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1. Introduction 

1.1 Importance of artificial levees 

Floods are among the most widespread types of natural hazards, as confirmed by 

almost half of the catastrophes 2018 were related to floods. A flood occurs when the water 

exceeds the river banks, leaves its channel and temporarily inundates otherwise dry areas 

with water, and this overflow is not regular. One of the most dangerous results of floods 

is the loss of human lives, but Floods also harm economic and social infrastructure 

(Mezősi, 2022).  

Artificial levees that is, linear manmade earthworks along rivers, are ultimately 

important earthworks for preventing flooding. Thus, knowing their conditions for 

successful flood protection is essential. Artificial levees have been built to inhibit the 

inundation of floodplains since historical times. However, large-scale construction works 

started at the turn of the 19th and 20th centuries (Szűcs et al., 2019; Knox et al., 2022). 

These mixed-age structures were built using different techniques and materials (Tobin, 

1995 & Sheishah et al., 2023a).  

As revealed by many authors that there are three basic elements related to the 

modern flood management system; Hazard, Vulnerability, and Risk (Chakraborty & 

Mukhopadhyay, 2019). Therefore, flood risk can be defined as a function of vulnerability 

and hazard (Chen, 2022). Flood risk has been reviewed from various perspectives by 

authors with diverse scientific backgrounds, and the conceptual frameworks of risk 

assessment have been established: the gathering of hazard and vulnerability and 

integrating the possibility of the hazardous event with the expected damage (de Brito et 

al., 2017). Flood risk is expected to increase because of socioeconomic development and 

climatic change (Willner et al., 2018).  

Many researchers explained four main types of urban flood risk assessment 

methods; index system assessment, historical disaster assessment, scenario simulation 

assessment, and remote sensing impact assessment (Xu et al., 2020). The index system 

method chooses suitable urban flood impact factors, including many other factors within 

the evaluation system, to calculate a single assessment. This way is generally easy to 

follow and widely used, but choosing the factors and weights is subjective (Chen et al., 

2015; Lyu et al., 2018). The historical disaster assessment depends mainly on the history 

of flood data affecting a certain study area. This method is easy to assess but needs more 

data, and the model's accuracy could be higher. The simulation scenario method to build 
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a hydrodynamic model to simulate the flood occurrence and predict flooding processes 

under different scenarios (Yu et al., 2018). Remote sensing impact assessment is to study 

the land affected by flood disasters by satellite remote sensing images, and the accuracy 

is a function of time, but it is hard to explain some important information, such as 

inundation depth and flood flow (Tellman et al., 2021).  

In lowland areas, a key protection element is water drainage and the construction 

of dams and levees. The latter is often the key to flood protection. In the Carpathian Basin, 

a system of flood protection levees provides safety for millions of inhabitants and 

hundreds of thousands of houses and thousands of km of roads and railways. In Hungary, 

more than one-third of the country is protected by an over 2940-km-long levee system, 

with some sections older than 150 years. Levees were mostly composed of nearby 

floodplain sediments; their core was preferably clay, above which silty layers were 

compacted. It is also frequent that the protected side is covered by sand to enable the 

draining of the levee core during floods. However, the precise structure and composition 

of the levee are only known along newly constructed sections, as works in the 19th 

century were scarcely documented. Moreover, due to the application of nearby materials, 

their composition can be highly heterogeneous in vertical and horizontal terms. 

Consequently, mapping structural and compositional changes is crucial from the aspect 

of future flood management (Sheishah et al., 2023a). 

Most of the levees along the Tisza were originally constructed in a relatively short 

period. The first levees needed to be higher and recurring floods overtopped them 

regularly. Consequently, their height and size continuously increased over time, usually 

after significant and destructive flood events. This resulted in the development of an 

onion-like complex earth structure with spatially variable composition (Galli, 1976; 

Schweitzer, 2002; Amissah et al., 2018). Moreover, levees were then affected by various 

post-constructional processes, such as compaction, subsidence or water seepage during 

floods (Galli, 1976; Kovács, 1979; Tímár, 2010). Due to the reasons above, there is a lack 

of information concerning their structure and composition, making flood risk assessment 

and preparedness difficult (sheishah et al., 2022). 

The height of the levees is variable. These levees are in different conditions. 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 in and on them. Because 

of their age, we have limited information on their condition and changes through time 

(Ihrig, 1973; Szűcs et al., 2019; Kiss et al., 2021). They were designed by considering 
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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 

(Lászlóffy, 1982; Kiss et al., 2019b; Sheishah et al., 2023a). 

It is no coincidence that inspecting the condition of the levees and raising them in 

case of floods or increasing flood levels due to their confinement makes the regular 

raising of the barriers an important technical task. The expected deterioration of levees 

built using old traditional technology, the sliding of the levee material, the seepage 

through the dam and the loss of stability all require intervention. There are thousands of 

such precarious levee sections on the Hungarian levee failure of the Tisza, the weakness 

of which was brought to the surface by the floods, causing the dam in the Tivadar area 

(Upper Tisza, Hungary), which slipped in 2001, to have to be rebuilt. Work is still 

ongoing to raise some sections of the flood protection barriers. 

The continuous rise in water levels requires the regular raising of dams along the 

Tisza and its tributaries in Europe. Rising flood levels increase the water pressure that the 

artificial levee has to withstand and the occurrence of seepage under dams, which poses 

a significant threat to the stability of the dams. At the same time, the cost of raising the 

levees increases exponentially. It is more of a practical question that in this logical 

sequence, after each of the major floods on the Tisza (1876, 1895, 1930, 1970, 2001 and 

2006), a decision was taken to raise the levees. Still, a new raising was necessary at some 

localities by the time it was completed. This reason led to the construction of emergency 

reservoirs in several places (e.g. Tiszaroff and Tisza-Túr emergency reservoirs in 

Hungary). 

If we had a quick look at the artificial levees of other countries, we could notice 

that these structures are also very important in terms of flood protection measures. For 

example, in the United States, the construction of artificial levees started in the early 

1700s alongside the lower part of the Mississippi River (Wohl, 2005). Then, most of the 

basin was protected by levees with confusion instructed by communities and individuals 

in the 1800s (Hudson et al., 2008). After that, levee construction increased in the lower 

Mississippi River Basin in the twentieth century (Wohl et al., 2017). The levee 

construction increased even more in the Mississippi basin after the flood events occurred 

in 1927 and 1937 and in California after flood events in 1907 and 1909 (ASCE, 2017). 

Consequently, the government focused on artificial levee construction, resulting in 

thousands of kilometres of levee (Tobin, 1995).  
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In China, artificial levees have been constructed on the tidal marshes in the yellow 

river delta since 1960, as this delta is the main production of the Shengli oilfield, which 

is counted as one of the biggest oilfields in China. The Chinese levee history started much 

earlier. The yellow river has one of the longest levee systems in the world. Most levees 

and diversion canals were undertaken to introduce freshwater or seawater in 2002 and 

2006 (Li et al., 2016). The biggest loss of human life on Earth was due to the flood events 

that occurred in many rivers in China in 1931, and the total loss was around three million 

people (Floods, 2019), regarding the flood events in the Yellow River occurred in 1887 

and 1938, around two million loss of human lives. These are also regarded as the largest 

flood events in Asia (Mezősi, 2022).  

1.2 Assessment of levee health 

The height of artificial levees, a key indicator for risk assessment, is widely 

monitored using various methods (Tanajewski & Bakula, 2016; Kiss et al., 2021), but 

their internal structures remain hidden. As levees are critical and spatially extended 

infrastructure, using invasive and time-consuming techniques, usually providing only 

local information, is not a viable option for assessment. 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 layers of different 

physical properties and anomalies. 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; Lee et al., 2020; Sheishah et al., 2023a). 

Electrical Resistivity Tomography (ERT) and Ground penetrating radar (GPR) are 

the most widespread among these. The two methods offer advantages in different 

applications, and their combination with geotechnical assessment can provide a robust 

picture of levee conditions (Asch et al., 2008; Di Prinzio et al., 2010; Hibert et al., 2012; 

Morelli & Francese, 2013; Chlaib et al., 2014; Busato et al., 2016; Borgatti et al., 2017; 

Bakula et al., 2017; Crawford & Bryson, 2018; Sheishah et al., 2022; Sheishah et al., 

2023b). 

Many authors have used ERT to investigate the health of various 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 levees (Sentenac et 

al., 2012; Jones et al., 2014). Meanwhile, a 3D extended normalization approach of ERT 
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was used in the levee investigation (Fargier et al., 2014). Tresoldi et al., 2019 introduced 

a valuable study to monitor earth levees and control seepage water saturation and 

evolution in pseudo-real time by utilizing the ERT technique. The authors analyzed the 

effect of external variables like temperature, the water level in the canal and rainfall 

events on resistivity data at different depths of the levee body and in different year 

periods. ERT is not only 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 Lee et al. (2020). Sentenac et al. 

(2017) focused on mapping the structural integrity of historical earth reservoir levees, 

susceptible to natural decay with time. The authors used four geophysical techniques to 

assess the post-flood damage, which is fast scanning technique using a dipole 

electromagnetic profile apparatus (GEM2), ERT to obtain a high-resolution image of the 

damaged/seepage zone, Self-Potential surveys to relate the detected seepage evolution 

and change of the water displacement inside the levee, and the washed zone in the areas 

with piping was characterized by microgravimetry. 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 capacitively coupled 

resistivity and multichannel analysis of surface waves (Rahimi et al., 2018), and 

information on potential problem areas along the levee could be provided (Sheishah et 

al., 2023a).  

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; 

François 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 cannot 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. However, ground-
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penetrating radar (GPR) provides the best solution for surveys on long sections, especially 

when fast, high-resolution data are necessary (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). In this sense, animal burrows can 

be a major issue and an important factor behind increased flood risk (Sheishah et al., 

2023a). 

Consequently, GPR was utilized by (Chlaib et al., 2014) to detect small-scale 

animal burrows during levee assessment and found a good agreement between the 

observed features and the interpreted anomalies. 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 underlined by Borgatti et 

al. (2017) and Sentenac et al. (2017). Nevertheless, not only compositional but at-a-point 

defects can also reduce the flood retention capacity of earthen structures. Therefore, 

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 a., 2016). 

Antoine et al. (2015) used GPR and permeability logging to detect leakage areas in the 

levee. They managed to detect seepage zones from the interpretations of GPR sections 

(Sheishah et al., 2023a).  

Combining geophysical techniques provides excellent results, especially when 

applied to the same area and integrated to confirm the outcomes. Busato et al. (2016) 

implemented three effective geophysical techniques, which are Multichannel analysis of 

surface waves, ERT, and GPR, to describe a reconstructed levee. The results of the 

geophysical methods can be compared and integrated with geotechnical data to 

characterize structures of river levees effectively. The utilization of electrical resistivity 

imaging became state of the art in studying the characterization of levees (Cho & Yeom, 

2007; Sjödahl et al., 2009), together with ground-penetrating radar (Di Prinzio et al., 

2010). Nevertheless, integrating two or more different geophysical techniques can 

provide more reliable outcomes (e.g. Inazaki and Sakamoto, 2005; Cardarelli et al., 2014). 
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Not only GPR but resistivity surveys and multichannel analysis of surface waves 

(MASW) were used by (Rahimi et al., 2018) to detect cavities responsible for piping and 

the formation of sand boils on the protected side of levees. The cause and path of leakage 

in a damaged levee were interpreted by (Lee et al. 2020) by using an integrated method 

of 3-D resistivity inversion (Sheishah et al., 2022).  

Sometimes authors agree that GPR has a limited investigation depth in the levee 

applications because of the usually high clay content of these earth structures, and they 

turn to ERT, providing a higher penetration depth and more information on the 

sedimentary composition of the levee structure (Perri et al., 2014; Busato et al., 2016). 

However, using ERT, a serious compromise must be made regarding spatial resolution 

and measurement time. Besides, the need for more geotechnical control, in many cases, 

turns off the validation of the quality of results (Dezert et al., 2019; Lee et al., 2020; 

Radzicki et al., 2021).  

In the present study, we aimed to combine the strength of the geophysical 

techniques GPR and ERT as well as Levelling data, real-time kinematic GPS (RTK-GPS), 

and Persistent Scatterer Synthetic Aperture Radar (PSI) on levee sections along the Tisza 

and Maros River in order to test the potential of an integrated approach in levee health 

assessment and to determine the limitations of the applied methods.  

Based on the above, the following objectives were set forth during the research for the 

studied levee sections: 

1. The structural analysis includes identifying the units forming the levee body and 

mapping the changes along the levee. 

2. The compositional analysis includes investigating the materials forming the levee 

and detecting the anomalies. 

3. Investigation of relationships between parameters. 

4. Evaluation of levee health by integrating different methods and verifying the 

outcomes by the records of previous flood events. 

5. Create a measuring plan that can be applied for more extensive surveys along 

different levee sections. 

 

 



11 
 

2. Study area 

Artificial levees were built more than 150 years ago as a part of flood risk protection 

measures in most floodplains in the Carpathian Basin. Flood hazard maps in Hungary are 

available and can be accessed online (ÁKK, 2015), and they provide information about 

the protected areas from floods where artificial levees failure might cause serious 

problems. Although the levee failures are limited, people have created a false sense of 

security. During the twentieth to twenty-first centuries, peak flow levels had increased, 

particularly in the dynamic fluvial system of the Tisza River (Kiss et al., 2019b). 

The Tisza River 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 

(Gábris & Nádor, 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 have accumulated (Rónai, 1985). Until the 

Late Pleistocene, the graben subsidence 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 (Sheishah et 

al., 2023a). 

Tisza River is the largest tributary of the Danube River: its current length is 962 

km, its catchment area is 157 000 km2, and it has a mean discharge of about 865 m3/s at 

Szeged. Before the massive regulation works that happened in the 19th century, the 

lowland part of this river (at that time approximately 800-900 km) was characterised by 

large-scale floodplains (38 500 km2) inundated almost every year; therefore, it 

represented a challenge for the agricultural activities. Consequently, the main target of 

river training was to expand the flood wave velocity by making 112 cut-offs to decrease 

the river length and widen the floodplains by building artificial levees system along the 

Tisza River and its tributaries (Sheishah et al., 2022).  

The Maros is considered one of the essential rivers flowing in the Transylvanian 

Basin. It enters the Great Hungarian Plain through the southern boundary of the 

depression of Körös. Due to tectonic movements, the river formed its current location at 

the end of the Pleistocene. The Maros (Mures) River has the largest tributary (catchment 

area=30 332 km2) of the Tisza. The sediment discharge and slope of the lowland part are 

greatly affected by the alluvial fan of the river. The alluvial fan has a radius of 
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approximately 80–100 km, and its anterior part is only 20 km from the outlet, which 

shortens the lowland part of the river (15 km). The fan apex at Lippa (Lipova) represents 

the top (130 m asl) of the Great Plain Hungarian rivers, which results in steep slopes in 

the lowland area (0.0013) and on the alluvial fan (0.0028) (Laczay, 1975).  

Regarding the flood events on the Tisza River, many occurred in 1919, 1925, 1940, 

1948, 1970, 1974, 1998, 1999, 2000, 2006, and 2010 and the high water exceeded the 

crown of the levees. The levees were built for the possibility of the highest floods 

occurrence once in 50 years; because of the silting up of the floodplain, they were raised 

several times (Schweitzer, 2009). 

Regarding flood events on the Maros River, they usually occur in the spring and the 

early summer. Flood events on the Maros normally exceed those on the Tisza, but, in 

some cases, floods can be coincident. In these cases, the Maros is confined by the Tisza, 

resulting in long-lasting overbank floods that record higher levels of water. Examples of 

this case occurred in 1941, 1970, 1975, 2000, and 2006). Altogether, 725 overbank flood 

days were documented at the gauge station of Makó in the 20th century (average six d/y). 

Short floods of approximately 1 to 2 days are the most frequent; the large-scale overbank 

flood (which lasted for 47 days) took place in 1970 because of impounding. The 

maximum and average documented discharges were 2440 m3/s and 161 m3/s in 1970, 

respectively, while the discharges interval of overbank floods lasting for one year and 30 

years were 710 m3/s and 1500 m3/s, respectively (Boga & Nováky, 1986).  

To decrease the area of flood inundation in Hungary, artificial levees were 

constructed with a length of 2940 km, which restrict the width of the floodplain to 0.4–5 

km (Kiss et al., 2008). The active confined floodplain width is irregular, and the flood 

risk increases in narrow sections (Lóczy et al., 2009). The active floodplain on the right 

side along the lower Tisza (western side) is narrow with an average width of 270 m, and 

in several places, the artificial levee has a length of 25 m of the main channel, while the 

active floodplain on the left side (eastern side) is 2.5 times wider (with an average 635 

m); so, artificial cut-offs are located in the area on the active floodplain. The height of the 

artificial levee was raised to provide flood safety, especially after the recorded flood event 

in 1970. Therefore, the Lower Tisza Water Directorate conducted a levelling survey in 

1976–77 to measure the height conditions of the artificial levee system. 

Because of the repeated flood events mentioned above, the height increase of 

artificial levees with time is shown in Fig. 1. The levee height ranges from 5 to 7 meters. 

The earth's structure's material is primarily clayey and silty. 
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Figure 1 Typical cross sections from levees of three rivers in Hungary, which show the 

change of heights through time (Nagy & Tóth, 2001) 

The height of artificial levees might be decreased for many reasons. Traffic from 

the roads on the crown can cause compaction of the sandy-clayey material of the levee. 

The height decrease of the levees could also be because of surface deformation based on 

subsidence or uplift. These parameters should be combined and integrated for estimating 

the flood risk because serious situations might happen during peak flows in the Tisza and 

Maros rivers and the height decrease of the artificial levees. Therefore, the changes in the 

height should be mapped for flood protection measures.  

The study area is situated on the left bank of River Tisza and the left bank of River 

Maros in the southern part of Hungary. A 48 km levee section was chosen for geophysical 

surveys and drillings (Fig. 2). lkm stands for levee kilometre. The investigated levee was 

last reinforced in the 1970s, but only little is known of its internal structure and the 

composition of layers. The precise structure and composition of the levees are only known 

along newly constructed sections, as works in the 19th 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 
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and compositional changes is crucial from a future flood management perspective 

(Sheishah et al., 2023a).  

 

Figure 2 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 and levee sections surveyed by GPR and ERT and 

drilling locations 
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3. Data and methods 

3.1 GPS measurements 

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. 3). 

The 3D accuracy of the instrument was measured to be 2-3 cm. Concerning the levee 

crown, the baseline elevation data was derived from differential levelling made by the 

Lower Tisza Water Directorate in 1976. Levelling 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, and at the study site, this difference is estimated to be 6 to 7 cm. 

Consequently, we corrected the levelling data by -7 cm to obtain more realistic height 

change values (Sheishah et al. 2023a).  

The long-term height change of the investigated levee section was assessed by comparing 

archive levelling data to 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 mm to cm range affecting levee height besides 

geologically driven subsidence or uplift. Therefore, subsidence velocity was also 

estimated using Persistent Scatterer Synthetic Aperture Radar (PSI) data (Sheishah et al. 

2023a). 

Along the levee foot, our GPS measurements were compared to the data of an earlier GPS 

survey, made again by the Water Directorate in 2003. The points of the 2003 survey were 

staked out at least with a 5 cm horizontal precision and then height was measured again. 

In this case, no additional corrections were made, as both surveys used the same reference 

system (Sheishah et al. 2023a). 

Acknowledging the above-mentioned uncertainties, and in order to verify the height 

change derived from geodetic data, measurements were complemented by space-based 

PSI data. PSI analysis was based on 70 ERS-1, ERS-2 and Envisat Single Look Complex 

data of the European Space Agency (ESA) 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 PSI point targets which were located on and around the levee within a 1500 

m buffer zone. The width of the buffer zone was decreased to 300 m near the city of 

Szeged due to greater point density (Sheishah et al. 2023a). 
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Figure 3 Location of GPS points measured on levee crown and levee foot 

3.2 ERT measurements  

The variations in the subsurface resistivity can be determined by carrying out 

surveys on the ground surface. From these measurements, the true subsurface resistivity 

can be calculated. Electrical resistivity techniques have been used for decades in many 

applications, such as geotechnical, mining, hydrogeological, and environmental 

investigations (Loke, 2004).  

Ohm’s Law is the fundamental physical Law used in resistivity investigations and 

controls the current flow in the ground. The equation for the flow of the current in a 

continuous medium is given by  

J = σ E..........................Eq. 1 

where J is the current density, E is the intensity of the electric field, and σ is the 

conductivity of the medium.  

instruments that measure resistivity usually give a resistance value, R = ∆φ/I, therefore 

practically the value of apparent resistivity (ρa) is calculated by the following equation  

ρa = k.R...................................Eq. 2 
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k is a geometric factor that relies on the arrangement of the current and potential 

electrodes used in the measurement and the electrode spacing.  

The calculated resistivity value does not represent the true subsurface resistivity 

but an “apparent” value. There is a complex relationship between the apparent and the 

true resistivity. Therefore, inversion is used to calculate the true subsurface resistivity 

from the apparent resistivity values (Loke, 2004).  

ERT can issue high-resolution and significant images of the electrical resistivity 

of the levee body. The unconsolidated sediments have a wide range of resistivity values 

from 10 to 10000 Ωm (Loke, 2004).  

The resistivity of sedimentary layers and earthen structures depends primarily on 

the deposit's water content and grain size (in close relation to porosity). In general, by 

increasing grain size, resistivity values increase (see, e.g. Samouelian et al., 2005; 

Cosenza et al., 2006; Sudha et al., 2009; Osman, 2012; Perri et al., 2014; Oludayo, 2021; 

Siddiqui), whereas increasing water content has a reverse effect (McCarter, 1984; Abu-

Hassanein et al., 1996; Fukue et al., 1999; Michot et al., 2000; Yoon & Park, 2001; 

Pozdnyakova, 2002; Loke, 2004). Gupta & Hanks (1972) and Goyal et al. (1996) 

proposed an empirical linear relationship between resistivity and water content. 

Consequently, we also investigated the effect of these parameters on the measured 

resistivity to see to what extent structural units can be separated. Specific resistivity 

values used for the analysis were obtained from the ERT profiles at the boreholes and the 

sampling depths. The high resolution that characterizes ERT makes it a recommended 

tool for such investigation. 

There is a variation in the shape of the contours in the ERT pseudo section 

resulting from using different arrays on the same structure. Therefore some factors should 

be put into consideration when selecting the best survey; (1) the sensitivity of the 

resistivity meter used in the survey, 2) the sensitivity of the array to vertical and horizontal 

changes in the subsurface resistivity, 3) the type of structure to be mapped, 4) the 

background noise level, 5) investigation depth, 6) the signal strength and 7) the horizontal 

coverage of the data (Loke, 2004). In practice, five types of arrays are common for 2-D 

imaging surveys; 1) Wenner, 2) dipole-dipole, 3) Wenner- Schlumberger, 4) pole-pole, 

and 5) pole-dipole.  

ERT profiles were collected along the investigated levee sections using a Wenner 

array with different electrode spacing at some locations. The following section explains 

the features of the applied array in our study. 
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3.2.1 Wenner array 

The Wenner array has an advantage in mapping vertical variations (i.e., horizontal 

structures) but is poor in resolving horizontal variations (i.e., vertical structures). The 

Wenner array has a higher sensitivity to the vertical changes below the centre of the array 

because its sensitivity plot has almost horizontal contours below the centre of the array. 

The investigation depth for the Wenner Alpha array is approximately 0.5 times the "a" 

spacing used. The Wenner Alpha array has a medium investigation depth compared to 

other array types. The strength of the signal has an inverse relation with the geometric 

factor used in calculating the apparent resistivity of the Wenner array. Wenner array has 

a geometric factor of 2πa which is considered small compared to the geometric factor of 

other arrays (Fig 4). One advantage of the Wenner array is that it has the strongest signal 

strength among other array types, which is useful if the investigation is carried out in high 

background noise areas. One drawback of this array for 2-D data collection is the 

relatively poor horizontal coverage because of the increase in the electrode spacing (Loke, 

2004).  

 

Figure 4 Electrode configuration of  Wenner array used in the ERT data collection 

along the investigated levee sections  

ERT data was collected using a GeoTom MK8E100 apparatus with a multi-

electrode system (50 electrodes) (Fig. 5a and b). A total of 109 ERT profiles were 

collected at two levee sections: the first section was at the left bank of River Tisza from 

13-1km to 42-lkm, and the second section was at the left bank of River Maros from 1-

lkm to 24-lkm. Because the levee core might show a difference in the composition 

compared to both sides and even the core itself might show variation in its structure; 

therefore, the data collection plan of the ERT survey was to measure two profiles at each 

lkm for all the investigated sections. At each levee km, the first profile was measured 

longitudinally on the levee crown (Fig. 5a) and the second profile was measured 

transversely covering the levee crown and both sides of the levee which are river and 

protected sides (Fig. 5b). Elevation data were collected at each odd number electrode 

along the survey line by a TopCon Hyper Pro RTK GPS to apply a topographic correction 

for the transverse profile (Fig. 5c and d). 
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Regarding the investigated section of Tisza levee, 61 ERT profiles were measured 

at levee km from 13 to 24 and 31.4 to 42. The section from 25 lkm to 30 lkm was not 

investigated because the levee crown was paved. Only one longitudinal ERT profile was 

measured at 28 lkm, while the transverse profile was not measured because of the car 

traffic on the levee crown. Data collection was done in May, June, and July 2020. In the 

case of the preliminary ERT measurements carried out in May and June, one cable was 

connected to the control unit with 25 electrodes. For the longitudinal profiles, the 

electrode spacing was 2.5 m, the total number of datum points was 92, the total number 

of data levels was 8, and the profile lengths were 60 m. The electrode spacing was reduced 

to 2 m for the transverse profiles because the profile length was enough at some sections 

to cover the levee width, including the crown and its sides. The total number of data levels 

was 8, the total number of data points was 92, and the profile lengths were 48 m. In the 

case of ERT measurements carried out in July, the longitudinal profiles were collected as 

the same strategy as May and June measurements, whereas, in the case of transverse 

profiles, the levee showed a variation in its width and became even wider than the 

preliminary investigated section, on the other hand, the resolution had to put into 

consideration. Therefore, they were collected by two cables with 50 electrodes and 1.5 m 

electrode spacing. The total number of data points was 392, the total number of data levels 

was 16, and the total length was 73.5 m.  

Regarding the investigated section of Maros levee, 48 ERT profiles were 

successively measured in June 2020 at each lkm from 1 lkm to 24 lkm. ERT data 

collection in this section, including profile lengths, the total number of data points, the 

total number of data levels, electrode numbers, and electrode spacing for longitudinal and 

transverse profiles, were the same as the ERT data collection strategy on the Tisza levee. 

a 

 

b 

 

c d 



20 
 

  

Figure 5 Data acquisition by A and B) GEOTOM MK8E100 multi-electrode ERT 

system on the crown and crossing the levee, C, and D) TopCon Hyper Pro RTK GPS 

In order to obtain the true resistivity values for the building materials of the levees, 

apparent resistivity values obtained during ERT profiling were processed in RES2DINV 

3.4 was used (Loke, 2004). Before initiating the inversion process, noisy outlying data 

points were taken out. The inversion scheme was based on the least-squares smoothness-

constrained iterative optimization algorithm (Constable et al., 1987; De Groot-Hedlin, 

Constable, 1990). Since transverse profiles show elevation changes, a topographic 

adjustment was also carried out before initiating the inversion. After obtaining low and 

satisfactory RMS values, the inverted ERT profiles were exported and drawn in Surfer 

v20 for evaluation. 

3.3 GPR measurements 

GPR transmits high-frequency electromagnetic pulses that are partially attenuated 

but reflected off the interface of layers or objects with various dielectric characteristics. 

It is a quick, high-resolution, non-invasive electromagnetic technology. Higher 

reflectance is felt when the dielectric permittivity contrast increases. The frequency and 

wavelength of the transmitted electromagnetic pulses directly impact the depth of 

penetration of GPR. According to Daniels (2004), the maximum penetration depth is 

equivalent to 20 wavelengths; however, in most circumstances, this depth will be much 

lower due to the electromagnetic characteristics of the sediments (Utsi, 2017). 
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Electromagnetic pulses are carried throughout the survey medium, the upper layers of the 

earth's crust, such as a levee (Fig. 6). Parts of the signal are reflected in the receiver as 

they pass through this substance. Each of these reflections is brought on by the changing 

properties of the subsurface buried substance. The returned signals convey information 

to the controller via the receiver in Fig. 6. This information needs to be visual, and radar 

does not, at least not in the usual sense of the word, provide a picture of what is under the 

surface.  

 

Figure 6 Basic set up of GPR. 

GPR data quality is influenced by the environment being studied. Open soil or 

man-made materials like asphalt and concrete are the two types of surfaces used for GPR 

most frequently. It can also refer to ice, building floors, ceilings, walls, and any other 

material containing potential targets for investigation. The difference in electromagnetic 

characteristics between each material determines whether signal portions are returned. 

This means that any substance may be detected by the radar as long as its magnetic and 

electrical reactions differ from those of the materials around it. The characteristics of the 

EM signal, such as its velocity, energy, waveform, and absorption, are controlled by the 

medium's electromagnetic properties. An essential characteristic that governs the signal's 
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velocity is the dielectric constant (εr), which compares the medium's (ε) dielectric 

permittivity to a vacuum. (ε0 = 8.89 ∗ 10−12 F/m) (Jol, 2009): 

εr =
ε

ε0
 ........................Eq.3 

There are many factors affecting dielectric constant values of materials such as porosity, 

density, texture, chemical composition and water content. The EM wave velocity (v 

(m/ns)) in a medium can be expressed as: 

𝑣 =
𝑐

√εr
    ..................Eq. 4 

where c is the speed of light in vacuum (0.3 m/ns).  

EM wave velocity can be calculated if the target depth (D) and the travel time of the 

signal (t) are known: 

𝑣 =
2∗D

t
......................Eq. 5 

t is the two-way travel time, which represents the pulse duration from the transmitter, 

reaching the target, reflecting back to the receiving antenna. t is measured from the GPR 

profile. It is also possible to calculate the target's depth, D, if the dielectric constant is 

known: 

𝐷 =
𝑐∗𝑡

2√εr
......................Eq. 6 

The antenna frequency is a significant component that affects the GPR penetration 

depth (Jol, 2009; Olhoeft, 1998). While the reflecting coefficient (R) for the interface 

between them may be written as follows, when an electromagnetic wave reaches the 

interface between two different types of electric materials, its reflection quantity relies on 

the difference in dielectric constant between them. 

𝑅 =  
1−√ε2/ε1

1+√ε2/ε1
..................Eq. 7 

where ε1 and ε2 refer respectively to the dielectric constants of the two materials. 

3.3.1. GPR data collection 

The GPR survey was conducted using SIR 3000 control unit (Geophysical Survey 

Systems Inc.) attached to a 200 MHz centre frequency antenna in the survey wheel 

mode (Fig. 7b). In order to achieve a high vertical resolution, we recorded 1024 samples 

per scan (16 bits per sample) and applied no stacking. The scanning rate was set to 64 

scans per second, and data was acquired at a 60-scan-per-meter horizontal resolution. The 

time range window was set to 170 ns, the gain and the position of the first positive peak 
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were set automatically, and the dielectric constant was kept at 16 throughout the 

measurements (Sheishah et al., 2023a). 

The wavelength of the signal can determine the penetration depth. In ideal 

conditions, the maximum penetration depth before the transmissions' full energy is lost is 

about 20 wavelengths (Daniels, 2004). In practice, there are only so many environments 

with so little signal loss capacity that a depth near the 20 wavelengths will be able to be 

achieved. In most site conditions, but depending on the ground's electromagnetic 

properties, the penetration depth will be considerably less than 20 wavelengths. Water in 

the investigated soil reduces the depth to which the radio waves can effectively penetrate 

(Utsi, 2017). In the current study, the successive GPR profiles' dissipation depth was 

approximately detected using RADAN software 7 (GSSI, 2018). 

A 

 

B 

 

C 

 

Figure 7 A) Tensile cracks on the levee crown, B) GPR survey by using SIR3000 

attached to 200 MHz shielded antenna on the levee crown, C) GPR survey on the levee 

foot  

The GPR survey was conducted on the left bank of the Tisza River. It is 

subdivided into two zones termed as Southern levee zone (12.6 lkm - 23.9 lkm) and the 

Northern levee zone (31.2 lkm- 43.10 lkm) as these zones are separated by a 7 km long 

asphalted levee section Fig. 7C. Measurements were performed on the levee crown and 

at some places at the levee foot as well. 

A total of 282 GPR cross-sections were measured on the Tisza levee (southern 

and northern zones) by a 200 MHz centre frequency antenna. In more detail, 162 GPR 

Profiles were measured in the southern zone, as shown in (Fig. 2). 114 GPR profiles were 

conducted on the levee crown. 48 GPR profiles were conducted on the levee foot. 
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Regarding the northern zone, 120 GPR profiles were measured on the levee crown. All 

the GPR profiles were successive, which means that the endpoint of one profile is the 

starting point of another profile. Each GPR profile has a 100 m length, as shown in Table 

1. 

Table 1 GPR survey on Tisza levee by 200 MHz centre frequency antenna 

 From lkm To lkm Location on the 

levee 

Number of GPR 

profiles 

Southern zone 12.6 24.3 crown 114 

12.6 17.4 foot 48 

Northern zone 31.2 43.2 crown 120 

 

3.3.2. Checking the levee by two different antennas 

To study the application of different centre frequency antennas and their 

applicability for the levee studies, GPR surveys were also carried out by applying two 

systems (GSSI SIR 3000 and IDS) with different centre frequencies (200 MHz Fig 8a and 

80 MHz Fig. 8b) at a specified section on the crown of Tisza levee between 13 lkm and 

16.5 lkm. The survey track was divided into 100 m pieces for both systems, and the survey 

wheel mode was used for measurements. Each 100 m section's beginning and ending 

locations were identical for both polls to improve comparison. Data was gathered using a 

scanning frequency of 64 scans per second and a temporal range of 170 ns (200 MHz) 

and 300 ns (80 MHz). There were 1024 samples for each scan and 60 scans for every unit 

(metre). The depth of the strata discovered by drilling served as the basis for the dielectric 

permittivity value 16 that was used (Sheishah et al., 2022). 

 

Figure 8 Data acquisition by A) GSSI SIR3000 GPR system with a 200 MHz antenna, 

B) IDS GPR system with an 80 MHz antenna 
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3.3.3. GPR data processing 

Since no filters were applied during data acquisition, the signals contained a 

variety of unwanted signals that had to be removed, including low-frequency noise, high-

frequency monochromatic unwanted signals, spurious noise, and flat-lying noise, which 

originated from antenna ringing and any other reflections arriving from above the ground 

(such as reflections from nearby vehicles, buildings, fences, power lines, and trees). To 

increase the signal-to-noise ratio, we employed the programmes RADAN 7 (GSSI, 2018) 

and REFLEXW 8 (Sandmeier, 2016). Time zero (Tz) removal was the first processing 

step to make up for the delay in the first arrivals. Each trace is treated individually by the 

filter. The filter parameter move time determines the time value for each trace that has to 

be moved. The move time parameter in the data was set to -14 ns. The backdrop reduction 

filter was the second stage, employed to eliminate horizontal banding brought on by the 

GPR and other reflections over the ground. These undesirable reflections are minimised 

by using the shielded antenna. Additionally, horizontally coherent energy is suppressed. 

This filter is used after time zero correction because it eliminates the direct coupling pulse. 

This filter applies to the specified quantity of traces. 

The filter subtracts an averaged trace (trace range), constructed from the real 

section's selected time/distance range. The timestamps for the start and finish were both 

set to 0 ns. In order to stop traces from drifting over time and remove the low-frequency 

component (dewow) from the received signal, the third stage used a 1D filter to subtract 

the mean (Sandmeier, 2016). A running mean value is computed for each trace's value 

due to the filter's actions on each trace. The centre point is then removed from this running 

mean. In the fourth phase, a 1D bandpass frequency filter was used to remove any leftover 

low-frequency noise and extra high-frequency monochromatic signals that did not fall 

within the GPR's operating frequency range (Sandmeier, 2016). Each trace is treated 

individually by the filter. It is used on every trace. The lower cut-off is set at 10, a lower 

plateau at 85, a higher plateau at 185, and the upper cut-off at 300. The bandpass filter 

suppresses noise with a different frequency content from the signal. The fifth step was a 

2D filter running average. This filter emphasizes horizontally coherent energy to clarify 

targets and reduce spurious noise (Utsi, 2017). To suppress trace-dependent noise, the 

running average is performed over several traces. The average number of traces used here 

was 7, the start time was set to 0 ns, and the end time was set to 156 ns. The mean value 

is calculated and assigned to the current sample as a new value from these seven samples. 
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The remaining traces up until the conclusion of the profile were examined once the first 

seven had been completed. The strength was manually adjusted in the y-direction for each 

signal in the sixth step because, as each signal descended deeper into the earth, some 

components were lost (attenuated), and others were reflected into the receiver (Utsi, 

2017). It makes up for changes in the input signal's intensity over time. Each trace is 

treated individually by the filter. It enables us to interactively create and apply a digitised 

gain curve to the data in the y-direction (often the time axis). We did not perform the 

topographical correction because no elevation changes could be seen in the 100 m-long 

GPR cross-sections measured along the examined levees. 

After processing, the GPR profiles were carefully examined to spot interfaces and 

document irregularities. Then, anomalies were categorised and assessed for flood danger. 

Regarding other criteria for the health of the levees, the geographical distribution of the 

various categories was examined. Changes in levee composition were also evaluated in 

addition to mapping structural variations and flaws, mostly by examining the attenuation 

of signals. Effective penetration depths at a given dielectric constant (=16) were used to 

calculate differences in attenuation. Using RADAN's automatic Max Depth tool, which 

examines noise and signal loss from trace to trace, penetration depth was estimated. We 

presumed that there is a direct correlation between penetration depth and the grain 

size/porosity of the sediments making up the levee body because measurements along the 

examined levee sections were conducted on consecutive days, which rendered 

environmental conditions, particularly moisture content. 

3.4 Sedimentological data 

In order to correctly interpret and validate ERT surveys, 19 boreholes were drilled 

at definite locations on Tisza and Maros levees. Borehole locations in Tisza levee were 

at 13 lkm, 18 lkm, 31.4 lkm, and 37 lkm, while in Maros levee were at 3 lkm, 8 lkm, 10 

lkm, 16 lkm and 20 lkm. Two boreholes were made at each mentioned site: the first one 

was on the riverside edge of the levee crown with a depth ranging from 6 to 7 m, and the 

second one was on the protected side slope of the levee with a depth ranging from 3 to 4 

m. One borehole was drilled on the levee foot of 16 lkm with a 2 m depth. Drilling was 

carried out using an Eijkelkamp drilling system with a 5 cm diameter drilling head (Fig. 

9). TopCon Hyper Pro RTK GPS was used to measure the accurate coordinates and 

elevation data at the drilling location. On-site, macroscopic description of sediments 

extract was recorded.  
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Figure 9 Drilling using an Eijkelkamp drilling system 

Simultaneously, at every 20 cm, samples were collected for grain-size analysis. 

Measurements were performed with a Fritsch Analysette 22 laser analyzer, having a 

measurement range of 0.08-2000 μm (Fig. 10a). A total of 457 samples were collected. 

Two hundred-two samples were taken from the levee of River Tisza, and 255 samples 

were taken from the levee of River Maros. The samples were dried at 105◦C in a drying 

oven to ensure total dryness. Samples underwent ultrasonic homogenization, and all 

measurements were repeated three times to check for further disintegration. Sample D50 

values were applied for control geophysical results. The dominant grain-size fraction of 

samples was given using the Udden-Wentworth scale. 

In the current study, bigger drilling samples (220 samples) were collected to 

determine in situ water content during the drilling procedure at every 40 cm and stored in 
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special plastic bags. The wet samples' weight was measured and dried in a 100◦c oven in 

the laboratory. After that, the weight of the dried samples was measured. The difference 

between the two weights gives the percentage of the water content in the samples. 

Aquitard materials are a Poorly permeable underground layer that limits water 

flow from the riverside to the protected side. This layer is very important in the levee 

structure from flood risk mitigation issues. As there is not much information about the 

nature of this layer and other physical parameters of the levee composition like density, 

porosity and saturated hydraulic conductivity, 49 samples were collected during borehole 

drillings in soil sample rings. The samples were collected at depths where there were 

stratigraphical changes. Penetrometer was used to measure saturated hydraulic 

conductivity (K) through the collected samples Fig. 10b. After measuring K, the samples 

were placed in the drying oven to be dried, and a laboratory-measured their weight.  

  

Figure 10: A) a Fritsch Analysette 22 laser analyzer, and B) Penetrometer. 

Darcy studied the movement of water through beds of sand used for water 

filtration. He found that the rate of water flow through materials of a given nature is 

proportional to the difference in the height of the water between the two ends of the filter 

bed sand inversely proportional to the length of the flow path. He determined also that 

the quantity of flow is proportional to a coefficient K, which is dependent upon the nature 

of the porous medium. Darcy found experimentally that the discharge Q is proportional 

to the difference in the height of the water, h (hydraulic head), between the ends and 

inversely proportional to the flow length 

Q ∝ hA – hB   and Q ∝ -1/L................Eq. 8 
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The flow is also obviously proportional to the cross sectional area of the pipe, A. 

when combined with the proportionality constant, K, the result is the expression shown 

as Darcy’s law: 

𝑄 = −KA(
hA – hB

L
)……………….Eq.9 

In more general terms 

Q = −KA (dh/dl).............Eq. 10 

where dh/dl is the hydraulic gradient. 

dh: the change in head between two points that are very close together. 

dl: the small distance between these points.  

the negative sign indicates the flow is in the direction of decreasing hydraulic head. 

The bulk density was obtained from the weight of the dry samples divided by the volume 

of the soil sampling cylinder. The total porosity can be calculated from the relationship 

𝑛 = 100 [1 −
𝜌b

𝜌d
]…………………Eq11 

Where n: the total porosity (%); ρb: the bulk density of the material (g/cm3); ρd: the 

particle density of the material (g/cm3). Particle density was 2.65 g/cm3 (Fetter, 2001). 

Regarding Fetter 2001, the porosity will be lowered if sediment contains a mixture of 

grain sizes. The smaller particles can fill the void spaces between the larger ones. The 

case of artificial levees of River Tisza did not show this big variation in grain size. 

Therefore, the calculated porosity values are high. 

The spatial and temporal change in soil moisture content is challenging in 

determining saturated hydraulic conductivity (Farzamian et al., 2015). Otherwise, the 

saturated hydraulic conductivity measurements can be triggered with so-called 

pedotransfer functions, which estimate the infiltration rate with the help of easier 

measurable parameters. Pedotransfer functions are used to estimate the soil's electrical 

resistivity as well. Hadzick et al. (2011) have shown that particle size, bulk density and 

pH were the most influential soil properties to resistivity. Pedotransfer functions for 

hydraulic conductivity and electrical resistivity are based on very similar groups of soil 

properties. It allows us to work out new multivariate pedotransfer functions as a direct 

connection between electrical resistivity and saturated hydraulic conductivity. 

In our study, one of the important tools that help find the correlation between the 

parameters and their degree of significance is IBM SPSS with the ease-of-use features of 

statistical analysis for ordinary researchers in mind. SPSS is a powerful and user-friendly 
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software package for statistical data analysis (Levesque, 2007). The correlation was done 

by two methods which are Pearson and Spearman. 

The linear relationship of the two variables is measured by Pearson's correlation 

coefficient (r). The correlation coefficient ranges in value from -1 to +1. Positive 

correlation coefficient values signify a propensity for one variable to rise or fall along 

with another. Negative correlation coefficient values show a tendency for one variable's 

increase to be correlated with the other variable's drop and vice versa. Correlation 

coefficient values near zero show little association between variables, whereas those near 

-1 or +1 show a significant linear relationship between the two variables. The 

prerequisites for using Pearson's correlation coefficient are that the variables have a linear 

relationship. A Spearman rank correlation can measure a monotonic association (Kirch, 

2008). 

Regarding the 49 samples collected from 10 different boreholes, the correlation 

between resistivity based on ERT profiles and other parameters like water content, mean 

grain size, saturated hydraulic conductivity, porosity, and bulk density was correlated. 

Regarding the water content percentage, 220 samples were classified into three 

classes then the correlation was made between the resistivity based on ERT (R) and the 

grain-size (D50) at every water content class.  

3.5 Methodology of evaluating levee health 

The risk potential at every km of the investigated levee section was assessed by a 

methodology of combining the different data we obtained. The analysis was carried out 

by calculating 1) the mean elevation decrease, 2) the mean penetration depth of GPR 

signals, 3) the mean number of GPR anomalies and 4) the dominance of fine silty units 

in the levee core over medium silt per 1 km for the entire investigated area. These values 

were compared to values calculated for 1 km sections (Fig. 11). At each 1 km section, the 

values of the above four parameters were compared to the mean of the entire section. 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. On the other hand, 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 average. Subsequently, scores of levee health levels were added up, 

and for each 1 km section, a potential level of levee health value was assigned: score 8 

meaning very high level of levee health (VHLLH), score 6 meaning medium level of 
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levee health (MLLH) and score 4, meaning very low level of levee health (VLLLH) 

potential (Fig. 11) (Sheishah et al 2023a). 

 

Figure 11: Diagram of calculating health along the investigated levee section. 

3.6 Inventory of historical flood phenomena 

High flood levels and/or 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, can lead to the failure of the structure. Therefore, knowing and 

recording of different flood phenomena during floods is a major tool in the hand of levee 

guards to assess the condition of the levee and to locate weak zones. Based on the 50-

year long record of the Lower Tisza Water Directorate, six categories of flood phenomena 

have been identified along the studied levee section: soil softening, moderate seepage, 

concentrated seepage (piping), levee subsoil weakening, levee bottom seepage, and sand 

boil (Fig. 12). These have been recorded since 1970 along the studied levee section. Since 

then 11 significant floods caused flood phenomena. Based on an overall review of 

recordings, seepage and piping were identified as the most frequently occurring 

phenomena in the investigated area. These affect the upper part of the levee body, mostly 

within the estimated range of penetration depth of GPR (Sheishah et al 2023a). Since 

following the extreme floods in 1970 and 2000 the investigated levee section was 
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reinforced at several critical sites, recordings of the subsequent 2006 and 2010 floods 

were chosen to determine the spatial distribution of flood phenomena and their connection 

with the geophysical data. Moreover, 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. In case their spatial frequency is high at certain 

sections they are not marked individually, but intervals of occurrence are recorded. 

Graphical data were converted into an excel sheet: each 100 m section was evaluated 

whether it is affected by flood phenomena (score 1) or not (score 0). The scores from both 

investigated years were summed for each levee km and plotted against the horizontal 

distance along the investigated levee section. The frequency diagram of seepage and 

piping phenomena were compared to the spatial frequency of anomalies, identified using 

GPR profiles (Sheishah et al 2023a). 

 

Figure 12: Six types of flood phenomena identified by the Lower Tisza Water 

Directorate along the investigated levee section. 
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4. Results 

4.1  ERT data evaluation 

The drilling information obtained from certain locations on Tisza and Maros levee 

sections helped correctly interpret the ERT profiles measured at these locations. Because 

of the limitations of drilling boreholes from every levee km, the borehole information was 

used to interpret the ERT profiles close to them.  

Because of the large number of ERT profiles collected in this study, I will focus 

my research here on two levee km points at 13 Lkm and 37 Lkm of Tisza levee where 

repeated ERT surveys were carried out longitudinally and transversely by different 

electrode spacing to present the effect of spacing on the levee investigations. Then, I will 

compare the structures and compositions of Tisza and Maros levees using two 

representative levee km locations, 31.4 Lkm of Tisza levee and 3 Lkm of Maros levee 

because the drilling information was provided on the levee crown and the protected side 

for both of them from which the comparison results are verified. Based on the realised 

relationships, I will map the materials along the two investigated levees of Tisza and 

Maros by following up the longitudinal ERT profiles from one lkm to another and exhibit 

the material change from one levee km to another by following up the transverse profiles 

measured on each levee km. The rest of interpreted ERT profiles show valuable 

information about the investigated levees, but they were moved to supplement sections 1 

and 2. 

4.1.1 Comparison of different resolution of ERT data 

Since the applied electrode spacing determines the resolution of ERT data, i.e. the 

shorter the distance is between electrodes, the thinner levee units can be resolved. The 

topmost layer of the levee body could only be detected using a 1 m electrode spacing (Fig. 

13a). In turn, at a larger spacing (1.5 and 2 m), it was possible to provide information on 

the sedimentary layers below the levee body (Fig. 13b and c). This way, along the 

longitudinal profile on the levee crown at a higher vertical resolution (1.0 m), a thin, low 

resistivity layer could be identified at the top, with resistivity values ranging between 7–

20 Ωm. Below, a 1.5–2.0 m thick, slightly higher resistivity (23–32 Ωm) layer was 

identified, then again, a lower resistivity unit (15–30 Ωm) (Fig. 13a). The maximum 

survey depth at this resolution was 7 m, which is equal to the relative height of the levee. 

By comparing the resistivity ranges of the whole ERT profile obtained using three 

different electrode spacings, it was noticed that the range in the case of 1 m electrode 



34 
 

spacing is higher than that obtained by 2 m electrode spacing because a larger electrode 

spacing profile could investigate the conductive layer located below the levee body which 

is characterised by its low resistivity range. 

The combination of sedimentological information and ERT profiles also referred 

to the layered structure of the levee body. BH-1 exposed a 1 m fine silty layer, 1.8 m 

medium silty layer and a fine silty layer again below 2.8 m. BH-2 exposed two units. The 

first unit contained fine sand at the top 0.4 m, then alterations of medium and fine silt 

layers. They are explained in more detail in the sedimentological section. 

Low and moderate resistivity values were found and exhibited a range between 7 

and 100 Ωm and the average value of specific resistivity was 22 Ωm for the longitudinal 

ERT profile at 1 m spacing recorded on the riverbank edge of the Tisza levee crown at 13 

lkm. A greater specific resistivity (30-40 Ωm) unit could be seen below the levee body at 

a 1.5 m electrode spacing (Fig. 13b), and this effect was much more obvious at a 2 m 

electrode spacing (35-50 Ωm) (Fig. 13c). Values in terms of the transverse profile were 

much higher and peaked at 640 Ωm. The mean specific resistivity, however, was 120 Ωm 

(Fig. 13d).  

Three ERT units were designated for the levee crown in the transversal profile. 

However, the measured values of specific resistivity varied (Fig. 13d). Levels reached 

280–420 Ωm at the top 1 m of the levee, which is unusually high compared to the earlier 

levels. Although the specific resistivity of the following unit, which had a 1.5–2.0 m 

thickness, was lower (70–240 Ωm), it was still much higher than those identified by the 

longitudinal profile. Values decreased to 7-30 Ωm from a depth of 3 m, as shown by the 

longitudinal ERT profiles. The obvious discrepancy in the uppermost strata can be 

attributed to shallow, air-filled tensile fractures, also seen during the GPR cross-sections 

(Fig. 4d), considerably affecting the observed specific resistivity values. The impact of 

air-filled spaces was minimal in their instance since the longitudinal measurements were 

taken along the levee crown. The transverse profile's electrode spacing was only 1.0 m, 

but it nevertheless allowed for the detection of a greater resistivity unit beneath the 

structure and the existence of higher resistivity lenses (30–50 Ωm) close to the riverside 

slope of the levee. 
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Figure 13: Interpretation of ERT profiles measured longitudinally using A) 1.0 m, B) 

1.5 m, and C) 2 m electrode spacing, and D) transversally using 1 m electrode spacing. 

The profiles had the same centre point at 13.00 lkm of the Tisza levee. E) and F) are 

boreholes drilled on the levee crown and protected side respectively 

Another test was carried out at 37 lkm to check and compare different resolutions 

of ERT data. In the case of the longitudinal ERT profiles measured on the riverside edge 

of the Tisza levee crown at 37 lkm, I could receive low and moderate resistivity values 

with a range between 9 and 53 Ωm at 1 m electrode spacing, and the average value of 

specific resistivity was 31 Ωm. However, the case of the transverse profile was different. 

Values were significantly higher and reached a maximum of 312 Ωm, while the mean 

specific resistivity was 150 Ωm (Fig. 14). 
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The second test at 37 lkm confirmed that the layered structure of the levee body 

could be detected by using ERT measurements. Also, the topmost layer of the levee body 

is more visible by using a 1 m electrode spacing as the lower distance between electrodes 

enables the thin layers to be easily detected (Fig. 14a). In the case of 1.5 m electrode 

spacing, part of the topmost layer is still visible. By increasing the distance between 

electrodes (2 m), I can receive more information about the layers below the levee core 

(Figs. 14b and c). This way, three resistivity ranges were received before unifying the 

colour scale; a resistivity range between 10 and 72, a resistivity range between 7 and 62, 

and a resistivity range between 3 and 52 for 1, 1.5, and 2 m electrode spacing, 

respectively. Therefore, increasing the electrode spacing allows more resistivity 

information to be received laterally and vertically, and a smaller range could be obtained. 

Along the longitudinal profile on the levee crown at a higher vertical resolution (1 m 

electrode spacing), a thin, low resistivity layer could be identified at the top (1 m thick) 

on the left-hand side of the profile, with resistivity values ranging between 36–52 Ωm. 

Below, a 1 m thick, slightly lower resistivity (20–34 Ωm) layer was found. Then, a much 

lower resistivity unit (10–18 Ωm) could be identified. The latter is considered the main 

composition of the levee core (Fig. 14a). The maximum survey depth at this resolution 

was 7 m, equal to the levee's relative height. Using 1.5 m and 2 m electrode spacings, the 

levee core and the structure below the core can be identified, and the interface between 

them is more visible (Figs. 14b and c). 

The sedimentological information exposed fine-grained materials as a main 

component of the levee core and protected side. BH-7 exposed alteration of layers of fine 

and medium silt until a depth of 6 m (Fig. 14e), while BH-8 exposed only one unit of fine 

silt until a depth of 4 m (Fig. 14f). They are explained in more detail in the 

sedimentological section as well. 

In terms of the transverse profile, the riverside and a part of the levee crown 

exhibit a succession of three resistivity layers (Fig. 13d). Values at the top of the levee 

were significantly higher than those below it and reached 185 - 311 Ωm in the uppermost, 

roughly 1 m thick layer. With a thickness of 2.0 m, the next unit had a specific resistivity 

range of 83–154 Ωm, which was lower than those seen in the longitudinal profile but still 

substantially higher. Values dropped to 22 - 4 Ωm from a depth of 3 m, as shown by the 

longitudinal ERT profiles. Similarities between the topmost layer's situation and the 

previous test site at 13.00 lkm can be explained by shallow, air-filled tensile cracks 

mapped during the GPR surveys (Fig. 7a), significantly increasing the measured specific 
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resistivity values. The impact of air-filled spaces insignificant in their case since the 

longitudinal measurements were taken along the levee crown. Asymmetric low resistivity 

composition between 4 and 30 Ωm was found on the protected side. 

 

 

Figure 14: Interpretation of ERT profiles measured longitudinally using A) 1.0 m, B) 

1.5 m, and C) 2 m electrode spacing, and D) transversally using 1.5 m electrode 

spacing. The profiles had the same centre point at 37.00 lkm of the Tisza levee. E) and 

F) are boreholes drilled on the levee crown and protected side respectively 

4.1.2 Integrating ERT and sedimentological data to identify structural units at 

Tisza and Maros levees 

The difference in the composition of the Tisza and Maros levees is visible in the 

resistivity results at the representative levee sections 31.4 lkm and 3 lkm of Tisza and 
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Maros levees, respectively, because more drilling information and analysis are provided 

at the mentioned locations. In general, the inverted ERT profiles exhibited low resistivity 

values in the Tisza levee and medium and high values in the case of the Maros levee. The 

longitudinal and transverse profiles measured on the Tisza levee exhibited a range of 

values from 6 Ωm to 60 Ωm, averaging 17 Ωm. In the case of the longitudinal profile 

measured on the Maros levee, values ranged between 15 Ωm and 46 Ωm with an average 

of 30 Ωm. In the Transverse profile measured on the Maros levee, values were 

considerably higher, reaching a maximum of 2200 Ωm, and the mean specific resistivity 

was 660 Ωm (Fig. 15).  

The electrode spacing is an important factor in the resolution of ERT data. 2 m 

electrode spacing can provide 1 m vertical resolution, which could resolve the levee layers 

in this range or above. The maximum survey depth of the profiles at this resolution was 

between 8 m and 13 m, which is more than the relative height of the levee; therefore, the 

layers below the levee could also be investigated.  

The longitudinal profile measured at the investigated site of the Tisza levee 

exhibited two units; the first unit of fine silt is the dominant component of the levee body, 

with resistivity values ranging between 6 Ωm and 20 Ωm which extends from 0.8 m until 

6 m. Then the second unit of medium silt was noticed below this depth with resistivity 

value ranging between 21 Ωm and 60 Ωm (Fig. 15a). As can be seen in Fig. 15f that there 

are two topmost thin layers of fine and medium silts 0.4 m thick for each. However, they 

could not be resolved on the ERT profile as the medium silt showed only minor 

accumulations and did not show a layered structure. The transverse profile measured at 

this zone exhibited the same unit succession with approximately the same resistivity 

range. In addition, a third unit of medium silt was noticed at the top 1 to 2 m of both sides 

of the Tisza levee, with resistivity values ranging between 16-61 Ωm (Fig. 15b). The 

protected side of the Tisza levee shows a main composition of fine silt at the drilling 

location with a thin layer of medium silt (0.4 m thich) in between (Fig. 15b and G), ERT 

could not resolve the latter.  

The materials forming the Maros Levee differ from that in the Tisza Levee. Three 

successive units were identified in the longitudinal ERT profile measured on the crown 

of the Maros levee at 0 – 0.8 m, 1 m – 4.4 m, and 4.6 – 7 m with resistivity values ranging 

between 15 – 26 Ωm, 31 – 46 Ωm, and 15 – 30 Ωm which relate to fine, medium, and 

fine silts respectively (Fig. 15c and H). The variation in Maros levee composition is even 

more visible, especially on the protected side. Five units could be resolved; the first fine 
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silty unit with a thickness of ~ 0.2 m has a resistivity range between 15 Ωm and 260 Ωm, 

the second medium silty unit with a thickness of ~ 0.2 m has a resistivity range between 

260 Ωm and 700 Ωm, the third very fine sandy unit with ~ 0.2 m thick has a resistivity 

range between 800 Ωm and 1630 Ωm, the fourth medium sandy unit (~ 1.6 m thick) is in 

the form of a lense of very high resistivity that ranges between 1800 and 2200 Ωm, and 

the fifth fine silty unit (~ 0.6 m thick) is located below the high resistivity lense of medium 

silt (Fig. 15d and I). To see the interface that separates the fine-grained units (alteration 

units of fine, medium and fine silts) in the riverside, a small scale 5–60 Ωm was applied 

on the transverse ERT profile measured on Maros levee section and the low resistivity 

range could help in separating the two compositions as shown in (Fig. 15e). More analysis 

about the grain-size analysis related to the mentioned boreholes is found in the 

supplement. 
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Figure 15: Longitudinal (A) and transversal (B) ERT profiles acquired on the Tisza 

levee at 31.4 Lkm. Longitudinal (C) and transversal (D) ERT profiles acquired on the 

Maros levee at 3 Lkm. The same profile as the proceeding one (D) but with applying a 

small resistivity range between 5 and 60 Ω.m (E), Thickness and mean grainsize values 

of structural units, identified by drillings (F-I)  
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Figure 16 Transverse profiles measured along Tisza levee at a) 13 lkm, b) 14 lkm, c) 15 

lkm, d) 16 lkm, e) 17 lkm, f) 18 lkm, g) 19 lkm, h) 20 lkm, i) 21 lkm, j) 22 lkm, k) 23 

lkm, l) 24 lkm 
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Figure 17 Transverse profiles measured along Tisza levee at a) 31.4 lkm, b) 32 lkm, c) 

33 lkm, d) 34 lkm, e) 35 lkm, f) 36 lkm, g) 37 lkm, h) 38 lkm, i) 39 lkm, j) 40 lkm, k) 

41 lkm, l) 42 lkm 
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Figure 18 Transverse profiles measured along Maros levee at a) 1 lkm, b) 2 lkm, c) 3 

lkm, d) 4 lkm, e) 5 lkm, f) 6 lkm, g) 7 lkm, h) 8 lkm, i) 9 lkm, j) 10 lkm, k) 11 lkm, l) 12 

lkm 
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Figure 19 Transverse profiles measured along Maros levee at a) 13 lkm, b) 14 lkm, c) 

15 lkm, d) 16 lkm, e) 17 lkm, f) 18 lkm, g) 19 lkm, h) 20 lkm, i) 21 lkm, j) 22 lkm, k) 

23 lkm, l) 24 lkm 
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4.2 Drillings 

4.2.1 Sedimentological analysis 

In this section, we explain the grain-size then the water content analysis. Three 

sites were chosen as representative data; the first levee kilometre is at 13.00 of Tisza 

levee, the second is at 37 lkm of Tisza levee, and the third is at 16.00 lkm of Maros levee. 

These sites were chosen as they show more variation of the materials with depth. The 

interpretations of other boreholes are found in the supplements under sections 1 and 2. 

The first borehole (BH-1) drilled on the levee crown of Tisza levee at 13.00 lkm, 

exposed three units (Fig. 20a); A fine silty layer existed from the surface to a depth of 

1.0 m with a D50 value between 12 and 15 µm, a medium silty layer existed at depths 

between 1.0 and 2.8 m with a D50 value from 15 to 20 µm, and a fine silty layer once 

more existed below 2.8 m with a D50 value ranging from 10 to 15 µm (Fig. 20a). The 

grain-size curve has some abrupt changes, particularly in the bottom unit, but they are not 

large enough to shift the D50 value into another grain-size class. I decided not to separate 

any further sedimentary units at BH-1. The levee body is often made up of fine and 

medium silt, despite minor differences in averages, according to the overall mean grain 

size values for the various units of 14 µm, 16 µm, and 13 µm. A large change in depth 

could be seen in the water content of BH-1 samples (Fig. 20b). The uppermost samples 

had a rather high 25% water content, which was brought on by the wet weather that had 

occurred before the measurements and sampling. Moisture dropped to 21% at 0.8 m and 

stayed there until 1.6 m. Below, there was yet more of a drop; between 2 and 4 metres, 

an average value of 16% was recorded. From 4.4 m down in the borehole, values 

increased once again to 25% (Fig. 20b). 

Two units were revealed by the second borehole (BH-2), which was drilled on a 

13.00 lkm protected slope (Fig. 20c). The first unit contained a very fine sand layer (0–

20 cm) and a fine sand layer (20–40 cm) with mean grain sizes ranging from 93 to 155 

µm. The second unit was composed of medium silty layers (40–100 cm; 260–320 cm, 

360–400 cm) with a D50 value ranging from 16 to 19 µm and fine silty layers (100–260 

cm, 320–360 cm) cm with a D50 value ranging from 10 to 15 µm (Fig. 20c ). The mean 

grain size of units was 124 and 15 µm, respectively. Samples of BH-2 showed reduced 

moisture content values (Fig. 20d). Here, The uppermost strata in this area, which are 

primarily made up of fine sand, had low values, slightly around 10%; as a result, the 

influence of precipitation was not visible here as a result of the poor sand retention 
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capacity. The water content in the remaining portion of the profile steadily grew from 2.4 

m to a consistent value of 20–25% (Fig. 20d). The interpretations of other boreholes 

drilled on the Tisza levee are found in the supplements under section 1. 

 

Figure 20: Vertical change of mean grain size (D50) and water content in borehole BH-

1 and BH-2 at 13.00 lkm. 

The seventh borehole (BH-7) drilled on the levee crown of Tisza River at 37.00 

lkm showed six units (Fig. 21a). The first layer consists of a succession of fine and 

medium silt layers with a D50 ranging from 10 µm to 25 µm at depths between 0 and 0.8 

m. The second unit consists of a fine silt layer at a depth between 0.8 m and 1.4 m with a 

mean D50 value of 9 µm. The third unit is a medium silt layer from 1.4 m to 1.8 m with 

a mean D50 value of 19 µm. The fourth unit is a fine silty layer at a depth ranging between 

2 m to 3 m with a mean D50 value of 12 µm. The fifth unit is a medium silt layer from 3 

m to 3.6 m with a thin, very fine silty layer in between and a mean D50 of 14 µm. The 

last unit is a fine silty layer at a depth from 3.6 m to 6 m with a mean D50 value of 9 µm. 
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Regarding the water content at BH-7 (Fig. 21b), an increasing trend was noticed from the 

surface until the maximum depth reached by the drilling tool (6 m), with a per cent 

ranging from 8.3 % to 23.6 %. In more detail, the total depth of the drilling can be 

subdivided into two units regarding the water content percentage; the top unit, which 

contains the topmost layers until 3.2 m depth, shows an average per cent of 12.3 % which 

is considered to be dry fine and medium silt materials and the levee layers starting from 

3.2 m until 6 m depth show an average per cent of 21.5 % which is considered wet 

materials.   

           The eighth borehole (BH-8) drilled on the levee-protected side slope of Tisza River 

at 37 lkm exposed a homogeneous composition unit of fine silt (0 – 4 m) with a mean 

D50 value 10 µm (Fig. 21c). In the case water content at BH-8 (Fig. 21d), two trends 

were noticed; a decreasing trend from 18 % to 8 % with an average percent 13.2 % at a 

depth ranges from the surface until 2.8 m and an increasing trend from 12 % to 17 % with 

an average percentage 14.4% at a depth ranges from 2.8 m until 4 m. 
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Figure 21: Vertical change of mean grain size (D50) and water content in borehole BH-

7 and BH-8 at 37.00 lkm. 

The fifteenth borehole (BH-15) drilled on the levee crown of Maros River at 16.00 

lkm exhibits six units (Fig. 22a). The first three units show a gradual increase in the grain 

size with depth. They are thin layers of medium silt, coarse silt, and very fine sand with 

a thickness of 0.2 m for each unit. The mean D50 values are 28 µm, 38 µm, and 72 µm, 

respectively. The fourth unit shows a decrease in the grain size and consists of a thick 

layer of medium silt at depth ranges from 0.6 m to 3.6 m with a mean D50 value of 23 

µm. The gradual decrease in the grain size is continuous in the fifth unit, which shows a 

fine silt layer with a mean D50 15 µm between 3.6 m and 4.8 m. The last unit is the build-

up of medium silt with a mean D50 value of 16 µm and extends from 4.8 m to 6 m. 
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Regarding the water content at BH-15, two units were exhibited (Fig. 22b). From the 

surface to 3.6 m, a low water content unit with an average per cent 11.7 % was noticed. 

From a depth of 4 m to 6 m, the second unit exhibited a medium water content with an 

average per cent 21 %. 

The sixteenth borehole (BH-16) drilled on the protected side of Maro's levee at 

16.00 lkm exhibits three successive units of fine and coarse-grained sediments (Fig. 22c). 

The first unit is composed of fine silt and extends from the surface until 0.8 m depth with 

a D50 value 15 µm. The second unit comprises a medium sand layer and extends from 

0.8 m to 1.8 m with a mean D50 value of 464 µm. The third unit comprises alteration 

layers of medium and coarse silt with a mean D50 value of 36 µm and extends from 1.8 

m to 3 m. BH-16 showed two units regarding the moisture content percentage (Fig. 22d). 

The first unit that extends from the surface until a depth of 1.6 m seems dry with low 

water content per cent with an average of 5.7 %. This unit is related to medium sand that 

did not retain water. The second unit, which extends from 2 m to 2.8 m, exhibits a 

moderate water content percentage with an average of 16.3 %. The second unit consists 

mainly of alteration layers of fine-grained sediments.  

The seventeenth borehole (BH-17) drilled on the foot of the protected side of 

Maros levee at 16.00 lkm exhibits five units (Fig. 22e). The first unit consists of a thin 

layer of medium sand (0-0.2 m) with a mean D50 value of 380 µm. The second unit is 

composed of coarse sand (0.2 m – 0.6 m) with a mean D50 value of 590 µm. The third 

unit consists of medium sand at depths from 0.6 m to 0.8 m with a mean D50 value of 

420 µm. The fourth unit consists of coarse silt at depth ranges between 0.8 m and 1 m 

with a mean D50 value of 43 µm. The fifth unit exhibits alteration of medium and fine 

silt layers (1 m – 2 m) with a mean D50 value of 15 µm. 

Regarding the moisture content, BH-17 showed two units (Fig. 22f). A very dry 

unit with an average water content per cent of 3 % and extended from the surface until a 

depth of 0.8 m. The second unit shows a high water content percentage with an average 

of 25 %, extending from 1.2 m to a depth of 2 m. The first dry unit is related to a coarse-

grained material, mainly from medium and coarse sand that did not retain water, while 

the wet unit is related to fine-grained sediments which retain water. The interpretations 

of other boreholes drilled on Maros levee are found in the supplements under section 2. 

 



50 
 

 

Figure 22: Vertical change of mean grain size (D50) and water content in a, b) BH-15, 

c, d) BH-16 and e, f) BH-17. 
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4.2.2 Relationship among resistivity, grain-size and water content of levee 

materials 

Plotting specific resistivity values against water content and mean grain size (D50) 

values, two of the most important factors defining resistivity, was done for the depths of 

the sediment samples. Here, one location on Tisza levee (13 lkm), represented by BH-1 

and BH-2 and another location on Maros levee (16 lkm), represented by BH-15, BH-16 

and BH-17, were chosen as representative data. In the meantime, many high coefficients 

of determinations and regression curves could be noticed at many of the rest borehole 

locations drilled on Tisza and Maros levees, and they are explained in detail in the 

supplement section 3. 

No connections could be found when graphing all water content and D50 values 

for BH-1. Though with a distinct slope and coefficient of determination, it was recognised 

that if sedimentological units are treated independently, then obvious patterns may be 

shown (Fig. 23). Both water content and particle size had a clear impact on the observed 

resistivity values in the higher portion of the profile (from 0 to 320 cm). As predicted, the 

former had an inverse influence on values, whereas the latter had a directly proportionate 

one. At the same time, fairly negligible connections were visible in the bottom portion of 

the profile, indicating that resistivity was unaffected by variations in particle size and 

water content (Fig. 23). It must be underlined that the grain size values in this segment 

fluctuated only within a fairly small range (11–15 µm). The degree of compaction during 

construction, which also influences the material's porosity, may cause the two units' 

dissimilar behaviours. Inim et al. (2018). Zhu et al. (2007), Melo et al. 2021, and Seladji 

et al. (2010) all report that the core of levees is often compacted to a significantly higher 

degree, which inevitably results in lower resistivity values, which are only marginally 

influenced by variations in water content. 

Since there was only one sample of the highest fine sand layer in borehole BH-2, 

relationships were only examined for the lower, silty part of the profile. The lack of a 

correlation between resistivity and grain size in this borehole may be due to the frequent 

alternation of fine and medium silty materials and the small grain size variation within 

the layers. However, the water content indicated a significant increase downwards. As a 

result, particular resistivity was observed to have a strong relationship (R2=0.907) with it 

(Fig. 23). Additionally, this indicates that resistivity measurements at the current 

resolution could not be used to differentiate thin layers with a little variation in grain size. 



52 
 

 

 

Figure 23: Relationship between A) specific resistivity and water content and B) 

specific resistivity and grain size in different structural units of the levee body for the 

boreholes drilled on the levee crown (BH-1) and the protected side (BH-2) at 13.00 lkm 

of Tisza levee. 

Regarding the data obtained from BH-15, BH-16 and BH-17, two relationships 

were plotted; the first one was between resistivity and water content, and the second one 

was between resistivity and D50 (Fig. 24). Regarding BH-15, the resistivity values were 

plotted against water content at the depth range from 0.4 m to 6 m and an expected inverse 

proportional function was obtained with a strong coefficient of determination R2 = 0.8. 

At the mentioned depth range for BH-15, the resistivity values were plotted against D50 

and an expected normal proportional relationship was obtained with a medium coefficient 

of determination R2 = 0.4. Regarding BH-16, a medium coefficient of determination R2 

= 0.4 was obtained from the expected to reverse proportional function between the 
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resistivity and water content percentage; on the other side, a strong coefficient of 

determination R2 = 0.8 was obtained from the expected normal proportional function 

between the resistivity and D50. Regarding BH-17, strong coefficients of determination 

R2 =  0.75 and 0.9 were obtained from the expected inverse proportional function of 

resistivity and water content percentage and the expected direct proportional relationship 

of resistivity and D50, respectively (Fig. 24). The other relationships at other drilling 

locations are found in the supplement.     

 

 

Figure 24: Relationship between A) specific resistivity and water content and B) 

specific resistivity and grain size in different structural units of the levee body for the 

boreholes drilled on the levee crown (BH-15) and the protected side (BH-16) at 16.00 

lkm of Maros levee. 
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Figure 25: Relationship between A) specific resistivity and water content and B) 

specific resistivity and grain size in different structural units of the levee body for the 

borehole drilled on the levee foot (BH-17) at 16.00 lkm of Maros levee. 

SPSS statistics carried out two correlations: the resistivity based on ERT profiles 

and water content and the resistance based on ERT profiles and grain size at each borehole 

drilled on Tisza and Maros levees. Pearson and Spearman's correlations were used at 

every borehole, as explained in Table 2.  

 

 

 

 

 

 

 

 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

0 1000 2000 3000 4000

w
at

er
 c

o
n

te
n

t 
(%

)

Resistivity (Ω.m)

BH17_0.4-2.0 m

1.0

101.0

201.0

301.0

401.0

501.0

601.0

701.0

0 1000 2000 3000 4000

D
5

0
(µ

m
)

Resistivity (Ω.m)

BH17_0.4-2.0 m

B 

A 



55 
 

Table 2: Illustrates the correlation results and their related degree of significance between 

the true resistivity of the samples against the moisture content and the true resistivity of 

the samples against grain-size (D50) at each borehole location drilled on Tisza and Maros 

levees.  

BH N/BH R vs W by Pearson R vs W by Spearman R vs D50 by Pearson R vs D50 by Spearman 

BH-1 16 -0.269 0.314 -0.424 0.101 0.466 0.069 .649** 0.007 

BH-2 10 -.934** 0.01 -.842** 0.002 0.471 0.169 0.195 0.59 

BH-3 15 0.332 0.226 0.382 0.16 0.263 0.344 0.422 0.117 

BH-4 10 -0.452 0.19 -0.527 0.117 0.416 0.232 0.333 0.347 

BH-5 15 -0.217 0.438 -0.233 0.404 0.056 0.842 0.025 0.929 

BH-6 10 -.765** 0.01 -.733* 0.016 0.601 0.066 .857** 0.002 

BH-7 15 -0.127 0.653 0.034 0.904 0.099 0.725 -0.093 0.742 

BH-8 10 0.268 0.454 0.281 0.431 -0.413 0.236 -0.309 0.385 

BH-9 17 -0.368 0.146 -0.212 0.414 0.182 0.484 0.153 0.557 

BH-10 7 .782* 0.038 0.556 0.195 -0.417 0.352 -0.143 0.76 

BH-11 17 -0.067 0.797 -0.039 0.881 191 0.463 -0.078 0.765 

BH-12 11 0.031 0.927 0.2 0.555 0.194 0.567 0.327 0.326 

BH-13 15 0.389 0.152 0.356 0.193 -0.083 0.768 -0.014 0.96 

BH-14 7 0.582 0.17 0.667 0.102 0.491 0.263 0.36 0.427 

BH-15 15 -.893** 0.01 -.924** 0.01 .638* 0.01 .704** 0.003 

BH-16 7 0.677 0.095 0.714 0.071 -0.165 0.724 0.036 0.939 

BH-17 5 -0.869 0.056 -0.6 0.285 .952* 0.012 .900* 0.037 

BH-18 15 -.776** 0.001 -.941** 0.01 .800** 0.01 .639* 0.01 

BH-19 7 -0.295 0.521 -0.214 0.645 0.655 0.11 0.357 0.432 

Note: Number of samples/borehole: N/BH, R: resistivity based on ERT profiles.W: water 

content; D50: mean grain size. 

The correlation results showed too much variation in weak, medium and strong. 

At the same time, the correlations varied depending on their degree of significance, and 

this is because of the variation in water content among the collected samples. Therefore, 

I turned to study the correlation between the resistivity based on ERT profiles and the 

grain size and between the resistivity based on ERT profiles and the water content for all 

220 samples. The correlation results between the mentioned parameters are shown 

in Table 3. Even though the low negative correlation between resistivity and water 

content and the low positive correlation between resistivity and grain size, the degree of 

significance for both is very high. 
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Table 3 Correlation results of the 220 samples collected from 19 boreholes 

Parameters No. of samples Correlation Results Significance Correlation 

coefficients 

R vs W 220 -0.3** <.001 Spearman 

R vs D50 220 0.5** <.001 Spearman 

R: resistivity based on ERT profiles W: water content; D50: mean grain size 

As the correlation between R and D50 and between R and W at every individual 

borehole and all the samples showed variation in the results, therefore, I turned to classify 

all the samples regarding the water content percentage into three classes; the first class 

includes the samples with a water content range from 0% to 10%, the second class 

includes the samples with a water content range from 10% to 20%, the third class includes 

the samples with a water content range from 21% to 30% or more as shown in Table 4. 

The correlation results between resistivity and grain size were significant and positive. 

The strongest correlation with a degree of significance was noticed in the first class with 

low water content. This could explain the effect of the water content of the samples on 

the relationship between resistivity and grain size, in which the increase in the water 

content in the samples reduces the strength of the relationship between R and D50, as I 

noticed in the case of the third class of water content samples.  

Table 4: Illustrates the correlation results and their related degree of significance between 

R, D50, at three classes of water content  

 R vs D50 

 N Correlation Significance Correlation coefficients 

W: 0 % to 10% 34 0.672** 0.01 Pearson 

W: 10 % to 20% 92 0.574** 0.01 Pearson 

W: 20 % to 30% 94 0.213* 0.05 Pearson 

Number of samples at every class: N 

4.2.3 Relationship of resistivity and other physical parameters 

Aquitard materials are poorly permeable underground layer that limits water flow 

from the riverside to the protected side. This layer is important in the levee structure from 

flood risk mitigation issues. In addition to Resistivity, water content percentage, and grain 

size, analysis of 49 samples gave more information about the different parameters of the 

levee materials of Tisza and Maros rivers like Saturated hydraulic conductivity (K), 

Porosity, and Density. The saturated hydraulic conductivity enabled us to study the levee 
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compositions and classify them into Aquitard and non-Aquitard materials. It was found 

that 16 out of 21 samples collected from Tisza Levee exhibit Aquitard nature, and 19 out 

of 29 samples collected from Maros Levee exhibit Aquitard nature, as shown in Table 5.  

Table 5 Properties of 49 samples collected from 10 different boreholes 

 Sample 

ID 

lkm d  W D50 φ ρ  K  M R 

(km) (cm)  (%) (μm)  (m/m%) (g/cm3) (mm/h) (Ω.m) 

T
is

za
 l

ev
ee

 c
ro

w
n

 

1 13 270 16.5 18.8 38 1.63 0.007  aquitard 57.2 

2 13 290 16.0 18 39 1.62 0.007 aquitard 43.7 

3 13 300 15.0 16 40 1.59 0.008 aquitard 30.3 

4 13 310 15.0 15.5 36 1.69 0.007 aquitard 24.8 

5 13 570 27.0 14 45 1.47 0.007 aquitard 10.6 

6 13 580 28.0 13.4 44 1.49 0.006 aquitard 10.7 

7 18 300 24.0 12.9 44 1.49 0.006 aquitard 11.9 

8 18 310 24.0 13 35 1.71 0.007 aquitard 12 

9 18 390 22.5 7.5 41 1.56 - - 12.3 

10 18 510 25.0 12.9 45 1.47 - - 13 

11 18 520 26.0 12.6 41 1.57 0.007 aquitard 13.2 

12 31.4 150 15.5 12 39 1.63 0.011 aquitard 20.6 

13 31.4 160 16.0 11.9 36 1.69  - 17.5 

14 31.4 250 24.0 10.8 38 1.63 0.012 aquitard 10.9 

15 31.4 410 20.0 12.5 44 1.50 0.015 aquitard 9.7 

16 31.4 420 19.5 13 43 1.51 0.013 aquitard 9.9 

17 37 50 8.0 19.5 38 1.64 24.942 not 

aquitard 

22.7 

18 37 60 9.0 21.4 41 1.57 24.375 not 

aquitard 

20 

19 37 270 12.5 16 35 1.72 0.012 aquitard 8.9 

20 37 270 12.5 16 35 1.72 0.011 aquitard 8.8 

21 37 470 20.0 13.8 - - 0.012 aquitard 10 

M
a

ro
s 

le
v

ee
 c

ro
w

n
 

22 3 150 22.0 17.7 44 1.49 3.487 not 

aquitard 

14.7 

23 3 160 22.0 18.7 50 1.31 0.956 not 

aquitard 

14.5 

24 3 290 21.0 13.5 41 1.55 0.013 aquitard 17.45 

25 3 610 33.5 11.7 - - - - 23.7 

26 3 620 34.0 11.9 46 1.43 0.492 not 

aquitard 

23.7 

30 8 190 14.0 33.6 40 1.58 1.246 not 

aquitard 

92 

31 8 200 14.0 34.1 42 1.55 0.266 not 

aquitard 

100.2 

32 8 280 3.0 203.1 48 1.38 0.764 not 

aquitard 

168.2 

33 8 420 18.0 15.8 43 1.50 - - 233 

34 8 490 23.0 13.3 36 1.69 0.012 not 

aquitard 

217 

35 10 150 27.5 20.8 45 1.46 0.113 not 

aquitard 

24.8 
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36 10 160 28.0 21.1 48 1.37 0.013 aquitard 25 

37 10 300 21.0 24.2 48 1.37 0.048 not 

aquitard 

28 

38 10 500 17.5 15.7 47 1.39 0.066 not 

aquitard 

31.6 

39 10 510 17.0 15.6 43 1.50 0.012 aquitard 31.8 

40 16 240 11.0 20.5 48 1.38 - - 88 

41 16 250 12.5 19 45 1.47 0.011 aquitard 85.11 

42 16 250 12.5 19 48 1.37 1.034 not 

aquitard 

85.11 

43 16 470 21.0 15.7 51 1.3 0.010 aquitard 39 

44 16 480 21.0 15.2 46 1.42 0.688 not 

aquitard 

41 

45 20 250 15.0 15 44 1.49 - - 34.8 

46 20 250 15.0 15 48 1.39 0.113 not 

aquitard 

34.8 

47 20 260 16.0 15.3 45 1.46 0.200 not 

aquitard 

33 

48 20 430 21.0 18.3 41 1.57 0.113 not 

aquitard 

20 

49 20 440 21.0 18.6 45 1.44 0.036 not 

aquitard 

19 

M
a

ro
s 

p
ro

te
ct

ed
 

 s
id

e 

27 3 150 4.0 339.3 47 1.41 525 not 

aquitard 

442 

28 3 160 4.0 331.8 45 1.44 287 not 

aquitard 

606 

29 3 285 27.0 18.8 46 1.43 0.052 not 

aquitard 

1292 

lkm: levee km; d: depth; W: water content; D50: mean grain size, φ: porosity; ρ: bulk density; K: 

saturated hydraulic conductivity; M: material type, and R: resistivity based on ERT profiles. 

The correlation among the resistivity of the levee materials and other parameters 

like water content, grain size (D50), saturated hydraulic conductivity (k), Density and 

porosity was carried out. The results of the correlations are exhibited in Table 6 

The correlation between resistivity and water content is negatively low, with a 

high significance level. The correlation results between resistivity and grain size (D50) 

are moderately positive and statistically significant. The correlation between resistivity 

and saturated hydraulic conductivity is positively low, with a high significance level. The 

correlation between resistivity and porosity is positively low, with a high significance 

level. The correlation between resistivity and Density is negatively low with a high 

significance level.  
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Table 6 Correlation results of the 49 samples collected from 10 different boreholes  

Parameters No. of 

samples 

Correlation Significance Correlation 

coefficients 

R vs W 49 -0.378** 0.007 Spearman 

R vs D50 49 0.571** <.001 Spearman 

R vs K 49 0.374* .015 Spearman 

R vs φ 47 0.339* 0.020 Spearman 

R vs ρ 47 -.352* 0.015 Spearman 

R: resistivity based on ERT profiles W: water content; D50: mean grain size, K: 

saturated hydraulic conductivity, φ: porosity, ρ: bulk density. 

4.3 Mapping the materials along the investigated levees 

With the help of sedimentological data, ERT could provide more information about 

the structures and changes of the materials along the investigated levee sections. In the 

case of the Tisza levee section and by following up the longitudinal profiles measured on 

the Tisza levee crown, it is noticed that two materials, medium and fine silt, are the main 

components of the levee core. Going from north to south, in Fig. 26b, the levee sections 

show four patterns from the crown to the bottom. The first pattern (medium silt, fine silt, 

and medium silt) is predominant in levee sections from 42-lkm to 40-lkm, in 36-lkm, in 

34-lkm, and in 17-lkm. The second pattern (medium silt, and fine silt) is predominant in 

the levee sections 38-lkm, 33-lkm, from 24-lkm to 19-lkm, and from 16-lkm to 15-lkm. 

The third pattern (fine silt, medium silt, and fine silt) is predominant in only 37-lkm and 

13-lkm. The fourth pattern (fine silt, and medium silt) is predominant in 35-lkm, from 32-

lkm to 28-lkm, 18-lkm, and 14-lkm. Regarding the transverse profiles measured on the 

Tisza levee, both river and protected sides are composed of fine and medium silts, as 

shown in Fig. 26a and c.  

           In contrast to the investigated Tisza levee section, the investigated Maros levee 

section is more complicated and shows more variety in the materials from fine silt to 

coarse sand (fine silt, medium silt, coarse silt, fine sand, medium sand, and coarse sand) 

and at some parts alteration of fine and medium silt could be noticed. In general, the 

longitudinal profiles measured on the crown of Maros levee showed that the levee core is 

composed of medium and fine silts except for three lkm sections showing coarse silt, fine 

and medium sand as well which are at 8-lkm, 16-lkm, and 22-lkm. going from east to 

west Fig. 27b,the levee sections show five patterns from the crown to the bottom. The 
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first pattern (medium silt, fine silt, and medium silt) is predominant in levee sections 24-

lkm, 20-lkm, and 1-lkm. The second pattern (medium and fine silts) is predominant in the 

levee sections 23-lkm, 21-lkm, 15-lkm, 9-lkm. The third pattern (alterations of medium 

and fine silts at the same unit) is predominant in two sections from 19-lkm to 16-lkm and 

from 13-lkm to 10-lkm. The fourth pattern (fine and medium silts) is predominant in 14-

lkm and from 6-lkm to 3-lkm. The fifth pattern (medium silt) is predominant in three 

sections 15-lkm, 7-lkm, 2-lkm. 

Regarding the transverse profiles measured on Maros levee, 17 levee km sections 

out of the whole investigated sections (24 lkm long) show a sand backfill in the protected 

side. These sections are from 2-lkm to 9-lkm as shown in, 13-lkm to 19-lkm, at 22-lkm, 

and 24-lkm, as shown in Fig. 27a and c. The rest of the sections show silty materials. 

The riverside of Maros levee is showing silty composition. 
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Figure 26: Mapping the composition of the investigated Tisza levee section; A) along the 

riverside, B) along the levee crown, and C) along the protected side 
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 Figure 27: Mapping the composition of the investigated Maros levee section; A) 

along the riverside, B) along the levee crown, and C) along the protected side
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4.4  Elevation change of levees 

The elevation values were lower overall in 2017 than in 1976 (Fig. 28). In 1976, 

the levee crown's adjusted mean height was 85.26 metres above sea level; in 2017, it was 

85.21 metres above sea level. At first sight, the estimated 5 cm drop in levee crown height 

is not substantial. However, it must be noted that due to pavement construction and 

recurrent asphalting throughout the research period, a little elevation rise could be seen at 

some sectionss (Fig. 28). In the absence of these parts, the height difference (1976: 85.23 

m asl.; 2017: 85.15 m asl.) is -8 cm, which is much more than the anticipated 

measurement uncertainties. As a result, these parts' annual subsidence rate is 1.3 mm/yr. 

Moving average analysis was used to analyse elevation differences in order to more 

thoroughly explore the spatial variation of changes (1 km window at 200 m increments) 

(Fig. 29). Even on unpaved sections, the drop in height is not uniform; for example, the 

levee stretch between 32 and 41 km (-16 cm on average) and between 13 and 17 

kilometres (-29 cm on average) are more impacted by the elevation decrease. Such spatial 

differences imply that elevation decrease cannot be just explained by compaction and 

mass-related subsidence, which should affect the whole region comparably, but rather 

that additional factors may be involved in non-uniform subsidence. 

 

Figure 28:  Elevation data of the levee crown in 1976 (blue points) and 2017 (green 

points). Red lines mark sections where the levee crown is paved. 

Similar to the levee crown, elevation readings for the examined segment were 

lower in 2018 than in 2003 for the levee foot. For comparing the two datasets, points that 

showed an extreme elevation increase were excluded. These are unambiguously related 
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to the reinforcement of the levee foot as a matter of constructing a highway bridge over 

the river between 2009 and 2011.  

As a result, the mean height of the levee foot decreased from 78.31 m asl in 2003 

to 78.25 m asl in 2018. This results in a 6-centimetre overall drop. The yearly rate of 

height loss during the 15 years is 3.7 mm/yr, strikingly similar to the 3.7 mm/yr annual 

height decrease of the levee crown on the same levee section between 1976 and 2017.  

Engineering interventions, such as reinforcement, also impact levee foot height, 

but the change is more uniform, partly because the study period was shorter and fewer 

elements altered the elevation conditions. The general trend on unpaved sections, such as 

between 13 and 17 kilometres and between 19 and 24 kilometres (Fig. 29), is the same 

even though the spatial pattern of the levee crown and levee foot elevation decrease is not 

identical, indicating that the levee crown and foot are moving together and that a 

subsidence process should be affecting the entire levee body. 

 

Figure 29: Elevation change of levee crown (blue line) and levee foot (green line) 

along the investigated sections using a 1 km moving average. 

The spatially uneven subsidence in the area is also reinforced by the PSI data, 

representing not only the levee itself, but also its environs. Surface deformation velocities 

throughout the analysed 18-year period (1992-2010) varied between +0.5 and -5.0 mm/yr 

(Fig. 30), translating to an average subsidence rate of 1.9 mm/year for the section under 

investigation (12.5 - 39.0 lkm). Even though a larger section was evaluated in the latter 

example, this figure is quite similar to the rate computed using levelling and GPS data 

(1.3 mm/year). When paved areas are excluded from the evaluation, and only portions 

assessed using both methods are included, the traditional estimate of subsidence is greater 

(4.2 mm/yr) than the estimates obtained via PSI (2.6 mm/yr). The investigations were 

conducted during several periods, so vertical velocities may have altered with time, which 
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might account for the disparity. Even yet, the results of the two approaches corroborate 

one another, and if the data are accurate, the analysed levee section has experienced 

substantial subsidence over the previous several decades, with an unequal spatial 

distribution. As a result, extensive anthropogenic activity may explain deformation and 

subsidence anomalies (Grenerczy et al., 2021), with intensive oil and natural gas 

production in the region beginning in the 1970s as a possible source (Kiss et al., 2021). 

 

Figure 30: Average deformation velocities between 1992-2010, calculated from PSI 

data falling within a 1500 m buffer of the levee. Data are averaged for every 500 m 

sections. 
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4.5 GPR 

4.5.1. Identification of GPR anomalies  

Six different types of anomalies, each of which alters the levee structure and affects flood risk 

differently, were found when the GPR profiles were processed. As noted in Table 7, the 

anomalies found in all the impacted areas were categorised and assessed for their potential to 

cause flooding, and the number of GPR profiles they would have affected was counted.  

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

1. Tensile cracks: When soil shear strength is exceeded by shear stress, cracks occur 

(Wei et al., 2020; Lu et al., 2007) , as illustrated in Fig. 7a. Tensile cracks on the 

levee crown were the most typical anomalies seen in GPR profiles. These emerge 

due to the levee body drying out. They show up as vertical lines on the GPR 

profiles with a differing dielectric permittivity from the nearby levee materials. 

An example of this kind of abnormality is shown in GPR profile No. 62 (Fig. 

31a). Tensile cracks may seal during rainy seasons and reopen during dry ones, 

causing long-term damage to the levee body. Nearly 30% of the analysed profiles 

were affected and hundreds of cracks were detected. 

2. Remarkable changes in dielectric permittivity: The increased (signal band 

lengthening) or decreased (signal band shortening) water content of levee 

materials, according to Utsi (2017), can be used to explain this occurrence. In 

numerous profiles, a notable and abrupt change in the dielectric permittivity in the 

second layer of the levee structure was subjectively evaluated (Fig. 31b). High 

and low dielectric permittivity may thus also reflect variations in the amount of 

moisture in the levee material. Since all measurements were taken during a 

prolonged drought, when the groundwater level was around 10 m below the 

survey depth, these abrupt changes are more likely due to increased clay (signal 

band lengthening) or silt/sand (signal band shortening). The presence of widely 

disparate band lengths in the same profile suggests that changes in levee material 

are more significant than attenuation, even though attenuation may also impact 

the banding pattern. Such an abnormality may result in seepage and widespread 

failure. About 25% of the GPR profiles were impacted, as was seen in several 

GPR profiles.  

3. Animal burrows: An animal creates burrows—tunnels or holes—as a place to 

reside or a temporary haven (a place of safety) (Website 1). Because the dielectric 

constant of air-filled animal burrows is low (εr = 1), the reflected signal from the 
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boundary changes its polarity relative to the incident signal (Smith & Scullion, 

1993; Chen & Wimsatt, 2010). Depending on the size of the animal burrow, a 

positive peak will show in the radar scan over it. They commonly deteriorate, 

especially in the levee structure (Seed et al., 2006; Wiscomb & Messmer, 2010). 

This anomaly is one of the most frequent issues that form piping in levee 

constructions. About 50% of all levee collapses worldwide are caused by piping 

phenomena (Richards & Reddy, 2010). These characteristics affected about 12% 

of the profiles. An illustration of an anomaly brought on by animal burrows is 

shown in Fig. 31c. 

4. Layer deformation: Minor deformations regarding performance limit states are 

defined by non-discernible shear zones (max deviatoric strain less than 1%) and 

low gradients (i.e., i < 1) throughout the levee and foundation (Khalilzad & Gabr 

2011; Khalilzad et al. 2014; Khalilzad et al. 2015). In GPR cross-sections taken 

on the levee crown, deformation in the levee layers may be seen as a distinct shift 

in the dielectric permittivity in the top layer between 1 and 2 m, with a significant 

reflectivity identifying the subsidence region. This anomaly lowers the levee's 

height, which has a detrimental impact; as a result, the levee must be raised over 

time. This feature only affected about 2% of the profiles. A layer deformation 

example is shown in Fig. 31d. Signs of this phenomenon were visible in six GPR 

profiles. 

5. Paleo river channel: Palaeochannels are the remains of former rivers or stream 

channels covered or submerged by more recent fluviatile sediments. GPR has 

been used to explore Paleo river channels (Vandenberghe & van Overmeeren, 

1999; Skelly et al., 2003; Sowik, 2012). The weak reflections inside this anomaly 

indicate the currently filled younger layers, whereas the strong reflectors outside 

reveal a concave form that represents the river's sand-bedded channel. As they let 

seepage below the levee and may enhance the flood risk, paleo river channels are 

regarded as one of the major reasons for levee collapse. Water upwelling is a 

consequence of this phenomenon that can be seen on the levee's protected side. 

Only in GPR profiles taken on the levee foot can paleo-river channels be seen. An 

illustration of a paleo river channel may be found in Fig. 31e. Five GPR profiles 

in all were impacted. 
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6. Sudden change in stratification: This phenomenon is characterised by an abrupt 

decrease in the horizontal levee layers, which may indicate significant changes in 

the levee's structure. In other words, the construction might have not followed a 

consistent design 150 years ago. This anomaly might result in areas of widespread 

failures and exacerbate seepage during floods. In four profiles, abrupt stratification 

shifts were noticed (Fig. 31c and f). 

Table 7: Various anomalies detected during interpretation of 2D-GPR cross-sections and 

their evaluation in terms of flood hazard. 

No. Legend Name Evaluation in terms of 

flood hazard 

No. of GPR 

profiles 

affected 

% 

1  Tensile cracks Enables piping, leading to 

levee breach or mass failure 

Cracks might close when the 

levee gets wet 

 

87 

 

30 

2  Remarkable 

changes in 

dielectric 

permittivity 

Enables seepage, leading to 

mass failure 

70 25 

3  Animal burrows Enables piping, leading to 

levee breach or mass failure 

 

33 12 

4  Layer 

deformation 

Results in height decrease, 

overtopping 

6 2 

5  Paleo river 

channel 

Enables seepage below the 

levee, leading to water 

upwelling and the 

development of sand boils 

5 2 

6  Sudden change 

in stratification 

(dipping layers) 

Enables contour line 

seepage, leading to mass 

failure 

4 1.5 
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Figure 31 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), C) animal burrows and sudden change 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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4.5.2. Spatial distribution of penetration depth and GPR anomalies  

Penetration depth, just like changes in dielectric permittivity, is mostly determined 

by the condition 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/√εr, Annan 1996), the higher penetration depth of the signals meant that this part of 

the levee is build up of materials that permit the EM waves to pass with higher speed than 

other parts of the levee. The lower relative dielectric values explain these parts with higher 

penetration depths. The spatial variation of penetration depth refers to changes in the 

levee materials, a greater depth indicating higher silt or sand content, a lower depth 

indicating higher clay content (Fig. 35b). The penetration depth of the Southern GPR 

survey zone ranges from 3.3 m to 4.5 m, with an average of 3.73 m. although values 

fluctuate, it seems clear that there are three separable zones within this section with 

increased penetration depth. These three zones are between 14.4 - 15 lkm, 17.5 - 18.8 

lkm, and 21.5 - 23 lkm (Fig. 35b). 

However, compared to the southern measurement zone, there are fewer 

fluctuations, and just one section of the northern measurement zone demonstrates 

increased penetration depth between 34 and 35 kilometres. The penetration depth at the 

northern measurement zone ranges from 3.2 m to 4 m, with an average of 3.4 m. The 

northern zone is more consistently steady and uniform in its composition overall. The 

values vary from 3.5 to 4.5 metres, with an average of 3.9 metres displayed as a red line 

(Fig. 35b) for the penetration depth analysis for the profiles recorded on the levee foot. 

One chart (Fig. 35c) showed the results of anomalies from 2D GPR measurement 

sections.  

By comparing the outcomes of penetration depth of GPR signals with the 

outcomes of anomalies for both southern and northern measurements of the levee, it is 

noticed that the variation of penetration depths of the signals for the southern zone is due 

to inhomogeneity of the materials and also due to a large number of anomalies in this 

zone, in contrary, the penetration depth results show stability for the northern zone and 

this is due to homogeneity nature of the materials and also due to fewer anomalies 

detected from GPR profiles in this zone (Fig. 35c).  
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4.5.3. Comparison of applying two different antennas on the Tisza levee section 

The 200 MHz GPR antenna's penetration depth along the 3.5 km Tisza levee section 

under investigation ranged from 3.6 m to 4.4 m, with an average value of 3.9 m. In 

comparison, the 80 MHz antenna's values varied from 1.8 to 5.6 metres, with 4.0 metres 

being the average. So, regardless of the centre frequency, there was no discernible 

difference in average penetration between the two systems. Regarding the 80 MHz 

antenna, high variance in penetration depths is a sign of measurement uncertainty or low 

resolution compared to the 200 MHz antenna resolution.  

Due to enhanced wave relaxation brought on by polarisation effects, GPR 

penetration depth in fine-grain media is known to be rather low (Ishida, Makino, 1999; 

Santamarina et al., 2001; Bittelli et al., 2008). Polarisation results in larger dielectric 

permittivities and electrical conductivity values, dissipating GPR energy and causing 

weaker signal reflections. Additionally, high liquid ion concentrations are frequently 

associated with clayey soils and sediments, promoting energy dissipation (Saarenketo, 

1998; Ishida; Makino, 1999). However, the difference in penetration depth due to varying 

dielectric characteristics might also correspond to variations in the composition of the 

levee material (Sheishah et al., 2023). 

Nearly 25% of the 100 m profiles showed A remarkable change in dielectric 

values. The locations where the two antenna types detected dielectric changes were 

identical (Fig. 32). Only the 200 MHz antenna could detect the layers and interfaces 

inside the levee body and minor anomalies. The 80 MHz antenna's vertical resolution 

needs to be increased for these purposes. In the majority of the profiles, three units were 

generally found (Fig. 32a). The intermediate unit's thickness was 1.32 m, while the 

uppermost unit's thickness was 1.09 m. Because it extended below the depth of the 

inquiry, the vertical extension of the third unit could not be mapped. 

Smaller anomalies within the uppermost layer were interpreted as tensile cracks 

caused by the levee material's desiccation. Based on the relationship that the size of the 

detectable target is roughly 10% of the wavelength (Utsi, 2017) and the equation λ = v/f, 

where (λ) is the wavelength, (v) is transmission velocity, and (f) is the centre frequency 

of the antenna used for the survey, we calculated the minimum size of anomalies the two 

antennas could detect. This result was 4.3 cm for the 200 MHz antenna at a velocity of 

8.5 cm/ns and 10.6 cm for the 80 MHz antennas. The width of the voids discovered by 

the 200 MHz antenna was above 4.3 and below 10.6 cm (Fig. 32a), as no voids could be 
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identified using the 80 MHz antenna (Fig. 32b). At a maximum depth of 1 m, the observed 

cracks were in the uppermost layer. Four profiles along the survey line had a high density 

of cracks, which indicates that about 10% of the profiles had this flaw to a significant 

extent.  

Other authors have also used a high-frequency antenna to successfully find small-

scale voids and discontinuities in artificial levees (anomaly size 0.1 m or less ( see e.g. Di 

Prinzio et al., 2010; Chlaib et al., 2014). Tensile voids and cracks identified in our study 

mostly get closed by wetting the levee body during floods, though the largest ones may 

remain open (Szűcs et al., 2019), which means that their presence can increase the risk of 

damage. Besides voids, layer deformation and changes in levee composition, marked by 

sudden changes in dielectric permittivity, are also very important regarding flood hazard. 

They can contribute to considerable seepage during floods. 

 

Figure 32: Interpretation and comparison of 100 m GPR profiles made by A) 200 MHz 

and B) 80 MHz antennae along the same survey line (16.2-16.1 lkm). 

4.5.4. Justification of GPR results using recordings of flood phenomena 

Along the levee section under study, GPR results were contrasted with piping and 

moderate seepage records from 2006 and 2010 (Fig. 33). The frequency of all GPR 

anomalies and anomalies related to a remarkable change in dielectric permittivity were 

used for the spatial comparison. Two factors led to the selection of the latter parameter: 

1) it was the second-most prevalent anomaly with sufficient recordings to create a spatial 

plot, and 2) this sort of anomaly was most frequently observed in the second layer of the 

levee construction at a height where piping and moderate seepage are typically present. 

Due to the second issue, anomalies like tensile cracks and animal burrows that only 
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impact the upper part of the levee needed to be thoroughly considered. Even if the spatial 

distribution of km-based data on anomalies and flood phenomena does not exactly match, 

there is a clear distinction between the two investigated zones. A total of 148 and 42 

anomalies were found in the southern and northern zones of the studied levee section, 

respectively, and out of these, 51 and 18 were categorised as a sudden change in dielectric 

permittivity. In the meantime, the number of 100 m sections affected by piping or 

moderate seepage regarding the two zones was 26 and 11, respectively. The relationship 

is particularly clearer if the total number of recordings for a zone is given as a percentage 

of all recordings. In the southern and northern zones, the proportionate values of piping 

and moderate seepage were 70% and 30%, respectively. Very similar values were 

obtained when remarkable changes in dielectric permittivity were considered (74% vs. 

26%), and a somewhat different, but still comparable distribution was experienced when 

each type of anomaly were taken into account (78% vs. 22%). 

Despite discrepancies in the pattern of recordings, it is still impossible to predict 

the frequency of flood phenomena from GPR anomalies. However, if longer sections are 

investigated, the trend becomes clear, and GPR can be used to assess the potential of 

seepage and piping phenomena. 
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Figure 33: A) Spatial frequency of anomalies identified from GPR profiles measured 

on the levee crown each one 1Km, B) a special frequency of a remarkable change in 

dielectric each 1km section, and C) Occurrence of concentrated seepage (piping 

phenomenon) each one Km during two flood periods in 2006 and 2010. 
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5. Evaluation of levee health 

The previous results could help to understand the structure and composition of the 

two investigated levee sections. The contrast in the resistivity values of the investigated 

levee materials was visible; therefore, the interfaces between layers could be detected 

using ERT, as it was documented (e.g. Kearey et al., 2013; Sheishah et al., 2022; Sheishah 

et al., 2023). 

5.1 Evaluation of levee materials  

The number of all water content samples collected at every 0.4 m depth was 220 

samples. These samples were sorted regarding the grain size to investigate the dominant 

class among the seven different grain size classes forming the body of both Tisza and 

Maros levees. The analysis showed that fine silt is the most prominent class forming the 

body of both investigated levee systems with a proportion of 55.6 %, then medium silt 

with a proportion of 31.2 %, then medium sand with a proportion of 6.3 %, then coarse 

silt with a proportion of 4.5 %. The other classes, like very fine silt, fine sand, and coarse 

sand, represent a minor proportion ranging between 0.4% and 1.3 %, as shown in Table 

8. It is noticed that fine-grained materials, which are fine and medium silts ( with a total 

proportion = 87 %), represent the highest proportion among the seven classes, which 

means that the building materials of both Tisza and Maro's levees are good in terms of 

flood protection.  

Table 8 Classification of the 220 samples regarding the grain-size and their proportion  

Class Proportion 

fine silt 55.6 % 

medium silt 31.2 % 

coarse silt 4.5 % 

medium sand 6.3 % 

very fine silt, fine sand, and coarse 

sand 

Between 0.4% and 1.3 % 

 

The present study shows a range of specific resistivity values for different 

sediments forming the investigated levees with variable water content. Based on ERT 

measurements in the investigated Tisza and Maros levee sections, the quartile was utilized 

to calculate the specific resistivity range of different materials. Samples collected at every 

0.4 m depth were used in this classification. The results showed seven sedimentary classes 

for the investigated levees; (1) fine silt which is characterized by a D50 range between 11 
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µm and 14 µm and a moisture content between 16 % and 24 % has a resistivity range 

between 15 Ωm and 39 Ωm with an average of 24 Ωm and standard deviation 86, (2) 

Medium silt which is characterized by a D50 between 16 µm and 19 µm and a moisture 

content between 11 % and 22 % has a resistivity range between 25 Ωm and 63 Ωm with 

an average of 34 Ωm and standard deviation 191, (3) Coarse silt which is characterized 

by a D50 between 34 µm and 38 µm and a moisture content between 12 % and 16 % has 

a resistivity range between 90 Ωm and 128 Ωm with an average of 97 Ωm and standard 

deviation 116, (4) Fine sand which is characterized by a D50 between 109 µm and 164 

µm and a moisture content between 4 % and 7 % has a resistivity range between 108 Ωm 

and 199 Ωm with an average of 173 Ωm and standard deviation 93, (5) Medium sand 

which is characterized by a D50 between 332 µm and 430 µm and a moisture content 

between 3 % and 5 % has a resistivity range between 276 Ωm and 798 Ωm with an average 

of 518 Ωm and standard deviation 525. (6 and 7) Very fine silt is represented by one 

sample with a D50 of 6.5 µm and a moisture content of 22.7 % and has a resistivity of 

13.5 Ωm. One drilling sample from the levee foot of 16 lkm of Maros levee represents 

coarse sand. It is characterized by a D50 582 µm and a moisture content of 2.2 % and has 

a resistivity of 3095 Ωm. The main classes are represented in Fig. 34. 

 

Fig. 34 Classification of the materials of the investigated Tisza and Maros levees 

regarding the grainsize and their related water content and normalised resistivity. 

Nevertheless, as water content showed much greater variability, and still, the 

effect of grain size could be recognized, it is possible to detect general compositional 

changes along the investigated levee systems as water content showed a considerable 

variation in the profiles. 
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The mentioned resistivity values of Tisza levee materials indicate that the levee is 

built up from fine-grain sediments based on the low values given for alluvial materials by 

former researchers (Keller & Frischknecht, 1966; Waxman et al., 1968; Abu-Hassanein 

et al., 1996; Giao et al., 2003; Loke, 2004; Tabbagh et al., 2007; Sheishah et al., 2023). 

Also, the values of the levee body core are close to or even lower than those reported by 

Busato et al. (2016), who found that in an earthen levee composed mainly of clayey sand 

and having low moisture conditions, resistivity values ranged between 50–100 Ωm. 

Similarly, fine-grained materials in a dam structure had a specific resistivity below 100 

Ωm (Himi et al., 2018; Jodry et al., 2019). Schwartz et al. 2008 and Kalinski and Kelly 

1993 estimated 2D field-scale soil moisture distribution utilizing time-series data of 1D 

TDR soil moisture and 2D electrical resistivity imaging (ERI) in a heterogeneous setting. 

They proposed a relationship between resistivity and fine-grained sediments. Datsios et 

al. (2017) measured the electrical resistivity of sand, and it showed a value of 1350 Ωm 

or more in dry soil. This value can be matched with the resistivity of the sandy layer (with 

a resistivity up to 2200 Ωm) detected on the protected side of the Maros levee. 

As was shown previously by several authors, the physical properties of the 

sediment, such as grain size, porosity, and water content, can greatly affect specific 

resistivity values (Popescu et al., 2016; Alpaslan & Bayram, 2020).  

There is a link between electrical resistivity values and porosity as the soil 

compaction process increases bulk density, reduces the volume of large pores and, in turn, 

affects the physical properties of the soils as stated by (Robain et al., 1996; Alakukku 

1996; Richard et al., 2001; Pereira et al., 2007). A normal relationship is proposed 

between resistivity and coarse-grained materials (Keller & Frischknecht, 1966). 

Therefore, it is realized that besides the compaction parameter mentioned above, the 

lower porosity percentage is one of the essential factors behind the noticed lower 

resistivity values measured on the Tisza levee section. In contrast to the Tisza levee 

section, the higher resistivity values regarding the Maros levee might be due to the higher 

porosity percentage related to its coarse-grained composition. Sediments with higher 

water content normally show lower resistivity values (Loke, 2004). Soil compaction of 

the levee materials is mainly characterized by increased soil bulk density and reduced 

macroporosity. Therefore, compacted soils should have lower electrical resistivity values 

(Zhu et al., 2007). The dry density influences the resistivity of fine-grained soil (Beck et 

al., 2011). It is also a promising tool for identifying structural differences due to soil 

compaction (García-tomillo et al., 2018; Jerabek et al., 2017). 
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ERT results, confirmed by sedimentological data, showed that the core of the two 

investigated levee sections was different in the sense that the levee along the Tisza is 

composed of fine silt, while the levee along the Maros of medium silt and  of fine and 

medium silt. From flood safety, the dominance of fine silt is advantageous, as it is highly 

aquitard based on hydraulic conductivity measurements. 

Regarding the structure of the Tisza levee, the core is composed of fine silt, 

however below the levee body, a medium silt zone can be identified in the northern zone 

and at some sections in the southern zone of the levee, which can be an area of increased 

seepage during floods, being undesirable from the aspect of flood safety. Medium silt 

units were also identified on the riverside, in the form of a thick blanket, on the protected 

side as part of reinforcement, and even on the crown of some levee sections. On the 

protected side, applying less impervious materials is accepted to control seepage. 

However, riverside blankets are supposed to be composed of highly impervious materials 

to inhibit borrowing (USACE, 2000). 

Regarding the levee section investigated along the Maros River, the levee core 

mainly comprises silty sediments. In more detail, medium silt could be considered the 

main composition of the levee core; in some sections, fine silt and other sections show 

alteration layers of fine and medium silt. A fine silt unit was identified on the riverside 

part of the levee. This layer is important in increasing the imperviousness of the structure; 

thus, during high water levels, the overlying medium silt layer can transfer water towards 

the protected side. However, a relatively thin fine silt blanket over the riverside and the 

levee crown can provide sufficient protection against the development of intensive 

seepage. 

Unlike the Tisza, most of the protected side of the Maros levee section is built up 

of a sand backfill, covered by a thin fine and medium silt layer. High porosity, sandy 

layers on the protected side can ease water drainage from the levee body during floods 

and can be advantageous from the aspect of flood protection. However, as the riverside 

structure also contains a non-aquitard medium silt layer, the seepage rate can be very 

intensive and is only moderated by a thin fine silt layer on both sides. Based on the 

drillings, a fine silt layer is situated below the sandy unit at some sections, though ERT 

measurements were unable to detect it due to the very high resistivity of coarse-grained 

sand, which masks nearby lower values. 
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5.2 Evaluation of levee defects  

The majority of authors (Masannat (1980), Borgatti et al. (2017), Di Prinzio et al. 

(2010), Mazzini and Simoni (2008), and Chlaib et al. (2014)) investigated and analysed 

animal burrows to evaluate levee of health; however, in the case of our study, the flood 

phenomena affecting levee health are related to other types of defects in addition to 

animal burrows. Because one defect is insufficient to capture the current state of the 

investigated levee, many types of defects must be integrated and analysed concurrently 

to establish a relationship between flood occurrences and various defects. Tensile cracks 

were discovered in the investigated levee section along with other sorts of anomalies, and 

they mostly get closed by wetting the levee body during floods. The larger ones, however, 

could still be open (Szűcs et al., 2019), which increases the likelihood of damage since 

leaking through cracks frequently results in piping, which is the primary cause of levee 

failure occurrences (Huang et al., 2014; Cleary et al., 2015; Antoine et al., (2015)). 

Several GPR profiles taken on the levee foot correspond with Ritambhara et al. (2021) 

revealed the presence of paleo-river channels, and a unique reflector feature explained 

the old banks and the younger sediments that filled these channels. Because it might result 

in the growth of sand boils on the levee's protected side, , thus increasing flood risk (Nagy, 

2000; Ojha et al., 2001; Tímár, 2020). Several GPR profiles taken on the levee crown 

showed surface deformation. According to Kiss et al. 2021, one of the primary causes of 

artificial levee height decrease is surface deformation caused by subsidence or uplift. 

5.3 Structural assessment by comparing different geophysical data 

On the levee's protected side, The structure and composition of the levee itself 

significantly affect flood risk. Since each approach has benefits and drawbacks regarding 

penetration depth, resolution, or acquisition time, the results of the methods used were 

combined to provide a reliable evaluation of the investigated levee section's structure and 

composition. 

It was clear from the combined use of GPR and ERT in the investigated sections of 

Tisza Levee as well as the drilling-provided control data that the interfaces between the 

main units could be detected by the two geophysical techniques concerning a 

representative profile (Fig. 35a and b). Even with a 1 m electrode spacing, longitudinal 

and transverse ERT profiles could only fully identify the top interface at a depth of less 

than 1 m (Figs. 35b and c). On the transversal ERT profile. However, it is possible to 

detect the layer that, in some places, covers the levees. Meanwhile, the second interface 
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at around 3 m shows up nearly in the same spot on the ERT and GPR profiles (Fig. 35d). 

The lack of a significant change in water content at this level implies that the combination 

of approaches can detect even small changes in composition (shift from medium to fine 

silt). 

Each method has demonstrated that there are three main units within the levee body 

at the location of the representative profile: 1) fine silt, clayey levee core; 2) a medium 

silt layer designed to increase the height of the structure; and 3) a fine silt blanket on top 

to prevent seepage (Fig. 35). A thin (0.4 m) sand sheet was also found on the protected 

side as shown in Fig. 35c, however, this could only be found using drilling data. ERT 

could not resolve the sand cover because the vertical resolution was only about 0.5 m, 

even with a 1 m electrode spacing. 
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Fig. 35 Combination of a) GPR, b and c) ERT results in the same profile to 

determine d) the depth of interfaces. 
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The levee's structure at the investigated profile is advantageous from the perspective 

of flood safety in that there are fewer layers than those reported elsewhere (Zorkóczy, 

1987; Schweitzer, 2001; Szlávik, 2003), making the occurrence of contour seepage along 

structural interfaces less likely (Szűcs et al., 2019). The ERT profile may also be used to 

identify a clayey wedge, a crucial structural component in reducing sub-levee seepage at 

the riverside foot of the levee (USACE 2000, Szűcs et al. 2019). On the other hand, a 

discontinuity appears in the fine silt blanket at the riverside edge of the levee crown  (Fig. 

35c). The significant gradient of resistivity shift between the levee's top and body makes 

interpretation still challenging. This attribute may contribute to the observed piping 

during more intense flood events. 

Two interfaces at depths of  ~ 1 m and 2 m can be identified at a selected section of 

the Tisza levee (3.4 km), where two different centre frequency antennas were applied and 

showed similar results (Fig. 36), on the majority of the levees investigated by GPR, the 

structure of the top layers does not change significantly. Since the GPR data point to a 

very comparable structure in the upper 4 m of the levee body, the structure identified in 

the levee body at the ERT profiles can be extended to these sections.  

 

Figure 36 An example of the longitudinal change of structural interfaces along the 

investigated levee section based on GPR data (a representative section with 3.4 km long 

of Tisza levee) 

5.4 Overall analysis of levee health 

Along the investigated Tisza levee section, similar defects were detected by 

combined use of GPR and GPS, just like in the case of the study provided by Tanajewski 

and Bakuła (2016), but in a 40 km section of the investigated levee. Measuring PSI 

offered a fast way of detecting surface deformation along the investigated levee, 

especially when GPS supports it and levelling data; however, GPR and ERT data can also 

provide better ideas about the levels of healthy sections of the levee. 
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The combined results of the levelling data from 1976 and GPS data measured in 

2017 were spatially fitted to GPR penetration depth data, the distribution of GPR 

anomalies detected on the levee crown and the dominance of materials forming the levee 

core identified on ERT profiles. We assessed the risk potential at every km of the 

investigated levee section by combining the data I obtained. Subsequently, scores of levee 

health levels were added up, and for each 1 km section, a potential level of levee health 

value was assigned: scores 4 and 5 meaning very low and low and scores 7 and 8, meaning 

high and very high risky sections or very high level of levee health potential (Fig. 37). 

Going from north to south, an increasing trend can be seen in levels of levee health 

scores (Fig. 37). VLLLH and LLLH sections are predominant in most of the northern 

zone except for one lkm section with an MLLH (at 34-Lkm). In contrast to the northern 

zone, in the southern zone, mostly MLLH sections from 21 lkm to 18 lkm and HLLH 

sections from 17 lkm to 14 lkm can be identified, and even very high levels of levee health 

section (VHLLH) occur (at 13 lkm), while LLLH sections are restricted only to the first 

part of this zone at (23 Lkm and 22 Lkm). Accordingly, the mean level of levee health 

score in the southern zone is 6.25, while in the northern zone, it is 4.6, referring to 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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Fig. 37: The spatial distribution of parameters influencing flood risk related to the levee 

in the study area. A) Moving average of elevation change between 1976-2017, B) 

Penetration depth of GPR signals, C) types and spatial frequency of anomalies 

identified on GPR profiles taken on the levee crown, d) dominant materials of the levee 

core identified on ERT profiles, and e) risk evaluation for each 1 km section of the levee 
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6. Conclusion 

Based on ERT results with a precise analysis of grain size and their related 

physical parameters (saturated hydraulic conductivity, porosity, density, and water 

content) used for monitoring the materials of two different levee sections along the Tisza 

and Maros rivers, it is concluded that the investigated section of the Tisza levee showed 

low resistivity values, indicating the fine-grained materials' conductivity. In contrast, the 

investigated section of the Maros levee showed high resistivity values, indicating the 

resistivity nature of larger grain-size sediments forming this section, especially noticed 

on the protected side of the levee from the transversal ERT profiles. The main components 

of investigated Tisza levee section, including the core and both sides, are medium and 

fine silts. However, the situation of the investigated Maros levee section shows more 

variation of different materials: fine, medium, coarse silt, and fine, medium, and coarse 

sand. The materials and their resistivity range are generally similar, forming the core of 

the Tisza and Maros levees. Regarding the analysis of different physical properties of the 

two levee systems like resistivity, porosity, density, water content, grain size, and 

saturated hydraulic conductivity, the materials of the Maros levee could be distinguished 

well and showed more variation when it is compared to the building materials of Tisza 

levee.  

It is concluded that combining the use of GPS, PSI, ERT, and GPR with data 

validation obtained from flood phenomena recordings and drilling information is an 

effective approach to examine the levee condition in terms of flood risk and its flood 

resistance capacity based on the focused research carried out on the Tisza levee section 

using several geophysical techniques. Comparison of archive levelling data and GPS 

measurements, reinforced by PSI surface deformation analysis, allowed the quantification 

of changes in levee elevation with time. At the same time, GPR was useful for detecting 

the most frequent anomalies and mapping levee defects. On the other hand, ERT 

successfully identified the levee materials and classified them in terms of levels of levee 

health.    

Using elevation and surface deformation velocity data, it was found that between 

1976 and 2017, the height along the examined levee crown and levee foot significantly 

decreased. The function of subsidence as a matter of surface deformation is strengthened 

because different datasets for various periods on various levee areas all point in the same 

direction. If mass-related sinking and compaction are generally considered, the levee 



86 
 

crown should be more significantly impacted than the levee foot. It is clear from PSI data 

that regional surface deformation is a major cause of elevation variations along the levee. 

It is also a serious problem regarding the risk of flooding since it affects the absolute 

height of the levee locally. 

The radar signal penetration depth in most GPR cross-sections was constrained, 

allowing for detecting anomalies up to three to four metres. Following the categorization 

of anomalies, the investigated sections could be evaluated in terms of flood risk. Tensile 

cracks and a remarkable change in dielectric permittivity were the most frequent 

anomalies among all other identified defects. Changes in dielectric permittivity due to 

these also indicate compositional diversity, which is crucial for flood safety. The 

differences in penetration depth caused by the levee material's dielectric characteristics 

are another indicator of the spatial change in the investigated levee's heterogeneity. Lower 

clay content was critical in preventing seepage at several sections, particularly in the 

southern zone, where a considerable change in the penetration depth was noticed. Thus, 

based on the GPR data, it was found that the health of the southern zone is worse than 

that of the northern zone.  

It was noticed that, among the various flood phenomena recordings since 1970, 

piping and moderate seepage could be compared to GPR data since they primarily affect 

the upper part of the levee body and fall within the known GPR penetration depth. Along 

the investigated levee segment, these have been the flood occurrences that have occurred 

the most frequently. I discovered that the frequency and spatial distribution of GPR 

anomalies closely matches flood occurrences, making it feasible to forecast the presence 

of seepage and piping during floods using GPR scans. 

By combining several types of outcomes, high, medium, and low flood risk 

sections could be recognised from the perspective of the levee condition. Generally, the 

southern zone received a much higher risk score than the northern zone, meaning 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 events. 

GPR, ERT and drilling results with different spatial resolutions and penetration 

depths were compared and combined to assess the structure and composition of a levee 

section exhibiting various unwanted flood phenomena. From a methodological aspect, 

GPR can be applied to investigate the upper 3-4 m structures at the usual dimensions and 

composition of the levees along the Lower Tisza River. The use of low frequency 80 MHz 
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GPR does not increase penetration depth significantly. In contrast, higher frequency 200 

MHz GPR is capable of detecting not only structural interfaces but various defects as well 

in the upper layers. Concerning ERT, at 1 m electrode spacing, it is possible to capture 

structural changes. Still, penetration depth covers only the levee body, and no information 

can be obtained from sub-levee conditions. This requires an increase in spacing. Although 

water content has a primary role in determining the obtained specific resistivity values, 

based on the present study, it is still possible to detect structural units composed of slightly 

different materials. 

Considering the above, the optimum measurement strategy for the future is first 

to perform longitudinal surveys using GPR, by which major changes in levee structure 

can be detected, and sections for more time-consuming ERT measurements can be easily 

identified. By determining the specific resistivity range of fine and medium silt among 

various moisture conditions at the study site using a limited number of boreholes, it is 

possible later to separate aquitard (clay) and non-aquitard (sand) materials without 

drilling the levees of the Lower Tisza River. 

The increased frequency of seepage and piping at the investigated site can be 

explained by the primarily silty composition of the levee body. The number of structural 

units is low, which is advantageous in terms of contour seepage; however, the fine 

silt/clayey cover on the riverside slope of the structure might not be continuous; therefore, 

the identified medium silt layer in the upper half at the levee body of some sections can 

also contribute to increased seeping and piping during floods, to which tensile cracks in 

the topmost layer of the structure can also contribute. In the meantime, sub-levee 

conditions, i.e. a coarser sedimentary unit, are also precursors of seepage phenomena. 

In all, our investigation proved adequate for evaluating levee health and can be 

extended to longer sections along the Tisza and other rivers. 
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9. 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 2940-km-long levee system. Most of the 

levees were built in the 19th century. Since then, several natural and anthropogenic 

processes, such as compaction, erosion, Etc., could contribute to these earth structures' 

slow but steady deformation. Meanwhile, as construction works were scarcely 

documented, the structure and composition of artificial levees are not well known. 

Therefore, the present analysis aimed to use different geophysical techniques to validate 

their efficiency in mapping structural differences, possible compositional deficiencies, 

potential defects and sections where elevation decrease and compare the compositional 

and structural variations of two very different levee sections along a 24 km section of the 

River Tisza and a 24 km section of the River Maros. Investigations were conducted by 

real-time kinematic GPS (RTK-GPS), Ground penetrating radar (GPR), Electrical 

Resistivity Tomography (ERT) and drillings. Onsite data acquisition was complemented 

with an analysis using a Persistent Scatterer Synthetic Aperture Radar (PSI) to assess 

general surface deformation. The higher frequency 200 MHz GPR data have shown that 

levee structures can significantly vary even in a few km on sections with the same 

construction history.  

Based on electrical resistivity tomography results with a precise analysis of grain 

size and their related physical parameters used for monitoring the materials of two 

different levee sections along the Tisza and Maros rivers, we noticed that the main 

components of investigated Tisza levee section are medium and fine silts, however, the 

situation of the investigated Maros levee section shows more variation of different 

materials which are fine, medium, and coarse silt, moreover, fine, medium, and coarse 

sand. The investigated section of the Tisza levee showed low resistivity values, indicating 

the fine-grained materials' conductivity. In contrast, the investigated section of the Maros 

levee showed high resistivity values, indicating the resistivity nature of higher grain size 

sediments forming this section, especially noticed on the protected side of the levee.  

It was possible to capture structural changes and resolving the thin layers by 1 m 

electrode spacing ERT profile. In turn, at a larger spacing it was possible to get 

information on the sedimentary base below the levee body. The selected levee section 
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could be assessed in terms of its structure and composition and major units within the 

levee body and their composition could be resolved by the applied methods.  

In general, there is a similarity in the materials and their resistivity range which 

form the core of Tisza and Maros levees, however, the situation on their both sides is not 

the same. Regarding the analysis of different physical properties of the two levee systems 

like resistivity, porosity, density, water content, grain size, and saturated hydraulic 

conductivity, the materials of the Maros levee could be distinguished well and showed 

more variation when it is compared to the materials of Tisza levee. It means that the 

physical properties of levee materials are very important, and they are recommended 

when carrying out further levee investigations. 

From the physical properties mentioned above, it was found that some of them 

show a connection with resistivity except hydraulic conductivity parameter that did not 

show a direct connection, however the latter could exhibit the aquitard nature of Tisza 

levee materials and the non-aquitard nature of Maros levee materials which illustrates the 

difference in levee composition in terms of flood risk or flood safety.  

Based on height measurements, the mean elevation of the levee crown decreased 

by 8 cm in a 40-year time span. However, elevation decrease could reach 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 to flood phenomena archives.  

GPR profiles showed several anomalies, including structural and compositional 

discontinuities and local features. They were classified into six types regarding to the 

flood risk; tensile cracks (enables piping, leading to levee breach or mass failure, cracks 

might close when the levee gets wet), remarkable changes in dielectric permittivity 

(enables seepage, leading to mass failure), animal burrows (enables piping, leading to 

levee breach or mass failure), layer deformation (results in height decrease, overtopping), 

paleo river channel (enables seepage below the levee, leading to water upwelling and the 

development of sand boils), sudden change in stratification or dipping layers (enables 

contour line seepage, leading to mass failure). The penetration depth of GPR varied 

between 3 and 4 m.  

The combined results of the levelling data from 1976 and GPS data measured in 

2017 were spatially fitted to GPR penetration depth data, the distribution of GPR 

anomalies detected on the levee crown and the dominance of materials forming the levee 

core identified on ERT profiles. The risk potential at every km of the investigated levee 
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section was assessed by combining the results. Subsequently, scores of levee health levels 

were added up, and for each 1 km section, a potential level of levee health value was 

assigned. The mean level of levee health score in the southern zone is 6.25, while in the 

northern zone, it is 4.6, referring to 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. 

The survey approach outlined in the present thesis can be applied extensively 

along lowland levee systems in the region and elsewhere. 

Keywords: Alluvial rivers, Tisza River, Maros River, levee assessment, levee 

composition, flood risk, surface deformation, Electrical Resistivity Tomography (ERT), 

Ground penetrating radar (GPR), Elevation change, Persistent Scatterer Synthetic 

Aperture Radar (PSI), Drillings. 
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10. Supplements 

10.1 Supplement section 1: Rest of the interpreted ERT data measured on Tisza 

levee 

 

 

Figure 1 Longitudinal profiles measured along Tisza levee at a) 14 lkm, b) 15 lkm, c) 

16 lkm, d) 17 lkm, e) 19 lkm, f) 20 lkm, g) 21 lkm, h) 22 lkm, i) 23 lkm, j) 24 lkm, k) 

28 lkm, l) 32 lkm 
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Figure 2 Longitudinal profiles measured along Tisza levee at a) 33 lkm, b) 34 lkm, c) 

35 lkm, d) 36 lkm, e) 37 lkm, f) 38 lkm, g) 39 lkm, h) 40 lkm, i) 41 lkm, j) 42 lkm 

Grain-size analysis for BH-3 and BH-4 

The third borehole (BH-3) drilled on the levee crown of Tisza river at 18.00 lkm, 

exposed homogeneous composition of fine silt from the surface until the maximum depth 

reached by the drilling tool (6 m ) (Fig. 3c) with a D50 value ranging between 10 µm and 

14 µm and the average is 12 µm except 0.2 m thin layer of very fine silt at depth between 

3.8 m to 4 m which shows a D50 value 6 µm. 

The fourth borehole (BH-4), drilled on the levee protected slope of Tisza river at 

18.00 lkm, exposed three units (Fig. 3e). The first unit contained a fine silt layer (0-3 m) 

with a mean D50 ranging from 12 µm to 16 µm. The second unit contained a medium silt 

layer (3 m – 3.8 m) with a mean D50 ranging from 16 µm to 18 µm. the third unit 

contained a fine silty layer (3.8 m to 4 m) with a mean D50 value 14 µm. 

Water content analysis for BH-3 and BH-4 
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Concerning samples of borehole BH-3 collected at 18.00 lkm of Tisza river, a 

relative high water content was noticed from the surface until the maximum depth reached 

by the drilling tool (6 m) with a per cent ranging between 21% and 26%. The higher 

values indicate almost the total height of the levee at this point was highly saturated with 

water (Fig. 3d). 

In case of samples collected from BH-4 drilled on the protected side of Tisza levee 

at 18.11 lkm, a variation in the water content percentage could be noticed with depth. The 

topmost layer until a depth of 1.6 m show lower moisture content with an average 14 %, 

then the water content increased and remained stable from 2 m until  2.4 m with an 

average 18 %, then a gradual decrease from 2.4 m until 3.2 m with an average percent 12 

%, after that the water content increased at 3.6 m and 4 m with an average percent 20.3 

%. The fluctuation in water content percentage with depth from low to high then low 

again was noticed at the same unit consisting of fine silt materials while the higher water 

content was adjacent to a medium silt unit (Fig. 3f).  
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Figure 3 ERT profile measured A) longitudinally on the crown at 18.00 lkm of Tisza levee of length 60 m, B) ERT profile measured 

Transversely on the levee crown at 18.00 lkm of length 60 m, C) First borehole (BH-3) drilled on the levee crown and mean grainsize D50 values 

were chosen for layer classification, D) Water content analysis with depth of the first borehole, E) second borehole (BH-4) drilled on the 

protected side and mean grainsize D50 values were chosen for layer classification, and F) Water content analysis with depth of the second 

borehole
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10.2 Supplement section 2: Rest of the interpreted ERT data measured on Maros levee 

 

 

Figure 4 Longitudinal profiles measured along Maros levee at a) 1 lkm, b) 2 lkm, c) 3 lkm, d) 

4 lkm, e) 5 lkm, f) 6 lkm, g) 7 lkm, h) 8 lkm, i) 9 lkm, j) 10 lkm, k) 11 lkm, l) 12 lkm 
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Figure 5 Longitudinal profiles measured along Maros levee at a) 13 lkm, b) 14 lkm, c) 15 

lkm, d) 16 lkm, e) 17 lkm, f) 18 lkm, g) 19 lkm, h) 20 lkm, i) 21 lkm, j) 22 lkm, k) 23 lkm, l) 

24 lkm 

Grain-size analysis for BH-9 and BH-10 

The ninth borehole (BH-9), drilled on the levee crown of Maros river at 3.00 lkm, exposed 

three units (Fig. 6c). The first unit contained a fine silty layer (0 - 0.8 m) with a D50 value 

ranging between 12 and 14 µm, a thick layer of medium silt (1 - 4.4 m) with a D50 value ranging 

from 16 to 24 µm and a fine silty layer again below 4.4 m with a D50 value ranging between 

12 and 15 µm. Unit means grain sizes were 13, 24 and 14 µm, respectively. It was noticed from 

the second and third units that the grain-size curve reflects sudden changes at some points, but 

these are not that significant to move the D50 value into another grain-size class. Consequently, 
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we did not separate further sedimentary units at BH-9. The overall evaluation from BH-9 

indicates that the fine-grained sediments are predominant components of the Maros levee body. 

The tenth borehole (BH-10) drilled on the protected side of the Maros levee at 3.00 lkm 

exhibited five units (Fig. 6e); a fine silty layer from the surface until a 0.2 m depth with a D50 

value of 15 µm, a medium silty layer at depths between 0.2–0.4 m with a D50 value 16 µm, a 

very fine sandy layer with a D50 value 104 µm, a thick medium sandy layer at depths between 

0.6–2.2 m with a D50 value ranging from 292 to 453 µm with a mean grain size value 358 µm 

and a fine silty layer below 2.2 m with a D50 value ranging between 12 and 13 µm. The five 

units exhibit an increasing grain-size trend with depth, meaning that the coarse-grained 

sediments as sandy materials are the main compositions of the protected side of the Maros levee 

at the investigated section. 

 

Water content analysis for BH-9 and BH-10 

The nineth borehole (BH-9) drilled on the levee crown of Maros river at 3.00 lkm can 

be classified regarding the water content into two units. Each unit exhibits stability of water 

content percentage with depth (Fig. 6d). The first unit extends from the surface until 4 m 

and shows a high water content with an average per cent of 21.4 %. the second unit extends 

from 4.4 m until the maximim depth reached by the drilling tool (6.8 m) and shows a much 

higher water content percentage with an average of 30.8%. 

The tenth borehole (BH-10) drilled on the protected side of Maros levee at 3.00 lkm 

(Fig. 6f) exhibits low water content values from the surface until a depth of 2 m with a per cent 

from 2 % to 10 %; however, below a depth of 2 m, higher values could be noticed between 27 

% and 33.5 %. This means that the topmost layer was dry and did not affect by rains at the time 

of sample collection. 
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Figure 6 ERT profile measured A) longitudinally on the crown at 03.00 lkm of Maros levee of length 60 m, B) ERT profile measured 

Transversely on the levee crown at 03.00 lkm of length 48 m, C) First borehole (BH-9) drilled on the levee crown and mean grainsize D50 values 

were chosen for layer classification, D) Water content analysis with depth of the first borehole, E) second borehole (BH-10) drilled on the 

protected side and mean grainsize D50 values were chosen for layer classification, and F) Water content analysis with depth of the second 

borehole
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Grain-size analysis for BH-11 and BH-12  

The eleventh borehole (BH-11) drilled on the levee crown of Maros river at 8.00 lkm, 

exhibited four units (Fig. 7c). The first unit contains medium silt layer and extends from the 

surface until 1.4 m depth with a mean D50 value 15 µm. The second unit is formed of coarse 

silt layer (1.4 m-2 m) with a mean D50 value 31 µm. The third unit consists of fine sand layer 

at a depth extends from 2 m to 3.8 m with a mean D50 value 91 µm. The fourth unit consists of 

fine silt layer and extends from 3.8 m until 7 m with a D50 value 12 µm. In the first three units, 

the grain-size curve reflects sudden changes at some points, but these are not that significant to 

move the D50 value into another grain size class. Consequently, we did not separate further 

sedimentary units at BH-11. 

The twelveth borehole drilled on the levee protected side slope of Maros river at 8.00 lkm 

exhibits five units (Fig. 7e). The first unit is a very thin layer of fine silt (0 – 0.2 m) with a mean 

D50 value 14 µm. The second unit consists of a thick layer of medium sand (0.2 m – 2.8 m) 

with a mean D50 value 365 µm. The third unit is a very thin layer of fine sand (2.8 m – 3.00 

m) with a mean D50 value 217 µm. The fourth unit is medium silt layer (3.00 m – 3.6 m) with 

a mean D50 value 19 µm. The fifth unit consists of fine silt layer with a mean D50 value 12 

µm. 

Water content analysis for BH-11 and BH-12 

The eleventh borehole (BH-11) drilled on the crown of Maros levee at 8.00 lkm exhibits 

four increasing water content trends with depth. The first trend ranges from 12 % to 24 % at a 

depth from 0.4 m to 1.2 m. The second trend ranges from 12.6 % to 16.1 % at a depth from 1.6 

m to 2.4 m. The third trend ranges from 2.7 % to 12.2 % at a depth from 2.8 m to 4 m. The 

fourth trend ranges from 24 % to 33.3 % at a depth from 4.4 m until 6.4 m. By comparing the 

water content data with the adjacent sedimentological units, we found that even the fine sand 

unit has a higher porosity than the three classifications of silt (fine, medium, and coarse silts), 

it shows the lowest water content range below 12 % that can be interpreted as the lowest 

capacity of sand to retain water, while silt materials can retain water in a higher degree (Fig. 

7d).  

The twelveth borehole (BH-12) drilled on the protected side of Maros levee at 8.00 lkm 

(Fig. 7f) exhibits two different units regarding the moisture content. A very dry unit which 

extends from the surface until 2.8 m with an average water content percent 5 % and a very wet 

unit which extends from 3.2 m until 4.4 m with an average water content percent 40 %. By 
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comparing the water content results with the adjacent sedimentological units we can notice the 

medium sand has a higher porosity than silt classifications, however, it is capacity to retain 

water is very low, therefore we received a very low water content percentage with an average 

of 5 %. The water content and sedimentological units matching of BH-12 is similar to the case 

of BH-11.



112 
 

 

Figure 7 ERT profile measured A) longitudinally on the crown at 08.00 lkm of Maros levee of length 60 m, B) ERT profile measured 

Transversely on the levee crown at 08.00 lkm of length 48 m, C) First borehole (BH-11) drilled on the levee crown and mean grainsize D50 

values were chosen for layer classification, D) Water content analysis with depth of the first borehole, E) second borehole (BH-12) drilled on the 

protected side and mean grainsize D50 values were chosen for layer classification, and F) Water content analysis with depth of the second 

borehole
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Grain-size analysis for BH-13 and BH-14 

The thirteenth borehole (BH-13) drilled on the levee crown of Maros river at 10.00 lkm 

exhibits seven units and shows a succession of fine grained sediments in the range of fine and 

medium silts in general (Fig. 8c). In more details. the first unit consists of fine silt layer and 

extends from the surface until 0.8 m depth with a mean D50 value 15 µm. The second unit 

consists of medium silt layer at depth range from 0.8 m to 2 m with a mean D50 value 19 µm. 

The third unit is fine silt layer (2 m – 3 m) with a mean D50 16 µm. The fourth unit is a very 

thin layer of course silt and extends from 3 m to 3.2 m with a mean D50 36 µm. The fifth unit 

consists of a fine silt layer (3.2 m – 3.8 m) with a mean D50 13 µm. The sixth unit consists of 

a medium silt layer at a depth ranges from 3.8 m to 4.4 m with a mean D50 value 19 µm. The 

seventh unit is fine silt layer and extends from 4.4 m to 6 m with a mean D50 value 15 µm.  

The fourteenth borehole (BH-14) drilled on the levee protected side of Maros river at 

10.00 lkm exhibits five units (Fig. 8e). Unlike the expected coarse grained materials at the 

protected side of Maros levee, this borehole shows a fine grained sediments and the units are 

medium silt, fine silt, medium silt, fine silt, and medium silt with a mean D50 values 20 µm, 

14 µm, 31 µm, 15 µm, 20 µm respectively. The depth ranges for these units are 0 – 0.2 m, 0.2 

– 1.2 m, 1.2 m – 1.8 m, 1.8 m – 2.6 m, and 2.6 m – 3 m respectively. 

Water content analysis BH-13 and BH-14 

The thirteenth borehole (BH-13) drilled on the crown of Maros levee at 10.00 lkm 

exhibits two units regarding the water content percentage (Fig. 8d). The first unit extends from 

the surface until a depth of 2.8 m and shows a high water content percentage with an average 

percent of 28 %. The second unit extends from 3.2 m to 6 m and exhibits a medium water 

content percentage with an average percent of 18 %. High and medium water content 

percentage is related to fine grained sediments forming the levee at the drilling point which are 

mainly successive units of fine and medium silts. 

The fourteenth borehole (BH-14) drilled on the protected side of Maros levee at 10.00 

lkm (Fig. 8f) exhibits medium water content percentage ranging between 12 % and 22 % with 

an average percent of 16 %. These values are adjacent to alternate units of fine and medium 

silts forming the protected side of levee. 
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Figure 8 ERT profile measured A) longitudinally on the crown at 10.00 lkm of Maros levee of length 60 m, B) ERT profile measured 

Transversely on the levee crown at 10.00 lkm of length 48 m, C) First borehole (BH-13) drilled on the levee crown and mean grainsize D50 

values were chosen for layer classification, D) Water content analysis with depth of the first borehole, E) second borehole (BH-14) drilled on the 

protected side and mean grainsize D50 values were chosen for layer classification, and F) Water content analysis with depth of the second 

borehol
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Grain-size analysis for BH-18 and BH-19 

The eighteenth borehole (BH-18) drilled on the levee crown of Maros river at 20.00 lkm 

shows six units (Fig. 9c). The first unit consists of a thin layer of medium silt (0-0.2 m) with a 

mean D50 value 72 µm. The second unit consists of coarse silt layer (0.2 m – 0.8 m) with a 

mean D50 value 45 µm. The third unit consists of medium silt layer at a depth ranges from 0.8 

m to 1.8 m with a mean D50 value 18 µm. The fourth unit is composed of a fine silt layer at a 

depth ranges from 1.8 m to 3.2 m with a mean D50 value 13 µm. The fifth unit consists of a 

medium silt layer with a mean D50 value 18 µm. the sixth unit consists of a fine silt layer with 

a mean D50 value 11 µm. 

The nineteenth borehole (BH-19) drilled on the protected side of Maros river at 20.00 

lkm exhibits two units (Fig.9e). The first unit consists of a thick layer of medium silt and 

extends from the surface until 2.6 m depth with a mean D50 value 22 µm. The second unit is a 

fine silt layer at a depth ranges from 2.6 m to 3.00 m with a mean D50 value 11 µm.   

Water content analysis for BH-18 and BH-19 

The eighteenth borehole (BH-18) drilled on the crown of Maros levee at 20.00 lkm 

exhibits a gradual increase of water content with depth (Fig. 9d). The water content percent 

ranges from 11.4 % to 30.5 %. The levee composes mainly of alternate units of medium and 

fine silt from the surface until the maximum depth reached by the drilling tool (6m). 

The nineteenth borehole drilled on the protected side of Maros levee at 20.00 lkm 

exhibits a very low water content percentage. The percent ranges from 2.5 % to 4.8 % with an 

average of 3.6 %. These values are related to medium and fine silt forming the protected side 

at the drilling location (Fig. 9f). 
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Figure 9 ERT profile measured A) longitudinally on the crown at 20.00 lkm of Maros levee of length 60 m, B) ERT profile measured 

Transversely on the levee crown at 20.00 lkm of length 48 m, C) First borehole (BH-18) drilled on the levee crown and mean grainsize D50 

values were chosen for layer classification, D) Water content analysis with depth of the first borehole, E) second borehole (BH-19) drilled on the 

protected side and mean grainsize D50 values were chosen for layer classification, and F) Water content analysis with depth of the second 

borehole
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10.3 Supplement section 3: Rest of relationships among physical properties for the 

other boreholes 

Regarding BH-3 and BH-4, all water content and D50 values were plotted against the resistivity 

for the maximum depth reached by the drillings (6 m in case of BH-3 and 4 m in case of BH-

4) and a clear trends could be identified with a weak coofficient of determination. In case of 

BH-3, an unexpected direct proportional function could be noticed between water content and 

resistivity because of the homogeneity nature of fine silt forming all the levee body while the 

expected inverse relationship could be verified in case of BH-4 between the same parameters 

with a coofficient of determination (R2 = 0.2). Regarding the D50 and resistivity relationships 

for both BH-3 and BH-4, a direct proportional function could be realized with a weak 

coofficient of determination R2 = 0.06 and 0.17 respectively. although the weak coofficient of 

determination between them, the resistivity is still affected by the fine grained composition of 

levee body and protected side (fine and medium silt) Fig 10. 
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Figure 10 Relationship between A) specific resistivity and water content and B) specific 

resistivity and grain size in different structural units of the levee body for the boreholes drilled 

on the levee crown (BH-3) and the protected side (BH-4) at 18.00 lkm of Tisza levee. 

In case of BH-5 and BH-6, an inverse proportional function was noticed between water content 

and resistivity with a coofficient of determination R2 = 0.22, 0.58 for BH-5 and BH6 

respectively. It means that the water content had an effect on the resistivity values measured on 

that levee section. also when the grainsize D50 values were plotted against the resistivity at the 

same boreholes, we could notice a direct proportional relationship with a coofficient of 

determination R2 = 0.14, 0.35 which means that the resistivity values are affected by grainsize 

of the levee materials at this section Fig 11.  
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Figure 11 Relationship between A) specific resistivity and water content and B) specific 

resistivity and grain size in different structural units of the levee body for the boreholes drilled 

on the levee crown (BH-5)  and the protected side (BH-6) at 31.4 lkm of Tisza levee. 

Regarding BH-7 and BH-8, no relationships could be noticed when plotting all water content 

and D50 values against resistivity. But, it was realised that by handling the sedimentological 

units separately, then clear trends can be recognised in the upper half of BH-7 and in the lower 

half of BH-8 while the rest of the two boreholes could not give the expected relationship 

between the parameters. In more details, by plotting water content and grainsize against 

resistivity for the upper half of BH-7 (from 0.4 m to 3.2 m), the former exhibited an inverse 

while the latter exerted a directly proportional function with a coofficient of determination R2 

= 0.4 and 0.18 respectively as it is expected. This means that both the mentioned parameters 

have an effect on the resistivity values and this because of the successive alterations of fine and 

medium silt at this depth range. The same behaviour of relationships was noticed for the lower 

half of BH-8 (from 2.8 m to 4 m) in which the coofficient of determination R2 was 1 for the 

inverse proportional function of water content and resistivity and 0.83 for the directly 

proportional function of D50 and resistivity. At the same time, rather insignificant and 

unexpected relationships were seen in the lower half of borehole 7 (from 3.6 m to 6 m) and in 

the upper half of BH-8 (from 0 to 2.4 m), meaning resistivity stayed the same regardless of 

changes in water content and grain size (Fig. 12). 
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Figure 12 Relationship between A) specific resistivity and water content and B) specific 

resistivity and grain size in different structural units of the levee body for the boreholes drilled 

on the levee crown (BH-7) and the protected side (BH-8) at 37.00 lkm of Tisza levee. 

Regarding BH-9, by plotting the whole water content and resistivity data a clear inverse 

proportional function could be recognized with a strong coofficient of determination R2 = 0.48. 

The same relationship between the previous two parameters could be recognized but only for 

the upper half of BH-10 with a coofficient of determination R2 = 0.15 while the second half of 

BH-10 did not show any relationship. This interprets the dependent of resistivity of the levee 

body and the upper part of the protected side on water content parameter while the resistivity 

of the protected side remained the same after 2 m. Regarding D50 values, no relationship could 
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be noticed when plotting all D50 values against resistivity. But, it was realised that by handling 

the sedimentological units into two parts (from 0.4 m to 4 m and from 4 m to 6.8 m for BH-9) 

and (from 0.4 to 2 m for BH-10), the relationship shows a clear trend. D50 values shows a 

directly proportional with the resistivity with a satisfied  coofficient of determination R2 = 0.31 

and at the depth range from 0.4 m to 4 m for BH-9 and R2 = 0.41 at the depth range from 0.4 m 

to 2 m for BH-10 and this reflects the dependency of resistivity values on grainsize of the levee 

materials at the mentioned depth range, while the depth range between 4 m and 6.8 m for BH-

9 did not show any relationship which means that the resistivity stayed the same after 4 m at 

the levee core regardless of changes in grain size Fig 13. 
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Figure 13 Relationship between A) specific resistivity and water content and B, C) specific 

resistivity and grain size in different structural units of the levee body for the boreholes drilled 

on the levee crown (BH-9) and the protected side (BH-10) at 03.00 lkm of Maros levee. 

 

Regarding BH-11 and BH-12, no relationships could be noticed when plotting all water content 

and D50 values against resistivity. But, the sedimentological units were handled separately and  
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half of BH-12. In more details, by plotting water content and grainsize against resistivity for 
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relationship with a coofficient of determination R2 = 0.3 and 0.1 respectively. Regarding the 

lower half of BH-12 (1.6 m to 4.4 m), the water content and grainsize were plotted against 

resistivity and the coofficient of determination R2 was 0.23 for the inverse proportional function 

of water content and resistivity and 0.65 for the directly proportional function of D50 and 

resistivity. At the same time, insignificant relationship was realised in the upper half of BH-12 

(from 0 m to 1.2 m) meaning resistivity stayed the same regardless of changes in water content 

and grain size (Fig. 14).  
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Figure 14 Relationship between A, B) specific resistivity and water content and C, D) 

specific resistivity and grain size in different structural units of the levee body for the 

boreholes drilled on the levee crown (BH-11) and the protected side (BH-12) at 08.00 lkm of 

Maros levee. 

Regarding BH-13 and BH-14, water content and D50 were plotted against resistivity. In case 

of BH-13, unexpected direct proportional function between water content and resistivity with 

very weak coofficient of determination R2 =  0.15 and also unexpected inverse proportional 

between D50 and resistivity with R2 = 0.007 was noticed. In case of BH-14, Resistivity was 

plotted against water content at a depth ranges between 0.8 m to 2.8 m and unexpected direct 

proportional function was noticed between them with a coofficient of determination R2 =  

0.3551 and at the former depth range for BH-14, the resistivity was plotted against D50 values 

and exhibited the normal expected relationship with a coofficient of determination R2 =  0.36 

Fig 15. 
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Figure 15 Relationship between A) specific resistivity and water content and B) specific 

resistivity and grain size in different structural units of the levee body for the boreholes drilled 

on the levee crown (BH-13) and the protected side (BH-14) at 10.00 lkm of Maros levee. 

Regarding BH-18 drilled on the crown of Maros levee and BH-19 drilled on the protected side 

slope of Maros levee, water content and D50 were plotted against resistivity. Regarding BH-18 

(depth range from 0.4 m to 6.00 m) and BH-19 (depth range between 0.4 m to 1.6 m), an 

expected inverse proportional function between resistivity and water content was obtained with 

a strong coofficient of determination R2 =  0.6 for both drillings. In case of resistivity and D50 

expected normal proportional function, a strong and medium normal coofficient of 

determination R2 =  0.64 and 0.43 were obtained for BH-18 and BH-19 respectively Fig 16.  
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Figure 16 Relationship between A) specific resistivity and water content and B) specific 

resistivity and grain size in different structural units of the levee body for the boreholes drilled 

on the levee crown (BH-18) and the protected side (BH-19) at 20.00 lkm of Maros levee. 
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