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Abstract: For purposes of seismicity microzonation of the Ulan-Ude city territory, engineering geophysical studies are
conducted to reveal which types of rocks and soils are dominant in the study area and to classify them by site-specific
velocities of P- and S-waves and amplitude-frequency characteristics. The article describes a technique for establi-
shing the baseline seismic signal corresponding to parameters of relatively strong earthquakes in potential earth-
quake foci (PEF) zones. It is shown that the established baseline signal is applicable. Presented are results of theoreti-
cal calculations based on seismicity-soil models providing reference parameters of bedrock, medium and water-
saturated soils (soil categories 1, 2 and 3, respectively).

Seismic impacts are assessed for the zone with the baseline seismic intensity of 8 points, as per MSK-64 seismic in-
tensity scale. The reference model is used to identify zones with seismic intensity from 7 to 9 points in the city territo-
ry, and it is established that such zones differ in thickness of water-saturated and non-water-saturated soil layers.
As a result, a schematic map showing the main parameters of seismic impacts is constructed in the first approxima-
tion. The obtained data are useful for the development of recommendations concerning further engineering seismo-
logical studies and activities for the appropriate revision and upgrading of the seismic microzonation technique in
order to complete seismic microzonation of the Ulan-Ude city territory.
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K TEXHOJIOTHHM IOCTPOEHHUA KAPTBI CEMCMHUYECKOTO
MUKPOPAMOHUPOBAHUA TEPPUTOPUM I. YJIAH-Y 19
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AnHoTanusa: 'opog YnaH-Ya3 pacnosiokeH B CeiCMUYECKH aKTHUBHOM paillOHe U XapaKTepu3yeTcs CelcMUYecKou
MHTEHCUBHOCTBIO 8, 8 1 9 6aIOB J/Is1 CpeJHUX TPYHTOBBIX yciaoBul [The Map..., 1999] u Tpex ypoBHel celicMuye-



V.l. Dzhurik et al.: An overview of the technique for seismicity microzonation mapping...

ckoit onacHocTH - 10 % (A), 5 % (B) u 1 % (C). Ilo pe3y/ibTaTaM aHa/IM3a MaKpOCEHCMUYECKUX JJAHHBIX OTMEYaeTcs,
YTO MaKCUMaJIbHbIH ceACMUYeCKUN 3O EKT OT CU/IbHBIX 3eMJIETPSICEHUIN 3a UCTOPUYECKUU Nepuo/, A T. YaaH-Y 3
He npeBbimaeT 7 6aysioB. OH BbI3BaH ABYMs COGBITUAMHY, MpousolieAminMy B 0xHoM u LeHTpanbHoM Balikasne:
[aranckum (12.01.1862 r; M=7.5) u CpegHe6arikaabckuM (29.08.1959 r; M=6.8) 3eMJ1eTpsSICEHUSIMU.

Jlng yTOYHeHUs UCXOJHOW CEHCMHUYHOCTH TEPPUTOPHUMU TI. YJaH-Y[3 3a cyeT IPYHTOBBIX YCJOBUH NPOBeJEHbI
HHXeHepHOo-reopusnveckre paboTel, HEO6GXOAUMBIE /I XapaKTEPUCTUKH NPeo6IafaolUX TUIIOB IPYHTOB O CKO-
POCTSAIM PacnpoCTpaHeHUs B HUX NPOJOJBHBIX U MONEPEeYHbIX BOJH U [0 aMIJINTYJHO-4aCTOTHbIM XapaKTepUCTHU-
kaMm. [Ipu pacdeTrax 3a 3Ta/J0OH BBIOpPAH CKaJbHBIN IPyHT ¢ Vp=2200 m/c, Vs=1200 m/c u p=2.5 r/cM3 (cpeHue 3HaYe-
HUSA cKopocTel B 10-MeTpPOBOM CJ10e Ha y4acTKax BbIX0/la KOPEHHBIX MOPOJ Ha MOBepPXHOCTh). CelicMUYecKas omac-
HOCTb Y49aCcTKOB C TAKMMHU 3HAUYEeHUSIMU CKOPOCTEH OLleHMBaeTCs Ha OAWH 6aJly1 MeHbllle HCXOJHOH. B aToM ciydae
CpesHHE TPYHTHI (HEBOJOHACKIIEHHAS TOJIIA TecYaHbIX U IPaBUHHO-TaJIeYHBIX IPYHTOB) OYAYT MMeTh 3HAUYEeHUS
Vp=600 m/c, Vs=300 mM/c u p=1.8 r/cm3. CelicMu4ecKas OMacCHOCTb YYaCTKOB C TAKUMH 3HAYEHUSMHU COOTBETCTBYET
HCXOJHOM CEMCMUYHOCTH.

TakyuM o6pa3oM, NpoBeJleHHble U3MEPEHHUsI CKOPOCTeH celcCMUYeCKUX BOJIH Ha TEPPUTOPHUM ropoja U pacdyeT
npupalieHui 6aJJbHOCTH (TabJs. 2) MOKa3bIBAIOT, YTO OTHOCHUTEJBHO BbIGPAHHOIO 3TajJoHa (CKa/JIbHBIA TPYHT -
7 6aJIJI0B) TPYHTHI, C/Iy>Kallllie OCHOBAaHUSIMU COOPYKeHUH ropoja YaaH-Y 13, 6yAyT UMeThb NpUpalleHue 6a/JIbHOCTH
ot +0.17 o +2.3 6aja, a X celicMU4YecKasi OlacHOCTb U3MeHUTcd oT 7.17 mo 9.3 6aJsia.

[IpenctaByieHa MeToAuKa GOPMUPOBAHHUS UCXOAHOTO CEICMUYECKOI0 CUTHAJIA, OTBEYAIOLIero napaMeTpam OTHO-
CUTEJIbHO CUJIbHBIX 3eMJIeTpsiceHUH U3 30H BO3 (BeposAATHBIX 04aroB 3eMJieTpsiceHU). OTMeuyaeTcsl, YTO BbIGpaHHbIE
aKceJieporpaMMbl OTHOCUJIMCh K 3eMJIETPSICEHUSIM C Pa3/IMYHbIMU MarHUTYJaMH, I03TOMY Obljla MUCIOJb30BaHa 3a-
BUCUMOCTb fu(f). OHa noKa3bIBaeT U3MEHEHUs YPOBHS CIIEKTPa YCKOPEHUS C U3MEeHEeHUEeM MarHUTY/Ibl U 3aBUCUT OT
YacTOTHI.

Wcnoap3yst 3Ty 3aBUCUMOCTb, Mbl IPUBOJWJIU aMIIUTYAHbIE CIEKTPbl K MarHUTYyJe pacCMaTpuUBaeMoOd 30HBI
BO3. 3aBepuarouiuM maroM cTajao MoJydYeHHUe 3aluceld akcejieporpaMM 3eMJeTPsICEHUN U3 KOHKpeTHbIX 30H BO3
3aJlaHHbIX MarHUTY/, SIBJSIOLUXCS XapaKTePHbIMU AJIs1 KaXJ,0l KOHKpPETHOU 30HbI (puc. 5). 9TO peasn30BaHO My-
TeM 06paTHOro npeo6pa3oBanus Pypbe cpelHETO CIEKTPA YCKOPEHUS JAHHOU 30HbI U $a30BOro ClieKTpa HauboJjiee
CUJIbHOTO 3eMJIETPSICEHUS], 3apEeTrUCTPUPOBAHHOTI0 U3 JaHHOH 30HbI BO3.

B pesysibTaTe nokasaHa BO3MOXXHOCTb HCIOJIb30BaHHUsl NOJIy4EHHOI'O CUTHaJa U NpPOBeJleHbl TeopeTH4yecKue
pacyeThl AJ1s1 CECMOIPYHTOBBIX MOJesel, XapaKTepU3YOLUX BepOSITHOCTHbIE [TapaMeTphbl 3TaJ0OHA AJs1 KOPEHHbIX
nopoz (rpyHTOB 1-i KaTeropuu), cpeHUX TPYHTOB (2-i KaTeropyuu) U BOJOHAChILIEHHbIX IPYHTOB (3-U KaTeropuu).

[lo pe3ysbTaTaM TeOpeTHYECKHUX pacueToB (paszes 2), JaHHBIM 3KCIepUMeEHTAJNbHBIX U3MepeHul (pasgen 1),
MMEILIMMCS HHXXEHEPHO-T€0JIOTMYECKUM U FUAPOre0J0rHuecKUM CBeJIeHUSM COCTaBJIeHa B IEPBOM HMPUOGJIMKEHUH
cxeMaTHhueckast kapTa (puc. 10) oCHOBHBIX HapaMeTpPOB CeMCMUYECKUX Bo3JelcTBUU. Ha TeppuTopun ropoja Bbije-
JIeHbl 7-9-6a/UIbHble YYaCTKH, XapaKTepU3yIolyecs pa3JMIYHON 0 MOLHOCTH IPYHTOBOH TOJIIIEH BOJOHACKIIEH-
HBIX Y1 HEBOJIOHACHILIEHHBIX OTJIOKEeHUH. B KaXkoil U3 30H no ceificMuyeckod onacHoctH (puc. 10) mpu CMP moryTt
OBITh BblJleJIEHbl YYaCTKH OT 7 10 9 6a//10B. B 3TOM citydae oHU GyLyT OTBeYaTb TOW WJIM MHOM IPYHTOBOU MoJesn
(Ta6.1. 5) 1 TpeOyIOT AasbHENIIero YTOUHEHUSI B COOTBETCTBUH ¢ Macurtabom CMP Tepputopuu roposa nytem feta-
JIN3alMY pacyeTHbIX MoJeJiell 10 Npe/ilaraeMoil HaMU MeTOJIUKe.

Pe3ysibTaThl HCCIeL0BaHUH NpeJIoIaraeTcsl UCI0/Ib30BaTh AJIs1 pa3paboTKHU peKOMeHZAMK 110 HallPaBJIEHHUIO,
BHU/IaM U 0YepeSHOCTH NTPOBeJieHUs JaJbHEHIINX HHXKEeHEePHO-CeHCMOIOTMYeCKUX UCCIeJ0BaHUHN H JIJIsT 0OHOBJIEHUS
TEXHOJIOTUHU IIOCTPOEHUsl KapThl CECMUYECKOTO MUKPOPAallOHUPOBAaHUSA TEPPUTOPHUHU T. YIaH-Y A3.

TakuM o6pa3oM, MOKa3aHo, YTO /AJsI KOHEYHOro BapHaHTa KapTbl CMP ciiefiyeT BBISIBUTH U OXapaKTepHU30BaTh Ha
HOBOM BEPOSITHOCTHOM ypPOBHE NMOTeHLHa/TIbHble CeiCMUYeCKHe UCTOYHUKHU (JIoOKaau3anuo AedpopManuil U aKTUB-
HBIX Pa3/IOMOB, IEPHO/ TOBTOPSIEMOCTH 3eMJIETPSICEHUH, YPOBEHb CEHCMUYHOCTH, A TaKXKe BepOSITHOCTb BOSHUKHO-
BEHUs 3eMJIETPSICEHUH), KOTOpble CBS3aHbl C MPOTHO3UPOBAHUEM CUJIBHBIX CEHCMUYECKUX BO3JAEHUCTBUUA AJIS T.
YnaH-Y3. Heo6xoquMo onpefie/IuTh MapaMeTphbl PAaCIpOCTPaHEHHUsI CEMCMUYECKUX BOJIH U UX 3QEKThI, 06yCI0B-
JIeHHble MPOsIBJIeHHEeM CEHCMUYHOCTH, HA KOHKPETHBIX CTPOUTEJIbHBIX IUIOLIaAKax ropoja. 3aTeM He0O6X0AUM pac-
YeT CIIEKTPOB PeaKLMU U CBSI3aHHOU C HUMH BEPOSITHOCTU BOSHUKHOBEHUS CUJIbHBIX 3eMJIETPSICEHUH J1J1s1 COCTaBJle-
HUS KapThl CECMUYECKOr0 pUCKA C YKa3aHUEM MapaMeTpPOB, KOTOPblE MOTYT OKAa3aThbCSl MOJIE3HBIMU B CTPOUTEb-
HOU NOJIMTHKE peruoHa.

KiioueBble ci0Ba: YiaH-Y 13, CECHCMUYHOCTb, KapTa CEHCMUYECKOT0 MUKPOPAaHOHHUPOBAHH S, UHXKEHEPHO-
celicMOJIOTHYECKHe UCCJIeJOBAHUS, CKOPOCTH CEHCMUYECKHUX BOJIH, aKCeJIepOTPaMMBI,
CIEeKTPBI, YaCTOTHBIE XapaKTEPUCTUKH, MAKCUMaJIbHbIE YCKOPEHUSI.

1. INTRODUCTION (as per MSK-64 seismic intensity scale) and three levels
of seismic hazard with 10 % (A), 5 % (B), and 1 % (C)

The city of Ulan-Ude is located in the seismically ac-  probabilities of exceedance in 50 years. Analyses of
tive region of Russia. According to [The Map..., 1999], historical macroseismic data [Solonenko, Treskov, 1960]
the city's territory with medium soil conditions is cha-  show that the maximum seismic impact of the stron-
racterized by seismic intensity of 8, 8 and 9 points  gest earthquakes in Ulan-Ude did not exceed 7 points

366



even with account of two major events which took
place in the Southern and Central Baikal regions - the
Tsagan (12 January 1862; M=7.5) and Middle Baikal
earthquakes (29 August 1959; M=6.8).

Under the code of practice in the construction in-
dustry in the Russian Federation, the baseline seismic
intensity was assessed according to the RF construc-
tion standards and rules specified in SNiP II-A.12-69*
dated 01 July 1970, and for the Ulan-Ude territory with
medium geological conditions, it was estimated at 7
points. Later on, SNiP II-A.12-69* was replaced by SNiP
[1-7-81 (in force since 01 January 1982), and the base-
line seismic intensity for Ulan-Ude is now estimated at
8 points [The USSR Seismic Zonation Map, 1984] which
assumes the recurrence of a major seismic event every
1000 years, according to Map (B) under SNiP II-7-81*
(updated revision) [SNiP..., 2011].

It is envisaged by the current construction regula-
tions and standards that optimal locations must be se-
lected for construction projects with account of seismic
resistance calculations, which necessitates quantifica-
tion of the main parameters of seismic impacts that
may be imposed to foundations of building and facili-
ties. In this regard, a seismicity microzonation (SMZ)
map needs to be constructed for the Ulan-Ude city ter-
ritory in scales 1:25000 and 1:5000 with account of
new assumptions. The required mapping should be
preceded by stages when a general seismic zonation
map and a detailed seismic zonation map of the territo-
ry are constructed in larger scales.

Therefore, to achieve the objective of seismic micro-
zonation mapping of the Ulan-Ude city, it is required to
update the general seismicity zonation data and assess
levels of seismic hazard for new construction project
areas in the city. These tasks can be fulfilled by combi-
ning geotechnical, instrumentation and computational
methods. For the purpose of seismicity microzonation,
seismic intensity is estimated in points as per SNIP
[1-7-81* or determined as seismic loads shown by es-
timated or real accelerograms, i.e. curves showing how
vibrations of soil layers are accelerated during strong
earthquakes. To assess potential seismic hazard, it is
needed to take into account the intensity and other pa-
rameters of elastic vibrations under the base structures
of buildings and facilities and consider the manifesta-
tions of inelastic strain and residual deformation of soil
layers. Ranges of elastic vibrations of the soil layers are
recordable by direct instrumental observations con-
ducted in the study area.

Comprehensive studies can provide source data for
dividing the study area into zones which seismic inten-
sity may differ by +1-2 points, and forecasts for each
zone can be adjusted with regard to site-specific tec-
tonic, geological and geomorphological conditions. Cal-
culations of incremental points against the baseline
seismic intensity are significantly influenced by data on
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groundwater levels and lithological compositions of
rocks and soils. Such calculations are also impacted by
significant variations in the intensity of the seismic
field due to heterogeneities in the bedrock to a depth
comparable to the wavelength (up to 1 km). Should any
sudden change take place in geological conditions
while new construction activities are performed, the
relevant seismic microzonation data should be revised
and updated accordingly.

In this article, we present results of the initial stage
of engineering seismological studies in the Ulan-Ude
city territory and consider possibilities of zonation by
the main parameters of seismic impacts of potential
strong earthquakes in order to identify potential seis-
mic hazard areas in compliance with the current regu-
latory requirements concerning urban construction. A
technique for construction of a new seismicity micro-
zonation map of the Ulan-Ude city territory is justified.

2. RESULTS OF ENGINEERING SEISMOLOGICAL STUDIES WITH
APPLICATION OF INDIRECT SEISMICITY MICROZONATION
METHODS

Generally, seismic hazard assessment is based on
results of the acoustic (seismic) impedance method,
data from catalogues of recorded earthquakes and mi-
croseisms, and data obtained by computational me-
thods. Herein we briefly describe our technique of
measurements, present estimations of seismic parame-
ters and describe the rocks and soils that dominate in
the study area.

The seismic impedance method |[Guidelines...,
1985, 1986, Medvedev, 1962; RSN 60-86, 1986; Paviov,
1984]. Incremental points are calculated from the equa-
tion published in [Medvedev, 1962]:

Al=1.67Lg(p,V,/piVi)+Re-0.04h*h, (1)

where Al is estimated value of incremental points; p,V,
and p;V; is seismic impedance of the reference soil and
the studied soil for P-/S-waves, Vp/Vs; h is groundwa-
ter level; coefficient R=1 is accepted for areas with
dominant sandy and clayey soils, and R=0.5 for areas
with dominant gravel-pebble and coarsely clastic rocks.
If the groundwater level is at a depth below 10m from
the ground surface, the correction coefficient is close to
Zero.

In order to calculate the seismic hazard in points
and then to estimate it in terms of maximum accelera-
tion, the following data are needed: rock and soil com-
position, velocity of seismic wave propagation in rocks
and soils, thickness and composition of unconsolidated
soil layers, and bulk weight of the reference rocks and
soils and the studied rocks and soils [Guidelines..., 2004;
Pavlov..,, 1988].
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Fig. 1. The schematic map showing areas covered by seismic sounding studies in the Ulan-Ude city territory. 1-37 - loca-
tions where observations are conducted for seismic hazard assessment (UoM - point); 38-60 - locations where seismic
wave velocities are measured for construction of seismicity-soil models.

Puc. 1. Cxema ceiicMopa3Be/JOUHBIX 30HJUPOBAHUN HA TEPPUTOPUHU T. YnaH-Y 3. 1-37 - MyHKTBI HAGIIOeHUH [1/15 OL[eHKU
CelCMUYECKOW omacHOCTH B Gastax; 38-60 - IyHKThI U3MepeHHs CKOPOCTed CeMCMHYeCKHX BOJIH JJI1 MOCTPOEHHUs

CEeNCMO-TPYHTOBBIX MO/ eJIEM.

Therefore, the top section of the profile of rocks and
soils to the bedrock needs to be characterised to cor-
rectly select locations of measurements and then to
properly analyse the measurement results. A general
description of the top section is presented herein at a
level sufficient to support the first stage of our studies
aimed at seismic microzonation mapping of the Ulan-
Ude city territory.

In the regional Quaternary deposits, facies are di-
verse, and compositions of rocks and soils are variable.
On the left-bank floodplain terrace of the Selenga River
(Fig. 1), powdery fine-grained alluvial sands are alter-
nating with small lenses of sandy loam and clay. The
sand beds are 1.0 to 5.0 m thick and underlain by gra-
vel. Groundwater occurs at depths ranging from 1 to
3 m. The left bank of the Uda River is composed of eoli-
an fine-grained sand, and the sand beds vary in thick-
ness from 10 to 15 m along the river and 50 to 80 m
closer to the slope. Groundwater occurs at depths of
5-10 m and 50-60 m. Bedrocks are represented by
the Jurassic-Cretaceous sandstone, argillite and granitic
rocks.

The right bank of the Selenga River comprises a
thick bed of conglomerates with sandstone interlayers
that are overlain by either gravelly soil or fine-grained
sands (1.5-3.0 m and 10-15 m thick beds, respecti-
vely). The groundwater table is deep-seated.

In terms of geomorphology, the terrain of the Ulan-
Ude area is significantly rough. In the north, spurs of
the Ulan Burgasy ridge are low, and hills are cut by ra-
vines and gullies and located almost perpendicular to
the valleys of the Uda and Selenga Rivers. In the south,
spurs of the Tsagan-Daban ridge come to the Uda River
valley.

Several terraces are recognized in the valleys of the
Uda and Selenga Rivers: Terrace 1 is 2 to 4 m high
(Ulan-Ude downtown), Terrace 2 is 10 to 20 m high
(the Soviet and Oktyabrsky districts of the city), and
Terrace 3 is 40 to 50 m high (the Zheleznodorozhny
district and a part of the Oktyabrsky district).

Therefore, seismic sounding locations (Fig. 1) were
selected with regard to data on the geological structure
of the territory, composition of the unconsolidated
Quaternary sediments, physical properties of rocks and
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I Fig. 2. An example of the direct (a) and impact (b) seismograms for rocky (1), medium (2) and water-saturated (3) soils, ac-

cording to records in observation scheme YY.

I Puc. 2. [Ipumep npsamoi (a) u BctpeuHoi (b) ceficmorpaMm aJis ckaJbHBIX (1), cpeaHux (2) ¥ BOJOHACKIIEHHBIX (3) IPyH-

TOB, 3aPETUCTPUPOBAHHBIX 10 CHCTEMeE Hab/I0AeHuH YY.

soils and dominating types of rocks and soils that are
present on new construction sites. The GPS survey data
were used to snap the locations to the grid.

Seismic wave velocities were measured by a
LAKKOLIT digital 24-channel engineering seismic sta-
tion made in Russia. The refraction method was ap-
plied as described in [Seismic Surveying, 1981]. Meas-
urements were carried out in separate sounding ses-
sions, and reverse and catch-up time-distance plots
(46, 92 and 150 m) were provided. Geophones were
spaced by 2, 4 and 6 m (in the downtown, the distance
was 12 m). Seismic waves were generated by shocks.
Recording was done under observation schemes ZZ
and YY corresponding to vertically oriented geophones
and horizontal shocks perpendicular to the profile,
with receivers oriented in the same direction. The se-
lected measurement technique made it possible to ob-
tain average values of seismic wave velocities for the
top zone of the profile to depths from 10 to 30 m. It
should be noted that the detection of 'useful' waves

was challenging due to considerable background noise,
and notwithstanding the accumulation of shocks, the
detection of transverse waves was supported by data
on surface waves.

In the city territory, velocities of P- and S-waves
were measured at 37 locations assumed to cover all of
the areas distinguished by the available geotechnical
data. In the 'reference' bedrocks, Vp and Vs were
measured in the city territory and in the vicinity of the
city (measurements were taken in quarries and on sites
where the bedrocks occur at shallow depths). At 23
locations (Nos. 38 to 60), special measurements were
taken in order to design seismicity-soil models corre-
sponding to zones in the city which may be subject to
the highest and lowest seismic hazard. Such models
also provided information complementing to the mea-
surement statistics. Reflection seismic data processing
was performed by the RadExPro software.

Examples of the recorded seismograms are given
in Fig. 2. Time-distance plots of P- and S-waves and
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Fig. 3. Examples of travel-distance plots of P- and S-waves, and velocity profiles.

4-5 - unconsolidated none-water-saturated soil; 20-21 - water-saturated gravel-pebble sediments; 8-9 - strongly and weakly fractured
rocky soils; 24-25 - unconsolidated, broken rocks and relatively intact bedrocks. Top and bottom numbers show velocities of P- and

S-waves, respectively.

Puc. 3. [IpumMeps! rogorpadoB NpoJ0ibHbBIX U [TONEPEYHBIX BOJH U CKOPOCTHBIE pa3pesbl.

4-5 - pbIx/Ible HEBOJOHACKILIeHHbIe I'PYHTHI; 20-21 - BOAOHACHIIIEHHbIE IPABUIHO-Ta/IeyHble OT/I0KEHUS; 8-9 — CUJIbHO- U cl1aboTpe-
IMHOBATbIE CKaJbHblEe TPYHTBI; 24-25 - pbIXJIble, pa3pylLleHHble CKaJbHble U OTHOCUTEIbHO COXPAaHHble KOpPeHHble Nopo/sl. L{ndper

CBEPXY — CKOPOCTH P-BOJIH, CHU3Y — CKOPOCTH S-BOJIH.

seismic wave velocity profiles for sites that meet the
specified seismicity-soil conditions are given in Fig. 3.
The seismograms, plots and profiles give evidence that
it is challenging to select 'useful' waves when seismic
measurements are taken in urban areas, even if special
attention is given to registration timelines, the amount
of accumulated excitations and their intensity. Data
from all the seismic measurement locations (see Fig. 1)
were consolidated, and histograms were constructed to
show the distribution of wave velocities and reveal
most probable values (Fig. 4). However, the available
histograms are limited in number, and additional mea-
surements are required for each type of soil.

In general, it is evidenced by the seismic velocities
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recorded in the top zone of the profile near the city of
Ulan-Ude that the seismic velocity values differ drama-
tically in ground conditions of three types - rocky, wa-
ter-saturated soil and unconsolidated non-water-satu-
rated soil.

The bedrocks are represented mainly by conglom-
erate, sandstone, argillite and granitic rocks. Velocities
of P- and S-waves in these rocks are low in the top zone
of the profile (to depth from 3 to 5m). In the uppermost
zone, the P-wave velocity range from 1400 to 2000
m/sec. In less fractured rocks, Vp values range from
1500 to 3500 m/sec (Fig. 4, a) and Vs values range
from 1000 to 2100 m/sec with increasing depth (Table
1). According to measurement in 50 bedrock samples
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Fig. 4. Histograms of the distribution of P-wave velocities in the rocks and soils typical of the Ulan-Ude city territory: a -
rocky soil; b —in the rock samples; ¢ - flooded soil; d - air-dry soil.

Puc. 4. T'uctorpaMmsl pacnpejiesieHdsl CKOpOCTeH NMPOAOJIbHBIX BOJIH B IPYHTaX paloHa r. YJaaH-Y3: a - /sl CKaJIbHBIX
IPYHTOB; b —B 06pa3uax CKaJbHbIX IOPOJ; € — 1/ 06BOJHEHHBIX TPYHTOB; d — [/151 BO3/JyLLIHO-CyXUX [PYHTOB.

taken from the outcrops, the range of ultrasound velo-
cities shows an increase towards higher values of Vp
(Fig. 4, b). The most probable P-wave velocities amount
to almost 3000 m/sec, and the maximum velocity ex-
ceeds 4000 m/sec.

For water-saturated gravel-pebble and sandy soils,
the typical velocities of P-waves range from 1650 to
2000 m/sec (Fig. 4, c), and the P/S-wave velocity ratio
varies from 3.0 to 4.5 (Table 1). Measurements in soils
of the same type but not water-saturated show
P-wave velocities from 400-500 to 800 m/sec and
S-wave velocities from 180 to 420 m/sec (note: the
layer of seasonal freezing was excluded from the calcu-
lations) (Fig. 4, d). The available data on physical pro-

Table 1.Physical properties of rocks and soils

Ta6nanuna 1. PU3NYECKUe CBOMCTBA TPYHTOB

perties of soils which are required for further calcula-
tions are summarized in Table 1.

Data on soil composition, velocities of seismic wave
propagation in soils of the specified types, thickness of
unconsolidated sediments in the upper segment of the
profile, and bulk weight of the reference and studied
soils were collected as required for seismic hazard as-
sessment, construction of the set of seismic models and
application of the selected computational methods (see
Section 2). Equation (1) was used to estimate values of
incremental seismic intensity for each observation lo-
cation. The average velocity value estimated for the top
10-meter thick zone was taken into account. Calcula-
tion results are given in Table 2.

Rocks and soils

Specific gravity, g/cm3

Bulk weight, g/cm3 Porosity, %  Water absorption, %

Granitic rock 2.73-2.86
Medium- and coarse-grained sandstone 2.62-2.81
Argillite 2.64
Conglomerate 2.71
Gravel 2.70-2.79
Sand 2.63-2.77

2.53-2.57 2.1-3.3 0.10-0.79
2.15-2.74 2.8-9.1 0.09-7.30
2.21 19.5 2.8

2.40 12.0 0.6-3.4
1.60-1.90 38-40 -
1.68-1.90 38-40 -
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T able 2.Seismic properties of rocks and soils in the Ulan-Ude city territory

Ta6uauima 2. Pe3yJibTaThl HCC/IEA0BAHUSA CECMUYECKHUX CBOICTB IPYHTOB Ha TEPPUTOPHUH T. YJIaH-Y A

Item# Rock and soil conditions h, Vp, Vs, P, Vp/Vs Average Average Alp, Als,
m m/sec m/sec g/cms3 Vp,m/sec Vs,m/sec point point
1 Powdery fine-grained sand 6 400 210 1.8 1.9 480 262 +1.34 +1.37
690 420 1.8 1.65
2 Powdery fine-grained sand 20 440 230 1.8 1.9 440 230 +1.40 +1.44
Sandstone 2900 - 2.6 -
3 Powdery fine-grained sand 6 450 210 1.8 2.15 685 326 +0.93 +1.1
Granitic rock 3000 1800 2.6 1.67
4 Powdery fine-grained sand 11 480 250 1.8 1.93 480 250 +1.40 +1.39
Fine-grained sand 670 400 1.9 1.67
5 Powdery fine-grained sand 5 480 240 1.8 2.0 530 290 +1.29 +1.30
Fine-grained sand 580 340 1.9 1.7
6 Fine-grained sand 10 350 180 1.9 1.94 350 180 +1.50 +1.59
Water-saturated sand 1650 400 2.0 4.2
7 Sand, gravel 11 510 210 1.9 2.4 510 510 +1.26 +1.45
Water-saturated sand 1890 520 2.0 3.6
8 Coarse-grained rocks 2 620 240 2.0 2.5 1350 670 +0.36 +0.46
Conglomerate 1900 1200 2.6 1.58
9 Coarse-grained rocks 2.5 480 200 2.0 2.4 1200 550 +0.39 +0.42
Conglomerate 2400 1300 2.6 1.84
10 Coarse-grained rocks 2.5 380 160 2.0 2.4 1030 480 +0.46 +0.69
Conglomerate 2400 1400 2.6 1.7
11 Sand, gravel 3 350 170 1.8 2.1 350 170 +1.64 +1.83
Water-saturated gravel 1900 420 2.0 4.5
12 Sand, gravel 6 430 140 2.0 3.0 430 140 +1.74 +2.14
Water-saturated gravel 1880 430 2.0 4.4
13 Gruss, debris, sand 6 520 280 2.0 1.85 765 413 +0.86 +0.88
Conglomerate 2400 1400 2.6 1.7
14 Debris, sand 2 440 - 2.0 - 1345 - +0.36 -
Conglomerate 2800 1680 2.6 1.68
15 Coarse-grained rocks 2 600 320 2.0 1.88 1590 900 +0.23 +0.23
Conglomerate 2700 1650 2.6 1.64
16 Sand, gravel 2 330 160 2.0 2.05 330 160 +1.62 +1.65
Water-saturated gravel 1800 500 2.6 3.6
17 Sand, gravel 2,5 450 180 2.0 2.6 450 180 +1.52 +1.67
Water-saturated gravel 1960 480 2.0 4.1
18 Sand, gravel 6 390 180 2.0 2.2 390 180 +1.81 +1.95
Water-saturated gravel 1840 460 2.0 4.0
19 Sand, gravel 5 340 150 2.0 2.26 480 220 +1.60 +1.79
Water-saturated gravel 2000 400 2.0 5.0
20 Sand, gravel 5 480 220 2.0 2.18 480 220 +1.60 +1.79
Water-saturated gravel 1980 470 2.0 4.2
21 Sand, gravel 5 300 140 2.0 2.1 1125 270 +0.65 +1.28
Conglomerate 1950 400 2.0 4.9
22 Sand, coarse detrital rocks 4 550 230 2.0 2.4 1000 455 +0.60 +0.76
Conglomerate 2250 1300 2.6 1.74
23 Debris, sand 6 500 220 2.6 2.25 725 330 +0.79 +0.94
Conglomerate 2200 1300 2.6 1.68
24 Sand 5 500 300 2.0 1.67
Coarse-grained rocks 12 1450 760 2.0 1.90 975 580 +0.75 +0.78
Conglomerate 3350 1840 2.6 1.83
25 Sand 12 500 280 2.0 1.80
Fractured rocks 15 1550 680 2.6 2.30 500 280 +1.26 +1.23
Conglomerate 3200 - 2.0 -
26 Coarse-grained rocks 6 400 180 2.0 2.2 590 270 +1.06 +1.27
Conglomerate 2050 1100 2.6 1.85
27 Sand, gravel 2 400 - 2.0 - 400 - +1.7 1.8
Water-saturated gravel 1670 - 2.0 -
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Item# Rock and soil conditions h, Vp, Vs, P, Vp/Vs Average Average Alp, Als,
m m/sec m/sec g/cm3 Vp,m/sec Vs,m/sec point point

28 Sand, gravel 13 500 260 2.0 1.94 500 260 +1.26 +1.37
Conglomerate 2400 1650 2.6 1.45

29 Coarse-grained rocks 2 520 280 1.8 1.85
Fractured rocks 14 1450 800 2.0 1.82 1070 574 +0.72 +0.74
Conglomerate - 3000 1600 2.6 1.88

30 Fractured rocks 8 1560 920 2.2 1.70 1720 1000 +0.24 +0.24
Conglomerate 2800 1500 2.6 1.87

31 Sand, gravel 5 500 220 1.8 2.28 500 220 +1.79 +1.86
Water-saturated gravel 1760 470 2.0 3.70

32 Sand, gravel 7 310 180 1.8 1.74 310 180 +2.30 +2.34
Water-saturated gravel 1700 550 2.0 3.10

33 Fine-grained sand 25 420 200 2.0 2.10 420 200 +1.48 +1.47
Granitic rock 3600 2100 2.6 1.70

34 Fine-grained sand 17 510 220 1.8 2.30 510 220 +1.26 +1.45
Water-saturated gravel 40 1900 480 2.0 3.90
Conglomerate 3400 - 2.6 -

35 Fractured rocks 5 570 300 1.8 2.6 1975 1090 +0.17 +0.19
Conglomerate 3380 1880 2.6 1.8

36 Fine-grained sand 11 460 220 1.8 2.10 460 220 +1.40 +1.45
Conglomerate 3200 1900 2.6 1.68

37 Fractured rocks 3.0 480 - 1.8 -
Conglomerate 3050 - 2.6 - 1800 - +0.2 -

In our calculations, the reference is the rocky soil
with Vp=2200 m/sec, Vs=1200 m/sec and p=2.5 g/cm3
(average velocities in the 10-metre thick layer on sites
with bedrock outcrops). For sites with the above-
mentioned values, the seismic hazard is assumed one
point lower than the baseline level. In this case, the
average soil type (i.e. non-water-saturated sand and
gravel-pebble) is characterised by Vp=600 m/sec,
Vs=300 m/sec and p=1.8 g/cm3. In zones with the
above-described soil, the seismic hazard corresponds
to the baseline seismic intensity.

Our measurements of seismic wave velocities in the
city of Ulan-Ude and calculations of incremental seis-
mic intensity (Table 2) show that relative to the select-
ed reference soil (rocky soil - 7 points), the rocky/soil
foundations of buildings and facilities may be subject to
an incremental seismic impact (+0.17 to +2.3 points),
and the seismic hazard for the rocks and soils ranges
from 7.17 to 9.3 points.

3. RESULTS OF THE INITIAL STUDY STAGE TO FORECAST HOW
STRONG EARTHQUAKES MAY IMPACT THE ROCKY/SOIL
FOUNDATIONS IN THE ULAN-UDE CITY TERRITORY

To solve the problem related to seismicity microzo-
nation mapping in compliance with the current regula-
tions concerning urban construction, the seismic ha-

zard of rocky/soil foundations should be mapped with
account of the maximum seismic wave acceleration,
dominant periods of strong earthquakes, resonance
frequencies of unconsolidated beds and other charac-
teristics of the seismic impacts.

To provide a basis for seismicity microzonation map-
ping of the Ulan-Ude city territory, quantitative data
on soil movements of ground are needed. In the cur-
rent stage of our studies, we analyze dynamic characte-
ristics of perceptible earthquakes that occurred in the
study region, establish seismic signals corresponding
to the baseline seismic intensity, develop the seismi-
city-soil models, try to forecast seismic impacts with re-
gard to different construction conditions and classify
zones in the Ulan-Ude city territory by the seismic
impact parameters. To achieve the objectives, modeling
and computer simulation methods are applied.

The priority task is to establish the baseline seismic
signal for the Ulan-Ude city territory [Dzhurik, 2014].
Determining a ‘baseline’ seismic impact is challenging
as a reference accelerogram cannot be unambiguously
selected. The unambiguity is due to the fact that an
earthquake can be manifested in different ways in par-
ticular local zones, depending on characteristics of the
earthquake source, seismic signal propagation track,
structures and compositions of rocky/soil foundations
of buildings and facilities. Besides, it is needed to take
into account a number of complicating factors, such as
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Ulan-Ude
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S

Fig. 5. Earthquake foci zones (Nos. 1 to 9, see Table 3) of potential danger for the Ulan-Ude city territory. Circles show
earthquake epicentres selected for establishing the reference signals; triangles show locations of permanent seismic sta-

tions.

Puc. 5. 3oHbI oyaroB 3emseTpsceHu (1-9, cM. TabJ1. 3), NOTEHUATBHO ONACHbIE JJ1s1 TEPPUTOPUH TI. Y1aH-Y 3. KpyxxkkamMu
0603HaY€eHbl 3MUIEHTPbI 3eMJIETPSICEHUH, OTOOpaHHbIe JJIs 3a/laHUSI UCXOAHbIX CUTHAJIOB; TPEYTrOJbHUKAMU — NOCTOSIH-

Hble ceiCMUYeCcKHe CTaHLUH.

several potential earthquake foci zones (Fig. 5), physi-
cal and mechanical properties of rocks and soils, and
types of displacement/movement in earthquake foci
areas. Such factors predetermine whether an impulse-
type seismic event may occur or an earthquake with a
relatively slow increase and decrease of seismic inten-
sity on the surface may take place.

Methods for selecting the baseline accelerograms
are mainly oriented at the acquisition or calculation of
peak accelerations and scaling [Paviov, 1988] in ac-
cordance with relevant seismic scales [Nazarov, She-
balin, 1975]. Due to the fact that registered strong
seismic events are not numerous in potential earth-
quake foci zones (and also in the vast regions under
review), it becomes necessary to refer to data from ca-
talogues of strong earthquakes registered by the global
seismic network or use data on small earthquakes and
establish phase characteristics [RB-006-98, 1998].

In this study, we use only the earthquakes records
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by the regional network of seismic stations [Drennov et
al.,, 2011]. Since the medium is considered as a form-
generating factor of a focal pulse, the phase spectrum
of local earthquakes, one way or another, takes into
account the earthquake excitation and scattering pro-
perties of the inhomogeneous medium.

In engineering surveys for construction purposes,
the earthquake resistance of buildings and facilities is
typically calculated from accelerograms [Ratnikova,
1984]. It is advisable to obtain accelerograms for each
PEF zone that can be described by sets of average
seismic characteristics.

In view of the above, our study has two main objec-
tives: (1) Obtain potential earthquake accelerograms
for each PEF zone with the reference to the available
accelerograms of earthquakes that actually took place
in the studied zones (for three components, NS, EW and
Z); (2) Using the properly grounded models showing
seismicity of the ‘reference’ rocks, correlate the ob-



tained maximum acceleration rates with the seismic
hazard scale specified in points.

In our study, to justify the seismic hazard of the
Ulan-Ude city territory, we analyze accelerograms of
actual earthquakes (M from 3.0 to 6.3) recorded by
the Ulan-Ude seismic station. For each PEF zone, an
average spectrum is calculated and taken as a charac-
teristic of the entire zone. In total, the processed data-
base includes records of 55 earthquakes from 2001 to
2011. Data on components NS, EW, and Z are processed
separately. Some of the recorded accelerograms are
rejected due to various reasons, such as an insignificant
signal/noise ratio. For each earthquake, amplitude and
phase spectra are calculated.

It should be noted that we select accelerograms of
earthquakes differing in magnitudes and thus refer to
relation fu(f) showing how the acceleration spectrum
changes with magnitude variations and depends on
frequency. In our study, we use the equation for the
Baikal rift zone which was published in [Drennov et al.,
2013]:

Bulf) = -0.31log(§)+0.93 (0.78-20 Hz);
Bulf) = 0.96 (<0.78 Hz) R2=0.98,

where Su(f)=lgAS/AM. 1t determines a spectrum loga-
rithm incremental value at the i-th frequency with an
earthquake magnitude increase by AM.

Based on the above relationship, the amplitude
spectra are scaled to magnitudes of the PEF zones. Fi-
nally, earthquake accelerograms are obtained for the
PEF zones characterized by their specific magnitudes
(Fig. 5). This objective is met by using the inverse Fou-
rier transform of the average acceleration spectrum for
a specified PEF zone and the phase spectrum of the
strongest earthquake recorded in the given PEF zone.

Based on the phase spectra of accelerations from
various earthquakes, it is possible to obtain accelero-
grams of different durations, from accelerograms of the
impulse type (when the released energy is concentra-
ted in a small time window) to accelerograms of large
time spans. In our study, phase spectra of accelero-
grams of the medium time span are mainly used.

The accelerograms and their spectra for all the stu-
died PEF zones are shown in Fig. 6 and 7, and the cor-
responding spectral parameters are given in (Table 3).

According to Table 3, maximum and minimum ac-
celeration rates for the rocks and soils under the Ulan-
Ude seismic station can amount to 166 cm/sec? and
1.7 cm/sec?, respectively (the three components are
taken into account). The maximum acceleration rates
are associated with frequencies from 1.2 to 8.3 Hz, the
widths of the acceleration spectra for all the PEF zones
range from 0.6 to 14.4 Hz at the level of 0.7Sy. Typical-
ly, for the PEF zones located closer and having larger
potential magnitudes, the acceleration spectra are
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somewhat wider than those of the more remote PEF
zone, and this expansion is due to higher frequencies.
Besides, the maximum values of the spectra are widely
variable (from 0.2 to 46 cm/sec) and correlate with the
frequency range from 1 to 12.3 Hz.

It is revealed that ranges of maximum values of the
studied parameters are widely variable for each com-
ponent. Therefore, it is needed to conduct additional
studies to eliminate the uncertainties. This problem
can be solved by long-term recording of earthquakes
on various sites in the city which have contrasting soil
conditions, such as water-saturated or air-dry soils of
specific compositions. In view of the above, at the cur-
rent stage of our studies, we refer to relatively reliable
analyses of seismic impacts by the frequency of their
occurrence. Considering amplitudes, it is needed to
scale the established baseline signals with regard to
forecasted seismic impacts. Such objectives comply
with requirement of the current construction regula-
tions. However, a probability of establishing the maxi-
mum amplitudes can be properly justified by conduc-
ting the required comprehensive studies and consoli-
dating the modeling and experimental data.

At the Ulan-Ude seismic station, geophones are lo-
cated on soils of category 1. Such conditions may prove
sufficient for seismological reconstructions; however,
in order to solve problems of engineering seismology,
we need quantitative data, including, in the first place,
determinations of frequency response which (as a
transfer function) are required to justify the baseline
signals of the ‘reference’ rocks/medium soils repre-
sented in the seismicity-soil models. This objective can
be achieved, as noted above, by direct and computa-
tional methods of seismicity microzonation [Dzhurik et
al, 2012].

Thus, for further use of the accelerograms (see Fig. 6
and 7), they are assigned to the soils of category 1. For
the Ulan-Ude city territory, a single baseline signal
needs to be established. A mandatory condition is that
it should take into account specific features of the spec-
tral compositions of vibrations for each selected PEF
zone (see Fig. 5). The vibration spectra are normalized
and then averaged. A phase response of one of the
earthquakes recorded is estimated, and normalized
accelerograms are calculated by the inverse Fourier
transform for the three components (Fig. 8, a). In its
turn (Fig. 8, b), the amplitude spectrum of this signal
reflects all the specific frequency characteristics of
the accelerograms predicted for the PEF zones of the
highest hazard (Nos. 3, 4 and 5). Its level exceeding 0.7
Smax is in the frequency range from 1.2 to 5.0 Hz. The
main peaks of the spectra occur at frequencies from 1.6
to 2.2 Hz (Table 4).

For further theoretical calculations considering dif-
ferent soil conditions presented by the seismic models,
it is required to correlate the background seismic
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Fig. 6. Accelerograms (A) and their amplitude spectra (B) of components NS, EW and Z for potential earthquake foci zones
(Nos. 1to 4) (M=7.5, A=230 km; M=7, A=130 km; M=7.5, A=90 km; M=7.5, A=100 km).

Puc. 6. AkcesneporpaMmsl (A) 1 UX aMIIMTYHble cneKTphl (B) aasa Tpex komnoHeHT (NS, EW, Z) ais 301 BO3 1-4 (M=7.5,
A=230 km; M=7, A=130 km; M=7.5, A=90 km; M=7.5, A=100 km).

signal with a reference soil/half-space, from which we
can estimate changes in the signal by near-surface
inhomogeneities. In further estimations, it is also rea-
sonable to consider inhomogeneities located at depth.
To develop models that can characterize subsurface
inhomogeneities, we use data on seismic wave veloci-
ties that are generalized with regard to soil composi-
tions and conditions (see Table 2; Fig. 3 and 4) and also
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refer to the available file materials. Parameters of seis-
micity-soil reference models Nos. 1 and 2 (Table 5) are
based on the above-mentioned data and correlated
with predicted seismic impacts.

A set of the well-known methods and software
packages [Ratnikova, 1984; RB-006-98, 1998] is used to
carry out theoretical calculations.

Reference model No. 1 (see Fig. 9, a-e, and Table 5)
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Fig. 7. Accelerograms (4) and their amplitude spectra (B) of components NS, EW, Z for potential earthquake foci zones (Nos.
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and 1.17 to 2.34 Hz for the horizontal and vertical

components, respectively.

represents the bedrock in the 8-points zone. Calculated

Models Nos. 3 to 7 characterize dominating seismic

risk areas of the city (see Fig. 1

acceleration rates correspond to the seismic hazard by
one point lower than that for the medium soil. The

and Tables 5 and 6).

)

conditions and reference bedrock depths from 10 to

They are also applicable to areas with different soil
80m. It should be noted that our models are substan-

maximum acceleration rates amount to 98 cm/sec? and
53 cm/sec? for the horizontal and vertical components,
respectively. The acceleration spectrum has the maxi-

mum of 0.7 in the frequency range from 1.12 to 4.93 Hz
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T able 3.Main parameters of estimated spectra for potential earthquake foci (REF) zones

Ta6uauima 3. 0OCHOBHbIE MapaMeTpPhbl paCYETHBIX CIIEKTPOB AJIsI 3eMJIETPsACEHM#i pa3HbIX 30H BO3

PEF Component am, fam, Sm, fsm, (fi-f2)o.7sm Of 0.75m (fi-f2)o.ssm Of 0.55m
M cm/sec? Hz cm/sec Hz

A

1 NS 11 3.6 4.2 1.5 1.3-19 0.6 1.2-2.0 0.8
M=7.5 EW 12.2 2 3.7 1.4 0.8-3.4 2.6 0.7-4.9 4.2
230 km Z 11.1 2.2 2.5 1.8 1.3-6.9 5.6 1.2-7.1 5.9
2 NS 62.4 5.3 5.4 1.2 1-3.7 2.7 0.9-9.7 8.8
M=7 EW 41 5.6 5.4 2.6 1.6-4 2.4 1.5-8.6 7.1
130 km Z 38 1.2 8.2 1.3 1-3.1 2.1 0.9-5.2 4.3
3 NS 102 3.1 26 1.7 1-2.7 1.7 0.7-7.7 7
M=7.5 EW 160 2.8 46 1.3 0.6-13 12.4 0.7-12.7 12
90 km Z 138 2 53 1.7 1.5-2.4 0.9 1-7.9 6,9
4 NS 99 2.6 23 2 1.4-4.9 3.5 1.1-6.8 5.7
M=7.5 EW 102 3.2 26 4.5 1.8-4.8 3 1.2-6.9 5.7
100 km Z 86.2 1.7 17.8 3.1 1-4.7 3.7 0.7-5.1 4.4
5 NS 69.5 4 8.2 1.5 1.3-12 10.7 0.9-14.6 13.7
M=7.5 EW 68.8 3.8 10.4 6.1 1.3-6.4 5.1 1.1-12.8 11.7
150 km Z 55.5 4.2 10 1.5 1.3-1.8 0.5 1.1-6.2 5.1
6 NS 53.7 4 11.3 2.5 1.6-2.7 1.1 1.1-3 1.9
M=7 EW 29.4 8.3 6 1.4 1.2-3.6 1.4 0.9-8 7.1
170 km Z 33.6 2.9 8.4 1.5 1.7-3.6 1.9 1.3-3.7 2.4
7 NS 166 3.1 23 1.3 0.8-6.4 5.6 0.7-12.7 12
M=7 EW 40 4.2 4.6 3.1 1.3-10.3 9 1-14.7 13.7
120 km Z 102 2.8 26.5 1.1 0.9-2 1.1 0.8-3.3 2.5
8 NS 20 3.7 3.4 2.7 1.6-7.7 6.1 1-8.7 7.7
M=6.5 EW 166 3.4 2.9 2.0 1.8-8.0 6.2 1.7-11.3 9.6
170 km Z 133 6.7 2.3 1.9 0.9-7.4 6.5 0.9-8.1 7.2
9 NS 1.2 6.2 0.2 12.8 7.9-14.1 6.2 5-14.8 9.8
M=5.5 EW 2.7 4.2 0.4 12.3 6.4-14.4 8 4-15.9 11.9
90 km Z 1.7 5.6 0.2 10.2 1.0-20 19 1.5-20 18.5
9 NS 4.8 3.3 0.6 1 1.2-4 2.8 0.6-4 3.4
M=6.5 EW 6.5 2.9 0.7 3.3 2.3-4.3 2 0.9-4.8 3.9
130 km Z 4 2.4 0.8 1.9 1.1-2.2 1.1 0.8-3.1 2.3

N o t e. M is magnitude; A is distance to epicentre; am is maximum amplitude of calculated acceleration; fam is frequency corresponding to
am; Sm is maximum amplitude level of the spectrum; fsm is spectrum peak frequency; f1 and f2 are frequencies that limit acceleration spectra

atlevels 0.7 and 0.5 Sm; 6fo.7sm and &fossm are spectrum widths.

[IpumMedanue M-MarHutysa; A - anuieHTpalbHOE PACCTOSHUE; Am — MAKCUMaJIbHAsA aMIIMTY/Ja PACY€THOTO YCKOPEHUS; fam — 4a-
CTOTa, COOTBETCTBYIOILAA dm; Sm — MAaKCHMaJIbHBIM aMIIMTY/AHBIHA YPOBEHb CMEKTPa; fsm — 4AaCTOTAa MAaKCUMyMa CIEeKTpa; fi, f2 — 4aCTOTBI,
OrpaHHYHMBaIOLIMe CIEKTPb! ycKkopeHUs Ha YPoBHAX 0.7 U 0.5 Sm; 8f0.7sm, 8fo.ssm — LIMPHUHA ClIeKTpa.

tiated also by other geotechnical and geophysical data
providing for the zonation of the study area in the first
approximation.

At the current stage of studies, for reference model
No. 2 (see Table 5, Fig. 9) representing the 10-metre
thick water-saturated soil of the medium composition,
the acceleration rates are scaled with regard to the ac-
celeration rates to 397 cm/sec? and 173 cm/sec? for
the maximum and vertical components, respectively.
This corresponds to the seismic hazard of 9 points, i.e.
one point higher than the reference level for the non-
water-saturated soil. The resonant frequency amounts
to 12.79 Hz; the main peak of the spectrum is at the
frequency of 1.56 and 1.51 Hz; the maximum spectral
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density amounts to 85.3 and 51.9 cm/sec for compo-
nents EW and Z, respectively (Table 6).

It is noteworthy that in further studies, special at-
tention should be paid to the justification of the poten-
tial seismic hazard of water-saturated soils [Dzhurik et
al, 2011] based on records of the behaviour of such
soils during earthquakes. As noted earlier, frequency
characteristics need to be determined for the water-
saturated soil layers varying in thickness, and such da-
ta can facilitate achieving more reliable results by the
calculation methods.

In general, models Nos. 3, 4 and 6 represent the
unconsolidated non-water-saturated soils varying in
thickness. According to estimations by the seismic
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Table 4.Mainparameters of normalized estimated spectra for earthquakes with M=7.5, A=90 km
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Fig. 8. Reference normalized accelerograms (a) and their
amplitude spectra (b) (M=7.5, 90 km).

Puc. 8. VicxoHble HOpMHUPOBaHHbIe aKceJeporpaMmel (a)
Y UX aMIUTUTyAHbIE crieKTpsl (b) (M=7.5, 90 km).

Tab6nuna 4. OcHOBHble MapaMeTPbl HOPMHUPOBAHHBIX pPaCcYeTHBIX CIEKTPOB AJ1d 3eMJleTpsAceHus M=7.5, A=90 km

Component fam, Hz Sm, cm/sec fsm, Hz (fi—f2)o.7sm Sfo0.75m (fi-f2)o.ssm Ofo.55m
NS 3.3 1 2.2 1.5-2.6 1.1 1.1-6.8 5.7
EW 2.3 1 1.6 1.2-5.0 3.8 1.0-8.0 7.0
z 2.3 1 1.6 1.2-2.4 1.2 1.0-2.7 1.7
T able 5.Parameters of standard seismicity-soil models
Tao6auia 5. IlapaMmeTpbl TUIOBBIX CEMICMOTPYHTOBBIX MO/ eJiei

Model No., h, m Vp, Vs, o, Average Average AI(Vp)  Auax, cm/sec?
standard profile m/sec m/sec t/m3 Vp, m/sec Vs, m/sec (point)
Reference model No. 1 10 2200 1240 2.5 2200 1240 0 98

12 2600 1700 2.6 7

o 3500 1900 2.7
Reference model No. 2 10 1600 480 1.9 600 300 2 396
(water-saturated soil) 10 2200 1240 2.5 9
h=10m 12 2600 1700 2.6

1) 3500 1900 2.7
Model No. 3 2 500 290 1.6 820 441 0.76 171
Unconsolidated and degraded, 2 700 380 1.9 (7.76)
strongly fractured conglomerate 4 1000 510 2.0

9 1500 750 2.2

6 2000 990 2.4

10 2200 1240 2.5

12 2600 1700 2.6

o0 3500 1900 2.7
Model No. 4 4 400 230 1.6 570 316 1.16 186
Gravel, sand (none-water- 2 600 330 1.8 (8.16)
saturated), h=36m 12 900 490 2.0

12 1500 750 2.2

6 2000 990 2.4

14 2200 1240 2.5

16 2600 1700 2.6

o) 3500 1900 2.7

379
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End of Table 5

OKoHYaHHMe TabJAHUIB 5

Model No., h, m Vp, Vs, P, Average Average AI(Vp)  Auax, cm/sec?
standard profile m/sec m/sec t/m3 Vp, m/sec Vs, m/sec (point)
Model No. 5 10 1500 420 1.9 600 247 2.1 410
Loam, sandy loam, sand 12 2000 560 2.4 (9.1)
(water-saturated), 12 2200 1240 2.5
h=22m 16 2600 1700 2.6

e 3500 1900 2.7
Model No. 6 8 600 340 1.8 583 332 1.02 154
Medium-type soil, sand, gravel 16 800 440 1.9 (8.02)
(none-water-saturated), 24 1000 510 2.1
h=80m 20 1500 750 2.2

12 2000 990 2.3

12 2200 1240 2.5

16 2600 1700 2.6

S 3500 1900 2.7
Model No. 7 8 1500 430 1.9 600 300 2.1 398
Sand, gravel (water-saturated), 16 1600 550 2.0 9.1)
h=80m 24 1800 600 2.1

32 2000 700 2.2

12 2200 1240 2.5

16 2600 1700 2.6

o 3500 1900 2.7

N o t e. The seismic impedance method is applied to calculate seismic hazard levels (UoM - point) with respect to the bedrocks (baseline
seismicity of 7 points). Average seismic wave velocities are estimated for the 10-metre thick layer. The watercut correction is +1 point.

[IpuMedyaHu e Pacuer celicMHyecKol OMacHOCTH B 6ajllax NPOBeZieH 110 METOAY CeHCMHYeCKUX KEeCTKOCTEH OTHOCUTEJNbHO KOPEeH-
HBIX NOPOJ, (UCXOAHAsA CeiCMUYHOCTD 7 6aJlJIOB); CpelHHE CKOPOCTH paccuuTaHbl i1 10-MeTpoBOTO €J105; HONMpaBKa 32 06BOJHEHHOCTD

+1 6aJs.

impedance method, the seismic hazard of the sites with
such soils ranges from 7.76 to 8.16 points. For the
specified soil conditions (see Table 6; Fig. 9), the peak
acceleration rates range from 154 to 186 cm/sec? (Fig.
9, a, b) and from 64 to 86 cm/sec? (Fig. 9, ¢, d) for com-
ponents EW and Z, respectively.

Models No. 5 and No. 7 represent water-saturated
soil layers (22 and 80 m thick). The peak acceleration
rates range from 397 to 410 cm/sec? and 199 to 223
cm/sec? for components EW and Z, respectively (see
Tables 5 and 6, and Fig. 9). The calculated acceleration
rates correspond to the seismic hazard of 9 points, i.e.
one point higher than the baseline for the medium non-
water-saturated soil. For model No. 5 and 7, the reso-
nant frequency amounts to 6.75 and 2.2 Hz, respective-
ly. The calculated spectral density reaches its maximum
in the frequency range from 1.51 to 4.74 Hz and varies
from 99 to 130 cm/sec and 53.8 to 84.6 cm/sec for
components EW and Z, respectively. With increasing
thickness of the water-saturated layer from 22 to 80 m,
its resonant frequency decreases from 6.79 Hz to
2.2 Hz (see Fig. 9, d).

Based on the theoretical calculation results (see Sec-
tion 2), experimental measurements (see Section 1)
and the available geotechnical and hydrogeological da-
ta, a schematic map is compiled in the first approxima-

tion (Fig. 10) to show zones differing in the basic seis-
mic impact parameters.

The zone with the potential maximum seismic ha-
zard of 9 points includes floodplain areas and the first
above-floodplain terrace composed by alluvium (sand,
clay soil and gravel) where groundwater occurs at
shallow depths, less than 5m. It is possible that the
weakened near-fault northern site will be also inclu-
ded. This zone can be represented by seismicity-soil
models No. 2 and No. 7 (see Fig. 9 and Table 6). In this
zone, the maximum acceleration rates are 410 cm/sec?
and 223 cm/sec? for components NS and Z, respective-
ly.

The zone with the relatively high seismic hazard (8
and 9 points, a transition zone) includes the left-bank
terrace of the Uda River which is composed of silty
fine-grained sand (models No. 4 and No. 5). In this
zone, the maximum acceleration rates range from 154
to 410 cm/sec? and 64 to 223 cm/sec? for components
NS and Z, respectively.

The seismic hazard of 8 points (models No. 3 and
No. 4) may be expected at slightly sloped terraces of
the Uda and Selenga Rivers where groundwater occurs
at depths from 8 to 20 m. In this zone, the maximum
acceleration rates are 186 cm/sec? and 86 cm/sec? for
components NS and Z, respectively.
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Fig. 9. Accelerograms (a) and their amplitude spectra (b) for the horizontal component; accelerograms (c) and their ampli-

tude spectra (d) for the vertical component; frequency characteristics of unconsolidated soil layers (e).
Puc. 9. AkcesieporpaMmel (a) ¥ UX aMIUIUTYAHbIE CIIEKTPHI (b) A1 FOPU30HTATBHON KOMIIOHEHTHI

W KOMIIOHEHTBbI

UX aMIUIMTYAHbIE CIEeKTPHI (d) /15 BEpTUKAJIbHO

crozonation method, it is possible to reveal sites with
the seismic hazard from 7 to 9 points in each of the

The zone with the seismic hazard of 7 points in-

cludes sites composed of rocky and semi

)

rocky soils

specified zones (Fig. 10). Such sites can be correlated

except areas of tectonic fracturing (model no. 1). In this

with relevant soil models (see Table 5), and their loca-

zone, the maximum acceleration rates are 98 cm/sec?
and 53 cm/sec? for components NS and Z, respectively.

tions can be further clarified and determined more
precisely with regard to the scale of seismic microzona-

It should be noted that by applying the seismic mi-
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T able 6.Main parameters of estimated accelerograms and corresponding spectra for models Nos. 1 to 7

Ta6uau o a 6. OcHOBHBIE nmapamMmeTpbl paCY€THBIX dKCeJIEPpOrpaMM U COOTBETCTBYHIIIUX UM CIIEKTPOB AJIA
moaeneun 1-7

Model No., Maximum Peak spectrum Frequency of main  Frequency range Resonance frequency of
standard profile acceleration value Smax, cm/sec spectrum peak, Hz  for 0.7-Swax (f), Hz unconsolidated layers, Hz
Awax, cm/sec?

Horizontal component EW

1 98 28.6 1.56 1.12-4.93 -

2 397 85.3 1.56 1.12-12.65 12.79
3 171 34.6 12.16 1.42-12.65 11.28
4 186 47.6 4.74 4.44-6.98 5.86
5 410 99 4.74 1.27-9.62 6.79
6 154 48.3 1.56 1.37-4.83 2.29
7 398 130 1.56 1.27-4.88 2.2
Vertical component Z

1 53 17.4 1.51 1.17-2.34 -

2 173 519 1.51 1.22-2.34 12.79
3 64 17.9 1.51 1.22-7.67 11.28
4 81 19.4 2.15 1.27-7.86 5.86
5 199 53.8 1.51 1.22-7.62 6.79
6 86 34.4 2.15 1.42-2.39 2.29
7 223 84.6 2.15 1.32-2.34 2.2

Fig. 10. The schematic map showing potential seismic hazard zones in the Ulan-Ude city territory. The map takes into ac-
count the soil and hydrogeological conditions of construction (reference seismic intensity - 8 points).

Numbers in boxes: top - maximum acceleration (cm/sec?) for the horizontal component (NS); middle - maximum acceleration (cm/sec?)
for the vertical component (Z); bottom - resonant frequency (Hz) of the unconsolidated soil layer. 7-9 - potential maximum seismic
intensity (UoM - point).

Puc. 10. CxemaTuyeckaa KapTa CeiCMHUYeCKON ONaCHOCTU TEPPUTOPHUH T. YJIaH-Y /3 C y4eTOM IPYHTOBBIX U TUJPOTe0JI0TH-
YeCKHUX YCI0BUH CTPOUTENBCTBA (MCXOAHAS CEHCMUYHOCTD — 8 6aJ/10B).

B kBajjpaTax: BepxHee 3HaYeHHe - MaKCUMaJIbHble YCKOpeHUs (cM/cZ) Ajs ropu3oHTabHON KoMnoHeHTH (NS), cpefiHee 3HayeHUe -
MaKCHMaJsbHble yCKopeHUs (cM/c2) A/ BepTHKaJIbHOM KOMIIOHEHTBI (Z), HI)KHee 3HaueHHe — pe3oHaHCHbIe YacToThl (I'1]) peixsoro
cJ101. 7-9 - BeposiTHasi MaKCUMaJibHasi MHTEHCUBHOCTb B 6aJljiax.




tion of the Ulan-Ude city territory by developing more
detailed models with the application of the proposed
technique.

4. CONCLUSION

The seismic hazard zonation of the Ulan-Ude city
territory is a complex problem including studies by the
seismic, seismotectonic, geotechnical and seismological
methods. Each of the methods solves specific research
problems, and their combination provides data for
achieving the major objective to construct a seismic
microzonation map of the territory.

At the current stage of studies, the indirect instru-
mental methods of seismic microzonation are used, and
the types of rocks and soils prevailing in the studied
territory are determined and classified by the propaga-
tion patterns of P- and S-waves. Using the acoustic im-
pedance method, we estimate the incremental seismic
intensity values for water-saturated and non-water-
saturated sandy gravel-pebble sediments. The calcula-
tions are performed against parameters of the selected
reference soil, i.e. the rocky soil with average seismic
wave velocities in the upper 10-metre thick layer.

At the initial stage of forecasting how strong earth-
quakes can impact the rocks and soils under buildings
and facilities in the Ulan-Ude city territory, we refer to
the main parameters of significant ground movements
that occurred in the Baikal rift zone in the past ten
years. The established baseline seismic signal takes in-
to account, in the first approximation, the main para-
meters of the potential earthquake occurrence zones
and the previously established empirical relationships
showing how the main dynamic characteristics of soil
acceleration can vary depending on seismic event mag-
nitudes and distances from earthquake foci. Based on
such data, accelerograms can be forecasted for diffe-
rent epicentral distances and magnitudes and used for
more reliable determinations of baseline seismic sig-
nals for the Ulan-Ude city territory with reference to
the frequency characteristics.

It is shown that the established baseline signal is
applicable, and the theoretical calculations are con-
ducted on the basis of the seismicity-soil models char-
acterizing bedrocks, medium soils and water-saturated
soils (soil categories 1, 2 and 3, respectively). Based on
the calculation results and the available geotechnical
and hydrogeological data, and taking into account the
soil and hydrogeological conditions for construction
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