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Abstract

Artificial levees along alluvial rivers are major components of flood-risk mitigation. This
is especially true in the case of Hungary, where more than one-third of the country is
threatened by floods and protected by an over 4200-km-long levee system. Most of such
levees were built in the nineteenth century. Since then, several natural and anthropogenic
processes, such as compaction and erosion, might have contributed to these earth
structures’ slow but steady deformation. Meanwhile, as relevant construction works were
scarcely documented, the structure and composition of artificial levees are not well known.
Therefore, the present analysis mapped structural differences, possible compositional
deficiencies, and sections where elevation decrease is significant along a 40-km section
of the Lower Tisza River. Investigations were conducted using real-time kinematic
GPS and ground-penetrating radar (GPR). Onsite data acquisition was complemented
with an analysis using a Persistent Scatterer Synthetic Aperture Radar to assess general
surface deformation. GPR profiles showed several anomalies, including structural and
compositional discontinuities and local features. The GPR penetration depth varied
between 3 and 4 m. According to height measurements, the mean elevation of the levee
crown decreased by 8 cm in 40 years. However, the elevation decrease reached up to 30 cm
at some locations. Sections affected by structural anomalies, compositional changes, and
increased surface subsidence are especially sensitive to floods when measurement results
are compared with flood phenomena archives.
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1 Introduction

Artificial levees are ultimately important earthworks for preventing flooding. Thus,
knowing their conditions for successful flood protection is essential. Artificial levees, that
is, linear manmade earthworks along rivers, have been built to inhibit the inundation of
floodplains since historical times. However, large-scale construction works started at the
turn of the nineteenth and twentieth centuries (Szfics et al. 2019; Knox et al. 2022). These
mixed-age structures were built using different techniques and materials (Tobin 1995).

In Hungary, more than one-third of the country is protected by an over 4200-km-long
levee system, with some sections older than 150 years. These levees were constructed
using compacted sediments. The least permeable sediments, such as clays, are placed
at the riverside of the levee. The height of the levees is variable. The levees have been
raised several times, but flood-risk is affected not only by their height but also by their
composition, structure, and the various defects appearing in and on them. Because of
their high age, we have limited information on their condition and changes through time
(Thrig 1973; Szfics et al. 2019; Kiss et al. 2021). They were designed by considering many
factors, such as the estimated flood stage, material type, types of land use and structures on
the protected side, foundation, and the availability of land for construction (Lasz16ffy 1982;
Kiss et al. 2019).

The height of artificial levees, a key indicator for risk assessment, is widely monitored
using various methods (Tanajewski and Bakula 2016; Kiss et al. 2021), but their internal
structures remain hidden. As levees are critical and spatially extended infrastructure, the
use of invasive and time-consuming techniques, usually providing only local information,
is not a viable option for assessment. Consequently, geophysical methods generally can
provide useful physical information on large areas with high accuracy. Such investigations
depend on the contrast in physical properties between the anomaly and the surrounding
soil. Shallow and nondestructive geophysical methods have widely been utilized recently
in levee investigations (e.g., Perri et al. 2014; Busato et al. 2016; Sentenac et al. 2017;
Borgatti et al. 2017; Rahimi et al. 2018; Dezert et al. 2019; Jodry et al. 2019; Tresoldi et al.
2019; Sheishah et al. 2022).

Electrical resistivity tomography (ERT) has been used by many authors to investigate
the health of different levee sections along rivers and check their flood protection abilities.
For instance, two-dimensional (2D) and three-dimensional (3D) ERT were utilized to
locate fissures in embankments (Sentenac et al. 2012; Jones et al. 2014). Meanwhile, a 3D
extended normalization approach of ERT was used in an embankment dike investigation
(Fargier et al. 2014). ERT not only is adequate for structural assessments but also can
enable the identification of seepage zones and sections affected by intensive water
saturation through long-term monitoring, as demonstrated by Tresoldi et al. (2019) and Lee
et al. (2020).

Active thermal sensing is used along with other geophysical techniques to detect leaks
and erosion zones in levees (Radzicki et al. 2021). Using ERT enabled authors to assess the
function between water content and resistivity values, which allowed the transformation
of resistivity profiles into water content maps. Geotechnical investigations were also
applied to validate geophysical surveys (Perri et al. 2014; Dezert et al. 2019). 2D DC
ERT and seasonal temperature profiles were applied by Jodry et al. (2019) to monitor
the seasonal change in soil moisture in an earthen levee to produce seasonal resistivity
change models. Meanwhile, near-surface structures were mapped through the combined
use of capacitive coupled resistivity and multichannel analysis of surface waves, and
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information on potential problem areas along the levee could be provided (Rahimi et al.
2018). However, although ERT can reveal subsurface configurations and is commonly used
for levee investigations, it still has some drawbacks. Different parameters, such as rainfall,
temperature, sheet piling, and 3D effects can disturb ERT measurements (Fargier 2011;
Francgois et al. 2016). Furthermore, ERT requires high contrast in resistivity to provide
promising results. Seismic surveys can also be used in levee investigations. However, if the
contrast in acoustic impedance is not high enough, the levee structure could not be resolved
(Karl et al. 2008). Also, if a heterogeneous material within the levee core is located below
the resolution level, it cannot be easily detected.

On long sections, when fast, high-resolution data are necessary, ground-penetrating
radar (GPR) provides the best solution (e.g., Di Prinzio et al. 2010; Chlaib et al. 2014;
Antoine et al. 2015). GPR has been used in many applications in the last decades as it
is a nondestructive and high-resolution shallow geophysical technique that can resolve
various defects and structural and compositional changes. It is widely used for detecting
animal burrows, which can be considered one of the main reasons for levee failures by
piping phenomena (Di Prinzio et al. 2010). GPR was suggested as a standalone technique
in investigating animal burrows (Di Prinzio et al. 2010). The affordability of GPR was
also considered in discriminating voids from water-filled cavities or metallic objects
(Chlaib et al. 2014; Samyn et al. 2014). A good matching was clear between the observed
features and the interpreted anomalies. However, validation of results by field evidence,
geotechnical data, or other geophysical techniques is crucial, as mentioned by Borgatti
et al. (2017) and Sentenac et al. (2017). Another major issue affecting levee health is
the occurrence of sections with more porous compositions or complex structures where
seepage can develop, and GPR can also be applied in identifying these risky sections
(Antoine et al. 2015; Busato et al. 2016).

The main objective of our study is to develop a set of tools to map and relatively easily
assess the risk related to potential levee malfunction using a 40-km-long test site along
the Lower Tisza River. This is because many researchers usually target the identification
of certain types of defects, but there is yet no inventory of the type of defects that can be
identified using GPR. However, in this research, we focus on the analysis of different types
of defects, which are then categorized according to their potential risk and levee health.
This required identifying and interpreting different types of anomalous features within
the levee body, allocating sections affected by considerable height decrease over time,
and verifying remotely sensed data through field observations of flood phenomena. The
inventory of defects and the developed levee health evaluation method can be applied for
future large-scale surveys along the Tisza River and other large alluvial rivers with artificial
levees. Therefore, we present the novel idea of integrating different methods, such as GPR,
Persistent Scatterer Synthetic Aperture Radar (PSI), and GPS, for easily evaluating levee
health and verifying the outcomes from historical flood phenomena records.

2 Case study

The Tisza River (catchment area: 157,000 km?) in Central Europe drains the eastern half
of the Pannonian Basin, where river systems have a long evolution history. The oldest
fluvial deposits date back to the Late Miocene (Géabris and Nador 2007). The courses of
the rivers, including the Tisza, are influenced by several sinking grabens. One of the most
active ones is the South Tisza Graben, where approximately 700-m-deep fluvial sediments
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have accumulated (Ronai 1985). Until the Late Pleistocene, the subsidence of the graben
was continuous but fluctuating (Kiss et al. 2014); during the Holocene, it terminated as
Early Holocene floodplain forms were not buried by younger sediments (Kiss et al. 2012).
However, in historical times, the subsidence became active again, mainly driven by natural
gas, oil, and water extraction.

The analyzed artificial levee section (Fig. 1) of the Lower Tisza River (Hungary) is
40 km long and is located at the left bank of the river, from 12 to 50 Lkm (Lkm: levee
kilometer).

In the late nineteenth century, catchment-scale engineering interventions began on the
Tisza River to prevent floods’ recurring inundation of vast areas. These works included
the disconnection of the Tisza from its floodplains through the construction of artificial
earth embankments or levees. The total length of the levee system along the Tisza is
2940 km. Because of interventions along the river (e.g., cut-offs) and on the catchment
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Fig.1 a Location map with potential floodplains and artificial levees in Hungary (modified after OVF
2014) and b the study area showing the places of RTK-GPS measurements as a yellow line, southern GPR
measurements on the levee crown as a green line, northern GPR measurements on the levee crown as a red
line, and GPR measurements on the levee foot as a blue line
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(e.g., forest clearance), the frequency of floods increased continuously over time.
Therefore, the levees were heightened several times in the past 150 years, which resulted
in an onion-like, complex structure with several layers (Fig. 2). Currently, their relative
height ranges between 5 and 8 m (Kovacs 1979; Nagy 2000). The precise structure and
composition of the levees are only known along newly constructed sections, as works in
the nineteenth century were scarcely documented. Moreover, because of the application of
nearby materials, such compositions can be highly heterogeneous in vertical and horizontal
terms. Consequently, mapping structural and compositional changes are crucial from the
perspective of future flood management.

3 Methods and materials
3.1 Elevation measurements

The long-term height change of the investigated levee section was assessed by comparing
archive leveling data with recent real-time kinematic GPS (RTK-GPS) measurements.
GPS-based height changes, however, are hard to evaluate in terms of surface deformation
as there can be several other factors in the millimeter to centimeter range affecting levee
height besides geologically driven subsidence or uplift. Therefore, subsidence velocity was
also estimated using PSI data.

GPS measurements were performed on the levee crown and levee foot at every 200 m
between 12.5 and 42.0 Lkm using a TopCon Hyper Pro device in 2017 and 2018 (Fig. 3d).
The 3D accuracy of the instrument was measured to be 2-3 cm. Concerning the levee
crown, baseline elevation data were derived from differential leveling made by the Lower
Tisza Directorate in 1976. Leveling data were referenced to the national benchmark system
at the time, which was later renewed and incorporated into the National GPS Network.
Still, there is a spatially variable height difference between the two systems; at the study
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Fig.2 Typical structure of levees along the Tisza River. Heights are given in meters (adapted from
Schweitzer 2002)
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Fig. 3 a Tensile cracks on the levee crown, b GPR survey using SIR3000 attached to a 200-MHz shielded
antenna on the levee crown, ¢ GPR survey on the levee foot, and d location of GPS points measured on the
levee crown and levee foot

site, this difference is estimated to be 6 to 7 cm (Hivatkozas). Consequently, we corrected
the leveling data by —7 cm to obtain more realistic height change values.

Along the levee foot, our GPS measurements were compared with the data of an earlier
GPS survey, made again by the directorate in 2003. The points of the 2003 survey were
staked out at least with a 5-cm horizontal precision, and the height was measured again.
In this case, no additional corrections were made as both surveys used the same reference
system.

Acknowledging the above-mentioned uncertainties, measurements were complemented
by space-based PSI data to verify the height change derived from geodetic data. PSI
analysis was based on 70 ERS-1, ERS-2, and Envisat Single Look Complex data of the
European Space Agency acquired between 1992 and 2010. For every 500-m section
between 12.5 and 39.0 Lkm, average vertical velocity values were calculated from those
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PSI point targets located on and around the levee within a 1500-m buffer zone. The width
of the buffer zone decreased to 300 m near the city of Szeged because of the greater point
density.

3.2 GPR data acquisition and processing

GPR is a fast, non-invasive, and high-resolution electromagnetic technique transmitting
high-frequency electromagnetic pulses, which are partly attenuated but also reflected
from the interface of layers or objects with different dielectric properties. The greater the
dielectric permittivity contrast, the higher the experienced reflectance. The penetration
depth of GPR is directly related to the frequency and wavelength of the transmitted
electromagnetic pulses. It is related to the type and state of the soil as well. The maximum
penetration depth equals 20 wavelengths (Daniels 2004); however, in most cases,
depending on the electromagnetic properties of sediments, the depth is considerably less
than this (Utsi 2017).

The GPR survey was conducted using a SIR 3000 control unit (Geophysical Survey
Systems Inc.) attached to a 200-MHz center frequency antenna in the survey wheel
mode (Fig. 3). We recorded 1024 samples per scan (16 bits per sample) to achieve a
high vertical resolution. The scanning rate was set to 64 scans per second. Meanwhile,
data were acquired at 60 scans per meter to achieve a high horizontal resolution of
the collection. The time range window was set to 170 ns, the gain and the position
of the first positive peak were set automatically, and the dielectric constant was kept
at 16 throughout the measurements, depending on the conductive nature of the levee
materials.

The GPR survey was performed in two sections (southern zone: 12.6-23.9 Lkm;
northern zone: 31.2-43.1 Lkm), separated by a 7-km-long asphalted levee section.
Measurements were performed on the levee crown and at some places at the levee
foot (Fig. 3b, c). The total number of GPR profiles was 282. Each GPR profile had a
length of 100 m. The profiles were successive; that is, the endpoint of one profile is
the starting point of another profile. Concerning the southern zone, 162 GPR profiles
were measured, of which 114 were made on the levee crown and 48 on the levee foot. In
the northern zone, 120 GPR profiles were taken, each on the levee crown, as shown in
Fig. 1.

As no filters were applied during data acquisition, the signals contained different
types of unwanted signals that had to be eliminated as low-frequency noise, high-
frequency monochromatic unwanted signals, spurious noise, and flat-lying noise
(horizontal bands of noise) originating from antenna ringing and any other reflections
arriving from above the ground (e.g., reflections from nearby vehicles, buildings,
fences, power lines, and trees). We used the software REFLEXW 8 (Sandmeier 2016)
and RADAN 6.6.2.1 (GSSI 2010) to improve the signal-to-noise ratio. The first step of
processing was time zero (7z) removal to compensate for the delay in the first arrivals.
The filter parameter move time determined the time value for each trace that must be
shifted. In the data, the move time parameter was set to — 14 ns.

The second step was a background removal filter to remove the horizontal banding
caused by the GPR and any other reflections from above the ground (e.g., reflections
from nearby vehicles, buildings, fences, power lines, and trees). It also suppressed
horizontally coherent energy. Because this filter removes the direct coupling pulse,
it was applied after time zero correction. The filter subtracts an averaged trace (trace
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range), which is built up from the chosen time/distance range of the actual section. The
start time was set to O ns, and the end time was set to 156 ns.

The third step was a 1D filter for the subtraction of the mean (Dewow) to eliminate
the drift of traces from the mean over time and to remove the low-frequency part
(dewow) from the received signal (Sandmeier 2016). The filter acted on each trace
independently, and a mean running value was calculated for each value of each trace.
Then, this running mean was subtracted from the central point.

The fourth step was a 1D bandpass frequency filter that removed additional high-
frequency monochromatic signals but retained low-frequency noise not corresponding to
the frequency range of the GPR (Sandmeier 2016). It was applied to each trace. The lower
cut-off was set to 10, the lower plateau was set to 85, the upper plateau was set to 185, and
the upper cut-off was set to 300.

The fifth step was a 2D filter running average. This filter emphasized horizontally
coherent energy to make targets clearer and to reduce any associated spurious noise (Utsi
2017). The running average was performed over several traces to suppress trace-dependent
noise. The average traces used here were 7.

In the sixth step, the gain was set manually in the y-direction as each signal passed into
the ground; some parts were lost into the environment (attenuated), and others reflected the
receiver so that each with increasing depth signal diminishes (Utsi 2017). It allowed us to
interactively define a digitized gain curve in the y-direction (normally time axis) and apply
this gain curve to the data.

After processing, the GPR profiles were analyzed to identify interfaces and record
different types of anomalies. Anomalies were then categorized and evaluated in terms of
flood-risk. The spatial distribution of the different categories was analyzed concerning
other parameters referring to levee health. Besides mapping structural differences and
defects, changes in levee composition were also assessed, mostly by investigating the
attenuation of signals. Differences in attenuation were expressed by determining effective
penetration depths at a fixed dielectric constant (¢ =16). Penetration depth was calculated
using the automated Max Depth function of the software RADAN, analyzing the noise
and signal loss from trace to trace. As the surveys along the studied levee sections were
made on consecutive days, the environmental conditions, especially moisture content, were
uniform, and we assumed a direct relationship between penetration depth and the grain
size/porosity of the sediments building up the levee body.

3.3 Methodology of levee health evaluation

The risk potential at every kilometer of the investigated levee sections was assessed by
combining the different data we obtained. The analysis was conducted by calculating (1)
the mean elevation decrease, (2) the mean penetration depth, and (3) the mean number
of anomalies per 1 km for the entire investigated area. These values were compared with
those calculated for 1-km sections (Fig. 4). At each 1-km section, the values of the above
three parameters were compared with the mean for the entire section. If the 1-km value
was below the section mean, it received a score of 1, referring to a lower level of levee
health (LLLH) than the average. In contrast, if the 1-km value was higher than the section
means, it received a score of 2, referring to a higher level of levee health (HLLH) than
average. Subsequently, scores of levee health levels were added up; for each 1-km section,
a potential level of levee health value was assigned, with scores of 3 and 6 meaning low
and very high levels of levee health potential, respectively (Fig. 4).
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Fig.4 Diagram for calculating health along the investigated levee sections

3.4 Inventory of historical flood phenomena

High flood levels and extensive flooding can lead to the gradual soaking of the levee
body, which can decrease the flood resistance capacity of the earthwork and, in extreme
situations, lead to the failure of the structure. Therefore, identifying and recording
different flood phenomena during floods are major tools in the hand of levee guards to
assess the levees’ status and locate weak sections. From the 50-year-long record of the
Lower Tisza Water Directorate, six types of flood phenomena have been identified along

River side

Levee

Soil softening

- — — —>
Moderate seepage

Protected side

Sand boil

Levee bottom seepage

Fig.5 Six types of flood phenomena identified by the Lower Tisza Water Directorate along the investigated

levee section
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the studied levee section: soil softening, moderate seepage, concentrated seepage (piping),
levee subsoil weakening, levee bottom seepage, and sand boil (Fig. 5). These have been
recorded since 1970 along the investigated levee section. Since then, 11 significant floods
have caused flood phenomena. From an overall review of recordings, seepage and piping
were identified as the most frequent phenomena in the investigated area. These affected
the upper part of the levee body, mostly within the estimated range of GPR penetration
depth. Following the extreme floods in 1970 and 2000, the investigated levee section was
reinforced at several critical sites, and recordings of the subsequent 2006 and 2010 floods
were chosen to determine the spatial distribution of flood phenomena and their relationship
with geophysical data. In the past 20 years, the largest and most damaging flood was in
2010 (Borsos and Sendzimir 2018).

Flood phenomena were recorded on digital blueprints showing their actual position
along a scale representing the levee. If their spatial frequency was high at certain sections,
they were not marked individually, but intervals of occurrence were recorded. Graphical
data were converted into an excel sheet: each 100-m section was evaluated as either affected
by flood phenomena (score 1) or not (score 0). The scores from both investigated years
were summed for each levee kilometer and plotted against the horizontal distance along the
investigated levee section. The frequency diagram of seepage and piping phenomena was
compared with the spatial frequency of anomalies identified using GPR profiles.

4 Results
4.1 Elevation change

In general, the elevation values were lower in 2017 than in 1976 (Fig. 5). The corrected
mean height of the levee crown in 1976 was 85.26 m asl. In 2017, it was 85.21 m asl.
The calculated 5-cm decrease in levee crown elevation does not seem significant at first
glance. However, it must be underlined that at some sections, a slight elevation increase
could be identified concerning pavement construction and repeated asphalting during the
study period (Fig. 6). If these sections are disregarded, the height difference is—8 cm
(1976: 85.23 m asl.; 2017: 85.15 m asl), which is significantly higher than the expected
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Fig.6 Elevation data for the levee crown in 1976 (blue points) and 2017 (green points). Red lines mark
sections where the levee crown is paved
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Fig.7 Elevation change of the levee crown (blue line) and levee foot (green line) along the investigated
sections using a 1-km moving average

measurement errors. Therefore, the annual subsidence rate for these sections is 1.3 mm/
year.

For a more detailed investigation, the spatial variations of changes and elevation
differences were also evaluated by applying a moving average analysis (1-km window
at 200-m steps) (Fig. 7). Even in terms of unpaved sections, the height change was not
uniform; that is, some parts were affected more by elevation decreases, such as the
levee section between 32 and 41 km (— 16 cm on average) or between 13 and 17 km
(=29 cm on average). Such spatial differences imply that elevation decrease cannot
simply be explained by compaction and mass-related subsidence, which should affect
the entire section similarly. Instead, there can be other forces leading to non-uniform
subsidence.

Concerning the levee foot, elevation values, as in the case of the levee crown,
were lower in 2018 than in 2003 in the investigated section. In comparing the two
datasets, points that showed extreme elevation increases were excluded. These were
unambiguously related to the reinforcement of the levee foot upon the construction of a
highway bridge over the river between 2009 and 2011.

Consequently, the mean height of the levee foot was 78.31 m asl in 2003 and
78.25 m asl in 2018. This shows a general 6-cm decrease. The annual rate of height loss
for the 15-year-long period was then 3.7 mm/year, corresponding remarkably well to the
annual height decrease of the levee crown on the same levee section between 1976 and
2017, which was also 3.7 mm/year.

Although the levee foot height was also affected by engineering interventions,
such as reinforcements, it exhibited a more uniform change, partly due to the shorter
period of investigation and the presence of fewer factors affecting elevation conditions.
Although the spatial patterns of the levee crown and levee foot elevation decrease were
not identical, the general trends on unpaved sections, such as between 13 and 17 km and
between 19 and 24 km (Fig. 7), were the same, meaning that the levee crown and foot
moved together. Thus, there should be a subsidence process affecting the entire levee
body.

The spatially uneven subsidence in the area was also reinforced by the PSI data,
representing the levee and its environs. In the investigated 18-year period (1992-2010),
surface deformation velocities ranged between+0.5 and—-5.0 mm/year (Fig. 8).
Thus, the average subsidence rate along the investigated Sect. (12.5-39.0 Lkm) was
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1.9 mm/year. This value is very close to the rate calculated using leveling and GPS
data (1.3 mm/year), though a longer section was assessed in the latter case. Suppose
only parts measured by both methods were evaluated, excluding paved sections. In
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that case, the traditional estimate of subsidence is higher (4.2 mm/year) than the PSI-
derived values (2.6 mm/year). The difference may have arisen from the different periods
of analyses. Thus, vertical velocities may have changed over time. Still, the results
of the two methods verify each other well. If any of the obtained data are considered
significant, subsidence has affected the investigated levee section over the past decades,
and the spatial distribution of this process is quite uneven. Consequently, large-scale
anthropogenic activity might explain deformation and subsidence anomalies (Grenerczy
et al. 2021), a potential source of which can be intensive oil and natural gas extraction
in the area from the 1970s (Kiss et al. 2021).

4.2 |dentification of GPR anomalies

After processing the GPR profiles, six types of anomalies were identified, each affecting
flood-risk differently by modifying the levee structure. As shown in Table 1, the anomalies
picked up from all the affected sections were categorized and evaluated in terms of flood
hazard. The number of GPR profiles affected by each of these anomalies was counted.

The different types of anomalies are explained in detail as follows:

1 Tensile cracks cracks form when the shear stress exceeds the shear strength of soils (Wei
et al. 2020; Lu et al. 2007). The most frequent anomalies detected in GPR profiles were
tensile cracks on the levee crown, as shown in Fig. 3a. They appear on the GPR profiles
as vertical lines with a dielectric permittivity different from that of the surrounding
levee materials. GPR profile No. 62 (Fig. 9a) shows an example of this anomaly type.
Tensile cracks might close during wet periods and open again during dry periods, which
damages the levee body in the long-term. Hundreds of cracks and nearly 30% of the
investigated profiles were affected.

2. Remarkable changes in dielectric permittivity According to Utsi (2017), this
phenomenon can be described by the increased (signal band lengthening) or decreased
(signal band shortening) water content of levee materials. In several profiles, a
remarkable and sudden change in dielectric permittivity was estimated qualitatively
in the second layer of the levee structure (Fig. 9b). In Fig. 9b, high and low dielectric
permittivity, therefore, may also refer to changes in the wetness of the levee material.
However, these sudden changes are more probably related to increased clay (signal band
lengthening) or silt/sand (signal band shortening) as all measurements were made during
a long drought period, during which the groundwater level was estimated to be around
10 m below the survey depth. Although attenuation may also affect the banding pattern,
the occurrence of highly different band lengths in the same profile indicates the greater
importance of differences in levee material. This type of anomaly can cause seepage
and mass failure. It was observed in many GPR profiles, and approximately 20% of the
profiles were affected.

3. Animal burrows Burrows are tunnels or holes that an animal digs for habitation (a
place to live) or as a temporary refuge (a place of protection) (Website 1). Air-filled
animal burrows are characterized by a low dielectric constant (er for air equals 1),
so the reflected signal from its boundary changes its polarity relative to the incident
signal (Smith and Scullion 1993; Chen and Wimsatt 2010). In the radar scan across an
empty animal burrow, a positive peak appears depending on its size. They are frequently
eroded, especially in the levee structure (Seed et al. 2006; Wiscomb and Messmer
2010). This anomaly is one of the most common problems that form piping in levee
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Fig.9 Representative profiles for the identified GPR anomaly types: a tensile cracks (profile 62, southern
zone), b remarkable changes in dielectric permittivity (profile 24, southern zone), ¢ animal burrows and
sudden changes in stratification (profile 54, southern zone), d layer deformation (profile 18, southern zone),
e paleo river channel at the levee foot (profile 42, southern zone), and f sudden change in stratification

(profile 60, northern zone)
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structures. The piping phenomenon leads to approximately half of the world’s dam
failures (Richards and Reddy 2010). Approximately 10% of the profiles were affected by
these features. Figure 9c shows an example of anomalies resulting from animal burrows.

4. Layer deformation Minor deformations regarding performance limit states are defined
by non-discernible shear zones (max deviatoric strain less than 1%) and low gradi-
ents (i.e., i < 1) throughout the embankment dam and foundation (Khalilzad and Gabr
2011; Khalilzad et al. 2014, 2015). Deformation in the levee layers can appear in GPR
cross-sections measured on the levee crown as a distinguished change in the dielectric
permittivity in the top layer~ 1 to 2 m thick, with a strong reflectivity characterizing
the subsidence part. This anomaly negatively affects the levee height as it causes a
height decrease; thus, the levee needs to be heightened over time. Figure 9d illustrates
an example of layer deformation. Six GPR profiles showed signs of this phenomenon.

5. Paleo river channel Palacochannels are remnants of rivers or stream channels that flowed
in the past and have been filled or buried by younger fluviatile sediments. Paleo river
channels have been investigated using GPR (e.g., Vandenberghe and van Overmeeren
1999; Skelly et al. 2003; Stowik 2012). The strong reflector of this anomaly on a GPR
cross-section shows a concave shape representing the river’s outer banks, and the weak
reflectors inside represent the currently filled younger sediments. Paleo river channels
are considered one of the important causes of levee failure as they allow seepage below
the levee and can increase flood-risk. The consequences of this phenomenon can be
noticed in the protected side of the levee in the form of water upwelling. Paleo river
channels can be observed only in GPR profiles measured on the levee foot. Figure 9¢
illustrates an example of a paleo river channel. In total, five GPR profiles were affected.

6. Sudden change in stratification This phenomenon is defined as a sudden slope in the
horizontal levee layers, which might refer to considerable changes in the structure of
the levee. In other words, the construction might have not followed a consistent design
150 years ago. It appears on the GPR profiles as an abrupt decline in the horizontal
reflectors of the levee layers. This anomaly might increase seepage during floods and
may constitute areas of mass failures. In this research, a qualitative method of anomaly
assessment was used. Sudden stratification changes were observed in four profiles
(Fig. 9c, f).

4.3 Spatial distribution of GPR anomalies and penetration depth

Penetration depth, like changes in dielectric permittivity and antenna frequency, is mostly
determined by the state of the levee material. According to the inverse relationship
between the velocity of GPR signals and the relative dielectric permittivity of different
materials (v=c/ \/ er; Annan 1996), the higher penetration depth of the signals meant that
this part of the levee is composed of materials that permit electromagnetic waves to pass
with higher speed than those through other parts of the levee. The lower relative dielectric
values explain these parts with higher penetration depths. The spatial penetration depth
variation refers to levee material changes, with lower depths indicating higher clay content
and greater depths indicating higher silt or sand content (Fig. 11b). The penetration depth
of the Southern GPR survey zone ranged from 3.3 to 4.5 m, with an average of 3.73 m.
Although values fluctuated, it seems clear that there are three separable zones within this
section with increased penetration depth. These zones are between 14.4 and 15 km, 17.5
and 18.8 km, and 21.5 and 23 km (Fig. 11b).
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Meanwhile, the penetration depth at the northern measurement zone ranged from 3.2 to
4 m, with an average of 3.4 m. In contrast to the southern measurement zone, fluctuations
herein were smaller, and only one section exhibited an increased penetration depth
between 34 and 35 km. The northern zone appears to be more stable and homogeneous
in composition. In the case of the penetration depth analysis for the profiles measured on
the levee foot, the values ranged between 3.5 and 4.5 m, with an average of 3.9 m marked
as a red line in Fig. 11b. The outcomes of the anomalies from the 2D-GPR measurement
sections are represented in one chart (Fig. 11c¢).

From the comparison of the results of the penetration depth of the GPR signals with the
outcomes of the anomalies for both the southern and northern measurements of the levee,
the inhomogeneity and frequency of GPR anomalies of the southern levee zone are the
two main reasons behind this noticeable fluctuation of the GPR penetration depth signals.
Meanwhile, in the case of the northern zone, the penetration depth results show stability,
which may be due to the homogeneous nature of the materials and the fewer anomalies
detected from the GPR profiles in this zone (Figs. 11b and 7).

4.4 Verification of GPR results using flood phenomena records

The GPR results were compared with 2006 and 2010 piping and moderate seepage
recordings along the studied levee section (Fig. 10). For the spatial comparison, the
frequency of all GPR anomalies and anomalies referring to a remarkable change in
dielectric permittivity was applied. The latter parameter was chosen because of two
reasons: (1) it was the second most abundant anomaly with enough recordings to make
a spatial plot and (2) this type of anomaly was mostly experienced in the second layer of
the levee structure, at a height where piping and moderate seepage usually appear. Thus,
tensile cracks and animal burrows were not considered in detail as these affect only the top
part of the levee.

Although the spatial patterns of km-based data of anomalies and flood phenomena do
not match completely, the general difference between the two investigated zones is obvious.
In the case of the southern and northern zones of the investigated levee section, 148 and 42
anomalies were detected, respectively. Out of these, 51 and 18 were classified under sudden
changes in dielectric permittivity. Meanwhile, the numbers of 100-m sections affected by
piping or moderate seepage regarding the two zones were 26 and 11, respectively. If the
summed recordings of a zone are expressed as the percentage of total recordings, then
the relationship is even more obvious. The proportionate values of piping and moderate
seepage were 70% and 30% in the southern and northern zones, respectively. Similar
values were obtained when remarkable changes in dielectric permittivity were considered
(74% vs. 26%), and a somewhat different but comparable distribution was experienced
when each type of anomaly was considered (78% vs. 22%).

Although the pattern of the recordings is not entirely the same, the frequency of flood
phenomena cannot be directly predicted from GPR anomalies. However, if longer sections
are investigated, the trend is obvious, and GPR can be applied to assess the potential for
seepage and piping occurrences.
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Fig. 10 a Spatial frequency of anomalies identified from GPR profiles measured on the levee crown (each
1-km section), b special frequency of a remarkable change in dielectric for each 1-km section, and ¢
occurrence of concentrated seepage (piping phenomenon) for each 1-km section during two flood periods
in 2006 and 2010

5 Discussion

In our study, similar defects were detected through the combined use of GPR and GPS,
as in the case of the study of Tanajewski and Bakuta (2016), but in a 40-km section of the
investigated levee. PSI measurement offered a fast way of detecting surface deformation
along the investigated levee, especially when GPS supports it and leveling data. However,
GPR data can also provide better insights into the levels of healthy sections of the levee.
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Moving average of elevation change between 1976 and 2017, b penetration depth of GPR signals, ¢ types
and spatial frequency of anomalies identified on the GPR profiles taken on the levee crown, and d risk
evaluation for each 1-km section of the levee

Most researchers studied and analyzed animal burrows for assessing levee health
(Masannat 1980; Mazzini and Simoni 2008; Di Prinzio et al. 2010; Chlaib et al. 2014;
Borgatti et al. 2017). However, in this study, the flood phenomena affecting levee health
were related to other types of defects aside from animal burrows. Thus, different types
of defects must be combined and assessed in parallel to establish a relationship between
the flood phenomena and different types of anomalies as one type of defect is not enough
to provide a good image of the current status of the investigated levee. Among various
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types of anomalies, tensile voids and cracks were identified in our study, but they mostly
get closed by the wetting of the levee body during floods. However, the largest ones may
remain open (Szfics et al. 2019), which means that their presence can increase the risk of
damage as leakage through cracks usually leads to piping, which is the main cause of levee
failure events (Huang et al. 2014; Cleary et al. 2015; Antoine et al. 2015).

By comparing the leakage areas in the levees detected using GPR in the earth
embankment from Antoine et al. (2015) with our data, we could notice that such an
anomaly was not discovered in our investigated levee sections. One type of burrow
classified by Chlaib et al. (2014), which includes small air-filled burrows, can be detected
using the signal polarity and the dielectric contrast with the surrounding levee materials in
the riverside edge and is similar to animal burrows detected in our studied levee section.
Meanwhile, paleo river channels detected in several GPR profiles measured on the
levee foot match with the results of many previous studies (e.g., Vandenberghe and van
Overmeeren 1999; Skelly et al. 2003; Stowik 2012; Ritambhara et al. 2021), with a special
reflector characteristic explaining the old banks and the younger sediments that filled these
channels.

Surface deformation was detected in several GPR profiles measured on the levee crown.
In Kiss et al. (2021), surface deformation related to subsidence or uplift is one of the main
factors causing height decrease in artificial levees. Also, the southern half of the study area
is located above the Algyd Oil and Gas Field (~50 km?), which has operated with 1011
wells and drained oil and gas from depths of 1723—2500 m since 1970 (Konx et al. 2022).
According to Jo6 (1996), the subsidence related to this mining activity is 3.6—4.1 mm/year.
As most of the extracted reserves are under the channel and floodplain of the Tisza and
Maros Rivers, the subsidence can dramatically change the elevation and stability of the
artificial levees.

The combined use of ERT and GPR and their validation by borehole data, as done by
Sheishah et al. (2022) on one section of the Tisza levee, could reveal the levee composition,
which consists of fine and medium silt units, and one reason for such fluctuation in the
penetration depth of the GPR signals (especially in the southern levee zone) could be
explained. The combined results of the leveling data from 1976 and GPS data measured in
2017 were spatially fitted to GPR penetration depth data and the distribution of anomalies
detected on the levee crown.

Going from north to south, an increasing trend can be seen in the levels of levee health
scores (Fig. 11). LLLH sections predominated in most of the northern zone, except for
four 1-km sections with a medium level of levee health (MLLH) (at 42, 40, 35, and
33 Lkm). In contrast to the northern zone, mostly HLLH sections can be identified in
the southern zone, and even very high levels of levee health sections occur (at 16 and
15 Lkm), whereas MLLH sections are restricted only to the first part of this zone at 24 and
23 Lkm. Accordingly, the mean levels of levee health score are 5.0 in the southern zone
and 3.4 in the northern zone, indicating the overall worse condition of the previous section.
Consequently, the southern levee zone can be considered more prone to flood phenomena
and failure during floods.
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6 Conclusions

On the basis of the geophysical surveys conducted on the Tisza levee section, we conclude
that the combined use of GPS, PSI, and GPR with data validation collected from flood
phenomena recordings is an effective approach for examining the levee conditions in terms
of flood-risk and flood resistance capacity. From elevation and surface deformation velocity
measurements, we observed a considerable height decrease along the surveyed levee
crown and levee foot between 1976 and 2017. As different datasets for different periods on
different parts of the levee point in the same direction, the role of subsidence as a matter of
surface deformation seems reinforced. Considering PSI data, regional surface deformation
is evidently a very important factor behind elevation changes along the levee. As it affects
the absolute height of the levee locally, it is also a significant issue in terms of flood-
risk. In most GPR cross-sections, the penetration depth of radar signals was limited, and
anomalies could be identified up to 3 to 4 m. Following the categorization of anomalies,
the investigated sections could be evaluated in terms of flood-risk. Remarkable changes in
dielectric permittivity and tensile cracks represented the most common anomalies among
all other identified defects. The spatial change in the heterogeneity of the investigated levee
was also clearly marked by the variations experienced in penetration depth determined by
the dielectric properties of the levee material. Thus, according to the GPR data, the health
of the southern zone is much worse than that of the northern zone.

Regarding flood phenomena recordings since 1970, we found that among different
types of flood phenomena, the spatial distribution of piping and moderate seepage can
be compared with that for the GPR data as these affect the upper part of the levee body
and are mostly within the experienced GPR penetration depth. Besides, these were the
most abundant flood phenomena in flood years along the investigated levee section. We
found that the frequency and spatial distribution of GPR anomalies corresponded well to
flood phenomena; thus, using GPR surveys, the occurrence of piping and seepage during
floods can be predicted. By integrating different types of results, high-, medium-, and low-
flood-risk sections could be identified from the perspective of the condition of the levee.
Generally, the southern zone received a much higher risk score than the northern zone,
implying that the risk of failure during floods is considerably greater here. This information
is very important for the maintenance of the levee and can also aid the planning of
interventions during flood situations. Overall, our investigation proved to be adequate for
evaluating levee health and can be extended to longer sections along the Tisza River and
other rivers.
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