Figure 4). The horizontal and vertical axes represent path and depth distances in meters, with
the Children's Park surface at the 0-meter level. Key features include distinct lines representing the
surface, variations in distributed soils, a light blue line indicating a water layer at 5 meters depth, a
dark blue line marking the top of the weathered rock at around 8 meters depth, and a purple line
signifying the natural hard rock surface starting from the hilltop and descending under the park at
approximately 10 meters below ground level. Parabolic reflections from obstacles along the flight path

are also visible.

Figure 8 provides an updated photo capturing the process of drilling 14-meter pile foundations
at the construction site. The pervasive brown, wet, and distributed clayey soil is evident throughout
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the image, reflecting the challenges posed by the water table at around 5 meters depth. To counter
the risk of collapsing drilling pits, a Bentonite mixture was employed during the drilling process to
stabilize the surrounding soil.

Remarkably, the photo unveils the presence of yellow sandstone fragments at the drilling
bottom, representing the natural rock layer at an estimated depth of 9 meters beneath the construction
site surface. This observation aligns with the subsurface composition revealed in GPR results in
Figures 6 and 7. The consistency between the field observation and GPR findings substantiates the
accuracy and reliability of the applied aerial GPR technology, showcasing its potential for real-world
applications in foundation engineering. Additional hydro-geological analysis of GPR findings
showed that they correlated with the natural water flow direction of the park's wadi, descending
from east to west.

Figure 8. The photograph of the construction site under study during the pile drilling campaign. Wet
brown clayey soil, stabilized with Bentonite, is visible on the surface. Extracted yellow sandstone at 9
meters corresponds accurately to GPR findings (Figures 6 and 7), affirming the reliability of aerial
GPR for subsurface mapping in foundation engineering.

4. Discussion

Our study demonstrates the remarkable advantage of drone-based ground penetrating radar
(GPR) in accurately mapping the natural rock surface beneath a substantial layer of clayey soil at the
construction site in Beer-Sheva's Children's Park. The conventional challenges faced by traditional
surveying methods, such as spot-wise borehole drilling, were overcome by leveraging the unique
capabilities of drone-based GPR. Combining aerial platforms with subsurface sensing capabilities
enabled a comprehensive understanding of the complex subsurface structure, which was crucial for
foundation engineering. Our choice of a 150 MHz central frequency is a successful compromise
between the clay dielectric properties, which proved effective in penetrating the clayey soil and
revealing the underlying natural rock formations. Especially using an unshielded low-frequency
dipole antenna, generally not recommended in urban environments due to the effect of above-ground
obstacles (e.g., fence, trees, etc., Figure 6), allowed us to distinguish natural subsurface features
(Figures 6,7) successfully.

The flight path planning, illustrated in Figures 4, 6, and 7, strategically considered urban
obstacles like trees, fences, and streetlights, allowing the drone to navigate efficiently at a low altitude
of 5 meters above the ground. This meticulous planning, coupled with the high-resolution GPR data,
enabled the precise identification of the transition from clay to natural rock surfaces. The validation
process, involving the validation of the drilling results, geological maps, and on-site observations
during foundation drilling, consistently affirmed the accuracy of our GPR-based mapping. The
success in differentiating soil types and identifying the natural rock surface at varying depths
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showcases the potential of drone-based GPR as a transformative tool in subsurface characterization
for foundation engineering applications.

The successful correlation between the GPR observations and the actual subsurface structure
validates the technology's efficacy and underscores its significance in overcoming challenges
associated with waterlogged clayey soil during construction activities.

The insights provided by the radargram compensate for the limitations encountered during the
drilling test, offering valuable data for informed decision-making in construction planning.
Moreover, it is invaluable in ensuring foundation structures' stability and effectiveness in varying
geological conditions. This information is crucial for engineering considerations, aiding in planning
appropriate foundation pile lengths for future structures.

5. Conclusions

The application of drone-based GPR was an effective tool in identifying the boundaries between
disturbed clay soil and rock formations along the old Wadi stream. The methodology of its
application in generally unfavorable conditions, clayey soil, and above-ground obstacles (trees, metal
fence, etc.) was considered. The potential of using unmanned ground penetrating radar (GPR)
equipped with an unshielded dipole antenna as a transformative tool in geospatial analysis has been
successfully demonstrated. The study contributes to understanding drone-based ground penetrating
radar technology for mapping disturbed soil boundaries as an integral part of foundation design in
complex environments.

The features of integration of ground-based and drone-based GPR technologies and the
possibility of studying horizontal and vertical engineering objects are the issues for our future
studies.
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