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ABSTRACT

Georgia, like the whole South Caucasus, is a tectonically and structurally complex region. It is one of the active segments
of the Alpine-Himalayan belt, therefore it is important to assess the seismic hazard for Georgia. At the regional scale, this
assessment is evaluated by applying probabilistic seismic hazard analysis that identifies the annual probability of
exceedance of various ground motion levels defined in terms of selected ground motion intensity measures, such as PGA
or spectral accelerations (SA) corresponding to various return periods related to possible future earthquake scenarios
for a site represented by soil classes A according to EC8, Euro-code 8-EN 1998-1 (1998). At the local scale, seismic
hazard assessment is made by analyzing the geological, geomorphological, geotechnical and geophysical characteristics
of the site, as it is well established that the incoming seismic motion can change in amplitude, frequency, and duration
due the site-specific local characteristics. That is the subject of micro-zonation investigation. Site — specific local
characteristics are presented by the following parameters: Dominant frequency, Vs,30 (average shear-wave velocity to a
depth of 30 meters) and amplification factor. In this work, we presented results of geophysical survey assessing local site
conditions by dominant frequency that allows identification of similar seismic response areas. For this purpose, seismic
noise records have been used first time in Georgia.
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Introduction

The various impacts of earthquakes on the Earth's surface have brought attention to studying how the
ground responds to earthquakes with different magnitudes [1-10]. The amplification of seismic ground motion,
caused by site effects, plays a crucial role in the observed destruction during earthquakes. Depending on the
site conditions, the earthquake damage can vary across different regions. During the earthquake, soft sediments
exhibit noticeable ground motion amplification compared to consolidated rocks. Consequently, buildings
situated on these sediments are more prone to damage or complete collapse. This amplification in ground
motion is caused by resonance frequency of corresponding sites. Traditional approaches to quantify resonant
frequencies have relied on earthquake ground motion recordings of investigation sites. However, the poor data
of strong motion in Georgia does not allow us to follow this approach. Availability of seismic noise records
has opened up new possibilities for studying ground response characteristics, particularly to estimate dominant
frequency of the site [1-10].

The Horizontal to Vertical Spectral Ratio (HVSR or H/V) technique is a widespread approach for site
characterization [1-10]. It can be applied by ground motion records caused by earthquakes and ambient noise
records. An important advantage of HVSR technique is that it eliminates the influence of the source and
provides information on the wave propagation in the environment.

By utilizing seismic noise data, the HVSR technique enables the extraction information about the
resonant frequencies of the underlying soil layers. The peaks observed in the HVSR curves correspond to the
resonance frequencies, offering insights into the site's dynamic properties [7,9,10]. Knowledge of resonance
frequencies of the ground is important when designing structures so that their natural frequency does not
coincide with the resonant frequency of the ground.

Determination of resonant frequencies using seismic noise records

In this work, we concentrated only on the assessment of fundamental frequency. To demonstrate the
effectiveness of the proposed methodology, a case study is conducted in a different region of Georgia. Seismic
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noise data collected from multiple stations are processed, and the HVSR curves are computed. The peaks
observed in the HVSR curves are analyzed to determine the resonant frequencies of the underlying soil layers.

We used the TROMINO 3G seismograph (www.tromino.eu ) with an output sampling rate 128 Hz,
which are all-in-one instruments expressly designed for tremor measurements and maximum portability
(approximately 1dm3volume and 1 kg weight). During installation, small holes were dug to accommodate the
sensors on the ground whenever possible, usual care was taken in deploying the sensors and ensuring adequate
coupling with the soil. Care was taken also at ensuring to avoid placement of sensors directly over utilities or
disturbances sources.

Seismic noise was sampled approximately for 30 — 45 minutes at each site and HVSR curves were
calculated by averaging the H/V obtained by dividing the signal into overlapping windows of 20s. Each
window was detrended, tapered, padded, FFT and smoothed with triangular windows with a width equal to
10% of the central frequency before the Fourier spectra were ratioed, and the Euclidean average was used to
combine EW and NS components in the single horizontal (H) spectrum. We consider records only in the range
0.1-20 Hz which is more interesting from an Engineering point of view.

Geophysical measurements were carried out in the area allocated for the construction of hydroelectric
power stations in the mountainous regions of West Georgia, at the construction site of multi-apartment
residential buildings in the city of Thilisi, at the construction site of a hotel complex in Batumi, and in the area
of the tailing dam in Kazreti.

The recorded time series data is converted to the frequency domain using FFT for all three components.
The resonance manifests itself as a local minimum in the vertical velocity component in the frequency domain,
such that when a ratio is taken between the averaged horizontal and vertical components of ground velocity, a
peak occurs at a particular frequency as shown in Fig. 1 [1, 2]. This resonance frequency is related to the shear
wave velocity and thickness of the first layer by the following equation :

fo= :—; equation (1)

where f; is a peak resonant frequency (Hz), V;is a shear wave velocity (m/s), h is a thickness of the layer.
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Fig. 1. Record from a Tromino 3G seismometer. HVSR curve in the top panel, and the Fourier spectrum of
the three axial components in the bottom panel. Resonance frequency is observed at a peak of 1.19 Hz in the

HVSR plot.

When analyzing the spectrum of individual components of Tromino’s record, the presence of a one-
dimensional (1D) environment can be determined if the horizontal components coincide and a local minimum
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is observed on the vertical component. In this case, Equations (1) and (2) can be applied as they are valid for
a 1D scenario [7] (Fig. 1).

However, if the spectrum of individual components of the Tromino record does not match, indicating
a two-dimentional (2D) environment, the relationship between the depth of the sedimentary layer (thickness
of the sedimentary layer), resonant frequency and shear wave velocity presented by equation (1) and (2) cannot
be used. In such cases, alternative approaches are necessary to calculate the layer thickness and shear wave
velocity [7,10].

Analysis of Ambient Seismic Noise Data

The analysis of the seismic noise measurements revealed that the construction area of Bakhvi 1 HPP
headwork is mainly composed of foundations, where the seismic noise records correspond to the rock as HV
curve has no peak. This allows us to assess the seismic hazard for the rock in the area. Consequently, the
amplification factor in this case is expected to be 1. As for the area of Bakhvi 1 HPP power station, peak was
observed here at frequencies in the range of 15-19Hz indicating that the bedrock is quite close to the surface.
Fig. 2 presents the distribution of dominant frequency at Bakhvi 1 HPP Power Station. Fig. 3a) b shows
examples of HV curves of Bakhvi 1 HPP power station and Headwork.
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Fig. 3. HVSR curves and Fourier spectrum of N-S, E-W and Up-Down components of the ground velocity
(in range 0.1-20Hz) of Bakhvi 1HPP a) HPP power station b) HPP Headwork.

Ambient noise measurements were also conducted at the construction sites of Chirukhi HPP and
Dghvani HPP. Ambient vibration measurements were taken at a total of 14 points, with 3 points located at
Chirukhi HPP power station, 4 points located at Chirukhi HPP headwork, and the remaining 7 points at
Dghvani HPP, four of them at headwork and three at power station.
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The analysis of the seismic noise measurements revealed that the area of Cirukhi HPP headwork
represented by the rock (Fig. 5) and the area of Cirukhi HPP power station characterized by resonance
frequencies in the range of 11.0 -15 Hz (Fig. 4 a). Seismic noise records at Dghvani HPP exhibit a mixture of
resonance frequencies. The power station of Dghvani HPP shows a similar value of a resonance frequency at
7-7.06 Hz. The headwork of Dghvani HPP, however, is characterized by high resonant frequencies ranging
from 10 — 14.31 Hz (Fig. 4b).
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Fig. 4. Frequency distribution a) For Chirukhi HPP power station; b) For Dgvani HPP headwork and power
station

Fig. 5 a) b)c)d) presents one of the examples of HV curves of seismic noise measurement at Chirukhi HPP and
Dgvani HPP sites.
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Fig. 5. HVSR curves and Fourier spectrum Frequency-Amplitude curves of N-S, E-W and Up-Down
components of the ground velocity a) For Chirukhi HPP power station b) For Chirukhi HPP headwork c) For
Dgvani HPP power station d) For Dgvani HPP headwork



Seismic nose measurement records were investigated at the top and bottom of Kazreti Tailing Dam.
The analysis of the seismic noise records at the bottom of Kazreti Tailing Dam showed that no peak were
observed on the HV curve. Amplitudes across the entire frequency spectrum are less than 2, which means the
foundation is rock (Fig. 7b). On the other side peak on the HV curve was observed at a lower frequency at the
top of Kazreti Tailing Dam (Fig. 7a) which justifies the homogeneity of the material used to raise the dam. The
low value of resonance frequency corresponds to the Height of the tailing Dam which is about 170 m.

Fig. 6 shows the distribution of dominant frequency at the top of Kazreti Tailing Dam. Fig. 7a) b)
presents one of the examples of HV curves of seismic noise measurements at the top and bottom of Kazreti
Tailing Dam correspondingly.

a)
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Fig. 6. Frequency Distribution at the top of Kazreti Tailing Dam
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Fig. 7. a) b) HVSR curves and Fourier spectrum of N-S, E-W and Up-Down components of the ground
velocity at the top and bottom of the Kazreti Tailing Dam correspondingly.

Below are presented the same analyses of seismic records for multi-apartment residential houses in Thilisi and
a hotel complex in Batumi. Fig. 8 a) b) presents the dominant frequency distribution for these sites and Fig. 9
a) b) HVSR curves and Fourier spectrum for investigated sites in Tbilisi and Batumi correspondingly. (Figure
10,11).



Frequency Distribution - Thilisi Frequency Distribution - Batumi

= Resonant Frequency

10

= Resonant Frequency

4.88 4.66

4.06 4.38

Resonant Frequency (Hz)

B
Resonant Frequency (Hz)

o o &
& & o

a) b)

Fig. 8. Frequency Distribution for a) Thilisi b) Batumi
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Fig. 9 HVSR curves and Fourier spectrum of N-S, E-W and Up-Down components of the ground velocity (in
range 0.1-20Hz) a) Tbilisi b) Batumi.

The conducted studies show that the bedrock of mountainous regions of Georgia comes to the surface
because no peak is observed. However, medium frequencies were also observed in the terraced parts of these
regions.

In contrast, the Batumi territory exhibited low frequencies (0.6 Hz), which suggests the presence of
bedrock at considerable depths, far from the surface. Similarly, the records at the top of Kazreti Tailing Dam
displayed low frequencies, indicating the uniformity of the underlying materials used to raise the dam. Seismic
surveys conducted at the bottom of the Dam revealed the presence of bedrock. As a result, the mountainous
regions of Georgia are characterized by high resonance frequencies, while the plains exhibit low resonance
frequencies. The obtained results give us the idea to characterize areas with similar seismic response behavior
in the future by collecting information from such cheap measurements as seismic noise. These findings are
crucial for assessing local seismic hazards and calculating the seismic hazard of critical infrastructure in
relation to ground response.

Conclusion
Estimation dominant frequency by H/V technique is a widespread method today, though this method

is being used for the first time in Georgia. Up to now, equation (1) was used to estimate the dominant
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frequencies of the ground theoretically when the layer's thickness and matching velocity were known from
other seismic data. This approach is not justified in all cases, in particular when the environment is not one-
dimensional. Also, when we have several layers, the dominant frequency of the second layer is determined by
another approach. [10]

The study of resonance frequencies with seismic noise in different regions of Georgia showed us
different values. In particular, the mountainous regions of Georgia are characterized by high resonance
frequencies or HV curves without peak, while the plains exhibit low resonance frequencies.

Dominant frequencies are not considered in ground motion prediction equations (GMPE).  Site
conditions are typically represented by average shear wave velocity (Vs30), which is not enough to study local
seismicity. We think that it is important to include the dominant frequency as a separate parameter in GMPE
models.

Funding: This research was funded by Shota Rustaveli National Science Foundation of Georgia (FR-21-
20840)

References:

[1] Nakamura Y. A method for dynamic characteristics estimation of subsurface using micro tremor on the
ground surface. Quarterly Report of Railway Technical Research Institute (RTRI), Vol. 30(1), 1989, pp.
25-30.

[2] Nakamura Y. Clear identification of fundamental idea of Nakamura's technique and its applications.
12WCEE, 2656, 2000.

[3] Gutenberg B. Die seismische Bodenunruhe. Ph.D. thesis, University of Gottigen, Germany, In German,
1911.

[4] Gutenberg B. Microseisms in North America, Bull. Seismol. Soc. Am., 21, 1931, pp.1-24.

[5] Gutenberg B. Microseisms. Advances in Geophysics, 5, 1958, pp. 53-92.

[6] Nakamura Y. On The H/V Spectrum, 14WCEE, 2008.

[7] Castellaro C., Mulargia F. The Effect of Velocity Inversions on H/V. Pure and Applied Geophysics, vol.
166, April 2009, pp. 567-592.

[8] Xu R., Wang L. The horizontal-to-vertical spectral ratio and its applications. EURASIP Journal on
Advances in Signal Processing, 75, 2021.

[9] Harutoonian P., Leo Ch., J., Liyanapathirana S., Womg H. Site Characterization by The HVSR Technique.
Australian Geomechanics Journal, 47(3), 2012, pp.103-112.

[10] Castelarro C. The complementarity of H/V and dispersion curve. Geophysics, Vol. 81(6), 2016, pp. 1-23.
https://doi.org/10.1190/ge02015-0399.1.

2®16E0L M30l90900L Igufagars 3MOE03MWo
0bg3M3LGHOMIGMMOLmz0L

0. dmdsdy, b. fgegorgemo

G9body

Lododmzgm 0lgzg OmymemE dowosbs LsdbGmgm 3533505, gOHM-9HDo  LgoldGmo
5dBHoMOm0 H90Mmb0os 5E3ME-3005¢s0l bgobd® LoEygerdo. s3o@GHmd LyoldwGmo LsdodMHMYdOl
d9535L905 3603369 M35600 LOJoMNZ9EMLMZ0L. bo30MbsE MByIBY LgobdMMo LbsdodHmgdols
995350905 bgds  sEdsMMEMO  bgoLdMMo  L¥ToIMMYOOL  TgMmEOom, MHMIJWOoE  FIBLLDBWIMZL
309630 bgsslbgs @Mbol Mbg39d0L [erom®mo 25sFsMDIOOL SEBsMMBSL. FMbEHOL Mbgzgdo
399mbsbYE0s MHHg30L 3032900 S B3gJGHOIWMEMO SBJsMYdIO0m. bmwm Fgxasligds begds 3OHBEOL
A 3e05bolmgol g3mm3meo 8-EN 1998-1 (1998) dobggzom.

M350 oL EHod0m, bgobd Mo LsdodMHMYdOL IBMLEJdS brgds MBBOL gmemyo®O,
39M3MOBMEMR0O0, 3903 9J603O0 s 3JMR0DBOIMOO FoboLsMYOGdOL Jobgz0m, 306506

11


https://www.researchgate.net/journal/Australian-Geomechanics-Journal-0818-9110?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19

36™d00s, H™I F9dcmdsgoeo golidrMo HH3900 dg0dwgds 90335ML 330G ¥OL, LobdoMols
5 OMOL bsba®AI03mdoL dobgz00 MBd6ol B393053039M0 SEHOWMIMOZ0 Fobsliosmgdergdols
2590. gL bL30mbO F03OMPIMS0MBIOOL F935M0 5TM35659.

301630 bobosmgds 99990 bgoLIMMO 3565393MJd0M: EMI0bIBEHMMHO LobdoMy, Vs30
(396030 Goeeol bydwmowm boBdomg 30 TgBHemolb Lo®mdgbg) ©s 299E0gMHYdOL Bod@™MOO. 53
653GMm3ddo  FoMImabowos 4Mm6EHOL  Jesllogozsgos ©@MmIobsbEMo LobdoMom, MmIgwos
9009005 39JMR0DB03MOO 2sDMIzgdom, 3gMdm® bYoldMMo bIsmEmol Bsbsfgmgdom. gMmbEHOL
3sbsli05mgdgo gl 3565893 M0 3603369 ™m35605 Mm3se®mO 1golidIHMBOL IBMLEHIOOLMZ0L. 53
90Bbom LogdoMmnzgwmdo 30M39ws© 0gbs godmygbgdmeo LigolidMo bdsmemols Bsbshomgdo.

15533560  LoGyzgdo: oMgdml bdsrmmo, (adEowm3zsbo Loy®mo, MMBEHOL  gossEA0Gds,
29d0gM9ds, HIV ¢9dbogs .

HccaenoBanue CBOMCTB IPYHTOB VISl 00bEKTOB KPUTHUYECKOU
HH(PPACTPYKTYPbI

T. Ilyoanan3ze, H. leperesnn
Pe3rome

I'py3us, xak u Bech FOxHbI KaBkas, sBiseTCS TEKTOHUYECKH U CTPYKTYPHO CIIOKHBIM pernoHoM. OHa
SIBIIIETCS. OJHUM W3 aKTUBHBIX CErMEHTOB Anbnuiicko-I mManaickoro mosica, MO3TOMY Ba)XKHO OLICHHUTH
celficMuueckyto onacHocTh A [py3uu. Ha permonasbHOM ypoBHE 3TO OIIEHHMBAETCS IMyTeM MpPHUMEHEHUs
BEpPOSATHOCTHOIO aHaliM3a CEeHCMHUYECKOM OMacHOCTH, KOTOPBIA OINpenesseT TONOBYIO BEpOSTHOCTh
MPEBBILICHNS PA3IMYHbIX YPOBHEH 3€MJICTPSICEHUI, ONpPENETCHHBIX 110 MHTEHCUBHOCTU IBIDKEHHS 3€MIIH,
TakuxX Kak PGA nnu cnekTpasibHble YCKOPEHHS, COOTBETCTBYIOIIME PA3IUYHBIM IIEPUOAAM MTOBTOPSIEMOCTH
3eMJICTPSICEHUH, CBA3aHHBIM C BO3MOXKHBIMH OyIyIIMM{ CICHApHAMH 3EMIICTPSCEHHN Ui y4acTka,
MPEICTABIEHHOTO MMOYBEHHBIMHU Kitaccamu A B cootBeTcTBrE ¢ EC8, EBpokoa 8-EN 1998-1 (1998).

Ha w™ectHOM ypOoBHE OlLEHKa CeHCMHUYECKOH ONAaCHOCTH OCYIECTBISIETCS IIyTeM aHalIu3a
T€0JIOTHYECKUX, TeOMOP(OTOTHYECKUX, TEOTEXHUIECKUX U TeO(PH3MIECKUX XapaKTEPUCTUK MECTHOCTH, TaK
KaK XOpOILIO YCTaHOBJIEHO, YTO BXOJIIEE CEHMCMUYECKOE IBMKEHHE MOXKET HW3MEHSTHCS M0 aMIUINTYIE,
4acTOTe W MJIMTEJIBHOCTH H3-32 CHEUU(HUYECKUX MECTHBIX XapaKTEPUCTHK. OJTO SBIAETCS IMPEAMETOM
MHUKPO30HAJIBHOTO HCCIIEIOBAHMS.

JlokanbHBIE XapaKTEpUCTHKH KOHKPETHOTO Yy4acTKa MPEACTaBICHbI CIEAYIOUIMMH IapamMeTpamu:
JTOMUHUpYOIas 4actora Vs,30 (cpemHsiss CKOPOCTb IONEpPEYHON BONHBI jJ0 TiyOuHb 30 METpOB) H
ko3¢ duureHT ycuineHus. B 3Toil paboTe MBI NpeNCTaBWIM PE3YJbTaThl Ie0OQU3MYECKHX HCCIEIOBaHUH,
OLIEHMBAIOLINX MECTHBIE CEHCMHUUECKHE YCIIOBUS TI0 JOMUHUPYIOIIEH JacToTe i poekTupoBanus. C aToi
1LIeNTbI0 BiepBble B [ py3un ObITH MCTIONB30BaHbI 3aITUCH CEHCMUYECKOTrO IIyMa.

KuaroueBbie ciioBa: BuOpaius okpysxarolieit cpeipl, 0JjHa CTaHIIUs, JBHKEHUE TPYHTa, yeuiaeHue, metonq H/V.
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