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ANALYSIS OF INCLINOMETRIC OBSERVATIONS AND PREDICTION OF SOILS
DEFORMATIONS IN THE AREA OF THE DNISTER PSPP

Purpose. The aim of the research is mathematical analysis and forecasting of dispersive soils behaviour based on the
study of inclinometric observations data in the area of the natural-technical system of the Dnister PSPP. Methodology. The
research methodology is based on mathematical analysis and modelling of processes occurring in the mountain massif on
which the Dnister PSPP is located, using the finite element method. Results. The paper presents an analysis of the results of
geotechnical monitoring of the behaviour of dispersive soils, implemented on the basis of inclinometric measurements on the
territory of the Dnister PSPP. Quantitative parameters of horizontal displacement distribution in inclinometric wells are
established. They made it possible to detect negative dynamics in the geological horizons Nj,ap and Np+v, which is
apparently caused by technogenic load caused by the Dnister upper reservoir. The behaviour of dispersive soils under the
influence of natural and technogenic loads has been modelled. Based on the simulation results, the change of the sign of
deformations under the influence of additional load, which can be the filling of the Dnister upper reservoir, is confirmed.
Obviously, the use of this method alone does not allow full detecting and tracking modern geological, seismic and
geodynamic processes. A combination and detailed analysis of different monitoring methods (geophysical, geodetic,
parametric, vibrometric, hydrogeological, temperature, visual-instrumental and others), as well as modelling the behaviour of
the object under the influence of natural and technogenic factors is optimal. Such simulations could be used in the design of
other objects of this type, so this is a promising area for further research. Originality. For the first time, a mathematical
analysis and forecasting of the behaviour of dispersed soils in the area of the natural and technical system of the Dnister
PSPP was conducted on the basis of studying the data of inclinometric observations. Practical significance. The proposed
technique can be used in the design of other objects of this type, as modelling the behaviour of the object under the influence
of natural and technogenic factors makes it possible to assess possible risks and prevent them.

Key words: geotechnical monitoring; dispersive soils; stress-strain behaviour; inclinometric wells; Dnister PSPP.

of 1.3 km® (design area 3.0 km?) and an active
capacity — 11.45 km? (project capacity 32.70 km?)
[https://uhe.gov.ua/]. The Dnister upper reservoir is
located on a plateau 125 m above the level of the
Dnister buffer reservoir and was built by excavation
and embankment of soil into the bottom screen and
dam fencing up to 20 m in height.

It is known that the construction and operation of
large-scale hydraulic structures are always associated
with technology-related risks — structural, hydrodynamic,
geological, geodynamic and, sometimes, seismic.
— =P . Savchyn & Pronyshyn, 2020 note that the Dnister PSPP

T g i ) is built in complex engineering and geological conditions,
characterized by a large difference in elevation and
cleves between the Dnister buffer reservoir and the

Introduction

Dnister PSPP is located 8 km northeast of the city
of Sokyryany, Chernivtsi oblast (48°30'49"N,
27°28'24"E).
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of the solid mass, as well as in the processes that take
place in it. The cyclical operation of the station also leads
to additional technogenic load, including changes in the
hydrodynamic regime [Sidorov et al., 2015]. The process

Fig. 1. Location map of the study area.

Its construction began in 1983. At the present time,

the first stage of construction has been completed — 3
storage pumps (out of 7 designed). As a result of the
construction of the Dnister PSPP, the Dnister upper
reservoir was formed with a water-surface area

of construction and operation of such a facility must be
accompanied by observation of horizontal and vertical
movements of the Earth's crust, as well as a detailed
analysis of deformation processes. Continuous monitoring
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and control of such processes can protect against
disasters and their consequences, or prevent them.
Therefore, all basic methods of geotechnical monitoring
are applied at the construction site of the Dnister PSPP:
visual-instrumental, geodetic, parametric, vibrometric,
hydrogeological, temperature and geophysical methods.
For example, according to [Savchyn, & Vaskovets,
2018] and [Savchyn, & Pronyshyn, 2020], since 2003,
observations of slope deformations in the area of the
main hydropower facilities based on GNSS measu-
rements have been carried out on the territory of
the Dnister PSPP. The authors found that modern
local horizontal movements in the area of the Dnister
hydropower complex have an uneven pulsating
alternating character. This leads to the emergence
of zones of extreme values of compression and
transtension, which in most cases changed the sign to the
opposite after filling the Dnister upper reservoir. GNSS
methods should be used to monitor surface deformation
processes, but they do not allow controlling the internal
deformation processes that occur in the middle of the
slope. It is generally accepted to use traditional mobile
and/or fixed inclinometers to study internal deformation
processes. Such methods were applied to monitor the
deformation processes of the Three Gorges Reservoir
(China) [Yin, et. al., 2010; Hu, et. al., 2015; Yin et. al.,
2016]. The main disadvantage of traditional mobile
inclinometers is the need for manual measurements at
each depth, which are not effective enough due to the
impossibility of real-time monitoring. Much more
efficient is the use of automated fixed inclinometers,
which allow real-time monitoring. The main disadvantage
of fixed inclinometers is the relatively high cost and
limited number of control points.

The use of monitoring based on inclinometers makes
it possible to obtain real and immediate information
about the vector and speed of movement of geological
layers under the influence of technogenic load. But it
complicates the determination of the stress in absolute
numerical values, since the rocky ground, in which
the measurements are carried out, is in many cases
inhomogeneous and anisotropic, and the underground
environment is not very conducive to measuring the
smallest stress.

Geophysical monitoring at the Dnister PSPP is
represented by a network of extensometric wells; as
part of the modernization of equipment in 2018, two
modern inclinometric wells were commissioned. This
will qualitatively improve the monitoring of unique
buildings and structures of the Dnister PSPP. Evidence
of the given inclinometric data points creates the need
for a mathematical analysis and forecast of the behaviour
of dispersive soils in the area of the natural and
technical system of Dnister PSPP.

Purpose

The aim of the research is mathematical analysis and
forecasting of dispersive soils behaviour based on the
study of inclinometric observations data in the area of
the natural-technical system of the Dnister PSPP.
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Data and Methods

To study the stress-strain behaviour of soils within
the mountain plateau, on which the Dnister PSPP is
located, two inclinometric wells no. 1 and no. 2 were
identified (Fig. 2). The wells cover two main structural
and stratigraphic complexes that take part in the
geological structure of the region — the basement of
the East European Platform (the Proterozoic) and its
sedimentary cover (Phanerozoic formations) (Geological
map of Ukraine, 2008).

The Proterozoic is represented by the Berdychiv
ultrametamorphic complex (ymPR;bd). It is composed
of andradite-biotite granitic rock and migmatite.
Structurally, andradite-biotite granitic rock and
migmatite are observed in synformal structures.
Sediments of the Vendian system in the study area are
represented by the Grushkin (V;gr), Mogyliv (Vomg),
Yaryshiv (V5r), Nagoryany (V,ng) and Danyliv (Vadn)
stratigraphy assises. These are terrigenous rock
masses composed of sandstones, siltstones and argillites.
The rocks described below overlap with stratigraphic
inconsistencies with Cretaceous formations. Nezvyska
and Pylypchany stratigraphy assises are joined (K;.
onz+pl) — quartz-glauconitic sand is in basal layers,
glauconitic sands, arenaceous limestone with glauconite
are above. The age of Nezvyska stratigraphy assise is
defined as Cenomanian. Ozarynets stratigraphy assise
(K>o0z) is represented by limestone with admixtures of
clay material and single contractions of flints. Above,
there is a rottenstone with a bundle of opal and
chalcedony flints. Neogene formations are represented
by deposits of Baden (N;pd) and Sarmatian (N;p+v)
regional stages and the thickness of alluvial deposits
of ancient terraces of the Dnister (N;.,ap). Sediments
of the Baden regional stage are composed of sands
and sandstones, and argillaceous sandstones in the
upper part. Sarmatian sediments are represented by
different genetic types — marine, lagoon and continental.
Lithologically, they are represented by clays, sands,
and limestone. The section of the investigated area is
completed by ancient alluvial formations, which are
represented by coarse-grained sand-gravel-pebble
deposits. It should be noted that the Neogene weak
and unstable layers were removed during the
construction of the Dnister upper reservoir.

The stratigraphic location of the geologic horizon
for both inclinometric wells is almost the same, the
azimuth of the bed strike is NW=x78°, the wells are
not flooded (Fig. 3).

The drill sample was studied in the vicinity of the
wells and pressiometric studies of the deformability of
the rocks were performed, and the modulus of
deformation of the geological layers was calculated
in the laboratory [Geological map of Ukraine, 2008].
Also, in Bubniak et. al., 2020 based on the lineaments
analysis it is established that the Dnister PSP is in the
zone with an average density of lineaments.
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Fig. 2. Location map of inclinometric wells
no. 1 and no. 2 (The map was compiled using
Geological map of Ukraine, 2008).

The distance between the inclinometric wells is
1400 m. The X axis is parallel to the Dnister river bed;
the Y axis complements the system to the right. The
inclinometric wells are equipped with 20 stationary
biaxial vertical inclinometric sensors Geokon model
6150 V-2 [Geokon, 2019], with an embedding pace of
2 meters. The approximate bottom hole depth for each
of the inclinometric wells is 40 meters. All sensors
are automated using micro electro-mechanical system
technology (MEMS). All sensors are polled automatically
within the device itself 4 times a day, that is, every 8
hours. The period from 01.01.2018 to 31.12.2020 was
selected for the research, during which the system
received 116, 800 entries. The obtained values were
averaged to one value per day for each sensor. It
should be noted that the principle of operation of the
sensors is based on determining the deviations of
the reference mass by measuring the differential
competency. With this method, both dynamic (shock
and vibration) and static acceleration (tilt and rotation)
can be determined.

Analysis and Interpretations

To analyze and interpret the measurement results,
a transition was made from the measured inclination
angles a,; and a,; to the displacements M,; and M,;, as
well as to the displacement vector M; of the i-th
sensor, respectively:
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Fig. 3. Geological section along the
inclinometric wells axis.

where, L is the baseline of measurements (for the
structure used in this study L = 2000 mm).

Having the data of the i-th (single) sensor, it is
possible to determine the total displacements of the
entire profile along the X and Y axes, respectively:

Mx =ZMxi’ My =ZMyi : (2)
1 1

The value of displacements obtained in the course
of processing along each of the axes was used to
construct cumulative curves of the distribution of
horizontal displacements in each inclinometric well
(Fig. 4 and Fig. 5).

It should be noted that the measurement range of
this type of sensors is £10°, and with a constant
position of the inclinometric well, the measurement
accuracy of displacements is £2 mm [Geokon, 2019].

Analyzing the results obtained at inclinometric
well No. 1, we can note that the negative dynamics in
the geological layers N, ,ap and N,p+v is subject to
strong shear stress 7 (in the XY plane). Layers N, ,ap
in both inclinometric wells have a multidirectional
strain vector y, and layers N;p+v and below have
close to unidirectional displacement along the Y axis,
which indicates this type of deformation as shift fault
(in the — Y direction).

It is known that as the stress grows, the deformation
increases, that is, with elastic deformations, the layers
Ni.oap and N;p~+v would recover to their initial values
when the load is released. Since this did not happen,
the considered types of layers passed into the
nonlinear phase of Hooke's law [Korolev, Zlochevskaya
& Osipov, 1985], that is, into irreversible deformation.
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The reason for these shear deformations and stresses
may lie in the uneven distribution of the load on the
top of the mountain plateau, in combination with
dynamic fluctuations caused by the operation of
the Dnister PSPP. Based on these assumptions, as
well as in support of the theory of the deformation
causes, it was decided to carry out computer
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Fig. 4. Cumulative horizontal displacement
profiles of inclinometric well no. 1.

Due to the limited computing power, the model-
ling environment was taken as isotropic; the degrees
of freedom (pinching) for the model are as close as
possible to the natural ones. The Winkler foundation
hypothesis [Potapov, 2014] (elastic foundation) was
applied to the model.

To determine the stress state at a specific point,
and subsequently in solid, it is required to determine
the stress tensor 7o, the components of which are
three components of normal (ox, gy, 6z) and six
tangential (xy=wyx, tyz=tz), TZX=TxZ) Stresses to
characterize a point in the most general case. This
tensor 7o belongs to a second-rank tensor, so it can be
represented both as a series of linear equations and in
the form of a matrix [Tsyitovich, 1963; Tsyitovich,
1973; Benjamin, & Cornell, 1970; Tonon, Bernardini
& Mammino, 2000]:

o, T, T.
To = T, O, T, 3)
sz sz Gz

It should be noted that the sequence of indexes for
the components of tensor (3) characterizes the orientation
of the components.

It is known that different types of stress cause
different types of deformation, as follows:
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modelling of the processes occurring in the rock
mass applying finite element method [Zienkiewicz, et al.,
1971; Paswey, & Clough, 1971; Pawsey, 1970;
Too, 1971; Howlett, 1966; Sokolnikoff, & Specht,
1956; Scordelis, & Lo, 1964; Bakhrebah, &
Schnobrich, 1973; Davoodi, et al., 2018; Mirassi,
& Rahnema, 2019].
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Fig. 5. Cumulative horizontal displacement
profiles of inclinometric well no. 2.

e normal stress o — causes normal deformations (e),

e tangential stresses 7 — cause tangential
deformations (y),

e volumetric stresses gv — cause volumetric
deformations (ev).

Positive values of stresses and strains characterize
compression, negative values - transtension.

Similarly, to stress tensor (3), the strain tensor (7)
can also be written as follows:

1 1
& —Yxy —Yxz
Yy
Te —le € le 4
B Y
1 1
—Yzx =Yz &
PR R

Since the shear deformation is carried out in two
mutually perpendicular directions, the tangent com-
ponents of the deformation tensor (4) are divided into
two.

This study will focus on geological layers N, ap
and N;p+v, which are of particular concern. The main
physical and mechanical properties of these layers are
presented in Table 1.
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Table 1
Physical and mechanical properties of soils
Geological | Density (ys), S.he.:ar resistance : . Poisson's Deformation
indicator 10° N/m? Intemgl friction Adhesion ratio ratio (1) modulus (E), MPa
coefficient (tg @) (Cy), MPa ’

Ni.,ap 2.00 0.45 0.25 0.22 20

N ptv 1.97 0.75 1.50 0.25 500

N;pd 2.05 0.30 0.35 0.30 50
K .nztpl 2.20 0.50 0.20 0.33 120

The value of the indicator (tg ¢) (see Table 1) can
be interpreted as an indicator of the number of defects
in the soil. In the natural state, these defects are held
together by the so-called structural bonds (Masoom
et. al., 2016), at a rupture of which the soil turns into
a decompressed state and tends to form an angle of
depositional gradient based on Coulomb's theory
[Vainberg, 1993] on the correlation between tangential
and normal stresses (Fig. 6).

It follows from this that in the field of mechanical
stresses from the operation of the Dnister PSPP, the
coefficient of internal cohesion ¢, of the geological
layer N;_ap tends to zero (0.25 — 0).
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Fig. 6. Illustration for Coulomb's theory.

Also, due to the non-closedness of the geological
system, there is an outflow, and possibly the extraction
of moisture from the soil, which reduces the pore
pressure. According to the Karl Terzaghi theory, the
higher the pore pressure — u, the less external mechanical
pressure o is transferred to the soil skeleton. [Terzaghi,
1962; Herget, 1973; Terzaghi, Peck, & Mesri, 1996;
Vainberg, 2012; Vainberg, 1993]:

T=(c-u)- ¢@+c
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Obtained results give us a general idea of the nature
of the occurrence of some geodynamic processes arising
in the field of mechanical stresses. The upper basin
of the Dnister PSPP has activated and strengthened
geodynamic processes in the mountain range.
Continuous change of the stress-strain state can lead
to a change in the structure of geological rocks, the
accumulation of a fatigue effect, which will reduce
the resistance of the solid mass to dynamic loads.

Originality
For the first time, a mathematical analysis and
forecasting of the behaviour of dispersed soils in the
area of the natural and technical system of the Dnister

PSPP was conducted on the basis of studying the data
of inclinometric observations.

Practical significance

The proposed technique can be used in the design
of other objects of this type, as modelling the behaviour
of the object under the influence of natural and
tecnogenic factors makes it possible to assess possible
risks and prevent them.

Conclusions and Discussion

The paper presents an analysis of the results of
geotechnical monitoring of the behaviour of disper-
sive soils, implemented on the basis of inclinometric
measurements on the territory of the Dnister PSPP.

Quantitative parameters of horizontal displacement
distribution in inclinometric wells are established.
They made it possible to detect negative dynamics in
the geological horizons N;.,ap and N;p+v, which is
apparently caused by technogenic load caused by the
Dnister upper reservoir.
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The behaviour of dispersive soils under the influence
of natural and technogenic loads has been modelled.
Based on the simulation results, the change of the sign
of deformations under the influence of additional load,
which can be the filling of the Dnister upper reservoir,
is confirmed.

Obviously, the use of this method alone does not
allow full detecting and tracking modern geological,
seismic and geodynamic processes. It is optimal to
apply a combination and detailed analysis of different
monitoring methods (geophysical, geodetic, parametric,
vibrometric, hydrogeological, temperature, visual-
instrumental and others), as well as modelling the
behaviour of the object under the influence of natural
and technogenic factors. Such simulations could be
used in the design of other objects of this type, so this
is a promising area for further research.
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AHAJII3 THKJTHOMETPUYHUX CHHOCTEPEXEHD TA ITPOI'HO3YBAHHS
JE®OPMALIIM IPYHTIB B PAMOHI JHICTPOBCHKOI TAEC

Mera. Meroro ociipKeHb € MaTeMaTHIHUI aHajli3 Ta IPOrHO3YBaHHs e opMalliif JUCIepCHUX IPYHTIB Ha
OCHOBI BHMBYCHHS JaHUX IHKIIHOMETPHUYHHX CIIOCTEPEXEHb B paioHI MPHPOIHO-TEXHIYHOI cuctemu JIHicT-
poBcbkoi TAEC. Meroauka. Meroauka J0CiiKeHb 0a3yeThCs Ha MaTeMaTHYHOMY aHalli3i Ta MOJEITIOBaHHI
MIPOLIECiB, IO BiAOYBAIOTHCS y TipCHKOMY MacHBi, Ha sIKOMy po3TamoBana JlnictpoBcbka I'AEC, i3 Bukopuc-
TaHHSM METOAY KiHIEBHX eleMeHTIB. Pe3ynbraT. B poOoTi mpezcTaBiieHo aHali3 pe3ynbTaTiB re0TeXHIYHOTr0
MOHITOpUHTY nedopMaiiii AUCIIEPCHUX IPYHTIB, peai3oBaHOro Ha 0a3i IHKJITHOMETPUYHHX BUMIpIOBaHb Ha
tepuropii J[HicrpoBcbkoi 'AEC. BcraHOBIEHO KiNBKICHI MapamMeTpu PO3MOAUTY TOPH30HTANBHUX 3MIIEHb B
IHKITIHOMETPHUYHUX CBEPIUIOBHMHAX. BOHM Jajlii MOXIIUBICTh BHSBUTH HETaTUBHY JHHAMIKY Y IE€OJOTIYHUX IIa-
pax Njjap i Njp+v, sika OUeBHIHO CIIPUYMHEHA TEXHOI€HHUM HAaBaHTA)XEHHSIM. BHKOHaHO MOJIENIOBaHHS Jie-
dbopMariif TMCIepCHUX IPYHTIB il BIUIMBOM IPUPOJHUX 1 TEXHOTCHHUX HaBaHTa)KeHb. Ha OCHOBI pe3yibTaTiB
MOJICTFOBaHHSI MiITBEPDKEHO 3MiHYy 3HaKy Ae(opMalliii M BIUIMBOM JIOAaTKOBOTO HaBaHTa)XEHHS, SKUM MOXe
CIIY)KHTH HanoBHEHHS J[HICTPOBCHKOI'0 BEPXHBOTO BOAOCXOBHUINA. OYEBUIHO, BUKOPHCTAHHS BUKIIOYHO I[OTO
METO/y He JIa€ MOXKJIMBOCTI B TIOBHIM Mipi BUSIBJISITU Ta BiJICTE&)XYBaTH Cy4acHi I'e0JIOTiuHi, CeHCMIYHI Ta reo/iu-
HaMiyHi mporiecd. ONTHMajdbHAM € TOEAHAHHS Ta JCTAJbHHHA aHa i3 PI3HUX METOMIB MOHITOPHHTY (Teo-
(I3UYHUX, TeOAE3WYHUX, MapaMEeTPUYHHUX, BiIOPOMETPUYHHUX, TiJPOreONIOTIYHUX, TEMIEPATypHUX, Bi3yalbHO-
IHCTpYMEHTAJIbHUX Ta IHIIMX), & TAKOX MOJIEITIOBaHHs AedopMaliiii 00 €KTy il BILTMBOM HPUPOIAHUX 1 TEXHO-
TeHHHUX YMHHHKIB. Taki MojentoBaHHs Moriu O OyTH BHKOPHCTaHI JUIsl IPOEKTYBAHHS 1HIIMX 00’ €KTIB TaKOrO
TUITY, TOMY II€ € NIEPCIEKTUBHUM HAINpsIMKOM JUTS TTOJaJIBIINX JOCHikeHb. HaykoBa HoBU3HA. Briepie npose-
JIEHO MaTeMaTHYHUI aHaJli3 Ta NPOrHO3YBaHHS JiepopMaliii AUCTIEPCHUX TPYHTIB B paiioHI IPUPOAHO-TEXHIYHOT
cucremu [lnictpoBcbkoi 'AEC Ha OCHOBI BHMBYEHHS JaHHUX IHKIIHOMETPHYHHX CIIOCTEpEKeHb. [IpakTuuHa
3HAYYIIICTh. 3alpPOIIOHOBaHA METOJMKA MOXKE OYTH BHUKOPUCTaHA /IS TMPOEKTYBAHHS IHIIMX 00 €KTIB TAKOTO
THUITY, OCKIJIbKM MOJENIOBaHHA Aedopmaniii 00’€KTy MiJl BIUIMBOM MPUPOJHHUX I TEXHOI€HHHWX UWHHHUKIB Ja€
MOXITUBICTb OIIIHUTH MOXKJIMBI PU3HKH Ta MONEPEIUTH iX.

Kniouosi crnosa: Te0TEeXHIYHII MOHITOPHHT; TUCIIEPCHI IPYHTH; IPOrHO3YBAaHHS Ie(OpMalliif; 1HKITIHOMETPHUYHI
ceeptoBuny; J{HictpoBcbka TAEC
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