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On the example of construction of a three-storey cottage on a landslide-prone slope, the
analysis of the operating conditions of existing anti-landslide structures was carried out and their
role in ensuring the slope stability was determined. The efficiency of the proposed calculation
method [6] based on the finite element method (FEM) is shown, taking into account the theory of
reinforced soils.
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Construction planning in complex engineering and geological conditions,
which include landslide-prone areas, requires a detailed analysis of the existing
state of the slope and the forecast of its behavior depending on changes in
natural and technogenic factors [1]. This possibility can be provided only by
modeling of deformation processes using numerical calculation methods [2, 5].

As an example, consider the unfinished construction of a three-storey
cottage. According to the materials of engineering surveys in the geological
structure of the site are involved the quaternary sandy-clay deluvial, swamp,
aeolian-deluvial, fluvioglacial sediments, covered with the layer of vegetation
and loose soils. The entire thickness of the quaternary sediments is covered
with the spondylar loams and clays of the Kyiv tier. In the upper part of the
section there are loess sands and loams that are sedimentary. The construction
of the slope is made with the insert into the slope. The depth of the
foundations, therefore, is variable. Buildings with external and internal load-
bearing walls can be attributed to a relatively rigid structural scheme.
Additional rigidity is provided by reinforced concrete straps, which are
arranged on the walls within the ceiling above the basement, the first and the
second floor. Foundations are tape, with a monolithic reinforced concrete
foundation slab. The average pressure on the sole of the foundations is
125...150 kPa, which does not exclude the possibility of subsidence when
soaking the base in some parts of the foundations.
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Hydrogeological conditions of the exploration site are characterized by the
presence of the sustained aquifer, which is associated with the location of the
thalweg beam. It is confined to sandy-clay soils: EGE-2, 3, 4a, 5, 6, 7, 8-
upper, weathered fractured zone (Fig. 1, Table 2) and was met depending on
the terrain at the depths of 0.5...12.1 m. The flow of groundwater is directed
towards the thalweg. Within the construction site, the groundwater level drops
to 3.5 m, which confirms that these waters are supplied by the plateau. The
general waterproof layer for the aquifer is the not weathered zone of spondylar
clays of the Kyiv tier.

The data of engineering and geological surveys show that during the
construction of buildings the natural moisture of the forest layer at the
appropriate depths (from 2.0 up to 7.0 m) increased from 4...6% in the upper
part of the site to 11...14%. In the lower part of the site at the appropriate
depths (from 7.0 up to 11.0 m) the natural moisture increased from 9...12% to
16... 19%. Therefore, the arrangement in the upper part of the slope of the
retaining wall without drainage and the house itself led to a change in the
natural ways of unloading surface and groundwater on the slope.

The preliminary calculation of the slope stability was performed by the
method of round cylindrical sliding surfaces [3] for soils of natural humidity
and in water-saturated state. The following minimum slope stability
coefficients were obtained: for soils of natural moisture Kst = 1.38, for water
saturation Kst = 1.22.

The method of round cylindrical surfaces is a simplified method of
calculating the slopes stability, which in the conditions of heterogeneous layered
slope leads to the overestimation of its stability. Therefore, to determine the
actual NSDT of the slope, the calculation profile was developed (Fig. 1) on
which several formulations of the above problem were performed (Tab. 1).

Table 1
Formulation Formulation description
1 Net weight (q), natural condition of soils
5 Net weight (q) + RW No. 1 (h = 3.5 m) + structure weight (q2),
natural condition of soils
3 Net weight (q) + RW No. 1 (h =3.5 m) + structure weight (q2) + load

from the road surface and transport (q1), water-saturated soils

*q —is determined by the physical and mechanical characteristics of soils;
ql — is the pressure from the road surface and transport 20 kPa;
q2 — is the pressure from the structure weight 125 kPa.

The calculation was performed on the basis of the developed methodology
presented in the works [6, 7]. The stress-strain state (SSS) of the slope is
considered using the finite element method (FEM) and its torque circuit. The
base is presented in the form of a modified model of fortified soils with the
criterion of the limit state of Mises-Schleicher-Botkin. In numerical
implementation, the slope on the basis of engineering surveys was presented as
a finite-element discrete model with an elemental grid, a fragment of which is
a separate engineering-geological element (Tab. 1).
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Table 2
No Descrinti E ¢
escription > * . >
EGE P MPa v |p* g/lem3| c,kPa grade
la | Bulk layer 6 03 [1.76/1.96 | 25.4/11.7 | 17/10
1 | Vegetable layer 5 0.3 1.46 25.4/11.7 | 17/10
2 | Plastic sandy loam 6 0.32 1.86 5 14
3 | Soft-plastic loam 8 0.35 1.83 6 16
4 | Loess sandy loam, hard 20/9 | 0.32 | 1.6/1.95 | 23.3/9.9 17/8
4a | Loess sandy loam, plastic 9 0.32 1.83 9.9 8
5 | Loess loam, tough-plastic 7.4 | 0.35 1.85 17.7/4.9 13/9
6 Plastic sandy loam, with sand 10 032 1.9 733 18/9
layers
7 Fine sand, 'saturated' with 25 030 1.98 0.01 28
water, of medium density
8 | Semi-hard loam, «Kyiv marl» 11 0.38 1.89 58 15

* natural soil moisture/soils in water-saturated state

Fig. 1. Calculation profile EGE

The supports of the foundations A, B, C, D of the house are sequentially
placed from the top of the slope to the bottom (Fig. 2). At the first stage, the
problem of determining the stress-strain state of the slope from the own weight
of the soil was solved, which was taken as the basic one for further calculations.

On Fig. 2 and 3 are shown the isolines of the intensities of plastic
deformations for soils in the natural state and at their water saturation,
respectively. With it, the horizontal displacements Ul of the control points of
the slope in the natural state (RW No. 1, supports A, B, C and D), which
corresponds to the formulation 2, are in the range of 0.5-0.65 cm (Fig. 4). But
at water saturation (formulation 3), increase by orders and reach 29-30 cm.




38 ISSN 2410-2547
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 107

Fig. 2. Isolines of the intensities of plastic deformations 0+0.6%,
natural soil moisture, formulation 2

Fi

g. 3. Isolines of the intensities of plastic deformations from 0% and more 3%,
water-saturated soils, formulation 3
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Fig. 4. Horizontal displacements of supports, formulations 2, 3
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The vertical displacements U2 of the supports are shown on Fig. 5. The
uneven nature of the distribution U2 in the case of water saturation of the slope
is explained by the presence of rotating components of the house as a rigid
whole. With it the vertical displacements RW No. 1 for the natural state are
equal to 3.4 cm, water-saturated — 6.7 cm.
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Fig. 5. Vertical displacements of supports, formulations 2, 3

Therefore, it is seen that at natural moisture the base soils absorb the load
and are deformed within acceptable limits. At full water saturation, the
deformations of the soil base exceed the allowable normative values. In
addition, the zones of plastic deformations are localized in a fairly narrow area
with access to the day surface. The stability coefficients Kst obtained at the
natural soil moisture (formulation 2) of the slope and at their water saturation
(formulation 3) are 1.15 and 0.9, respectively.

It is seen that even at natural soil moisture the slope does not have a
normative margin of stability (Kst <1.25). Potential sliding lines are localized
on the roof EGE-6, have the beginning in the upper part of the slope and reach
the day surface in the lower part (Fig. 2). When the soil is saturated with water,
the sliding surface is localized above on EGE-5 (Fig. 3) with the beginning in
the upper part of the slope and access to the day surface at its foot.

To overcome these problems, the design solutions were proposed in the
form of replacement of RW No. 1 (h =16 m, d =420 mm) and the installation
of an additional retaining wall RW No. 2 (h =17 m, d = 420 mm) in the lower
part of the slope (Tab. 3, Fig. 6).

Table 3
Formulation Formulation description
4 Net weight (q) + RW No. 1 + structure weight (q2) + load from the
road surface and transport (q1), water-saturated soils.
5 Net weight (q) + RW No. 1 + structure weight (q2) + RW No. 2 +

load from the road surface and transport (q1), water-saturated soils.
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Fig. 6. Isolines of the intensities of plastic deformations 0+0.6%,
water-saturated soils, formulation 5

With it, the horizontal displacements Ul of the supports are recorded
within 0.9 cm for formulation 2, and within 0.6 cm when installing RW No. 2
(Fig. 7). The walls themselves have the displacements of 0.7 cm and 0.35 cm,
respectively. The vertical displacements U2 of the supports do not exceed 3.2
cm in both cases (Fig. 8).
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Fig. 7. Horizontal displacements of supports, formulations 4, 5

The engineering protection of this territory under the project was provided
by the installation of retaining walls made of prefabricated concrete wall
foundation blocks, which rest on a monolithic reinforced concrete slab and
have reinforcing buttresses. This solution can be considered as a measure to
relieve the horizontal pressure of the soil on the basement wall of the house
from the side of the slope to keep the soil of limited volume, which cannot be
considered as a retaining wall that increases the slope stability as a whole.

When installing the retaining walls RW No. 1 and RW No. 2 from a
number of bored piles in the upper and lower parts of the slope, the plastic
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deformations are localized between them (Fig. 6). With it, the supports
displacements of the house during water saturation of the slope soils actually
reproduce the displacement of the existing state at natural soil moisture (see
Fig. 4, 5 and 7, 8).
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Fig. 8. Vertical displacements of supports, formulations 4, 5

Therefore, the considered example of the method of calculation of the
system «supporting structure-nonlinear base-house» gives the opportunity to
give a reliable assessment of the territory state and offer a number of rational
measures for its engineering protection, which ensures reliable operation of
buildings and structures.
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Conooeir 1., I[lempenko E.FO., 3amuniox I'.A.
JOCJIIKEHHS MAPAMETPIB HEJITHIMHOTO JTE®OPMYBAHHSA CXUAJTY I
JI€I0 CUJIIOBUX TA TIPUPOJHIX ®AKTOPIB

IlnanyBanHss OyQiBHUITBA B CKJIAAHHUX IH)XXCHEPHO-TEOJIOTIYHMX yMOBaxX, M0 SKHX
BIJIHOCSITBCS 1 3CyBOHEOE3MeUHI TEPUTOPIi, MOTPeOye JeTalbHOr0 aHali3y ICHYYOro CTaHy CXUITY
Ta MPOrHO3y HOro MOBEAIHKH B 3AJISKHOCTI Bill 3MiHH IPHPOAHUX 1 TEXHOTeHHHX (hakTopiB. Taky
MOXJIUBICTh MOXE 3a0€3MEUNTH JUILIE MOACIIOBAHHS IIPOLECIB Ae(OPMyBaHHS 3 BUKOPHCTAHHIM
YHCEIIbHUX METO/IB PO3PaxyHKY.

Ha npukiangi OymiBHMITBA TPHUIOBEPXOBOIO KOTEIKY HAa 3CYBOHEOE3NEUHOMY CXHMIII
IPOBEICHO aHAaJi3 yMOB €KCIUTyaTalil iCHYIOUMX NMPOTH3CYBHHX CIIOPYX I BH3HAYeHA iX poib B
3a0e3MeyeHHi CTIHKOCTI CXUITY.

IMonepenHiii po3paxyHOK CTIHKOCTI CXHMJIy BHKOHAHO METOAOM KPYIJIOLMIIHAPHYHUX
IIOBEPXOHb CKOB3aHHS AJIs IPYHTIB IPUPOAHOI BOJOrOCTI Ta Y BOJOHACHYCHOMY CTaHi. Merox
KPYTJIOLHIHAPUYHHUX TTOBEPXOHb € CIIPOLICHMM METOAOM PO3PAaXyHKY CTIMKOCTI CXHIIB, LIO B
YMOBaXx HEOJHOPIJHOrO IIapyBaTOro CXHUJIY MPUBOMHUTH IO 3aBHIUEHH: Horo criiikocti. Tomy s
Bu3HaueHHs aiticnoro HJIC cxumty OyB po3pobiieHuit po3paxyHKOBHUIT IpOQiib, 32 SKUM BUKOHAHI
JIeKiIbKa ITOCTAHOBOK HABEICHOI 3a1a4i.

Po3paxyHOK BUKOHAHO Ha OCHOBI PO3pPOOJICHOI METOIMKH, MPEACTABICHOI B pOOOTaX aBTOPIB
crarti. Hanpyxeno-nedopmoBanuii cran (HAC) cxuity po3risiaeTbesi 3 BUKOPUCTAHHIM METOLY
ckinyennx enementiB (MCE) Ta iioro momentHoi cxemu (MCCE). OcHoBa npecTaBisieTbes y
BUILIAL MO (IKOBaHOI MOJENI 3MIIHIOBAaHUX IPYHTIB 3 KpUTEpieM IpaHHYHOro craHy Miseca-
Ilneiixepa-borkina. Ilpu 4ucenpHiil peami3amil cXuia Ha OCHOBI IH)XCHEPHHX BHILYKYyBaHb OyB
IPEACTABICHHHN SIK CKIHUCHHO-CJIEMEHTHA IUCKPETHA MOJEIb i3 EIEMEHTHOIO CITKOI0, (hparMeHT
SIKOT € OKPEMHM IHXKEHEPHO-TCOJIOITIHUM €JIEMEHTOM.

Po3risiHyTHI B CTAaTTI NpPUKJIAL METOOMKH DPO3PAXyHKY CHCTEMH «IiJMipHa Cropyna-
HeJliHIfiHA OCHOBA-OyIHMHOK» Ja€ MOXJIMBICTh IPH BAapiaHTHOMY NPOEKTYyBaHHI JaTH HOCTOBIpHY
OLIIHKY CTaHy TEPUTOpIii Ta 3alpONMOHYBATH PsiJ PalliOHAIBHHUX 3aXOMAIB LIOAO0 il iHXXEHEPHOIro
3axHMCTy, 110 3a0e3Medye HaAiliHy eKCILTyaTalifo OyiBelb i Copy.

Kiaro4oBi cjioBa: Meroj CKiHYCHHHMX €JIEMCHTIB, HalliBaHAJIITHYHHUM METOJ| CKiHYCHHHX
€IIEMEHTIB, 3CYBOHEOE3MeUHI TEPUTOPIi, CTIHKICTD CXUITY, IHXKEHEPHHI 3aXHCT TEPUTOPIi.

Solodei L1, Petrenko E.Yu., Zatyliuk Gh.A.
STUDY OF PARAMETERS OF NONLINEAR SLOPE DEFORMATION UNDER THE
ACTION OF POWER AND NATURAL FACTORS

Construction planning in complex engineering and geological conditions, which include
landslide-prone areas, requires a detailed analysis of the existing state of the slope and the forecast
of its behavior depending on changes in natural and technogenic factors. This possibility can be
provided only by modeling deformation processes using numerical calculation methods.

On the example of construction of a three-storey cottage on a landslide-prone slope, the
analysis of the operating conditions of existing anti-landslide structures was carried out and their
role in ensuring the slope stability was determined.

The preliminary calculation of the slope stability was performed by the method of round
cylindrical sliding surfaces for soils of natural humidity and in water-saturated state. The method
of round cylindrical surfaces is a simplified method of calculating the slopes stability, which in the
conditions of heterogeneous layered slope leads to the overestimation of its stability. Therefore, to
determine the actual NSDT of the slope, the calculation profile was developed, on which several
formulations of the above problem were performed.

The calculation was performed on the basis of the developed methodology presented in the
works of the article authors. The stress-strain state (SSS) of the slope is considered using the finite
element method (FEM) and its torque circuit. The base is presented in the form of a modified
model of fortified soils with the criterion of the limit state of Mises-Schleicher-Botkin. In
numerical implementation, the slope on the basis of engineering surveys was presented as a finite-
element discrete model with an elemental grid, a fragment of which is a separate engineering-
geological element.

The considered in the article example of the method of calculation of the system «supporting
structure-nonlinear base-house» gives the opportunity to give a reliable assessment of the territory
state and offer a number of rational measures for its engineering protection, which ensures reliable
operation of buildings and structures.

Keywords: finite element method, semi-analytical finite element method, landslide-prone
areas, slope stability, engineering protection of the territory.
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Conooetit U.H., [lempenxo D.F0., 3amvinox ' A.
HCCJEJTOBAHUE ITAPAMETPOB HEJIMHEVHOI'O IE®GOPMHUPOBAHU A
CKJIOHA MOJ JEMCTBUEM CUJIOBBIX U TPUPOJTHBIX ®AKTOPOB

HﬂaHl/lpoBaHl/le CTPOUTEJILCTBA B CIOXKHBIX WHXKXCHEPHO-T'€OJIOTHYECKUX YCIOBUAX, K KOTOPBIM
OTHOCATCSL M ONOJI3HEONACHbIE TEPPHUTOPHH, TpeOyeT IeTaJbHOTO aHAIM3a CYIIECTBYIOLIETO
COCTOsIHMA CKJIOHA M IPOrHo3a €ro mnoBE€ACHUS B 3aBUCHUMOCTH OT U3MEHCHHUS NPUPOIAHBIX U
TEeXHOIeHHBIX (akTOpoB. Takyl0 BO3MOXKHOCTH MOXET OOCCHEYHTH TOJIBKO MOACIHPOBAHHE
HPOLECCOB Ae(hOPMUPOBAHUS C HCIIOJIb30BAHUEM YHCICHHBIX METOIOB pacyera.

Ha npumepe cTpouTeNIbCTBA TPEXITAKHOTO KOTTEIXKA Ha ONOJI3HEONACHOM CKJIOHE IPOBEECH
aHalIM3 yCJIOBUH KCIITyaTalluu CYLIECTBYIOLIMX TPOTUBOOIOI3HEBBIX COOPYKEHUH U ONpesieseHa
UX POJIb B 00€CIeUeHHN yCTOHYNBOCTH CKIIOHA.

IpenBapurenbHbli pacyer YCTOHUMBOCTH CKJIOHA BBIITOJTHEH METOJ10M
KPYTJIOOUJIMHAPUICCKUX HOBCpXHOCTCﬁ CKOJIB)KCHUSA 1JIA TPYHTOB €CTECTBEHHOM BJIAY)KHOCTH U B
BOJIOHACBINICHHOM COCTOSIHHUH. MCTOH KPYIIOHUIMHAPUICCKUX ﬂOBerHOCTCﬁ ABJISICTCA
YIPOIIEHHBIM METOAOM pacyera yCTOWYMBOCTH CKJIOHOB, KOTOPBIH B YCIIOBHSAX HEOAHOPOIHOIO
CJIOUCTOrO CKJIOHA HPUBOAUT K 3aBBILICHUIO €ro YCToWuMBOcTH. [lo3ToMy Ui ompeneneHus
neiictButesnibHoro HAC ckioHa Obutl pa3paboraH pacuyeTHbIi MpoQuiib, 10 KOTOPOMY ObLIM
BBITIOJIHEHBI HECKOJIBKO ITOCTAHOBOK NPUBEIECHHON 3ajauH.

Pacuer BBINOJIHEH HAa OCHOBE Pa3pabOTAHHON METOANKH, IIPEACTABICHHON B paboTax aBTOPOB
cratei. HamnpsbkenHo-nedopmupoBanHoe cocrosune (HJC) cxiona paccmaTpuBaercs ¢
UCIOJIb30BAaHUEM MeTosla KOHeuHbIX aieMeHToB (MKD) u ero momenTtHo# cxembl (MCCE).
OcHOBaHME NPEJCTaBiIAeTCS B BUAE MOAU(GUIMPOBAHHONW MOJAENM YIPOUYHSIOLIErocs I'pyHTa ¢
KpPUTEpUEM IpefesbHOro cocrosHus Museca-lllnelixepa-borkuna. IIpu 4ucneHHol peanusauuu
CKJIOH Ha OCHOB€ MHXCHCPHBIX U3BICKAHMI OBbLI NPEACTaBJI€H KaK KOHCYHO-3JIEMCHTHAs
JIICKPETHAs! MOJIEJIb C QJICMEHTHOM CETKOM, ()parMeHT KOTOPOIl SBIIETCS OTACIBHBIM HH)XEHEPHO-
r€0JIOrMYECKUM JIEMEHTOM.

PaccMoTpeH B cTaThe NpUMEpP METOIUKH pacyeTa CUCTEMbl «IIOANOPHOE COOPYKEHHE —
HEJIMHEHHOe OCHOBaHME — JIOM» JaeT BO3MOXKHOCTh IIPU BAPUAHTHOM IPOEKTUPOBAHUM IaTh
JIOCTOBEPHYIO OLIEHKY COCTOSHHUS TEPPUTOPHHM W NPEAJIOKHUTH P/l PallMOHAJbHBIX MEp IO €€
MHXXEHEPHOH 3allUTe, 4TO 00ECIeUnBAET HAISKHYIO IKCILITyaTallUIO 3laHUH U COOPYKEHHUH.

KaoueBbie ciioBa: METOJ KOHCYHBIX JJICMCHTOB, l'lOJ'IyaHaJ'Il/lTl/l‘-leCKl/lﬁ METOJ KOHCYHBIX
JIEMEHTOB, OIOJ3HEONACHBIE TEPPUTOPHUU, YCTOWYMBOCTb CKJIOHA, WHXKEHEpHAas 3alluTa
TEPPUTOPHHU.

YK 539.3

Conopeit LI, Ilerpenko E.O., 3arumox I.A. [locaixxkeHHss mnapameTpiB HeiHiliHOro
nedopMyBaHHS CXHJIY I Ai€l0 CHIOBHUX Ta NMPUPOHiX akTopiB / Omip MaTepiaiiB i Teopis
crniopy: Hayk.-tex. 30ipH. — K.: KHYBA.2021. — Bun. 107. — C. 35-44. — Anru.

Ha npuxnadi 6y0ienuymea mpunogepxoso2o Komeoxicy Ha 3CY60HeOe3NeUHOMY CXUN NPO8edeHo
amaniz ymos eKkcniyamayii iCHylouux npomu3Ccy6HUxX cnopyo i eusHauena ix poab 6 3abesneyenti
cmitikocmi cxuny. Tlokazana egpexmuenicmos 3anponoHOAHOT MEMOOUKU PO3PAXYHKY HA OCHOGI
memooa cxinuennux enemenmie (MCE) 3 ypaxyeanusm meopii 3MiyHI08AHUX TPYHMIG.

1. 8. Bi6uiorp. 7 Ha3B.

UDC 539.3

Solodei LI, Petrenko E.Yu., Zatyliuk Gh.A. Study of parameters of nonlinear slope deformation
under the action of power and natural factors // Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles. — K.: KNUBA. 2021. — Issuel07. — P. 35-44.

On the example of construction of a three-storey cottage on a landslide-prone slope, the analysis
of the operating conditions of existing anti-landslide structures was carried out and their role in
ensuring the slope stability was determined. The efficiency of the proposed calculation method
based on the finite element method (FEM) is shown, taking into account the theory of reinforced
soils.

Fig. 8. Ref. 7
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VK 539.3

Conooeti UU., [lempenxo D.1O., 3amviniox I'.A. UccienoBaHne napaMeTpoB HeJIMHEHHOIo
negopMHpOBAHMS CKJIOHA T1OJ JefiCTBHEM CHJIOBBIX M NPHPOAHBIX ¢(aKTopoB //
CornpoTuBIIeHHE MAaTEPUAIIOB U Teopus coopyxeHuid. —2021. — Boin. 107. — C. 35-44.

Ha npumepe cmpoumenscmea mpexamasicHo2o Kommeoica Ha ONoI3HEONACHOM CKIOHe NPO6eoeH
ananu3 ycrosuil IKCRIYAmayuu Cyuwecmeylomux npomueoonoa3Hesbix COOPYIICeHUIl U onpedenend
ux poav 6 obecnevenuu ycmouuugocmu ckiona. Ilokaszana s¢gexmuenocms npednodicennoul
MemoOuKu pacuema Ha OCHOBe Memood KoHeunvlx dnemenmos (MKD) ¢ yuemom meopuu
VIPOUHAIOWe20Cs SPYHING.

Wi 8. buGsrorp. 7 Hass.
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