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ABSTRACT 
 
 

Stress controlled cyclic triaxial tests have been done on coastal sand of Digha, West Bengal, India,
at different frequencies, confining pressures, and relative densities and cyclic stress ratios. Number
of cycles for initial liquefaction (NL) has been determined for that number of cycle when excess
pore pressure ratio has become equal to 1. Significant influences of density of sand, confining
pressure and number of cycles for initial liquefaction on coastal Digha sand have been found. The
test results have shown that increasing density of sand increases liquefaction potential, whereas
cyclic strength of sand decreases with increase of confining pressure. An empirical correlation has
been developed on cyclic strength of sand based on these parameters and this correlation fits quite
well with the observed experimental results. Bender Element tests have been performed to
determine maximum shear modulus (Gmax) of Digha sand at different densities and confining
pressures. A high correlation coefficient between cyclic strength and Gmax of Digha sand at any NL
has been found. A new pore water pressure generation model has been introduced for this sand
along with upper bound and lower bound curves to predict excess pore water pressure build up
due to seismic loads. 
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1. INTRODUCTION 
The high incidence of liquefaction during 

earthquakes and its damage potential has made 
analysis of cyclic strength of sand a prime subject of 
concern in the field of geotechnical earthquake 
engineering. Significant research on liquefaction of 
soils has been carried out earlier by several 
researchers, i.e. Seed and Lee (1966), Lee and Seed 
(1967), Peacock and Seed (1968), Lee and Fitton
(1969), Seed and Peacock (1971), Finn et al. (1971), 
and Silver et al. (1976).  But in India the study of 
dynamic soil properties and liquefaction potential of 
soil has been started in a little later stage only after 
devastation during Bhuj earthquake in Gujarat in the 
year 2001. One type of study has been carried out on 
soil from seismological active zones like Assam sand 
(Sitharam and Govindaraju, 2007) and on soils from 
earthquake affected damaged areas like Ahmedabad 
sand (Sitharam and Govindaraju, 2007) and Bhuj sand 
(Sitharam et al., 2004). Another type of study has been 
done on river sand like Kasai river sand (Chattaraj and 
Sengupta, 2016), Solani river sand (Maheshwari et al., 
2012), Brahmaputra river sand (Kumar et al., 2017), 
Yamuna sand (Rao and Ramana, 2010) in order to 
evaluate their behaviour during earthquake. India is 
surrounded by sea in eastern region (Bay of Bengal), 
southern region (Indian Ocean) and western region 

(Arabian Sea) and is very often experience ocean 
storms at least once in every year mainly during 
monsoon. Recently on May, 2020 devastating cyclone 
Amphan has made severe damage in the coastal areas 
in West Bengal comprising East Midnapur and South 
24 Parganas. Further in the year 2000, eastern and 
southern coast experienced the effect of tsunami 
which caused a devastating damage in the coastal area.

Research works to determine liquefaction 
damage potential of coastal soil in eastern coastal 
region of India has not been carried out. Several 
research works on liquefaction of soils have been 
performed on coastal soil has been done in other 
countries like sand from the North Coast of Egypt 
(Salem et al., 2013), sand from beach in Puerto Real, 
Cabo Rojo, south-western Puerto Rico (Sandoval and 
Pando, 2012) and coastal sand from Dogs Bay (Hyodo 
et al., 1998).  

In this present study coastal sand of Digha region 
has been selected for this study. Digha is situated 
between the coastal tract of adjacent Bay of Bengal 
and the boarder of two states: West Bengal and Orissa 
(Mandal et al., 2013). Moreover this area lies within 
the seismic zone III as per seismic zonation map of 
India (Dasgupta et al., 2000 and IS 1893). Digha is one 
of the most important tourist spots of West Bengal 
district where average annual inflow of number of 
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tourists are around 1 million and the number reaches 
sometimes about 3 million (Mandal et al., 2013). For 
this tourism a huge number of hotels, restaurants, 
recreation centres and other construction have been 
done in Digha and also this number is increasing day 
by day. Apart from this, Digha consists of one of the 
biggest fishery industry in West Bengal (Mandal et al., 
2013). So all types of important structures used for 
tourism; residential and industrial purposes have been 
constructed on the soil of Digha which is more or less 
uniform fine to medium sand (Dalal and Sahu, 2011; 
Jana and Bhattacharya, 2012). Another major problem 
in Digha region is the loss of land to sea which means 
high erosion of coast line at Digha, Shankarpur, 
Chandpur, Jaldha, Tajpur and Mandarmani (Jana and 
Bhattacharya, 2012) and rapid beach erosion at Old 
Digha associated with enormous damage of artificial 
construction at Bankipur along with beach accretion 
and development of new dunes at Talsari (Jana et al., 
2013). The problem of coast line encroachment 
towards land and rapid beach erosion in Digha region 
has been identified along with evidential proof with 
photographs by Jana et al. (2013). The reason behind 
this phenomenon from geotechnical point of view is 
liquefaction i.e. development of excess pore water 
pressure due to tidal wave and storm surge, which 
causes rapid occurrence of beach erosion mainly in 
Old Digha region. Moreover in recent days, (dated 28th

August, 2018) an earthquake of moderate intensity of 
the magnitude level of five on the Richter scale
occurred having epicentre at 10 kilometres below the 
surface of the district Hooghly, at Indian Standard 
Time 18:33:29 having location at 22.6o N and 87.7o E 

having source of Garhmayna Khandaghosh Fault 
(Indian Meteorological Department - Earthquake 
Report). Mild shaking was felt in East Midnapore, 
West Midnapore, Jhargram, Bankura, Purulia, 
Hooghly and Kolkata districts. Also, in recent past 
several number of shaking has occurred in those 
districts due to Pingla Fault, Garhmayna Khandaghosh 
Fault (Dasgupta et al., 2000). As Digha lies under 
seismic zone III (Dasgupta et al., 2000) and the soil 
profile is uniform sand (Dalal and Sahu, 2011) so there 
exists a high chance of damage due to liquefaction if 
earthquake of high magnitude strikes in this region.  

In this regard a detail study regarding 
liquefaction potential and excess pore water pressure 
generation of coastal sand of Digha region has been 
found immense important. The study area of coastal 
soil has been selected between Taalsari to Shankarpur 
in Digha region having 21° 37' 59.196" Northern 
Latitude and 87° 32' 37.2732" Eastern Longitude and 
it has been shown in map from Figure 1a and 
Figure 1b. 

 
2. BACKGROUND 

Failure of soil during liquefaction can be 
designated as when maximum excess pore water 
pressure (umax) becomes equal to effective over burden 
pressure or effective consolidation stress (σo). So it can 
be stated that liquefaction of soil occurs for that 
particular number of cycle when pore water pressure 
ratio (ru) equals to 1 (ru = umax / σo = 1) and that 
particular number of cycle can be designated as 
number of cycles required for initial liquefaction (NL). 
Various methods have been proposed by several 

Fig. 1a Map of the study area under East Midnapore district of West Bengal in India (source: official website of 
Govt. of Midnapore - https://www.paschimmedinipur.gov.in). 
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Fig. 1b Study area map showing Taalsari – Digha – Shankarpur location (source: Resourcesat-1: Liss-III satellite 
image of Bhvan, Indian Geo-platform of ISRO - website: https://bhuvan-app3.nrsc.gov.in). 

researchers to evaluate liquefaction potential of soil, 
but by using stress controlled cyclic triaxial test the 
most suitable method is determination of number of 
cycles required for initial liquefaction for given Cyclic 
Stress Ratios (CSR) where CSR is defined as the ratio 
of cyclic shear stress, τcyc to effective over burden 
pressure, σo (CSR = τcyc / σo). But this failure criterion, 
NL is determined by for that cycle when ru reaches 1 or 
axial strain of the sample reaches 5 % (5 % double 
amplitude strain, εd), whichever is earlier. Several 
attempts have been made by researchers to find the 
effects of parameters which affect CSR of soil. Out of 
these parameters most important are: relative density 
i.e. soil characteristic (Seed and Lee, 1966; Lin et al., 
2004; Finn et al., 1971; Hyodo et al., 1998; Rao and 
Ramana, 2010; Sandoval and Pando, 2012; Salem et 
al., 2013; Krim et al., 2016; Akhila et al., 2019); 
effective confining pressure i.e. geological criteria 
(Castro and Poulos, 1977; Yunoki et al., 1982; Salem 
et al., 2013; Finn et al., 1971; Peacock and Seed, 1968; 
Seed and Lee, 1966; Hyodo et al., 1998; Rao and 
Ramana, 2010) and frequency of loading of 
earthquake i.e. seismic criteria (Rao and Ramana, 
2010; Townsend, 1977). The effect of number of 
cycles required for liquefaction (NL) on CSR has been 
investigated by earlier researchers (Seed and Lee, 
1966; Silver et al., 1976; Lin et al., 2004; Evans and 
Zhou, 1995; Toki et al., 1986; Salem et al., 2013).  

Correlation between cyclic strength of sand 
(CSR) with number of cycles required to reach initial 
liquefaction (NL) has been proposed earlier (Rad and 
Clough, 1982; Chattaraj and Sengupta, 2016). 
 
 

𝐶𝑆𝑅 = 𝑎𝑁௅ି ௕                                                             (1)

where, the coefficients a and b depend on relative 
density of sand.  

The cyclic strength of soil (CSR) also depends on 
maximum shear modulus (De alba et al., 1984; 
Chattaraj and Sengupta, 2016). First effort to correlate 
between CSR and Gmax has been introduced by De alba 
et al., 1984; but the drawback of this correlation was 
valid only for NL = 10. This drawback has been 
overcome by the new correlation proposed by 
Chattaraj and Sengupta, 2016; where it has been found 
that the correlation between CSR and Gmax is valid for 
any number of failure cycle (NL) but this correlation is 
limited to effective confining pressure remains 
100 kPa.  

During dynamic loading in a saturated soil 
sample the pore water pressure generation is the most 
important and significant parameter. Not only that 
particular number of cycle in which the excess pore 
water pressure ratio becomes equal to 1 is important, 
but also the nature or trend of pore water pressure 
generation during cyclic loading; its dependency on 
several parameters along with upper bound and lower 
bound limit of excess pore water pressure generation 
should be taken into account for study and analysis of 
liquefaction of sand. Significant research to study the 
pore water pressure generation has been done by strain 
controlled cyclic triaxial test (Vucetic and Dobry, 
1988; Dobry et al., 1982; Sitharam, and Govindaraju, 
2007; Sitharam et al., 2008); by stress controlled 
cyclic triaxial test (Chattaraj and Sengupta, 2016; Rao 
and Ramana, 2010); by cyclic simple shear test 
(Porcino and Diano, 2016); by stress-controlled cyclic 
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hollow torsional tests (Baziar et al., 2011; 
Konstadinoun and Georgiannou, 2014). Several 
numerical model of excess pore water pressure 
generation model have been proposed by the previous 
researchers. Moreover during excess pore water 
pressure generation in sand upper bound and lower 
bound curve of pore water pressure generation has 
been proposed (Talaganov, 1996; Dobry, 1985; Baziar 
et al., 2011; Lee and Albaisa, 1974; EL Hosri et al., 
1984; Seed et al., 1976). Pore water pressure 
generation during stress controlled cyclic triaxial test 
depends on number of loading cycles, relative density 
and amplitude of applied cyclic stress (Govindaraju, 
2005).  

In this regard stress controlled cyclic triaxial tests 
have been carried on coastal Digha sand to determine 
its cyclic strength (CSR) by considering the 
parameters of frequency of loading, density of sand, 
effective confining pressure and number of cycles of 
loading which causes liquefaction. A new correlation 
of CSR of this sand has been established by 
considering these parameters. 

From bender element test maximum shear 
modulus of Digha sand has been determined and its 
correlation with CSR value of sand at different 
confining pressure has been established and it has been 
compared with the experimental results of Kasai sand 
(Chattaraj and Sengupta, 2016). A new excess pore 
water pressure generation model has been built up 
from experimental results of stress controlled cyclic 
triaxial tests and upper bound and lower bound model 
has been proposed. Experimental test results of pore 
water pressure generation of clean sand (Sitharam, et 
al., 2008) and Yamuna sand (Rao and Ramana, 2010)
have been used to validate the significance these two 
boundary curves of pore water pressure generation. 
 
3. MATERIAL CHARACTERISTICS 

The coastal Digha sand in this present study has 
been collected from Taalsari – Digha - Shankarpur 
region shown in Figure 1b. The index properties of 

Digha sand has been determined as per IS: 2720 
(Part- 3), and IS: 2720 (Part-14) and shown in Table 1 
and the grain size distribution curve is shown in 
Figure 2. The soil has been classified as poorly graded 
sand (SP) as per ASTM D 2487. It has been seen in 
Figure 2 that the grain size distribution curve lies 
between liquefiable boundaries proposed by Tsuchida, 
1970 and reproduced by Xenaki and Athanasopoulos 
(2003). So it may be concluded from Figure 2 that the 
sand sample which has been selected has high 
liquefaction susceptibility. 

 
4. SAMPLE PREPARATION 

For both cyclic triaxial test and Bender Element 
test all the soil samples have been prepared by 
a cylindrical split mould of size 50 mm diameter and 
100 mm height. As per ASTM 5311 – 11 the oven 
dried sand samples have been prepared by tamping 
method in 5 layers. If the target relative density is 
Rd  %, then relative densities are from bottom to top 
are Rd – 2, Rd – 1, Rd, Rd + 1, Rd + 2 respectively. By 
selecting the relative density for each layer the weight 
of sand along with height of each layer to be 
maintained has been calculated. A cone shaped funnel 
with a long tube has been used to pour the specimen 
into the split mould for each layer by maintaining zero 
dropping height. After filling each layer into the 
mould, tamping is applied till it occupies the particular 
height for each layer. Suction pressure of 10 - 12 kPa 
was applied to the sample to make the sample stiff, 
vertical and to reduce disturbance before removing the 
mould. Four target relative densities of 25 %, 45 %, 
65 % and 85 % have been selected in this present study 
along with four different effective confining pressures 
of 50 kPa, 100 kPa, 200 kPa and 400 kPa. Saturation 
has been done with de aired distilled water by applying 
back pressure and it has been increased gradually by 
maintaining effective confining pressure (difference 
between  cell  pressure  and  back pressure) 10 kPa 
until  Skempton’s pore pressure coefficient value, 
B (B = Δu/Δσc , where Δu is change in pore water 

Table 1 Physical properties of Digha sand. 

Property Notations Value
Specific Gravity Gs 2.72
Grain Size (mm) D60 0.3

D50 0.26
D30 0.19
D10 0.123

Uniformity coefficient Cu 2.44
Coefficient of curvature Cc 0.978
Maximum dry density (g/cc) γdmax 1.61
Minimum dry density (g/cc) γdmin 1.37
Maximum void ratio emax 0.978
Minimum void ratio emin 0.692
Soil type as per the Indian Standard Soil 
Classification System (ISSCS)

SP Poorly graded sand 
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pressure and Δσc is change in cell pressure) exceed 
0.95. Then the sand sample has been consolidated 
isotropic by maintaining the effective confining 
pressure (σo) value of that amount in which the test 
program has been decided to conduct i.e. σo = 50, 100, 
200 and 400 kPa. 

 
5. TESTING PROGRAMME 
5.1. CYCLIC TRIAXIAL TEST 

The cyclic triaxial test has been conducted as per 
ASTM: 5311-11 after completion of the consolidation 
process to determine cyclic strength (liquefaction 
potential) of soil by stress controlled technique. The 
saturated and consolidated sand specimen has been 
subjected to cyclic load by a loading rod which is 
connected to the top platen of the specimen under 
undrained condition by closing the back pressure 
valve in the loading frame. During application of 
cyclic load, the pore water pressure in the specimen 
increases. As a result, the effective stress in the 
specimen decreases and axial deformation of the 
specimen increases. The failure has been determined 
as that number of load cycles when excess pore water 
pressure ratio (ru) becomes equal to 1, which is called 
initial liquefaction and that number of cycle to cause 
initial liquefaction is denoted as, NL. These pore water 
pressure generations, cyclic loading on the soil 
specimen as well as axial deformation of the 
specimens have been displayed as well as recorded by 
the software provided by M/s HEICO named as Cyclic 
System Console V1.0.0 in a computer. The hydraulic 
actuator connected to a load cell (capacity 10 kN) 
which has been used in this test program can perform 
sinusoidal loading which can operate at a frequency of 

0.01 to 10 Hz. The specimen can be tested at 
a confining pressure upto 1000 kPa and the cell 
pressure and back pressure both can be applied by 
digitally controlled pressure system along with 
a control panel which has a combination of electro 
pneumatic regulators. 

The test conditions for cyclic loadings by 
performing stress controlled tests have been achieved 
as follows:  

The cyclic stress ratio value of 0.15, 0.2 0.25 and 
0.3 has been selected for soil sand sample having 
relative density of 25 % and 45 %. For relative density 
65 % and 85 % CSR value has been chosen as 0.2, 
0.25, 0.3 and 0.35. For each test confining pressure has 
been varied as 50, 100, 200 and 400 kPa. So total 64 
stress controlled cyclic triaxial test has been done in 
this study at sinusoidal harmonic loading having an 
applied frequency of 1 Hz.  

To study effect of frequency on liquefaction 
potential two set of cyclic triaxial tests have been 
performed, where during the first set the soil sample 
having relative density 25 % and effective confining 
pressure of 50 kPa has been chosen where the 
frequency range has been varied as 0.5, 1 and 2 Hz by 
taking the CSR values from 0.15 to 0.3 and during 
second set the soil sample having relative density 85 % 
and effective confining pressure of 100 kPa has been 
chosen where the frequency range has been varied as 
0.5, 1 and 2 Hz by taking the CSR values from 0.2 to 
0.35. 

 
5.2. BENDER ELEMENT TEST 

Shear modulus of soil at small strain (less than 
105) is considered as maximum shear modulus, Gmax
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 (Chattaraj and Sengupta, 2016). To measure 
maximum shear modulus of soil Bender Element test 
has been performed. The test apparatus used in this 
study has been manufactured by M/s HEICO. 
Cylindrical sample of coastal Digha sand has been 
prepared by a split mould of 50 mm diameter and 
100 mm height for this study (described in section 4). 
In a triaxial apparatus the bender elements are 
installed. Bender elements are encapsulated and 
mounted in inserts that are fixed into the base pedestal 
platen and top cap platen of a triaxial cell. They are 
carefully inserted into the soil specimen. When excited 
the bender element bends from side to side pushing the 
soil in a direction perpendicular to the length of 
the element thus having a large coupling factor with 
the soil. 

This produces a shear wave, which propagates 
parallel to the length of the element into the soil 
sample. On the other end of the soil sample another
bender element is forced to bend and produces an 
electrical signal. 

A shear wave is transmitted from the transmitter 
which is mounted in the top cap, where the shear wave 
is generated by an excitation voltage and the generated 
shear wave which propagates through the soil, is 
received by a receiver which is mounted in the 
pedestal. The apparatus of Bender element supplied by 
M/s HEICO has the following technical specification:
• Maximum working pressure: 3500 kPa 
• Multi-frequency test: up to 100 kHz 
• Multi wave generator (sine, haversine, morlet) 
• Suitable for specimen with diameters ranging 

from 50 to 150 mm 
 

After completion of saturation process in the 
sand sample prepared at a particular relative density, 
the effective confining pressure of 50, 100, 200 and 
400 kPa has been applied by changing the difference 
between cell pressure and back pressure value. Then 
the shear wave is transmitted and the travel time (t) to 
reach the shear wave to the receiver is calculated. 
From this, the shear wave velocity (vs) in m/s is 
calculated as: 𝑣௦(𝑖𝑛 𝑚/𝑠) =  ௟௧                                                          (2)

where, l = travel length of shear wave (m) 
t = travel time of shear wave (s) 

 

Gmax in kPa is calculated as: 𝐺௠௔௫ =  𝛾. 𝑣௦ଶ                                                             (3)

where, γ = density of the soil specimen (kg/m3) 
So total 16 numbers of bender element tests have 

been performed, taking four relative densities of the 
soil sample i.e. 25 %, 45 %, 65 % and 85 % and for 
each relative density of the soil sample four confining 
pressure has been taken, i.e. 50, 100, 200 and 400 kPa. 
So total sixteen Gmax value of the coastal Digha sand 
has been obtained for each condition of density and 
confining pressure. 

6. RESULTS AND DISCUSSION 
6.1. CYCLIC TRIAXIAL TEST RESULTS 

Typical test results of stress controlled cyclic 
triaxial test for coastal Digha sand has been shown in 
Figure 3a to Figure 3c. All the cyclic triaxial tests have 
been performed as two way cyclic loading which 
means reversal of cyclic shear stresses (compression 
and extension at a single cycle of loading). For the 
stress-controlled cyclic triaxial test, the magnitude of 
applied deviator stress, σd (kPa) has been estimated 
from the cyclic stress ratio (CSR) value and the
particular effective confining pressure during the 
cyclic test by using Equation 4. 𝜎ௗ = 2 ×  𝜎௢  × 𝐶𝑆𝑅                                                 (4)

Figure 3a shows the applied deviator stress vs. 
no. of cycles for coastal Digha sand at Rd = 45 %, 
σo  = 100 kPa and applied CSR = 0.3. So by using 
Equation 4 it can be calculated the applied deviator 
stress is 60 kPa. As all the tests are stress controlled 
test so the applied deviator stress is constant 
throughout each entire test program. The response of 
soil sample during liquefaction has been found out in 
Figure 3b from the graph of axial strain, εa (%) vs. no. 
of loading cycles. It has been observed when the 
sample has started losing its strength (after 20th

number of cycles the deformation of the sample starts 
increasing. When the sample fails due to rise of excess 
pore water pressure equal to effective confining 
pressure (at 38th number of cycles) the deformation of 
the sample becomes very large. The reason behind this 
phenomenon is that during liquefaction the sample 
loses its strength completely, so during application of 
cyclic loading by the actuator, the sample (which has 
lost its strength completely) deforms very high for 
applying the same amount of deviator stress 
(q = 60 kPa) with respect to no liquefied soil sample. 
The excess pore water pressure generation during 
cyclic   loading   has   been   illustrated  in  Figure  3c 
for applied  CSR = 0.3  and  effective confining 
pressure = 100 kPa at four relative densities, i.e. 25 %, 
45 %, 65 % and 85%. It has been observed that at 
lower value of relative density the soil loses its 
strength quickly rather than in dense state. So the 
generation of excess pore water pressure during cyclic 
loading is much faster for sand in loose state with 
respect to sand in dense state. Figure 3c depicts the 
generation of excess pore water pressure generation at 
a constant effective confining pressure of 100 kPa. So 
it has been found that when the maximum excess pore 
water pressure, umax has become equal to 100 kPa 
(effective confining pressure), the liquefaction occurs 
in that soil sample. It has been clearly observed in 
Figure 3c that for relative density 45% and applied 
CSR = 0.3 the soil liquefies at 38th number of loading 
cycles because at 38th numbered cycle umax has become 
equal to 100 kPa (effective confining pressure). The 
four curves of excess pore water pressure generation 
have been shown to compare and understand the 
excess pore pressure generation with variation of 
relative density. 
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Fig. 3a Typical test result of applied deviator stress vs. number of cycles during cyclic loading for Digha sand. 

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0 10 20 30 40

A
xi

al
 st

ra
in

, ε
a(%

)

No. of cycles, N

(b)For Rd = 45%, σo = 100 kPa, applied CSR = 0.3 and f = 1Hz

Fig 3b Typical test result of response of axial strain vs. number of cycles during cyclic loading for Digha sand. 

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90

M
ax

im
um

 e
xc

es
s p

or
e 

w
at

er
 p

re
ss

ur
e 

in
du

ce
d 

du
ri

ng
 e

ac
h 

cy
cl

e 
of

 lo
ad

in
g,

 u
m

ax
 (k

Pa
) 

No. of cycles, N

(c)For σo = 100 kPa, CSR = 0.3, with variation of relative density, Rd = 25% to 

Fig. 3c Typical test result of generation maximum excess pore water pressure induced during each cycle of 
loading vs. number of loading cycles during cyclic triaxial test for Digha sand.  



P. Ray and R. B. Sahu 
 

 

172 

 

 

Fig. 4   Effect of frequency on CSR values of sand for (a) Rd = 25 % and 85 % and (b) Rd = 45 % and 65 %. 
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6.2. EFFECT OF FREQUENCY ON CYCLIC 
STRENGTH OF SOIL 
To investigate the effect of frequency on cyclic 

strength of soil cyclic triaxial tests have been done on 
coastal Digha sand at 3 frequencies i.e. 0.5, 1 and 
2 Hz. Soil sample has been prepared at Rd = 25 % at 
σo = 50 kPa and at Rd = 85 % at σo = 100 kPa. For each 
frequency CSR value has been varied from 0.15 to 0.3 
(for Rd = 25 %) and 0.2 to 0.35 (for Rd = 85 %). 
Figure 4 illustrates the effect of frequency on cyclic 
strength of soil. It has been found that frequency of 
load application does not influence the liquefaction 
resistance. Similar finding has been found by 
Townsend (1977), Rao and Ramana (2010). In this 
regard, all other cyclic triaxial tests have been done at 
sinusoidal loading frequency of 1 Hz. 

 
6.3. DEPENDENCY OF CYCLIC STRENGTH OF 

SOIL ON NUMBER OF CYCLES 
Figure 5 illustrates the results of 64 numbers of 

cyclic triaxial tests. Soil sample has been prepared at 
relative density 25 %, 45 %, 65 % and 85 %. For each 
density effective confining pressure of 50, 100, 200 
and 400 kPa has been applied. CSR value of 0.15 to 
0.3 has been taken for relative density 25 % and 45 % 
and CSR value of 0.2 to 0.35 has been taken for 
relative density 65 % and 85 %. It has been found that 
CSR value of soil reduces non-linearly with increase 
of number of cycles to cause initial liquefaction, NL. 
So it can be stated that increase in loading amplitude 
(CSR value) increase rapid acceleration of excess pore 
water pressure in soil, as a result lesser number of 
loading cycles are required to liquefy of sand. Similar 
trend has been found by previous researchers (Seed 
and Lee, 1966; Silver et al., 1976; Lin et al., 2004; 
Evans and Zhou, 1995; Toki et al., 1986; Salem et al., 
2013).

6.4. EFFECT OF DENSITY AND CONFINING 
PRESSURE ON NUMBER OF CYCLES TO 
LIQUEFY 
To analyze cyclic strength of sand on number of 

cycles to liquefy (Fig. 5) and to determine the effects 
of parameter on liquefaction resistance of sand, 
a detail study has been done by concentrating only on 
the effect of density and confining pressure on number 
of cycles required for initial liquefaction (NL). 
Figure 6 shows the effect of effective confining 
pressure (σo) on number of cycles to liquefy for 
different cyclic stress ratios values i.e. 0.15 to 0.3 
for Rd = 25% and for  CSR values i.e. 0.2 to 0.35 for 
Rd = 85. It has been observed that number of cycles to 
liquefy for initial liquefaction decreases with increase 
in effective confining pressure. Similar trend or 
similar nature has been observed by other researchers 
also (Salem et al., 2013; Finn et al., 1971; Castro and 
Poulos, 1977; Sandoval and Pando, 2012). But this 
observation is contradicting in nature with observed 
result of other researchers (Seed and Lee, 1966; 
Peacock and Seed, 1968; Rao and Ramana, 2010) 
where number of cycles to liquefy increases with 
increase of effective confining pressure. This 
observation can be explained as the sand has become 
saturated and consolidated before cyclic loading, so 
increase in effective confining pressure (before 
application of shearing by cyclic loading) squeezes the 
voids space between sand particles and increases 
the pore water pressure inside the sand. So when 
cyclic loading has been applied to the sand sample less 
number of loading cycles are required to reach excess 
pore water pressure equal to effective confining 
pressure (initial liquefaction). 

Figure 7 illustrates the effect of density on 
number of cycles required to liquefy. It has been 
observed that with increase of density, strength of the 
soil sample increases. As a result more number of 



LIQUEFACTION POTENTIAL ALONG WITH PORE WATER PRESSURE GENERATION OF … 
. 

 

173

Fig. 5   Variation of cyclic stress ratio with number of cycles to reach initial liquefaction by varying confining 
pressures from 50 kPa to 400 kPa at (a) Rd = 25 %; (b) Rd = 45 %; (c) Rd = 65 %; (d) Rd = 85 %.

 

Fig. 6   Effect of confining pressure on number of cycles to liquefy for different cyclic stress ratios at (a) Rd = 25 % 
and at (b) Rd = 85 %. 
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Fig. 7   Effect of relative density on number of cycles to liquefy for different cyclic stress ratios at (a) σo = 100 kPa 
and at (b) σo = 200 kPa.
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Fig. 8   Effect of (a) confining pressure and (b) relative density on the cyclic resistance (CSR) of sand for number 
of cycles for initial liquefaction, NL = 15.
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cycles required to liquefy dense sample rather lesser 
number of loading cycles are required to cause initial 
liquefaction of loose sample at a particular selected 
loading amplitude (CSR) for effective confining 
pressure 100 kPa (Fig. 7a) and 200 kPa (Fig. 7b). 
Similar findings have been found by other researchers 
also (Krim et al., 2016; Salem et al., 2013; Rao and 
Ramana, 2010). 

 
6.5. REPRESENTATION OF LIQUEFACTION 

POTENTIAL IN TERMS OF CSR 
For better understanding the effects of effective 

confining pressure and density on liquefaction 
potential of Digha sand, a series of cyclic triaxial tests 
have been performed to determine cyclic stress ratio 
which causes initial liquefaction (development of 

excess pore water pressure ratio, ru = 1) at 15 number 
of loading cycles (Krim et al., 2016) and the observed 
cyclic stress ratio value can be presented as cyclic 
strength of soil. In this regard the effect of density and 
effective confining pressure on cyclic strength of sand 
(represented in terms of CSR) has been illustrated in 
Figure 8a (effect of effective confining pressure) and 
Figure 8b (effect of density) at NL = 15. It has been 
observed that the rate of change of cyclic stress ratio 
of sand (rate of decrease) is quite higher for change of 
effective confining pressure rather than change 
of relative density (rate of increase). This phenomenon 
signifies that liquefaction potential of sand influences 
greater by change of confining pressure rather than 
density. 
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 used within the effective confining pressure range 
from 50 to 400 kPa. This equation gives better 
prediction for determination of cyclic strength of soil 
by varying any input parameters (density, confining 
pressure and number of failure cycles). The advantage 
of this equation is that this model predicts the cyclic 
strength of sand at any number of failure cycles and in 
this correlation the density of sand has been introduced 
as field void ratio or existing void ratio of the soil in 
the field. So using this correlation there is no need of 
performing relative density test of sand (rather than 
Equation 5 by Salem et al. (2013) and Equation 1 by 
Chattaraj and Sengupta (2016). By collecting the soil 
sample from the field and by calculating field void 
ratio of sand, one can directly use the new proposed 
correlation to determine the cyclic strength of sand. 
 
6.7. VALIDATION OF THE PROPOSED 

CORRELATION 
It has been established that cyclic stress ratio 

(CSR) value of Digha sand depends on number of 
cycles to liquefy, effective confining pressure and 
relative density. Based on the experimental results 
a new correlation (Eqn. 6) of CSR of coastal Digha 
sand has been established by considering all the 
parameters. For better understanding the deviation of 
the observed experimental results of CSR value from 
calculated CSR value (by using Eqn. 6), the number of 
cycles to liquefy (NL) has been fixed as 15. 

By changing the relative density 25 %, 45 %, 
65 % and 85 % and for each relative density of sand 
changing the effective confining pressure 50kPa, 
100 kPa, 200 kPa and 400 kPa total 16 experiments 
have performed to obtain the cyclic stress ratio value 
of sand which has been liquefied at number of cycles, 
NL = 15.  

These total 16 experimental test results have 
been plotted in Figure 8a and Figure 8b. If the 
measured CSR value would be equal to predicted CSR 
value, then all the point would lie on a straight line 
passing through the origin and making an angle equal 
to 45o with the horizontal. This hypothetical line has 
been drawn in Figure 9 by a straight line passing 
through the origin (0, 0). Any point lying on the 
hypothetical line would signify that for that point 
measured cyclic stress ratio value equals to predicted 
cyclic stress ratio value. 

So in Figure 9, the plot of all the points (denoted 
by circle) along with the hypothetical straight line 
passing through the origin signifies the deviation of 
observed cyclic stress ratio from hypothetical straight 
line. The higher distance of a point from the 
hypothetical straight line, indicates the greater 
deviation of the measured test result from the 
predicted cyclic stress ratio.s in Figure 9, all 
the sixteen experimental data points are lying very 
close to the hypothetical straight line, this indicates 
that the proposed correlationship approximate the 
observed CSR value very closely. So it can be stated 
that this proposed correlation can be used directly to 
estimate the cyclic strength of Digha sand. 

6.6. CORRELATION BETWEEN CSR WITH NUMBER 
OF CYCLES FOR LIQUEFACTION, EFFECTIVE 
CONFINING PRESSURE AND DENSITY OF 
SAND 
Test results obtained from 64 cyclic triaxial tests 

conducted at sinusoidal loading frequency of 1 Hz. 
From the test data (Fig. 5) linear regression analysis 
has been done. The relative density of the soil has been 
introduced as void ratio function f(e)=1 / (0.3 + 0.7 e2), 
where e is the void ratio of soil. So a correlation has 
been obtained between cyclic strength of soil (CSR), 
number of cycles to liquefy (NL), effective confining 
pressure (σo) and relative density of soil (in terms of 
void ratio function, f(e)). Previously, this type of 
correlation has been provided by Rad and Clough 
(1982), Chattaraj and Sengupta (2016) in Equation 1, 
where cyclic strength of soil (CSR) is a function of NL
and the multiplying constant, 'a' and power constant, 
'b' depend on relative density of soil. A new correlation 
has been provided by linear regression by Salem et al. 
(2013) in Equation 5.  

 𝐶𝑅𝑅 = 0.6418(ோ೏బ.ఱఱ஢౥ )଴.ଶ଼଻             (5)
 

In this equation the term CRR has been proposed 
by Salem et al. (2013) as Cyclic Resistance Ratio of 
soil which can be defined as the CSR required to cause 
initial liquefaction of soil in 20 number of cyclic 
loading in stress controlled cyclic triaxial test. In this 
correlation it has been considered that the liquefaction 
will occur only at 20 numbers of loading cycles. But 
in all the cases of earthquake, liquefaction will not 
certainly happen at 20 numbers of cycles always. 
Liquefaction may occur at any number of loading 
cycles.  

A new correlation of CSR of coastal Digha sand 
has been established by considering all the parameters 
i.e. number of loading cycles (NL), effective confining 
pressure (σo), relative density (f(e)) and it has been 
given in Equation 6. The parameter, frequency has 
been excluded from this correlation, as it has been 
found frequency does not significantly affect cyclic 
strength of soil during liquefaction. 

 𝐶𝑆𝑅 = ଴.ହଶேಽబ.మ × (஢౥୔౗)ି଴.ସଶହ × ଵ(଴.ଷା଴.଻ ௘మ)బ.ఴయళ               (6)
 
It has been found the coefficient of determination (R2) 
is 0.96. In Equation 6 the term Pa is the atmospheric 
pressure in kPa (same unit of effective confining 
pressure, σo). This constant Pa has been introduced to 
make the right hand side of the equation unit less. As 
the left hand side of Equation 6 is cyclic stress ratio, a 
unit less quantity, so it is required to represent the right 
hand side in unit less also. As NL and void ratio, e are 
both unit less terms, it is required to represent effective 
confining pressure, σo in unit less term. So the 
effective confining pressure has been divided by 
atmospheric pressure to make unit less quantity, 
provided σo and Pa both are in same unit. So it can be 
stated that this equation as Equation 6 is dimensionally 
correct, so it can be used in any unit system and can be 
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method to calculate wave travel times. It simply 
identifies the time span between the major first peaks 
of the input and output waveforms. Typical input and 
output signals obtained from single pulse sinusoidal 
bender element tests are presented in Figure 10a, as 
well as the identified first and second picks necessary 
to calculate the wave travel times. 

By determining the travel time of shear wave 
velocity through the soil sample the velocity of shear 
wave, vs has been determined using Equation 2 and the 
Gmax has been calculated using Equation 3. Figure 10b 
illustrates the 16 experimental results of Digha sand 
from bender element test. It has been found that Gmax 
value increases with effective confining pressure and 
also Gmax increases with relative density. It has been 
observed that at lower effective confining pressure 
(50 kPa) the difference between Gmax values (at 
different relative density) are lower, but with increase 
of effective confining pressure the difference between 
Gmax value (at different relative density) are 
increasing. So it can be concluded that Gmax value of 
soil is affected greatly with increase of effective 
confining pressure. Similar trend has been observed on 
experimental results on Kasai river sand by 
performing resonant column test (Chattaraj and 
Sengupta, 2016) and similar conclusion has been 
drawn by Dobry and Vucetic (1987) while 
investigating effect of confining pressure on 
maximum shear modulus. Due to increase in effective 
confining pressure the cyclic stiffness of the sand 
increases. Due to increase in cyclic stiffness, the 
maximum shear modulus of sand has been increased 
with increase in effective confining pressure. 

In this test program of bender element test, if d is 
the distance between the transmitter and receiver of 
bender element, λ is the wavelength of the input signal 
then d/λ represents the number of wave lengths that 
occur between the bender element transmitter and 
receiver and which control the shape of the received 
signal. For low values of d/λ there is an initial 
downward deflection of the trace before the shear 
wave arrives. For high values of d/λ the near field 
effect is almost absent. So in this entire experimental 
procedure the input frequency has been taken as 
16.8 kHz and the value of d/λ has been taken as 8. The 
input and output parameters from the bender element 
test has been given in Table 2. 

 
6.10. CORRELATION BETWEEN MAXIMUM SHEAR 

MODULUS AND CYCLIC STRESS RATIO  
From the experimental results of Digha sand it 

has been found that the maximum shear modulus, Gmax
(from bender element test) depends on effective 
confining pressure and relative density (Fig. 10) and 
cyclic strength of sand, CSR (from cyclic triaxial test) 
also depend on relative density and effective confining 
pressure (Fig. 8), in addition number of cycles to 
liquefy. In this regard, at attempt has been done to 
correlate the Gmax with CSR at a particular failure 
cycle, NL.  

Fig. 9 Comparison of observed cyclic strength value
form cyclic triaxial test with predicted cyclic 
strength value of Digha sand which induces 
liquefaction after 15 cycles. 

6.8. LIMITATION OF THE PROPOSED 
CORRELATION 
The new correlation proposed in this paper based 

on the experimental observations of stress controlled 
dynamic tests of coastal Digha sand has the following 
limitations: 
i) As the sand skeleton structure, its grain size 

distribution, mineral constituents, size and shape of 
the sand particles can be found different at different 
locations, so it can be stated that this new 
correlation is valid quite well for those types of 
coastal sands which have the soil grain size 
distribution and skeleton structure similar to Digha 
sand. 

ii) It has not been clearly understood that at very low 
effective confining pressure (when σo quite less 
than 50 kPa) this correlation is valid or not. 

 
6.9. MAXIMUM SHEAR MODULUS, GMAX OF DIGHA 

SAND FROM BENDER ELEMENT TEST 
Bender element test has been performed to 

determine maximum shear modulus, Gmax on coastal 
Digha sand by varying relative density from 25 % to 
85 % and for each density effective confining pressure 
has been varied from 50 kPa to 400 kPa. Bender 
element tests were conducted by inducing a single-
pulse sinusoidal input signal with amplitude of 14 V 
and a frequency of 5 kHz. A minimum of 10 output 
signals were stacked for each Bender element test and 
then averaged to minimize electrical noise. Figure 10a 
shows the Bender element input and obtained 
averaged output signals for a typical Bender element 
test conducted. At the moment of Bender element 
testing, the travel distance d, calculated as the tip-to-
tip distant between Bender element source and 
receiver was estimated to be 96.44 mm. The peak-to-
peak approach is the simplest and fastest time domain 
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Fig. 10a Typical response curve of input and output 
wave from the bender element test. 

Fig. 10b  Maximum  shear  modulus  values obtained at 
σo = 50 to 400 kPa with Rd = 25 to 85 % from 
Bender Element Test. 
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Table 2 Gmax predicted from shear wave velocity.

Frequency 
(kHz) 

d/λ Predicted arrival 
time (ms)

vs (m/s)  Density, γ 
(kg/m3) 

Effective confining 
pressure, σo (kPa)

16.8 8 642.69 150.06 1426.71 50
16.8 8 513.71 187.73 1426.71 100
16.8 8 429.53 224.53 1426.71 200
16.8 8 356.57 270.46 1426.71 400
16.8 8 605.81 159.19 1470.85 50
16.8 8 511.81 188.43 1470.85 100
16.8 8 418.24 230.59 1470.85 200
16.8 8 341.89 282.08 1470.85 400
16.8 8 586.92 164.32 1517.77 50
16.8 8 485.70 198.56 1517.77 100
16.8 8 408.14 236.29 1517.77 200
16.8 8 334.69 288.15 1517.77 400
16.8 8 576.85 167.18 1567.81 50
16.8 8 468.25 205.96 1567.81 100
16.8 8 398.35 242.10 1567.81 200
16.8 8 323.97 297.68 1567.81 400

The first attempt to make this correlation has 
been proposed by De Alba et al. (1984) on Monterey 
No. 0 sand and Dover sand. As the term cyclic stress 
ratio is dimensionless and Gmax has a unit of kPa, so to 
make the term dimensionless Gmax has been divided by 
effective confining pressure, σo by De Alba et al. 
(1984). But this correlation has been established for 
number of failure cycles, NL = 10 only. At other values 

of NL whether this correlation would be valid was not 
clearly established. This drawback has been overcome 
by Chattaraj and Sengupta (2016), where correlation
between CSR and Gmax has been established at any 
number of failure cycles (i.e. NL = 5, 10 and 20) by 
performing cyclic triaxial test and resonant column 
test on Kasai river sand. This correlation is more 
realistic than De Alba et al. (1984) as Gmax has been 
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Fig. 11 Correlation between cyclic resistance of sand with maximum shear modulus at number of failure cycles 
5, 10 and 20 at (a) σo  = 50 kPa (b) σo  = 100 kPa (c) σo = 200 kPa (d) σo = 400 kPa. 
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represented as Gmax / Pa term, where Pa is atmospheric 
in the same unit of Gmax. But the drawback in the 
correlation proposed by Chattaraj and Sengupta 
(2016), was the cyclic triaxial test has been performed 
only at effective confining pressure = 100 kPa. So 
whether there exists good correlation between CSR 
and Gmax/Pa at any value of effective confining 
pressure was not clearly mentioned. This drawback 
has been overcome in the experimental results of 
coastal Digha sand in this present study.  

From Figure 11 it has been well established that 
a good correlation between CSR and Gmax / Pa exist at 
any number of failure cycles at any value of effective 
confining pressure. For better understanding 
a comparative study of test results of Digha sand 
(present study) by marker with solid fill and Kasai 
sand (Chattaraj and Sengupta, 2016) by marker with 
no fill has been given at σo = 100 kPa in Figure 12. 
Figure 11 illustrates that at lower value of Gmax of 
Digha sand the cyclic stress ratio values fall within 
a shorter range but at higher values of Gmax the 

differences of cyclic stress ratio values increases. But 
in all the cases Figure 11a to Figure 11d it has been 
found that the coefficient of determination (R2) is 
more than 0.94, which indicates that a well correlation 
exists between cyclic strength of soil with its 
maximum shear modulus at any number of failure 
cycles for a particular density and effective confining 
pressure. 

In this present study for determination of 
liquefaction potential of coastal Digha sand, it might 
be questionable that what is the reason behind 
determining maximum shear modulus of Digha soil, 
as the objective of this present study is to determine 
liquefaction potential and pore water pressure 
generation of coastal Digha sand. The answer of 
determining Gmax value of Digha sand is in this present 
study an effort has been done to investigate all types 
of possible parameters which can affect the cyclic 
strength of coastal Digha sand (in terms of CSR). As 
an effort has been done by previous researchers not 
only frequency, density, confining pressure or number 



LIQUEFACTION POTENTIAL ALONG WITH PORE WATER PRESSURE GENERATION OF … 
. 

 

179

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

R² = 0.9765

R² = 0.9683

R² = 0.9507 R² = 0.94

R² = 0.93

R² = 0.92

0.0

0.1

0.2

0.3

0.4

0.5

0.6

450 550 650 750 850 950 1050

C
SR

Gmax / Pa

σo = 100 kPa

Kasai sand (Chattaraj 
and Sengupta, 2016)

Digha sand (present 
study)

Fig. 12 Comparison of test data between correlation cyclic strength of sand with maximum shear modulus for 
Digha sand (present study) and Kasai sand (Chattaraj and Sengupta, 2016). 

of cyclic loadings, also the maximum shear modulus 
influences the liquefaction potential of Digha sand. In 
this regard as there were some drawbacks to establish 
the correlation between cyclic strength and maximum 
shear modulus, an effort has been done to rectify those 
drawbacks, discussed earlier. Due to this reason 
determination of Gmax of Digha sand (by performing 
Bender element test) has become essential in this 
present study. 

 
6.11. EXCESS PORE WATER PRESSURE 

GENERATION DURING CYCLIC LOADING 
During cyclic loading generation of excess pore 

water pressure is the one of the most important 
phenomenon in cyclic triaxial test. During application 
of cyclic loadings under undrained condition excess 
pore water pressure builds up and when the excess 
pore water pressure becomes equal to effective 
confining pressure, the effective stress in sample 
become equal to zero and the sample loses it strength 
completely. This is termed as initial liquefaction. 
Figure 13a to Figure 13d show the excess pore water 
pressure builds up during cyclic loading. Similar kind 
of pore water pressure generation has been observed 
by Baziar et al. (2011) using hollow torsional test. 
Figure 13 illustrates that the generation of excess pore 
pressure ratio, ru along with cycle ratio (N/NL), where 
NL is the number of cycles required for initial 
liquefaction and N is the number of loading cycles 
which vary from 0 to NL. As a result the cycle ratio 
(N/NL) varies from 0 to 1 along with variation of ru
from 0 to 1. It has been observed from Figure 13 that 
the generation of pore water pressure (ru) mainly 
depends on number of loading cycles along with cyclic 
strength of soil (CSR) and relative density (Rd). 
Similar observation has been reported by Govindaraju 
(2005). The rate of generation of excess pore water 
pressure during cyclic loading has been found at the 

fastest rate at higher cyclic loading amplitude (CSR = 
0.3) and lower relative density (Rd = 25 %) shown in 
Figure 13a and the rate of generation of ru is slowest at 
lower value of cyclic loading amplitude (CSR = 0.2) 
and higher relative density (Rd = 85 %) shown in 
Figure 13d. By analyzing the nature of pore pressure 
generation curve (Fig. 13a to Fig. 13d) it can be 
concluded that at the initial few cycles, the pore water 
pressure generates at a faster rate (approximately upto 
ru = 0.5) and eventually it become stable with slower 
rate as considerable amount of pore water pressure 
builds up. But at the last few cycles, the pore water 
pressure shoots up rapidly due to the large shear 
deformation in the soil and leads to initialization of the 
liquefaction. At this stage, the effective stress in the 
sand becomes zero and initial liquefaction initiates. 

From the nature of all the curves of excess pore 
water pressure generation a new pore pressure 
generation model has been proposed in Equation 7. 
 𝑟௨ = 0.5 + ଵగ sinିଵ[{ln( ேேಽ)ఉ } + 1]                                (7) 
 

where, the power term ‘β’ depends on cyclic strength 
of soil (CSR) and relative density of soil, represented 
in terms of void ratio function f(e). So the power term 
β can be expressed as in Equation 8. 
 𝛽 = 1.86 × (𝐶𝑆𝑅)଴.଼ ×  [𝑓(𝑒)]଴.ଶ                                  (8)
 

where, the void ratio function f(e) has been expressed 
by Eqn 9. 
 𝑓(𝑒) = 0.5022 × [(ଶ.ଵ଻ି௘)మଵା௘ ]ଷ.ସ଻଼ହ                             (9)
 

whereas, e is the field void ratio of Digha sand.  
From this pore pressure generation model it is 

clear that the excess pore water pressure during cyclic 
loading primarily depends on number of loading 
cycles, but the rate of pore water pressure generation 
(faster rate or slower rate) depends on the power term 
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Fig. 13   Excess pore water pressure generation in Digha sand with cycle ratio at different cyclic stress ratio at (a) Rd = 25 %; 
(b) Rd = 45 %; (c) Rd = 65 %; (d) Rd = 85 %. 
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‘β’, where, Equation 8 illustrates that rate of excess 
pore water pressure generation depends more on 
amplitude of cyclic loading, rather than density. 

 
6.12.UPPER BOUND AND LOWER BOUND CURVE 

OF EXCESS PORE WATER PRESSURE 
GENERATION AND ITS VALIDATION 
By analyzing the numerical model of excess pore 

water pressure generation an upper bound and lower 
bound curve of excess pore water pressure generation 
has been introduced in this paper, shown in Figure 14. 
It has been shown in Figure 14 that all the 
experimental results of excess pore water pressure 
generation fall within the two limiting curves, which 
illustrates that for any type coastal sand having similar 
grain size character and physical properties like 
coastal Digha sand the pore water pressure generation 
will fall within the two limiting boundary curves 
shown in Figure 14. The study of excess pore water 

pressure generation has been done by other 
researchers also and several researchers have proposed 
different kinds of upper bound and lower bound curves 
of excess pore pressure generation (Talaganov, 1996; 
Dobry, 1985; Baziar et al., 2011; Lee and Albaisa, 
1974; EL Hosri et al., 1984; Seed et al., 1976). The 
boundary curves have been introduced by Talaganov 
(1996) from the strain controlled test, in terms of by 
excess pore pressure ratio (ru) versus cycle ratio 
(N/NL), which trend has been followed in the present 
study of Digha sand. To validate the newly proposed 
boundary curves of pore pressure generation 
comparative study has been done on the previous 
existing boundary curves by Talaganov (1996) and the 
newly proposed boundary curves from present study, 
shown in Figure 14. The boundary curves (Fig. 14) of 
Talaganov (1996) has been presented by grey colour 
(dotted grey line – lower bound and solid grey line -
upper bound) and proposed boundary curves of 
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Fig. 14   Proposed upper bound and lower bound of excess pore water pressure generation of Digha sand during 
cyclic triaxial test along with experimental test results along with proposed upper bound and lower 
bound curve by Talaganov (1996).

Fig. 15   Comparative study of proposed upper bound and lower bound curve of excess pre water pressure 
generation of coastal sand in present study along with proposed upper bound and lower bound curve by 
Talaganov (1996) along with experimental test results of other sands by cyclic triaxial test.
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present study has been represented by black colour 
(solid black line – upper bound and dotted black line –
lower bound). It has been observed in Figure 14 that 
where almost all the points are lying inside the 

boundary curves proposed in this present study, but 
a huge number of pore pressure generation points are 
lying outside the boundary curves proposed by 
Talaganov (1996).  
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Table 3 Comparative study of physical properties of three types of sands. 

Type of Sand Gs D10 (mm) D50 (mm) Cu emax  emin 
Digha sand (present study) 2.72 0.123 0.26 2.44 0.978 0.692 
Clean Sand (Sitharam et al., 2008) 2.65 0.077 0.3 3.57 0.69 0.44 
Yamuna Sand (Rao and Ramana, 2010) 2.66 0.110 0.21 2 1.015 0.546 

A comparative study of pore water pressure 
generation from cyclic triaxial test results of other 
researchers have been represented in Figure 15 along 
with upper and lower boundary curves (newly 
proposed and previously proposed by Talaganov 
(1996). Sitharam et al. (2008) has done strain 
controlled cyclic triaxial tests on clean sand by varying 
relative density 30 to 70% and effective confining 
pressure 50 to 200 kPa. All the clean sand by Sitharam 
et al. (2008) data has been shown in Figure 15 by 
marker with ‘circle’. Rao and Ramana (2010) have 
done stress controlled cyclic triaxial test on Yamuna 
sand by varying relative density 30 to 70 % and 
effective confining pressure 106 ±1 kPa. All the 
Yamuna sand data has been presented by marker with 
‘cross’ in Figure 15. It has been observed from 
Figure 15 that very few data of excess pore water 
pressure generation are lying within the boundaries 
proposed by  Talaganov (1996), whereas more number 
of data lie within the newly proposed boundary 
obtained from coastal Digha sand.  

A comparative study of physical properties of all 
the three sands taken i.e. Digha sand (present study); 
Yamuna sand (Rao and Ramana, 2010) and Clean sand 
(Sitharam et al., 2008) have been provided in Table 3. 
So from Table 3 it is clear that those types of sand 
having grain size distribution nearer to coastal Digha 
sand, in that case there is very high chance that the 
excess pore water pressure generation during 
earthquake will fall within the proposed upper and 
lower boundaries. 

 
7. CONCLUSION 

A series of stress controlled cyclic triaxial tests 
have been carried out on coastal sand at Digha region 
located at eastern coast of India. All the tests have been 
performed on saturated sands by preparing the 
specimens by dry deposition methods by varying 
cyclic stress ratios, frequencies, soil density, effective 
confining pressures and number of loading cycles for 
initial liquefaction. Bender element tests have been 
done on the same sand at four density and four 
confining pressures. From the experimental results the 
following conclusions have drawn on coastal sand at 
Digha region: 
1. Frequency of loading cycles does not affect 

significantly the number of cycles for initial 
liquefaction of sand.  

2. The cyclic strength of sand has been identified as 
cyclic stress ratio which reduces as the number of 
cycles for initial liquefaction increases for 

a particular density and a particular confining 
pressure. 

3. For a particular cyclic stress ratio the liquefaction 
potential of sand increases with increase in 
relative density but the liquefaction potential 
decreases with increase in effective confining 
pressure. 

4. By selecting a particular number of loading cycles 
for initial liquefaction of sand (NL = 15) it has 
been observed that cyclic strength of sand (cyclic 
stress ratio) increases with increase in relative 
density but reduces with increase in effective 
confining pressure. But the rate of change of 
cyclic stress ratio of sand (slope of the curve) is 
quite higher for change of effective confining 
pressure rather than change of relative density, 
which signifies that liquefaction potential of sand 
influences greater by change of confining 
pressure with respect to change in density. 

5. A new empirical correlation between cyclic stress 
ratio and change of effective confining pressure, 
sand density and number of loading cycles for 
initial liquefaction of coastal Digha sand has been 
developed by regression analysis. The test results 
have been closely approximate the predicted 
results by using the new correlation and can be 
used at any system of units. 

6. From Bender element tests the maximum shear 
modulus at different soil density and confining 
pressure has been determined and its correlation 
with cyclic stress ratio of sand at any number of 
cycles for initial liquefaction has been 
investigated. A high correlation coefficient 
indicates that there is a well linear correlation 
exists between maximum shear modulus and 
cyclic stress ratio at any relative density and at 
any confining pressure of sand for any number of 
cycles causing initial liquefaction.  

7. It has been observed that at lower value of Gmax of 
Digha sand the cyclic stress ratio values fall 
within a shorter range but with increase in values 
of Gmax the differences of cyclic stress ratio values 
increases. Higher the Gmax value, greater the 
differences between of cyclic stress ratio values at 
different number of cycles for a particular density 
and confining pressure. 

8. A new pore pressure generation model has been 
introduced for coastal Digha sand, where it has 
been found that the rate of generation of excess 
pore water pressure depends on cyclic stress ratio 
value applied to the soil and the density of sand. 
Upper bound and lower bound curves of excess 
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pore excess pore water pressure generation have 
been introduced in this study. It has been found 
that the test results fall within the range of two 
boundary curves. The newly proposed boundary 
curves have been compared by boundary curves 
proposed by Talaganov (1996) and cyclic triaxial 
test results of other sands by other researchers 
have been compared with the newly proposed 
boundary curves. 
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