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Abstract

Levees are earth structures constructed along alluvial rivers and are considered to be one of the essen-
tial components of flood risk and natural hazard reduction. The preservation of their condition would 
require orderly monitoring. In Hungary, an over 4200 km long levee system was constructed from the 
19th century on. Since then, many natural and anthropogenic processes, such as compaction, erosion, 
subsidence etc., could contribute to the slow but steady deformation of these structures. In the mean-
time, due to the lack of documentation, their structure and internal composition are still unclear in 
many sections. The present study uses different geophysical techniques to validate their efficiency in 
detecting the structure, composition and potential defects along a 3.6 km levee section of the Lower 
Tisza River, affected significantly by seepage and piping phenomena during floods. Measurements were 
made using Ground Penetrating Radar (GPR), Electrical Resistivity Tomography (ERT) and drillings. In-
formation obtained by the different techniques was cross-checked and combined. This way, the po-
tential of the applied survey strategy could be demonstrated, and the selected levee section could be 
assessed in terms of its structure and composition. Consequently, the major reasons for frequently oc-
curring adverse flood phenomena at the site could be revealed. The survey approach outlined in the 
present paper can be applied extensively along lowland levee systems in the region and elsewhere.

Keywords: levee assessment; flood risk; Electrical Resistivity Tomography (ERT); Ground Penetrating 
Radar (GPR)
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Introduction

In a lowland, temperate zone environment floods have 
the greatest damage potential compared to other natu-
ral hazards (Mezősi, 2022). Earthen dams, such as ar-
tificial levees constructed along rivers, are essential for 
flood risk management. They have an important role 
in protecting human life, agricultural lands, urban ar-
eas and other infrastructure from regular inundations. 

Flood protection in Hungary relies primarily on ar-
tificial levees: their total length is around 4200 km in 
the country. The Tisza River and its tributaries have 
a 65% share of this value, making the river system, in 
this respect, one of the most heavily engineered riv-
ers on Earth (Nagy, 2010). Most of the levees along the 
Tisza were originally constructed in the 19th century 
in a relatively short period. The first levees were not 
high enough, and recurring floods overtopped them 
regularly. Consequently, their height and size contin-
uously increased over time, usually after significant 
and destructive flood events. This resulted in the de-
velopment of complex earth structures with spatially 
variable compositions (Galli, 1976, Schweitzer, 2001). 
Moreover, levees were then affected by various post-
constructional processes, such as compaction, subsid-
ence or water seepage during floods (Galli, 1976; Ko-
vács, 1979; Sheishah, et al., 2022). Due to the reasons 
above, there is a lack of information concerning their 
structure and composition, making flood risk assess-
ment and preparedness difficult (Tímár, 2020).

Although the external change of levees can be de-
tected easily, the investigation of subsurface prop-
erties is challenging. Levees are critical and spatial-
ly extended infrastructures; thus, using invasive and 
time-consuming techniques, usually providing only 
local information, is not a viable option for assess-
ment. Consequently, non-destructive shallow geo-
physical methods, allowing a fast and continuous as-
sessment of physical parameters, have widely been 
utilised recently (see, e.g.: Perri, et al., 2014; Rahimi et 
al., 2018; Dezert et al., 2019; Jodry et al., 2019; Tresol-
di et al., 2019; Lee et al., 2020).

Ground Penetrating Radar (GPR) and Electrical 
Resistivity Tomography (ERT) are the most wide-
spread among these. The two methods offer advan-
tages in different applications, and their combination 
with geotechnical assessment can provide a robust 
picture of levee conditions. Accordingly, GPR accom-
panied by permeability logging was successfully ap-
plied in locating seepage zones, e.g. by (Antoine et al., 
2015). With a similar approach and by performing 
ERT surveys (Sentenac et al., 2017) mapped the struc-
tural heterogeneity and post-flood damages of histor-
ical earthworks. ERT is adequate not only for struc-

tural assessments but by long-term monitoring, it can 
also enable the identification of seepage zones and sec-
tions affected by intensive water saturation, as demon-
strated by Tresoldi et al. (2019). Using ERT enabled the 
authors to assess the function between water content 
and resistivity values, which allowed the transforma-
tion of the resistivity profiles into water content maps. 
Perri et al. (2014) also applied geotechnical investiga-
tions to validate geophysical surveys. 2D DC electrical 
resistivity tomography and seasonal temperature pro-
files were applied by Jodry et al. (2019) to monitor the 
seasonal change of soil moisture in an earthen levee to 
produce seasonal resistivity change models.

Nevertheless, compositional and at-a-point de-
fects can reduce the flood retention capacity of earth-
en structures. In this sense, contraction cracks and an-
imal burrows can be a major issue and an important 
factor behind increased flood risk (Chlaib et al., 2014). 
Not only GPR but resistivity surveys and multichannel 
analysis of surface waves (MASW) were used by Rahi-
mi 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 seeping in a damaged em-
bankment were interpreted by Lee et al. (2020) using an 
integrated method of 3-D resistivity inversion.

Many authors agree that GPR has a limited inves-
tigation depth in most levee applications because of 
the usually high clay content of these earth structures, 
and they turn to ERT, providing a higher penetra-
tion depth and more information on the sedimentary 
composition of the levee structure (Perri et al., 2014; 
Busato et al., 2016). However, by using ERT, a serious 
compromise must be made regarding spatial resolu-
tion and measurement time. Besides, the shortage of 
geotechnical control in many cases, disables the vali-
dation 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 two geophysical techniques (GPR and ERT) 
on a levee section characterised by recurring seepage 
and piping during floods along the Lower Tisza Riv-
er. As mentioned above, GPR has a low penetration be-
cause of the conductive nature of levee materials; how-
ever, due to its high spatial resolution, it can be very 
useful in detecting small but shallow anomalies and in-
terfaces. In the meantime, ERT has a high potential in 
detecting compositional differences and anomalies at 
greater depths, though at limited resolution. We also 
aimed to validate and improve our interpretation by 
drillings at the survey site. Finally, we intended to de-
velop a measurement strategy which can be applied for 
more extensive surveys along the Tisza River.
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Study area

The Tisza River is the largest tributary of the Danube: 
its present length is 962 km, the area of its catchment is 
157 000 km2, while its mean discharge at Szeged, close 
to the study site and not far from its confluence with 
the Danube, is 865 m3/s. Before the great-scale regula-
tion works of the 19th century, the lowland section of 
the river was characterised by extensive floodplains 
(38  500 km2) inundated almost every year, thus mak-
ing agricultural activity difficult (Kovács, 1979). Conse-
quently, the major aim of river training was to increase 
the velocity of flood waves by making 112 cut-offs to re-
duce the length of the river and to decrease the extent of 
inundated areas by building 3555 km of artificial levees 
along the river and its tributaries (Szlávik, 2003).

Due to increasing flood heights and related flood 
risk, levees have been heightened several times in 
the past 150 years, resulting in very complex earth-
en structures with several layers and reaching rela-
tive heights between 5-8 m (Kovács, 1979, 1973; Nagy, 
2000). Levees were mostly composed of nearby flood-
plain sediments. Their core is usually clayey, covered 
with compacted silty layers. Sandy layers frequently 
cover the protected side of levees to enable the drain-
ing of the levee core during floods (Szűcs et al., 2019).

Several issues may decrease the resistance of levees 
and hence increase flood risk. Water can pass through 

the levee body and weaken the structure internally at 
the interface between layers and in layers with coars-
er grain sizes (Casagrande, 1937; USACE, 2000). The 
process can be accelerated by cracks and animal bur-
rows (Nagy, 2000). Seepage can also occur below the 
levee in higher porosity sediments, resulting in the 
development of sand boils (Li et al., 1996), which can 
easily lead to the failure of the structure (Desai, 1970; 
Ojha et al., 2001). Bearing in mind the above issues 
and the ageing of levees, it is ultimately important to 
map and survey their structure, composition and con-
dition to prevent hazardous situations.

The study area is situated on the left bank of Riv-
er Tisza, near the city of Szeged in the southern part 
of Hungary. A total of 3.6 km levee section, between 
13 and 16.6 levee km (lkm), was chosen to conduct ge-
ophysical surveys and drillings (Fig. 1). The relative 
height of the levee on this section is ~6.5 m. The in-
vestigated levee was last reinforced in the 1970s, but 
not much is known of its internal structure and the 
composition of its layers. An important reason for se-
lecting this study site was the high number of seep-
age phenomena recorded during the past few floods 
by levee watchers (Sheishah et al., 2022), which im-
plies that there can be structural and compositional 
anomalies in the levee body.

Methods

Data collection
In the present study, two shallow geophysical tech-
niques, Ground Penetrating Radar (GPR) and Elec-
trical Resistivity Tomography (ERT), were compared 
and combined. At the same time, two boreholes were 
made to validate and interpret GPR and ERT results 
(Fig. 1)

GPR surveys were conducted by applying two sys-
tems (GSSI SIR 3000 and IDS) with different cen-
tre frequencies (200 MHz and 80 MHz) on the levee 
crown between 13 and 16.5 levee km (Figures. 2A and 
B). In the case of both systems, measurements were 
made using the survey wheel mode, and the survey 
track was dissected into 100 m sections. To enhance 
comparability, the starting and end points of each 100 
m section were the same during both surveys. Data 
collection was made using a time range of 170 ns (200 
MHz) and 300 ns (80 MHz), scanning frequency was 
64 scans per second. Scans per unit (meter) were set to 
60, and samples per scan were 1024. The applied die-
lectric permittivity value (12.5) was determined based 
on the depth of layers identified by drilling.

Electrical Resistivity Tomography profiling was 
made by using a GeoTom MK8E100 apparatus 
equipped with a multi-electrode system (50 elec-
trodes) (Fig. 2C). Four profiles were measured: three 
longitudinal and one transverse (Fig. 2C), and the cen-
tre point of each profile was at 13.00 lkm. The Wen-
ner electrode configuration was used for data collec-
tion since it is relatively sensitive to vertical changes in 
subsurface resistivity values below the array’s centre. 
The three longitudinal profiles with the same centre 
point were measured using 2, 1.5 and 1 m electrode 
spacing to investigate differences in results as a mat-
ter of resolution. The transverse profile, perpendicu-
lar to the previous three, was measured using a 1 m 
electrode spacing. The number of depth levels was set 
to 16 in each case, and consequently, 384 data points 
were acquired per profile. Elevation data were collect-
ed at each odd number electrode along the survey line 
by a TopCon Hyper Pro RTK GPS to apply a topo-
graphic correction for the transverse profile. 

For the validation of GPR and ERT measurements, 
two boreholes were drilled at 13 lkm on the riverside 
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edge of the levee crown (BH1) and the protected side 
slope of the levee (BH2). Drilling depths were 6.5 m 
and 4 m, respectively. Drilling was done using an Ei-
jkelkamp drilling system with a 5 cm diameter drill-
ing head (Fig. 2D). The coordinates and elevation data 
of the drilling locations were measured by TopCon 
Hyper Pro RTK GPS to locate them on ERT profiles 
correctly. With the help of the drillings, the structure 
of the levee and the main layers were identified on-site 
by the macroscopic description of the cores.

Simultaneously, at every 20 cm, samples were col-
lected for grain size analysis, performed with a Fritsch 
Analysette 22 laser analyser, having a measurement 
range of 0.08-2000 μm. Samples underwent ultrasonic 
homogenisation, and all measurements were repeated 
three times to check if there was further disintegration. 
The D50 value was applied to identify the grain size cat-
egory of samples using the Udden-Wentworth scale. 
Additional samples were collected at every 40 cm to as-
sess the vertical change of gravimetric water content in 
the profiles. Samples were packed in airtight bags, and 
after measuring their wet weight in the laboratory, they 
were dried at 105 °C to obtain dry weights.

The resistivity of sedimentary layers and earthen 
structures depends primarily on the water content 

and the grain size (in close relation to porosity) of 
the deposit. In general, by increasing grain size, re-
sistivity values increase (see, e.g. Oludayo, 2021; Sid-
diqui & Osman 2012; Cosenza et al., 2006; Sudha et 
al., 2009; Samouelian et al., 2005), whereas increas-
ing water content has a reverse effect (Loke, 2004; 
Pozdnyakova & Pozdnyakova, 2002; Abu-Hassa-
nein et al., 1996; Yoon & Park 2001; McCarter, 1984; 
Michot et al., 2000; Fukue et al., 1999). Goyal, et al. 
(1996); Gupta and Hanks (1972) proposed an empir-
ical linear relationship between resistivity and water 
content. Consequently, we also investigated the ef-
fect of these parameters on the measured resistivi-
ty to see to what extent structural units can be sepa-
rated. Specific resistivity values used for the analysis 
were obtained from the ERT profiles at the boreholes 
and the sampling depths.

Data processing
During the GPR surveys, no data filters were ap-
plied; thus, signals contained different types of nois-
es, which had to be eliminated. Raw profiles acquired 
by the GSSI GPR system were processed by software 
RADAN 7 (GSSI, 2018). Processing included several 
steps: time zero correction, Finite Impulse Response 

Figure 1. The location of the study area and the survey plan. A) Artificial levees and potential floodplains along the rivers 
of Hungary (modified after OVF 2014). B) Survey track of GPR profiles and the location of the ERT measurement site. C) 

Location of ERT profiles and boreholes
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(FIR) filtering, stacking, background removal, gain 
setting and migration. RADANn 7 was also used to 
pick positive peaks of the highest amplitudes of trac-
es to enhance the detection of interfaces between dif-
ferent layers having different dielectric permittivity 
values. In the case of the profiles measured using the 
IDS system software RELEXW 8 (Sandmeier, 2016) 
was applied. Processing steps were time zero correc-
tion, subtraction of the mean (Dewow), 1D bandpass 
frequency filtering, running average, background re-
moval and manual gain setting.

Apparent resistivity values obtained during ERT pro-
filing were processed in RES2DINV 3.4 (Loke & Bark-
er, 1996) to get the true resistivity values for the sub-
surface layers. During the process, erroneous outlying 
data points were removed before inversion. The inver-
sion scheme was based on the least squares smoothness 
constrained iterative optimisation algorithm (Consta-
ble et al., 1987; De Groot-Hedlin & Constable, 1990). 
The transverse profile has also undergone a topograph-
ic adjustment. Data were then exported, and profiles 
were drawn and further analysed in Surfer v14.

Results and discussion

GPR measurements
Along the 3.5 km levee section investigated, the pen-
etration depth of the 200 MHz GPR antenna ranged 
between 3.6 m to 4.4 m, with an average value of 3.9 
m. In contrast, in the case of the 80 MHz antenna, the 
values ranged between 1.8 m and 5.6 m, with 4.0 m 
on average. Thus, irrespective of centre frequency, no 
significant difference was experienced between the 
two systems in average penetration. High variation in 
penetration depths concerning the 80 MHz antenna 
refers to considerable measurement uncertainty. 

The relatively low penetration depth of GPR in fine 
grain media is well-known due to enhanced wave relax-

ation due to polarisation effects (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. Besides, clayey soils and sed-
iments are usually associated with high ion concentra-
tions in the liquid phase, facilitating energy dissipation 
(Saarenketo, 1998, Ishida & Makino, 1999). However, the 
variation of penetration depth as a matter of variable die-
lectric properties can also refer to compositional changes 
in the levee material (Sheishah et al., 2022).

A remarkable change in dielectric values was clear 
at approximately 25% of the 100 m profiles. The two 

Figure 2. Data acquisition by A) GSSI SIR3000 GPR system with a 200 MHz antenna, B) IDS GPR system with an 80 MHz 
antenna, C) GEOTOM MK8E100 multi-electrode ERT system and D) drilling using an Eijkelkamp-type drilling equipment
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antenna types identified dielectric changes approxi-
mately at the same locations (Fig. 3). Layers and in-
terfaces within the levee body and smaller anomalies 
could only be detected using the 200 MHz antenna. 
The vertical resolution of the 80 MHz antenna was in-
adequate for these purposes. In general, three units 
were identified in most of the profiles (Fig. 3A). The 
thickness of the topmost unit was 1.09 m on aver-
age, while the thickness of the middle unit was 1.32 m. 
The vertical extension of the third unit could not be 
mapped as it reached below the depth of investigation. 

Smaller anomalies within the topmost layer were 
interpreted as contraction cracks resulting from the 
desiccation of the levee material. By using the equa-
tion λ = v/f, where (λ) is the wavelength, (v) is trans-
mission velocity, and (f) is the centre frequency of the 
antenna used for the survey, and the relationship that 
the size of the detectable target is approximately 10% 
of the wavelength (Utsi, 2017), we estimated the min-
imum size of anomalies the two antennae can detect. 
At a velocity of 8.5 cm/ns for the 200 MHz antenna, 
this value was 4.3 cm, while for the 80 MHz antennae, 
it was 10.6 cm. No voids could be identified using the 
80 MHz antenna, so the width of the voids detected by 
the 200 MHz antenna was above 4.3 and below 10,6 
cm. The identified cracks were in the topmost layer at 
a maximum depth of 1 m. Along the survey line, four 
profiles contained a high density of cracks, meaning 
that around 10% of the profiles are greatly affected by 
this defect.

A High-frequency antenna was used successful-
ly by other authors as well to detect small-scale voids 
and discontinuities (anomaly size 0.1 m or less) in ar-
tificial levees (e.g. Di Prinzio et al., 2010, Chlaib et al., 
2014). Contraction voids and cracks identified in our 
study mostly get closed by wetting the levee body dur-

ing floods, though the largest ones may remain open 
(Szűcs et al., 2019), which means that their presence 
can increase the risk of damage. Leakage through 
cracks can lead to piping, being the main cause of 
levee failure events (Huang et al., 2014, Cleary et al., 
2015). Besides voids, layer deformation and changes 
in levee composition, marked by sudden shifts in die-
lectric permittivity, are also very important regarding 
flood risk. They can contribute to considerable seep-
age during floods.

ERT measurements
ERT profiles exhibited low and moderate resistivity 
values. Along the longitudinal profiles, values ranged 
between 7 and 100 Ωm at 1 m electrode spacing, and 
the average value of specific resistivity was 22 Ωm. In 
terms of the transverse profile, values were considera-
bly higher and reached a maximum at 640 Ωm, while 
the mean specific resistivity was 120 Ωm (Fig. 4).

Similarly to GPR measurements, ERT profiles also 
refer to the layered structure of the levee body. Since 
the resolution of ERT data is determined by the ap-
plied electrode spacing, i.e. the lower the distance is 
between electrodes, the thinner layers can be resolved, 
the topmost layer of the levee body could only be iden-
tified using a 1 m electrode spacing (Fig. 4A). In turn, 
at a larger spacing (1.5 and 2 m) it was possible to get 
information on the sedimentary base below the lev-
ee body (Fig. 4B and C). This way, along the longitu-
dinal 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 found, then 
again, a lower resistivity unit (15–30 Ωm) (Fig. 4A). 
The maximum survey depth at this resolution was 7 

Figure 3. 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)
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m, which is equal to the relative height of the levee. At 
a 1.5 m electrode spacing, a higher specific resistivity 
(30–40 Ωm) unit could be identified below the levee 
body, which was even more pronounced at a 2 m elec-
trode spacing (35-50 Ωm).

Regarding the transversal profile, three ERT units 
were recognised for the levee crown. Still, the ob-
tained specific resistivity values were different (Fig. 
4D). At the top of the levee values were extremely high 
compared to the previous ones and reached 280–420 
Ωm in the topmost, approximately 1 m thick layer. 

The next unit, with a thickness of 1.5–2.0 m, was char-
acterised by a lower specific resistivity (70–240 Ωm) 
but was still significantly higher than those measured 
in the longitudinal profile. From a depth of 3 m, val-
ues decreased to 7–30 Ωm, which is like those shown 
by the longitudinal ERT profiles (Fig. 4). The remarka-
ble difference in terms of the topmost layers can be ex-
plained by the presence of shallow, air-filled contrac-
tion cracks, also mapped during the GPR surveys (Fig. 
4D), and increasing thus greatly the measured specific 
resistivity values. As the longitudinal measurements 

Figure 4. Interpretation of electrical resistivity tomography 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
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were made on the edge of the levee crown, the effect 
of air-filled voids was insignificant in their case. Al-
though the electrode spacing of the transverse profile 
was 1.0 m, it enabled the identification of the higher 
resistivity unit below the structure and the presence of 
higher resistivity lenses (30–50 Ωm) close to the river-
side slope of the levee.

Sedimentological analysis
The first borehole (BH-1) exposed three units (Fig. 5A); 
a fine silty layer from the surface until a 1.0 m depth 
with a D50 value between 12 and 15 µm, a medium 
silty layer at depths between 1.0–2.8 m with a D50 val-
ue from 15 to 20 µm, and a fine silty layer again, below 
2.8 m with a D50 value ranging from 10 to 15 µm (Fig. 
5A). Especially in the lower unit, the grain-size curve 
reflects sudden changes at some points, but these are 
not that significant to move the D50 value into an-
other grain size class. Consequently, we did not sep-
arate further sedimentary units at BH-1. The overall 
mean grain size values for the individual units were 14 
µm, 16 µm and 13 µm, meaning that although there is 
some difference in averages, the levee body is general-
ly composed of fine and medium silt.

The second borehole (BH-2), drilled on the protect-
ed slope of the levee, exposed two units (Fig. 5C). The 
first unit contained a very fine sand layer (0–20 cm) 
and a fine sand layer (20–40 cm) with mean grain siz-
es ranging from 93 to 155 µm. The second unit was 

built up 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. 
5C). The mean grain size of units was 124 and 15 µm, 
respectively.

Concerning borehole BH-1 water content of samples 
exhibited a significant variation with depth (Fig. 5B). A 
relatively high 25% water content was measured from 
the topmost samples, which was caused by the rainy 
weather preceding the measurements and sampling. 
From 0.8 m, moisture decreased to 21% and remained 
stable till 1.6 m. A further decrease was experienced be-
low, and an average value of 16% was obtained between 
2 m and 4 m. At the bottom of the borehole, from 4.4 m, 
values reached up again to 25 % (Fig. 5B).

Samples of borehole BH-2, located on the protected 
side of the levee, exhibited lower water content values 
in general (Fig. 5D). Here, the topmost layers, mostly 
composed of fine sand, had low values, being just below 
10 %; thus the effect of precipitation was not seen here 
as a matter of the low retention capacity of sand. In the 
rest of the profile, water content increased continuous-
ly, reaching a stable 20–25 % value from 2.4 m (Fig. 5D).

Factors influencing resistivity
Specific resistivity values, determined at the depths of 
the sediment samples, were plotted against water con-
tent and mean grain size (D50) values, considered to be 

Figure 5. Vertical change of mean grain size (D50) and water content in borehole BH-1 and BH-2
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among the key parameters defining resistivity. No re-
lationships could be identified in BH-1 when plotting 
all water content and D50 values. However, it was re-
alised that if sedimentological units are handled sep-
arately, then clear trends can be recognised, though 
with a different slope (Fig. 6) and coefficient of de-
termination. In the case of the upper part of the pro-
file (from 0 to 320 cm), both water content and grain 
size had a well identifiable influence on the measured 
resistivity values. As expected, the previous exert-
ed an inverse, while the latter a directly proportion-
al effect on values (Fukue et al., 1999; Lamotte et al., 
1994; Oludayo, 2021; Siddiqui & Osman, 2012; Cosen-
za et al., 2006; Sudha et al., 2009; Samouelian et al., 
2005). At the same time, rather insignificant relation-
ships were seen in the lower part of the profile, mean-
ing resistivity stayed the same regardless of changes 
in water content and grain size (Fig. 6A). It must be 
emphasised that in this section, grain size values var-
ied within a very narrow range (11–15 µm). The differ-
ent behaviour of the two units might be explained by 
the degree of compaction during construction which 
also affects the porosity of the material. As the core of 
levees is compacted usually at a much higher degree 

(Inim et al., 2018; Zhu et al., 2007; Melo et al., 2021; Se-
ladji et al., 2010), this necessarily leads to lower resis-
tivity values, which are only slightly modified by the 
variation of water content.

In the case of borehole BH-2, relationships were an-
alysed only for the lower, silty part of the profile, as 
the uppermost fine sand layer was represented only by 
one sample. In this borehole, no relationship could be 
identified between resistivity and grain size (Fig. 6B), 
possibly because fine and medium silty materials al-
ternated frequently and grain size variation within 
layers was insignificant (Fig. 5C). On the other hand, 
water content showed a considerable increase down-
wards. Therefore, a strong relationship (R2=0.907) 
was found with specific resistivity (Fig. 6A). This also 
means that thin layers with a slight change in grain 
size could not be separated using resistivity measure-
ments at the present resolution.

Nevertheless, as water content showed much great-
er variability, and still, the effect of grain size could 
be recognised, we are convinced that it is possible to 
detect general compositional changes along the levee 
system of the Tisza River. As water content showed a 
considerable variation in both profiles (from 10 to 30 

Figure 6. Relationship between A) specific resistivity and water content and  
B) specific resistivity and grain size in different structural units of the levee body
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%), i.e. both dry and close to saturation materials were 
sampled, it is possible to give a range of resistivity val-
ues being representative of the primarily silty (10–20 
µm) material of the levee at usual moisture conditions. 
In general, the experienced 10–60 Ωm specific resis-
tivity corresponds well to the empirical values giv-
en for alluvial materials by Keller and Frischknecht, 
(1966) and Loke, (2004). However, it is lower than the 
values reported by Busato et al., (2016), who identified 
50–100 Ωm for an earthen levee composed mainly of 
clayey sand and having low moisture content. Similar-
ly, Himi et al., (2018) found that clayey layers in a dam 
structure had a specific resistivity below 100 Ωm. Dif-
ferent water contents can be responsible for the dis-
similarities in these later cases.

Assessment of the structure and composition  
of the investigated levee section from the aspect 
of flood risk
Flood hazard on the protected side of the levee is 
greatly determined by the structure and composition 
of the earthwork itself. For the reliable evaluation of 
the investigated levee section, structure and compo-
sition were assessed by combining the results of the 

different methods applied since each technique has 
its advantages and disadvantages concerning penetra-
tion depth, resolution or acquisition time.

Based on the control data provided by the drillings, 
it was obvious that the interfaces between the main 
units can be detected clearly by both GPR and ERT 
(Fig. 7). However, the upper interface at a depth of ~1 
m could only be partially identified by longitudinal 
ERT profiles even using a 1 m electrode spacing (Fig. 
4A). On the other hand, this cover layer can be clear-
ly seen on the transversal ERT profile (Fig. 4D). In the 
meantime, the second interface at ~3 m appears al-
most at the same place on both ERT and GPR profiles 
(Fig. 7C). The fact that there was no sharp variation in 
water content at this depth suggests that even small 
changes in composition (shift from medium to fine 
silt) can be detected using the combination of tech-
niques.

Concerning the structure of the levee at the study 
site, each method has confirmed that there are three 
major units within the levee body: 1) a fine silt, clayey 
levee core, 2) a medium silt layer, made for increasing 
the height of the structure, and 3) a fine silt blanket on 
the top to inhibit seepage (Fig. 3, 4 and 5). Additional-

Figure 7. Combination of A) GPR and B) ERT results in the same profile to determine C) the depth of interfaces
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ly, on the protected side, a thin (0.4 m) sand sheet was 
identified, but this could only be detected using bore-
hole data. ERT could not resolve the sand cover be-
cause even at a 1 m electrode spacing, the vertical res-
olution remained around 0.5 m. 

From the aspect of flood safety, the structure of 
the levee at the investigated profile is advantageous 
in the sense that the number of layers is limited, i.e. 
the structure is not as complex as reported elsewhere 
(Zorkóczy, 1987; Schweitzer, 2001; Szlávik, 2003), and 
therefore, the occurrence of contour seepage, appear-
ing along structural interfaces, is less probable (Szűcs, 
et al., 2019). A clayey wedge, an important structural 
element in mitigating sub-levee seepage at the river-
side foot of the levee (USCE, 2000, Szűcs et al., 2019), 
can also be recognised on the ERT profile (Fig. 4D). 
On the other hand, a discontinuity appears in the fine 
silt blanket at the riverside edge of the levee crown. 
Still, the interpretation is difficult because of the high 
gradient of resistivity change between the top of the 

levee and the levee body (Fig. 4D). This feature can 
be one reason for the observed piping during higher 
flood events.

On most of the levee investigated by GPR, the struc-
ture of the top layers does not change significantly, i.e. 
two interfaces at depths of ~1 m and ~2 m can be iden-
tified (Fig. 8). This also means that the structure rec-
ognised in the levee body at the ERT profiles can be 
extended to these sections as far as the GPR data re-
fer to a very similar structure in the top 4 m of the lev-

ee body (Fig. 7). The only exception is a short, 600 m 
long unit, where a third interface at ~3.5 m can be ob-
served, which first appears separately, but then replac-
es the previous one (Fig. 8). This unit requires further 
investigation to map the cause of differences, and as-
sess their effect on flood safety.

The levee section under investigation is primar-
ily composed of fine and medium silt. Except for a 
thin layer of sand, and clayey blocks in the core of the 
structure, there is no significant change in the com-
position of major structural units. In this sense, the 
structure is rather homogeneous and mostly built up 
of moderately aquitard silty materials, which can be 
one of the reasons for the frequently detected seepage 
during floods. However, it is important to underline 
that geotechnical parameters, such as porosity, den-
sity and filtration velocity, were not assessed in detail. 
Meanwhile, cracks identified by the GPR survey in the 
upper part of the levee can also significantly decrease 
the flood resistance of the structure.

Though it is not closely related to the levee body 
itself, but based on the obtained ERT profiles made 
with a 1,5 and 2 m electrode spacing, a less aquitard 
unit, composed most probably of medium silt, is lo-
cated beneath the structure, which can result in the 
development of sub-levee seepage during floods. Sub-
levee seepage is a hazardous flood phenomenon, as it 
can lead to the development of sand boils on the lev-
ee’s protected side, thus increasing flood risk (Nagy, 
2000; Ojha et al., 2001; Tímár, 2020). 

Conclusions

GPR, ERT and drilling results with different spatial 
resolutions and penetration depths were compared 
and combined to assess the structure and composi-
tion of a levee section exhibiting various unwanted 
flood phenomena.

From a methodological aspect, we found that at the 
usual dimensions and composition of the levees along 
the Lower Tisza River, GPR can be applied to inves-
tigate the upper 3-4 m of these structures. The use of 
low frequency 80 MHz GPR does not increase pen-

Figure 8. The longitudinal change of structural interfaces along the investigated levee section  
based on 200 MHz GPR data
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etration depth significantly. In contrast, higher fre-
quency 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 spac-
ing, it is possible to capture structural changes. Still, 
penetration depth covers only the levee body, and no 
information can be obtained from sub-levee condi-
tions. This requires an increase in spacing. Although 
water content has a primary role in determining the 
obtained specific resistivity values, based on the pre-
sent 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 identi-
fied. By determining the specific resistivity range of 

fine and medium silt among various moisture condi-
tions at the study site, 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 mainly be explained by the 
primarily silty composition of the levee body. The 
number of structural units is low, which is advanta-
geous in terms of contour seepage; however, the fine 
silt/clayey cover on the riverside slope of the struc-
ture might not be continuous; therefore, the identi-
fied medium silt layer in the upper half of the levee 
body can also contribute to increased seeping and 
piping during floods, to which contraction cracks 
in the topmost layer of the structure can also con-
tribute. In the meantime, sub-levee conditions, i.e. 
a coarser sedimentary unit, are also precursors of 
seepage phenomena.
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