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Urban areas lying in the alluvial soil generally pose to threat of liquefaction even for moderate magnitude
earthquakes. Liquefaction is the measure of vulnerability of saturated sediment to compact during earthquake
shaking and thus generate pore water pressures sufficient to cause possible ground instability or failure. The
buildings which are constructed over the liquefiable soil are more vulnerable during seismic shaking for a
potential earthquake. The Chennai city of India is one of the most densely populated cities in the world, which
consist of densely constructed high rise buildings in many parts. The city is under moderate seismic zone as
classified by Bureau of Indian Standard where one can expected maximum magnitude of 6,9. The major part
of the city covered by the Recent Alluvial soil with shallow water table, which is more vulnerable during
earthquake shaking and quiet enough to trigger liquefaction. In this regard a study carried out to understand the
liquefaction susceptibility of soil in the city using geotechnical parameters. Also the study reveals spatially 60% of
the area is prone to liquefaction. Vladikavkaz city of Russia is also one of the most densely populated in the North
Caucasus. Despite on the absence of historical data on liquefaction on this territory, there are soil conditions in
new regions with a possible liquefaction behavior during strong earthquakes. Especially taking into account of
Vladikavkaz seismic fault potential of M,,.=7,1. In cooperation with Indian colleagues liquefaction susceptibility
assessment method was adopted and applied for Vladikavkaz city. Seismic refraction survey is wide used in
Russia rather than SPT and calculations were made on the basis size of shear velocity Vs. As a result 20% of
the territory of Vladikavkaz city is liquefiable. The present study can be an eye opening for urban planners and
decision makers and emergency responders for future developmental planning activity within the city.
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1.0 Introduction

The study of liquefaction of soil will be an important input to assess the seismic
hazards in built-up areas. Liquefaction is one the most important seismic hazards which
plays a major role in urban disasters. Since most of urban areas nowadays goes with
construction of tall buildings due to space constrain. Soil liquefaction has been a major
cause of damage to soil structures, lifeline facilities and building foundations in past
earthquakes and clearly poses a significant threat to the integrity of structures and fa-
cilities during future earthquake (ISSMGE 1999). Buildings in zones of liquefaction are
particularly vulnerable to differential ground movements, results from the heterogeneity
of stratigraphy and soil properties (Bird et al., 2005).
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Globally many researches carried out studies on liquefaction assessment based on
different methods [Youd and Hoose, 1977; Youd and Perkins, 1978; Iwasaki, 1982; Youd
and Perkins, 1987; Obermeier, 1989; Power et al., 1992; Wakamastu, 1992; Susumu
Yasuda, 2000; Bird and Bommer, 2004; Wakamatsu et al., 2006; El May et al., 2009;
Holzer, 2008; Vipin and Sitharam 2009; Ganapathy and Rajawat, 2012]. The Chennai
city, the capital of Tamil Nadu State in India is one of the highly densely populated city
in the world which consist of 90 percent built up areas. Many of the buildings in Chennai
are multistory, such the case safety of this city is extremely important for safeguarding
human lives and property.

Vladikavkaz city, the capital of the North Ossetia-Alania Republic of Russian Fed-
eration, is also one of the most densely populated in the North Caucasus. Almost all the
territory includes dense living and industrial building stock. Despite on the absence of
historical data on liquefaction on this territory, there are soil conditions in new regions
with a possible liquefaction behavior during strong earthquakes [Zaalishvili et al., 2016].
Especially taking into account of Vladikavkaz seismic fault potential of M,,,=7,1 [Zaali-
shvili, Rogozhin, 2011].

The shallow geological subsurface provides a physical environment that provides
people with the natural resources to extract (minerals, groundwater and ground source
heat for example) and with which to deposit wastes. It also provides a medium to support
the construction of engineered structures and the installation of below ground utilities and
underground developments. Very few researchers carried out liquefaction studies for the
Chennai city. Anbazhagan and Premalatha [2004] carried out liquefaction study using fac-
tor of safety based on SPT data of 15 locations. Ganapathy and Rajawat [2012] assessed
the liquefaction potential of Chennai based on integrating the lithologic and geomor-
phologic characteristics. They have classified the city in to three zones viz, liquefaction
likely, liquefaction possible, and liquefaction not likely. However the there is no detailed
study on liquefaction susceptibility work done so far for the city. The present study aims
to produce liquefaction susceptibility map in the built up areas of Chennai city, India.
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Fig. 1. Location map of the Study area over a) Seismic Hazard and b) Lithological distribution Map
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2.0 Study Area and its Baseline Information

2.1 Lithology

The Archaean crystalline rocks, Gondwana & Tertiary sediments and Recent allu-
vium are the three group of geological formations are found in Chennai. [CGWB Report,
1993]. The subsurface lithology of Chennai broadly grouped in to seven unit’s viz. Hard
rock, clay formation, clay over hard rock, clay — sand — shale formations, clayey sand
— sand — hard rock, clay-sand-hard rock, and sand over hard rock. The south western
part of the city is covered by hard rock of Charnockites. The outcrops exposed over few
meters in St. Thomas mount area near Guindy as residual hills (Figure 1).

2.2 Depth to water table and water level fluctuation

Liquefaction has been most abundant in areas where ground water lies within 10 m
of the ground surface; few instances of liquefaction have occurred in areas with ground
water deeper than 20 m. The depth to ground water level in the city varies from 2 to
8 m in the city. The long-term water level fluctuation for the period from 1998 to 2007
indicates rise in water level in the area at the rate of 0,003 00,93 m/year. The fall in
water level ranges between 0,037 and 0,798 m/year (CGWB, 2008).

For Vladikavkaz city the ground water level is about 80—-100 m, while there some
watered sites caused by clay permeability barriers. This is due to the fact that the territory
of the city is represented by terraces of the river Terek, formed by powerful pebbles (up
to 500 m), mostly with a sandy aggregate, which is transmitting water well.

2.3 Geomorphology

Chennai district forms part of coastal plains and major part of the having flat topogra-
phy with very gentle slope towards east. The land elevation varies from 10 m above MSL
in the west to sea level in the east. Fluvial, marine and erosional landforms are noticed
in the district. Marine transgression and regressions and neo-tectonic activity during the
recent past have influenced the morphology and resulted in various present landforms
[GSI, 2005 and CGWB, 2008].

Almost the entire territory Vladikavkaz city is also formed flat topography with
very gentle slope towards west (old part of the city, Butyrina street, etc.), with the excep-
tion of one site in the southern part of the city with an inclination angle of more than 15
degrees, extending along the river Terek. [Zaalishvili et al., 2011].

2.4 Seismic hazard assessment

The earthquake magnitude is an important parameter to trigger the liquefaction. The
Chennai city has been classified under Zone III (moderate seismic hazard — Magnitude
6,9) as per seismic hazard map of India published by Bureau of Indian Standard (BIS,
2001). Further the city broadly classified into three zones, as high, moderate and low in
terms of seismic hazard in an event of future earthquakes. The part of Chennai falls in
seismically moderate to high hazard prone areas [Ganapathy, 2011, Ganapathy and Rajar-
athnam, 2009]. The expected maximum Magnitude 6,9 is quite good enough to liquefy
the soils of Chennai.

Vladikavkaz seismic fault, directly located in the southern part of the city is charac-
terized by the high seismic potential of M,,,=7,1 [Zaalishvili, Rogozhin, 2011].

max
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3.0 Methodology

The zoning of soil liquefaction potential can be done in various methods like 1)
based on pre existing data from available published resources, ii) estimation of lique-
faction susceptibility based on existing data viz., Geological & geomorphological cri-
teria and Liquefaction Severity Index (LSI), in-situ liquefaction susceptibility based on
Standard Penetration Test and Cone Penetration Test [ISSMGE, 1999 and Bhandari,
2002]. In the present study a simple approach used to calculate the factor of safety in
term of liquefaction susceptibility by using geotechnical details from the Standard Pen-
etration Test (SPT) boreholes. The methodology used for the present study is given
in Figure 2.
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Fig. 2. Methodology used to produce liquefaction Susceptibility Map

4.0 Estimation of Liquefaction Susceptibility

To attain the liquefaction susceptibility map of Chennai geotechnical data were
collected from different authenticated source and used for the present study. Totally 45
boreholes collected and the parameters viz, grain size, effective stress, water table, soil
layers, depth were studies and the SPT ‘N’ value.

Various corrections were made to synthesize the SPT data (using eq.1) and the N av-
erage for 4 m depth is calculated. (N) 60 is the N value corrected for the field procedures
to an average energy ratio of 60 per cent.

(N) 60 = CER *CB *CS *CR *CN *N eq. 1

Where CER is Energy ratio correction, CB Borehole diameter correction, CS
Sampling method correction, CR  Rod length correction, N Measured SPT "N’ Value
blows / 30 cm, CN overburden stress correction factor. (N)6( value was used to find CRR
from energy ratio curve.
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Then the average (N)6( values are obtained for each borehole. The average N value
for 4m depth were plotted in GIS platform and given in Figure 3. CRR values are taken
from the standard graph as per the values of (N)60.

Legend
* Places
= afwonan . [:I City Boundary
SPT'N' Value
I 112274909 -2
[ 2000000001 -4
[ 4.000000001- 6
[ 6000000001 -8
[ & 000000001 - 10
I 10.00000001 - 12
I 1200000001 - 14

Estae)
Legend
*  Places
D City Boundary
Is_recfin
Liquefaction Susceptibility
[ susceptible to Liquefy
[: Liquefaction Likely
[ Liquefaction Uniikely

Fig. 3. Spatial Distribution of SPT ‘N’ Value. Fig. 4. Liquefaction Susceptibility map of Chennai City

Standard Penetration Test (SPT) is not commonly used in Russia. For Vladikavkaz
city factor of safety was calculated on the basis of shear wave velocity Vs. The use of
Vs as a field index of liquefaction resistance is justified because both V¢ and CRR are
similarly influenced by void ratio, effective confining stresses, stress history and geologic
age [Youd, Idriss, I. M., 1997]. One of the most advantages is that V4 measurements are
possible in soils that are difficult to penetrate with CPT and SPT, or to extract undisturbed
samples, such as gravelly soils.

CRR ratio were calculated by Andrus and Stokoe approach:

CRR =0.03(V,,/100)* +0.9/(V,,, —V,)—0.9/V,, eq. 2
Where Vg, is normalized Vg by Robertson et al. (1992):

Vo =Vs(P, /OJO)O'ZS

Ve

V. — critical value of Vg, which separates contractive and dilative behavior of gran-
ular soils at large strains.

For magnitude 7,5 earthquakes Andrus and Stokoe determined the following best-fit
values for Vg.:

V= 220 m/s for sands and gravels with fines contents less than 5%,

V.= 210 m/s for sands and gravels with fines contents of about 20%,
V.= 200 m/s for sands and gravels with fines contents greater than 35%.

The uniform cyclic shear stress amplitude for level (or gently sloping) sites can also
be estimated from a The simplified procedure [Seed and Idriss, 1971] used from eq 2.
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CSR= 0,65 (a,,,,/ &) Oy /Oy0 ) T eq. 3
where amax — peak ground horizontal acceleration at the surface generated by earth-
quake.
Oyo »Oyo — total and effective vertical stresses

ry = stress reduction coefficient, which is a function of depth and rigidity of soil
column
=1,0-0,00765z, for z<=9,15m
=1,174-0,0267z for 9,15 m <z <=23m
z = depth below ground surface in meters

For Chennai a,,, = 0,37g value was used. For Vladikavkaz a,,,=0,4g, which is cor-
responds to intensity of 9 in MSK 64 scale [Zaalishvili et al., 2018].

The Factor of safety is calculated using CSR, CRR and MSF values. The factor of
safety values ranging from 0,1 to 2,5 for the study area. The Factor of safety classified in
to three categories viz., 0 to <1, 1 to 1,5, and > 1,5 based on the Susceptibility to lique-
faction of the Soil. The values 0 to <1 means the soils are highly susceptible to liquefy,
1 to 1,5 means liquefaction may be likelihood chances and > 1,5 will be no chance
of liquefaction of soil for the magnitude 6,9 for 4 m depth. The factor of safety values
are used in Spatial analyst tool to prepare the Liquefaction susceptibility map for Chennai
city and presented in Figure 4.

Example of factor of safety calculation for one of the sites in Vladikavkaz city is
presented in figure 5 and result liquefaction susceptibility map of Vladikavkaz City in
figure 6. As a result 20% of the territory of Vladikavkaz city is liquefiable.
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Fig. 5 Example of the factor of safety calculation for HOL seismic station soil conditions,
Viadikavkaz city
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Fig. 6. Liquefaction Susceptibility map of Vladikavkaz City

5.0 Conclusions

Based on the analysis the areas are divided in to three zones of Liquefaction sus-
ceptibility viz., Susceptible to liquefy, Liquefaction Likely and Liquefaction unlikely
(Totally 45 SPT boreholes were selected to understand the subsurface soil characteristics
of the Chennai city). The present study is based in a hypothetical earthquake magnitude
of 6,9 (for moderate seismic Zone) and the scenario of liquefaction will be different
for the different magnitude earthquakes. Also the present study purely based on available
data collected from different sources and it is only spatially covered the area, however the
liquefaction Susceptible map will be change if more number of data used with minor
geological information’s. The present study can be used as first hand information for plan-
ning new settlements, lifeline structure for future development within the city. Also its
need the tall buildings within the Liquefaction Susceptible areas are should have detailed
site specific study for safety of the buildings.
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[aBJieHe NopoBOoi BOAbI, JOCTATOYHOE [J11 BOSMOXXHON HECTAOUIIbHOCTYM FPYHTA UMK ero paspyLueHus. 3aanus,
MOCTPOEHHbIE HA NOJOOHBIX PAXKIKAEMbIX FPYHTAX, BECbMA YA3BUMbI NPY KONe6aHUsX, 00YCOBMIEHHbIX 3eMIie-
TpsiceHunem. fopog HYenHau B VIHAUM ABNSETCA OQHUM U3 CaMbIX rYCTOHACESIEHHbIX FOPOJ0B B MUPE. 3aCTPONKa,
Ha ero 60MbLUei YacTh, COCTOMT U3 TECHO PaCMofiOKEHHbIX BbICOTHbIX 3[aHWiA. [0pO4 HAX0AUTCS B Mnpefenax
YMEPEHHOW CeNCMMYeCcKOoil 30HbI 1 Mo Knaccudukauum bropo NHANIACKOro cTaHaapTa 34eck MOXHO 0XuAaTh
MaKCUMarnbHY0 BESIMYUHY 3eMNIETPACEHUS C MarHuTyaon 6,9. bonbluas 4acTb ropoaa, NoKpbITas MONOAbIMU an-
NOBUANBHBIMW FPYHTaMU C HErny6oKUM YPOBHEM FPYHTOBbIX BOJ, BECbMA YA3BMMas NPY 3eMSIETPACEHUN, HUKAK
He BbIeNAETCA N0 BHELUHUM NpU3HaKkam. B cBA3N C 3TUM [N OLEHKM NOABEPXKEHHOCTU FPYHTOB Pa3XKMKEHMIO,
B rOpozie NpOoBeLieHbl UCCIIe0BAHNS HA OCHOBE U3Y4YeHUs Fre0TeXHUYECKMX NapamMeTpoB. Pe3ynbTaThl UCCeA0Ba-
HUS NOKa3bIBAIOT, 4TO 6osee 60% TeppuTOPUK rOPOLCKON NioLiaan HYeHHam NoJBEPXKEHO pasXIKeHuto. fopoa
Bnagnkaskas B Poccun — 0AMH U3 Hanbonee NNOTHO HaceneHHbIX ropofoB Ha CesepHom KaBkase. HecmoTps
Ha OTCYTCTBUE UCTOPUYECKUX AAHHBIX MO PASMKUKEHWIO TPYHTOB HA 3TOW TEPPUTOPUM, OTHOCUTENIBHO HEZABHO
yp6aHu3npoBaHHOI (No KpaitHeit mepe, B 1810 r.), 34€Cb NPUCYTCTBYHOT FPYHTHI C BO3MOXHbLIM NMPOSBIIEHUEM
ABNIEHNA PASKUKEHNUA NPU CUMBHBIX 3eMNIETPACEHUsX. [Tpn 3TOM HE06X0AMMO Y4UTbIBATh, YTO HENOCPEACTBEH-
HO B HXKHOIA YacTy ropojia pacnosnoxeH Bnagamkaskasckuii pasiom ¢ 0XXK1AaemMbiM CEACMUYECKUM NOTEHLMANOM
M;a=7,1. B COTpYyAHNYECTBE C NHAMNCKUMI KOSINIEraMu METOZ OLEHKM NMOABEPXXEHHOCTU FPYHTOB PA3XKMXKEHNIO
6bl1 aanTUPOBaH U NPUMEHEH Ans Tepputopun r. Bnagnkaeskasa. B o e Bpems B 0Tnn4Me OT MeT0Aa NeHe-
Tpaumn (SPT), npu nccnegosaHusx rpyHToB Bnaamkaskasa 1cnosib3osancs 60see TpaguumnoHHbIN Ans Poccum
MOAXOA, U pacyeThbl ObINN clienaHbl HA OCHOBE Y4eTa BENUYUHbI CKOPOCTEN NONepeyHbIX BOSIH B rpyHTax. B pe-
3ynbTate pacyeToB ObIN0 YCTAHOBMEHO, 4TO No4TK 20% TeppuTopun ropoaa Bnaamkaskasa CroXKeHo rpyHTamm,
MOABEPXKEHHbIX PAKIKEHUIO.

HacTosLLee nccnefoBaHne MOXeT 3aCTaBUTb PaLOCTPOUTENbHbIE CNYXObI U UL, NPUHUMAIOLLMX PeLle-
HUS, @ TaKXXe aBapuiiHO-cnacaresnbHble CnyX6bl B UX OyAyLLen fedTeNbHOCTU N0 NNaHUPOBaHWNI0 PasBUTUA rO-
POACKNX TepPUTOPUIA yOenaTb 60/bLLEee BHUMAHNE NOLBEPXKEHHOCTN IPYHTOB PA3MIUKEHNIO.

KnioyeBble CNOBa: pasxiuxeHue, yp6aHU3npoBaHHbIe TeppuTopum, YeHHau, Bnaamnkaskas, noaBepeH-
HOCTb.





