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Abstract

Purpose. To summarize and formalize the estimates of landslide risk levels based on the proposed classification of relevant
environmental or man-made risks in the regions of Ukraine and local territories, including a gully-ravine network and man-
made slopes of technology-related objects that represent certain environmental or man-made risk for residential areas.

Methods. To achieve the objective, the following methodological approaches have been applied: analysis of the literature
regarding state-of-the-art research on the issues of landslide phenomena assessment and prediction at regional and local
levels, zonal-statistical analysis of orographic data for the each region of Ukraine with calculations of the relief integral
coefficients, methods for comprehensive evaluation of natural and man-made slopes stability with the con-sideration of their
geometry, water saturation, geoclimatic conditions and technogenic impacts; methods of geomechanical assessment, envi-
ronmental evaluation and forecasting of landslide risk in natural geosystems and man-made slopes based on the stability
factor, and scientific generalization of landslide risks using mathematical models developed by the authors and proposed
criteria for watering extent and soil deformation in natural and man-made slopes.

Findings. The five-level scale for evaluating landslide risk for natural and man-made slopes has been substantiated in terms
of their stability control. The proposed landslide risk scale makes it possible to forecast reliably the geomechanical state of
the rock mass depending on the values of the slope stability factor in changing geoclimatic conditions and substantiate effec-
tive anti-landslide engineering measures. Landslide risk classification of natural slopes according to the stability factor value
has been proposed. The scale is recommended for assessing the stability of man-made slopes comprised of solid and bulk
rocks and for forecasting the environmental risk from landslides resulting from emergency situations

Originality. It has been proved that the number of landslides per unit of precipitation in a region with certain relief is a
constant value. The dependences for determining the critical amount of precipitation that will cause a single landslide within
the gully-ravine network depending on the specific area of the landslide- prone site and on the relief have been obtained.

Practical implications. The five-level classification scale of landslide risk for natural and technogenic slopes in respect to
annual precipitations and relief coefficient has been substantiated. That helps forecast landslides and determine the level of
environmental and technogenic risk inflicted therefrom.
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1. Introduction

Displacements of land surface in natural and man-made
slopes are considered as the sources of potential environmen-
tal risks, including the man-made ones, which often result in
emergencies or disasters. Taking into consideration the
trends in global and regio-nal climate changes, landslides in
terms of natural sloping landscapes and technogenic slopes
(i.e. open pit benches or waste dumps of all kinds) as well as
geotechnical structures, even urban dumps, and solid land-
fills are possible due to moisturing of the upper layers of
unstable loamy and loess soils [1], [2].

The main natural factors of landslide activation include
the amount and intensity of precipitations, terrain features,
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soil composition, external loads, seismic impacts etc. In this
case, human activity is an additional factor in the develop-
ment of a landslide process due to increasing soil moisture as
a result of water supply or sewer failures, external loads on
the earth’s surface, undercutting of slopes during the con-
struction operations, dynamic loads from transportation or
blasting etc.

Therefore, adequate preliminary assessment of landslide
levels across the regions in terms of gully-ravine network or
man-made slopes will help increase the environmental and
technogenic safety by the dependable forecast of landslides
and their possible consequences; that will make it possible to
implement an effective system of protective anti-landslide
engineering measures.
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There is a wide range of current publications related to
the landslide phenomena.

Study of the effects of both climate change and increas-
ing atmospheric precipitation on the landslide intensification
in Asia, South America, and Africa was carried out on the
basis of numerical simulation and regressive analysis of the
landslides, caused by climatic changes in the temperature and
precipitation, and the probabilistic landslide risk models at
the regional level [3]. As a result of global warming, the
frequency and intensity of precipitation, being the main fac-
tor of rapid landslides, is constantly increasing. These conse-
quences of global warming and the development of EGP are
difficult to predict and evaluate.

The landslides occur in the form of flows and shears of
soil as well as destruction of the surface geolayers and dis-
placements. Landslides have the characteristics of the devel-
opment and distribution for specific regions or even conti-
nents and play an important role in the evolution of land-
scapes. In many regions, they also pose a threat to local in-
frastructure and population [4].

Natural phenomena, including precipitation, snow melting,
temperature changes, earthquakes, volcanic activity as well as
anthropogenic activity, are the dominant factors of slope sta-
bility, if landslide occurs. The mechanisms by which a climate
change can affect landslides and reduce stability of natural and
engineering slopes are studied systematically through the
evaluation of the impact of forecasted climatic changes on the
landslide processes [5]. Therefore, it is expected that in the
future, climatic changes will continue to affect slope stability
in terms of different time and geographic ranges [6].

Similar results were obtained for mountainous areas in
the north-east of Italy, where precipitation reduction and,
accordingly, reduction of shear activity in spring periods
took place. Studies in the south-east of England demonstrat-
ed that the recorded 11% increase in the average annual
precipitation predominantly in winter as well as 13% in-
crease in moisture evaporation due to the increased average
annual temperature resulted in the changing soil moisture and
its reduced deviations in slopes [3].

Geotechnical analysis for predicting the future behavior of
active landslide processes in Basento valley (Southern Italy)
using different climatic scenarios shows that, with the de-
crease in average daily precipitation by 2.4% and the increase
in average daily temperature by 0.04% for every ten years for
the period of 1965-2100 will reduce the level of groundwater
by 8 mm and decrease the soil displacement by 77-86 cm.

Thus, according to the analysis results, the expected
changes in climate are not significant; however, that affects
the dynamics of the landslide process due to the modest
decrease in the amount of annual precipitation and tempera-
ture rise [7].

While studying the expected landslides within the area of
Orvieto (Umbria, Central Italy), it was established that the
decrease in precipitation would slow down the sloping pro-
cesses [8]. The worst scenario for the development of Tai-
wanese mountainous terrain was estimated in the paper by
Chang & Chiang [9]; it was found that with the increasing
amount of precipitation by 15% in the average annual maxi-
mum for the study periods of 1960-2008 and 2010-2099, the
average intensity of the landslides would increase by 12%.

The represented analysis of modern studies is just a brief
description of rather complex dependence of the influence of
various factors on the development of natural landslides that

106

draws an interest to the reliable forecasts and methodology of
landslide risk assessment for Ukrainian regions.

Thus, numerous case studies and results of profound re-
search on landslide issues in the regional context are repre-
sented by prof. G. Rudko [10], taking into consideration the
geomorphological and climatic features of the territories.

There are lots of classifications of technogenic landslides
developed on the basis of definitions of stable slope parame-
ters at open pits [11]. Though, in terms of natural slopes,
some of them are unacceptable due to the lack of ecological
component of the landslide risk level.

Nevertheless, modern methods and approaches consider
the slopes of open pit mines as the complex geotechnical
structures having natural geological and geo-mechanical
properties [12]. However, the represented methodology does
not take into account the hydrogeological characteristics of
the rock mass, which affect significantly their strength.

Numerous papers provide slope stability estimations us-
ing probabilistic approaches [13], [14]. The disadvantage of
these methods is in the limited application of the known
rock breaking criteria, which raises doubts about the relia-
bility of the results.

To control the landslide risks for slopes in terms of large
open pits, ground-based radars are used; that provides high
accuracy in studying slope stability in real time [15], [16].
However, the use of geodetic radar does not provide a full
picture of the deformation processes occurring within the
rock mass at the moment of collapse.

To have complete evaluation of the slope stability, it is
necessary to take into consideration the available cracks or
other discontinuities within the medium [17] as well as the
groundwater level and moisture saturation of the rock mass,
which affects significantly the stability factor [18]. These are
the key factors associated with the climate change, precipita-
tion [3], and other natural factors, having considerable influ-
ence on the intensification of natural landslides.

Numerous publications deal with critical review of land-
slide classification systems to identify their limitations as well
as their relevant criteria for classifying loess-slope fail-
ures [19]. In addition, the application of digital satellite data
looks as the most promising trend for deep investigation, fore-
casting, and classification of landslides at a regional level [20].

The abovementioned analysis of the research regarding
the landslide risks indicates the relevance of a landslide prob-
lem both in the regional context and globally. The influence
of moisture saturation and soil watering due to excessive
atmospheric precipitation acts as a trigger factor for landslide
hazards. Taking into consideration the global climate chang-
es, landslide forecasting and landslide risk classification are
of great importance for the applied research.

2. Formulation of the objectives and tasks

The objective of the paper is to summarize and formalize
the estimates of landslide levels based on the proposed clas-
sification of relevant environmental or man-made risks with-
in both Ukrainian regions and local territories, including a
gully-ravine network and man-made slopes in terms of ge-
otechnical objects that represent certain environmental or
man-made risks.

The available methods for assessing the landslide-risk
levels of natural and man-made slopes do not provide relia-
ble forecasting of the moment of landslide occurrence, ex-
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tent, and consequences; that is an obstacle to the implementa-
tion of preventive measures. Therefore, the scientific task is
in practical forecasting of landslide risk levels for natural and
technogenic slopes and estimating their possible consequenc-
es on the basis of classification of their ecological or techno-
genic hazard for certain changes in geoclimatic conditions.

To achieve the objective, the following tasks are set:

—to carry out zonal and statistical analysis of the oro-
graphic data for the regions of Ukraine and calculate the
integral coefficients for landslide risk assessment depending
on the precipitation amount and relief;

—to plot a geoclimatic model for landslide forecasting at
regional and local levels;

—to substantiate the classification of landslide risks in
terms of regions depending on annual precipitation and relief
coefficients;

—to develop a scale of levels for “landslide risk — stabi-
lity” of natural and man-made slopes according to the geo-
mechanical criterion.

3. Materials and methods

Materials of the paper are based on the analysis of infor-
mation sources regarding state-of-the-art research on the issues
of landslide assessment at both regional and local levels.

To achieve the objectives, the following methodological
approach was applied: methods of comprehensive stability
evaluation for natural and man-made slopes with the consid-
eration of their geometry, watering, geo-climatic conditions,
and technogenic impacts; methods of geomechanical assess-
ment, environmental evaluation, and forecasting landslide
risks in terms of natural geosystems and man-made slopes
based on the safety factor.

The research methodology combines the application of
two approaches to determine the levels of landslide risks.
The first approach is based on the zonal and statistical analy-
sis of the orographic data for each region of Ukraine with
calculations of the integrated terrain coefficients and plotting
a geoclimatic model of landslide risks depending on the
atmospheric precipitation. The second approach is based on
the stability assessment of natural and man-made slopes,
taking into consideration physical and mechanical properties
of the rock mass and shear deformations.

To solve the specified tasks, the sequence for determining
the landslide risk levels of both within the regions of Ukraine
and within the local areas of the ravine-gully network, de-
pending on the precipitation rate and terrain, is considered.
Further, the classification of landslide risks at the regional
and local levels as well as the relevant scale of landslide risks
for natural and man-made slopes are substantiated according
to the geomechanical criterion of stability. Practical aspects
for application of the proposed classifications are studied.

4. Results and discussion

The achievements of the authors can be divided into two
parts. The first one is based on the analysis of statistical data
for the Ukrainian regions concerning the dependence of the
number of landslides on the precipitation amounts in some
regions taking into account the terrain features. As a result, a
mathematical geoclimatic model of landslide risks was con-
structed, making it possible to forecast the landslide hazard
at a regional level.
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In particular, the model was the basis of the expression
for determining parameters of the factors critical for the
occurrence of a single landslide in terms of the gully-ravine
network. Results of the second part are based on the labora-
tory studies to determine the strength characteristics of rocks
and assessment of slope stability at open pits taking into
account geological and hydrogeological characteristics of
the rock mass. These results are significant for forecasting
the levels of landslide risks for natural and man-made
slopes. The obtained reliable estimates for landslide risk
levels will help solve practical problems related to predict-
ing the effects of landslides and controlling their prevention
at regional and local levels.

To solve the specified task, the classification of landslide
risk levels in Ukrainian regions and local territories of the
gully-ravine network was considered, depending on the pre-
cipitation intensity and terrain features. Then, the definition
and classification of the landslide levels for local natural and
man-made slopes were analyzed, basing on the geomechani-
cal slope stability.

The mathematical model of the dependence of the num-
ber of landslides upon the precipitation intensity and terrain
features in certain regions is based on deep understanding of
the landslide formation tendencies [21]. There were two
main factors determining the landslide risk — terrain features
and precipitation amount in certain regions. They were taken
as a key concept of the model, in which the number of land-
slides is more in terms of those territories where the terrain is
more rugged and the soil is moistened by increasing amount
of precipitation. Therefore, the number of displacements, as
the value of the mathematical model result, is directly pro-
portional to the two input factors — relief and precipitation.

When developing the model, it is taken into account that
the relief factor is relatively constant; thus, it is advisable for
the model to take the coefficient into account. Atmospheric
precipitation is changing dynamically, so this factor is select-
ed as the input variable of the model.

Taking this approach into consideration, the values of the
relief coefficients for each region of Ukraine were obtained
initially by zonal and statistical analysis of the mapping data.
Thus, on the basis of the averaged values of three relief com-
ponents, the integral relief coefficients (Kin) for each region
are calculated using the formula:
Kint = Kait - Kens - Kdepth J 1)
where:

Kai — the altitude coefficient;

Kaens — the relief density coefficient;

Kaeptn — the relief depth coefficient, dimensionless.

The input data to calculate the abovementioned coeffi-
cients were obtained from cartographic materials taken from
the geoecological web resource [22]. The averaged values of
the relief coefficients were calculated for landslide occur-
rence in all the selected regions of Ukraine according to
zonal and statistical analysis of geomorphological data.

The set of statistical data on the number of landslides in
Ukraine per 1000 km? (Nis) was converted to the normalized
values in terms of relief coefficient Nis/Kin.. Then a regression
dependence of these values on annual precipitation W (mm)
in certain Ukrainian regions was obtained according to mete-
orological statistics.
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As a result, a highly reliable linear regression equation is
obtained:

le

=0.011-W; R?=0.9738. )

int
Finally, the regional model of landslide risks, which es-
timates the number of landslides from the amount of precipi-
tation, taking into account the relief coefficient, is represent-
ed by the equation:

Njs =0.011- Kjpt -W . (3)

The highest reliability of this mathematical model is en-
sured in the range of precipitation from 350 to 1400 mm/year,
and in terms of the values of integral relief coefficient from 3
to 11. However, since the straight regression line originates
from 0 point, the model can be considered reliable for the
precipitations less than 350 and more than 1400 mm/year.
Thus, extrapolation of the landslide number is possible.

Equation (3) characterizes the number of landslides per
1000 km? of the area in a particular region with the corre-
sponding annual precipitation amount. In addition, the num-
ber of landslides attributable to a precipitaion unit in the
region with a particular relief is a constant value. That was
the reason for determining the landslide potential in the re-
gions of Ukraine (Table 1) and creating an appropriate classi-
fication, which is implemented in practice in the form of a
landslide map (Fig. 1).

Table 1. Results of determining the potential landslide risks in the
regions of Ukraine

Precipitation Inte_grgl Regiona_l pot_ential
Name of the S coefficient landslide risks
administrative W'th.m the of the relief  in terms of precip-
- regions, - - ;
area (region) mmiyear” _|nf|ue_nce, tation, landslides
dimensionless per 1000 km?
W Kint (NIs/W =0.011 Kint)
AR Crimea 753.75 6.26 51.90
Vinnytsia 673.75 6.62 49.07
Dnipropetrovsk ~ 558.50 413 25.35
Donetsk 538.50 5.02 29.76
Zakarpattia 1301.25 9.28 132.88
Ivano-Frankivsk ~ 1032.25 9.75 110.73
Kyiv 609.25 4.15 27.80
Luhansk 494.50 5.61 30.52
Lviv 840.25 8.19 75.71
Mykolayiv 613.50 3.87 26.12
Odesa 600.25 4.19 27.68
Poltava 595.25 3.76 24.65
Sumy 568.00 4.43 27.65
Kharkiv 521.50 4.40 25.23
Khmelnytsk 661.00 6.80 49.43
Cherkasy 610.00 4.98 33.44
Chernivtsi 713.25 10.84 85.04

Table 1 shows that the estimates of the number of annual
landslides per 1000 km? vary from a minimum value of
24.65 to a maximum value of 132.88. Rather wide range of
variations of the number of landslides in Ukrainian regions
was devided into 5ranges with a step multiple of
20 landslides, that characterizes the level of landslide risks,
i.e.. <20 — low landslide risk; 20-40 — moderate; 40-80 —
medium; 80-120 — high; > 120 — extraordinary.
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Figure 1. Map of the landslide risk forecast in the regions of
Ukraine

Thus, it was possible to classify the potential landslide risks
in Ukrainian regions by the estimated number of landslides,
depending on the annual precipitation value, taking into ac-
count the relief and visualization on the map shown in Figure 1.

This map should be supplemented by the proposed classi-
fication of landslides represented in Table 2, which is pro-
posed for landslide forecasting.

Table 2. Classification of landslide risks of regions as a factor of
environmental safety due to the number of landslides
depending on annual precipitation and relief coefficient

Level Number of landslides Class
of landslide risk per 1000 km? of landslide risk
Low <20 |
Moderate 20-40 ]
Medium 40-80 Il
High 80-120 v
Extraordinary > 120 \%

Equation (3) helps determine the precipitation amount that
will cause at least one landslide per area S, km2 The corre-
sponding solution for this equation with respect to the precipi-
tation intensity W;, causing a single landslide, is as follows:

W =—90'91 , mm 4
Kps - S

Obviously, at the local level, the critical precipitation for
a single landslide in the gully-ravine network will vary de-
pending on the specific area of a landslide-prone section and
the corresponding relief index, as shown in Figure 2.

Equation (4) makes it possible to predict not only critical
precipitation amount for single landslide in the gully-ravine
network. On the one hand, the number-coefficient 90.91 in
the numerator characterizes critical precipitation in mm,
which will cause a landslide within the landslide-prone area
of 1 km? with 1.0 relief coefficient. On the other hand, this
value corresponds to the amount of water falling on the spec-
ified area, since it has mm-km? dimension.

Finally, critical value of soil moisturing for the landslide
effect at the landslide-prone section of the gully-ravine net-
work with certain terrain can be estimated as follows:

3
e - 9091:10°

Kops

w,s = 0L 3 ©)

Kps
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Figure 2. Critical amount of precipitation which will cause a single
landslide within a certain section of the gully-ravine net-
work for some values of integral relief coefficient Kps

Equation (5) helps estimate the amount of moistured soil
V in m® that is removed from the soil mass as a result of
landslide. Divide the left and right parts of the Equation (5)
by this value. We obtain the relative value of the critical soil
moisture when the landslide occurs, which can be calculated
in percent Wy, %:

V4-S-100  90.91-10°
Y VK s

W , %.

9
Thus, we obtain an equation for specifying the critical

relative soil moisture:

5
W, = 90.91-10 %,
VK

further we obtain the amount of the displaced soil volume V:

~90.91.10°
Wy K ps

3

v , me. (6)

Field studies of the soil moisture within the landslide-
prone slopes show that the values Wy vary within the range
of 15-20% depending on the soil porosity and physical prop-
erties under natural conditions.

Therefore, substituting a certain moisture value for unsta-
ble soil, we determine the volume of the moistured soil dis-
placed during a landslide.

Thus, in practice, to predict the displacement parameters
for the local landslide, the integral coefficient of relief K
must be determined.

The authors propose to define K, as the product of the
coefficients characterizing certain changes in the local terrain
of a certain section of the gully-ravine network, i.e:

Kps = Kait - Kis - Kis » ()
where:

Kait — the coefficient of difference in absolute altitudes
along the gully-ravine network;

Kis — the coefficient of the most landslide-prone slope;

Kis — the coefficient of intersection for the most landslide-
prone slope.

These coefficients are calculated taking into account the
schemes demonstrated in Figure 3 by the formulas:
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1000 4h
Ka =———:

I-gen
h

S .
’
IS

|

where:

Lgen — the general length of the gully, m;

Ah — the difference in absolute altitudes along the gully, m;

1000 — the conversion factor, ppm;

hs — the absolute slope height, m;

Is — the slope length, m (Fig. 3a);

lup, ldown —the width of the gully within the upper and
lower relief respectively, m (Fig. 3b).

(@)

®)

Idown ’ Iup

hs ’ Idown

hs

(b)

IUD

hs

! ldown !

Figure 3. Explanatory diagrams for calculating a coefficient of
the most landslide-prone slope Kis (a) and the coefficient
of intersection Kis (b)

Thus, to predict the amount of precipitation W; that will
cause a single landslide within a certain share of a gully-
ravine network with S area estimated in km?, the integral
coefficient of relief K; for this territory should be determined.

To illustrate the proposed model, we calculate the inte-
gral coefficient of relief Kps for landslide-prone gully Diivska
(Diivka district, Dnipro). The gully geomorphology is caused
by the joint influence of natural and man-made factors. As a
result of the geomorphological survey of Diivska gully, the
following baseline data were obtained to evaluate the land-
slide risks within the selected cross-section: Lge, = 1080 m;
$=0.092km% Ah=22m; hs=17m; ls=4 m; lgown = 12 m;
lyp=42m.

The integral coefficient of terrain Kps and the amount of
precipitation W; that cause a single landslide are determined
as follows:

~1000-4h hs lown
lg |

hs

Idown

Kps = Kait - Kis - Kis

I-gen up

% Ar iz 17 =20.37-4.25-0.28-1.42 = 35.04.

4 42 12
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As a result, the intensity of precipitation critical value
for a single landslide within the selected cross-section
of the gully will be as follows: Ws=90.91/K,
S =90.91/35.04-0.092 = 90.91/3.224 = 28.2 mm.

Thus, 28.2 mm of precipitation during a very short period
is a critical forecast for the occurrence of a single landslide
within the most landslide-prone section of the gully. Accor-
ding to Equation (5), the water volume that will moisten
critially the soil mass within the considered cross-section
will be as follows:

W, -S = 28.2-0.092-10° = 2594 m3,

According to (6), the predicted volume of the soil dis-
placed from the slope by the moisture value Wy = 17% dur-
ing a landslide will be as follows:

y - 90.91.10° _ 90.91-10°

= = =15258 m?.
Wy -Kps  17-35.04

4.1. Assessment of geomechanical stability
and classification of landslide risk levels
for local natural and technogenic slopes

As is known, the criterion for evaluating the state of natu-
ral and man-made slopes is a stability factor (SF), which
represents the ratio of retention F, and landslide F, forces
within the slope along the sliding surface, i.e.:
Fr

F|

Three states of the slope section of the rock mass are
possible: if SF > 1.0, the slope is steady; if SF =1.0, that
corresponds to the boundary state at the moment of slope
collapse initiation, which goes into a state of collapse (land-
slide), if SF < 1.0.

The SF values for soft-rock slopes may vary widely, but
for practical application of this criterion it is most appropri-
ate to analyze the SF calculated values within the range of
[1.0; 2.0]. In terms of complex effects of natural factors (in-
cluding precipitation) and technogenic impacts, stresses
within the slope increase resulting in the changes in stress-
strain state of the slope mass. These changes are character-
ized by some transformations in the rock mass that can be
controlled or observed. This was the basis for determining
specific gradation of geomechanical condition of the slope
and the corresponding levels for landslide risks or stability.

Thus, as a result of numerical simulation, it was found
that in terms of the homogeneous slopes without displace-
ments, significant deformations were practically nonavaila-
ble, if SF > 1.5 [23]. This state of soft rocks is characterized
objectively as the most stable one; therefore, the landslide
risk level is “low”, which makes it possible to attribute this
condition to the first class of the proposed scale. The increase
in stresses within the slope (1.2 < SF <1.5) results in certain
deformations; the level of landslide is “moderate” that is
classified as class Il of landslide risks. Along with further
decrease in strength properties of the soil or rock mass due to
loads or changes in moisture saturation within the slope, the
stress increases. There are separate zones of deformation,
which helps consider the landslide level as “medium” and to
attribute such a state to class Il of landslide risk. Further
development of geomechanical deformations (1.0 < SF <1.1)

SF

©)

110

results in cracks within the slope; that allows to consider the
level of landslide risk as “increased” and distinguish class
IV. The slope collapse condition, at which SF =1.0, is pro-
posed to classify as the maximum level of landslide risk —
“critical” according to class V. Thus, it is possible to estab-
lish the gradation of the geomechanical state of natural or
anthropogenic slopes in the form of a five-step scale of levels
for “landslide risk-stability”, which is represented in Figure 4.

L]

Stable slope

Low level (1)
(no deformations)
SF>15

7

Moderate level (I1)

(stress growth)
1.2<SF<15

7

Moderate level (I11)
(deformation zone within the slopg

1.1<SF<12
1

Instability
Aingels

7

Increased level (1V)
(chips and cracks within the slopg

10<SF<11
1

7

Critical level (V)

(slope collapse)
SF=1.0

Landslide-prone slope
Figure 4. Five-step gradation of “landslide risk-stability” for local

natural and man-made slopes according to the safety
factor (SF)

It is noteworthy that the analysis of levels for slope stabil-
ity proposed in [11] with respect to the open pit benches and
overburden dumps of soft loamy rocks shows that the small-
est values of SF are within the range of 1.1-1.2. However, it
should be considered that over time, such slopes tend to
failure and shearing, and develop various landslides under
the influence of external factors (mainly precipitation and
overwatering). In addition, the determination of physical
and mechanical properties of rocks under laboratory condi-
tions has some drawbacks related to the variation of cohe-
sion and friction angle values in real soils and rocks of
slopes even within a selected engineering and geological
component. Variations in strength properties and statistical
heterogeneity of soils and loamy rocks can influence signif-
icantly the results of laboratory tests and, as a consequence,
the calculation of SF values. Nevertheless, the proposed
five-step scale of “landslide risk-stability” allows us to
predict geomechanical condition of the natural and man-
made slopes consisting of soft soils.
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As a result of the generalization, the authors propose an
appropriate classification of landslides in terms of natural and
man-made slopes, which is based on the SF values (Table 3).

Table 3. Landslide risk levels of natural and man-made slopes
according to SF values

Land- Land-
o SF value, slide Risk
slide risk . - - Note
| dimensionless  risk type
evels
class
Low SE>15 | Man- Used for man-
made  made slopes of
Man- solid and bulk
Moderate 1.2<SF<1.5 Il made rocks
Medium 11<SF<12 i  E¢o- ~ Characterizes
logical  the environmen-
Increased 1.0<SF<1.1 v Eco- tal hazard
logical caused by
Critical SF=10 v [Fco- landslides due
logical  to an emergency

The proposed classification makes it possible to deter-
mine the level of landslide risk in terms of natural and man-
made slopes with the following forecasting of possible land-
slides with further development of effective engineering
measures for land protection.

5. Conclusions

The geoclimatic model proposed by the authors makes it
possible to determine the landslide risk in the regions of
Ukraine by the estimated number of landslides depending on
the characteristic annual precipitation values and relief indi-
ces. On the basis of this model, the classification with a five-
step scale of landslide risk ranking has been proposed: < 20
landslides per year — low landslide risk; 20-40 — moderate;
40-80 — medium; 80-120 — high; > 120 — extraordinary.

On the basis of the proposed geoclimatic model, a partial
model intended for practical determination of the critical
precipitation that will cause at least one soil displacement
within the territory of local gully-ravine network or man-
made slope has been obtained. The partial model is proposed
to be used for determining the coefficient of relief for a par-
ticular section of the gully of the specified area in the form of
the product of the coefficient of difference of its absolute
heights, the coefficient of a stope with the highest landslide
risk, and the coefficient of intersection of the terrain with the
highest landslide risk.

The critical precipitation and the degree of moisture that
will cause the landslide as well as the volumes of landslide
have been predicted. A possible landslide process in Diivska
ravine in Dnipro has been considered as an example.

Alternative determination of the landslide levels for natu-
ral and man-made slopes has been proposed on the basis of
the stress-strain state of soil or rock mass in terms of the
safety factor (SF) changes: no deformation (SF > 1.5); in-
crease in stresses (1.2 < SF <1.5); formation of local defor-
mation zones (1.1 < SF < 1.2); formation of cracks within the
slope (1.0 <SF<1.1); gradual slope collapse, landslide
(SF =1.0). The five-step grading scale of safety factors has
made it possible to propose an appropriate classification of
landslide risk levels and develop efficient anti-landslide
engineering measures.

The obtained results have been integrated into a complex
geomechanical, ecological, and climatic model of landslide
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risks for prediction and prevention of exogenous geological
processes, accompanied by the landslides at regional and
local levels, including man-made landslides.
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Po3pobka kiacudikanii 3cyBoHe0e3nekH NPUPOAHUX CXHITIB
1 IITYYHHX YKOCIB 32 cTyleHeM 3B0JIOKeHHsI Ta fedopmanii IPYHTIB

O. Kospos, B. Konechuk, 1O. byuapuit

Merta. Y3aranpHeHHs Ta (opMati3alis OUiHKA PiBHIB 3CYBOHEOE3MEKH Ha OCHOBI 3aIlpOITOHOBAHOI Kilacuikarii BiIOBIAHOI €KOIOTI4-
HO{ 200 TEXHOTEHHOI HEOE3IEKH 5K PErioHiB YKpaiHH, Tak i JIOKaJbHUX TEPUTOPIH, BKIFOYAIOYH SPYKHO-0aJIOYHY MEPEXKY Ta IITYYHI YKOCH
TEXHOTEHHHX 00’ €KTiB, sIKi SBIISIOTH IEBHY €KOJIOTIUYHY a00 TEXHOTCHHY HeOe3IeKy.

MeTtoaunka. {751 TOCATHEHHS! METH 3aCTOCOBAHO HACTYITHI METOJIOJIOTIUHI MTiIXOIH: aHAai3 HEePIIOKEPEeN CTOCOBHO OIIIHKH Ta MIPOTHO3Y
3CYBIB Ha PETiOHAJIBHOMY Ta JIOKaJbHOMY DIBHSX, 30HAJBHO-CTATUCTUYHMI aHaii3 oporpadiuHuX DaHHUX IJIs KOXKHOTO perioHy YKpaiHu 3
pO3paxyHKaMH BiMOBITHUX iHTErpajJbHUX KOeDillieHTiB penbedy, METOAN KOMITIEKCHOT OLiHKH MPUPOIHUX 1 TEXHOTEHHUX CXHIIIB 3 ypaxy-
BaHHIM IX reOMeTpii, BOJOHACHYCHHS, T€OKIIMATUYHUX YMOB 1 TEXHOT€HHUX BIUIMBIB, METOAN T€OMEXaHIYHOI OLIHKH, €KOJOTIYHOI OLIHKH
Ta NPOTHO3YBaHHs HeOE3MeK! 3CyBY B MPUPOTHHUX T€OCHCTEMax i TEXHOIeHHHX yKOCax Ha OCHOBI KoedillieHTa 3amacy CTIHKOCTI, HAyKOBe
y3araJbHEHHS 3CyBOHEOE3IeKH Ha OCHOBI pO3pOoOIEHHX aBTOPAMH MaTEeMaTUIHHX MOJENCH 1 3alpOIOHOBAaHUX KPUTEPiiB CTOCOBHO 3BOJIO-
JKeHHs Ta e opMallii MacHBY IPYHTIB MPUPOJHUX CXHUIIB 1 IITyYHUX YKOCIB.

PesyabTaTn. OOIpyHTOBaHO 5-piBHEBY OLIHOYHY IIKATY 3CyBOHEOE3MEYHOCTI MPUPOAHUX CXUJIIB 1 TEXHOTEHHHUX YKOCIB JUISI YIPaBIIiH-
HS IX cTilikicTio. Bu3HaueHa mikanga 3cyBOHEOE3MEYHOCTI JO3BOJISE JOCTOBIPHO IIPOTHO3YBAaTH T'€OMEXaHIYHUN CTaH MacHBY TipCHKHX IOPIJ
3aJIe)KHO Bijl 3HAUeHb Koe(illieHTa 3armacy CTIHKOCTI CXWIIy B MIHJIMBHX T'€OKIIMaTHYHHX YMOBax Ta OOIPYHTOBYBAaTH €(EKTHUBHI 3aXO0IH
IH)KEHEpHOTO 3aXUCTY Bij 3CYBiB. 3alIpOIIOHOBAHO KiacH(]iKallifo 3cyBOHEOE3MEeUHOCTI MPUPOIHUX CXHIIIB Ta YKOCIB 3a 3HAYEHHSM Koedilli-
€HTIB 3aracy CTilikocTi. PEKOMEH0BaHO BUKOPHCTOBYBATH LIKATY SIK JUIS OL[IHKU CTIHKOCTI TEXHOTCHHHX YKOCIB CYIIUIBHUX i HACHUITHUX
MOpiJL, TaK i U NPOTHO3Y €KOJIOTTYHOI HeOe3MMeKH! Bijl 3CyBiB BHACIIIOK HAJA3BUYAWHUX CUTYALIH.

HaykoBa HoBM3HA. [[0BeneHO, 110 KiJIBKICTh 3CYBIB, sIKa MPUMANA€ HA OJMHMIIO OMAiB y PETiOHI 3 MEBHUM pesbeOM, € MOCTIIHHOIO
BenMMIUHOI. OTPHMAHO 3aI€XHOCTI AT BH3HAUCHHS KPUTHYHOI KiNBKOCTI OMaiB, IO CIPUINHHUTH OJUHUYHUI 3CYB y APYXKHO-OANOUHIN
MepeXi 3aJeKHO BiJl KOHKPETHOI IDIOIII 3CYBOHEOE3IEYHOT TUITHKHU Ta XapaKTepy pelbedy.

IpakTnyna 3HaYnMicTb. OGTPYHTOBAaHO I’ ITUCTYIIHYACTY KJIAacH(iKalilo piBHIB 3CyBOHEOE3IEKH IPUPOJHAX CXUIIIB i ITyYHUX YKO-
CIB 3aJIEXKHO Bijl PiYHUX ONaJiB Ta KoedilieHTa penbedy MiCIeBOCTI, IO TO3BOJISE IPOTHO3YBATH 3CYBH I BU3HAYaTH PiBEHb €KOJIOTIYHOI Ta
TEXHOT€HHOT HeOe3IeKH BiJl 3CYBIB.

Knrouosi cnosa: 3cys, 3cysonebesnexa, npupoOni cXuiu, mexHoeeHHi YKocu, Kiacupikayis pieHie 3cyeonebesnexu

Pa3paborka kinaccupuranum onoJI3HEONACHOCTH eCTEeCTBEHHBIX CKJIOHOB
U MCKYCCTBEHHBIX OTKOCOB 10 CTeNeHH yBJIAKHEeHUs U AepopMallui TPYHTOB

A. Kospos, B. Konecnuk, 1O. By4assrii

Iean. O606menne u hopManu3anus OLUEHKH YPOBHEH OIOJI3HEONACHOCTH Ha OCHOBE MPEJIOKEHHON KiacCH(UKAaUM COOTBETCTBYIO-
IIei IKOJIOTMYECKOi T TEXHOTCHHOH OMAacHOCTH KaK PErHOHOB YKPaWHbI, TaK M JIOKAIBHBIX TEPPUTOPHH, BKIIIOYAs OBPAXKHO-OAIOYHYIO
CEeTh U HCKYCCTBEHHBIE OTKOCHI TEXHOT€HHBIX OOBEKTOB, MPEICTABISIONINX ONPEIeICHHYIO S9KOJOTHIECKYIO HIH TEXHOTEHHYIO OITACHOCTD.

Metoauka. [ JOCTHKEHUS LEU IPUMEHEHBI CIIETYIOLINE METOI0IOTMUECKHE TIOAXOAbL: aHAJIN3 IEPBOMCTOYHUKOB IO OLIEHKE U MPOTHO-
3y OIOJ3HEHW Ha PETHOHAIBHOM U JIOKaJbHOM YPOBHSX, 30HAJIBHO-CTATHCTHYECKHAN aHAN3 OPOTrpaMIECKUX JAHHBIX U1 KaKIOTO PETHOHA
YKpauHbI 110 pacyeTaM COOTBETCTBYIOIINX WHTETPATBHBIX KOA(QOUIHNEHTOB penbeda, METOIbI KOMIUIEKCHON OIIEHKH MPUPOJHBIX U TEXHOTCHHBIX
CKJIOHOB C y4e€TOM HUX T€OMETPUH, BOJOHACHILCHUS, I€OKIMMATUUECKUX YCIOBUN M TEXHOTCHHBIX BO3/ICHCTBUI, METObI F€OMEXaHUUECKON
OLICHKH, 9KOJIOTHYECKOH OILIEHKH U IIPOrHO3UPOBAHUS OIACHOCTH ONOJI3HEH B IMPUPOJHBIX T€OCUCTEMAaX U TEXHOTEHHBIX OTKOCAaX Ha OCHOBE KO-
s duIenHTa 3anaca yCTOHYNBOCTH, Hay4HOE 0000IIEHNE OMOI3HEONACHOCTH Ha OCHOBE pa3pabOTaHHBIX aBTOpAMH MaTeMaTHUECKHX MOJesIei U
NPEJIOKEHHBIX KPUTEPUEB OTHOCUTEIILHO YBJIAXKHEHUS U }qu)OpMaLII/IH MaccHuBa MOYB €CTECTBEHHBIX CKIIOHOB U UCKYCCTBEHHbBIX OTKOCOB.

PesyabTaThl. O00cHOBaHA 5-ypOBHEBAsl OLICHOYHAS IIKAJIa OMOJ3HEONAaCHOCTH MPUPOIHBIX CKIOHOB M TEXHOTEHHBIX OTKOCOB JUIS YIIPABIIe-
HUA MX YCTOHYMBOCTBIO. Pa3paboTaHHas MIKaia OMOJI3HEOMACHOCTH TT03BOJISET TOCTOBEPHO MPOrHOZUPOBATH TEOMEXaHIMIECKOE COCTOSHHE MacCHBa
TOPHBIX TIOPOJI B 3aBUCHMOCTH OT 3HAUCHHH KO (HIIMEeHTa 3armaca yCTOHIMBOCTH CKIIOHA B MEHSFOIIMXCS TEOKITMMATHIECKUX YCIOBUSIX 1 000CHO-
BBIBaTh 3()(EKTHBHBIC MEPHI HEXKEHEPHOH 3alIUTHI OT onoyizHel. [IpennokeHa Kiaccu(puKamis OnoiI3HEONacCHOCTH MPHPOIHBIX CKIIOHOB M OTKO-
COB IO 3HAYEHHIO KOA((HIMEHTOB 3amaca yCTOHUMBOCTH. PeKOMEHIyeTcsl NCHOb30BaTh IIKANy KaK Il OLEHKH YCTOHYMBOCTH TEXHOTEHHBIX
OTKOCOB CIUIOLIHBIX U HACBIIHBIX OPOJ, TAK U JUIS IIPOTHO3a SKOJIOTUUECKOM OIIACHOCTH OT OMOJI3HEH B pe3ysbTaTe Upe3BblUaliHbIX CUTYaLUi.

Hayunas HoBu3HA. /[0ka3aHO, YTO KOJIMUECTBO OMOJI3HEH, MPUXOAAIISeCs Ha SMHHILY OCaJKOB B PETHOHE C ONPEeICHHBIM peibedom,
SIBJISICTCS] TIOCTOSIHHOM BEJIMYMHOM. l_[OJ'Iyqubl 3aBUCHUMOCTH IJId ONPEACTICHUA KPUTUYECKOTO KOJIMYCCTBA OCAAKOB, YTO IOBJICYET €AUHNY-
HBII OMON3EHb B OBPa)KHO-0AJI0YHOM CETH B 3aBUCHMOCTH OT KOHKPETHOH IUIOIIAN OTOJI3HEOMaCHOTO yJacTKa U XapakTepa penbeda.

IpakTnyeckas 3HaunMocTh. OOOCHOBaHA MATHCTYNEHYATas KIaCCH(UKAIMA YPOBHEH OIMOJI3HEOMACHOCTH €CTECTBEHHBIX CKIOHOB U
HCKYCCTBEHHBIX OTKOCOB B 3aBUCHMOCTH OT TOJIOBBIX OCAaJKOB M KOd(QHUIIHMECHTA peiabeda MECTHOCTH, MTO3BOJIAET HIPOTHO3UPOBATE OMOI3HU
U OIPEAEIATh YPOBEHb SKOJIOTMYECKOH U TEXHOICHHOM OIACHOCTH OT OLOJI3HEH.

Knrouegvie cnosa: ononzens, 0nonr3HeonacHoChv, NPUPOOHbLE CKIOHbL, MEXHOLEHHble OMKOCHI, KIACCUDUKAYUL YPOBHeLl ONOAZHEONACHOCIU
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