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SUMMARY 

The development of exogenous geological processes, in particular, landslides on the territory 
of the Folded Carpathians, depends on many geophysical and related factors. This work is 
devoted to solution of time prediction of landslide activation processes at the regional level. 
Taking into account zonation of Ukraine according to geological, geomorphological, tectonic 
conditions, the patterns of landslides distribution and development were studied in the Folded 
Carpathians region. The tools of Geographic information systems (GIS Mapinfo) made 
analyze the spatial factors of the landslides location and establish the degree of connection 
between landslides and the terrain geomorphology, tectonic structure. The connection 
between the influence of fault zones, the basis of erosion, the exposure and the steepness of 
the slopes on the landslide processes has been proven. Based on statistical processing 
methods of series observations of landslide activation and spatio-temporal geophysical 
factors(solar activity, total annual energy of earthquakes), associated factors (groundwater 
levels, atmospheric precipitation, air temperature), the periods of landslide activation were 
determined and the contribution of each factor to the comprehensive indicator of landslide 
development probability was estimated. The developed time-model of the long-term forecast 
allows predicting the most likely development of landslide processes, taking into account the 
specifics of individual regions. 
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Introduction 
 
Landslides are one of the most dangerous exogenous geological processes for mountainous regions. 
The probability of the development of landslide processes is determined by the complex action of 
space-time factors for a certain region. Spatial factors such as geology, tectonics, landform, and 
hydrography provide constant conditions for the development of landslide processes. The cumulative 
action of geophysical factors (solar activity, total energy of earthquakes) and accompanying factors 
(meteorological, hydrological) determine the time of activation of landslides. The relationship 
between spatial and time factors is established through their combined influence on slope stability. 
Therefore, the time forecast should be considered as a multi-parameter system to increase the 
reliability of predictions. The theoretical basis of time regional forecasts is the doctrine of the 
periodicity of natural processes. The classic work on landslide prediction (Sheko et al., 1999) 
indicates a well-known connection between solar activity, regional periodicity in the temporal 
distribution of atmospheric precipitation and seismicity with periods of landslide processes activation. 
The work (Ortigao, 2000) is devoted to the landslides prediction based on constant monitoring of rock 
stress, temperature, velocity, longitudinal and transverse soil deformations and slope geometry. The 
disadvantage of such a model is its application to data characterized by constant acceleration and 
constant external conditions. Seasonal fluctuations of meteorological parameters have a negative 
effect on the operation of the model. Taking into account earthquakes data and atmospheric 
precipitation data, the danger of the landslides spread along fault zones was assessedin the work 
(Feng et al., 2022). The extreme limits of precipitation are well usedin the mountainous regions 
(Guzzetti et al., 2019), the physical basis of which is based on the time required for soil moisture to 
reach the slip surface. The disadvantage is that they do not take into account the previous conditions 
of soil moisture.  
 
Method and Theory 
 
This publication is devoted to the region of the Folded Carpathians within Zakarpattia district, where 
2 474 landslides with an area of 311.06 km2 have been registered (Information…, 2021). This is a 
mountainous region, where landslides develop at the junction of structural and tectonic zones. 
According to the type of displacement, landslides of flow and landslides of lateral sliding is 
dominated. Favorable geological conditions for the landslides development are fine-rhythmic clay 
flysch, conglomerates, clay shales, sandstones and marls, which are characterized by increased 
fractured. A system of tectonic disturbances of different order and direction, high relief energy 
(landslides are registered on slopes with absolute elevations from 160 to 1710 m, with inclination 
angles from 10°to 60°, the average area of landslides ranges from 0.4 to 3.6 km2 , and the average 
capacity of landslides is 13.0 m), a dense network of mountain rivers (1.4-2.0 km/km2), a significant 
amount of precipitation (on average 1180 mm/year) create conditions for rock slides (Davybida et al., 
2018). 
According to the tectonic zoning scheme, the Outer Carpathians are divided into the following tectonic 
units: Krosno zone; nappes: Duklia, Porkulets, Chornohora, Magura, Rakhiv. These tectonic units are 
characterized by a cover-flaky style of tectonics. Small folds are common. They are complicated by 
discontinuous faults, which is an indication of increased fracturing zones. Landslides development within 
each structural-tectonic zone is related to its tectonic structure, where landslides have different intensity, 
dynamics, tendency for further development and area of distribution (Fig. 1). 
Let's consider the natural prerequisites for the spatial distribution of landslides and the complex of 
temporal factors that influence their activation. 
In order to assess the tectonic and geomorphological conditions of the landslidesdevelopment, an analysis 
of the spatial distribution of landslides was performed using GIS MapInfo. The total length of tectonic 
disturbances; the distance from landslides to the nearest tectonic fault; the distance from landslides to the 
nearest base of erosion were calculated. 
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Figure 1 Affected by landslides of the Folded Carpathians region in relation to tectonic zoning 
 
The distance to the base of erosion can be considered as a condition for the development of erosion 
processes due to the pore water saturation of the slope bottom, reducing its stability. 
The distance from the landslide to the tectonic disturbances is explained by the development of 
fractured zones of different directions, which weaken the stability of the upper layer of the geological 
environment due to a decrease in the angle of internal friction, rocks adhesion and intensification of 
groundwater filtration along the slopes (Anikeyev et al., 2019). 
In order to comprehensive analyze of spatial factors influence on the landslide processes 
development, factor analysis was used (Table 1). Factor analysis made it possible to reveal the hidden 
reasons for the landslides activation. It is known that the main variance is created by the first factors: 
the more their nature differs, the greater their contribution to the variance of other factors. The 
Varimax factor axes rotation procedure allows to maximally assessing the independence degree of the 
individual parameters contribution to the total variance of the studied phenomenon - the landslides 
activation. Factors are highlighted in sequence: the first one is the most influential, then less 
significant. The factors selection is stopped when a decision is made about the sufficiency of the share 
of variance explained by them. The results made it possible to distinguish two groups of factors. The 
first selected factor (main component) is the influence of geomorphological parameters “absolute 
mark of the landslide “head”, “angle of the longitudinal profile inclination” on the landslides 
development. The second factor emphasizes the importance of such factors as “distance to tectonic 
disturbances” and “distance to the base of erosion”. We see a direct connection of tectonic 
disturbances to the landslides activation and an inverse correlation of the “distance to the base of 
erosion” parameter, which indicates long distances between landslides and rivers. As we can see, two 
factors have the same variance share of 0.30 and explain 60% of the total variance. Therefore, the 
landslides development depends not only on the relief, tectonic structure, but also to a large extent, it 
is provoked by external dynamic geophysical factors as solar activity, earthquake energy and 
meteorological parameters. 
 
Table 1 Factor analysis of the spatial distribution of landslides 

Factor characteristics Factor 1 Factor 2 
Distance to tectonic disturbances, m -0,067 0,702 
Distance to the base of erosion, m -0,024 -0,724 
Absolute mark of the “head” of  landslide,m 0,728 -0,212 
Angle of inclination of the longitudinal profile, degrees 0,792 0,151 
Proportion of total variance 0,303 0,298 

https://science.lpnu.ua/all-authors-journals/sergiy-anikeyev
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Let's consider the relationship between the landslides activation and the influence of time factors. 
Considering our experience in landslide activity predicting (Kasiyanchuk et al., 2018), the main 
objective natural time factors include: solar activity, meteorological (precipitation, air temperature), 
groundwater level, seismicity (earthquakes). These factors are consistent with the activation of 
landslides. 
The connection of solar activity with landslide processes development occurs indirectly through the 
transfer of energy, as well as through the influence on the patterns of air massescirculation. 
The total annual precipitation is a provoking factor that causes landslides, because due to the 
infiltration of rainwater, soil moisture increases and the stability of the slope decreases. Fluctuations 
in total annual rainfall are typical for the Folded Carpathians region in the range of 765-1650 mm with 
an average value of 1180 mm. Precipitation has an accumulative effect, exceeding the norm by 20% 
of the long-term average value is 1416 mm and was recorded in 1970, 1974, 1980, 1995, 1998, 2001-
2002, 2008, 2010, precisely in these years that massive landslides activation was recorded. 
From a physical point of view, the average annual air temperature additionally affects landslides due 
to the processes of snowmelt, water evaporation and rock weathering. 
The seismicity of the territory is manifested in the force form on the geological environment and in 
the change ofslopes stability, especially excessively wet ones. The Folded Carpathians is a moderately 
active seismic zone, earthquakes here are mainly concentrated in the southern and central parts, in the 
strip adjacent to the Transcarpathian deep fault, which is the suture contact zone between the Folded 
Carpathians and the Transcarpathian trough. The depth of earthquakes is 10-17  km, М≤4, however, it 
has been proven that even with small shaking, the cracking of the upper layer of the geological 
environment increases, the stress state and its stability decreases.  
The groundwater influence on the formation of landslides consists in increasing the hydrodynamic 
pressure from the filtering water flow, wetting the sliding mirror surface of the landslide body and 
reducing the adhesion of the landslide and underlying rocks, which leads to decrease in the rocks 
stability. 
In recent years, massive activation has not been registered. However, isolated cases of activation are 
registered during the period of significant rainfall. In particular, 21 active landslides with the area of 
0.56 km2 were registered last year (Information…, 2021). 
A detailed study of the relationship between a number of landslide activations and time factors was 
carried out using statistical methods. First, all parameters were reduced to dimensionless values by 
normalization. Further, correlation and spectral methods were used to determine the interrelationships 
and periodicities in the series of activations and factors. Time harmonics most accurately describe the 
process of probable shear activation; in particular, they allow extrapolation of the time series for the 
forecast period. Analyzing the main periodicals of the investigated factors, a joint 10 and 30 years 
was established. The periodicity of 30 years is typical for the total annual amount of precipitation, 
average annual groundwater levels and the total energy of earthquakes. In addition, each factor has a 
rhythm that is a multiple of the period of solar activity: 5, 8-10, 20-30 years, which indicates the 
influence of the Sun on earthly processes. The algorithm for calculating the probability of landslides 
takes into account the study of relationships between periods of landslide activation and time factors 
with an assessment of the contribution of each of them to the integral indicator of landslide hazard. 
Prediction was performed according to the method described in (Shtohryn et al., 2020) using a neural 
network and the predictability function of the MathCad mathematical package. The neural network 
prediction identified an increased possible probability of landslides of 0.7 and above for the period 
2022-2032 (Fig. 2). Prediction with “predict” function shows a shift of the maximum probability by 
1-2 years ahead and a decrease in the duration of the period from 2024 to 2028. In general, the years 
of the most likely landslides activation are the period from 2022 to 2032. 
 
Conclusions 
 
Factor analysis confirmed the significant contribution of tectonic and geomorphological conditions to 
the landslides development. Spectral analysis of time factors shows the presence of time dynamics in 
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5, 10, 28-30 years in series of landslides activation and factors of their formation. The activation of 
landslide processes can be clearly traced in large cycles of more than 20 years, during which the cycle 
has two peaks of development with half cycles of 8-10 years. A common long-term period of 29-30 
years is allocated for the region of the Folded Carpathians. 

 
Figure2 Graphs of landslides probability predictionfor the Folded Carpathians 
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