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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.

MF-DFA of displacement for (1978-1981)
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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
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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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