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Abstract: Landslides and rock falls are among the many phenomena that have an impact on sustain-
able construction and infrastructure safety. The main causes of landslides are natural meteorological
and hydrological phenomena. In building design and construction, environmental monitoring by
identifying geotechnical hazards must be taken into account, as appropriate hazard assessment
contributes to ensuring future construction safety. The Carpathian region in southern Poland is
particularly predisposed to landslide formation. This may be favored by the nature of the shapes
associated with the high and steep slopes of the region’s valleys. Another reason for concern is the fly-
sch geological structure, which is characterized by alternating layers of water-permeable sandstones
and poorly permeable shales, clays, and marls. Furthermore, the presence of a quaternary weathering
cover makes the geological structure more susceptible to landslide processes and tectonic formations.
The paper presents the results of a study whose aim was to elaborate a detailed landslide hazard map
for a selected area in the Polish Carpathians, using statistical methods. The approach is based on the
Hellwig method, which seems particularly useful in the assessment of susceptibility and landslide
hazards on a local scale for a relatively small area. A two-stage study was conducted. The first stage
of the research involved the creation of a database associated with environmental parameters and
triggering factors, whereas the second stage consisted of the adoption of weights for seven thematic
sections and their special features on the basis of expert knowledge. The hazard map developed as
a result was compared to the mapping made using the weight-of-evidence method. The proposed
data normalization method allows the use and analysis of both qualitative and quantitative data
collected from various sources. The advantage of this method is the simple calculation procedure. A
large-scale (1:2000) map might be used to assess the landslide hazard for specific cadastral units. Such
a map becomes the basis for municipal spatial planning and may be able to influence investment
decisions. Detailed landslide hazard maps are crucial for more precise risk evaluation for specific
cadastral units. This, in turn, allows one to reduce serious economic and social losses, which might
be the future results of landslides.

Keywords: environmental monitoring; geospatial planning; landslide hazard maps; landslide sus-
ceptibility; hydrogeology; engineering activities; Hellwig’s method

1. Introduction

Over the past few decades, extreme natural phenomena, such as heavy or prolonged
precipitation and the associated increased landslide risk, have caused significant economic
and financial losses in the affected areas. Slope failure is one of the most frequent geological
hazards. Quantitative risk assessment for slope failure is a powerful tool for hazard
mitigation and has been widely applied around the world [1]. Several problems may arise
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in assessing risks in a large and a small area. One major problem is related to the efficiency
of the assessment of landslide risk.

The current situation should compel constant improvement of the principles and
research methods used in defining landslide areas, including monitoring landslides and
mapping landslide probability, or mapping landslide hazard.

Landslide susceptibility and hazard assessment has been critically examined in several
papers [2-5]. In the present article, both qualitative and quantitative approaches were
considered, and different aspects of susceptibility modeling and terrain zonation were
discussed. A thorough review of statistically based landslide susceptibility models was
conducted in [2]. Paper [3] focused on the applicability of various approaches at different
geographical scales, from site-specific engineering methods referring to single slopes or
landslides to geomorphological approaches best suited for regional analyses, with their
advantages and limitations highlighted. The authors of papers [2,3] also stressed the impor-
tance of hazard assessment for landslide risk analysis and specifically for the assessment
of acceptable risk levels. Paper [6] underscored the need for good-quality landslide and
geo-environmental information, the selection of appropriate terrain subdivisions, and the
different modeling approaches adopted for landslide susceptibility zonation, focusing on
discussion and classification of statistically based modeling approaches.

Papers [7-9] presented systematic reviews of landslide susceptibility assessment
approaches; the present article analyzed specific aspects of statistically based modeling
methods for hazard evaluation. Papers [2,10] applied geo-environmental information for
landslide susceptibility, hazard, and vulnerability assessments, focusing on the type and
relevance of the thematic and environmental information needed for each assessment
and the methods used to obtain the information. The availability of geo-environmental
information conditions the scale and the approach best suited for susceptibility, hazard,
and vulnerability analyses, which significantly influence landslide assessment [11].

Paper [12] provided a list of variables used in the literature to model rainfall-induced
landslides. It was found that the most sensitive variables are terrain slope and shape and
geology/lithology. They significantly change with the type of landslide and the type of
landslide startup. When selecting explanatory variables, investigators should use their
knowledge and understanding of landslide processes. Landslide movements triggered by
rainfall can be foreseen by modeling the relation between rainfall amount and landslide
occurrence [5].

To prevent future risk caused by mass movement, effective methods of detecting,
mapping, monitoring, and remediating landslides are needed. Ideally, an automatic or
semi-automatic detection method [2,6] should identify early warning signs of potentially
hazardous mass movement and/or rainfall, allowing for a better understanding of land-
slide behavior. Most of the existing techniques require intensive manual effort and are
typically based on field inspection, aerial photograph interpretation, and contour map
analysis. However, all these methods may be used to reduce the hazard and assess risk.
Risk assessment is necessary to map small landslides with a high confidence level. Many
sites are not easily accessible for field inspections. Dense land cover poses difficulties for
both on-site inspection and aerial photo interpretation. Historical contour maps do not
have the spatial resolution necessary to map small failures in dense land cover, whereas
conventional remote sensing methods cannot penetrate the vegetation. For these reasons,
traditional methods and techniques are still sufficiently effective for landslide detection.
These methods are still the most useful for field data collecting. This is necessary for
susceptibility and hazard mapping at a large scale (e.g., 1:2000, 1:5000) for small-area needs.

The problem of landslide hazard and risk assessment has not yet been discussed in the
scientific literature for the analyzed area (the Gwozdzianka village located in the northern
part of the Subcarpathian province). This paper refers to the Hellwig data normalization
method [13] based on a synthetic quality indicator. Methods of synthetic measures have
been successfully applied in identifying intensively developing countries and developing
technical infrastructure for rural areas. However, the authors of the present article have not
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encountered the application of this method in landslide hazard assessment on both local
and regional scales. The applicative character of this method and its advantages under the
Polish Carpathian conditions are a prerequisite for its wider use and correlation with the
results of other methods. The research performed so far has often been based on the method
proposed by Van Westen [14], the statistical weight-of-evidence method based on Bayesian
probability [15,16], or the index method. Therefore, the proposed methodology is different
from the approaches presented so far. The final landslide hazard map for the analyzed area
was developed using the data normalization method. The results obtained were verified
and compared with mapping elaborated according to the weight-of-evidence method.

Risk assessment starts with identifying major potential hazards that may lead to dif-
ferent failure scenarios. A hazard describes the volume and probability of the occurrence of
a landslide. Hazard identification requires an understanding of slope failure processes and
the relationship between these processes and the geomorphology, geology, hydrogeology;,
climate, and vegetation at the site in question. Then, on the basis of available data for past
slope failures, the change of probability for slope failure within a time period and space
becomes possible to estimate. The probability of slope failure includes both spatial and
temporal probabilities [17]. The former is related to static environmental factors such as
slope shape, geotechnical parameters of the ground, and depth, while the latter is related
indirectly to some static environmental factors such as slope and hydraulic conductivity
and directly to dynamic factors such as rain input and drainage. Paper [17] discussed the
difficulties related to the assessment of temporal and spatial probabilities. Determining
spatial and temporal probabilities is usually the most challenging task in risk assessment.
It is, however, a key step in risk analysis. Risk assessment in relation to planned and
existing buildings and the transportation infrastructure is a very important task due to
its potential social, economic, and financial consequences. In recent years, a significant
number of small- and medium-size landslides in the Polish Carpathians have brought huge
economic and social losses, which could have been reduced or avoided by having more
accurate information on potential hazards. A significant increase in landslide occurrence in
this area was recorded in spring and summer 2010 due to heavy rainfalls. While landslide
processes are taken into account when designing and implementing large engineering
investments, they are rarely considered when implementing smaller projects. This applies
to the development of not only private properties but also communal areas. In view of the
above, the research undertaken seems to be justified.

The methodology determining a landslide hazard with regard to the geo-environmental
specificity of the analyzed area is presented in this paper. The proposed approach has both
methodical and practical significance. It could be a supporting instrument for solving tasks
that aim to limit and/or prevent the effects of natural disasters. Detailed landslide hazard
maps are crucial for spatial planning in small areas of districts and communes. Hazard
assessment for specific cadastral units is the basis for more precise risk evaluation.

2. General Overview of the Landslide Problem in Poland
2.1. Geospatial Management

The main reason for the high financial losses occurring in the landslide areas of Poland
is that the locating of construction and transportation infrastructure on vulnerable or active
slopes is not well considered by investors. Financial expenditures for reconstructing and/or
repairing damaged facilities and roads remain significant. Losses caused by landslides
are counted in the millions. In the Lesser Poland province alone, financial repercussions
of landslides that occurred in the year 2010 amounted to approximately 50 million euros,
whereas the losses across the country in the period from May to June 2010 were estimated
at almost 3 billion euros (government data). In comparison, the average economic loss
per year in Europe is estimated at approximately 4.7 billion euros [18]. However, it
should be emphasized that in many cases, only the resulting damage, and not the cause
of mass movements, is removed. Incorrect stabilization of landslides is often the result of
insufficient geological recognition, based only on theoretical premises, and not confirmed by
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appropriate geotechnical research [19]. Financial and economic losses caused by landslides
may be estimated, while social and moral losses are nearly impossible to valuate. The only
effective solution to the landslide problem is to avoid building new developments on those
areas that are prone to active landslides and to limit those buildings predisposed to their
occurrence. Above all, it is imperative to establish appropriate monitoring and develop
landslide hazard maps. The System Guards Against Landslides (SOPO) project [20],
implemented in Poland in recent years, offers the chance to avoid major future problems
related to mass movements by introducing landslide data cards, containing descriptions
of individual landslides and regular observations and monitoring results, in particularly
threatened areas to limit private and public construction work in at-risk areas. The SOPO
project plans to limit the negative effects of mass movements throughout Poland [20].

The difficulty in forecasting landslides is closely related to rainfall, and it results from
irregularities in the occurrence of various weather phenomena. Catastrophic rains may
occur once every several years or every several hundred years. Their occurrence is, in
practice, unpredictable, and only its statistical probability can be determined.

The end of the 20th century and the beginning of the 21st century were marked by an
exceptional severity of catastrophic events in the Polish Carpathians. After a long hiatus in
the years 1980-1990, and with no high precipitation in the area occurring since July 1997,
there has been a radical change in the amount of precipitation and spatial distribution.
After the rainfall in July 1997, a great amount of water contributed to the launch of the
Carpathian slopes. New landslides evolved and old ones were renewed in the western
and central parts of the mountains, in areas with existing housing and communications
infrastructure, leading to infrastructure deterioration. The weather conditions in the winter
of 1999-2000 contributed to the renewal of many landslides, mainly in the area of the
Carpathian foothills (over 2500 reported cases) [19].

A specific cluster of extreme phenomena, which began with catastrophic precipitation
in the summer of 1996, was recorded. It marked the activation of an enormous number
of landslide processes in the Carpathians. The cluster lasted for several years, until 2010.
The end of the landslide process is hardly strictly determined, as a landslide is in a state
of unstable equilibrium once the stability of the slope is disturbed, even by a less efficient
driving force [21].

Landslides formed as a result of recent catastrophic precipitation and the associated
floods, together with the losses counted each year in hundreds of millions, caused mass
movements to be listed into the catalog of natural disasters and included in Polish law.
Therefore, it is necessary to develop effective methods that allow for the assessment of
at-hazard areas.

2.2. Climate and Hydrological Conditions of the Polish Carpathians

Each landslide occurrence contains basic information about the hillslope. Evidently,
the informative content of a single landslide occurrence is related to its characteristics.
From a qualitative point of view, it is possible to distinguish between two distinct cases.
The first case corresponds to a situation in which the rainfall that triggers a landslide
movement, while being very intense, is not significantly more intense than the rainfall
recorded in other rainy periods when no landslide movement occurred. In this case, it
can be said that the event has high informative content. The occurrence of an event of
this kind contains much information about the nature of a landslide. Evidently, this kind
of event causes a considerable reduction in the extension of the admissibility field, or a
limited extension if the event occurs for the first time. In such a case, the ranking technique
may be employed. The other case occurs when a landslide is triggered in correspondence
with rains significantly more intense than those recorded in other periods. In this case, the
phenomenon causes only a small reduction in the admissibility field, or a large extension if
the phenomenon occurs for the first time. An event of this kind could be characterized as
having low informative content.
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In the majority of cases, the main indicating factor for landslides and slope failures is
the soil moisture condition [22]. Slope failures and landslides occur during or immediately
after heavy or prolonged rainfall. When rainwater infiltrates a soil slope, the soil is initially
unsaturated. Subsequently, there is an increase in the groundwater table or a decrease
in negative pore water pressure (matric suction). This leads to an increase in pore water
pressure and a subsequent decrease in effective stresses, which reduces the soil’s shear
strength to sustain loads. When the shear strength mobilized along a critical slip surface is
no longer adequate to support the shear stress, the soil mass slips and the slope fails [23].

Rainfall-induced landslides are caused by changes in pore water pressure and addi-
tional seepage forces. Two distinct ways of failure have been defined for rainfall-induced
landslides. One way is when a significant buildup of positive pressure may be observed
in the toe of the slope or along the soil/bedrock interface. Movements along the sliding
surface lead to liquefaction along the surface, resulting in rapid displacement, long runout
distances, and, finally, complete liquefaction of the failed mass. The in situ stress path can
be a constant shear stress path. The other way is when the soil is unsaturated and slope
failure happens mainly due to rainfall infiltration and deterioration of the shear strength
when soil suction is decreased or dissipated.

Poland is located in a moderate climate zone [24] and is exposed to various ex-
treme phenomena of induced landslides, which represent a major hazard not only in
the Carpathian region but also in other parts of the country (e.g., the Sandomierz Up-
land) [19,20]. In southern Poland, there is a threat of landslides in all districts and com-
munes located within the Carpathians, and in the provinces of Silesia, Lesser Poland, and
Subcarpathians (Figure 1), where the state of the ground changes after rainfall. Rainwater
infiltration greatly contributes to soil slope instability in this region.

Lublin
L]

-

CZECH REPUBLIC

- Area affected by lanslide threat

SLOVAKIA

ies of p

Districts affected by flood threat

P d by landslide threat

Figure 1. Map of areas affected by landslide threat in the Polish Carpathians (authors’ elaboration based on [25]).

Preliminary statistics show that in the Polish Carpathian region, most catastrophic
landslide events are associated with rainfall. Landslide processes are generally triggered
after a certain delay in rainfall. This explains why they can occur in the weeks following
an occurrence of heavy and continuous precipitation. In the Carpathians, after a rainfall
exceeding 70-100 mm, shallow landslides generally become active, whereas after a rainfall
exceeding 400 mm, large and deep landslides can form [19]. Landslides are triggered there
by rapid saturation of soil, which, in turn, reduces cohesion, surface tension, and friction.
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The rains that occurred in the years 1980-1990 and 1997-2010 exacerbated landslide hazards,
resulting in an urgent need to establish early warning systems in the Carpathian region.

In the Carpathians, which occupy about 6% of the total surface area of Poland,
23,000 landslides have been identified and documented, which is about 95% of all registered
landslides in Poland. In the most susceptible regions of the mountains, about 40% of the
area is covered by landslides or other forms of mass movements. The Polish Carpathians
cover approximately 19,500 km?; therefore, it can be estimated that in this region of Poland,
there is, on average, one landslide for every square kilometer of the area and every 5 km of
road infrastructure network (Figure 2) [19,20].

Figure 2. Example of a road landslide in the Polish Carpathian region.

Heavy or volatile rains come from storm clouds (cumulonimbus); they usually last
several dozen minutes to a few hours and are characterized by high intensity and a varied
local range, covering an area of several square kilometers to several hundred square kilome-
ters. They occur in the Polish Carpathians during summer, from May to September, most
frequently in July [24]. Rain phenomena that last longer (up to several days) usually consist
of several periods of precipitation occurring immediately one after the other, separated by
periods without precipitation. As for the design of the slopes and the occurrence of land-
slide phenomena, the most important factor is the long-term (widespread) rainfall affecting
the state of the soil [21]. This type of rainfall causes the largest water infiltration into the
subsoil. Therefore, it is necessary to limit the detrimental effects of such unpredictable
precipitation by both determining its probability and performing risk quantification. There
have been numerous attempts to identify rainfall amounts responsible for triggering land-
slides, and much literature is available, e.g., [26,27]. In some landslide areas, early warning
systems based on rainfall amount measurement are currently in use.

To increase the reliability of the road infrastructure and construction objects designed
on slopes according to EN 1990 [28] and ISO 2394 [29], it has become crucial to refine the
principles of dimensioning based on continuous precipitation measurements over several
decades [30]. There is a need to capture the possible trend of climate change, especially
in recent decades, and to develop methods for estimating both the hazard and the risk,
while taking into account the economic consequences. The efficiency and credibility of each
calculation method, as evidenced by the principles of reliability, determine the fulfillment
of requirements for safe and durable use in the designed life span [30].

2.3. Subsoil Conditions and Geotechnical Parameters

The Polish Carpathians are predisposed to landslide formation due to the nature
of the region’s topography (high and steeply inclined valley slopes); flysch geological
structure (alternating layers of water-permeable sandstones and poorly permeable shales,
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claystones, and marls); the presence of thicker, clayey weathering covers; and tectonic
construction (rock placement, cracks, faults) [31]. The Outer Flysch Carpathians occupy
94% of the total surface area of the Polish Carpathians. Quaternary weathering covers are
often made of silty soils (silts and silty clays). These deposits can be extremely solid when
dry but significantly lose cohesion when partially or fully saturated. In the state of stiff
consistency (soil consistency index Ic > 0.75), they constitute a load-bearing and stable
subsoil. However, silty soils are characterized by high susceptibility to the influence of
water, both surficial runoff (Figure 3) and groundwater.

Figure 3. Rills and gullies caused by surficial runoff in silty soil as seen on-site.

Sensitivity to water content changes is directly related to a decrease in the strength
parameters of the subsoil—the angle of internal friction and cohesion. In the state of
soft consistency, the values of these parameters can decrease to zero. This is one of the
primary causes of landslide hazards in the area analyzed here. Silts in this region have soft
consistency at water content wy, = 24% and liquefy if that percentage increases (wp, > 27%),
as shown in Figure 4.

(@ (b) ()

Figure 4. Liquefaction of a silty soil sample taken from the investigation site under the influence
of moisture (sugar cube effect). (a) Dry soil sample, (b) soil sample after moistening, and (c) cross
section of collapsed soil sample.

Seasonal changes in the natural water content have a particularly strong impact on
the value of the cohesion parameter. It is mainly forces of cohesion that determine slope
stability. For example, observations from one of the investigation sites prove that a natural
water content change of the silty layer in the range of wy,, = 18-23% results in a twofold
decrease in the internal friction angle from 24° to 12° and an over fourfold decrease in
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cohesion from 25 to 6 kPa. In turn, due to their higher plasticity, clays are less sensitive to
changes in the moisture content.

It is necessary to predict the values of mechanical parameters depending on the
potential changes in the water content and to estimate their impact on slope stability and
the size of settlements [32,33]. This process requires appropriate computational analyses
in order to characterize changes in the strength properties of the subsoil, the piezometric
level of groundwater (generating additional downstream pressure), and the infiltration
of rainwater and flood waters. These analyses require advanced computational tools
using methods of artificial intelligence, discrete methods (finite element method, FEM),
and probabilistic methods [16,17,34]. Analyzing moisture transfer in soils is a highly
complicated process.

3. Materials and Methods
3.1. Characteristics of the Case Study Area

The case study sought to develop a landslide hazard map for the area of the Gwozdzianka
village. The village spans the commune of Niebylec, in the southern part of the Sub-
carpathian province. Gwozdzianka is geologically located in the Skole Nappe, the northern
zone of the Outer Carpathians, called the Flysch Carpathians. The village is located
280445 m above sea level and covers an area of 3.48 km?. In the area under consideration
(Figure 5), there is one old landslide of 0.5 km?, reactivated in the central part of the area,
under the main slope. The landslide developed at the bottom of the slope and covered
residential and commercial buildings, as well as infrastructure and transmission lines (gas
pipelines). The active zone was located in the middle part of the slope, whereas periodic
activity was recorded in the western and eastern parts. The colluvial material is composed
of silty clays (siCl), clays (Cl), and clayey gravels (cIGr). Thin-walled sandstones and shales
are present in the substrate. Within the landslide, a surface water reservoir was observed,
with a stream just below. The inclination of the slope is equal to 16°, while the inclination
of the colluvium surface is equal to 13°, both values being significant. Due to these factors,
under conditions of increased rainfall and/or infiltration of water from melting ice, there
is a very high probability for further landslide movements, which is confirmed by the
Hellwig analysis and the developed landslide hazard map.
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Figure 5. Sketch of a landslide map according to [35,36].
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There were several reasons for the formation of the landslide in Gwozdzianka; the
direct cause turned out to be torrential rainfall. The association of the formation or acti-
vation of landslides in the Carpathians with the height and intensity of precipitation is
indisputable and has already been described many times [21]. It is repeatedly emphasized
that the emergence of new or the renewal of older landslides takes place when precipitation,
usually in a short time (1-3 days), exceeds the threshold (critical) values. These values
are usually presented as a certain percentage of the amount of annual precipitation in
the analyzed period preceding the formation of a landslide or as the absolute value of
precipitation in this period, expressed in millimeters. These critical precipitation values
are characteristic for a given region, characterized by a specific ground state (with its
lithology, weathering, morphology, and slope angle) [21,37,38]. With such a background,
the landslide in Gwozdzianka does not significantly differ from those previously described
when considering its parameters and local precipitation (Figure 6).

Winter (XII-I1) | |

Spring (IlI-V) | | | .
Summer (VI-VIII) | | | -

Autumn (IX-XI) | | | !
[ 1 !

0% 20% 40% 60% 80% 100%
Agerage total sum 0O Without rainfall 0[0.1;10) o[10;20)
of rainfall (mm) @[20;40) m[40;60) m[60;80)
m[80;100) m[100;120) =120

Figure 6. Average total rainfall for the Gwozdzianka village in the years 1987-2017 (authors’ elabora-
tion based on [24]).

When analyzing hydrometeorological conditions for the development of several
Carpathian landslides caused by heavy rains, some authors confirm that the number of
landslides increases when the total precipitation over roughly 2040 days preceding the
formation of a landslide exceeds 200-250 mm. The Gwozdzianka landslide evolved when
the total rainfall over 30 days preceding mass movements was equal to 238 mm [24].
The authors [21,37] claim that the amount of critical rainfall for the Carpathian region,
approximately 100 mm, is usually reported within a few days before landslide activation.
The landslide in Gwozdzianka was activated in 2010 after a rainfall of 123 mm over three
days preceding landslide movements, with an average precipitation intensity of around
41 mm/day [24].

The amount of precipitation has a significant influence on mass movement dynamics.
The fluctuation of groundwater is conditioned by the intensity of precipitation and signifi-
cantly affects the nature and speed of movement of various landslide components. These
are different in specific parts of the landslide, depending on the nature of water absorption
by the colluvium. The degree of hydration and the volume of the colluvium as well as
the degree of sealing of the substrate determine the distribution of surface and subsurface
rainwater runoff [21], which leads to the differentiation of the movement dynamics of
individual landslide parts.

According to the PANDa model recommended by the Polish Atlas of Rainfall In-
tensities [39] for the investigation area, dependable rainfall intensities I for time dura-
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a1l value [mm]

Rainfa

tion t = 4320 min calculated for selected probabilities p (along with the confidence inter-
val) amount to I = 3.2276 dm®/s-ha for probability p = 20%, with confidence interval
I = (2.9550-3.4975) dm3/s-ha, and I = 3.8435 dm3/s-ha for probability p = 10%, with confi-
dence interval I = (3.4512-4.1969) dm?/s-ha (Figure 7).

400
200
100
=
o
5 10
2
1
© 9 o P o o © o o
v “ @ ,\,0 ‘00 Q)O ’1,00 b,‘.;]/
t [min]
p — probability: — p=20% —— p=10%

Figure 7. PANDa model of rainfall intensity I for different time durations ¢ for the village of Gwozdzianka.

In contrast, according to the Euler type II distribution, for the village of Gwozdzianka,
model rainfall for a rainfall duration of 435 min amounts to 9.3 mm for probability p = 20%
and 10.8 mm for probability p = 10% (Figure 8).
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Figure 8. Euler type II model rainfall distribution for the village of Gwozdzianka.

An enlargement of the form of the landslide in Gwozdzianka is particularly favored
by lithological and geotechnical conditions related to the presence of silty clays and clayey
gravels, which are especially susceptible to mass movements. The structure of the Skole
tectonic unit is very diverse, and the quaternary weathering cover of considerable thickness
is very sensitive to landslide processes. As a result of changing weather conditions, the
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strength parameters of the subsoil may deteriorate rapidly, e.g., during periods of heavy
rainfall. Determining these parameters therefore requires consideration of changes in the
natural water content in relation to extreme climatic conditions (periods of drought and
floods). Figure 9 illustrates the influence of the moisture content on the strength parameters.
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Figure 9. Internal friction angle (®) and cohesion (c) versus moisture content for tested silt samples collected from a depth

of 0.5 to 5.5 m at the investigation site, presented on the background of other types of soils (own elaboration based on [31]).

The anthropogenic element is also an important factor in the initiation of mass move-
ments related to infrastructure and building development.

The predictability of a landslide movement depends on its informative content. The
occurrence of a landslide movement event in a cadastral unit increases the reliability of
mapping for a landslide hazard for future forecasting. These considerations, in the case
of landslides characterized by a unique event, allow for qualitative evaluation of the
reliability of the risk map. If the map was developed on the basis of cadastral units with
high informative content, it would be characterized by high reliability. If, on the other
hand, the map was developed on the basis of cadastral units with low informative content,
it would have low reliability. Finally, it is worth noting that increased the reliability of the
map might be derived not only from landslide displacement observations but also from
periods of intense rains without any landslide observations.

3.2. Methodology

Identification of landslide factors and hazards in the village of Gwozdzianka was
made using the data normalization method according to Hellwig [13].

Regardless of the adopted approach, the selection of the mapping unit is an important
prerequisite for landslide hazard modeling [40-42]. In searching the database, a common
mapping unit, the cadastral unit, was identified and adopted.

First, a database related to the susceptibility and hazard of landslides for each cadastral
unit of the analyzed area was created. The hazard analysis included seven thematic sections:
physiographic, tectonic, hydrological and hydrogeological, lithological, morphometrical,
geotechnical, and land cover. Subsequently, special features were defined for each thematic
section. Overall, 29 different special features for landslide hazard analysis and mapping
were used as input factors. A physiographic and tectonic database containing the slope
angle information and dislocations was developed using the Digital Elevation Model
(DEM) and the SOPO landslide cards [35,36]. Lithology and morphometrical data were
taken from the geological database and the SOPO map inventory. The main type of soil in
the region is clay formed in solifluction layers. Clays, which are superimposed on marl
debris, were also identified as landslide indicators. Slopes with angles from 11° to 26°
are composed of clay as well as silty colluvial material. These findings are in agreement
with previous geomorphological studies in the same area. Geotechnical parameters were
derived from Ground Investigation Reports (GIRs), Geotechnical Design Reports (GDRs),
the laboratory of the Rzeszow University of Technology, and in situ tests.
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The weights for assessing the value of features between sections for synthetic measures
of hazards were arbitrarily adopted based on the analysis of the data collected locally for the
Polish Flysch Carpathians and numerical simulations performed in FEM Plaxis software,
here used for landslide modeling. Regarding the influence of possible factors on clay
movement in this specific case study, the effects of rainfall infiltration and surface water
runoff are considered important [43—45]; therefore, the hydrological and hydrogeological
section and lithological section are determined to be two crucial factors. The weight value
for these sections is defined as 0.2. Intense rainfall is a major triggering factor of slope
failures in this area. Water infiltration into the soil in this area has a significant impact
on pore water pressure buildup, which affects surficial slope stability. In addition, on the
basis of references, it can be concluded that geological structures and soil properties can
also be important factors affecting the landslide mechanism. Hence, the weight values for
the tectonic, morphometrical, and geotechnical sections were taken as 0.18, 0.2, and 0.2,
respectively. Physiographic and land cover factors are widely known as main susceptibility
parameters [46-49]. The analyzed area is slightly hilly and poorly developed, which is why
the physiographic and land cover sections have the same lowest value of 0.01. Weights were
defined subjectively, and a very small land area was analyzed. For a different landslide
area, larger values would be defined.

4. Results

On the basis of expert and engineering knowledge, weights were adopted for each
thematic section and special features in each thematic section (Table 1). For each section
and its special features, the principle adopted was that the sum of weights }_ w; = 1.

Table 1. Adopted weights for thematic sections and special features in individual thematic sections.

k Thematic Section (C,) Weight (wy) j Special Feature in Thematic Section Weight (w;)
. . 1 Slope angle > 15 (°) 0.4
1 Physiographic 0.01 > Sloge anggle 9-15 (°) 0.6
. 1 Fault dislocations 0.6
2 Tectonic 0.18 2 Fold dislocations 04
1 Maximum depth of groundwater (m) 0.3
3 Hydrological 0.2 5 Average total sum of rainfall > 100 (mm) 0.5
and hydrogeological ’ 3 and rainfall intensity
Pore fissure water 0.2
1 Shales and sandstones 0.25
4 Lithological 0.2 2 Silty clays 0.5
3 Clays 0.25
5 Morphometrical 0.2 la Total surface (ha) 0.01
2a Slope angle (°) 0.25
3a Length (m) 0.01
4a Width (m) 0.01
5a Height max. (m asl) 0.1
6a Height min. (m asl) 0.03
ga) Geneljal 7a Part of a1g10ther landslide (ha) 0.01
(b) Main landslide scarp 1b Scarp height (m) 0.07
(c) Toe and colluvium phels ff‘ ’
2b Slope angle (°) 0.12
3b Minor scarps (pcs) 0.01
4b Initial fissures (pcs) 0.01
1c Average thickness (m) 0.3
2c Slip surface 0.07
1 Angle of internal friction (°) 0.3
6 Geotechnical 0.2 2 Cohesion (kPa) 0.3
3 Moisture content (%) 0.4
1 Intensive 0.4
7 Land cover 0.01 2 Medium 0.4
3 Poor 0.2
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Among the effective factors in the tectonic, hydrological and hydrogeological, litho-
logical, morphometrical, and geotechnical thematic sections, weights equal to 0.18, 0.2,
0.2, 0.2, and 0.2, respectively, were identified as crucial factors in the development of
landslides in the area of research, which together sum up to a total weight of 0.98 (i.e., 98%).
The role of other factors decreases according to their weight in a landslide hazard. The
significance and values of accepted weights for thematic sections and their special features
were verified using the analytical hierarchy process (AHP) developed by Saaty [50]. The
AHP is a well-known multi-attribute weighting method for supporting decision making,
widely used also in the field of civil engineering [51-54]. Pairwise comparisons are used in
this decision-making process to form a reciprocal matrix by transforming qualitative data
to crisp ratios. One of the strengths of the AHP is that it allows for inconsistent relation-
ships, while providing a consistency ratio (CR) as an indicator of the degree of consistency
or inconsistency. The final score (synthetic landslide hazard indicator) is calculated by
overlaying the layers (Figure 10) in a GIS environment and using relative weights. The
integration of the various causative factors and classes in a synthetic landslide hazard
indicator (Wj) is obtained by a procedure based on the weighted linear sum using the
simple additive weighting method.

Tables 2 and 3 show the comparison matrix between set factors and the standardized
matrix used to derive the weighted percentage value. In the AHP, the consistency used
to build a matrix is checked by a consistency index, which depends on the number of
parameters. The weights (C,,) obtained by the AHP for the seven analyzed thematic
sections, listed in the same order as in Table 1, were equal to 0.04, 0.18, 0.17, 0.17, 0.19, 0.22,
and 0.02, respectively, while the consistency index (Ic) was equal to = -0.28.

To build a landslide hazard map, after defining the weights for the individual sections
and the features contained in those sections, a synthetic landslide risk indicator was
computed by Equations (1)-(3) [13,55].

The weighted average of j-special features in the k-thematic section was calculated
using the following Equation (1):

S,.. 1
K= T Lok

(G=1234..,n) (1)
where cy; is the value of j-special features in the k-thematic section and wy; is the corre-
sponding j-weight for j-special features in the k-thematic section.

Normalization features to facilitate a comparison of values between the k-thematic
sections were performed according to Equation (2):

Conyp = (Skj/smax)k (2

where k is the number of the thematic section k = 1-7.
The value of the synthetic landslide hazard indicator (W) was calculated according to

the following Equation (3):
7

Wi = Z (Cznkwk) 3)
k=1
where wy is the corresponding k-weight in the k-thematic section.
The landslide index was classified into four groups: high, medium, low, and no hazard.
The result map is shown in Figure 11.
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Table 2. Pairwise comparison matrix of thematic sections.

Physiographic Tectonic Hydrological and Hydrogeological Lithological Morphometrical Geotechnical Land Cover
Physiographic 1.0000 0.1429 1.0000 0.1111 1.0000 0.2500 1.0000
Tectonic 7.0000 1.0000 9.0000 1.0000 4.0000 1.0000 0.1429
Hydrological and hydrogeological 9.0000 0.1111 1.0000 0.2500 1.0000 7.0000 1.0000
Lithological 6.0000 3.0000 4.0000 1.0000 0.1429 1.0000 3.0000
Morphometrical 3.0000 0.1111 9.0000 7.0000 1.0000 0.3333 1.0000
Geotechnical 4.0000 2.0000 4.0000 0.2000 3.0000 1.0000 9.0000
Land cover 0.1111 0.1429 0.1429 0.1429 0.1429 0.1111 1.0000

Table 3. Calculating the weights of thematic sections by the AHP method.

Physiographic Tectonic Hydrological and Hydrogeological Lithological = Morphometrical Geotechnical Land Cover Weight (wy)
Physiographic 0.033 0.022 0.036 0.011 0.097 0.023 0.062 0.04
Tectonic 0.232 0.154 0.320 0.103 0.389 0.094 0.009 0.19
Hydrological and hydrogeological 0.299 0.017 0.036 0.026 0.097 0.655 0.062 0.17
Lithological 0.199 0.461 0.142 0.103 0.014 0.094 0.186 0.17
Morphometrical 0.100 0.017 0.320 0.721 0.097 0.031 0.062 0.19
Geotechnical 0.133 0.307 0.142 0.021 0.292 0.094 0.558 0.22
Land cover 0.004 0.022 0.005 0.015 0.014 0.010 0.062 0.02
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Figure 11. Fragment of the landslide hazard map for the village of Gwozdzianka.

5. Discussion

The methodology seems to have widespread applicability beyond this local research
area, with the limitation that knowledge of the past landslide data input into the model
affects the value of the final risk.

According to the final landslide hazard maps for the village of Gwozdzianka (Figure 11),
approximately 74% (2.41 km?) of the cadastral unit area is located in hazard zones (from
high to small) and about 26% (1.07 km?) of the area is situated in the no-hazard zone.
Nearly 50% of the area at risk is located in the high- and medium-hazard zone, while some
roads, residential buildings, and forests are close to the high-hazard area.

The adopted calculation model was verified on the basis of multiple calculations, with
different weight values taken into account. The correctness of the indicator values obtained
and the hazard map developed were verified in comparison with the landslide area map
created as part of the SOPO program (Figure 5) and the mapping elaborated according
with the weight-of-evidence method [14,56] (Figure 12).

As a result, on the basis of the proposed methodology, one may obtain large-scale
maps of a landslide hazard (1:2000, 1:5000). Based on these maps, the hazard degree and
landslide consequences for life and property losses might be more precisely determined. As
a result, appropriate procedures might be developed in order to avoid or minimize financial
losses. Bearing in mind the hydrological and hydrogeological parameters, the developed
hazard map may be used in the areas managed during crisis situations and may support
the decision-making process. This is due to the fact that the landslide threat frequently goes
hand in hand with local flooding. The methodology developed here has both advantages
and disadvantages. One advantage is the possibility of considering temporal and spatial
factors, as well as qualitative and quantitative data. Another advantage is the relatively sim-
ple calculation procedure, including data from various sources: administrative, historical,
scientific, and other.



Remote Sens. 2021, 13,317

17 of 20

Legend

—— Rivers coures

EPSG:2180

Landslide contour cal
by normalization met

Landslide Index Method
by Van Westen, 1997

I not susceptible
[ very little susceptible

[ susceptible
Il very susceptible

Hillshade on background

|| grid of the LIDAR sections

Weights-of-evidence model

[ moderately susceptible

culated
hod

1250 1500 m

Figure 12. Landslide susceptibility map for the village of Gwozdzianka.

The proposed methodology may be indicated for the development of hazard maps on
a local scale (village, commune), when it requires a large amount of data for individual
cadastral units. The development of a small-size hazard map may be helpful in determining
the threat to specific parcels of land. The main disadvantage is that the value of the
developed hazard map depends on the quality of the input data. Another disadvantage is
the lack of a standard and universal weight value assessment that might be used for small
areas in different regions. Hazard maps elaborated according to this methodology may
support municipal administrative decisions in the field of construction investments. They
can also affect investment decisions of landowners and the amount of property insurance.
The presented hazard assessment methodology can be implemented in areas of other
municipalities, especially those located within the European belt of the Flysch Carpathians.
This tectonic unit occupies a large part of the Czech, Slovakian, Ukrainian, and Romanian
Carpathians. It is affected by similar landslide problems as the Polish Carpathians, with
regard to origin and formation mechanisms.

6. Conclusions

Landslides and floods are natural hazards that cause losses both in the natural en-
vironment and in infrastructure and construction. Communes in southeastern Poland
are affected with both flood risk and landslide risk. These two hazards often coexist, as
long-term precipitation causes flooding of buildings located near watercourses, and at
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the same time also start landslide processes on slopes above river valleys. Knowledge of
hydrogeological conditions and monitoring of geotechnical and hydrological parameters of
a given terrain are the basis for forecasting the occurrence of these hazards and developing
a landslide risk map. This paper underscores the issue of monitoring these two hazards
simultaneously. Hydrogeological recognition of the area, confirmed by appropriate tests of
geotechnical parameters, should be the basis for correctly assessing landslide hazards and
effectively stabilizing active landslides.

In the analyzed case of mass movements, the geological structure of the ground that
is especially susceptible to precipitation (silty clays and clays susceptible to soaking and
moisture) and the anthropogenic transformations of the slope play an important role in
the initiation and character of the growth of Gwozdzianka landslides, as confirmed by the
developed landslide hazard map.

Implementing development projects on a landslide, in the vicinity of a landslide area,
or in a flood risk area is possible if they are combined with technical activities that enable
both the identification of hazards and the estimation of hazard risk. After recognizing
and assessing the risk, an economic calculation of the project will indicate whether it
is economically justified to invest in such areas. On the other hand, due to the cost of
necessary safeguards, it may be more beneficial to withdraw from a project in such a risky
area. This problem concerns not only private projects but also public ones. It also involves
the design and construction of linear infrastructure facilities used for roads and railways,
which should be carried out taking into account the risk assessment. Furthermore, it is
important to ensure the safety of people and existing building infrastructure. Increasing
the level of security each time increases the economic costs of projects, especially in relation
to the societies of developing countries. However, in the near future, such investments
may provide better development conditions and prevent the potential migration of people
from these endangered areas.

Possible further works on the discussed methodology will involve a consistent exten-
sion of the input data set and seasonal analyses of the strength parameters in reference to
precipitation amount observations. The works will also focus on the methodology of esti-
mating temporal probability and dynamic factors such as rain input and water infiltration.
The obtained database will allow for more accuracy in landslide hazard mapping, which,
in turn, will make it possible to develop matrixes and hazard maps.
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