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Abstract. Over last few years, induced desaturation is being considered as a new cost effective and envi-

ronment friendly liquefaction mitigation technique. The present study investigates the effect of partial saturation

on the liquefaction resistance of the soil domain. Three degrees of saturation were considered: 99%, 89.5% and

81.4%. Different thickness and position of the partly saturated zone were considered. A two-dimensional finite

element model of soil ground of thickness of 30 m was subjected to four earthquake records from India. For fully

saturated condition, increase in the permeability: (a) reduced magnitude of excess pore pressure, (b) increased

rate of pore pressure dissipation and (c) increased acceleration at the ground surface. Investigation revealed that

thickness of the partly saturated zone, with the degree of saturation of 81.4%, can be kept between 5 m to 15 m

to prevent liquefaction under strong to very strong earthquakes having peak acceleration between 0.10 g to 0.36

g. Amplification factor at the ground surface for the degree of saturation of 81.4% was found to be in the range

of 0.32 to 1.76. This implies that desaturation of clean sand up to the degree of saturation of 80% is enough to

achieve the two-fold goal: (1) to prevent liquefaction and (2) to keep the acceleration amplification low.

Residual lateral displacement was found to be a function of the degree of saturation, thickness and

position of the partly saturated zone and input motion. Further reduction in the degree of saturation may

amplify motion significantly owing to the presence of high matric suction, though this issue needs

further investigation.
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1. Introduction

Earthquake is one of the major natural calamities which

many times results in damage to both infrastructure and

human life. One of the major devastating consequences of

earthquakes is liquefaction of the soil. Quite a few tech-

niques such as deep dynamic compaction, compaction

grouting, explosive compaction, deep soil mixing etc., have

been employed to prevent or minimize the liquefaction

menace [1].

A technique called as induced desaturation is being

looked at as a new liquefaction mitigation technique over

last few years [2–7]. In this technique, degree of saturation

of the soil is lowered by injecting/generating air/gas into

the originally saturated soil [8, 9]. It was observed from the

Shaking table and Centrifuge studies that desaturation

prevented liquefaction [4, 9]. Further, footings resting on

the desaturated soil bed underwent significantly smaller

settlement than their saturated counterpart [5, 7, 10]. He

et al [11] noted that undrained shear strength of the

microbially desaturated loose clean sand got doubled when

degree of saturation was lowered by 10%. Further, they

found that on desaturation, stress-strain response during

triaxial compression changed from strain softening to strain

hardening.

Pietruszczak et al [3] conducted numerical simulations

for sand containing occluded air bubbles. They considered

the degree of saturation in the range of 87% to 100% and

found that fully saturated soil liquefied but partly saturated

soil of a degree of saturation of 95% did not liquefy under

the same earthquake loading. They proposed that induced

desaturation can be considered as a possible liquefaction

technique if we are successful somehow to inject air into

the liquefaction prone saturated soil. Further, Okamura et al
[8] simulated in-situ air injection using software TOUGH2.

They recommended that this software was capable of

simulating air-water interaction and flow. Marsini and

Okamura [12] performed finite element simulation of cen-

trifuge tests for desaturated soil supporting light structures.

They found that excess pore water pressures and footing

settlements obtained from the simulation were compared

with those from centrifuge tests. Zhang et al [13] simulated

stress controlled undrained cyclic triaxial tests using cou-

pled hydro-mechanical constitutive model and found that*For correspondence
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the effect of desaturation was predominant when a degree

of saturation was just below 100%.

Noteworthy research has been carried out so far on

induced desaturation. However, the performance of the soil

domain with different degrees of saturation under scenario

earthquakes is yet to be investigated. In the present study,

numerical analysis has been carried out to understand the

effect of degree of saturation, thickness and position of

partly saturated zone and input motion on liquefaction

resistance of a soil domain. The numerical investigation

was performed employing open-source finite element soft-

ware ‘‘OpenSees’’ developed by Pacific Earthquake Engi-

neering Research (PEER) Center, University of California,

Berkeley.

The poorly graded fine sand of relative density of 40%

is considered in the analysis. Its index properties are:

specific gravity 2.65, emax 0.84, emin 0.45, mean diameter

(D50) 0.27 mm and coefficient of uniformity (Cu) 2.14.

Three degrees of saturation were considered: 99%,

89.5% and 81.4%. Samples were prepared by adopting

dry deposition method. This was followed by saturation

and desaturation [14] . In the end of desaturation, degree

of saturation was computed from measured Skempton’s

B parameter. Then undrained cyclic triaxial tests were

conducted on the specimen of above mentioned degrees

of saturation. The experimental responses of these tests

were then used to evaluate the constitutive parameters for

the material model.

2. Finite element modeling of triaxial specimen

2.1 Modelling triaxial specimen as a single
BrickUP element

The triaxial test is an element test [15]. As per the definition

of the element test, the state of stress and strain at any point

in the triaxial specimen is assumed to be the same [16].

Therefore, while modelling the triaxial specimen, it is

essential to model the state of stress correctly, and the size

of the finite element domain is immaterial [17]. The sche-

matic explaining state of stress for the triaxial specimen is

shown in figure 1. In figure 1a, ra is the axial stress which

is sum of the confining stress rc and deviatoric stress rd.

Free body diagram for a cubical element from the body of

triaxial specimen is shown in Fig. 1b. In figure 1b, r1, r2
and r3 are major, intermediate and minor principal stress,

respectively. Further, in conventional triaxial test

r2 ¼ r3 ¼ rc. Thus, a triaxial specimen can be modeled as

a single brick element with stress system shown in fig-

ure 1b. In the present study, triaxial test has been simulated

employing BrickUP element in the OpenSees.

2.1.1 About the ‘‘BrickUP’’ element It is an eight-

node linear isoparametric hexahedral element entitled as

‘‘BrickUP’’ in the OpenSees. Each node has four degrees of

freedom; the first three are translational degrees of freedom

for the solid skeleton, and the fourth one is pore fluid

pressure, as shown in figure 1c. This element captures the

undrained response of solid-fluid fully coupled material

based on Biot’s theory of poroelasticity [18]

2.2 Boundary conditions and application
of the confining pressure

Utmost care must be taken while defining boundary con-

ditions. It was observed from the trial simulations that even

a small mistake in the application of the boundary condition

either gives weird results or results in the failure of the

simulation. The correct boundary conditions at each node

during consolidation and undrained monotonic/cyclic
loading are given in Table 1 and Table 2, respectively. The

meaning of boundary conditions is as follow: a) for trans-

lational dof- fixed means zero displacement in a given

direction and free means free to move in the given direction

b) pore pressure: fix means drained condition and free
means undrained condition.

Further, confining pressure was first converted into

equivalent force. Then this equivalent force was applied as

a nodal force, as shown in figure 2. The direction of

application of the equivalent nodal force is given by arrows

in figure 2.

2.3 Application of monotonic and cyclic loading

In the present study, strain controlled monotonic tests were

conducted. These tests have been simulated by defining a

strain rate of 0.6 mm/min at the top nodes of the BrickUP

element. Strain rate can be defined at each node indepen-

dently or node 8 can be connected with node 5, 6, 7 with an

equal degree of freedom constraint in vertical direction and

strain rate can be defined at node 8 only. Either procedure

give the same result.

Cyclic triaxial tests have been simulated by applying

sinusoidal deviatoric stress at the top nodes in the vertical

direction (z direction) at a frequency of 0.1 Hz, unless

otherwise specified. Before applying a cyclic load, top

nodes were tied with equal degree freedom constraint in the

vertical direction. This mimics the uniform vertical dis-

placement of the top of the triaxial specimen observed in

laboratory study.

2.4 Stages in the analysis

The analysis comprises three main stages. (1) Gravity
Analysis-Elastic: self-weight and confining pressure is

applied, and analysis is run with the constitutive model in

linear elastic mode. (2) Gravity Analysis-Elastic Plastic:
The constitutive model is switched to the elastic-plastic

mode and analysis is run for few pseudo times steps. This
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step is essential to adjust the state of stress given by step 1

on or within the outermost yield surface [19]. (3) Mono-
tonic/Dynamic Analysis-Elastic Plastic: Constitutive

material is in elastic-plastic mode and monotonic/cyclic

load is applied.

(a)
(b)

1 2

34

8

5 6

7 Total DOF’s at each node: 4

1. Solid phase X - translation

2. Solid phase Y- translation

3. Solid phase Z - translation

4. Pore fluid pressure

(c)

Figure 1. a schematic of triaxial specimen, b state of stress in a triaxial specimen and c connectivity and degree of freedom details for

BrickUP element.

Table 1. Boundary conditions during consolidation

Node No. DOF-1 DOF-2 DOF-3 DOF-4

1 Free Fixed Fixed Fixed

2 Free Free Fixed Fixed

3 Fixed Free Fixed Fixed

4 Fixed Fixed Fixed Fixed

5 Free Fixed Free Fixed

6 Free Free Free Fixed

7 Fixed Free Free Fixed

8 Fixed Fixed Free Fixed

Table 2. Boundary conditions during undrained mono-

tonic/cyclic loading

Node No. DOF-1 DOF-2 DOF-3 DOF-4

1 Free Fixed Fixed Free

2 Free Free Fixed Free

3 Fixed Free Fixed Free

4 Fixed Fixed Fixed Free

5 Free Fixed Free Free

6 Free Free Free Free

7 Fixed Free Free Free

8 Fixed Fixed Free Free
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2.5 Analysis objects

In OpenSees, various components which are responsible for

performing numerical analysis are called as analysis

objects. These objects do various role such as storing the

system of equations, setting the convergence criteria,

solving the set of nonlinear equations, applying boundary

conditions etc. The analysis objects employed in the present

study, along with their role, are given in Table 3. The time

step used in the analysis was 500 sec for static analysis. For

dynamic analysis, it varied from 0.0025 to 0.01 sec. A

detailed discussion about these analysis objects can be

found in the OpenSees Command Language manual [20].

3. About the constitutive model

The stress-strain response of the sand has been modeled by

pressure dependent multi yield material model entitled as

‘‘PressureDependMultiYield’’ in OpenSees. This model

simulates the shear induced volume contraction and dila-

tion, i.e., dilatancy and cyclic mobility observed for sandy

soil under general loading conditions. The dilatancy is

captured by following parameters: contrac, dilat1, dilat2.
The parameter contrac is a nonnegative constant which

1

2

34

8

5

6

7

 X

Y

Z

Figure 2. Application of confining pressure.

Table 3. Analysis objects employed in the present study

Object Role Name of Employed Object

System How the system of equations in the analysis are stored and solved ProfileSPD

Constraints To enforce constraint equations in the analysis Penalty

Test Defines convergence criteria at the end of each iteration NormDispIncr

Algorithm This defines steps followed to solve non-linear equations KrylovNewton

Numberer How the degrees of freedom are numbered RCM

Integrator To perform numerical integration Newmark

Analysis Type of analysis: static/transient Transient

-100

-50

0

50

100

0 5 10 15 20

Num Expt

 E
x
ce

ss
 p

o
re

 w
at

er
 p

re
ss

u
re

 (
k
P

a)

Axial strain %

0

100

200

300

0 5 10 15 20

Num Expt

D
ev

ia
to

ri
c 

st
re

ss
 (

k
P

a)

Axial strain %

0

100

200

300

0 100 200 300

Num Expt

D
ev

ia
to

ri
c 

st
re

ss
 (

k
P

a)

Effective mean stress (kPa)
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Comparison between experimental and numerical response after

finalizing the dilatancy parameters:( contrac 0.4, dilat1 0.010 and

dilat2 0.2).
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defines the rate of shear-induced volume decrease in

drained loading and rate of pore pressure build-up in

undrained loading. Larger is the value, faster is the gener-

ation of pore pressure. Parameters dilat1, dilat2, are non-

negative constants which define the rate of shear induced

volume increase in drained loading and rate of pore

pressure decrease in undrained loading due to dilative

tendency. Larger value of these two parameters stands for

faster reduction in the pore pressure. Axial straining cor-

responding to cyclic mobility is captured by following

parameters: liquefac1, liquefac2, liquefac3. The parameter

liquefac1 defines the effective confining pressure below

which the cyclic mobility mechanism is in effect. The

parameter liquefac2 defines the maximum amount of per-

fectly plastic shear strain developed at zero effective con-

finement during each loading phase. The parameter
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liquefac3 defines the maximum amount of biased perfectly

plastic shear strain accumulated at each loading phase

under biased shear loading conditions. The model can be

used in plane strain and three-dimensional problems. The

constitutive formulation of the model is based on the

framework of multi-surface plasticity. It uses a Drucker-

Prager yield criterion.

When used with regular solid elements, this model

simulates drained response. On the other hand, when used

with solid-fluid fully coupled elements, it simulates an

undrained response. Further, the partially drained response

can also be simulated by defining a relatively large value of

permeability. To date, literature mentions many soil models

that can capture the hysteretic response of the saturated

sandy soil under cyclic loading, but very few of them are

capable of capturing a typical cyclic mobility response

observed during undrained cyclic loading of saturated

medium dense sand. The ‘‘PressureDependMultiYield’’

model used in this study captures not only the hysteric

response but also typical cyclic mobility [21, 22].

The abovementioned model has a total of 15 constitutive

parameters. These parameters are mainly divided into three

categories: (1) Yield surface parameters, (2) Dilatancy

parameters, and (3) Cyclic mobility parameters. Further

details regarding these parameters can be found in Yang

[19].

3.1 Evaluation of constitutive parameters

In the present study, small strain moduli are obtained from

the expression suggested by Seed and Idriss [23]. Peak

friction angle has been computed from the critical state

friction angle by following the procedure recommended by

Bolton [24]. Peak shear strain (0.1), Reference effective

mean confining pressure (80 kPa) and Pressure dependency

coefficient (0.5) are taken from the values recommended in

OpenSees manual. Phase transformation angle is obtained

from the isotropically consolidated undrained compression

tests conducted in the present study. Dilatancy and cyclic

mobility parameters for saturated and desaturated triaxial

specimens are obtained by matching experimental results

with numerical ones. It should be noted that triaxial spec-

imen comprised of clean sand having a relative density of

40%.

Comparison between experimental and numerical

response under monotonic and cyclic loading for the degree

of saturation of 99% is shown in figures 3 and 4. It is

observed that there is very well agreement between

experimental and numerical results. It should be noted that

several simulations were performed to reach the accept-

able values of the dilatancy and cyclic mobility parameters.

Further, a comparison between experimental and numerical

response for the degree of saturation of 89.5% and 81.4%,

under cyclic loading is shown in figures 5 and 6, respec-

tively. There is reasonable agreement between experimen-

tal and numerical responses. The constitutive parameters

for the degree of saturation of 99%, 89.5% and 81.4% are

given in Table 4. It should be noted that constitutive

parameters given in Table 4 are used in the site response

analysis under scenario earthquakes which is discussed in

next sections.

The lowest degree of saturation investigated in the pre-

sent study is 81.4%. Literature states that for the clean sand

with the degree of saturation as low as 70%, matric suction
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is negligible i.e., around 3 - 4 kPa [25–27]. Therefore, in the
present study in case of partly saturated sand, pore air

pressure is assumed to be equal to the pore water pressure

and thus, effect of matric suction has been neglected.

Further, the constitutive model was originally developed

for fully saturated sand. However, it should be noted that

evolution of the pore pressure, axial strain and effective

stress path depends upon the following constitutive

parameters: contrac, dilat1, dilat2, liquefac1, liquefac2,
liquefac3. Conventionally, these parameters are evaluated

by matching the numerical response with the experimental

one and same has been followed in the present study. What

is crucial here is, an accurate evolution of pore pressure and

axial straining. From figures 5 and 6, it is observed that

there is reasonably well agreement between numerical and

experimental pore pressure and axial strain evolution for

partly saturated specimen. This implies that the constitutive

model can be successfully used to simulate the cyclic

response of the partly saturated soil as well.

4. Development of a numerical model for site
response analysis

4.1 Finite element discretization

The thickness of the soil domain is 30 m, and the ground

surface is assumed to be horizontal. Soil domain has been

modelled adopting the shear beam approach [18]. In this

approach, nodes at the same level are connected with an

equal degree of freedom constraint in the horizontal and

vertical direction. This simulates the vertical propagation of

the horizontal shear wave. The finite element mesh along

with boundary condition details is shown in figure 7

Bedrock is assumed to be at the base of the soil domain. It

is worth noting here that geometry under consideration is

2-D, but the analysis is 1-D. Further, the domain is dis-

cretized into four node quadUP element. This is a plane

strain element incorporating bilinear isoparametric formu-

lation. This element successfully simulates the response of

coupled solid-fluid material when subjected to dynamic

loading [20].

It has been suggested by Kuhlemeyer and Lysmer [28]

that the dimension of the finite element in the direction of

the wave propagation should be such that the shortest

wavelength also passes effectively. They suggested that this

dimension should be one-eighth to one-tenth of the shortest

wavelength, which is likely to pass through the medium. It

is a well-established fact that the maximum shear wave

frequency of engineering interest is 20 Hz. Shear waves

above this frequency carry negligible energy [29]. Further,

shear wave velocity for clean sand of relative density of

40% was found to be in the range of 190 m/sec to 250 m/

sec at an effective confining pressure of 100 kPa and 300

kPa, respectively, for degree of saturation spanning from

80% to 100% [30]. Thus, the maximum length of the ver-

tical dimension of the quadUP element is given by the

following equation (1)

lmax ¼
kmin

10

lmax ¼
vs

10fmax

lmax ¼
vs

200

lmax ¼
190

200
¼ 0:95m

ð1Þ

Table 4. Constitutive parameters for various degrees of saturation

Degree of saturation % 99 89.5 81.4

Saturated unit weight (ton/m3) 1.98 1.98 1.98

Small strain shear modulus, Gmax (kPa) at reference effective mean confining pressure of 80 kPa 7.83 9 104 7.83 9 104 7.83 9 104

Small strain shear modulus B (kPa) at reference effective mean confining pressure of 80 kPa 1.98 9 105 1.98 9 105 1.98 9 105

Friction angle (�) 34.14 34.14 34.14

Phase transformation angle (�) 26.56 26.56 26.56

Peak shear strain 0.1 0.1 0.1

Reference effective mean confining pressure (kPa) 80 80 80

pressDependCoe 0.5 0.5 0.5

contrac 0.4 0.2 0.03

dilat1 0.01 0.01 0.008

dilat2 0.20 0.20 0.20

liquefac1 (kPa) 10 10 10

liquefac2 0.02 0.02 0.02

liquefac3 1 1 1

Initial void ratio (e) 0.684 0.684 0.684
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In the present analysis, the vertical dimension of the

quadUP element is 0.5 m\\ 0.95 m.

4.2 Application of the earthquake load

The earthquake load is applied at the base of the model in

the horizontal direction in the form of equivalent shear

i

l
k

j

Each node of quadUP element has 

following three degrees of 

freedom:

1: x- translation

2: y translation

3: pore pressure 

(a)

(b)

quadUP Element

1 2

Boundary conditions: 

Top nodes: equal degree of freedom 

constraint in x and y direction, drained

condition for pore pressure degree of 

freedom 

Side nodes: nodes at same level 

connected with equal degree of 

freedom constraint in x and y direction, 

undrained condition for pore pressure 

degree of freedom. 

Base nodes: fixed vertically, free 

horizontally, undrained condition for

pore pressure degree of freedom 

Dashpot nodes: one node is fixed 

vertically and horizontally and another 

node is free. Free node is connected 

with base node with equal degree of 

freedom constraint in x direction

Figure 7. Details of: a finite element mesh and b quadUP element, along with boundary conditions.
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force. Further, the radiation damping due to the finite

rigidity of bedrock has also been modelled. The radiation

damping and the equivalent shear force is computed from

Eq. (2). The force induced by the vertical propagating shear

wave at the soil-bedrock interface is given by the following

equation [31].

F ¼ �C _uþ 2C _ui ð2Þ

In the above equation _u is the total velocity of the particle

at the soil-bedrock interface, which is sum of incident and

reflected wave velocity, _ui is the velocity of the incident

wave. Further, coefficient ¼ qVsA. Where, q is the mass

density of bedrock, Vs is shear wave velocity for bedrock,

and A is the tributary are of the node. In Eq. 2, the first term

represents the radiation damping happening in the bedrock

and the second term represents the equivalent shear force

exerted by the incident wave onto the base of the soil

column. It should be noted that the motion recorded at the

outcrop is twice the motion anywhere within the body of

the homogeneous, linear elastic and undamped half-space

[29]. Therefore, while applying the recorded outcrop

motion at the base of the model, it should be scaled down

by two and then applied. Further details can be found in

[32–34].

Radiation damping is modeled by a viscous dashpot

having coefficient C. A zero-length uniaxial material is

defined between two dummy nodes to model the viscous

dashpot as shown in figure 8. Further, one node of this zero-

length element is connected to the base soil node in the

horizontal direction with an equal degree of freedom con-

straint. The mass density of bedrock is assumed to be 2.5

ton/m3, and shear wave velocity through bedrock is

assumed to be 700 m/sec [34].

4.3 Input motions

The earthquake motions considered for the site response

analysis are given in Table 5, along with their character-

istics. The corresponding acceleration time history plots are

shown in figure 9.

4.4 Analysis stages in the site response analysis

The analysis comprises three main stages: (1) Gravity
Analysis-Elastic: The constitutive model is kept in elastic

mode, self-weight is applied and analysis is performed.

This simulates in-situ state of stress condition (initial state

of stress). (2) Gravity Analysis-Elastic Plastic: The con-

stitutive model is switched to the elastic-plastic mode and

analysis is run for few pseudo times steps. This step is

essential to adjust the state of stress given by step 1 on or

within the outermost yield surface [20]. (3) Dynamic
Analysis-Elastic Plastic: In this stage, earthquake load is

applied and analysis is performed. During this stage,

material model is in elastic-plastic state.

5. Results and discussion

Soil domain has been subjected to earthquake motions

mentioned in Section 4.3, and the parametric study has

been carried out. It should be noted that the water table is

assumed at the ground surface and the boundary condition

for the pore fluid pressure at the ground surface is set to be

drained as mentioned in the figure 7. Liquefaction

1 2

DN1 DN2

DN1 and DN2: dummy nodes created for dashpot 

1 and 2: base nodes of quadUP domain

Coordinates of DN1, DN2 and DN3 are same.

Node DN2 is connected with node 1 with equal degree of freedom 

constraint in horizontal direction 

Figure 8. Connection between dashpot and base nodes of the soil

column.

Table 5. Characteristics of the input earthquake records

Earthquake

Station and

Component Magnitude

Duration

(sec)

Peak acceleration

(g)

Time of Peak

acceleration(sec)

Bhuj (2001) Ahmedabad N78E 7.0 133.525 - 0.106 46.940

Chamoli (1999) Gopeshwar N20E 6.6 24.320 - 0.359 4.660

Uttarkashi (1991) Bhatwari N85E 7.0 36.140 0.252 4.260

India Burma border

(1988)

Berlongfer N14W 7.2 119.68 - 0.343 29.300
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resistance of the soil, measured in terms of pore pressure

ratio, for saturated and partly saturated soils has been

investigated. For this purpose, the constitutive models

evaluated in Section 3 are used. Effect of permeability and

thickness of partly saturated zone on liquefaction resistance

has also been looked into.

5.1 Effect of permeability on the liquefaction
resistance

5.1.1 At depth of 5 m
In this section, the effect of permeability on the response of

the soil domain developed in Section 4 has been

investigated. The soil domain is subjected to Bhuj

earthquake 2001. The values of coefficient of

permeability considered are: 3.36 9 10-5, 3.36 9 10-4,

3.36 9 10-3 and 3.36 9 10-2 m/sec. Further, the relative

density of the soil is 40%, and the degree of saturation is

99%. Effect of permeability on pore pressure evolution,

effective stress path, acceleration evolution and stress-

strain curve, at a depth of 5 m, is shown in figures 10, 11,

12, 13.

For the coefficient of permeability of 3.36 9 10-5 m/sec,

the pore pressure ratio becomes one at around 38.5 seconds

and remains constant throughout the shaking. This implies

that soil undergoes initial liquefaction at around 38.5 sec-

onds and remains in a liquified state throughout the shak-

ing. However, in the case of 3.36 9 10-4 m/sec, the pore

pressure ratio attains value one at around 39.0 seconds,

remains constant up to 110 seconds and then onward starts

decreasing. This implies that soil undergoes liquefaction at
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Figure 9. Acceleration time histories of input motions.
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Figure 10. Effect of permeability on pore pressure evolution

with time (input motion: Bhuj 2001 earthquake).
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around 39.0 seconds, remains in the liquefied state till 110

seconds, and then there is the reduction in the pore pressure

ratio owing to pore pressure dissipation. The pore pressure

dissipation is shown by segment AB in figure 10b, and the

corresponding increase in the effective stress is shown by

part A0B0 in figure 11b. In the case of 3.36 9 10-3 m/sec,

excess pore pressure becomes one at around 42 seconds,

starts dropping after 52.5 seconds and eventually becomes

zero. In the last case, pore pressure attains its maximum

value of 0.25\\1.0 at 47.0 seconds and immediately there

onward starts decreasing. Thus, in the last case, the soil did

not undergo liquefaction. From the above discussion, it can

be inferred that increase in the permeability: (a) reduces the

generation of excess pore pressure (b) expedites the pore

pressure dissipation (c) reduces the time span over which

soil remains in a liquefied state.

Peak horizontal acceleration is observed to happen

around 37, 37, 41 and 46 second for coefficient of perme-

ability of 3.36 9 10-5, 3.36 9 10-4, 3.36 9 10-3 and 3.36

9 10-2 m/sec, respectively. Peak absolute acceleration is

found to be 0.166 g, 0.176 g, 0.193 g and 0.183 g for

coefficient of permeability of 3.36 9 10-5, 3.36 9 10-4,

3.36 9 10-3 and 3.36 9 10-2 m/sec, respectively. Thus,

with the increase in the permeability, motion got amplified.

It should be noted that the peak acceleration for all cases

lies between - 0.2 g and 0.2 g, as seen in figure 12. From
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Figure 11. Effect of permeability on effective stress path (input

motion: Bhuj 2001 earthquake).
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the shear stress-shear strain curve shown in the figure 13, it

is observed that maximum shear strain is - 3%, - 1%,

1.25% and 0.1%, for permeability of 3.36 9 10-5, 3.36 9

10-4, 3.36 9 10-3 and 3.36 9 10-2 m/sec, respectively.

Thus, the increase in the permeability reduces the shear

straining.

5.1.2 Along the entire thickness of the soil domain
To understand the effect of coefficient of permeability on

the liquefaction resistance along the entire 30 m thickness

of the soil domain, maximum pore pressure ratio profile,

maximum horizontal acceleration profile and residual

horizontal displacement profile along the thickness of the

30 m are plotted in figure 14. The maximum pore pressure

ratio comprises the maximum pore pressure ratio at the

given dept during the shaking. Maximum horizontal

acceleration profile comprises maximum absolute

acceleration at the given depth during the shaking.

Residual horizontal displacement is the displacement at

the end of shaking relative to the base. Thus, residual

horizontal displacement is permanent horizontal

displacement. From the maximum pore pressure ratio

profile, it is observed that for the first two permeabilities,

the soil between depth of 0 m and 27 m undergoes

liquefaction and remains non-liquefied from 27 m to 30 m

(segment PQ in figure 14a). For third permeability, the soil

between depth of 0 m and 17 m liquefies and remains non-

liquified between 17 m and 30 m (segment AB in

figure 14a). However, in case of last permeability, no

liquefaction is observed throughout the entire thickness of

the soil domain. Further, the maximum pore pressure ratio

is less than 0.5 \\ 1.0. Further, the pattern of residual

horizontal displacement is similar for first two

permeabilities and their values are also close. It should be

noted that the residual horizontal displacement over the

non-liquefied zone i.e., from 27 m to 30 m (segment P0Q0 in
figure 14b), is zero. The residual horizontal displacement

for third permeability is observed to be zero over the non-

liquefied zone, i.e., from 17 m to 30 m (segment A0B0 in
figure 14c). The pattern of residual horizontal displacement

for the third case is distinct from the first two. The residual

horizontal displacement for the last permeability, i.e., 3.36

9 10-2 m/sec, is found to be almost zero throughout the

thickness of the soil domain. This is so because, in this

case, the soil did not liquefy along with the entire thickness.

It should be noted that the maximum residual horizontal

displacement occurred between depth of 5 and 10 m as seen

in figure 14b and c. Further, residual horizontal

displacement at the ground surface is maximum for the

smallest permeability, 3.36 9 10-5 m/sec.

From the maximum horizontal acceleration profile, it is

observed that the acceleration lies in the range of 0.1 g to

0.3 g for all cases. Amplification factor at 0 m, 5 m and 10

m depth is given in figure 15. The amplification factor is the

ratio of maximum acceleration at a given depth to the

maximum input acceleration. From this figure, it is

observed that the amplification factor is above 1 for all

cases and at all three depths. Further, with an increase in

permeability, the amplification factor increases. This

implies that motion gets amplified on the increase in per-

meability. The amplification factor at the ground surface

lies between 1.1 and 2.30. Further, the amplification factor

at a depth of 5 m lies between 1.5 and 1.8 and that at a

depth of 10 m falls between 1.3 and 1.5.
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Figure 13. Effect of permeability on stress-strain curve (input

motion: Bhuj 2001 earthquake).
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5.2 Effect of degree of saturation

To begin with, two degrees of saturation are considered,

S 99% and S 89.5%. The relative density of the soil is 40%,

and input motion is Bhuj Earthquake 2001. The coefficient

of permeability is 3.36 9 10-5 m/sec. In figure 16, maxi-

mum pore pressure ratio profile, maximum horizontal

acceleration profile and residual horizontal displacement

profile for S 89.5% and S 99% are shown. The thickness of

the liquefied zone has been shown as L89.5 and L99 for

S 89.5% and S 99%, respectively. As seen from figure 16a,

L89.5 spans from 0 m to 18.5 m and L99 spans from 0 m to

27 m. Thus, when the degree of saturation was reduced

from 99% to 89.5%, the thickness of the liquefied zone

reduced by 8.5 m. In degree of saturation 89.5% liquefac-

tion of the top zone is attributed partly to the acceleration

amplification and partly to the relatively high degree of

saturation. It is observed from figure 16b that over depth of

30 m to 18.5 m, input motion gets amplified to such an

extent that it causes liquefaction of soil at 18.5 m and

above. It should be noted that once the subsoil liquifies, it

deampalifies the motion. This is clear from figure 16b. For

S 99%, the motion gets amplified till 27 m, and this results

in the liquefaction of the soil in the zone from 27 m to 19

m. Over this range, the average acceleration is almost

constant. But above 19 m depth, average acceleration gets

reduced. This is probably due to the liquefaction of the

subsoil. Though there is deamplification of motion, the

reduced acceleration is strong enough to cause liquefaction

of the rest of the soil. Therefore, the soil above 19 m also

gets liquefied for S 99%. Sharp peaks are observed in the

acceleration profile for both S 89.5% and S 99%. This can

be attributed to soil reaching a dense of critical state and

regaining its stiffness and strength. Thus, liquefaction of the

top zone is governed by three key factors: (1) liquefaction/

non-liquefaction of subsoil, (2) motion amplification/

deamplification and (3) degree of saturation.

Further, residual horizontal displacement is zero from

18.5 m to 30 m for S 89.5%, and it is zero from 17 m to 30

m for S 99%, as seen in figure 16c. It should be noted that

this zone belongs to a non-liquified state, as discussed

above. Moreover, residual horizontal displacement is

observed to be maximum in between 5 m and 15 m in both

cases. Residual horizontal displacement at the ground sur-

face is around 100 mm and 50 mm for S 99% and S 89.5%,

respectively. Thus, the decrease in the degree of saturation

has main two effects: (1) reduction in the thickness of

liquefied zone and (2) increase in the thickness of the zone

of zero residual horizontal displacements.

5.3 Effect of thickness of partly saturated zone

To understand the effect of thickness and position of partly

saturated zone on liquefaction resistance, parametric study

for different thickness and position of the partly saturated

zone was carried out. Total six cases are considered: Case

(1) S 89.5 whole 30 m: this means that degree of saturation

of the whole 30 m thickness is 89.5%, Case (2) S 89.5 top

15 m: this means that soil from 0 m to 15 depth has S

89.5% and soil from 15 m to 30 m depth has S 99%, (3) S

89.5 top 10 m: this means that soil from 0 m to 10 depth has

S 89.5% and soil from 10 m to 30 m has S 99%, Case (4) S

89.5 top 5 m: this means that soil from 0 m to 5 depth has S

89.5% and soil from 5 m to 30 m depth has S 99%, Case (5)

S 89.5 top 5 m to 10 m: this means that soil from 0 m to 5 m

depth has S 99%, from 5 m to 10 m depth S 89.5% and

from 10 m to 30 m depth S 99%. Case (6) S 99 whole 30 m:

this means that degree of saturation of the whole 30 m

thickness is 99.

The response of the above mentioned six cases under

Bhuj earthquake 2001 for relative density of 40%, and the

coefficient of permeability of 3.36 9 10-5 m/sec is shown

in figure 17. It is observed from figure 17a that the top 5 m

soil undergoes liquefaction for all cases. The maximum

horizontal acceleration at the ground surface is observed to

be in the range of 0.1 g and 0.2 g for all cases, as seen in

figure 17b. It should be noted that the residual horizontal

displacement, shown in Fig. figure 17c, is the function of

(1) degree of saturation, (2) thickness and location of the

partly saturated zone. To investigate the effect of further

reduction in the degree of saturation, response for the

degree of saturation of 81.4% for similar cases is shown in

figure 18. It is observed that thickness of the non-liquified

zone is equal to the thickness of the partly saturated zone,

except the first case, as seen in figure 18a. Further, accel-

eration at the ground surface falls in the range of 0.1 g to

0.2 g. Residual horizontal displacement at the ground sur-

face of the fourth case is greater than that of the sixth case.

This implies that residual horizontal displacement is the

combined effect of degree of saturation, amplification,

thickness and location of the partly saturated zone. The bar

charts of maximum pore pressure ratio, amplification factor

and residual horizontal displacement at a depth of 0 m, 5 m

and 10 m for S 89.5% and S 81.4% under Bhuj 2001 motion

are shown in figure 19.
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The response of the soil domain with S 81.4%, the rel-

ative density of 40% and coefficient of permeability of 3.36

9 10-5 m/sec subjected to Chamoli earthquake (1999)

having PGA - 0.359 g is shown in figure 20. It is observed

that the thickness of the non-liquified zone is equal to the

thickness of the partly saturated, except in the first case. It
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Figure 16. Effect of degree of saturation on liquefaction resistance, input motion Bhuj (2001).
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should be noted that for the first case (S 81.4 whole 30 m),

very large acceleration amplification within the soil body is

observed. The maximum acceleration observed at a depth

of 21 m is around 3 g. However, maximum acceleration at

the ground surface is around 0.5 g. This is so because the

soil in the range of 0 m to 5 m depth got liquefied, as seen
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from the maximum pore pressure ratio profile of figure 20.

This resulted in deamplification of the motion. Response

for S 81.4%, the relative density of 40% and coefficient of

permeability of 3.36 9 10-5 m/sec subjected to India

Burma border earthquake (1988) with PGA of - 0.343 g is

shown in figure 21. Again, it is observed that the thickness

of the non-liquified zone is equal to the thickness of the

partly saturated zone, except the first case. Further, very

high acceleration amplification within the soil body is

observed for the first case. The maximum acceleration at a

depth of 17 m is found to be 2.1 g. Soil above the 15 m

depth got liquefied and resulted in deamplification of

motion. That is why the maximum acceleration at the

ground surface is just 0.2 g. The response of the same soil

domain under the Uttarkashi earthquake (1991), having

PGA of 0.252 g is shown in figure 22. Thickness of the non-

liquified zone is equal to the thickness of the partly satu-

rated zone, except the first case. For the first case, soil

above 5 m depth got liquified. Further, large acceleration

amplification within the soil body observed for Chamoli

earthquake (1999), and India Burma border earthquake

(1988) is not observed for the Uttarkashi earthquake (1991).

One common observation for all four earthquake motions

for ‘‘S 81.4 whole 30 m’’ case is that soil near the ground

surface got liquefied owing to the acceleration amplification

resulted from non-liquefaction of the subsoil. Keeping this

observation in view, it is suggested that desaturation of the

entire thickness of 30 m should be avoided in practice.

5.4 About acceleration amplification at the ground
surface

Amplification factor at the ground surface for relative

density of 40% with the degree of saturation of 81.4% and

coefficient of permeability of 3.36 9 10-5 m/sec under

various earthquake records is given in Table 6. It is

observed that the amplification factor is largest for the first

case i.e., ‘‘S 81.4 whole 30 m’’ under all four earthquakes.

As discussed in Section 5.3, for ‘‘S 81.4 whole 30 m’’ case

soil at ground surface got liquefied owing to amplification

caused by non-liquefaction of the subsoil. Therefore,

desaturation of the entire thickness of 30 m is not recom-

mended. The lowest amplification factor is observed for the

sixth case i.e., ‘‘S 100 whole 30 m’’. For other cases of

desaturation, the amplification factor at the ground surface

lies between 0.32 and 1.76.
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Figure 19. Effect of S 89.5 and 81.4% on various responses at three different depths, input motion Bhuj (2001): a S 89.5% and b S

81.4%.
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Zeybek and Madabhushi [7] had performed centrifuges

tests on air injected-desaturated sand of relative density of

40% having prototype thickness of 16.8 m. They found that

for the degree of saturation of 79.5% when subjected to a

sinusoidal acceleration of 0.18 g at a frequency of 0.72 Hz,

the amplification factor was around 1.3. He et al [9]
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Figure 20. Liquefaction resistance of the soil, S 81.4, input motion Chamoli 1999.
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Figure 21. Liquefaction resistance of the soil, S 81.4, input motion India Burma border 1988.
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conducted shaking table tests on the bio-desaturated model

of the thickness of 0.30 m and found that for a model of the

relative density of 40% with a degree of saturation of 80%,

the amplification factor at the ground surface was 1.09.

Input motion applied in their study had a peak acceleration

of 0.15 g and a frequency of 2 Hz. From the present study,

it is observed that the amplification factors observed for

relative density of 40% at the degree of saturation of 81.4%

under the Bhuj earthquake (peak acceleration 0.106 g) are

close to those observed by the above mentioned

researchers.

It is worth to note that Sitharam and Govindaraju [35]

performed site response analysis of silty sand from Bhuj

(India) under 2001 Bhuj earthquake and found that for the

degree of saturation between 38.5% to 51.8%, the ampli-

fication factor could be as large as 20. Keeping in view the

discussion held in this section so far, it can be concluded

that desaturation up to the degree of saturation of 80% is

adequate to achieve the twofold goal: (1) to prevent liq-

uefaction and (2) to keep the amplification factor low.

5.5 Investigation into very large accelerations

In the previous sections it was observed that acceleration in

the range of 2 g to 3 g occurred within the soil body for ‘‘S

81.4 whole 30 m’’ case when subjected to Chamoli (1999)
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Figure 22. Liquefaction resistance of the soil, S 81.4, input motion Uttarkashi 1991.

Table 6. Amplification factor at the ground surface for various desaturation cases

Desaturation case

Amplification factor at the ground surface for:

Bhuj 2001 (- 0.106

g)

Chamoli 1999 (- 0.359

g)

India Burma 1988 (- 0.343

g)

Uttarkashi 1991 (0.252

g)

S 81.4 whole 30 m 1.76 1.40 0.66 1.10

S 81.4 top 15 m 1.76 0.60 0.63 0.91

S 81.4 top 10 m 1.66 0.58 0.57 0.79

S 81.4 top 5 m 1.46 0.74 0.33 0.98

S 81.4 top 5 m to 10 m 1.14 0.41 0.32 0.42

S 100 whole 30 m 1.14 0.38 0.32 0.42
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and India Burma border (1988) earthquakes. In this section,

the cause for this significantly large acceleration is inves-

tigated. For this purpose, various responses at a depth of 21

m for ‘‘S 99 whole 30 m’’ and ‘‘S 81.4 whole 30 m’’ under

Chamoli earthquake are shown in figures 23, 24, 25. It is

observed from figure 23 that at the end of 6 seconds, the

pore pressure ratio becomes 1 in the case of S 99 while it is

around 0.42 in the case of S 81.4. Generation of very high

pore pressure in S 99 case reduces both effective stress and

stiffness significantly. From the effective stress plot also, it

is clear that at the end of 6 seconds, effective vertical stress

is 6 kPa for S 99, and it is around 106 kPa for S 81.4. As

effective stress is significantly high in the later case, stiff-

ness of the soil is also high, and this significantly high

stiffness is responsible for large acceleration amplification.

This is justified by the shear stress and acceleration evo-

lution plots as well, shown in figure 24. It is observed from

this figure that in the first case, shear resistance at the end of

5 seconds is around 40 kPa while in the later case it is 82

kPa. This high stiffness results in high acceleration and low
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horizontal displacement in the later case. Horizontal dis-

placement plots for both cases are is shown in figure 25. It

is observed that around 5 second, there is a sudden rise in

the displacement in both cases. After 5 second displace-

ment significantly reduces and remain almost constant for S

81.4 case due to considerable stiffness whereas, in case of S

99, displacement changes its direction and achieves a very

large value of around - 300 mm due to very low post liq-

uefaction stiffness.

6. Practical implications of the present study

The present research reveals that reduction in the degree of

saturation increases liquefaction resistance. Desaturation up

to degree of saturation of 80% is found to be adequate to

prevent liquefaction and simultaneously keep the acceler-

ation amplification minimum. If the site under considera-

tion is fully saturated and prone to liquefaction, the degree

of saturation of such a site can be brought down by tech-

niques such as air injecetion and microbial desaturation.

Once the in-situ soil is desaturated, superstructure can be

bult upon. In cases where superstructure already exists,

controlled air injecetion technique shall be adopted. The air

should be injected gradually and the vertical settlement of

the structure should be carefully monitored [6]. Care shall

be taken that the vertical settlement during air injection is

within permissible limits. Alternative to the air injection is

microbial desaturation. In this case there is no risk of

unacceptable vertical settlement, however, the desaturation

zone is likely to be narrow and shallow. The induced

desaturation technique can also be adopted when the

embankment rests on the liquefiable subsoil.

7. Conclusions

In the present study, undrained monotonic and cyclic tri-

axial tests for the degree of saturation of 99%, 89.5% and

81.4% were conducted. Experimental test results were

employed to evaluate constitutive parameters for pressure

dependent multi yield material model in OpenSees. Using

these constitutive models, site response analysis was carried

out for four scenario earthquakes. The major conclusions

drawn from the present study are given below:a) Effect of

permeability

Increase in the permeability had three main effects:

(a) reduction in the generation of excess pore pressure,

(b) faster dissipation of the pore pressure and (c) accelera-

tion amplification. (d) Effect of degree of saturation

It was observed that reduction in the degree of saturation

from S 99% to S 89.5% had minimal effect on the lique-

faction resistance of soil, measured in terms of generation

of excess pore pressure. However, when the degree of

saturation was reduced to S 81.4%, a significant increase in

the liquefaction resistance, measured in terms of generation

of excess pore pressure, was observed. (c) Effect of thick-

ness of partly saturated zone

(1) Degree of saturation of 89.5%: For given earthquake

motion, the non-liquefaction zone is observed to be

maximum for ‘‘S 89.5 whole 30 m’’ case. For other

cases, it was observed that the thickness of the

liquefaction zone is almost constant irrespective of the

thickness of partly saturated zone. Acceleration at the

ground surface falls in a narrow band.

(2) Degree of saturation of 81.4%: Effect of thickness of

partly saturated zone is very pronounced for this degree

of saturation. When the entire 30 m was considered to

be partly saturated, part of the soil in the top 0 m to 15

m depth only liquefied depending on the input motion.

For all other cases, the thickness of the non-liquefied

zone is equal to the thickness of partly saturated zone.d)

Effect of input acceleration

For S 81.4% case, very high acceleration amplification

was observed within the soil domain in the case of Chamoli

(1999) and India Burma Border (1988) earthquakes.

Investigation revealed that this amplification was combined

effect of input peak acceleration and significantly high

stiffness of the soil owing to its non-liquefaction. However,

at the ground surface, this acceleration was close to the

acceleration observed for other cases. This happened due to
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deamplification caused by liquefaction of the soil in the top

region.
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