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Abstract Kachchh region of India is a rift basin filled with sediments from Jurassic to
Quaternary ages. This area is tectonically active and witnessed several major earthquakes
since the recent historical past. During an earthquake event, the water-laden foundation soil
liquefies and causes damage to buildings and other civil engineering structures. The January
26, 2001, Bhuj earthquake demonstrated extensive liquefaction-related damages in entire
Kachchh Peninsula. Therefore, evaluation of liquefaction susceptibility of unconsolidated
sediments is a vital requirement for developing seismic microzonation maps. In this paper, a
new approach involving remote sensing techniques and geotechnical procedures is demon-
strated for effective mapping of liquefaction-susceptible areas. The present and paleo-alluvial
areas representing unconsolidated sediments were mapped using Landsat-TM data and field
reflectance spectra. Spectral discrimination of alluvial area was made using the feature-
oriented principal component selection and spectral angle mapping techniques. Subse-
quently, field geotechnical investigations were carried out in these areas. It is evident from the
results that the alluvial soils are predominantly sandy loam with very low (7-28) standard
penetration test values. The evaluated factor of safety for these soils varies from 0.43 to 1.7 for
a peak ground acceleration of 0.38. Finally, a liquefaction susceptibility map is prepared by
integrating results on alluvium distribution, factor of safety, and depth to water table.

Keywords Ground deformation - Seismicity - Factor of safety - Hazard
vulnerability - Spectral remote sensing - GIS

1 Introduction

Liquefaction, the process of sudden loss of soil strength due to seismic loading, is a
cause of concern in most of the active tectonic regions. Alluvial terrene characterized
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by unconsolidated, saturated sediments is vulnerable to liquefaction-related ground
failures, such as lateral and vertical displacement, and settlement. These failures
damage civil engineering structures and result in extensive human and property loss
(Ishihara 1993; Chu et al. 2003; Leea et al. 2003; Haiming et al. 2004; Franck et al.
2005). Testimony to such devastation is widely recorded in events such as Northridge
(Thomas et al. 1999), Chi-Chi (Yuan et al. 2003), Kashmir (Sahoo et al. 2007), Chile
(Verdugo et al. 2012), and New Zealand (Orense et al. 2012). Hence, liquefaction
potential assessment of foundation soil is one of the important criteria in preparing
seismic microzonation maps (Youd 1991). This involves mapping the aerial distribu-
tion of unconsolidated sediments (Youd and Keefer 1981) and estimation of the
seismic demand imposed by an earthquake to the soil’s resistance to generate excess
pore pressure (Youd and Perkins 1987).

For spatial mapping of alluvial areas, optical and microwave remote sensing techniques
have been gaining importance (e.g., Gupta et al. 1998; Singh et al. 2001; Saraf et al. 2002;
Saito et al. 2004; Oommen and Baise 2008; Ishitsuka et al. 2012). Once the vulnerable
areas are delineated, field- and laboratory-based geotechnical investigations are carried out
to evaluate the liquefaction potential. Some of the standard techniques developed to
evaluate seismic demand include cyclic stress method (Seed and Idriss 1971; Whitman
1971), the cyclic strain method (Dobry et al. 1982), and energy-based methods (Davis and
Berrill 1982; Kayen and Mitchell 1997; Green and Mitchell 2004).

Kachchh Peninsula, Gujarat, India, has witnessed several devastating earthquakes
since the historical past (Rajendran et al. 2001). During the latest event (January 26,
2001, Mw 7.7), extensive liquefaction-related damages were reported in the entire
peninsula (Tuttle and Hengesh 2002; Iyengar and Raghukanth 2002; Krinitzsky and
Hynes 2002; Singh et al. 2005; Ramakrishnan et al. 2006). Hence, this area warrants a
detailed liquefaction susceptibility/vulnerability map. In this work, an attempt is made
to prepare a liquefaction susceptibility map for Bhuj city and the surrounding areas
based on the inputs from remote sensing and field geotechnical studies. The proce-
dures adopted include (1) delineation of alluvial areas based on field- and satellite
reflectance spectra, (2) field survey for groundwater conditions and past episodes of
ground failures, (3) geotechnical investigations, and (4) data integration, analyses, and
generation of liquefaction susceptibility map using geographic information system
(GIS).

2 Geology and seismotectonics of Kachchh

Kachchh Peninsula (Fig. 1) forms the westernmost part of the Indian subcontinent.
Kachchh seismotectonic belt extends approximately 250 km (east—west) and 150 km
(north—south). It is flanked between Nagar Parkar Fault in north and Kathiawar Fault
in south. The area in between is traversed by several fault systems. Salient among
them are Katrol Hill Fault (KHF), Kachchh Mainland Fault (KMF), Banni Fault (BF),
Island Belt Fault (IBF), and Allah Bund Fault (ABF). Geologically, Kachchh region
comprises predominantly sedimentary rocks of Mesozoic (sandstone, siltstone, shale,
and limestone), Tertiary (poorly consolidated sandstone, siltstone, and clay), and
Quaternary (sand and clay) periods. The unconsolidated sediments are often associ-
ated with present/paleo-channels, young and older alluvial plains, alluvial fans, and
mudflats.
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Fig. 1 Geology and seismotectonic setup of Kachchh Peninsula

3 Methodology
3.1 Data processing and image analysis

In this study, Landsat-TM?7 satellite data is used to map the alluvial areas. This freely
available data (www.glcf.umd.edu) has adequate spectral bands to delineate the constituent
minerals of alluvial soils, such as quartz, hydroxyl mineral assemblages (kaolin, mont-
morillonite, illite, and chlorite), and iron hydroxides (goethite, boehmite) (Abrams et al.
1983; Buckingham and Sommer 1983; Amos and Greenbaum 1989; Kaufman 1988;
Tangestani and Moore 2001).

Landsat data (path 150, row 44) was analyzed using the ERDAS-Imagine (ver. 8.7) and
ENVI (ver. 4.3) software. The satellite imagery was geo-corrected using World Geodetic
System (WGS-84) as reference and Universal Transverse Mercator (UTM) as projection
system. For this purpose, 50 ground control points (GCP) collected using a Global Position
System (GPS) were used in conjunction with a nonparametric (second-order polynomial
fit) model. From the digital numbers (DN) of satellite data, surface apparent reflectance
values for bands 1, 2, 3, 4, 5, and 7 were computed following the methods of Van der Meer
et al. (1997) and Chander and Markham (2003). This involves (1) dequantization and
conversion from calibrated DN to at-sensor radiance for each band using Eq. 1, (2) esti-
mation of top of atmosphere (TOA) reflectance using Eq. 2, and (3) calculation of at-
surface apparent reflectance by invariant object method (Liang 2001):
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where L, represents at-sensor spectral radiance (W/(mz.sr. pm)), Q.. quantized calibrated
pixel value (0-255), Qcaimin minimum quantized calibrated pixel value (DN = 0) corre-
sponding to LMIN;, Qcaimax maximum quantized pixel value (DN = 255) corresponding to
LMAX;, LMIN;, spectral radiance that is scaled to Qcaimin (W/(mz.sr.um)), and LMAX,
spectral radiance that is scaled to Qcaimax (W/(mz.sr.urn)).
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where p,—at-sensor reflectance, d—Earth—-Sun distance, ESUN;—mean solar irradiance,
and ¢—solar zenith angle.

Transformation of at-sensor reflectance to apparent ground reflectance was carried out
using the flat field normalization algorithm (Chavez 1996) embedded in ENVI software.
For this purpose, average reflectance of sandy exposures (invariant objects) occurring
within the image was used.

Using the reflectance image, two different approaches were carried out to delineate the
alluvial areas. The first approach involved performing feature-oriented principal component
selection (FPCS) transformation (Crosta and Moore 1989) and analyses of contributions from
each spectral band on principal components. Since alluvium contains hydroxyl and iron
minerals, loadings from bands 1, 3, 5, and 7 representing wavelengths centered on 0.45, 0.67,
2.2,and 2.3 pum were studied, whereas the country rocks of the study area, such as sandstone,
siltstone, limestone, and basalt, exhibit characteristic absorption features in longer-wave-
length regions (8-12 pm) and do not interfere with spectral features of alluvium. In the
second approach, field spectra representing alluvium were collected, resampled, and matched
with image spectra using Spectral Angle Mapper (SAM) algorithm (Kruse et al. 1993). This
technique directly maps the pixels that are similar to field spectra (Eq. 3) representing
alluvium. Field spectra representing alluvium were collected from 15 sites (Fig. 3A) using a
field-portable spectroradiometer (model SVC HR-1024). The instrument was calibrated
using a white reference (spectralon panel). These spectra were subsequently resampled to
Landsat bandwidth (Fig. 3B) using ENVI software.

nb
Z tir;
1

nb 1/2 nb 1/2
(z r%) (z )
i=1 i=1

where o is the angle between test and target spectra,t; is the pixel spectrum, r; is the
reference spectrum, and nb is the number of bands.

o = Cos™!

(3)

3.2 Geotechnical studies

The failure vulnerability of alluvial area needs to be evaluated for seismic demand,
resisting capacity and factor of safety. Failure demand is the load imparted to the soil by
earthquake (in terms of both amplitude and duration). Capacity is the demand required to
cause failure, and factor of safety is the ratio between the capacity and demand. Lique-
faction and lateral spreading of saturated, unconsolidated sand, loam, and gravel occurs
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when the demand is more than the capacity. Traditionally, failure vulnerability due to
cyclic loading is evaluated based on sediment type, depth to water table, seismic load, and
resistance of the soil (Seed et al. 1985). In this study, the vulnerability was evaluated from
field data on cyclic stress ratio (CSR) and cyclic resistance ratio (CRR) based on the
procedures outlined by Seed and Idriss (1971) and Youd et al. (2001). Seismic demand
(CSR) was computed from the peak ground acceleration (PGA). Resistance to failure
(CRR) of the foundation soil was evaluated using field data on standard penetration test
(SPT), in situ density, and soil index properties (Seed et al. 1983, 1985). The above testing
was carried out by following the Indian Standard procedures (IS: 2131-1981).

Standard penetration test (SPT) values are widely accepted as a robust technique in
evaluating the resistance of soil to liquefaction (Seed et al. 1983, 1985). Thirteen shallow
boreholes were made within the alluvial areas mapped using Landsat data. From borehole
test, details on litholog, penetration resistance (SPT), fines content, and in situ density of
the soils were generated (Table 1). The field SPT blow counts were normalized to over-
burden pressure of 100 kPa and hammer efficiency of 60 % (N;)¢o by using Eq. 4 (Seed
et al. 1983, 1985):

(Nl)ﬁ(): NM* CN* CE* CB* CR* CS (4)
where

Nym—field-measured penetration resistance
CN—(Pa/G’VO)O‘S—factor to normalize overburden pressure
Cg—correction factor for hammer energy (0.90)
Cg—correction for borehole diameter

Cr—correction for rod length

Cs—correction for sampler

Since the fines content, F (<0.075 mm), increases the cohesion and decreases the
penetration depth, resistance (N;)go to penetration due to fines is corrected to arrive at
“equivalent clean sand values” (Nj)gocs using the Eq. (5).

(N] )6005 =a+ ﬁ(Nl )60 (5)
The coefficients o and B were estimated from the following relation:
a=0forF<5 f=10forF<5

o = exp[1.76 — (190/F*)] for 5 < F <35
B= [0.99+ (F'°/1,000)] for 5 < F <35

o= SforF>5 pf=12forF>5

The CRR and SPT correlation chart adjusted to magnitude of Bhuj earthquake (Mw =
7.7) by Krinitzsky and Hynes (2002) is used herein for analysis. The earthquake load
measured through CSR (Eq. 6) was obtained from the simplified equation of Seed and
Idriss (1971):

CSR = (TaV/Gim) = 0.65(amax/g) (O—VO/O—LO) Iq (6)
where

amax—peak horizontal acceleration at ground surface
g—acceleration due to gravity
Oy O yo—total and effective overburden stress, respectively
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Table 1 Borehole data depicting the litholog and geotechnical attributes

Location Sample Borehole Thickness  Soil SPT Density WL
No lithology (m) type (Ni60) (%) above
AMSL
(m)
Madhapar Road MRI1 Silty sand 1 SP-SM 14 40 18.0
MR2 Coarse sand with 4 SP 16 35
MR3 Pebbles
MR4 Silty sand with clay 2 SM 25 65
North of Bhuj NB1 Bentonitic clay and 0.95 SM 15 30 174
town sand
NB2 Weathered S.St. 2.00 N.A 49 95
NB3 S.St. N.E N.A N.A N.A.
East of Bhuj EB1 Silty sand and coarse 1 SM 11 33 22.5
town sand.
EB2 Coarse sand 2 SP 12 37
EB3 Medium—fine sand 2 SP 24 60
Airport BAlL Coarse sand with clay 0.6 SP-SC 12 25 12.0
BA2 Sand with clay 1.2 SP 32 65
BA3 Coarse sand 5 SP 39 60
Rawal Wadi RWI1 Silty sand 2 SM 16 42 194
RW2 Coarse sand 2 SP 7 23
RW3 Coarse sand with clays 4 SP-SC 45 87
Haripar Road HR1 Coarse sand with silt 0.8 SP 15 56 30.0
HR2 Fine sand with silt 2 SM 21 37
HR3 Coarse sand with clay 3 SP 30 68
Central School ~ BCS1 Silty sand 1 SM 24 46 25.0
BCS2  Coarse sand with silt 1 SP 24 68
Weathered S.St N.E N.A 39 84
Ghenla GN1 Coarse sand with clay 0.9 SP-SC 10 32 13.2
GN2 Fine sand with silt 1 SP 15 47
GN3 Gravel 4 Sp 29 55
GN4 Coarse sand Weathered N.E NA 36 85
S.St
Airport road BAR1  Coarse sand with clay 1 SP-SC 12 30 21.0
BAR2  Silty sand 2 SM 26 57
BAR3  Sand with clays 1 SP 23 40
BAR4  Clayey sand 5 SC 17 67

S.St. sandstone, N.A. not available, RWL reduced water level, N.E not estimated (after Ramakrishnan et al.
(2006))

rq—stress reduction coefficient estimated from
rq -1.0-0.00765 Z for depth (Z) < 9.15 m.

The maximum-recorded peak ground acceleration (PGA) for 2001 event (0.38) was
used to estimate CSR values. Since saturation is one of the important criteria in pore
pressure buildup, depth to reduced water level was collected from 40 wells located within
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the alluvium and subsequently groundwater contours were constructed. Finally, spatial and
attribute data such as distribution of alluvium, factor of safety, and water table were
integrated using GIS (ARC/Info ver. 9.0). The schema of steps followed is illustrated in the
flowchart (Fig. 2).

4 Results
4.1 Mapping the alluvial areas

Alluvium of the investigated area predominantly comprises quartz, hydroxyl-bearing
minerals, and iron hydroxides. An abundance of clays (kaolin, illite, montmorillonite) and
sheet silicates in the alluvium indicate absorption in 2.1-2.4 um range (band 7) due to
molecular vibration processes. Similarly, the presence of iron oxides/hydroxides (such as
hematite and goethite) in the alluvium is expected to exhibit strong absorption in the blue
region (band 1) and higher reflectance in red region (band 3) due to charge-transfer effect.
The field spectra of the alluvial soils representing loamy sand and sandy loam (Fig. 3A)
also reflect the presence of these mineral phases.

It is evident from the principal component transformation (Table 2) that the first
principal component (comprising 82.38 % of the variance of six bands) contains infor-
mation mainly on albedo and topography. Vegetation is enhanced in PC3 as this PC has
higher loading of band 4 (0.63). PC4 is observed to enhance the hydroxyl minerals with
higher loadings of bands 5 (0.63) and 7 (—0.69). The clay minerals have absorption in band
7 and reflection in band 5, and hence, PC4 with a positive contribution of band 5 and
negative contribution of band 7 is in perfect agreement with spectral characters of the soils.
Using this loading information, a hydroxyl image was generated using Eq. (7).

PC4 = 0.27(Band 1) + 0.17(Band 2) — 0.10(Band 3) — 0.16(Band 4)
+ 0.63(Band 5) — 0.69(Band 7) (7)
The above equation is expected to render pixels with clay mineral to appear bright.
Accordingly, the resultant image was density sliced to demarcate the regions of higher
reflectance (0.61-0.62) representing alluvial areas. Similarly in PCS5, significant

I Field /Collateral Spatial Data I
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| | |
Litholo Geotechnical data Water table
Gep 4 I I Depth

Geometric Accuracy
Correction estimation

TOA Radiance
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Fig. 2 Flowchart depicting the adopted methodology
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Fig. 3 Stacked field spectra (offset = 0.1) of alluvial soils indicating the abundance of iron and clay (A),
and field spectra resampled to Landsat-TM bandwidth (B)

contributions from band 1 (—0.72) and band 3 (0.56) (Eq. 8) were observed. Since loading
from band 3 is lower than from band-1, regions rich in iron oxides/hydroxides are expected
to appear darker. Density slicing of PC5 with a threshold of 0.01-0.02 resulted in mapping
the iron-rich alluvial regions.

PC5 = —0.73(Band 1) — 0.21(Band 2) + 0.56 (Band 3) + 0.04 (Band 4)
+ 0.13(Band 5) — 0.30 (Band 6) (8)

The above two density-sliced raster images were subsequently converted to vector layers
and intersected in GIS to generate a single composite map (Fig. 4A). It is evident from
Fig. 4A that the adopted procedure was effective in delineating present and paleo-river
channels, flood plains, fan deposits, and colluvial areas.

For target mapping using SAM technique, resampled field spectra and atmospherically
corrected TM data were used. The threshold values of mapping were progressively
increased from 0.1 to 0.4, and each time, the classified output was compared with field data
for accuracy. When maximum classification accuracy (87 %) was achieved (for alluvium)
with a threshold of 0.22, the classification (Fig. 4B) was considered satisfactory. The
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Table 2 Principal components of six ETM+ bands of Bhuj area

PC1 PC2 PC3 PC4 PC5 PC6
Band 1 0.176 —0.208 —0.277 0.268 —0.727 —0.497
Band 2 0.264 —0.267 —0.371 0.167 —0.206 0.805
Band 3 0.480 —0.464 —0.356 —0.096 0.564 —0.312
Band 4 0.143 0.743 —0.630 —0.159 0.036 —0.048
Band 5 0.576 0.336 0.377 0.627 0.131 —0.001
Band 7 0.560 0.053 0.342 —0.686 —0.302 0.057
Covariance eigenvalue 3620.54 411.37 312.29 26.95 19.17 4.36
Percentage of variance 82.38 9.36 7.10 0.61 0.43 0.01

confusion matrix (Table 3) generated based on field data from 35 locations indicates that
classification accuracy for Younger alluvium is the highest (87 %) followed by Older
alluvium (67 %). Lower accuracy of unclassified pixels (50 %) further supports the effi-
cacy of delineation of alluvium. From Table 3 and Fig. 4A, B, it is evident that the results
of SAM and FPCS are comparable. Finally, SAM and FPCS classification results were
intersected in GIS. From the resultant coverage, polygons that were classified as alluvium
by both FPCS and SAM techniques were identified to generate composite alluvium map
(Fig. 5).

4.2 Evaluation of liquefaction susceptibility

From the field investigations, it is evident that the study area consists of unconsolidated
sediments distributed along Younger and Older alluvial plains, fan deposits, and tidal flats.
The northern parts of the Bhuj city (airport and surrounding area) comprise the Younger
and Older alluvia and weathered sandstones. From the borehole records, it is obvious that
the unconsolidated sediments are predominantly sandy with several intercalated layers of
clay and loam (Table 2) having thickness from 2 to 20 m. Laterally, these sediments have
limited continuity. Besides these rock types, occasional exposures of shale, basaltic flows,
and basic dykes are also found. Based on geology, three failure vulnerability classes were
evolved, namely high (which includes unconsolidated Younger alluviums, flood plain
deposits, paleo-channels, alluvial fans, and the bajada/colluvial materials with effluent
conditions), medium (poorly consolidated alluviums and weathered sandstones), and low
(well-consolidated sedimentary rocks) classes.

The CSR and CRR values of alluvial soils estimated during this investigation and
reported by others (Table 4) indicate that the unconsolidated sediments of the investigated
area can undergo liquefaction for PGA values starting from 0.24 g. Based on factor of
safety, the area is classified into three vulnerability classes, namely high (Fs < 0.9),
medium (Fs = 0.9-1.1), and low (Fs > 1.1).

As saturation is an important criterion for pore pressure buildup, depth to reduced water
table from several locations was collected from the field and contoured. In general, depth to
water table varied from 0.2 to 30 m. Besides regional water table, fully saturated perched
aquifers are also evidenced at many places. These aquifers augment the scope for lique-
faction, and their spatial distribution is difficult to map. Based on the depth to water table,
the study area is grouped into three classes, namely high (<6 m)-, medium (6—15 m)-, and
low (>15 m)-susceptible classes.
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Fig. 4 (A) Alluvium distribution map derived by FPCA technique. (B) Distribution of alluvium mapped
using field spectra and SAM technique

4.3 GIS analysis

The spatial database on alluvium distribution, depth to water table, and factor of safety was
integrated in GIS (ARC/Info), and overlay analysis was carried out to derive a final hazard
potential map (Fig. 6). Four hazard potential classes, namely high, moderate, low, and not
susceptible, were identified based on the following decision rules.

High-susceptibility areas: Areas with unconsolidated sediments (Younger alluvium)
having Fs <1.0 and depth to water table less than 6 m.

Moderate-susceptibility areas: Areas comprising unconsolidated sediments (Younger
alluvium) having Fs = 0.9-1.0 and depth to water table between 6 and 15 m.
Low-susceptibility areas: Areas with unconsolidated and poorly consolidated sediments
(Older alluvium) having Fs = 0.9-1.0 and depth to water table 6-15 m.

Not susceptible areas: Areas that comprise consolidated rocks, poorly consolidated
sediments having Fs > 1.0, and depth to water table >15 m.
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Table 3 Confusion matrix indicating the classification accuracy by SAM and FPCS techniques

A. Classification by SAM technique Total Users’
samples  accuracy (%)
Younger  Older Bazada Unclassified
Alluvium  Alluviums (country rocks)
Younger alluvium 13 03 00 00 16 81
Older alluviums 02 06 00 01 09 67
Bazada 00 00 05 01 06 83
Country rocks 00 00 02 02 04 50
Total samples 15 09 07 04 35
Producers’ accuracy (%) 87 67 71 50
B. Classification by FPCS technique
Younger alluvium 14 02 00 00 16 87
Older alluviums 05 04 00 00 09 44
Bazada 00 01 04 01 06 67
Country rocks 00 00 02 02 04 50
Total samples 19 07 06 03 35
Producers’ accuracy (%) 73 57 67 67

J 23°30'0°N

23°24'0"N

i 23"18'0°N

69°30'0"E B9°36'0"E

AF-Alluvial Fan  CF&FP - Channel Fill & Flood plain Sl
OA- Older Alluvium BZ - Bazada 5 - | Yometun

D Study area for geotechnical investigations
Fig. 5 Composite map indicating distribution of unconsolidated sediments in and around Bhuj

5 Discussion and conclusions
Ramakrishnan et al. (2006), demonstrated the utility of remote sensing in identification of

ground deformation after a seismic event. This paper is based on a new approach wherein
the recent sediments are identified and mapped based on spectral characters of
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Table 4 Derived liquefaction susceptibility conditions of foundation soils

Locations CRR CSR Factor of safety Liquefaction susceptibility
Madhapar road* 0.22 0.25 0.88 Yes
North of Bhuj town* 0.25 0.23 1.08 Marginal
East of Bhuj town 0.38 0.26 1.46 No
Airport* 0.22 0.23 0.95 Yes
Rawal Wadi* 0.22 0.23 0.95 Yes
Haripar road* 0.32 0.25 1.28 No
Central School* 0.27 0.24 1.12 Marginal
Ghenla* 0.33 0.25 1.32 No
Airport road* 0.21 0.23 0.91 Yes
Chang Dam#

Crest 0.32 0.35 0.91 Yes

Toe 0.32 0.73 0.43 Yes
Tapar Dam”

Crest 0.32 0.30 1.06 Marginal

Toe 0.32 0.62 0.52 Yes
Fatehgadh Dam” 0.32 0.18 1.78 No

Crest 0.32 0.35 0.91 Yes

Toe
Kaswati Dam"

Crest 0.32 0.17 1.89 No

Toe 0.32 0.34 0.94 Yes
Shivlakha Dam®

Crest 0.32 0.31 1.03 Marginal

Toe 0.32 0.63 0.51 Yes

# Compiled after Singh et al. (2005) and
* modified after Ramakrishnan et al. (2006)

unconsolidated sediments associated with recent/paleo-channels, flood plains, and fan
deposits. For this purpose, Landsat-TM data having bands in visible, near-, and short-wave
infrared region was used in conjunction with field reflectance spectra. Since the alluvial
sediments comprise quartz, clay, and iron hydroxides (Fig 3A), their reflectance spectra
contain characteristic absorption features centered on 0.5-, 2.2-, 2.3, and 2.4-um wave-
length regions. Accordingly, pixels representing the alluvium are also expected to show
absorptions in these wavelengths. To map the pixels showing these characters, SAM and
FPCS algorithms were used. From the results, it is evident that both techniques efficiently
delineated the alluvium. From field observations made at 40 locations, it was observed that
the alluvium mapped is reasonably (87 %) accurate. Subsequently, field geotechnical
investigations were carried out at representative sites to evaluate the resistance (CRR) of
these soils for liquefaction using SPT tests. It is clear from Table 4 that the factors of safety
of the alluvial soils range from 0.88 to 1.8 for the 2001 seismic event with PGA 0.38.
Considering the past episodes of major earthquakes in this region (e.g., 1819 earthquake
with 8.2 magnitude), these alluvial soils warrant further investigation for its performance
under higher seismic demand.
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Fig. 6 Map showing the liquefaction-susceptible areas in and around Bhuj

Finally, based on the liquefaction susceptibility for the given parameters such as extent
of consolidation, Fs, and depth to water table, the map was classified into four classes,
namely high-, moderate-, low-, and not susceptible classes. Further, the derived suscep-
tibility classes commensurate well with the observed (Ramakrishnan et al. 2006) lique-
faction severity (R* = 0.97) for 2001 event. Thus, this study illustrates the efficacy of
remote sensing, GIS, and geotechnical techniques for rapid and effective mapping of
potential ground failure zones in seismically active areas.
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