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Abstract: This study evaluates the impact of seepage on the
integrity of artificial levees in low-lying regions, with a
particular focus on Hungary, where levees built over a
century ago lack comprehensive construction documenta-
tion, complicating current assessments of their effective-
ness. Advanced geophysical methods – electrical resistivity
tomography (ERT) and ground-penetrating radar (GPR) –

were applied in a controlled tank experiment designed to
simulate varied flood conditions along a 37-m levee section.
The three-dimensional (3D) ERT profiles successfully deli-
neated seepage pathways as the tank filled, while the 3D
GPR profiles indicated areas of increased amplitude, corre-
sponding to seepage zones and the water table. Validation
through drilling confirmed the geophysical findings, under-
scoring the accuracy of ERT and GPR in non-destructively
identifying subsurface features and seepage channels. The
results highlight the applicability of these methods for evalu-
ating levee integrity and seepage dynamics, offering a reliable
approach for flood risk assessment in Hungary and similar
flood-prone areas worldwide.

Keywords: artificial levee, seepage, electrical resistivity
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1 Introduction

Floods are a major type of natural hazard, and flood events
comprised half of all natural disasters globally in 2018 [1].
Artificial levees are linear earthworks constructed along
riverbanks and have emerged as an integral protective
measure against the flooding of urban and agricultural
regions. Levee construction requires the consideration of
various factors, including the type and availability of mate-
rials used, their efficacy at flood protection, the distinct
characteristics of the riverside and protected side, and
the potential strength of flood events [2–5]. Because the
collapse of a levee can cause extensive and severe damage,
numerous studies have focused on evaluating its stability.
Salazar et al. [6] employed a predictive model, while Chen
and Zhang [7] and Lee et al. [8] investigated water seepage
through a levee body. Although detecting external changes
in levees is relatively straightforward, assessing their sub-
surface properties is considerably challenging. Levees are
critical and expansive infrastructures, rendering the use
of invasive and time-intensive measurement techniques
impractical owing to their localized nature. Consequently,
nondestructive shallow geophysical techniques that can
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rapidly and continuously evaluate physical parameters
over a wide spatial range have gained widespread attrac-
tion [9–14].

Ground-penetrating radar (GPR) and electrical resis-
tivity tomography (ERT) are the most widely employed
geophysical techniques. Both of them have their own dis-
tinct advantages, and their integration with geotechnical
measurements can contribute to a comprehensive under-
standing of a levee’s condition. For instance, Antoine et al.
[15] successfully coupled GPR with permeability logging to
identify seepage zones. Sentenac et al. [16] used ERT sur-
veys to map historical earthworks for structural heteroge-
neity and post-flood damage. Tresoldi et al. [13] used ERT to
identify seepage zones and sections experiencing intense
water saturation, demonstrating that the technique is sui-
table not only for structural assessments but also for long-
term monitoring. Other researchers have used ERT to
establish correlations between water content and resis-
tivity, enabling resistivity profiles to be transformed into
water content maps. Perri et al. [9] employed geotechnical
measurements to validate findings from geophysical sur-
veys. Jodry et al. [12] utilized ERT and temperature profiles
to monitor changes in soil moisture within a levee, which
they used subsequently to generate models to estimate
seasonal variations in resistivity. Compositional and loca-
lized defects can diminish the flood protection capacity of
earthworks. Chlaib et al. [17] showed that cracks in levees
caused by contraction and animal burrows increase the
flood risk. Rahimi et al. [10] employed GPR, ERT, and the
multichannel analysis of surface waves to identify cavities
responsible for piping and the development of sand boils on
the protected side of levees. Lee et al. [14] utilized an inte-
grated approach involving three-dimensional (3D) resistivity
inversion to interpret the cause and identify the seepage path-
ways within a damaged levee.

Various researchers have found that GPR has a limited
capability to investigate the depth of levee structures because
of their high clay content. Hence, they have frequently used
ERT as an alternative owing to its greater penetration depth
and ability to provide comprehensive information regarding
the sedimentary composition [9,18]. However, ERT has the
disadvantage of a lower spatial resolution. In addition, the
lack of geotechnical measurements to serve as control data in
numerous instances has hindered the validation of ERT mea-
surements [11,19]. Moreover, in ERT, interpretation challenges
often arise from the “3D effect,” where resistivity variations
outside the survey plane impact readings along the ERT line.
This effect is especially notable in complex environments like
river embankments, where nearby resistive features, topo-
graphic variations, and changing river conditions (e.g., water
level and conductivity due to tides) can distort the data.

Because 2D ERT assumes resistivity is uniform perpendicular
to the profile, these 3D effects introduce inaccuracies, shaped
by each site’s unique geometry, resistivity distribution, and
boundary conditions such as air and water. Unless otherwise
noted, references to 3D effects will specifically address river-
induced distortions [20,21]. The resistivity of sedimentary
layers and deposits in earthworks is notably influenced by
the water content and grain size, which are closely related to
porosity. Many studies reveal a linear relation between the
resistivity and grain size [22–25] and an inverse relation
between the resistivity and water content [26–29]. Further-
more, a linear empirical relation is proposed between the
resistivity and water content [30,31]. Owing to the large con-
trast between the dielectric constants of water, air, and soil,
the dielectric constant is affected by the presence of water in
porous sediments. Therefore, many researchers used dielec-
tric permittivity measurements to determine the volumetric
water content [32,33]. Thus, dielectric permittivity can be used
to study the proportion of energy transmitted through levee
materials and to evaluate its condition.

In Hungary, artificial levees were constructed along
water channels decades ago to protect against flood events,
and they predominantly comprise densely compacted, fine-
grained, and impermeable sediments such as silt and clay.
Over time, multiple interventions were conducted at var-
ious locations in response to specific flood events [34,35].
Because of the advanced age of these levees, information
available on their structural attributes, composition, and
resilience against floods is limited. The aim is to identify
the effects of seepage on artificial levees and to reveal the
advantages and weaknesses of the application of geophysical
techniques in analyzing the structure and seepage pathways
through artificial levees. A controlled tank experiment was
performed along the riverside of the levee to simulate flood
scenarios and analyze water seepage. The effects of various
parameters on the resistivity of borehole (BH) samples col-
lected before and after filling the tank were evaluated to
identify any relations that can be used to represent the levee
integrity.

2 Materials and methods

2.1 Study site

The study site was situated along the Körös River in south-
eastern Hungary, a major tributary of the Tisza River. The
present research was conducted at a 37-m-long levee sec-
tion with a height of approximately 4.5 m (Figure 1). At the
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center of the studied levee section, a tank with a length of
12.6 m and a width of 6.6 m was fixed on the riverside slope
of the investigated levee to simulate a flood scenario.

2.2 Data collection and processing

A geophysical survey was conducted at the test site using
ERT and GPR, as shown in Figure 1. Measurements were per-
formed at the levee crown and protected side before (14 June
2023) (Figure 2a) and 1 month after (Figure 2b) the tank was
filled with water (14 July 2023) to detect the seepage pathways
and changes in the physical properties of the levee materials.
Two BH were drilled to measure the water table and validate
the interpretation of the geophysical data (Figure 2f). The coor-
dinates of the start and end points of each profile were col-
lected using a TopCon Hyper Pro real-time kinematic global
positioning system (RTK GPS).

The coordinates and elevation data of each ERT pro-
files and the BH were accurately measured using the
TopCon Hyper Pro RTK GPS.

2.2.1 ERT

ERT was performed using a GeoTom MK8E100 apparatus
connected to a multi-electrode system. Measurements were
conducted on the levee crown and the protected side but
not on the riverside flank, as significant 3D effects are
likely when ERT surveys are conducted on the riverside
flank of an embankment, whereas surveys on the protected
side are less likely to be impacted, as noted by Ball et al.
[20]. Measurements at the levee crown were conducted
using 37 electrodes (ERT profiles 1–8) (Figure 2c); however,
only 25 electrodes were used on the protected side (ERT
profiles 9–16). This is because vegetation restricts the pro-
file length (Figure 2d). In total, 32 ERT profiles were
obtained (Table 1), of which 16 ERT profiles were measured
before filling the tank and the remaining 16 after filling the
tank. Each profile was centered at the center of the tank.
Data were collected using Wenner and Schlumberger arrays
because of their high sensitivity to vertical and horizontal
changes, respectively, where the subsurface resistivity was
below the center of the array. The obtained profiles were

Figure 1: Study area map showing the locations of the ERT and GPR measurements boreholes (BH) and test boreholes (TBH).
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parallel and equally spaced at 1m. The electrodes were also
spaced 1m apart. A coupling test was conducted in the field
before each ERT measurement to ensure good contact between
each electrode and the levee. The contact resistance for all
electrodes was maintained within a similar range and kept
below 4 kΩ. The ERT data were used to monitor seepage

through the levee body over time. The Wenner array was set
to 12 depth levels, while the Schlumberger array was set to 17
depth levels. Consequently, these two arrays acquired 210 and
306 data points, respectively, for each profile. As noted by Ball
et al. [20], there is unlikely to be any significant 3D effect for the
Wenner array with a spacing of 1m and it is noticeable at river

Figure 2: Field photos of the tank (a) before and (b) after filling with water; ERT data acquisition on the (c) levee crown and (d) protected side; (e) GPR
data acquisition; and (f) BH drilling.
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distances less than 4.5m in lateral distance from the electrode
array; consequently, we prioritized the use of theWenner array
in our analysis to minimize potential misinterpretations related
to 3D effects and the lateral distance from the electrode array
was more than 4.5m.

The apparent resistivity values obtained from the ERT
profiles were converted into true resistivity values for sub-
surface layers using the inversion software RES2DINV 3.4
[36]. A few outlying data points were modified before
inversion. Systematic noise was observed but was easily
identifiable within the dataset, appearing in only a limited
number of readings. Data points affected by systematic
noise manifested as spots with unusually high values,
making them stand out clearly in profile form and allowing
for straightforward manual removal from the dataset. This
methodology follows the approach outlined by Loke (2004).
The least-square smoothness-constrained iterative optimiza-
tion algorithm was used for the inversion [37,38]. Further-
more, a unified color scale was applied to all profiles The
estimated RMS error for all 2D ERT profiles was very low,
ranging from 0.86 to 2.7% (average 1.69%) for pre-tank filling
ERT measurements and from 0.71 to 2.9% (average 1.63%) for
post-tank filling ERT measurements. Subsequently, the data
were exported, gridded, and blanked for further analysis
using the software Surfer. A 3D model was constructed
from parallel 2D lines obtained in the inversion using the
modeling software ResIPy [39]. Additionally, a triangular
mesh was used in this study owing to its suitability for
complicated geometry such as the topography and geo-
metric features within the study area. The estimated
RMS error for 3D models was also low and showed 1.9%
for pre-tank filling measurements and 2.3% for post-tank
filling measurements.

The low RMS error values observed during our 2D ERT
measurements indicate less impact on the overall data
quality and interpretation. For 3D, the values are still
within a reasonable range, confirming that the errors do

not significantly influence the inversion results or the
derived resistivity models.

2.2.2 GPR

GPR measurements were conducted on the levee crown
and protected side using a GSSI SIR 3000 apparatus in
the distance mode connected to an antenna with a central
frequency of 200 MHz (Figure 2e). In total, 56 profiles were
collected (Table 1), of which 28 profiles were measured
before filling the tank and the remaining 28 profiles after
filling the tank. A total of 8 parallel profiles with lengths of
25 m were measured longitudinally on the levee crown, 19
parallel profiles with lengths of 8 m were measured trans-
versely on the protected side, and 1 profile with a length of
20 m was measured longitudinally on the levee foot. To
facilitate comparison, the start and end points of these
profiles were made the same during both surveys (i.e.,
surveys before and after filling the tank). Data were col-
lected over a time range of 170 ns. A total of 64 scans were
obtained per second, 40 scans were obtained per meter,
and 1,024 samples were obtained per scan. From the GPR
profiles measured after filling the tank, the water table was
clearly observed, and its reflectivity was strongly positive.
Conversely, reflectivity was not observed in profiles mea-
sured before filling the tank. The measured water table
depth was 3.1 m, which allowed dielectric permittivity (ε)
to be accurately estimated as 11. The water table was mon-
itored regularly at the location where the BH were drilled
on the levee, and the depth was found to change over time.
Once a slight change was observed in the water table
depth, measurements were repeated at the same profile
locations 1 month after the tank was filled.

The collected GPR data contained various types of
noise because no filters were used in the field. Such noise
needed to be eliminated. The following processes were
applied to the GPR cross-sections by using GSSI, RADAN 7
version 7.6.19.11260 software [40]: time zero correction to
move the data to an effective time zero, infinite impulse
response filtering, stacking, range gain setting, and migra-
tion. RADAN 7 was also used to identify the strong reflec-
tivity of the water table and other positive peaks with high
amplitudes to clarify the interfaces between layers with
different dielectric permittivity values. The 3D GPR ana-
lysis was performed by using the software GPR-Slice [41].
The parallel GPR profiles were processed by time zero cor-
rection, bandpass frequency, migration, and Hilbert trans-
form. Then, the data measured on the levee crown and on
the protected side before and after the tank was filled were
sliced and gridded.

Table 1: Details on collected geophysical data

Method Location Profile
numbers

Profile
spacing
(meter)

Measurements
regarding the
tank case

ERT Levee crown 1–8 1 Before filling
the tankProtected side 9–16 1

Levee crown 1–8 1 After filling
the tankProtected side 9–16 1

GPR Levee crown 1–8 1 Before filling
the tankProtected side 9–27 1

Levee crown 1–8 1 After filling
the tankProtected side 9–27 1
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2.2.3 BH

Two BH were drilled using an Eijkelkamp drilling system
with a 5-cm-diameter drilling head to investigate the phy-
sical properties of levee materials and validate the GPR and
ERT data. One BH was drilled on the levee crown (BH1),
while the other was on the slope of the protected side (BH2)
(Figures 1 and 2f), with a depth of 5.2 and 3.8 m, respec-
tively. Additionally, five more BH were drilled along the
same line as BH1 and BH2 as TBH to measure the water
table depth in the levee body (Figure 1).

Samples were collected from BH at a depth interval of
40 cm to compare the vertical changes in the gravimetric
water content of the levee body and protected side. The sam-
ples were packed in airtight bags, and their wet weights were
measured. Subsequently, the samples were dried at a tem-
perature of 105°C in the laboratory, and their dry weights
were estimated. Furthermore, their grain size distributions
were analyzed using a Fritsch Analysette 22 laser analyzer
with a measurement range of 0.08–2,000 µm. The samples
were then subjected to ultrasonic homogenization, and all
measurements were repeated thrice to examine for further
disintegration. Furthermore, the samples were categor-
ized according to their mean grain size (D50) using the
Udden–Wentworth scale.

Eight samples were collected from BH1 and placed in
undisturbed soil cylinders tomeasure the saturated hydraulic
conductivity (K) of the levee section, which is an important
parameter for floodwater retention. These samples were col-
lected at the depth of observed composition changes. K was
calculated according to Darcy’s law, which states that the flow
through a medium is directly proportional to the height of
the hydraulic head and inversely proportional to the flow
path length. The flow was determined using the coefficient
K, which depends on the porosity of the medium. K was
measured using an infiltrometer and the falling-headmethod,
which is suitable for fine-grained samples such as silts [42,43].
Following the measurements, the samples were dried at
100°C, and their weights were measured using a precision
scale. The bulk density was measured by dividing the dry
sampleweight by the cylinder volume. Subsequently, the total
porosity n (%) was estimated as follows:

[ ]= −n ρ ρ100 1 ,
b d

(1)

where n is the total porosity (%), ρb is the bulk density of
the material (g/cm3), and ρd is the particle density of the
material (g/cm3). The particle density was adopted from a
previous study and was set to 2.65 g/cm3 [44].

2.2.4 Meteorological data

For the preceding periods of the ERT and GPR surveys,
meteorological data were also collected from Békés station
to describe the hydrological characteristics of the period
that can have an effect on the wetness condition of the
levee. According to the available meteorological data in
the vicinity of the study area, the average temperature
during the week preceding the first survey (14 June 2023,
i.e., before the tank was filled) was 17.84°C, and the pre-
cipitation sum during the previous week was 1.04 mm.
During the week preceding the second survey (14 July
2023, i.e., after the tank was filled), the average tempera-
ture was 23.36°C, and the precipitation sum was 1.7 mm
(Table 2). As relevant precipitation did not occur in the
preceding periods of the surveys, it did not have a signifi-
cant effect on the field measurement results.

2.2.5 Dielectric permittivity calculation

Various empirical models are available for determining
the dielectric constant (ε) of sediments, and they commonly
have either a logarithmic or a polynomial structure. The
Topp equation [31] is widely used to relate the dielectric
constant to the water content:

( ) ( ) ( )= + + −ε θ θ θ3.03 9.30 146.00 76.70 ,w w
2

w
3 (2)

where θw is the volumetric water content of the levee
material. In this study, equation (2) was used to evaluate
the effect of water from the tank on the levee body and the
physical properties of the levee materials during the geo-
physical surveys.

The water content increased suddenly at depths of
3.1 m and lower in the levee crown, which was defined

Table 2: Meteorological conditions near the investigated levee section during the surveys conducted before and after filling the tank collected from
Békés station

Day of survey Daily mean temperature (°C) Precipitation in the previous
1 week (mm)

Mean temperature in the
previous 1 week (°C)

14 June 16.44 1.04 17.84
14 July 22.58 1.7 23.36
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as the water table. Therefore, the transmission of electro-
magnetic energy through the levee body was investigated
above and below that depth to differentiate between
the levee conditions before and after filling the tank.
Variations in the levee material affect the transmission
of electromagnetic waves. Incident electromagnetic waves
are reflected when adjacent layers have different relative
dielectric constants. A greater contrast results in higher
reflection. The reflection coefficient (R) represents the pro-
portion of reflected energy and is influenced by discrepancies
in the wave velocities and the relative dielectric constants of
adjacent media [45]:

=
−
+

R

ε ε

ε ε

.
2 1

2 1

(3)

The proportion of energy transmitted is equal to 1 − R.
The bulk relative dielectric constant (εr) and bulk conduc-
tivity at a given frequency (σ) largely affect attenuation.
These properties are influenced by the material composi-
tion, electrical behavior, and relative abundance of each
constituent. The loss factor is directly proportional to con-
ductivity and is inversely proportional to the relative
dielectric constant and frequency. The dielectric permit-
tivity was calculated for BH samples to a depth of 4.8 m
at intervals of 0.4 m using equation (2). Further, the
average dielectric permittivity was calculated above (ε1)
and below (ε2) the water table, which was at a depth of
3.1 m. The reflection coefficient for the levee body was
calculated before and after filling the tank using equation
(3), which could then be used to estimate the proportion
of transmitted energy.

3 Results

3.1 ERT measurements

The ERT measurements indicated that the levee had a
layered structure. The topmost layer had a higher resis-
tivity than the rest of the levee body because of its dryness,
which resulted in tensile cracks. The ERT profiles mea-
sured on the levee crown exhibited three layers: a thin
layer on the top with a thickness of 0.8 m and a resistivity
of 18–27 Ω m, another thin layer with a thickness of
0.4–0.6 m and a slightly higher resistivity of 28–40 Ω m,
and a very thick layer extending from a depth of 1 m to
the bottom of the levee with a very low resistivity of 9–17 Ωm
(Figure 3). The ERT profiles on the levee crown had a max-
imum survey depth of 6 m, which exceeded the levee
height of 4.5 m. Before filling the tank, the ERT profiles
indicated a layered structure that reflected the resistivity
of levee materials (Figure 3a). After filling the tank, the
profiles close to the tank had distinctly oval shapes with
substantially lower resistivity values of 2–7 Ω m (Figure
3b). These shapes progressively became narrower and
deeper with increasing distance from the tank until they
completely disappeared in the ERT profile 9, which corre-
sponded to a location on the protected side at 1 m from the
edge. This disappearance, which occurred within 1 month,
indicates that water seeped from the tank into the pro-
tected side.

From the ERT profiles, depth (Dz), width (Wz), and true
resistivity (Rz) of the water-bearing zone were derived

Figure 3: ERT profile 3 measured in the middle of the levee crown (a) before and (b) after filling the tank, showing the section of resistivity changes.
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(Table 3). The depth values indicate that the water-bearing
zone descended away from the tank, implying that water
flowed downward through the levee body with increasing
distance from the water source. The water-bearing zone
was widest within 2 m of the tank and progressively dimin-
ished in size with increasing distance from the tank. The
true resistivity values were low (3–5 Ωm) within 2 m of the
tank, increased to 3–7 Ω m at 3–5 m from the tank, and
narrowed to 5–7 Ωm at 6–8 m from the tank. These results
indicate that the levee was highly saturated with water
near the tank and that the water content decreased with
increasing distance from the water source, particularly
near the protected side.

The ERT profiles of the levee crown and protected side
were used to calculate the specific resistivity ranges for
distinct materials, and the water-bearing zone to compare

the levee conditions before and after the tank was filled. In
general, the levee materials had a lower range of resistiv-
ities after the tank was filled than before the tank was
filled. The specific resistivities observed before the tank
was filled had a minimum of 5 Ω m, a mean of 24 Ω m,
and a maximum of 180 Ωm. After the tank was filled, these
values changed to a minimum of 2 Ω m, a mean of 20 Ω m,
and a maximum of 110 Ω m. The resistivity ranges were
monitored across all ERT profiles in detail to compare the
levee conditions before and after the tank was filled
(Figure 4). Most of the ERT profiles exhibited a decrease
in mean resistivity after the tank was filled, except for
profile 10, which showed a slight increase. The highest
interquartile range was observed at profile 9 both before
and after the tank was filled, which can likely be attributed
to the measurement location at the edge of the protected
side where the levee materials were less compacted and air
gaps were present. Conversely, the lowest interquartile
range was observed at profile 16, which was at the bottom
of the protected side. This location had a higher water
content that increased further after the tank was filled
because of the shallow water table resulting from seepage.

Three distinct trends were observed in the mean resis-
tivity of each profile before and after the tank was filled:
profiles 1–5 showed a constant mean resistivity, profiles
6–9 showed an increase in the mean resistivity, and pro-
files 10–16 showed a decrease in the mean resistivity. The
stability of the first group was attributed to their proximity
to the tank, where seepage affected the adjacent levee side

Table 3: Depth, width, and true resistivity of water-bearing zones in
successive ERT profiles

ERT no. Dz (m) Wz (m) Rz range (Ω m)

1 1.6 6.5 3–5
2 2.2 8.5 3–5
3 2.8 8 3–7
4 3.2 5.5 3–7
5 3.4 5 3–7
6 3.6 4.5 5–7
7 3 5.5 5–7
8 3.6 3 5–7

Figure 4: Resistivity ranges of every ERT profile measured before and after filling the tank.
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uniformly. The second group was further from the tank
and was less affected by seepage, which resulted in an
increasing trend. The third group was situated on the pro-
tected side slope, and the decreasing trend can be attrib-
uted to the rising water table caused by seepage. Joint
analysis of both levee conditions revealed that the inter-
quartile resistivity ranges of the ERT profiles were broader
on the levee crown than on the protected side. This can be
attributed to several factors. First, the water table was at a
greater depth on the levee crown (depth of 3.1–3.4 m) than
on the protected side (depth of 0.5–1.9 m), which resulted
in larger drier zones in the levee crown and consequently a
wider resistivity range. Second, the variability in compac-
tion of the levee materials was greater at the levee crown
than on the protected side. Finally, disturbances due to
erosion and human activities on the levee crown increased
the variability of the measured resistivity compared to on
the protected side.

3D depth slice maps at 4 m derived from ERT profiles
indicate a distinct contrast in anomalies before and after
the tank was filled. Before filling the tank, the higher and
medium resistivity values corresponded to the composition
of the levee body under dry conditions, which predomi-
nantly comprised fine-grained materials (Figure 5a). After

filling the tank, the lower resistivity values reflected water
seeping from the tank through the levee body and its pro-
tected side to manifest as a blue anomaly starting at a depth
of 3.1 m (Figure 5b). This anomaly widened with increasing
depth until the maximum survey depth. Notably, the initial
depth of the anomaly closely agreed with the water table
measurements obtained using a measurement tape con-
nected to light-emitting diodes with high brightness. This con-
vergence supports the correlation between the ERT data and
direct water table measurements for a better understanding
of the water seepage dynamics after the tank was filled.

3.2 GPR measurements

GPR measurements at the levee crown indicated that the
material of the levee body was generally homogeneous
(Figure 6). Before the tank was filled, an interface was con-
sistently identified at a depth of 0.8–1.0m, which extended
horizontally through the levee body (Figure 6a and b). Con-
sequently, the levee could be delineated into three primary
units: the topmost unit had an average thickness of 0.8m, the
middle unit had a thickness of 0.4m, and the third unit

Figure 5: Depth slice maps at 4 m of the levee body and protected side (a) before and (b) after filling the tank. The black points represent electrode
locations on the levee body. An anomaly with a blue color in Figure 5b is interpreted as a zone of lower resistivity values reflecting water seeping from
the tank.
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extended beyond the survey depth. After filling the tank, the
same interface was observed. In addition, a robust reflection
was identified at an approximate depth of 3–3.2m, which was
interpreted as the water table following seepage from the
tank. This prominent reflection was notably absent in mea-
surements taken before filling the tank [45]. Similarly the
water table as a horizontal reflection with a substantial
amplitude was observed. Beyond the water table, three addi-
tional interfaces were observed at depths of 3.6, 4.2, and 4.9m
(Figure 6c and d). The signal floor tool in RADAN 7 was used
to detect the approximate depth reached by the GPR signal.
Before filling the tank, the GPR signal reached a maximum
depth of 4.6m on average. Meanwhile, after filling the tank,
themaximumdepth decreased to 4.4m, whichwas attributed
to wave attenuation resulting from water seepage through
the levee body.

The reflection coefficient at the detected water table
depth of ∼3.2 m was 0.07 before the tank was filled and 0.19
after the tank was filled. Thus, the proportion of energy
transmitted (Tr) was 0.93 (Figure 7a) and 0.81 (Figure 7b)

before and after the tank was filled, respectively. The
reduction in energy transmitted through the levee body
after the tank was filled was attributed to water seepage
from the tank saturating the levee materials, especially in
the lower part. The calculated energy transmitted through
the levee body showed good agreement with previous stu-
dies [45], which indicates that the conductivity and relative
dielectric constant of the saturating fluid dominated the
matrix values in the saturated granular media. A higher
relative dielectric constant increases attenuation. Simi-
larly, a higher content of fine silt and clay increases the
loss factor and attenuation because of the bound water
within the clay lattice and electrical properties of clay
minerals owing to their physicochemical structure.

The horizontal time slices extracted from the 3D repre-
sentation of the GPR data allow a comparison of the levee
conditions before and after the tank was filled. The profiles
obtained on the protected side and levee crown had lower
amplitudes before the tank was filled (Figure 8a and b,
indicated by blue) than after the tank was filled (Figure

Figure 6: GPR profiles measured along the middle of the levee crown before filling the tank and (a) before and (b) after picking the interface as well as
after filling the tank and (c) before and (d) after picking the interface.
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8c and d, indicated by red and yellow). This disparity was
primarily attributed to water seepage from the tank. The
change in amplitude was directly connected to changes in
the dielectric permittivity and hence loss factor of the soil,
which are affected by both the temperature and water
content. An increase in temperature reduces the peak fre-
quency of the dielectric relaxation, while an increase in the
water content increases the loss factor and decreases the
peak frequency. The dielectric relaxation has generally
been observed to have a lower peak frequency and to
occur over a more limited frequency range for soils than
for conductive media.

3.3 Sedimentological data

3.3.1 BH samples

The BH drilled in the middle of the levee crown (BH1) showed
three main units (Figure 9a). The first unit extended from the
surface to a depth of 0.4mwas formed of fine silt (mean grain
size D50 = 12 µm). The second unit comprised a very fine silt
(D50 = 7 µm) and had a depth of 0.4–0.8m, while the third unit
was fine silt (D50 = 9–15 µmwith an average of 11 µm) andwas
observed at depths below 0.8m. The grain size of the third
unit increased with the depth but remained within the range
of fine silt. The D50 values of individual units indicated that
the levee body generally comprised very fine and fine silts
with some differences in grain size. The BH drilled on the
protected slope of the levee (BH2) had three units (Figure 9b).
The first unit comprised a fine silt (D50 = 9–10 µm) and

extended from the surface to a depth of 2m. The second
unit was a very fine silt (D50 = 7 µm) and had a depth of
2–2.4m, while the third unit comprised a fine silt (D50 =

9 µm) and had a depth of 2.4–2.8m.
The water content (W) of the BH1 samples varied sub-

stantially with the depth before the tank was filled (Figure
9c). The topmost samples had a water content of 14% to a
depth of 0.8 m. Samples from depths of 0.8–2 m had a lower
water content (10%) with little variations. Samples from
depths of 2–4.8 m showed an increased water content of
up to 15.7% on average. Furthermore, the water content of
samples obtained from a BH drilled 0.2 m from BH1 after
filling the tank showed substantial differences (Figure 9d).
The topmost samples had a low water content of 8% to a
depth of 3.2 m, while those from depths of 3.2–4.4 m had a
high water content of 20%. The higher water content at
higher depth can be attributed to the formation of a water-
bearing zone from which the samples were collected.

3.3.2 Saturated hydraulic conductivity

The correlations of the water content W, mean grain size
D50, porosity φ, and density ρ for correlations with the
resistivity R obtained from the ERT profiles and their
degree of significance were analyzed using IBM SPSS.
Here, the subscripts “dry” and “wet” are used to distinguish
parameters measured before and after the tank was filled,
respectively. As expected, Rdry showed a strongly negative
correlation withWwet at a high degree of significance (R2 =
−0.73). Rwet showed the same correlation with Wwet at an

Figure 7: Calculated reflection coefficients, energy transmitted of the levee and the detected water table (a) before and (b) after filling the tank.

Detection of seepage zones in artificial levees  11



even higher degree of significance (R2 = −0.76) because of the
high conductivity of water compared to the dry fine materials
of the levee. In addition, the water created continuous conduc-
tive pathways by filling the pore spaces in the levee materials,

which decreased the resistivity. Meanwhile, Rdry had a moder-
ately negative correlationwithWdry (R2 = −0.57), and Rwet had a
negligible correlation withWdry because of the lack of conduc-
tive media restricting the passage of the electric current in the

Figure 8: 3D cube showing horizontal slices on the (a) protected side and (b) levee crown before the tank was filled and on the (c) protected side and
(d) levee crown after the tank was filled. Anomalies shown in red and yellow in Figure 8c and d are interpreted as increased amplitudes of
electromagnetic waves attributed to water seepage from the tank.
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levee before the tank was filled. Unexpectedly, D50 had a mod-
erately negative correlation with Rdry and a negligible correla-
tion with Rwet. This result was attributed to the homogeneity of
the levee materials, which were mainly fine silt. φ had a
strongly negative correlation with Rwet at a high degree of
significance (R2 = −0.77). This was expected because the pre-
sence of pores facilitates the movement of water through the
levee materials, which in turn affects electrical resistivity. This
also explains why φ had a negligible correlation with Rdry
(R2 = −0.25). The collected samples showed that Rwet had higher

values than Rdry at the upper part of the levee (depth of <1m).
This can be attributed to two reasons. First, the daily mean
temperature was higher after the tank was filled (22.58°C)
than before the tank was filled (16.44°C) (Table 2). Therefore,
the top part of the leveewas drier, which increased the tensile
cracks and thus the resistivity. Second, the seepage has no
effect on the upper part of the levee. Below a depth of 1m,
Rwet had lower values than Rdry because this part of the levee
was affected by seepage. The K values indicated that all col-
lected samples were non-aquitard (Table 4), which means

Figure 9:Mean grain size (D50) along the vertical axes of BH (a) BH1 and (b) BH2; water content in borehole BH1 (c) before and (d) after filling the tank.

Table 4: Properties of the collected samples used to evaluate the saturated hydraulic conductivity

ID Location D (m) Wdry (%) Wwet (%) D50 φ (m/m%) ρ (g/cm3) K (m/s) Material type Rdry (Ω m) RWet (Ω m)

1 Levee crown 0.3 12.5 8 13.44 43.6 1.61 1.3 × 10−7 Not aquitard 22.04 33.16
2 Levee crown 0.4 12.5 8.8 12.14 44.9 1.61 2.4 × 10−7 Not aquitard 22.77 32.17
3 Levee crown 0.5 13.1 10.5 10.84 46.2 1.55 2.4 × 10−6 Not aquitard 23.51 31.20
4 Levee crown 0.8 15.4 12.4 6.93 49.4 1.53 4.7 × 10−8 Not aquitard 25.71 28.23
5 Levee crown 1.2 10.1 11 8.87 50.2 1.39 5.1 × 10−6 Not aquitard 27.50 22.27
6 Levee crown 1.6 10.1 9.9 9.78 50.4 1.45 4 × 10−7 Not aquitard 26.01 16.16
7 Levee crown 2 10.3 11.9 10.3 45.9 1.46 2.8 × 10−7 Not aquitard 22.40 11.60
8 Levee crown 3.4 15.5 18.5 11.97 52.9 1.44 5.2 × 10−7 Not aquitard 12.30 5.45

Notes: D: depth; Wdry: water content before filling up the tank; Wwet: water content after filling up the tank; D50: mean grain size, φ: porosity; ρ: bulk
density; K: saturated hydraulic conductivity; material type, Rdry: resistivity based on ERT profiles measured before filling up the tank, and Rwet:
resistivity based on ERT profiles measured after filling up the tank.
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that the levee was built from a material that does not restrict
the flow of water during floods. This is an important observa-
tion of its health and ability to protect against floods. The
lowest filtration velocity was observed for a sample collected
at a depth of 0.8m. A weakly positive correlation was
observed between Rdry and K (R2 = 0.373), while a negligible
correlation was observed between Rwet and K. These results
indicate no direct connection between the resistivity and
saturated hydraulic conductivity of the levee materials.

3.4 Analysis of physical parameters

The seepage after the tank was filled influenced the phy-
sical parameters used to investigate the current levee sec-
tion: the resistivity and dielectric permittivity. The water
content indicated an inversely proportional relationship
with the resistivity and a proportional relationship with the
dielectric permittivity. Therefore, the relationship between
the resistivity and dielectric permittivity of the levee section
was investigated. After the tank was filled, water flowed
through the levee body, increasing the saturation of the levee
material at lower depths, which increased the relative dielec-
tric permittivity. This observation confirmed a direct relation-
ship between the water content and dielectric permittivity. A
strongly negative correlation was observed between the resis-
tivity and dielectric permittivity before the tank was filled
(R2 = −0.6) because the water content of the levee materials
was homogeneously distributed. However, the correlation
weakened after the tank was filled (R2 = −0.25) because of a
heterogeneous water distribution where some areas of the
levee were fully saturated, others areas were partially satu-
rated, and the upper part was unaffected by seepage.

4 Discussion

To study the effect of seepage on artificial levees, a tank was
fixed on the riverside slope, and measurements obtained
using two geophysical techniques that complement their
respective advantages and drawbacks before and after filling
the tank with water were compared. The geophysical techni-
ques were then applied to identify the main units of the levee
from the BH data because the structure and composition are
important parameters for evaluating the effectiveness of the
levee for flood protection. The results from geophysical tech-
niques were then compared with BH data, which were used
as the ground truth. The BH data indicated the presence of a
very fine silt layer with a thickness of 0.4m; however, this

layer appeared as an interface separating fine silt materials in
the GPR profiles, rather than a layer. In the ERT profiles, the
bottom of this thin layer appeared as an interface at a depth
of ∼1m. Thus, the GPR and ERT profiles could not resolve the
very fine silt layer. Meanwhile, a second interface was clearly
observed at 3–3.2m, almost at the same position in the ERT
and GPR profiles, corresponding to the water table origi-
nating due to water seepage from the tank. The collected
samples confirmed a sharp increase in the water content at
this interface after the tank was filled; conversely, this inter-
face was not observed before the tank was filled.

Thus, the results confirmed that the levee body com-
prised three major units: fine silt at the top, very fine silt in
the middle, and fine silt again at the bottom. Therefore, the
levee body was generally homogeneous and comprised
fine silts. Moreover, fewer layers and increased homoge-
neity are generally advantageous for the health of a levee
because they indicate that it does not have a complex struc-
ture [46–48]. The simple structure of the levee section under
study was similar to that observed for a levee section along
the Tisza River [5,50]. However, saturated hydraulic conduc-
tivity measurements indicated that the levee body had a
non-aquitard nature in all samples, which may facilitate
concentrated seepage through the levee body.

The resistivity values of the levee body were low and
matched those observed in previous studies on alluvial
materials [5,29,49,51–54]. This indicates that the levee pri-
marily comprised fine-grained materials. Specific resistiv-
ities obtained using the ERT profiles had mean values of 24
Ω m before the tank was filled and 20 Ω m after the tank
was filled. These values are below the range reported
by Ball et al. [20], who observed resistivity values of
50–100 Ωm in a levee comprising clayey sand under low-
moisture conditions. This correspondence is consistent
with findings indicating that fine-grained materials within
levee structures typically exhibit specific resistivity values
below 100 Ω m [12,55].

Previous studies revealed a correlation between the
electrical resistivity and porosity [54–59]. Increasing resis-
tivity can be attributed to the soil compaction process, which
increases bulk density while diminishing the volume of larger
pores. This relation is widely acknowledged in the literature,
and Keller and Frischknecht [51] proposed a typical associa-
tion between resistivity and coarse-grained materials. In this
study, a decrease in porosity was strongly correlated to lower
resistivity in the levee section, as expected. The BH measure-
ments confirmed that sediments with a high water content
after the tank was filled tended to have lower resistivity,
especially in the lower half of the levee body. This agreed
with the observations of [29]. The inversely proportional rela-
tion between resistivity from the ERT data and dielectric
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permittivity calculated from thewater content agreedwith the
results reported by Iravani et al. [60,61]. The compaction of
levee materials primarily manifests as an increase in soil bulk
density and decrease inmicroporosity, which reduce electrical
resistivity [62]. Furthermore, Beck et al. [63] demonstrated that
dry density considerably influences the resistivity of fine-
grained soils, rendering resistivity measurements a promising
tool for discerning structural disparities resulting from soil
compaction [64–66] noted that there is no direct connection
between resistivity and saturated hydraulic conductivity
because resistivity is more strongly influenced by other soil
parameters such as the particle size and bulk density.

5 Conclusion

In this study, the seepage was monitored by fixing a water-
filled tank on the riverside slope of an investigated levee
section using geophysical techniques (ERT and GPR) and
measurements of the physical parameters, which provided
useful information regarding the levee and its ability to
protect against floods. The levee body was found to pri-
marily comprise fine silts, suggesting that the levee was
in good health. The low-to-medium resistivity values indi-
cated that the levee section has a homogeneous nature. The
3D analysis of the ERT profiles helped to identify water path-
ways through the levee body before and after the tank was
filled, while the GPR profiles clearly indicated the presence and
position of the water table by indicating an increase in ampli-
tude values after the tankwas filled, which can be attributed to
water seeping through the levee body. Calculations of the
reflection coefficient and the proportions of EM energy trans-
mission are important parameters in studying water seepage
through the levee body during flood events, as they provide
information about the loss factor and attenuation of EMwaves
and clarify the differences in the levee condition before and
after the tank was filled. Analysis of the physical parameters of
levee materials confirmed significant changes before and after
the tank was filled with water. Despite the homogeneous struc-
ture and fine-grainedmaterials of the levee body, the saturated
hydraulic conductivity measurements indicated that it has a
non-aquitard nature, rendering it susceptible to concentrated
seepage. These results demonstrate the importance of studying
the physical properties of levee materials to gain a complete
understanding of the levee’s health and its ability to provide
protection against floods.
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