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Abstract: Continuous measurements of soil moisture in the deeper parts of the unsaturated zone
remain an important challenge. This study examines the development of an integrated system for the
continuous and 3-D monitoring of the vadose zone processes in a cost- and energy-efficient way. This
system comprises TDR, ERT and GPR geophysical techniques. Their capacities to adequately image
subsurface moisture changes with continuous and time-lapse measurements are assessed during an
artificial infiltration experiment conducted in a characteristic urban site with anthropogenic fills and
much compaction. A 3-D array was designed for each method to expand the information of a single
TDR probe and obtain a broader image of the subsurface. Custom spatial TDR probes installed in
boreholes made with a percussion drilling instrument were used for soil moisture measurements.
Moisture profiles along the probes were estimated with a numerical one-dimensional inversion model
and a standard calibration equation. High conductivity water used during all infiltration tests led to
the detection of the flow by all techniques. Preferential flow was present throughout the experiment
and imaged sufficiently by all methods. Overall, the integrated approach conceals each method’s
weaknesses and provides a reliable 3-D view of the subsurface. The results suggest that this approach
can be used to monitor the unsaturated zone at even greater depths.

Keywords: infiltration experiment; vadose zone hydrology; soil moisture; TDR; geophysics; ERT;
GPR; water movement; 3-D monitoring; time-lapse measurements

1. Introduction

The unsaturated, or vadose, zone is the part of the subsurface that lies on top of the
water table, where numerous key processes that govern the energy and mass transfer
between the atmosphere and the subsurface take place [1]. Measuring the hydraulic
properties of the vadose zone in an accurate way is vital in a broad range of applications
that extend from water resources management and agriculture [2,3] to meteorology and
geotechnical studies. Monitoring, predicting and modeling water storage, fluxes and solute
transport through that zone can ameliorate risk assessment and treatment planning of
contaminated areas and provide an estimate of percolation and groundwater recharge
rates [4,5]. Precise and methodical monitoring of the downward motion of the waterfront
during an artificial or natural infiltration event is pivotal in quantifying and modeling
aquifer recharge, waste disposal leakage and artificial recharge basin efficiency [6]. The
unsaturated zone can also regulate the available water for irrigation, act as a zone of
filtration for contaminants released on the ground surface through chemical, biological and
physical processes and play a pivotal role in slope stability and flood management [1].

Monitoring and characterizing the vadose zone is a demanding operation, especially
when the research has to reach important depths, because of the complex, highly dynamic
and non-linear nature of transport processes, such as precipitation, infiltration and evapo-
transpiration. Temporally and spatially varying soil parameters and hydraulic properties
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lead to great soil heterogeneity [7–9]. Comprehensive reviews regarding flow processes,
mechanisms and definitions of the unsaturated zone can be found in [10–13].

The shallow unsaturated zone can be sufficiently mapped with relatively high resolu-
tion and spatial coverage with surface geophysical methods. However, these techniques are
less efficient for monitoring the deeper parts of the unsaturated zone since their resolution
and reliability diminish with increasing depth. For these parts, boreholes are the most
appropriate and common way to attain adequate vertical resolution for quantitative hydro-
logical portrayal, either via direct sampling or as ingress points for the indirect techniques,
but the cost and labor required are many times prohibitive [1].

TDR has been a widely accepted indirect electromagnetic method for soil moisture
measurements, both in the laboratory and the field, for more than 5 decades [14–17]. It
measures the travel time and propagation velocity of a high-frequency electromagnetic
signal along two- or three-parallel metal rod probes that act as transmission lines [18,19].
The travel time strongly depends on the bulk dielectric permittivity of the soil surrounding
the probe, which is highly influenced by its amount of moisture. Empirical and semi-
theoretical calibration equations and models are used to relate the dielectric permittivity
measured to soil volumetric water content [17,20]. The main asset of TDR is that provides
continuous, rapid, automated and accurate measurements of apparent relative dielectric
permittivity and bulk soil conductivity in the same sample volume because of its high-
frequency operation [21,22].

TDR and point-measurement techniques measure a small volume of soil, confined
to a few centimeters around the probes, which makes them sensitive to air gaps and
macropores, resulting in constrained representativeness and elevated uncertainty for field-
scale spatial coverage [23,24]. Establishing a larger network of many point-scale sensors
can be costly, labor-intensive and impractical [25–28]. Moreover, these techniques involve
drilling and installing probes, which disturb the soil structure, leading to less representative
soil conditions and water content measurements [29]. The biggest constraint of TDR is
its inability to measure the apparent relative permittivity of highly saline soils accurately,
where it systematically overestimates the water content [30,31].

Most TDR investigations for soil moisture determination and water flux monitoring
have been limited to the shallow vadose zone, in the vicinity of the rhizosphere [6,32–36].
During the last 20 years, various TDR probes have been designed to achieve a WC profile
at depths greater than a few centimeters from the surface. Kallioras et al. (2016) [6] state
that ‘a holistic investigation of the water flux through the unsaturated zone, as well as
the monitoring of the wetting front down to significant depths through the unsaturated
zone, demands the installation of spatial TDR probes, which penetrate significantly deep
down through the unsaturated zone’. Spatial TDR has been named the technology of soil
moisture profile measurements [37]. Ref. [38] introduced a methodology for deep vadose
zone monitoring using TDR probes with flexible waveguides attached to a flexible sleeve.
Ref. [39] developed a probe called TAUPE for use with common TDR instruments and
for spatial and vertical soil moisture profile measurements. Ref. [40] used custom and
commercial inflatable TDR probe packers, lowered into a borehole, for the monitoring
of a 14 m thick vadose zone. Ref. [41] presented a new technique for the installation of
access-tube TDR probes and the calibration of soil water profiling measurements in deep
heterogeneous soils, while [42] designed several cylindrical access tubes, with surface-
mounted waveguides and varying geometrical characteristics, for in situ soil moisture
measurements. Ref. [43] developed a technique for soil sampling and horizontal installation
of three-rod TDR probes in the walls of vertical or angled boreholes, to a depth of up
to 10 m, contributing to the daunting task of characterizing the deeper vadose zone.
Refs. [37,44–48] developed and used several spatial probe designs and inversion algorithms
for the monitoring and reconstruction of transient soil moisture profiles, both in the field
and in the laboratory. Ref. [6] implemented a series of field techniques for investigating
soil moisture profiles at significant depths of the unsaturated zone, utilizing specially
designed probes.



Water 2024, 16, 2559 3 of 34

The development of spatial TDR probes for the accurate determination of soil moisture
profiles at depths greater than a few centimeters is of the utmost importance for many
groundwater investigations, such as monitoring and mapping solute transport processes
and aquifer contamination [49–51]. Comprehensive reviews on measurement principles,
calibration equations and applications of TDR in porous media can be found in [23,52–55].

To fill the gap between point-scale and remote sensing methods, non-invasive geophys-
ical techniques have been deployed for more than twenty years to investigate hydrological
processes and map soil moisture variabilities in the unsaturated zone with improved spatial
characterization and field representativeness compared with point methods [11,28,56–61].
These techniques lead to a better understanding of water flow and storage in the soil during
processes such as infiltration [62–66], transport of tracers [67–69] and plume dissemina-
tion [70].

Ground penetrating radar (GPR) and electrical resistivity tomography (ERT) have been
the most common geophysical methods in hydrological studies over the last decades. GPR
is an electromagnetic technique, akin in theory to TDR, that generates a high-frequency
electromagnetic pulse (1 MHz–1 GHz) and measures the propagation velocity of the
transmitted and reflected wave into the ground [26]. The fairly high spatial resolution
of the method and the strong link between propagation velocity and soil bulk dielectric
permittivity, which in turn is strongly associated with soil moisture [17], are the reasons
for the wide acceptance of GPR for time-lapse soil moisture estimation and mapping of
water distribution in hydrological studies [56,58,71]. In addition, the non-invasive nature
and bigger sampling volume of GPR make it less liable to air gaps and macropores than
TDR [23]. Similar to TDR, when conductive materials, like saline and clay soils that exceed
1 dS/m are present, the signal is attenuated and the wave penetration depth is restricted to
a few meters [60,72].

Several ground-based and cross-borehole GPR studies have been conducted over the
last two decades to monitor water movement in the vadose zone during natural and forced
infiltration events and infer the hydraulic properties of the subsurface [28,64,65,73–81]. An
extensive review of GPR in groundwater studies during the last twenty years can be found
in [82].

ERT is probably the most utilized non-invasive geophysical technique for groundwa-
ter investigations. Typically, a pair of electrodes injects electrical current into the ground
while another pair measures the resulting voltage difference within the generated electric
field. From that difference, via forward modeling and inversion techniques, the subsurface
electrical resistivity allocation can be inferred [83], which is the inverse of electrical conduc-
tivity and expresses the intrinsic capacity of a material to resist the flow of electrical current
through its body [11,61].

ERT can provide high-resolution subsurface images and automated data acquisition.
However, mostly in unsaturated conditions, electrical resistivity profiles are dependent not
only on soil water content but also on parameters such as pore water salinity, grain size,
temperature and clay content, which complicate vadose zone investigations [28,58]. Con-
ducting time-lapse measurements is presumably the best way to minimize the impacts of
these parameters and is a great tool for monitoring water infiltration since it can minimize
the effect of lithology and other factors that affect resistivity. Therefore, temporal SWC
changes can be mapped with high accuracy and, for this reason, ERT has been applied in
numerous field-scale hydrological studies in the vadose zone over the last decades [84],
which include tracer and solute transport monitoring during controlled infiltration experi-
ments [65,69,75,85–91], monitoring of soil water flow patterns under different irrigation
scenarios [29,92–94], contaminant, tracer and water plume monitoring during snowmelt
infiltration [4,95–97] and rainfall and fresh water plume infiltration monitoring [9,98,99].
More insight into the use of ERT in hydrogeology can be found in [100].

The importance of time-lapse geophysical data in hydrological studies is highlighted
in [7,77,89,101–104], while [105–107] used this technique to study complex infiltration and
recharge processes [58].
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The aim of this study is to develop an integrated system for the 3-D, real-time, contin-
uous and in situ monitoring of soil moisture variations and hydrological processes in the
shallow vadose zone during an artificial infiltration experiment. The system comprises TDR
with custom spatial probes, near-surface ERT and GPR, as well as a percussion drilling and
soil sampling technique for heterogeneous soils. TDR is selected as a reference method for
accurate soil moisture estimations in the vicinity of the probes and it is coupled with ERT
and GPR for a more spatial image of the water fluxes in the unsaturated zone during and
after infiltration. This work evaluates the advantages and limitations of these geophysical
techniques in mapping the unsaturated zone processes with time-lapse measurements
and examines the potential of this system for continuous and accurate soil water content
measurements at depths greater than a few meters from the ground surface, which is a
major remaining issue of unsaturated zone hydrology. Converting geophysical tomograms
into quantitative estimates of water content is beyond the scope of this paper since a quali-
tative cross-check among TDR, ERT and GPR meets the requirements of this study. The
infiltration experiment was conducted at an experimental field site on the NTUA campus
in Athens, Greece.

2. Materials and Methods
2.1. Infiltration Experiment Setup

An infiltration setup was designed and installed at the experimental field site to
monitor, in a 4D, spatiotemporal, real-time and continuous fashion, the soil moisture
variations and hydrological processes in the unsaturated zone during a forced-infiltration
experiment, implementing an integrated system comprising TDR, GPR and ERT, as well
as, hand-operated auger, percussion drilling and soil sampling sets. This site was selected
because it is accessible and characteristic of urban conditions, mainly composed of gravel,
sand and anthropogenic fills, such a, rubbles, bricks and dashes of mortar. The soil lacked
cohesion and consistency in its structure, indicative of some kind of disturbance during
filling and construction works.

In the center of a 7 m × 8 m plot, a cylindrical hole with a diameter of 57 cm and a
depth of 20 cm was excavated, and a double-ring infiltrometer was installed, where the
water was going to infiltrate the soil at a rate of about 1 L/min, after a constant infiltration
rate was achieved. A 600 L tank served as the source of water, while one ballcock was
installed in each one of the rings to control the water flow and achieve a steady inflow. The
outer ring of the infiltrometer had a diameter of 57 cm and a height of 25 cm, while the
inner one had a diameter of 32 cm and a height of 25 cm. These dimensions are literature
standard design for double-ring infiltrometers. Both rings were inserted 5 cm vertically
into the soil to minimize the lateral spreading of the water and achieve a vertical initial
infiltration, while no part of the rings projected from the surface, as the GPR grid lines
transected the hole. Both rings were made of plastic to avoid interference with GPR and
ERT measurements. A custom TDR probe with a length of 1 m was installed vertically in
the center of the inner ring (Figure 1).

The hydrogeophysical survey was conducted in the summer of 2022 and consisted
of four phases. After the end of each phase, a period of three weeks was allowed so
that the plot could dry as much as possible under the influence of the scorching heat
and the infiltration test could be repeated with similar conditions. The water infiltration
process lasted roughly four hours, and a volume of about 500 L of water infiltrated the
soil during each phase of the experiment. Despite the high environmental temperatures,
the evaporation of water was considered insignificant because of the small surface of the
infiltrometer setup (about 0.26 m2) and the short duration of the experiment.

The first phase was conducted in July and included the deployment of the TDR
technique with the use of a single probe installed in the center of the plot. The second
phase comprised a 3-D TDR array with four more probes, identical to the original, installed
two meters apart from the central probe in a cruciform array. The purpose of this phase
was to investigate if we could obtain important information with point measurements
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regarding the direction of the infiltrating water and how the shallow unsaturated zone
behaves. We wanted to test if the single-probe system could be expanded into a spatial
grid and detect, in a more spatial manner, what ERT and GPR could detect. A degree
of agreement among the TDR, ERT and GPR results would validate the development of
an integrated, high-accuracy and powerful system for the monitoring of the infiltrating
front, benefitting from the strong points of each method. Appropriately combining the
continuous, automated and high-accuracy soil moisture measurements by TDR and similar
dielectric sensors with the spatial coverage of conventional geophysical techniques would
be an important leap forward in the monitoring and understanding of the vadose zone
processes, such as infiltration and evapotranspiration and their non-linear relationship with
soil moisture.
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Figure 1. (a) The 7 m × 8 m field plot of the infiltration experiment. (a,b) The 3-D ERT survey plot
with 72 electrodes and 1.0 m electrode spacing. (c) The double-ring infiltrometer in the center of
the plot where the water infiltrated the soil, the central TDR probe installed in the center of the
double-ring setup and the integrated Campbell Scientific TDR monitoring setup comprising a pulse
generator (TDR100), a datalogger (CR800) and a multiplexer (SDMX50) (Manufacturer: Campbell
Scientific Ltd., Loughborough, UK).

The third and fourth phases included the deployment of ERT and GPR, respectively,
based on the TDR results from the first two phases. During the third phase, a rectangular
7 m × 8 m ERT survey plot with a total of 72 electrodes (8 lines with 9 electrodes each)
with 1.0 m electrode spacing was designed for 3-D resistivity measurements of the under-
ground during the infiltration experiment (Figure 1). The pole–dipole array was preferred,
and the furthest electrode was situated at a 100 m distance from the plot. The position
of that electrode was measured with GPS and factored into the calculation of apparent
resistivities [108]. The pole–dipole array was chosen for its enhanced lateral and vertical
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resolution of the subsurface, which contributed to a better monitoring of the flows and
paths of the infiltrating water. A total of ten resistivity measurements were conducted.
Each one lasted about 24 min, and the whole experiment lasted more than four hours. The
first measurement was conducted before the infiltration started, in dry conditions, to obtain
a glimpse of the subsurface in its natural state and obtain a reference image on which the
interpretation of the subsequent images was based. The other nine measurements were
conducted during infiltration and until the end of it.

The fourth phase was designed to cross-check the results of the first three phases and
provide additional insight into the hydrological processes of the shallow part of the vadose
zone. Based on the water flow indicated by TDR and ERT, four intersecting GPR grid
lines were designed to detect the same movement in 2-D and 3-D mode. Each line crossed
the center of the grid, where the double-ring infiltrometer was installed, to capture water
movement in any direction. The results from GPR transect line 4 were expected to be of
great importance since that was the main direction of the infiltrating water, as indicated by
ERT and TDR. A total of fourteen GPR measurements were conducted during infiltration.
Four more were conducted during the first hour after infiltration stopped to monitor how
the waterfront and the unsaturated zone settled and behaved, while a single measurement
was conducted before infiltration to image the initial state of the subsurface and moisture
remnants from the previous phases. With these four phases, the spatiotemporal movement
of water and the continuous and high-accuracy spot water content profiles were obtained
using time-lapse ERT, GPR and TDR measurements.

The installation of the five spatial custom probes for the first and second phases of
the experiment required drilling vertical boreholes with a diameter of 7 cm and a depth
of 1.2 m. Initially, drilling was carried out with a hand-operated auger, with a diameter
of 7.5 cm, by Eijkelkamp (Royal Eijkelkamp, Giesbeek, The Netherlands). However, after
a depth of 60 cm, hand-operated augering was not possible because of the presence of
large gravels, boulders and rubbles that tended to block the rotation of the instrument.
From that depth onwards, a percussion drilling set by Royal Eijkelkamp, ideal for urban
areas and soils with bricks and large stones, was used. The gasoline-powered percussion
hammer utilized was Makita HM 1400 (Makita U.S.A., Inc., La Mirada, CA, USA), and the
maximum drilling diameter was 7.5 cm. Even in this case, the maximum depth achieved
did not exceed 1.3 m. After that depth, the gouge was filled with large stones, and its
extraction was almost impossible because of the enormous friction generated. That was the
determining factor in deciding on the length of the custom TDR probes, which was limited
to one meter for this experiment. During all drilling stages, soil sampling was conducted,
and soil cores were retrieved every 20 cm, up to a depth of 1.2 m, for soil profile description
and classification.

This work tries to expand the use of TDR in a more spatial array and assess the
capacity of ERT and GPR to monitor spatial soil moisture changes. The three techniques
have different sensing volumes and measurement resolutions. The drilling setup flexibility,
ease of transport and performance are also evaluated. The final takeaway considers the
developed system as capable or not for monitoring and mapping the water fluxes and
hydrological processes at greater depths of the vadose zone, which is invaluable information
for several processes and applications, as is the quantification of the underlying aquifer
recharge [6].

2.2. Infiltration Rate and Grain Size Analysis

To better interpret TDR soil moisture profiles and geophysical tomograms, several
field and laboratory tests were conducted to calculate the average infiltration rate and grain
size profile of the experimental field site. For the determination of the infiltration rate,
double-ring and single-ring infiltrometer tests were executed in different spots of the plot
(Figure 2). As [9] states, ‘infiltration is the entry of water into the soil from the ground
surface and the associated flow away from the surface within the unsaturated zone [109].
The speed of this movement is called the infiltration rate, and its unit is length per time. In
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the beginning, the infiltration rate, or infiltration capacity (the maximum rate at a given
time), in dry soils is very high because of considerable matrix suction but then it declines as
time passes because of the saturation of the shallower parts of the soil and the decrease in
capillary suction until it reaches an almost steady rate. This rate nearly equals the saturated
hydraulic conductivity and presents the highest value of conductivity. In unsaturated soils,
the pores are partially filled with air and do not transmit water as fast.
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The double-ring infiltrometer installed in the center of the plot was used to construct
the first infiltration curve. The outer and inner rings were constantly filled with water for
more than 6 h, maintaining a water level inside the rings between 5 and 10 cm. The water
level was recorded at certain times, and the respective infiltration curve was constructed
(Figure 2). About 600 L of water infiltrated the soil during the test.

The main advantage of the double-ring infiltrometer, in contrast with the single-ring
infiltrometer, is that the water infiltrating the soil from the outer ring acts as a buffer wall
that confines the lateral dissemination of the infiltrating water from the inner ring and
forces it to infiltrate mostly vertically in the upper parts of the infiltrating zone, which
generally leads to a more representative infiltration curve.

The single-ring infiltrometer is also used in the literature and is considered a good
supplementary or alternative technique since the double-ring infiltrometer takes a lot of
time and water. For the determination of the single-ring infiltration curve, a metal cylinder
with a diameter of 8 cm and a height of 20 cm was driven 5 cm into the soil. A water
level of 10 cm was maintained during the test by filling the cylinder with water. The
measurements and water refill happened every 4 min, except for the first measurement,
which was conducted after 1 min. The test lasted 45 min, a time when the infiltration rate
had reached a nearly constant value for at least 15 min. The single-ring infiltrometer has
been utilized broadly in literature (e.g., [110–112]).

The single-ring and double-ring infiltration curves are presented in Figure 2. The
differences between the two are quite substantial. The single-ring curve presents a much
higher infiltration capacity. At the beginning of the test, in the infiltration phase called
sorptivity, the infiltration capacity of the single ring is 15 mm/min, while that of the
double ring is 10 mm/min. During sorptivity, the water flows much faster because matric
forces draw water into the soil rapidly. The constant infiltration rate, or the near-saturated
hydraulic conductivity, of the single ring is around 4 mm/min, while that of the double ring
is around 0.5–1 mm/min. That difference might be explained by the fact that in the center
of the double-ring setup, a TDR probe is installed. The probe might reduce the infiltration
capacity in two ways. First, the subsurface infiltrating area of the inner ring is reduced
because of the body of the probe, and the infiltration capacity is reduced. Second, the probe
produces preferential flow, and the water tends to flow against its walls. Unfortunately,
some kind of preferential flow is unavoidable when installing a probe in the soil, which
is something that has to be addressed more in the future. As a result of the above, the
infiltration below the inner ring is restricted, and the water tends to infiltrate slower.
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In general, hydraulic conductivity is spatially and temporally variable. The elevated
infiltration capacities at 90 min and after 180 min probably indicate some preferential flow
routes that the waterfront encountered and the time the capillary action and gravity needed
to direct the infiltrating water that way. The lack of consistency in the double-ring data
indicates soil compaction differences and preferential flow paths, like cracks and fissures,
that lead to a much lower coefficient of determination (R2) compared with the single-ring
data. The different field spots of the tests, even though the distance between them is less
than 2 m, and the resulting heterogeneity in the soil (differences in compaction, texture,
structure and preferential flow) give rise to big differences in the infiltration capacity
estimated by these techniques. The double-ring test was conducted under the influence of
the probe for the estimation of the infiltration rates on the spot where the water infiltrated
the soil during the infiltration experiment, while the single-ring test revealed the influence
of the probe on the infiltration capacity of the soil.

Soil water movement is greatly influenced by soil physical properties such as parti-
cle size distribution, structure, bulk density, pore size and organic matter content. The
proportion of sand, silt and clay, i.e., the particle size distribution, determines the texture
of mineral soil. Soil texture influences soil properties, such as water holding capacity,
infiltration rates, hydraulic conductivity, drainage, susceptibility to erosion and organic
matter content. For example, the large open macropores in sandy soils permit faster water
movement than the smaller pores of silt or the even smaller micropores of clayey soils. This
movement is even slower if the soils are heavily compacted.

Soil structure, i.e., the organization of particles, plays a crucial role in infiltration rates
and how water moves through soil. Well-structured clayey soil has higher saturated hy-
draulic conductivity than structureless sandy soil. There are several types of soil structures,
such as single grain, blocky, sub-angular blocky, platy, granular and prismatic. Water
moves faster in soils with granular structure than in soils with a platy structure, which
compels a longer, indirect path downward. All in all, soil profiles found in nature are highly
heterogeneous with different soil types and structures in every direction, and this chaotic
mixture of different vertical and horizontal layers with different physical properties affects
how water moves through the soil.

In order to better interpret the experimental results and draw valid conclusions about
water content, water movement, infiltration rates and flow paths during the various phases
of the infiltration experiment, a grain size analysis was performed in the laboratory to
determine where the soil type changes and what the spatial variability is from site to site.
During the excavation of the boreholes, a soil sample with a length of 1.2 m was retrieved
from each borehole and divided into six 20 cm subsamples so that an elaborate grain-size
profile could be constructed. However, because of the nature of the soil, that was not
possible. Each sample contained grains with a size from a few mm up to 7–8 cm. According
to the standard used, the minimum weight for the grain size analysis of a sample with a
maximum grain size of 7.62 cm is 30 kg. Each one of the five samples weighed no more
than 15 kg, so each sample had to be processed as a whole and not in sections. The textural
analysis comprised sieving for grain sizes bigger than 0.063 mm and a sedimentation
method with a hydrometer, following Stoke’s Law, for sizes smaller than 0.063 mm. The
particle size distribution curve of each borehole can be seen in Figure 3, and the grain size
analysis is provided in Figure 4 and Table 1.

The most fundamental takeaways from the particle size distribution curves are sum-
marized in Table 1. The grain size analysis showed that the five soil samples comprised
mostly gravel and sand at a percentage that consistently exceeded 70%. The clay fraction
was a single-digit number in all cases, while the silt percentage was relatively high, between
13 and 23%. The aggregate amount of silt and clay almost reached 30% in boreholes C
and Central. These percentages of fine materials suggested high hydraulic conductivity
values, which were validated by the values estimated from the curves utilizing the Hazen
method. Hazen (1911) [113] proposed an empirical equation (Equation (1)) that calculates
the hydraulic conductivity from a particle size distribution curve, where k is the hydraulic
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conductivity and D10 is the effective grain size. Borehole D presented the highest hydraulic
conductivity value and borehole C presented the lowest.

k = D10
2 (1)
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Figure 4. The 3-D probe array developed for the second phase of the infiltration experiment and the
respective grain size analysis and hydraulic conductivity of each borehole. Only the central probe
and probe D recorded soil moisture variations during the first and second phases of the experiment.
The blue arrows indicate the infiltrating waterfront direction based on the results of the second phase.
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Table 1. The textural class and grain size analysis of each borehole, as a weight percentage of the
total sample’s dry weight, after the disposal of organic matter. The coefficient of uniformity (Cu), the
coefficient of curvature (Cc) and hydraulic conductivity (k) were also extracted from the particle size
distribution curve.

Borehole Textural Class Gravel (%) Sand (%) Silt (%) Clay (%) Cu Cc k (m/day)

B Sandy loam 41 38 13 8 870.9 2.44 3.205
A Sandy loam 33 42 16 9 577.98 0.89 2.851
D Sandy loam 37 40 17 6 550.1 1.17 5.14
C Sandy loam 28 44 20 8 445.21 0.63 2.082

Central Sandy loam 30 41 23 6 423.87 0.36 3.266

The coefficient of uniformity (Cu) and the coefficient of curvature (Cc) are other
indicators of soil quality. If Cu is greater than six and Cc lies between one and three, the soil
is considered well-graded, as the soil in boreholes B and D, while the soil from boreholes A,
C and Central is considered gap-graded. These facts can also be deduced from Figure 3,
where curves B and D are smoother than curves Central, A and C.

All samples were classified as sandy loam on the soil textural triangle (Figure 5), with
respect to their percentage of sand, silt and clay, according to the soil taxonomy by the
USDA. However, because of the large percentage of gravel, the textural class of samples A,
C and Central was better defined as stony sandy loam, while that of samples B and D was
defined as very stony sandy loam, according to the USDA. The stony nature of the samples
and the high percentages of gravel and sand are the result of filling and construction works.
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2.3. Inverse Modeling for the Estimation of the Soil Moisture Profile

The most common TDR probes use the measurement of the average water content
along their length, which is useful for applications such as hydrological balances where
the total soil water depth has to be estimated [54]. However, the measurement of the
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vertical water content profile along the probe is quite useful in applications, such as
irrigation planning, crop management, aquifer recharge, runoff/flood forecasting and
solute transport handling [114]. A soil moisture profile can be realized in three ways. First,
by installing several vertical TDR probes of varying lengths or horizontal probes at different
depths [52]. Second, by installing a custom probe with special discontinuities that produces
reflections and acts as multiple horizontal probes [25,115–123]. Third, by using a numerical
inversion model for the reconstruction of the soil moisture profile along the probe. The
first two methods are based on the average soil moisture along the probe, while the third
one processes TDR data extracted from the reflections along the rods. Numerous TDR
waveform inversion techniques have been developed over the years for the estimation of
soil moisture profiles [19,46,47,52,124–126], but they are not error-free. Common issues are
the validity of the wave propagation model, the non-uniqueness of the inverse solution
and accuracy of TDR measurements, since they are influenced by soil salinity, temperature,
moisture content and cable properties [52].

In this work, the one-dimensional model of Todoroff and Lan Sun Luk (2000) [19]
was selected for the estimation of soil moisture profiles from TDR signal traces. It is a
numerical model that estimates soil moisture profiles along probes from the waveforms
measured [19]. The first stage of the model includes the direct computation of simulated
signal traces from the dielectric permittivity distribution of the surrounding soil where
the pulse propagates. The second stage is basically the first stage in reverse order, hence
the name inverse model. The moisture content distribution along the transmission lines
is estimated from the reflected traces of the electromagnetic pulse. The model regards
the propagation medium as heterogeneous, and the transmission line is divided into
infinitesimally small sections of different lengths, dz, but identical transit time, where each
one is considered as homogeneous, characterized by an inductance, Ldz, a resistance, Rdz,
a capacitance, Cdz and a shunt value, Gdz. For real-time estimations, the authors assumed
that the propagation medium is lossless, i.e., the conductance (G) and the resistance (R) are
non-existent and there is no electrical resistance or conduction between the conductors [19].

Each infinitesimal segment of the transmission line is traversed by two voltage waves,
traveling in the positive (U+) and in the reverse (U−) direction, called upgoing or trans-
mitted and downgoing or reflected wave, respectively. The propagation of the pulse in
the soil is regarded as a succession of elementary propagation processes, each producing a
transmitted and a reflected wave at the junction between these segments. Each junction
is characterized by a reflection coefficient (ρ) and a transmission coefficient (1 + ρ) for the
upgoing wave (U+) and a reflection coefficient (−ρ) and a transmission coefficient (1 − ρ)
for the downgoing wave (U−). The reflection coefficient is the ratio of the reflected and
transmitted wave and is affected by the impedance difference between two consecutive
segments. Equations (2) and (3) are used for the calculation of transmitted and reflected
wave echoes at each junction. The electromagnetic pulse produces a sequence of echoes
due to the transmission and reflection processes at the junctions between the segments, and
the impulse response of the system at the start is generated [6].

U+(i, j) = (1 + ρi)U+(i − 1, j − 1)− ρiU−(i + 1, j − 1) (2)

U−(i, j) = ρiU+(i − 1, j − 1) + (1 − ρi)U−(i + 1, j − 1) (3)

where U+(i − 1, j − 1) and U+(i, j) are upgoing wave echoes and U−(i + 1, j − 1) and
U−(i, j) are downgoing echoes, while ρi and −ρi are reflection coefficients and (1 + ρi) and
(1 − ρi) are transmission coefficients at the junction (i, j) between segment (i − 1) and i [19].
For the complete guide of impulse response, reflection coefficient, impedance and dielectric
constant computation, from the initial signal traces, the reader should refer to [19].

The apparent relative dielectric constant profiles estimated with this inverse modeling
approach were finally converted into water content profiles by applying the universal
calibration equation by [17] (Equation (4)), where θ is the volumetric water content (m3m−3)
and εr is the apparent relative permittivity. This equation was selected because it is easy to
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apply and is valid for the soil of the experimental site. It has been found to give erroneous
measurements for low-density, highly organic, heavy clay and artificial soils, such as glass
beads, and soils with a high content of greatly dielectric minerals [20,127–133]. In addition,
this equation provides questionable results for volumetric water contents below 0.05 and
over 0.5 and in rock samples, where it overestimates the water content because of low
porosity [54,134,135]. For these types of soils, site-specific calibration is almost a necessity.
Topp’s equation should be restricted to mineral soils with low quantities of bound water,
like sands and loams [23]; since these types of soils were used to establish this calibration
equation, it is valid for 3 < εr< 40.

Although this model presents some weaknesses, it can provide valid results under
certain conditions. As [19] state ‘although this model does not take into account either
wave relaxation phenomena or the electrical conductivity of the medium,

θ = −5.3 × 10−2 + 2.92 × 10−2εr − 5.5 × 10−4εr
2 + 4.3 × 10−6εr

3 (4)

very satisfactory results were obtained by filtering the final reflection coefficient profile.
Filtering of the reflection coefficients had to be incorporated to compensate for the high
sensitivity to noise of the iterative computation and the simplicity of the propagation
hypothesis. The inverted profiles are very close to the direct measurements, validating this
model for measurements in low loss soils’.

3. Results
3.1. TDR Measurements

TDR was selected as a standard monitoring method for providing accurate, continuous
and in situ soil moisture profiles in the vadose zone. The purpose of this work was to
expand the spot use of TDR to a more spatial approach, study the response of custom
spatial probes during the infiltration experiment and evaluate the results in relation to the
coarser subsurface images obtained with ERT and GPR.

During the first phase of the experiment, a single probe, installed in the center of the
grid, was used to monitor the vertical water movement below the point from where the
water infiltrated the soil. In the second phase, a 3-D array with four more probes was
developed (Figure 12) to provide a more spatial image of soil moisture distribution in the
unsaturated zone.

The spatial probe technique was selected to measure the soil moisture profile along the
probe and not at discrete depths. The probes used in this work are of identical design. They
are made of three flat enameled copper wires (6.3 mm × 1.0 mm), serving as waveguides,
glued parallel to each other, with 1 cm spacing, onto a standard HDPE tube with a diameter
of 6 cm (Figure 6). The length of both the waveguides and the tube is 1 m. Copper was
selected because of its low cost and great electrical properties. It has one of the highest
levels of electrical conductivity among all metals and is a great transmission line for the
propagation of high-frequency electromagnetic pulses emitted by a TDR instrument. A
50-ohm RG-58 C/U MIL coaxial cable with a length of three meters and a 50 Ω BNC male
connector was used for the connection between the probes and the instrument. The central
signal pin of the coaxial cable was soldered to the central copper wire, while the ground
(outer sheath) of the cable was split and soldered to the outer two copper wires [18]. An
impedance-matching transformer (balun) was not necessary since the three-rod probe
emulates the coaxial cable [16,21]. Constructing custom probes lowers costs and provides
designs that better fit specific applications.

These custom probes are durable and destined for longer or even permanent deploy-
ment in the ground without losing performance. However, extra precaution is needed
during their installation into predrilled boreholes. Poor installation and soil disturbance are
the largest sources of error in estimated volumetric water content. If installation is poor, the
measurements will be inconsistent no matter how good the calibration and the instruments
are. Errors can result from a deviation in the parallel array of the rods and the creation of
air gaps that greatly affect the estimated water content because of the very low dielectric
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permittivity of air. The electromagnetic field is much denser near the waveguides where air
gaps typically occur, and the sensor is more sensitive there. These few cm next to the probe
have the most influence on the reading and, as a result, when a gap is formed, the sensor
measures air instead of soil. Also, air gaps reduce the penetration of the electromagnetic
field into the surrounding soil. These can lead to an underestimation of the volumetric
water content and even to negative measurements. The goal of installation is to produce
optimal contact between the soil and the probe. The borehole should be straight and
smoothly sliced and have the correct diameter to obtain not only error-free measurements
but also measurements representative of the original soil. Installation in disturbed soil will
produce unrepresentative measurements since the soil properties have been altered. In
order to measure correctly, all parts of the waveguides need to be in direct contact with
undisturbed soil. If any part of the sensor is not touching the soil, that part may measure air
or pure water, which will alter the soil moisture data. The errors from poor installation in
the literature have been cited at 10%, 15% or even more than 20%. Sometimes, air gaps can
be created even if the installation is appropriate because of natural causes, such as voids
created by insects, rodents and plant roots, or because the soil, especially clay, has dried
and fissures have developed.
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In this work, all probes were vertically installed into pre-drilled boreholes (A, B, C,
D, Central, Figure 12) with their bottom at a depth of 1.2 m from the surface and their top
at 0.2 m so that they were the same height as the bottom of the double-ring setup. The
gap between the probes (diameter of 6 cm) and the borehole walls (diameter of 7.5 cm)
was quite small. Nevertheless, this gap was backfilled with the same material originating
from each borehole. The waveguide side of the probes was pushed against one side of the
borehole, and the gap at the back was filled with the original material in reverse order when
extracted to avoid mixing the soil horizons. That material was sieved and mixed with water
in order to remove large stones and gravels and achieve the best contact possible between
the probe and the undisturbed borehole walls. Nevertheless, because of the presence of
large stones in the undisturbed soil, backfilling was necessary even on the waveguide side
of the probes to minimize air gaps.

After the installation, a few months passed before the execution of the first phase of
the experiment, allowing the backfilled soil to consolidate in a natural way and possible air
gaps to close up with the natural settlement of the loosened soil [27]. However, it is not
easy to say to what extent this may occur or how much time it needs since it depends on
precipitation, soil type and density. Be that as it may, we managed to maintain the nature of
the original soil and hopefully achieved an average bulk density that was not very different
from that of the original medium, leading to soil moisture estimations as representative
as possible. When backfilling, compacting the soil too tightly or repacking it too loosely
generates preferential flow and causes the water to move through different pathways and
at different speeds.
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The instrument used was TDR100 by Campbell Scientific Inc. (Manufacturer: Camp-
bell Scientific Ltd., Loughborough, UK). This pulse generator can accurately determine soil
volumetric water content. TDR100 generates a short-rise time electromagnetic pulse, which
is applied via a coaxial cable to the probe and samples and digitizes the resulting reflection
waveform for analysis or storage (TDR100 instruction manual, Campbell Scientific Inc.).
SDMX50, an eight-channel, 50-ohm coaxial multiplexer by Campbell Scientific Inc., was
also used for the continuous and automated reflection waveform measurements of up to
eight different probes. During the first phase, the multiplexer was not necessary since
only the central probe was attached directly to TDR100. Lastly, the CR800 data logger by
Campbell Scientific Inc. was used for the automated storage of the waveforms (Figure 1c).
For the configuration and troubleshooting of the aforementioned TDR100-based system,
such as the definition of the time interval between measurements and the configuration
of the program used by the datalogger for automated waveform measurements, PC-TDR
software (version 3.0) by Campbell Scientific was used.

During the first phase, the water infiltrated the soil for more than four hours at a
constant flow of about 1 L/min after the sorptivity phase. TDR measurements were
conducted using the central probe, with a time interval of one minute. Measurements were
also conducted before and after the experiment to image the initial soil moisture profile
and post-infiltration soil response, respectively.

The output of a TDR measurement is a reflection coefficient versus time graph. The
reflection coefficient is the amplitude of the reflected signal to the amplitude of the trans-
mitted signal. Time represents the two-way propagation time of the electromagnetic signal
along the transmission line. Figure 7 presents a waveform measured at the central probe
comprising the successive reflections of the incident signal and their respective recording
time. From this waveform, using the part between the start and the end of the probe, the
apparent relative dielectric constant profile of the surrounding soil along the probe can be
estimated utilizing the inverse model by [19]. The part before the sensor starts represents
the propagation of the pulse inside the coaxial cable, while the one after the end of the
probe is mostly used to derive information about the electrical conductivity of the medium,
but this is not something that this work dealt with. The estimated dielectric constant profile
was finally converted into a volumetric soil moisture profile (Figure 7b) using the universal
empirical equation (Equation (4)) by [17]. This algorithm was used to estimate the moisture
profiles for all probes during the first and second phases of the experiment.

The setup comprising the custom probes, the instruments, the inversion algorithm
and the calibration equation, was tested several times over the last few years, both in the
lab and the field, with different kinds of soils. The deviation between the volumetric water
content estimated from TDR measurements and that measured from the respective soil
samples using the gravimetric method and the bulk density of the samples was no more
than 3–4% in most cases. Based on these results and because of the fact that the whole soil
sample extracted from each borehole had to be used for grain size analysis, the bulk density
and the gravimetric water content were not measured in this study, and a comparison
between the estimated and measured VWC was not conducted.

Figure 8 presents selected volumetric water content profiles from the central probe,
from the start to the end of infiltration, estimated using the inversion model by Todoroff and
Lan Sun Luk (2000) [19] and the calibration equation by Topp et al. (1980) [17]. Every depth
presented on the VWC graphs is in reality 0.2 m deeper since the zero value corresponds
to the top part of each probe that lies 0.2 m below the ground surface. For better visual
representation and convenience, each profile depth ranges between 0 m and 1 m.

The first line (0 min) presents the moisture profile of the soil surrounding the probe
in dry conditions before infiltration. At a depth between 0.1–0.3 m and 0.9–1.0 m, the soil
moisture is around 3–4%, while at the surface (the bottom of the double-ring setup) and
between 0.4 and 0.85 m, it is close to zero, which is definitely not a natural state of any soil
and possibly indicates the presence of air gaps formed around the waveguides. Very small
VWC values in dry conditions are probably not a big deal and are presumably due to the
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use of a generic calibration equation like the one by [17], which produces small errors at the
low end. Soil-specific calibration increases accuracy to ±2–3% and eliminates such errors.
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Figure 8. The VWC profiles estimated from TDR measurements from the central probe conducted
during the first phase of the experiment. The arrows pointing towards the right indicate a soil
moisture increase, while the yellow areas and the dashed arrows pointing left indicate a soil moisture
decrease. The measurement times are presented in the legend.

Five minutes after the start of the water supply, a moisture value between 4 and
11% can be seen throughout the whole length of the probe (green line), which is probably
evidence of preferential flow induced by the probe itself that generates a vertical pathway
for the downward flow of water. A body of water flows against the probe, and after just
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five minutes, it already reaches the bottom end of the probe. In the next 10 min, the soil
moisture keeps increasing rapidly. After that time and until the cessation of the water
supply after 250 min, the moisture profiles present little variations. This probably means
that the soil surrounding the probe reached a near-saturated state. In this state, the moisture
between 0.1 and 0.3 m ranges between 14 and 19%, while at deeper horizons between 0.7 m
and 1.0 m, exceeds 20% and almost reaches 35% at a certain time. Between 150 and 250 min,
the moisture profiles present a small decline. After 150 min, the soil probably reached a
near-saturation state, and from that point onwards, every decrease in water flow (Table 2)
results in a VWC decrease. This water flow decrease probably indicates changes in the
saturation of the parts of the soil that affect the measurements. If the flow decreases, the
water infiltrates deeper and the above area changes from a saturated to a less saturated
state, and as a result, TDR senses less water and the volumetric water content decreases.

Table 2. The water flow from the tank during the experiment.

Time 0 min 40 min 80 min 140 min 190 min 240 min

Flow (L/min) 2.2 1.5 1.4 1.2 1.0 1.0

The most noticeable observation in all profiles is the abrupt moisture decrease between
0.2 and 0.6 m. This decrease, along with the almost zero initial moisture content, in all
probability indicates the presence of air gaps at these depths that heavily underestimate
the water content. Some soils, like clays, can also cause cracks to form around the sensor.
As mentioned, the electromagnetic field generated is more sensitive right next to the
waveguides and, because the sensing volume of a probe is just a few cm, the sensor is
greatly affected by the air layer and much less by the soil layer beyond the air gaps. This
moisture decrease could also mean the existence of a compacted and less permeable horizon
at that depth, maybe due to drilling, which impedes the water from flowing in the soil,
and the only flow against the probe happens because of adhesive and cohesive forces. This
decrease is not obvious in ERT tomograms (Figure 12), which is rather reasonable because
of the coarser resolution of ERT. TDR senses differences that ERT cannot because of its very
small sensing volume. Also, more water is accumulated near the bottom end of the probe
where the moisture almost reaches 35%, which indicates a more permeable layer in that
area, in contrast to the zone between 0.1 and 0.2 m, where the moisture is less than 20%.

After the cessation of the water supply, the instruments were left on and buried in
the ground to monitor the water holding capacity of the soil and how the moisture settled
during a period of selected VWC profiles right after the water supply stopped and for
several hours later, as well as on selected days afterward. The first noticeable decrease
in soil moisture is observed 10 min after the water supply stopped (green line). During
this 10 min period, the infiltration process remains almost the same since the double-ring
setup was half-filled with water that needed to infiltrate the ground. During the next five
minutes, the moisture decreases quite rapidly from 17% to 12% at 0.2 m and from 20% to
10% at 0.8 m. This fact indicates once again a very permeable medium with low water
holding capacity. When the supply of water stops, the soil cannot retain much water, which
infiltrates deeper because of gravity. After 45 min, the moisture keeps decreasing but at a
lower rate since most of the water already left the soil surrounding the probe. The changes
are minor and are mostly witnessed at 0.2 m and below 0.8 m. At 0.2 m, the moisture drops
from almost 19% at the cessation of water supply to almost 7% after more than three hours.
The alterations can be better understood starting from the bottom of the graph, where the
profile lines are more discernable.

Selected measurements are presented for one to seven days after infiltration. The soil
moisture keeps decreasing, mainly in the upper and lower parts of the sensor. At 0.2 m, the
moisture drops from around 6% after one day to less than 5% after seven days. However,
after three days, there is an abrupt increase to 9% (blue circle) due to water infiltrating the
soil after a light rainfall event in the afternoon on that day. A slight soil moisture increase
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due to rainfall can also be noted below 0.8 m, which is once again a clear indicator of
the high infiltration velocity resulting from the preferential flow produced by the probe
itself. The profiles between four and seven days are almost identical below 0.3 m, which
suggests that this part of the soil reached field capacity. All the gravity-drained water
leaves the system, and the remaining water is held by suction in mesopores and micropores.
In the middle part, between 0.4 and 0.8 m, the moisture is almost zero, possibly because
of air gaps and a potential impermeable layer; thus, less water is concentrated into the
sensing volume of the sensor, and lower moisture values are estimated there. Lastly, all
soil moisture profiles present the same pattern of abrupt decrease between 0.2 and 0.7 m,
similar to the ones during infiltration, which shows that serious air gaps are still present
between the probe and the soil at those depths. Figure 9, just like Figure 8, shows greater
moisture near the bottom part of the probe. The water drains quite fast since after just a
few hours, the available water has infiltrated deeper because of gravity and the soil has
nearly reached field capacity. The greater moisture percentage near the bottom end and the
fast drainage indicate the presence of a more permeable layer below 0.7 m, seemingly with
more coarse material and less clay.
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Figure 9. Selected VWC profiles of the central probe after infiltration. The arrows pointing towards
the left indicate the general trend in the soil moisture decrease, while the blue circle and the arrow
pointing right present a VWC increase due to a rainfall event.

During the experiment, the flow from the tank, indicating the flow with which the
water was infiltrating the soil in the inner ring, was measured with the use of a flowmeter,
as shown in Table 2. In the beginning, where the soil is unsaturated and sorptivity is in
effect, the flow is 2.2 L/min. After three hours, the soil is nearly saturated, and the flow is
constant at 1 L/min.

As seen in Table 1, the central borehole comprises 71% coarse material, which means
that the water holding capacity of the soil is not that great. It drains fast, and it is saturated
fast, which is more obvious near the bottom part of the probe where the water presence
is greater.

In the second phase of the experiment, four probes (A, B, C, D), identical to the
central one, were installed two meters apart from the center of the plot in a cruciform
array (Figure 12) to investigate the capacity of TDR to monitor hydrological processes in a
more spatial manner and provide more information about the behavior of the infiltrating
water. This phase was conducted under the same conditions as the first phase. The water
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supply lasted for four hours, and a total volume of approximately 500 L infiltrated the soil.
TDR measurements were automatically recorded and stored in the datalogger during the
experiment, with a time interval of one minute.

Figure 10 presents the reflectograms of the four newly installed probes during the
second phase. Each graph presents the reflectograms for each probe from the beginning
to several hours after the end of infiltration, except for probe D because of an unexpected
malfunction in the respective channel of the multiplexer that led to distorted measurements
after 4.5 h. During infiltration and several hours after the end of it, probes A, B and C
showed no sign of water detection since all reflectograms were identical. No water reached
these probes, either by gravity or capillarity. However, this was not the case with probe
D. Although during the infiltration there was no sign of water presence, a reflectogram
deviation appeared the exact moment when the water supply stopped after four hours
(Figure 10). Between 240 and 260 min, the reflection coefficient kept decreasing, which
validates the arrival of infiltrating water at probe D. The lower the reflection coefficient, the
more conductive the medium.
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Figure 10. The output reflectograms of the four newly installed probes during the second phase of
the experiment. Only probe D presents reflection coefficient variations after 240 min (yellow circles
and yellow box), which indicate the arrival of the infiltrating water at this probe.

Figure 11 presents the soil moisture profiles for probe D, from the infiltration start
to 20 min after the cessation of the water supply. These profiles were estimated from the
reflectograms in Figure 10, applying the inversion model by Todoroff and Lan Sun Luk
(2000) [19] and the calibration equation by Topp et al. (1980) [17]. During infiltration, there is
no VWC change. The initial moisture of the medium surrounding probe D ranges between
6 and 10% and increases with depth, probably because the water from the first phase
infiltrated deeper because of gravity, while near the surface, the soil lost some moisture
because of evapotranspiration and capillarity. These values are greater than those of the
central probe before infiltration, probably because the water of the first phase moved in
this direction as well. The soil retains some moisture; therefore, more pores are filled with
water and the moisture estimated is higher. After 240 min, however, the infiltrating water
reaches the lower part of the probe below 0.6 m. Between 240 and 260 min, more water
accumulates around the lower part and the VWC keeps increasing, while the part above
0.6 m remains unaffected. Presumably, if probe D’s measurements were not corrupted after
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260 min, water content variations would be present around the upper parts as well since
there seems to be a permeable soil layer in this direction with high hydraulic conductivity,
as indicated in Table 1. As a result, the infiltrating water follows this route and enters the
sensing volume of the probe, generating higher moisture estimations.
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Figure 11. The soil moisture profiles of probe D during the second phase of the infiltration experiment.
After four hours, the water reaches the lower part of the probe and for the next 20 min, the water
content keeps increasing.

The average velocity of the lateral movement of the water, in the direction from the plot
center to the lower part of the probe, was calculated at around 0.56 m/h using Equation (5).

3.2. ERT Measurements

The purpose of these measurements was to investigate the capacity and constraints of
electrical resistivity tomography (ERT) to capture the resistivity allocation in the unsatu-
rated zone of an urban area disturbed by anthropogenic fills during a forced infiltration
experiment and complement the information provided by TDR during the first two phases
with a much more spatial approach. The electrical resistivity of the soil is affected by
various soil properties such as soil moisture, texture, porosity, pore water resistivity and
soil temperature [136]. The alterations in the resistivity affected by the dissemination of the
water plume are presented as a function of time. The ERT results were also assessed for
their level of agreement with the geological and hydrological data of the area and with the
TDR and GPR results.

ERT uses multiple four-electrode measurements to image the soil resistivity distri-
bution in 2-D or 3-D mode. An electrical current (I[A]) is injected into the soil by two
current electrodes, and the difference in the resulting voltage (U[V]) is measured by two
potential electrodes using several combinations among these electrodes along a transect
or grid [66,97,137]. By shifting the electrodes further apart, deeper and bigger lateral
coverage of the subsurface can be achieved. This potential difference and the geometrical
arrangement of the electrodes provide an image, known as a tomogram, of the resistivity
model of the subsurface, considered homogeneous half-space, after geophysical inversion
processing. Since the inversion process is ill-posed, the estimated model is non-unique and
indicates a smoothed representation of the true resistivity distribution [66].

The measurements were conducted with a SYSCAL IRIS PRO instrument by Iris
Instruments, with 10 parallel channels, using 72 electrodes, in a 7 m × 8 m grid. The design
of the grid was based on the results of the second phase in order to validate the flow imaged
by TDR. The pole–dipole array was selected for a better lateral and vertical resolution of
the subsurface. The obtained data were processed with Res3Dinv. A Leica Differential GPS
series 1200 system was used to position the infinite electrode.

The third phase of the experiment lasted for more than four hours, and a total of ten
measurements were conducted. Selected tomograms of these measurements are presented
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in Figure 12. Each measurement took about 24 min to complete, and the respective tomo-
gram imaged the subsurface at a depth of up to two meters. The first measurement (0 min)
was conducted before infiltration, in dry conditions, to obtain a glimpse of the subsurface
in its natural state and a reference image on which the interpretation of the subsequent
images was based. The contrast between the dry and wet stages of the soil was used to
distinguish the static resistivity distribution from the variations produced by the infiltrating
waterfront [9]. At 0 min, with no water infiltrating the soil, the subsurface is characterized
by non-uniformity. The reddish left side zone presents lower resistivity values (around
120–130 ohm.m) than the yellow right-hand side (greater than 200 ohm.m), which might be
an indicator of the presence of more fine-grained, loose and not-so-well-compacted material
(silts and clays) that generally is less resistive because of its water holding capacity due
to matric forces. The percentage of coarse material is high (Table 1), while the interstices
are probably filled with fine-grain material. However, as it can be seen in Table 1 and
Figure 3, borehole D, which lies in the reddish area, indeed contains fine-grained material
but presents the second lowest sum of silt and clay in relation to all the samples and
predictably has the highest hydraulic conductivity values. Furthermore, the sample of
borehole D is characterized as well-graded. In the same way, the more resistive yellow area
implies coarser and more cohesive materials, which is not entirely true based on Table 1
because of the presence of fine-grained material at a percentage of more than 20% in all
directions. Gravel presents the greatest variation, up to 13%, between boreholes C and B,
while the deviation between sand and clay is 6% and 3%, respectively. Considering this,
a possible explanation for the non-uniformity of the underground could be a difference
in compaction between the different zones of the subsurface. Also, a few weeks before
the first phase of the experiment, the double-ring infiltration test took place. The higher
conductivity areas could be the result of the moisture retained by the fine-grain material
in the soil because of matric suction that was neither evaporated nor infiltrated deeper.
The yellow, brown and green areas potentially represent coarse-grained and coherent soil
unaffected by the infiltrating water of the double-ring test. Unfortunately, a meticulous
grain size analysis every 10 or 20 cm was not possible because of the nature of the soil, and
we can only speculate about the soil profile at each depth.

We can see the vertical movement of the infiltrating waterfront (blue circle) in the
center of the grid 67–90 min after the infiltration started, below the double-ring setup, with
very low resistivity values, which reached a depth of 1 m. On the other hand, there does
not seem to be important lateral movement of the waterfront just yet, which is an indicator
of preferential flow around the central probe. Only after the saturation of this part, the
water will start moving laterally.

In general, resistivity decreases as moisture increases. The tomograms show changes
in resistivity, not in moisture content. Soil water content and resistivity are not connected in
a linear way since resistivity is more sensitive to water content changes at lower saturations;
their relationship is also dependent on the type of soil [9]. An ERT tomogram shows the
permeable formation that bears the water and not the water itself. A permeable formation
has high electrical resistivity because of a high percentage of coarse material, and this is
where the flow of the water takes place. A less permeable soil, like clay, is more conductive
and impedes water flow through its mass.

During the last measurement (226–250 min), at the end of which the water inflow
was shut off, the lateral dissemination of the water is quite visible (purple rectangle), and
more water infiltrated deeper. Between 1.2 and 1.6 m, the reddish areas of low resistivities
increased. Nevertheless, there is no visible infiltration below 1.6 m since there is no
resistivity change. Some water might have infiltrated that depth, but it is not discernible in
the tomogram because the sensitivity of the inversion model is lower in the deeper layers
than in the surface layers. This could also be an indication of a coarse-grained layer that
cannot hold much water, and a resistivity change is not visible. The lateral spread of the
waterfront is bigger at 0.4 m, and it becomes smaller with increasing depth. This effect
could be attributed to a ‘capillary barrier’ [9]. If a fine grain material, like clay, lies on top
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of a coarser soil, like sand, water will start to infiltrate the coarser material only after the
fine soil is saturated. Fine-grain soil has smaller pores and greater capillary pressure and
will not let the water leave until it is saturated. Once water enters the coarse layer, it moves
fast towards the next bottom layer.

Water 2024, 16, x FOR PEER REVIEW 21 of 36 
 

 

in its natural state and a reference image on which the interpretation of the subsequent 

images was based. The contrast between the dry and wet stages of the soil was used to 

distinguish the static resistivity distribution from the variations produced by the infiltrat-

ing waterfront [9]. At 0 min, with no water infiltrating the soil, the subsurface is character-

ized by non-uniformity. The reddish left side zone presents lower resistivity values 

(around 120–130 ohm.m) than the yellow right-hand side (greater than 200 ohm.m), which 

might be an indicator of the presence of more fine-grained, loose and not-so-well-com-

pacted material (silts and clays) that generally is less resistive because of its water holding 

capacity due to matric forces. The percentage of coarse material is high (Table 1), while 

the interstices are probably filled with fine-grain material. However, as it can be seen in 

Table 1 and Figure 3, borehole D, which lies in the reddish area, indeed contains fine-

grained material but presents the second lowest sum of silt and clay in relation to all the 

samples and predictably has the highest hydraulic conductivity values. Furthermore, the 

sample of borehole D is characterized as well-graded. In the same way, the more resistive 

yellow area implies coarser and more cohesive materials, which is not entirely true based 

on Table 1 because of the presence of fine-grained material at a percentage of more than 

20% in all directions. Gravel presents the greatest variation, up to 13%, between boreholes 

C and B, while the deviation between sand and clay is 6% and 3%, respectively. Consid-

ering this, a possible explanation for the non-uniformity of the underground could be a 

difference in compaction between the different zones of the subsurface. Also, a few weeks 

before the first phase of the experiment, the double-ring infiltration test took place. The 

higher conductivity areas could be the result of the moisture retained by the fine-grain 

material in the soil because of matric suction that was neither evaporated nor infiltrated 

deeper. The yellow, brown and green areas potentially represent coarse-grained and co-

herent soil unaffected by the infiltrating water of the double-ring test. Unfortunately, a 

meticulous grain size analysis every 10 or 20 cm was not possible because of the nature of 

the soil, and we can only speculate about the soil profile at each depth. 

 

Figure 12. (a) Selected 3-D ERT tomograms of resistivity distribution changes during the point 

source infiltration experiment depicting the vertical (dark blue circle) and lateral (purple rectangle) 

Figure 12. (a) Selected 3-D ERT tomograms of resistivity distribution changes during the point
source infiltration experiment depicting the vertical (dark blue circle) and lateral (purple rectangle)
dissemination of the water, as well as the resistivity distribution before infiltration (0 min) and the
initial less resistive area of the unsaturated zone (green circle). The black circle suggests possible
channels from where the waterfront may flow out of the image plane. Light blue circles indicate
the change in resistivity before (0 min) and after infiltration (250 min) and the dissemination of
water due to capillary forces. Times indicate the timeframe of each measurement from the start of
infiltration. (b) An ERT tomogram interpretation with areas of high permeability (red and white
areas) where the water infiltrates and areas of low permeability (yellow and brown areas) where flow
is almost non-existent. The capillary pressure is the main cause of the lateral dissemination of water
(black circle).

Gravitational and capillary (adhesion and cohesion) forces act simultaneously and
are the two primary forces that govern water movement through soil. When water is first
applied to dry soils, it moves outward almost as far as it moves downward since capillary
action happens in unsaturated soils. Initially, the pores in the soil are unsaturated. Water
flows mainly through the smaller pores because of strong adhesive and cohesive forces that
can move water in any direction. Eventually, the pores are filled to near saturation because
the water is applied at a faster rate than it can be moved by capillary forces. Since the
largest pores are now filled, they conduct water faster, and because capillary forces are not
as great in larger pores, gravity becomes dominant, and the water moves downwards. In
this experiment, the preferential flow that is the result of the presence of the central probe
impedes the matric suction and the lateral movement of the infiltrating water until the
surrounding soil is nearly saturated. The vertical and lateral movement of the waterfront
seems to follow a constant pace, without sudden outbursts of acceleration or deceleration.
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The highest change in resistivity, before and after infiltration, is around 60 ohm.m
(from around 120 ohm.m of the reddish area to 60 ohm.m of the white area). To ensure a
better resolution and a more visible signature of soil moisture changes, high conductivity
water (around 990 µS/cm) was used, originated from boreholes inside campus. This
conductivity would not lead to unusable TDR and GPR results.

The direction of the plume shows a clear preferential flow towards the left-side zone
where probe D is situated. This agrees perfectly with the TDR results from the second
phase and with the grain size analysis (Table 1), where the borehole D sample presents the
highest hydraulic conductivity and the second highest aggregate percentage of coarse-grain
materials (sand and gravel). Water penetrates faster and deeper in coarser soils with open
macropores, like sand and gravel, than it does in material with micropores, like silt and
clay. Coarser soils have larger pores that absorb water faster and hold less water per unit
of depth. Nonetheless, the grain size differences among all samples are not that notable,
and the plume, despite some logical dissimilarities in the propagation velocity, should
be disseminated radially around the central probe. However, there is no sign of water
disseminating towards the other directions, even after four hours of constant infiltration,
which probably indicates a difference in the homogeneity and the compaction of the soil
and the presence of a layer with less pore space around the probe that impedes the water
movement and generates strong preferential flow towards borehole D. The soil in this
direction seems to be more homogeneous, permeable and less compacted, as indicated by
the high hydraulic conductivity of borehole D sample. The compaction differences can also
be seen in the double-ring and single-ring test results (Figure 2). The integral calculation
with the single-ring equation for a period of 250 min gives a total volume of 683 L, while
with the double-ring equation, a volume of 294 L is obtained. While the different locations
of the two setups and the presence of the probe in the center of the double ring play a
major role in the differences in the infiltration volumes, such deviation could be justified by
serious compaction differences. Furthermore, a possible flow towards the other directions
may happen via narrow channels that are barely resolvable, and a portion of the water may
flow out of the image plane from channels such as the ones suggested within the black
circle in Figure 12a.

The central probe is another factor of preferential flow. The infiltrating water flows
against the probe and finds a way out only in the left direction. In the other directions, a
restraining and highly compacted layer could hinder that flow. All forms of preferential
flow increase the percolation rate, providing shortcut paths through cracks and pores
and allow deeper penetration of water under the force of gravity. Fast and far-reaching
preferential flow is an undeniable part of groundwater hydrology.

That flow alters the resistivity of the soil, depicted as white area in the tomograms,
with resistivities around 50–60 ohm.m that become as low as 40 ohm.m (light blue areas).
The average infiltration velocity was calculated with Equation (5) to be around 0.4 m/h, or
6.66 mm/min, mapping the movement of the same isoelectrical values and measuring the
distance that the waterfront covered. The central borehole presents the highest fine-grain
percentage, with an aggregate of almost 30% silt and clay. This means that the water
movement is slow because of strong capillary forces. The water does not percolate deeper
until the layer above becomes saturated.

Regarding lateral dissemination, the waterfront spread more than 3 m at a depth of
0.4 m and more than 2 m at a depth of up to 1 m, which implies a hydraulic conductivity
between 0.5 and 0.7 m/h. Therefore, the waterfront moved both vertically and laterally,
because of gravitational and capillary forces, at approximately the same speed.

u =
x
t

(5)

The point of entry of the water into the ground at 0.2 m of depth and the change in
resistivity at the same depth (light blue circles), indicate that the flow there occurs because
of capillary suction that forces the water to disseminate laterally. This fact likely indicates
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a large percentage of fine-grain material in the upper soil horizons and highlights the
capability of ERT in imaging capillary outcomes.

Heterogeneity and compaction differences probably push the preferential flow of the
water in one direction. The hydrological properties and the plume formed during the exper-
iment are not those of a uniform porous medium. In many cases, they are inconsistent with
the grain size analysis and pose a challenge for the accurate delineation of the hydrogeolog-
ical processes of the vadose zone. However, ERT provided qualitative time-lapse images of
the size, shape and behavior of the plume in a hydrologically complex environment. This
could be of great assistance for the further investigation of site hydrology when combined
with other geophysical methods, such as seismic methods, that could provide data about
the compaction state of the soil. ERT benefitted from the high conductivity of the water
and could image the capillary movement in the unsaturated zone.

ERT measurements validate the results of the second phase over the flow direction of
the infiltrating water. The ERT tomograms show a clear preferential flow towards borehole
D that matches perfectly with the TDR results. Therefore, the flow imaged by TDR is
not incidental. There is a permeable path in the direction that the water tends to follow.
The hydraulic conductivities calculated with ERT and TDR also coincide. Although these
velocities are the outcome of an extreme artificial infiltration event, they show that TDR
and ERT can be adequately used to estimate the velocity of liquid wastes and pollutants in
the unsaturated zone and the time it takes before they reach the aquifer. There is a strong
macroscopic agreement between TDR and ERT, and the discrepancies between them are
probably because of the different sensing volumes of the methods.

3.3. GPR Measurements

The purpose of these measurements was to investigate the capacity and constraints
of GPR to capture the movement of conductive water into the soil and provide further
spatial insight into the unsaturated zone and the processes that take place there during
an artificial infiltration test. GPR was selected because it can image large volumes of soil
relatively fast and cost-effectively. Also, its operation is based on similar principles to TDR.
Both methods are dependent on the dielectric permittivity and electrical conductivity of
the soil. This makes these methods a good supplement technique for each other [138]. TDR
can provide more detailed point measurements of soil properties (a few cm3 around the
probes), while GPR’s resolution is coarser and appropriate for imaging larger volumes of
the subsurface in the order of several m3. A drawback of GPR is that the measurements
have to be conducted manually, which makes the method inappropriate for continuous
monitoring, while automated data acquisition is very common in TDR measurements [28].
On the other hand, for a more spatial image of the soil properties using TDR, numerous
probes have to be installed at several locations.

A typical GPR setup comprises a transmitting antenna that emits a high-frequency
electromagnetic wave into the ground and a receiving antenna that measures the amplitude
of the reflected wave as a function of time [139] (Figure 13). The propagation velocity of
the radar waves is mostly dependent on the dielectric constant of the soil, just like TDR,
which is strongly related to soil moisture [17]. Any change in the dielectric properties of
the soil will result in reflecting part of the wave energy back to the surface [26]. The depth
of penetration ranges between a few cm and tens of meters and depends on the center
frequency of the antenna and the electrical properties of the subsurface [56,140]. A lower
frequency entails deeper penetration and poorer spatial definition, while a higher frequency
entails smaller penetration and higher definition. Regarding the properties of the soil, the
higher the electrical conductivity of the soil, the stronger the attenuation of the signal and
the shallower the depth of penetration. Non-deionized water is by nature conductive,
but its conductivity can increase depending on its salt content, which strongly affects the
attenuation of the signal [139]. Therefore, the presence of water in the soil heavily alters its
electrical properties, and, for this reason, GPR is better suited for shallow hydrogeological
investigations [82,141].
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Figure 13. Schematic drawing of the infiltration experiment with the TDR, ERT and GPR
configurations.

In this study, a total of four transect lines were designed based on the water movement
indicated by TDR and ERT during the second and third phases of the experiment in order
to detect the same movement in 2-D and 3-D modes. Transect lines 1 and 3 had a length of
10.6 m, while lines 2 and 4 had a length of 8 m and 7 m, respectively. Transect line number 4
was expected to be of great interest since it was in the direction of the water flow recorded
by TDR and ERT. Boreholes B and D were situated on both sides of the double-ring setup in
the direction of transect line number 4, while boreholes A and C were situated on both sides
of the double-ring setup in the direction of transect line number 2. The water inflow lasted
four hours, while GPR measurements were also conducted before and after infiltration to
image the initial state of the subsurface and the response of the unsaturated zone during
drainage, respectively. Each round of GPR measurements comprised four measurements,
one for each of the four transect lines. A total of 19 rounds were conducted. The first
round was conducted before infiltration, rounds 2–15 during infiltration, and rounds 16–19
after infiltration. The GPR data was acquired with the 500 MHz MALA RAMAC shielded
antenna (Manufacturer: Guideline Geo AB, SE-171 54 Solna, Stockholm, Sweden) with
every 10 cm signal and processed with REFLEXW.

Figure 14 presents the amplitude envelope maps in 2-D and 3-D modes for selected
rounds of measurements during and after infiltration. The first round of measurements
(0 min) was conducted before the infiltration started, while the next two rounds were
conducted 105 and 200 min after infiltration started. The last round of measurements at
300 min was conducted one hour after the cessation of the water inflow. Each 2-D map
shows the subsurface up to 1.3 m of depth, while each 3-D map shows up to 1 m.

In the 2-D maps, each column represents the four different measurements of the same
round, one for every transect line. The purple color indicates areas with many reflections,
probably due to the presence of more coarse material, while the greyish color indicates
areas with very few reflections. The importance of this study is that the infiltrating water
is conductive; therefore, in the areas where the water infiltrates, there should be very
few reflections due to signal attenuation. The first column represents the four transect
measurements before the start of infiltration to image the initial dry state of the vadose zone
and obtain a reference point for the interpretation of the resulting tomograms during the
experiment. The tomograms at 0 min present many reflections in every direction, except
for a part in transect line number 3 (grey circle) where there is a lack of reflections, which
coincides with the ERT results regarding the presence of a more conductive horizon in dry
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conditions towards borehole D. That plethora of reflections may indicate that the subsurface
is more homogeneous in these directions. There are fewer reflections 105 min after the start
of the water inflow, i.e., in more conductive areas. In transect line numbers 3 and 4, there
is a clear vertical line of reflections (yellow circles) that represent the central TDR probe.
The presence of the probe generates reflections along its entire length, while around the
probe, there are fewer reflections, probably indicating that the water infiltrated those areas.
At 200 min, on diagonal transect lines 1 and 3, at a depth of 0.4 m, there is a fixed zone
throughout the whole length of the lines with many reflections, which probably indicates
a less conductive horizon (Figure 14, dark blue dotted circles). The depth of this horizon
coincides with the soil moisture anomaly imaged by all TDR measurements around this
depth during the first phase. The less permeable structure at 0.4 m can be seen even better
in the 3-D tomograms between 105 and 200 min. On transect line 4, the contrast between
the probe and the areas around the probe is quite noticeable. While the probe area is full
of reflections (purple column), the areas around the probe (light blue rectangles) are very
conductive, suggesting that the water infiltrated these areas. However, the area towards
borehole D is almost completely free of reflections, which means that the main body of the
infiltrating water follows that route. This result coincides with the TDR and ERT results
and Table 1, where the grain size analysis showed that boreholes B and D have the highest
percentage of gravel (41% and 37%, respectively); therefore, the soil is more permeable in
this direction. In the last round of measurements (300 min), one hour after the cessation of
the water inflow, it seems that the water drains quite fast since the reflections increased
in all transect lines. A lot of water drains because of gravity, but the general trend is the
same as during infiltration. Transect lines 1 and 2 show many reflections, while more water
seems to be retained in the direction of transect lines 3 and 4, where less signal is reflected
back (more grey areas), suggesting less permeable and more fine-grain material in lines 3
and 4, in contrast to the ERT results that show water movement towards borehole D only.
The central probe (yellow circles) and the less conductive layer at 0.4 m (dark blue dotted
circle) are visible in this round as well. In general, transect lines 3 and 4 during and after
infiltration present fewer reflections, which validates TDR and ERT regarding the water
movement in this direction.

For GPR data, the processing was carried out with REFLEXW for every 2-D profile
as follows:

• Subtract mean (dewow);
• Correct max. phase;
• Move start-time;
• Manual gain;
• Bandpassbutterworth filter (200–600 MHz);
• Background removal;
• Spectral whitening (200–600 MHz);
• Deconvolution (0, 26, 2, 0.5);
• fk migration (Stolt) (V: 0.1 m/ns);
• Envelope.

Then, the 2-D profiles together created the 3-D GPR amplitude signal distribution.
The bottom maps in Figure 14 present the same results in 3-D. Each 3-D tomogram

is the sum of the four respective 2-D tomograms. In this way, a spatial depiction of the
water flow is possible at each depth. The purple and violet colors represent areas with
many reflections, while the reddish areas indicate conductive areas with signal losses due
to wave attenuation. In the 105 and 200 min 3-D tomograms, the layers above and below
the resistive layer at 0.4 m are very conductive, which probably means that a lot of water
infiltrated the soil and heavily attenuated the signal. Especially in the bottom layers, the red
areas are even more dominant, which agrees with TDR that a lot of water accumulates near
the bottom end of the probe. During the drainage stage, more water seems to be retained
at a depth of 0.6 and 0.7 m, which attenuates the signal and produces fewer reflections
(green rectangle).
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Figure 14. Two-dimensional and three-dimensional tomograms of selected round of measurements
before (0 min), during (105 and 200 min) and after infiltration (300 min). The dark blue dotted circles
suggest the presence of a less permeable layer at a depth of 0.4 m, the yellow circles depict the central
TDR probe, the grey circles delineate the conductive parts of the underground before infiltration and
the blue and green rectangles show the absence of reflections in the direction of borehole D.

The most notable GPR results are the clear depiction of the central TDR probe and
the fact that the soil is affected more by the conductive infiltrated water in the direction of
transect line 4. Although ERT and TDR depict the water flow towards borehole D only, all
three techniques suggest that the main flow occurs in this direction. In several cases, GPR
also depicted the presence of a consistent layer of reflections at a depth of 0.4 m, which
validates the VWC profiles over the presence of a less permeable structure. In general, the
conductive water (around 990 µS/cm) is assumed to have affected the performance of GPR
more than that of ERT. Nevertheless, GPR validated some of the concepts imaged by ERT
and TDR.

4. Discussion and Conclusions

Vadose zone processes play a crucial role in water resource management and environ-
mental protection. Measuring, monitoring and predicting water storage, water fluxes and
solute transport can lead to a better management and protection of underlying aquifers
and ameliorate risk assessment and treatment planning of contaminated areas. However,
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measuring the hydraulic properties of the unsaturated zone is a difficult task because of its
complex nature, which becomes more difficult in the deeper soil horizons.

The aim of this paper is to present an integrated system for the 3-D, real-time and
continuous monitoring of the unsaturated zone and evaluate its advantages and limitations
during an artificial infiltration experiment at a field site characteristic of urban conditions.
This system is made up of TDR with custom spatial probes for accurate point soil moisture
estimations, as well as ERT and GPR. These geophysical techniques were selected to expand
the information obtained with TDR and provide a broader image of the water fluxes and
storage in the subsurface with time-lapse measurements. A percussion drilling set was
used for to install the probes and obtain undisturbed soil cores for grain-size analysis in
the laboratory.

The first phase of the experiment, with a single TDR probe, illustrated in much detail
the water content variations in the soil surrounding the sensor. The moisture profiles
showed accumulation of water near the bottom end of the probe, while the instant response
of the bottom end of the sensor right after the start of infiltration indicated the preferential
flow produced by the probe itself and by soil compaction. All profiles showed an abrupt
moisture decrease around the central part of the probe, suggesting the presence of an
impermeable soil horizon there.

The setup with four more probes expanded the single probe approach into a more
spatial one. Only one probe was affected by the infiltrated water, suggesting the route the
water follows and proving that TDR can be used in more spatial arrays, rather than just for
point measurements.

In terms of TDR calibration and validation, the most important step was to opt for
the right calibration function so that we could transform the dielectric permittivity profiles
estimated with the inverse model into water content profiles without significant error. The
universal equation by [17] used here fit well with the results of the grain size analysis since
there was only a minor fraction of clay minerals at the site; therefore, the volumetric water
content estimation error was not expected to exceed 2–3%, which is fairly acceptable. In
order to reduce this error even more, many researchers develop soil-specific calibration
that can lower the error to even 1%, but because of the nature of this research and the effort
undertaken to develop an integrated system for the monitoring of the water flow dynamics
in the unsaturated zone in a larger and more spatial scale, there was no need to go into
that much detail. Also, the integrated TDR system used in this study was tested several
times both in field and laboratory conditions with different kind of soils, and the deviation
between the volumetric water content estimated with TDR and that measured from the
respective soil samples using the gravimetric method and the bulk density of the samples
almost never exceeded 3–4%.

All TDR results also proved the efficacy of the custom probes in estimating soil
moisture variations accurately. Their low cost, ease of construction and durability tested
by the long-term stay in the ground indicated that these probes can be made in various
lengths and monitor even the deeper parts of the unsaturated zone accurately, with the
only restriction being the drilling of the borehole to install the probe as, in this study, longer
probes could not be used because of the incapacity of the drilling setup to go deeper.

For TDR measurements, the whole setup was optimized for use in that specific field
since, based on the grain size analysis performed, the appropriate calibration function
was selected to transform the dielectric permittivity values estimated with the inverse
model into volumetric water content values. Furthermore, the custom probes used in this
study, together with the whole TDR100-based system, the inverse model and the calibration
equation were previously tested in a wide range of different conditions in several laboratory
experiments conducted in an artificial soil column. The results suggested that we could
apply the whole TDR setup in the specific field during the artificial infiltration experiment
safely. Those laboratory soil column experiments will be published in the very near future
as well.
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For ERT measurements, in this experiment, the interpretation of the original ERT data
was realized with RES3DINV software, which is a computer program that automatically
determines a three-dimensional (3-D) resistivity model for the subsurface using the data
obtained from a 3-D electrical imaging survey. The inversion routine used by the program
is based on the smoothness-constrained least-squares method [142–144]. The optimization
method used in this study is called Robust–Robust, i.e., both the ‘Robust data constraint’
and ‘Robust model constraint’ options were selected. According to the RES3DINV manual,
‘The ‘Robust data constraint’ option will attempt to minimize the absolute difference (or the
first power, L1 norm) between the measured and calculated apparent resistivity values [145].
This method is less sensitive to very noisy data points. In a similar way, the ‘Robust model
constraint’ option will attempt to produce where absolute spatial changes in the model
resistivity values is minimized. This robust model option tends to produce a model with
sharper boundaries’.

ERT benefitted from the high conductivity of water and imaged the development of
the waterfront during infiltration in an articulate way, both vertically and laterally. The
lateral spread of the water was not uniform since there was a clear preferential flow in
a single direction, which suggested a compaction difference in the soil surrounding the
central probe. Preferential flow was also imaged in the vertical direction, around the probe,
where the main body of water flowed and produced very low resistivity values. Both ERT
and TDR indicated the same water flow direction and suggested comparable hydraulic
conductivity values.

GPR managed to image the presence of the central probe and the existence, in some
cases, of a less permeable layer and validated the anomaly presented in all soil moisture
profiles from the central TDR probe. The GPR results also showed a more intense absence
of reflections in transect line 4’s direction, which indicated that the flow of the conductive
water happened in this direction and led to signal attenuation. In contrast to ERT, GPR did
not benefit much from the conductive water, and more precise results regarding the water
flow could not be made.

In general, the propagation and the penetration depth of the electromagnetic waves of
the GPR method depend on the center frequency of the antenna and the electrical properties
of the subsurface. In this study, a high frequency 500 MHz antenna was used in order to
achieve higher measurement definition at the expense of the depth of penetration. This
high frequency in conjunction with the high conductivity of the water used led to the
strong attenuation of the signal every time the signal came across a water-affected area.
This attenuation reduced the possibility of witnessing what happened in the vadose zone
during the infiltration experiment in more detail and perhaps map some water movement
due to capillarity.

In this study, to integrate and analyze TDR, ERT and GPR data, we followed a quali-
tative approach, rather than a quantitative one. TDR was selected as a reference method
for accurate soil moisture estimations in the vicinity of the probes, and based on its results,
we designed 3-D arrays for ERT and GPR measurements in order to obtain a more spatial
image of water movement in the vadose zone during and after infiltration. The agree-
ment between the results of the three different techniques regarding the direction of the
movement of the infiltrating water showed that each one of these methods can be used to
validate the results of the other two techniques in this specific environment. Overall, using
a qualitative approach with the developed integrated system, we managed to map impor-
tant information of the unsaturated zone during the infiltration test in a spatial manner,
including the direction of the water movement, the presence of a less permeable horizon
around 0.4 m of depth and the extent of preferential flow. It was even possible to calculate
the infiltration rate and hydraulic conductivity values using the TDR and ERT results.

TDR and ERT provided the most concrete results regarding the soil moisture variations
and the flow of the infiltrated waterfront. GPR provided a useful spatial image of the
subsurface during and after infiltration and, in some cases, validated the ERT and TDR
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results, as in the case of the flow direction. In all probability, GPR would benefit from less
conductive water and produce a better depiction of the vadose zone during the test.

Despite its limitations, the integrated system comprising point-scale and spatial mea-
surement techniques, demonstrated a strong potential for continuous, 3-D and real time
monitoring of the hydrological processes in the unsaturated zone at depths greater than a
few centimeters, which is a major open question in vadose zone hydrology.
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