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Abstract - The 2001 Bhuj-Gujarat earthquake, of 
magnitude (Mw=7.7) that occurred on January 26, which 
resulted in the most devastating effects called seismic soil 
liquefaction. After 16 years results of back analysis of soil 
using deterministic in-situ liquefaction analysis approach 
presented in this paper confirms that the presence of 
liquefiable layer contributed to the lesser factor of safety 
which may lead to foundation failure of structures in 
upcoming seismic events. In this paper, a new deterministic in-
situ liquefaction analysis software LiqSvs1.0 is used. It includes 
estimation of the vertical settlement, lateral displacement, and 
overall liquefaction potential induced by the earthquake is 
calculated for Kutch region. 
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(CRR), Cyclic Stress Ratio (CSR), Factor of Safety (FS), 
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1. INTRODUCTION  
 
Kutch (Kachchh) is the largest district of India located in 
Gujarat. Geomorphologically, Kutch is categorized into four 
major trending zones as Costal zone, Kutch mainland, Banni 
plains, and two Ranns. 
 
The traces of liquefaction and various types of extensional 
cracks, most of them related to liquefaction and lateral 
spreading were identified after the 2001 earthquake. The 
areas around Bhuj were identified with abnormal increase in 
soil moisture after the earthquake. During 2001 earthquake 
the seismically induced settlement of building with shallow 
foundations on liquefiable soil has resulted in significant 
damage. 
 
Looking to the recent development and industrial growth of 
the Kutch-Gujarat especially the biggest growth areas of 
Mundra, Mandvi, Kandla, and Bhuj etc; it is a prime 
requirement of evaluating seismic hazard possibilities. We 
have witnessed worst earthquake in Kutch in the year 2001. 
Also, in present times we have observed increase in seismic 
activities. So the assessment of liquefaction and proper 
choice for foundation is the vital necessity to mitigate 
liquefaction. 
 
One of the major effects caused by the secondary effect of 
earthquake is liquefaction phenomenon. Due to the 2001 
Bhuj earthquake the Liquefaction lead to large failures of 

structure and devastating collapses in the form of sudden 
settlements, lateral spreading etc. Before preparing and 
studying mitigation ways for such failures it is required to 
understand ways and causes of failures and estimation of 
factor of safety, overall liquefaction potential and cumulative 
settlement. 
 
2. LIQUEFACTION 
 
The term liquefaction was first initially introduced in 1953 
by Mogami and Kubo. The study of soil liquefaction and its 
devastating effects came into practice after the earthquake in 
1964 at Niigata and Alaska, which had a significant number 
of liquefaction damages on buildings and structures. 
 
Soil liquefaction is a phenomenon whereby a saturated or 
partially saturated soil to a great or significant extent losses 
strength and stiffness in response to an applied stress, 
usually earthquake shaking or other sudden change in stress 
condition and causing it to behave like a viscous liquid. The 
process of liquefaction take place when the pore water 
pressure becomes equal to the total stress under repeated 
loading.  
 
Mathematically,  = (σ-μ) tanφ 
  
The liquefaction phenomenon can be described as the 
reduction of shear strength due to pore pressure build-up in 
the soil skeleton .When saturated loose sands are subjected 
to earthquake loading, an upward propagation of shear 
waves takes place. However the duration of cyclic stress 
application is so short as compared to time required to drain, 
that soil volume contraction cannot occur immediately and 
excess pore water pressure builds up progressively. When 
this excess pore water pressure equals total stress, it reduces 
effective stress to zero and sands completely lose their 
stiffness & shear strength temporarily; such a state is called 
as initiation of liquefaction. 
 

3. LIQUEFACTION POTENTIAL 
 

Liquefaction potential is the evaluation of resistance of soil 
to liquefy. There are various methods to assess soil 
liquefaction. They are mainly divided into laboratory 
methods and field methods. The field study mainly deals 
with Cone penetration test and Standard penetration test. 
The laboratory methods include Direct shear test, Triaxial 
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shear test, Centrifuge tests, Ring shear test, Torsion shear 
test, Shake table test.  

 
4. LIQUEFACTION POTENTIAL CRITERIA 
 
The liquefaction estimation or calculation requires two 
variables which are defined based on cyclic stress 
approaches are as follows: 
 

A. Cyclic Resistance ratio (CRR): 
 

The capacity of soil to resist liquefaction is represented 
as Cyclic Resistance ratio. The most commonly used 
method for determining the liquefaction resistance is to 
use the data obtained from the SPT test. 
 

B. Cyclic Stress Ratio (CSR): 
 
The seismic demand of soil layer is represented by 
Cyclic Stress Ratio. 
 

If the cyclic stress ratio caused by the earthquake is greater 
than the cyclic resistance ratio of in situ soil then 
liquefaction could occur during an earthquake. 
 

5. FACTOR OF SAFETY 
 
Liquefaction potential is estimated in terms of factor of 
safety. The liquefaction analysis culminates in determining 
the factor of safety against liquefaction. If cyclic stress ratio 
(CSR) caused by the anticipated earthquake is greater than 
the cyclic resistance ratio (CRR) of the in-situ soil, then 
liquefaction could occur during the earthquake. Thus, the 
factor of safety (FS) against liquefaction may be defined as 
  
FS = CRR/CSR  
 
Where CRR represents the resistance of soil to liquefaction 
and CSR represents the stress caused by the earthquake 
load. The higher the factor of safety, the more resistant is the 
soil to liquefaction. In general if the FS ≤ 1, then the soil is 
considered to liquefy otherwise the soil is safe against 
liquefaction. 
 

6. LIQUEFACTION POTENTIAL INDEX 
 
Liquefaction Potential Index (LPI) as originally defined by 
Iwasaki et al. (1978) weighs factors of safety and thickness 
of potentially liquefiable layers according to depth. It 
assumes that the severity of liquefaction is proportional to: 
 
1. Cumulative thickness of the liquefied layers; 

2. Proximity of liquefied layers to the surface; and 

3. Amount by which the factor safety. 
 
 
 

7. OBJECTIVE  
 
For the present study, liquefaction analysis is carried out by 
using standard penetration test (SPT) data. The 
deterministic in-situ liquefaction analysis software LiqSVs 
1.0 by Geologismiki is used. The liquefaction analysis method 
is according to Boulanger & Idriss (2014). The Overall 
liquefaction potential is calculated according to Iwasaki. 
 
 The main objectives of the study are, 
 

 To identify liquefaction-prone areas. 
 To predict the probability of liquefaction. 
 To determine the factor of safety from the 

deterministic analysis. 
 To estimate the vertical settlement caused due to 

liquefaction. 
 To estimate the lateral displacement caused due to 

liquefaction. 
 
Kutch region consists of the larger area for the present study 
the data from 12 boreholes is collected for analysis. Water 
table is the most important factor for liquefaction as only 
saturated sediments can liquefy. The depth of the water 
table measured during drilling for Kutch varies from 0m to 
50m, for the present study the areas having water table up to 
7m in Kutch mainland and coastal regions are considered 
these are Bhuj, Madhapar, Anjar, Gandhidham, Bhachau, 
Kandla, Mandvi and Mundra. Some variations in water table 
were observed, however, during different seasons, like that 
in monsoon and in summer. 
 
The standard penetration tests were conducted, as per IS-
code. The measured SPT-N value however, depends on many 
factors such as hammer types, samplers used, drilling 
methods, types of rod used during drilling, borehole size, test 
procedure. The standard penetration test were done up to 
7m of 150mm diameter in all the 12 boreholes. During 
drilling the soil samples, both disturbed and undisturbed, 
were collected for geotechnical investigation. The STP N-
values measured are generally low at shallow depth. 
However the blow count increases at the greater depths. The 
blow count more than 50 were not encountered even after 6-
7 m depth which indicates that the shallow layer of the study 
area has a liquefied behavior. The SPT N-value are corrected 
from the estimation of CRR. 
 

Table-1 Borehole lithology of the study area. 
 
BH 
no. 

Location Depth SPT Lithology 

1 Bhuj 1-3 5 Coarse sand 
  3-5 9 Silty sand 
  5-7 11 Silty sand and 

coarse sand 
2 Bhuj 1-3 12  
  3-5 9 Coarse sand 
  5-7 15 Coarse sand with 
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silt 
3 Madhapar 1-3 13 Silty sand 
  3-5 16 Coarse sand with 

pebbles 
  5-7 49 Silty sand with 

clay 
4 Anjar 1-3 11 Coarse sand 
  3-5 19 Medium fine sand 
  5-7 36 Weathered S.St. 

5 Gandhidham 1-3 13 Coarse sand with 
clay 

  3-5 15 Coarse sand 
  5-7 39 Silty sand 

6 Bhachau 1-3 7 Coarse sand with 
silt 

  3-5 13 Silty sand 
  5-7 11 Silty sand 

7 Kandla 1-3 4 Silt and clay 
  3-5 4 Silt and clay 
  5-7 5 Silt and clay 

8 Kandla 1-3 4 Silt and clay 
  3-5 6 Silt and clay 
  5-7 8 Silt and clay 

9 Mandvi 1-3 7 Sand 
  3-5 11 Sand 
  5-7 12 Sand with clay 

10 Mandvi 1-3 7 Sand 
  3-5 13 Sand 
  5-7 9 Sand 

11 Mundra 1-3 3 Coarse sand 
  3-5 5 Coarse sand 
  5-7 6 Coarse sand 

12 Mundra 1-3 9 Coarse sand 
  3-5 12 Coarse sand with 

silt 
  5-7 21 Silty sand 

 
Table-2 Basic geotechnical properties of the study area. 

 
BH 
no. 

Fines 
(%) 

D50 Soil Class Depth of 
water 
table 

1 11.00 0.26 SP  
5 m  4.00 0.5 SM 

 25.00 0.30 SP 
2 3.00 0.19 SP  

3 m  12.00 0.30 SP 
 26.00 0.27 SP 

3 11 0.13 SP-SM  
6 m  6 0.27 SP 

 21 0.59 SM 
4 6 0.13 SP  

6.5 m  15 0.41 SP 
 11 1.15 NA 

5 13 0.37 SP-SC  
7 m  16 0.27 SP 

 27 0.54 SM 
6 4 0.36 SP  

4.7 m  6 0.42 SM 
 7 0.41 SM 

7 - - CH  
3 m  - - CH 

 - - CH 
8 - - CH  

At G.L.  - - CH 
 - - CH 

9 3 0.19 SP  
3 m  5 0.22 SP 

 11 0.25 SP 
10 12 0.27 SP  

At G.L.  5 0.56 SP 
 20 0.15 SP 

11 4 1.41 SP  
2 m  7 0.21 SP 

 6 0.42 SP 
12 6 0.30 SP  

3 m  3 0.40 SP 
 11 0.23 SM 

(S.St- sandstone; NA- not available) 
 

Table-3 Calculation Properties. 
 
Earthquake Magnitude  7.70 
Peak ground acceleration 0.36g (Kutch-Zone V) 

(Zone factors based on 
Intensity of shaking IS-1893, 
2002) 

Calculation method Idriss & Boulanger (2014) 
Sampling method Standard Sampler 
Borehole diameter 150mm 
Rod length 1.00m (above ground) 
Hammer Energy ratio 1.00 
Round corrected SPT Nearest 
Influence Thickness 7 m 
Cn Formula Kayen et al. 
Lateral Displacement For all boreholes the ground 

is level no slope was 
observed (no calculations 
will be performed). 

 

 
 

Fig-1 CRR Curve for BH1 
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Fig-2 CRR Curve for BH2 
 

 
 

Fig-3 CRR Curve for BH3 
 

 
 

Fig-4 CRR Curve for BH4 
 

 
 

Fig-5 CRR Curve for BH5 
 

 
 

Fig-6 CRR Curve for BH6 
 

 
 

Fig-7 CRR Curve for BH9 
 

 
 

Fig-8 CRR Curve for BH10 
 

 
 

Fig-9 CRR Curve for BH11 
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Fig-10 CRR Curve for BH12 
 

Table-4 Liquefaction susceptibility criteria 
 

BH 
No. 

CRR CSR 

1m 3.5m 6m 1m 3.5m 6m 

1 4.0 0.118 0.165 0.215 0.493 0.539 

2 0.165 0.140 0.233 0.218 0.347 0.395 

3 4.0 4.0 4.0 0.219 0.223 0.285 

4 4.0 4.0 4.0 0.217 0.221 0.251 

5 4.0 4.0 4.0 0.231 0.268 0.325 

6 4.0 0.156 0.125 0.215 0.259 0.315 

9 0.111 0.140 0.165 0.215 0.347 0.395 

10 0.125 0.206 0.165 0.474 0.474 0.465 

11 0.080 0.098 0.098 0.458 0.442 0.441 

12 0.132 0.148 0.290 0.204 0.321 0.891 

 
Table-5 Estimated factor of safety for 0.36pga. 

 

BH 
No. 

FACTOR OF SAFETY 

1m 3.5m 6m 

1 2.0 0.493 0.539 

2 0.757 0.403 0.590 

3 2.0 2.0 2.0 

4 2.0 2.0 2.0 

5 2.0 2.0 2.0 

6 2.0 0.623 0.397 

9 0.517 0.403 0.417 

10 0.264 0.435 0.355 

11 0.176 0.222 0.223 

12 0.650 0.461 0.891 

 
Table-5 Overall liquefaction potential according to 

Iwasaki and estimates vertical settlement 
 

BH No. IL Sv-1D 

1 18.54 45.35 cm 

2 25.26 56.29 cm 

3 0.00 0.00 cm 

4 0.00 05.00 cm 

5 0.00 00.00 cm 

6 18.33 44.83 cm 

9 33.18 69.17 cm 

10 40.43 60.03 cm 

11 49.22 103.46 cm 

12 21.33 52.02 cm 

 
IL: Overall Potential 

Sv-1D: Estimated Vertical Settlement due to saturation 

IL = 0.00 – No Liquefaction 

IL between 0.00 to 5 Liquefaction not probable 

IL between 5 to 15 Liquefaction Probable 

IL > 15 – Liquefaction certain 
 

8. CONCLUSIONS 
 
An overview of a different method to evaluate the 
liquefaction potential is presented in this paper. The back 
analysis of soil confirms the presence of liquefied soil at 
foundation level. The factor of safety is calculated at 1m, 
3.5m, and 6m these values can be used for design 
consideration. Hence it can be concluded the areas having 
high water table up to 5m are more susceptible to 
liquefaction and these study areas are not suitable for 
construction activities. A more rigorous study can be carried 
out by increasing the numbers of the boreholes and depth of 

the boreholes. 
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