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Abstract. Mumbai city is the financial capital of India and is thickness of the soil deposit, relative density, grain size distri-
fifth most densely populated city in the world. Seismic soil bution, fines content, plasticity of fines, degree of saturation,
liquefaction is evaluated for Mumbai city in terms of the fac- confining pressure, permeability characteristics of soil layer,
tors of safety against liquefaction (FS) along the depths ofposition and fluctuations of the groundwater table, reduction
soil profiles for different earthquakes with 2 % probability of of effective stress, and shear modulus degradation (Youd and
exceedance in 50yr using standard penetration test (SPTRerkins, 1978; Kramer, 1996; Tuttle et al., 1999; Youd et al.,
based simplified empirical procedure. This liquefaction po-2001). Liquefaction-induced ground failure is influenced by
tential is evaluated at 142 representative sites in the city usinghe thickness of non-liquefied and liquefied soil layers (Ishi-
the borehole records from standard penetration tests. Liquehara, 1985). Measures to mitigate the damages caused by
faction potential index (LPI) is evaluated at each boreholeliquefaction require accurate evaluation of liquefaction po-
location from the obtained factors of safety (FS) to predicttential of soils.

the potential of liguefaction to cause damage at the surface The potential for liquefaction to occur at certain depth at a
level at the site of interest. Spatial distribution of soil lique- site is quantified in terms of the factors of safety against lig-
faction potential is presented in the form of contour maps ofuefaction (FS). Seed and Idriss (1971) proposed a simplified
LPI values. As the majority of the sites in the city are of re- procedure to evaluate the liquefaction resistance of soils in
claimed land, the vulnerability of liquefaction is observed to terms of factors of safety (FS) by taking the ratio of capacity
be very high at many places. of a soil element to resist liquefaction to the seismic demand
imposed on it. Capacity to resist liquefaction is computed
as the cyclic resistance ratio (CRR), and seismic demand is
computed as the cyclic stress ratio (CSR). FS of a soil layer
can be calculated with the help of several in-situ tests such as

standard penetration test (SPT), conic penetration test (CPT),

Liguefactions and a}ssociated ground failgres have bee%ecker penetration test (BPT) and shear wave velodity (
widely observed during numerous devastating earthquakeﬁest (Youd et al., 2001). SPT-based simplified empirical pro-

L|c_|uef_act|0n toccm;}rs g?rr:eral_ly dute t?f. rgpu: t_load;ng dqlur!ng cedure is widely used for evaluating liquefaction resistance
SEISmIC events where there IS not sullicient ime for dissipa-,¢ 5415 Factors of safety (FS) along the depth of soil profile
tion of excess pore-water pressures through natural drainag

. ; L Gre generally evaluated using the surface level peak ground
Rapid loading situation increases pore-water pressures '€ cceleration (PGA), earthquake magnitudé,(, and SPT
sulting in cyclic softening in fine-grained materials. The in- ' '

d t t f | eri ata, namely SPT blow countsV{, overburden pressure
creased pore water pressure transforms granular materiafs ) ‘rnes content (FC), clay content, liquid limits and grain
from a solid to a liquefied state. Shear strength and stiff-

) . . ) size distribution (Seed and Idriss, 1971; Seed et al., 1985;
ness of the soil deposit are reduced due to increase in POr&s.1d et al 2001). A soil layer with FS1 is generally

water pressure. Liquefaction is .ol:')served 'in loose, Saturate%lassified as liquefiable and with BS1 is classified as non-
and clean to silty sands. The soil liquefaction depends on th‘ﬁquefiable (Seed and Idriss, 1971). A layer may liquefy dur-
magnitude of earthquake, intensity and duration of grounding an earthquake, even fo’r ESL.0. A factor of safety of

motion, the d|_s_tance from the source qf the earthquak_e, SIt®1 5 ata particular depth is considered as the threshold value
specific conditions, ground acceleration, type of soil and

1 Introduction
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for the layer to be categorized as non-liquefiable (Sonmezyolcanic bedrock, separated by marshy tidal flats and creeks,
2003). Seed and Idriss (1982) considered the soil layer withvere merged together by reclaiming land from the Arabian
FS value between 1.25 and 1.5 as non-liquefiable. Soil lay-Sea over a period of two centuries to form the present city.
ers with FS greater than 1.2 and FS between 1.0 and 1.2 arEhe city is separated from the mainland by the estuary in
defined as non-liquefiable and marginally liquefiable layersthe Vasai Creek in the north, Ulhas River in the northeast,
respectively (Ulusay and Kuru, 2004). Although FS showsThane Creek and the Harbour Bay in the east, and Arabian
the liquefaction potential of a soil layer at a particular depth Sea to the south and to the west. The northeastern coast
in the subsurface, it does not show the degree of liguefacof the city along the Thane Creek in the east and Manori
tion severity at a liquefaction-prone site. lwasaki et al. (1978)Creek in the west is covered with mangrove swamps and
proposed liquefaction potential index (LPI) to overcome this marshy tidal mudflats. There are several water bodies within
limitation of FS. Liquefaction potential index (LPI) provides the city range. Three major lakes within the city limits are
an integration of liquefaction potential over the depth of a Powai Lake, Vihar Lake and Tulsi Lake. Sanjay Gandhi Na-
soil profile and predicts the performance of the whole soiltional Park, within the city range, extends over an area of
column as opposed to a single soil layer at particular depttl03.09 knf. The average elevation of the city is 14 ma.m.s.l.
and depends on the magnitude of the peak horizontal grounany places in the city lie below or just above the sea level.
acceleration (Luna and Frost, 1998). LPI combines depthThere are many ridges within the city range. Northern part
thickness, and factor of safety against liquefaction (FS) ofof the city is hilly. The elevations of the ridges in the city
soil layers and predicts the potential of liquefaction to causegenerally vary from 90m to 110 ma.m.s.l. and the high-
damage at the surface level at the site of interest. lwasakest elevation is 450 m. A series of N-S trending low eleva-
et al. (1982) identified that liquefaction effects are moder-tion hills and some tidal flats separate Trombay Island from
ate for 5< LPI <15 and major for LPt 15. Toprak and the city. The shoreline belt comprises sandy beach, cliffs,
Holzer (2003) reported that sand boils occur for EF3 and  stream deltas, creek outlets and swamps. The landform and
lateral spreads occur for LBI12. Juang et al. (2005) stud- the width of the belt vary depending on the type of rocks and
ied the effects of liquefaction on the damage of ground sur-sediments. Basalt outcrops at a few places appear as narrow
face near foundations. LPI shows a clear picture of lique-ridges.
faction severity during seismic events, and &P is gen- The city is occupied by horizontally lying Deccan black
erally considered as a threshold for the surface manifestabasalt flows of cretaceous—eocene age and the associated py-
tion of liquefaction (lwasaki et al., 1982; Toprak and Holzer, roclastics and the plutonic rocks of cretaceous—palaeogene
2003; Holzer et al., 2006). Sonmez (2003) categorized theage (Sethna, 1981). Outcrops of Deccan Traps at a few
sites with LPI=0 as not likely to liquefy and categorized places reveal that the geology of the area mainly includes
the sites with O<LPI <2, 2<LPl <5, 5<LPl <15, and products of silicic volcanism and basalt subaqueous volcan-
LPI> 15 as having low, moderate, high, and severe lique-ism. Pyroclastic deposits are seen in the northern part of the
faction susceptibility, respectivelince (2011) prepared lig- city (Sethna and Battiwala, 1980). Rhyolites and quartz tra-
uefaction susceptibility microzonation map based on LPI forchytes occur in the western ridges. Stratified ash beds up
the earthquakes with probability of exceedance of 10% into a thickness of about 45m are observed at the western
50yr. Dixit et al. (2012) computed FS values for Mumbai ridges, and these ash beds are underlain by hard andesitic
city for the earthquakes with return period of 475- and 2475-lava flows. The rock stratigraphic sequence in the region is
yr. In this article, an attempt has been made to determine théaterite, trap dykes, volcanic agglomerate and breccia, basalt
liquefaction potential index (LPI) from the factors of safety flows and stratified fossiliferous beds (Sethna, 1999). The ar-
(FS) along the depth at each representative borehole at Murreas at higher elevation are underlain by amygdaloidal basalt,
bai city based on the method proposed by Youd et al. (2001)tuffs and trachytes (Shah and Parthasarathy, 1982). Basalts
interbedded with tuffs are predominant on the mainland, and
basalt along with breccia and tuff are predominant in the west
2 The study area coast of the city. The low lying areas are underlain by weak
volcanic rocks that weather rapidly.
Mumbai is the financial capital of India and is fifth most
densely populated city in the world. This is a peninsular city 2.2 Seismotectonic setting and seismicity
situated about midway on the western coast of stable conti-

nental region of Peninsular India. Mumbeai lies in the seismically active Panvel zone (Chandra,
1977). The length of N-S trending Panvel flexure is about
2.1 Geomorphologic and geologic setting 150km. There are major fault lines that lie under Thane,

Panvel and Dharamtar Creeks (Subrahmanyan, 2001). Some
The city lies in the latitudes of 283 Nto 1919 Nand lon-  minor fault lines also lie under Powai Lake, Vihar Lake,
gitudes of 7245 E to 7306 E. The total area of the city in- Tulsi Lake, Ulhas River, Malad and Manori Creeks, and
cluding its suburbs is 603.4 KmSeven islands consisting of near the eastern suburbs. The city has experienced several
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earthquakes, such as 1967 Koyna earthquake, 1993 Lati 7= w8  mese e #we | #soe | 7sse  73se
earthquake, 1999 Jabalpur earthquake and 2001 Bhuj eartl ., | fCres de e
guake. The intensities ranging between VI and VII were ob-

served in the city during 2001 Bhuj earthquake (Hough et al. ,,...| <,WN
2002). As per IS 1893-part 1 (2002), the city comes undet

seismic zone lll of moderate seismic risk. — o -
Raghukanth and lyengar (2006) identified the presence o . . ol o e
23 major faults that are very likely to influence seismic haz- .,| jf“:; L ake -
ard in Mumbai city, and they estimated seismic hazard for the * o Py, * i,
. . . ntheri F kg
city in the form of uniform hazard response spectra (UHRS) ;4| E, * Jisen

& *
¥ *% Kl Airport
e K

of 475-yr and 2475-yr return period based on probabilistic
seismic hazard analysis (PSHA). Mohan et al. (2007) re- gl ,
ported the occurrence of 41 small earthquakes around Mum ¥ *; - vt Munbai
bai during 1998—-2005. Martin and Szeliga (2010) estimatec ol ’
the probable return period for V, VI, and VIl intensity for the
city as 42, 78, and 145yr, respectively. Mhaske and Choud s
hury (2010) studied soil liquefaction for Mumbai city and
identified few liquefiable sites in the city for earthquakes w=m|
of magnitudesM,, = 5.0-7.5. Dixit et al. (2011) estimated ez e e et er e mw e
the spatial distribution of surface level free-field ground mo- _ o _ _
tion in Mumbai city due to multiple suites of input earth- Flg._l.Map ngumb_al city showing the borehole locations selected
4 . for liquefaction studies.
quake ground motions scaled to match uniform hazard re-
sponse spectrum (UHRS) with 10 % and 2 % probability of
exceedance in 50yr. Raghukanth (2011) estimated the seis-
mic activity rate {), b-value and maximum expected magni- locations in the city to evaluate the liquefaction potential in-
tude (Mmay for the 300-km control region surrounding the dex (LPI). The borehole locations considered in the present

* — 193N

— 190N

—18%7N

— 18%54N

city as 0.32+:0.06, 0.82+0.07, and 6.8, respectively. study are marked as asterisks (*) in Fig. 1. The depths of
boreholes are in the range of 7.0-30m. The SPT blow counts
2.3 Geotechnical site characteristics at some places are in the order of 2-10 indicating soft de-

posits of clay, whereas at many of the places it is up to 40

The city is predominantly covered with alluvium (GSI, showing dense silty sand.
2001). Many regions of the city are systematically filled with ~ Site conditions can be characterized into different cate-
reclaimed soil. Tidal flats, estuaries and swamps are undeigories according to the mean shear wave velocity of the
lain by clay-rich sediments. Sandy beaches consist of claypper 30m Vs3o) as per the provisions in National Earth-
mixed with shells. Bedrock level in the city is generally shal- quake Hazards Reduction Program (NEHRP, 2009). The
low (<10 m), and the thickness of the soil cover is 20-30 minsite classification system suggests that 9 sites correspond
tidal creeks and swamps. Low lying coastal plains of widthto E-type (/3o < 180ms™), 94 sites correspond to D-
5-10km lie between the sea and the low elevation ridgestype (180 ms! < V530 < 360 ms™*), and 39 to C-type sites
Soil cover in most hills ranges from 1-5m. The soil strati- (360m s < Vs 30 < 760mst). The majority of the sites
graphic sequence at many places in the city is alluvium,are of D- and C-types. The spatial distribution of mean shear
sand, recent conglomerate, weathered residual soil, weatiwave velocity {s) at Mumbai city is presented in the form of
ered rock and hard bedrock. The plains to the western par@ contour map in Fig. 2. Another approach of site classifica-
of the city represent saline marine mud, limestone, calcaretion uses characteristic site period parameter. Characteristic
ous sandstones, etc. The soil cover in the suburbs is mostlgite period {s) at a site is the period of vibration correspond-
loamy and alluvial. Soils in the coastal plain are brown anding to the fundamental lowest natural frequency. This param-
have a sandy texture. eter takes into account the effects of stiffness and density of

Most of the input parameters such as groundwater depthsoil, thickness of soil layers and the depth of the soil col-
SPTN values, dry density, wet density, specific gravity, and umn. It can either be measured directly or can be computed
fines content (FC), required for the liquefaction potential as four times the travel time of the shear wave through the
analyses of the soil profiles at different soil sites in the city, Soil profile above bedrock. For soil sites with multiple hori-
are obtained from the SPT borehole data obtained from difzontal layers, it can be computed from available geotechnical
ferent sources. Most of the SPT boreholes are densely cluglata at different sites using Eq. (1) (Kramer, 1996):
tered in the constructed areas. A representative site is chosen
from the cluster of adjacent boreholes. The borehole records 4H;
from SPT tests are collected for 142 representative boreholds = Vs @)
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Fig. 2. Contour map of spatial distribution of mean shear wave ve- Fig. 3. Contour map of spatial distribution of site periods for Mum-
locity for Mumbai city. bai city.

whereH; is the thickness of-th layer andVy; is the average 3 Assessment of liquefaction potential index
shear wave velocity afth layer.

The spatial distribution of site periody) at Mumbai city The liquefaction potential index (LPI) quantifies the sever-

is presented in the form of a contour map in FigT3values ij[y of qu_uefaqtion an_d predicts surface_ manifesta’_tions of
also give knowledge about characteristics of different sitediduéfaction, liquefaction damage or failure potential of a
that influence the site response during seismic events. liquefaction-prone area (Luna and Frost, 1998). LPI is com-
In this study, seismic soil liquefaction is evaluated in terms PUted by taking integration of one minus the liquefaction fac-
LPI using SPT- based simplified empirical procedure. An tors of safety along the entire depth of soil column limited
earthquake triggered at one hypocenter is of one momeriC the depths ranging from 0 to 20m below the ground sur-
magnitude, but it produces ground motions of different PGAfa_C€ at a specific location. The Iev_el of liquefaction severity
values at different sites depending on source characteristic&/th réspect to LPI as per lwasaki et al. (1982), Luna and
epicentral distances, effects of travel path on the seismid 70st (1998), and MERM (2003) is given in Table 1. The fac-
waves, and local site conditions. Many moderate earthquake®'s Of safety against liquefaction (FS) and the corresponding
generate ground motions of larger PGA values than those ofduéfaction potential index (LP1) are determined by compar-
major earthquakes. Ground motion varies significantly overid the seismic demand expressed in terms of cyclic stress
very short distances due to variation in soil type and the'alio (CSR) to the capacity of liquefaction resistance of the
thickness of soil deposit (Boatwright et al., 1991). Variations SCIl €xpressed in terms of cyclic resistance ratio (CRR).
in PGA of surface I.evel grqund motions dge to small dif- 3.1 Determination of cyclic stress ratio
ferences in local soil conditions and geological features be-
tween nearby sites can be high in the city, and therefore ongycjic stress ratio (CSR) characterizes the seismic demand
PGA value can correspond to earthquakes of different magnitnqyuced by a given earthquake, and it can be determined
tudes. Therefore, this study attempts to perform liquefactiont,om peak ground surface acceleration that depends upon
potential analyses for earthquakes of magnitutis=6.0,  sjte-specific ground motions. The expression for CSR in-
My =86.5 andM,,=7.0 with peak horizontal ground surface qyced by earthquake ground motions formulated by Idriss
accelerationdmax) 0f 0.3¢. This amax level corresponds o 54 Boulanger (2006) is as follows:
earthquakes of different magnitudes with 2 % probability of
exceedance in 50 yr.at D-type site; (Rag_hukanth and lyengaggr— 0.65ama><‘7_\:,d 1 i )
2006). The use of this value of,ax is considered reasonable g oy, MSFK,
for the earthquakes with 2475 yr of return period, as the may g is 4 weighing factor to calculate the equivalent uniform

jority of the sites in the city belong to D-type category. stress cycles required to generate same pore water pressure
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Table 1. The level of liquefaction severity.

LPI Iwasaki et al. (1982) Luna and Frost (1998) MERM (2003)
LPI=0 Very low Little to none None
O0<LPI<5 Low Minor Low

5<LPI<15 High Moderate Medium
15<LPI Very high Major High

during an earthquakeinax is the peak horizontal ground ac- Table 2.Rod length correction with respect the depth.
celeration;g is acceleration of gravityyy ando,, are total

vertical overburden stress and effective vertical overburden Depth, Correction for
stress, respectively, at a given depth below the ground sur- d rod length,
face; rg is depth-dependent stress reduction factor; MSF is Cr
the magnitude scaling factor, ai; is the overburden cor- d<3m 0.75
rection factor. d=73-4m 0.8
This stress reduction factorg) accounts for the dy- d=4-6m 0.85
namic response of the soil column and represents the d=6-10m 0.95
variation of shear stress amplitude with depth. Idriss and d=10-30m 1.0

Boulanger (2006) formulated following expressions to cal-
culate the stress reduction facteg)(

o the type of sampler by introducing a series of correction fac-
ra = expla(2) +  (2) Mu] 3) tors. Nggis the corrected Nm value for 60 % energy ratio with
o(z) =-1.012— 1.1265in(%73 +5.133) 4) an assumption that 60 % of the energy is transferred from
P the falling hammer to the SPT sampler. The correctéddo
B(z) =0.106+0.118 sin( 11'28 +5. 142) (5)  values are calculated as
wherez is the depth (in m) and4,, is moment magnitude. (N1)go = NmCNnCeCBCRCs 9)

The arguments inside the sine terms in Egs. (4) and (5) are

in radians. The above expression fgiis valid up to a depth  whereCy is a factor to normalizeVy, to a common refer-

of z <34 m, and the depths of boreholes considered in theence effective overburden stre€%: is correction for ham-

present analysis are less than 34 m. mer energy ratio (ER)Cg is correction factor for borehole
The values of CSR that pertain to the equivalent uniformdiameter;Cr is correction factor for rod length; an@s is

shear stress induced by an earthquake of magniidgeare  correction for samplers with or without liners. The value of

adjusted to an equivalent CSR for an earthquake of magni€y is calculated as per Eq. (10) and is limited to a maxi-

tudeM,, =7.5 through introduction of magnitude scaling fac- mum value of 1.7Cs, Cg, and Cg are assumed to be 1.1,

tor (MSF). MSF accounts for the duration effect of ground 1.0, and 0.6, respectively. Rod length correction with respect

motions. MSF forM,, < 7.5 is expressed as follows: the depth CRr) at each borehole location is corrected as per
M Table 2, suggested by Youd et al. (2001).
MSF=6.9 exp(TW) —0.058<1.38. (6) The overburden correctionCf) factor to normalize

(N1)eo to a common reference effective overburden stress is
Since the liquefaction resistance increases with increasing w
cqnfining stress, the overburden correctiqn fackyXis ap- COn= <P_?> <17 (10)
plied such that the values of CSR are adjusted to an equiva- oy
lent overburden pressusg of 1 atmosphere.

where
oy
Ks=1-CsIn|{ — 1
o Coln ( pa) <10 (M 4 —0.784 - 0.0768/(N1)eo. (11)
where It can be observed from Egs. (10) and (11) thét)6o and
1 Cn are interdependent. A series of iterations are carried out

Co

(8)

to determine §1)s0 andCy until the difference between suc-

= <0.3
18.9—2.5507/(N1)go — rermine A _
pa is the atmospheric pressure {00 kPa). The measured cessive iteration values is less than 0.001.

SPTN values (Vi) are corrected for overburden stress, en-
ergy ratio, diameter of boreholes, length of sampling rod and

www.nat-hazards-earth-syst-sci.net/12/2759/2012/ Nat. Hazards Earth Syst. Sci., 12, 275%8 2012
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Fig. 5. Factors of safety against liquefaction (FS) for the city for
Fig. 4. Soil profile, correctedV values, fine content, FS values earthquakes of 2475-yr return period.
against liquefaction along the depth at a typical site (the site is

shown as encircled * in Fig. 1). L . . .
3.4 Determination of liquefaction potential index

Liquefaction potential index (LPI) is a single-valued param-
eter to evaluate regional liquefaction potential. LPI at a site
Determination of cyclic resistance ratio (CRR) requires finesiS computed by integrating the factors of safety (FS) along
content (FC) of the soil to correct updated SPT blow countthe soil column up to 20m depth. A weighting function is
(N1)e0 to an equivalent clean sand standard penetration resis3dded to give more weight to the layers closer to the ground
tance value§1)eocs Idriss and Boulanger (2006) determined Surface. The liquefaction potential index (LPI) proposed by
CRR value for cohesionless soil with any fines content using'Wasaki et al. (1978, 1982) is expressed as follows:

3.2 Determination of cyclic resistance ratio

the following expression: 20
LPI = / F(2).w(z)dz (16)
CRR= exp (Nl)60C5+ (N1)s0cs 2_ 4
141 126 . o .
s 4 wherez is depth of the midpoint of the soil layer (0 to 20 m)
(N1socs (NDeocs) o8 (12) and « is differential increment of depth. The weighting fac-
236 254 ' tor, w(z), and the severity factof (z), are calculated as per
the following expressions:
(NDeges = (N1)go+ A (N)go (13) 9exp
F(z) =1—-FSforFS< 1.0 a7
whereA(N1)go is the correction for fines content in percent F(z) =0 for FS> 1.0 (18)
FC) present in the soil and is expressed as -
(FOp P w(z) =10—0.5zforz <20m (29)
9.7 157 \? w(z)=0forz>20m 20
A (N1)gg=exp| 1.63+ — < ) (14) (20)
FC+01 \FC+01 For the soil profiles with the depth less than 20m, LPI is

calculated using the following expression (Luna and Frost
1998):

3.3 Determination of factor of safety n
LPI =" "w; F;H, (21)

The factor of safety against liquefaction (FS) is commonly =

used to quantify liquefaction potential. The factor of safety ...

against liquefaction (FS) can be defined by

_ (CRR) =75
(CSRy,=75,0'v=1

F,=1-FSforFS <1.0 (22)
MSF. (15) Fi=0forF§>10 (23)
whereH; is thickness of the discretized soil layetds num-
Both CSR and CRR vary with depth, and therefore theber of layers;F; is liquefaction severity foi-th layer; F$ is

liquefaction potential is evaluated at corresponding depthghe factor of safety foi-th layer;w; is the weighting factor
within the soil profile. (=10-0.5;); andz; is the depth of-th layer (m).

FS
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Fig. 8. Contour map of liquefaction potential index (LPI) for earth-
quake of magnitud@/,, = 7.0 of 2475-yr return period.

silt, and very stiff clayey silt. The typical computation of fac-
tors of safety against liquefaction for earthquakes of differ-
ent magnitudes is carried out at this chosen borehole using
Egs. (2) through (15). Earthquake magnitudesang level

used in the present study are as per the recommendations of
Raghukanth and lyengar (2006). Factors of safety (FS) at dif-
ferent depths of the soil profiles are computed for the earth-
gquakes of magnitud#f,, =6.0, M,, = 6.5, andM,, =7.0 with

amax value of 0.3%. Figure 4 shows the soil profile, corrected

N values, fines content, and FS values against liquefaction
along the depth. LPI at this particular site is calculated from
FS values based on the expressions by Luna and Frost (1998).
LPI values are computed at the typical site for magnitudes of
My=6.0, M,=6.5, andMy=7.0, with anax0.3¢, and the
results are presented in Tables 3 through 5. LPI values at this
site show different levels of liquefaction severity depending
on magnitudes of earthquake.

4 Results and conclusions

Considering the high importance of Mumbai city, this study
attempts to evaluate the factors of safety against lique-
faction (FS) and corresponding liquefaction potential in-
dices (LPI) for the worst seismic scenario for the city us-
ing SPT-based semiempirical procedure. The FS values for
the city are shown as box plots in Fig. 5. This figure graph-

A typical site has been chosen near Mahim as shown througically depicts all fundamental sets of descriptive statistics in
encircled * in Fig. 1. The details of subsurface soil condition a convenient way. These box plots present first quartile (25th
and SPTN profile are shown in Fig. 4. The soil deposit at this percentile), medians, third quartile (75th percentile), mean,
site comprises layers of fill, clayey sand, soft clay, stiff clayey mean incremented by 1 standard deviation (SD), outliers,
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Table 3. Computation of LPI for PGA 0.3 corresponding ta4y, = 6.0.

Depth  UnitWt. ry MSF FC (V)goes CSR CRR FS z H wk F wk).F.H

(m)  (kNm~3) (%) (m) (m)

15 15 099 148 32 10.7 0.142 0.123 087 0.75 15 09.625 0.13 191

2.2 15 097 148 69 151 0.175 0.157 0.90 185 0.7 9.075 0.10 0.65

3.1 158 096 1.48 69 173 0.201 0.176 088 265 09 8.675 0.12 0.97

4.4 158 0.93 148 69 198 0.222 0.204 092 3.75 13 8.125 0.08 0.89
6 16 090 1.48 69 216 0.233 0.228 0.98 52 16 7.4 0.02 0.26

7.2 16 087 148 69 20.7 0.235 0.214 0.91 6.6 12 6.7 0.09 0.72

LPI=Xw(z).F.H 54

Table 4. Computation of LPI for PGA 0.3 corresponding tdf,, = 6.5.

Depth  UnitWt. ry MSF FC (VDgoes CSR CRR FS z H w(k F wk).F.H

(m)  (kNm~3) (%) (m) (m)

15 15 099 1.30 32 10.7 0.162 0.123 0.76 0.75 15 09.625 0.24 3.48

2.2 15 098 1.30 69 151 0.200 0.157 0.78 185 0.7 09.075 0.22 1.37

3.1 158 097 1.30 69 173 0231 0.176 0.76 265 09 8.675 0.24 1.85

4.4 15.8 094 1.30 69 19.8 0.257 0.204 0.79 375 13 8.125 0.21 2.18
6 16 091 1.30 69 216 0271 0.228 0.84 52 16 74 0.16 1.87

7.2 16 0.89 1.30 69 20.7 0.274 0.214 0.78 6.6 1.2 6.7 0.22 1.77

LPl=2w(z).F.H 125

minimum and maximum values of FS not included in out- liguefy. Mean and median FS values for a particular depth
liers. The first quartile @1) and third quartile Q3) are can be seen to be decreasing with increase in the magnitude
shown by the bottom and top of the rectangular box, respecef earthquake. This shows the increase in liquefaction vul-
tively. The interquartile range (i.23—Q1) defines the size nerability with increase in intensity of seismic events.

of the rectangle. A dataset can be easily described by a box Seismic soil liquefaction potential in terms of LPI is de-
plot without listing all the data, and the spread of distribu- termined at 142 sites across Mumbai city, and the contour
tion of the dataset can be easily sensed from these parammaps of LPI values are generated for the city to show the
eters. The median is shown by the red line near the middlespatial distribution of liquefaction potential. These LPI con-
of the box. The whiskers connect to the maximum and min-tour maps could give an indication of geographic variability
imum FS values to the box. FS values that are more tharof liquefaction effects and different kinds of probable surface
one and a half times the length of one interquartile range oimanifestations of liquefaction. Spatial distribution of soil lig-
the box are called outliers, and these outliers are displayedefaction potential for earthquakes of 2 % probability of ex-
separately as red-coloured addition symbols (+). Dependingeedance is quantitatively presented in the form of contour
upon the dataset, they can be either positive or negative, amaps showing the liquefaction potential index (LPI). Con-
both. Figure 5 shows only positive outliers, as all FS valuestour maps of LPI are generated for the city to predict the
in the dataset are positive. The outliers are truncated in theseccurrence of damaging liquefaction for the earthquakes of
box plots to enhance the clarity of presentation. The inset irmagnitudeM,,=6.0, My, = 6.5, andM,,=7.0 of amax level
Figure 5 describes all the notations used to signify the statis0.3¢ corresponding to 2475-yr return period and are shown
tical parameters. Mean and mean+1SD are shown as squaresFigs. 6 through 8, respectively. These contour maps show
(O) and triangles4\), respectively. FS values are much larger the liquefaction vulnerability at different sites in the city. Lig-
than 1 at many borehole locations in the city, and thereforeuefaction susceptibility for sites with LB 15 is very high,

the standard deviation value is reasonably large. The mediaand the liquefaction is very unlikely at sites with LPb.

is independent of the shape of the distribution of data val-Some of the sites in the city: namely Sion, Wadala, Sewree,
ues, and it is more resistant to the outliers than mean, thoughnd Marine line, are highly vulnerable to severe liquefaction
mean is more useful. The representation of mean is better fofor M,,=6.0 andamax value of 0.%. LPI is greater than 15
symmetrical distributions and of median is very appropriatefor M,, = 7.0 andamax value of 0.3 at many sites in the
for skewed distributions. FS value less than 1 at certain deptleity, namely Mahim, Wadala, Sion, Sewree, Trombay, JNPT,
indicates that the soil layer at that particular depth is likely to Goregaon, Bandra, Andheri, and Marine line.
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Table 5. Computation of LPI for PGA 0.3 corresponding ta4,y = 7.0.

Depth  UnitWt. ry MSF FC (VDgoess CSR CRR FS  z H w(k F wk).F.H

(m) (kNm=3) (%) (m) (m)

1.5 15 0.99 114 32 10.7 0.186 0.123 066 075 15 9.625 0.34 4.85
2.2 15 0.98 1.14 69 151 0.230 0.157 068 1.85 0.7 9.075 0.32 2.00
3.1 158 0.97 114 69 17.3 0266 0.176 0.66 2.65 0.9 8.675 0.34 2.62
4.4 158 0.96 1.14 69 19.8 0.296 0.204 069 3.75 13 8.125 0.31 3.30

6 16 093 1.14 69 216 0314 0228 072 52 16 7.4 0.28 3.26
7.2 16 091 1.14 69 207 0321 0214 067 66 12 6.7 0.33 2.67
LPI=Sw(z).F.H 18.7

The areas developed on reclaimed land having large thickidriss, I. M. and Boulanger, R. W.: Semi-empirical procedures for
ness of soft soil deposit and shallow ground water levels are evaluating liquefaction potential during earthquakes, Soil Dy-
observed to be more susceptible to liquefaction. This study nham. Earthq. Eng., 26, 115-130, 2006.
reveals that the higher susceptibility of liquefaction at some!nce, G. C.: The relationship between the performance of soil con-
of the places can be attributed to the higher thickness of soft ditions and damage following an earthquake: a case study in Is-
soil deposits and ground water table at shallow depths. It 2nbul. Turkey, Nat. Hazards Earth Syst. Sci., 11, 1745-1758,

. d0i:10.5194/nhess-11-1745-2Q02D11.
can be qbservec_i from the LPI. antour maps that a hlgh_deTS 1893 (part 1): Criteria for Earthquake Resistant Design of Struc-
gree of liquefaction damages is likely to occur at many sites

> . ; o ture, Bureau of Indian Standards, New Delhi, India, 2002.
in the city during severe seismic event. These LPI contoUrishinara, K.: Stability of natural deposits during earthquakes, Pro-

maps will help the structural designers and city planners to  ceedings of 11th International Conference on Soil Mechanics and
check the vulnerability of the area against liquefaction. These Foundation Engineering, San Francisco, CA, 1, 321-376, 1985.
contour maps can also be used effectively for seismic safetywasaki, T., Tokida, K., Tatsuko, F., and Yasuda, S.: A practical
plans and in the seismic hazard mitigation programs. method for assessing soil liquefaction potential based on case
studies at various sites in Japan, Proceedings of 2nd International
Conference on Microzonation, San Francisco, 885-896, 1978.
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