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CORRESPONDENCE OF NUMERICAL MODELS OF LANDSLIDE-
PRONE SLOPE TO PHYSICAL OBJECTS OF RESEARCH

Purpose. The purpose of this work is to substantiate the adequacy of numerical models to real physical objects,
which significantly depends on how precisely the physical and mechanical characteristics of the soil massif are de-
termined. This especially applies to the determination of critical geometric parameters of slopes. Methodology.
Generalization of well-known research in geomechanics and geotechnics, which used an approach to determine the
main mechanical characteristics of the soil massif based on the analysis of the deformed state, including critical, real
objects, and subsequent back-calculations. Findings. According to the methodology in accordance with the speci-
fied approach, all objects under investigation, regardless of their final purpose, are classified according to a justified
classification feature. For each class, the following basic real objects are selected, on which irreversible changes in
the deformation state have occurred. If the geological structure, hydrogeology of the rock massif, external influ-
ences, as well as the geometric parameters of such a destructive process, which is a landslide, are known, then
through reverse calculations it is possible to find such averaged physical and mechanical characteristics, the use of
which for the appropriate class of selected objects will allow to build and investigate an adequate geomechanical
model. Originality. A methodical approach to the determination of physical and mechanical characteristics by their
selection, using cases of manifestations of the stress-strain state of pre-classified real objects, is proposed. Practical
value. Determining the critical conditions of natural slopes and artificial slopes based on the assessment of the phys-
ical and mechanical characteristics of the soil massif as a whole by means of reverse calculations will allow to safely
design the construction of buildings and structures on the slopes and ensure the reliable operation of open pit mining
operations.

Keywords: geomechanical models; soil ledge; slope; stress-strain state; natural balance; stability; slope process-
es; adequacy

is considered in the works of Gilmore R. (Gilmore,

Introduction

Methodological developments aimed at increas-
ing the reliability of research in geomechanics and
geotechnics regularly appear in the domestic and
foreign scientific space. Famous research by
Crouch S. geomechanical models based on the lim-
ite element method (Crouch, & Starfield, 1987).
The fundamentals of studying deformations in sol-
ids as basic characteristics when creating numeri-
cal models are outlined in the works of J.F. Bell
(Bell, 1984). The solution to the problem of loss of
stability of complex structural objects from the
simultaneous action of external and internal factors

1981).

A large complex of works related to the sub-
stantiation of the adequacy of geomechanical mod-
els was carried out by a team of scientists under the
leadership of O. Shashenko, O. Sdvyzhkova both
in a deterministic setting (Conoastakun, & Casmk-
koBa, 2003; Martovitsky, Khalimendik, & Sdvi-
yzhkova, 2011; [lamenko, Conoasukin, & Map-
tosuibkuii, 2012) and on the basis of probabilistic
approaches (Lamenko, Tymy6, & CnuBuxkosa,
2002). A large overview of information sources
addressing this problem is given in the monograph
(Kospog, Cobxo, AsrokoBceknid, et al., 2020).
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Purpose

Computer modeling has become an integral
part of geomechanical and geotechnical research.
With the help of appropriate software packages,
this approach allows obtaining faster, less expen-
sive and more accurate results than physical mod-
eling. The problem of this approach remains the
justification of the adequacy of numerical models
to real physical objects. This is especially true for
determining the stress field parameter, which in
real objects can only be estimated by measured
deformations and only for an elastic stress-strain
state. In this regard, the development of methodo-
logical approaches to the justification of numerical
models in geomechanics and geotechnics, aimed at
bringing theoretical and practical results closer
together, is an actual task.

Methodology

The problem of assessing the stability of a ho-
mogeneous soil slope using the finite element
method for the case of violation of its stability is
given in the work (Iamrenxo, 2009).

We consider a soil slope (ledge) with a height
H composed of homogeneous rock with a volume
weight y and having an angle of inclination to the

horizon a., its upper part with height Hg, has ver-
tical stability, the compressive strength of the rocks
R. , and the rocks themselves are noticeably weak-

ened due to internal defects, which is taken into
account by the coefficient of structural weakening

k. (Fig. 1).
A
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Fig. 1. Calculation scheme for solving the problem
of stability of a homogeneous soil slope (IlIamrerko,
CaBmxkoBa, Xo3siikuna, & [Tomumyk, 2005)

For a given height of such a ledge and with its
known shape, it is necessary to determine such
physical and mechanical characteristics at which
the location and shape of the sliding line of the
collapse prism coincide with the same parameters

that were found in natural conditions.

The object of consideration is a real case of
slope collapse in a quarry, which occurred at one
time (IIamenko, CapmwkkoBa, Xo3siikunaa, & Ilo-
nunryk, 2005). For this case, the geometric param-
eters of the ledge are known.: H =430 m, slope

angle o =22°, the height of the vertical part of the
slope Hg,, as well as the shape and location pa-

rameters of the slip curve. It is necessary to select
such physical and mechanical properties of rocks
at which the shape and characteristics of the slip
curve in nature and in numerical experiment coin-
cide with sufficient accuracy. Six numerical mod-
els were studied, of which the greatest agreement
between the slip line parameters occurred with the
following physical and mechanical parameters:
volume density y=1900 kg/m*; modulus of elastic-
ity £=2,78-10° kg/m? Poisson's ratio p=0,2,
uniaxial compressive and tensile strength
R, =297-10* kg/m®, R =135-10" kg/m’ respec-
tively.

To approximate the study area (see Fig. 1),
quadrangular elements were used (Fig. 2). In the
course of solving the problem, all components of
the stress-strain state of the medium were deter-

mined at the nodes of the finite element mesh and
at the center of gravity of each element.

Fig. 2. Approximation of the study area
by quadrangular elements

The main prerequisite for determining a possi-
ble shear surface was the following hypothesis: the
shear surface is the geometric location of the points
at which the destruction of the material occurred
under the combined influence of normal and tan-
gential stresses.

The ratio proposed by O. M. Shashenko was
used as a strength criterion (Illamenko, CaBUKKO-
Ba, XossiikuHa, & Tonumyk, 2005):

(6,-05)° ~R3y—(1-y)R, (0, +05)=0, (1)

where o,,0, — the highest and lowest tension, re-
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spectively, =R, /R, — fragility factor equal to
the ratio of the tensile strength R — fragility fac-

tor equal to the ratio of the compression strength R, .

The expression for equivalent tensions (ITlamenko,
2009) is as follows:

e

The equivalent tension is some stress reduced
to a uniaxial state, in other words, a stress equiva-
lent to the uniaxial.

The difference between the strength of the rock
mass and the strength of soil samples is estimated
by the coefficient of structural weakening, ob-
tained on the basis of the statistical theory of
strength with the assumption that the strength of
rock samples is distributed according to the normal
law (Tomy6, & Ilomumyk, 2000). For the condi-
tions under consideration, when only the statistical
heterogeneity of the medium without cracks was
taken into account, the structural weakening coef-
ficient k, =0,4.

Taking into account the heterogeneity of rocks,
the condition of the limit state of rocks takes the
form:

Ge = RCkC ! (3)
or
k=Ko g @
(¢}

(=10 +0) (1= w) (0 +0)" + Ay (0 —0)”
2y

Rk, - 2

In the future, we will call this value k the safe-
ty factor of the soil relative to the point of the soil
slope under consideration.

Thus, the problem is reduced to finding such a
boundary surface on which condition (1) is satis-
fied. In the numerical solution of the problem of
plane deformation of the considered section of the
rock mass, the result of the calculations is the trace
of this surface, i.e. the set of points of the plane at
which the limit relation (2) is satisfied. With re-
spect to the finite element method, this is a set of
elements in which the combination of normal and
shear tensions satisfies the strength conditions (1)
with some predetermined accuracy.

Findings

The results of the modelling of the problem de-
scribed above are shown in Fig. 3. Elements in
which this ratio is fulfilled are shown in black, that
is, the safety factork is close to one. The centers
of gravity of these elements form an isoline of

equivalent tensions o, =R Kk, that is, an isoline of

c' c’?

the strength coefficient k =1.

Fig. 3. The picture of the coincidence of the distribution of the components of normal tensions
with the elements in which the condition is satisfied (4)
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The isoline has a convex-concave shape, begins
at the foot of the bench and ends at the place where
a technological cut is made, facilitating the dis-
placement of the soil mass. The shape of the ob-
tained shear line is close to that actually observed
in natural conditions and meets the sliding condi-
tions according to V. V. Sokolovsky. Thus, for a
class of homogeneous slopes with horizontal lay-
ing of soil and similar physical and mechanical
characteristics, it is possible to use the studied digi-
tal model, built on the finite element method.

The second example of using the method of
constructing a geomechanical model based on the
«reverse method» is given in the work of M.P.
Kropotkin. The simulated slope had a height of 43
m, the distance from the edge to the water level in
the river was 116 m. The soil slope is composed of
9 calculated geological elements (CGE), lying hor-
izontally, the model parameters are given in Ta-
ble 1. The power of each element and the slope
contour are shown in Fig. 4.

Table 1
Model parameters of calculated geological elements
Model parameters of soils at the stage 11
(the emergence and development of deep creep)
Angle of internal friction, de- Specific adhesion, ts/m? Density, t/m® .
grees Effective
Ne of . . ] taking into porosity,
layer |ahove groundwa-| M 2 Water- | ove groundwa-| " 2 Water- | ove groundwa-| " 2 water- acc. relative
ter level saturated ter level Sa‘“ra,fif ter level saturated weighting unit
state state state effect
1 20 15,0 1,0 0,8/0,2 1,80 1,93 0,95 0,20
2* - 10,0 - 3,2/0,8 - 1,70 0,76 0,04
3 - 6,0/7,5** - 31 - 1,74 - 0,03
4 19 - 4,3 - 2,10 - - 0,08
5 31 30,0 0,7 0,6 1,86 - 1,02 0,20
6 - 18,5 - 3,6/1,2 - 1,92 - 0,05
7 - 29,0 - 0,8 - - 0,01 0,20
8 - 12,0 - 3,0/2,0 - 1,90 - 0,04
9 - 74 - 4,4/4,2 - 1,75 - 0,02
Notes:

* The characteristics of CGE-2 are given in the table for its "tongue™ part. In the rest of the part, the density is accepted as

equal 1,73 t/m°.

** Numerator - for the horizontal zone of preliminary displacements; denominator - for the rest CGE -3.

*** Numerator - structural adhesion C,; denominator - cohesion of connectivity C,,.

== load. (1.4 v

Absolute
mark, m
Distance, m

Legend

(1] Number of the calculated geological element (CGE)
Groundwater level; high and medum
Minimum coefficient of stability in case of occurence of deep creep
94 Minimum coefficient of stability during creep development_
Design surface with minimum slope stability coefficients

Fig. 4. Modeling of slope sliding

e Average water mass

m’)
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The calculations were performed using the PSK
software package block, which is based on a math-
ematical model in the form of a system of limit
equilibrium equations reflecting the relationship
between shear and holding forces in the soil mas-
sif. The model is considered in a two-dimensional
formulation taking into account the interaction
forces acting along the edges of the calculated sec-
tions and corresponding to the initial stress-strain
state immediately before the start of the sliding
process.

The physical and mechanical characteristics of
the CGE, on the basis of which the modeling was
carried out, are given in Table 1. The actual shape
of the displacement surface was determined based
on the results of inclinometric observations. Math-
ematical modeling and natural studies showed a
fairly close match of the results. Thus, for dis-
placements of this type with a similar geological
structure of the massif and hydrogeological situa-
tion, the physical and mechanical characteristics
can be taken as close to those given in Table 1. The
given example can be used to check the adequacy
of software packages based on other physical prin-
ciples.

A large number of such hydrogeological mod-
els have been constructed and studied under the
supervision of Professor I. O. Sadovenko in the
study of hydrogeological regimes occurring within
layered rock massifs weakened by underground
workings of coal mines. Mathematical numerical
modeling affected the processes of geofiltration in
a rock mass heterogeneous in capacity and perme-
ability, taking into account the relationship be-
tween underground and surface waters, their flow
through low-permeability layers, as well as chang-
es in boundary conditions and geofiltration param-
eters in time and space. When constructing hydro-
geological models, the «reverse method» was usu-
ally used, which allowed obtaining adequate mod-
eling results (Sadovenko, Zagrytsenko, Podvigina,

& Dereviagina, 2016, 2017; Sadovenko,
Zahrytsenko, Podvigina, Dereviahina, &
Brzezniak, 2018; Bazaluk, Sadovenko,
Zahrytsenko, et al, 2021; Sadovenko,

Tymoshchuk, Zahrytsenko, et al., 2024).

Originality and practical value

The analysis of information sources on mathe-
matical modeling of geotechnical systems has been
conducted, which has shown that one of the diffi-
cult stages of the study is the transfer of the results

of laboratory tests of samples to the entire soil
massif, which consists of an artificial slope or a
natural slope. If such a massif is layered, then this
task is significantly complicated. One of the ways
to solve the problem of the adequacy of the results
of mathematical modeling to natural measurements
is to divide the objects of study into classes, search
for cases of loss of stability of the classification
elements and assess the physical and mechanical
characteristics of the object as a whole by selecting
them in such a way that the modeling results coin-
cide with the results of natural measurements. This
approach is called «inverse modeling». Examples
of such modeling are considered. It has been prov-
en that this approach in a number of cases gives
fairly accurate results, which makes the forecast a
reliable tool for designing and ensuring the stabil-
ity of future buildings, structures and elements of
technology.

Conclusions

An analysis of methodological approaches to
the construction and study of geomechanical mod-
els was carried out, as a result of which an «reverse
method» was proposed, which allows, with known
boundary parameters, to establish the patterns of
distribution of the stress-strain state of soil massifs,
including the boundary state, and groundwater fil-
tration.

Geomechanical models developed for specific
cases that have shown sufficient agreement be-
tween analytical and natural results can be used as
reference models when testing software products
based on other physical conditions and under other
strength conditions.

It has been proven that on the basis of such ge-
omechanical models, it is possible to correctly de-
velop appropriate technological solutions for the
construction of slopes and the safe operation of
quarries.
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BIIIOBIJHICTh UNCJIOBUX MOJEJIENA

3CYBOHEBE3IIEYHOI'O CXHNJ1Y

PI3UYHUM OB’EKTAM JOCJIIIKEHD

Merta. Meroro naHoi pobOTH € OOIpYHTYBaHHS aJE€KBAaTHOCTI YHCIIOBMX MoJieliell peaibHUM (i3MYHUM
00’€eKTaM, siKa CyTTEBO 3aJ€KHUTH BiJl TOrO, HACKLIBKN TOYHO BU3HAYEH] (i3MKO-MEXaHI4HI XapaKTePUCTHKH IPYHTO-
Boro MacuBy. OCOOMHBO 1€ TOPKAETHCS BU3HAUEHHIO KPUTHUYHHX T'€OMETPHYHHX IapaMeTpiB YKOCiB ab0 CXMIIB.
Metoaunka. Y3araibHEHHs BiJOMUX JOCIIIKEHb Y T€OMEXaHili 1 T€OTEXHiIl, IKi BUKOPUCTOBYBAJH MiAXiJ 0 BU-
3HA4YCHHS OCHOBHHX MEXaHIYHHMX XapaKTEPHUCTHK IPYHTOBOTO MAacHBY Ha MiJICTaBi aHANi3y Ae(OpPMOBAHOTO CTaHy, Y
TOMY YHCI KPUTHYHOTO, PEaIbHUX 00’ €KTiB, 1 MOJANBIIOr0 BUKOHAHHS 3BOPOTHHUX PO3paxyHKiB. PedyabTaTu. 3ri-
JTHO 3 METOJUKOIO BiJITIOBIIHO /10 O3HAYEHOTO MiAXOIy BCi 00’€KTH, IO JOCTIKYIOTHCS, HE3aJeKHO BiJ X KiHIIe-
BOT'0 TPH3HAYEHHsI, KIACH(IKYIOTHCS 32 OOIPYHTOBAHOIO KiacH(iKaliifHOI 03HaKo. [y KOXHOro Kiacy mijgou-
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paroThCst Taki 6a30Bi peasbHi 00’€KTH, Ha SKUX BiAOYJIMCS HE3BOPOTHI 3MiHU AedopMaliiifHoro craHy. SIKmo Bizomi
reoJioriyHa OysoBa, TiJpOreoIorisi IIOPOJHOTO MacHBY, 30BHIIIHI BIUTMBH, @ TAKOK T€OMETPHYHI TapaMeTPH TaKoro
PYHHIBHOTO TIpOIleCy, SKHM € 3CyB, TO IUIIXOM 3BOPOTHHX PO3paxyHKIiB MOKHAa 3HAWTH Taki ycepenHeHi (Di3uKo-
MeXaHi9HI XapaKTEePUCTHKH, BUKOPHCTAHHS SKUX U BiAIOBITHOTO KIIacy BUAIJICHUX 00’ €KTIB TO3BOJHUTH MOOYIY-
BaTH 1 OCTIANTH afeKBaTHYy TeoMexaHidyHy Mojens. HaykoBa HOBU3HA. 3allpONOHOBAHO METOAMYHHUNA MiAXid 1O
BHM3HAYCHHS (Pi3MKO-MEXaHIYHUX XapaKTEPHCTHUK MUIAXOM iX Mig0opy, BUKOPHCTOBYIOYH BUIAIKHA TPAHUIHUX TPO-
SIBIB HAIIPYXEHO-Ie(OPMOBAHOTO CTAaHy IOTEPENHBO KIACH(IKOBaHMX pealbHUX 00’ekTiB. IIpakTH4yHa 3HAYM-
MicTh. Bu3HaUeHHs KpUTHYHUX CTaHIB IPUPOAHUX CXHJIIB 1 MITYYHUX YKOCIB HA OCHOBI OIIIHKH (pi3MKO-MEXaHI9HUX
XapaKTEepPUCTUK I'PYHTOBOTO MACHBY B LIJOMY IIISIXOM 3BOPOTHUX PO3PAaxyHKIB JO3BOJHUTH OE3MEYHO MPOEKTYBATH
OyniBHHLTBO OyxiBedb i cHOpyx Ha cxmwiax Oanok Ta 3a0e3NeynTH HalifiHy eKCIUIyaTallilo BIAKPUTHUX TipHUYUX
poOiT.

Kniouosi cnosa: reoMexaHiqHi MOJEINi; IPYHTOBHUH YCTYI; CXWJI, HalpyXeHo-Ae(OPMOBAHUIl CTaH; NPUPOJHA
piBHOBara; CTIHKiCTh; 3CyBHI IIPOLIECH; aJJICKBaTHICTh
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