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APPLICATION OF CROSS-SPECTRAL ANALYSIS AND FAST FOURIER
TRANSFORM TO DETECT SOIL VIBRATIONS IN THE NATURAL
AND TECHNICAL GEOSYSTEM OF THE DNIESTER PSPP

The main purpose of the study is to identify the relationship between changes in water level and soil
deformation, where the cyclic change in loads on the reservoir bed is the stress deviator, i.e., the PSPP reservoir
acts as an oscillator of transverse vibrations, and the soil extensometer performs the function of reading and
recording these vibrations. Methodology. Solution of the problem requires recording the time series of water
level fluctuations and extensometer sensor fluctuations on all depth horizons. It is also necessary to perform a
fast Fourier transform for water level fluctuations separately and similarly to each extensometer sensor
fluctuation. We need to separately calculate the signal power spectrum of all sensors in the soil, and compare the
amplitude-frequency, phase-frequency components of the power spectra of water level oscillations and vertical
oscillations of the extensometer sensors. Results. During the studies, it was found that the PSPP reservoir is a
source of low-frequency vibrations in a wide spectral range. These vibrations have a very long wavelength,
measured in tens of thousands of kilometers, which can propagate over long distances, both along the front of
geological layers and in depth. Scientific innovation. The research in this article allows us to more accurately
assess the frequency spectrum of vibrations and identify possible resonance phenomena that may occur in soils
during the operation of a power facility. In addition, this study was conducted in a specific region, which makes
it possible to obtain more accurate data on the impact of low-frequency vibrations on the geosystem in this
region. Thus, this paper may be of interest to specialists in the field of geotechnics, geology, and energy. It can
also be used in the planning and operation of other power facilities in similar conditions. Practical significance.
Low-frequency waves can be detected by seismic instruments such as seismometers. The results of this study
will help to correct the analysis and interpretation of seismograms, which is important for understanding the
processes occurring in the hydroelectric power plant operation area.

Key words: oolitic limestone; geotechnical monitoring; extensometer; pumped storage power plant; soil base;
soil condition; spectral density; Fast Fourier Transform.

Introduction massif, as well as in the processes taking place in it.
The cyclical nature of the plant's operation also leads
to an additional anthropogenic load, and changes in
the hydrodynamic regime [Sidorov, Perij, & Sarnavskyj,
2015]. This in turn affects the stress-strain state of the
soils underlying the structure [Zyhar, et al., 2021].
Therefore, it is important to have reliable data on the
possible consequences of the impact of the energy
facility operation on the geosystem as a whole and the
processes occurring in soils in particular.

To gain a better understanding of how water level
changes affect soil deformation when hydraulic
structures are in operation, it is essential to refer to

The article focuses on the need to study the
interaction of hydraulic structures with the soil bases
on which they are located, as well as to find methods
that allow determining the characteristics of these
interactions. The paper discusses their impact on the
geosystem as a whole. The relevance of the topic is
due to the fact that humanity at the current level of
development needs cheap and renewable energy
sources, such as hydropower. The Dniester pumped
storage power plant is a unique example among the
objects of study. The Dniester PSPP was built in
complex engineering and geological conditions
characterized by a large elevation difference and steep ~ Previous studies. One such study is the article by
s|opes [SidorOV, Perij, & Sarnavskyj, 2015] Its thar etal. (2021), which examines the impaCt of fllllng
construction involved quite serious anthropogenic  the reservoir tank on the stress-strain state of the structure.
interventions in the existing natural structure of the  The authors used remote inclinometers to record horizontal
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soil deformations and tangential stresses. This study
provides valuable insights into the topic.

Noteworthy is the work [Bubniak, et al, 2020] in
which the authors focus on tectonic disturbances in the
PSPP operation area. Considering some examples of
scientific papers on this topic, the study investigated
the impact of water level fluctuations in the Three
Gorges Basin on soil deformation [Bao, et al, 2015].
During the study, soil deformation tests were conducted
under conditions of water level fluctuations, and the
impact of this factor on soil properties was assessed
[Jadid, et al, 2020]. The article is devoted to the study
of the impact of water level fluctuations on the stability
of slopes in the vicinity of the reservoir. Similar studies
are reflected in the papers [Herget, 1973; Tang, et al,
2019].

Purpose

The main objective of the study is to identify the
relationship between changes in water level and soil
deformation. The stress deviator is the cyclic change
in loads on the reservoir bed, i.e., the PSPP reservoir
acts as an oscillator of transverse vibrations. The soil
extensometer performs the function of reading and
recording these vibrations. In order to address the
issue, it is crucial to monitor the changes in water
levels and extensometer sensors at all depths of the
site over time. We can then analyze the data by
conducting a fast Fourier transform for both water
level and sensor fluctuations, and determining the
signal power spectrum for each sensor in the soil. We
can gain further insights by comparing the amplitude-
frequency and phase-frequency components of the
power spectra for water level fluctuations and vertical
oscillations of the sensors. Details on the methods of
cross-spectral analysis can be found in [Cooley et al,
1965; Sorensen, et al, 1987; Molénat, et al, 2000;
Zolfaghari, et al, 2012; Takemiya, 2008; Lin, H. C., &
Ye, Y. C. 2019].

Methods

The Dniester PSPP (pumped storage power plant)
is located 8 km northeast of the town of Sokyryany,
Chernivtsi Oblast (48°30'49”"N, 27°28'24"E). Its
construction began in 1983. To date, the first stage of
construction has been completed 4 hydraulic units (out
of 7 designed). As a result of the construction of the
Dniester PSPP, the Dniester Upper Reservoir was
formed with a mirror area of 3.0 km? and a useful
volume of 32.70 km? [Ukrhydroenergo, 2023]. The
Dniester upper reservoir is located on a plateau 125 m
above the level of the Dniester channel buffer reservoir
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and was constructed by excavating and filling soil into
a screen of bottom and dams with a height of up to 20
meters. To study the stress-strain behavior of soils within
the mountain plateau (Fig. 1) on which the Dniester
PSPP is located, an extensometric borehole was
drilled (Fig. 2). The well covers two main structural
and stratigraphic complexes that contribute to the
geological structure of the region — the basement of
the East European Platform (Proterozoic) and its
sedimentary cover (Phanerozoic formations). The
well is equipped with stationary vertical five-point
extensometric sensors connected by Geokon anchors
model 1150 (A-3) [Geokon, 2019], with a depth step of
10 meters. The depth of the well bottom is 50 meters. All
sensors are automated using microelectromechanical
system technology (MEMS). These sensors take
measurements automatically every hour. The period
from 01.01.2020 to 31.12.2021 was chosen for the
study. During this period an average of 8,760 values
were obtained separately for each of the points, and a
total of 52,560 values were processed together with
the water level sensors.

It should be noted that the the sensors operate
by measuring the differential capacity to detect
deviations in the control mass. This method can be
used to determine vertical soil fluctuations caused
by dynamic factors such as vibration or shocks. To
identify the stratigraphic location of the geological
horizon for the well (shown in Fig. 2), we analyzed
core samples, conducted rock deformability pressure
tests, and calculated the Young's modulus (E) of the
layers in the laboratory (as shown in Table 1).
Additionally, we gathered comprehensive information
about the geological structure of the study site
[State Service of Geology and Mineral Resources of
Ukraine, 2021].

Depth m.

l Neogene Period
Cretaceous Period

_ ' Legend
‘ (D - Hydroelectric power
station reservoir

@ - Place of installation
Borehole Extensometer

Fig. 1. Schematic of the location of the reservoir
and extensometer at a depth of 50 meters.
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Physical and mechanical properties of soils

Table 1

Geological layer The name of the . 3 Angle of internal . N Young's modulus,
. Density, t/m - Poisson’s ratio, v
number geological layer friction tg ¢ E, MPa
1 Oolitic limestone 2.70 0.75 0.25 1,500
2 Quartz sand 2.66 0,45 0.3 50
3 Silicon in sand 2.64 0.50 0.32 120
aggregate
4 Mergel with 2.60 0.55 0.33 120
siliceous fossils
5 Sandstone 2.70 0.75 0.25 400

Borchole Exiensometer

Depth m.

©
Legend
| - olitic limestone

2- Cuartz samd
3- Balicom in =and aggregate 4- Marl wath siliceous tossils
5- Sandstonc
Fig. 2. Transverse section along the extensometer
borehole showing geologic layers.

Results

The cross-spectral analysis begins with the Fourier
transform. For this type of study, we used its
simplified form proposed by [Cooley & Tukey,
1965], the Fast Fourier Transform, for each signal to
obtain their power spectra.

Amplitude

Amplitude-frequency spectrum of the “Water level" sensor signal
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Fig. 3. Amplitude-frequency spectrum
of water level fluctuations in a reservoir.
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Fig. 4. Amplitude-frequency spectrum
of soil vibrations at a depth of 10 meters.
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The amplitude-frequency spectrum of the sensor signal is 20 meters deep.
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Fig. 5. Amplitude-frequency spectrum
of soil vibrations at a depth of 20 meters.

The amplitude-frequency spectrum of the sensor signal is 30 meters deep.
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Fig. 6. Amplitude-frequency spectrum
of soil vibrations at a depth of 30 meters.

The amplitude-frequency spectrum of the sensor signal is 40 meters deep.
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Fig. 7. Amplitude-frequency spectrum
of soil vibrations at a depth of 40 meters.
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The amplitude-frequency spectrum of the sensor signal is 50 meters deep.
180
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Fig. 8. Amplitude-frequency spectrum
of soil vibrations at a depth of 50 meters.

Thus, the performed transformations allowed us to
analyze the spectral pattern of the hydroelectric power
plant's operation in 2020 (Fig. 3). We managed to
determine the frequency spectrum width of 1.4 x 10™ Hz,
which is equivalent to 140 pHz. From the harmonic
oscillations, a significant energy contribution of
frequencies is clearly seen: 3 pHz, 12 pHz, 23 pHz,
35 pHz, and 46 pHz. The main energy density of the
spectrum is concentrated in the range from 3 pHz
to 60 puHz. Such small values should not be considered as
“noise” because the environment in which the
measurements were made is almost completely controlled.

A stepped, sinusoidal frequency spectrum with an
increasing amplitude trend is observed at a depth of
10 meters in the soil layer of oolitic limestone (Fig. 4).
Such a spectrum can be characteristic of signals with
repetitive pulses, which can be represented as the sum
of harmonic components. In such cases, the spectrum
will contain several narrow peaks at frequencies that
are multiples of the fundamental pulse frequency, with
increasing amplitude values at higher frequencies. The
increase in spectrum frequency could be attributed to
various factors such as the geological layer, soil
temperature, and hydrostatic pressure of groundwater.
This could be due to resonance effects caused by the
relatively high elasticity of the material, in our case,
oolitic limestone with an elastic modulus of E = 1500 MPa
and a density of 2.7 t/m* [P. N. J, 1996; Johnson, et al,
1996; Priya et al, 2001; Cao, 2018; Babacan, & Akin,
2018]. In support of the theory of the reasons for the
stepwise increase in amplitude, within a radius of
20 meters from the extensomeric well, the water table
is at a depth of 17 meters (Fig. 9) shows the graph of
groundwater level changes. In this case, if the amplitude
of oscillations increases, it may indicate an increase in
the stiffness of the oolitic limestone. At the same time,
if the groundwater level decreases, the hydrostatic
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pressure on the soil layer changes. Changes in hydrostatic
pressure at the boundary of layers can affect the
stiffness of the soil, in particular, its ability to absorb
loads.

Ground water level in the Extensometer area
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Month

Fig. 9. Graph of changes in the groundwater level
within a radius of 20 meters from the
extensometric well.

At depths of 20 and 30 meters, there are geological
layers with relatively low elastic moduli. Namely, quartz
sand with an elastic modulus of E = 50 MPa, and
silicon in sand fill with E = 120 MPa, respectively. It
should not be assumed that these soil rocks are weak
and unstable to mechanical vibrations. On the contrary,
they are quite strong and compressed, and contain
inclusions of siltstones, heavy clays, etc. The value of
(tg @) (see Table 1) can be interpreted as an indicator
of the number of soil defects. In the natural state, these
defects are held together by so-called structural bonds,
and when such bonds are broken, the soil becomes
loose and tends to form a natural slope angle based on
Coulomb's theory [Karl, 1962; Vainberg, 1993; Zyhar
et al., 2021; Geidt, et al., 2021]. The signal spectrum

Comparison of Amplitude Spectra

Water level
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Legend: O datal Coincident frequencies in the water level signal.

© data2 Coincident frequencies in the signal ground

a

in sandy soil is very noisy. This may mean that the
signal contains many random noise components that
mask the main signal components. This noise can be
caused by various factors, such as the water content of
the horizon, and temperature noise. In sandy soil,
oscillations are possible due to many factors, such as
gravity, friction, and the interaction of soil particles
with each other.

To improve the quality of the amplitude-frequency
spectrum, signal processing algorithms will need to be
used to extract signals from noisy data, such as
filtering or amplifying the main signal components. A
similar situation is observed in the spectrum of vibrations
at a depth of 40 meters (Fig. 7) of the geological layer
of marls in the flinty fill.

At a depth of 50 meters, there are sandstone layers
with E = 400 MPa (Fig. 8). Similarly to the oolitic
limestone, a stepwise, sinusoidal frequency spectrum
is observed. The main difference is that the amplitude
dampens with increasing frequency.

One of the possible explanations for this effect is
seasonal temperature fluctuations, along with the
dynamic load from the operation of a hydropower
facility. The cross-spectral density method was used to
determine the relationship between the signals, i.e. the
correlation between them. The cross-spectral density
can be calculated using various methods, including the
correlation function method, Fourier analysis, harmonic
analysis, and others. In this study, we used the harmonic
analysis method described by [Thomson, 1982].

The results of calculating the cross-spectral density
are presented in a graph, The results of calculating the
cross-spectral density are presented in a graph. It
shows that the relationship between two signals depends
on the frequency at a depth of 10 meters (Fig. 10),
similarly at a depth of 20 meters (Fig. 11), 30 meters
(Fig. 12), 40 meters (Fig. 13), and 50 meters (Fig. 14).
It shows that the relationship between two signals
depends on the frequency

Comparison of Phase Spectra
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Legend: O datal Coincident frequencies in the water level signal.
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Fig. 10. Comparative cross-spectral density of signals from the “Water Level” sensor
and the eccentric sensor at a depth of 10 meters (a); Comparison of phase spectra (b).
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Comparison of Phase Spectra

Comparison of Amplitude Spectra
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Legend: O datal Coincident frequencies in the water level signal.
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Fig. 11. Comparative cross-spectral density of signals from the “Water Level” sensor
and the eccentric sensor at a depth of 20 meters (a); comparison of phase spectra (b).
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Fig. 12. Comparative cross-spectral density of signals from the “Water Level” sensor
and the eccentric sensor at a depth of 30 meters (a); comparison of phase spectra (b).
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Fig. 13. Comparative cross-spectral density of signals from the “Water Level” sensor
and the eccentric sensor at a depth of 40 meters (a); comparison of phase spectra (b).
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Comparison of Amplitude Spectra
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Fig. 14. Comparative cross-spectral density of signals from the “Water Level” sensor
and the eccentric sensor at a depth of 50 meters (a); comparison of phase spectra (b)

Originality

The research in this article makes it possible to
more accurately assess the frequency spectrum of
oscillations and identify possible resonance phenomena
that may occur in soils during the operation of a power
facility. In addition, this study was conducted in a
specific region, which makes it possible to assess the
risks and obtain more accurate data on the impact of
low-frequency vibrations on the geosystem in this region.
Thus, this paper may be of interest to specialists in the
field of geotechnics, geology, and energy. It can also
be used in the planning and operation of other power
facilities in similar conditions.

Practical significance

Low-frequency waves can be detected by seismic
instruments such as seismometers. The results of this
study will help to correct the analysis and interpretation
of seismograms, which is important for understanding
the processes occurring in the hydroelectric power
plant operation area.

Conclusions

The results of the study confirmed that there is a
certain relationship between changes in water level
and soil deformation. In this case, the role of the stress
generator is played by the cyclic change in the loads
on the reservoir bed, i.e., the PSPP reservoir plays the
role of a transverse wave oscillator. This is demonstrated
in the graphs comparing the phase spectra. In addition,
the study revealed that the spectra of vertical water

and soil level oscillations have significant overlap,
which indicates the presence of resonant phenomena
in the structure-base system. The main characteristics
of the soil vibration spectrum, such as shape and
amplitude, were determined. This can help in further
studies of the dynamic soil properties.

After the transformations, we can analyze the
spectral pattern of the hydroelectric power plant's
operation for 2020 and determine the frequency
spectrum width of 1.4x10™* Hz, which is equivalent to
140 pHz. From the harmonic of the oscillations, a
significant energy contribution of frequencies can be
clearly seen: 3 uHz, 12 uHz, 23 pHz, 35 uHz, and 46 pHz.
Low-frequency waves have very long wavelengths,
measured in thousands of kilometers, and can propagate
over long distances. The path of the wave and its
scattering will depend on the properties of the soil in
which it propagates. When a wave propagates into
more elastic soil, it can continue its movement.
However, as the wave passes from one type of soil to
another, it may be reflected, refracted, and scattered,
which affects its shape and amplitude. Low-frequency
waves can be detected by seismic instruments such as
seismometers. The results of this study will help to
correct the analysis and interpretation of seismograms,
which is important for understanding the processes
occurring in the hydroelectric power plant operation
area. The study found that the low-frequency vibrations
that were analyzed do not have a negative impact on
human health and are safe, and do not require additional
safety measures or warnings. In fact, studies have
shown that low-frequency vibrations can increase the
seismicity factor in regions where power facilities are
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located. For example, if we consider a cubic sample of
oolitic limestone measuring 10x10 meters and study
its natural vibrations, the initial resonance frequency
will start at an average of 300 Hz. However, if you
perform the calculation for a cubic sample with a face
length of 100 meters, the resonant mode will start at
6 Hz. Thus, low-frequency vibrations can affect large
geologic blocks and cause stresses to accumulate in
the faults between them.
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3ACTOCYBAHHS KPOC-CIIEKTPAJIBHOI'O AHAJII3Y
TA IIBUJKOT'O IIEPETBOPIOBAHHS ®VYP’€ [T BUSBJIEHHA KOJIMBAHb [PYHTY
B [IPUPOJHO-TEXHIYHIM TEOCHUCTEMI JJHICTPOBCBKOI T'AEC

OcHOBHA MeTa OCTIKCHHS MOJISIra€ y BUSABICHHI 3aJ€)KHOCTI MK 3MiHAMHU PiBHS BOIU Ta ae(opMaIliero
IPYHTY, /I€BIaTOpPOM HAaNpy>KEHb SIKOTO € IUKIiYHA 3MiHa HABaHTa)KCHb Ha JIOXKE pe3epByapa BOJOCXOBHINA,
To0TO pe3zepByap ['TAEC BHKOHye poib OCHHMIISTOpa IONEPEYHHX KOJIMBAHb, & I'PYHTOBHH EKCTEH30METp —
¢yHkuito 3unTyBaHHs Ta ¢ikcauii 1MX KoiuBaHb. Meronuka. [y BUpILICHHS 3aBJaHHS MOTPIOHO 3amucaTH
YacOBHUI pSAA KOJIMBAaHB PIBHA BOAM Ta YacOBHUI psAJ KOJMBAaHB JATYHMKIB €KCTEH30METPIiB HA BCIX TOPHU3OHTAX
3arauOJICHHs], BUKOHATH IIBUIAKE repeTBopeHHs Dyp’e i KoiMBaHb PIBHIB BOAM OKPEMO, Jajli aHAJIOTIYHO
KOJIMBAaHb KOXHOTO 13 JaTYMKIB €KCTEH30METpa, pO3paxyBaTH CHEKTP MOTYKHOCTI CHTHAJIB OKpPeMO BCiX
JATYUKIB y IPYHTI, 3iCTaBUBIIM aMIUIiTy[HO-4aCTOTHi, (pa30BO-4aCTOTHI CKJIAJOBi CIEKTPiB MOTY>KHOCTI
KOJIMBaHb PIBHS BOAM Ta BEPTHKAJIBHUX KOJHMBAHb CKCTCH30METPUYHHX MAaTdukiB. Pesympratn. Ilim wac
JOCIIIKEHb BCTaHOBIEHO, 1m0 BopocxoBuuie 'AEC, € mxepenoM reneparlii HU3bKOYAaCTOTHUX KOJIMBAHb Y
IIMPOKOMY CIIEKTpajibHOMY Aiamna3oHi. Lli KoinMBaHHSA MalOTh AyKe OBIi XBWIIi, BUMIPIOBaHI JECSITKAMH THCIY
KIJIOMETpiB, SKi MOXKYTh IOIIMPIOBATUCS HA BEJIHKI BiACTaHi, K MO (POHTY T'€OJIOTIYHMX LIapiB, Tak i BIIIHO.
HaykoBa HoBu3HA. JloCHiIKeHHSI JAIOTh 3MOTY TOYHINIE OLIHWUTH YaCTOTHWH CIIEKTP KOJIHMBaHb i BU3HAYUTH
pPE30HAHCHI fBUINA, IO MOXYTh BHHHUKATH B IPyHTax Mmig yac pobotu eHeproob’ekrta. Kpim Ttoro, e
JOCTi)KEHHS BHKOHAHO B KOHKPETHOMY PETiOHi, IIO Ja€ 3MOTy OTpPUMAaTH TOYHINI JaHi MPO BIUIMB
HU3bKOYAaCTOTHUX KOJIMBAHb HAa TEOCHCTEMY B IIbOMY perioHi. OTxe, e TOCTIPKCHHSI MOXE CTAHOBHUTH 1HTEpeC
Uit (axiBIiB y Tamy3i TEOTEXHIKH, T'eOJIOTil Ta CHEPreTHKH, a TaKOXX MOXKe OYyTH BHKOPHCTaHE IIiJl Yac
IJaHyBaHHS Ta eKCIUTyaTalil IHIIMX EHeproo0'ekTiB y momiOHuWX ymoBax. [IpakTHyHa 3HAYYUIiCTh.
Hu3pko4acTOTHI XBWIJII MOXHA BHSBHUTH 32 JOIOMOI'OI0 CEHCMIYHUX NPHUIAAiB, TAaKMX SK CEHCMOMETpH.
PesynbraTi b0ro TOCIIKEHHS I0NIOMOXKYTh KOPHI'YBaTH aHalli3 Ta iHTepIpeTaliio ceHcMorpam, o BaXJIMBO IS
PO3yMiHHSA MPOILIECIB, SKi BiIOYBAIOTHCS B 30HI €KCIUTyaTallii ripoeIeKTPOCTaHIII].

Kntouosi cnoea: 0oniTOBUIl BamHAK, TE€OTEXHIYHMA MOHITOPHHT, €KCTEH30METp; TiJPOaKyMyIIOl04a elIeKTpo-
CTaHIIisl; IPYHTOBA OCHOBA; CTAH IPYHTY; CHEKTpaJbHA IIIbHICTH; IBHUIKE nepeTBopeHHs Dyp’e.
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