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Abstract: The flood levees in the vicinity of Krakow city (Poland) are, in some places, over 100 years
old. Thereupon, in the flood dike, and its subsoil, can appear unconsolidated zones, which, during
the flood stage, can be a simple way of water flow and/or even can be the place where the levee body
will be destroyed. This phenomenon took place in Wawrzeńczyce village, near Krakow city, during
the flood in 2010. The geophysical research was carried out, in order to develop a methodology of
recognition of potential areas where the levee body can be damaged. The geophysical surveys were
conducted with the use of electrical and electromagnetic methods, as well as utilizing the seismic
method. The general identification of examined media was realized by the electrical resistivity
tomography (ERT) method. The ERT surveys were supplemented by capacitively-coupled resistivity
(CCR) measurements, in order to analyze the usefulness of the CCR method for the examination of
river dikes and reduction of interpretation ambiguity. The ground penetrating radar (GPR) method
detected small anomalies in the body dike, due to the very high resolution of this method, which
were not detected by the ERT and CCR techniques. During GPR surveys, non-standard measurement
techniques were applied. Finally, the high-resolution seismic reflection (HRSR) method provided
a clear and high-resolution image of the dike structure up to the water table and assisted with the
identification of the hazard non-consolidated zones.

Keywords: disaster relief; recoveryand reconstruction; environmental engineering; geoelectrical and
electromagnetics methods; high-resolution seismic

1. Introduction

Fluvial levees are crucial hydrotechnical constructions for protecting human lives and
activities. Regrettably, the technical condition of levees in many countries is not satisfactory,
for example, visible landslides, seepage, etc. As an example, statistics from Poland show
that over 60% of the whole levee is over 50 years old. Furthermore, there are still some
places where the operated levees are over 100 years old [1]. An identical situation was
in Wawrzeńczyce village, near Krakow city (Poland), where during the flood in 2010, the
part levee was completely destroyed after this the levee was rebuilt. However, there are
plenty of places where a similar situation can appear. Thereupon, in our research, we try
to develop a methodology to be able to find potential places where during the next flood
stage the levee body can be destroyed and/or the first symptoms, such as leakages, may be
spotted. Therefore, in the first step we perform literature study, in order to find the best,
non-invasive geophysical method.

In general, there are many geophysical methods that may be applied for the examina-
tion of a flood dike and its subsoil; mostly electrical and electromagnetic methods were
applied for this purpose, i.e., the standard (i.e., short-offset reflection profiling) ground
penetrating radar (GPR) method, which is typically used as a profiling method [2–4], or
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non-standard GPR surveys [5–13], in which the different antenna orientations can be used
to provide a more reliable picture of the internal structure of the levee or can to provide
the GPR attributes to pick weak zones in the levees. One of the most used methods, in
this case, is also electrical resistivity tomography (ERT), also called the resistivity imaging
(RI). In most cases, the 2D ERT technique was applied [14–23]. It is worth mentioning that
the aforementioned methods are the common applied techniques and most effective for
studying the internal structure of levees. The electromagnetic profiling (EMP) method,
also called the ground conductivity meter (GCM), is less popular than the previous one
and It uses relatively fast recognition of the levee [15–26]. Amongst seismic methods, the
refraction and multichannel analysis of surface waves (MASW) techniques are applied for
this purpose [27,28]. As far as we know, there are no recommendations on the use of the
high-resolution seismic reflection (HRSR) [29,30] for the inspection of dikes, but this tech-
nique seems to be a useful geophysical method for the detection of small unconsolidated
zones, due to its high resolution [31–33]. Occasionally, other geophysical methods are used,
e.g., the microgravimetric technique [34], fast growing capacitively coupled resistivity
(CCR) [35–38] method, very low frequency (VLF) method, radio-magnetotelluric (MT)
method, infrared (IR) method, self-potentials (SP) method, and LiDAR technique [39,40].

Based on the performed analysis, for our study, we choose the GPR, ERT, and seismic
methods. We also planned to test capacitively coupled resistivity method (CCR), which,
in the literature, is considered as the method gaining popularity. We also spotted that
the problem is the introduced methods are very often used separately. That provides an
additional ambiguity to the results of the geophysical research. To avoid this, a compre-
hensive geophysical approach should be used, involving a few geophysical methods that
complement each other, and the geotechnical methods that should also help to answer if
there any clear geological/geotechnical symptoms that can cause a geophysical anomaly.

2. Study Area

Terrain surveys were carried out in southern Poland (Figure 1A), on the Vistula
river flood dike in the village of Wawrzeńczyce, near Cracow (Figure 1B). Detection and
monitoring of development of unconsolidated zones, in which water paths occur, is crucial
because such zones may lead to leakages (Figure 1C) or even the damage of flood dikes
and other hydrotechnical infrastructures (Figure 1D) during flooding. Such a situation was
observed in the investigation site, during the flood of 2010 (Figure 1C,D).

Geophysical, geological, and geotechnical investigations were performed on the flood
dike in the area surrounding flood gate. no. 1 (Figure 1C); the dike in the investigation
site was built before World War II and renovated in the years 1970–1972. During the flood
of 2010, the water channel and concrete flood gate no. 1 were destroyed (Figure 1D); in
the body of the dike, the leakages were observed (Figure 1C). After the flood, the water
channel, flood gate, and dike in place no. III were reconstructed (Figure 1E). Other parts of
the dike, where leakages were observed during the flood, were only protected with bags
filled with sand (Figure 1C), and no renovation was carried out.

The geophysical surveys on the flood dike in the region of flood gate no. 1 were
conducted in years 2014–2019, in two main stages, i.e.:

• Stage I (with few substages)—between 2014–2018—preliminary geophysical surveys,
with the application of the GPR, ERT, and EMP methods, as well as DPL (dynamic
penetration light) soundings and geological drillings, were carried out, mainly north
of flood gate no. 1 (Figure 1C—over leakages no. III, IV, and V); the selected results,
obtained at this stage, were presented in various scientific conferences [6,9].

• Stage II—2019—detailed geophysical surveys, with application of the GPR, ERT,
CCR, and seismic methods, as well as DPL soundings and geological drillings, were
performed, mainly south of flood gate no. 1 (Figure 1C—over leakages no. I and II);
the results of numerical modelling, carried out for the GPR and ERT methods, were
presented at a scientific conference [9].
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Figure 1. (A) General location of the investigation site; (B) Detailed location of the investigation site on
the Vistula river dike near in the village of Wawrzeńczyce near Cracow (map: www.google.pl/maps),
access date: 1 January 2022; (C) Flood gate no. 1 during the flood in 2010 and the surrounding
area [41]; (D) Flood gate and water channel after the flood in 2010 [41]; (E) Flood gate and water
channel after renovation [41].

The results of the preliminary investigations (between 2014–2018) delivered general
information about the distribution of geophysical anomalies in the examined dike and its
subsoil. However, the detailed and unequivocal identification of where anomalies should
be correlated with unconsolidated zones was difficult, and this was compounded by the
different materials used in the construction of the dike. Therefore, in the second stage of
geophysical surveys, additional CCR, and seismic methods were applied, and complex
geophysical–geological–geotechnical interpretation was carried out to detect, with high
probability, the location of unconsolidated zones, i.e., zones with higher water permeability,
in the dike and its subsoil.

In this paper, the results obtained during the surveys, carried out in 2019 in the
southern part of the dike (Figure 1C), are presented (currently, we do not have a formal
consent to provide geophysical measurements). Besides the application of the GPR, ERT,
and CCR methods, the novel technique, the HRSR method, which was not used in previous
investigations, was introduced. Figure 2A presents the location of the GPR, ERT, CCR, and
HRSR profiles and points of geological drilling and geotechnical soundings.

www.google.pl/maps
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Before starting the geophysical surveys, geodetic measurements were made (Figure 2A),
which delivered the following information: (a) the altitude of the crown of the dike varies
from 190.8 m to 191.1 m a.s.l., and the average values are equal to 190.9 m a.s.l.; (b) the
altitude of the shelf on the air-side of the dike varies from 188.3 m to 189.3 m a.s.l., and
the average values are equal to 188.7 m a.s.l.; (c) the altitude of the shelf on the water-
side of the dike varies from 186.7 m to 188.5 m a.s.l., and the average values are equal to
187.6 m a.s.l. The average height of the examined dike is equal to 4.5 m (Figure 2B). Due to
the small denivelations, the mean values of altitudes with flat surfaces were assumed in
further analyses.

The next stage was to perform geological drillings and DPL soundings, which were
carried out on the six positions indicated in Figure 2A; these works were performed in
places where leakages were observed during the last flood, in 2010.

As shown in Figure 2B, the body of dike is built mainly of a mixture of sand and gravel
(layer no. I). Geological information from the investigation site shows that the subsoil of
the examined flood dike is built mainly of Miocene clays (Figure 2B—layers no. IIa, IIb, IIc
and IV). Clays are covered by fluvio-glacial and fluvial sand and gravel (Figure 2B—layer
no. III). Laboratory tests, carried out on the ground samples taken from the boreholes,
revealed that clays no. IIa, IIb, and IIc create an impermeable layer, due to their extremely
low water permeability, and leakages should be observed, rather, in the fluvio-glacial and
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fluvial sand and gravel (layer no. III), as well as in unconsolidated zones in the body of
dike (layer no. I).

During the drillings, the first underground water table was observed at the boundary
between layers no. IIc and III, at an altitude of c.a. 180.0 m a.s.l. (Figure 2B). Taking into
account the geodetical information presented above, it may be assumed that the first water
table should be recorded in geophysical data at a depth of c.a. 11 m, when counting from
the crown of a dike; it is obvious that this value may vary, depending on the degree of
thickness of layers IIa, IIb, and IIc, as well as the thickness of the shallowest aquifer (layer
no. III) along geophysical profiles.

In the body of the examined dike, geotechnical DPL soundings were performed
(Figure 3), which indicated that the body of dike is composed mostly of semi-compacted
material (where the number of hits was between 5 and 20); in several sub-areas, loose zones
(where the number of hits was below 5) and compacted material (where the number of hits
was greater than 20) were present in the examined dike. In Figure 3, the positions of leakage
zones no. I and II were moved from the air-side of the dike to the vertical plane, cutting
the crown of the examined dike; therefore, one should not simply correlate the locations of
the leakages with zones of different compactions; it is very probably that the inner water
path in the body of the dike, in the region of leakage II, is located in the central part of the
dike, between a depth of 0.5–3.0 m, while in the land-site, this path occurs at a depth of
c.a. 3.5–4.0 m. The above information suggests that leakage zones are probably correlated
with unconsolidated and semi-compacted material. This same situation is observed in the
region of leakage no. I.
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Figure 3. Information from geological boreholes and DPL soundings.

After gathering all the necessary data (i.e., geodetical, geological, and geotechnical),
geophysical surveys were carried out on the crown and both shelves of the examined dike,
along the profiles shown in Figure 2A.

3. Results of Geophysical Investigations
3.1. GPR Surveys
3.1.1. WARR Measurments

The short-offset reflection surveys were preceded by the WARR (wide angle reflection
refraction) measurements, which allowed for the determination of a mean velocity of
electromagnetic (em) wave [42]; these measurements were carried out along the first 160 m
of profile GPR-2 and first 90 m of profile GPR-3 (Figure 2A). The WARR measurements were
carried out with the use of a ProEx georadar system (produced by the company MALA,
Sweden, Mala—www.guidelinegeo.com, access date: 1 January 2022), along with 200 MHz
unshielded antennae; a standard (i.e., co-pole) orientation of the antennae was assumed; to
improve the signal/noise ratio, 16-times stacking was applied, and traces were recorded
with a constant distance interval ∆x = 0.05 m.

www.guidelinegeo.com
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On the crown of the dike, eight WARR surveys were performed (Figure 4A), but only
four of them delivered satisfactory results (Figure 4B–E). On the land-side of the dike,
18 WARR surveys were carried out (Figure 5A), but only 4 of them delivered satisfactory
results (Figure 5B–E). Where hodographs could not be used (Figures 4 and 5), only direct
air wave (DAW) and part of the direct ground wave (DGW) were recorded, which did
not permit the proper determination of the velocity of the em wave. The velocity of the
DGW varied from 0.066 to 0.088 m/ns, and the velocity of reflected wave (RW) varied from
0.055 to 0.083 m/ns. Reflections recorded in hodographs at t0 = 20 to 30 ns came from GPR
anomalies identified in the radargrams (Figure 6), at depths of 1.0–1.5 m; these anomalies
will be analysed in the next section.
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Figure 4. (A) Location of WARR surveys along profile GPR-2 (crown of dike); (B) First five meters of
WARR Hodograph recorded from x = 0 m to x = 20 m; (C) First five meters of WARR Hodograph
recorded from x = 20 m to x = 40 m; (D) First five meters of WARR Hodograph recorded from
x = 60 m to x = 80 m; (E) First five meters of WARR Hodograph recorded from x = 80 m to x = 100 m.
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Figure 5. (A) Location of WARR surveys along profile GPR-3 (land-side of dike).; (B) WARR Hodo-
graph recorded from x = 25 m to x = 30 m; (C) WARR Hodograph recorded from x = 30 m to x = 35 m;
(D) WARR Hodograph recorded from x = 55 m to x = 60 m; (E) WARR Hodograph recorded from
x = 65 m to x = 70 m.
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Finally, for time-depth conversion of radargrams, a constant mean velocity of em wave
equal to 0.077 m/ns was assumed. Typically, velocity for dry sand and gravel varies from
0.1 m/ns to 0.15 m/ns, and results obtained from WARR measurements would indicate
that the examined mixture of sand and gravel is wet.

In the next step, detailed GPR reflection surveys were carried out (Figure 6) along
three 200-meter profiles (Figure 2A), with the use of a VIY georadar system (produced
by Transient Technologies, Ukraine, Kyiv—www.viy.ua, access date: 1 January 2022). A
standard (i.e., co-pole) orientation of the antennae, with a frequency of 125 MHz, was
applied. The decision to use the VIY georadar set, up with a lower frequency antenna,
was reached as a result of unreadable hodographs (Figures 4A and 5A), derived from
WARR measurements and the low depth penetration of 200 MHz antennae previously used
(Figure 4B–E and Figure 5B–E). Traces were recorded with a constant distance interval of
∆x = 0.1 m. To improve the signal/noise ratio, eight-times stacking was applied during

www.viy.ua
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the data acquisition. All radargrams presented in this paper were subjected to standard
signal processing, using the ReflexW software ver.9.5 (www.sandmeier-geo.de, access
date: 1 January 2022); a detailed description of radargram processing may be found in the
literature [42,43].

3.1.2. GPR Reflection Surveys with Standard Co-Pole Antennae Orientation

Is well-known that attenuation of em waves is a function of conductivity σ for an
examined medium. For dry sand and gravel (body of dike—Figure 2B), it may be assumed
that typical values of σ should be equal 0.01–0.1 mS/m, which equates to low attenuation.
For dry clay (subsoil of dike—Figure 2B) σ = 1.0 mS/m and a higher attenuation is observed
in such medium. The presence of water in geological medium causes an increase in
conductivity and attenuation, especially in wet clay [42–44]. From the boreholes (Figure 2A),
ground samples were taken, and the results of the laboratory tests carried out on these
samples revealed that the average value of conductivity for a mixture of sand and gravel
was equal to 0.9 mS/m. In such a situation, the conductivity in the body of dike (i.e., in
layers no. I and III—Figure 2B) and subsoil (i.e., in layers no. IIa, IIb, and IIc—Figure 2B)
is relatively high; therefore, higher attenuation may be expected. Both moisture in the
examined medium and local interbeddings of clay in the mixture of sand and gravel
(Figure 3) caused a serious reduction of depth range of the 125 MHz antennae; therefore, in
Figure 6, readable reflections are visible to depths of 1.5–2 m, whilst the maximum depth
penetration of this antennae is c.a. 15 m.

In all radargrams (Figure 6), anomalies were interpreted as follows: (a) high-amplitude
anomalies (red and black colours)—unconsolidated material, (b) anomalies with mean
amplitudes (navy blue/blue and orange/yellow colors)—semi-compacted material, and
(c) low-amplitude anomalies (grey colour)—compacted material. Lack of information in
Figure 6A,B (white rectangular) was caused by interferences occurring on the road crossing
the dike.

In Figure 6A, the anomaly “A” is observed over leakages no. I and II; in this zone,
inner water paths were created during the flood of 2010 and, consequently, the land-side
of the dike had to be protected with bags with sand (Figure 1C). Unconsolidated and
weathered also material occurs in the region of anomaly “B”. In anomaly “C”, mainly
semi-compacted mixtures of sand and gravel may be distinguished. It is highly probable
that, during the next flood, several leakages may appear in the dike, particularly in the
strip between altitudes 186.5 and 188.5 m a.s.l.

In Figure 6B, anomaly “D” has similarities with the above anomaly “A” and, equally, a
correlation of anomalies “E”, “B”, and “C” is easily noticed. All mentioned GPR anomalies
were caused by the presence of unconsolidated and weathered material in the body of the
dike. The top part of the dike, between 188.5–191 m a.s.l., is threatened by the leakages.

In Figure 6C, the GPR anomaly “F” spreads along the whole profile, to depths of 1.5 m;
in this strip, a rather semi-compacted mixture of sand and gravel occurs in the dike. Higher
amplitudes of reflections in the region of leakages no. I and II illustrate the presence of
inner water paths within the body of dike. A reduction of amplitudes in other parts of the
anomalous zone “F” was caused by the culmination of sand and gravel by clay material
carried by the river during higher water levels. It is highly probable that, during the next
flood, several leakages may appear in the dike, particularly in the strip located between
altitudes 186–187.5 m a.s.l.

3.1.3. GPR Reflection Surveys with Different Antennae Orientations

The results of the GPR survey carried out on the crown of the dike, with a standard
(i.e., co-pole) orientation of the antennae, produced results to a maximum depth of c.a.
2 m (Figure 6B), and it was impossible to record anomalies around leakages no. I and II.
Therefore, additional test measurements, with different antennae orientations (shown in
Figure 7), were carried out. It should be noted that the majority of georadar systems that are
presently available on the market (from amongst other VIY georadars) only allow surveys

www.sandmeier-geo.de
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to be performed with a standard orientation of the antennae (Figure 7A—option A1), which
corresponds to one polarisation of em wave. This paper does not deal with the theoretical
description of the propagation of em waves with different polarizations in geological media;
further, information on this matter can be found in the geophysical literature [9].
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tions; and (C) “cross-pole” orientations.

Test surveys with different antennae orientations (Figure 8) were performed, with
the same acquisition parameters and georadar system (i.e., ProEx georadar and 200 MHz
antennae), as per the WARR surveys. This system was chosen because it allows us to
separate and rotate the Tx and Rx antennae.

Figure 8 shows the results obtained for three different types of orientations. The
results recorded for other orientations were omitted because they delivered similar anomaly
distributions, i.e., orientations A1 and A2 (Figure 7), B1 and B2, and C1–C3 and C2–C4
delivered similar results.

The standard (i.e., co-pole) orientation (Figure 8A) only permitted the recording of
anomalies in the near-surface zone, similar to the surveys carried out with the use of the
VIY georadar system (Figure 6B). Therefore, the conclusion may be drawn that the lack of
anomalies in the greater depths was not caused by the application of a specific georadar
system (i.e., ProEx or VIY) and antennae (i.e., 200 MHz or 125 MHz), but it was an effect of
the attenuation of the examined medium and application of a standard orientation antennae
(i.e., co-pole) for GPR surveys.

The cross-pole orientations (Figure 8B,C) allowed for the recording of additional high-
amplitudes anomalies over leakages no. I and II, and they were caused by the presence
of unconsolidated zones, in which the inner water paths were created during the flood
of 2010.

The end-fire orientation (Figure 8D) allowed for the detection of new anomalous
zones with higher amplitudes, especially between x = 25 m and x = 65 m, as well as from
x = 135 m to x = 145 m.

Finally, a novel way of GPR data visualization was proposed based on the special
gathering of information from all antennae orientations. Because the radargrams are, in fact,
on the matrices with the same horizontal and vertical dimensions (i.e., the same number
of traces, distance between traces, number of samples, and time-steps between samples),
we have combined in computer program all radargrams (i.e., all matrices) into one 3D
matrix, called X. In the next step, the program computed the average amplitude for every
sample xij in matrix X, on the basis of the amplitudes of the samples called: aij (from co-
pole radargram—Figure 8A), bij (from the cross-pole radargram—Figure 8B), cij (from the
cross-pole radargram—Figure 8C), and dij (from the end-fire radargram—Figure 8D). The
result of such operations, compared with information from the DPL soundings, is shown in
Figure 9. It is clear that combining information from different orientations of antennae into
one radargram delivers much better results and enables a more detailed interpretation.
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In Figure 9A, high-amplitudes anomalies, depicting seriously loose and weathered ma-
terial in the dike, are easily noticed at a depth of c.a. 2 m, i.e., to the altitude c.a. 189 m a.s.l.;
it should be stressed here that, in the strip between h = 191 m and h = 190.5 m a.s.l.,
interpretation is impossible, due to the recording of direct waves, i.e., DAW and DGW.
In the strip between altitudes 189 m and 187 m a.s.l., semi-compacted material (i.e., a
number of hits between 5–20) occurs in the body of dike, which correlates well with the
information from DPL sounding #6. At altitudes from h = 187 m and h = 185 m a.s.l., it is
difficult to properly interpret the radargram, due to the high attenuation of the examined
medium. Nevertheless, slightly higher amplitudes of reflections were recorded in region
where loose and semi-compacted material occurred, i.e., between x = 65 and x = 75 m, from
h = 186.5 to h = 185 m.



Remote Sens. 2022, 14, 538 12 of 24

In Figure 9B, much higher amplitudes were recorded, in comparison to Figure 9A.
Similarly, like in Figure 9A, in the strip between h = 191 and h = 190.5 m a.s.l., data
interpretation is impossible, due to the recording of direct waves. All anomalies can be
observed over leakage no. I and II, and these anomalies may be interpreted as a semi-
compacted mixture of sand and gravel, in which the inner water paths were created during
the flood of 2010. Seriously unconsolidated zones may be distinguished in subzones of the
examined dike, from h = 190.5 to altitudes of 186.5–187 m a.s.l. (number of hits below 5).
Taking into account that the average height of the examined dike is c.a. 4.5 m (Figure 2B),
the whole body of dike in this area is in a very poor technical condition, which may threaten
the stability of the dike during the next flood. The results of DPL soundings #5 and #6
confirm the above geophysical interpretation, i.e., to the depth of 4–4.5 m, mostly semi-
compacted material (i.e., a number of hits between 5–20) was noted in this part of the
examined dike.

3.2. ERT Surveys

The ERT survey was carried out along the profiles lines 1 to 3 (Figure 2). The total
length of each profile is equal 75 m. The survey covers a whole area, which is referred as
leakage zone no. 2, and only part of the area is referred to as leakage zone no. 1.

The ERT surveys were made with the basic electrode spacing ∆x = 2 m, where lengths
of current and potential dipoles a = 1, 2, 5, 9 ∆x, and separation factor n, which is ratio of the
distance between the current and potential dipole, is equal n = 1, 2, 3, 4, 5. The foregoing pa-
rameters resulted in a proper depth and resolution for the necessary investigations [45–47].
The dipole-dipole array was used to obtain the best horizontal resolution [47,48]. The ERT
survey was carried out using an Ares II resistivity meter (made by GfInstruments.

The field data was inverted using Res2dinv software [47–49]. A robust inversion [48–51]
was applied to the field data. The inversion results are shown in leakage zone no. I–II, and
the CCR cross-section (which is discussed in Section 3.3) was also superimposed.

In the resistivity cross-sections, two relatively low anomalies (“L1” and “L2”) and one
high resistivity anomaly “H” were distinguished.

In Figure 10A, the resistivity anomaly “L1” was observed throughout the whole length
of the survey line. Between positions x= 0–25 m of the profile line, the anomaly thickness
increased approximately two times. The “L1” anomaly is characterised by a resistivity
value of around 250 Ωm. Based on the available geological information (Figure 2B), the
aforementioned anomaly consists of sand and gravel—layer no. I. The relatively low
resistivity value, versus theoretical values [52], suggests that the previously mentioned
sediments are partly mixed with clay.

The low resistivity anomaly “L2” can be observed from 8 m below the ground surface
level to the interpreted model boundary. The anomaly is characterized by a resistivity
of about 25 Ωm, which clearly indicates the water table presence. Between the “L1” and
“L2” anomalies, the high resistivity anomaly “B”, with a maximum resistivity value of
about 2500 Ωm, was identified. It is worth noting that the general geological cross-section
suggests the presence of clays (II a–c) for this depth range. However, the obtained resistivity
value is two orders of magnitude too large for this particular lithology [52,53]. The issue
explains the data obtained from the holes no. 4 and 5, which shows the sands and gravels
present. The relatively high resistivity value of the sand layer suggests that the layer is dry.

In the Figure 10D (waterside), the sand layer from 10–35 m of the survey line is also
similar to the landside case. Some changes appear from 35–75 m of the line, where the
thickness is increasing. The water table, similar to the previous case, is about 8 m below the
ground surface. Bigger differences are visible for the shallowest layer. Its thickness is about
2 times larger than that of the landside case. This can be explained as a result of the Vistula
river sediments, which, over time, gradually increased the thickness. Consequently, it
caused sands to be mixed with the low resistivity sediments - lay, which was to be expected
in this area.
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The ERT results, obtained from the flood embankment crown, show the presence of
sands from 50–75 m of the survey line. The bottom boundary of the aforementioned sedi-
ment is correlated with the boundary between the ground and the bank body. The further
part of the dike crown is dominated by sand and gravel mixed with clay (Figure 10B),
with one exception, between distance x = 22–40, where, again, sand and gravel are no-
ticeable. Below the dike crown, the sediments continue and are visible for the distances
x = 8–30 and x = 37–50 m of the profile line.

Additionally, the water table resistivity value is higher than that of the profile P1 and P3,
which is connected with the limitation of the inversion technique, where, with increasing
depth, the inverted resistivity value is more misfit with the actual resistivity value.

In the matter of selecting the risk zones, it can be said the leakage zones appeared
in the dike crown in the places where the dry sands and gravel are present. In addition,
the laboratory test results should be taken in account, which prove the sediments are
characterised by the extremely high value of water permeability. Thereupon, during the
flood stage, where the water table level is increasing, the dry layer of sand and gravel is an
excellent medium for water to flow under the dike body. This is possible, assuming that the
sand and gravel layer is not present with the layer of sands mixed with clay. An addition
of clay prevents further water flow.

In the present case, the biggest problem is that the very same, extremely high perme-
ability sand and gravel sediments constitute building material in some fragments of the
dike body. During the flood stage, water flows into the body dike, and the leaks zones
appear. It is highly probable that this scenario will be repeated in the future. To sum up,
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the ERT methods, with additional geological and laboratory data, afford an explanation
of the mechanism of leakage formation. To avoid the leakage risk, further measurements
should be carried out, which allows for the detection of the other risk zones. Finally, the
dike crown should be rebuilt.

3.3. CCR Surveys

The capacitively-coupled resistivity method (also called the CCR method) is one of
the fast-growing geophysical research techniques in the field of near-surface investiga-
tions [5,35,36].

The method allows us to determine the apparent resistivity of the ground by using
cumbersome galvanic electrodes, which are pulled along the ground by a small vehicle or
single person. The methods provide 2D or 3D field data for a few of depth levels [36,37].
The field data can be visualized as quality data (curves and pseudo-sections) or exported,
and the inversion process can be applied.

The advantages of this method include the possibility to collect data quickly, in an
almost continuous way. Secondly, (contrary to ERT) there is no requirement to put metal
sticks into or on the ground. Finally, a high horizontal resolution results. One weakness of
this method is it is only possible to apply the dipole-dipole array; therefore, collected data
might experience inference [35,37].

In the studied area, the CCR method was applied using an OhmMapper TR1
capacitively-coupled resistivity meter [54]—www.geomatrix.co.uk, access date: 1 January
2022. The survey was carried out on the top of dike along P2 line (Figure 2A).

The CCR measurements were carried out in the continuous mode, where intervals were
marked every 2 m. The OhmMapper geometry was set up using three receivers (Rx1–Rx3)
and a standard single transmitter Tx. The applied settings are shown in Figure 11.
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The detailed geometry of OhmMapper array was shown below, in Table 1.

Table 1. Geometry of the OhmMapper applied during the measurements.

Measuring Series Rx3 [m] Rx2 [m] Rx1 [m] S [m] Tx [m] Receivers Number

1 - - 5 5 5 1
2 - - 5 10 5 1
3 - - 5 15 5 1
4 - - 10 10 10 1
5 - - 10 15 10 1
6 - 7.5 5 5 5 2
7 - 7.5 5 10 5 2
8 - 7.5 5 15 5 2
9 10 7.5 5 5 5 3

10 10 7.5 5 10 5 3

www.geomatrix.co.uk
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In the next stage, the obtained field data was analysed using OhmImager software
version 1.1 (data analysis applet). In the software, the following steps were applied. Firstly,
the data was examined. Then, the accuracy of the geometry was checked and, in some
cases, adjusted. Secondly, the erroneous data was removed, in two ways, by deleting the
individual pieces of data, as well as the use of a median filter. In that way, the prepared
data was averaged in a horizontal direction because much of the data density occurred in
this direction [54]. This process is called ‘gridding’, and it in this case that 5 m cell sizes
were used, allowing for too dense meshes in the interpolation process to be avoided.

The processed data was inverted using the non-linear least squares method [55]. An
apparent resistivity pseudo-section was applied as an initial model. To be precise, in the soft-
ware, the 1D inversion process is realised, which means that the obtained data is treated as
sounding curves. The inversion results are presented as a quasi-2D resistivity cross-section.

In order to compare the ERT and CCR data in Figure 10C (Section 3.2.), the 2D ERT
and CCR resistivity cross-sections are shown.

In the CCR cross-section, the sand and gravel layers are visible. It is worth noting that
its boundaries are far more blurred. In addition, the resistivity value, in the case of the
high resistivity bodies, is a few times lower than of the ERT section. The low resistivity
bodies have approximately the same resistivity value, as can be found in the ERT section.
In addition, the sand and gravel layer, for distance x = 50–75 m and x = 22–30 m, are
“stretched” to the zero (ground) level, which is not observed in the ERT section. This can
probably be explained by the fact that the CCR data has a smaller data coverage in the
vertical direction than that of the ERT method. Additionally, the size of the CCR dipoles
is bigger than those used in the ERT method, which will influence the smaller resolution
in the shallowest parts of ground. Therefore, the obtained data is approximated to the
model limits.

To sum up, based on the CCR cross-section, there are no possible geological reasons as
to why leakage zone no. I is present. Moreover, geological interpretation of the CCR data is
restricted because of the wrong approximation of the resistivity values.

3.4. Seismic Surveys

Three seismic methods are useful for the study and inspection of dikes, they are:
multichannel analysis of surface waves (MASW), seismic refraction (and, especially, its
“automatic” version, known as seismic refraction tomography (SRT)), and high-resolution
seismic reflection (HRSR).

The SRT and the HRSR are able to provide data about the contact dike body/substratum
and mechanical impedances of dike structure. Reference [25] indicated the potential for
MASW on dike inspection in a site in Germany, but poor results were obtained by the
SRT. A complete review of MASW technique [56], used for dike inspection in the USA, is
exhibited in the recent work of Moody [57], who concluded that MASW provides general
information about dike structures, but its lateral resolution, which is capable of detecting lo-
cal dike defects, is rather limited. Royet et al. [40] recommended the MASW and refraction
techniques for dike inspection.

Generally, it seems that, for different countries, the guidelines established by evaluat-
ing several methods may differ; however, generally, the seismic methods are rarely used.
As far as we know, there are no reports or recommendations for the use of the HRSR for
dike inspection; meanwhile, this approach provides, theoretically, the best lateral resolution
and, hence, the most efficient way to detect dike defects (between the above three methods).

This section presents the results of the HRSR, carried out along the profile indicated
in Figure 12. As far as we know, this is the first use of the HRSR for such purposes in
Poland. Similar to the studies presented in previous sections, the goal of this survey is
to verify whether the HRSR approach is able to image the dike structure and locate the
leakage zones. According to the general geological structure of inspected dike, it could be
expected that the HRSR should detect two principal markers, shown in Figure 1. The first
marker, noted at point ‘A’, is the interface between layers I and II and occurs at a depth
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between 4–5 m (measured from the top of dike). The second marker, noted at point ‘B’,
is the water table, located at a depth around 10 m from the top of the dike. It should, in
principle, constitute an excellent seismic reflector, as its depth corresponds roughly to the
Vistula water level and, therefore, will mask the interface between layers III and IV.
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The difficulty of the HRSR method (in comparison with the “classic” deep seismic
methodology) lies in the fact that the signals reflected from shallow targets are generally
mixed with a background of coherent noise (CN), i.e., surface waves, ground roll, refrac-
tions, and air-coupled waves. Therefore, the principal way to discover the researched
shallow reflections is to find the so-called optimum offset window (OOW) [33], that is, the
offset interval where the reflection/CN ratio is most favourable, and to dispose of the data
that has a sufficiently high frequency, in order to distinguish the shallow reflections from
the background of CN [58].

It should be noted that the decrease of the depth of interest does not facilitate the
work to be done, as could be expected. That is why progress in HRSR is measured by the
decrease of the shallowest prospected depth [31,32,59]. In this context, the targeted depth
of marker ‘A’ is close to 3–4 m, which is quite small, and such a case is referred to as a very
high-resolution reflection seismic [60,61].

In terms of the pulse-echo imaging device, the seismic CDP gather is equivalent to
sounding with the synthetic aperture array of dimension D (close to OOW length), focused
(by using normal move out) at the subsurface point known as the CDP (common depth
point) at depth d. The set of traces, presented as a function of CDP position, gives the final
output image. The image’s lateral resolution is assumed to be equal to the Fresnel radius
(λad/2)0.5), where λa is the apparent processed acoustic wavelength, λa = Vrms/fd, Vrms is
the stacking velocity, fd is the dominant signal frequency, and d indicates the depth. The
depth resolution (∆r) within the first detected layer may be estimated to be l/4λa.

It should be noticed that, to achieve good depth and lateral resolutions, the use of
short wavelengths is required, i.e., high frequencies. Since ground absorption increases
with frequency, the highest exploitable frequency, fd, is always limited and mostly depends
on the source used. In the presented study, the optimal solution was to use the wide-



Remote Sens. 2022, 14, 538 17 of 24

banded explosive type Betsy [62–64], but the use of such a source was prohibited because
of its destructive nature. Finally, the sledgehammer (one blow, no stacking) was used as
the source.

Two HRSR profiles were carried out along the line indicated in Figure 1 using a
48-channel Geometrics Strata Visor NZXP seismograph manufactured in the USA, San Jose.
End-off geometry was applied (in order to get a better velocity estimation), and the closest
offset was kept constant (source and receivers were rolled by the receiver spacing), in order
to keep the OOW constant.

3.4.1. The 100 Hz Profile

The goal of the first profile referred as the “100 Hz profile” was to detect the I/II
interface (marker ‘A’), and its geometry was set, in order to obtain as high a resolution
as possible. Acquisition was carried out using 100 Hz geophones, which provided the
primary low-cut filtering of the seismic data [58]. The nearest offset, chosen with the
respect to depths of marker ‘A’, was set to 1 m. According to principles used for research of
anomalies [57], the geophone spacing was set to 0.5 m, yielding a CDP resolution of 0.25 m.
The profile was processed using Winses18 software, version 1.8 [65] and applying the HRSR
CDP processing flow, that is: input band pass filtering, first arrival and air-coupled wave
muting, FK filtering, scaling, optimum offset window (OOW) applied (offset windowing),
velocity analysis, NMO correction, CDP stacking, and post-stack band pass filtering. The
OOW for this profile fits the offset interval between 3–8 m for marker ‘A’ and 7–20 m
for marker ‘B’. The geometry and essential parameters of this profile are summarized
in Table 2.

Table 2. Geometry and basic resolutions of two HRS profiles.

Profile
Name

Geophones
Used Source Number of

Shots

Profile Limits
xmin/xmax

(m)

Minimum
Source Receive

Offset (m)

Geophone
Spacing (m)

CDP Spacing
(m)

Dominating
Frequency in

Stacked
Section

Dominating
Wavelength
in the First
Layer (m)

Depth
Resolution in

the First
Layer (m)

Lateral
Resolution at
m Depth of
Marker A

100 Hz 100 Hz Sledgehammer
5 kg 194 0/100 1 0.5 0.25 100 3 0.75 2.1

26 Hz 26 Hz Sledgehammer
5 kg 139 0/125 6 1 0.5 120

The obtained seismic section and its interpretation are shown in Figure 12a. It can
be seen that the profile displays the “natural” geological structure, indicated in Figure 1,
and reveals the expected markers ‘A’ and ‘B’. The depth of marker ‘A’ is close to 4 m and
correlates with the depths obtained by bore holing and GDR (Figures 8 and 9). The depth
of marker ‘B’, close to 9 m, is a little greater than the water table detected by bore holing
(Figure 1, 6–7 m)). The obtained interval velocities for layers I and II are shown in Table 3.
These velocities were independently checked by refraction and provide similar results. The
obtained values agree with the velocities occurring in dikes, as reported by Moody [51].

Table 3. Velocities in detected layers I and II, obtained from the HRSR 100 Hz profile and refraction
(one arbitrarily chosen shot of the profile beginning).

Obtained from HRSR x = 5 m Obtained from Refraction

Layer Material Depth (m) Interval P Velocity (m/s) Depth (m) Velocity (m/s)

I sand 4 282 3.0–3.5 280
II clay 6 520 8.2–9.0 550
III Saturated ground - - - 1500–1550

Notice that marker ‘A’ is not continuous. Three zones 16–3, 48–57, and 60–77 m are
characterised by a significant weakening and even disappearing of marker ‘A’. They are
indicated in the figure as the intervals ‘Loss of Reflection from A’ (LRA). The first and third
zones correlate reasonably well with the leakage zones; therefore, they might be interpreted
as the induced perturbations of the deteriorated part of the interface between the sand and
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clay. Remaining zones 0–16, 30–48, 57–60, and 77–95 m show marker ‘A’ correctly, and
this suggests that the dike is stable there. Furthermore, the deteriorated part of interface
between the sand and clay may be larger than the observed leakage limits; therefore, the
second zone, 48–57 m (which does not correlate with the leakage zones), may also indicate
the deteriorated part of this interface.

Independently three symptoms of shallow faults are observed, at positions, 7, and
92 m. It is difficult to explain their nature, but they may indicate the weaker points of the
dike, with the risk of leakage during an eventual future flood.

Concerning the reflection from the water table, the marker ‘B’ is strong and continuous
(as expected). No anomalies linked with leakage zones are observed, thus indicating that
dike destruction occurs mainly in layer I at the depth of marker ‘A’. The reflection from ‘B’ is
so strong that the multiple reflections between ‘B’ and the ground surface occur (indicated
in the Figure 12).

3.4.2. The 26 Hz Profile

The goal of the second profile was to provide an image of a deeper geological structure
exceeding the water table depth. Therefore, the signal frequency was lowered by using
26 Hz geophones. The acquisition parameters are summarized in Table 3. Processing
the lower bandwidth, 40–90 Hz, showed that the deeper structure is strongly masked by
multiple reflections between the water table and the surface. Therefore, the processing was
oriented towards the high-resolution imaging of marker ‘B’. The obtained image is shown
in Figure 12b. Since the 26 Hz geophones are more sensitive than the 100 Hz model, and the
seismograph gain was set to high, the archived dominating frequency in the stacked section
is even higher than that of the 100 Hz section (see Table 2), thus enabling further image
details of marker ‘B’. Indeed, marker ‘B’ displayed more small perturbations than was seen
in the Figure 12a) (due to the higher resolution); however, they cannot be interpreted as the
anomalies within the dike.

This work is significant in that it demonstrates that a single sledgehammer blow, along
with the use of 26 geophones, is sufficient to reach the water table. An even better resolution
Hz can be achieved when using 100 Hz geophones. This shows that, in the future, a setup
including a sledgehammer and streamer, composed of 26 Hz geophones with geometry
used for a 100 Hz profile Hz towed along the dike crown, can be more than adequate for
obtaining images of both markers ‘A’ and ‘B’. Note that the same acquisition setup can also
independently provide the seismic data for the MASW and SRT methods.

4. Global Interpretation
4.1. Geological Model of Inspect Dike

All of the applied geophysical techniques are characterized by a different depth
of investigation, vertical and horizontal resolution, and sensitivity for other physical
parameters. Hence, a comprehensive approach to the contextual interpretation should
permit more reliable geological models of the studied dike.

Based on the ERT survey, the deepest part of the studied area is the water table. The
layer top is about 6 to 8 m below the ground surface on the landside and directly beneath
the crown dike. The above interpretation is also confirmed by the seismic results, where the
mentioned border is interpreted as 9 m below the ground surface. The GPR depth of the
investigation is too low in this case, which is caused by the presence of the good conducted
medium. It is worth noting that the water label for the second profile line (dike crown)
is characterized by the resistivity value higher than other cases/profiles. The mentioned
fact is bonded with a specific geometry of the levee, which changes the electrical field
distribution, while the main assumption of the inversion process is the presence of the 2D
geometry of the studied medium.

Another geological layer consists of fluvio-glacial and fluvial sand and gravel, which
are clearly visible in the ERT. Based on the interpreted resistivity from the ERT method,
which is about 2500 Ωm, it can be assumed that the sands and gravels are poorly sorted [31].
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The mentioned sediments are characterized by an extremely high water permeability. The
top of the sand and gravel mixture is from 2 (the landside) to 5 m (the waterside) below the
ground level. In the case of the P2 profile, the sands and gravel are directly beneath the
dike crown. Moreover, the dike part, from 27–40 and 50–75, was built up with this kind
of material, which explains why the leakage zones occurred. In addition, the GPR results
suggest that the dike crown from 30–80 m is built from unconsolidated and weathered
material. In the ERT method, this change in the dike structure is difficult to identify.

Outside the crown dike, the sand and gravel are covered by clays, partly mixed with
sands/gravel, which can be attributed to the raised resistivity value. On the landside, the
average thickness of the layer is about 2 m. The layer is unconsolidated and weathered,
which aligns with the GPR results. On the other side of the dike, the thickness is about two
times bigger, which is the effect of accumulative action of the river. This fact is confirmed
by a reduction of amplitudes in the echograms.

In the matter of the geological and geophysical data correlation, in the geological
boreholes visible, is a relatively thin layer of clay. None of the applied methods were able
to detect this layer because there was not enough vertical resolution.

4.2. Zones of Leakage Risk (Hazard Zones)

A summary of the results, concerning the research of the hazard zones, is presented
in Table 4. The hazard zones, detected by GDR as the abnormal increase from marker ‘A’,
occur between 22–40 and from 50–75 m of the profile length. At the same time, the hazard
zones, detected by HRSR as the decrease or total loss of reflection from marker ‘A’, occur at
intervals 16–30, 48–57, and 60–77 m.

Table 4. Summary of used methods and of the detected hazard zones.

Method Reference Figure Interpreted Symptoms Examined Dike Zone
x(m)

Detected Hazard Zones
x(m)

GPR 200 MHz
Polarization co-pole Figure 6 Method does not provide any

information about hazard zones 0–200 -

GPR 200 MHz
Mixed polarisation Figure 8b,c Figure 9 Abnormal stronger reflection level

from reflector ‘A’ 0–150 25–65
135–145

ERT Figure 10b High resistivity anomalies—sands with
the extremely high-water permeability 0–75 22–40,

50–75

CCR Figure 13 Method does not provide any
information about hazard zones 0–75 -

HRS 100 Hz Figure 12a Unusual decrease or total loss of
reflection from marker ‘A’ 5–98

16–30
48–57
60–77

Notice that GDR detects the anomalies of marker ‘A’ as the zone of increased reflections
from ‘A’; meanwhile, HRSR inversely shows the unusual total loss of reflection from marker
‘A’. This could be explained by the fact that the em “sees” the higher ground resistivity,
corresponding to dried canals created by water during the leakage. At the same time,
the seismic wave seems to be distorted by the irregularities of interface ‘A’, caused by its
damage. Instead of being reflected, the wave is diffused, CDP signals gathered are badly
correlated, and final stacked signal weakens or disappears. Similar effects are observed
during the detection of underground voids.

In turn, initial dike recognition using the ERT method allowed for the interpretation
of the high resistivity (dry) sand and gravel as risk zones. The mentioned sediments are
directly below the bottom of the dike and partly consists of its building material.

The sediments are characterized by an extremely high value of permeability. There-
upon, during flooding, water can easily travel to the body of the dike and flow outside the
dike construction (landside).
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Figure 13. Symbolic illustration of detected hazard zones, detected by GPR, ERT, and HRSR, in
profile intervals between 0 and 100 m. The “sum” and “product” denote, respectively, the scales
fusion of three used methods by using the fussy logic: the logic “or” and logic “and”, respectively.

The other methods (GPR co-pole and CCR) do not provide conclusive proof of any
hazard presence.

The detected hazard zones, by the GPR, ERT, and HRS, are also symbolically illustrated
in Figure 13, which enables a visual comparison of the location of detected anomalies within
leakages I and II.

In order to combine the GPR, ERT, and HRSR results, a simplified fusion of the
obtained results, using the scaled logic sum and scaled product of the hazard d areas
(coded in binary scale as 1 or 0), was performed using the simplified fuzzy logic technique
(used in multi-approach surveys) [66]. The sum (logic or) correlates positively with the
leakage area. It should be noted that the leakage limits do not necessarily correspond with
the zone of the destruction of the sand/clay interface, and this may be a larger risk. Visually,
the HRSR and ERT results provide the best correlation with the leakage zones. At the same
time, the logic product (logic and) can be interpreted as the most probable hazard zones.

5. Conclusions

The geological model of the inspected dike was realised by constructing geophysical
models, which were then correlated with the data about spotted leakages zones.

The geological interpretation of the geophysical cross-sections was supported with
data from the shallow geological boreholes and geotechnical probes. The common interpre-
tation enabled the detection of geophysical anomalies, which correlated with the leakages
spots. The applied methodology enabled the isolation of areas that could be dangerous
during the next floods.

The interpretation of the conducted geophysical, geotechnical, and laboratory mea-
surements suggest that there is a risk of leakage zones appearing or, equally, some parts
of the dike will be destroyed. From a geological point of view, the studied area is domi-
nated by the clays that create the Vistula riverbed. The shallowest layer is the water table
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sand/gravel. The presence of sand and gravel between the mentioned layers is problematic
because of their high-water permeability. Moreover, the sediments are located directly
beneath the dike crown and consist of its building material.

The ERT method allowed for the recognition of general geological settings, which
correlated with the leakage zones with the resistivity anomalies. The GPR method allowed
us to create a more detailed picture of the subsurface zone. The HRSR shows the expected
geological structure, i.e., layers I and II, and accurately map their depth. The CCR method
shows a more general picture, and the high resistivity anomalies are poorly mapped.

Concerning the detection of hazard zones, it is shown that the combined use of mixed
pole GPR, ERT, and HRSR methods may be useful for the detection of the anomalies on
the sand/clay interface, which seem to be related to old or future leakage zones. The GPR
method roughly indicates the zone of risk. The ERT method, supported by the petrophysics
lab test results, may explain why, in some places, leakage zones appear. The HRSR method
shows the locations of the anomalies, with a relatively high accuracy. Therefore, and
since the HRSR method is known to be cost effective, it is recommended for use along
the previously selected zones, identified using the GPR method, as a low cost and rapid
method. Furthermore, according to the conclusions in Section 3.4, it seems that the cost
effectiveness of the HRSR method can be improved by using a setup comprising of a
sledgehammer and towing a 26 Hz geophone streamer. The same setup can independently
provide the seismic data for the MASW method (not treated in this paper), largely used for
dike evaluation and the SRT method.

The proposed methodology was tested in the early chosen area, where the leakage
was spotted. For example, based on the resistivity distribution in the studied levee, it
can be said the leakage areas are the relatively high resistivity anomaly (sand and gravel)
against relatively low resistivity medium/sandy clay. Based on the interpreted resistivity
cross-section in the Figure 10, it is also a possible case where the levee body will be built
with the use of sandy material. That will cause there to be no condition of applying the
geophysical methods met, where contrast of the physical parameters is required. The
mentioned problem refers to all geophysical methods. It seems the main limitation of the
proposed methodology.

In general, the main difference between the performed study and literature is con-
nected with the CCR method. In the available literature, the CCR results are closer to the
ERT results and, in some cases, even practically identical. In our study, the mentioned re-
sults show a very generalized form of the ERT cross-section. The reason for this is probably
the spacing between the transmitter and receivers being too high, as well as there not being
enough data levels. Another reason may be connected with an applied inversion software.
In the literature, the most commonly applied software is Res2dinv [42]; in the case shown,
the OhmMapper manufactured software was used [54]. In the next step, the obtained CCR
data will be reinterpreted with the Res2Dinv software. In the case when this operation does
not get better quality inverted data, the CCR methodology will be changed.
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15. Cygal, A.; Stefaniuk, M.; Kret, E.; Klityński, W. Zastosowanie metody konduktometrycznej do typowania stref o zmiennych
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