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Abstract
The research objective is to develop a new method of seismic microzoning (SMZ) based on
the spectral ratios between seismic signals horizontal and vertical components, i.e. on the
vulnerability coefficient of the topmost soil stratum.
Methods of research. The HVSR spectral ratio analysis has been used for a long time in
various modifications. However, in author’s opinion, what's new is the approach to seismic
hazard zoning proposed in this research. It uses the vulnerability indices and subsequent
recalculation into seismic intensity increments. The SMZ method based on the vulnerability
coefficient considered in this article is not mandatory, although it is a variation of the spectral
ratio method. It may be regarded as an addition to the mandatory seismic stiffness method.
The combination of these SMZ methods will arguably increase the capabilities of the
method as a whole and improve the accuracy and adequacy of a schematic map of seismic
intensity increments. One of the advantages of both spectral ratio method and SMZ method
based on the vulnerability index, is that they allow to take into account inelastic and nonlinear
deformation processes when strong wave movements impacts on soils.
Research results. Based on the calculated spectral characteristics of soils, the method makes
it possible to construct schematic SMZ maps for different frequency ranges. Another advantage
of the proposed of seismic microzoning method is that it eliminates the requirements for the
synchronic microtremor measurements on the studied and reference soils. Moreover, the fact
that there is simply no need for reference soils is a prerequisite for the method. The local
vulnerability can therefore be assessed using only one seismic recorder with a 3-component
sensor ignoring the location of microseismic motions sources and their characteristics
variation over time.

Keywords: seismic microzoning; spectral ratios; vulnerability index; seismic signal recorder,
seismic station; seismic intensity.

Introduction. By definition, seismic microzoning (SMZ) is the main tool for seismic
hazard assessment. The aim of seismic microzoning is to specify the parameters of
seismic loads at a construction site and the parameters of buildings and structures operation
depending on the local conditions, namely, soil, geomorphological, hydrogeological and
geophysical conditions [1].

In seismic microzoning, in contrast to general seismic zoning (GSZ) (General
seismic zoning of the Russian Federation GSZ-2016. A set of maps and other materials
for construction norms and regulations (SNiP)), it is not the seismic hazard sources that
are studied, but soil response to seismic load. The properties of the 10-30 m topmost
soil stratum have major influence, which is confirmed by the empirical research by
Y. Nakamura and his colleagues [2].
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Methodically, seismic microzoning is divided into instrumental and computational.
Instrumental SMZ almost always contains elements of computational SMZ, both when
carrying out SMZ by the seismic stiffness method (SSM), and when using microseismic
motions, as noted in “National Construction Norms RSN-65-87. Engineering survey
for construction. Seismic microzoning. Technical requirements for the performance of
works”.

Figure 1. Contours of the study area against the background of a satel-
lite image of the territory with SSR installation points placed on it
(Per. = Reg.)

Pucynok 1. KoHTypbl yuyacTka MccieqoBaHUN Ha CITyTHUKOBOM CHUMKE
TEPPUTOPHH C BHIHECCHHBIMH Ha HETO TOUKAMH yCTAHOBKU PETHCTPATOPOB
ceifcmuueckux curaanos (PCC)

The method of seismic stiffness is the most common. Developed by S. V. Medvedev
as far back as in the middle of the 20th century [3], it has remained one of the mandatory
methods used when assessing the seismicity of territories plotted out for residential
development and industrial facilities. One of the main disadvantages of the method is
extremely weak and unsatisfactory dependence of the results on the elastic vibrations
frequency characteristics. The main advantage of the method is it’s rich case history of
application for civil and industrial construction sites.

A method of research, that mainly takes into account the soil frequency properties, was
proposed by Y. Nakamura at the end of the last century [4] and has been under serious
theoretical investigation for a long time [5].

The research objective is to develop a new method of seismic microzoning based on
the spectral ratios between the horizontal and vertical components of the seismic signal,
that is based on the vulnerability coefficient of the topmost soil stratum.

Originally, his method became widespread as the method of spectral ratios. One of
the advantages lies in the fact that it allows to take into account inelastic and nonlinear
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deformation processes when strong wave movements impact on soils. Based on the
calculated spectral characteristics of soils, the method makes it possible to construct
schematic SMZ maps for different frequency ranges. Another advantage of the
Y. Nakamura’s method is that it eliminates the requirements for the synchronic microtremor
measurements on the studied and reference soils [4]. Moreover, the fact that there is
simply no need for reference soils is a prerequisite for the method. The local vulnerability
can therefore be assessed using only one seismic recorder with a 3-component sensor
ignoring the location of microseismic motion sources and their characteristics variation
over time. However, it is worth noting that there are some assumptions, the disregard
for which results in distorted estimates of the local vulnerability of soils. Therefore,
the Y. Nakamura’s method is advisable in conjunction with other SMZ methods.

Table 1. Geographic coordinates of the SSR installation at the site
Ta6uuna 1. 'eorpadguyeckne koopauHaThl ToYek ycraHoBku PCC

Ha y4acTKe
Point number N E

Reg.1 57°0'31.46" 60°43'46.77"
Reg.2 57°0'32.27" 60°43'46.94"
Reg.3 No point

Reg.4 No point

Reg.5 57°0'34.45" 60°43'48.54"
Reg.6 57°0'35.14" 60°43'48.37"
Reg.7 57°0'36.57" 60°43'49.45"
Reg.8 No point

Reg.9 57°0'31.81" 60°43'48.14"
Reg.10 57°0'32.43" 60°43'48.43"
Reg.11 57°0'32.82" 60°43'49.54"
Reg.12 57°0'33.60" 60°43'49.31"
Reg.13 57°0'34.07" 60°43'49.90"
Reg.14 57°0'34.71" 60°43'51.75"

Methods of research. Problem statement and proposed solution. The research
objective is to implement the seismic microzoning method based on vulnerability indices
in theory and practice. The prerequisites outlined in work [6] form the basis for the
problem’s solution.

It should be assumed that the Nakamura’s method can be considered as a variant of the
spectral ratios method, which is based on the concept that the influence of the fine structure
of the object under study is more related to transverse waves, which are enhanced by this
structure and scarcely change longitudinal waves. In this case, the ratio of the resulting
horizontal component spectrum to the spectrum of the vertical one will characterize the
so-called H/V transfer function, which strictly depends on the fine structure of the object
under study. The resulting spectrum of the horizontal component H in this case can be
determined by any of the following relations:

X+Y
5 1
> (1)

H=XY; @)

H=

57



MAPKLLEVMOEPUSA Cenun JI. H. u op. / M36ecmus 8y306. Iopmwiii orcypran. Ne 1, 2023. C. 55-65

H=~X"+Y%; 3)

X*+Y?
H=\/T, 4)

because in work [7] these relations were subjected to statistical analysis, which revealed
that the calculation of the resulting value of the spectrum horizontal component scarcely
depends on the calculation method.

We use the empirical formula by S. V. Medvedev [3] to calculate the increment of
seismic intensity based on the microseismic motions measurement results:

(A,
Al = 2lg~mx )i
),

where (4, )., (4, ),are the maximum amplitudes of microseismic motions for the studied
and weighted average (reference) soils, respectively. With its help, it is possible to obtain
aratio to calculate A/ through the transfer function H/V, as shown, for example, in work [6].

Since the Nakamura’s technique allows to obtain spectral graphs of the H/V transfer
function, i.e. graphs of shaking amplification at dominant frequencies, it becomes possible
to calculate the values of the vulnerability coefficients at any microseismic motion
measuring point using the formula [8]:

2
Kvulner.coef = % ’ (6)

®)

where 4 is the maximum value of the amplification factor in accordance with the
spectral characteristic H/V; f'is the frequency corresponding to this value.

Thus, using relations (5) and (6), it is possible to calculate the seismic intensity
increment [9]:

Mg[ wede] L [617).]

(K unescost Dy (/1) ]0’ (7

where [(Kvulnemef )max]_ is the maximum value of the vulnerability coefficient at the

measuring points on the soils under study; [(Kvulnermf)max ]O is the weighted average
maximum value of the vulnerability coefficient over the entire area of the studied soils.

Since SMZ based on the vulnerability coefficient is based on field observations of
microseismic motions, field instruments that provide long-term 3-component recording
of seismic signals are usually required, for example, the “Registr” seismic signal recorder
(SSR) [10]. An integral part of the device is a 3-component electrodynamic velocimeter
on two “GS-ONE Horizont” horizontal sensors and a “GS-ONE Vertical” vertical sensor
manufactured by Geospace Technologis Eurasia [11]. Geophones increased sensitivity,
exceeding 85 V/(m/s), is within the capability of modern 24-bit recorders.

SSR seismic sensors can be placed both on the day surface and in shallow delves,
depending on the external conditions at the time of registration.
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It is appropriate to provide a further description of the SMZ based on the vulnerability
coefficient on the example of experimental research and based on actual seismic data.

General characteristics of the study area and methods of field observations. The site
in a wooded area near the town of Verkhnyaya Pyshma, Sverdlovsk Region, was selected.
The location is typical in terms of the Middle Urals geology within the western margin of
the West Siberian Plate, which is mainly represented by volcanogenic-sedimentary strata
ofthe Earlyand Middle Paleozoic age with the presence of fault zones filled with serpentinites
[12] and overlain by thin (1-5 m average) soil cover of the Mesozoic-Cenozoic crust of
weathering. Rocky pre-Quaternary soils are represented by metamorphosed volcanogenic-
sedimentary formations hosting intrusive bodies of ultrabasites, serpentinites, gabbroids,
granitoids, dikes of acidic and basic rocks, and quartz veins [13]. In terms of physical and
mechanical properties, slightly weathered varieties of pre-Quaternary formations of low
and medium strength, as well as the strong ones, can be attributed to the most favorable,
in terms of engineering and seismicity, soils of the first category of seismic properties
according to the classification in Code Specification 14.13330.2018 “Construction in
seismic regions. Updated edition of SNiP P-7-81*”. Their density is 2.53-3.01 g/cm?’,
the velocity of longitudinal seismic waves is from 1 to 4 km/s [14].
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Figure 2. An example of the microseismic motions record at the observation point Reg.2
Pucynoxk 2. 3anmce MUKpOocelicMIYeCKUX KoleOaHuil B Touke HaOmoaenus Per.2

The seismic regime in the areas adjacent to the study area is determined by seismic
shaking during palpable natural earthquakes that rarely occur in the Middle Urals,
the magnitude of which does not exceed 5-6 points on the MSK-64 scale.

The contours of the study area in Google Earth coordinates with points
(Reg.1-Reg.14) of the seismic signal recorders installed are shown in Figure 1.
All seismological observation points are fixed with a “Garmin Dakota 20 navigation
device [15]. Table 1 shows the geographic coordinates of the recorder installation points
(denoted by white arrows in Figure 1).

59



MAPKLLEMOEPUA Cenun JI. H. u op. / M36ecmus 8y306. Iopmwiii orcypran. Ne 1, 2023. C. 55-65

At each of the marked observation points, a 3-channel recording of microtremors
was carried out. The seismogram was read, transferred to a computer and processed with
specialized software. Figure 2 shows an example of a microseismic motions seismogram
recorded at the Reg.2 point.
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Figure 3. The amplitude-frequency spectra of the X, Y, Z
components and the H/V transfer function for the seismic record
shown in Figure 2
PucyHox 3. AMIIUTYTHO-4aCTOTHBIE CIIEKTPbI KOMIOHEHT X, Y,
Z w nepenarovnas GyHKuMu H/V st celicMUYeckoil 3ammcH,
NOKa3aHHOM Ha puc. 2

Processing of seismograms and calculation of vulnerability coefficients and seismic
intensity increments. At the initial stage of seismograms processing, the amplitude-
frequency spectra for the seismic signal components X, Y, Z were calculated. Calculations
can be performed, for example, by mean of the spectral analysis using non-recursive
digital filtering [16].

Amplitude-frequency spectra of microtremor records make it possible to reveal the
maximum signal amplitudes at certain frequencies [17]. Using the spectra of the seismic
signal components, the H/V transfer function can be calculated. The resulting spectrum
of horizontal components through one of the relations (1)~(4). Plots of the spectral
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characteristics of the X, Y, Z components and the H/)V transfer function for the seismogram
from Figure 2 are shown in Figure 3.

Such spectra and spectral ratios are calculated for each observation point. After that,
the vulnerability indices (K, ), and weighted average coefficients for the entire study area
(K00, are calculated using formula (6). By substituting the obtained values of K into
formula (7), the values of the intensity increments A/ are calculated for each measurement
point. As a result, it becomes possible to construct a schematic map of seismic intensity
increments that takes into account the resonant properties of the topmost soil stratum.
Such a map for the study area (Figure 1) is shown in Figure 4. Computational data for this
map are given in Table 2.
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Figure 4. Schematic map of the SMZ using the vulnerability index

Pucynok 4. Cxemaruueckass KapTa CEHCMHUYECKOTO MHUKPOpPAHOHHPOBAHHUS
(CMP) ¢ ncrionp3oBaHHEM HHIEKCA YSI3BUMOCTH

Results and discussion. In this research, the main objective the authors set has
been solved, that is a new method of SMZ has been developed. The new method is
based on the vulnerability coefficients of the topmost soil stratum, i.e. on the transfer
function H/V. The spectral ratios in the calculation of seismic intensity increments Al,
intended for constructing SMZ schematic map, make it possible to take into account
the frequency-dependent relationships between the soils of the study area and the intensity
of elastic impacts from endogenous and exogenous processes.

The schematic map of seismic microzoning obtained and shown in Figure 4 describes
the study area as homogeneous, both in the area of positive increments A/, and in the area
of negative increments. The most vulnerable zone of the study area in terms of increased
frequency dependence of the topmost section under the influence of transverse waves on
the soil stratum is its southern part. However, in quantitative terms, the range of changes
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in Al parameter from —0.06 to +0.05 points is so insignificant that it shouldn’t be taken into
account. This emphasizes the geological homogeneity of the area selected for experimental
and methodological studies.

Table 2. Design values of AL A method of SMZ using vulnerability coefficient
Tadnuua 2. Pacyernsie 3nauenusi AL Merog CMP ¢ ucnosib3oBanuem ko3¢ppuipenta

YS3BHMOCTH
Point number (Ama)mv> St.units (fmax)m7» Hz Kutner Al numbers

Reg.1 1.30 2.84 0.592 0.0247
Reg.2 1.37 3.28 0.572 —0.0051
Reg.3 No point

Reg.4 No point

Reg.5 1.37 3.58 0.516 —0.0946
Reg.6 1.40 3.56 0.551 —-0.0376
Reg.7 1.49 3.80 0.585 0.0144
Reg.8 No point

Reg.9 1.36 3.14 0.590 0.0218
Reg.10 1.49 3.82 0.589 0.0203
Reg.11 1.38 3.18 0.605 0.0436
Reg.12 1.43 3.50 0.576 0.0009
Reg.13 1.39 3.50 0.552 —-0.0360
Reg.14 1.43 3.58 0.573 —-0.0036

Conclusions. The SMZ method considered in the article belongs to the field of seismic
research and can be used in engineering seismology to assess seismic motions intensity
taking into account soil resonant properties. It is well known that various modifications of
the method of spectral ratios HVSR are common in practice [18, 19]. However, in author’s
opinion, what’s new is the approach to seismic hazard zoning proposed in this research.
It is based on the vulnerability indices and subsequent recalculation into seismic intensity
increments.

The SMZ method based on the vulnerability coefficient considered in this article is
not mandatory, although it is a variation of the spectral ratio method. It may be regarded
as an addition to the mandatory seismic stiffness method. The combination of these SMZ
methods will arguably increase the capabilities of the method as a whole and improve the
accuracy and adequacy of a schematic map of seismic intensity increments.
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Crniocod ceiicMHYeCKOro MUKPOPaiiOHUPOBAHMSA ¢ UCIIOJIb30BAHHEM
ko3¢ PpunmenTa ya3BUMOCTH

Cenun JI. H.!, Cenuna T. E.!
' MuerutyT reodusuxu YpO PAH, ExarepunOypr, Poccust.

Pegpepam

Lenv uccnedosanuit, npedcmasienblx 6 HACMOsWEU CMAmMbe — paspadomKa HoB020 Cnocoba
ceticmuueckozo muxpopationuposanus (CMP), 0cHO8aHHO20 HA CHEKMPATbHBIX OMHOUWEHUSIX
20PUBOHMANLHOU U 6EPMUKANLHOU KOMNOHEHM CEUCMUYECKO20 CUSHANA, M. €. HA UCNONb306aHUU
KO3(hpuyuenma ysa36umocmi 8epxHetl 4acmu 2pYHmMoso moauju.

Memooonozusa. Hecmomps na mo, umo memoo cnekmpanvHulx omuowenutl HVSR npumensemcs
0aBHO 6 PAUUHBIX MOOUDUKAYUSX, HOBBIM, NO MHEHUIO ABMOPO8, SABILEMCs NPeOI0NCCHHbIL
6 pabome nooxo0 K pavlOHUPOBAHUIO CEUCMUUECKOU ONACHOCMU ¢ UCNONb308AHUEM UHOEKCO8
VAZGUMOCIU U NOCTEOVIOUWUM NEPecYemom 6 NPUpaujerusl CeucMuyecKkol UHMeHCUSHOCTU.
Paccmompenneiii 6 cmamve memoo CMP ¢ ucnonv3oeanuem Kodghduyuenma ys3eumocmu
He OMHOCUMCA K 0053AMeNbHbIM, XOMs U A6IAEMCsl PAZHOSUOHOCIIbIO Memood CReKMpPalbHbIX
OMHOWIeHULl, OH MOJCem pACCMAmpuBamvcs KAK OONOIHeHUue K 00:A3ameibHOMY Memooy
ceticmuneckux scecmrocmett. Mooicno ckazams, umo komounayus smux memooos CMP obecneyum
Pacuuperue 603MOANCHOCMEL MEMoOd 8 YoM U NO360IUN NOBLICUMb MOYHOCHIb U A0EKEAMHOCHIb
NOCMPOEHUsT CXeMAMUYECKol Kapmuvl npupawjeHuti ceticmudeckou unmencusnocmu. OOHO u3
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00CMOUHCIME Memo0d CNeKMPAanbHblX OMHOWEeHU, KaK U e20 paznosuonocmu — memooa CMP
€ UCNONb308AHUEM UHOEKCA YA3GUMOCTIU, 3AKIIOUAEMC 8 MOM, YMO OH NO360JAem YYUmuleams
Heynpyaue u HeluHeliHvle 0epopmMayuontble npoyeccyl npu 8030€UCmEUl Ha SPYHMbL CUTLHBIX
BOJIHOBLIX OBUICCHUI.

Pesynemamut. Ha ocroge paccuumanbix cneKmpanbHulx Xapakmepucmux epyHmos Memoo oaem
803MOJICHOCMb nOcmpoenus cxemamuyeckux kapm CMP 01 pasHulx 4acmommwix OUanasoHos.
Ipeonosicennvlii cnocod celcmMuieckoeo MUKpPOPAUOHUPOBAHUS. UCKTIOYAem mpebo8anus K
CUHXPOHHOCTU UBMEPEHUIl MUKPOCEUCM HA UCCTeOYeMbIX U IMATOHHBIX epyHmax. bonee moeo,
NPeOnOCHLIKU MeMoOd MAaKo8bl, Mo 6 SMATOHHBIX 2DYHIMAX 6000Ue Hem HeoOX00UMOCL, & C653U
€ Yem OYEHKY JIOKATbHOU YAZBUMOCIU MOXCHO NPOBOOUNTD, UCHOTb3YA 6CE20 00UH CeUCMUUECKUL
peaucmpamop ¢ 3-KOMNOHEHIMHLIM OAMYUKOM, He YYUMBbIBAs HU PACNONONMCEHUEe UCHOUHUKOS
MUKPOCETICMUYECKUX KONeOAHULl, HU USMEHEHUe UX XAPAKMEPUCTUK 80 6DEMEHU.

Knrouesvie cnosa: ceticmuueckoe MquopaL?OHupoeaHue; CneKkmpajlbHble ONMHOULEeHUA, UHOeKc
yAaszeumocmu,  pecucmpamop cetlcMudeckux CUcHAlo6, CelzCMOC‘maHL[u}l,' ceticmuyeckas
UHMEHCUBHOCMb.
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