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ABSTRACT: Liquefaction has become one of the most important and interesting topics in the field of Geotechnical
Earthquake Engineering. Also, its study became a part and parcel of seismic microzonation considering its severity. The 
devastation brought by it due to earthquakes of Niigata (Japan), Bhuj (India), Nepal have turned the spotlight on the 
seriousness with which this hazard has to be considered. So, in the present study, a comprehensive experimental program 
was undertaken in which a series of strain controlled cyclic triaxial tests were performed to evaluate the liquefaction 
resistance of local sand in Warangal. Tests were carried out at relative densities i.e., 35, 50 and 65% and reduction in pore 
pressure with increase in relative density was observed. Similarly, confining pressures of 100 and 150kPa for amplitudes 
ranging from 0.08 to 1% were also considered. From the results, it was also observed that higher confining pressures 
resulted decrease in pore pressure whereas higher amplitude of loading resulted a rise in pore pressure. This proved that 
densification or increasing confining pressure improves resistance against liquefaction which can be considered as the 
cheapest soil improvement technique to mitigate liquefaction hazards in unconstrained areas.
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1 INTRODUCTION

Construction of structures like buildings, foundations 
etc. on loose granular soils (like sands) has become a 
tough task in earthquake prone areas. This is due to fact 
that behavior of soil under static loading is different 
from dynamic loading. Several areas in India such as 
Kashmir, Himalayas, Bihar, North east region etc. are 
frequently prone to earthquakes. Moreover, the recent 
earthquakes like Bhuj (2001) and Nepal earthquake 
(2015) which were the most destructive earthquakes in 
India in the last 50 years had caused huge damage. The 
reconnaissance carried by many people showed that 
those earthquakes were characterized by widespread 
liquefaction that caused sand volcanoes, ground 
cracking, lateral spreading etc. Not only these, there are 
many other cases also in the past where severe havoc 
was seen due to induced liquefaction during 
earthquakes (Seed and Idriss, 1967; Sitharam et al., 
2004; Boulanger et al., 1997). This resulted in 
evaluation of liquefaction potential by several 
researchers either by stress based (Seed and Idriss, 
1971; Seed, 1979) or strain based (Sitharam et al., 
2012) approaches. The advantage in adopting a strain 
based approach is the total or partial replacement of 
parameters influencing soil properties like method of 
sample preparation, lateral earth pressure coefficient by 

the shear modulus in calculation of shear strains 
(Dobry et al., 1982). A field measurement of shear 
modulus (Gmax) automatically incorporates many of the 
soil characteristics which are necessary for pore 
pressure buildup during earthquakes. Thus, this 
approach decreases the need for a detailed knowledge 
of the site which is essential in the stress based 
approach. There are many ways to mitigate 
liquefaction of which densification is the cheapest 
technique (Menard and Broise, 1975; Lyman, 1942). In 
the present study, an attempt is made in the laboratory 
to understand the liquefaction potential of locally 
available sand in Warangal and determine the effect of 
parameters like amplitude of loading, confining 
pressure and relative density on dynamic soil behavior.

2 EXPERIMENTAL PROGRAM

2.1 Soil sampling 

The Sand used in the present study was collected from 
the surroundings of Warangal, Telangana, India. 
Preliminary tests were performed on the soil as per IS 
code to obtain the basic index properties which are 
listed in table 1. The gradation curve of the soil is 
shown in figure 1. It is clear from the properties that 
sand under consideration is poorly graded.
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Fig. 1: Grain Size Distribution of Sand used

Table 1: Index properties of Sand

Property Value

Specific Gravity 2.63
Maximum void ratio 0.98
Minimum void ratio 0.62

D10(mm) 0.2
D30(mm) 0.32

D60(mm) 0.43

Coefficient of uniformity (Cu) 2.15

Coefficient of curvature (Cc) 1.19
Soil classification SP

2.2 Test methodology

Specimens of 7.5cms diameter and 15cms height were 
reconstituted in the laboratory as explained below and 
a series of strain controlled tests were performed. List 
of different tests as listed in table 2 for evaluation of 
liquefaction potential and to determine effect of various 
parameters. Each test were comprises of three
segments i.e., saturation followed by sample 
preparation, consolidation and testing stage.

Table 2: List of tests performed

Test 
no

Dr 
(%)

Strain 
(%)

B Eff. Confining 
pressure, ?c’ (kPa)

1 50 0.02 0.95 100
2 50 0.06 0.96 100
3 50 0.20 0.95 100
4 50 0.50 0.95 100
5 50 1.00 0.96 100
6 50 0.06 0.96 150
7 50 0.20 0.94 150
8 50 0.50 0.95 150
9 50 1.00 0.95 150
10 35 0.50 0.95 100
11 65 0.50 0.96 100

2.2.1 Saturation

A calculated amount of clean dry soil was taken based 
on considered relative density for the preparation of 
sample using water sedimentation technique (Ishihara, 
1996). Later, drainage lines are connected and 
saturation was carried with the aid of back pressure by 
maintaining initial net effective stress on the specimen. 
Full saturation was assumed to be achieved for B-
values (=Δu/Δσc) of 0.96 or higher. After attaining it, 
consolidation stage was initiated. Time taken for this 
saturation depends on degree of denseness of sample 
which increases with density of sample.

2.2.2 Consolidation

During consolidation, initially both confining and back 
pressure valves were closed and test pressures were 
given maintaining required net effective stress. Later, 
volume change was allowed which initiates the process 
of consolidation and is recorded with time. A constant 
line in volume change vs. time graph after some time 
indicates the completion of consolidation stage.  

2.2.3 Cyclic loading (ASTM D5311)

After consolidation, test was carried at certain 
frequency (f), amplitude for a given number of cycles 
(N). All the tests were carried at a frequency (f) 1Hz as 
suggested by ASTM D5311. As test is being carried 
under strain approach, amplitude of loading is given in 
mm. Test was stopped after noticing a pore pressure 
almost equal to confining pressure as it indicates the 
stage of liquefaction. Then, results were analyzed and 
compared with other tests for conclusions. 

3 RESULTS AND DISCUSSION

A series of undrained triaxial tests were performed as 
listed in table 2. Result of test performed on a specimen 
subjected to 0.5% strain (ԑ) for 100 cycles is as shown 
in figure 2. It indicates that with increase in number of 
cycles, pore pressure builds up and results in decrease 
of shear stress and stiffness of the specimen which can 
be noticed by flattening of hysteresis loop. Complete 
flattening of loop indicates that soil cannot take load 
anymore which shows that soil is liquefied. 

Fig. 2: Variation Shear stress vs. Shear strain for a test at 
ԑ=0.5%, f=1Hz, Dr=50%, ?c’=100kPa. 
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3.1 Effect of shear strain and number of cycles

With an assumption that soil under consideration 
possess a Poisson’s ratio (υ) of 0.3 at a 50% relative 
density (Dr), tests were conducted at strains of 0.06%, 
0.2%, 0.5% and 1% which corresponds to cyclic shear 
strains (γc) of 0.07%, 0.26%, 0.65% and 1.3% and
results were analyzed. To better evaluate the effect of 
strain, excess pore pressure ratio (ru) vs. shear strain is 
considered for different loading cycles (N). These 
curves illustrate generation of pore pressure by each 
loading cycle and are called pore pressure generation 
curves. They also showed that ru is a function of γc and 
N which can be seen from figures 3 and 4 at different 
consolidation stresses. The difference between the ru 

values of first and last cycles shows the influence of 
loading cycles on pore pressure and indicates potential 
of pore pressure that could develop at a given shear 
strain. Once liquefaction triggers, the curve flattens and 
this difference decreases. At lower strains (γc<0.03%) 
pore pressure difference between first and last cycles is 
smaller. With increase in γc, there is significant rise in 
pore pressure generation for the specimen consolidated 
to 100kPa (figure 3), and the largest difference was 

Fig. 3: Variation of ru with γc at ?c’ = 100kPa, relative 
density of 50% and frequency 1Hz.

observed at γc of 0.1% whereas at 150kPa, the 
influence region shifted to higher strains, as shown in 
figure 4 implying that number of cycles is more 
influential for pore pressure buildup at high strains.

Fig. 4: Variation of ru with Shear Strain at ?c’= 150kpa, Dr

of 50% & frequency 1Hz for 10cycles.

3.2 Effect of confining pressure

In the field, each depth corresponds to different 
consolidation stresses. So, it is essential to know the 
effect of confining pressure in lab which accounts for 
depth effect in the field. For present work, two 
different consolidation stresses (100, 150kPa) were 
considered. Dobry et. al., (1985) performed similar 
tests on various sands using different specimen 
preparation techniques, relative densities, confining 
stresses and provided upper and lower bounds, shown 
in figure 5. From our present work, at a confining 
pressure of 100kPa and 10cycles, it is noticed that there 
is a reasonable agreement between the results obtained 
with the lower bound curve. Results also showed that 

Fig. 5: Variation of ru with Shear Strain at ?c’= 100kpa, Dr

of 50% & frequency 1Hz for 10 cycles.

significant pore pressure development for γ?<0.01%, 
suggesting a threshold shear strain of 0.01%, which 
agrees with Dobry’s results for clean sands. Similarly, 
tests were performed at 150kPa and results are
presented (figure 6), which shows 10% deviation in ru

for a smaller increment of ?c’ i.e., 50kPa. At higher 
increments, more decrease in ru can be noticed.

Fig. 6: Variation of pore pressure ratio with shear strain at 
different consolidation stresses for 10 cycles

Moreover, the influence of the consolidation stress on 
pore pressure ratio is not very significant at lower 
(γc<0.03%) and higher (γc>1%) strain levels. More 
reduction in pore pressure was seen in the middle range 
strains. It is important to note that specimens 
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consolidated to 150kPa also didn’t produce any excess 
pore pressure for γc<0.01% showing that threshold 
shear strain is not influenced by ?c’ between 100 and 
150kPa. 

3.3 Effect of relative density

Tests were also carried out on samples at relative 
densities of 35, 50 and 65% by varying strains. Each 
tests was terminated after reaching initial liquefaction 
and analyzed for results. The comparison of pore 
pressure generated for loose and medium dense 
specimens at a γc of 0.65% with number of cycles is as 
shown in figure 7. This showed that specimens 
prepared at lower densities generate higher pore 
pressure compared to medium dense specimens 
indicating that liquefaction potential for looser sand 
deposits is high. This is due to the fact that loose 
specimens possess more voids filled with water which 
under load application in undrained conditions results 
in high pore pressure generation.

Fig. 7: Variation of Pore pressure ratio with cycles at 
different relative densities.

4 CONCLUSIONS

The following conclusions were drawn based on the 
investigations carried on of saturated sands
ß In cases where site specific data is incomplete, 

strain based approach can be used comfortably. 
ß Increase in confining pressure results reduction in 

excess pore pressure development during cyclic 
loading. But for strains less than 0.03%, no clear 
development of pore pressures was observed over 
the confining pressure range of 100kpa to 150kpa. 

ß As amplitude of loading or number of cycles 
increases, the excess pore pressure also raises 
resulting loss in shear strength and stiffness of 
specimen and leading to failure by liquefaction. 

ß Threshold shear strain is not influenced by 
effective confining pressure in a range of 100 to 
150kPa. 

ß The higher the relative density more will be 
liquefaction resistance suggesting densification as 
one of the methods to mitigation liquefaction 
hazards. 
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