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Abstract. A rapid growth of population, intensive civiland 1 Introduction

industrial building, land and water instabilities (e.g. land-

slides, significant underground water level fluctuations), andEarthquake risk is a measure that combines, over a given
the lack of public awareness regarding seismic hazard contime, the likelihood and the consequences of a set of earth-
tribute to the increase of vulnerability of Baku (the capital quake scenarios (Beer and Ismail-Zadeh, 2003). The risk
city of the Republic of Azerbaijan) to earthquakes. In this can be estimated as the probability of harmful consequences
study, we assess an earthquake risk in the city determine@r expected losses (of lives and property) and damages
as a convolution of seismic hazard (in terms of the surface(€e.g. people injured, economic activity disrupted, environ-
peak ground acceleration, PGA), vulnerability (due to build- ment damaged) due to an earthquake resulting from interac-
ing construction fragility, population features, the gross do-tions between seismic hazardd), vulnerability (V), and
mestic product per capita, and landslide’s occurrence), angxposed valuesK). Conventionally, earthquake riskR)
exposure of infrastructure and critical facilities. The earth-is expressed by the convolution of these three parameters:
quake risk assessment provides useful information to identifyR = H ® V ® E. Each of those factors is disaggregated into
the factors influencing the risk. A deterministic seismic haz-the more specific parameters that comprise it. Seismic hazard
ard for Baku is analysed for four earthquake scenarios: neais typically interrelated with the past seismicity, geological
far, local, and extreme events. The seismic hazard modelgnd geophysical parameters (e.g. peak ground acceleration,
demonstrate the level of ground shaking in the city: PGA seismic intensity, seismic wave propagation and attenuation,
high values are predicted in the southern coastal and northsite effect). Vulnerability depends on the quality of building
eastern parts of the city and in some parts of the downtownstructures, ground condition, and population features. Infras-
The PGA attains its maximal values for the local and extremetructure, critical facilities, and important communication sys-
earthquake scenarios. We show that the quality of buildinggem represent the values exposed to damage due to an earth-
and the probability of their damage, the distribution of ur- quake and should be taken into account in risk estimation.
ban population, exposure, and the pattern of peak ground acFhe proper approach to the problem of earthquake risk esti-
celeration contribute to the seismic risk, meanwhile the vul-mation and risk management should include consideration of
nerability factors play a more prominent role for all earth- all the contributing components.

quake scenarios. Our results can allow elaborating strategic The Baku city and the Absheron peninsula located on the
countermeasure plans for the earthquake risk mitigation irnorth-western part of the South Caspian region (Fig. 1) expe-
the Baku city. riences earthquakes from two primary sources: the subduc-
tion zone (Jackson et al., 2002) and shallow crustal faults.
Uncertainties around the recurrence of earthquakes in this re-
gion combined with the Baku’s growing exposure and the po-
tentially high losses that could result from an extreme event
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Fig. 1. Topography, simplified tectonics, and seismicity of the Caucasus to the Kopet-Dag region. The inset presents a map of central Eurasia
showing the region’s location. Earthquake epicentres are marked by circles, and the colours of the circles provide information on the depth
of the earthquake hypocenters (earthquakes of magnitude 5 and greater for the period of 1950—2006 are plotted here). Target earthquakes a
marked by numberg1), the 2000 = 6.3 Caspian earthquaké?), the 1935 = 3.5 Surakhani earthquak), the 1963V = 6.5 Caspian
earthquake; an@), the hypothetical extreme event in Shemakha. Abbreviations: NCT, North Caucasus thrust fault; GCT, Greater Caucasus
thrust fault; LCT, Lesser Caucasus thrust fault; WCF, West Caspian fault; and NCF, North Caspian fault.

The Baku city, Absheron peninsula, and adjacent Caspiampment, and lack of environmental regulations. Due to these
Sea are considered as areas of moderate seismic activity arfidctors the consequences of an earthquake disaster in Baku
of intensity VIII by the MSK-64 scale (Panahi, 2006), al- are seen more severe.
though the region is marked by a high seismic risk due to In this paper we estimate an urban earthquake risk evaluat-
vulnerability of infrastructure and significant exposed val- ing different factors and parameters contributing to the risk.
ues. The rapid industrial development of the city startedThe aim of the study is to assess seismic hazards for Baku
in 1846, when the world's first oil well was drilled in Bibi- based on various earthquake scenarios, to determine the vul-
Heybat near Baku. In 1876 the Nobel brothers founded thenerability of the city to seismic events, to estimate exposed
first oil company and invited European engineers to workvalues, and finally to develop earthquake risk models for the
in Baku. At the beginning of the World War | Baku pro- considered earthquake scenarios. Our study is based on inte-
duced 7 million tons of oil a year, which constituted about grated analysis of seismicity, engineering geology, geomor-
15% of world production at the time (Mir-Babayev, 2002). phology, topography, soil conditions, ground and building
In 1920 the city became the capital of Azerbaijan Soviet Re-conditions, population features, the gross domestic product
public and underwent many major changes. During the Soper capita, and exposure of infrastructure and critical facili-
viet era Baku extended significantly and now comprises thetjes.
most of the southern part of the Absheron peninsula. With
the break-up of the Soviet Union, the population of Baku
densified tremendously due to a persistent migration of peo2  Geological setting and seismicity
ple from smaller towns and rural areas as well as from neigh-
bouring countries. The intensified urbanization and an enorThe Absheron peninsula is situated in the central part of
mous increase in population density have substantially enthe Alpine-Himalayan seismic belt and involved in dynamics
hanced vulnerability of the city to earthquakes. Most re- of lithospheric structural units of the Arabian and Eurasian
cently the disaster risk has increased due to overcrowdingplates (Fig. 1). This lithosphere dynamics results in stress
erroneous land-use planning, inadequately supervised buildand strain localization and stress release in earthquakes, mag-
ing constructions, insufficient control of infrastructure devel- matic and mud volcanism, landslide processes, and other
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Table 1. Local earthquakes and strong events felt in Baku.

Data Magnitude Depth Intensity Earthquake location/
d/mly Ms km MSK-64 Intensity in Baku
02/01/1842 5 3 VIl Mashtaga, near Baku/V

11/06/1859 5.20.5 10 VII-IX  Shamakha/V
28/01/1872  5/+0.5 7 VII-IX  Shamakha/lV

08/07/1895 &40.3 60 X Krasnovodsk/V-VI
13/02/1902 6.9+0.2 8 VIII-IX  Shamakha/V

06/07/1910 440.5 7 VI-VII Surakhani, near Baku/V
07/06/1911 &+0.3 46 VI-Vil Caspian Sea/VI

22/11/1922  8+0.7 15 V=VI Absheron peninsula/VI
20/10/1931 @405 70 VII-VIIl  Caspian Sea

09/04/1935 6.3 100 Vi Caspian Sea

24/06/1935 3.5 5 \% Surakhani/Baku
06/09/1937 5 22 V=VI Absheron peninsula
23/02/1938 5.7 15 VI Baku

06/09/1938  $+0.5 22 \! Caspian Sea (northern part)
05/03/1946  8+0.3 11 Vil Absheron peninsula
05/11/1958  4H+0.5 12 V=VI Caspain Sea

28/11/1958  240.7 3 \Y, Baku

27/01/1963 6.5 30 Caspian Sea

15/10/1971  4€+05 13 \! Caspian Sea

20/12/1971  %+0.1 5 Vil Absheron peninsula
20/12/1971  =3+0.2 12 VIl Absheron peninsula
03/02/1972 &€£+0.2 5 Vi Absheron peninsula
26/10/1973 5.1 80 Absheron peninsula
14/12/1973  5.+0.2 70 \% Caspian Sea (northern part)
02/08/1975 4.7 33 51 km eastward from Baku
16/01/1979 4.4 10 Baku

23/02/1983 5.0 10 \Y Nardaran-Bilgah, near Baku
06/03/1986 6.3 33 VI Caspian/V-VI

11/05/1986 4.5 15 \ Caspian/V

16/09/1989 6.5 55 Caspian/IV-V

06/01/1992 4.5 33 Baku

28/10/2000 4.6 33 Caspian Sea

25/11/2000 5.8 40 VIl Caspian Sea

25/11/2000 6.3 33 VI Caspian Sea

06/12/2000 7.3 33 IX West Turkmenistan/IV
07/01/2001 55 48 V=V Caspian Sea/IV-V
11/02/2002 5.3 38 \Y Caspian Sea

04/10/2003 4.1 10 20 km southwest from Baku
24/10/2003 4.6 33 34 km northeast from Baku

The bold-marked events are used as the earthquake scenarios to assess seismic hazard and to evaluate earthquake risk.

active geological and geophysical processes (Panahi, 2003ng and lateral displacement of the lithosphere out of the col-
Global Positioning System (GPS) surveys across the Greatdision zone along the right-lateral strike-slip faults (Kadirov
and Lesser Caucasus provide the shortening rate df 10 et al., 2008; Reilinger et al., 2006). The regional tectonic
2mmyr! (Reilinger et al., 1997). The measured defor- processes and lithosphere deformations give rise to earth-
mations confirm that the Absheron peninsula is positionedquakes that have devastated the Caucasus region throughout
at the junction of active fault systems (Fig. 1): the Greaterrecorded history (e.g. the 1902 Shemakha earthquake; Veber,
(GCT) and Lesser (LCT) Caucasus thrust faults, North Cau-1904).

casian thrust fault (NCT), the north Caspian (NCF) and west ) )

Caspian (WCF) right-lateral strike slip faults. The Arabian- 1h€ Absheron peninsula together with the part of the

Eurasian collision continues to be accommodated by shortenAPsheron water area (the Azerbaijan sector of the Caspian
Sea) is located in the south-eastern extremity of the Greater
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Caucasus, where the mountain range is dying out. Earthguake magnitude could be higher as 7.3 considering the du-
quakes in the region migrate along the Alpine-Himalayanration of ground shaking of about 30-40s and the length
seismic belt (Ismail-Zadeh 1996) and are associated with thef the ruptured area of about 80 km (Levitski, 1902; Bogh-
fault zones located either in the peninsula itself, in the Azer-danovitch, 1904).
baijan sector of the Caspian Sea or in the adjacent folding The first seismic station was set up in Baku by the No-
structures of the Greater Caucasus and Kopet-Dag (Fig. 1). bel brothers in 1903 to study the seismicity of the Absheron
Two earthquake-prone areas (the northern and southpeninsula and to provide the countermeasures against conse-
ern zones) can be distinguished in the Absheron peninsulguences of a potential destructive earthquake (Charbe, 1904).
(Agamirzoyev, 1987). The northern zone is considered toUntil the end of the last century 14 seismic stations were op-
be a continuation of the North Caucasus thrust fault sys-erating in Azerbaijan. In the last decade, 20 digital telemetric
tem and the North Caspian fault (NCT and NCF in Fig. 1) seismic stations of ISMES Spa (6 stations) and Kinemetrics
through the northern coastal part of the Absheron peninsulgl14 stations) were installed in Azerbaijan with the center for
and the Caspian Sea (Absheron sill) to the western Turkdata collection and processing in Baku.
menistan. The seismic activity in the northern zone is rel- For this study we compiled a catalogue of earthquakes
atively high with earthquakes of magnitude greater than 6.based on two sub-catalogues. The first sub-catalogue con-
Allen at al. (2002) and Jackson et al. (2002) proposed thatists of 229 earthquakes of magnitudes greater than 4.0 (cov-
the earthquakes within this zone are associated with the onering the period from 1831 to 2003) and is compiled using
going NE-subduction of the South Caspian basement beneatie local published and electronic catalogues (Kondorskaya
the Absheron sill. The 1842/ =5 Mashtaga destructive et al., 1982; Sultanova, 1986; National Earthquake Informa-
earthquake (25 km to the northeast from Baku), 18835  tion Center 1977-2001; Gasanov 2003). The second sub-
Nardaran-Bilgah, and 1988/ = 6.5 Caspian earthquakes catalogue is restricted to the period of instrumental observa-
occurred within the northern zone. The southern zone isions (1931-2003) and consists of 217 earthquakes of magni-
likely to be a continuation of the Greater Caucasus thrustudes greater than 4.0. Table 1 lists the earthquakes in Baku,
fault (GCT, Fig. 1) through the offshore part of the Ab- the Absheron peninsula, and in the adjacent region felt in
sheron Peninsula and the Caspian Sea to the south-westeBaku between 1842 and 2003.
part of Turkmenistan. The strong 2008 = 6.3 Caspian
earthquake occurred in the southern zone (35 km to the south
from Baku): the main shock together with numerous after-3 Seismic hazard assessment
shocks caused 35 casualties, 1289 damaged and 3 collapsed
buildings. Seismic hazard assessment in terms of engineering param-
The first information on the earthquakes in the region caneters of strong ground motion (namely, peak ground accel-
be found in old Arabic chronicles, hand-writings, notes of eration — PGA, and seismic intensity) is based on the in-
pilgrims etc. Modern period in regional seismology startedformation about the features of earthquake ground motion
after the 1902 Shemakha earthquake. The Shemakha towexcitation, seismic wave propagation (attenuation), and site
(located about 110 km west of the Baku city) repeatedly suf-effect in the region under consideration and combines the
fered from strong earthquakes in the past. Recorded deresults of seismological, geomorphological, geological, and
structive earthquakes occurred in Shemakha in 1191, 166%ctonic investigations (e.g. Ismail-Zadeh et al., 2007). Two
(with a death toll of about 80000 people), and 1859 (ac-principal methods are intensively used in seismic hazard as-
cording to Veber, 1904). On 13 February 1902 a catas-sessment: probabilistic (PSHA) and deterministic (DSHA).
trophic event struck the region again. The intensity of thePSHA determines the probability rate of exceeding various
earthquake in the epicentral area was X (the maximal intenfevels of ground motion estimated over a specified period
sity on the Rossi-Forel scale, which is characterized as amf time (Cornell, 1968). Although the PSHA considers un-
earthquake of extreme intensity). The earthquake resultedertainties in earthquake source, path, and site conditions,
in ruins in the town, rock falls, landslides, and activated there are several points of criticism related to this assessment:
mud volcanoes. The earthquake intensity in the Shemakha.g., validity of a point source model; ground motion uncer-
town was estimated as IX to X (Boghdanovitch, 1904). Thetainties in the mathematical formulation of the method; and
earthquake generated a moderate ground shaking in Bakimcapability to correctly model the dependencies between
and minor damage (e.g. cracks in some buildings). High-large numbers of uncertain random parametergdgl et al.,
amplitude waves were observed in the Caspian Sea adjaceB006; Panza et al., 2010). DSHA is an alternative method
to Baku casting boats and yachts ashore (Levitski, 1902)for hazard analysis and is based on a specified earthquake
The tsunami-like waves were likely to be generated by an unscenario. For a given earthquake, the DSHA model analyses
derwater landslide or rocks sliding offshore, both induced bythe attenuation of seismic energy with distance to determine
the ground shaking due to the Shemakha earthquake. Whilthe level of ground motion at a particular site. Ground mo-
the magnitude of the 1902 Shemakha earthquake was estiion calculations capture the effects of local site conditions
mated to be ®+0.2 (Kondorskaya et al., 1982), the earth- and use the available knowledge on earthquake sources and
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wave propagation processes. Namely, attenuation reIationTable 2. Subsurface models for the Baku city.
ships are used for a given earthquake magnitude to calculate
ground shaking demand for rock sites, which is then ampli-

Model Thickness Age Lithology

fied by factors based on local soil conditions. Although the of sediments
occurrence frequency of the ground motion is usually not ad- (m)
drgssc_ed in DSHA, the methqq is robust for an assgssment of a1 5 ) sand, clay, sandstone
seismic hazard due to specified events and remains a useful 1010 N tuff, breccia, shale
approach for a deC|§|on-mak|ng. . . . A2 71200 Q sand, gravel, pebble with sand
We use a scenario-based deterministic approach in a view N intrusion argillaceous limestone
of the limited seismological data and the local irregularities
. . L L 4 Q clay, loam, sandy loam
associated with strong events. For the deterministic seismic 1200 N argillaceous limestone
hazard assessment, we select four target earthquake scenar -
ios. The selection of these target earthquake scenarios was”* 1200 N Pliocene clay, tuff,
. . . h . argillaceous sandstone
based on the following criteria: (i) the distance of the epi- :
center of the event from Baku, (i) the magnitude of the Bl 5 Q  sandyloam with gravel
event; (iii) the effect of the earthquake on the study area > Q sand, clay, soft-weathered limestone
’ ! . . q . Yy ! 1200 N clay, argillaceous limestone
(iv) the event location with respect to the regional fault sys-
tem, and (v) the re-occurrence of the event within the cer- g 8 Sind;?rﬁﬁé‘éeuzbs'in J
tain time interval. We consider the 20080 = 6.3 Caspian 20 0 C|a§//’ g
earthquake (the epicentre was located 35 km southward from 3800 N clay, sand, argillaceous
Baku) as a near event (marked by 1 in Fig. 1); the 1935 sandstone and limestone
M = 3.5 Surakhani earthquake (epicentre was located in the , 7 Q  sand, water-saturated sand
Baku area) as a local event (marked by 2); the 1863 6.5 7 Q clay, pebble, soft-weathered
Caspian earthquake (100 km northward from Baku) as a far limestone, shale
event (marked by 3); and a hypothefit = 7.5 earthquake 5200 ﬁ z'lzi’/ (S)?g:nic lay
in Shemakha (110 km westward from Baku_) as an extreme argi”’aceous sandstone
event (marked by 4). The need to employ historical extreme -
events in seismic hazard studies is highlighted by the recent ©3 ! Q  Limestone
disaster event (the 12 January 2Q04G= 7 Haiti earthquake) > Q Limestone
' v A Te s uary i ‘_JU o 20 Q clay, sand, limestone
The probabilistic seismic hazard model for the region did not 1500 N argillaceous limestone
take into account historical large earthquakes, and hence the and sandstone
s_urface peak ground acceleration was significantly underes- ¢, 5 Q  sand with sandstone
timated (USGS, 2010). 5 Q sand, clay, sandstone
Theoretical and empirical estimations of the physical pa- 20 Q sand, clay, sandstone
rameters of the ground, the thickness and lithology of soil, 1910 N sand, sandstone, organic clay
the soil amplification, attenuation, and dynamic properties of D1 5 Q sand
the ground in the region were studied on the basis of drilled 23 Q  sandwith sandstone
borehole data and seismic and geological profiles (Babayev, 1200 N sandstone, aleurite
2006; Midorikawa et al., 1992). The Baku city is divided D2 7 Q sand, clay, limestone
into 28x 20 quadratic cells (100 m100 m each) in our mod- 20 Q  clay, sand
. . S - 1200 N shale, tuff, sandstone
els; the location of the study region is shown in Fig. 2. For
each cell the bedrock and surface PGA are determined us- D3 7 Q  sand with sandstone
ing seismic parameters for selected earthquake events. To igoo ﬁ (;Ilae)l/jristinghale conalomerate
estimate the expected bedrock PGA in the region, we use : '  cong
the following relationships between the peak ground accel- P4 7 Q "medStO:”e' T,a“ds
erationA (in gal=102ms 2), the magnitudeV/, and the ic3)9o ﬁ sand, clay, limestone
? . s conglomerate, dolomite, tuff,
hypocentral distancg (in km): sandstone, breccia, shale

logA = 0.28M —0.8l0gR + 1.7 (1)

Models C1, C2, and D4 correspond to three typical subsurface models. Notations: Q,
Quaternary; and N, Neogene.

for A > 160 gal (for near-field events), and

logA =0.28M — 2.3logR + 0.8 (2) ) .
are well suited for soft to hard bedrocks, typical for the Ab-

for A <160 gal (for far-field events). Derived empirically by sheron peninsula bedrocks. We compare the relationships
Aptikayev and Kopnichev (1979), relationships (1) and (2) (1) and (2) with the empirical relationship between PGA,
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Fig. 2. Topography of the Absheron peninsula and the location of the studied region (solid rectangular). The dots indicate the sites of drilled
boreholes; the geological and geophysical data from these boreholes were used in this study. The modelled accelerograms are presented f
three typical subsurface models C1, C2, and D4 (see Table 2 for the subsurface model description). Satellite image of the study region (Baku
city) is presented in the inset.

magnitude, hypocentral distance, and focal defthsed for 10000
intra-plate earthquakes in Japan (e.g., Tonouchi and Kaneko,
1984):

| IIIIIII|

logA =0.5M +0.0043H 1000
—log (R +0.0055x 1o°~5M)
—0.003R +0.83. 3)

The comparison shows a good agreement between the at-
tenuation relationships (Fig. 3) and hence provides a sound
ground for the use of formulas Egs. (1) and (2). Using the 10
PGA values at bedrock as the seismic input motion parame-
ters of the model, all dynamic parameters of both subsurface
soil and the surface PGA can be determined.

Site effects, detailed surface geology, the amplification 1 R R R AL B N R
factor, and the seismic response of subsurface soil have been 1 100 1000
analysed to determine the surface motion acceleration for

the study area. The subsurface structure down to the Sei%’ig. 3. PGA vs. the distance from an earthquake hypocenter com-

mic bedrock is modelled by the horizontally multi-layered pteq for events of magnitude 6.5. Curves 1 and 2 mark the “near”
Structure, N WhICh Shear'WaVe Ve|OCIty, thICkneSS, and denand “far” events in Baku and are p|otted using the formulas m (

sity vary with layers. TheP-wave velocities measured in and Eq. ), respectively. Curves 3 and 4 mark the intra-plate events
several boreholes are used to develop the subsurface groumd Japan occurred at the depths of 33 km and 55 km, respectively,
model for each cell and to identify types of sediments, theirand are plotted using the formula EG).(See text for detail.
thickness, and variations of underlying rock layers. The sub-

surface models used in our study are presented in Table 2;

one of these subsurface models is assigned to each model

| IIIIIII|

| IIIIII|

10 Distance, km
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Table 3. Physical parameters of the principal soil units in the Absheron peninsula.

Lithology Measured Calculated Density  Amplification
P-wave velocity S-wave velocity g cnm 3 factor
Vp, kms1 Vg, kms1
Quaternary clay 1.9 0.557 1.90 0.90
Sandy clay 11 0.289 1.80 1.19
Sand (Paleogene — Neogene) 1.2 0.320 1.81 1.14
Quaternary sandy clay 1.3 0.351 1.82 1.10
Limestone (Pliocene — Quaternary) 4.0 1.681 2.32 0.57

Shellstone, soft weathered limestone

(Paleogene — Neogene and Quaternary}'o 0.260 179 1.25
Sandy clay (Paleogene-Neogene) 1.3 0.351 1.82 1.10
Sandstone (Miocene — Quaternary) 2.6 0.848 2.01 0.76
Eolian-delluvial (modern deposits) 0.75 0.189 1.76 1.43
Mild clay (Pliocene — Quaternary) 0.9 0.231 1.78 1.31
Loamy sands 0.85 0.217 1.77 1.35
Conglomerates (Miocene — Quaternary) 1.6 0.450 1.86 0.99
Pebble with sandy intrusions 1.03 0.269 1.79 1.23
Forestry mild clays 0.65 0.162 1.75 1.52

cell (see Table S1 in the Supplement for the distribution ofmeasured and calculated seismic wave velocities, density,
the subsurface models in the cells). and calculated amplification factor for the principal subsur-
A surface PGA is calculated by a multiplication of the face units used in the modelling.

bedrock PGA beneath the cell (as the input acceleration) with  The predicted surface peak ground acceleration for four

the amplification factor of the subsurface structure beneattearthquake scenarios are plotted in Fig. 4 (see Table S1 in

the cell (Tonouchi and Kaneko, 1984). The amplification fac-the Supplement for the predicted surface PGA). The models

tor (and the relevant accelerogram) for all subsurface modelslemonstrate the level of seismic hazard and ground shaking

(except model A4) has been determined using the SHAKEover the study area and identify regularities in the attenu-

software (Schnabel et al., 1972). The SHAKE method as-ation of intensities, describing the likelihood of damaging

sumes that the soil system extends infinitely in the horizontalearthquakes affecting the city area. High PGA is predicted in

direction and the responses in a soil deposit are caused biye southern coastal and northeastern parts of the city and in

the upward propagation of shear waves from the underlyingsome parts of the downtown. The PGA attains its maximum

rock formation. Non-linear site effects, such as an increasevalues for the local and extreme earthquake scenarios.

in damping and reduction in shear wave velocity with an in-

crease in input strength, are observed in the dynamic load- .

ing of soils (Idriss and Seed, 1968). SHAKE simulates at Vulnerability and exposure

noln-lmear dynamics of the.subsurfa.ce soil and sgd|ment§ b}f'he urbanization, intensive civil and industrial building, raise

gsmg ?]tressl-depefnﬁenthson propertlfs _anddreql_ﬂresh,_aks '“%% underground water level, and an instability of the Caspian

sr?grtmeo\cljillij is gntj zjme?r: W;\::et(;/reocf)zggh Ie;s’e'try(’:;n'qc rri]:ii%ea f[oor have recer_ltly resulted in an incre_ase of vulnerabil-
' ping y P gty of infrastructure, important communication systems, and

the subsurface models. For hard rock outcrops (model A4)C

the amplification factor within a layer has been determined ritical facilities of the Baku city. In this section we consider
. L a set of conditions resulting from economical, social, and en-
by the following formula (Midorikawa et al., 1992): g

vironmental factors, which increase the susceptibility of a
community living in Baku to the impact of regional earth-

10gFamp=1.11-0.42logVs, @) quakes. V\)//e dev%lop the cell—modelspdescribin% the probabil-

where Famp is the amplification factor, andfs (km s71) is ities of moderate damage exceeding, local ground conditions

the layer-average shear velocity calculated from the meafincluding areas affected by landslides), the density of popu-

suredP-wave velocity using the formulals = Vp /(4.34— lation, and exposure.

0.49Vp). Figure 2 presents the computed accelerograms for

three typical subsurface models, and Table 3 presents the
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Fig. 4. Computed surface peak ground acceleration for four model scenajoedr event (marked by 1 in Fig. 1j)(local event (marked
by 2); (c) far event (marked by 3), and) extreme event (marked by 4). Coastlines are marked by black curves here and in Figs. 5 and 7-9.

4.1 Probability of building damage exceeding XX and beginning of XXI centuries) could be considered as
the constructions with a poor seismic resistance, since the
national anti-seismic building code has not been finally iden-
tified. However, there is an increasing trend amongst state
authorities towards full implementation and consideration of

The vulnerability of the buildings to an earthquake is deter-
mined on the basis of the types of building constructions
(Garaveliyev, 2006). Table 4 presents the building classifi-*~""™" X X
cation based on the structure type and its specific characte€ISMIC resistance regulations. _

istics. Brick masonry buildings, large sheet wall construc-  1he ground shaking due to an earthquake is one of the
tions, multi-storey apartment blocks, frame-panel buildings,'mportam factors in potential damage to building structures.
and buildings constructed using non-standard code are modi© détermine the level of structural damage due to an earth-
common building constructions in Baku. We split the build- duake, we develop the fragility functions depending on the
ing structures into four types based on the quality of con-Surface peak ground acceleratioty{ and on building typol-
structions: high to poor quality. The type of building con- ©9Y and seismic code design. Due to a lack of quantitative
structions dominating in model cells is shown in Fig. 5. The data on the building damage in Baku as a function of the

detailed distribution of building types used in this study can'€vel of ground shaking, we use in this study the theoretical
be found in Table S1 of the Supplement. curves of fragility, which are consistent with those used in

HAZUS (2003). The fragility curves represent the probabil-

The buildi_ngs cons_tructed during the late Soviet period ity of exceeding of moderate building damage and are mod-
(mainly within the period of 1950-1988) are assumed to be lled as cubic*-splines (Ismail-Zadeh and Tackley, 2010):
highly resistant to earthquakes. The assumption is baseﬁor building type 1 ’

on the fact that during this period of time, buildings were
erected strictly according to the existing anti-seismic build- p _ 3

ing code. The degree of deterioration of the buildings con—lD 0.054;/0.218 ®)
structed during the period of the XVIII to middle XX cen- for type 2

turies is also considered. The buildings constructed after the

collapse of the Soviet Union (mainly during the end of the P :O.26As3/0.21a (6)
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Table 4. Building classification.

Building construction type Characteristics Fragility curve
(see Fig. 6)
Building constructed during Buildings of high earthquake resistance 1

the period of XIX —mid XX centuries| (Type 1: high quality)
Industrial buildings

Five-storey panel building Buildings of good earthquake resistance

Framed, frame-panel building (Type 2: good quality) 2
Five-storey apartment block

Outhouse

Modern masonry construction Buildings of moderate earthquake resistarce
Sheet wall construction (Type 3: good to poor quality) 3
Building constructed using Buildings of low earthquake resistance
non-standard seismic code (Type 4: poor quality) 4

o
™

49.78E 1 W2 13 4 W5 49.98E

o
o

Probability of damage exceeding
o o
N £

Caspian Sea

T rrrrrrrro T T T T >
10 12 14 16 18 20 22 24 26 28

Peak Ground Acceleration, gal

Fig. 5. Distribution of building constructions: high (type 1); good
(type 2); good to poor (type 3); and poor (type 4) quality. Construc-
tion free areas are marked by 5.

Fig. 6. Theoretical fragility curves for four types of building con-
structions. The curve indexmarks building type (i=1, 2, 3, 4).

narios), because the shaking period is shorter, and therefore,

fortype 3 damage is smaller for lower-magnitude earthquakes. Hence,
0.2A§/0.027, A; <0.3¢ we use fragility curve (Eg. 5) for building types 1 and 2 and
P=1{ 0.24+0.4(A; —0.3)/0.3+ (A, —0.3)2/0.27 @ curve (Eq. 6) for building types 3 and 4 in the case of the
—(A;—0.3)3/0.081, A, > 0.3g, local earthquake scenario.
Using the seismic hazard models (Fig. 4), the quality of
and for type 4 buildings (Fig. 5), and the fragility functions (Fig. 6), the
0.343/0.027,A; <0.3¢ probability of exceeding of moderate building damage for
P=1 0.3+ (A,—0.3)/0.6+ (A, —0.3)2/0.27 8) each cell of the modelled region is calculated (Fig. 7). The
—(A;—0.3)3/0.081 A, > 0.3¢. probability of the damage is determined for four earthquake

scenarios (see Table S1 in the Supplement for the probability
where 1¢=9.8ms. Figure 6 shows the fragility curves of the damage for each model cell). It is high in the western-
(Egs. 5-8). For low-magnitude local event the probability of central part of the town for all scenarios. The probability
moderate damage exceeding is low compared to the highef moderate damage exceeding reaches its highest values for
magnitude earthquakes (near-, far- and extreme-event scéhe extreme event scenario.
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Fig. 7. Probability of exceeding moderate damage of the building structures for earthquake sceapnear évent;lf) local event; €) far
event, andd) extreme event.

Table 5. Significant landslides in the south-western part of the city @hsd 4.5 earthquakes near Baku.

Event Date Description

Landslide 19.08.1929 Many houses and a tram line destructed

Earthquake 24.12.1929 M4.7, 35km from Baku

Earthquake 16.01.1951 M4.9, 40 km from Baku

Landslide 25.06.1951 Many residential and industrial houses collapsed

Landslide 20.11.1990 28 people dead

Earthquake 01.06.1992 M4.5 earthquake occurred in close vicinity (1-2 km) from the
area of landslides. No significant landslide was observed

Landslide 07.03.2000 23 houses destructed, 100 buildings strongly damaged, 40
moderately damaged, destructed gas station, shipyard, parts of
two principal streets. Total damage US$40M

Earthquake 25.11.2000 M6.3 Caspian earthquake

4.2 Local ground conditions of soil parameters (e.g. developed by the National Earth-
quake Hazards Reduction Prograhttp://earthquake.usgs.
Baku is located in the trough outlined by the outcrops of gpv/regional/nca/soiltyp)eand on the shaking amplification. .
Quaternary limestones representing a high risk to buildings~igure 8a demonstrates that the larger part of the study area is
and other constructions due to soil properties. Owing to thecOvered by stable soil types. Moderate ground conditions can
presence of north-western dislocations from the west and®® oPserved in the north-western and eastern parts of the city.
east, the trough represents a fan-shaped depression (Fig. Ellne least stable soil types are mainly spread in the shoreline
Shikhalibeyli, 1996). In the studied region we identify three @réa and cross the central part of the city.
principal types of soil based on the standard determination
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[ 2 W3 X4 ern parts of the city; and landslides of unjumbled materials
(as block slides) in the northern and eastern parts of the city.
Eight of the model cells cover the known landslide areas (the
cells are marked by in Fig. 8a). In the past significant land-
slides occurred in the south-western part of the city. We do
not find a strong temporal correlation between these land-
slides and the earthquakes occurred near Baku before or after
the landslides (Table 5). Some landslides took place before
significant earthquakes and other events after earthquakes.
This may suggest that prior an earthquake crustal deforma-

Caspian Sea N q tions and localised tectonic stresses influence a water balance
] in subsurface sediments and hence lead to liquefaction and
8 10 12 14 16 18 20 22 24 to friction reduction. A landslide can then be triggered by
the number of inhabitants per cell an earthquake or can occur before the earthquake if a critical

state for a slide is reached. We prescribe the value 0.9 (higher
probability of a land to slide) to the cells of our model, where
landslides took place in the past; whereas the cells with no
landslide occurrence in the past obtain the value 0.1. This
simple discrimination of the model cells on the basis of land-
slide occurrence can provide information on the risk due to
multi-hazard events.

T T T T T T N T N B

4.3 Population features

The Baku city is fully urbanized. According to the official
statistical data by January 2007 (State Statistical Committee
8 10 12 14 16 18 20 22 24 26 28 of Azerbaijan Republic, 2008), 1893 300 inhabitants lived
W 2 3 W4 in Baku with the population density of 889 inhabitants per
1kn? (the area of Baku is 2192 K and with an annual
population growth rate of 10.1%. We consider the population
density per each of nine administrative areas of Baku in this
study. Figure 8b illustrates the cell-model of distribution of
inhabitants in Baku (see Table S1 in the Supplement for the
distribution). The western and central parts of the city show
10 densely populated lowlands.

To determine the number of injured people (including fa-
talities) due to full or partial collapse of the building struc-
tures, statistical data on the number of people living or work-
ing in the buildings of different types and on the number

10 13 13 16 18 20 23 24 26 28 of people being indoor or outdoor at different times are re-

quired. Unfortunately, we could not collect these data for

Fig. 8. Cell models of vulnerability and exposure) Soil types. 1:  each model cell, and hence our estimations of people at earth-
the Quaternary sand, clay, intrusions of limestone, and sandy clayguake risk is based on the assumption that the people stay
the Upper Tertiary limestone and sandstone (minor amplificationindoors at their residential neighbourhood.
of shaking). 2: the Quaternary sand, gravel-pebble, and limestone
with clay intrusions (moderate amplification of shaking). 3: water- 4.4 Exposure
saturated sand, clay and rubble (significant amplification of shak-
ing). 4: landslide area.b] Distribution of urban population. cf Exposed value estimation provides information for disaster
Distribution of exposure. 1: low-value objects; 2: moderate-value mitigation authorities to develop and to apply strategies and
objects; 3: high-value objects; and 4: very-high-value objects.  practices to minimize disaster risks throughout a society and
to limit negative impact of seismic hazards. The values of ex-
posed objects are identified through the investigation of engi-

In the modelling we use also the information on landslides. e ering maps of Baku, which illustrate the infrastructure and
Both types of ground failures can be observed in the Bakucritical facilities of the city.

city: landslides with jumbled materials that start on steep
slopes (as soil slides and avalanches) in the western and east-

Caspian Sea

N A O
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In this study we assume that residential and state buildthe normalized earthquake risk. To normalize the function
ings, hospitals, schools, important communication systemsf;(x,y) (k =4,6), its values are divided by its maximum
are much more valuable (the weighted coefficient of exposedralue maxfi (x,y). The functionsx, are represented in the
yalue is prescribed to be 0.9) and hence more representati\ﬁ%nowi’r‘]’é form:
in terms of exposure assessment compared to parks, lakes
or other natural objects (the coefficient of exposed value is {(i* —i)?

2

prescribed to be 0.1). In the modelling we introduce four @p(i —i*,j—j*) =148,
weighted coefficients of exposed values, based on their func-

tioning, strategic applicability, and assignment to the nationakyhereg,, > 0 is the weighted coefficients. The effect of con-
cultural heritage (see Table 6; also Table S1 of the Suppleyg|ytion of the functions is more pronounced with decrease
ment for the weighted coefficients of exposure for each cell).q¢ B,. Atlarge 8, values, the only term to dominate in the
The cell-model for exposed value for the Baku region is pre-sym gq. (10) is the terny, 1G*, j*)g,(i*, j*) at G, j) =
sented in Fig. 8c. (i*, j*), and the resultants(i, j) will be close to the product

of the six functions at each cell.

kN2
LG 21)] 1)
n

x y

5 Earthquake risk estimation 52 Results

5.1 Method The convolution of the considered functions for the earth-

. ... (quake risk estimation is summarised in Fig. 9 for two values
The general methodology of earthquake risk estimation IS¢ arametep = 8, (p=1, 2, 3, 4, and 5). The dependence
based on the convolution of all three main components: seis- P =P P £ S : P

mic hazard, vulnerability and exposure. Vulnerability con- of earthquake risk function on the weighted paramgtés

L illustrated in Figs. S1-S4 of the Supplement. The results
risk valyue is assumed to be |c;roportional to thé regional érosécantly with vgrious earthquake sc_enarios. Risk fo_r all eart.h-
Domestic Product (GDP) per capita (Papadopoulus and Ar_guake scenarios depends essentially on the quality of build-

vanitides, 1996; Dunbar et al., 2003). The GDP of an indi-"9° (Fig. 5) and the probability of their damage (Fig. 7) and

. . . . . o on the distribution of urban population (Fig. 8b) and expo-
vidual cell is determined using the following relation: sure (Fig. 8¢), and to a lesser extent on the pattern of peak

population in cell ground acceleration (Fig. 4).
regional population ( The vyestern—central part of Baku is exposed to the high-
est risk independent on the distance of the earthquakes from
Table S1 of the Supplement presents the GDP values for eadffie city and/or the magnitude of modelled events. This re-
model cell. . . sult is not far from being realistic. For example, the cen-
To evaluate eart_hquake risk for the Baku city for four tra| part of Baku was mostly affected by the 1968 £ 6.5)
earthquake scenarios (far, near, local and extreme eventsjnd the 2000/ = 6.3) Caspian earthquakes resulting in the
we convolve six discrete functions determined at each cell ofindirect social and economic problems in these areas. The
the modelS (28 x 20 cells): the seismic hazard functigh,  high risk predicted for the central part of the city is associ-
which represents a surface PGA normalized with the sameyted with the highest density of population ranging between
normalization factor for all earthquake scenarios; landslides) 06 190-118 100 inhabitants (see also Fig. 8b). The parame-
occurrence (functiorfz); vulnerability in terms of the build-  ter GDP for the cells of this area varies in the range of AZM
ing structures damage (functigh), and the normalized pop- 262 844 - 465210 (AZM=Azeri Manat) on average. Along
ulation features (functiorfs); exposed value (functiorfs);  with the existence of buildings of high and good quality in
and normalized GDP per capita (functigi). The values of  this part of the city, there are constructions erected by using
the functions (dimensional values in the case of functiGns  a non-standard building code. The exposure of the infras-
fa, and fe) over each model cell are presented in Table S1 oftrycture and critical facilities in the central part of the city

GDP per cell = regional GDR

the Supplement. _ _ (e.g. residential buildings, hospitals, schools, commercial
~ In the model domairs we compute the discrete convolu- buildings, governmental and state buildings, nation-valued
tion as: objects, important communication systems) contributes to
ny o, the high earthquake risk values. The pattern of earthquake
g1, j) =Y o, i —i*, j = j*) fprai. ) risk follows the pattern of seismic hazard, but does not mimic
j=li=1 it because of other factors contributing to risk. For exam-
gp(*. ) p=1,...581=f1 (10)  Ple, the area in the western part of the city, where seismic

hazard is predicted to be moderate, falls into the area of
where (*, j*) is the mid-point of a model cell, =28, and  high risk because its high vulnerability and high values of
ny, =20. The resultant discrete functigg(i, j) represents exposure. Ground condition does not influence much the
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Table 6. Infrastructure exposure classification.

Name of the objects Characteristics Weighted coefficient
of exposed value

Park, lake, and other natural objects Low-value objects 0.1

Street, road, square, and their intersections Moderate-value objects 0.3

Culture-valued objects High-value objects 0.6

Residential objects, hospital, school, commercial, Very-high-value objects 0.9

governmental and state buildings, nation-valued
object, important communication system

overall results, since Quaternary terrigenous sediments armeasures (see Ismail-Zadeh and Takeuchi, 2007). The 2000
capable to absorb significantly the amplification of shak- M = 6.3 Caspian earthquake near Baku demonstrated that
ing. At the same time, Quaternary carbonate sediments andven a slight initial damage can lead to significant damage
water-saturated terrigenous sediments generate the signifand fatalities later (e.g. a partial damage of the wall due to
cant amplification of shaking resulting to higher vulnerability the earthquake in one of the buildings in the Baku centre re-
and contributing to higher earthquake risk. sulted in the building’s collapse and the human death in a few
The sensitivity analysis performed for several parametersveeks after the earthquake).
(e.g. quality of structures, exposed values, population fea- The method of DSHA used in this study does not take
tures) show that changes in values of these parameters ifinto account the occurrence frequency of the ground motion,
fluence insignificantly the resulting earthquake risk values.meanwhile the temporal characteristics of ground motion are
The compiled databases need to be refined, especially for thgn integral part of seismic hazard and must be considered
central part of Baku. Meanwhile the databases of several imin engineering design, particularly for seismic risk analysis.
portant parameters for earthquake risk estimation developegiecently Nunziara et al. (2010) argued that the use of the
in this study could simplify the procedure for re-evaluation of pne-dimensional SHAKE method could result in underesti-
earthquake risk, which strongly depends on time. The Bakumation of the ground shaking due to lateral variations in the
city undergoes further development of infrastructure, criti- subsurface sediments; namely, the SHAKE'’s results show the
cal facilities, growth of population and building construction, reduction in amplitudes of acceleration and the shift of res-
which will change the value of risk due to earthquakes. Nev-gnance frequencies towards lower frequencies compared to
ertheless, the results obtained in this StUdy can allow e|ab0the two-dimensional model for dynamic ground response.
rating strategic long-term plans for the earthquake risk miti- Effective seismic risk mitigation requires more compre-

gation in the Baku city. hensive methodologies to overcome limitations of probabilis-

tic and deterministic seismic hazard assessment. A realistic
estimate of the expected ground motion can be obtained us-
ing vast seismological, geophysical, and geodetic data and

In this paper we have developed earthquake risk models fotatistical techniques to analyse the data as well as physical
the Baku city based on the deterministic (scenario-basedinodels of earthquake preparation and rupture processes (e.g.,
seismic hazard models, building stock, distribution of pop- Kltgel et al., 2006; Panza et al., 2010).

ulation, ground conditions and landslide occurrence, expo- The site effects are usually associated with local subsur-
sure of the infrastructure, and gross domestic product peface conditions, which change the level of ground shaking
capita. The results of the study can assist in the asses$a comparison with standard attenuation relations. Mean-
ment of the effectiveness of mitigation measures in reducingvhile Molchan et al. (2010) showed that a local fault geom-
seismic risk. The developed models of earthquake risks iretry (rather than sub-surface geology) significantly influence
Baku show that preventive measures are still required to mitground shaking. Incorporation of the knowledge on the ge-
igate aftermaths of potential extreme seismic events (regionabmetry of regional fault systems into the analysis of seismic
earthquakes with magnitude 7 and larger). These measurdsazard can allow improving the results of hazard assessment.
should include (i) an urgent adoption of a decision on theThe methodology presented here can be improved also by
national building code; (ii) construction of earthquake resis-incorporating the probability distribution of the aggregated
tant building before the decision is taken, especially in therisk due to a strong earthquake (Kontorovich et al., 1973).
city center; (iii) increasing level of preparedness for disasterA probabilistic assessment of risk can include the uncertain-
events; (iv) raising awareness of population about possibldies of an earthquake epicentre occurring anywhere within
large earthquakes in the region; and some other preventivehe study region, different magnitude levels, ground motion

6 Discussion and conclusion
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Fig. 9. Earthquake risk models for four earthquake scenar@snéar event;lf) local event; €) far event, andd) extreme event. The left
and right panels present the model results for the weighted paraﬁmetﬂaf)lo andg = 103, respectively.

amplitudes at different sites, presence of different earthquakability and exposed values in the region, the model estima-
related hazards (in addition to landslides considered in thidions could provide enough information for decision makers.
work, liquefaction and fault rupture can be incorporated in The results might represent an interest for land-use planning
the model) and their magnitude, and variability of exposure. within an intensive infrastructure development of the Baku

Despite the developed models do not take into accoungity and for the insurance companies operating in the region.
some details related to seismic hazard assessment, vulner-
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