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THREE-DIMENTIONAL MODEL OF THE DEFORMATION OF STRUCTURAL
MERIAN BASIN BY STANDING WAVES

Purpose of the study. Analysis of the effect of standing waves on the bed of the water basin. The research
methodology. When “standing” wave, the water masses carry out rotary-translational displacement. In the
vertical cross section of the basin there are synchronous reversible water movements. Their greatest values are in
the antinodes, in the vertical direction, and in the nodes, in the horizontal direction. Microseisms of seiche origin
create a field of deformation in a vertical section of the basin, with maxima on the lines of projections of the
antinodes at the bottom of the reservoir, and also on the lateral face. Results. Proceeding from the fact that the
characteristic feature of oscillations is the conditionality of their period, with the linear dimensions of the
characteristic side and the coexistence of vertical standing waves with horizontal flow of currents, in the
calculations all three dimensions of the model rectangular basin with constant depth are considered. It is shown
that in the presence of a “vertical” seiches, the threat of resonance excitation of the seiches is caused by the
internal excitatory force — other seiches of the same basin. In the wet liquidation of mines, which are
accompanied by the filling of the produced space with water, instead of layered aquifers, separated by water
supply, a crack-collecting array is formed, which acts as the only cracked zone. Normal fluctuations of water
masses can contribute to increasing the seismicity of the created depression zone. But, on the other hand — in
mines it is possible to accommodate the underground pools of the pumped-storage power stations. The
attractiveness of exhausted mines is to reduce or exclude excavation works when erecting underground energy
objects. Scientific novelty. A modified Merian formula for calculating the seiche period in a rectangular basin of
constant depth takes into account the presence of two horizontal and one vertical modes. It is shown that in the
presence of a “vertical” seiches, the threat of resonance stimulation of the seiches is caused by the internal
excitatory force — other seiches of the same water body. The danger of the resonance interaction of the
unidirectional horizontal pairs of the “wave of horizontal mode — the current of the vertical mode” and “the wave
of the vertical mode — the current of the horizontal mode” is determined. The hydrological danger, which is
caused by possible resonance of the proper oscillations, as well as their resonance with the external excitatory
force, is revealed. Practical value. Water objects have been discovered, the analysis of which requires taking
into account the vertical mode of its normal oscillations. These are — mines with a vertical dimension, which are
comparable to the horizontal ones.

Key words: hydroelectric pump storage power station, vertical mode of seiches; microseisms; wet liquidation
of mine; seiches; seiche current; seiche wave; surf beat.

Introduction

One of the most powerful sources of lithospheric
deformations is the pressure of standing waves,
seiches and surf beat (see, for example, [Chekhov et
al.,, 1994; Nesterov, 1996; Anakhov, 2016]). As a
rule, deformations of the bottom, created by
horizontal longitudinal and transverse waves, are
considered.

However, information on the pressure of standing
waves is also available on the vertical surfaces of the
water bodies (underwater coastal slope). Fig. 1 shows
the diagrams of the pressure of standing waves on the
vertical wall from the open water area.
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Purpose of the study

The purpose of the study is an analysis of the
effect of activity of standing waves on the bed of the
coastal slope.

The research methodology

The deformation field in the vertical cross section
of the basin is created by the microseisms of seiches
origin, with maxima on the lines of projections of the
antinodes at the bottom of the reservoir [Anakhov,
2016], and, also, on the lateral face (see Fig. 1).

The water masses perform rotational-translational
movements, as shown in Fig. 2.
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In the vertical longitudinal (L) cross section of the
rectangular basin with constant depth there are
synchronous reversible displacements, with maxima

in the vertical (in antinodes, with velocity ;) and

horizontal (in nodes, with velocity \:) directions.
Modes are calculated according to the Merian

formula: 7; =2L1" (gD)71/2, where / — coefficient,

that denote the number of standing half-waves of the
field, laid along the side L of the water body; g —
gravity of Earth (g=9.81 m/s?).

In the perpendicular to the vertical transverse (W)
section of the basin there are the same movements.
Modes are  calculated by the formula
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Fig. 1. Diagrams of pressure of standing waves
on a vertical wall from the open water area at the
ridge (a) and the sole (b) of the wave;

P, — horizontal linear load [TCP, 2011]

Proceeding from the fact, that the characteristic
feature of the fluctuations of standing waves, firstly,
is the conditionality of their period with the linear
dimensions of the characteristic side, and, secondly,
the coexistence of vertical standing waves with
horizontal movements of currents, is a logical
assumption concerning the existence of a pair
wave/current with a period, which determines the

depth of water: T, = 2Dd"! (gD)—]/Z.

The periods of normal oscillations in a bounded
three-dimensional space are determined by all its
linear dimensions [Knudsen, 1934].

Given this, we rewrite the Merian formula in the
following form:

Tpy = 2/JeDN(LI1)P + (W 1w) +(D/d) . (1)
The stress in the Earth's crust, which is created by
static loading, is [Anakhov, 2016],

o=pgD, 2)
where p — water density (p~10° kg/m®).
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Fig. 2. Oscillations of the standing wave and the
deformation field of the reservoir bed:

a — the profile of the standing wave at the
characteristic moments of the oscillation cycle: 1, 2 —
amplitude of the wave at times =0+27k (v=0, y=max),
t=rt27k (v=0, v=min), k=1,2,..., k; 3 — direction of the
current immediately before the wave reaches the optimal
value (t—n); 4 — deformation field at time t—m; 5, 6 —
nodes and antinodes of wave (from [Anakhov, 2018],
changed); b — changes in the rate of build-up of the level
(water) in the beacon, starting at the time =0+27k; ¢ —
changes of the current velocity in the node, starting at the
time =027tk

Lithospheric deformations from the pressure of the
seiche wave form a grid with lines of the antinodes.
The maximum pressure at the bottom at times
t=0+27k (see Fig. 2) can be calculated from the
formula [Anakhov, 2016]:

Oun =PEA. (€)

Hydrostatic pressure on the top of the underwater
coastal slope is zero, and at its lower edge is
Pra=pgD.

The horizontal linear load P, from broken waves
must be taken equal to the area of the sidewall
pressure diagram, with the maximum value of p for
the value of ordinate D (see Fig. 1), to be calculated
using the formula [TCP, 2011]:

2004
= P82 )
chkD

where k=2n/A — wavenumber; A — the wavelength.
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Results

From the legitimacy of surface sea waves, it was
known that the variations in pressure should be
attenuated with depth in exponential law, and
practically cannot affect depths equal to several
wavelengths. M. Miche (1944) and M. Longuet-
Higgins (1950) theoretically showed that under the
action of standing waves there is a force that does not

2016]). Another explanation — the undeniable
advantage of horizontal measurements above the
vertical (Table 1).

The results of the study of the effect of standing
waves, in comparison with the static pressure from the
depth, are presented in Table 2 (at calculations the
same amplitude for all reservoirs is accepted 4=1 m).

decay with increasing depth and is transmitted to the Table 1
bottom for an “infinite” depth. This theory was The ratio of the sides
perfected by J. Hieblot and J. Rocard (1959), and of the three deepest lakes in the world
generalized by L. Brekhovsky (1966) [Tabulevich, Length | Width | Depth | LxWxD,
1986]. .V. . Tabu.levu.:h con51der§d the effect of Lake Lkm | W.,km | D, km %
microseismic oscillations that arise mmultaneous!y Caspian 1.030 360 0.208 | 100x35%
with standing water waves, which are generated in Sea 0,02
water areas in the rear parts of atmospheric cyclones. Tak 636 50 07750 -
In particular, such a “one-sided approach” led to the axe ’ 100x8x
consideration of the pressure of the wave only on the Baikal x0.12
horizontal surface — the bottom of the reservoir Lake 673 49 0.574 | 100x7x
(see [Roeloffs, 1988; Talwani et al., 2007; Anakhov, Tanganyika x0.09
Table 2
Results of calculations of deformations of the structural basins of the deepest lakes in the world
Observation results Results of calculations
Lake : : Tio0, | To10, | Toot o, Ouns 100, 010, 001,
T'100, min. To10, min. min. | min. | min. | MPa | kPa lfN/m lfN/m lfN/m
Caspian Sea 750 [German, | 282 [German, |760.06(265.65| 0.15| 2.040| 9.810|47.163|47.163|47.158
1970] 1970]
Lake Baikal |277 [Smirnov et| 11 [Smirnov et |469.32| 36.90| 0.55| 7.358| 9.810|13.080(13.080|13.080
al., 2014] al., 2014]
Lake 270 [Kodomari, | Hemae manux |496.62 36.16| 0.42| 5.631| 9.810{17.091|17.091|17.090
Tanganyika 1982]

The results of the calculations did not show a
marked difference between the vertical pressure of the
bottom and the horizontal pressure of the side faces. It
is unlikely that the interaction between the waves is
noticeable, the difference between periods of which is
three orders of magnitude ({LAW}>>D; A — logical
conjunction).

Modern and perspective energy development
involves the construction of capacities of the lower
ponds of hydroelectric power stations (HPS) at large
depths. Moreover, it is expected that the underground
layout of energy objects will be 3—4 times (in
conventional units) better than the ground layout
[Kokosadze, 2017].

In the world experience of the mining industry,
there are known overhead mines: TauTona (about
5 km), Witwatersrand (over 4.5 km), Western Deep
Levels Mine (3.9 km), Mponeng (about 5 km), all — in
Republic of South Africa. The deepest mines of
Ukraine are located in the Donetsk region —
Shakhtarskaya (Shakhtars'k, 1.546 km), Progress
(Torez, 1.34 km), named after O. O. Skochinsky
(Donetsk, 1.2 km), named of V. M. Bazhanov
(Makiyivka, 1.2 km) [The largest, 2019].
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All underground structures, listed above, may
accommodate the underground basins of the HPS.
The attractiveness of exhausted mines is, firstly, to
reduce or exclude excavation works when erecting
underground energy objects. It is intended to use
products that are not secured, admitting rocks from
the roof or the walls of workings, which can lead to a
slight increase in the water level in the pool and will
not change the hydraulic mode of the station
[Kokosadze, 2017]. Secondly, the so-called wet
elimination of mines, in which the volume produced
is filled with water [Udalov, 2006]. Thirdly, the
fluctuations of standing waves, which create
microseisms, can also be used for seismic survey of
subsoil [Anakhov, 2018].

However, when wet liquidation of mines instead
of layered aquifers, separated by water supply, a
crack-collecting array forms, which acts as a single
cracked zone [Udalov, 2006; Kokosadze, 2017].
Normal fluctuations of the water masses can
contribute to increasing the seismicity of the created
depression zone [Anakhov, 2018]. We note in
particular that the depth of the underwater pond
becomes comparable to the horizontal dimensions

({LAW}~D).
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According to academician I. Kurchatov, in the
hydrological life of any water basin one can find
elements of the same period, and obviously these
elements can always serve as an excitatory force for
the water body. Moreover, the coincidence of the
frequencies of their natural oscillations with external
forces becomes of paramount importance [Kurchatov,
1982].

Seiche wave frequencies often close or coincide
with the lunar-solar tides. This is a reason to expect
the excitement and swing of a seiches by tidal wave.
In the spectrum of waves of the Kandalaksha Bay of
the White Sea (Russia), the fluctuations of the level
with a period of 6 hours 12 minutes are pronounced.
Academician V. Shulejkin determined that this
phenomenon was caused by the resonance of the
natural fluctuations of water in the bay with the first
harmonic of the lunar tide [Shulejkin, 1968].

According to the results of the analysis of the
Kamchatka (1952), Chilean (1960), Niigata (1964),
Moneron (1971) and Akitsa (1983) tsunamis in the
spectra of fluctuations in the water level of the Kholm
Bay, there is a well-defined peak for a period of about
80 minutes, corresponding to a single-node
longitudinal seiche. It is present in calm weather, and
in stormy situations, its energy increases by about an
order of magnitude [Shevchenko, 2006].

In a number of coastal seas there is an influx of
double high waters — on the southern coast of England
in the Solent and the port of Southampton, as well as
about Portland, located 90 km west of Southampton;
at Den Helder (Netherlands); and in Buzzards Bay
(USA). The condition for the emergence of a double
high waters is adding to the main tone of the lunar
tide of oscillations of a higher frequency — a seiche
wave [Bowers et al., 2013].

As a result of the analysis of materials of
measurements of wave processes obtained from
September to November 2008, in Alekseev Bay
(Popov Island, Russia), the possibility of multiple
(8-10 times) increase in the height of the waves of the
Helmholtz, pumping mode, (7=630 s) has been
confirmed. Generation of the more high frequency
first mode (7=162 s) may be due to intense winds.
This indicates a significant, approximately 30-time
increase in the level of spectral density with
increasing excitement on November 17-18, which
compared to calm weather conditions [Shevchenko et
al., 2010].

The study of frequency selective properties of
specific water areas allows us to estimate the
possibility of amplifying the coming waves, and the
duration of significant fluctuations in the level
[Kovalev, 2015]. It is noted that at resonance with
natural oscillations of the water body there are waves
of considerable height. Long-term observation of
long-period waves on California Bay has shown, that
when passing strong atmospheric disturbances, the
value of the spectrum of ocean waves can increase
10 times, and when the tsunami passes — 100—1000
times [Rabinovich, 1993].

In order to excite strong seiche oscillations, it is
necessary to fulfill three conditions: 1) high Q-factor
of water area; 2) resonant proximity of the parameters
of oscillations in the water area with external
excitatory force; 3) the presence of a sufficiently
strong long-period wave perturbation in the outer
region [Rabinovich, 1993].

The relative amplitude of the excited external
forces of the seiche wave is calculated by the formula
[Rabinovich, 2009]:

5 512
A= [1—TM] rg? [Tf—d] . ®
T()ut T()ut
where ¢ is the Q-factor of the reservoir, which
determines the energy loss in the oscillatory system
and the bandwidth of the resonance frequency; 7,,; is
the period of the exciting external wave.

Any seiches are a resonance reaction of the water
area to external influences, which manifests itself in
the form of oscillations in their natural (“resonant™)
frequencies [Rabinovich, 1993].

In the presence of a “vertical” seiches, the threat
of resonant excitation of the seiches is caused by the
internal excitatory force — from other seiches in the
same water body. Thus, there is the possibility of
interaction of unidirectional with horizontal pairs “the
wave of horizontal mode — the current of the vertical

mode” and “the wave of vertical mode — the current of
horizontal mode”:

P P —-1/2
A= l—TIVTw +q_2 TIVTW 5 (6)
Td Td

where v — logical disjunction.

Scientific novelty

We derived the modified Merian formula for
calculating the seiches period in a rectangular basin
with constant depth, which takes into account the
presence of two horizontal and one vertical modes.

We have shown that in the presence of a “vertical”
seiches, the threat of resonant excitation of the seiches
is caused by the internal excitatory force — other
seiches of the same basin. There is the possibility of
interaction of unidirectional with horizontal pairs “the
wave of horizontal mode — the current of the vertical
mode” and “the wave of vertical mode — the current of
horizontal mode”. Thus, the hydrological danger,
which is conditioned by the possible resonance of the
proper oscillations, as well as their resonance with the
external excitatory force, is detected.

Practical value

We educed water objects, the analysis of which
needs taking into account the vertical mode of natural
oscillations. They are — liquidated undergrouned
mines, the vertical size of which is compared to
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horizontal, or exceeds them. In case of wet liquidation
of mines, the space is filled with water. Instead of the
layer-by-layer located horizons, divide by waterproof
layer, a crack-collector array is formed. It works as a
single cracked zone. The natural modes of the water
masses are able to assist the increase of seismicity of
the created depressed zone. But, on the other hand —
in the mines is possible placing of underground pools
of hydroelectric pump storage power station. The
attractiveness of the use of the liquidated mines
making consists in reduction or exception of works at
building of underground power objects.

Conclusion

When “standing” wave, the water masses carry out
rotatory-translational moving with synchronous
reversible motions of water in the vertical cross
section of basin, with most values in the vertical
direction in antinodes, and horizontal in nodes.

Coming from that the characteristic feature of
vibrations is a conditionality of their period by the
linear sizes of characteristic side and coexistence of
vertical standing waves with the platforming’s of
currents, the modified Merian’s formula of calculation
of period is worked out seiche in the rectangular basin
of permanent depth. The microseisms of seiche origin
create the field of deformations in the vertical cross
section of basin, with maximums on the lines of
projections of antinodes on the bottom of reservoir,
and also on a lateral verge.

Modern and perspective energy development
involves the construction of capacities of the lower
ponds of hydroelectric power stations at great depths.
The attractiveness of the use for this purpose the
exhaust mains consists in reduction or exception of
works at erection of underground power objects.
Previous sentence is not presented coherently. Wet
liquidation of mines, separated by water supply, a
crack-collecting array forms, which acts as a single
cracked zone. Normal fluctuations of the water
masses can contribute to increasing the seismicity of
the created depression zone.

The cases of resonant excitation of standing waves
are discussed, for the necessary implementation of
three terms: 1) high Q-factor of water area; 2) re-
sonant proximity of the parameters of oscillations in
the water area with external excitatory force; 3) the
presence of a sufficiently strong long-wave per-
turbation in the outer region. It is shown that at
presence of “vertical” seiches is created a threat of
resonant excitation seiches by internal excitant force
from other seiches in the same basin. Possibility of
cooperation of unidirectional appears with horizontal
pairs a “wave of horizontal mode — current of vertical
mode” and “wave of vertical mode — current of
horizontal mode”. A hydrological danger, that is
stipulated by possible resonance of natural
oscillations, and also their resonance with external
excitant force, appears thus.
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TPUBUMIPHA MOJIEJIb JED®OPMALIIN KOTJIOBUHU BACEHHY MEPIAHA CTOSTUNMU
XBUIIAIMU

Meta. Anaini3 nii CTOSYUX XBHWJIb HA JIOXKE BOAHOrO OaceitHy. Metommka. I1iq yac “cTosHHS XBHII BOIHI
MacH 3JiHCHIOIOTH O0EpTabHO-IIOCTYNAIbHI IEpeMIllIeHHs, 3a SKHUX Yy BEPTHKAaJIbHOMY po3pi3i OaceiiHy
BiJIOyBAIOTHCSl CHHXPOHHI PEBEPCHBHI PYXH BOJH, 3 HAHOUIBIINMH 3HAUYEHHSIMH Y BEPTHKAJIHHOMY, B TyYHOCTSIX,
1 TOPU3OHTAJIBHOMY, Y BY3Jax, HampsMKax. MIKpoceliCMH CEHIIOBOrO MOXO/KEHHS CTBOPIOIOTH IOJIE
nedopmMalliii y BepTHKaIbHOMY pO3pi3i OaceliHy, 3 MaKCMMyMaMH Ha JIHISX MPOEKI[H MydHOCTSH Ha MIHI
BOJIOWMH, a TakoX Ha OOKOBil TpaHi. Pesyabratnm. OCKIJIbKH XapaKTEpPHOIO OCOOJUBICTIO KOJHMBAaHb €
00yMOBJIEHICTh X TmepioAy JiHIHHUMH pO3MipaMH XapaKTEpHOiI CTOPOHH 1 CHIBICHYBaHHS BEPTHKaJIbHUX
CTOSIYMX XBWJIb i3 TOPU3OHTAJIBLHUMHU pyXaMH Tedil, ITiJi Yac pPO3paxyHKIiB PO3IJISAAIOTHCS yCi TPU CTOPOHH
MOJIEJTEHOI'O MPSIMOKYTHOTO OaceiHy mocTiiHol rimmnbuHu. [Toka3aHo, 10 3a HAIBHOCTI “BEpTHUKATBHUX CEHII
CTBOPIOETHCS 3arpo3a PE30HAHCHOTO 30YKEHHS CCHII BHYTPIIIHBOK 30y/KYBAJIBHOK CHIIOK — IHIIMMU
ceiilmaMu 1bOro * OaceifHy. 3a MOKpOI JIKBiAamil maxT, sKa CYIPOBOPKYETHCS 3aIOBHEHHSIM BHPOOJIEHOTO
MPOCTOPY BOJIOIO, 3aMICTh MOIIAPOBO PO3TALIOBAHUX BOJOHOCHHUX TOPH3OHTIB, PO3JAIIEHHX BOJOYIIOPAMH,
YTBOPIOETBCS TPIIIMHO-KOJIEKTOPHUI MacuB, SKUH IPaIIoe sSK €JUHA TPIlIMHYBaTa 30HA. BiacHi KOJIHMBaHHS
BOJIHUX Mac 37aTHi CIIPUATH IIiABHUIICHHIO CEHCMIYHOCTI CTBOPEHOI JEMPECiiHOl 30HH. AJie, 3 1HIIOro OOKy — y
TipHMYUX BUpOOKaxX MOXJIHMBE posMimieHHs migzemuux OaceiiHiB ['TAEC. IlpuBaOnuBicTh BHUKOpHUCTAHHS
BiJNpanboBaHUX TIPHUYMX BUPOOOK MOJIATAE y CKOPOYEHHI ab0 HErmoTpiOHOCTI MPOXiTHUIBKUX POOIT miJ dac
3BENCHHS MiI3eMHUX eHepreTuuHux o0’ekTiB. HaykoBa HoBm3Ha. Po3poOieHa MmomudikoBana Qopmyna
MepiaHa po3paxyHKy IMEpioay CeHin y MpsSMOKYTHOMY OacelHi IMOCTIHHOI MIMOWHM, sKa BPaxOBYE HasBHICThH
JIBOX TOPU3OHTAJIBHUX 1 OmHiel BepTHKambHOI Moj. I[lokaszaHo, IO 3a HASABHOCTI “‘BEPTUKAIBHHUX CEHII
CTBOPIOETHCS 3arpo3a Pe30HAHCHOrO 30Y/PKEHHS! CEWIl BHYTPILNIHBOI 30YKYBAILHOIO CHJIOK — IHIIMMHU CeH-
IIaMH IILOT0 K Oaceliny. BusHaueHo HeOe3IeKy Pe30HAHCHOT B3a€MOJIIT OJHOHAIIPABIICHHX 13 TOPH30HTATLHUMU
map “XBWIS TOPU3OHTAIBFHOI MOIM — TEYis BEPTUKAIBbHOI MOIW~ 1 “XBWIJIA BEPTUKAIBHOI MOOU — Tedis
TOPU30HTAILHOT Monu”. BusiBIeHO rigponoriuHy HeOe3IeKy, CHpUYHMHEHY MOXKIIMBHM PE3OHAHCOM BIIACHUX
KOJIMBaHb, & TAKOX X PE30HAHCOM 13 30BHILIHBOIO 30yIKYBaJIbHOIO cuiioro. [IpakTuyna 3HadymicTh. BusiBieHo
BOJHI 00'€KTH, aHANi3 SKHX MOTPeOye ypaXyBaHHS BEPTHKAIBHOI MOJM BJIaCHUX KojuBaHb. lle — JikBimoBaHi
ripHAYi BUPOOKH, BEPTUKAIEHUN PO3MIp SKUX MOPIBHSIHHUH 13 TOPU3OHTATEHUMH 200 IIEPEBHIIYE TX.
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