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Primary Temporal Analysis of Enguri Dam Displacement of
Foundation under Loading
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ABSTRACT

The main aim of our research was the analysis of time distribution characteristics of the Enguri dam foundation
displacement according to the periodic variation (loading) water level in the lake around the Enguri Arch Dam. The
primary temporal analysis was carried out in 1974-1981 period. Modern methods of nonlinear analysis DFA (detrended
fluctuation analysis), and MF-DFA (multifractal detrended fluctuation analysis) were used.

The results of our research are important and from investigation we can conclude that dynamic changes of dam
foundation displacement, assessment of dam behaviour and water level change in the reservoir of the Enguri high dam.
The analysis of the dynamics measures of the Enguri dam displacement shows us the pattern of nonlinear dynamics of
the normal regime with start loading.

Key words: Enguri Dam, displacement, temporal analysis

Introduction

The location of the Enguri Dam was selected based on extensive engineering research. The influence
of the dam and changes in the reservoir's water level on both the structure and the surrounding
environment was studied. Construction began in the last century, and the 271-meter-high Enguri arch
dam is one of the tallest dams of its kind in the world. Since construction began, state-of-the-art
interdisciplinary geodynamic and geophysical monitoring has been organized in the dam area.
Geological studies have documented that a fault branch of a major active fault beneath the Enguri Dam,
the Ingirishi Fault, intersects the right wing of the dam's foundation. The presence of an active (or
potentially active) fault at the foundation of a large dam is known to pose a serious threat to dam safety.
It is logical that monitoring of the fault zone began long before construction of the dam and filling of
the reservoir [1-5]. The main Ingirishi fault (Fig.1, Fig.2) crosses the foundation of the Enguri dam and,
thus, poses a significant hazard to the dam.

The study area effectively serves as a natural large-scale laboratory for examining the effects of tectonic
activity, anthropogenic influences, and environmental factors on fault-zone deformation. The combined
impact of these processes is captured in the time series of fault-zone strain. The observed fault dynamics
clearly reflect the interaction of two principal components: a tectonic strain component, which produces
piecewise linear temporal displacements and is interpreted as the long-term trend, and a secondary component
that generates quasiperiodic oscillations superimposed on this underlying trend.

Strainmeters and demographs are located in the dam body and tunnels, which measure the displacement of
the dam when the water level in the reservoir varies.
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Fig. 1. Satellite image of the Enguri dam and reservoir area, locations of the Ingirishi
fault and crossing the dam foundation.
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Fig. 2. The upper curve shows the variations of water level height at the Enguri lake from 1978 to 2017; the
lower curve shows data from the strain-meter. Data are from 1974 to 2017 versus time. Arrows 1, 2, 3, 4, 5,
6 correspond to the start of 6 periods of fault zone extension, see Table 1 for details. We can see of fault
compaction by approximately 90 microns, as a consequence of a quick, 100-m increase in water level in
1978. The upper horizontal axis shows the number of days after the start of the strainmeter monitoring. The
thin, straight lines show six periods of the fault’s main trend with different extension rates

The data (Fig. 2) also show that the water load reduced the initial displacement rate recorded before the
lake refill, since the total accumulated deformation value in 2017 was only 7000. The decrease in accumulated
deformation is explained by the orientation of deformation caused by the water load, which is favorable for
the compaction of faults.



Table 1. Subdivision in periods of fault zone extension

Number Periods Number of days Tectonic Pattern of lake impounding
of in the period; in component of (man-made component of
periods brackets the strain rate o strain)
same from zero pum/year
day (May 1974)
to the end of a
given period
1 May 1974-Apr 1978 1500 (1500) 230 Before lake impounding
2 May 1978-Jan 1981 1300 (2800) 250 WLinthelakeraisedto100m
3 Feb 1981-May 1985 1400 (4200) 250 Irregular load-unload regime
4 Jun 1985-Sep 2004 7000 (11200) 160 Regular quasi-periodic regime
5 Oct 2004—Feb 2013 3200 (14400) 230 Regular quasi-periodic regime
6 Apr 2013-Mar 2018 2000 (16400) 150 Regular quasi-periodic regime
Methods.

For estimating long-term correlations of the dam strain time series during load-unload of reservoir we used
the methods DFA (detrended fluctuation analysis), and MF-DFA (multifractal detrended fluctuation analysis).

In time-series analysis, detrended fluctuation analysis (DFA) is a technique used to assess the statistical
self-similarity of a system’s components. The DFA scaling exponent encapsulates comprehensive information
about temporal correlations and is particularly effective for identifying long-term correlations in non-stationary
time series. DFA has been widely applied across numerous disciplines, including geophysics, geodynamics,
meteorology, biology, bioinformatics, and economics. This scaling approach yields a straightforward
quantitative measure of a signal’s correlation structure and, compared with many conventional methods, offers
the distinct advantage of reliably detecting long-range correlations in non-stationary data [6-9].

DFA consists of two steps:

(1) the data series B(k) are shifted by the mean B and integrated (cumulatively summed), y(k) =
{-‘=1[B(i) — B], then segmented into windows of various sizes An;

(2) in each segmentation the integrated data is locally fit to a polynomial y ,,, (k) (originally, and typically,
linear) and the mean squared residual F (An) (‘‘fluctuations’”):

P = ARG = 5(0)? |

where N is the total number of data points. Note that F(An) can be considered as the average of the summed
squares of the residual found in the windows. The n-th order polynomial regressor in the DFA family is
denoted as DFAN, with unlabeled DFA often referring to DFAL.

Multifractal detrended fluctuation analysis (MF-DFA) is used to detect variability and uncertainty in empirical
time series data.

MF-DFA is the most effective method for detecting multifractality in time series. It takes the mean of the time
series in each interval as a statistical point, which is then used to calculate volatility functions. It then
determines generalized Hurst exponents based on the power law of the volatility functions. A key advantage
of MF-DFA over other approaches is its ability to detect long-term correlations in non-stationary time series.
The reaserch describes the key steps and formulas underlying the analysis.

The first step of the MF-DFA is to construct the “profile”, Y (j) by integration after subtracting from the time
series, R(i) its average, R:



j
Y(j) = Z(R(i) _R)i=1,..,N.
i=1

The second step of the MF-DFA is to divide the profile Y (j) into N; = int (g) non-overlapping segments of
equal length s.

The exponent h(q) is called a generalized multifractal Hurst exponent and is related to the classical monofractal
Hurst exponent H.

For the MF-DFA analysis we use the generalized Hurst exponent, which has no upper limit and expressed as:

o= { h(q) - for stationary time series
“lh(g)—1 — fornon — stationary time series

The estimation of H represent fundamental base, as we want to know the long-term dependence of a time
series.

Results.

For our primarily research of Enguri dam foundation displacement under compare with water variation the
second period (May 1978-Jan 1981) was investigated (which shows on Fig.2 (arrow 2, 3)).

Nonlinear DFA analysis of Enguri dam foundation displacement data for 1978-1981 was carried out. The
results of DFA analysis of displacement, show the long-range correlation of scaling features, changes in
dynamical structures, and the regularity of the system. DFA analysis was carried out for polynomial fitting
p=2, 3, 4, 5 (see Fig. 3).
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Fig. 3. DFA analysis of Enguri dam foundation displacement for 1978-1981.

From the DFA analysis of Enguri dam data sets, we can see how the structure of the dynamics changes
with increasing polynomial approximation, order is disrupted, and mutual correlation weakens.

Multifractal Detrended Fluctuation Analysis (MF-DFA) of long-term correlations of the power law of non-
stationary Enguri dam foundation displacement data in 1978-1981 was carried out. The variation of the
multifractal characteristics was carried out for polynomial fitting with p=2, 3, 4, 5 (Fig. 4)

Values of Ht, the g-order of generalized multifractal Hurst exponent time signal, were calculated. The local
generalized multifractal exponent (Ht) can now be computed from the local fluctuation of real time series
signal (Fig. 4) estimated as well as the logarithmic function (Ht). From Fig. 4 we can see a non-stability, that
under variation at the orders of scale s =7 and s =17 changed maximum and minimum of Ht, but Ht mode is
constant (mode Ht =~ 1.6). This changes in dynamic structure of time series clearly observed, where the plot



of Ph-probability distribution of Ht and Dh- multifractal spectrum represents the relationship in the form of

parabola and shows an increase in the thresholds at the mode Ht = 1.6.
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MPF-DFA of displacement for (1978-1981)
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Fig. 4. The MF-DFA analysis of the Enguri dam foundation time series displacement in 1978-1981: a) for
polynom =2; b) for polynom =3; c) for polynom =4; d) for polynom =5. Ht: g- generalized multifractal
Hurst exponent time signal. Percent of output variable: Ph - probability distribution of Ht, Dh- multifractal
spectrum.

From Fig.4 we can see the scaling functions Ht, Ph, Dh, which are depend on g-order Hurst exponent. The
g-order Hurst exponent Ht for the time series is multifractal. MF-DFA analysis consists of several steps: to
10



first convert Ht to the g-order mass exponent and thereafter convert signal to the g-order singularity exponent
(Ht) and g-order singularity dimension Dh; The plot of Dh shows us multifractal spectrum.

The initial MF-DFA results indicate that the dynamics of dam foundation displacement began to change
with the onset of reservoir impoundment during the period 1978-1981. This analysis enables an assessment of
the dam’s response to reservoir filling and the influence of this process on foundation displacement, as well as
an evaluation of the associated risk of potential damage

Conclusion.

This article presents a preliminary analysis of Enguri Dam foundation displacement data, during the period
1978-1981. Nonlinear analysis methods DFA and MF-DFA revealed a clear pattern of dam deformation
dynamics. These results are important for studying the behavior of the Enguri Dam. Analysis of the Enguri
Dam displacement time series allows us to establish patterns in nonlinear dynamics under normal conditions
and under water loading. Significant deviations from the multifractal characteristics obtained above should be
analyzed in detail to determine whether the anomaly is significant for dam stability. The results of this study
will form the basis for further research into dam behavior and will help scientists avoid a catastrophe caused
by dam failure and foundation displacement.
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IlepBUYHBIN BPpEMEHHOM AHAJIU3 CMEIIEHUS OCHOBAHUSA IJIOTHHBI
JHIYpHU NIPH Harpy3Ke

E. Menapunse, A. Coopmukos, T. Heanaze

Pe3rome

OcHOBHas 1IeTTh HAIIeTO NCCIIE0BAaHMS 3aKII0Yalach B aHAJHM3E XapaKTePUCTUK BPEMEHHOTO PacIipeleIeHuUs
CMEILEHUSI OCHOBAaHUSI MJIOTHHBI DHI'YPH B 3aBUCMOCTH OT NEPHOANYECKUX U3MEHEHUH (HArpy3KH) YPOBHS
BOJBI B 03€pe BOKPYI' apO4HON IUIOTUHBI DHrypH. IlepBUUHbIM BpeMEHHOH aHANIW3 MPOBOAMICS B MEPUOL
1974-1981 rozxos. Mcronb30Baanuch COBpPEMEHHBIC METO/ABI HeJUHEHHOro anaiausa DFA (merpeHmoBbIi
¢daykryanuonsslii ananu3) ¥ MF-DFA (MynbTrdpakTanbHbIi JeTPEHAOBINA (IIyKTYAllMOHHBIA aHAJIH3).
PesynpTaTel Hamero uccieroBaHUS BaKHbl M Ha MX OCHOBE MOXKHO CHAEJIaTh BBIBOJ O ITUHAMHYECKUX
N3MEHEHUSIX CMEILIEHHsI OCHOBAHUS IUIOTHHBI, OLICHKE MOBEICHUS IUIOTUHBI M U3MEHEHHE YPOBHS BOJbI B
BOJIOXPaHIUTUIIE TUTATHHBI DHTYPH.

AHanu3 OUHAMMYECKHX IOKa3aTesell CMEIIeHHsd IUIOTHMHBI OHIYypH IOKa3bIBaeT HaM 3aKOHOMEPHOCTh
HEJIMHEWHON IWHAMUKH HOPMaJIbHOTO PEXHMMA PH HA4aIbHOW Harpy3Ke.

Ki1ioueBble cJI0Ba: IJI0THHA 9HprI/I, CMCLICHUC, BpeMCHHOfI aHaJIn3
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Seismic Surveys and Seismicity Refinement in Kvibisi Village,
Borjomi District, Considering Local Parameters

Malkhaz G. Gigiberia, Vakhtang G. Arabidze,
Jemal K. Kiria, Nugzar I. Ghlonti

ABSTRACT

To obtain objective information about the engineering-geological properties of rock massifs, it is necessary to conduct a
wide range of studies, including geological, geotechnical, hydrogeological, geophysical and, above all, seismoacoustic
studies. The physical basis of engineering seismic acoustics is the close dependence of the parameters of elastic waves
on the features of the structure, properties and condition of the investigated rock massifs.

This work is devoted to the role of engineering geophysics, particularly seismic, in the construction of significant
structures. As an example, specific projects and methods used for their implementation are given.

Key words: engineering geophysics, seismicity, rock massifs.
Introduction

The works carried out by us included the construction of seismic profiles and refinement of seismicity [1-
15], taking into account local parameters, in Kvibisi village, Borjomi district, within the territory of Borjomi
Plant No. 2.

Experimental Studies: Construction of Soil Seismic Profiles

Seismic profiling (using the refraction method) was conducted, relevant seismogeological cross-sections
were constructed, and the propagation velocities of elastic longitudinal (P-waves) and transverse (S-waves)
were determined. Additionally, the values of the corresponding physical-mechanical parameters were
assessed.

The report presents cross-sections of four seismic profiles with a total length of 276 m, each 69 m long
(Fig. 1.1). Table 1.1 provides the starting and ending coordinates of the seismic profiles in the UTM system,
together with absolute elevations.

Table 1. Starting and ending coordinates of seismic profiles

Nel indicates the first geophone, i.e., the beginning of the profile, while No24 denotes the 24th geophone,
i.e., the end of the profile. H represents absolute elevations.

GPH Ne2 X Y H, m
1-1 368867.43 4636255.37 777
1-24 368875.56 4636200.80 777
2-1 368859.34 4636266.63 777
2-24 368927.52 4636272.03 777
3-1 368929.15 4636270.89 777
3-24 368994.94 4636281.90 778
4-1 368925.21 4636192.11 780
4-24 368993.39 4636197.52 780
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Google Earth

Fig. 1. Study area and schematic layout of seismic profiles.
Geophysical Investigations (Seismic Profiling)

In the study area, seismic profiling was conducted using the refraction wave method, on the basis of
which the propagation velocities of elastic longitudinal and transverse waves were determined, and the
corresponding cross-sections were constructed.

The refraction wave method makes it possible to determine the thicknesses of both near-surface and
deeper layers, as well as the propagation velocities of elastic waves within them. The method is based on
determining the arrival times of longitudinal and transverse wave fronts from an elastic wave source to
geophones arranged along a single line.

The following physical-mechanical parameters were determined:

Table 2.

Vp m/sec Longitudinal wave velocity

Vs m/sec Transverse wave velocity
Vs/Vp Velocity ratio

p gr/cm® Density

U Poisson's ratio

Ed Mpa Young's dynamic modulus
Gd MPa Shear dynamic modulus
Kd Mpa Dynamic modulus of universal compression
D Mpa Total deformation modulus
T Mpa Tensile strength limit

Parameters 1-3 and 5-8 were calculated based on well-established theoretical relationships, while
parameters 4, 9, and 10 were derived using available empirical correlations.

Seismic Profiling Methodology:

Seismic profiling was carried out using 10 Hz geophones spaced at 3-meter intervals. Seismic wave
generation was achieved by striking a special plastic plate with a 10 kg hammer.

The measurements were conducted in both Z-Z and Y-Y orientations. A five-shot point system was used,
which included:

e Two shots at the beginning and end of the profile,

e One shot in the middle of the profile,

e Two shots positioned off the ends of the profile.

Wave registration was performed using a 24-channel engineering seismic station manufactured by
GEOMETRICS. Data processing and interpretation were conducted using the licensed Seislmager
software from the same company.

Subsequently, the recorded data were analyzed, and the corresponding seismic sections were constructed
(see Figs. 2-5).
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Analysis of Conducted Works and Results

Seismic profiling (using the refraction wave method) was conducted in the study area, and corresponding
seismogeological cross-sections were constructed. The propagation velocities of elastic longitudinal (P-
wave) and transverse (S-wave) waves were determined. Additionally, the values of the relevant physical-
mechanical parameters were assessed.

The report presents cross-sections of 4 seismic profiles, each 69 meters in length, with a total length of
276 meters (see Fig. 1.1). Table 1.1 shows the starting and ending coordinates of the seismic profiles in the
UTM system along with absolute elevations.

Based on the values of the geophysical parameters, three distinct layers with different properties were
identified on the seismic profiles. In our assessment, and considering the geological data from the
surrounding areas and the elastic wave velocity values, these correspond to:

e Layer 1 — Clay and clayey soils of varying consistency, occasionally containing hard pebbles,
gravel, and cobble inclusions. The range of longitudinal and transverse wave velocities is: V, = 221-377
m/s; V, = 148-252 m/s. This layer corresponds to layers SGE1 to SGE5 described in the geological
investigation report.

e Layer 2 — Pebbly-gravelly deposits with a firm clay-sand matrix. The range of longitudinal and
transverse wave velocities is: V, = 728-985 m/s; V, = 287-377 m/s.

This layer corresponds to layer SGE6 in the geological investigation report.

e Layer 3 — Weathered and fractured alternation of foliated and thin-bedded argillites and medium-
bedded sandstones. The range of longitudinal and transverse wave velocities is:
V,=up to 2776 m/s; V, = 1364-1423 m/s.

This layer corresponds to layer SGE7 in the geological investigation report.

The resulting seismic cross-sections are shown in Figures 2 through 5, and the relevant physical-
mechanical parameters have been calculated accordingly.
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Fig. 2. Seismic section Nel.
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Fig.3. Seismic section Ne2.
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Fig. 5. Seismic section Ned4

Based on geophysical surveys, soil categories were assessed using the average shear-wave velocity in the
upper 30 meters of the ground (Vs30). Averaged shear-wave velocities were obtained for the study area, and
the corresponding soil categories were determined according to both Georgian national standards and
international standards (IBC2006, Eurocode 8, ASCE?Y). For this area, the average shear-wave velocity in the
upper 30 meters (Vs30) was found to be 382 m/s.

According to the national standards of Georgia, each profile area corresponds to Soil Category I, while
under international standards, the classification is as follows: Eurocode 8 — Class B, IBC2006 and ASCE7 —
Class C.

The detailed velocity values and corresponding soil categories for each profile area are presented in Table
2.

Table 2.
Prof. N Vs30 (m/s) DN 01.01-09 IBC2006 ASCE Eurocode 8
(Georgian (International (American (European
Standard) Standard) Standard) Standard)
1 365 1 D D B
2 401 1 C C B
3 401 1 C C B
4 361 1 D D B
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Clarification of the Seismicity of the Study Area

The seismicity of the construction site was determined using the method of seismic stiffness, which
involves adjusting the seismicity by comparing the acoustic stiffness of the reference soil to that of the
investigated soil. The calculation is performed using the following formulae [2.2, 2.3, 2.4]: I=I0+AI, Where:
I is the adjusted seismic intensity, Io is the intensity of the reference soil, determined by seismic
microzonation, AI is the intensity increment, calculated by the formula:

Al=1.67-1og(V0-p0OVi-pi)+exp(—0.04-h2), Where: Vo and po are the velocity of shear (or longitudinal)
waves and density of the reference soil, V; and p; are the respective values for the investigated soil, h is the
depth of groundwater below the foundation level.

According to the engineering-geological report, groundwater was detected and stabilized in five
geological boreholes:

o Borehole #3 — stabilized at 12.0 m,

e Borehole #4 — 12.2 m,

e Borehole #7 —13.3 m,

e Borehole #9 — 9.3 m,

e Borehole #11 — 13.7 m.

Groundwater was not detected in the remaining boreholes. The average groundwater depth across the
construction site is h = 12.1 m (minimum h = 9.3 m).

Taking these values into account, the intensity increment is calculated as:

Al=1.67-10og[(600+100)-(1750+£50)/((429+64)-(1911461))]+exp(—0.04-9.32) =0.3517+0.1324~0
intensity)

Conclusions

Based on the method of acoustic stiffness used on the construction site, the obtained increment in
seismic intensity is: For reference intensity Io = 8, Al = 0.3517 + 0.1324 (maximum value 0.48 < 0.50), 0
intensity, no full additional intensity grade is added, Final adjusted seismic intensity for the construction
site is 1 = 8.

Using this method, the calculated design horizontal acceleration on the construction site is 0.274 g
(2.688 m/s2).
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CeiicMHUYecKHe UCCIE0OBAHUA U YTOUYHECHUE CEICMUYHOCTH C Y4eTOM
JIOKAJIbHBIX MapamMeTpoB B cesie Knoucu, bop:;komckuii paiion

M. I'urubepus, B. Apadbuaze, /I. Kupua, H. I'iionTn

Pe3rome

Juia momydeHusi 00beKTHBHOIM MH(OPMAIMK O MHXEHEPHO-TEOJIOTUIECKIX CBOWCTBAX CKAJbHBIX MAaCCHBOB
HEOOXOIMMO MPOBEACHHE IIMPOKOr0 KOMIUIEKCAa HCCIEAOBAHUM, BKIIOYAIOMIETO TI'EO0JIOTHYECKHUE,
ICOTEXHUYECKHE, TUAPOreOJIOTHUECKHE, TeoQHU3nYecKue U, Ipexae BCEero, CeMcMOaKyCTHYECKUe
nuccaenoBanus. PU3NYECKON OCHOBOW HMH)KEHEPHOM CEHCMOAKYCTHKHU SIBISIETCSI TECHas 3aBUCUMOCTh
MapaMeTpoB YIPYTHX BOJH OT OCOOEHHOCTEH CTPOEHHSA, CBOMCTB M COCTOSHHSA MCCIETyEeMBIX CKaJbHBIX
MAaCCHBOB.

Hacrosimast pabota mocssimieHa poJid MHXXEHEPHOW reo(u3uKH, B YACTHOCTH CEHCMHUKH, B CTPOUTEJILCTBE
3HAUYUMBIX COOpyXeHuil. B kadecTBe npuMepa MPUBEIEHbI KOHKPETHBIE IPOEKTBI M METOJBI,
HCIIOJIB30BAHHBIE ISl UX PEAIU3ALIMH.

KiroueBble cjioBa: WHXCHECPHAas reocbmm(a, CeﬁCMHqHOCTB, CKaJIbHbIC MaCCHUBEI.
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ABSTRACT

Obtaining objective information on the engineering and geological properties of rock masses requires a broad range of
studies, including geological, geotechnical, hydrogeological, and geophysical ones. The physical basis of engineering
seismic acoustics is the close relationship between elastic wave parameters and the structural features, properties, and
condition of the rock masses being studied.

This article examines the role of engineering geophysics in the construction of critical structures. Specific projects and
their implementation methods are presented as examples.

Key words: engineering geophysics, seismicity, rock massifs.

Introduction

We conducted a series of works that involved the construction of seismic profiles and clarification of
seismic hazard considering local parameters on the reconstruction site located at llia Chavchavadze Street
#27, in the city of Dusheti.

Experimental Studies: Construction of Soil Seismic Profiles

Seismic profiling was carried out using the refraction wave method [1-13], obtaining data up to a
depth of 30 meters. Additionally, the physical and mechanical parameters of the rocks were assessed based
on the propagation velocities of elastic waves (both longitudinal and shear waves). A seismic profile 38
meters in length was constructed.

Figure 1 shows the study area and the location of the seismic profile. The corresponding start and end
coordinates of the seismic profile, along with the absolute elevations in the WGS-84 coordinate system, are
presented in Table 1.

Table 1. Start and end coordinates of seismic profiles with corresponding absolute heights. 1s indicates the
start of the profile, and 1e indicates the end of the profile.

GPH # X, m Y, m H, m
1s 475165 4659307 887
le 475145 4659275 884
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Fig. 1. Study area and schematic layout of seismic profiles.

Geophysical Investigations (Seismic Profiling)

Seismic profiling using the refraction wave method is one of the key techniques for investigating rock
properties in solving engineering seismological problems. Our main objective was to study the structure of
the given area and to determine the physical-mechanical parameters based on the velocities of longitudinal
(P) and transverse (S) elastic waves.

For this purpose, the field seismic method of refracted waves was selected.
The refraction wave method allows for the determination of the thicknesses of surface and deeper layers, as
well as the velocities of elastic wave propagation within them.

The method is based on determining the arrival times of the first P and S waves from an elastic wave
source to geophones arranged in a straight line. This makes it possible to calculate the velocity of the
longitudinal wave.

Thus, the objective of the investigation was to determine the rock structure down to a depth of 30 meters
and to define the following physical-mechanical parameters within the identified structural elements:

Table 2.

Vp m/sec Longitudinal wave velocity

Vs m/sec Transverse wave velocity
Vs/Vp Velocity ratio

p gr/cm® Density

Ul Poisson's ratio

Ed Mpa Young's dynamic modulus
Gd MPa Shear dynamic modulus
Kd Mpa Dynamic modulus of universal compression
D Mpa Total deformation modulus
T Mpa Tensile strength limit

Note: Parameters 1-3 were obtained through field investigation, parameters 5-8 were calculated based
on known theoretical relationships, while parameters 4, 9, and 10 were derived using available empirical
correlations.

Seismic profiling was conducted using 10 Hz geophones spaced 2 meters apart. Seismic waves were
induced by striking a special plastic plate with a 10 kg hammer. Both geophones and impacts were oriented
along Z-Z and Y-Y axes. A five-shot point system was used, which included two shots at the beginning and
end of the profile, one shot in the middle, and two off-end shots placed at a significant distance from the
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profile. This configuration enabled the acquisition of information down to a depth of 30 meters. Depending
on the type of wave, the orientation of the impact was adjusted.

Wave recordings were made using a 24-channel engineering seismic station, model GEODE,
manufactured by the American company GEOMETRICS. The direction of the impact varied depending on
the wave type. Subsequently, interpretation was carried out using the licensed Seisimager software, also
developed by GEOMETRICS. Seismogram analysis was performed, a geological cross-section was
constructed, and the corresponding physical-mechanical parameters were evaluated.

Seismic profiling using the refraction wave method was carried out in the study area. A 38-meter-long
seismic profile was acquired, providing subsurface information to a depth of 30 meters. Figure 1 shows the
study area and the location of the seismic profile. The starting and ending coordinates of the profile, along
with absolute elevations in the WGS-84 system, are presented in Table 3 below.

Table 3
GPH # X, m Y, m H, m
1s 475165 4659307 887
le 475145 4659275 884

Based on geophysical parameters, different engineering-geological elements (layers) have been
identified, and the distribution of P-wave (VP) and S-wave (VS) velocities within them has been determined.
The corresponding physical-mechanical parameters were also obtained. According to the constructed
geophysical cross-section, three distinct layers are observed based on their physical properties (due to the
lack of detailed engineering-geological information, identification is based on geophysical data and local
visual observations, and is therefore somewhat conditional):

e Layer 1 - Loose material, dry, decompressed,;

e Layer 2 — Clayey, highly decompressed,;

e Layer 3 — Clayey, presumably water-saturated.

Seismic Profile #1

Layer 1 extends from the surface down to a depth of 1.8-2.5 meters with the following seismic
velocities: VP =227 m/s; VS = 142 m/s.

Layer 2 lies beneath Layer 1 and varies in thickness from 0.5 to 7.0 meters. Its seismic velocities are: VP
=691 m/s; VS =318 m/s.

Layer 3, observed down to a depth of 30 meters, is located below Layer 2 and has the following seismic
velocities: VP = 876 m/s; VS = 433 m/s.
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Fig. 2. Seismic section Nel.
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Layer N | Parameter Parameter description Values Capacity, m
1 Vp m/sec Longitudinal wave velocity 227
Vs m/sec Transverse wave velocity 142
Vs/Vp Velocity ratio 0.63
p gr/cm”3 Density 1.25
v Poisson's ratio 0.18
Ed Mpa Young's dynamic modulus 60 2
Gd MPa Shear dynamic modulus 25
Dynamic modulus of universal
Kd Mpa compression 308.01
D Mpa Total deformation modulus 0.37
T Mpa Tensile strength limit -
2 Vp m/sec Longitudinal wave velocity 691
Vs m/sec Transverse wave velocity 322
Vs/Vp Velocity ratio 0.47
p gr/cm”3 Density 1.65
M Poisson's ratio 0.36
Ed Mpa Young's dynamic modulus 470 4
Gd MPa Shear dynamic modulus 171
Dynamic modulus of universal
Kd Mpa compression 5600.50
D Mpa Total deformation modulus 10.09
T Mpa Tensile strength limit 2.45
3 Vp m/sec Longitudinal wave velocity 876
Vs m/sec Transverse wave velocity 438
Vs/Vp Velocity ratio 0.50
p gr/cm”3 Density 1.75
U] Poisson's ratio 0.33
Ed Mpa Young's dynamic modulus 900 24
Gd MPa Shear dynamic modulus 336
Dynamic modulus of universal
Kd Mpa compression 8961.87
D Mpa Total deformation modulus 28.56
T Mpa Tensile strength limit 4.80
V30, misec Average transverse wave velocity up . g

to 30 m depth
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Conclusion

Based on geophysical surveys and the average shear-wave velocity in the upper 30 meters of soil
(VS30, which was determined to be 369 m/s for the construction site), the soil categories were determined
according to both Georgian standards and international standards (IBC 2006, Eurocode 8, ASCE 7). It should
be noted that, according to Georgian standards, the soil corresponds to Category Il, while according to
international standards, it was classified as follows: Eurocode 8 — Type B, IBC 2006 and ASCE 7 — Class C.
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53396dm LoEyzgdo: LEobmObOM JgMTBOBO3Is, LYOLWOHMBDS, JEM3s60 Tologgdo.

CeilicMnyecKkue UCCJIETOBAHUS U YTOYHEHHE CEHCMUYHOCTH € YYETOM
JIOKAJIBbHBIX MapaMeTpoB B cesie KBuOucu, bop:xomckuii pailion

M. I'urubepus, B. Apadbuaze, /1. Kupua, H. I'sionTn
Pe3ome

Juig momydenusi 00beKTUBHOM HH(pOpMaIu 00 WHKEHEPHO-TEO0JIOTHIECKIX CBOMCTBAX CKaJbHBIX MacCHBOB
HEOOXOMMO MPOBEJACHNUE MIUPOKOTO KOMITJIEKCA UCCIIE0BAaHMU, BKIIIOUask T€0JIOTHIECKHe, T€OTEXHUIECKHE,
ruaporeoyorndeckue u reopusnyeckue. OU3NUECKOd OCHOBOW WHXKEHEPHOW CEHCMOAKYyCTHKH SIBIISIETCS
TeCHasl CBA3b IMAapaMeTPOB YNPYTHUX BOJIH C OCOOEHHOCTSMH CTPOEHHS, CBOMCTB W COCTOSHHUS M3y4aeMBIX
CKaJbHBIX MAaCCHBOB.

B naHHOIi cTaTbe paccMaTpUBAeTCS POJIb WHXKEHEPHOH Treo(M3WKW B CTPOUTENBCTBE OTBETCTBEHHBIX
coopy>keHul. B kauecTBe mpumepa MpuBeAeM KOHKPETHBIE MTPOEKTHI U METOJIbI UX PEaIU3alUH.

KiroueBble ciioBa: HWHKCHCPHAaA 1"60(1)1/131/11(3,, CCIZCMH‘*IHOCTB, CKaJIbHbIC MaCCHBEI.
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ABSTRACT

The correlation and regression relationship between the intra-annual distribution (%) of the number of landslides (LS)
and the precipitation sums in the month when the landslide occurred and the accumulated sums for the month and 1...11
months before the landslide, P(1)...P(12), respectively, were studied. In particular, it was found that the intra annual
distribution of landslides across the territory of Georgia is rather uneven. The highest number of landslides occurs in
July and September (11.7% and 11.0%, respectively), while the lowest occur in January and November (5.3% and 5.6%,
respectively). A moderate correlation is observed between the intra-annual distribution of LS with the intra-annual
distributions of P(9)...(12). For the pairs LS — P(1) and LS — P(8), the correlation is low. For the remaining cases, the
correlation is negligible. Linear regression equations between the parameters under study are presented.

Key words: natural disasters, landslides, precipitation, correlation and regression analysis.
Introduction

Landslides, as a type of natural disaster, often cause significant damage to the environment in many
countries around the world [1-3], including Georgia [4-10]. In particular, [10] presents the results of a
statistical analysis of data from the Geological Department of the Environmental Agency of Georgia on the
annual number of activated and newly formed landslides (LS) for the period from 1995 to 2024. The number
of landslides varies in the range from 56 to 1360 with an average annual value of 581. The trend in LS values
has the form of a seventh-degree polynomial. In a subsequent study [11], an interval forecast of LS values up
to 2030 was carried out taking into account the periodicity in the observation series. The mean predicted LS
value for 2025-2030 was found to be 1582 + 107, with a 68% confidence interval from 875 + 107 to 2289 +
232.

Landslide activation is caused by many natural and anthropogenic factors, including the influence of
prolonged, intense, or extreme precipitation [12].

In recent years, a number of studies have been conducted in Georgia to identify the short-term (hours,
days, months) [13-16] and long-term (years, climate scale) effects of precipitation on landslide and mudflow
activation [17-20]. These studies used landslide and mudflow data presented in [7, 8], as well as ground-based,
radar, and satellite precipitation data, taking into account their representativeness depending on the distance to
the measurement point. A detailed review of these studies is presented in [21].

In our latest work [22] a detailed statistical analysis of the relationship between monthly and
accumulated multi-month precipitation sums and the number of landslides in 12 regions of Georgia is
presented. Landslide data with a known month and year of activation were used (a total of 788 landslide events
from 1961 to 2022). For the analysis, the precipitation sum for the month of landslide activation (P1) was
determined, as well as the accumulated precipitation sum for the month of activation and for 1 month (P2), 2
months (P3), ..., and 11 months (P12) prior to landslide occurrence.
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Specifically, the following results were obtained. The relationship between average precipitation values
(threshold values) and monthly precipitation duration during the month of landslide activation and before
landslide activation in Georgia and its individual regions was determined. It was found that, overall, in eastern
Georgia (including the Samtskhe-Javakheti region), landslide activation occurs with significantly lower
precipitation sums than in western Georgia. The average P1 values are 76 and 156 mm, respectively, and the
P12 values are 684 and 1588 mm. The linear correlation between the number of landslides and the P1...P12
values across the regions of Georgia is low for P1 and moderate for P2...P12. The sum of precipitation
associated with landslides exceeds the general long-term average monthly precipitation by approximately 16%.
For Georgia as a whole, the dependence of the number of landslides on the P1 and P12 values has the form of
a fifth-order polynomial (sequentially: slight increase — plateau — strong increase). For P1 values, the
precipitation sum plateau, after which a strong increase in the number of landslides begins, covers the range
from 62 to 149 mm, and for P12 — from 914 to 1588 mm (the number of landslides is ~ 108—114).

This work is a continuation of the study [22]. Below are the results of the analysis of the relationship
between the intra-annual distribution of landslide frequency in Georgia and monthly and accumulated multi-
month precipitation sums.

Study area, material and methods

Study area is Georgia.

Data on the number of landslides with a known month of their activation were taken from the catalog
[7]. Period of observation - from 1961 to 2022. Total - 788 landslide cases.

Data National Environmental Agency about monthly sum of atmospheric precipitations for 78
meteorological stations are used. List of meteorological stations, their coordinates and locations in [22] are
presented.

In the proposed work the analysis of data is carried out with the use of the standard statistical analysis
methods [23].

The following designations will be used below: R — coefficient of linear correlation; 1....12 - January ....
December; LS(1)...LS(12) - the ratio of the number of landslides from January to December to their annual
number, %; P(1)...P(12) - the ratio of the sum of precipitation in the month with landslide activation to their
cumulative sum in the month and 1...11 months before the landslide, respectively, %;

The degree of correlation was determined in accordance with [23]: very high correlation (0.9 <R < 1.0);
high correlation (0.7 <R < 0.9); moderate correlation (0.5 <R < 0.7); low correlation (0.3 <R<0.5); negligible
correlation (0 <R <0.3).

Results and discussion

Results in Fig. 1-3 are presented.
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Fig. 1. Intra-annual distribution of landslide recurrence in Georgia.

In Fig. 1 intra-annual distribution of landslide recurrence in Georgia is presented. As this figure shows,
the intra annual distribution of landslides across Georgia is quite uneven. The highest number of landslides
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occurs in July and September (11.7% and 11.0%, respectively), while the lowest occur in January and
November (5.3% and 5.6%, respectively).
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Fig. 2. Intra-annual distribution of the recurrence of landslides and P(10) in Georgia.

In Fig. 2 as an example intra-annual distribution of the recurrence of landslides and P(10) in Georgia
is presented. The correlation coefficient between the specified distributions is 0.66 (Fig. 3, moderate
correlation).
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Fig. 3. Linear correlation between the intra-annual distributions of landslides and P(1)...P(12) in Georgia.
Correlation coefficient values from 0.13 to 0.33 are negligible.

Fig. 3 also shows that a moderate correlation is also observed between the intra-annual distribution of
LS with the intra-annual distributions of P(9), P(11), and P(12). For the pairs LS — P(1) and LS — P(1), the
correlation is low. For the remaining cases, the correlation is negligible.

Linear regression equations between the intra-annual distributions of landslides (y) and P(1),
P(8)...(P12), (x), in Georgia are as follows: P(1): y = 0.3753x + 5.2062; P(8): y = 0.9013x + 0.8224; P(9): y =
1.2998x - 2.4986; P(10): y = 1.4601x - 3.8339; P(11):y =1.3305x - 2.754; P(12): y = 1.0938x - 0.7817.

Conclusion
In the near future, as new data accumulates, we plan to refine the results obtained in this study. We also plan

to conduct research assessing the role of various factors (including precipitation) in landslide activation using
artificial intelligence methods in both steady-state and dynamic modes.
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BHyTpuroaoBoe pacnpeaejeHue 4acToThbl onoJi3Heil B I'py3uu u ero
CBSI3b C MECSTYHBIMM U HAKOILUIEHHBIMU MHOTOMECSIYHBIMUA CYMMaMM
0Ca/JIKOB

A. AmupanamBuiun, JI. Bpokka, T. Yeaunze, T. Kupua,
. Cananze, T. Hamanamsuiau, H. BapamamBuian

Pe3rome

W3ydena KoppessiliMOHHAs W PErPECCHOHHAS CBS3b MEXIy BHYTPUTOAOBBIM pacrpenenenuem (%)
konmuuecTBa omnoymsHed (LS) W cymMmamMu OCaakoB B MecCsile, KOTJIa MPOH3OIIET OIMOJ3eHb, U
HaAKOIICHHOM cymme 3a mecsan U 1...11 mecsaues mo omomsus, P(1)...P(12), coorBeTcTBeHHO. B
YaCTHOCTH, IIOJIY4YE€HO, YTO BHYTPUIOJ0OBOE paciipeesIeHH e OM0I3HEH 110 I'py3un 10BOIBHO HEPAaBHOMEPHO.
HauOonbiiee KoauMuecTBO OMOA3HEH NPUXOAUTCS Ha Mioib U ceHTA0ph (11.7% 1 11.0% cooTBeTcTBEHHO), a
HauMeEHbIlIee — Ha STHBapb U HOAOPS (5.3% u 5.6% cooTBeTcTBeHHO). HabmomaeTcst ymepeHHast KOppessiys
MEX]y BHYTPHTOJIOBBIM pactpejeneHreM LS u BayTpuronoBeiMu pactpenenerusmu P(9)...(12). s map LS
—P(1) u LS — P(8) xoppesius Hu3Kas. B oCTaNbHBIX Cllydasx KOppEsis He3HaYnTeIbHA. [IpecTaBieHbI
YpaBHEHHS JINHEHHON PErpeccun MEXy UCCIIeLyeMbIMU IapaMeTpaMH.

KawueBbie ciioBa: cTHXHiiHbIE OCACTBHS, OMNOJ3HH, aTMOC(EpHBIE OCagKH, KOPPEISLMOHHBIH H
pErpecCHOHHBIN aHaIN3.
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area and a cyclonic eddy located in the northwest direction from the cyclonic eddy. The formation of some
submesoscale eddies is also observed here.

In Fig.2 geostrophic current field reconstructed using satellite altimeter data is shown for the same
time moment ((http://dvs.net.ru/mp/data/main.shtml). Comparison of the predicted circulation field (Figla)
with the geostrophic current (Fig.2) shows good agreement with each other. Note that the geostrophic
approximation cannot reproduce the submesoscale eddies identified by the model. Comparison of salinity
(Figlb) and circulation fields (Fig.1a) shows a significant contribution of the flow field to the formation of
the distribution of salinity: waters of the central part of the anticyclonic eddy are characterized with
relatively low salinity, while in the central part of cyclonic eddy the salinity is relatively high. This feature of
the salinity distribution depending on the circulation regime is well known from the previous studies [6-7].
From Fig.1c is well visible that waters near the Georgian shoreline were characterized by relatively high
temperature and the temperature decreases away from the shore.
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Fig.2. Geostrophic current field on 13 May 2019 reconstructed using satellite altimeter
data. By rectangle the forecasting area is marked.
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Fig. 5. The structure of the advanced version of the regional forecasting system.

The operation of the coastal forecasting subsystem will be possible together with the existing regional
system using nesting modeling, which will allow us to calculate not only the forecast of dynamic fields and
the spread and concentration of impurities, but also the height and direction of surface waves with a
resolution of 200 m in Adjara-Poti-Anaklia nearshore zone.

the atmospheric forcing will be specified by the Meteo France regional atmospheric model ALADIN
acting in Romanian Meteorological Organization or by the SKIRON forecasting system (University of
Athens, http://forecast.uoa.gr/).

Conclusion

The paper presents the current state of the regional marine forecasting system for the Georgian sector
of the Black Sea and adjacent water area, which will be developed by creation of a very high-resolution
modeling subsystem for Batumi-Poti-Anaklia water area spatial resolution of 200 m. Modeling of
hydrological processes in the Adjara-Poti-Anaklia coastal area with a very high resolution is an essential
factor for high-precision reproduction of coastal processes.

Thus, a complex regional forecasting system will be created, which will combine the existing regional
forecasting system with a resolution of 1 km and very high-resolution forecasting subsystem with a
resolution of 200 m for the Batumi-Poti-Anaklia coastal zone. The development of this improved regional
forecasting system is of great importance from the point of view of its practical use, since the operation of
such a system will make it possible to provide with marine forecasts such economic sectors, for the full
functioning whose operational information on the state of the Black Sea is required.
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3530 B30l LogdoMomngzgeml igergddo 3oMHmemaomo 39¢rgdols
300906Hgd0LS s 3OMABMBOMIdOL LolBgds s dolo dgdpymdo

256300056935

Q- ©9dBMs830¢0
69bomdy

659MMm3do gobbowrmwos 8530 B30l LodoOmzguml Lgd@memols s d0dgdscg Fywrgdobmazol
05050 35MBI35MI0L BoDBWZsMm MYoMbMwo dMEIE0MGOOLs S 3OHMPbMBOMYdOL LolEgdol
5055006go 9y™domgmds s 999ymdo gobgzoms®mgds, MmIgwoi d9dwdsgzos 93em™m3s3doM0l
LogMHMIMOoLM bsdg3bogHm-3gdbozm®o 3Hmgd@gdol ARENA (2003-2006) s ECOOP (2007-2010)
RO g0do. Jobo F99AMT0 FOBRIMMMYdS 3OMPBMB0MGdOL LoliEgdsdo Jobscmgzdol AosEsbol
9900l BOM30m 2obbmME30gw©s dmms OHLlm3gEol 9Hmzbmwo Lsdgsboghm gmbool
30560l Bobawqddo (2013-2015). gb LobGHYds, OMIYOE IBwYABIOME0s 8530 B30l ObsTOZOL
6930mbM  Gogbgzom  Imgwls s dobsMgzgdol 2-D s 3-D  go@o@sbol  dmgugdby,
MBOHMB3gYmRL JoM0MIO 30EOMEIMA0MMHO 39gdol s B5300Mdols @y bbgs dobstgzgdol
23930390 900L IMOY0©m9dsl 1 30 LOgMEOMO FoMBI35MBOM. Moo T9dsz5¢0 IMbsigdgdom
MBOHMBb3gymBol  gdmbggzsdo,  LobGHgds  Fgbodegdgel bool B30l dAMTsMIMBOOL
3601bmbB0oMYOL  M59m©Yb0odg @Ol FobLmgdom. sOLYdMEO MHYOMbmwwo 3MMAbMBoMYdOL
LobEGQAol  Fgdamdo  A96305MYBS  H35300M9dII0s  35079)F0-BM0-565300L  LobsdoMm
09gdobmz0l doe0sh Fomoeo AsMBg35MdOL IMYo®9gdol J3gbol¢gdol d9dw9dsgzgdslimsb s
J39L0LE 93580 JoMHoLdoIMO B9 MgdOL 3MIMPbMBOMYOOL IMYEOL BsOMZoLMSD. dose0sb sgswo
39MB9350Md0L dMmEYo®mgdol J3gLolBgdol JoBsbos MBOM IGO0 LEBEOZM 3OMYbMBOL
2396bmGEogwgds (200 3 LogzmOE0MO  2oMBY39MOOM)  BIMYIO-BMMO-5653o0l  BobsdoGmm

09agdobmzol, HmAwwgdos Y39esbg o s6MMM3My)bme OEGZ0MMZoL 3560(300056.

1533560m  Bo@ygzgdo:  3OMabmbBol  LobBgds,  I9HBMAsLIBHVOMOM0  AMORIWGd0,  FoMOEO
39MB930Lbs6MH0560 IMYOo, 256EHMMGdsmS LoLEYTs, LsbEBOZMM 30MHMdJdO.

Cucrema MoeJIMPOBAHHS U IPOTHO3UPOBAHMS IMAPOJIOTHYECKHUX
1oJiel B rpy3MHCKHUX BoAaxX YepHOro Mops u ee najibHeilee
pa3BuTHe

. JemeTrpamBuiun

Pesrome

B nannoil paboTte paccMaTpuBaeTCs COBPEMEHHOE COCTOSHHE M JanbHelIee pa3BUTHE CUCTEMbl MOPCKOTO
PETHOHATFHOTO MOJETHPOBAHMS W MPOTHO3MPOBAHUS C BBHICOKHM pa3pemieHreM s TPY3HHCKOTO CEeKTopa
YepHoro Mopsi ¥ NpPUWIETAOMINX BOA, pa3padOTaHHOW B paMKax MEKAYHAPOJHBIX HAyYHO-TEXHHYECKHX
npoektoB EC ARENA (2003-2006), ECOOP (2007-2010). ManbHeiiliee ee paciuimpeHre ¢ BKIOUYCHHEM B
CHCTEMYy TIPOTHO3MPOBAHHSA MOJIeNeld TiepeHoca TpuMece OBIIIO0 OCYIIECTBIEHO B paMKax TpaHTa
HaumonaneHoro nayuyHoro ¢onaa ummenu llora PycraBenmu (2013-2015). [lannHas cucrtemMa Ha OCHOBE
pErMOHANBHON YMCIIEHHOW Mojenu auHaMmuku YepHoro mops u 2-D u 3-D Monenell nmepeHoca mpumecei
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o0ecrieunBacT MOJCIMPOBAHUE OCHOBHBIX T'HJPOJIOTHYECKUX IMOJICH M pacnpocTpaHeHHs HeQTH U JPyTrUxX
MpUMecel ¢ TNPOCTPAHCTBEHHBIM paspemieHneM 1 kM. B ciaywyae mpenocTaBieHUs peasbHBIX BXOJHBIX
JaHHBIX, CUCTEMa IO3BOJISET MPOrHO3UPOBATH COCTOSTHHE MOPS Ha HECKOJBKO CYTOK Blepen. JlampHeiee
pasBUTHE CYLIECTBYIOIICH PErMOHAIBHOM CHCTEMbI IIPOTHO3UPOBAHMS CBSI3aHO C pa3pabOTKON IOACHUCTEMBI
MOJIEJIMPOBAHUSA CBEPXBBICOKO paspemieHus g npubpexHoi axBatopuu barymu-llotn-Anakmmus u
BKJIFOUEHHEM B MOACHCTEMY MOJEIH NMPOTHO3a BOIHOBOTO pexuMa. L{enbro noacucTeMsl MOAETUPOBAHUS CO
CBEPXBBICOKUM pa3pELICHUEM SIBIACTCA YTOUHEHHE U 00Jiee IeTaIbHOE OCYIIECTBIEHHE MOPCKOIO IIPOTHO3a
g puOpexxHbIXx Boa batymu-llotu-AHakmus (¢ mpocTpaHCTBeHHBIM paspemeHueM 200 M), KOTOpbie
MOJBEPKEHBI HAMOOJIbIIEH aHTPOIIOTCHHON Harpy3Ke.

KuroueBble cioBa: cuctemMa MPOrHO3WPOBAHUS, ME30MACIITA0HBIE BUXPH, MOJIENb BHICOKOTO pa3perieHus,
cUCTeMa ypaBHEHU, TPaHUYHBIE yCIOBHUSL.
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