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Abstract. Landslides are among the most dangerous geological processes, posing a threat to all engineering structures.
In order to assess the stability of slopes, complex engineering surveys are used, the results of which are necessary to
perform computations of the stability of soil masses and assess the risks of landslide development. The results of integ-
rated geological and geophysical studies of a typical landslide slope in the North-Western Caucasus spurs, composed
of clayey soils, are presented. The purpose of the work is to increase the reliability of assessing the stability of a land-
slide mass by constructing a 3D model of the slope, including its main structural elements, identified using modern
methods of engineering geophysics. Accounting for geophysical data in the formation of the computed 3D model of
the slope made it possible to identify important structural elements of the landslide, which significantly affected the
correct computation of its stability.
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Introduction. Assessment of the operational reliability of constructed and designed engineering
structures on slopes is based on the concept of the detailed structure and stress-strain state of the soil
mass, as well as the identification of factors influencing the formation and development of landslide
processes, and indicators characterizing the stability of slopes [1].

The degree of danger of slopes for construction is determined on the basis of engineering geo-
logical models that characterize the probable position of the main structural elements of landslide
displacements, the spatial distribution of the stress-strain state, strength and physical properties of the
landslide mass [2-4]. In this case, particular importance should be given to the detail studies of soil
strata [5-7]. Increasing the detail of studies enable to identify factors that significantly affect the as-
sessment of a landslide slope stability. These are the presence of lenses and thin beds, to which sliding
surfaces can be confined, complex topography of the landslide bed, numerous fractures that cut
through the landslide body [1, 8]. Such a requirement necessitates a reasonable interpolation of data
on the geological structure within the interwell space. The high-quality interpolation of geological
interfaces with the identification of local structural elements in the landslide mass is hindered by a
significant distance between wells. The probable missing of the structural elements causing land-
slide displacements is high. In addition, the quality of interpolation is significantly affected by the
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conditions of work on the excavation of engineering geological workings. Thus, often due to the
complexity of drilling on steep slopes, engineering geological wells are replaced by pits, which,
despite their advantages, will not allow reaching the required depth of research. Therefore, the distance
between wells in the line can reach 100 m (Fig.1). Correct geological interpolation with a rare network
of wells and mine workings, considering all the factors affecting the stability of a landslide slope, is
possible using modern methods of engineering geophysics, which allow obtaining almost continuous
2D geological and geophysical sections. Increasing reliability of the slope stability assessment is also
facilitated by the construction of 3D models identifying the main landslide elements, including the
localization of zones of weakened soils, and the determination of the spatial distribution of physical
mechanical properties in the soil mass.

According to the current regulatory documentation (SP 420.1325800.2018), it is recommended
to perform engineering geological computations of slope stability in a 2D setting for a line oriented
along the most likely direction of landslide displacement, along the maximum slope of the surface.
However, the 2D problem formulation method does not consider possible displacements that can
occur outside the estimated line plane. The impact of various factors, including the results of human
engineering and economic activities, the heterogeneous geological structure of the landslide mass,
as well as the specific topography of the slope surface, can cause a complex nature of the field of
the stress-strain state of the soil mass and create a landslide displacement trajectory which does not
correspond to the estimated line of the slope [9, 10].

Analysis of a 3D slope model allows to obtain a pattern for a more probable landslide displace-
ment of soils and, accordingly, to improve the accuracy of assessing the stability of soil masses.
Compared to flat 2D models, 3D models give a more complete and correct idea of the structure of
the main deformable horizon based on the spatial shape and position of displacement planes, lines
of landslide fractures, separation walls, protrusion ramparts, and landslide terraces within the
emerging landslide cirque [11, 12]. These data make it possible to determine the spatial distribution
of the slope stability factor, considering the 3D approximation of its structure. To develop a more
adequate 3D model and increase the reliability of the landslide slope stability assessment, it is necessary
to use integrated geoscientific information about its detailed geological structure.

To calculate slope stability using a 3D model, the Slide3 software (Canadian company
Rocscience Inc [13]) was used, which approximates a soil mass by 3D computed blocks. When pas-
sing from 2D to 3D formulation of the problem by the limit equilibrium method, the concept of de-
scribing the shape of the sliding surface completely changes [14]. For example, a round-cylindrical
sliding surface in a 2D problem formulation is synthesized as spherical or ellipsoidal when passing
to a 3D model. In the 3D problem, when calculating the stability, the limiting balance of the holding
and shear forces in two orthogonal directions is considered. The vertical load defines the perpendi-
cular and tangential forces acting on the basis of each computed block of the model. The values of
the forces that shear and oppose the displacement determine the resulting stability factor for the esti-
mated 3D sliding surface [13, 15]. In general, modelling in a 3D setting makes it possible to obtain
more correct slope stability characteristics in comparison with the 2D approach [14, 16].

Recently, electrical tomography (ET) and seismic tomography (ST) have been widely used to
study landslides, providing the most complete and detailed information on the geological and geo-
physical properties of landslide structures [17]. Unlike 1D methods of studying a slope using wells
and pits, modern 2D geophysical technologies make it possible to obtain an almost continuous
section of a landslide slope with an indication of the main structural elements of the landslide mass
and to localize weakened zones associated with the formation of fractures and increased soil mois-
ture [18-20].
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Fig.1. Layout plan of engineering geological workings and geophysical lines (a)
and engineering geological section along line 111-111 (b)
1 — geological well, its number, abs. head mark, m; 2 — archived geological well, its number, abs. head mark, m; 3 — pit, its number, abs.
head mark, m; 4 — line and number of engineering geological section; 5 — boundary of the long-term stabilized landslide according
to the engineering geological surveys; 6 — seismic tomography lines; 7 — electrical tomography lines

773
This is an open access article under the CC BY 4.0 license



2948 Journal of Mining Institute. 2022. Vol. 257. P. 771-782 DOI: 10.31897/PMI.2022.86
ol © Vladimir V. Glazunov, Stanislav B. Burlutsky, Rimma A. Shuvalova, Sergey V. Zhdanov, 2022

Methodology. The target of 2D and 3D modelling is a landslide slope on the northeastern low
of the Northwestern Caucasus. The landslide is genetically related to the watercourse formation. The
landslide basis is the riverbed (Fig.1, b). The average slope of the surface is 11-15°. The landslide
separation walls and its sides are not clearly traced due to the dense vegetation and turfiness of the
slope. The surface of the sliding tongue is smoothed and eroded by a temporary stream in the channel
part. The topography in the upper part of the slope is more gentle, and closer to the watercourses, its
inflection is observed, leading to an increase in the slope to 15-25°. In this area, there are weakly
turfed thrust edges, drunken forest, and in some places even shallow gullies. On the landslide slope,
geomorphological elements are weakly expressed.

The geological section of the studied landslide area (Fig.1, b) is represented mainly by the Qua-
ternary deposits [21]. The upper part of the section to a depth of 8 m is composed of deluvial loams,
represented by the following lithological varieties: yellow-brown heavy sandy hard loam (d18); light
grey heavy sandy hard loam with interlayers of weakly cemented sandstone to 3-5 mm (d19). Loams
overlie the following varieties of eluvial clays: clay from dark brown to light grey, light silty hard,
with vegetation residues (e29); bluish-grey light silty semi-hard dense clay (e29a). In the upper and
lower intervals of the slope, there are lenses of light grey hard dense sandy loam of eluvial genesis
with nodules of carbonates and shells to 10 % (e10) and yellow-brown heavy sandy hard loams (e19).
Well 2-1 in the upper part of the section uncovered a lens of dark yellow, low-strength, weakly fer-
ruginous, weathered, weakly cemented sandstone (42c).

According to the engineering geological studies, an increase in the moisture content and plasti-
city of clayey soils with depth is noted, while the consistency index is mainly below zero. At the
boundary of loams and underlying eluvial clays in some engineering geological workings in the cen-
tral part of the section, an increase in moisture can be traced. The consistency index in this zone
reaches 0.22, and the moisture values approach the limit of plasticity as much as possible [22].

As a result of field and laboratory studies of soils in a landslide mass, strength characteristics
were determined according to the scheme of an unconsolidated level (see Table). The values of
strength properties increase with depth, which is typical for landslide slopes [14, 23, 24].

Physical and mechanical properties of soils

Engineering Cohesion C. kPa Angle of internal | Soil density at natural | oo\ wa?etrr—esr;%tj?aitgcgh;ate
geological elements ' friction o, deg moisture p, g/em® y strength Rary, arEer

watery

di9 23 16 1.8 - -

di8 40 15 1.7 - -

el0 131 32 1.95 - -

el9 31 15 1.89 - -

e29 112 16 1.94 - -

€29 101 15 1.9 - -

42c - - 1.93 23.46 16.8

The engineering geological data obtained in wells and pits, together with the results of electrical
and seismic tomography studies, made it possible to develop a 3D model of the landslide slope, as
well as to analyse the effect on the estimated stability of the landslide slope in local areas of weakened
rocks of the landslide mass, distinguished using geophysical methods.

Analysing the signs of manifestation of landslide activity on the slope under consideration (land-
slide topography, weakly turfed thrust edges, drunken forest), one can confidently assert the for-
mation of a landslide and the active landsliding. As practice shows, in the presence of these signs, the
slopes are in a state close to the limiting equilibrium. The stability factors of such slopes, as a rule,
do not exceed 1.1.
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Results of computation of slope stability on the basis of engineering geological surveys. Guided
by the information on the composition, moisture content, and properties of the landslide slope soils,
obtained from the engineering geological surveys, a computed 3D engineering geological model of
the landslide slope was developed. The computations presented in this article are performed as an
example without considering possible seismic effects. For a comparative analysis of the 3D and 2D
modelling, computational engineering geological models of the landslide slope were built along
parallel lines 11-11 and I11-111.

Figure 2, a shows the results of 3D modelling, performed only on the basis of engineering geo-
logical surveys in the Slide3 software package. Coloured outlines on the 3D model surface charac-
terize the spatial distribution of the estimated factor of slope stability [25], the colour scale shows
changes in the values of this factor in the range from 2.72 to 6.00. The minimum slope stability factor
is 2.72. The obtained factor values make it possible to assess the slope as a whole as stable. The most
unstable area, highlighted in red in the 3D model, is in the central part of the slope, where wells 9-1,
1638 arch, 7 are marked, which penetrated a layer of weak loam d19, the thickness of which in these
wells varies from 2 to 7 m.

Computation of the stability factor for the 2D model of the landslide slope along line I11-11l,
which crosses the weakened zone, was performed using the Morgenstern — Price method. This method
has the best convergence in iterative computations, enabling to calculate the stability factor and build
a prism of possible collapse most accurately. The initial data for modelling (Fig.3, a) were only ma-
terials of engineering geological studies [26, 27]. The section of the 2D slope model shows the result
of searching for the most probable sliding surface with the minimum value of the stability factor,
calculated using the Slide2 software [28, 29]. The estimated value of the stability factor was 2.42,
which is somewhat lower than the value of Ksan computed for a spherical surface using the Slide3
software (see Fig.2, a). It should be noted that Kstan value along the sliding surface, obtained on the
parallel line 11-11, was 2.81, which, on the contrary, is somewhat higher than the value computed for
the 3D slope model.

Based on the practice of studying landslide processes, as well as the assumption that the slope,
which has all the signs of landslide activity, as a rule, has Ksap in the range to 1.1, it can be concluded
that Kstan Obtained as a result of 2D and 3D computations, are overestimated.

The results of 2D computations of the most probable sliding surfaces along lines I-1, 1I-11,
and I11-111 were considered when synthesizing a 3D model using the Slide3 software (Fig.4, a).
Round-cylindrical sliding surfaces defined for the 2D model are within the most landslide-prone

Surface Safety Map

min: 116

max: 63.51

Fig.2. 3D model of the distribution of the stability factor of a landslide slope in the Slide3 software based
on the engineering geological surveys (a) and integrated geological and geophysical studies (b)
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Fig.3. 2D computation of the stability factor of the landslide slope along line I11-111 according to the drilling materials (a)
and integrated geological and geophysical studies (b) [30]
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8 — sliding surface zones and failure fractures
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Fig.4. Generalized 3D model of a landslide-prone area according to engineering geological surveys (a)
and integrated geological and geophysical studies (b)
1 — projection of a 2D sliding surface computed in Slide2; 2 — boundary of the area with the greatest landslide hazard; 3 — stability
factor obtained in 2D computations; 4 — 3D sliding surface of a landslide; 5 — engineering geological workings;
6 — seismic and electrical tomography lines; 7 — stability factor obtained in 3D computations; 8 — landslide fractures

zone identified in the 3D model. In this case, the most probable landslide displacement along the
spherical surface is of a more local nature.

Considering the known relationships between the dynamic shear modulus and the value of the
specific cohesion C of clayey rocks, it should be considered that a decrease in the values of the ve-
locity of shear waves Vs in clayey soils indicates a decrease in their strength due to disintegration and
destruction of structural bonds [22]. This indicates the development of landslide displacements and
the occurrence of stress-strain zones in the soil mass. For these reasons, the clayey rocks that make
up the landslide body lose their structural strength and fractures develop in them [16, 31, 32].
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On seismic tomographic sections, these processes are reflected in the form of near-vertical local zones
characterizing the position of landslide fractures. As the practice of studying landslide mass shows,
the values of specific cohesion C and the angle of internal friction ¢ in these zones can decrease to
50 % compared to undisturbed soils [26, 33].

The recent years were devoted to a comprehensive geophysical study of landslides of predomi-
nantly asequential type on the northern slopes of the Northwestern Caucasus [22, 26, 34]. As inves-
tigations showed, the main geophysical methods in the study of plastic landslides are ET and ST on
S-waves. The combination of these geophysical methods makes it possible to confidently identify in
the section of a plastic landslide such important structural elements as landslide fractures, which
manifest in the form of local near-vertical regions with reduced values of specific electrical resistivity
(SER) and V.

Tomographic geophysical studies of the slopes were carried out using standard methods of ob-
servation and data processing.

Electrical tomography observations were made using the Schlumberger installation and the
Skala-48 multi-electrode electrical exploration station. The electrodes were placed along the streamer
with a step of 3 m. The ET data were processed by the 2D inversion method using the Res2Dinv
software, v.4.01.35. Inversion ensured the selection of SER values in a 2D grid model of the medium.

Seismic observations were carried out using the ELLISS-3 seismic station. The seismic receivers
were installed with an interval of 2 m. The seismic source points were located every 4 m with
offsets for half the length of the seismic receivers. Seismic tomography processing was performed
in the XTomoDPU and XTomo software.

The spatial resolution on the surface was 1.5 m for electrical and 1 m for seismic tomography
observations.

The results of the performed electrical tomography studies showed the high efficiency of this
method for a detailed study of the heterogeneous structure of the landslide, as well as assessing
changes in the composition and state of clayey soils (Fig.5, a). The analysis of the obtained electrical
tomography sections of the landslide slope makes it possible to clearly trace the changes in humidity,
which cause changes in the strength parameters of finely dispersed soils. In the near-surface parts of
the electrical tomography sections, there are local zones with reduced values of the specific electrical
resistivity of dispersed soils. These areas are associated with a local increase in humidity in places
where landslide fractures form [22, 26].

Seismic tomography sections of the landslide slope characterize the 2D distribution of shear
wave velocities Vs [26]. Due to the disintegration of clayey soils of landslide mass, in the studied
seismic tomography sections of S-waves, areas with reduced values of the Vs velocities distribution
are distinguished, corresponding to such important structural elements as fractures in the landslide
body (Fig.5, b) [22, 35, 36].

In addition to studying electrical and seismic tomography longitudinal sections, it is also neces-
sary to consider the structure of transverse geological and geophysical sections. In the transverse ET
and ST lines, there are also local areas with reduced values of SER and Vs, corresponding to the
position of landslide fractures. Differences in the form of local Vs and p anomalies in the longitudinal
and transverse sections were established. On longitudinal geotomographic sections, these anomalies
and, accordingly, landslide fractures have an inclination in the direction of slope dip, and on trans-
verse sections, a multidirectional nature of their near-vertical occurrence is observed (Fig.6).

The slope of fractures in the longitudinal and transverse sections decreases with depth and is
directed towards the extended area of disintegrated rocks of the landslide body. These differences can
be explained by the fact that in the longitudinal lines, the ET and ST sections make it possible to
identify landslide failure fractures, and in the transverse lines, shear fractures bordering the landslide
body on both sides.
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1 — well number; 2 — supposed landslide fractures; 3 — areas with reduced values of SER and Vs, indicating an increase in soil moisture
and a decrease in the specific cohesion value; 4 — intersections of geophysical lines

Geotomographic study of the landslide slope, together with the engineering and geological
surveys, made it possible to perform a comprehensive interpretation [22, 37]. Based on its results,
the spatial position of the lithological boundaries between engineering geological workings was
corrected, zones of weakened soils confined to the main structural elements of the landslide were
identified, and changes in the physical and mechanical properties of soils in these zones were as-
sessed.

According to the integrated geological and geophysical interpretation (Fig.6), the sliding surface
zone of a landslide is mainly confined to the weakening zone at the boundary of dispersed soils with
various genesis, grain size, and consistency [34]. According to the classification of F.P.Savarensky,
the studied landslide can be attributed to a mixed structural type, which has elements of both ase-
quential and consequent types.

The main structural elements of the landslide were identified according to the joint analysis of
ET, ST, and engineering geological sections, considering signs that indicate the disintegration of
clayey soils and a decrease in their strength [22]. The results of electrical and seismic tomographic
studies also made it possible to identify fractures of various landslide cycles in the landslide slope
section.
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of the sliding surface and landslide fractures

Thus, the results of an integrated geological and geophysical interpretation make it possible to
introduce into the 3D model of the landslide slope the refined position of lithological boundaries, as
well as zones with weakened disintegrated soils related to such important structural elements as the

landslide body and landslide fractures.

The introduction of these additional data into the 3D compu-

tational model of a landslide makes it possible to significantly refine the developed model and obtain
more reliable slope stability properties [38-40].

Results of computation of slope stability on the basis of integrated geological and geophysical
studies. Considering the available information about the properties of the soils in the landslide mass,
obtained from the data of engineering and geological surveys, as well as additional information about

the landslide slope structure, extracted
engineering geological model of the lan

from the materials of geophysical studies, an improved 3D
dslide slope was formed. Information about the change in the

physical and mechanical parameters of soils in weakened zones was taken based on an analysis of the
available correlation dependences of the seismic properties of clayey rocks on their strength, as well
as electrical and seismic tomography materials together with the results of engineering and geological

SUrveys.

The introduction of additional geophysical information significantly affected the structure of

the stress-strain state field of the lands
the mass most susceptible to landslide

lide mass, which changed the area, outlines, and position of
displacement (“red” zone). This area noticeably increased
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(see Fig.2, b), leading to a change in the value of the landslide stability factor, which decreased by
more than two times. According to the zonal distribution of the stability factor, in some parts of the
slope Kstan reaches values of 1.16, which makes it possible to classify the slope according to SP
420.1325800.2018 as conditionally stable.

Additional geophysical information in the 3D model of the landslide slope adjusted the determi-
nation of the position of the most probable sliding surfaces and the computation of the mass stability
on these surfaces. As a result of the search for the most probable spherical sliding surfaces, the Slide3
software generated three surfaces located sequentially along the slope (see Fig.4, b). The values of
the stability factors for these surfaces were 1.17; 1.16; 1.60. Individual spherical sliding surfaces are
located with an overlap of about 20-25 m, which forms a single glacier-like landslide body elongated
downdip. A significant decrease in Kstap after the introduction of additional geophysical information
is due to the presence of a large number of weakened zones (landslide fractures) in the landslide body.
This is especially noticeable in its central part.

Computation of slope stability in the Slide2 software using the Morgenstern — Price method also
showed a decrease in the slope stability factor after introducing additional geophysical information.
Fig.3, b shows the result of the computation in the Slide2 software for line I11-111. Considering the zones
of weakened soils and adjusting the position of lithological boundaries according to geophysics, Kstan
value was 1.18.

The results of a 2D computation for two parallel lines 11-11 and 111-111, considering the position of
the zones with weakened soils confined to the main landslide elements, obtained from the materials of
geological and geophysical interpretation, were plotted on the 3D model surface (see Fig.4, b). The
analysis of 2D and 3D models with additional geophysical information showed the similar position of
sliding surfaces on the slope. In this case, the stability factors have similar values.

Discussion. The results of 2D and 3D computer modelling, performed considering the ST and
ET data, made it possible to determine the outline of the soil mass area subject to the greatest landslide
hazard. The area is elongated along the slope and includes both the zones of the most probable sliding
surfaces and landslide fractures, including fractures of various landslide cycles. An analysis of the
glacier-like shape of the landslide structure showed that the landslide displacement will occur not
only along but also across the slope. The introduction of additional geophysical information made it
possible to obtain stability factors that are characteristic of slopes and indicate the presence of land-
slide activity. It should be noted that the failure fractures in the landslide mass, most clearly traced in
the ET and ST data, correspond to the upper parts of spherical sliding surfaces.

Thus, 3D landslide modelling data confirm the expediency of using electrical and seismic to-
mography technologies to identify local areas of weakened soils associated with landslide fractures
and to obtain more accurate estimates of the landslide slopes stability.

Conclusions. The results of 2D and 3D modelling based on engineering geological information
make it possible to obtain close values of the landslide slope stability factors. However, a 3D model
has undoubted advantages, as it gives a more complete pattern of the spatial distribution of the land-
slide body within the slope.

Unlike 1D slope studies from well drilling data, modern 2D geophysical technologies provide
almost continuous sections of the landslide slope, characterizing the detailed structure of the main
elements in the landslide and areas of weakened rocks. Considering integrated geophysical infor-
mation obtained from longitudinal and transverse lines when performing a 3D computation of the soil
masses stability enables to get the most complete pattern of a possible landslide displacement.

Accounting for geophysical information about the position of landslide failure and shear frac-
tures bordering the landslide body in 3D modelling leads to increased reliability in assessing the sta-
bility factor of the landslide slope. In the considered case, the landslide slope, after considering the
integrated geophysical information in the model computations, was reclassified from stable to condi-
tionally stable.
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Geophysical information about local weakened zones significantly changes the ideas about the
structure of the sliding surface of a landslide. 3D model of the landslide, based only on engineering
geological information, identified a single sliding surface, and with the involvement of engineering
geophysics data, a glacier-like landslide structure appeared. The revealed more complex structure of
the landslide indicates a multi-phase landslide displacement, which occurs not only along the line of
maximum slope, but also across the slope.

Thus, additional geophysical information about the position of lithological boundaries and the
localization of zones of weakened disintegrated soils of a landslide mass introduced into the computed
3D model significantly increases the reliability of assessing the landslide slope stability.

When designing construction works within a slope, an integrated geological and geophysical 3D
model of a landslide slope provides making more informed decisions to ensure the operational relia-
bility of structures built on it.
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