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Abstract We have studied a slowly moving loess landslide along the River Danube in
South Hungary. In contrast with other efforts, we aimed to determine its fracture system.
Due to the homogeneous composition of the loess, it seems to be the only possibility to get
information about the landslide and its further evolution. Beside of the well-known
Electrical Resistivity Tomography (ERT) the so-called Pressure Probe (PreP) method was
applied to characterise the supposedly dense fracture system. This method was developed
to detect and characterise mechanically weak zones, which may not visible from the
surface, and may occur e.g. due to landslides. Fracture zones had been especially well
localised by the ERT, enabling the prediction of the positions of future rupture surfaces and
thus also the delineation of the endangered zones. PreP was able to give a very detailed
image about the surface projection of the fractures. Both methods proved to be good to
characterise the fracture system of such a landslide area. Geophysical predictions have
been verified also in reality: the mass movements occurred about 1Y years after the
measurements. Therefore, to provide early risk warnings and to avoid damage to con-
structions or endangering human life, the application of the ERT and PreP methods is
highly recommended.
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1 Introduction

A landslide is a down slope movement of soil or rock, which occurs due to local geological
and groundwater conditions, extreme weather events, earthquakes and other factors. It is
therefore important to map landslide endangered areas, diagnose their risk and monitor
them. A loess landslide is a typical type of landslide, which is widely distributed all over
the world. It occurs frequently over wide areas, and causes serious casualties and property
losses. A systematic summary and thorough analysis of the loess-bedrock landslide to
reduce disasters caused by loess landslides was done by Fan et al. (2012).

Geotechnical (Solberg et al. 2012), remote sensing (Tofani et al. 2013), geodetic (Ujvéri
et al. 2009; Banyai et al. 2014) and geophysical techniques (Jongmans and Garambois
2007) are used to investigate landslides. Landslide studies were conducted by geoelectrical
resistivity measurements, using one-dimensional sounding e.g. by Agnesi et al. (2005) to
determine the bedrock depth. Lapenna et al. (2005) performed two-dimensional ERT
studies to describe the geological boundary and/or determine the slip surface depth. Three-
dimensional slip surface geometry was investigated by Lebourg et al. (2005). Uhlemann
et al. (2015) carried out time-lapse ERT measurements to study landslides. Recent reviews
by Perrone et al. (2014) summarize possibilities of application of ERT to describe
landslides.

All aforementioned techniques aimed at delineate the horizontal and/or vertical
boundaries of the sliding volume, its internal characterisation and monitoring. We aimed to
complement these investigations with the characterisation of the fracture system of the
landslide. It was expected to allow an early prediction of future rupture surfaces and thus
delineate endangered areas. Knowledge of the fracture system of a landslide is also
important because the continuity and geometry, orientation and dip of the major fractures
are crucial parameters for assessing rock stability and landslide evolution.

Although geotechnical tools are perfect for mapping fractures, these tools provide only
single points information. They are expensive, and their utilisation is strongly limited by
field conditions, like topography, artificial constructions, slide danger and plants. The PreP
method presented here—which was first described by Szalai et al. (2014)—is a simplified
version of the geotechnical instruments. It avoids all the aforementioned deficiencies of the
geotechnical tools.

The resistivity method is also useful to detect fractures. Francese et al. (2009) could
detect fractures with a large (about 10 m) characteristic distance using electric resistivity
tomography. Even a dense fracture system can be successfully mapped by geoelectric null
arrays (Falco et al. 2013), but they provide information only from a given depth. Biévre
et al. (2012) characterised fissures within a fine-grained landslide, using ERT and seismic
techniques. Jones et al. (2014) mapped desiccation cracks on a flood embankment with 2D
and 3D ERT.

We think that fracture detection in landslide areas is a principal question, due to the fact
that fractures, which may cause significant mass movements, are going to be present long
time before the failure. If the fractures could be localised, the endangered areas could be
delineated in right time. In this paper, at first geological and geomorphological settings of
the study area will be presented, and then the ERT and PreP methods will be demonstrated.
Finally, the field results obtained by both methods will be presented with their in situ
verification.
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2 Geology of the area

The field study was carried out in Dunaszekcsd, Baranya County, Hungary. It is located on
the bank of river Danube between the Sarkoz and Mohdcs depressions. Our measurements
have been carried out on the top of a bluff which reaches its highest point (142 m a.s.l.) at
Var Hill (Figs. 1, 2). The basement formations at Dunaszekcsé are Triassic—Jurassic
limestones, which are located 200-250 m below the surface (Moyzes and Scheuer 1978).
The basement rocks are covered by clayey and sandy sediments (Fig. 1) which formed in
the Pannonian s.l. epoch (12.6 to ~2.6-2.4 Ma). The uppermost 70 m of the sediment
sequence are sandy and clayey loess layers with brown to red fossil soils accumulated
during the Pleistocene (Fig. 1).

Below Var Hill, the flood plain of the Danube is very narrow. The bluff consists of a
20-30 m high vertical loess wall above the 10-20 m high slopes that consist of reworked
loess from past landslides and fluvial mud, sand and gravel deposits of the river (Fig. 1).
The slopes were intensively undercut by the Danube during each flood event. The younger
loess series on top is less compact, the older loess below is much more compact (Moyzes
and Scheuer 1978). Field observations show tension cracks in the loess complex both
parallel and perpendicular to the channel of the Danube. The vertical cracks are visible also
on the roof of the Tordklyuk cave, a large natural cavity in the area (Kraft 2005).

The water level of the Danube fluctuates in a range of about 10 m that influences the
springs of ground and artesian water at the foot of the bank. It is inundated during higher
water stages but drains fast during lower ones (Fabian et al. 2006). A more detailed
geologic description of the study area is given in Ujvari et al. (2009).

It was observed in the field that the top of the fractures are only in 5-10 cm depth and
they are only hidden by grass and soil. Close to the surface most of them are about 3-5 cm
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Fig. 1 Geological cross-section of the high bank at Dunaszekcso (after Moyzes and Scheuer 1978). Vertical
exaggeration: x3. GWL ground water level (measured in a well in July 2008), HW highest water, LW lowest
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study site

hill edge

Fig. 2 Google map of the study site. ERT profiles P1, P2 and P3 (brown lines); PreP profiles (red lines P4,
PS5 and P1). P1 was measured by both methods. The main fracture visible at the time of the measurements
(thick dotted blue curve); new fractures developed after the measurements (continuous green curves); the
actual scarp (yellow curve); fracture positions (stars); fracture zones in the ERT section (yellow rectangle).
Supposed major fractures outside of the active area on the basis of the P1 and P2 PreP profiles (yellow dotted
line). (Color figure online)

wide and they seem to go down at least 1-2 m. In 2007, a rupture appeared parallel with
the riverbank provoking the presented investigations.

3 Former research in the area

Engineering geology (Pécsi and Scheuer 1979), geodesy (Banyai et al. 2014), geomor-
phology (Pécsi et al. 1979), hydro-geology (Galli 1952) and geophysics (see later) were
used to study recent movements of the Dunaszekcsd landslide providing mainly empirical
descriptions of the three-dimensional deformations.

Hegediis (2008) applied active and passive seismics, Zilahi-Sebess et al. (2009) seis-
mics and engineering geophysics in the Dunaszekcsd area. Bugya et al. (2011) surveyed
the relative elevation change of the surface in 2.5 x 5 m grid network in relation to a
marked base point using analogue theodolite and leveller with regular time interval during
a year. Their results showed significant cm scale vertical displacements. Most of the grid
points have a slow decreasing tendency, but close to the scarp they found a more signif-
icant displacement. Fiisi and Madarasi (2012) monitored the development of the main
fracture with geoelectrical anisotropy measurements and the motion of the whole area with
PSInSAR analysis and high precision leveling. Szanyi (2016) mapped velocity distribution
of the Var Hill using Rayleigh wave group to image intact and creviced areas and identify
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the most vulnerable sections. They found another low velocity region, beside the known
one, which might indicate a previously unknown loosened domain.

The studied landslide does not seem to develop over a sliding surface. Loess loses its
cohesion due to the leaching of its carbonates below the ground water level and under the
pressure of the mountain it produces extrusions in the river bed. This process has been
observed several times (ljjvéri et al. 2009). The lack of mass below the mountain due to the
extruded loess must lead to the mass movement. Regarding that this process takes place at
a very large depth in comparison with the length of the plateau of the hill, its geophysical
investigation is very complicated. Therefore our aim was to map the fracture network of
the landslide in order to delineate the endangered area and to describe the inner fracture
structure of the landslide.

The study site is close to the edge of the landslide (Fig. 2). Field observations show the
development of cracks, both parallel and perpendicular to the channel of the Danube. At
the time of the measurements, only one fracture was visible. Since many fractures have
been excavated, it is known that the top of the fractures were only in 5-10 cm depth and
they were only hidden by grass and soil. Most of the fractures were about 3-5 cm wide
close to the surface, and they seem to go down at least 1-2 m. The results of the ERT
measurements could have been influenced by the rainfall, just before the measurements had
been carried out. Disregarding from that however during the previous 3 weeks, there was
no rainfall at all, and all fractures, which were dug out, were dry.

4 Electric Resistivity Tomography (ERT) investigations

We carried out Electric Resistivity Tomography (ERT) measurements since the resistivity
method is able to characterise fractures. These measurements are discussed detailed in
Szalai et al. (2016). In this study the well-known Wenner—Schlumberger (W-S) array has
been used. An inversion procedure is required to handle the geoelectric data like the ones
by Gyulai et al. (2014) or Gyulai and Szabd (2014).

First we carried out numerical modelling because it is principal to see whether the ERT
is applicable for the given problem. The modelling parameters were determined taking into
account, that the study area is homogeneous loess in the investigated depth range; electrical
resistivity may only change due to either fracturing and/or changes of moisture content.
The mean electrical resistivity value of loess, which was taken as a background, is 150 Qm
(Caicedo et al. 2013). At shallow depth, the non-saturated loess is assumed to be only
interrupted by fractures. The distance of the minor fractures was assumed to be 0.5-1 m,
on basis of the characteristic fracture distance on the roof of the Toroklyuk cave. Dry
fractures are more resistive, water-filled fractures are less resistive than the fracture-free
loess. Both of these situations were modelled, as well as partially water-filled fractures. All
fractures, which have been dug out, were nearly vertical, close to the surface.

The electrodes were spaced at a distance of 0.5 m from each other for modelling 0.1 m
wide fractures. A 24-electrode system was used. We added voltage dependent noise to the
data following Zhou and Dahlin (2003). The average noise level was 1-2%. The damping
factor was set to 1. The default parameters of the EarthImager 2D software Version 2.1.7
(Advanced Geosciences 2006) were used in the modelling, but the robust inversion was
applied, because it is expected to produce a better image in case of sharp horizontal
resistivity changes.
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Figure 3a presents the model of a series of fractures. The resistivity of fractures 1-3 are
10,000 Qm, while those of fractures 4-6 are 20 Qm, representing air-filled and water-
saturated fractures, respectively. Fracture 7 is only partially water filled, hence electrically
conductive. All fractures can be recognised in the resistivity image (Fig. 3b), but their
effect depends strongly on their depth. Due to the fact, that close to the surface there are a
lot of pseudoanomalies, we looked for a depth, where the near-surface artefacts disappear,
while the anomalies due to the fractures are still well visible and separable. At the depth of
0.3 m all fractures could be detected and localised rather precisely (Fig. 3b). Figure 3c
displays the apparent resistivity pseudosection.

Although the artefacts are smaller than the anomalies, it is better to carry out mea-
surements, when all fractures are expected to be dry (free of water, that is electrically
resistive) or wet (that is electrically conductive). Carrying out field measurements, e.g.
after a longer dry period, resistive anomalies may be certainly interpreted like fractures,
while zones with lower resistivity values have to be artefacts. The presence of such
fractures is expected in the given field. The fractures proved to be well detectable, but they
could not be followed deeper than 1 m. It is however possible to map their surface pro-
jection, hence to fulfil the principal aims of the study.

5 Field study
5.1 The field measurement and field results

The measurements were acquired in November 2013, 3-5 days after a small amount
(35 mm) of rainfall, but 3 weeks after a larger amount of precipitation. A 72-electrode
Syscal Pro Standard & Switch system was used for the field measurements with 0.5 m
electrode spacing. Data were inverted using Earthlmager 2D Version 2.1.7 (Advanced
Geosciences 2006). In the resistivity inversion settings, the stop criteria were set with 3%
RMS error and 5% error reduction. The best RMS values were obtained taking 1 as
damping factor.

The locations of the three electrical profiles (labelled P1-P3) are presented in Fig. 2.
They are closely perpendicular to the slope, and expected to characterise the area ade-
quately. P2 is in the middle of the investigated area, which supposed to be the most
characteristic for the landslide. The already visible large fracture, the main fracture (MF)
can be found here. The largest part of P1 is in the area between the expected elongation of
the MF and the edge of the landslide, although the MF does not reach it. P3 is on the
western side of the elongation of the main fracture. Therefore, the expected order of the
fracturing of the areas is below P2, P1 and P3, respectively.

At first P2 field results are presented (Fig. 4b), because its interpretation is the easiest.
The green areas are assumed to describe dry loess. They are in the inhomogeneous layer at
a depth of 0.5-2.5 m (layer 2), with resistivity values about 150 Qm. They have been
regarded as background. The more conductive uppermost layer (layer 1, from the top down
to 0.5 m) with a resistivity of 70—100 Qm is supposed to be a little more humid loess, likely
due to the low amount of rain before the measurements. The conductive layer (below 50
Qm) in the bottom of the section (below 2.5 m, layer 3) has to be even more humid loess.

We focused on the non-continuous middle layer 2, to achieve our goal to describe
fractures, because the effect of the fractures are expected to be seen the best in this layer,
on basis of the numerical modelling. The green zones (about 150 Qm) are interrupted by
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yellow (about 200 Qm) and red (over 500 Qm) ones, which were interpreted as fractures or
fracture zones. Beside the known main fracture (MF, fracture zone 3) at 12—13 m there are
two zones in this “layer” on the ERT section whose resistivity values are significantly
greater than the background value: the 19.5-21.5 m (fracture zone 2) and 28.5-35 m
(fracture zone 1) zones.

Zone 1, the one, closest to the scarp, shows that the loess is very fragmented at the hill
edge. Fracture zone 3, whose anomaly value is the largest, belongs to the main fracture
(MF). Fracture zone 2 is in the middle, between zone 1 and zone 3. The consolidated area
between zone 1 and zone 3 is likely going to break here. Since fracture zone 1 is fully
fractured, its fragments may slide or fall down anytime.

Figure 4c presents the area below P1, which is assumed to be more consolidated; the
MF has not reached it yet. The resistivity values of all “layers” are close to the corre-
sponding ones in the P2 section, and the structure of the section is also very similar to that
of P2. Like the P2, the P1 results also highlighted three very characteristic fracture zones.
Fracture zone 1 is at the edge of the slide, zone 2 is in the middle of this zone and zone 3.
The high value of zone 3 lets us assume that the MF crosses P1 here, even if it is not seen
yet. In this profile fracture zones also seem to appear west of these zones. In the area below
P1 the structure is very different between zones 1 and 3, and between zones 4 and 5. In
zones 1-3 there are long fracture-free zones between the fracture zones. In zones 4-5 at the
same time, there are only very short fracture-free zones. Positioning of individual fractures
is only possible in case if their anomalies are sharp, but it was rare in the study area.

P3 (Fig. 4a) is westerly of the elongation of the MF. This site seems to be the less
hazardous among those that were investigated. There is no any indication on the surface of
the presence of any fractures. The resistivity section presents a rather homogeneous area.
Fractures are supposed to be throughout P3, but only the ones at 10.5, 17, 27 and 31 m
produced stronger anomalies. The 30-33 m fracture zone, at the end of the profile, was
assumed to be mechanically weaker.

The similarity between P1 and P2 sections is remarkable. Most likely both of them
contain the MF fracture zone and two zones easterly of it. The west side of the MF is not as
structured as the east one. The situation is the same for the whole length of P3, although it is
also hardly structured and it is containing zones, where the resistivity is a little higher than
elsewhere along the profile. We suppose that strong structuring (that is occurrence of zones,
which are characteristically different from other parts of the profile) develops due to the
break of the loess unit at certain locations (developing the fracture zones) and a relaxation in
others following it (producing the fracture-free zones). Therefore, we supposed that only the
well structured area east of the MF between P1 and P2 is actually endangered (Figs. 2, 4).

Fracture zone 3 in P1 supposed to contain the fracture, which is visible in P2. Fracture
zone 2, appearing on both P1 and P2 profiles, was assumed to detect a significant fracture
which may develop to a rupture surface. Fracture zones 1 of P1 and P2 also refer to the
existence of remarkable fractures. The relative stability of the area between fracture zones
1 and 2 lets us assume that the houses in this area may sink without serious damage. Due to
the lack of well-defined fracture zones the area covered by P3 is not considered to be
hazardous either. The smaller fractures westerly of the MF below P1 and P2 and all along
P3 may emerge in the first line because of the steep topography of the hill.

It was found from the field results that fractured and fracture-free areas are well dis-
tinguishable, while individual fractures could not have always been separated. Hence, the
fractures could not be followed in the lowest layer ERT results enabled to describe the
inner structure of the landslide area. The endangered area could be delineated and even the
position(s) of future rupture surfaces could be forecasted.
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5.2 Verification of the ERT field results

The ERT results have been verified by different methods. Numerical modelling verified the
field interpretation. The excavated fractures were dry, their tops were at a depth of about
5-10 cm; they are vertical near the surface and go deep down. These fractures were well
localised by the ERT. The best verification of our results has been given by the new mass
movements in 2015 since the measurements and data interpretation. The actual condition
of the study site can be seen in Figs. 2 and 5. The MF continued and now crosses P1 in
fracture zone 3, where it was expected on the basis of our study. A new large fracture
appeared in fracture zone 2 of P2 (the right fracture in the photo in Fig. 5), as expected. Its
continuation has not reached P1, but it seems to go in the direction of its fracture zone 2
(Figs. 2, 5). There is no visible fracture in fracture zone / neither in P1 nor in P2. These
zones are special, as they are located at the edge of the landslide. We think that due to the
strong fracturing of these zones these blocks may fall down anytime.

Figure 4 presents the correlation between the actual topography along P1 and P2 and
their resistivity images. There are also two fractures on P2 with vertical offsets of 0.4 m
and 0.2 m. These smaller fractures were not predicted by our measurements. Most likely,
they did not exist at the time of the measurements yet. They must have been produced by
the movement along the larger fractures.

P3 is still free of visible fractures as expected. A part of the hazardous area where there
are the houses, seemed to be fracture-free (Fig. 5), therefore it was expected that they will
not be severely damaged or destroyed. It is seen e.g. in the lower photo in Fig. 5, that there
is no fracture on the walls of the houses, which sank about 2 meters without serious
damage. All of our predictions have been verified by the mass movements in 2015, dis-
regarding only from the small features below P2. They are assumed to have developed
meantime due to the displacement along the predicted large fractures.

The following facts can be stated on basis of the ERT measurements: 1. The MF, which
was already visible in time of the measurements, will continue along fracture zone 3 in P1.
2. In fracture zone 2, a new rupture will open in P2. 3. The same was expected in fracture
zone 2 in P1. 4. Blocks at the edge of the landslide (fracture zone 1 on P1 and P2) could
separate anytime. 5. Only the area easterly of zone 3 is hazardous inside of the area
between P1 and P2. The west side area of this zone and the one below P3 is not endangered
yet. 6. The area inside the hazardous one (point 5) where there are houses may slip down in
one unit because it is fracture-free. Expectations 1, 2, 5 and 6 have been verified by the
mass movements 21 months after the measurements. Although expectation 3 has not yet
been verified, regarding the actual situation of the new large fracture which is going
through zone 2 on P2, it may be expected in the future. Expectation 4 has not been verified
yet, but regarding to earlier rupture surfaces it can easily take place. The smaller rupture
surfaces could not have been predicted since they might have occurred during the mass
movements along the larger surfaces.

6 Pressure-Probe (PreP) investigations
6.1 The PreP device and measurement
PreP is in effect a simplified penetrometer (Fig. 6b) whose principle is as follows: dropping

the probe from the same height, its penetration depth depends on the mechanical resistance
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Fig. 5 Verification of the ERT results (taken from Fig. 2) and PreP profiles P4 and P5. ERT profiles P1, P2
and P3 (brown lines); the MF visible at the time of the measurements (green dotted curve); the new fractures
which developed after the measurements (green curves); predicted continuation of the new fracture in the
future (point-dotted green curve); the actual scarp (thin brown curve); actual fracture positions (stars);
fracture zones, which have been interpreted from the ERT results (numbered violet rectangles). Area
assumed to be hazardous (red rectangle); probably not yet hazardous area (blue rectangle). Probably safe
area inside of the dangerous one (blue dotted line rectangle). Ground-plan of the buildings (filled
rectangles). The photo above presents the two largest fractures 21 months after the measurements. The red
line is about 15 m north of P2. The photo below demonstrates the fracture-free wall of the house in the
landslide site at the time of the verification. The background value lines of P4 and P5 which present also the
position of the profiles (blue continuous lines). Marker lines to support the localisation of the P4 anomalies
(red lines). —20 cm PreP level (blue dotted line). Positions of anomalies with PreP values less than —20 cm
(blue ellipses). Their characteristic distance (red double side arrows). (Color figure online)

of the soil (Fig. 6a). One lets it fall down from a height of 1 m which is convenient for
most people (Fig. 6b) and which was marked on the clothes of the crew members to hold it
throughout the measuring process. The depth scale on the rod shows the penetration depth.
The technical details of the probe can be found in Szalai et al. (2014). This method is easily
applicable and powerful, due to its low cost, relative rapidity, almost arbitrarily high
resolution power, easy use and simple interpretation of its results. The main limit of the
method is that it might not be applied in areas, where the mechanical properties of the soil
have been exposed to artificial changes.
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(a)

Fig. 6 The PreP measurement process: a scheme of the measurement; b measurement and data registration.
(Color figure online)

The PreP measures the mechanical resistivity of the soil at shallow depths. This method
proved to be well applicable in the study area, where most of the fractures reach close to
the surface, but they are not visible due to the vegetation cover and the soil, which eroded
into them, furthermore because of the roots of the flora. Crossing the roots of plants, the
probe is able to detect fractures due to their decreased mechanical resistance. The mea-
surements were carried out on profiles which were quasi perpendicular to the supposed
direction of the most interesting fractures which are supposed to be nearly parallel to the
edge of the hill. A sampling distance of 0.1 m was applied.

6.2 Field results and interpretation

Significant, wide fractures were interpreted in the PreP profiles where the values (i.e. the
penetration depth of the probe) were much larger than in the neighbouring points (Fig. 7).
The background values (where there are no fractures) were mostly in the range of
11-13 cm. The PreP profiles display the running average each of 3 consecutive values.

Only profiles P1 and P4 will be discussed here more detailed (Fig. 7). Several more
profiles are discussed in Szalai et al. (2014). Profiles P1 and P4 are partly or entirely
outside of the area which seemed to be endangered at the time of the measurements
(Fig. 2). P4 clearly demonstrates that the area, which is located on the stable, not-sliding,
passive side (0-49 m) of the MF is also fractured. The cracks in this zone have even
greater amplitudes than on the active side (49-72 m). These cracks were shown also in
Fig. 5 demonstrating that they are almost equally distributed. The fragmentation of the
loess unit appears to have been also started here. Regarding P1 and P4 results together
(Fig. 7) it can be stated that there are cracks also in the passive area. The area below P1
must be more consolidated, because the background PreP value is about 15 cm on profile
P4, it is only 11 cm on profile P1. The anomalies of P1 are at least as large, which may
nevertheless be an alert.

P1 ERT section at the bottom in Fig. 7 demonstrates the similarity of the ERT and PreP
results. ERT presents however the 21-24 m anomaly more clearly. This anomaly is in the
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Fig. 7 Profiles P1 and P4, extended into the passive area and P1 ERT section. The dotted lines project the
position of the anomalies to the horizontal axis. The continuous green lines connect fractures observed on
both profiles which were assumed to be the same. Purple thick lines present the positions of the newly
opened fractures. Ellipses PreP anomalies east from the MF. Dotted line ellipse less significant PreP
anomaly. Purple thin lines connect the corresponding PreP and ERT anomalies (the continuous lines the
more, the dotted lines the less significant ones). Green lines connect the corresponding PreP and ERT
anomalies in the passive area. (Color figure online)

18-28 m zone which is rather compact because it serves as a footpath. The PreP anomaly
supposed to be weak due to that. The other anomalies correlate well, but the PreP seems to
resolve better the anomalies. This example demonstrates the usefulness of the joint
application of the ERT and PreP methods to avoid problems among others due to the non-
sufficient resolution and the effect of human activity.

6.3 Verification of the PreP field results

PreP field results were verified in numerous ways. The most direct way was their expo-
sition: some cracks were shorter or longer exposed. All larger PreP anomalies were clearly
attached to fractures. Even fractures not wider than half of the sampling distance, that is
5 cm, were detected by the PreP method, showing its effectiveness and good resolution. Its
reason is that a small scale valley develops at the top of the fractures, as it is demonstrated
in Fig. 6a which is wider than the fracture itself.
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Figure 7 displays the newly developed fractures along P1 and P4. A significant new
fracture appeared at 57 m in P4 (the fracture is seen in Fig. 2 and on the right side of the
photo in Fig. 5), as it was forecasted by a large PreP anomaly. A smaller crack occurred at
65 m, where also an anomaly had been recorded. The PreP method suggested the presence
of a fracture also at 51 m. No fracture has appeared here yet. The anomalies at the end of
P4 (65-71 m) have to be linked to the weak zone at the edge of the landslide, which is well
seen also in the ERT profiles (Fig. 4b, c¢). This zone is well displayed also in P1 (Fig. 7). P1
does not present however any other anomalies easterly from the MF. Most likely human
activities (a frequently used pathway) made the PreP method not usable in this part of P1.
The anomaly of the MF appeared at the same time very clearly in this profile (at 16 m),
already when it had not got any surface indication yet.

7 Conclusions

A slowly moving loess landslide was investigated using the well-known ERT and the
newly-developed PreP methods. We focused the study on the fracture system of the
landslide to determine its mechanically weak zones. Although the investigation of such a
dense fracture system may be difficult, it was expected that this knowledge will enable us
to understand the process of mass movement and to forecast its future development.
Mapping of the furthest significant fracture (zone) from the actual sliding front was
expected to enable us to delineate the endangered area. ERT and PreP measurements have
been carried out to fulfil the aforementioned aim.

The ERT results demonstrated that fractured and fracture-free areas may be well dis-
tinguishable, while individual fractures could not have always been separated. Although
ERT could not follow the fractures in the lowest layer, ERT results enable to describe the
inner structure of a landslide area. The endangered area could be delineated and even the
position(s) of future rupture surfaces could be forecasted.

The PreP method explored and tracked even 2-3 cm wide cracks enabling the very
detailed investigation of the fracture system of our study area, thus the localisation of
future rupture surfaces and the delineation of the endangered areas. This method may be
particularly useful to study landslides consisting of homogeneous rocks whose investiga-
tion is fairly limited by other methods.

Both the ERT and PreP methods were able to predict future mass movements. It had
been forecasted in which direction the MF was going to continue. The location of the new
rupture surface, which had not got any indication at the time of the measurements, was also
predicted. We assumed that blocks at the edge of the landslide may separate anytime. A
safe area could have been delineated inside of the endangered one, which was expected to
slide down in one unit.

Almost all expectations have been verified by the mass movements 21 months after the
measurements. Only the blocks at the edge have not fallen yet. The new smaller rupture
surfaces could not have been predicted, most likely because they might have occurred
during the mass movements along the larger surfaces. Due to the not sufficient length of
the ERT profiles the area westerly of the MF was predicted not to be endangered yet. The
longer PreP profile suggests that there are already significant rupture surfaces also in this
still apparently safe area.

It was verified on the example of the Dunaszekcso landslide, that both the ERT and PreP
methods are able to delineate potential landslide hazardous areas and to map their fracture
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system, and this way give us an early risk warning to avoid damage to buildings or danger
to human lives.
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