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Cvetan Sinadinovski!, Lazo Pekevski’

!Global SeismiCS, Canberra ACT 2600, Australia
2Seismological Observatory, Faculty of Natural Science and Mathematics,
University “Ss. Cyril and Methodius”, 1000 Skopje, Macedonia
*Corresponding author:_cvetansin@hotmail.com

Abstract

In order to examine the shallow geology under the site of the Skopje Seismological Observatory (SKO), Naka-
mura technique was used on a set of selected seismic records from its strong motion instruments. The assessment of
site conditions and amplification behavior was performed under different input levels of seismic ground motions. The
datasets for analysis consisted of three types of seismic registrations: the first type were the microtremor measure-
ments, the second type was a nearby man-made explosion, and the third type was a moderate size local earthquake
with a magnitude of M, 5.3 which occurred on 11™ of September 2016.

Horizontal vs. vertical ratio of the components recorded for all three types of source vibration were calculated.
Similar predominant peaks and frequency distribution were observed when records from the local earthquake, the
explosion and the ambient noise were analyzed.

The results of the analysis with Nakamura method were compared with interpretations from the geological and
geotechnical maps at the station location. Our findings support the idea that such geophysical methods can detect the
underlying structural profile to a first approximation and can be used to develop consistent velocity models for large
areas without expensive drilling deployments.

Key words: earthquake records; strong motion (SM) analysis, Nakamura method

INTRODUCTION

Soil undergoes inelastic deformation after different intensity of ground shaking and the nonlinear be-
havior of soil should be taken into account when performing ground response analysis. The site response
analysis is based on the assumption that superficial soil layers extend horizontally on elastic rock and that
vertically propagating horizontally-polarized waves (SH waves) dominate the ground motion wavefield.
The site response analysis consists of four steps: definition of the local shear wave velocity, selection of
appropriate dynamic soil properties (shear modulus and impedance), specification of the input ground mo-
tions, and its estimation of propagation from the surface through the layers.

Here, we examine the shallow geology under the site of the Skopje Seismological Observatory (SKO),
applying the Nakamura technique on a set of selected seismic records from station’s strong motion instru-
ments. The assessment of site conditions and amplification behavior was performed under three different
input levels of seismic ground motions: the first type were the microtremor measurements of the ambient
noise, the second type was a nearby man-made explosion, and the third type was a moderate size local
earthquake with a magnitude of ML5.3 which occurred on 11th of September 2016.

MATERIALS AND METHODS

Ambient seismic noise becomes more and more important and helpful in assisting velocity model
inversion, earthquake detection and ground motion prediction. Based on the analysis of the continuous
seismic data, we try to find the dominant frequency and peaks that match the behavior of the soil model un-
der different ground excitations. The microtremors for the SKO station are mainly from the anthropogenic
activities which might have daily or weekly repeatability and some seasonal variations. Figure 1 shows two
sections of a daily SKO record at a randomly chosen day in winter of January 2021 and in summer of July
2021.
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Figure 1. Microtremor recording at SKO seismological station:
a— January 2021; b — July 2021

The 3-component recording at the SKO seismological station of explosion in Banjani quarry, about
10 km away, is shown in Figure 2. We try to correlate the size of the tabelised blasts at the mine and get an
approximate value for the released seismic energy, equivalent to an earthquake of a magnitude between 1
to 1.5 on the Richter scale.
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Figure 2. Three-component recording at the SKO seismological station of the explosion
in Banjani quarry

On 11th of September 2016. at 13:10 UTC time a strong, magnitude ML5.3, earthquake occurred
under the Macedonian capital Skopje. More than 100 people were injured and required medical assistance
according to the MIA news agency. Using the data from the local and regional seismic stations, the UKIM
Seismological Observatory SKO estimated its location at 42.008 °N and 21.488 °E [1, 2]. Global seismic
records favored a shallow focal depth of about 10 km [3].

In the Seismological Observatory SKO at epicentral distance of approximately 7.2 km, the accelera-
tion was recorded by the EpiSensor Kinemetrics instrument installed on bedrock. It is a multi-component
set consisting of three force balance accelerometer modules mounted orthogonally [7] and with full-scale
recording ranges of + 0.25 to = 4 g, that is especially useful at near fault locations and in a variety of struc-
ture types.

The 3-channel acceleration record of the 11th of September 2016 magnitude ML5.3 earthquake at the
SKO location is shown in Figure 3. The maximum acceleration was on the Z-component; a measured zero-
to-peak value of 555,000 counts or peak ground acceleration (PGA) of 0.140 g, the N-S component PGA
was 0.10 g, and the E-W component PGA was 0.07 g.

~29_



Cvetan Sinadinovski, Lazo Pekevski

Seismological Observatory site (SKO)
0.10

0.05
0.00
-0.05

-0.10
6 7 8 9 10 11 12 13 14 15 18 17 18 19 20 21 22 23 24 25 28

0.10 —

0.05 - NS

0.00 ~

=0.05 -

-0.10
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Acceleration (g)

0.10 4

X — EW
0.05 ~

0.00 ~ WWMMWWWW
-0.05

-0.10 <
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 291 22 23 24 25 26

Time (sec)

Figure 3. The acceleration record of the 11th of September 2016 magnitude 5.3 earthquake at the station SKO

NAKAMURA METHOD

The accelerograms from the three types of the ground motions at the Skopje station were analyzed
using the complete records in raw format and applying the Nakamura method [11, 12]. The theory predicts
that on soft ground, the horizontal motion is larger than the vertical motion. However, on rock, horizontal
and vertical motions should be similar, both in the maximum amplitudes and in the waveform content. We
used the software [8] to automatically select the parts/windows of the waveform and calculate the maxi-
mum values of the H/V ratio and compare them with the ground characteristics for the selected stations. The
basic assumptions upon which the Nakamura method is based then, as a first approximation, the resonance
frequency, f, of the superficial layer and the amplification level A(f), are given by the equations:

Vv

fo =5
V,or
Alfy) ==
1+1

where V, and V, are the S-wave velocities in the upper layer and the bedrock, respectively. The cor-
responding densities of the materials are r, and r,, usually read from lab tests, and H is the thickness of the
superficial layer.

Thus, the amplification characteristics of horizontal motions by surface layers can be estimated from
the ratio of horizontal-motion spectra measured at soft soil and bedrock sites. However, it is often difficult
to determine the resonance frequency corresponding to the surface layer because the spectral ratio can

-30 -
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have several peaks [5, 6, 13]. That phenomenon was recognized to be caused mainly by surface waves.
Therefore, although uncertain, the method can assist to distinguish the amplification caused by multiple re-
flections of the vertically polarized waves in the top layers, which is important during forming the velocity
models for further computational analysis.

According to the results of the surface layer investigation, the depth estimates depend on the velocity
of the top material. The amplitudes of the peaks then match certain combinations of layers with given ve-
locities, and the solutions might be ambiguous. It is common practice to discard the extreme solutions that
are not physically possible and keep the most plausible.

RESULTS AND DISCUSSION

Horizontal vs. vertical ratios of the records from the three types of the ground motions at the Skopje
station where the instrument is installed on rock, are shown in Figure 4. A similar peak distribution was
noticed when records from the ambient noise, the local explosion, and the moderate size earthquake were
analyzed. The predominant peaks and frequency found on the seismic station SKO record are at 2, 2.5, and
3.75 Hz, while some spikes below 0.5 Hz could be artifacts of the processing.
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Figure 4. Horizontal vs. vertical ratio of the SKO records: top — ambient noise (day and night); bottom left —
explosion; bottom right — 11th of September 2016 magnitude ML5.3 earthquake

CONCLUSION

The preliminary results of the analysis with the Nakamura method were compared with the interpreta-
tions from the geological and geotechnical maps at locations in Skopje [4, 14], SKO being one of the three
seismic stations that recorded the 11th of September 2016 ML5.3 earthquake (Figure 5). Using the general
values for velocities in soft rock [9, 10], the thickness of the top cover can be approximated to 70 m, which
is in line with the Eurocode-8 classification of type A.
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Figure 5. The recording station positions (triangles): SKO - Seismological Observatory, FCE — Faculty of Civil
Engineering, IZIIS — Institute of Earthquake Engineering and Engineering Seismology, and the epicenter (star) of
the 11th of September 2016 ML5.3 earthquake in respect to the geology around Skopje city (shaded area)

Our findings support the idea that such geophysical methods can detect the underlying geology to a
first approximation and can be used to develop consistent velocity models for large areas without expensive
drilling schemes. Further layered structures and corresponding frequencies are possible to be revealed upon
analysis of more detailed geophysical profiles.
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Pe3nme

Co 1en 1a ce uCnuTa IUIMTKaTa reosioryja mo Jokanujara Ha Censmonomnikara orncepsaropuja Crorje (SKO),
TexHukata Hakamypa Oeiie MCKOpHCTeHa Ha M30paHM CEM3MHYKH 3aIllMCH O]l HEJ3MHHTE WHCTPYMEHTH 3a CHJIHU
JBIKea. [IpolieHkara Ha yCIOBUTE Ha JIOKAIMjaTa U OTHECYBAHETO HA 3aCHIIyBarbe Oellle H3BPIICHA PH Pa3IuIHU
BJIE3HM HUBOA Ha CEM3MHYKH JBIKEHa Ha TJIOTO. 30MpKaTa Ha MOAATOIM 33 aHAJIN3a Ce COCTOCIIe O/ TPU THIA Ha
CEM3MUYKH PETHCTPAIMU: NPBUOT TUI Oea Mepermha Ha MUKPOTPEMOPH, BTOPHOT THII OElIe BElITayKka eKCIIo3Hja BO
Onu3KMHA Ha JIOKalMjaTa U TPETHOT TUI Oellle JOKaleH 3eMjoTpec CO yMepeHa rojieMuHa co jaduna M, 5.3 mTo ce
ciyun Ha 11-tu cenremBpu 2016 ronuna.

[IpecmeraH e OHOCOT Mery XOpHU30HTallaTa U BEpPTUKAJara Ha KOMIIOHEHTUTE CHUMEHH 3a CUTE TPH THIA Ha
BUOpaiuy Ha u3BOPOT. CIAMYHHN JOMHUHAHTHHA aMIUTUTYIHU AUCTPHOYIHja Ha (ppeKBeHIHja Oca 3a0eiekaHu Kora ce
aHaJM3Kupaa 3alMcuTe OJ] JIOKAITHUOT 3eMjOTpPEC, eKCIUIO3HjaTa U IIyMOT Ol OKOJIMHATA.

Pesynrarure on ananu3zara co Mmetonot Hakamypa Oea criope/ieH1 Co TOJKYBaba 0] Te0JIOIIKUTE M TEOTEXHUYKHUTE
KapTH Ha JOKalyjara Ha craHuiara. HanmTe Haoau ja moanp)KyBaaT Hjejara Jieka TaKBUTE MeO(PHU3MIKH METOIU
MOXKaT J1a TO IETEKTHpaaT OCHOBHUOT CTPYKTYPEH MpoQHI BO pBa alpoKCHMallMja U MOXKE Jia Ce KOPUCTAT 32 Pa3Boj
Ha MOJIC/IA Ha KOH3MCTCHTHA Op3WHA 3a TOJIEMH 001acTH 03 CKaru OMPEeMH 3a OyIlIeHe.

Kuyunu 300poBu: sanucu na semjompecu,; anaiusa Ha cuino osudicerne (SM), Haxamypa memoo
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