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Abstract. The processes that cause degradation of soil properties, decrease in their strength and
increase in deformability was analized. Solving the problem of determining phase velocities and vectors
of elastic displacements made it possible to establish the differential coefficient of elastic anisotropy of
soils that form the basis of hydraulic structures. Experimental studies of soils, which are the basis of
hydraulic structures, when using ultrasonic methods made it possible to determine the factors that cause
the anisotropy of elastic waves. The most informative parameter of the anisotropy of soils, which are
the basis of hydraulic structures,was established. The main indicators of the manifestation of azimuthal
anisotropy of bulk elastic waves were determined. The study of samples of soil bases of hydraulic structures
when using the invariant-polarization method made it possible to experimentally establish the type of
anisotropy and determine the value of the coefficient of elastic anisotropy of the studied samples. The
angle of deviation of the elastic displacement vector from the direction of the wave normal, exceeding 90°,
is a sign of possible destruction of the soil base of a hydraulic structure and enables us to localize zones
of limit equilibrium.

A study of sandstone samples was carried out when using atomic force microscopy to investigate the
degree of change in the microstructure of the soil bases of hydraulic structures. The use of the acoustic
emission method allowed us to obtain an image of the acoustic response during laser irradiation, which
made it possible to evaluate the diffraction pattern of the studied sandstone samples. It was established that
a characteristic feature of the acoustic emission spectrum of the studied samples of soil bases of hydraulic
structures is the presence of numerous secondary maxima. Their occurrence indicates the complexity of the
material composition and structure of soil bases, in particular, a specific combination of allotigenic and
authigenic minerals, cementing substances and textural features. In the case of irreversible deformations,
the influence of fluid saturation manifests itself through differential-elastic effects, caused by both the crystal
structure and the nature of interphase bonds, as well as the temperature, pressure and other parameters of
the soil base environment of hydraulic structures.
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Relevance of the research. Hydraulic
structures are the structures subject to the water
environment, designed for the use and protection
of water resources, as well as for protection
against the harmful effects of water [1]. The
system “structure — soil base” can be represented
as three sequentially connected elements: soil
base, foundation and above-ground structure.
When assessing the stability of a structure,
the load transfer scheme is of direct practical
importance, which depends on the structure
design, the magnitude of the load on the column
or on 1 m? of the foundation. And if the loads
from the structure and equipment are more or
less constant, then the structure itself changes
over time: there is a gradual and irreversible
change in the properties of building materials as
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a result of aging, corrosion, etc. [2]. The defining
parameters of the foundation are its type (rigid,
flexible), geometric dimensions, shape, and
material strength [3]. During the operation of the
structure, the foundation material changes the
most as a result of fluctuations in temperature
and moisture conditions under the influence of
aggressive industrial effluents, etc. [4].

Analysis of recent research and publications.
The most hidden and uncontrolled changes in the
process of construction and operation of structures
occur with the soil bases. When assessing the
stability of structures, processes that lead to the
deterioration of soil properties, a decrease in
strength and an increase in deformability, which in
turn leads to an increase in absolute and relative
deformations, and sometimes to the destruction of



HYDRAULIC ENGINEERING

96 |

soil bases and structures, are of great importance.
Soils, depending on the type, physical state and
structural strength, have different abilities for
deformation developing. Numerous experimental
studies show that under certain loads, when the
stage of displacements begins, a compacted core
is formed under the foundation in the shape of
a wedge. The core is the foundation across the
entire width, and the sides are formed by slip curves
that pass along the edges of the foundation [5-7].

The stability of the structure depends on the
type, size and depth of the foundation, as well
as on the intensity of the load application. An
increase in the size of the foundations and their
depth leads to a decrease in the probability of
bulging of the soil base and an increase in the
stability of the structure. A rapid increase in
additional pressure from the structure leads to
a decrease in the magnitude of the destructive
load, a slow increase in pressure — to the increase
in destructive load. Uniform settlement of the
entire structure does not cause additional stresses
in the structures, but the difference in settlements
of individual parts of the soil base especially
affects the strength of foundations and above
foundation buildings. Experience shows that
the difference in settlements increases with an
increase in the magnitude of absolute settlements.
Deformations depend both on changes in volume
(as a result of compaction, swelling, etc.) and on
the deformation of individual phases that make
up the soils (creep of the skeleton, compression
of pore water, as well as inclusions of vapors and
gases) [8—10].

Under the action of tangential stresses, local
failure zones appear in the soil base, which, when
the pressure from the structure increases, increase
in size and form a sliding surface. The zones of
limiting equilibrium of soil bases are the areas of
the soil massif that are on the verge of destruction
under the action of loads or other influences. Their
dependence is determined by a combination of
soil properties (its strength and deformability),
load characteristics (magnitude, distribution)
and geometric parameters of the structure resting
on the soil. The determination of these zones is
key to ensuring the stability of structures and
preventing settlements and destractions. The
limit states of the soil base manifest themselves
in these zones. The information on the sizes of
the zones of limiting equilibrium, where there is
destruction of the soil base, allows:

— to assess the possibility of applying the
theory of linearly deformed medium to calculate
the stability of the structure’s foundation;

— to calculate the stability of the soil base
and determine real ways to increase it.

When calculating the sizes of the zones of
limit equilibrium (plastic deformations), it is
first necessary to determine the depth of their
development by comparing the maximum angles
of deviation 0,, with the angles of internal
friction ¢, which vary within the soil base.

The boundaries of the zone of limit
equilibrium can be traced based on the following
dependencies:

— whenop>0
is not observed;

— when ¢ =0, (1, = Ty — limit equili-
brium is observed;

— when ¢ <0,,, (t, < 7y,.) — soil destruction
is observed [11-13].

The angle of internal friction of soil base ¢ is
an angle that characterizes the resistance of the
soil to shear, which arises from the interaction
between its particles. This parameter is key
for engineering and geological calculations of
foundations, as it determines the stability of the
soil massif and its ability to withstand loads.

(T, > Tyar) — limit equilibrium

max

1. Types of deformations and causes of their
occurrence [5]

Types (?f Causes of deformation
deformations
Elastic deforma- |Change in molecular forces
tions: of elasticity of solid parti-
— change in cles, as well as thin films of
volume water

Change in molecular forces
of elasticity, change in
structural lattice

— distortion of
shape

Inelastic, residual

deformations: Reduction in porosity
— compaction
. Wedging effect as a result
— swelling
of electro-molecular forces
Mutual displacement of soil
— creep

particles

Destruction of structure,
destruction of particles

— only residual

An important factor, the effect of which must
be taken into account, is the difference in the
mechanical soil properties in different directions,
or the so-called mechanical anisotropy (for
example, deformation anisotropy, strength
anisotropy, swelling anisotropy), and sometimes
the difference in filtration properties, or filtration
anisotropy. The anisotropy of the mechanical
properties of soils is explained by their ordered
structure with a preferential parallel orientation
of particles in a certain direction [14—16].
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The purpose of the study is to test the use of
the invariant-polarization method, atomic force
microscopy and the acoustic emission method
for assessing the stability of hydraulic structures,
given the anisotropy of the stress-strain state
of their soil bases by conducting experimental
studies and subsequent analytical calculations.

Materials and methods of the study. Field
and laboratory experimental studies on the elastic
properties of the studied samples of soil bases
of hydraulic structures were carried out using
the invariant-polarization method, atomic force
microscopy and the acoustic emission method
[17-19]. The Hydrustab software and algorithmic
complex developed by the author was used to
process the results of experimental studies of
samples of soil bases of hydraulic structures
and to further construct stereo projections and
diagrams.

Research results and their discussion.
Experimental studies of the soil base using
ultrasonic methods show that the anisotropy
of elastic waves is due to the crystallographic
orientation of minerals, the grain shape of
oriented minerals and the location of microcracks.
Depending on the nature of the orientation of the
structural texture elements, soils are divided into
three types: unidirectional, multidirectional within
one plane and spatially oriented. The key indicator
ofanisotropy is the differential coefficient of elastic
anisotropy, the value of which reflects the degree
of deviation of the soil texture from the closest
isotropic medium. Thanks to this coefficient, it is
possible to compare the anisotropic properties of
elastic media of different symmetry. In particular,
the coefficient of transversely isotropic elastic
anisotropy makes it possible to assess the degree
of deviation of textures of rhombic symmetry
from the elastic characteristics of a transversely
isotropic medium.

The characteristic surfaces of the anisotropy
parameters are constructed in the form of
stereographic projections of isolines, which
gives a complete idea of the spatial variability of
the anisotropy parameters of bulk elastic waves
and reflects the influence of the symmetry of
the medium. Strict restrictions are imposed on
the azimuthal dependence of the differential
parameters, due to the anisotropy of the soil
medium. The azimuthal anisotropy of bulk
elastic waves manifests itself in the following
forms [20-22]:

1) difference between the phase and radial
velocities of elastic waves;

2) deviation of the elastic displacement
vectors and radial velocity vectors from the
direction of the wave normal,;
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3) the presence of polarization effects,
phenomena of acoustic birefringence, acoustic
refraction and singular behavior of the elastic
displacement vectors in the zone of the acoustic
axes.

The use of stereographic projections made it
possible to reflect the nature of the anisotropy of
elastic waves in full, and not only in intersections
selected when using coordinate planes. Fig. 1(a)
shows a stereoprojection of the differential
coefficient of elastic anisotropy 4, of sandstone
sample Ne 1 of the studied soil bases, which were
selected in the area of the Kyiv HPP dam. In the
wave theory for transverse waves in an elastic
medium the vector of elastic displacements
(polarization) is always perpendicular to the wave
vector (normal to the wave front), but in a “pure”
homogeneous medium, this vector lies strictly in
the orthogonal direction, without deviations.

But in cases of anisotropy of the medium,
boundary conditions (reflection, refraction at
the boundary of the media) and diffraction at
obstacles a deviation angle may appear between
the direction of the wave normal and the actual
direction of the elastic displacement vector.

And this deviation that is an indicator of wave
effects associated with diffraction and diffusion,
which is a manifestation of non-orthogonal
polarization or “mixed wave” (especially in
anisotropic media) [23-25]. Fig. 1(b) shows
a diagram of the distribution of polarization
vectors of the “slow” quasi-transverse wave of
sandstone sample Ne 1 of the studied soil bases.
Based on the data obtained when constructing
these stereo projections and diagrams, a stereo
projection of the deviation angle of the elastic
displacement vector from the direction of the
wave normal (U ] ) of sandstone sample Ne 1 of
the studied soil bases was constructed, which is
shown in Fig. 1(c).

The value of the elastic anisotropy coefficient
varies from 0,48% to 11,23 %. A particularly
importantfactordeterminingthe valueoftheelastic
anisotropy coefficient is the spatial coincidence of
the orientations of structural elements, primarily
the crystallographic orientation, the orientation
of sandstone grains by shape and the directions
of microcrack development. The deviation
of the elastic displacement vector from the
direction of the wave normal varies from 0,44°
to 10,63°. Fig. 2(a) shows a stereo projection
of the differential elastic anisotropy coefficient
A, of sandstone sample No 2 of the studied
soil bases. Fig. 2(b) shows a diagram of the
distribution of polarization vectors of the “slow”
quasi-transverse wave of sandstone sample Ne 2
of the studied soil bases.
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Fig. 1. Sandstone sample Ne 1:

a — stereo projection of epy isolines of the differential elastic anisotropy coefficient 4, (isolines — in %);
b — diagram of the distribution of polarization vectors of a “slow” quasi-transverse wave;
¢ — stereo projection of the deviation angle of the elastic displacement vector from the direction
of the wave normal (U N ) (isolines — in degrees)

Fig. 2. Sandstone sample Ne 2:

a — stereo projection of isolines of a differential elastic anisotropy coefficient 4, (isolines — in %);
b — diagram of the distribution of polarization vectors of a “slow” quasi-transverse wave;
¢ — stereo projection of a of deviation angle of the elastic displacement vector from the direction
of the wave normal (U 7] ) (isolines are in degrees)

Based on the data obtained when constructing
these stereo projections and diagram, a stereo
projection of the deviation angle of the elastic
displacement vector from the direction of the
wave normal (U ,71) of the sandstone sample
Ne 2 of the studied ‘soil bases was constructed,
which is shown in Fig. 2(c). The value of the
elastic anisotropy coefficient varies from 1,67 %
to 62,73 %. The value of the deviation of the
elastic displacement vector from the direction of
the wave normal varies from 0.47° to 95,46°.

Elastic anisotropy reflects the deformation
history of the soils of the foundations of hydraulic
structures. In the studied samples of deformed
soils, a pronounced ordering of their internal
structure is observed, which causes an even more
intense manifestation of the anisotropy of elastic
waves. Anisotropy and structural ordering of soils
constitute interrelated fundamental properties that

reflect the mechanisms of deformation formation
and subsequent transformations. Thus, the stereo
projections and diagrams obtained for the studied
sandstone samples allowed us to quantitatively
assess the influence of the anisotropy of the
stress-strain state of the soil bases of hydraulic
structures on the stability of these structures, and
also demonstrate a direct relationship between
the zones of limiting equilibrium and the angle
of deviation of the elastic displacement vector
from the direction of the wave normal (U ,71)
. The obtained research results for soil samples
that were not under the compaction pressure of
the main part of the hydraulic structure confirm
the efficiency of applying the methods used for
studying the soil bases of hydraulic structures of
various types.

In order to study the degree of change in the
microstructure of a soil base sample of hydraulic
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structures caused by elastic deformations (in
particular, shape distortion), a study of sandstone
samples was carried out when using atomic
force microscopy. The elastic £ and inelastic
characteristics of soil bases significantly depend on
the morphology of the near-surface layer. It is due
to the development of flattened-lenticular layering
and schistosity, the orientation of hinges and axial
planes of linear folds, as well as the corresponding
orientations of minerals both in their shape and
internal structure. Using atomic force microscopy,
2D and 3D images of the surface of a sandstone in
the (100) orientation plane obtained were obtained,
which is shown in Fig. 3.

Fig. 4 (right) shows an image of the acoustic
response that occurred during laser irradiation,
which was accompanied by the formation of
inhomogeneous thermomechanical stresses with
the formation of a melt crater and the ejection
of molten material onto the sample surface. The
depth of the melt crater 44, under conditions
of constant power and duration of laser action,
is determined by thermal conductivity (in
particular, local) and a “quasi-equilibrium”
spatial distribution of temperature gradients AT
both in the direction perpendicular to the crater
axis and along it. In our experiments, its value was
about 2~ 500 um. The complex structure of the
recorded acoustic response indicates the action
of several mechanisms for the transformation of
localized thermal disturbance into mechanical
stress waves (acoustic waves), which appear
simultaneously or sequentially in time.

Comparison of the acoustic response in Fig. 4
(left) with the duration of the laser pulse and the
geometric parameters of the sample indicates
the probability of the second and third time
maxima (pulses aligned in the time) occurring
due to the acoustic emission mechanism (AE),

Fig. 3. Image of the microstructure of
a sandstone sample in the (100) orientation
plane obtained when using atomic force
microscopy: (a) 2D image of the microstructure
and (b) 3D image
of the microstructure

since the time delays of their appearance and
the length of the final pulse cannot be explained
only within the photothermoelastic mechanism.
An important task is to correctly determine the
possible AE mechanisms accompanying the
processes described above. The sequence of their
manifestation in time can be presented as follows:

1. AE occurrence during the melting of
the sandstone surface (phase transition- solid
phase — liquid phase);

Fig. 4. Recorded AE signal response (irradiation of biotite 50 mV/div, 10 ps/div) (left); typical
melting craters after irradiation of biotite grain with the appearance of microcracks (1) and quartz
grain (2) with intensity 7~ 200 MW/cm? (x98) (right)
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2. AE during the crystallization of the melt
(phase transition — liquid phase — solid phase);

3. AE caused by crack formation.

Transition processes such as solid phase — gas
and gas — solid phase can be ignored because they
occur during a relatively “long” (nanosecond) laser
pulse. Under the conditions of the experiments,
phase transitions occur extremely quickly — for
the time commensurate with the duration of the
laser action (z =~ 18 ue). It is likely that it is crack
formation that is the main source of the formation
of the “acoustoemission component” of the
acoustic response. Consideration of AE as two
types of emission — discrete (high-energy) and
continuous (low-energy) loses relevance in cases
where the time of individual AE acts (1) exceed
the time of wave transmission through the sample
t,1.e. T> ¢, and the lengths of wave trains A exceed
the typical dimensions of the base sample L, i.e.
A > L [26-28].

The AE spectrum of fine-grained sandstones —
cemented soils with granular porosity is
characterized by the presence of numerous
secondary maxima. Their appearance reflects
both the diversity of the material composition
and structural features of the soil base, including
the combination of allotygenic and authigenic
minerals, cement composition and specific
texture, and to a certain extent reproduces the
course of dia- and catagenetic processes. The soil
bases, where the samples were taken, underwent
mechanical deformations of varying intensity,
which led to the formation of characteristic
structural and textural features.

Under conditions of different tension or
compression, massive textures arose, where high
amplitudes of the main (primary) peaks were
recorded in the AE spectra along with increased

oscillations. In contrast, samples with directive
structures generally showed lower averaged AE
signal amplitudes, which is most pronounced
in fine-grained varieties of sandstones. Another
characteristic feature of samples with directive
textures (soils formed in non-equilibrium
deformation fields) is the dominance of AE
spectra with inhomogeneous, stretched curves
containing several signal trains.

Conclusions. The anisotropy of the studied
soils is determined by their textural characteristics
and the orderliness of the structural-morphological
paragenesis, which is manifested in striation
and linearity. An additional factor is the ordered
system of microcracks formed as a result of the
current state of the soil massif. The value of
the deviation angles of the elastic displacement
vector from the direction of the wave normal >
90° is an indicator of potential destruction in the
soil base of the hydraulic structure and allows us
to determine the zones of limit equilibrium.

The analysis of the acoustic emission signal
allowed us to evaluate the diffraction pattern of
the studied sandstone samples. In particular, the
measured amplitude of the acoustic emission signal
allowed us to quantitatively assess the intensity
of polarization effects, phenomena of acoustic
birefringence, acoustic refraction and singular
behavior of elastic displacement vectors in the area
of the acoustic axes of the studied soil base samples.

The conducted experimental studies and
analytical calculations allowed us to test the use
of the invariant and polarization method, atomic
force microscopy and the acoustic emission
method for assessing the stability of hydraulic
structures given the anisotropy of the stress-strain
state of their soil bases using the example of
sandstones.
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Anomauin. IIpogedeno ananiz npoyecis, wo cnpuuuHAIOMs 0e2pacayiio 61acmueocmell IPYHMIe, SHUNCEHHs.
ix miynocmi ma niosuwenuss degpopmamuenocmi. Po3e’sizanns 3a0aui eusHaueHHs Gazoeux wisuoxKocmel
[ 8eKMOPI8 NPYIHCHUX IMIUEHD OATI0 3MO2Y BCIMAHOBUMU OUDEPEHYIATbHUL KOeDIYIERM NPYIHCHOT AHIZ0mMponii
IPYHMIB, SIKL (hopmytoms 0CHO8Y 2iopomexHiunux cnopyo. Ilposedeni excnepumeHmanvii O0CHIONCeHHsL IPYHMIE
OCHOBU 2IOPOMEXHTUHUX CNOPYO YIbIMPA38YKOBUMU MEMOOAMU Q0360 GUSHAYUMU (hakmopu, uo oOyMos-
JIOIOMb  AHI30MPONI0 NPYHCHUX X6Ulb. Bemarnoeneno naiibinbut inHopmamusHull napamemp axizomponii
[PYHMIB OCHOBU 2IOPOMEXHINHUX CNOPYO. BUsHaueHo 0CHOGHI NOKA3HUKU NPOSEY A3UMYMATbHOL AHIZ0MPONii
00 ' EMHUX NPYHCHUX XBUTb. J[OCTIONCEHHS 3pA3KI8 TPYHMOBUX OCHO8 2IOPOMEXHIUHUX CHOPYO 34 OONOMOZOH)
IHBAPIAHMHO-NONAPUIAYITIHO20 MeMOOY O0360NUNO eKCHEPUMEHIMANLHO BCMAHOSUMU MUN aHI30Mponii ma
BUBHAUUMU BETUYUHY Koepiyienma npycHoi anizomponii docaiodicysanux 3paskie. Kym eioxunenns eexmopa
APYIHCHUX 3MiUjeHb 8I0 HAaNPAMKY X6UTb0Boi Hopmari, wjo nepesuwiye 90°, cyeye 03HaKo MoxHcIUB020 pyuiy-
BAHHA TPYHMOBOL OCHOBU 2IOPOMEXHIYHOI CNOpYOU Ma 0ae 3mMo2y JOKANIZY8amu 30HU SPAHUYHOL PIBHOBACU.
1Iposedero 0ocnioiceH sl 3pa3Ki6 NiCKOBUKIB 13 3ACMOCYBAHHAM AMOMHOI CUN080T MIKPOCKONIT 3 Memor 00C/i-
OHCEHH s CIMYNeHsl 3VIHU MIKPOCIPYKIMYDU IPYHIMOBUX OCHO8 2IOPOMEXHIYHUX CHOPYO. 3ACMOCY8AHHS MEMOOy
AKYCMUYHOL eMiCii 0036010 OMPUMAMU 300PANCEHHS AKYCIMUYHOO0 BIO2YKY NPU NA3EPHOMY ONPOMIHEHH, o
HAOA10 3M02y OYIHUMU OUDPAKYIIHY KapMUHY OOCTIONCY8AHUX 3PA3KI6 NICKOBUKIE. Bcmanosneno, wo xapax-
MEPHOI0 OCOONUBICIIO CNEKIMPY AKYCMUYHOL eMicli O0CTIOJNCYBAHUX 3DA3KI6 IPYHINIE OCHOSU 2I0POMEXHIUHUX
CnopyO € HAABHICMb YUCTEHHUX BMOPUHHUX MAKCUMYMIB. IX GUHUKHEHHS C8IOUUmMb NPO CKIAOHICIb PetOGUH-
HO20 CKIAdy ma CMPYKNypu IPYHMOBOI OCHOBU, 30KpeMd Npo cneyughiute noEOHAHHsL AIOMUSEHHUX | aymu-
2EHHUX MIHEPANIB, YeMEHMYIOUUX Pe4O8UH I MEKCHYPHUX ocobnuocmell. Y eunaoky HezgopomHux oeghopmayiti
BNIUG (PTIOIOOHACUYEHHSL NPOSIGTIAEMbCA Yepe3 OUpePeHyianbHO-NPYIICHT epekmu, 3yMOGILEeH] K KDUCIANIYHOIO
CMPYKIypoio i npupoooio Miscghazosux 36 A3Kie, Max i memMnepamypHumu, mucko8UMU ma IHuuMu napamem-
pamu cepedosunya IpyHmMoGoi 0CHOBU 2iOPOMEXHIYHUX CnOpYO.

Knrouosi cnosa: ciopomexuiuni cnopyou, cmiliKicms, IpYHmMO8a OCHO8A, aKyCMUYHA eMicCist, AHI30mponis
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