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Abstract

Artificial levees have major importance in protecting human lives and infrastructure as they are essential elements of the flood
protection measures. Nevertheless, the lack of the necessary information about their structure and internal composition might cause
high risks. To monitor their stability, integrated surveys are needed, including geophysical and geotechnical methods. Levees along
the rivers in Hungary were constructed more than 150 years ago, and they were heightened several times; therefore, investigations are
required to assure their performance in flood risk mitigation. Our investigation aimed to utilise non-invasive geophysical techniques,
primarily electrical resistivity imaging, with the validation of geotechnical investigations to map and compare the compositional and
structural variations of two very different levee sections along River Tisza and River Maros. Integrating the analysed drilling data with
ERT profiles showed that the main composition of the investigated Tisza levee section is fine and medium silt with an average resistivity
30 Qm, however, the investigated section of Maros levee was built of not only of fine and medium silt but also of medium and coarse
sand exhibiting higher resistivity values reaching up to 2200 Qm. Several physical parameters were measured to study the nature of
constituting levee materials like moisture content, grain-size, porosity, bulk-density, saturated hydraulic conductivity, and resistivity.
It was found that most of them show a connection with resistivity, but the hydraulic conductivity 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.
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such as clays were placed at the riverside of the levee. The
heights of the levees are variable and are designed based
on various factors, such as the estimated highest flood
stage, material type, types of land use and structures
behind the levee, foundation, and the availability of land
for construction (Laszloffy, 1982; Kiss et al., 2019).

INTRODUCTION

The artificial levee is essentially a barrier constructed
parallel to river channels to prevent flooding during high
discharge stages (Alexander et al., 2012). Flood
protection in Hungary depends primarily on artificial

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 rivers on Earth (Nagy, 2010).
The levee systems along the rivers in Hungary were built
150 years ago, and their structure and internal
composition are hardly known. Along most of the rivers
in Hungary, the first artificial levees were not high
enough, and periodic floods overtopped them frequently.
Therefore, their size and height were continuously
increased, especially after high and strong flood events.
This resulted in the evolution of complicated earth
structures with spatially variable composition (Galli,
1976; Schweitzer, 2002). Furthermore, levees were then
affected by various post-constructional processes, such as
subsidence, compaction and water seepage during floods
(Galli, 1976; Kovacs, 1979; Timar, 2006).

Artificial levees in Hungary were constructed of
compacted sediments. The least permeable sediments,

Flood risk related to levee failure has become an
important investigation issue in many countries because
of the climate change which sometimes leads to extreme
flood events and hence the related hazards. The interest in
applying advanced techniques that can efficiently
evaluate the internal composition of artificial levees has
become one of the decision-maker priorities, especially
the geophysical techniques that have been progressively
implemented by many authors to flood risk mitigation
(Asch et al., 2008; Di Prinzio et al., 2010; Hibert et al.,
2012; Morelli and Francese, 2013; Chlaib et al., 2014;
Busato et al., 2016; Borgatti et al., 2017; Bakula et al.,
2017; Crawford and Bryson, 2018). Since their
construction, 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 coarser grain sizes (Casagrande, 1937, USACE,
2000). The process can be accelerated by cracks and
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animal burrows (Nagy, 2010). 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 condition to
prevent hazardous situations.

The utilisation of electrical resistivity imaging
became state-of-the-art in studying levees (Cho and
Yeom, 2007; Sjodahl et al., 2009; Sheishah et al., 2022),
together with ground-penetrating radar (Di Prinzio et al.,
2010). Integrating two or more different geophysical
techniques can provide more reliable results (e.g. Inazaki
and Sakamoto, 2005; Cardarelli et al., 2014). However,
best interpretations can be made by validating them using
geotechnical inspection (e.g. Perri et al., 2014).

Electrical resistivity values depend on many
physical parameters such as porosity, bulk-density, grain-
size, and degree of water saturation (Loke 2004;
Samouelian et al., 2005; Jerabek et al., 2017; Romero-
Ruiz et al., 2018;). Increased bulk density and reduced
porosity are considered as the main parameters increasing
the compaction of the soil. Therefore, it is expected that
compacted soils have lower electrical resistivity values
(Zhu et al., 2007). From this aspect, ERT is a promising
technique in recognising the structure differences because
of soil compaction (Garcia-Tomillo et al., 2018) It also
provides more information about the spatial variations in
both the horizontal and vertical direction (Robinson et al.,
2008). Therefore, the main objectives of the current
research are (1) to determine and compare the structure
and composition and resistivity range of two different
levee sections along the Tisza and Maros Rivers, using
ERT and borehole data; (2) to identify the relationships
between the specific resistivity values and different
geotechnical parameters, such as grain size, saturated
hydraulic conductivity (k), density, porosity and moisture
content; and (3) to classify the main levee components
regarding hydraulic conductivity, and attributing typical
resistivity values to them.

DATA AND METHODS
Study Area

The Tisza River is the largest tributary of the Danube: its
length is 962 km, the area of its catchment is 157 000 km?,
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 regulation works of the 19'
century, the lowland section of the river was characterised
by extensive floodplains (38 500 km?) inundated almost
every year, thus making agricultural activity difficult
(Kovacs, 1979). The Maros is one of the major rivers
originating in the Transylvanian Basin, Romania. It
reaches the Great Hungarian Plain along the southern
periphery of the Kords Depression. The Maros became
the main river of the Basin, when the Gheorgheni Basin,
situated between the Eastern Carpathians and the interior
volcanic belt, was dewatered partly by back cutting and
partly by antecedence during the Eopleistocene. The river

occupied its present position at the end of the Pleistocene,
due to tectonic movements.

To create flood-safe areas, artificial levees in
Hungary were built, especially in the second half of the
19" century, which confined the floodplain width to 0.4—
5 km (Kiss et al., 2021). The width of the active confined
floodplain is irregular, therefore the flood hazard is
increased in the narrowing sections (Loczy et al., 2009).
These linear man-made earthworks were built along
rivers, to inhibit the inundation of distal floodplain arecas
(Szlics et al. 2019, Knox et al. 2022). The main source of
the material of artificial levees in Hungary was the nearby
floodplain sediments. Clay is the main component of their
core, covered by compacted fine-grained sediments like
silt. At some levee parts, the protected side is covered by
sandy layers to help in the draining of the levee core
during floods (Sziics et al, 2019). Since their
construction, levees have been heightened gradually as
flood levels increased continuously (Loczy et al., 2009)
resulting in very complex earthen structures with several
layers (Kovacs, 1979; Nagy, 2010). Their current height
is 57 m. The height of the artificial levees in the area was
increased after the record flood of 1970 to provide flood
safety. In the meantime, because of their high age, limited
information on their condition and its change through time
is known.

The study was made at two sites: the first is located
on the left bank of Tisza River, and the second is located
on the left bank of its tributary, the Maros River (Fig. 1).
The centre point of the first site is at 31.4 Lkm (Lkm
stands for levee kilometre, which is measured either from
the confluence or the country's national border) and the
centre point of the second zone is at 3 Lkm. The relative
height of the levee at the first site is ~ 6.5 m, while at the
second it is ~ 5 m. The investigated levees were last
reinforced in the early 1970s, but little is known about
their internal structure and the composition of their layers.

Geophysical data acquisition and processing

Electrical Resistivity Tomography (ERT) was selected
among the other geophysical techniques to conduct the
current survey because of its high potentiality in detecting
compositional differences and anomalies at greater
depths, though at limited resolution. ERT data were
collected wusing a GeoTom MKSE100 apparatus
connected to a multi-electrode system (25 electrodes)
(Fig. 2A and B). A total of four ERT profiles were
collected: one longitudinal and one transverse profile on
the Tisza levee (Fig. 1C). Another two profiles were
collected in the same way on the Maros levee; (Fig. 1D).
The Wenner array was used for data collection since,
regarding most common measurement arrays, it has the
strongest signal strength and is relatively sensitive to
vertical changes in subsurface resistivity values below the
centre of the array (Loke, 2004). The two longitudinal
profiles were measured using 2.5 m electrode spacing.
The transverse profiles, perpendicular to the previous two,
were collected using a 2 m electrode spacing. The number
of depth levels was set to 8 in each case, and consequently,
92 data points were acquired per profile. Regarding the



Sheishah et al. 2023 / Journal of Environmental Geography 16 (1-4), 1-10. 3

(=3
o
(=3
(=]
o~
-

Legend
Longitudinal ERT at 31.4 Ikm_Tisza
Transverse ERT at 31.4 lkm_Tisza
@ ongitudinal ERT at 3 1km_Maros
@ Transverse ERT at 3 lkm_Maros

@311
@5
@5us

—

736000

736000

740000 744000 748000

120000

99980 100000 100020 100040 100060
99980 100000 100020 100040 100060

741020 741040 741060
‘.=3 lkm_Maros levee
Ll =

740000 744000 748000

Fig. I Location of the study area and the survey plan.
A) Artificial levees and potential floodplains along rivers in Hungary (modified after OVF 2014). B) Location of the ERT
measurement sites on the Tisza and Maros levees. C) Location of ERT profiles and boreholes on Tisza levee. D) Location of ERT
profiles and boreholes on Maros levee.

transverse profiles, elevation data were measured by a
TopCon Hyper Pro RTK GPS at each odd electrode along
the surveyed line to apply a topographic correction for the
ERT profiles.

In order to obtain the true resistivity values for
different levee materials, apparent resistivity obtained by
ERT profiling was processed with software RES2DINV
3.4 (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 optimisation algorithm (Constable et
al., 1987; De Groot-Hedlin & Constable, 1990). Because
the transverse profiles show elevation changes depending
on the levee shapes, a topographic adjustment was also
carried out before initiating the inversion. After obtaining
satisfactory RMS values, the inverted ERT profiles were
exported and drawn in Surfer v14 for evaluation with the
help of borehole information.

Geotechnical data analysis

In order to precisely interpret ERT profiles, in total, four
boreholes were drilled. Two boreholes were drilled on the
Tisza levee at 31.4 Lkm, one on the riverside edge of the
levee crown (BH-1) and another on the protected side
slope of the levee (BH-2) (Fig. 1C). The other two
boreholes were drilled on the levee of the Maros at 3.0
Lkm at similar positions (BH-3 on the crown, BH-4 on the
protected side slope) (Fig. 1D). The drillings were made
in the ERT survey lines right after geophysical data

acquisition. Drilling depths for boreholes BH-1, BH-2,
BH-3, and BH-4 were 6 m, 4 m, 7 m and 2.8 m,
respectively. An Eijkelkamp corer with a 5 cm diameter
drilling head was used (Fig. 2C). Topcon Hyper Pro RTK
GPS was also used to record the exact position and
elevation of drilling locations to correctly locate them on
ERT profiles.

Simultaneously, samples were collected at every 20
cm for grain-size analysis, which was performed with a
Fritsch Analysette 22 laser diffraction analyser, having a
measurement range of 0.08-2000 um. Samples underwent
ultrasonic homogenisation, and all measurements were
repeated three times to check if there was further
disintegration (Kun et al. 2013). Sample D50 values were
applied for controlling geophysical results, and the mean
grain-size fraction of samples was classified using the
Udden-Wentworth scale.

Besides, samples were also taken for water content
analysis at every 40 cm. Samples were dried at 100°C in
an oven overnight. Percentage gravimetric water content
was determined by subtracting sample dry weight from
wet weight and dividing the product with dry weight.

The saturated hydraulic conductivity of levee
material is very important from the aspect of flood water
retention. In order to assess this parameter, thus 13
samples were collected in undisturbed soil sample
cylinders during the drilling procedure. The samples were
taken where compositional changes were identified. Five
samples were collected from BH-1 at depths of 1.5 m,
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Fig. 2 Data acquisition by GEOTOM MKS8E100 multi-electrode ERT system at 31.4 Lkm of Tisza levee (A),
and 4 Lkm of Maros levee (B). Drilling boreholes by using an Eijkelkamp drilling system (C).

1.6m, 2.5 m, 4.1 m, and 4.2 m. Five samples were
collected from BH-3 at depths 1.5 m, 1.6 m, 2.9 m, 6.1 m,
and 6.2 m. Three samples were collected from BH-4 at
depths of 1.5 m, 1.6, and 2.85 m. No significant changes
in composition were noticed in terms of borehole BH-2.
The bulk density was obtained from the weight of
the dry samples divided by the volume of the soil
sampling cylinder. The total porosity was calculated as

n=100 [1-pppd] )
where

n: the total porosity (%);

pv: the bulk density of the material (g/cm?);

pa: the particle density of the material (g/cm?).

Particle density was considered to be 2.65 g/cm?® (Fetter,
2001).

Saturated hydraulic conductivity was determined on the
basis of the Darcy’s law, i.e. the flow through a medium
directly proportional to the height of the hydraulic head
and inversely proportional to the length of the flow path.
Flow was also determined by coefficient K, which
depends upon the porous medium's nature. The value of
K was determined by an infiltrometer, using the falling-
head method for fine grained samples like fine and
medium silt and constant head method for coarse grained
samples like sand (Dane and Hopmans, 2002; Reynolds
and Elrick, 2002). Following the measurements, samples
were dried at 100°C, and their weight was measured using
a precision scale to calculate bulk density. Based on
density values, porosity was also determined by taking the
standard particle density of soils.

RESULTS
Geophysical results

The difference in the composition of Tisza and Maros
levees is clearly visible in the resistivity results. In
general, the inverted ERT profiles exhibited low
resistivity values in the case of Tisza levee and medium
and high values in the case of Maros levee. The
longitudinal and transverse profiles measured on the Tisza
levee exhibited a range of values from 6 Qm to 60 Qm
with an average of 17 Qm. In the case of the longitudinal
profile measured on the Maros levee, values ranged
between 15 Qm and 46 Qm with an average of 30 Qm. In
the Transverse profile measured on the Maros levee,
values were considerably higher, reaching a maximum of
2200 Qm and the mean specific resistivity was 660 Qm
(Fig. 3).

The combination of sedimentological information
and ERT profiles also referred to the layered structure of
the body of both levee sections. The electrode spacing is
an important factor in the resolution of ERT data. The 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 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 is
the dominant component of the levee body, with
resistivity value ranging between 6 Qm and 20 Qm until
a depth of 5.5 m. Then the second unit was noticed below
this depth with resistivity value ranging between 21 Qm
and 60 Qm (Fig. 3A). The transverse profile measured at
this zone exhibited the same unit succession with
approximately the same resistivity range. In addition, a
third unit was noticed at the top 1 to 2 m of both sides of
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the Tisza levee with resistivity values ranging between
16-61 Qm (Fig. 3B).

The materials forming the Maros levee differ from
that found 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, 1-4.4 m, and 4.6—
7 m with resistivity values ranging between 15-26 Qm,
31-46 Qm, and 15-30 Qm respectively (Fig. 3C). The
variation in Maros levee composition could be even more
visible, especially on the protected side. Three units could
be resolved; the first unit (thickness ~ 0.6 m) has a
resistivity range between 5 and 270 Qm, the second unit
(thickness ~ 1.6 m) has a resistivity range between 270
and 1636 Qm, the third unit (thickness ~ 1.6 m) is in the
form of a lense of very high resistivity and has a range
between 1700 and 2200 Qm (Fig. 3D). To see the
interface that separates two fine grained units (fine and
medium silts) in the riverside, a small scale 5-60 Qm 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. 3E)

Geotechnical results

A) Analysis of borehole samples

The first borehole (BH-1) exhibited three units (Fig. 3E);
a fine silty layer from the surface until a 0.4 m depth with
a D50 value ranging between 9 and 11 pm, a medium silty
layer at depths between 0.6—0.8 m with a D50 value
ranging from 16 to 19 pm, and a fine silty layer again,
below 1 m with a D50 value ranging from 9 to 14 pm
(Table 1). The three individual units expose an overall
mean grain size of 10 um, 17 um and 11 um, respectively,
meaning that even though there is some difference in grain
size averages, the levee body is within the fine and
medium silt range in general.

The second borehole (BH-2) exposed three units as
well (Fig. 3F); a fine silty layer from the surface until a
1.4 m depth with a D50 value ranging from 10 to 15 pm,
a thin layer of medium silt at depths between 1.6 and 1.8
m with a D50 value ranging between 23 and 24 um, and
a fine silty layer again, below 2 m with a D50 value
ranging from 8 to 11 pm. The three individual units
expose an overall mean grain size of 13 um, 23 pm and
10 pum, respectively. This indicates that the protected side
of the levee is composed of fine-grained sediments within
the fine and medium silt range.

The third borehole (BH-3), drilled on the crown of
the Maros levee, exposed three units (Fig. 3G). The first
unit contained a fine silty layer (0-0.8 m) with a D50
value ranging between 12 and 14 um, a thick layer of
medium silt (1-4.4 m) with a D50 value ranging from 16
to 24 um and a fine silty layer again below 4.4 m with a
D50 value ranging between 12 and 15 pm. Unit means
grain sizes were 13, 24 and 14 pm, 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, we did not separate further
sedimentary units at BH-3. The overall evaluation from
BH-3 indicates that the Maros levee body is
predominantly composed of fine-grained sediments.

The fourth borehole (BH-4) drilled on the protected side
of the Maros levee exhibited five units (Fig. 3H); a fine
silty layer from the surface until a 0.2 m depth with a D50
value of 15 pm, a medium silty layer at depths between
0.2-0.4 m with a D50 value 16 um, a very fine sandy layer
with a D50 value 104 pm, a thick medium sandy layer at
depths between 0.6-2.2 m with a D50 value ranging from
292 to 453 pm with a mean grain size value 358 um and
a fine silty layer below 2.2 m with a D50 value ranging
between 12 and 13 pm. The five units exhibit an
increasing grain-size trend with depth, meaning that the
coarse-grained sediments as sandy materials are the main
components of the protected side of the Maros levee.

B) Analysis of saturated hydraulic conductivity

The average water content percentage for the five samples
collected from the Tisza levee was similar to the average
water content percentage for the eight samples collected
from the Maros levee which was approximately 20%,
therefore from the other parameters affecting resistivity,
the resistivity range of the ERT profile measured
transversely on Tisza levee is lower than that noticed by
ERT profile measured transversely on Maros levee so,
there is an indication that the materials forming the
investigated Tisza levee are more compacted than the
investigated Maros levee.

It was found that in the case of the five samples
collected from the BH-lof Tisza levee, the grain-size
range was from 10.8 to 13 pm with an average of 12 um,
the porosity percentage range was from 36 to 44 m/m%
with an average of 40 m/m%, and bulk density range was
from 1.50 to 1.69 g/cm?® with an average of 1.6 g/cm®.
However, in the case of the eight samples collected from
BH-3 and BH-4 of Maros levee, the grain size range was
from 11.7 to 339.3 pm with an average of 142 um. The
porosity percentage range was from 41 to 47 m/m% with
an average of 45.9 m/m%, and the bulk density range was
from 1.32 to 1.56 g/cm?® with an average of 1.44 g/cm’.

Regarding the hydraulic conductivity analysis of 13
samples, the levee materials were classified as aquitard and
non-aquitard. It was found that all the samples collected
from the Tisza levee (5 samples) are aquitard because
aquitard materials are a poorly permeable underground
layer that limits the flow of water from the riverside to the
protected side. This layer is important in the levee
composition from the aspect of flood risk mitigation. In
contrast, the samples collected from Maros levee (8
samples) are non-aquitard, except one sample at a depth of
290 cm collected on the levee crown aquitard. The samples
taken from five different depths from BH-1 show similar
low saturated hydraulic conductivity (0.013075 mm/h on
average) because of the silty units forming the Tisza levee.
At the same time, the situation in BH-3 and BH-4 is totally
different. Regarding BH-3 drilled on the crown of Maros
levee. The saturated hydraulic conductivity at the core of
Maros levee at ~3 m depth is 0.0132 mm/h and shows
similarity to that obtained by the Tisza levee; however, it is
lower than that in the upper part of Maros levee ~1.5 m to
1.6 m (2.2222 mm/h on average) and the lower part of
Maros levee ~6 m (0.4924 mm/h). In the case of BH-4
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Fig. 3 Longitudinal (A) and transversal (B) electrical resistivity tomography profiles acquired on the Tisza levee at 31.4 Lkm.
Longitudinal (C) and transversal (D) electrical resistivity tomography 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 Q.m (E). Thickness and mean
grainsize values of structural units, identified by drillings (F-I).
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drilled on the protected slope of Maros levee, the saturated
hydraulic conductivity recorded very high values at the
levee top ~1.5 m to 1.6 m (406 mm/h on average) because
of the sandy layer covering the protected side and very
low value at the core of the levee ~2.8 m (0.0524 mm/h)
because of the fine silty nature of the core.

DISCUSSION

The previous results, in general, could help to understand
the structure of the two levee sections investigated. The
contrast in the resistivity values of the investigated levee
materials was clearly visible; therefore, the interfaces
between layers could be detected using ERT, as it was
documented earlier by other authors (e.g. Kearey et al.,
2013; Sheishah et al., 2022).

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. From the aspect of flood safety, the
dominance of fine silt is advantageous, as it is highly
aquitard based on hydraulic conductivity measurements.
However, the presence of medium silt makes uncertainty
in non-aquitard nature.

Regarding the structure of the Tisza levee almost the
entire levee body is composed of fine silt, however below
the levee body a medium silt zone can be identified, 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 river side, in the form of
a 1 m thick blanket, and on the protected side as part of a
reinforcement. On the protected side the application of
less impervious materials are accepted to control seepage,
however river side 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 body is made up mainly of medium
silt. A fine silt unit was identified on the riverside part of
the levee, starting from a 1 m depth. This layer is
important in increasing the imperviousness of the
structure, however, it does not reach up to the surface of
the levee, thus during high water levels the overlying
medium silt layer can transfer water towards the protected
side. However, the presence of a relatively thin fine silt
blanket over the riverside and the crown of the levee can
provide sufficient protection against the development of
intensive seepage. It is important to note, that fine silt
cover could not be detected on ERT profiles, and could
only been resolved using drilling data.

Unlike the Tisza, the protected side of the Maros
levee section is built up mostly of sand, covered by a thin
fine and medium silt layer. High porosity, sandy layers on
the protected side can ease the drainage of water 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 rate of seepage 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, though ERT measurements were unable to detect it

due to the very high resistivity of coarse grained sand,
which masks nearby lower values.

As it was shown previously by several authors
physical properties of the sediment, such as grainsize,
porosity and water content can greatly affect specific
resistivity values (Popescu et al., 2016; Alpaslan and
Bayram, 2020). In the case of the present study, by
applying several data sources a range of specific
resistivity values can be given for different sediments with
variable water content.

Based on ERT measurements at dry conditions in the
investigated Tisza levee section, the quartile function was
utilized to calculate the specific resistivity range of
different materials and the results showed that fine silt has
a range between of 10 and 14 Qm with an average of
12 Om and standard deviation 3.2. Medium silt has a
range between 23 and 29 Qm with an average of 26 Qm
and standard deviation 12. By the same way the resistivity
range for the different materials of the investigated Maros
levee section at higher water levels were: fine silt has a
range between 19 and 27 Qm with an average of 22 Qm
and standard deviation 5. Medium silt has a range between
36 and 39 Qm with an average of 37 QOm and standard
deviation 13. In addition to that, medium sand forming
representing the major composition of the protected side
shows a range between 233 and 639 Qm with an average
0f 320 Om and standard deviation 392 Qm and the coarse
sand exhibits a range between 1769 and 3075 Qm with an
average of 2240 Qm and standard deviation 941 Qm.

In general, the resistivity range of the fine grained
sediments forming both the investigated levee sections
can be specified: fine silt has a resistivity range between
10 and 27 Qm, medium silt has a resistivity range between
23 and 39 Qm.

The mentioned resistivity values of Tisza levee
materials indicate that the levee is built up from fine-grain
sediments as far as the low empirical values given for
alluvial materials by former researches (Keller and
Frischknecht 1966; Waxman et al., 1968; Abu-Hassanein
et al., 1996; Giao et al., 2003; Loke 2004, Tabbagh et al.,
2007; Sheishah et al., 2022). 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 Qm.
Similarly, fine-grained materials in a dam structure had a
specific resistivity below 100 Qm (Himi et al. 2018; Jodry
et al. 2019). Kalinski and Kelly (1993), Schwartz et al.
(2008) and Gunn et al. (2015) 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 Qm or more in dry soil. This
value can be matched with the resistivity of the sandy
lense (with a resistivity up to 2200 Qm) detected on the
protected side of the Maros levee that represents one of its
main components; however, it was not noticed in the
analysed grain-size samples because BH-4 did not hit this
lense.

In our study, the fine-grained materials forming the
Tisza levee show a lower porosity and higher bulk
density than the coarse-grained materials forming the
Maros levee, in which the latter show a higher porosity
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percentage and a lower bulk density. As stated by
Robain et al. (1996), Alakukku (1996) Richard et al.
(2001) and Pereira et al. (2007), 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. A normal relationship is proposed
between resistivity and coarse-grained materials (Keller
and Frischknecht, 1966). Therefore, it is realised that
besides the compaction parameter mentioned above, the
lower porosity is one of the essential factors behind the
noticed lower resistivity values measured on Tisza levee
section. In contrast to the Tisza levee section, the higher
resistivity values of the Maros levee might be due to the
higher porosity 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
characterised 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 differences in structure due to soil
compaction (Jerabek et al., 2017; Garcia-Tomillo et al.,
2018).

The spatial and temporal change in soil moisture
content are challenging factors 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.
These parameters are particle size, bulk density,
(effective) porosity, soil organic carbon, calcium
carbonate and pH (Toth et al., 2015; Ottoni et al., 2019).
The complexity of the problem is clearly shown by the
fact that there are dozens of pedotransfer functions,
many of which have been applied in Europe as well
(Nasta et al., 2021).

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 gives us great opportunities to work
out new multivariate pedotransfer functions as a direct
connection between electrical resistivity and saturated
hydraulic conductivity. It was noticed that there is no
direct connection between the resistivity and the
saturated hydraulic conductivity. Resistivity is very high
(400-700 Q.m) if dry sand is measured (see Samples no.
11 and 12), but there is no significant connection in any
other case (Table 1). The only permanent soil property
from the studied ones influencing the resistivity is the
grain size (D50). Besides, two other factors have
important effects on resistivity, but they are changeable
over time: soil moisture and the degree of the soil or
sediment compaction. This latter one can be quantified
by bulk density and porosity.

CONCLUSION

Based on electrical resistivity tomography results with a
precise analysis of grain size and their related physical
parameters used for monitoring the compositional
materials of two different levee sections along the Tisza
and Maros rivers, we conclude 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. In
general, there is a similarity in the compositional
materials and their resistivity range which form the core
of the investigated Tisza and Maros levee sections.
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 compositional materials of the Maros
levee could be distinguished well and showed more
variation when it is compared to the compositional
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.

We concluded that the samples collected from the
Tisza levee show an aquitard nature. In contrast, most of
the samples collected from the Maros levee exhibit non-
aquitard nature, which illustrates the difference in levee
composition in terms of flood risk or flood safety. We also
concluded that with the help of the saturated hydraulic
conductivity analysis, the cores of the investigated Tisza
and Maros levee sections show similarity in the filtration
process, which reflects the ability of levees to protect from
flooding.
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