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MODELING OF LANDSLIDE DEFORMATIONS UNDER THE ACTION OF GRAVITY

(MpedcmaeneHo 4neHoM pedakyiliHoi Koneaii 0-pomM 2eos. Hayk, npogh. O.M. leaHik)

Nowadays, there are actual problems associated with destructive slope processes under the influence of gravity load. Indeed,
gravitational slope processes, together with other erosion and tectonic processes, contribute a lot to the formation of the modern relief
and at the same time very often complicate the rational using of the corresponding territory. Landslide processes can be distinguished
among the most dangerous gravitational slope processes. These processes are characterized by widespread distribution and significant
material losses and human casualties to which they lead. Due to its social importance and practical engineering significance, the problems
of studying gravitational shear processes have a long history. Therefore, many works are devoted to these problems, but from another
hand, the cases of strict mathematical and mechanical description and determination of certain quantitative mechanisms and criteria for
the development of sliding gravitational processes have been considered in a rather limited way. In presented work on the base of
variational finite-element method, we calculate the rotational deformation and failure criteria of a wide class of three-dimensional
heterogeneous anticlinal geostructures under the gravity load conditions. The simulation results show that the shear deformation of
anticlinal geostructures under the influence of gravity depends on the shape, size of the structure, and mechanical properties of the rocks
that make up these geostructures. We have established that more compact geostructures are subjected to the smallest deformation. In
the solid geostructures that retain elastic properties, the deformations are inversely proportional to the degree of rock stiffness, and a
decreasing in the curvature radius of the geostructure leads to an inversely proportional increase in the deformation of the corresponding
geostructure. We have shown that in order to maintain resistance to shear soil gravity failure, anticlinal geostructures cannot be
completely composed of rocks softer than semi-solid dispersed soils. It was established that the resistance to shear gravity soil failure of
heterogeneous anticlinal geostructures is mainly determined by the rigidity of the internal bearing rocks, while the influence of the stiffness

of the external soft rocks is relatively insignificant and has a non-linear character.
Keywords: computer modeling, landslide anticlines deformations, gravity load.

Introduction and statement of the problem. Nowadays,
the problems associated with destructive slope processes
under the influence of gravity load remain relevant. Indeed,
gravitational slope processes, together with other erosion and
tectonic events, play important role in the formation of the
modern relief. These processes at the same time very often
complicate the rational using of the corresponding territory.
Landslide processes can be distinguished among the most
dangerous gravitational slope events. These processes are
characterized by widespread distribution and significant
material losses and human casualties to which they lead.
Landslide processes, among other gravitational slope
processes, are characterized by the presence of a soil shifting
without loss of continuous contact between the moving and
stationary parts of the massif (lpueopenko u dp., 1992;
Ocunos, 1999; Dikay et al., 1996; Bell and Maud, 2000;
Pathak et al., 2008). Thus, for the description of gravitational
shear soil processes, we can neglect the consideration of soil
massif gaps with other rheological effects and limit ourselves
to the application of the theory of elasticity for a solid medium.
Gravitational soil shear processes are very numerous and
have various geological forms (Bell and Maud, 2000, Hunter
and Fell, 2003; Van Asch et al., 2007). Therefore, it's
impossible to embrace all cases, so we limit ourselves to
consideration of rotational gravitational soil shear processes
for three-dimensional heterogeneous anticlinal geostructures.
This case is common enough and can be very useful for
practical applications.

Analysis of latest investigations. Due to its social
importance and practical engineering significance, the
problems of studying gravitational shear soil processes have
a long history. Many works are devoted to these problems,
among which the following can be singled out (Bad, 2010;
Kronb, 2017; Husizos, 2015; lNeHOuH u ®omeHko, 2015;
®omeHko, 2012; Hunter and Fell, 2003; Zhang et al., 2006;
Van Asch et al., 2007; Pathak et al., 2008; Cruden and Lan,
2015). Due to the ambiguity and variety of natural and
practical cases of gravity shear soil processes, these works
mainly relate to the definition of general geological and
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engineering classifications, qualitative criteria and
mechanisms of destructive events. Computational models
are simple enough and mostly limited by analytical and
semi-analytical approximate methods.

Pinpointing unresolved issues. On the other hand, the
cases of strict mathematical and mechanical description and
determination of certain quantitative mechanisms and criteria
for the development of sliding gravity processes, especially
rheological numerical methods, have been considered in a
rather limited way. The variational finite-element method
proposed in this paper for solving the problem of the elasticity
of multilayer orthotropic shells, taking into account the shear
rigidity (/lybkos, 2015) adequately allows calculating the
deformation processes, mechanical behavior and failure
criteria of a very common class of three-dimensional
heterogeneous anticlinal geostructures in the conditions of
gravity load. This approach has important theoretical and
practical interest and provides a number of advantages
compared to existing methods.

Setting objectives. The aim of the article is modeling of
shear soil processes under gravity loads of wide class of
heterogeneous anticlinal geostructures on the base of
elaborated variational finite-element method.

Research part and findings validated. Mathematical
formulation and solving problem. Consider the defor-
mation of the anticlinal geostructure in the form of the upper
half of a fragment of a three-layer cylindrical shell, which is
rigidly fixed at the ends and is under the influence of gravity.
To describe the deformation of the considered anticlinal ge-
ostructure, which consists of rocky or dispersed soil rocks
(Tpogpumos, 2005; Zhang et al., 2006, Van Asch et al.,
2007) we will use the theory of multilayer orthotropic elastic
shells of rotation taking into account shear rigidity (/Ty6kos,
2015). We will consider the shell in the curvilinear coordinate

system (s,@,z), which we will consider rigidly fixed with a
large solid rock massif. Here s, ® — coordinates along the
surface of the shell; z is the shell thickness coordinate.
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Displacements along the s, @,z coordinates for the j-th layer
of the shell can be represented in the form (J/lybkos, 2015):
u; =uy(s, Q)+ zu, (s, 9);
v, =V (8,0) + 2, (5, 9); (1)

w; = wy(s,0) + 2w (s, ),
here u,,v,,w, — displacement components of the middle
surface of the shell; u,,v, — rotation angles of the middle
surface normal relatively coordinate lines @ = const,
s = const accordinally, w, —compression of the middle sur-

face normal of the shell. Let's make the Lagrange functional
(/Tybkos, 2015), which expresses the potential mechanical
energy of the considered geostructure, which is under grav-
itational load conditions:
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here Rg — the radius of curvature of the geostructure;
g —gravity acceleration; S —surface area of the geostructure;

h, — thickness of the j -th layer of rocks of the geostructure;
p,—density of the j -th layer; 5043'/ — components of the strain
tensor of the j -th layer; E@" — modulus of elasticity of the
j -th layer; G“Bj — components of the shear modulus of the
j-th layer; T, ,T,

w» I, — forces acting on the contour of the

geostructure in the tangential directions to its surface; O, —

forces acting on the contour of the geostructure in directions
perpendicular to its surface. The boundary conditions of the
problem make up on the rigid fixation of the fragment of the
considered geostructure at its ends.

For resolving the presented problem of deformation of
the geostructure under the influence of gravity, we will use
the finite element method based on the variational principle
of Lagrange, which expresses the minimum potential
mechanical energy of the system (/Tybkos, 2015):

SW(uo,vo,wo,ul,vl,wl)ZO. (3)
For resolving the variational equation (3), we use the nine-

node isoparametric quadrilateral shell finite element with a
curved surface (/lybkos, 2015). A curvilinear coordinate system
(s,0,z) is used as a global coordinate system, that is, a
system where all finite elements (on which the research area is
divided) are combined. As a local coordinate system, where
every finite element form functions are constructed, normalized
coordinate system (&,0) is used. At the making of the finite
element form functions, which approximate within each
element the components of displacements i, v,, w,,u,,v,, W, ,
for satisfaction of the conditions of smoothness and

convergence of the finite-element solution, we use algebraic
and trigonometric polynomials (J1ly6kos, 2015):
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N, =H,(0)R(&); N, =H,(0)R(&); N, =H,(0)F(&);
N, =H,(0)R©&); Ny =H (0)R(&); N, =H,(0)P,(8);
N, = H,(0)P,(8); Ny =H,(0)R(&); N, =H,(0)B(E). (5)

sin(0—0,)—sin(0—6,)+sin(6, —6,)

Hl (9) = . . >
sin(0, —06,) —sin(, —06,) +sin(0, —0,)
sin(6—0,)—sin(6—06,) +sin(6, —6,)
H,(6)=— 3 ; 5
sin(0, —0,) —sin(0, —6,) +sin(6, —6,)
H,(0) = §1n(9—91)—s?n(9—62)+sn.1(6] -6,) :
sin(0, —0,) —sin(6, —06,) +sin(6, - 6,)
Lj=k
H.(0,)= ;
10 {0, j#k

Pl(é)%&(&—l); f;(&)%&(&ﬂ); PE=1-8. (6)

The finite-element algorithm for solving the variational
problem (3) is following. At the first stage, in the local
coordinate system (&,0), we make approximation of all

displacements and deformations from functional (2), which
are functions of the displacement components

Uy,Vy, Wy, Uy, v, W, With the help of formulas (4-6). Also, In

the local system we carry out analytical integration within
each shell layer, and then make summation over the entire
package of the shell layers. At the second stage, the
functional (2) is variated relatively all nodal displasement
components and the corresponding variations are equalized
to zero. As a result, for each finite element, we obtain a linear
algebraic system consisting of 54 equations. At the third
stage, in the global coordinate system (s,0,z), the

summation of local linear systems of algebraic equations
takes place over all the finite elements into which the shell
is divided. Also, we make here the formation of the global
system of linear equations. Calculation of double integrals
over the area of the shell is carried out by numerical
integration based on Gauss's quadrature formulas (/1y6kos,
2015). We resolve the global system of linear algebraic
equations using the Gauss numerical method (/Ty6kos,
2015). As a result, the displacement components

u,, vy, Wy, U, v, W, can be determined at all nodal points of

the finite element grid. Then components of displacements,
deformations, stresses, and other interesting values can be
determined from the found nodal displacement components
at any point of the finite element, i.e., at any point of the
considered shell geostructures.

Modeling of shear processes of anticlines under
gravity loads. At modeling of the gravitational shear
processes of anticlinal geostructures, we will consider the
deformation of the upper half of a three-layer cylindrical shell
under the action of gravity with the following parameters: the
radius of the shell is 100 m, the thickness of the three layers
of the shell is 10 m, respectively, the angle from the
horizontal in the positive direction (counter-clockwise) is
n/2. The average density of the considered rocks will be

considered equaled to 2300 kg/m3. Firstly, we will consider
the shear deformation (movement in the angular direction),
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along the surface of the slope of homogeneous anticlinal
geostructures. In fig. 1 we consider the case of rocky soil
(Tpogbumos, 2005) with the following elastic properties:
Young's modulus E =7-10'" Pa, Poisson's ratio u=0.3.
Fig. 2 shows the case of solid dispersed soil rocks:
E =7+10° Pa, y=0.3. Fig. 3 shows the deformation of
anticlinal geostructures, which also consist of solid
dispersed rocks, when the radius of curvature of the
structure is 80 m. Fig. 4 shows the deformation of

soil shift
of geostructure
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geostructures composed of semi-solid dispersed soil rocks
(E=210°Pa, y=0.35) and rigid plastic dispersed soil
rocks (E = 108 Pa, y = 0.4) (Tpogpumos, 2005). In fig. 5 we
consider the deformation of anticlinal geostructures, with the
layers which consist of various combinations: 1) hard;
2) semi-hard; 3) tough-plastic; 4) plastic (E =5+107 Pa,
p =0.4); 5) soft-plastic (E =2 <107 Pa, p=0.35); 6) flow-
plastic (E =210 Pa, p=0.45) dispersed soil

rocks
(Tpogbumos, 2005).
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Fig. 1. Landslide deforming of anticline geostructures, which consist of rigid rocks, under gravity forces action:
a — length of the geostructure 300 m; b — 400 m; ¢ — 600 m; d — 700 m
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Fig. 2. Landslide deforming of anticline geostructures, which consist of rigid dispersing grounds, under gravity forces action:
a — length of the geostructure 300 m; b — 400 m; ¢ — 600 m; d — 700 m
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Fig. 3. Landslide deforming of anticline geostructures, which consist of rigid dispersing grounds,
under gravity forces action (anticline curvature radius is 80 m):

a — length of the geostructure 200 m;

b -300 m; c—-400 m;d-500 m
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Fig. 4. Landslide deforming of anticline geostructures, which consist of soft dispersing grounds, under gravity forces action:
a — semi rigid grounds; b — tight plastic grounds
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Fig. 5. Landslide deforming of three layers anticline geostructures with thickness of 10 m, which consist of combination of
different dispersing grounds, under gravity forces action (calculation of layers begins from the bottom):
a — rigid, semi rigid, tight plastic; b — rigid, semi rigid, plastic; c — rigid, semi rigid, soft plastic; d — rigid, semi rigid, fluent plastic
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Discussion of the results. The modeling results show
that the shear deformation of anticlinal geostructures under
the influence of gravity depends on the size of the structure,
its shape and the mechanical properties of the rocks that
make up these structures and, in some cases, requires
careful research. In the fig. 1, we can reveal the degree of
intensity of shear deformation of anticlinal geostructures of
different linear sizes, consisting of the solid rocks. We can
see that more compact structures are subject to the smallest
deformation (Fig. 1a), for example, in a geostructure with a
linear size of 300 m, the amplitude of the landslide does not
exceed 7 cm, as the linear dimensions increase, the degree
of deformation increases in a non-linear way. Thus, in the
geostructure extending for 700 m (Fig. 1d), the amplitude of
the landslide reaches 2.5 m. The largest shear deformations
are observed in the lower middle part of the anticlinal
geostructure, they have negative values (as the movement
is clockwise), deformations in the positive direction can be
observed in the upper part of the geostructure. This means
that under the influence of gravity, the top of the
geostructure can shift in the opposite angular direction. The
fig. 2. presents the shear deformation of anticlinal
geostructures, which consist of solid dispersed soil rocks
(clays, sands, loams, sandy loams, etc.). These rocks have
a rigidity approximately 10 times lower than a solid rock. As
these rocks completely save their elastic properties, the
inversely proportional character of the deformation relative
to the rigidity of the rocks obviously will take place. So, we
can see that in the fig. 2 magnitudes of deformations are
approximately 10 times higher than the deformations of rock
geostructures of corresponding sizes in the fig. 1. The fig. 3
presents the nature of shear deformation of anticlinal
geostructures with a radius of curvature 20 percent smaller
than the geostructures considered in the fig. 2. We can see
that in this case, in comparison with the previous
geostructures, which have the corresponding linear
dimensions (Fig. 2a, b), shear deformations also increase
by approximately 20 percent. Thus, in solid geostructures,
where elastic properties are preserved, a decreasing of the
radius of the geostructure leads to an inversely proportional
increasing of the degree of deformation of the corresponding
geostructure. In the fig. 4 there are presented shear
deformation of anticlinal geostructures consisting of semi-
hard and rigid-plastic dispersed soil rocks. We can see by
comparing (Fig.4a, b) that if elastic properties and
corresponding deformations are still preserved for the semi-
solid geostructures, but for the rigid-plastic geostructures
there is a sharp jump in plastic creep, which leads to the
complete destruction of the corresponding geostructure.
Thus, we can conclude that in order to maintain resistance
to gravitational destruction, anticlinal geostructures cannot
consist entirely of rocks softer than semi-solid dispersed
soils. Fig. 5 presents the nature of shear deformation of
three-layer anticlinal geostructures, which consist of
combinations of: solid, semi-solid, rigid, plastic, soft-plastic,
and fluid-plastic dispersed soil rocks. Based on the previous
results about the stability of anticlinal geostructures under
the gravity load, we can suggest that only those structures
can really exist where the lower and middle layers consist of
solid and semi-solid dispersed soils, respectively.
Comparing the cases (Fig. 4a-d), where the upper layers
consist of rigid plastic, plastic, soft plastic and fluid plastic
dispersed soils, we can see the nonlinear character of the
shear deformation of these geostructures depending on the
stiffness of the specified rocks. Indeed, at first, we can see
an increasing of the amplitude of landslides in the case of
the upper rigid plastic and plastic soils, but then in the upper
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soft plastic and liquefiable soils we observe a slight but
decreasing of the corresponding amplitudes of the
landslides. Thus, the following conclusions can be made.
Firstly, the gravitational shear deformation and resistance to
the failure of multi-layered anticlinal geostructures is mainly
determined by the rigidity of the internal bearing rocks, while
the influence of the rigidity of the external rocks is relatively
insignificant. Secondly, the stiffness of external soft soil
rocks affects the shear deformation of multi-layered
anticlinal geostructures in a non-linear way. This can be
explained by the fact that in the defined intervals of
nonlinearity, soft dispersed soils are more capable of
strengthening and corresponding coupling under gravity
load conditions.

Conclusions. The developed variational finite-element
method for solving the elasticity problem for multi-layer
orthotropic shells of rotation taking into account the shear
rigidity allows to adequately investigate the shear rotational
deformations and destructions criterions of heterogeneous
three-dimensional anticlinal geostructures under the gravity
load conditions at a quantitative level. The modeling results
show that the shear deforming of anticlinal geostructures
under the influence of gravity depends on the shape,
dimensions of the structure, and mechanical properties of
the soil rocks that make up these geostructures. It was
established that more compact geostructures are subjected
to the smallest shear deformation. In the solid geostructures
that retain elastic properties, the shear deformation is
inversely proportional to the degree of the rock stiffness, and
a decreasing in the curvature radius of the geostructure
leads to an inversely proportional increasing in the shear
deforming of the corresponding geostructure. We have
shown that in order to maintain resistance to gravitational
shear failure, anticlinal geostructures cannot be completely
composed of rocks softer than semi-solid dispersed soils. It
was established that the resistance to gravitational
destruction of heterogeneous anticlinal geostructures is
mainly determined by the rigidity of the internal bearing
rocks, while the influence of the stiffness of the external soft
rocks is relatively insignificant and have a non-linear
behavior. In the future, it is interesting to create a practically
significant methodology for the prediction of natural and
man-made gravitational shear solid failures based on the
developed variational finite-element method.
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MonTaBcbka rpaBiMeTpuMyHa obcepBaTopis IHCTUTYTY reodpisukm im. C.l. Cy66oTtina HAHY,

Byn. MacoenoBa, 27/29, m. NonTaBa, 36014, YkpaiHa

MOJENIOBAHHS 3CYBHUX AE®OPMALIN MiA AIEI0 CUNKU TAXKIHHA

Ha cb0200Hi akmyanbHUMuU 3anuwaromscs npobremu, noe'asaHi 3 decmpykmueHUMU CXuslI08uUMuU npoyecamu nid diero epasimayiliHo2o Haea-
HmaxxeHHs1. [jilicHo, epasimauiliHi cxunoei npoyecu pa3om 3 iHWUMU epo3iliIHO-MeKMOHIYHUMU npoyecaMu Maromeb 3Ha4HUl ennue Ha hopMyeaHHs
cyyacHozo penbegpy i soOHo4ac dyxe Yacmo yckiadHoMb payioHasnbHe suKopucmaHHs eidnoegioHoi mepumopii. Ceped HaliHe6e3ne4Hiwux epa-
eimauitiHux cxunoeux npoyecie MoxxHa eudinumu onoe3sHeei (3cyeHi) npoyecu. Lji npoyecu xapakmepu3yromscsi 3Ha4Y4HUM MOWUPEHHSIM, Mamepia-
NIbHUMU empamamu ma rdcbKumMu xepmeamu. lMpobrnemu sus4yeHHs1 npouyecie epasimayiliHo20 3cysy yepe3 C80K coyiasibHy eaxksiugicmb ma
npakmuyHy iHXXeHepHy 3Hadyujicmb Matoms AaeHto icmopito. BidnoeioHo yum npobemam npucesiyeHo 6azamo po6bim, ane, 3 iHwoz20 60Ky, eunadku
Ccmpo2020 MameMamu4Ho20 Ui MexaHiYyHO20 OMNuUCy ma 8U3Ha4YeHHs1 Me8HUX KiNbKiCHUX MexaHi3mie i kpumepiie uy0odo po3sumky 3cyeHuUx 2pasima-
yitiHux npouecie po3ansidanucs docums 06MeXeHO.

Y npedcmaeneHili po6omi Ha ocHoei 8apiayiliHo2o MemoQdy ckiH4eHHUX efleMeHmie po3paxoe8aHo KinbKicHi Kpumepii o6epmanbHo20 deghopmy-
8aHHs1 ma pyliHyeaHHs1 WUPOKO20 K/lacy mpuesuMipHUX HeOOHOPIOHUX aHMUKIIHaIbHUX 2e0CMPYKMyp 8 yMoeax 2pasimauyiliHo2o HagaHMaXKeHHsI.
Pe3ynbsmamu modentoeaHHs1 nokasyroms, Wo 3cyeHi deghopmayii anmukniHanbHUx 2eocmpykmyp nid dieto cunu mskiHHS 3anexams eid ¢ghopmu,
po3mipie cmpykmypu ma MmexaHiyHUX eflacmueocmeli 2ipcbKux nopid, siki ymeoproroms Ui 2eocmpykmypu. BcmaHoeneHo, wjo HalimeHwum degbo-
PMyeaHHsIM niddarombcs 6inbw KoMnakmHi 2eocmpykmypu. Y meepdux 2eocmpykmypax, wo 36epicatomb npyxHi enacmueocmi, amnnimydu de-
gopmauili € o6epHeHO NPornopyiliHUMU cmyreHIo XXOPCmMKocmi nopid, a 3MeHWeHHs1 padiyca Kpueu3HU 2eocmpykmypu npu3eodums 3o o6epHeHO
nponopuyiliHo2o 36inbweHHs1 deghopmyeaHHsi eidnoeioHoi 2zeocmpykmypu. Mu nokasanu, ujo 0ns1 30amHocmi 36epexeHHs1 cmilikocmi w040 pyUHy-
8aHHs1 nid diero cunu MsKiHHS, aHMUKIIHaNIbHi 2e0CMPYKMypU He MOXYmb MO8HICMI0 ckiiadamucsi 3 Nopiod, M'aKwux 3a Hariemeepdi ducnepcHi
rpyHmu. BcmaHoeneHo, wjo cmilikicmb 9o 3cyeHo-2pagimayiliHo20 pyliHyeaHHs1 HEOOHOPIGHUX aHMUKJTIHa/IbHUX 2e0CMPYKMYyp 8 OCHO8HOMY &u-
3HayaembCsi )KOPCMKicCmIo 8 HympilWHix Hecy4ux nopid, modi sik ensiue Xopcmkocmi 308HiWHIX M'AKUX Nopid € 8iOHOCHO He3Ha4YHUM i HeniHilHUM.

Knroyoei cnoea: komn'tomepHe Modesito8aHHsl, onoe3Heei deghopmayii anmukninanel, 2pagimayiliHe Hagar HHS1.

P

ISSN 1728-3817





