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ABSTRACT

The seismic response of pile foundations is a complicated soil-structure interaction (SSI)
problem. The problem of soil-pile interaction during earthquake in liquefiable soil gets further
intricate than non-liquefiable soil because of degradation of strength and stiffness of soil over
time, soil nonlinearity and development of excess pore water pressure. A significant number
of damages and/or collapses of pile foundations and pile-supported structures are reported in
liquefiable soil after past major earthquakes such as San Francisco (1906), Niigata (1964),
Northridge (1994), Kobe (1995), Chi-Chi (1999), Bhuj (2001), Sumatra (2004), Tohoku
(2011) and Sikkim (2011). So, it is challenging job for geotechnical earthquake engineers to
ensure safe and economical design of pile foundation and pile-supported high-rise structures
in liquefiable soil. As the soil behaves nonlinearly during strong seismic event, nonlinear SSI

is extremely necessary for the analysis of soil-pile interaction in liquefiable soil.

In the present study, 1D effective stress-based nonlinear ground response analysis (GRA) has
been conducted using the finite element program CycliclD for Kolkata metropolitan city in
India, where population and infrastructure are growing rapidly. Two different sites of Kolkata
city having two distinct soil formations as Normal Kolkata Deposit (NKD) and River Channel
Deposit (RCD) are selected for ground response analysis. The input motions considered for
present analysis are 1940 Imperial Valley, 2001 Bhuj and 2011 Sikkim earthquakes whose
PGA are well within the reported range of Kolkata city. The validation of the present model is
performed by comparing the results of peak ground acceleration (PGA) and its magnification
factor profile with that predicted using SHAKE 2000 computer program. Further, liquefaction
potential of Kolkata soil has been assessed using the results obtained from the present
analysis. Then a well-documented case study on liquefaction-induced damages of Kandla port
building (Gujarat) during 2001 Bhuj earthquake has been analysed and presented in this
paper. The results of the present analysis are compared with the post-earthquake observations
as well as the analyses reported in the literature. It has been observed from nonlinear GRA
that PGA at surface ranges from 0.109g to 0.119g for NKD soil and 0.072g to 0.091g for
RCD soil. The range of variation of peak spectral acceleration for 5% damping ratio is 0.51g
to 0.67g for NKD soil and 0.33g to 0.46g for RCD soil of Kolkata. It is also found that top 12
m of RCD soil is susceptible to liquefaction if these considered input earthquake motions are

experienced at bedrock.
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Next, beam on nonlinear Winkler foundation (BNWF) model is developed using open-source
finite element-based code OpenSees for pseudo-static analysis of nonlinear soil-structure
interaction in non-liquefiable homogenous cohesionless soil and liquefiable multi-layered
sloping ground using results obtained from nonlinear GRA. Pile and soil are simulated by
displacement-based beam element and nonlinear spring element respectively. The present
numerical model has been validated with the established theoretical solution and past case
study. The effects of relative density of cohesionless soil, length to diameter (L/d) ratio of pile
and fixity of pile head on pile and soil responses are investigated. The simplified BNWF
numerical model is then used to investigate the seismic response of single piles in liquefiable
multi-layered sloping ground taking into account of both kinematic and inertial interaction
effects. The parametric studies have been performed for evaluating the influence of various
parameters on seismic response of layered soil-pile system. The results from pseudo-static
analysis show that the peak lateral displacement and bending moment of piles are
significantly influenced by ground slope, L/d ratio of pile, pile head fixity condition, depth of
liquefiable layer and pile embedment depth. The peak bending moment occurs near the
interface between liquefiable and non-liquefiable layer when the depth of liquefiable layer is
almost 22% and embedment depth is almost 45% of total length of pile. It is also observed
that peak lateral displacement of pile reduces and peak kinematic pile bending increases in

liquefiable sloping ground with increasing of embedment depth of pile.

Then, an advanced nonlinear finite-element based 3D numerical study has been carried out to
investigate the effects of axial loading on dynamic response of soil-pile system in liquefiable
layered level and sloping ground of Kolkata city. An advanced soil constitutive law based on
multi-yield surface plasticity model implemented in fully-coupled u-p formulation is adopted
for soil-fluid interaction and pore water pressure development reasonably. The present model
is validated with the past experimental results. Then, a detailed systematic parametric study is
performed for numerical simulation of pile failures in layered level and sloping ground under
axial loading by taking into account various soil conditions, pile and ground motion
parameters. Parametric studies of dynamic analysis reveal that the bending moment response
of pile under axial loading can be higher in non-liquefiable condition, with reference to the
liquefiable condition. The peak lateral displacement and bending moment decreases in both
non-liquefiable and liquefiable condition due to decrease of axial load. So, the designer
should consider both extreme scenarios for safe and economical design. Also, it is noticed that

the buckling capacity of pile is improved significantly by using larger diameter pile and the
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bending capacity is increased by selecting higher grade of concrete. The amplification factors
of bending moment for sloping ground with respect to level ground due kinematic and
combined loading increases significantly with an increase of ground slopes. The combined
peak lateral displacement and bending moment co-efficient decreases when L/d ratio
decreases. Also, the peak combined lateral displacement decreases by 48.7% and combined
bending moment co-efficient increases by 14.3% when soil condition changes from
liquefiable state to dry condition. So, it is recognised from the present study that the bending
and buckling failure mode may be avoided in liquefiable level and sloping ground under
combined loading condition by selecting a suitable combination of material strength and pile

geometry.

Keywords: CycliclD; Nonlinear; Liquefaction; Laterally Loaded Pile; BNWF; OpenSees;
Finite element; Soil-Structure Interaction; Sloping ground; Pseudo-static; Bending-buckling

interaction



CONTENTS

Acknowledgements vi
Abstract vii
Contents X
List of Figures XVi
List of Tables XXIV
List of Abbreviations XXVi
Chapter 1: Introduction 1-15
1.1 General 1
1.1.1 Pile Foundation 2
1.1.2 Soil-Structure Interaction 2
1.1.2.1 Direct Approach 3

1.1.2.2 Substructure Approach 3

1.1.3 Soil Liquefaction 5

1.2 Research Motivation 5
1.3 Failure Case Studies 6
1.3.1 Niigata Earthquake (Japan) in 1964 6
1.3.2 Kobe Earthquake (Japan) in 1995 8
1.3.3 Bhuj Earthquake (India) in 2001 8
1.3.4 Sumatra Earthquake (Indonesia) in 2004 9
1.3.5 Wenchuan Earthquake (China) in 2008 10
1.3.6 Chile Earthquake (Maule) in 2010 10
1.3.7 Tohoku Earthquake (Japan) in 2011 11
1.3.8 Sikkim Earthquake (India) in 2011 12
1.4 Objectives of the Present Study 12
1.5 Scope of the Present Work 13
1.6 Organization of the Thesis 14



Chapter 2: Literature Review 16-42

2.1 Seismic Ground Response Analysis and Site Characterization for Indian Subcontinent 16

2.2 Past Research on Laterally Loaded Pile Foundation in Non-liquefiable Soil 20
2.2.1 Experimental Investigation 21
2.2.2 Analytical Investigation 21
2.2.3 Numerical Investigation 21
2.2.4 Simplified or Approximate Method 23

2.3 Past Research on Pile Foundation in Non-liquefiable Soil under Combined Vertical and

Lateral load 24

2.4 Practices and Research on Laterally Loaded Pile Foundation in Liquefiable Soil 26
2.4.1 Codal Provisions for Piles in Liquefiable Soil 26

2.4.1.1 Eurocode 8 (EN 1998-5:2004) 26
2.4.1.2 JRA code (2019) 26
2.4.1.3 ASCE 7 (2022) 27
2.4.1.4 AASHTO (2020) 27
2.4.1.5 1SO-23469 (2005) 27
2.4.1.6 IS 1893 (2016) 28
2.4.1.7 NEHRP (2020) 28
2.4.1.8 Caltrans (2011) 28
2.4.2 Past Research on Laterally Loaded Pile Foundation in Liquefiable Soil 29
2.4.2.1 Experimental Investigation 29
2.4.2.2 Analytical Investigation 31
2.4.2.3 Numerical Investigation 32
2.4.3 Past Research on Laterally Loaded Pile Foundation in Sloping Ground 39

2.5 Summary of Past Works 41

Chapter 3: Nonlinear Ground Response Analysis 43-72

3.1 Introduction 43

3.2 Area under Study 44

3.3 Geotechnical Data 44

3.4 Input Ground Motions 47

3.5 Methodology 48

3.6 Validation of Present Model 52

Xi



3.7 Results and Discussions 54
3.7.1 Profile of PGA and its Magnification Factor 54
3.7.2 Peak Shear Stress & Shear Strain profile 57
3.7.3 Peak Ground Displacement (PGD) Profile and Time-history 58
3.7.4 Shear stress vs Shear Strain Variation 60
3.7.5 Acceleration Response Spectrum vs Period 60
3.7.6 Effect of Ground Water Table (GWT) 61
3.7.7 Effect of Mildly-inclined Infinite Slope 63
3.7.8 Assessment of Liquefaction Potential 63
3.7.9 Evaluation of Post-liquefaction Settlement Profile 65

3.8 A Case study of Liquefaction-induced Damage to a Port Building Supported on Pile

Foundation 66
3.8.1 Kandla Port Building: Liquefaction-induced Damage during Bhuj Earthquake 66

3.8.1.1 The Earthquake 66
3.8.1.2 The Structural Details of the Kandla Port Building 66
3.8.1.3 The Geotechnical Properties of the Port Site 66
3.8.1.4 Post-Earthquake Observations 67
3.8.2 Nonlinear Ground Response Analysis of the Port Building Site 67
3.8.3 Assessment of Liquefaction Potential 68
3.8.4 Evaluation of Post-Liquefaction Settlement 70
3.8.5 Lateral Spreading of the Site 71

Chapter 4: Pseudo Static Analysis of Piles 73-114

4.1 Analysis of Laterally Loaded Single Pile in Non-Liquefiable Homogenous Cohesionless

Soil 73
4.1.1 Model Description 75
4.1.2. Validation of the Present Numerical Model 76
4.1.3 Parametric Studies 77

4.1.3.1 Influence of Soil Type on Pile and Soil Response 78
4.1.3.2 Influence of (L/d) Ratio on Pile and Soil Response 80
4.1.3.3 Influence of Pile Head Fixity Condition on Pile and Soil Response 81

xii



4.2 Seismic Response of Laterally Loaded Single Piles in Liquefiable Multi-Layered Sloping

Ground 83
4.2.1 Current Design Approaches 84
4.2.2 Methodology 84
4.2.3 Validation of the Present Numerical Model 89
4.2.4 Present Study 92
4.2.5 Results and Discussions 97

4.2.5.1 Effects of Kinematic and Inertial Interaction 98

4.2.5.2 Failure Due to Dynamic Amplification 103

4.2.5.3 Effects of Degradation of Strength and Stiffness of adjacent Non-Liquefiable
Layer at Interface due to Intermediate Liquefiable Layer 105

4.2.5.4 Comparison of Response of Pile for p-y Curve with Conventional P-Multiplier

Method and p-y Curve Considering Shear Hardening 106
4.2.5.5 Effects of Ground Slope 107
4.2.5.6 Effects of Slenderness Ratio of Pile 108
4.2.5.7 Comparison of Pile Response in Liquefied and Non-Liquefied Condition 109
4.2.5.8 Effects of Pile Head Fixity Condition on Pile Response 110
4.2.5.9 Effects of Depth of Liquefiable Soil Layer 111
4.2.5.10 Effects of Depth of Embedment of Pile 112
4.2.5.11 Comparison of Present Numerical Methodology with the Simplified Formulation
in the Literature 113
Chapter 5: Dynamic Analysis of Piles in Level Ground 115-149
5.1 Introduction 115
5.2 Study Area 116
5.3 Descriptions of the Present Numerical Model 118
5.4 Methodology 124
5.5 Validation of the Present Numerical Model 128
5.6 Results and Discussions 131

5.6.1 Assessment of Liquefaction Potential and Response of Soil 131

xiii



5.6.2 Response of Pile 134

5.6.2.1 Response of Pile Displacement 134

5.6.2.2 Response of Pile Bending Moment 135

5.6.3 Effect of Axial Load on Pile Response 136
5.6.4 Seismic Design of Pile Foundation as per 1S 1893:2016 138
5.6.5 Comparison of Pile Response in Liquefiable and Non-Liquefiable Conditions 139
5.6.6 Bending and Buckling Interaction Analysis 141
5.6.7 Effect of liquefaction on natural time period of the soil-pile system 148
Chapter 6: Dynamic Analysis of Piles in Sloping Ground 150-174
6.1 Introduction 150
6.2 Modelling Methodology 151
6.2.1 Material Properties 151
6.2.2 The Constitutive Model of Soil 152
6.2.3 Input Motions 153
6.2.4 Finite Element Model 153
6.2.5 Boundary Conditions 154
6.3 Validation of the Proposed Numerical Model 155
6.4 Present Study 155
6.5 Results and Discussions 156
6.5.1 Response of Soil 157
6.5.1.1 Variation of Excess Pore Water Pressure Ratio (Ry) 157

6.5.1.2 Variation of Peak Ground Displacement (PGD) 158

6.5.1.3 Variation of Peak Ground Acceleration (PGA) 160

6.5.2 Response of Pile 161
6.5.2.1 Influence of Ground Slopes 162

6.5.2.2 Influence of Soil Types 164

6.5.2.3 Influence of Input Ground Motions 165

6.5.2.4 Influence of Slenderness Ratio (L/D) 167

6.5.2.5 Influence of Pile Head Fixity Conditions 168

6.5.2.6 Influence of Depth of Ground Water Table (GWT) 169

6.5.3 Bending-Buckling Interaction Diagram 170

Xiv



Chapter 7: Summary and Conclusions 175-184

7.1 Summary 175
7.2 Conclusions 176
7.3 Limitations of the Present Study 183
7.4 Scope of Future Work 184

References 185-204

XV



Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

11
1.2

1.3

14

1.5

1.6

1.7

1.8

1.9

1.10

111

2.1
2.2
3.1
3.2
3.3
3.4

LIST OF FIGURES

Direct approach of SSI analysis

Substructure approach of SSI analysis a Kinematic and b Inertial
interaction

Tilting of NHK building b Observed damages of piles after excavation and
c Failure pattern of pile of the building following the 1964 Niigata
Earthquake

Failures of a Kawagishi-cho apartment and b Showa bridge following the
1964 Nigaata Earthquake due to liquefaction

Tilting of Firehouse building and b Failure of the piles of the building
following the 1995 Kobe earthquake

a Tilting of Kandla Port tower building and b probable settlement
mechanism of failure following the 2001 Bhuj earthquake

a Damage of residential building in middle Andaman Island b failure of
Passenger terminal building due to settlement of pile foundation and c
dislocation of a pile cap in an RC storage building at Haddo Wharf

a Failure of the MPZ bridge and b Schematic drawing of the bridge during
the 2008 Wenchuan earthquake

Failure of a Bio— Bio bridge and b Llacolen bridge following the 2010
Chile earthquake

a Destruction of a Coastal City and b eradication of pile-supported building
in Onagawa following the 2011 Japan earthquake

a Structural failure of two intermediate storeys of 9-storied building b
failure pattern of column and c failure of infirm masonry wall at Gangtok
during 2011 Sikkim earthquake

Seismic design of foundation as per JRA code of practice

Schematic drawing of kinematic and inertial action as per NEHRP code
Selected Borehole locations in Kolkata City

Acceleration time-history of a IMV b BHJ and ¢ SIKM input motions
Profile of a PGA and b PGA magnification factor

PGA Profile of a NKD soil and b RCD soil

XVi

10

11

11

12

27
28
45
47
53
56



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12
3.13

3.14

3.15

3.16
3.17

3.18
3.19
3.20

3.21

3.22

4.1

4.2

Comparison of maximum PGA magnification factor obtained by various
researchers

Comparison of surface level acceleration response at the surface between
NKD and RCD soil for a IMV and b BHJ earthquake motion

Peak shear stress profile for a NKD and b RCD soil

Peak shear strain profile for a NKD and b RCD soil

Peak ground displacement (PGD) profile for a NKD and b RCD soil

Peak ground displacement (PGD) time-history at ground surface for a NKD
and b RCD soil under BHJ earthquake motion

Shear Stress vs. Shear Strain of a NKD soil (Depth: 24.88 m) and b RCD
soil (Depth: 34.88 m) for BHJ motion

Response spectrum curves for 5% damping for a NKD and b RCD soil
Comparison of peak spectral acceleration obtained by various

Researchers

Profile of a PGD b PGA magnification factor and c¢ settlement with
variation of GWT location of RCD soil using BHJ motion

Variation of a PGA and b PGD with slope of RCD soil under BHJ

motion

Excess pore pressure ratio profile for a NKD and b RCD soil

Comparison of Factor of Safety for liquefaction potential (FOS/FOSD) for
RCD soil under BHJ motion

Post-liquefaction settlement profile of RCD soil

Profile of a PGA and b peak shear strain

Profile of a Excess pore pressure ratio and b Factor of Safety for
liquefaction potential (FOS)

Profile of a volumetric strain and b post-liquefaction settlement

a PGD profile and b displacement time-history

a,b Winkler hypothesis and ¢ Winkler model for LLP (Murthy 2018)
BNWF modelling approach adopted for soil-pile interaction

a Variation of soil elastic modulus with depth and b p-y curve (Murthy
2018)

BNWF modelling approach adopted for soil-pile interaction (McKenna and
Fenves 2001)

XVii

57

57

58

58

59

59

60

61
61

62

63

64
65

65

69

70

71

72

74

75

76



Fig.4.4

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

4.5

4.6

4.7

4.8

4.9

4.10

411

412

4.13

4.14

4.15

4.16

4.17
4.18

4.19

Comparison of a lateral displacement and b shear force and c¢ bending
moment and response of pile obtained from present study with Reese and
Matlock (1956)

Profile of a lateral displacement b shear force ¢ bending moment of pile and
d soil reaction response for various soil types

Profile of a lateral displacement b bending moment of pile and c soil
reaction response in loose sand for various pile L/d ratio

Lateral displacement profile for a pile (L/d=10) and b pile (L/d=30)

Bending moment profile for a pile (L/d=10) and b pile (L/d=30)
Soil response profile for a pile (L/d=10) and b pile (L/d=30)

A beam on the nonlinear Winkler foundation (BNWF) model for pseudo-
static analysis

Comparison of present study with theoretical solution of Reese and Matlock
(1956) a lateral displacement and b bending moment response of pile for
inertial loading

Comparison of present study with analytical results and field observation a
kinematic pile lateral displacement and b kinematic pile bending moment
response

Details of a Kandla Port Building and b foundation layout plan

BNWF model considered in the present study for pseudo-static analysis of
pile foundation of Kandla Port building

Variation of a relative stiffness factor and b depth coefficient with depth
under non-liquefied and liquefied condition

PGD profile for various ground slope

Depth of fixity of pile (a) before; and (b) after full liquefaction

Variation of a lateral displacement coefficient b bending moment
coefficient and c shear force coefficient with normalized depth for
kinematic, inertial and combined loading

Comparison of a lateral displacement coefficient b bending moment
coefficient and c shear force coefficient with normalized depth with and
without degradation of strength and stiffness of adjacent non-liquefiable
layer at interface due to intermediate liquefiable layer

XViii

7

79

81

81

82

82

89

91

92

94

94

96

103

104
104

105



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

5.1

5.2
5.3

Fig.5.4

Fig.
Fig.

Fig.

5.5
5.6

5.7

Comparison of a lateral displacement coefficient b bending moment
coefficient and c shear force coefficient with normalized depth for p-y
curve with conventional p-multiplier method and p-y curve considering
shear hardening

Variation of a lateral displacement coefficient and b bending moment
coefficient with normalized depth for various ground slope for kinematic
loading

Variation of a lateral displacement coefficient and b bending moment
coefficient with normalized depth for various slenderness ratio of pile
Variation of a lateral displacement coefficient and b bending moment
coefficient with normalized depth under liquefied and non-liquefied
condition

Variation of a lateral displacement coefficient and b bending moment
coefficient with normalized depth for different pile head fixity

condition

Variation of depth of liquefiable layer a Case | (LLig/L=0.22, E=20d) b
Case Il (LLig/L=0.44), E=10d c Case Il (LLi¢/L=0.55, E=5d) d Case IV
(LLig/L=0.67, E=0d) and e Case V (Lis/L=0.1.0, E=0d)

Variation of a lateral displacement coefficient and b bending moment
coefficient with normalized depth for different depth of liquefiable soil
layer

Comparison of a lateral displacement coefficient b shear force coefficient
and c bending moment coefficient with different embedment depth of

pile

Typical soil profile of Kolkata city a NKD soil (Ultadanga site) b RCD soil
(Tollygunge Metro site)

3D FE model used in the present study

Pressure-dependent multi-yield-surface plasticity constitutive model

Von Mises multi-surface kinematic plasticity model

Schematic diagram of soil-pile system considered in the present study
Allowable load carrying capacity (Pan) of piles with various diameters in
NKD and RCD soil

Acceleration time-history of 1995 Kobe earthquake motion

(Wilson 1998)

XiX

107

108

109

110

111

112

112

113

117

119
121
122
126
128

129



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.8

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

Comparison of present study with dynamic centrifuge tests conducted by
Wilson (1998) a EPP time-history b bending moment time-history and c
superstructure acceleration time-history

Comparison of lateral displacement profile obtained from present study
with dynamic centrifuge tests (Wilson 1998)

Profile of Ry in NKD soil a near field and b far field for various input
motions

Profile of Ry in RCD soil a near field and b far field for various input
motions

Profile of Ry of RCD soil under scaled IMV motion for various
superstructure weight

Comparison of time history of Ry at various depths a NKD soil and b RCD
soil using scaled IMV motion

Shear stress vs shear strain relationship for RCD soil under scaled IMV
motion a 4.63mb 9.53 mc¢ 11.16 m and d 19.58 m depths

Kinematic a peak lateral displacement and b peak bending moment of pile
in NKD soil under various input motions

Kinematic a peak lateral displacement and b peak bending moment of pile
in RCD soil under various input motions

Variation of a peak lateral displacement and b peak bending moment of pile
for different combinations of vertical loading in RCD soil when subjected
to scaled IMV motion

Comparison of peak bending moment time-history of pile at ground level
with and without vertical loading in a NKD soil and b RCD soil when
subjected to scaled IMV motion

Variation of a peak lateral displacement b peak bending moment of pile
with and without considering skin friction of liquefiable layer (LL) in RCD
soil when subjected to scaled IMV motion

Variation of a peak lateral displacement and b peak bending moment co-
efficient of pile for different combinations of vertical loading in non-
liquefiable condition of RCD soil when subjected to scaled IMV

Motion

XX

130

130

132

132

133

133

134

135

136

137

138

139

140



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

5.21

5.22

5.23

5.24

5.25

6.1

6.2
6.3

6.4

6.5

6.6

Comparison of peak lateral displacement co-efficient of pile for a non-
liquefiable and b liquefiable soil condition of RCD soil when subjected to
scaled IMV motion

Comparison of peak bending moment co-efficient of pile for a non-
liquefiable and b liquefiable soil condition of RCD soil when subjected to
scaled IMV motion

Bending-buckling interaction graph of various diameter piles in RCD soil
due to the scaled IMV motion

Bending-buckling interaction graph of 0.5 m diameter pile in RCD soil due
to the BHJ, scaled IMV and IMV motions

Bending-buckling interaction graph of 0.5 m diameter pile of various grade
of concrete in RCD soil due to the scaled IMV motion

Schematic layout of soil-pile system in liquefiable sloping ground
considered in the present study

3D finite element model a 3D view b view in X-Z direction

Variation of Ry with depth a in RCD soil for different ground slopes under
scaled IMV motion b in RCD soil for 5-degree ground slope under different
ground motions ¢ in NKD and RCD soil under scaled IMV motion and d in
RCD soil for different depth of GWT under scaled IMV motion

Variation of PGD with depth a in RCD soil for different ground slopes
under scaled IMV motion b in RCD soil for 5-degree ground slope under
different ground motions ¢ in NKD and RCD soil for 5-degree ground slope
under scaled IMV motion and d in 5-degree sloping RCD soil for different
depth of GWT under scaled IMV motion

PGD time-history at ground level a in RCD soil for various ground slopes
under scaled IMV motion b in RCD soil for 5-degree ground slope under
various ground motions and c¢ in RCD soil for different depths of GWT
under scaled IMV motion

Variation of PGA with depth a in RCD soil for various ground slopes under
scaled IMV motion b in RCD soil for 5-degree ground slope under various
ground motions and ¢ in RCD soil for different depths of GWT under

scaled IMV motion

XXi

140

141

143

145

147

152

154
158

159

160

161



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.7

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

Variation of a kinematic and b combined lateral displacement co-efficient
of pile with depth in RCD soil for different ground slopes under scaled IMV
motion

Peak lateral displacement co-efficient for a kinematic and b combined
loading in RCD soil for different ground slopes under scaled IMV

motion

Variation of a kinematic and b combined bending moment co-efficient of
pile with depth in RCD soil for various ground slopes under scaled IMV
motion

Comparison of a kinematic and b combined bending moment time-history
at ground level in RCD soil for various ground slopes under scaled IMV
motion

Peak bending moment co-efficient for a kinematic and b combined loading
in RCD soil for different ground slopes under scaled IMV motion

Variation of combined a lateral displacement co-efficient and b bending
moment co-efficient of pile with depth in NKD and RCD soil for 5-degree
ground slope under scaled IMV motion

Comparison of combined bending moment time-history at ground level
between NKD and RCD soil for 5-degree ground slope under scaled IMV
motion

Variation of combined a lateral displacement co-efficient and b bending
moment co-efficient of pile with depth in RCD soil for 5-degree ground
slope under various ground motions

Combined peak a lateral displacement co-efficient and b bending moment
co-efficient in RCD soil for different ground slopes under scaled IMV
motion

Variation of combined a lateral displacement co-efficient and b bending
moment co-efficient profile with pile slenderness ratio (L/d) in RCD soil for
5-degree ground slope under scaled IMV motion

Combined peak lateral displacement co-efficient for a level and b 5-degree
sloping ground in RCD soil for different L/d ratios under scaled IMV

motion

XXii

162

162

163

164

164

165

165

166

166

167

168



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.18

6.19

6.20

6.21

6.22

6.23

6.24

Combined peak bending moment co-efficient for a level and b 5-degree
sloping ground in RCD soil for different L/d ratios under scaled IMV
motion

Variation of combined a lateral displacement co-efficient and b bending
moment co-efficient profile with pile head fixity conditions in RCD soil for
5-degree ground slope under scaled IMV motion

Comparison of combined bending moment time-history with pile head
fixity conditions at ground level for 5-degree ground slope under scaled
IMV motion

Variation of combined a lateral displacement co-efficient and b bending
moment co-efficient profile with depth of GWT in RCD soil for 5-degree
ground slope under scaled IMV motion

Bending-buckling interaction diagram of different diameters pile in level
and sloping RCD soil under scaled IMV motion

Bending-buckling interaction diagram of 0.5 m diameter piles in level and
sloping RCD soil under different ground motions

Bending-buckling interaction diagram of 0.5 m diameter piles in RCD soil

for different ground slopes under scaled IMV maotion

XXiii

168

169

169

170

172

173

174



Table 2.1
Table 3.1
Table 3.2
Table 3.3

Table 3.4

Table 3.5

Table 3.6
Table 3.7

Table 3.8

Table 3.9

Table 3.10
Table 3.11
Table 3.12
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5

Table 4.6

Table 5.1

Table 5.2
Table 5.3

LIST OF TABLES

Brief of latest numerical studies of pile foundations in liquefiable soil
Typical soil properties of NKD soil of Ultadanga site

Typical soil properties of RCD soil of Tollygunge Metro site

Various parameters of the considered earthquake motions in the present
study

Parameter values for the soil materials models of NKD soil (Ultadanga
site)

Parameter values for the soil materials models of RCD soil (Tollygunge
Metro site)

Soil profile of Borehole considered in the present study

PGA magnification factor (PGA at surface/MBRA) for selected
earthquakes at two different sites of Kolkata

Comparison of response obtained using present study with previous
researchers for Kolkata city

Variation of PGA and magpnification factor, PGD, Settlement with GWT
location of RCD soil for BHJ earthquakes

Parameter values for the soil materials models of Kandla Port soil
Post-liquefaction settlement

Liquefaction-induced lateral spreading

Pile parameters considered in the present study

Soil parameters considered in the present study

Pile properties considered in the present numerical study

Structural details of Kandla Port building

Input parameters for soil-pile interaction analysis in liquefied

condition

Comparison of results obtained using present study with the simplified
formulation of previous researchers

Values of model parameters for NKD soil of Ultadanga site

Values of model parameters for RCD soil of Tollygunge Metro site

Pile properties considered in the present numerical study

XXiv

32
46
46
48

51

o1

53
55

56

62

68
71
72
78
78
95
95
96

114

123

124
125



Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 5.8

Table 5.9

Table 5.10

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

Table 6.6

Checking against bending failure mechanism of various diameter pile of
M-30 grade in RCD soil under scaled IMV motion

Checking against buckling failure mechanism of various diameter pile of
M-30 grade in RCD soil under scaled IMV motion

Checking against bending failure mechanism of 0.5 m diameter pile of
M-30 grade in RCD soil under various input motions

Checking against buckling failure mechanism of 0.5 m diameter pile of
M-30 grade in RCD soil under various input motions

Checking against bending failure mechanism of 0.5 m diameter pile of
various grades under scaled IMV earthquake motion in RCD soil
Checking against buckling failure mechanism of 0.5 m diameter pile of
various grades under scaled IMV earthquake motion in RCD soil

Natural time period of soil-pile system in liquefiable condition for M-30
grade concrete pile of various configuration

Examining bending failure criteria of different diameters pile in RCD
soil under scaled IMV motion

Examining buckling failure criteria of different diameters pile in RCD
soil under scaled IMV motion

Examining bending failure criteria of 0.5 m diameter piles in RCD soil
under different ground motions

Examining buckling failure criteria of 0.5 m diameter piles in RCD soil
under different ground motions

Examining bending failure criteria of 0.5 m diameter piles in RCD soil
for different ground slopes

Examining buckling failure criteria of 0.5 m diameter piles in RCD soil

for different ground slopes

XXV

142

143

144

145

146

147

148

171

171

172

173

174

174



LIST OF ABBREVIATIONS

[M] Mass matrix
[C] Damping matrix
[K] Stiffness matrix
u Nodal relative displacement
u Nodal relative velocity
i Nodal relative acceleration
urr(t) Free-filed acceleration
T Shear stress
Oy Overburden pressure
u Excess pore water pressure
Cu Undrained shear strength
7 Soil friction angle
N SPT number
Vs Shear wave velocity
Muw Earthquake moment magnitude
g Acceleration due to gravity
I Unit vector
Ko Lateral earth pressure co-efficient at rest
Ymax Maximum shear strain percentage
NYS Number of yield surfaces
U Poisson’s ratio of soil
Ver Reference shear wave velocity
Pref Reference effective mean confinement
n Co-efficient of confinement dependence
@PT Dilation or phase transformation (PT) angle

¢ and ¢ Contraction co-efficient

d; and dz Dilation co-efficient

Liq Liguefaction co-efficient
k Co-efficient of permeability
p Confinement

XXVi



Pa
Ya

Rd
Ts

Y50

Atmospheric pressure

Cumulative octahedral plastic strain
Ground slope

Shear stress reduction co-efficient
Initial time period of ground

Soil resistance per unit length of pile
Lateral relative soil-pile displacement
Skin friction along pile length

Vertical relative soil-pile displacement
End bearing at pile base

Length of pile

Diameter of pile

Young’s Modulus of Pile

Poisson’s ratio of pile

Moment of inertia of pile

Unit weight of soil

Young’s Modulus of soil

Static axial load

Dynamic axial load factor

Maximum axial load

Peak ground acceleration

Lateral inertial load

Inclination angle with ground surface
Ultimate lateral resistance of p-y material
Displacement at 50% of Py
Effective unit weight

Depth below ground

Factor determined experimentally by Matlock

Earth pressure coefficient for overburden pressure

Earth pressure coefficient for cohesion

Strain corresponding to one-half the maximum principal stress difference

API recommended initial modulus of subgrade reaction

Corrected modulus of subgrade reaction

XXVii



Cs Overburden stress correction factor

Oref’ Reference effective overburden stress
o' Effective overburden stress
A Loading type coefficient
Pu,liq Ultimate soil resistance of liquefiable soil
Su Mobilized shear resistance of the liquefied soil
R Degradation factor for soil stiffness due to liquefaction
Ro Degradation factor at the top of liquefiable crust
Liig Depth of liquefiable crust
T Relative stiffness factor
Nh Coefficient of subgrade reaction
Yp Unit weight of pile
fex Characteristic compressive strength of concrete
h Building height from GL
Bending moment
F Shear force
Mp Plastic moment capacity
Fp Plastic shear capacity
Zp Plastic section modulus
gy Yield stress
Fsy Shear capacity of transverse reinforcement
Fe Shear capacity of concrete
fy Yield strength of steel
T, Fundamental period of RCC building
b Base dimension of the building at plinth level
Sa Spectral acceleration
Vy Base shear
An Seismic coefficient

Total seismic weight of the building
VA Zone factor
I Importance factor
R Response reduction factor
Mpg Rocking moment

XXviii



Pext

nw O W =

)
f®

Lo
De

Extra axial compressive load

Distance from C.G of pile group to centre of each pile
Fixity level from ground surface

Stiffness at liquefied condition

Time period at liquefied condition

Euler’s buckling load

Effective length

Thickness of top 30 m soil layer

Depth of embedment at bottom stiff non-liquefiable layer
Yield function

Deviatoric stress tensor

Mean effective stress

Positive constant for finite size of yield surface
Second order kinematic deviatoric tensor

Size of yield surface

Shear-induced dilation or contraction

Stress ratio

Stress ratio along PT surface

Parameters of PDMY 02 material to account K, effect
Mass density

Low-strain shear modulus

Low-strain bulk modulus

Shear stress

Shear strain

Strain-displacement matrix

Coupling matrix

Compressibility matrix

Permeability matrix

Body and surface forces in soil

Body and surface forces in fluid

Factor which depends on end conditions of pile
Length of pile in buckling zone

Depth of fixity

XXiX



DL Depth of liquefiable layer

A Slenderness ratio
Fmin Minimum radius of gyration

Acs Cross-sectional area

Peo Critical buckling load
Och Elastic critical buckling stress

of Rankine’s failure stress considering both crushing and buckling criteria,
ay Yield stress of material

P Axial load

Py Squash load without bending

o Compressive strength of concrete
Dr Relative density of soil

Ru Excess pore water pressure ratio
o Axial stress on pile

fn Natural frequency

Ms Lumped mass

L1 Free head length
Dni Depth of non-liquefiable layer

Pai Allowable axial load

XXX



Chapter 1

Introduction

1.1 General

Piles are structurally slender members primarily used to carry and transfer superstructural
load through weak soil layer onto deep strong soil layer or rock of comparatively higher
bearing capacity. Pile foundations are widely used to support multi-storied buildings, bridge
piers and abutments, transmission towers, retaining wall and offshore structures. These
structures are subjected to the high degree of lateral load in addition to the axial load due to
wind action, earth pressure, water pressure, traffic movement and most importantly seismic
action. The seismic analysis of pile foundations is a complicated soil-structure interaction
(SSI) problem. The problem of soil-pile interaction during earthquake in liquefiable soil gets
further intricate than non-liquefiable soil because of degradation of strength and stiffness of
soil over time, soil nonlinearity and development of excess pore water pressure (EPWP). A
significant number of damages and/or collapses of pile foundations and pile-supported
structures are reported in liquefiable soil after past major earthquakes such as San Francisco
(1906), Niigata (1964), Northridge (1994), Kobe (1995), Chi-Chi (1999), Bhuj (2001),
Sumatra (2004), Tohoku (2011) and Sikkim (2011) (Bhattacharya 2003). So, it is challenging
job for geotechnical earthquake engineers to ensure safe and economical design of pile
foundation and pile-supported high-rise structures in liquefiable soil of metropolitan city like
Kolkata, where rapid growing of population and infrastructure makes it essential. As the soil
behaves nonlinearly during strong seismic event, nonlinear SSI is extremely necessary for the

analysis of soil-pile interaction in liquefiable soil.

The following section presents an overview to Pile foundation, Soil Structure Interaction

(SSI) and soil liquefaction briefly.
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Chapter 1: Introduction

1.1.1 Pile Foundation

Piles are deep foundation. A foundation is described as ‘piled” when its depth is more than
three times its breadth. Piles are long, columnar element normally made of steel, reinforced
concrete or timber. Piles transfer load to the soil partly by shaft resistance and partly by base
resistance. Piles may be classified as end-bearing or friction piles based on their functional
mechanisms. Base resistance dominated piles are described as end-bearing piles while shaft
resistance dominated piles are described as friction piles. The performance of end-bearing
piles is better than friction piles in high seismic zone. Pile foundations are also extensively
used as foundation in potentially liquefiable soil. However, there are case histories of failure
of pile foundation in liquefiable soil because of additional loads imparted by liquefaction and

the associated loss of support.
1.1.2 Soil-Structure Interaction (SSI)

Soil-structure interaction (SSI) analysis is the study on the influence of the behaviour of soil
in the response of structure and vice versa. SSI analysis is necessary for the heavy structure
resting on relatively weak soil stratum. Over the years, the research in the field of
Geotechnical Earthquake Engineering has been developed considerably. But the effect of SSI
on the seismic response of structures is still not fully recognised. Conventional design
methods neglect the SSI effects due to the difficulties encountered in modelling SSI.
Advanced model for soil nonlinearity, soil-pile interface mechanism and variation of soil

profile is still scarce.

SSI effects for linear soil-structure system have been evaluated over the times analytically by
various researchers. These techniques are used to complement the conventional design
methods based on fixed-based approach. In addition, the effects of SSI have been evaluated
using many full-scale or small-scale tests. However, the analytical and experimental studies
are not able to capture the nonlinear SSI effects during strong seismic events. Advanced
numerical techniques using high-speed computer are facilitating to incorporate the 3D

nonlinear SSI effects for high-rise structures.

In general, there are two numerical approaches to consider effects of SSI on soil-foundation-

structure system such as direct approach and equivalent substructure approach (Kramer 2005).
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Chapter 1: Introduction

1.1.2.1 Direct Approach

In the direct approach, the soil, pile foundation and superstructure are modelled and analysed

in a single step as shown in Fig. 1.1 using following equation (Kramer 2005):

[M]{u} + [K]{u} = —[M]{te(t)} (1.1)

where [M], [K] are mass and stiffness matrix; u, i are displacement and acceleration of the

system; {iig(t)} is far-field input motion at the boundary node points.

The material and geometric nonlinearities of both the structure and the supporting soil can be
captured within same model using direct approach. Therefore, seismic response of structure
using this approach is considered to be more accurate (Elgamal et al. 2008; Bao et al. 2012).

However, modeling and analysing structure using this approach is computationally quite
pricey.

g Uy

qu -

Fig.1.1 Direct approach of SSI analysis (Kramer 2005)
1.1.2.2 Substructure Approach

On the other hand, in the equivalent substructure approach, SSI effects are evaluated by three
individual steps (Mylonakis et al. 1997). First step is to evaluate the foundation kinematic
response. Second step is to determine the spring/dashpot constants based on the inertial
mechanism. Third step is the seismic analysis of the structure resting on compliant base. The
major convenience of this approach is that each step is independent to each other and the most

important aspects of the problem can be focused by designer (Stewart and Fenves 1998).

An earthquake causes horizontal and vertical deformations of soil in the free-field condition.

However, the same soil can’t follow the free-field motion when the foundation is embedded
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Chapter 1: Introduction

in it. So, the base of super-structure does not follow the free-field motion. This difference in
response of soil-pile system from the free-field motion is termed as kinematic interaction.
Different modes of vibration is induced in a structure due to kinematic interaction. The
kinematic response can be evaluated using following equation supposing foundation has

stiffness but no mass (Kramer 2005):

[Mgonl{liki} + [Kl{ugi} = —[Mgou]{iip (1)} (1.2)

where [Mg,i] is the mass matrix supposing massless structure and foundation; {uk} is the

foundation input motion.

On the other hand, inertial interaction is due to the mass of foundation and structure which
causes them for responding dynamically. Foundation movement is occurred due to the force
transmitted to soil by foundation when the supporting soil is compliant. This effect would not
happen for fixed-base structure. The influence of soil compliance on the resulting response is
because of inertial interaction. The inertial interaction is dependent on both the base motion
and the foundation input motion. The inertial response can be evaluated using following

equation supposing foundation and structure do have mass (Kramer 2005):

M]3 + [K{un} = —[Mser ] {lixa (O +p (0} (1.3)
where [M,, | is the mass matrix supposing massless soil.

Kinematic and inertial interaction analysis is illustrated in Fig.1.2 (a) and (b) respectively.

--r7i-t Massless ] Inertial forces applied
tIE?:Z E:: structure ] to structure/foundation
i) /
=peras é ’;',
7
Uy Fixed boundary

(a) (k)
Fig.1.2 Substructure approach of SSI analysis a Kinematic and b Inertial interaction
(Kramer 2005)
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1.1.3 Soil Liquefaction

Liquefaction is one of the most significant, complicated and controversial subjects in
geotechnical earthquake engineering. Hazen has first used the word “liquefies” in 1920 after
failure of the Calaveras dam in California (Kramer 2005). Shear stress induced in

cohesionless soil during earthquake is given by the following equation:
T = (0o, —uwtaneg (1.4)

where t=shear stress, o, =overburden pressure, u=excess pore water pressure (EPWP) and

¢ =solil friction angle.

During earthquake event, u will increase over time and when u will equal to o, soil will
behave like a fluid losing its shear strength. This phenomenon of sudden loss of strength for
saturated cohesionless soil under cyclic loading due to zero effective stress is known as
liquefaction. The destructive effects of liquefaction drew great attention to the geotechnical
engineers after the 1964 Good Friday earthquake (Alaska) followed by the Niigata earthquake
(Japan). Large numbers of liquefaction-induced failures of slope, dam, bridge and building
foundation and flotation of buried structures were noticed after earthquake. After 55 years of
these earthquakes, several researchers around the world have been studying the effects of
liquefaction widely. Different approaches and methods have been proposed for liquefaction

analysis yet much more has been learned.
1.2 Research Motivation

After 1964 Niigata and Alaska earthquakes, it was understood that the seismic damage to the
structure is dependent on both the response of superstructure and supporting soil medium.
From then onwards, several efforts have been made by various researchers to understand the
dynamic response of soil during earthquake. However, this research was intensified using
experimental, analytical and numerical procedures after widespread damages of various pile-
supported structures during the 1995 Kobe earthquake. Although nonlinear soil response has
been investigated up to some extent, yet the seismic response of soil-pile system considering
soil nonlinearity is very few. It is understood from the comprehensive literature review that
the three-dimensional nonlinear SSI is extremely necessary for the analysis of soil-pile system

under earthquake loading.
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Moreover, there are limited studies of dynamic response of soil-pile system in liquefiable
multi-layered soil deposit, and there are even fewer studies on dynamic response of pile
foundations in liquefiable multi-layered slopping ground considering the effects of kinematic
and inertial interaction. Full-scale field tests are best reliable way to understand the behaviour
of laterally loaded pile foundations. But due to high-cost involvement and technical
difficulties, it is not always feasible to perform field tests. Numerical approaches enable

investigators to consider various parameters together in a detailed way.

The present study is motivated towards the seismic nonlinear soil-structure interaction
analysis of laterally loaded pile foundation in liquefiable and non-liquefiable multi-layered
soil considering kinematic and inertial effects using finite element-based numerical model.

The above facts are the major motivations of this research.
1.3 Failure Case Studies

Past earthquakes have pointed out the vulnerability of structures in liquefiable soil during
earthquakes. This section reviews some important case histories of damages of pile-supported

structures in liquefiable soil around the world during past earthquakes.
1.3.1 Niigata Earthquake (Japan) in 1964

Figs. 1.3(a) & (b) shows the damage of NHK building during 1964 Niigata earthquake in
Japan. The RC pile-supported four-storied building was tilted after the earthquake. Fig. 1.3(c)
shows the 10 to 15 degree rotation of pile base. Soil liquefaction and lateral spreading were
noticed at this site. The amplified response of piles due to liquefaction, P-delta effects and
lateral spreading were the reported plausible causes of damages of building and pile

foundation.
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Fig. 1.3 a Tilting of NHK building b Observed damages of piles after excavation and c
Failure pattern of pile of the building following the 1964 Niigata Earthquake (Dash and
Bhattacharya, 2012)

Figure 1.4(a) shows the shallow foundation failure of Kawagishi — cho apartment during 1964
Niigata earthquake. No damages of superstructure are observed. The foundation was failed
due to combined action of inertial force from superstructure and lateral spreading due to soil
liquefaction during the earthquake. The Showa Bridge over the Shinano River was collapsed
as shown in Fig. 1.4(b) during the Niigata earthquake in 1964. Lateral spreading was noticed
at the Showa Bridge riverbanks. It is widely believed that bending failure of piles due to

liquefaction-induced lateral spreading is the main cause of collapse Showa Bridge.

(@) (b)

Fig. 1.4 Failures of a Kawagishi-cho apartment and b Showa bridge following the 1964
Nigaata Earthquake due to liquefaction (Choudhury et al. 2014)
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1.3.2 Kobe Earthquake (Japan) in 1995

The four-storied firehouse building was leaned unto sea side during 1995 Kobe earthquake in
Japan as shown in Fig. 1.5(a). The building is located near the foot of the Kobe O-Hashi
Bridge on Port Island. The schematic diagram of failure pattern of foundation is shown in Fig.
1.5(b). The wharf wall was moved by 2 m and building was leaned by 3 degree after the
earthquake. The failure of pile foundation was due to buckling and bending of piles at

complete liquefaction of soil during earthquake as reported by Bhattacharya (2003).

(a) (b)

(@) (b)

Fig. 1.5 a Tilting of Firehouse building and b Failure of the piles of the building following the
1995 Kobe earthquake (Dash and Bhattacharya, 2012)

1.3.3 Bhuj Earthquake (India) in 2001

The 22.0 m high six-storied Kandla Port tower building supported on combined pile-raft
foundation was tilted about 0.3 m towards sea side during 2001 Bhuj earthquake in India.
There was very little damage of superstructure and significant damages observed in the
foundation. Figs. 1.6(a) and (b) show the tilted building, schematic drawing of its damages
respectively. The building was located in laterally spreading ground. Dash et al. (2009)
performed case study of Kandla Port building and analysed the pile foundation with combined
action of axial load and lateral spreading. They conclude that building was damaged due to
axial load induced ground settlement during soil liquefaction and bending failure of piles due

to lateral spreading.
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Fig. 1.6 a Tilting of Kandla Port tower building and b probable settlement mechanism of
failure following the 2001 Bhuj earthquake (Dash and Bhattacharya, 2012)

1.3.4 Sumatra Earthquake (Indonesia) in 2004

Large numbers of pile-supported buildings, coastal and harbour structures were damaged in
Andaman and Nicobar Islands during the 2004 Sumatra earthquake. Most of the structures
were constructed in sloping ground. The damages were occurred predominantly due to the
tsunami, liquefaction and liquefaction-induced lateral spreading. Damage of a government
residential building in middle Andaman due to high ground motion and liquefaction is shown
in Fig. 1.7(a). Also, Fig. 1.7(b) shows the failure of Passenger terminal building due to
liquefaction-induced settlement of pile foundation and heavy damage at the junction of pile &
pile cap of a RC storage building storage at Haddo Wharf is shown in Fig 1.7(c).

(@) (b) (©)

Fig. 1.7 a Damage of residential building in middle Andaman Island b failure of Passenger

terminal building due to settlement of pile foundation and c dislocation of a pile cap in an RC
storage building at Haddo Wharf (Murty et al. 2006)

Page | 9



Chapter 1: Introduction

1.3.5 Wenchuan Earthquake (China) in 2008

Large numbers of bridges were collapsed during 2008 Wenchuan earthquake in China. The
failure of one span of the MPZ (Miaoziping bridge in Chengdu) bridge is shown in Figure 1.8.
The bridge site was located near the epicenter of the earthquake. The reported reasons of
failure are: i) high horizontal (1g) and vertical PGA (0.95g) near bridge site, ii) soil
liquefaction, iii) structural deficiency such as inadequate stiffness of beam column,

unsymmetrical shape of bridge(curved).

Fig. 1.8 a Failure of the MPZ bridge and b Schematic drawing of the bridge during the 2008
Wenchuan earthquake (Bhattacharya et al. 2012)

1.3.6 Chile Earthquake (Maule) in 2010

Three bridges constructed over the river Bio-Bio in Concepcion city were collapsed during
2010 Chile earthquake. The magnitude of earthquake (Mw) was 8.8. The bridge site is located
at 105 km from the earthquake source. The collapse of several spans of Bio—Bio Bridge is
shown in Fig. 1.9(a). Degraded strength and bending failure due to liquefaction-induced
lateral spreading was reported as main cause of collapse of bridge span. However, the failure
of middle span is not understood with this explanation. The failure of Llacolen bridge during

the same earthquake is shown Figure 1.9(b).
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(@) (b)

Fig. 1.9 Failure of a Bio— Bio bridge and b Llacolen bridge following the 2010 Chile
earthquake (Bhattacharya et al. 2012)

1.3.7 Tohoku Earthquake (Japan) in 2011

The far-reaching destruction of a coastal town after 2011 Tohoku earthquake in Japan is
shown in Fig. 1.10(a). The earthquake occurred in the north-western Pacific Ocean with
epicenter 72 km from Tohoku,Japan and the duration of earthquake was almost 6 minutes.
The earthquake caused high up-thrust on seabed resulting serious tsunami. Severe liquefaction
was also observed. The long duration of the earthquake played a vital role in soil liquefaction.
Fig. 1.10(b) shows the collapse of the pile-supported building in Onagawa. The
superstructures remain intact and the piles of the building were fully uprooted. It is widely

accepted the structures were failed due to tsunami and soil liquefaction (Bhattacharya et al.
2012).

(@) (b)

Fig. 1.10 a Destruction of a Coastal City and b eradication of pile-supported building in
Onagawa following the 2011 Japan earthquake (Bhattacharya et al. 2012)
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1.3.8 Sikkim Earthquake (India) in 2011

Many government and private RC multi-storied buildings were severely damaged in Gangtok
during 2011 Sikkim earthquake (Fig. 1.11 a&b). The buildings were damaged due to
noncompliance of earthquake resistance design features of structures. As a result, shear and
flexure failure of column, shear failure of beam-column junctions, in-plane failure of weak
infills causes damages of the structures (Fig. 1.11c). The infill walls were failed due to its

inferior quality and imperfect connection with RC frame structure.

(a) (b) ()

Fig. 1.11 a Structural failure of two intermediate storeys of 9-storied building b failure pattern
of column and c failure of infirm masonry wall at Gangtok during 2011 Sikkim earthquake
(Rai et al. 2012)

So, the failure of pile-supported structures may be due to structural failure, geotechnical
failure or combination of both. The major causes of geotechnical failure are the response of
soil supporting the piles. It was observed that the tendency of damage increases significantly

for piles in liquefiable soil.
1.4 Objectives of the Present Study

In view of the above-mentioned issues and present state-of-the-art, the main objectives of this

research work are as follows:

1. To study the effect of soil nonlinearity in seismic ground response analysis and
liquefaction assessment.

2. To investigate the static lateral response of single piles in liquefiable and non-
liquefiable multi-layered sloping ground taking into account of both kinematic

and inertial interaction effects.
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3. To evaluate the effects of axial loading on dynamic response of laterally loaded
single piles in liquefiable and non-liquefiable layered soil considering
nonlinearity of soil.

4. To investigate the nonlinear dynamic response of laterally loaded single piles in

liquefiable multi-layered sloping ground under the influence of axial load.

1.5 Scope of the Present Work

The scopes of this research works are:

» Performing nonlinear ground response analysis and liquefaction assessment of
level layered soil deposit of Kolkata city (NKD and RCD soil) and sloping
layered soil deposit of Kandla Port site using nonlinear finite element-based
software CycliclD.

* Development of Beam on nonlinear Winkler foundation (BNWF) model for soil-
pile system using open-source finite element-based code, OpenSees and
evaluation of the effects of various parameters on soil and pile response in
homogenous cohesionless soil using pseudo-static analysis.

» Performing pseudo-static analysis of pile foundation using developed BNWF
model considering both kinematic and inertial interaction in Kandla Port site
using the results obtained from nonlinear GRA.

* Development of 3D finite-element based model using OpenSeesPL user-
interface and performing dynamic analysis of pile foundations in Kolkata city
(NKD&RCD soil).

» Evaluation of the effects of axial load on dynamic response of laterally loaded
single piles in NKD and RCD layered soil of Kolkata city under three different
input motions.

* Performing nonlinear dynamic analysis of laterally loaded single piles in NKD
and RCD layered soil considering various ground slopes under the influence of

axial load.
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1.6 Organization of the Thesis

The thesis consists of seven chapters. The brief description of each chapter is as follow:

Chapter 1 deals with the general introduction, research motivation, failure case studies of
pile foundations. It also describes objectives & scope of the present study and

organization of the thesis.

Chapter 2 comprises comprehensive literature review of ground response analysis &
seismic site characterization for Indian subcontinent, past research on laterally loaded pile
foundation in non-liquefiable soil, seismic design guidelines for piles in liquefiable soil
according to various codes of practice and finally past studies of piles in liquefiable level

& sloping ground.

Chapter 3 provides the effect of soil nonlinearity in seismic ground response analysis and
liquefaction assessment of Kolkata soil in India. Details of study area Kolkata,
geotechnical data, input ground motions, methodology, validation of the model and
important results & discussions are presented in this chapter.

Chapter 4 presents the seismic response of laterally loaded single piles in liquefiable
multi-layered sloping ground using pseudo-static approach. Various design approaches for
kinematic pile response, methodology for kinematic & inertial interaction effects,
validation and present study are discussed. The effects of different parameters such as
ground slope, slenderness ratio of pile, pile head fixity condition, existence of liquefiable
layer, depth of liquefiable soil layer and embedment depth of pile on kinematic pile
response are evaluated. Comparisons of present numerical methodology with the

simplified formulations available in the literature are also done.

Chapter 5 describes the effects of axial loading on dynamic response of laterally loaded
single piles in liquefiable layered soil of Kolkata city considering nonlinearity of soil. The
details of numerical modelling, methodology adopted and validation have been given. The
following responses of soil and pile are focused on: liquefaction potential assessment,
near and far field soil response, lateral pile displacement, pile bending moment and

bending-buckling interaction analysis for various soil and pile properties.
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Chapter 6 presents the extension of the above work for piles in liquefiable multi-layered
sloping ground. The effects of soil type, ground slope, ground motions, ground water table
location, pile head fixity conditions and slenderness ratio are also evaluated using the

validated numerical model.

Chapter 7 provides the summary with major conclusions derived from the present study.

The scope for future research work is also suggested.
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Literature Review

From the significant number of cases of failure and/or damages of piles and pile-supported
structures during recent past earthquakes, it has been evidenced that response of soil to
earthquake load plays major role in the damages. It was noticed that the extent of damage of
piles is more in liquefiable soil. In this chapter, literature review part is divided into different
categories for better understanding. First, past studies of ground response analysis (GRA) and
site characterization for Indian subcontinent are presented briefly. Then various approaches
and past research on laterally loaded pile foundation in non-liquefiable soil are discussed.
Finally, seismic design guidelines for piles in liquefiable soil according to various codes of
practice are reviewed and past studies of piles in liquefiable level and sloping ground scenario
are presented.

2.1 Seismic Ground Response Analysis and Site Characterization for Indian

Subcontinent

The effect of local soil condition was first observed in India during the Bhuj earthquake in
2001 (Govindaraju et al. 2004). The linear and equivalent linear method are extensively used
for seismic ground response analysis (GRA). Several researchers in the past attempted to

study the seismic GRA at various important cities in India.

Hanumantharao and Ramana (2008) carried out 1D GRA using equivalent linear method (EL)
at four different locations of Delhi to compare the response with Indian standard code of
practices. The shear wave velocity profiles of those site were determined using spectral
analysis of surface wave (SASW) method. It was showed that the free-filed ground

acceleration response matches with the standard code for long distance input motions only.

Seismic GRA using EL method of Bangalore city has been carried out by Anbazhagan and
Sitharam (2008) to evaluate the effect of local soil condition and micro zonation of the city.

Both SPT and shear wave velocity database obtained from multi-channel analysis of surface
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waves (MASW) technique were used for GRA. The results showed that the magnification

factor varies from 1 to 4.7 in the city.

Boominathan et al. (2008) performed GRA by the EL method using SHAKE computer
program to evaluate the seismic hazard of Chennai city. The velocity of shear wave (Vs) was
determined using both the empirical correlation and MASW method. It was observed that the
high frequency structures are more susceptible to amplification due to local soil conditions in

the city.

Mohanty and Walling (2008) performed GRA for Kolkata City using probabilistic seismic
hazard assessment with 10% probability of exceedance in 50 years. The PGA at ground

surface obtained for the city varies from 0.1g to 0.34g.

Phanikanth et al. (2011) performed EL GRA at three typical sites of Mumbai city using
correlation between shear modulus and SPT-N values for evaluating the effect of local soil
conditions in seismic ground response for wide varieties of ground motions. It was observed
that the peak amplitude, frequency content and bracketed duration of input motions have
profound influence on ground response magnification. The magnification factor of

acceleration was obtained in the range of 2.5 to 3.45 at various locations of the city.

Akhila et al. (2012) carried out linear GRA at the Park hotel in Kolkata city using
DEEPSOIL. SPT and dynamic CPT tests were conducted for determination of Vs and soil
parameters. They reported the maximum bedrock level acceleration for Kolkata city from

0.1g to 0.34g and magnification factor from 1.5 to 3.8.

Govindaraju and Bhattacharya (2012) performed GRA adopting EL method using SHAKE at
four different locations. Five different spectrum-compatible synthetic earthquake motions
were used in their analysis. The variation of magnification factor from 4.46 to 4.82 and
maximum spectral acceleration from 0.78g to 0.95g were obtained.

Roy and Sahu (2012) conducted EL GRA using SHAKE considering two types of typical soil
deposit, Normal Kolkata deposit (NKD) and River Channel Deposit (RCD) in Kolkata city.
Synthetic ground motion model was used to generate bedrock level acceleration for GRA.
Eocene Hinge Zone was identified as main concern for future earthquake and maximum

magnification of acceleration from 2.2 to 3.0 was reported for the city.
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Shukla and Choudhury (2012) performed site-specific GRA of four typical port sites in
Gujarat using probabilistic approach. Different PGA values were recommended at various

cities in the state for the use of seismic design of structures.

1D and 2D GRA of Kanpur city has been carried out by Jishnu et al. (2013) using both EL
and nonlinear (NL) approach conducting SPT and seismic downhole tests at four different
locations. Three Himalayan earthquakes were considered as input motions. Liquefaction
assessment and post-liquefaction settlement was evaluated using the average PGA obtained
from 1D and 2D GRA. It was shown that the Kanpur soil is prone to liquefaction under strong

earthquakes.

Kumar and Krishna (2013) carried out EL GRA at six locations of Guwabhati city using seven
different input motions. The effect of local soil condition and characteristics of input motions

were highlighted on ground response.

Kumar et al. (2014) performed GRA adopting EL and NL method for two typical sites of
Guwahati City using DEEPSOIL software. It was reported that both the methods provide

similar results for stiffer soil.

Desai and Choudhury (2014) presented spatial variableness of probabilistic seismic hazard for
Mumbai region. Seven different ground motions prediction equations were considered for
seismic hazard assessment (SHA). The study covered Mumbai city, Thane district and Navi
Mumbai region as these regions are seismically active. The predicted results underestimate

the seismic hazard in comparison with the Indian standard seismic code.

Naik and Choudhury (2014) performed site-specific EL GRA of Panjim City, GOA using
DEEPSOIL software. Vs-N correlation was used to determine the shear wave velocity of the
selected locations. The acceleration magnification factor was in the range of 1.56 to 2.36.

Site-specific GRA considering the effect of local soil condition was emphasised in their study.

Nath et al. (2014) performed probabilistic seismic hazard assessment with 10% probability of
exceedance in 50 years for microzonation of Kolkata city using EL GRA and reported the
surface level PGA in the range of 0.176g to 0.253g.

Shylamoni et al. (2014) evaluated ground response adopting EL approach for KK-NPP site in

Japan and obtained results matching well with the recorded aftershocks data.
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Site-specific probabilistic SHA at four important sites of Mumbai city has also been
performed by Desai and Choudhury (2015) using three different levels of input motion. It was
observed that the surface level acceleration magnified in the range of 1.75 to 4.14 with respect
to the MBRA depending on the frequency range of the input motions. Also, the response
obtained at bed rock and surface level were distinctly different from recommendation of

relevant Indian standard code of practices.

Shiuly et al. (2015) presented probabilistic seismic micro zonation of Kolkata city by
performing EL GRA using SHAKE. Various maps for PGD, PGV, PGA and spectral
acceleration at different time period range were presented for geotechnical and structural
seismic design engineers. The maximum PGA at bedrock level was reported as 0.12g and at

surface level was reported in the range of 0.095¢g to 0.18g for return period of 72 years.

Chatterjee and Choudhury (2016) studied the impact of local soil on seismic GRA adopting
EL method. Five numbers input motions having significant variation of earthquake
parameters were used to perform GRA at 16 different locations in Kolkata city. Maximum
magnification of 4.1 was observed for input motions at surface level indicating the significant
effect of local soil deposit in seismic GRA.

Satyam and Towhata (2016) employed 1D EL method and microtremor testing for GRA of
Vijayawada city and developed seismic hazard maps. Also, liquefaction susceptibility of the

city has been assessed using SPT-based empirical methodology.

Vivek and Mohanty (2016) carried out 1D EL and NL GRA of Bhubaneswar using SHAKE
& CycliclD respectively. NL method was preferred against EL method for GRA. Also,
liquefaction susceptibility of the city was assessed using results of GRA. It was shown that

Bhubaneswar soil is not liquefiable under small to moderate earthquake.

Ajom and Bhattacharjee (2017) conducted effective-stress based GRA using NL approach for
saturated layered soil profile using OpenSees software. It was shown that the surface
acceleration is de-magnified with respect to the bed-rock level acceleration in loose to

medium dense saturated sand.

Chatterjee (2017) performed EL GRA using derived Vs-N correlation for Kolkata city. Six
different borehole locations and five different input motions were considered in his study. It
was shown that the alluvial soil of Kolkata city is susceptible to magnification of response at

ground surface and the magnification factor varied from 1.7 to 2.5.
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Puri et al. (2018) adopted EL method for GRA at various locations of the state Haryana using
DEEPSOIL software. Standard correlations were used for determination of initial shear
modulus of each layer. Significant amplification of bedrock level acceleration indicated the

necessity of performing site-specific GRA.

Recently, Rao and Choudhury (2020) proposed new correlation between SPT-N and shear
wave velocity for proposed NPP site at Haryana considering 142 numbers locations of the
proposed power plant. The proposed correlation was verified with available geophysical test

data and good matching was observed.

Rao and Choudhury (2020) performed probabilistic SHA and Rao and Choudhury (2021)
conducted deterministic SHA for the proposed NPP site at north-western part of Haryana state
in India. Seismotectonic map was proposed considering the nearby fault and all possible
earthquakes of magnitude more than three. These maps are very useful for seismic design of

structures in future.

The liquefaction phenomenon is generally occurred in saturated loose cohesionless soil during
strong ground motions due to loss of soil shear strength. The liquefaction assessment using
safety factor based on simplified deterministic method has been reported by many researchers
(Seed and Idriss 1971; Seed et al. 1985; Boulanger and Idriss 2014). Filali and Shartai (2017)
showed that the simplified deterministic method which is based on empirical correlation
sometimes overestimate or underestimate the liquefaction potential with compared to exact
dynamic method.

The behaviour of the soil during strong excitations is highly nonlinear. However, most of the
studies reported in literature have not considered the nonlinearity of soil in seismic GRA.
Nonlinear GRA of Kanpur, Bhubaneswar and Guwahati soil have been done by the previous
researchers. Also, liquefaction susceptibility and post-liquefaction settlement using results of
GRA has been done for Kanpur region only. The studies so far performed for Kolkata region
are mainly based on linear and equivalent linear analysis. As RCD soil of Kolkata city mainly
composes with loose to medium-dense sand below ground water table (GWT), nonlinear

GRA of Kolkata soil considering the effect of local soil condition is very much essential.

2.2 Past Research on Laterally Loaded Pile Foundation in Non-liquefiable Soil

For years, the behaviour of single pile and pile groups have been investigated by several

researchers through experimental, analytical and numerical approaches. In this section, a
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literature review of representative investigations of laterally loaded pile foundations is

presented.
2.2.1 Experimental Investigation

Full-scale field tests are best reliable way to understand the behaviour of laterally loaded pile
foundations. But due to high-cost involvement, model tests (Mcvay et al. 1995,1998) are
generally adopted for most experimental investigations. Also, most of the experimental
studies have been focused on response of single piles. Relatively few full-scale tests (Brown
et al. 1988; Rollins et al. 1998; Rollins et al. 2006) were performed on laterally loaded pile
groups. These studies are used by several investigators for verification of their analytical

research.
2.2.2 Analytical Investigation

A number of analytical methods have been developed for analysis of laterally loaded piles
during last six decades. The research of Matlock and Reese (1960) is the pioneering work of
the analysis of laterally loaded piles. They have presented the solutions of both short and long
piles in non-dimensional form. The limit state method (Hansen 1961; Broms 1964a,b)
calculates the ultimate lateral resistance of piles in cohesive and cohesionless soils based on
the assumed distribution of ultimate soil pressure along the pile. Reese and Welch (1975)
presented two simple expressions for determination of ultimate lateral soil resistance at any
depth for cohesive soil. Randolph (1977) developed analytical expression using method of

characteristics for the ultimate soil resistance.

The Elastic method (Poulos 1971a, b; Banerjee and Davies 1978; Poulos and Davis, 1980)
assumes that the soil is elastic and continuous. The soil Young’s modulus varies with the level

of stress at the pile-soil interface.

The analytical methods are simplified and semi-empirical in nature. This approach cannot
take account the soil continuum and nonlinearity at a time. Also, incorporation of soil layering
and nonlinearity in the analytical formulation makes the solution more complicated. Hence,

numerical formulation using finite element method can be used efficiently.
2.2.3 Numerical Investigation

Numerical approaches enable investigators to consider various parameters together in a

detailed way for analysis of laterally loaded piles. Normally, two main approaches are used
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for numerical investigation such as: the Winkler spring (p-y spring) method or subgrade
reaction method or beam-on-foundation approach and the Finite Element Method (FEM) or

Boundary Element Method.
a) The Winkler Spring Model/Subgrade reaction method

One of the earliest attempts to model the soil-pile interaction by idealizing the soil as a series
of independent springs using Winkler spring method. In this model, coupling of soil
resistance from point to point along the pile length is not considered. This method is quite
accurate and less expensive from computational point of view. Soil nonlinearity can be easily
incorporated in this method. The subgrade reaction method was adopted by the various
researchers on laterally loaded piles (Allotey and ElI Naggar 2008, Zhang 2009, Reese et al.
1984, Davisson 1970, Broms 1964a, b, Matlock and Reese 1960, Reese and Matlock 1956).

Further modification of the Winkler approach led to the p-y method. Where p is the soil
resistance per unit length of pile and y is the lateral relative soil-pile displacement. Today, the
p-y method is widely used method for calculating the response of laterally loaded piles in
practice (Matlock 1970; Reese et al. 1974, 1975; Reese and Welch 1975; Reese and Wang
1986). This method uses a beam to represent the pile and independent nonlinear springs along
the pile to take account for the soil resistance. The p-y method is often used for the analysis of
pile groups using p-multiplier. The different values of p-multiplier have been proposed by
various researchers (Brown et al. 1991, McVay et al. 1998, Reese et al. 2006).

While oversimplified, this method is widely used because of its simplicity and the possibility
to incorporate factors such as nonlinearity, variation of subgrade reaction and layered soil
(Kumar et al. 2006).

b) The Finite Element method (FEM) or Boundary Element Method

The computer-aided finite element method is a powerful and versatile tool for analysis of
laterally loaded pile foundation using advanced soil constitutive model. Today, the most
versatile continuum-based method of analysis available is the finite element method. It allows
to incorporate soil nonlinearity and non-homogeneity easily. However, this method is very
complicated and time consuming from computational point of view and is generally used for
important project and research-oriented work. On the other hand, boundary element method is

framed in frequency domain and is based on linear material behaviour.
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Several researchers have analysed laterally loaded piles and pile group using different forms
of FEM (Randolph 1981; Kooijman and Vermeer 1988; Bhowmik and Long 1991; Bezgin et
al. 2004). The complex mechanism of soil-pile interaction can be simulated using finite

element method.

The response of a pile-group with a nonlinear soil model using 3D finite element method was
investigated by Mugtadir and Desai (1986). Interaction between the piles in pile group and
relative slip, debonding were discussed. The predicted results of pile displacement, bending
moment using numerical method was compared with laboratory model test results and good

agreement was found.

Brown and Shie (1990) studied the response of laterally loaded closely spaced piles in pile
group using two different plasticity soil models. Frictional interface elements were considered
to simulate slippage and debonding. They showed that the stiffness of piles in trailing row of
pile group reduces significantly under lateral load. This was in line with the observed field

tests.

Zhang et al. (1999b) performed 3D finite element analysis using FLPIER to predict response
of both the single pile and pile groups. Single pile and 3x3 to 7x3 pile group configurations
were considered in their study. The proposed model was validated with experimental results
from prototype test. Good agreement between numerical method and model test was observed

for predicting pile response.

2.2.4 Simplified or Approximate Method

Different methods are available in the literature which ranges from very simple model to
complex nonlinear model to analyse the kinematic response of pile foundations.

Dobry and O’Rourke (1983), Nikolaou and Gazetas (1997), Mylonakis (2001), Nikolaou et al.
(2001) proposed simplified methods for computing approximate kinematic bending moment
at the interface between two-layers having remarkably different shear modulus. These
methods are derived using Winkler model assuming each soil is homogeneous, isotropic,
linearly elastic and identical static stress field is acting on soil.

Unlike dynamic or equivalent static analysis for inertial loading, there is no generalized
methodology for analysis of pile foundation subjected to kinematic loading. Miura et al.
(1989), Liu and Dobry (1995), JRA (2002), AlJ (1998), Liyanapathirana and Poulos (2005a,
b) and Elahi et al. (2010) proposed simple but reasonably accurate pseudo-static approach for
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analysis of pile foundations in potentially liquefiable soil under earthquake loading. This

method is extensively used in engineering practice.

2.3 Past Research on Pile Foundation in Non-liquefiable Soil under Combined Vertical

and Lateral load

Various experimental, analytical and numerical studies were performed by several researchers

to predict the response of laterally loaded single piles under vertical load.

Karasev et al. (1977) conducted field test to predict the response of laterally loaded single
piles under vertical loads. They have conducted full-scale test of cast-in-situ piles and
concluded that the vertical response of pile is also influenced by lateral load on pile

foundation.

The effect of soil nonlinearity on vertical and lateral response of pile foundation under cyclic
loading was investigated by Trochanis et al. (1991). 3D finite-element based elastoplastic
model considering soil-pile slippage and separation was considered. Results from numerical
study showed that nonlinear behaviour of soil significantly alters the pile and soil response for
laterally loaded piles under vertical load. Soil-pile slippage is prevalent for purely vertically
loaded pile, whereas soil nonlinearity and soil-pile separation are the key parameters for

laterally loaded piles.

Anagnostopoulos and Georgiadis (1993) performed series of model tests to evaluate the effect
of interaction between vertical and lateral load on piles in clay. The effect of vertical load on
the lateral response of pile was reported as less crucial. They have also suggested that 3D FE
or FD method is preferable over subgrade reaction method for analysis of pile foundation

under combined action of vertical and lateral loads.

Karthigeyan et al. (2006, 2007) carried out 3D finite-element analysis to evaluate the effect of
vertical load on laterally loaded pile foundation in both uniform clay and sandy soil. It was
showed that lateral load carrying capacity of pile increases in sandy soil and marginal

decreases in clayey soil in presence of vertical load.

Achmus and Thieken (2010) reported using 3D FEM that combined load induces interaction
effects in sandy soil. The mobilization of passive earth pressure and shaft resistance at a time

due to combined action of vertical and lateral load causes interaction effects.
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Hussien et al. (2011, 2014) used simplified soil-pile interaction FE models for uniform sandy
soil to evaluate the effect of vertical load on lateral response of 3x5 group piles. The results
showed that lateral capacity of leading pile does not vary significantly in presence of the
vertical load. However, the response of other piles depends on the relative position of the pile

within the group.

The static response of laterally loaded single piles under vertical load in cohesionless soil is
studied by Chatterjee and Choudhury (2015). They have used both analytical (modulus of
subgrade reaction) method and numerical method using MIDAS GTS. It was shown that
presence of vertical load increases bending moment of piles irrespective of soil type and pile
length. Also, the increase of maximum bending moment is observed for free headed piles in

saturated loose sand.

Chatterjee et al. (2015a) conducted dynamic field testing at three different places of Kolkata
city to develop load-settlement curves and time-history of force-velocity. Also, numerical
study using FLAC3D has been carried out to simulate field conditions for same soil-pile
system. Field and numerical results were differed by 9% for determination of net pile
displacement and ultimate pile capacity indicating high efficiency of FLAC3D for analysis of
piles under impact loading.

Chatterjee et al. (2015b) have developed an efficient pseudo-static method (analytical
approach using FEM) to evaluate the response of single piles under combined loading in both
homogenous (saturated and dry) and typical layered soil. The forced based approach with
varying lateral pseudo-static loads along depth is considered. It was showed that the pile
response increases with an increase of amplitude of earthquake motion for piles having length

to diameter ratio 40 and founded in dry dense sand.

Hazzar et al. (2017) have studied the influence of vertical loads on lateral response of pile
foundations in sandy soil, clayey soil and two-layer soil-strata using 3D FD analysis. Results
showed that lateral resistance of piles does not change significantly with vertical load in sandy
soil. However, the presence of vertical load is detrimental to its lateral capacity in uniform or
nonuniform clay soil. Also, the effects of vertical load on lateral response of piles in two-layer
soil strata depends on characteristics of soil surrounding the piles as well as soil beneath their

tips.

It is understood from the above discussion that the analysis of piles under combined action of
vertical and lateral loads in layered soil is still scanty in the literature. The studies conducted
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so far are mainly considering homogeneous clay, sandy soil or idealized two-layer soil
system. Also, these studies lead to inconsistent results with regards to the effect of vertical
loads on the lateral response of piles. Hence, the response of laterally loaded pile foundation
under the influence of vertical loading in multi-layered soil deposit which is mostly

encountered in practical situation becomes extremely necessary.

2.4 Practices and Research on Laterally Loaded Pile Foundation in Liquefiable Soil

2.4.1 Codal Provisions for Piles in Liquefiable Soil
A brief review of design methods in the major codes of practice is presented. All the national
and international code provisions for seismic design of pile foundation in liquefiable soil are

comprehensively reviewed and summarized herein.
2.4.1.1 Eurocode 8 (EN 1998-5:2004)

The Eurocode 8 (EN 1998-5:2004) identify clearly that the piles should primarily be designed
to remain elastic but formation of plastic hinge may be allowed at pile head under certain
circumstances. The code advices to consider extra forces on the pile foundation in liquefiable
soil due to lateral spreading, specifically in existence of non-liquefiable soil layer overlying
liquefiable soil layer. Also, the contribution of liquefiable soil strata to evaluate the pile

capacity should be neglected.
2.4.1.2 JRA code (2019)

The failure mechanism of piles in liquefiable soil as per the Japanese Highway Specification,
JRA (2019) is shown in Figure 2.1. The code advices design engineers to design the piles
based on bending failure mechanism. It assumes that pile experienced passive earth pressure
by non-liquefiable layer while the pressure on a pile due to liquefiable soil layer is equal to
30% of total overburden pressure. The code also advices design engineers to check the
bending failure of piles for kinematic forces and inertial forces individually. Hence, checking

of bending failure due to combined action of kinematic and inertial forces are not necessary.
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Fig. 2.1 Seismic design of foundation as per JRA code of practice (Pradhan MK et al. 2022)
2.4.1.3 ASCE 7 (2022)

ASCE 7-2022 standards of United States do not give any particular methodology for
designing of pile in liquefiable soils. However, the code specifies that pile foundation should
be designed to resist deformations due to both earthquake motions and structural response.
Also, the code recommends to evaluate the effects of both inertial and kinematic interaction

for designing of pile foundation in liquefiable soil.
2.4.1.4 AASHTO (2020)

This code specifies that pile should be analysed and designed for liquefied and non-liquefied
conditions in Seismic Zone 4 where the acceleration coefficient is more than 0.5g. The piles
should primarily be designed to remain elastic but formation of plastic hinge may be allowed
at pile head under certain conditions. Large inelastic deformation may be allowed in the piles
for expected liquefaction-induced lateral spreading site. However, the elastic moment

capacity should not exceed more than 2.
2.4.1.5 1SO-23469 (2005)

The issues of liquefaction and dynamic SSI is addressed by this code using performance-
based design framework. The effects of liquefaction are assessed in simplified equivalent
static analysis by incorporating reduction factor for subgrade reaction and effects of ground
displacement. Allowable deflection of pile cap, use of high margins to elastic limits of shear
force and bending moment at pile head are the criteria for performance-based design for pile

foundations.
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2.4.1.6 1S 1893 (2016)

Indian design code IS 1893: Part 1 (2016) specifies that pile foundations may be adopted for
foundation in liquefiable soil but the pile should be anchored in stronger strata well below the
liquefiable layer. Piles should be designed for lateral loads neglecting the lateral resistance of
liquefiable soil. The code suggests to perform detailed soil-structure interaction (SSI) analysis
for pile founded in liquefiable soil. However, any specific guidelines of SSI analysis are not

available in the code.
2.4.1.7 NEHRP (2020)

The USA code NEHRP (2020) focus on the bending strength of the pile. This code notes that
“If an unloaded pile were placed in the soil, it would be forced to bend similar to a pile
supporting a building. The primary requirement is stability, and this is best provided by piles
that can support their loads while still conforming to the ground motions and, hence the need
for ductility”. Fig.2.2 shows the schematic drawing of kinematic and inertial action as per this

code.
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Fig. 2.2 Schematic drawing of kinematic and inertial action as per NEHRP code
(Bhattacharya 2003)

2.4.1.8 Caltrans (2011)

Due to limited guidance of analysis methodology of pile foundations, Caltrans (2011)
provides more detailed and comprehensive methods of analysis. Although the Caltrans (2011)

is a guidance documents of the U.S states of California, not a code of practice. The Caltrans
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guidelines for pile foundations is appropriate for both piles in laterally-spreading ground as

well level ground.

2.4.2 Past Research on Laterally Loaded Pile Foundation in Liquefiable Soil

After 1964 Niigata and Alaska earthquakes, several efforts have been made to understand the
seismic response of pile foundations in liquefiable soil. However, the research into the failure
mechanisms of pile foundation was intensified after widespread damages of various pile-
supported structures during the 1995 Kobe earthquake using experimental, analytical and

numerical procedures.

2.4.2.1 Experimental Investigation

Researchers have performed physical model test to evaluate the effects of soil liquefaction on

seismic response of pile foundations using shake table and centrifuge testing.

Investigation using Shake table test

Feng and Wang (2006) proposed scaling factor for p-y curve of liquefiable soil in between
0.25 to 1.0 corresponds to EPWP ratio 0.80 to 0.2 using Aluminium model pile in shake table
testing. Model size was 5x5 m and base excitation considered was 0.3g.

Cubrinovski et al. (2006) showed that lateral load on pile from top non-liquefiable layer is
almost 4.5-times Rankine’s passive pressure and stiffness of liquefiable soil is within the
range of 0.033 to 0.013 times stiffness in non-liquefiable condition. Also, it was reported that
the response of flexible and rigid pile behaviour was determined by the ground displacement
and lateral load from top non-liquefiable crust layer respectively.

Su and Li (2006) investigated the effect of intensity of input motions in seismic response of
single piles in liquefiable soil. They showed that development of EPWP is greatly dependent
on intensity of input motions. Also, build-up of high EPWP in soil decreases bending moment
in pile because of reduction of soil strength.

Dungca et al. (2006) performed shake table test for evaluating the resistance of piles against
liquefaction-induced lateral spreading. It was seen that the resistance increases with an
increase of loading rate. Also, it was showed that the soil dilatancy and density increases with

an increase of shaking in front of pile.
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Li et al. (2006) showed that the mode shape alters significantly and natural frequency of soil-
pile system reduced by 20-60% in liquefiable condition. Pore water pressure was observed to
be increased with base excitation.

Elgamal et al. (2006) evaluated the effect of lateral spreading on single pile using large
laminar box. The laminar box was inclined 2° with the horizontal. They recommended the soil
pressure on pile in the range of 20-40 kPa due to lateral spreading.

He et al. (2008) evaluated the shadowing and group effects of pile group in liquefiable soil. It
was shown that the lateral spreading load at trailing row piles reduces 60% due to shadowing
effect.

Tang et al. (2009) performed seismic soil-pile-structure interaction in liquefiable soil. It was
showed that both the low and elevated cap piles magnify the input acceleration at the pier top
in liquefiable condition.

Motamed and Towhata (2010) evaluated the behaviour of pile group under lateral spreading
condition and a new parameter ‘contribution index’ is proposed to calculate the share of each
pile against total lateral force.

Haeri et al. (2012) evaluated shadowing and neighbouring effect of pile group in liquefiable
soil and it was shown that the soil pressure on each pile is dependent on the location within
pile group.

Chen et al. (2012) showed using shake table test with laminar box and aluminium piles that
the peak acceleration of soil occurred just before the occurrence of liquefaction. The peak
acceleration reduces suddenly after liquefaction.

Motamed et al. (2013) performed shake table test of pile group with superstructure using
hollow steel pile. They evaluated the lateral pressure of liquefiable soil on pile group. It was
observed that the lateral displacement of soil decreases significantly with the position of quay
wall.

Ling et al. (2014) showed that acceleration of pile cap magnify under strong shaking and de-
magnify under moderate shaking in liquefiable soil. Also, acceleration at the bottom of pile,
surface level and superstructure level magnified under moderate to strong shaking.

Hall et al. (2018) evaluated vibration characteristic of pile group in liquefiable soil. It was
showed that predominant period elongates significantly during soil liquefaction. As a result,
structural response may be amplified due to resonance effect.

Zhanfang et al. (2020) perform shake table test for 3x3 pile group. It was showed that when
pile spacing increases from 3d to 4d (d=pile diameter) in pile group, liquefaction performance

is decreased.
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Investigation using Centrifuge test

Wilson (1998) investigated the response of piles in liquefiable soil using centrifuge testing
and presented dynamic p-y curves using back analysis.

Haigh (2002) evaluated the effect of pile flexibility and pile head fixity condition on seismic
response of piles in liquefiable soil. Lateral pressure on rigid pile is found to be greater than
flexible pile.

Boulanger et al. (2003) examined the behaviour of piles in non-liquefiable crust layer
overlying liquefiable layer considering the effect of lateral spreading. It is shown that peak
kinematic load due to lateral spreading coincides with the inertial load of superstructure.
Abdoun et al. (2003) performed centrifuge testing and showed that the maximum kinematic
bending moment occurs at boundary between liquefiable and non-liquefiable layer. Also, pile
bending moment decreases with shaking duration after increasing at initial stage due to strain-
softening behaviour of soil.

lai and Tobita (2004) observed large-scale residual displacement of soil-pile system in
liquefiable soil in comparison with non-liquefiable soil under same inertial loading.

Hung et al. (2014) investigated the effect of pile head mass on seismic response of piles in
liquefiable and non-liquefiable soil. Different natural frequency of soil-pile system was
observed for different pile head mass.

Zhang et al. (2020a) showed that axial load carrying capacity of pile decreases with an

increase of lateral inertial force when buckling effect is considered.

2.4.2.2 Analytical Investigation

The seismic response of laterally loaded pile foundations in non-liquefiable and liquefiable
soil under the combined action of lateral and vertical load has been evaluated by Chatterjee et
al. (2015) using analytical method following pseudo-static approach. Stiffness degradation
factor was considered to represent liquefiable soil condition.

Chatterjee and Choudhury (2017) proposed an analytical procedure to evaluate the influence
of combined loading on pile response considering typical soil profile of Kolkata city using
pseudo-static approach. They concluded that both the kinematic interaction due to free field
motion and inertial interaction due to vertical load should be considered for accurate

estimation of seismic response of piles in liquefiable soil.
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2.4.2.3 Numerical Investigation

Pile foundations are conventionally designed for inertial load neglecting the effects of
kinematic loading. However, for seismic analysis of pile foundations in liquefiable ground
consideration of both kinematic and inertial interaction effects is very much essential. The
inertial interaction effect is predominant at 10d to15d (d=pile diameter) from ground surface
and kinematic interaction is responsible for pile response at deeper depth (Mylonakis 2001).
The effects of kinematic interaction on pile response have been studied by various
investigators (Flores-Berrones and Whitman 1982; Dobry and O’Rourke 1983; Kavvadas and
Gazetas 1993; Poulos and Tabesh 1996; Nikolaou et al. 2001; Dobry et al. 2003; Maiorano et
al. 2009; Sica et al. 2011; Di Laora et al. 2011) following the early research of Margason and
Halloway (1977). The kinematic pile response considering nonlinearity of soil has also been
investigated (Wu and Finn 1997; Bentley and EI Naggar 2000; Cai et al. 2000; Mahesshwari
et al. 2005) in the past.

Some of the latest numerical studies related to seismic response of pile foundations in

liquefiable soil are summarized in Table 2.1.

Table 2.1 Brief of latest numerical studies of pile foundations in liquefiable soil

Authors Method of Obijective Major findings
numerical study
Cubrinovski et | 3D finite-element | Comparison of numerical The estimated soil and
al. (2004) analysis using results with shake table test | pile responses are
DIANA for piles in lateral spreading | matching well with
ground observed results from
experiment.

Kerciku etal. | 3D continuum Buckling and fixity of pile Buckling of pile is

(2008) analysis using foundation in liquefiable soil |controlled by depth of
ABAQUS liquefaction, free head
length and degradation

of soil stiffness.

Dash et al. 3D BNWF model | To review various methods of | Proposed more realistic
(2008) using SAP2000 developing p-y curves p-y curves for
liquefiable soil.
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Ren et al. 3D finite- To investigate liquefaction Liquefaction occurs
(2008) difference analysis | depth and bending moment in | easily at shallow depth
using FLAC3D piles for clay layer underlain |and strain at the top of
by saturated sand the pile is higher than
bottom.
Cheng and 3D FEM based To calculate pile bending Pile bending moment

Jeremic (2009) | model using moment considering soil-pile- | profile is symmetrical in
OpenSees column interaction level ground but slightly
in liquefiable soil asymmetrical in sloping
ground.
McGann etal. |3D (p-y) using To evaluate the accuracy of | Conventional p-y curves
(2011) OpensSees adopting traditional p-y are not suitable for large
curves for lateral spreading pile displacement.
analysis
Maheshwari Finite-element Response of superstructure Soil-pile-structure
and Sarkar code developed considering soil-pile-structure | interaction increases the
(2011) using MATLAB |interaction time period of structure
and reduces peak
response of
superstructure.
Rahmaniand |3D FEM using To perform parametric study | Pile head fixity
Pak (2012) OpensSees for investigating the dynamic | condition, depth of

response of piles in

liquefiable soil

liquefiable layer and
frequency of seismic
motion are important
parameters for piles in

liquefiable soil.

Phanikanth et
al. (2013)

Finite-difference
code developed
using MATLAB

To evaluate the impact of
existence and depth of
liquefiable layer on pile

response.

Pile bending response is
significantly influenced
by the depth of
liquefiable layer and
peak moment occurred

at the boundary between
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liquefiable and non-
liquefiable layer.

Choudhury et
al. (2014)

3D finite-
difference analysis
using FLAC3D

To evaluate the effect of input
motion on soil and pile
response in liquefiable soil

PGA magpnification is
more for ground motion
having larger bracketed
duration and frequency.
The peak bending
moment in pile is
occurred at the
boundary when the
thickness liquefiable
layer is about 60% of
pile length.

Wang and
Orense (2014)

2D nonlinear p-y
analysis using

OpenSees

To evaluate the response of

raked pile in liquefiable soil

Negative batter pile is
more effective at
interface and positive
batter pile is effective at
pile head for reducing
bending moment for
fixed head pile during
lateral spreading.

Finn (2015)

3D FEM using
PILE3-D

To provide intensive
overview of seismic response
of pile foundations in
liquefiable and non-

liquefiable soil.

EPWP, nonlinear
behaviour of soil,
kinematic and inertial
effect are important
factors for pile response

in liquefiable soil.

Janalizadeh and
Zahmatkesh
(2015)

2D BNWF model

using OpenSees

To evaluate the effect of
kinematic and inertial loading

in lateral spreading ground

Response of piles in
liquefiable soil can be
estimated effectively
using degraded p-y

curves approach.
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Lombardi and | 2D Nonlinear To investigate the effects of | Soil-pile interaction in
Bhattacharya | BNWF model soil liquefaction on damping | complete liquefiable
(2016) using SAP2000 and frequency characteristics | state using p-y curves
of pile supported structures with strain-hardening
proposed by authors
gives reasonably good
prediction.
Wang et al. 3D FEM using To evaluate the seismic Dynamic response of
(2016) OpenSees response of piles in pile is significantly
liquefiable soil affected by pile cap,
lateral spreading and top
non-liquefiable crust
layer.
Oliaei et al. 3D FEM using To evaluate the response of | Frequency of input
(2017) OpenSeesPL large diameter piles in motion, existence of
liquefiable layer under clay |clay layer and pile
layer diameter significantly
affects the dynamic
response of piles in
liquefiable soil.
Chatterjee BNWEF approach | To evaluate the response of Inertial loading should
(2018) using MATLAB | piles passing through also to be considered in
code liquefiable and non- addition to the
liquefiable soil of Kolkata kinematic loading for
city considering kinematic pile passing through
and inertial effect liquefiable soil. Also,
pile response is
profoundly influenced
by the depth of
liquefiable layer.
Saeedi et al. Finite difference | To investigate the effect of Pile stiffness, relative
(2018) method pile and soil properties on density of soil, relative

dynamic response of piles in

stiffness of soil-pile
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liquefiable soil

system and predominant
frequency of input
motion significantly
influence the pile
response. However,
impact of densities of
pile material are not
significant on dynamic

response of piles.

Zhang et al.
(2018)

3D FEM using
OpenSees

To evaluate the effect of input
motion parameters on soil-
pile response in liquefiable
and non-liquefiable soils

PGV is the more
influential ground
motion parameter for
dynamic response of
pile and near-field input
motion is more
dangerous than far-filed
for pile damages in
liquefiable ground.

Ali (2019)

3D FEM using
OpenSeesPL

To investigate the response of

piles during liquefaction stage

Response of piles
closing to ground level
is controlled by mass of
superstructure, pile
stiffness, relative
density of soil and bed
rock level acceleration
of input motion. But,
deeper part of pile
response is governed by

ground slope.

Chatterjee et al.
(2019)

3D FDM using
FLAC 3D

To perform dynamic analysis
of single piles in liquefiable
soil incorporating P-delta
effect

Both kinematic and
inertial effect should be
considered for accurate

evaluation of seismic
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response of piles in

liquefiable soil.
Lopez Jimenez | 3D FDM using To investigate the effect of Response of structure is
et al. (2019) FLAC 3D kinematic and inertial significantly influenced
interaction on seismic by relative density, pile
response of soil-pile-structure | length and frequency of
system in liquefiable soil input motion.
Lietal. (2019) |3D FDM using To evaluate the effectiveness | X-shaped pile group is
FLAC 3D of X-shaped cross-section pile | more effective than
group in liquefiable sloping | circular pile for
ground to mitigate slope reducing lateral slope
displacement displacement. Also, pile
head fixity condition
and spacing play vital
role in deformation
response.
Fiky et al. 3D FE Model To evaluate the effect of Lateral pile
(2020) using Ansys horizontal and vertical motion | displacement decreases
on seismic response of piles | with an increase of
in liquefiable soil depth of top non-
liquefiable curst.
Zhang et al. 2D (p-y) using To assess the combined effect | Buckling load reduces
(2020) OpenSees of lateral and vertical load on |with an increase of
pile buckling in liquefiable lateral inertial load.
soil
Rajeswari and |3D FEM using To simulate transient force on | The maximum force on
Sarkar (2020) | OpenSees pile in liquefiable soil for pile observed when
various input motions EPWP varies from 0.5
to 0.75 for homogenous
soil and 0.6 to 0.9 for
layered soil deposit.
Sinha et al. FDM using Flexural response of pile Bending and buckling
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(2020) MATLAB foundations in liquefiable soil |failure of pile can be
considering both kinematic avoided by selecting
and inertial effects appropriate pile

geometry neglecting the
resistance of liquefiable
layer.

Kwon and Yoo |3D FDM using To compute the dynamic The dynamic response

(2020) FLAC 3D response of soil-pile system in | of pile is influenced by
liquefiable soil the thickness and

relative density of
liquefiable layer. Also,
kinematic loading due
to ground deformation
is predominant in
liquefiable soil.

Mehdi et al. 3D FEM using To investigate the response of | The relation between

(2021) ABAQUS soil-pile system in liquefying | pile response and input

soil

motion is nonlinear.
Effective stress-based
GRA is recommended
for seismic response
analysis of piles in

liquefiable soil.

Pradhan et al.
(2022)

Literature review

Comprehensive review of pile

response in liquefiable soil

For design of pile
foundations in
liquefiable soil, proper
ground improvement
techniques to alleviate
liquefaction potential
should be adopted
instead of proposing

massive foundation.
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Recently, Bhattacharya (2003), Knappett and Madabhusi (2005) and Kimura and Tokimatsu
(2007) established an alternative theory of possible pile failure in liquefiable soil based on
buckling mechanism. They showed that pile behaves as an unsupported column because of
loss of lateral confinement during liquefaction. This axially-loaded column is prone to
buckling failure in the direction of least bending stiffness even without lateral spreading
loading. So, pile in liquefiable soil may be assumed as laterally loaded slender column and
Euler’s buckling criteria must be satisfied for analysis of piles in liquefiable soil. Also,
vulnerability of pile foundations due to bending-buckling interaction in liquefiable soil has
been studied by several researchers (Bhattacharya et al. 2004; Dash et al. 2010; Knappett and
Madabhushi 2012). They concluded that both bending and buckling failure mechanism must
be considered for designing of pile foundations in liquefiable soil. Bhattacharya et al. (2005)
have recently introduced new procedure for evaluating buckling failure mechanism using two
main parameters. The evaluation procedure includes determination of Critical depth on
account of buckling as capacity and laterally unsupported length of pile as demand.
Bhattacharya and Goda (2013) have illustrated this method using probabilistic approach.

2.4.3 Past Research on Laterally Loaded Pile Foundation in Sloping Ground

Mezazigh and Levacher (1998) performed centrifuge test to study the effect of slopes on p-y
curve in dry cohesionless soil. It was observed that the lateral pile displacement and bending
moment increases when pile is placed near the crest. The displacement and bending moment
of pile increased 1.6 and 1.25 times more with respect to the horizontal ground surface for

sloping ground of side slope 2 in 1.

Yasuda et al. (2000) investigated the response of piles in level as well as sloping ground using
shake table test. It was observed that pile rigidly connected with pile head fails at both top and
bottom end but pinned connected pile fails at bottom end only. Also, piles in sloping ground

failed due to liquefaction-induced lateral spreading.

Boominathan and Ayothiraman (2007) conducted model experimental study for static and
dynamic bending response of single piles in soft clay. The peak bending response in dynamic

condition was 1.5 times greater than the peak bending response during static condition.

Muthukkumaran et al. (2008) performed laboratory model tests for evaluating the effect of
slopes on p-y curves in dry sandy soil under surcharge loading. The effect of different ground
slopes and relative densities of soil have been studied using the same model for soil and pile
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response. The non-dimensional p-y curves were proposed for piles in sloping ground under

various surcharge loading.

Georgiadis and Georgiadis (2010) analysed the response of piles having different diameter
and length in cohesive soil in sloping ground using 3D FE analysis under lateral load. Various
undrained shear strength of soil was considered. Analytical expressions for ultimate lateral
load and initial stiffness of p-y curves were proposed for piles in clay soil. These curves were

used to compare the response with the conventional method and good agreement was found.

Liyanapathirana and Poulos (2010) analysed the pile behaviour in liquefiable sloping ground
using Winkler model. Free-filed ground displacement and degraded strength of soil was first
evaluated conducting effective stress-based ground response analysis. Then, dynamic analysis
was carried out for the soil-pile system. The generation of pore water pressure and strength of
the soil evaluated using stress-path model were compared with the results of simple shear test
in liquefiable level and sloping ground. It was showed that the proposed method was
reasonably competent for evaluating the pile response.

Sawant and Shukla (2014) carried out 3D FE analysis in clay soil to evaluate the effect of
slope on laterally loaded pile response. It was observed that proposed model is capable to

predict the pile behaviour in the sloping as well as level ground.

Muthukkumaran (2014) studied the effect of slope and loading direction on LLP in
cohesionless soil and showed that if piles are placed at a distance of 15-times pile diameter
from the slope crest, slope effects in lateral load capacity of pile can be neglected.
Muthukkumaran and Almas Begum (2015) investigated the response of laterally loaded single
piles in sloping ground experimentally. A series of laboratory tests were performed to develop
p-y curves for level and sloping ground. It was concluded that the soil resistance increases

with an increase of relative density of soil and embedment depth of pile.

Deendayal et al. (2016) performed static load test of laterally loaded single piles in soft clay
on sloping ground. The results of experimental study have been compared with the numerical

analysis and reasonable agreement was found.

Jegatheeswaran and Muthukkumaran (2016) analysed the behaviour of pile due to combined
loading in slopping ground. The showed that lateral load carrying capacity of pile is decreased

and lateral deflection is increased with an increase of slope angle.
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Deendayal et al. (2017) evaluated the effect of slopes and embedment depth to diameter ratio
on non-dimensional p-y curves in clayey soil. A series of laboratory model test was conducted
on a single model pile. New p-y curves were proposed for laterally loaded pile foundation in

non-dimensional form.

Deendayal et al. (2018) carried out finite-element based numerical study for group of piles
located in layered sloping ground. The response of front, middle and back rows pile under
lateral load with various slope angles were studied. It was observed that the front row piles

resist lower load in comparison with the middle and back row piles in sloping ground.

Peng et al. (2019) evaluated the behaviour of LL piles in sloping ground using modified strain
wedge approach. The soil resistance was assessed using the proposed model. Two divisions of
the modified strain wedge and their calculation were proposed. The reliability of the proposed

model was verified by performing in-situ testing.
2.5 Summary of Past Works

From the significant number of cases of failure and/or damages of piles and pile-supported
structures during recent past earthquakes it has been evidenced that response of soil to
earthquake loads plays major role in the damages. The behaviour of the soil during strong
excitations is highly nonlinear. However, most of the studies reported in literature have not
considered the nonlinearity of soil in seismic ground response analysis. The studies so far

performed for Kolkata region are mainly based on equivalent linear analysis.

The effects of vertical load on lateral response of single pile foundation in homogeneous soil
have been studied by several researchers. Also, bending failure of pile due to lateral load and
buckling failure due to axial load in liquefiable soil have been studied separately by various
researchers. However, the response of pile foundations in liquefiable multi-layered soil

considering both vertical and lateral load is limited in the literature.

Pile foundations are significantly influenced by both the motion of supporting soil (kinematic
interaction) and superstructure (inertial interaction) during earthquakes. However,
conventional design practice neglects the effects of kinematic interaction. The presence of
mild slope may significantly influence on kinematic pile bending. Past earthquakes also

demonstrated that pile-supported structures are vulnerable to kinematic bending failure in
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liquefiable sloping ground. However, interaction between kinematic and inertial interaction of

piles in liquefiable layered sloping ground is still scanty in the literature.

The response of pile foundations in liquefiable soil using simplified methods based on
pseudo-static approach needs various numerical assumptions and not able to predict the
accurate values of time-dependent soil stiffness and damping. Besides, due to large shear
strain is likely to be developed during soil liquefaction, dynamic analysis of pile considering
nonlinear SSI is extremely necessary for seismic response of pile foundations in liquefiable

soil.
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Nonlinear Ground Response Analysis

3.1 Introduction

Earthquakes are naturally occurring seismic hazard causing tremendous damage of property,
death and injuries of lives. During earthquakes, elastic waves propagate from the focus and
produce ground vibration lasting from few seconds to minutes. The magnification of ground
motion at any location is depended on seismicity of the area, bed rock type, topography of the
site, water table depth, geological and geotechnical properties of the site. Ground vibration is
the primary seismic hazard as all other hazards like structural damages, liquefaction of soil,
landslides, Tsunami are associated with strong ground vibration. The local soil condition
plays important role in the seismic ground response analysis (GRA). The seismic GRA is
performed to obtain various parameters like magnification of ground motion, response
spectra, stresses and strains in dynamic condition for seismic design of structures and
evaluation of liquefaction hazard. 1D, 2D or 3D GRA can be performed depending upon the
dimensionality of the problems (Kramer 2005). 1D technique is most popular in geotechnical
earthquake engineering practice and widely used for level or mildly-inclined infinite sloping
sites with parallel material boundaries. It requires less computational effort. The 2D and 3D
methods are suitable for irregular ground surface and presence of embedded structures.
Further linear, equivalent linear or nonlinear methods can be employed for 1D GRA (Kramer
2005).

It is evident from the literature review that all the studies of GRA of Kolkata Soil are based on
either linear or equivalent linear methods but actual behaviour of soft, alluvial soil of Kolkata
under strong ground motions is nonlinear in nature. Nonlinear GRA has been performed in
this study for two different sites of Kolkata city having two distinct soil types using the
nonlinear finite element program CycliclD (Elgamal et al. 2006; Yang et al. 2004)
considering the influence of variation of ground water level (GWT) and mildly-inclined
infinite-sloping site. The 1D GRA technique can be effectively used for liquefaction analysis

of Kolkata city as it lies on plain terrain in Gangetic West Bengal (Chatterjee and Choudhury
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2016). The liquefaction potential of Kolkata soil has been assessed using the results of 1D
nonlinear GRA with the help of both simplified & dynamic methods. The post-liquefaction

settlement profile at one location of Kolkata city has also been evaluated.

3.2 Area under Study

The Kolkata metropolitan city, is a portal to north-east India. It is third-most populated city in
India. Originally, Kolkata city was developed towards the east side of the river Hooghly. But
due to increasing population and scarcity of vacant land, infrastructures are often constructed
without proper town planning on reclaimed lands in the Salt Lake and Rajarhat areas. More
than 80% of the city area has covered with different types of important heritage building,
school, hospital buildings in unplanned way. The altitude of the city above MSL is 5.8 to 6.1
m and GWT is located near surface level (Govindaraju and Bhattacharya 2012). The soil of
Kolkata city is mainly alluvial in nature having two different soil structures, i.e., Normal
Kolkata Deposit (NKD) and River Channel Deposit (RCD). NKD soil mainly compose with
silty clay or clayey silt of soft to stiff consistency with sandy deposit at intermediate layer.
NKD soil is existed in central Kolkata region like Sealdah, Beliaghata, Ultadanga and Park
circus area. The RCD soil mainly composes with medium to dense compactness sand deposit
up to significant depth along the existing old Adiganga channel (Roy et al 2018). RCD soil is
predominant in south Kolkata region like Tollygunge, Alipore and Kasba area. Kolkata city
falls in the Zone 111 & 1V according to zonation map of Indian standard design code 1S:1893,
Part-1 (2016). The Kolkata city is located on the important regional basement fault Eocene
Hinge Zone. The width of Eocene Hinge Zone is about 25 km and extended about 45 km
below ground level (Roy and Sahu 2012). Kolkata, in the past, has suffered tremendous
damages due to near and far field earthquakes. The local soft, alluvial soil of Kolkata city

magnify the earthquake ground motion.

3.3 Geotechnical Data

Seismic GRA study requires complete geotechnical data of the selected site. In the present
study, geotechnical bore hole data of Kolkata city has been selected from previous study (Roy
et al. 2018). The subsoil profile at Ultadanga site (Latitude 22.5948 °N, Longitude 88.3869 °E)
having NKD soil and Tollygunge Metro site (Latitude 22.4986 °N, Longitude 88.3454 °E)

having RCD soil have been chosen as shown in Fig. 3.1. The depth of borehole is 50 m for
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both the sites. The velocity of shear wave (Vs) of each soil layer is required as input for
seismic GRA using CycliclD. In absence of in-situ data, SPT-N values are used to calculate
Vs using derived co-relation, Vs = 78.21 *N°3® appropriate for all type of soil deposit of
Kolkata city developed by Chatterjee and Choudhury (2013), where Vs is in m/s. The co-
relation has high value of regression co-efficient indicating accurate prediction of Vs from
field SPT values. Friction angles (@) for cohesionless soils and undrained shear strength (Cu)
for cohesive soil are calculated using the co-relation of SPT-N with ¢ for cohesionless soil
and SPT-N with Cy for cohesive soils (Das 1983). Fine contents (FC) of top clay layer is
almost 80% and sandy layer varies from 10-30% for depth up to 30.0 m of RCD soil. The
values of various soil properties of two typical soil are shown in Tables 3.1 and 3.2 (Roy et al.
2018). The GWT is located at surface level. Average shear wave velocity (Vs3°) for 30 m soil
column is important parameter for geotechnical site classification as per NEHRP (2020). Vs
for NKD and RCD soil of Kolkata city obtained in the present study using Table 3.1 and 3.2
are 161.0 m/sec and 263.0 m/sec respectively. It is evident that Ultadanga site (NKD soil)
falls under class-E (Vs3°<180 m/sec) and Tollygunge Metro site (RCD soil) falls under class-
D2 (Vs : 240-300m/sec) which are nearly same as site classification performed by Nath et al.

(2014).

s8°17" 88°19° ss8°21" 88°23"° 887257

1 — S
croe ————— 1 A S oy
: BARANAGAR/
o \ !
n L a
af KOLKATA AIRPORT ]
22°37 7 — 2237
: LAKE TOWN \ r
i ULTADANGA ‘:
HOWRAH BRIDG | - S s s -
22°35° E\ : A 22°35°
= ! o
== > - |
: <= SEALDAH STATION ¥
~ 4 f T
5 S = < RHCCO PARK
” S -
22°33 _: =S PARK STREET —_— 22733
) = . R
| KHIDIRPUR DOC . !
' o .
- S { L <ALIGHAT ]
22-31° Lk | B 22731
T < = ‘ s
F JADAVIPUR UNIVERSITY E
a : = o , n
" TOLLY GUNGE®) 375, Prince &uaxwar ]
" z METRO ( : ] -
22°29 ey . Shah Roadl y— 22729
= 3 '
E ; - x
: ," GARIA BUS STAND :
DRI . LI . . T R 22°27
88°17" 88°19 s8-21 ss8-23 88°25

Fig. 3.1 Selected Borehole locations in Kolkata City (Roy et al 2018)
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Table 3.1 Typical soil properties of NKD soil of Ultadanga site (after Roy et al. 2018)

Depth(m) SPT-N value Unit weight Vs (m/sec) &(degree) Cu(kN/m2)
(KN/m3)

0.0-3.0 2 19.30 101.8 - 18
3.0-10.0 2 17.00 101.8 - 18
10.0-16.0 8 19.90 172.3 - 37
16.0-26.0 31 19.70 288.4 - 75
26.0-31.0 14 20.00 213.2 - 37
31.0-39.0 22 19.80 253.1 314 -
39.0-42.5 29 20.10 281.2 - 75
42.3-46.5 50 19.70 345.8 35.0 -
46.5-50.0 69 20.30 390.9 40.0 -

Table 3.2 Typical soil properties of RCD soil of Tollygunge Metro site (after Roy et al. 2018)

Depth(m) SPT-N value Unit weight Vs (m/sec) &(degree) Cu(kN/m2)
(KN/m3)

0-1.25 2 14.10 101.8 - 18
1.25-5.00 16 16.40 224.3 314 -
5.00-11.25 17 18.50 229.5 314 -
11.25-15.00 32 19.00 291.9 35.0 -
15.00-18.00 36 19.00 305.2 40.0 -
18.00-30.50 48 19.00 340.5 40.0 -
30.50-32.50 30 19.00 284.8 - 75
32.50-37.00 29 19.50 281.2 - 75
37.00-40.00 40 19.80 317.7 - 75
40.00-45.75 50 19.00 345.8 - 75
45.75-48.50 54 20.30 356.1 - 75
48.50-50.00 67 21.00 386.5 40.0 -
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3.4 Input Ground Motions

The input ground motions considered for present analysis are Imperial valley (IMV), Bhuj
(BHJ) and Sikkim (SIKM) earthquakes with significant variation in moment magnitude,
maximum bedrock level acceleration (MBRA), strong motion duration and frequency content
as tabulated in Table 3.3. The input motions are selected in such a way that the MBRA value
remain within the reported range of 0.1g to 0.34g in Kolkata city (Mohanty and Walling
2008; Roy and Sahu 2012; Akhila et al. 2012; Govindaraju and Bhattacharya 2012). Strong
motion record of IMV earthquake is adopted from the database of Cyclic1D, whereas the BHJ
and SIKM earthquakes are adopted from strongmotioncenter.org and www.pesmos.com
respectively. The input earthquake motions used in present analysis are shown in Fig. 3.2(a)
to (c). The various parameters of these input motions have been estimated using
SEISMOSIGNAL (Seismosoft 2012) and are tabulated in Table 3.3.
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Table 3.3 Various parameters of the considered earthquake motions in the present study

Parameters Imperial Valley Bhuj Sikkim (SIKM)
(IMV) (BHJ)

Date 18/05/1940 26/01/2001 18/09/2011

Earthquake Magnitude (Mw) 6.9 7.7 6.8

Name of Recording Station El Centro site, Ahmedabad Gangtok
Imperial Valley Passport office

Source to station distance (km) 8.0 230 68

Epicentre of Earthquake 32.733°N 23.419°N 22.723°N
115.5°W 70.232°E 88.064°E

Max. Bedrock level 0.348 0.106 0.149

acceleration(g)

Mean period(sec) 0.488 0.598 1.05

Bracketed duration(sec) 29.67 69.50 71.76

Significant duration(sec) 8.92 16.98 31.75

Predominant period(sec) 0.14 0.27 0.15

3.5 Methodology

1D GRA has been carried out for predicting the layered soil response subjected to input
ground motion at bedrock level. It is assumed that response generated is mainly because of
vertical propagation of horizontally polarised shear waves and all the boundaries are flat
(Kramer 2005). The methods of 1D ground response analysis may be classified as linear,
equivalent linear and nonlinear. All the methods have different assumption of the soil rigidity
modulus and damping properties. The present study utilizes the nonlinear methods of analyses
through computer program CycliclD (Elgamal et al. 2015). The soil models available in
CycliclD have also been implemented in OpenSees (McKenna and Fenves 2001), a software
framework for developing applications to simulate the performance of structural and
geotechnical systems subjected to earthquakes. Incremental plasticity model is used to
simulate the nonlinearity of soil. It allows to model permanent deformation and hysteretic
damping. The finite elements are assigned for both dry and saturated soil strata under
formulation of fully-coupled fluid-soil system (Elgamal et al. 2015). In time domain based

nonlinear analysis the following dynamic equation of motion is solved at every time step with

Page | 48



Chapter 3: Nonlinear Ground Response Analysis

the help of Newmark time integration method by specifying two user defined coefficients
Beta () and Gama (y) (Newmark 1959):

[MI{i}+ [CH{u} + [K] {u}= -[M{1}up 31)
where [M], [C], [K] are the global mass, damping and stiffness matrix respectively; {i}, {u},
{u} are nodal relative acceleration, velocity and displacement vector respectively; ty, is the
acceleration of base motion and {l} is the unit vector. Incremental response of soil layers is
used to combine [M], [C] and [K] matrices.

CycliclD has been developed for 1D wave propagation analysis using pressure-dependent
and pressure-independent soil constitutive models. The constitutive model of soil in Cyclic1D
has the capability to narrate the development and dissipation of pore water pressure. The
liqguefaction model within CycliclD (Parra 1996; Yang 2000) is built under multi-yield-
surface plasticity framework (Prevost 1985).

A finite element model in the present study is defined in CycliclD by specifying the total
height of soil profile of 50m.The multi-layered soil profile layer has been divided into total
200 numbers of elements, each of 0.25m thick after convergence analysis. User defined clay
without pore pressure effects ‘U-Clay’ material and user defined saturated granular soil
including pore-pressure effects ‘U-LigSand’ materials are chosen in present study for defining
clay and sand deposit respectively (Elgamal et al. 2003). The shear response of U-Clay
material is independent of confinement and can be defined using shear wave velocity (Vs),
shear strength (C.), lateral earth pressure co-efficient at rest (Ko), Maximum shear strain
percentage (ymax), Number of yield surfaces (NYS). The relationship between Ko and

Poisson’s ratio (u) is given by the following equation:

Ko =1 (32)
The confinement-dependent U-LigSand material can be defined by specifying reference shear
wave velocity (Vsr) in m/s, reference effective mean confinement in kPa (pref), co-efficient of
Confinement dependence (n), lateral earth pressure co-efficient at rest (Ko), friction angle (&)
in degree, Maximum shear strain percentage (Ymax), Number of yield surfaces (NYS), Dilation
or Phase Transformation (PT) angle (¢et) in degree, Contraction co-efficient (c1 and c2),
Dilation co-efficient (di and d2), Liquefaction co-efficient (Lig) and co-efficient of
Permeability (k) in m/sec. The variation of shear wave velocity (Vs) with confinement (p) is

given by the following expression:
Vo = Vor G )"/2 (33)

Shear strength (zmax) at a confinement p is expressed by the following equation:
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Tmax = C + psin® (3.4)
where, cohesion (c) is the shear strength corresponds to zero confinement.
Shear-induced volume contraction and dilation response is separated by Dilation angle

(Elgamal et al. 2003). Below PT surface, the contraction scaling function is given in the form:

crexp()

where pa is atmospheric pressure and c1 and cz are contraction co-efficient dictating rate of
pore pressure development and overburden pressure effect respectively.

Above the PT surface, the dilation scaling function is dictated in the form: d;exp(d,yq)
where di and d» are dilation co-efficient and yq4 is cumulative octahedral plastic strain.
Dilation parameter d: and d. dictates the rate of volume expansion and accumulated shear
strain effects on dilation respectively. Liguefaction co-efficient (Liqg) indicates the range of
shear strain accumulation.

Recommended range of values of ci, ¢z, di, d2 and Liq are 0.3-0.0, 0.2-0.6, 0.0-0.6, 10 and
0.025-0.0 respectively for very loose sand to very dense sand (Elgamal et al. 2003). The
values of various input parameters considered from CycliclD user manual (Elgamal et al.
2015) based on soil type and properties of each layer of two sites are summarized in Tables
3.4 and 3.5.

A rigid bedrock base is considered for soil layer and inclination angle of model is assumed as
zero. GWT location at 0.00 m (surface level) is considered initially for both types of soil.
Parametric variation of GWT and ground slope has been conducted for RCD soil under Bhuj
earthquake motion. The amplitude of the input ground motions of BHJ is scaled by the factor
0.9 for analysis of NKD soil. For all other cases, the scale factor is taken as unity.

Soil nonlinear hysteretic response generates damping in CycliclD. Mass and stiffness
proportional Rayleigh-type damping of the following form is used in this study:

C=An M+ AK (3.5)
Am and A are two user-defined constants.

The below equation is used to estimate the damping ratio curve (£) using frequency (f):

§= mef + Ainf (3.6)

To define damping coefficients a general damping ratio of 5% along with two close
frequencies 1Hz and 6Hz are used. In current study, average acceleration method (y=0.50, and
$=0.25) has been used in Cyclic1D. A convergence tolerance of 10 is used for computation

at any time step. Consistent mass matrix is considered in present analysis.
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Table 3.4 Parameter values for the soil materials models of NKD soil (Ultadanga site)
(Elgamal et al. 2015)

Depth ¢p1® C1 cc di d» Lig k (m/sec  pres Co- Ko  ymax NYS

x107®) (kPa) eff %)
3.0 - - - - - - - - - 05 5 20
10.0 - - - - - - - - - 05 5 20
16.0 - - - - - - - - - 05 5 20
26.0 - - - - - - - - - 05 5 20
31.0 - - - - - - - - - 05 5 20
390 265 019 02 02 10 0.015 6.60 80 05 05 5 20
42.5 - - - - - - - - - 05 5 20
465 240 006 05 04 10 0.01 6.60 80 05 05 5 20
500 220 001 06 06 10 0.003 6.60 80 05 05 5 20

Table 3.5 Parameter values for the soil materials models of RCD soil (Tollygunge Metro site)
(Elgamal et al. 2015)

Depth ¢p1% cC1 cc di d2 Lig k(m/sec pret Co- Ko  ymax NYS

x107) (kPa) eff %)
1.25 - - - - - - - - - 05 5 20
500 265 019 02 02 10 0.015 6.60 80 05 05 5 20
11.25 265 019 02 0.2 10 0.015 6.60 80 05 05 5 20
1500 265 019 02 02 10 0.015 6.60 80 05 05 5 20
1800 240 006 05 04 10 0.01 6.60 80 05 05 5 20
3050 240 006 05 04 10 0.01 6.60 80 05 05 5 20
3250 - - - - - - - - - 05 5 20
37.00 - - - - - - - - - 05 5 20
40.00 - - - - - - - - - 05 5 20
4575 - - - - - - - - - 05 5 20
4850 - - - - - - - - - 05 5 20
50.00 220 001 0.6 0.6 10 0.003 6.60 80 05 05 5 20

Page | 51



Chapter 3: Nonlinear Ground Response Analysis

3.6 Validation of Present Model

The present model is validated by comparing the results of PGA profile and PGA
magnification profile obtained using CyciclD software with that obtained using SHAKE
2000 computer program (Chatterjee 2017). PGA magnification is defined as the ratio of
maximum PGA at ground surface to the maximum bedrock level acceleration. BHJ
earthquake as shown in Fig. 3.2(b) is used as input motion. The soil profile of Borehole and
typical dynamic soil properties of Kolkata city (Chatterjee 2017) has been considered for
analysis in Cyclic1D as shown in Table 3.6. The values of surface level PGA observed are
0.24g and 0.21g in the reference study and the present study respectively against considered
maximum bedrock level acceleration (MBRA) 0.106g. Also, the magnification of PGA at
surface level obtained are 2.28 and 2.0 using the reference study and the present study
respectively. Figs. 3.3(a) and (b) show the comparison of the profile of PGA and PGA
magnification using both the codes. It is found that the results of CycliclD are co-relates well
with the results of SHAKE 2000 except top 2 m. The top 2m soil is mainly soft soil. The
difference of soil response is because of large hysteretic stress-strain behaviour due to soil
nonlinearity at low confining pressure near surface level. Both the methods produce same
results for stiff soil where strain level is low (Kramer 2005). The slight deviation in results at
greater depth may be reasonable due to different analysis procedures and soil model which are
estimated based on soil descriptions by two authors. SHAKE uses equivalent linear analysis,
whereas CycliclD is based on nonlinear analysis. Hence, the present model can be efficiently
used for seismic GRA and liquefaction hazard assessment.
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Table 3.6 Soil profile of Borehole considered in the present study (after Chatterjee 2017)

Depth (m) SPT- Unitweight Vs(m/sec) Material Model parameters
N (KN/m3) model
0.0-105 6 17.6 154.5 U-Clay Ko=0.5, Cy=37kPa, Yymax=5%,
NYS=20
1.05-74 3 16.3 118.7 U-Sand pre=80kPa, co-eff=0.5, Ko=0.5,
@=29°, ymax=5%, NYS=20.
7.4-11.9 5 17.8 144.2 U-Clay Ko=0.5, C,=37kPa, ymax=5% ,
NYS=20
11.9-14.15 10 18.7 187.6 U-Sand pre=80kPa, co-eff=0.5, Ko=0.5,
@=30°, ymax=5%, NYS=20.
14.15-184 8 19.6 172.4 U-Sand prer=80kPa, co-eff=0.5, Ko=0.5,
@=30°, ymax=5%, NYS=20.
18.4-23.6 18 20.7 234.6 U-Clay Ko=0.5, Cy=75kPa, Ymax=5%,
NYS=20
23.6-30.0 24 19.8 261.7 U-Sand prer=80kPa, co-eff=0.5, Ko=0.5,
@=35°, ymax=5%, NYS=20.
PGA(g) PGA magpnification factor
0.1 0.15 0.2 0.25 0.5 1 1.5 2 2.5
54 5 -
£1s- 255
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Fig.3.3 Profile of a PGA and b PGA magnification factor
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3.7 Results and Discussions

Nonlinear GRA is performed for two different sites of Kolkata metropolitan city having NKD
and RCD soil type using CycliclD. Three different input motions namely, IMV, BHJ and
SIKM earthquakes with significant variation in moment magnitude, MBRA, strong motion
duration and frequency content have been used in this study. The results obtained from GRA
are presented in the subsequent section. In addition, liquefaction potential has been evaluated
for RCD soil using both simplified deterministic and dynamic methods along with post-

liquefaction settlement profile.

3.7.1 Profile of PGA and its Magnification Factor

The profile of PGA for two soil types are presented in Figs. 3.4 (a) and (b) respectively. The
PGA at surface level for IMV, BHJ and SIKM earthquake motions are 0.119g, 0.109g, 0.118g
for NKD soil against MBRA 0.348g, 0.095g, 0.1499 respectively. Also, PGA at surface level
for RCD soil using same earthquake motions are 0.091g, 0.075g, 0.072g against MBRA
0.3489,0.1069 ,0.1499 respectively. It is seen that surface acceleration is de-magnified with
respect to MBRA for NKD soil for all the earthquake motions except BHJ earthquake motion.
The input acceleration is magnified by 1.15 times when subjected to BHJ motion in the same
soil profile because of comparatively low amplitude input ground motion. For RCD soil,
reduction of output acceleration is observed for all the earthquake motions. The ground
motion magnification occurs in the stiffer soils under lower MBRA and reduction occurs in
the soft soils under higher MBRA as soft soil undergoes large hysteretic stress-strain
behaviour and dissipates energy under strong motion causing reduction of PGA. The PGA
magnification factor of two types of soil for all the ground motions are shown in Table 3.7.
The magnification factors for all the layers are higher in BHJ and SIKM earthquake motions
than high amplitude IMV motion. It is to be noted that all the MBRA converges to almost
same PGA at ground surface for both types of soil. Hence, MBRA has less influence over the
same. The PGA and its magnification factor obtained in the present study using nonlinear
method are compared with the results of previous researchers using linear and equivalent
linear (EL) method and tabulated in Table 3.8. The PGA values obtained in this study (0.072g
to 0.1199g) are matching well with the reported PGA of Kolkata city by Shiuly et al. (2015) as
well as codal value of 0.08 to 0.12g for zone-11l & IV of IS 1893 part | (2016). As per the
Global Seismic Hazard Assessment Program (GSHAP) (Giardini et al. 1999), the PGA values
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of Kolkata city with 10% probability of exceedance in 50 years range from 0.08g to 0.13g,
which is closely matching with the current results. However, the PGA obtained in the present
study is significantly less than predicted by Mohanty and Walling (2008), Nath et al. (2014)
and all other researchers for Kolkata city. It is seen that linear and EL method of analysis
overestimates the PGA and its magnification factor as shown in Fig. 3.5. Also, linear or EL
method of analysis cannot truly represent the hysteric stress-strain relationship of soil. The EL
method is based on total stress analysis and does not consider the effects of ground water
table. Nonlinear method of GRA is most appropriate for soft alluvium soil of Kolkata city as
GWT is located near ground surface.

Figs. 3.6(a) and (b) show the comparison of surface level acceleration time-history
response between NKD and RCD soil profile for IMV and BHJ earthquake motions
respectively. The acceleration response of NKD soil is higher than RCD soil under both the
motions. As the stiffness of top soil of RCD is comparatively lower than NKD soil, the
reduction of MBRA is more at surface of RCD soil. Ground motion magnification or de-

magnification is a function of both dynamic soil properties and magnitude of ground motions.

Table 3.7 PGA magnification factor (PGA at surface/MBRA) for selected earthquakes at two

different sites of Kolkata

Site IMV BHJ SIKM
NKD soil 0.34 1.15 0.79
RCD soil 0.26 0.70 0.48
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Table 3.8 Comparison of response obtained using present study with previous researchers for

Kolkata city

Parameters Mohanty and Akhilaetal. Govindaraju Royand Nathetal. Shiuly et Chatterjee Chatterjee Present

Walling (2012) and Sahu (2014) al. and (2018) study
(2008) Bhattacharya (2012) (2015)  Choudhury
(2012) (2016)

Software & Attenuation DEEPSOIL SHAKE SHAKE DEEPSOIL SHAKE SHAKE SHAKE CycliclD

type of model L) (EL) (EL) (EL) (EL) (EL) (EL) (NL)
analysis

MBRA - 0.1-0.34 0.154-0.21 0.136- 0.124-0.178 0.12 0.106- 0.106- 0.106-
considered 0.141 0.372 0.372 0.348
@

PGA at 0.1-0.34 0.40-0.73 0.24-0.30 0.223- 0.176-0.253 0.095-  0.438-0.68 0.24-0.63 0.072-

surface 0.278 0.18 0.119
level(g)

PGA - 1.5-3.80 1.34-1.73 1.64-1.97 2.51-422 0.80- 1.63-410 1.7-25 0.26-1.15
magnifi- 1.50

cation factor

Spectral - - 0.78-0.95 0.32-1.26 0.48-0.52 0.014- 0.41-0.86 0.46-0.75 0.33-0.67
acceleration 0.88
)]
PGA(g) PGA(g)
0 0.15 0.3 0.45 0 0.15 0.3 0.45
0 0
10 - —— 1940 Imperial valley 10 4 —— 1940 Imperial
valley
— —— 2001 Bhuj —— 2001 Bhuj
£ -20 1 E-20 -
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Fig.3.4 PGA Profile of a NKD soil and b RCD soil
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®m Akhila et al (L)

m Govindaraju and Bhattacharya
(EL)
Roy and Sahu (EL)

m Shiuly et al (EL)

m Chatterjee and Choudhury (EL)

Chatterjee (EL)

P GA magnification factor

mNath etal (EL)

41 4.22
3.8
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1.97
173
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Fig. 3.6 Comparison of surface level acceleration response at the surface between NKD and
RCD soil for a IMV and b BHJ earthquake motion

3.7.2 Peak Shear Stress & Shear Strain profile

Figs. 3.7 (a) and (b) demonstrate the variation of shear stress with depth of NKD and RCD
soil respectively for various earthquake motions. The shear stress is linearly increasing over
depth and peak values obtained are 82.77 kPa and 86.10 kPa respectively for NKD and RCD
at bottom of soil profile under IMV earthquake motion. The shear stress value obtained for all
other ground motions for same soil profile are less than that of IMV earthquake motion.
Hence, shear stress is depended on soil profile and amplitude of earthquake motions. The
shear strain profile of NKD and RCD soil are shown in Figs. 3.8 (a) & (b) respectively for
three different earthquake motions. It is seen that the top 12.0 m of RCD soil consisting
mainly fine to medium dense sand undergoes large strain under IMV and SIKM input

motions. The peak strain value obtained is 1.33% for NKD soil (2" layer from top) and close
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to 5.00 % for RCD soil (3™ layer from top) under IMV earthquake. Higher strain value

indicates the more energy dissipation during earthquake loading and the liquefaction

susceptibility of the considered site.
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Fig.3.7 Peak shear stress profile for a NKD and b RCD soil
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Fig.3.8 Peak shear strain profile for a NKD and b RCD soil

3.7.3 Peak Ground Displacement (PGD) Profile and Time-history

From Fig. 3.9(a), it is observed that the PGD relative to the base of NKD is almost uniform

for depth 31.0 m from ground level for all the considered ground motions. The relative

displacement below depth 31.0 m decreasing linearly and becomes negligible. The relative

displacement of RCD soil for IMV and BHJ motions are almost uniform to depth 40.0 m and
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becomes negligible thereafter. PGD value for SIKM motion decreases linearly from ground
surface to 11.25m and then follow uniform pattern up to 40.0 m as shown in Fig 3.9(b). Figs.
3.10 (a) and (b) represent the displacement time-history under BHJ motion for NKD soil and
RCD soil respectively. It is noticed that RCD soil shows more residual displacement at the
end of loading cycle because of its liquefaction susceptibility. More residual displacement of
RCD soil indicating probability of earthquake-induced lateral spreading. The PGD at surface
of NKD soil are 0.082, 0.035 and 0.083 m for IMV, BHJ and SIKM motions respectively. For
RCD soil the values are 0.078, 0.059, 0.252 m respectively.
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Fig.3.9 Peak ground displacement (PGD) profile for a NKD and b RCD soil
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Fig.3.10 Peak ground displacement (PGD) time-history at ground surface for a NKD and b
RCD soil under BHJ earthquake motion
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3.7.4 Shear stress vs. Shear Strain Variation

The hysteretic loop of shear stress vs. shear strain curve is key to identify the soil nonlinearity
in seismic GRA. Figs. 3.11 (a) and (b) show the hysteretic loop at 24.88m depth of NKD soil
and 34.88 m depth of RCD soil respectively under BHJ earthquake motion. These figures
indicate that nonlinear method is capable to calculate unrecoverable plastic strains of soil.
First cycle of hysteresis loop is bigger in area and shear stress and shear strain attain their
highest values. Shear stress amplitude got attenuated with the passage of time. Similar trends
are noticed at different soil layer for both NKD and RCD soil.
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Fig. 3.11 Shear Stress vs. Shear Strain of a NKD soil (Depth: 24.88 m) and b RCD soil
(Depth: 34.88 m) for BHJ motion

3.7.5 Acceleration Response Spectrum vs. Period

The evaluation of response spectrum curve is vital step in GRA for seismic design of
structure. The acceleration response spectrum curves at ground surface for various input
earthquake motions by considering 5% damping ratio are illustrated in Figs. 3.12(a) & (b) for
NKD and RCD soil respectively. The peak spectral acceleration values obtained for IMV,
BHJ and SIKM earthquake motions are 0.67g, 0.53g, 0.51g at 0.86 sec, 0.77 sec and 0.14 sec,
respectively for NKD soil. The peak spectral acceleration values 0.46g, 0.33g, 0.34g at 0.58
sec, 0.72 sec and 0.26 sec respectively are obtained for RCD soil. The values of spectral
acceleration obtained using present nonlinear GRA are matching well with the results of

previous researchers as shown in Table 3.8 and Fig. 3.13. So, the IMV and BHJ motions have
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detrimental effect on high rise structures resting on soft soil and SIKM motions are vulnerable

for short period structure resting on soft soil, respectively.
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Fig. 3.12 Response spectrum curves for 5% damping for a NKD and b RCD soil
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Fig. 3.13 Comparison of peak spectral acceleration obtained by various researchers

3.7.6 Effect of Ground Water Table (GWT)

During seismic conditions, increasing pore pressure will reduce effective stress of saturated
loose to medium dense sand which may lead to considerable differences on the magnification
of PGA at the surface when compared with same soil deposits without GWT consideration.
The depth of GWT at various location of Kolkata city ranges from surface level to 3.0 m
(Akhila et al. 2012; Govindaraju and Bhattacharya 2012; Chatterjee 2017). In this study the
effect of fluctuation of GWT from ground surface to 5.0 m depth has been investigated for
RCD soil. The influence of location of GWT on seismic nonlinear GRA has shown in Table
3.9 and Figs. 3.14 (a), (b) & (c). PGD value decreases by almost 37% when level of GWT
changes from 0.0 m to 5.0 m depth below ground surface for BHJ motion as shown in Fig.
3.14(a). PGA value increases by almost 39% for fluctuation of GWT from surface to 5.0 m

below surface for the same motion. Settlement profile decreases drastically with lowering
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GWT as shown in Fig 3.14(c). The variation of various parameters with fluctuation of water

table location is tabulated in Table 3.9.

Table 3.9 Variation of PGA and magnification factor, PGD, Settlement with GWT location of
RCD soil for BHJ earthquakes

GWT Various parameters
(Below GL)
PGA (9) Magnification factor PGD (m) Settlement (m)
Om 0.075 0.70 0.059 0.0203
2.5m 0.117 1.11 0.052 0.0096
50m 0.123 1.16 0.037 0.0043
PGD(m) PGA magnification factor
0 0.03 0.06 0.00 0 0.5 1 L5
0 : ’J/ . 0
10 - 10
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H ——GWT00 2 3. j— oo
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Fig. 3.14 Profile of a PGD b PGA magnification factor and c settlement with variation of
GWT location of RCD soil using BHJ motion
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3.7.7 Effect of Mildly-inclined Infinite Slope

The effect of mildly-inclined infinite sloping site on seismic GRA has been carried out for
RCD soil. Parametric study has been conducted considering Slope(S)=0, 2.5 and 5 degree.
S=0 degree corresponds to level ground. The PGA value obtained at surface level are 0.075g,
0.160g, 0.117g for BHJ motion for slope 0, 2.5 and 5 degree respectively. The PGA & PGD
profile for various sloping sites under BHJ motion are demonstrated in Figs. 3.15(a) and (b)
respectively. It is also to be noticed that peak ground displacement (PGD) relative to base
increases significantly with small increase of slope for BHJ earthquake motion. So, the
mildly-inclined slope at river channel soil deposit is prone to liquefaction-induced lateral
spreading. PGD vales are 0.059m, 1.68m and 1.31 m for S=0,2.5 and 5% respectively under
BHJ motion.
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Fig. 3.15 Variation of a PGA and b PGD with slope of RCD soil under BHJ motion

3.7.8 Assessment of Liquefaction Potential

The liguefaction analyses have been carried out using excess pore pressure ratio for both
NKD and RCD soil. The values of excess pore pressure ratio are evaluated at each depth. The
soil is termed as liquefiable if the ratio exceeds one. The excess pore pressure profile of NKD
and RCD soil for IMV, BHJ and SIKM earthquake motions are presented in Figs. 3.16 (a) and
(b) respectively. The excess pore pressure ratio is less than 1 in all the soil layers of NKD soil.
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However, the excess pore pressure ratio is more than 1 for top 12.0 m depth of RCD soil for
all the earthquake motions. So, the RCD soil is prone to liquefaction.

As the RCD is prone to liquefaction, liquefaction potential of this soil has also been studied
using Simplified deterministic method (Seed and Idriss 1971; Seed et al. 1985; Boulanger and
Idriss 2014) and nonlinear dynamic method (Filali and Sbartai 2017) for BHJ earthquake
motion. In simplified deterministic method, the factor of safety for liquefaction potential
(FOS) which is ratio of cyclic resistance ratio (CRR) to cyclic stress ratio (CSR/CSRD) is
evaluated along depth. The RCD soil profile as shown in Table 3.2 has been considered for
liquefaction analysis. CRR is evaluated from corrected SPT-N value and fines content (FC)
percentage (Boulanger and Idriss 2014). The PGA at surface and shear stress reduction co-
efficient profile (Rq) obtained from nonlinear GRA has been utilized for evaluating the CRR.
Also, in dynamic method CSRD is evaluated at each depth using maximum shear stress
obtained from the dynamic analysis. Fig. 3.17 shows the variation of FOS and FOSD along
depth for BHJ earthquake motion. It is clear from graph that the FOS is less than 1 for top
12.0 m soil for all the motions. FOS using dynamic method for BHJ motion shows the similar
results. It is also seen that FOS increases with depth but it start decreasing beyond 20.0 m
depth. CRR value is more up to 20 m depth due to high fines content in the soil. Beyond 20
m depth, factor of safety decreasing due to decrease of CRR value but it is more than 1 which
indicates non-liquefied condition. Nath et al. (2014) reported liquefaction potential at various
places of Kolkata city in their seismic microzonation study. The reported liquefaction
potential index (LPI) of Ultadanga having NKD soil is 0 to 5.0 (low) and Tollygunge Metro
site having RCD soil is 5.0 to 15.0 (high). Hence, the present finding is in line with the report
of Nath et al. (2014).
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Fig.3.16 Excess pore pressure ratio profile for a NKD and b RCD soil
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Fig.3.17 Comparison of Factor of Safety for liquefaction potential (FOS/FOSD) for RCD soil

under BHJ motion

3.7.9 Evaluation of Post-liquefaction Settlement Profile

The post-liquefaction settlement profile of RCD soil is evaluated using Cyclic1D. Fig. 3.18
shows the settlement profile of RCD soil subjected to different earthquake motions. The
settlement values observed of RCD soil at surface level are 0.066m, 0.020m and 0.057m for
IMV, BHJ and SIKM earthquake motions respectively. This is also to be noted that top 12 m

loose to medium fine sand mainly contributes the settlement.
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Fig. 3.18 Post-liquefaction settlement profile of RCD soil
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3.8 A Case study of Liquefaction-induced Damage to a Port Building Supported on Pile

Foundation

Liquefaction-induced damage to building supported on Pile foundation during earthquake is
presented in this study using a reported case study on damages to the Kandla Port building
during the 2001 Bhuj earthquake in India (Dash et al. 2009). Port structures are more
vulnerable to seismic damages when built in seismically active area like Gujarat in India
(Rajaram and Kumar 2014). The foundation of Port Structures is often constructed on
reclaimed land which are potentially liquefiable. During the 2001 Bhuj earthquake the
liquefaction of intermediate sandy layer, ground settlement, lateral spreading and resulted
damages of Kandla port building have been reported (Dash et al. 2009). The effective stress-
based ground response analysis (GRA) of the port site has been carried out using nonlinear

finite element program Cyclic1D considering nonlinearity of soil.
3.8.1 Kandla Port Building: Liquefaction-induced Damage during Bhuj Earthquake

3.8.1.1 The Earthquake

The 2001 Bhuj earthquake (Mw=7.7) was the most devastating seismic hazard causing
tremendous damages of lives and properties in urban area of India. It struck the Kutch area of
Gujarat state of India on January26, 2001. The epicentre of the earthquake was situated at
23.419°N, 70.232°E located at a distance of 20 km North East of Bhuj in Gujrat. The
maximum bedrock level acceleration (MBRA) was 0.106g. The acceleration time-history of

the earthquake is shown in Fig. 3.2(b).

3.8.1.2 The Structural Details of the Kandla Port Building

Kandla Port is located in the Kandla Creek and is 50 km from the epicentre of the earthquake.
The Kandla Port tower, a 22.0 m high six-storied building supported on combined pile-raft
foundation is located proximate to waterfront. The building was supported by 12 numbers of
column (0.45x0.45 m and 0.25x0.25 m) and 32 numbers RCC piles of diameter 0.4 m and
length 18 m. The 0.5 m thick foundation mat was provided as a rigid pile cap.

3.8.1.3 The Geotechnical Properties of the Port Site
The Kandla port is built on inherent ground consisting of recent unconsolidated layer of clay,
silt and sand. The ground slope is about 1.5-2.0 % towards seaside. The ground water table

(GWT) is located at 1.2-3.0 m below ground surface. The soil of the site composes of 10 m
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deep soft clay underlain by 12 m deep fine to medium dense sand and 10 m deep hard clay
(Dash et al. 2009). The top clay layer having water content 42-47 % is highly plastic in
nature. The SPT-N values of the upper fine sand layer is below 15, whereas the deep coarse
sand layer is below 50. The fines content of sandy soils is in the range of 1-32%. The N-value
below 15 and fines content 1-32% below GWT of intermediate sandy layer are prone to
liquefaction under strong to moderate earthquake vibration.

3.8.1.4 Post-Earthquake Observations

The top of the considered pile-supported building was tilted about 0.30 m towards sea side.
The ground adjacent to the building was settled about 0.3 m. Ejaculation of sand through
ground cracking was observed near the building site which indicates the widespread
liquefaction. A successive pattern of lateral spreading was noticed after earthquake. The
maximum magnitude of lateral spreading reported was 0.80 to 1.0 m. Very little damage of
superstructure was noticed and significant damages observed in the foundation. Fig. 1.6
shows the tilted building, schematic drawing of the building before and after earthquake

respectively (Dash et al. 2009).
3.8.2 Nonlinear Ground Response Analysis of the Port Building Site

1D nonlinear GRA has been carried out for predicting the layered soil response of Kandla
port building site using 2001 Bhuj earthquake input ground motion at bedrock level.

A finite element model in the present study is defined in CycliclD by specifying the total
height of soil profile of 40m.The multi-layered soil profile layer has been divided into total 80
numbers of elements, each of 0.50m thick after convergence analysis. Predefined material
models of clayey and sandy soils are chosen to define the soil profile of the site as shown in
Table 3.10. A rigid bedrock base is considered for soil layer. Location of GWT is assumed at
1.50 m below ground surface. Mass and stiffness proportional Rayleigh-type damping (5%)
has been considered. In current study, average acceleration method (y=0.50, and $=0.25) has

been used in CycliclD.
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Table 3.10 Parameter values for the soil materials models of Kandla Port soil (Dash et al.

2009, Elgamal et al. 2006)

Depth (m) SPT- Material model Unit Vs  Poisson’s
N weight (m/s) ratio
(KN/m3)

k (m/s)

b

Cy

(deg.) (kPa)

0.0-10.0 5 Cohesive soft 13.00 100.0 04

10.0-22.0 14 Medium, sand 19.00 205.0 0.4

permeability

22.0-32.0 35 Cohesive stiff 18.00 300.0 0.4

32.0-40.0 50 Medium-dense, 20.00 225.0 0.4

sand
permeability

1.0E-09

6.6E-05

1.0E-09

6.6E-05

31.5

35

18

75

3.8.3 Assessment of Liquefaction Potential

Figs. 3.19(a) and (b) show the profile of PGA and peak shear strain. The PGA at surface level

for Bhuj earthquake motion is 0.107g against MBRA 0.106g. It is seen that surface

acceleration is almost same with respect to MBRA for the Kandla port site. The soil strata at

10.0 m to 22.0 m depth consisting of fine to medium dense sand undergoes large strain. The

peak strain value obtained is 1.05% at 13.25m depth from surface. Amplification of PGA

reduces significantly at that stratum due to higher shear strain. Higher strain value indicates

the liquefaction susceptibility of the site. The profile of excess pore pressure (EPP) ratio is

evaluated at each depth of Kandla Port site as shown in Fig. 3.20(a). The EPP ratio is almost 1

for soil layer of 10.0 to 22.0 m depth under the Bhuj earthquake. So, the intermediate fine to

coarse sandy strata is prone to liquefaction.
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Fig. 3.19 Profile of a PGA and b peak shear strain

Simplified deterministic method is used to assess the liquefaction susceptibility of the port
site as shown in Fig 3.20(b). The factor of safety to liquefaction (FOS) which is ratio of cyclic
resistance ratio (CRR) to cyclic stress ratio (CSR) is evaluated along depth. CRR is evaluated
from corrected SPT-N value and fines content (FC) percentage. The PGA at surface and shear
stress reduction co-efficient profile (Rqg) obtained from nonlinear GRA has been utilized for
evaluating the CRR. The FOS evaluated from the results obtained using CyciclD software is
compared with that obtained using SHAKE 2000 computer program (Dash et al. 2009), which
uses equivalent linear analysis. Fig. 3.20(b) shows the comparison of FOS along depth using
both the codes. It is found that the results of CycliclD are co-relates well with the results of
SHAKE 2000. The slight deviation in results at intermediate depth may be reasonable due to
different analysis procedures and soil model which are estimated based on soil descriptions by
two authors.

It is clear from graph that the FOS is less than 1 for top clay (1.5-10.0 m) and intermediate
sandy layer (10.0-22.0 m) under Bhuj motion. So, the upper clay stratum experiences ground
deformation and cracking due to cyclic failure. Moreover, intermediate sand layer (10.0-22.0
m) suffers ground settlement and lateral spreading due to liquefaction. So, the results of GRA

argues the ejaculation of liquefiable fine sand through ground cracking near the building site.
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Fig. 3.20 Profile of a Excess pore pressure ratio and b Factor of Safety for liquefaction
potential (FOS)

3.8.4 Evaluation of Post-Liquefaction Settlement

Post liquefaction settlement of saturated sand depends on a number of factors such as relative

density, maximum volumetric strain and excess pore pressure. Figs. 3.21(a) and (b) show the

profile of volumetric strain and settlement of the port site under Bhuj earthquake motion. The

peak value of volumetric strain obtained is 0.49% at 10.25 m depth. The post-liquefaction

settlement profile of port site is evaluated using CycliclD. The total post-liquefaction

settlement calculated using present model, previous study (Dash et al. 2009) and field

observation are illustrated in Table 3.11. The settlement values obtained from the present

analysis (0.288 m) are matching well with the previous author as well as post-earthquake

observed settlement of 0.3 m. Hence, the present study justifies the liquefaction phenomenon

of the port site at Kandla.
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Fig.3.21 Profile of a volumetric strain and b post-liquefaction settlement

Table 3.11 Post-liquefaction settlement

Depth(m) Settlement (m) Settlement (m)

(Dash et al. 2009)

Observed settlement (m)
(Dash et al. 2009)

Method-I Method-II
10-22 0.283 0.241 0.345
32-40 0.005 0.070 0.028
Total 0.288 0.311 0.373 0.300

settlement

3.8.5 Lateral Spreading of the Site

Lateral spreading is generally defined as permanent lateral displacement of gently sloping

ground due to earthquake-induced liquefaction. Various empirical and semi-empirical

methods are available in the literature (Kramer and Smith 1997, Bray et al. 1998, Bray and

Travasarou 2007, Escudero 2017) for predicting the amount of lateral spreading. In this study,

simplified semi-empirical relationship (Dash et al. 2009) is used to estimate the amount of

lateral spreading for probability of exceedance of 16% and 84% respectively. The value of

yield co-efficient of soil slope considered is 0.052 assuming 5% ground slope. Additionally,

the following values have been considered for evaluation of lateral spreading: earthquake
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magnitude My=7.7, Average shear wave velocity=175 m/sec, Initial time period of ground
Ts=0.23 sec, spectral acceleration at 1.5Ts= 0.44g. The amount of lateral spreading evaluated
in the present study is presented in Table 3.12 along with the values calculated by Dash et al.
(2009) and observed post-earthquake observation. The obtained value is comparable with the

estimated value and post-earthquake observed value.

Table 3.12 Liquefaction-induced lateral spreading

Present study Dash et al. (2009) Observed
16% 84% 16% 84% value
probability  probability  probability probability
Lateral 18.43 73.73 24 91 80-100

spreading (cm)

The peak ground displacement (PGD) is almost uniform for depth 10.0 m from ground
surface as shown in Fig. 3.22(a). The PGD below depth 10.0 m decreasing linearly and
becomes negligible at the bottom of liquefiable layer. Fig. 3.22(b) represents the displacement
time-history of the site under Bhuj motion. It is noticed that soil shows residual displacement
at the end of loading cycle indicating probability of earthquake-induced lateral spreading
under strong motion. The PGD at surface of soil are 0.590 m.

The results of the present analysis are compared with the post-earthquake observations as well
as the analyses reported in the literature. The current results are matching well with the field

observations at port building site.
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Fig.3.22 a PGD profile and b displacement time-history

Page | 72



Chapter 4

Pseudo Static Analysis of Piles

4.1 Analysis of Laterally Loaded Single Pile in Non-Liquefiable Homogenous

Cohesionless Soil

The solution of laterally loaded pile (LLP) foundation is complex problem and involves
nonlinear soil-structure interaction (SSI) effects. The exact solution of LLP foundation is not
well established unlike vertically loaded piles (VLP). Ultimate lateral resistance of soil and
maximum allowable lateral displacement of pile are the two principal criteria for design of
laterally loaded pile (LLP) foundation. The ultimate lateral resistance of a single pile depends
on both geotechnical properties of soil and structural properties of pile. The pattern of failure
of short and long piles are also different. The failure of short pile is due to rigid body
translation or rotation whereas that of long pile is by forming one or more plastic hinges. Only
approximate solutions based on theoretical analysis are presented in Indian standard code of
pile foundations 1S-2911-Part | (1984). The effects of SSI are neglected in conventional
design practice assuming fixed base condition to avoid complexity of the problem. However,
this assumption valid for low rise structures resting on stiff soil. The consideration of SSI
becomes compulsory for laterally loaded high rise structures resting on soft soil. The
flexibility of the supporting soil medium affects the time period and damping properties of the
structure. So, the seismic response of structure may not be accurate by neglecting or
oversimplifying the SSI effects. The effects of nonlinear SSI on free and fixed head single
pile under lateral load in cohesionless soil is investigated in the current study using Beam on
nonlinear Winkler foundation (BNWF) model. Fig. 4.1 (a) and (b) presents the basic Winkler
hypothesis for beam on elastic foundation. The Winkler model for laterally loaded soil-pile
system is shown in Fig. 4.1(c). The simplified BNWF model is capable to incorporate
nonlinear SSI effects accurately with less computational operation. The effects of various soil
types on pile and soil response are investigated for single pile considering nonlinear SSI

effects. The effects of (L/d) ratio and pile head fixity condition are also studied for loose sand.
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Fig 4.1 a,b Winkler hypothesis and ¢ Winkler model for LLP (Murthy 2018)

The basic differential equation of LLP under axial load P is given by:

d*y  pd%y _
El E-F PE-F Esy—O

(4.1)

where, E;=-ply, E (soil elastic modulus) and soil resistance (p) are dependent on pile

displacement (y).
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Fig 4.2 a Variation of soil elastic modulus with depth and b p-y curve (Murthy 2018)

E varies with depth (z) as shown in Fig. 4.2(a) in the following form:

Es=nyz" 4.2)
where, ny, is co-efficient of soil elastic modulus.

The variation of soil resistance (p) with pile displacement for a particular depth is also shown
in Fig. 4.2(b) in the form of p-y curve.

The differential equation 4.1 may be solved using analytical or numerical technigues.

Analytical solutions can only be obtained for constant Es with depth.

4.1.1 Model Description

A 3D soil-pile model has been built using open-source finite element-based code, OpenSees
(McKenna and Fenves 2001) BNWF model is used to model the interaction between pile and
soil as shown in Fig. 4.3. Pile and soil are simulated by displacement-based beam element and
nonlinear spring element respectively. p-y curves based on API procedures (APl 2007) are
used for simulating nonlinear behaviour of soil. The model is developed with three different
sets of nodes: fixed spring nodes, slave spring nodes and pile nodes. The finite element mesh
is generated using element length of 0.5 m. The three-dimensional spring nodes having three
translational degrees of freedom are generated. Zero-length elements are used to define soil
springs using fixed and slave-nodes. Distinct uniaxial material objects are used in the lateral
and vertical directions. The p-y springs oriented in lateral direction represent lateral resistance
of soil-pile interface. On the other hand, vertically-oriented t-z and Q-z springs represent skin

friction along pile length and end bearing at pile base, respectively. The p-y, t-z and Q-z
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springs are defined using the PySimplel, TzSimplel and QzSimplel uniaxial materials,
respectively. The detail backbone equations and parameters of these springs are presented by
Boulanger et al. (1999) and Boulanger (2000). The three-dimensional pile nodes are created
with six degrees of freedom. Both translational and rotational degrees of freedom of pile
nodes are considered. Orientation of the pile is done by specifying a linear coordinate
transformation object. The topmost pile head node is simulated as free head condition to
apply lateral load. The pile nodes are connected with slave nodes of soil springs using equal
degree of freedom command. Here the pile nodes are considered as master nodes. Both the
nodes share equal degrees of freedom in lateral and vertical direction. Elastic behaviour of

pile is considered using elastic section object.

p—y spring

[T k= Ground surface
2 le > AL L4 .
Pile node o—/\\\— t -z spring
2 ‘e y L 2 . 2
Embedded length, 1.2 e KAA-S Fixed spring node
Pile element | . Slave spring node
N el ]
Equal DOF =
L ] s
e _de AAN Q — z spring

Fig. 4.3 BNWF modelling approach adopted for soil-pile interaction (McKenna and Fenves
2001)

4.1.2. Validation of the Present Numerical Model

The reliability of the present finite element based numerical model is verified by comparing
results with the theoretical solution of Reese and Matlock (1956). A laterally loaded single
pile of length 10 m and diameter 0.5 m resting in loose sand is analysed using present model.
The modulus of subgrade reaction is taken as 6800 kN/m3 (Matlock and Reese 1960). Lateral
load of magnitude 150 kN is applied at pile top. Figs. 4.4(a), (b) and (c) present the
comparison of lateral displacement, shear force and bending moment profile of pile using the
present model and theoretical solution. The present results are matching well with the
theoretical solutions available in the literature. The slight deviation in results may be equitable

due to different analysis methodology and soil model which are considered based on soil
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descriptions. Hence, the BNWF model implemented in OpenSees can be efficiently used for

lateral response of pile foundation.
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Fig. 4.4 Comparison of a lateral displacement and b shear force and ¢ bending moment and

response of pile obtained from present study with Reese and Matlock (1956)

4.1.3 Parametric Studies

The behaviour of LLP foundation depends on a number of parameters. The effects of various
soil types on pile and soil response are investigated using present model for single pile. The
effects of slenderness ratio (L/d) of pile and pile head fixity are also studied. The length of
pile is varied from 5.0 m to 15.0 m keeping diameter constant (0.5 m) for parametric study.
Tables 4.1 and 4.2 summarises the properties of pile and soil used in the study respectively.
The properties of pile and soil are taken from IS 456-2000 and Das (1983) respectively.
Single layer cohesionless soil is considered and the ground water table is considered well
below the tip of the pile. Pile head is located at ground surface. Lateral load of 150 kN is

applied linearly from 0 kN to 150 kN over a 10 sec at topmost pile node using plain pattern
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with elective time-series parameters. The load-controlled integrator is used to conduct the
analysis.
Table 4.1 Pile parameters considered in the present study (1S 456-2000)

Particulars Values
Length of pile (L) 15m
Diameter of pile (d) 0.5m
Lateral load 150 kN
Grade of concrete M30
Young’s Modulus of Pile (E) 27400 MPa
Poisson’s ratio of pile (up) 0.2
Moment of inertia of pile (I) 0.003066 m4

Table 4.2 Soil parameters considered in the present study (Das 1983)

Soil type Unit weight, s Young’s Poisson’s Friction angle,
(KN/m?3) Modulus, Es ratio, us ¢ (°)
(MPa)
Loose sand 17 18 0.25 29
Medium sand 19 25 0.30 33
Dense sand 21 50 0.35 40

4.1.3.1 Influence of Soil Type on Pile and Soil Response

Static analysis for 15.0 m long pile (L/d=30) has been performed for loose, medium and dense
soil types and the results are presented. Variation of lateral displacement profile of pile is
presented in Fig. 4.5(a) for various soil types. It is observed that the maximum lateral
displacements at free end for loose, medium and dense sand under same lateral load of 150
kN are 24.12, 9.33 and 4.22 mm respectively. Maximum lateral displacement is reduced by
82.50% when the soil type changes from loose to dense sand. So, the significant reduction of

lateral displacement of pile is observed with the increase of stiffness of soil.

The variation of shear force and bending moment of the pile along depth are shown in Figs.
4.5(b) and 4.5(c) respectively. The peak value of shear force obtained is 150 kN at free head
of the pile. The depths correspond to point of inflection are 2.5 m, 1.5 m, 1.5 m for loose,

medium and dense sand respectively. The maximum values of bending moment are also
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affected by the stiffness of soil. The maximum bending moments are 218.18 kN-m, 170.33
kN-m and 128.58 kN-m for loose, medium and dense sand respectively. The depth correspond
to peak bending moment is dependent on soil type. The peak value of bending moment of
pile is reduced by 41.10% when the soil type changes from loose to dense sand. The depth of
point of contraflexure from ground surface decreases with the increase of relative density of
soil. Fig. 4.5(d) presents the soil reaction profile for various soil types. The response is
negative from the ground surface to about 4.5 m, 3.0 m and 2.5 m depth, then transitions to
positive until about 9.0 m 6.0 m and 5.0 m depth, for loose, medium and dense sand, has a
second smaller negative section, and then is nearly zero near the tip of the pile. The peak
value of soil reaction obtained for loose, medium and dense sand are 44.12, 70.87 and 95.98
kKN/m respectively. Also, the soil reaction of dense sand is 35.40% more than loose sand

under same lateral load.
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Fig. 4.5 Profile of a lateral displacement b shear force ¢ bending moment of pile and d soil

reaction response for various soil types
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4.1.3.2 Influence of (L/d) Ratio on Pile and Soil Response

The behaviour of pile as short rigid or long flexible, response of pile and soil are highly
influenced by L/d ratio of pile. Fig. 4.6(a) shows the impact of L/d on lateral displacement of
pile in loose sand. The pile having L/d ratio 10 behaves like short rigid pile and tends to rotate
with respect to point of inflection. The peak opposite displacement appeared at the bottom of
short pile as shown in Fig. 4.6(a). The Piles having L/d ratio 15, 20 and 30 behaves like long
flexible piles and the maximum negative displacement occurred in between inflection point
and the base of pile. Also, the negative tip displacement is more for short pile with compared
to long pile.

It is observed that the maximum bending moment are 211.55 kN-m for L/d ratio 10 and
218.18 kN-m for L/d ratio more than 10 in loose sand. Also, the maximum bending moment
of pile decreases along length for L/d ratio 10 and 15. However, the negative bending moment
occurs near the point of contraflexure and finally becomes zero at base of pile for L/d ratio 20
and 30 as shown in Fig. 4.6(b).

The soil reaction profile for various L/d ratio of pile in loose sand are presented in Fig. 4.6(c).
The soil reaction is 46.80% more for pile having L/d ratio 10 than other L/d ratios resting in
loose sand. Also, soil reaction for the pile having L/d ratio 10 transitions to positive and
becomes maximum at the pile tip. When L/d ratio exceeding 10 the reaction changes to

positive and has a second smaller negative and tends to zero near the base of pile.
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Fig. 4.6 Profile of a lateral displacement b bending moment of pile and c soil reaction

response in loose sand for various pile L/d ratio

4.1.3.3 Influence of Pile Head Fixity Condition on Pile and Soil Response

The effects of pile head fixity on lateral displacement response of L/d ratio 10 and L/d ratio 30
for loose and dense sand are presented in Fig. 4.7(a) and (b) respectively. The rigid behaviour

showing rigid body rotation is noticed for free and fixed head pile (L/d=10) in loose sand.

But, in dense sand the flexible type behaviour was observed for same pile for both free and

fixed head condition. However, the behaviour of L/d ratio 30 is always flexible type for all
types of soils and pile head fixity condition as shown in Fig. 4.7(b). Also, it is observed that
the lateral displacement of pile decreases significantly when the pile head fixity changes from
free head to fixed head condition. The lateral displacement of pile having L/d=30 for loose
and dense sand is decreased by 69.75% and 73.90% respectively when the pile head fixity

changes from free to fixed head condition.
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Fig. 4.7 Lateral displacement profile for a pile (L/d=10) and b pile (L/d=30)
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The bending moment profiles of short and long pile for different pile head condition and soil
type are presented in Fig. 4.8(a) and (b) respectively. The pile head fixity condition and L/d
ratio have profound influence on bending moment profile. The depth corresponds to
maximum bending moment are also different for free and fixed head pile. The maximum
bending moment of free head and fixed head long pile is reduced by 41.10% and 45.60%

respectively for changes of relative density of soil from loose to dense.
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Fig. 4.8 Bending moment profile for a pile (L/d=10) and b pile (L/d=30)

The soil response is also dependent on pile head fixity condition for various L/d ratios of pile.
Figs. 4.9(a) and (b) illustrate the soil reaction profile for pile L/d ratio 10 and 30 respectively
embedded in loose and dense sand. The pattern of soil reaction of free and fixed head pile

having L/d ratio 10 in loose sand is completely different with that of pile having L/d ratio 30.
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Fig. 4.9 Soil response profile for a pile (L/d=10) and b pile (L/d=30)
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4.2 Seismic Response of Laterally Loaded Single Piles in Liquefiable Multi-Layered
Sloping Ground

The seismic response of pile foundation in liquefiable soil is a complex nonlinear soil-
structure-interaction (SSI) problem. It involves evaluation of inertial interaction between
super-structure and pile foundation, kinematic interaction between soil and pile foundation as
well as degraded strength and stiffness of soil due to liquefaction. The degradation of strength
and stiffness of liquefiable soil in sloping ground may develop considerable amount of shear
force and bending moment in the pile due to lateral spreading, leading pile failure (Finn and
Fujita 2002). A significant number of damages and/or collapses of pile foundations and pile-
supported structures in level and mild sloping liquefiable ground during past major
earthquakes such as San Francisco (1906), Niigata (1964), Northridge (1994), Kobe (1995),
Chi-Chi (1999), Bhuj (2001) and Sumatra (2004) pose great concern to the geotechnical
earthquake engineering community.

In traditional practice, the piles are analysed and design based on inertial load from super-
structure during earthquake neglecting the effects of kinematic interaction. However, for
seismic design of pile foundations in liquefiable soil both kinematic and inertial loading needs
to be considered. The base of super-structure does not follow the free-field motion during
travelling of seismic waves from bedrock level to the ground level due to presence of
embedded piles. This difference in response of soil-pile system from the free-field motion will
develop bending moment in the pile foundation even in absence of super-structure and is
termed as kinematic interaction. It is to be separated from inertial interaction due to presence
of mass of the super-structure. The response of pile due to inertial interaction diminish rapidly
below depth of 10 to 15 times pile diameter from ground level (Mylonakis 2001). So, the
kinematic response of pile is responsible for failure of piles at greater depth.

The presence of mild slope may significantly influence on kinematic pile bending. Past
earthquakes also demonstrated that pile-supported structures are vulnerable to kinematic
bending failure in liquefiable sloping ground. However, interaction between kinematic and
inertial interaction of piles in liquefiable sloping ground is still scanty in the literature.
Therefore, the aim of this study is to investigate the seismic response of single piles in
liquefiable sloping ground using pseudo-static approach based on beams on nonlinear
Winkler foundation (BNWF) model considering nonlinearity of soil. Then parametric studies

have been conducted for evaluating the effects of ground slope, slenderness ratio of pile, pile
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head fixity condition, existence of liquefiable layer, depth of liquefiable soil layer and

embedment depth of pile on seismic response of layered soil-pile system.

4.2.1 Current Design Approaches

In this pseudo-static method, a free-field ground response analysis is conducted in stage | to
evaluate the peak ground displacement (PGD) profile and peak ground acceleration (PGA) at
surface level. In stage I, a static analysis is performed for the pile subjected to PGD profile
obtained in stage | and pseudo-static lateral load at pile head. The lateral load is calculated by
multiplying the PGA at surface level with the maximum axial load acting on pile head and
lateral load co-efficient. In the present study, a similar method is adopted for estimation of

seismic response of pile foundations in liquefiable sloping ground.

4.2.2 Methodology

In the present study, a finite-element based numerical approach has been adopted for seismic
analysis of single pile embedded in liquefiable multi-layered sloping ground using open-
source finite element-based computational platform OpenSees. This software framework
allows for developing applications to simulate the performance of structural and geotechnical
systems subjected to earthquake loading. The various steps for seismic response analysis of

pile are summarized below:

(1) 1D nonlinear ground response analysis (GRA) has been carried out for predicting the
layered soil response using input ground motion at bedrock level. From this analysis,
PGA at ground surface and PGD profile along pile depth can be calculated. The
present study utilizes the nonlinear methods of analyses through computer program
CycliclD. CycliclD has been developed for 1D wave propagation analysis using
pressure-dependent and pressure-independent soil constitutive models. The
constitutive model of soil in CycliclD has the capability to narrate the development
and dissipation of pore water pressure.

(2) The maximum axial load on pile during earthquake will be increased due to additional
dynamic axial load for inertial action of the superstructure. If Ps is the static axial load
acting on each pile head from superstructure and a is the dynamic axial load factor,

then the maximum axial load (Pg4) can be estimated using equation (4.3) as proposed
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by Bhattacharya (2006). o may vary from 0.1 to 0.5 depending up on the type of
superstructure, supporting soil condition, characteristics of input earthquake motion.

P,=P,(1+a) (4.3)

(3) If my is the peak ground acceleration (PGA) at ground surface obtained from nonlinear
GRA in step 1 and a is the lateral load co-efficient, then the lateral inertial load at pile
head can be calculated as below (Chatterjee and Choudhury 2017):

H = (a*Py;)*m, (4.4)

(4) A 3D model based on BNWF method has been built (Fig. 4.10) using open-source
finite element-based code, OpenSees to incorporate the interaction between pile and
soil in liquefiable three-layered sloping ground with slope angle « and pile length L
below ground. The thickness of top non-liquefiable (NL) crust, intermediate
liquefiable layer and bottom stiff NL base layer are Li, Liiq and E respectively.
Displacement-based beam element and nonlinear spring element are used for
simulating pile and soil respectively. The pile axis is oriented in z-coordinate direction
and x-coordination is the direction of lateral loading. Zero length elements are used to
represent the soil spring. Fixed spring nodes, slave spring nodes and pile nodes are
used to create the model. The soil end and pile end of the spring elements are
considered as completely fixed and only free in direction of loading respectively. The
pile nodes are connected to the pile end of soil springs as slave nodes in the direction
of loading using equal degree of freedom command. The pile nodes are considered as
fixed against translation in the y-direction and rotation out of the plane of loading. The
base of the pile is also assumed as fixed against vertical translation. The p-y springs
oriented in lateral direction represent lateral resistance of soil-pile interface. The p-y
springs are defined using the PySimplel uniaxial materials. The detail backbone
equations and parameters of these springs are presented by Boulanger et al. (1999) and
Boulanger (2000). The input parameters for defining PySimplel material are ultimate
lateral resistance of soil (Pu) and displacement at 50% lateral capacity (yso). Put
values of soft clay and sand are calculated using procedure proposed by Matlock
(1970) and Brinch Hansen (1961) respectively.
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Py is calculated using the smaller of the values given by the equations below for soft
clay under GWT:

P, = [3+Z—’Z+éz] Cy*d (4.52)
B, =9C,d (4.5b)
where,

d = diameter of the pile (m)

z= depth below ground surface (m)

)’ = effective unit weight (kN/m3)

/= factor determined experimentally by Matlock equal to 0.5

Cx = undrained shear strength at depth z (kPa)
Py for sand is defined as per the method of Brinch Hansen (1961) as follow:
P, = [y*z* KqD+C*KcD]*d (4.6)

Where, Kqp and K¢p are the earth pressure coefficient for overburden pressure and
cohesion respectively as functions of friction angle and depth to diameter ratio (z/d) of
pile.

PySimplel material formulated with Pyt as a force, not force/length, multiply by

tributary length
Py = [P, x dz] (4.7)

Where, dz is the element length in finite element mesh which is 0.5 m in present case.
yso values of clay and sand are calculated using procedure proposed by Matlock
(1970) and recommendation by the API (2007) respectively. The yso value of soft clay
can be calculated using equation (4.8). The strain corresponding to one-half the
maximum principal stress difference (€so) to be taken as 0.020 for soft clay (Matlock
1970).
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Yso = 2.5 % E5p x d (4.8)

p-y curves based on API procedures are used for calculating of yso of sandy soil. The
p-y curves for non-liquefiable cohesionless soil are defined by the following

hyperbolic equation based on API procedure:
kz
p = AP, * tanh(Hy) (4.9

where k is the coefficient of subgrade reaction and A is loading type (cyclic or static)
and initial tangent stiffness is obtained as kr=kz by derivation of equation (4.9) with
respect to y at y=0.

The values of k of sands above and below GWT are recommended by API based on
relative density and friction angle. The value of k increases with increasing friction
angle nonlinearly. So, the linear variation of k as recommended by API does not
illustrate the true soil response gives overestimation at greater depth. The value of API
subgrade reaction modulus (k) has been modified with depth using parabolic variation

after Boulanger et al. (2003) as:
k* = kAPICO' (410)

where,
k* = corrected modulus of subgrade reaction,
kapi =API recommended initial modulus of subgrade reaction,

C, = overburden stress correction factor,
Co = (Uref’/( Uv’))AO-S (4.11)

oret’ = reference stress at which k was calibrated, taken as 50 kPa.

oy' = effective overburden stress.

The value of yso can be evaluated for sand based on ultimate lateral resistance (pu),
loading type coefficient (A) and corrected subgrade modulus (k*). When half of full
resistance has been mobilized, p(y50)/Pult = 0.5
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_ os(3) b 2
Ys0 = [’ * atanh(x) | (4.122)
atanh(x) =+ In((1+x)/(1 —2),|x| < 1 where, x=0.5 (4.12b)

Loading-type coefficient A for given depth-to-diameter ratio (z/d) values are obtained

from a figure as recommended by API.

(5) In case of soil liquefaction, stiffness of soil is significantly reduced. The effects of
liquefaction on p-y curves of sand can be considered in three different ways. At first,
the lateral resistance of sandy soil under liquefiable condition can be neglected and
supposed to be zero. This method is highly conservative and not economic from
design point of view (Janalizadeh and Zahmatkesh 2015). Secondly, liquefiable sand
can be treated as undrained soft clay and undrained shear strength can be obtained
from initial effective overburden pressure (ov) and relative density (Boulanger et al.
2003):

Pyiiqg = Np * Sy *d (4.13)

where:

Puliq = ultimate soil resistance of liquefiable soil,

Np= 9 considering plane strain condition,

Su = mobilized shear resistance of the liquefied soil

The shear resistance ratio (Sw/ov) depends on relative density of sand and loading

history. This ratio for loose liquefiable sand may be considered to be:

S,/o, = 0.07 (4.14)

In the third method, reduction factor or p-multiplier is used to degrade the soil
stiffness due to liquefaction. A multiplication factor varying from 0.01 to 0.3 is
generally used for the p-y curves of sandy soil under liquefied state (Janalizadeh and
Zahmatkesh 2015; Boulanger et al. 2003; Brandenberg et al. 2007). In the present
study, second method using equation (4.13) and (4.14) has been adopted for

evaluating Put of liquefiable sand and the constant degradation factor 0.10 has been
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considered to reduce the APl recommended initial modulus of subgrade reaction (k)
for yso calculation.

(6) The whole procedure is completed by conducting pseudo-static analysis using static
load control integrator using open-source finite element-based code, OpenSees. The
laterally loaded single pile is analysed using BNWF model subjected to kinematic
loading from lateral ground displacement only (H=0) as shown in Fig. 4.10. The free-
field PGD profile obtained in step 1 is employed incrementally to the soil end of the p-
y springs to simulate lateral spreading. Also, the pile response for inertial loading (H)
alone at pile head as equivalent static load from vibration of the superstructure may be
evaluated. The combined pile response due to kinematic and inertial interaction may
be obtained using principal of superposition. The combined response can be obtained
by square root of sum of squares (SRSS) of individual response when natural period of
structure (Ty) is greater than natural period of ground (Ts) and by adding the individual
response algebraically at various nodes along pile depth when Ty, is less than Ts
(Tokimatsu et al. 1998).

Pile

p-y spring
Liiq

Original position

EnL

Fig. 4.10 A beam on the nonlinear Winkler foundation (BNWF) model for pseudo-static
analysis

4.2.3 Validation of the Present Numerical Model

The performance and reliability of the present finite element based numerical model is
verified by comparing results with the established theoretical solution and past case study. A
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laterally loaded single pile of length 15 m and diameter of 0.5 m resting in loose sand is
analysed using present model. The modulus of subgrade reaction is taken as 6800 kN/m3
(Matlock and Reese 1960) Lateral inertial load of magnitude 150 kN is applied at pile top.
Figs. 4.11(a) and (b) present the comparison of lateral displacement and bending moment
profile of pile using the present model and theoretical solution of Reese and Matlock (1956).
The present results are matching well with the theoretical solutions available in the literature.
The slight deviation in results may be equitable due to different analysis methodology and soil
model which are considered based on soil descriptions. Hence, the BNWF model
implemented in OpenSees can be efficiently used for lateral response of pile foundation due
to inertial loading.

The kinematic pile response obtained using present methodology is compared with the filed
observation of Niigata Family Courthouse (NFCH) building during 1964 Niigata earthquake.
The building is a three-storied pile-supported RC structure with pile length (L) and diameter
(d) of 7.0 m and 0.350 m respectively as reported by O’Rourke et al. (1992). The top 8.0 m
soil of the building site was loose sandy deposit with SPT N values below 10. The location of
ground water table was reported at 2.0 m below ground level. Hence, the pile tip was founded
in liquefiable deposit with upper 2.0 m composed with non-liquefiable crust. O’Rourke et al.
reported that the Niigata earthquake (Magnitude 7.5) induced lateral spreading and PGD as
per field observation was about 660 mm. Kinematic pile lateral displacement and bending
moment have been evaluated in the present study using reported ground displacement by
O’Rourke et al. The value of Young’s modulus of pile used in the study is 27400 MN/m2
(Phanikanth et al. 2013). The lateral pile displacement and bending moment obtained using
present model with API procedure for non-liquefiable soil and method recommended by
Boulanger et al. (2003) for degradation of strength of liquefiable soil are shown in Figs.
4.12(a) and (b) respectively. Also, exponentially variable degradation factor of 0.1 (top of
liquefiable crust) to 1.0 (bottom of liquefiable crust) has been considered using exponential
decay function as proposed by Janalizadeh and Zahmatkesh (2015) in the form of:

z

In(~Ry)
Ry = Ry * eMia — ° (4.15)

Where R is the degradation factor at depth z from top of layer; Liiq is the depth of liquefiable
crust; Ro is the degradation factor at the top of liquefiable crust and are compared with
analytical results of Meera et al. (2007) and field observation of O’Rourke et al. (1992) as
shown in Figs. 4.12 (a) and (b) respectively. The variation of pile displacement from PGD

reported in literature is due to non-availability of actual soil data of top 2.0 m layer to
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incorporate in the present model. It is seen from the displacement profile that though the
ground displacement is trapezoidal, pile behaviour is rigid which is justified as the maximum
depth co-efficient (L/T) is 3.40 <4.0 (1S2911 Part 1/Sec 1I: 2010), where relative stiffness

factor, Tz(:—l)"o.z; El= flexural rigidity of pile, nn=coefficient of subgrade
h

reaction=0.1x5400=540 kN/m? for loose sand below GWT (Matlock and Reese 1960). The
maximum pile kinematic bending moment obtained in the present study are 58.72 kN-m and
69.24 kN-m for constant degradation factor Boulanger et al. (2003) and exponential variable
degradation factor (Janalizadeh and Zahmatkesh 2015) respectively. The maximum bending
moment estimated by Meera et al. (2007) was 53.8 kN-m and filed bending moment by
O’Rourke et al. (1992) was 55.9 kN-m.

It is observed that the results obtained in this study using constant degradation factor agree
well with the analytical results and field observation. Hence, the present numerical model is
validated for both inertial and kinematic loading with previous authors. The use of constant
degradation factor approach for liquefied state has been adopted for subsequent analysis of

piles in liquefiable soil.

Lateral displacement (m) Bending moment (kN.m)
-0.01 0 0.01 0.02 0.03 -100 0 100 200 300
3 / ) )
- B
— -6 1
-g- -6 f
£ g o
o 9 7 Present study a Present study
e 12 A
-12 A Reese and Matlock (1956) Reese and Matlock (1956)
-15 A
-15
() (b)

Fig. 4.11 Comparison of present study with theoretical solution of Reese and Matlock (1956)

a lateral displacement and b bending moment response of pile for inertial loading
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Kinematic pile lateral displacement (m)

Kinematic pile bending moment (kN-m)
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Fig. 4.12 Comparison of present study with analytical results and field observation a

kinematic pile lateral displacement and b kinematic pile bending moment response

4.2.4 Present Study

The seismic behaviour of a single pile in liquefiable multi-layered sloping ground subjected to
both inertial and kinematic loading is studied in the present study using Kandla Port case
study (Dash et al. 2009) as shown in Fig. 4.13. Each pile in the pile group of Kandla Port
building is represented by black circle in plan view as shown in Fig. 4.13(b). The BNWF
model considered for this study is shown in Fig.4.14. The boundary conditions considered
here are similar to the Fig. 4.10. The soil end of p-y springs is considered as completely fixed
and pile end of p-y springs is only free in direction of loading. The pile nodes are connected
soil springs in the direction of loading using equal degree of freedom. The pile nodes are
considered as fixed against translation in the y-direction and rotation out of the plane of
loading. The base of the pile is also assumed as fixed against vertical translation. Elastic
section properties are assigned to model the pile foundation. The length of each beam element
of pile considered is 0.5 m. Kandla Port is located in the Kandla Creek and is 50 km from the
epicentre of the earthquake. The Kandla Port tower, a 22.0 m high six-storied building
supported on combined pile-raft foundation is located proximate to waterfront. The building
was supported by 12 numbers of column (0.45x0.45 m and 0.25x0.25 m) and 32 numbers
RCC piles having diameter 0.4 m and length 18 m. The 0.5 m thick foundation mat was
provided as a rigid pile cap. The pile properties and structural details of Kandla Port building
are tabulated in Table 4.3 and 4.4 respectively (Dash et al. 2009; IS 456-2000). The typical
soil profile of Kandla Port site at Gujarat state of India (Dash et al. 2009) is consisting of
recent unconsolidated layer of clay, silt and sand. The ground slope of Kandla Port site is

Page | 92



Chapter 4: Pseudo Static Analysis of Piles

about 5-degree towards seaside. The ground water table (GWT) is located at 1.5 m below
ground surface. The input motion considered is the 2001 Bhuj earthquake. The 2001 Bhuj
earthquake (Mw=7.7) was the most devastating seismic hazard causing tremendous damages
of lives and properties in urban area of India. The maximum bedrock level acceleration
(MBRA) was 0.106g. The acceleration time-history of the earthquake is shown in Fig. 3.2(b).
Four distinct ground slopes of 0, 2.5, 5.0 and 8.0 degree are also considered for parametric
study.

1D effective-stress based free-field nonlinear GRA has been carried out for predicting the
layered soil response of Kandla port building site with various ground slope using 2001 Bhuj
earthquake input ground motion at bedrock level through computer program CycliclD. A
finite element model in the present study is defined in Cyclic1D by specifying the total height
of soil profile of 40m.The multi-layered soil profile layer has been divided into total 80
numbers of elements, each of 0.50m thick after convergence analysis. Predefined material
models of clayey and sandy soils are chosen to define the soil profile of the site as tabulated in
Table 3.10.

The depth of liquefaction of the port site has been assessed using the results obtained from
nonlinear GRA. The profile of excess pore pressure (EPP) ratio is evaluated at each depth of
Kandla Port site as shown in Fig. 3.20(a). The EPP ratio is almost 1 for soil layer of 10.0 to
22.0 m depth under the Bhuj earthquake. So, the intermediate fine to coarse sandy strata is
prone to liquefaction. Also, simplified deterministic method is used to assess the liquefaction
susceptibility of the port site as shown in Fig 3.20(b). It is clear from graph that the FOS is
less than 1 for top clay (1.5-10.0 m) and intermediate sandy layer (10.0-22.0 m) under Bhuj
motion. So, the upper clay stratum experiences ground deformation and cracking due to cyclic

failure. Moreover, intermediate sand layer (10.0-22.0 m) is susceptible to liquefaction.
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Fig. 4.13 Details of a Kandla Port Building and b foundation layout plan (Dash et al. 2009)

0=5 deg
Pile
L1=10.0 m
p-y spring
Original
position
LLig=8.0 m E:'-Z-Z-Z'I'Z-Z:

Fig.4.14 BNWF model considered in the present study for pseudo-static analysis of pile
foundation of Kandla Port building
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Table 4.3 Pile properties considered in the present numerical study (Dash et al. 2009; IS 456-
2000)

Properties Values
Characteristic compressive strength of concrete (fe) 30 MPa
Young’s Modulus (E) 30 GPa
Poisson’s Ratio (l1) 0.30

Unit weight (yp) 25 kN/m®
Length of pile (L) 18.0m
Diameter of pile (d) 04 m

Table 4.4 Structural details of Kandla Port building (Dash et al. 2009)

Description Values

Number of stories 6 nos.

Building height (h) 22.0 m from GL
Building type RCC frame structure
Building dimensions at plinth level (I x b) 9.6mx9.8m
Foundation type Combined piled-raft
Foundation-raft dimensions 1145mx119mx0.5m
Numbers of pile 32 nos.

Total weight of building 10749 kN

Load on each pile 336 kN

The different input parameters calculated for seismic nonlinear soil-structure interaction
analysis of single piles in liquefiable sloping ground are illustrated in Table 4.5. The variation
of stiffness factor (T) and depth co-efficient (L/T) with depth for liquefied and non-liquefied
condition are shown in Fig 4.15(a) and (b) respectively. It is noticed that depth coefficient
(L/T) for soil-pile system in Kandla port building site varies from 10.9 to 12.5 for non-
liquefied condition and 6.8 to 12.5 for liquefied condition. So, flexible pile behaviour can be

expected in both non-liquefiable and liquefiable condition as per IS 2911-Part | (1984).
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Relative stiffness factor, T (m)
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Fig. 4.15 Variation of a relative stiffness factor and b depth coefficient with depth under non-

liquefied and liquefied condition

Table 4.5 Input parameters for soil-pile interaction analysis in liquefied condition

Depth (m)  pu(KN/m)  pur(kN) A Kapi K" (kN/m?®) yso (M)
(KN/m?)
0.5 15.74 7.87 0.020
1.0 19.48 9.74 0.020
15 23.21 11.61 0.020
2.0 26.95 13.48 0.020
2.5 30.69 15.35 0.020
3.0 34.43 17.21 0.020
3.5 36.00 18.00 0.020
4.0 36.00 18.00 0.020
4.5 36.00 18.00 0.020
5.0 36.00 18.00 0.020
55 36.00 18.00 0.020
6.0 36.00 18.00 0.020
6.5 36.00 18.00 0.020
7.0 36.00 18.00 0.020
7.5 36.00 18.00 0.020
8.0 36.00 18.00 0.020
8.5 36.00 18.00 0.020
9.0 36.00 18.00 0.020
9.5 36.00 18.00 0.020
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10.0 15.62 7.81 0.88 0.898 12487 1121.36 0.000435
10.5 16.53 8.27 0.88 0.873 12487  1090.16 0.000450
11.0 17.44 8.72 0.88 0.850 12487  1061.43 0.000466
115 18.34 9.17 0.88 0.829 12487  1034.85 0.000481
12.0 19.25 9.63 0.88 0.809 12487  1010.17 0.000496
12.5 20.16 10.08 0.88 0.790 12487 987.18 0.000510
13.0 21.07 10.53 0.88 0.773 12487  965.69 0.000524
135 21.97 10.99 0.88 0.757 12487  945.55 0.000537
14.0 22.88 11.44 0.88 0.742 12487  926.62 0.000550
14.5 23.79 11.89 0.88 0.728 12487  908.78 0.000563
15.0 24.70 12.35 0.88 0.714 12487  891.93 0.000576
155 25.60 12.80 0.88 0.701 12487  875.98 0.000588
16.0 26.51 13.26 0.88 0.689 12487  860.86 0.000600
16.5 27.42 13.71 0.88 0.678 12487  846.50 0.000613
17.0 28.32 14.16 0.88 0.667 12487  832.84 0.000624
175 29.23 14.62 0.88 0.656 12487  819.81 0.000636
18.0 30.14 15.07 0.88 0.646 12487  807.38 0.000647

4.2 .5 Results and Discussions

The bending moment (M), shear force (F) and lateral pile displacement (y) obtained in the
present pseudo-static analysis are normalized with plastic moment capacity (Mp), plastic
shear capacity (Fp) and pile diameter (d) and plotted in the form of dimensionless bending
moment coefficient (M/Mp), shear force coefficient (F/Fp) and lateral pile displacement
coefficient (y/d) against normalized depth coefficient (z/L) for single pile embedded in
liquefiable multi-layered sloping ground. The effects of both kinematic and inertial
interaction, ground slope, slenderness ratio of pile, pile head fixity condition, existence of
liquefiable layer, depth of liquefiable soil layer and embedment depth on pile response are
evaluated and presented graphically. The plastic moment capacity is evaluated using

following expression (Haldar and Babu 2010; 1S 456-2000):
M, =Z, * o, (4.16)

Where, Z, = Plastic section modulus= d*/6 and g, = yield stress= 0.446fc
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Similarly, shear force coefficient (F/Fp) of pile is calculated by dividing the shear force (F)
with plastic shear capacity (Fp) of pile. The plastic shear capacity of RCC pile is estimated
using IS 456:2000 as below:

E,=F, +F, (4.17)

(0.87*fy* Asv*d)

Where, Fsy = shear capacity of transverse reinforcement = , considering strain

v

hardening of steel and replacing 0.87 by 1.25:

1.25% fy*x Agp* d

Fo =
sy s,

(4.18)

And F.= shear capacity of concrete = §t, G) d?,

3Pu
Agfck

steel as per IS :456-2000

Where, 6=1 +

< 1.50 and z = critical shear stress which is based on percentage of

The plastic moment capacity (Mp) and shear capacity (Fp) of M-30 grade RCC pile of
diameter 0.4 m are calculated to be 143 kN-m and 460 kN respectively using equation (4.16)
and (4.17).

4.2.5.1 Effects of Kinematic and Inertial Interaction

The PGD profile obtained from nonlinear GRA for various ground slope is shown in Fig.
4.16. Ground deformation pattern are almost constant for top non-liquefiable crust and
linearly decreases in liquefiable layer and becomes negligible at the bottom of the liquefiable
layer for 0, 2.5 and 5-degree ground slopes. However, for 8-degree slope, due to additional
gravity component of the soil, whole liquefiable layer will displace laterally along with top
non-liquefiable layer as a rigid mass movement owing to liquefaction-induced lateral
spreading. However, top non-liquefiable layer displaces more with compared to the bottom
liquefiable layer. The PGA at the ground surface obtained from the present analysis are
0.107g, 0.123¢g, 0.155g and 0.165g for 0. 2.5, 5.0 and 8.0 degree ground slope respectively. In
this study, kinematic and inertial effects have been studied using Kandla Port case study with
5-degree ground slope. The PGD profile obtained from nonlinear GRA for 5.0-degree ground
slope is employed to the soil end of the p-y springs for evaluating kinematic response of pile.
The increase of axial load on pile due to inertial action of the superstructure during earthquake

Is estimated using equation (4.1).
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Calculation of maximum axial load under dynamic condition (Pd)

The static axial load acting on each pile of Kandla Port building from superstructure (Ps) is
336 kN. At the beginning of the earthquake, inertial forces generated due to vibration of the
superstructure transmitted to the pile foundations through the pile cap. The inertial force
transmitted as lateral force and overturning moment to the pile through pile cap. The
overturning moment is further transmitted as asymmetrical axial forces through pile cap.
During soil liquefaction, the stiffness of soil-pile system changes significantly and period of
the superstructure also changes. The additional axial load on pile foundations due to change
of period of structure is calculated before and after soil liquefaction.

Before soil liquefaction, the fundamental period of RCC building is calculated as per IS 1893
(2016) as

T, = (0.09 * h)/b"0.5 (4.19)

Where h=height of building= 22.0 m and b= base dimension of the building at plinth level=
9.8 m for this case. The period calculated using equation (4.19) is 0.63 sec. The spectral
acceleration coefficient (Sa/g) for time period between 0.10 sec to 0.67 sec is 2.50 for soft soil
site Type-I11I as per IS 1893 (2016).

So, the base shear of Kandla Port building can be estimated as

Vy = Ap x W (4.20)
Where An= seismic coefficient and W= total seismic weight of the building

z
A, ==
h =35

2* (4.21)
The values of Z=Zone factor=0.36 for zone V, I= Importance factor=1.5 and R= Response
reduction factor=3.0 for Kandla Port building as per 1S1893 (2016).

The value of A, estimated to be 0.225 for this case and total seismic weight is calculated as

W = DL+ 0.25LL (4.22)
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Where DL=Total dead load of the building= 9688 kN and LL=Total live load of the building=
983 kN (Dash et al. 2009).

Hence, total seismic weight of Kandla Port building obtained using equation (4.20) is 9933.75
KN.

Therefore, the base shear of Kandla Port building using equation (4.20) is evaluated to be
2235 kN.

The pile foundation is to be withstand this base shear and lateral load on each pile is 70 kN.
According to Davisson and Robinson (1965), laterally load pile foundations may be assumed
to be fixed at depth of 1.8T below ground level, where T is the relative stiffness factor may be
calculated using the following equation:

T = (El/ny)"0.2 (4.23)

Where, El = Flexural rigidity of pile and ny=coefficient of modulus of subgrade reaction of
soil.

The value of ny can be taken as 6000 kN/m? for soft clay from 1S 2911-Part 1 (2010).

The relative stiffness factor (T) can now be evaluated using equation (4.23) as 1.44 m. Thus,
the depth of fixity may be assumed at 2.60 m below ground level as shown in Fig. 4.17(a).

Now, the rocking moment in pile foundation may be evaluated as

My = 2235 % 2.60 = 5811 kN.m (4.24)

The extra axial compressive load on each pile may be estimated using following formula:

Mpg*1;

Sr7 = 74.32 kN (4.25)

Poxt =

using the values of ri= 11.9/2=5.95 m and Xri?>= 402.68 m from foundation plan of Kandla
port building (Fig. 4.13b). So, the maximum increase of axial load at corner pile of one side
of the pile cap is close to 22.12 %.

During liguefaction, the period of vibration of Kandla Port building is calculated at liquefied
condition. The top 10 m of pile is passing through non-liquefiable crust and bottom 8 m is
passing through in liquefiable soil. Hence, depth of fixity of pile is estimated based on
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degraded stiffness of soil. The relative stiffness factor (T) is evaluated using equation (4.23)
as 2.06 m considering average degraded stiffness value of 1000 kN/m3 from Table 4.5. So,
the depth of fixity of pile will be 3.7 m from interface of liquefiable and non-liquefiable crust
(Davisson and Robinson 1965) and 13.7 m below ground level (Fig. 4.17b) during
liquefaction stage.

The stiffness of Kandla Port building during liquefied condition may be estimated using

L=13.7 m by following equation:

12EI
3
L¢

k, = 32 * 22 = 5627.05 KN/m (4.26)

Here the total stiffness of soil-pile system is supposed to be mainly contributed by stiffness of
pile foundations as stiffness of liquefiable soil is negligible with compared to RCC piles. The
time period of Kandla Port building at liquefied condition is now calculated using following

equation:
0.5
Tyuq =21 (%) = 2.77 sec (4.27)

Where, M= Mass of Kandla Port building =10749 kN
So, the period of vibration of the building is increased by 4.40 (2.77/0.63) times and the

spectral acceleration coefficient (Sa/g) for time period of 2.77 sec would be % = 0.603

according to 151893 (2016).

The value of An will be now 0.054 for Sa/g= 0.603 using equation (4.21). Therefore, the base
shear would be 536.0 kN using equation (4.20). The maximum increase of axial load on
corner pile is calculated using equation (4.25) as

Py = 027515 93 9 kN (4.28)

402.68

The increase of axial load is around 27.95 %. Thus, the axial load on pile may be increased up
to 30% due to soil liquefaction. Here, the dynamic axial load factor («) is considered as 0.35
for calculation of the maximum axial load (Pq) during dynamic condition and the maximum
axial load (Pq) estimated using equation (4.3) is 454 kN. Now, lateral inertial load at pile head
IS estimated using equation (4.4) as 49.0, 56.0, 71.0 and 75.0 kN for 0. 2.5, 5.0- and 8.0-
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degree ground slope respectively considering lateral load co-efficient as 0.1 (Chatterjee et al.
2015).

During liquefied condition, the fixity point of the pile is assumed to be effectively held in
position but not restrained against rotation and top is restrained against rotation but not held in
position which is feasible as top non-liquefiable layer may move laterally with bottom
liquefiable layer in sloping ground. So, effective length (Le) of pile as per Table 28 of IS 456
(2000)= 2 x 13.7 =27.4 m.

The Euler’s buckling load (Pcr) for 0.4 m diameter pile is calculated using following

expression
2E1
Por =3 (4.29)

The value of P¢r obtained using equation (4.29) is 495.0 KN. Therefore, the factor of safety
(FOS) against buckling failure = 495/454 =1.09. Generally, a FOS 3 is preferred by structural
engineers for linear elastic buckling taking account into eccentricities, decaying of elastic
stiffness because of plastic yielding and inevitable imperfections of pile section. In this case,

FOS obtained is 1.09. So, the pile is also prone to buckling failure during soil liquefaction.

Now, the pile response for inertial loading (H) alone at pile head as equivalent static load
from vibration of the superstructure are evaluated for ground slope of 5-degree using static
load control integrator.

The natural period of ground (Ts) is calculated as below:

T, =4%X % =0.74 sec (for H3o=30 m top soil) (4.30)

As the natural time period of the building (Tp) is less than Ts, kinematic and inertial effects
have been studied separately and combined response is evaluated by the algebraic summation
of individual response at various nodes along pile depth. The lateral pile displacement due to
inertial loading is significantly less with compared to kinematic loading in liquefiable sloping
ground as seen from Fig. 4.18(a). It is observed from Fig. 4.18(b) that the bending response at
pile head is mainly governed by the inertial loading and it diminishes rapidly below depth of
25-times pile diameter from ground level. So, the kinematic response of pile is of great

importance at greater depth. However, the combination of kinematic and inertial loading
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determines the critical load for pile foundation during earthquake shaking. The variation of
shear force coefficient (F/Fp) with normalized depth for various kinematic, inertial and
combined loading is shown in Fig. 4.18(c). In the present study, peak lateral displacement
coefficient, bending moment coefficient and shear force coefficient obtained are 1.87 at
ground surface, 2.33 at 6.5 m depth and 0.19 at 11.0 m depth respectively for combined action
of kinematic and inertial action. So, the bending moment developed in the pile exceeds the
capacity of the pile and shear force demand is less than shear capacity of pile. Hence, the pile
is safe against shear failure and unsecured against bending failure. Formation of plastic hinge

Is anticipated at the interface between liquefiable and non-liquefiable crust.

4.2.5.2 Failure Due to Dynamic Amplification

During soil liquefaction, the time period of Kandla port building increases to 1.73 sec which
is far away from the mean period of 0.598 sec of 2001 Bhuj earthquake motion. So, the
possibility of pile failure due to dynamic amplification owing to resonance effect is not

expected in this case.

PGD (m)
0 0.25 0.5 0.75 1
0 1 1 1 J
E10 - /—J
-
20 [~ |
a (f ——S=0deg
30 - ——S5=2.5deg
S=5 deg
-40 - S=8 deg.

Fig. 4.16 PGD profile for various ground slope
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Fig.4.17 Depth of fixity of pile (a) before; and (b) after full liquefaction
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4.2.5.3 Effects of Degradation of Strength and Stiffness of adjacent Non-Liquefiable

Layer at Interface due to Intermediate Liquefiable Layer

Analysis has been carried out for 18 m long and 0.4 m diameter pile resting in Kandla port
soil profile to demonstrate the effects of degradation of strength and stiffness of adjacent non-
liquefiable layer at interface due to intermediate weaker liquefiable layer. The strength and
stiffness values computed in this study are modified using the method proposed by McGaan et
al. (2011) and results are shown in Fig 4.19(a), (b) and (c). It is observed that maximum pile
head displacement does not change significantly. However, the maximum bending moment

and shear force coefficient are reduced from to 1.68 to 1.45 and 0.18 to 0.15 respectively,
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Fig. 4.19 Comparison of a lateral displacement coefficient b bending moment coefficient and
c shear force coefficient with normalized depth with and without degradation of strength and

stiffness of adjacent non-liquefiable layer at interface
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thereby showing a reduction of maximum shear force and kinematic pile bending moment of
almost 14% with considering the strength and stiffness degradation of adjacent non-

liquefiable (NL) layer at interface due to intermediate liquefiable layer.

4.2.5.4 Comparison of Response of Pile for p-y Curve with Conventional P-Multiplier

Method and p-y Curve Considering Shear Hardening

In the recent literature, p-y curve has been developed for pile in liquefiable soil layer
considering shear hardening (Lombardi et al. 2017). It is recognised that liquefiable soil
dilates upon application of undrained shearing. As a result, excess pore water pressure
gradually decreases and subsequently strength and stiffness increases. A comparative plot of
lateral displacement coefficient, bending moment coefficient and shear force coefficient of
pile against normalized depth are presented for p-y curve with conventional p-multiplier
method and p-y curve considering shear hardening as shown in Fig 4.20(a), (b) and (c). It is
seen that lateral pile head displacement does not change at all. However, and maximum
negative bending moment and shear force coefficient are increased from 0.57 to 1.32 and 0.18
to 0.37 respectively, thereby showing an increase of maximum kinematic pile bending
moment and shear force of almost 132% and 105% respectively for kinematic analysis of pile
using p-y curve considering shear hardening with compared to conventional p-multiplier

method.
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Fig. 4.20 Comparison of a lateral displacement coefficient b bending moment coefficient and
c shear force coefficient with normalized depth for p-y curve with conventional p-multiplier

method and p-y curve considering shear hardening

4.2.5.5 Effects of Ground Slope

It is seen from the free-field GRA (Fig. 4.16) that peak ground displacement (PGD) of sloping
ground increases several times with respect to the level ground (S=0 degree). So, large lateral
force may be developed in the pile in sloping ground during liquefaction, which is generally
termed as lateral spreading. The highest PGD value observed for 2.5-degree ground slope.
The PGD values are almost constant for top non-liquefiable crust and linearly decreases in
liquefiable layer and becomes negligible at the bottom of the liquefiable layer for all the
ground slopes except 8-degree. The variation of kinematic lateral displacement coefficient
and bending moment coefficient of pile with normalized depth for various ground slopes are

presented in Figs. 4.21(a) and (b) respectively. The results show that peak lateral
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displacement coefficient increases significantly with ground slope due to kinematic loading
and values are 0.11, 2.54, 1.60 and 2.1 for ground slope of 0, 2.5, 5 and 8.0 degree
respectively. The peak kinematic bending moment coefficients corresponds to 2.5, 5.0 and 8.0
degree ground slope are 4.7, 3.3 and 3.0 times more than level ground respectively. Higher
inclination (5 degree and 8 degree sloping grounds) caused earlier mobilization of soil
movement during initial stage of earthquake and subsequent increase of passive resistance of
soil with passage of time. However, for mild slope (2.5 degree), the displacement increases
with the passage of time due to comparative less passive resistance when subjected to long
duration Bhuj earthquake motion. So, the peak values of lateral displacement and bending
moment for 2.5 degree sloping ground are greater than 5 degree and 8 degree sloping
grounds. More detailed investigation is required for more quantitative reasoning of this
interesting result. The sliding of non-liquefiable crust overlying liquefiable layer in sloping
ground may impose large lateral load on pile. Hence, pile foundation in liquefiable sloping
ground is susceptible to kinematic bending failure.
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Fig. 4.21 Variation of a lateral displacement coefficient and b bending moment coefficient

with normalized depth for various ground slope for kinematic loading

4.2 .5.6 Effects of L/d Ratio of Pile

The effects of L/d ratio on kinematic pile response for pile having constant length (L) of 18 m
and diameter (d) of 0.4 m, 0.6 m, 0.75 m and 1.0 m with corresponding L/d ratio of 45, 30, 24
and 18 are considered in the present study. From Fig. 4.22(a), it is noticed that maximum
lateral pile displacement coefficient decreases from 1.60 to 0.77 which is almost 52% when
the pile diameter increases from 0.4 m to 1.0 m. The variation of bending moment coefficient

(M/Mp) with normalized depth coefficient for various pile diamter is presented in Fig 4.22(b).
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The plastic moment capacity (Mp) of 0.4 m, 0.6 m, 0.75 m and 1.0 m diameter M-30 grade
RCC piles are calculated to be 143 kN-m, 482 kKN-m, 941 kN-m and 2230 kN-m respectively
using equation (4.16). The maximum bending moment developed in the pile increases from
240.22 kN-m to 631.44 kN-m (almost 163%) due to change of pile diamter from 0.4 m to 1.0
m and the maximum bending moment coefficient (M/Mp) obtained are 1.68, 0.84, 0.55, 0.28
for pile diamter of 0.4 m, 0.6 m, 0.75 m and 1.0 m respectively. So, the bending moment
coefficient decreases by 83.33 % due to change of pile diamter from 0.4 m to 1.0 m. M/M,
ratio more than 1.0 for pile diameter of 0.4 m indicates the kinematic bending failure of pile
of Kandla port building using Bhuj earthquake. So, use of large diameter pile is recommended

to avoid kinematic bending failure in liquefiable sloping ground.
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Fig. 4.22 Variation of a lateral displacement coefficient and b bending moment coefficient

with normalized depth for various L/d ratio of pile

4.2.5.7 Comparison of Pile Response in Liquefied and Non-Liquefied Condition

The lateral displacement and bending moment of pile are significantly influenced by the
existance of liquefiable crust within pile length. The effects of ground water table has been
neglected and stiffness degradation factor is assumed to be 1 to simulate non-liquefiable
condition. From Fig. 4.23, it is found that maximum lateral displacement coefficient is
increased from 0.45 to 1.60 due to change of soil condition of inermediate sandy layer of
Kandla Port site from non-liquefiable condition to liquefiable condition. Hence, magnification
factor which is the ratio of maximum lateral displacement of pile in liquefiable condition to
that in non-liquefiable condition obtained is 3.5 considering kinematic effects only. The
maximum kinematic bending moment in liquefiable condition and non-liquefiable condition
are 240.22 kN-m (M/Mp=1.68) and 298 kN-m (M/Mp=2.09) respectively. The maximum
displacement coefficient in liquefied condition is increased because of reduction of soil
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strength and stiffness owing to liquefaction. However, the maximum kinematic bending
moment is more in case of non-liquefiable condition because maximum bending moment at
the interface depends on stiffness contrast between liquefable and non-liquefiable crust. In
this case, the top 10 m soil is soft clay with less stiffness and liquefiable condition of
intermediate layer also reduces the stiffness of 12 m sandy layer. Thus, stiffness contrast
between the top non-liquefiable and intermediate liquefiable soil reduces significaly and less
bending moment developed with compared to non-liquefiable condition. The maximum The

pattern of variation of bending moment with depth also differers in both the condition.
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Fig. 4.23 Variation of a lateral displacement coefficient and b bending moment coefficient

with normalized depth under liquefied and non-liquefied condition

4.2.5.8 Effects of Pile Head Fixity Condition on Pile Response

The pile head fixity condition has a profound effect on pile response. The lateral displacement
coefficient of the pile does not significantly influence by the pile head fixity conditions as
shown in Fig. 4.24(a). Fixed head means free to translate and restrained against rotation (full
rotational fixity) has been considered in this study. The maximum lateral displacement
coefficient of free head and fixed head piles are 1.60 and 1.53 respectively. However, for free
head pile, the maximum bending moment (240.22 kN-m) occurs near the interface of
liquefiable and non-liquefiable layer. For fixed head pile, the maximum bending moment
occurs at two positions: one at the pile head (71.43 kN-m) and other near the interface of
liquefiable and non-liquefiable interface (261.05 kN-m) as shown in Fig. 4.24(Db).
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Fig. 4.24 Variation of a lateral displacement coefficient and b bending moment coefficient

with normalized depth for different pile head fixity condition

4.2.5.9 Effects of Depth of Liquefiable Soil Layer

In this study, the effects of depth of liquefiable soil layer on kinematic pile response has been
studied for single free headed pile embedded in three-layer soil profile as shown in Fig. 4.25.
The soil profile adopted for parametric study is slightly modification of original soil profile of
Kandla Port site. The total length (L) and diameter (d) of pile are 18 m and 0.4 m respectively
which are same as foundation of Kandla Port building. The thickness of top non-liquefiable
crust (L1=6.0 m) is kept constant and the thickness of liquefiable layer (LLiq) varies in the form
of (Liig/L) from 0.22 to 1.0 by changing the depth of embedment (En.) of pile at bottom stiff
non-liquefiable layer from 0d to 20d as shown in Fig.4.25. It is observed from Fig. 4.26(a)
that the maximum lateral displacement coefficient of pile is 2.81 for Liig/L= 0.55. The
displacement coefficient reduces to 1.42 when the entire soil layer is liquefiable (LLig/L= 1.0).
The kinematic bending moment response for various ratios of Liig/L is shown in Fig. 4.26(b).
The peak bending moment coefficient is 5.50 near the boundary between liquefiable and non-
liquefiable layer for Liig/L= 0.22. The peak bending moment coefficient reduces thereafter
with increase of Liig/L ratio and becomes minimum when Liio/L= 0.66. With the increase of
LLig/L ratio, the embedment depth (Eno) of pile decreases and kinematic bending moment
decreases. Hence, peak bending moment co-efficient also decreases. When Liig/L becomes

0.66, the embedment depth (E) of pile becomes zero and peak bending moment coefficient

becomes minimum.
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Fig. 4.26 Variation of a lateral displacement coefficient and b bending moment coefficient

with normalized depth for different depth of liquefiable soil layer

4.2.5.10 Effects of Depth of Embedment of Pile

The kinematic pile lateral displacement, shear force and bending moment coefficient for

various embedment depth of pile are shown in Fig. 4.27 (a), (b) and (c) respectively. It is

observed that peak displacement coefficient 2.81 occurs for embedment depth of five times

the pile diameter and reduces for further increase of embedment depth. However, the shear

force and bending moment coefficient are increased with the increase of depth of embedment

of pile. The maximum shear force and bending moment coefficients obtained are 0.79 and 5.5

for embedment depth of twenty times the pile diameter respectively. The kinematic pile
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bending and shear in liquefiable sloping ground increases with increasing embedment depth
of pile.
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Fig. 4.27 Comparison of a lateral displacement coefficient b shear force coefficient and c

bending moment coefficient with different embedment depth of pile

4.2.5.11 Comparison of Present Numerical Methodology with the Simplified

Formulation in the Literature

The maximum kinematic pile bending moment developed at the interface between two-layers
having remarkably different shear modulus using present numerical methodology is compared
with simplified formulations of Dobry and O’Rourke (1983), Mylonakis (2001), Dobry et al.
(2003) and Abdoun et al. (2003). The same pile and soil properties as considered in case | of
Fig. 4.25 for 18.0 m long and 0.4 m diameter pile resting in level ground have been used to
compute the maximum kinematic pile bending moment at interface of liquefiable and non-
liquefiable soil. The bending moment obtained at 14.0 m depth using present numerical

methodology and simplified formulations are tabulated in Table 4.6. Slight variation of
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maximum bending moment between present study and simplified formulations of previous
researchers are observed. The simplified methods underestimate the maximum bending
moment at the interface. This is because these methods are approximate method and derived
using Winkler model assuming each soil is homogeneous, isotropic, and linearly elastic. The
thickness of soil layers, characteristics of input motion are not considered in these simplified

formulations.

Table 4.6 Comparison of results obtained using present study with the simplified formulation

of previous researchers

Pile bending Present Dobry and Mylonakis Dobryetal. Abdoun et
moment at study O’Rourke (1983) (2001) (2003) al. (2003)
interface

Mmax (KN.m) 567.59 429.73 478.72 392.00 403.76
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Dynamic Analysis of Piles in Level Ground

5.1 Introduction

A significant number of damages and/or collapses of pile foundations and pile-supported
structures are reported in liquefiable soil after past major earthquakes in spite of employing
large factor of safety (FOS) in their design as per latest standard code of practices (Dash et al.
2010). So, it is challenging job for geotechnical earthquake engineers to ensure safe and
economical design of pile foundation and pile-supported high-rise structures on liquefiable
soil of metropolitan city like Kolkata, where rapid growing of population and infrastructure
makes it essential.

The effects of soil liquefaction on seismic response of pile foundations have been studied by
various researchers and showed that the pile response is strongly affected by type of soil,
nature of input motions, inertial effects of superstructure and kinematic effects due to soil
displacement. Simplified 1D, 2D and 3D numerical studies performed by several researchers
using robust numerical codes and platforms due to spatial and economic limitations of
physical model. The constitutive model considered for most of these numerical studies are
very simple and based on uncoupled formulation of soil-fluid interaction. This approach is
incapable to simulate direct pore water pressure development and changing of shear strength
due to shear deformation of soil.

It is clearly understood from literature review that the simplified methods based on pseudo-
static approach needs various numerical assumptions and not able to simulate the complex
dynamic response of piles during earthquake. Besides, due to large shear strain is likely to be
developed during soil liquefaction, nonlinearity of soil needs to be considered for seismic
analysis of pile foundations in liquefiable soil. Bending and buckling are two distinct
approaches of structural design. Buckling criteria will not be fulfilled automatically by
designing the pile against bending criteria. Bending is stable failure mode which depends on

bending strength of material (Plastic moment capacity, Mp). Contrariwise, buckling is
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unstable failure mode which depends only on geometric characteristics of the member.
Hence, in present study, seismic response of pile foundations in liquefiable layered soil of
Kolkata city is carried out through numerical simulation of dynamic nonlinear soil-pile
interaction under influence of axial loading to incorporate bending and buckling interaction.
An advanced soil constitutive model, implemented in fully-coupled u-p formulation (where u
and p are soil skeleton displacement and pore water pressure respectively) is adopted using
nonlinear finite-element based computer program OpenSeesPL (Elgamal et al. 2010; Lu et al.
2011) for soil-fluid interaction and pore water pressure development reasonably. The finite-
element model is three dimensional with consideration of P-delta effect. There are others
computer program also like FLAC or ABAQUS for numerical analysis of pile foundations.
FLAC is finite volume-based software, whereas, ABAQUS and OpenSeesPL are finite
element-based software. There are many advanced soil constitutive models in OpenSees
framework for simulating dynamic nonlinear behaviour of soil. Also, the OpenSeesPL is an
open-source software and the user interface is easier to use than ABAQUS and FLAC. Hence,
in the present study OpenSeesPL based on finite element method is selected for dynamic

analysis of soil-pile system.

5.2 Study Area

The Kolkata metropolitan city, is a gateway to north-east India. It is third-most populated city
in India. Originally, Kolkata city was developed towards the east side of the river Hooghly.
But due to increasing population and scarcity of vacant land, infrastructures are often
constructed without proper town planning on reclaimed lands in the Salt Lake and Rajarhat
areas. More than 80% of the city area has covered with different types of important heritage
building, school, hospital buildings in unplanned way. The soil of Kolkata city is mainly
alluvial in nature having two different soil formations such as Normal Kolkata Deposit
(NKD) and River Channel Deposit (RCD). NKD soil mainly compose with silty clay or
clayey silt of soft to stiff consistency with sandy deposit at intermediate layer. The RCD soil
mainly composes with medium to dense compactness sand deposit up to significant depth
along the existing old Adiganga channel (Roy et al. 2018). In the present study, geotechnical
bore hole data of Kolkata city has been selected from Roy et al. (2018) and details are
described in chapter 3. The depth of borehole is 50 m for both the sites. Friction angles (¢)
for cohesionless soils and undrained shear strength (Cy) for cohesive soil are calculated using

the co-relation of SPT-N with ¢ for cohesionless soil and SPT-N with Cy for cohesive soils
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(Das 1983). The values of various soil properties of two typical soil are shown in Fig.5.1.
Fines content (FC) of each layer of RCD soil is also indicated in Fig. 5.1.

Kolkata city falls in the Zone 11l & IV according to zonation map of Indian standard design
code 1S:1893 (2016). The Kolkata city is located on the important regional basement fault
Eocene Hinge Zone. Kolkata, in the past, has suffered tremendous damages due to near and
far field earthquakes. The local soft, alluvial soil of Kolkata city magnify the earthquake
ground motion. The input ground motions considered for present analysis are Imperial valley
(IMV) and Bhuj (BHJ) earthquakes with significant variation in moment magnitude,
maximum bedrock level acceleration (MBRA), strong motion duration and frequency content
as tabulated in Table 3.3. The input earthquake motions used in present analysis are shown in
Fig. 3.2(a) and (b).
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Fig.5.1 Typical soil profile of Kolkata city a NKD soil (Ultadanga site) b RCD soil
(Tollygunge Metro site) (after Roy et al. 2018)
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5.3 Descriptions of the Present Numerical Model

Full 3D numerical model is built using finite-element based program OpenSeesPL as shown
in Fig. 5.2 to simulate coupled soil-pile system. All the simulations in OpenSeesPL are
performed using open-source finite element-based computational platform OpenSees
(McKenna and Fenves 2001). Due to symmetric condition, only half of the soil domain is
modelled. A floating pile of Length L and diameter d is embedded in the layered soil. The soil
domain is modelled with 8-node brick elements and elastic beam-column element is used to
model the pile. Each soil and pile node has four and six degrees-of-freedom (DOF)
respectively. The first three DOFs of soil node illustrate translation of soil skeleton and the
fourth DOF represents pore water pressure. Rigid connecting element having similar material
properties of the pile is used to implement the physical modelling of the pile. Each 3D brick
element of soil domain is connected to the adjacent pile element at same elevation using outer
nodes of these rigid links through equal DOF command and transfer the forces from pile to
soil and vice versa. Fine mesh size is used for pile zone and mesh size becomes comparative
larger near domain boundaries to prevent reflection of seismic waves. The total length of
mesh in each horizontal direction considered is 40d from the middle of the pile. The total
depth of the soil profile (50 m) is considered for the dimension of model in vertical direction.
Also, the maximum size of element in dynamic analysis considered is less than 4/10 (A=wave
length) to prevent filtration of parts of the seismic waves (Oliaei et al. 2017).

All the soil nodes at the base of the model are considered as completely fixed in all directions.
The pore water pressure DOF on ground surface is fixed for drain out water and is open in the
rest of the nodes for free variation of pore water pressure (PWP). Side nodes orthogonal to the
direction of base excitation are considered as fixed in this direction and are set free parallel to
the direction of excitation. Nodes at the boundaries parallel to the base excitation are
constrained orthogonal to the excitation direction and are set free to move in the excitation
direction. Ground motions are applied at assumed bed rock level (50 m depth) in longitudinal
direction (x-axis) and its amplification has been considered for dynamic analysis of soil-pile

system.
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Fig. 5.2 3D FE model used in the present study

The plasticity model used in the present study is based on pressure-dependent multi-yield
surface approach to model the cyclic hysteretic response (Elgamal et al. 2003; Yang et al.
2003) of frictional cohesionless soil. Yield function (f) is defined in the following form
(Prevost 1985):

f=2(s—@ +poa:(s — @ +poHa) —m*@ +p) = 0 (5.1)

where, s = ¢’ — p'é is the deviatoric stress tensor, p’ is mean effective stress and p,’ is the
small positive constant for finite size of yield surface at p’ = 0. Parameters « and m are the
second order kinematic deviatoric tensor and size of yield surface respectively (Elgamal et al.
2003).

Multi-yield surface plasticity constitutive model has several features. The yield surface is
pressure-dependent and nested cone shape in principal stress space. The peak shear strength
of soil is represented by the outermost surface. The hardening zone is formed by the nested
yield surfaces with regards to multi-surface plasticity for simulating nonlinear soil response.
Shear-induced dilatancy during liquefaction is modelled using this constitutive model. A new
adequate flow rule is developed to incorporate the contractive, completely plastic and dilative
stages. In this respect, effort is placed to the coupling of deviatoric volumetric strain under
cyclic loading, which is responsible for cyclic mobility. Shear-induced dilation or contraction
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is defined by the volumetric component P" of the normal to the plastic potential. Along the
phase transformation (PT) surface, the stress ratio n=7/p' is indicated by npr. Clear contractive
or dilative characteristics are simulated through the following equations of P" based on the
value of # in comparison to zpt and the sign of 7 (time rate of #):

" _ 1_(77/77PT)2
1+(m/npr)?

where ci=non-negative parameter indicating the rate of shear-induced volume contraction or

o) (for contraction) (5.2)
pore-pressure build up and

no__ 1_(77/77PT)2 - -
P" = FEveym— diexp(dyyq) (for dilation) (5.3)

where di and d2=non-negative parameters indicating the rate of shear-induced volume dilation
and yq=octahedral shear

strain build up throughout dilation cycle.

So, the following cycles of response are simulated under undrained situations (Fig. 5.3):

1. the contractive cycle within the PT surface (n < npr, cycles 0-1 and 3—4) and also outside
during shear unloading (n > npy With n <0, cycle 2-3);

2. the dilative cycle during shear loading outside the PT surface (n > npr with n >0, cycle 1-
2); and

3. a neutral cycle (P"=0, cycle 4-5) between the contraction ( P" >0, cycle 3-4) and the

dilation ( P" <0, cycle 5-6) cycles. This cycle is important only at small confinement.

The principal component of this modelling approach is the prior calibration of the employed
soil model under liquefaction and lateral spreading scenario. The Pressure dependent multi-
yield02 (PDMY02) type material model (Yang et al. 2003) is used in the present study for
modelling the liquefiable sands which is modified form of Pressure dependent multi-Yield
material. Extra parameters (c3 and d3) are required to account for effect of overburden
pressure (K, effect). Parameter c2 is required to include the effect of past dilation history on
consequent dilation tendency. Mass density (p), Friction angles (¢) and reference mean
effective confining pressure (Prer), pressure dependent coefficient (d), reference low-strain
shear modulus (Gy), reference low-strain bulk modulus (Br), peak shear strain (ymax) at which
highest shear strength is achieved and number of yield surfaces (NYS) are the principal input
parameters for this material model. The variation of shear modulus (G) and bulk modulus (B)

with effective confining pressure (p’) is defined using the reference G, and By as follows:
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G = Gr(—pf” )4 (5.4)
ref

B =B.(; )" (5.5)
ref

Soil dilatancy is defined by specifying phase transformation angle (@er), contraction (ci, C2
and cs3) and dilation parameters (di, d2 and ds). These parameters monitor the rate of pore

water pressure accumulation in soil during liquefaction.

(a)

Deviatoric plane

’ 0'2 Principal effective sfress space

° '8

(@) Multi-yield yield surface in principal stress (b) Stress path and shear stress-strain

space and deviatoric plane

Fig. 5.3 Pressure-dependent multi-yield-surface plasticity constitutive model (Elgamal et al.
2003; Yang et al. 2003)

Nonlinear hysteretic material model is used for modelling clay material using Von Mises
multi-surface kinematic plasticity model as shown in Fig. 5.4 (Yang et al. 2003; Parra 1996;
Yang 2000). Simulating the soil hysteretic elasto-plastic shear response is focused in this
model. Plasticity develops only in the deviatoric stress-strain response for this material. The
volumetric stress-strain response is linear-elastic and is free from the deviatoric response.
This constitutive model simulates monotonic or cyclic response of materials having shear
response is independent to the confinement variation. Multi-surface approach is used to
formulate the plasticity with an associative flow rule based on Prevost approach. The
nonlinear hyperbolic shear stress-strain (t- y) relationship at constant confinement p, for

clay model is defined using the two material parameters, low-strain shear modulus (G,.) and
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ultimate shear strength(ts) as given in equation (5.6) and (5.7). Pressure independent multi-

yield (PIMY) type material is used for modelling the cohesive soils.

G
T=—— (5.6)
)
Tf Ymax
2+/2sin 242
Tf = - i 11« +—c
3—sing 3

(5.7)

Mass density (p), cohesion (c) and reference mean effective confining pressure (Pref), pressure
dependent coefficient (Co-eff), reference low-strain shear modulus (Gy), reference low-strain
bulk modulus (Br), peak shear strain (ymax) at which highest shear strength is achieved and
number of yield surfaces (NYS) are the principal input parameters for this material model. The
values of various input parameters for modelling each layer are considered from OpenSees
user manual (Lu et al.2011; Mazzoni et al. 2006) based on soil type of each layer of NKD and
RCD soil and summarized in Tables 5.1 and 5.2 respectively. The values of fluid mass
density, combined bulk modulus, permeability of clay and sandy soil considered are 1.0
Mg/m?3, 2.2x10° KN/m?, 1x10°° and 6.6x10°% m/s respectively (Lu et al.2011).

(@) Von Mises multi-surface (b) Hysteretic shear response.

Fig. 5.4 Von Mises multi-surface kinematic plasticity model (Parra et al. 1996; Elgamal et al.
2003)
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An advanced soil constitutive model implemented in fully-coupled u-p formulation is adopted
for soil-fluid interaction and pore water pressure development reasonably. The matrix form of
fully-coupled u-p formulation for dynamic problem is given by:

MU+ [BTa'dV — QP — f&) =0 (5.8)
QTU+HP +SP—f® =0 (5.9)

where M, B, Q, S and H are mass, strain-displacement, coupling, compressibility and
permeability matrices respectively. The vectors & and f® represent body and surface forces
in soil and fluid respectively. The above equations are solved numerically using Newmark’s

algorithm which is implemented in OpenSees.

Table 5.1 Values of model parameters for NKD soil of Ultadanga site

Depth Pret CO- Gmax Bmax Ymax NYS @pr €1 C2 GCs di d2 ds
(m) (kPa) eff (kPa (kPa (%) ©
x10%) x10%

0-3.0 100 0 13 65 10 20 - - - - - -
3.0-100 100 O 13 6.5 10 20 - - - - - - -
10.0-16.0 100 O 6 30 10 20 - - - - - -
16.0-26.0 100 0 15 75 10 20 - - - - - - -
26.0-31.0 100 0 6 30 10 20 - - - - - - -
31.0-39.0 101 0.5 10 233 10 20 255 0045 5 015 006 3 0.15
39.0-425 100 0 15 75 10 20 - - - - - -

425-46.5 101 05 13 26 10 20 26.0 0.028 5 0.05 01 3 0.05
46.5-50.0 101 0.5 13 26 10 20 26.0 0013 5 O 03 3 0
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Table 5.2 Values of model parameters for RCD soil of Tollygunge Metro site

Depth Pree CO- Gmax Bmax Ymax NYS @pr 1 C2 c3 di d2 ds

(m) (kPa) eff (kPa (kPa (%) ©
x10%)  x10%

0-1.5 100 0 1.3 6.5 10 20 - -

1550 101 05 9 22 10 20 26 0067 5 023 006 3 0.27
5.0-115 101 05 9 22 10 20 26 0067 5 023 0.06 3 0.27
11.5-15.0 101 05 11 24 10 20 26 0028 5 005 01 3 0.05
15.0-18.0 101 0.5 13 26 10 20 26 0013 5 O 03 3 0
18.0-30.5 101 05 13 26 10 20 26 0013 5 O 03 3 0

30.5-325 100 0 15 75 10 20 - -

325-37.0 100 0 15 75 10 20 - - - - - - -
37.0-40.0 100 0 15 75 10 20 - - - - - - -
40.0-46.0 100 0 15 75 10 20 - - - - - - -
46.0-485 100 0 15 75 10 20 - - - - - - -
48.5-50.0 101 0.5 13 26 10 20 26 0013 5 O 03 3 0

5.4 Methodology

The effects of axial loading in addition to the input earthquake motion on dynamic response
of laterally loaded single piles in liquefiable layered soil of Kolkata city considering
nonlinearity of soil is evaluated in the present study using finite-element based program
OpenSeesPL. The properties of pile section (Chatterjee and Choudhury 2017; IS 456-2000)
considered in this study are presented in Table 5.3. A circular pile of total length 21m with
free head length of 1 m and embedded length of 20 m is selected for the study. Pile head is
pinned and linear elastic material behaviour is considered. The geometric configuration along
with the boundary conditions of the soil-pile system adopted in this study is shown in Fig. 5.5.
The modulus of elasticity (E) of the pile is calculated from 1S:456 (2000) using following

equation:

E =5000/fu (5.10)
where fcx is the characteristic strength of concrete

The value of My is calculated using the following expressions based on recommendations of
IS 456-2000:
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M,=7,%*0 (5.11)
P p * Oy

where, Zp = Plastic section modulus= d%6 and o,, = yield stress= 0.446fcx

Table 5.3 Pile properties considered in the present numerical study (Chatterjee and
Choudhury 2017; IS 456-2000)

Characteristic compressive 20 30 40

strength of concrete (fe) (MPa)

Diameter of pile (d) (m) 0.5 0.5 0.75 1.0 0.5
Young’s Modulus (E) (GPa) 22.36 27.4 27.4 27.4 31.63
Poisson’s Ratio (Mp) 0.2 0.20 0.2 0.2 0.2
Mass Density (p) (KN/m3) 25 25 25 25 25
Plastic moment capacity (Mp) 186 279 941 2230 372
(KN.m)

The allowable load carrying capacity (Pai) of 20 m embedded piles of various diameters in
NKD and RCD soil are computed by dividing the ultimate capacity of pile with a factor of
safety of 2.5 based on IS 2911 (1984) and shown in Fig. 5.6. The three different masses,
describing superstructure, equivalent of 30%, 50% and 100% of Pay are connected to the pile
head to assess the effects of axial load on flexural response of pile foundation in liquefiable
and non-liquefiable condition. The depth of liquefaction and reduction of shear strength are
evaluated using finite-element simulation. The detailed depth and time-varying effects of
kinematic and inertial forces on pile foundation are also assessed.

During ground shaking, the effective stress of saturated cohesionless soil decreases due to
increase of pore water pressure. When the effective stress becomes zero, the soil loses its
shear resistance and behaves like liquid. The pile becomes laterally unsupported during
liquefaction stage and becomes prone to buckling failure under axial loads. Critical buckling

load of concrete piles are computed using Euler’s buckling equation:

m2EI

Pcr == ? (512)

where L. and EIl are the effective length and flexural rigidity of the pile respectively. The

effective length of pile depends on the end conditions and length of pile.
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Lumped Mass

Lo

Fig. 5.5 Schematic diagram of soil-pile system considered in the present study

In the present study, the effective length of pile is estimated using the following expression:
Le = BLg (5.13)
where £ is the factor which depends on end conditions of pile and Lo is the length of pile in
buckling zone. According to Davisson and Robinson (1965), laterally load pile foundations
may be assumed to be fixed at depth of 1.8T (Dr) below the interface between liquefiable and
non-liquefiable layer, where T is the relative stiffness factor may be calculated using the
following equation:

T = (El/ny)"0.2 (5.14)
Where, nh=coefficient of modulus of subgrade reaction of soil.

The value of n, considered in this study is 4500 kN/m? for non-liquefiable sand (N=32) from
IS 2911 (1984).

The value of Lo is the depth of liquefiable layer (D.) plus depth of fixity (Dr). Also, the
boundary condition of top end of pile is assumed to be restrained against rotation but not held
in position. The bottom boundary condition is assumed to be effectively held in position but
not restrained against rotation (i.e., pinned type) when depth of embedment of pile in bottom
non-liquefiable layer is less than five times pile diameter and effectively held in position and
restrained against rotation (i.e., fixed type) when depth of embedment of pile in bottom non-
liquefiable layer is more than five times pile diameter (Bhattacharya 2006). The values of g
considered from Table 28 of IS 456 (2000) depending on the boundary conditions of top and

bottom ends of pile foundation.
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The effects of axial load on seismic response of pile foundations in liquefiable soils are next
evaluated. Bhattacharya (2003) suggested the following effects of axial load:

(i) Increasing the possibility of buckling instability

Bhattacharya et al. (2005) proposed buckling failure mechanism based on Euler’s and
Rankine’s buckling criteria by investigating the seismic performance of pile foundations in
liquefiable soil using dynamic centrifuge tests. They proposed slenderness ratio (1) of pile is
expressed by the following expression:

A= Ly/Tmin (5.15)
where Le is the effective length of the pile in liquefiable zone and rmin is the minimum radius
of gyration which is the ratio between moment of inertia about weakest section (Imin) and
cross-sectional area of pile (Acs).

The Euler’s buckling criteria which is applicable for long column is given by the following

equation:
2Elmin
Py =~ 20 (5.16)
eff
P, 2E
Op =2 =" (5.17)

where Pgy is the critical buckling load and o, is the elastic critical buckling stress.
Rankine’s buckling criteria which is applicable for both short and long column is expressed

by the following equation:

of gy o
where oy is the Rankine’s failure stress considering both crushing and buckling criteria, g, is
the yield stress of material.

Bhattacharya (2003) and Bhattacharya et al. (2005) reported that the possibility of buckling
instability of pile in liquefiable layer is dependent on slenderness ratio of pile. Liquefaction-

induced lateral spreading is not necessary for buckling instability.

(if) Reduction of plastic moment capacity of piles
A hinge may be formed within a pile section under the coupled action of axial load (P) and
moment (M). The combined action of axial load and moment in plastic moment capacity of

pile is governed by the following equation (Sinha et al. 2020):

Page | 127



Chapter 5: Dynamic Analysis of Piles in Level Ground

G+ (Mﬂp) =1 (5.19)
where Py is the squash load without bending; My is the plastic moment capacity without axial
load and n=1.5 for circular section.
The value of Py is calculated using the following expressions based on recommendations of IS
456-2000:

P,=0.%+A (5.20)
where a.= Compressive strength= 0.67fc
P-M interaction curve can be plotted for any pile section having particular diameter and grade
of concrete. The plastic moment capacity of any pile section decreases in presence of axial
load in liquefiable soil layer.

—NKD soil
é“ 5000 4 — RCD soil

0.5 0.6 0.7 0.8 0.9 1
Pile diameter (m)

Fig. 5.6 Allowable load carrying capacity (Pan) of piles with various diameters in NKD and
RCD soil

5.5 Validation of the Present Numerical Model

The suitability of the present FE model is carried out by comparing the results with the
dynamic centrifuge tests conducted by Wilson (1998) prior to conducting parametric study to
evaluate the effects of various parameters on dynamic response of pile foundations. The
model was consisted with two horizontal layers of saturated, fine and uniformly graded
Nevada sand having 9.1 m thick upper medium dense sand (Dr=55%) and 11.4 m thick lower
dense sand (Dr=80%) at the prototype scale. A single steel pile having diameter of 0.67 m and
wall thickness of 19 mm was used to model the pile. The pile head was extended 3.8 m from
the ground level and a superstructure load of 480 kN was applied on pile head. The embedded
depth of pile was about 16.8 m. This model was excited to the Kobe (1995) earthquake

motion (Wilson 1998) with peak acceleration value scaled to 0.22g as shown in Fig. 5.7. The
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measured and calculated excess pore pressure (EPP) ratio and bending moment time history at
2.3 m depth are presented in Fig. 5.8 (a) and (b) respectively. Also, Fig. 5.8(c) displays the
measured and calculated acceleration time history of the superstructure. The pile displacement
profile at 11.2 sec after earthquake loading is shown in Fig. 5.9.

It is observed that the excess pore pressure ratio and bending moment time-history at 2.3 m
depth obtained from the present numerical model are fairly matching with the results of
centrifuge test. The difference of results may be attributed to the use of constant value of
permeability in the present study, but in real case, it increases several times during
liquefaction. The dilative response of soil is noticed in the present study for the first few
cycles (prior to complete liquefaction) due to sharp reduction of EPP. The reduction of EPP
due to soil dilation increases soil shear modulus and corresponding stiffness. As a result, big
acceleration spikes are transmitted to the superstructure through the field during earthquake
and higher acceleration response is observed. On the other hand, the maximum bending
moment is generated in the pile with the softening of soil due to rise of EPP. Hence, the
maximum bending moment is noticed at 6.1 sec after applying of earthquake motion due to
abrupt change of EPP. Also, Fig. 5.9 shows the comparison of the lateral displacement profile
of pile at 11.2 sec after applying of earthquake motion. The results are matching well. The
slight deviation in results for the first few cycles may be reasonable due to the distinction
between frequency content of the Kobe earthquake record originated for the centrifuge test
and considered for the present study. Hence, the present model can be efficiently used to

predict soil and pile response under seismic loading condition.

0.8 1
0.6
0.4 1
0.2 A

0
-0.2 A
-0.4 A Time (Sec)

Acceleration (g)

-0.6 -

Fig. 5.7 Acceleration time-history of 1995 Kobe earthquake motion (Wilson 1998)

Page | 129



Chapter 5: Dynamic Analysis of Piles in Level Ground

EPP ratio at 2.275 m depth

-0.25 4

-0.75 A

-1.25 -

1.25

0.75 1

0.25 1

ime (Sf;‘cl)0

——Present study

—— Wilson (1999)

depth (MIN.m)

Bending moment at2.3 m

2.00 A

1.00 1

0.00 -

-1.00 -

-2.00 -

Time (Sec)

— Present study
—— Wilson (1999)

Superstructure acceleration

(g) at 3.8 m height

— Present study
= Wilson (1999)

(©)

(b)

Fig. 5.8 Comparison of present study with dynamic centrifuge tests conducted by Wilson

(1998) a EPP time-history b bending moment time-history and c superstructure acceleration

time-history
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Fig. 5.9 Comparison of lateral displacement profile obtained from present study with dynamic
centrifuge tests (Wilson 1998)
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5.6 Results and Discussions

A parametric study has been conducted using the present numerical model for evaluating the
effects of axial load on flexural response of pile foundation in liquefiable and non-liquefiable
soil of Kolkata city considering nonlinearity of soil using finite-element based computer
program OpenSeesPL and the results are presented and discussed graphically.

5.6.1 Assessment of Liquefaction Potential and Response of Soil

Flexural response of pile foundation is greatly dependent on adjacent soil conditions. The
axially-loaded pile becomes unsupported during soil liquefaction due to significant reduction
of shear strength of soil. The determination of unsupported length of pile is needed to
calculate critical buckling load (Pcr). So, the assessment of liquefaction potential for the
considered site is essential. The depth of liquefaction may alter depending upon the type of
soil and input motion characteristics. In the present study, liquefaction assessment is
conducted using a practical parameter excess pore pressure (EPP) ratio (Ry). Ry is defined as
the ratio of EPP to the initial effective vertical stress. The soil is termed as liquefiable when
Ru becomes unity. To evaluate the influence of various parameters on the generation and
distribution of time and depth varying EPP ratio (Ru), different figures are plotted and
discussed. The near-field and far-field soil response are also compared graphically.

The variation of Ry with depth for NKD and RCD soil at 0.25 m and 13.2 m horizontal
distance from centre of pile representing near and far-field soil response for various input
motions are shown in Fig. 5.10 and 5.11 respectively. It is seen that depths of liquefaction
(Do) are 10 m, 16 m and 16 m for NKD soil and 8.25 m, 11.5 m and 11.5 m for RCD soil
under BHJ, scaled IMV and IMV motion respectively in case of near-field response. The
same is observed as 1 m, 10 m and 13 m for NKD soil and 8.25 m, 9.87 m and 13.25 m for
RCD soil in case of free-field response. The depth of liquefaction is dependent on both soil
types and characteristics of input motions. From the Fig. 5.10 and 5.11, it is clear that Ry
value decreases with increasing depth due to increasing soil stiffness. The relative density of
soil for top portion of the model is relatively low which causes more vibrations of soil grains
during seismic event. Accordingly, pore water pressure increases due to densification of
soil’s structure. The rapid increase of Ry is observed near ground for all the cases because of
presence of low permeability clay layer at the top of granular layer. During seismic excitation,

top clay layer prevents to drain out the pore water from deeper layer.
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Fig. 5.10 Profile of Ry in NKD soil a near field and b far field for various input motions
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Fig. 5.11 Profile of Ry in RCD soil a near field and b far field for various input motions

The weight of the super structure on pile foundation has profound influence on depth of
liquefaction. The near-field variation of Ry with depth for different pile head mass under
scaled IMV input motion is presented in Fig. 5.12. It is noteworthy that the depth of
liquefaction decreases significantly adjacent to the pile with an increase of superstructure
weight except top of the soil profile because of sudden increase of EPWP due to existence of
clay layer. The clay layer obstructs to drain out the pore water during seismic shaking due to
low permeability and EPWP ratio becomes more for higher superstructure weight. The depth
of liquefaction (D.) decreases from 11.5 m to 1.5 m adjacent to the pile when the
superstructure weight increases from 0 kN to 1327 kN. This is due to densification of soil
adjacent to pile during earthquake with an increase of pile head mass or superstructure
weight. Fig. 5.13 shows the time-dependent near-field variation of R, at 5 m, 9.87 m, 11.5 m
and 20 m depth of RCD soil for the scaled IMV input motion. It is noteworthy that
liquefaction begins at distinct times over depth, usually, from top to bottom layers.
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Liquefaction starts after 2.66 sec, 5.05 sec, 26.36 sec of application of input motion for depth

of 4.63 m, 9.53 m, 11.16 m respectively.
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Fig. 5.12 Profile of Ry of RCD soil under scaled IMV motion for various superstructure

weight
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Fig. 5.13 Comparison of time history of Ry at various depths a NKD soil and b RCD soil

using scaled IMV motion

Assessment of undrained residual strength (Sr) of liquefiable soil is a vital issue in earthquake
geotechnical engineering. It involves the complicated nonlinear soil response during
earthquake loading. Several empirical correlations are available in the literature based on
SPT-N value for estimating Sr [80]. Cyclic shear stress vs shear strain plot of RCD soil under
scaled IMV motion at various depths obtained from present finite element analysis are shown
in Fig. 5.14. It is noteworthy that the S, value at various depths tends to zero at liquefaction
phase. Hence, it can be concluded that liquefiable soil loses its strength and consequently pile

becomes laterally unsupported susceptible to buckling failure under axial load.
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Fig. 5.14 Shear stress vs shear strain relationship for RCD soil under scaled IMV motion a
4.63mb9.53mc11.16 mand d 19.58 m depths

5.6.2 Response of Pile

The lateral displacement (y) and bending moment (M) of pile obtained in the present dynamic
analysis are normalized with pile diameter (d) and available plastic moment capacity (Mp')
and plotted in the form of dimensionless lateral pile displacement coefficient (y/d) and
bending moment coefficient (M/ M,") against depth.

5.6.2.1 Response of Pile Displacement
Fig.5.15(a) and 5.16(a) presents the variation of kinematic peak lateral displacement co-

efficient (y/d) of pile with depth in NKD and RCD soil respectively for 0.5 m diameter M-30
grade concrete pile when subjected to the BHJ, Scaled IMV and IMV earthquake motions. It
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is observed that kinematic peak lateral displacement co-efficient increases dramatically with

an increase of PGA.

5.6.2.2 Response of Pile Bending Moment

The variation of peak bending moment co-efficient (Mmax/Mp'") of pile with depth in NKD and
RCD soil are represented by the Fig.5.15(b) and 5.16(b) respectively. The kinematic peak
bending moment co-efficient is maximum at 10 m depth of NKD soil which is near the
boundary between liquefiable and non-liquefiable layer and its maximum values are 1.53,
1.06 and 0.32 for IMV, scaled IMV and BHJ earthquake motion respectively. However, for
RCD soil the maximum kinematic bending moment co-efficient are 0.68 at 11.5 m depth, 0.41
at 9.87 m depth and 0.28 at 9.87 m depth under IMV, scaled IMV and BHJ earthquake motion
respectively. The maximum kinematic bending moment developed in the pile exceeds the
plastic moment capacity in NKD soil for IMV, scaled IMV earthquake motions. So, formation
of plastic hinge is expected for 0.5 m diameter M-30 grade concrete piles in NKD soil under
IMV, scaled IMV earthquake motion. However, the same pile when embedded in RCD soil is
safe against kinematic bending failure under same earthquake motions. So, kinematic
bending failure is dependent on both soil type and input motion characteristics. Also, due to
increase of free length, large bending moment is developed for pile embedded in RCD soil

when subjected to IMV and scaled IMV motion in comparison with the BHJ motion.
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Fig. 5.15 Kinematic a peak lateral displacement and b peak bending moment of pile in NKD
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Fig. 5.16 Kinematic a peak lateral displacement and b peak bending moment of pile in RCD

soil under various input motions

5.6.3 Effect of Axial Load on Pile Response

Pile supports superstructure which are generally multi-degree of freedom (MDOF) systems.
These MDOF systems are assumed as lumped mass at the pile head for simplification of
analysis during design of pile foundations. During travelling of seismic waves from bedrock
level to the ground, the inability of the embedded pile to follow the free field motion develops
bending moment in the pile foundation even in absence of lumped mass and is termed as
kinematic interaction. On the other hand, inertial force is generated due to the vibration of the
lumped mass i.e., super-structure during seismic shaking. So, for accurate estimation of the
maximum bending moment developed in the pile foundation for soil-pile system with lumped
mass during earthquake event, the combined effect of kinematic and inertial interaction
should be considered. Fig.5.17 shows the effect of axial load on dynamic response of pile
foundation. The four different masses, describing superstructure, equivalent of 0%, 30%, 50%
and 100% of Pan (0, 363, 635 and 1327 kN) are connected to the head of 0.5 m diameter M-30
grade concrete pile to assess the effects of axial load on flexural response of pile foundation in
RCD soil using scaled IMV earthquake motion. The comparative lateral pile displacement
and bending moment response along pile between kinematic and combined kinematic and
inertial soil-pile interaction are provide in Fig. 5.17(a) and (b) respectively. It is observed that
the maximum lateral displacement co-efficient under kinematic loading is significantly less
than the combined kinematic and inertial loading. The lateral displacement co-efficient under
combined loading increases by 29.5%, 102.3% and 154.5% with respect to kinematic lateral

displacement co-efficient when the axial load increases from 0 to 363 kN, 635 kN and 1327
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kN respectively. Also, the peak value, position and incidence time of kinematic pile bending
response in liquefiable soil is markedly dissimilar from combined response. In case of
kinematic interaction, pile follows the imputed motion of liquefiable soil. Hence, the peak
bending moment occurs at deeper depth during post-liquefaction stage. The maximum
kinematic bending moment obtained is 115.4 kN-m (M/Mp=0.41) at 9.87 m depth. The
maximum bending moments due to combined loading obtained are 218.62 kN-m
(M/Mp=0.81) at 0.75 m depth, 326.81 kN-m (M/Mp=1.25) at 0.75 m depth and 667.45 KN-m
(M/Mp=2.97) at 1.5 m depth when the axial loads are 363, 635 and 1327 kN respectively. The
maximum pile bending moment increases by 89.4%, 184.2% and 478.4% with respect to
kinematic bending moment when the axial load increases from 0 kN to 363, 635 and 1327 kN
respectively. The increase of maximum bending moment in the pile due to inertial loading
before liquefaction is dependent on the mass of the superstructure. The maximum bending
moment at ground level increases significantly with the presence of superstructure as shown
in Fig. 5.18 (a) and (b) for NKD and RCD soil respectively. The significant increase of
maximum bending moment in presence of superstructure mass for both the soil profile is due

to the inertial loading.

Peaklateral displacement co-efficient (y/d) Peak bending moment co-efficient (M, /M)
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Fig. 5.17 Variation of a peak lateral displacement and b peak bending moment of pile for

different combinations of vertical loading in RCD soil when subjected to scaled IMV motion
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Fig. 5.18 Comparison of peak bending moment time-history of pile at ground level with and

without vertical loading in a NKD soil and b RCD soil when subjected to scaled IMV motion

5.6.4 Seismic Design of Pile Foundation as per IS 1893:2016

As per Indian seismic design code IS 1893 (2016), piles should be designed for lateral loads
neglecting the lateral resistance of liquefiable soil. Hence, a comparative study has been
conducted for RCD soil with and without considering the shaft resistance of the liquefiable
layer in the present study for calculation of pile capacity. The allowable load carrying
capacity (Pan) of of 0.5 m diameter and 21 m length (1.0 m free head length) in RCD soil is
obtained as 991 kN based on IS 2911 Part 1: Section 4 (1984) neglecting the shaft resistance
of liquefiable layer. Fig. 5.19 (a) and (b) shows the profile of peak lateral displacement and
bending moment co-efficient when subjected to scaled IMV earthquake motion with full
superstructure weight of 1327 kN and 991 kN which represents with and without
consideration of skin friction of liquefiable layer respectively for calculating Pan. The peak
lateral displacement co-efficient does not change and peak bending moment decreases by
19.4% (M/M, decreases 44.1%) without considering the skin resistance of liquefiable layer.
However, M/M, value for both the cases is more than 1, hence pile is not safe against
kinematic bending even without consideration of skin friction of liquefiable layer as per
provision of 1S 1893-2016.
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Fig. 5.19 Variation of a peak lateral displacement b peak bending moment of pile with and
without considering skin friction of liquefiable layer (LL) in RCD soil when subjected to
scaled IMV motion

5.6.5 Comparison of Pile Response in Liquefiable and Non-Liquefiable Conditions

The effect of the axial load on dynamic response of pile foundation for different soil condition
is evaluated in this study by comparing the peak lateral displacement and bending moment co-
efficient profile in liquefiable and non-liquefiable condition of RCD soil. Fig. 5.20(a) and (b)
shows the profile of peak lateral displacement and bending moment co-efficient of pile
founded in non-liquefiable condition of RCD soil for four distinct axial loads. It is seen that
pattern of peak lateral displacement and bending moment co-efficient profile for kinematic
loading is remarkably different from others. Kinematic force is induced due to deformation of
ground, on the other hand, inertial force is developed by the vibration of superstructure. The
peak lateral displacement co-efficient under various axial loads are shown in Fig. 5.21 (a) and
(b) in non-liquefiable and liquefiable condition respectively. Similarly, Fig. 5.22(a) and (b)
shows the peak bending moment co-efficient of pile under various axial loads in non-
liquefiable and liquefiable condition respectively. The peak lateral displacement decreases by
83.2% in non-liquefiable condition and 60.71% in liquefiable condition due to decrease of
axial load from 1327 kN to 0 kN. Also, peak bending moment developed in the pile decreases
by 97.2% in non-liquefiable condition and 82.7% in liquefiable condition when axial load
reduces from 1327 kN to 0 kN. So, kinematic force is predominant in liquefiable soil
condition and inertial force is prevalent in non-liquefiable condition and mainly accountable

for peak bending moment in the vicinity of pile head.

Page | 139




Chapter 5: Dynamic Analysis of Piles in Level Ground

Peak lateral displacement co-efficient (y/d) Peak bending moment co-efficient (M,,,,/M,))
0.1 -0075 -0.05 -0.025 0 0.025 005 0075 2 -1 0 1 2 3
51 59
e 1 0 | J L . T L )
—
g R{ = A
£ ——OKN £
= = —O0KN
v -10 363 KN 210
A i A —363kN
-15 G35 KN -15 635 KN
BTN 1327 KN
20 20 ]
€Y (b)

Fig. 5.20 Variation of a peak lateral displacement and b peak bending moment co-efficient of
pile for different combinations of vertical loading in non-liquefiable condition of RCD soil
when subjected to scaled IMV motion
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Fig. 5.21 Comparison of peak lateral displacement co-efficient of pile for a non-liquefiable
and b liquefiable soil condition of RCD soil when subjected to scaled IMV motion
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Fig. 5.22 Comparison of peak bending moment co-efficient of pile for a non-liquefiable and b
liquefiable soil condition of RCD soil when subjected to scaled IMV motion

5.6.6 Bending and Buckling Interaction Analysis

After reliable estimation of unsupported length of the pile, bending and buckling failure
criteria can be checked using procedure discussed before. When the stress on pile due to axial
load (o) exceeds the Rankine’s failure stress (of), buckling failure may be occurred and when
the maximum bending moment (M) developed in the pile section exceeds the available plastic
moment capacity (Mp), bending failure may be occurred. So, failure due to bending-buckling
interaction may be occurred when both criteria exceeded. Pile may be considered as safe
when both bending moment co-efficient (M/ M,') and buckling co-efficient (/o) are less than
1. Table 5.4 and 5.5 shows the results obtained for analysis of bending and buckling failure
criteria of 21 m long (free head length=1 m) M-30 grade concrete pile with various diameters
embedded in RCD soil of Kolkata city under scaled IMV earthquake motion and Fig. 5.23
presents bending-buckling interaction graph for the same. The bending-buckling interaction
graph is the plot of o/0r and M/My' for a particular analysis case. This graph is necessary for
identifying a probable failure mode of pile foundation under combined vertical and lateral
loads. It is noticed from Fig.5.23 that the maximum bending moment of pile increases with an
increase of axial load on pile for a particular diameter of pile because of buckling and P-delta
effects. With an increase of pile diameter buckling co-efficient of pile reduces significantly
and bending moment co-efficient changes slightly. Hence, it may be interpreted that larger
diameter pile can be used in liquefiable soil to avoid buckling failure mode. The capacity
against bending of a pile can be greatly improved by using high grade of concrete or steel
having high flexural strength. However, buckling capacity of pile does not change
significantly with the grade of concrete. Significant improvement of buckling capacity can be
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achieved by increasing the diameter as it is connected with the geometrical properties of pile

section.

Table 5.4 Checking against bending failure mechanism of various diameter pile of M-30

grade in RCD soil under scaled IMV motion

d (m) P (kN) f« (MPa) Py (kN) Mp Mp' Mmax Mmax/Mp"'
(kN-m)  (kN-m)  (kN-m)

0.5 0 30 3944.6 279 279.00  115.40 0.41
363 27121 218.62 0.81
635 260.98  326.81 1.25
1330 22438  667.45 2.97

0.75 0 30 887540 941 941.00 36353 0.39
730 918.80  550.45 0.60
1210 893.63  848.82 0.95
2430 806.19  1668.76  2.07
0 30 157785 2230 223000 825.10 0.37

1.0 1284 217823 119652  0.55
2140 211861 163691 077
4280 1914.95 3116.88  1.63
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Table 5.5 Checking against buckling failure mechanism of various diameter pile of M-30
grade in RCD soil under scaled IMV motion

d P E D, Dr Lo p Le Fmin A gy Ocp of o o/o%
(m)  (kN) (GPa) (m) (m) (m) (m)  (m) (Mpa) (Mpa) (Mpa) (Mpa)
050 0 274 115 32 157 2 314 0125 2512 1338 428 324 O 0
363 2 185 057
635 2 324 10
1330 2 6.78  2.09
075 0 274 115 45 170 2 340 0.187 1813 1338 822 509 O 0
730 2 165 0.32
1210 2 274  0.54
2430 2 550 1.08
10 O 274 115 56 181 2 36.2 025 1448 1338 1283 656 O 0
1284 2 1.64 025
2140 2 273 042
4280 2 545  0.83

—8—d=0.5m
=—8—d=0.75m
d=1.0m

6/0;

Fig. 5.23 Bending-buckling interaction graph of various diameter piles in RCD soil due to the

scaled IMV motion

Similarly, Table 5.6 and 5.7 presents result of bending-buckling interaction and Fig. 5.24
shows the corresponding graph for the 0.5 m diameter concrete pile under BHJ, scaled IMV

and IMV earthquake motions having different PGA. It is observed that amplitude of the input
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motions has profound influence on seismic response of pile foundations. Higher amplitude of
input motions enhances the inertial forces working on pile and develops higher bending
moment in the pile. As the soil properties changes dramatically during liquefaction, the input
motion characteristics have profound influence on bending and buckling failure criteria.
Several dynamic forces may be developed within pile section based on the time period of
pile-supported structures and the characteristics of liquefiable soil. Here, the 0.5 m diameter
M-30 grade pile is safe against both bending and buckling for axial load equal to 50% of P
under BHJ earthquake motion but the same pile is unsafe at same axial load when subjected to
scaled IMV and IMV input motions having higher PGA.

Table 5.6 Checking against bending failure mechanism of 0.5 m diameter pile of M-30 grade

in RCD soil under various input motions

Input P (kN) f«(MPa) Py(kN) My Mp' Mmax Mmax/Mp'

Motions (KN-m)  (kN-m) (KN-m)

BHJ 0 30 39446 279 279.00 78.29 0.28
363 271.21 184.67 0.68
635 260.98 168.86 0.65
1330 224.38 307.24 1.37

Scaled IMV 0 30 39446 279 279.00 115.40 0.41
363 272.21 218.62 0.81
635 260.98 326.81 1.25
1330 224.38 667.45 2.97
0 30 39446 279 279.00 189.85 0.68

IMV 363 272.21 236.63 0.87
635 260.98 434.06 1.66
1330 224.38 953.32 4.25
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Table 5.7 Checking against buckling failure mechanism of 0.5 m diameter pile of M-30 grade

in RCD soil under various input motions

Input P E D, De Lo(m) S Le Fmin (M) A gy op ( o0f o o/o%

Motions (kN) (GPa) (m) (m) (m) (Mpa) Mpa) (Mpa) (Mpa)

BHJ 0 274 825 32 1245 2 249 0125 199.2 1338 6.81 451 O 0
363 2 185 041
635 2 324 0.72
1330 2 6.78 150

Scaled 0 274 115 32 157 2 314 0125 2512 1338 428 324 O 0

IMV
363 2 1.85 0.57
635 2 324 10
1330 2 6.78 2.09

IMV 0 274 115 32 157 2 314 0125 251.2 1338 428 324 O 0
363 2 1.85 057
635 2 324 10
1330 2 6.78 2.09

5.00 -
4.00
3,00 1
<,
17
EF 2.00 1 BHY
100 4---—===== =—d— Scaled IMV
: IMV
0.00 3 : ; : : .
0.00 0.50 1.00 1.50 2.00 2.50
6/G;

Fig. 5.24 Bending-buckling interaction graph of 0.5 m diameter pile in RCD soil due to the
BHJ, scaled IMV and IMV motions

Finally, bending-buckling interaction results for the 0.5 m diameter concrete piles of various
grade under scaled IMV earthquake motion are given in Table 5.8 and 5.9. Fig.5.25 shows the
interaction graph for the same. It is noticed that the buckling capacity is slightly improved by

using higher grade of concrete but the bending capacity is increased significantly by selecting
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higher grade of concrete pile. Here, the 0.5 m diameter M-20 grade pile is unsafe against
bending for axial load equal to 30% of Payunder scaled IMV earthquake motion but the same
pile is safe against bending and buckling at 30% of Pajand 50% of Pa for M-30 grade and M-
40 grade concrete pile respectively. So, bending and buckling failure mode can be avoided by

selecting a suitable combination of material strength and pile geometry.

Table 5.8 Checking against bending failure mechanism of 0.5 m diameter pile of various

grades under scaled IMV earthquake motion in RCD soil

Grade P(kN) fa(MPa) P, (kN) M, Mp’ Max Mmax/Mp'
(kN-m)  (kN-m)  (kN-m)

M-20 0 20 2631.0 186 186.00  99.63 0.54
363 176.47  205.25 1.10
635 163.95  340.99 1.83
1330 119.15  599.08 3.22

M-30 0 30 3944.6 279 279.00  115.40 0.41
363 27121  218.62 0.81
635 26098  326.81 1.25
1330 22438  667.45 2.97
0 40 52595 372 37200  127.78 0.34

M-40 363 36525  227.13 0.62
635 35639  350.01 0.98
1330 32469  718.79 221
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Table 5.9 Checking against buckling failure mechanism of 0.5 m diameter pile of various

grades under scaled IMV earthquake motion in RCD soil

Grade P E DL(mDr Lo S Le Fmin A oy O o o (Mpa) o/o
(kN)  (GPa) (m) (m) (m) (m) (Mpa) (Mpa) (Mpa)
M-20 0 224 115 32 157 2 314 0125 2512 892 349 251 O 0
363 2 185 0.74
635 2 324 129
1330 2 6.78 270
M-30 0 274 115 32 157 2 314 0125 2512 1338 428 324 O 0
363 2 185 0.57
635 2 324 1.0
1330 2 6.78 2.09
M-40 0 316 115 32 157 2 314 0125 2512 1784 494 387 O 0
363 2 1.85 0.48
635 2 324 084
1330 2 6.78 175
3.5
3 -
_ 251
o
éﬁ 2] ——N\-20
- 1.5 1
AP S - —8—M-30
| M-40
0.5 |
I ]
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Fig. 5.25 Bending-buckling interaction graph of 0.5 m diameter pile of various grade of

concrete in RCD soil due to the scaled IMV motion
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5.6.7 Effect of liquefaction on natural time period of the soil-pile system

The natural frequency (fn) of the soil-pile system is calculated using the following expression
(Thomson 1996):

__3515d |[E
fn - 72 |,
8T LgA|p

(5.17)

The total stiffness (ks) of soil-pile system in liquefiable condition is contributed mainly by pile
foundation due to negligible stiffness of liquefiable soil. The time period of the soil-pile
system in liquefiable condition (TLig) can be calculated using the following equation
(Bhattacharya 2006):

Ms
where, Ms is the lumped mass at the pile head and stiffness
kNL = 12B1 (519)

L3

The natural time period of soil-pile system obtained for 0.5, 0.75 and 1.0 m diameter M-30
grade concrete pile in RCD soil using Table 5.3 and 5.5 are 3.37, 2.63 and 2.24 sec
respectively.

The time period of the soil-pile system in liquefiable condition are presented in Table 5.10 for
various diameter M-30 grade concrete piles under different superstructure weight in RCD

soil.

Table 5.10 Natural time period of soil-pile system in liquefiable condition for M-30 grade

concrete pile of various configuration

Diameter (m) 0.5 0.75 1.0
Superstructure 363 635 1330 730 1210 2430 1284 2140 4280
Weight (kN)

Time period 237 313 453 168 216 3.07 138 178 252

(sec)

It is observed from table 3.3 and 5.10 that predominant periods of the considered scenario
earthquake motions are far away from the natural frequency of soil-pile system in liquefiable

condition for 0.5, 0.75 and 1.0 m diameter M-30 grade concrete pile embedded in RCD soil.
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Hence, possibility of happening resonance in dynamic loading due to liquefaction for the
considered case is not expected. However, proper assessment of natural frequency of soil-pile
system in liquefiable condition depending on the pile properties and the superstructure weight

is very much essential for safe design of pile foundation.
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Dynamic Analysis of Piles in Sloping Ground

6.1 Introduction

In many practical conditions, bridge abutments are constructed on or near sloping ground for
accommodating grade separations and also pile-supported buildings and bridges in hilly
regions are built in sloping ground. Hence, it is extremely necessary to evaluate the seismic
response of pile foundations in liquefiable sloping ground. The maximum lateral
displacement and bending moment of piles are the two prevailing criteria in designing of
laterally loaded piles rather than its ultimate lateral capacity.
The present pseudo-static analysis for single piles in liquefiable multi-layered sloping ground
showed that pile response is significantly influenced with the ground slopes in liquefiable
layered soil deposit. However, pseudo-static method is based on various numerical
assumptions and unable to evaluate the complicated dynamic response of piles accurately
during earthquake. As soil liquefaction causes development of high shear strain, nonlinear SSI
is extremely required for seismic response of piles in liquefiable soil.
Also, present 3D nonlinear finite element based dynamic analysis of soil-pile system in
liquefiable multi-layered level ground under the influence of axial loading shown that bending
and buckling failure mode of piles in liguefiable soil can be avoided by choosing suitable
combination of material strength and pile geometry.
It is clear from the literature review that most of the previous works have been directed
towards static and dynamic response of single piles and pile groups in level ground surface.
Also, static response of piles in sloping ground has been done by several researchers but there
are very few studies of dynamic response of piles in multi-layered sloping ground, and there
are even fewer studies on dynamic response of pile foundations in liquefiable multi-layered
slopping ground considering the effects of static axial load as well as ground motions
simultaneously. Thus, the present numerical study is adopted to fill up this research gap. Full-
scale field tests are best reliable way to understand the behaviour of laterally loaded pile
foundations. But due to high-cost involvement and technical difficulties, it is not always
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feasible to perform field tests. Numerical approaches enable investigators to consider various
parameters together in a detailed way. In this study, a single pile is modelled using 3D
nonlinear finite-element based computer program OpenSeesPL (Elgamal et al. 2010; Lu et al.
2011). The present numerical model is validated and parametric study has been conducted to
evaluate the effect of ground slope, soil type, input ground motion, pile slenderness ratio, pile
head fixity condition and depth of ground water table (GWT) on dynamic response of soil-pile

system.

6.2 Modelling Methodology

6.2.1 Material Properties

The field bore-log data of two typical sites of Kolkata metropolitan city in India have been
considered in this study. Basically, Kolkata city was augmented along east direction of the
river Hooghly and the soil is typically alluvial in nature. The ground water table is located
near surface level. Normal Kolkata Deposit (NKD) and River Channel Deposit (RCD) are the
two distinct soil formations of the city. Soft to stiff silty clay or clayey silt with intermediate
sandy layer are the predominant composition of NKD soil. On the other hand, RCD soil
consists mainly with medium to dense sand up to considerable depth beside old Adiganga
canal. The field bore-log data of Ultadanga site and Tollygunge Metro site of Kolkata city
representing NKD and RCD soil respectively are selected from the study of Roy et al. (2018)
for evaluation of dynamic response of pile foundations. The detailed soil parameters like SPT-
N value, unit weight (y), Friction angles (¢) for cohesionless soils and undrained shear
strength (C,) for cohesive soil of these two typical sites considered from Fig. 5.1 of previous
chapter.

The schematic layout of the soil-pile system in liquefiable multi-layered sloping ground
considered in this study is shown in Fig. 6.1. A pinned headed circular single pile having total
length (L) of 21.0 m with 1.0 m free head length (L1) of M-30 grade concrete is embedded in
the above soil profiles. D. and Dni representing depth of liquefiable and non-liquefiable layer
respectively. The inclination angle is a with ground surface and depth of fixity of pile in non-
liquefiable soil is (Dr). The effective length of pile (Le) is dependent on factor () and pile
length in liquefaction zone (Lo). The material behavior of the pile is selected to be liner
elastic. The material and geometrical properties of pile section used in this study are

considered from Table 5.3.
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Fig. 6.1 Schematic layout of soil-pile system in liquefiable sloping ground considered in the
present study

6.2.2 The Constitutive Model of Soil

The soil constitutive model used in this study is based on pressure-dependent multi-yield
surface concept for cyclic hysteretic response (Elgamal et al. 2003; Yang et al. 2003).

The shape of the pressure-dependent multi-yield surface is conical shape in principal stress
space. The utmost surface represents the maximum shear strength of soil. The conical yield
surface forms hardening zone with respect to multi-surface plasticity to simulate soil
nonlinearity. This constitutive model simulates the shear-induced dilative response due to
liquefaction. The contractive, fully plastic, and dilative stages are incorporated by developing
a new adequate flow rule.

In this study, pressure dependent multi-yield02 (PDMY02) type material model (Yang et al.
2003) is considered to model the liquefiable sands. Nonlinear hysteretic material model using
Von Mises multi-surface kinematic plasticity model is employed to model the behavior of
clay soil (Yang et al. 2003; Para 1996; Yang 2000). The cohesive soil is modelled using
pressure independent multi-yield (PIMY) type material (Yang et al. 2003). The various model
parameters are same as considered in chapter 5 (Table 5.1 and 5.2) for each layer of NKD and
RCD soil.
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The soil-fluid interaction and development of EPWP is accomplished using an advanced soil
constitutive model implemented in fully-coupled u-p formulation as given in equation 5.8 and
5.9. The Newmark’s algorithm is used to solve these equations numerically which is

implemented in OpenSees.

6.2.3 Input Motions

The Kolkata city is located in between seismic zones Il & IV as per Indian standard seismic
code 1S: 1893-2016. Enormous damage has occurred at Kolkata in the past due to near and far
field earthquakes. The range of maximum bed rock level acceleration (MBRA) of Kolkata
city varies from 0.1g to 0.34g with an average value of 0.22g (Mohanty and Walling 2008;
Roy and Sahu 2012; Akhila et. al. 2012; Govindaraju and Bhattacharya 2012). In the present
study, the input motions selected are Bhuj (BHJ), Imperial Valley (IMV) whose PGA values
are well within the reported range of MBRA of the study area. The various parameters of BHJ
and IMV earthquake motions are presented in Table 3.3. The acceleration time-history of BHJ

and IMV motions are shown in Fig. 3.2(a) and (b) respectively.

6.2.4 Finite Element Model

Finite-element based program OpenSeesPL is used to create full 3D numerical model. Fig. 4
shows the 3D finite element model to simulate coupled soil-pile system in sloping ground.
Open-source finite element-based computational platform OpenSees (Mazzoni et al. 2006) is
used to perform simulations in OpenSeesPL. Only half of the soil domain is modelled owing
to symmetry as shown in Fig.4. A floating pile having length L and diameter d is inserted into
the layered NKD and RCD soil deposit. The soil and pile are modelled using 8-noded brick
element and elastic beam-column element respectively. Every soil node has four and every
pile node has six degrees-of-freedom (DOF). The fourth DOF of soil illustrates pore water
pressure. The physical modelling of pile is employed using rigid link element with identical
material properties of the pile. Each brick element of soil and surrounding pile element at
same level is attached using outer nodes of the rigid link. Relatively fine mesh size has been
considered near pile zone, which becomes coarser near domain boundaries. The present finite
element model consists of 1700 numbers soil element and 141 numbers pile & link elements.
The dimension of the soil model in longitudinal (x-direction) and transverse (y-direction)

direction considered based on sensitivity analysis is 40d from the center of the pile. The
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dimension in vertical direction (z-direction) considered is 50 m which is the total depth of soil
profile used in this study. Mass and stiffness proportional Rayleigh damping (damping ratio
5%) has been considered. The model is inclined in longitudinal direction to represent sloping
ground scenario. The optimum size of each finite-element considered in the model is not more
than 1/10 (A=wave length) to avoid filtration of portion of the seismic waves (Oliaei and
Ghotbi Siabil 2017)

6.2.5 Boundary Conditions

Boundary conditions are very important for dynamic analysis of 3D numerical model to avoid
reflection of seismic waves at the boundaries. Rigid box type boundary condition is selected
for this study. All the base nodes of soil domain are selected to be fully fixed in x, y and z-
directions. The 4th DOF of soil on the ground surface is fixed to drain out water. It is set
open in the remaining nodes for free variation of EPWP. Boundary nodes perpendicular to the
direction of input motion are considered as fixed in this direction. They are considered free
parallel to the direction of input motion. Nodes at the sides parallel to the direction of input

motion are constrained perpendicular to the motion direction and are considered free to move

'ﬂ’-— I —
[ A
--.:lgﬁ’;?.'g.-— '

(a) (b)

Fig. 6.2 3D finite element model a 3D view b view in X-Z direction
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in the motion direction. The bed rock level is assumed at the base of the soil model (50 m
depth) and input motions are applied at that level in the longitudinal direction. Also, the
magnification of ground motions during travelling from bed rock level to the surface level has

been considered for dynamic analysis.

6.3 Validation of the Proposed Numerical Model

The results of the present model are compared with the centrifuge test results performed by
Wilson (1998) to verify the applicability of the present model. The results obtained using the
present FE model in terms of EPWP ratio, bending moment and superstructure acceleration
time-history are compared with the measured values and shown in Figs. 5.8 (a) to (c). Fig.5.9
presents the variation of lateral displacement of pile with depth after 11.2 sec of earthquake
duration. It is observed that the present results are matching well with the centrifuge test
results. The slight variation of the results may be due to consideration of constant value of

permeability in this study.

6.4 Present Study

In the present study, nonlinear dynamic response of laterally loaded single piles in liquefiable
multi-layered slopping ground under the influenece of static axial load as well as ground
motions simultaneously has been carried out to consider both kinematic and inertial
interaction using finite-element based program OpenSeesPL.

The allowable load (Pan) of a particular diameter pile of 20 m embedded length in RCD soil is
determined by dividing the ultimate load with a factor of safety of 2.5 as per 1S 2911 (1984).
A lumped mass (Ms) equivalent to allowable load carrying capacity of pile, representing the
superstructure, is attached to the pile head to assess the effects of axial load on dynamic
response of pile foundation. The allowable load on pile head calculated for 0.5, 0.75 and 1.0
m diameter piles are 1330, 2430, 4280 kN respectively.

The slopes of the ground (&) in the longitudinal direction varies from 0 to 10 degree to
represent level and gently sloping ground scenario. The finite element simulation is used to
calculate the depth of liquefaction (D.) and degradation of shear strength of soil. The analysis
is initially carried out in level and sloping ground for kinematic loading only, without
considering the axial load on pile head. Then, the same analysis is conducted again for the

combined kinematic and inertial loading by considering the axial load at pile head and ground
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motions simultaneously. The variations of kinematic and combined response with time and
depth in NKD and RCD soil are described in detail.

The presence of axial load reduces the plastic moment capacity of pile in liquefiable soil
(Bhattacharya 2003). A hinge is generally formed within a pile section under the combined
action of axial load (P) and moment (M) as shown in equation 5.19.

In the present study, bending failure of pile under combined loading in liquefiable soil is
checked by comparing the maximum bending moment developed in the pile with the
available plastic moment capacity computed using P-M interaction as given by equation 5.19.

The axial load also increases the buckling instability of piles in liquefiable soil (Bhattacharya
2003) owing to loss of lateral support during liquefaction. Critical buckling load of pile is
estimated using Euler’s buckling equation as given in equation 5.12.

The value of L. is determined using equation 5.13. The fixity condition of top end of the pile
is supposed to be pinned type. The bottom end of the pile is supposed to be pinned type for
depth of embedment of pile less than 5d and fixed type for depth of embedment of pile more
than 5d (Bhattacharya 2006). The values of B are taken from IS 456-2000 based on the fixity
conditions of pile at both ends.

In this study, buckling failure of pile under combined loading in liquefiable soil is checked by
comparing the maximum axial stress of the pile with the Rankine’s failure stress as computed
using equation 5.18.

Finally, bending-buckling interaction diagrams are produced from the above analysis for the
piles located in level and sloping ground subjected to both the axial and lateral loads. This
diagram is useful for seismic design of piles in liquefiable level as well as sloping ground.

6.5 Results and Discussions

A parametric study has been carried out using the proposed numerical model to evaluate the
influence of ground slope, soil type, input ground motion, pile slenderness ratio, pile head
fixity condition and depth of ground water table (GWT) on dynamic response of soil-pile
system in liquefiable layered soil deposit considering the effect of both kinematic and inertial
interaction. The results obtained for soil and pile responses are presented in tabular form and

discussed graphically.
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6.5.1 Response of Soil

6.5.1.1 Variation of Excess Pore Water Pressure Ratio (Ry)

Ru is an important practical parameter for the assessment of liquefaction potential of soil.
When Ry approaches to unity, the soil loses its shear strength and term as liquefied soil. The
effect of various parameters on the development and distribution of excess pore water
pressure (EPWP) are evaluated and presented graphically.

It is seen from the Fig. 6.3(a) that the depth of liquefaction (D.) in RCD soil for 0, 2.5, 5.0
and 10.0 degree ground slopes under scaled IMV motion are 10.8, 10.4, 9.9 and 10.2 m
respectively. The values of D in RCD soil for 5-degree ground slope under BHJ, Scaled IMV
and IMV ground motions are 10, 9.9 and 13.8 m respectively as shown in Fig. 6.3(b). Also,
NKD soil is non-liquefiable except top 1.0 m depth for level ground condition and liquefiable
up to depth of 10.75 m for 5-degree ground slope under scaled IMV motion as shown in
Fig.6.3(c). Sudden increase of EPWP at top of both the soil profiles is observed due to
existence of clay layer which obstructs to drain out the pore water. The value of D is
significantly influenced by the depth of GWT. When the depth of GWT increases from 0 to 5.0
m, the thickness of top non-liquefiable layer increases but the bottom depths of liquefaction
are 9.9, 11.5 and 11.5 m for GWT at 0, 2.5 & 5.0 m under scaled IMV motion as illustrated in
Fig. 6.3(d). So, the value of D is dependent on topography of the ground, types of soil,
ground motion characteristics and depth of GWT. It is clear from the above figures that the

value of EPWP decreases with depth due to increase of stiffness of soil.

Page | 157



Chapter 6: Dynamic Analysis of Piles in Sloping Ground

EPWP Ratio (Ru) EPWP Ratio (Ru)
0 1 2 3 0 1 2 3
0 L L I 0 ’
-10 - =—5=0deg. -10
— BHJ
-~ —5=25deg -
& 20 1 S=3deg, 2 -20 Scaled INMV
2 ——5-10 deg, 5 MV
5 -30 A 5 30
40 -40
50 -50
(a) (b)
EPWP Ratio (Ru) EPWP Ratio (Ru)
0 2 3 4 0 1 2 3
(1] 0 L

-—:—_—'_?;I_/
-10 — -10 //

-20 A

[
=]
Depth (m)

Depth (m)

——NKD (S=0 deg) — GWT=0m
30 A ) _30 4

——NKD (S=5 de) —— GWT=25m

RCD (5=0 deg)

40 40 1 GWI=5.0m

——RCD (S=5 deg)
_50 4 -50 -

(©) (d)

Fig. 6.3 Variation of R, with depth a in RCD soil for different ground slopes under scaled
IMV motion b in RCD soil for 5-degree ground slope under different ground motions ¢ in
NKD and RCD soil under scaled IMV motion and d in RCD soil for different depth of GWT

under scaled IMV motion
6.5.1.2 Variation of Peak Ground Displacement (PGD)

Figs. 6.4(a) and (b) demonstrate the variation of PGD with depth in RCD soil for different
ground slopes under scaled IMV motion and for 5-degree ground slope under different ground
motions respectively. It is observed from Fig. 6.4(a) that the PGD value for top liquefiable
soil layer increases with an increase of ground slopes under a particular ground motion. The
maximum value of PGD observed at ground surface for level ground and near the boundary
of liquefiable & non-liquefiable layer for sloping ground condition. The maximum value of
PGD increase by 238 % due to increase of ground slope from 0 degree to 10 degree. The PGD
value in sloping ground significantly increases with an increase of amplitude of input ground
motions as shown in Fig. 6.4(b). The comparison of PGD profile in NKD and RCD soil for 5-
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degree ground slope under scaled IMV motion is presented in Fig. 6.4(c). The PGD profile of
NKD soil in sloping ground is totally different from RCD soil for top 11.5 m depth under
same input motions. Hence, type of soil has profound influence on PGD profile. Also, PGD
profile in sloping ground is significantly changes with variation of GWT as shown in Fig.
6.4(d). PGD is maximum when GWT is located at surface level.

Fig. 6.5(a) represents the PGD time-history at ground level in RCD soil for various ground
slopes under scaled IMV motion. Residual soil displacement at the end of duration of input
motion in sloping ground indicates the possibility of liquefaction-induced lateral spreading of
the site. The residual displacement at ground level observed for 0, 2.5, 5.0 and 10.0 degrees
sloping ground are 4.55, 9.65, 29.2 and 62.2 mm respectively. Similarly, the residual
displacement increases with an increase of amplitude of input motions as shown in Fig.

6.5(b). Fig. 6.5(c) shows the comparison of PGD time-history at ground surface for 5-degree
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Fig. 6.4 Variation of PGD with depth a in RCD soil for different ground slopes under scaled
IMV motion b in RCD soil for 5-degree ground slope under different ground motions ¢ in
NKD and RCD soil for 5-degree ground slope under scaled IMV motion and d in 5-degree
sloping RCD soil for different depth of GWT under scaled IMV motion
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ground slope in RCD soil for different depths of GWT under scaled IMV motion. It is noticed
that residual displacement decreases significantly with an increase of depth of GWT from

ground surface.
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Fig. 6.5 PGD time-history at ground level a in RCD soil for various ground slopes under
scaled IMV motion b in RCD soil for 5-degree ground slope under various ground motions

and ¢ in RCD soil for different depths of GWT under scaled IMV motion
6.5.1.3 Variation of Peak Ground Acceleration (PGA)

The variation of PGA with depth for different ground slopes in RCD soil under scaled IMV
motion is shown in Fig. 6.6(a). The PGA amplification factor at ground surface does not
change with ground slopes and the value is 1.26 for all the ground slopes under scaled IMV
motion. But the amplification factor obtained are 1.26 for IMV & Scaled IMV and 1.60 for
BHJ earthquake motion in RCD soil having ground slope of 5-degree as shown in Fig. 6.6(b).
PGA amplification is comparative less for high amplitude input motion due to development of

large hysteretic stress-strain response of top weak soil. However, for same ground slope of 5-
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degree in RCD soil under scaled IMV motion, the PGA amplification factors obtained are
1.26, 9.15, 6.9 and 6.5 for GWT depth of 0, 2.5, 5.0 m and without GWT respectively as
illustrated in Fig. 6.6(c). Hence, location of GWT significantly influence the amplification of
PGA at surface level. When, GWT depth increases the top soil become non-liquefied and the

strength of soil increases which causes PGA to amplify.

PGA(®) PGA (g)
0.2 0.25 0.3 0.35 0.4 0.1 0.2 0.3 0.4 0.5
0 L L 1 J 0 L 1 1 J
-10 A -10 A ——BH)
g0 ERY) ——Scaled IMV
2 4 MV
~30 1 -
5 E 30
-40 - -40
50 50
(@) (b)

PGA ()
0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

——GWT=0m

—GWT=25m
GWT=5.0m

—— Without GWT

Depth (m)
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Fig. 6.6 Variation of PGA with depth a in RCD soil for various ground slopes under scaled
IMV motion b in RCD soil for 5-degree ground slope under various ground motions and c in
RCD soil for different depths of GWT under scaled IMV motion

6.5.2 Response of Pile

The dynamic response of piles obtained in this study are described in the form of variation of
dimensionless lateral displacement co-efficient (y/d) and bending moment co-efficient
(M/Mp") against the depth for kinematic and combined kinematic and inertial loading

conditions.
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6.5.2.1 Influence of Ground Slopes

The variation of peak lateral displacement co-efficient along depth for 0.5 m diameter pile in
different ground slopes of RCD soil under scaled IMV motion are shown in Figs. 6.7(a) and
(b) for kinematic and combined loading respectively. It is observed that the both kinematic
and combined peak lateral displacement co-efficient of pile in level ground is significantly
less than that of the sloping ground under same earthquake motion. The peak lateral
displacement co-efficient of pile with slopes are shown in Figs. 6.8(a) and (b) for kinematic
and combined loading condition respectively. The amplification factors for sloping ground
with respect to level ground due kinematic loading are 2.5, 4.3 and 5.6 for 2.5, 5.0 and 10.0
degree ground slopes respectively. The same values are 1.03, 1.7 and 2.2 due to combined
kinematic and inertial loading. Hence, it can be inferred that the kinematic response of pile is

significantly dependent on ground slopes.

Kinematic lateral displacement co-efficient (y/d) Combined lateral displacement co-efficient (y/d)
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Fig. 6.7 Variation of a kinematic and b combined lateral displacement co-efficient of pile

with depth in RCD soil for different ground slopes under scaled IMV motion
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Fig. 6.8 Peak lateral displacement co-efficient for a kinematic and b combined loading in

RCD soil for different ground slopes under scaled IMV motion
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Peak bending moment co-efficient due to kinematic loading only in RCD soil for 0, 2.5, 5.0
and 10.0 degree ground slopes under scaled IMV motion are 0.41, 1.44, 2.25 and 2.77
respectively as shown in Fig. 6.9(a). Hence, 0.5 m diameter pile is only safe in level ground of
RCD soil under scaled IMV motion against kinematic bending failure. With mild increase of
ground slope, the same pile is failed in kinematic bending. Fig. 6.9(b) shows the peak bending
moment co-efficient due to combined loading for 0, 2.5, 5.0 and 10.0 degree ground slopes
are 2.97, 3.24, 3.35 and 3.50 respectively. Hence, the inertial effect is predominant for
combined response of pile. The maximum bending moment time-history at ground surface for
different ground slopes due to kinematic and combined loading are shown in Fig. 6.10(a) and
(b) respectively. It is observed that the maximum bending moment at ground surface increases
significantly due to mass of the superstructure when combined response is considered. It is
observed from Figs. 6.11(a) and (b) that the amplification factors of bending moment for
sloping ground with respect to level ground are 3.50, 5.50, 6.75 due kinematic loading and
1.09, 1.13, 1.18 due to combined loading for 2.5, 5.0 and 10.0 degree ground slopes

respectively.

Kinematic bending moment co-efficient (W/Mp') Combined bending moment co-efficient (M/Mp')
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Fig. 6.9 Variation of a kinematic and b combined bending moment co-efficient of pile with

depth in RCD soil for various ground slopes under scaled IMV motion
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Fig. 6.10 Comparison of a kinematic and b combined bending moment time-history at ground

level in RCD soil for various ground slopes under scaled IMV motion
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Fig. 6.11 Peak bending moment co-efficient for a kinematic and b combined loading in RCD

soil for different ground slopes under scaled IMV motion

6.5.2.2 Influence of Soil Types

From the combined response of peak lateral displacement and bending moment co-efficient as
shown in Figs. 6.12(a) and (b) respectively, it is clear that response of pile is significantly
different in NKD and RCD soil for 5-degree sloping ground under scaled IMV motion. Peak
lateral displacement co-efficient for 0.5 m diameter pile obtained are 0.17 at surface level in
NKD soil and 0.19 at 5.0 m depth in RCD soil. Similarly, peak bending moment co-efficient
obtained are 4.1 at 1.0 m depth in NKD soil 3.35 at 1.5 m depth in RCD soil. Fig. 6.13 shows
the comparison of maximum combined bending moment of 0.5 m diameter pile at ground
surface in NKD and RCD soil for 5-degree sloping ground under scaled IMV motion. The
response in NKD soil is more than RCD soil because of large inertial loading due to higher
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PGA at surface level. Hence, the dynamic response of pile is profoundly influenced by the
type of soil deposit.
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Fig. 6.12 Variation of combined a lateral displacement co-efficient and b bending moment
co-efficient of pile with depth in NKD and RCD soil for 5-degree ground slope under scaled
IMV motion
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Fig. 6.13 Comparison of combined bending moment time-history at ground level between

NKD and RCD soil for 5-degree ground slope under scaled IMV motion

6.5.2.3 Influence of Input Ground Motions

Figs. 6.14(a) and (b) illustrated the effect of input ground motions on lateral displacement and
bending moment response of 0.5 m diameter pile in RCD soil for 5-degree ground slope under
combined loading condition. The peak lateral displacement co-efficient are 0.080, 0.19, 0.37
and peak bending moment co-efficient are 1.42, 3.35, 4.94 under BHJ, scaled IMV and IMV
input motion respectively. Hence, amplitude of input motion has significant effect on pile
response. The comparison of pile lateral displacement co-efficient and bending moment co-
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efficient for level and 5-degree sloping ground are shown in Fig. 6.15(a) and (b) respectively.
The combined peak lateral displacement response is 2.5 times more in level ground and 4.6
times more in sloping ground when ground motion changes from BHJ to IMV. Similarly, the
combined peak bending moment response is 3.1 times more in level ground and 3.45 times

more in sloping ground when ground motion changes from BHJ to IMV.
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Fig. 6.14 Variation of combined a lateral displacement co-efficient and b bending moment
co-efficient of pile with depth in RCD soil for 5-degree ground slope under various ground
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Fig. 6.15 Combined peak a lateral displacement co-efficient and b bending moment co-

efficient in RCD soil for different ground slopes under scaled IMV motion
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6.5.2.4 Influence of L/d Ratio of Pile

The effect of L/d ratio on combined response of piles in RCD soil for 5-degree ground slope
under scaled IMV motion is evaluated in the present study considering 21.0 m length (L) with
diameters (d) of 0.5, 0.75 and 1.0 m and presented in Figs 6.16(a) and (b). It is observed from
Fig. 6.16(a) that the flexible pile behaviour changes to rigid behaviour due to decrease of L/d
ratio from 42 to 28. The combined peak lateral displacement and bending moment co-efficent
decreases by 46.5% and 29.5% respectively when L/d ratio decreases from 42 to 28. The
reductions are 62.6% and 44.2% when L/d ratio decreases from 42 to 21. Peak lateral
displacement co-efficient in 5-degree sloping ground increases by 1.67, 1.39 and 1.37 times
with respect to level ground for L/d ratio 42, 28 and 21 respectively as shown in Fig.6.17. Fig.
6.18 shows that the peak bending moment co-efficent in 5-degree sloping ground increases by
1.14 times with respect to level ground for all L/d ratios. Hence, it is recommended to adopt
large diameter piles in liquefiable sloping ground for avoiding bending failure due to

combined loading.
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Fig. 6.16 Variation of combined a lateral displacement co-efficient and b bending moment
co-efficient profile with pile L/d ratio in RCD soil for 5-degree ground slope under scaled

IMV motion
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ground in RCD soil for different L/d ratios under scaled IMV motion

6.5.2.5 Influence of Pile Head Fixity Conditions

The boundary condition of pile head has profound influence on pile responses in liquefiable
sloping ground as shown in Figs. 6.19(a) and (b). The peak combined lateral displacement
decreases by 9.1% and combined bending moment co-efficient of pile increases by 8.9%
when pile head changes from free to fixed head fixity condition. The peak bending moment
(751.09 KN-m) develops at the boundary between liquefiable and non-liguefiable soil in case
of free head pile. However, for fixed head pile, the peak bending moment occurs both at pile
head (820.40 kN-m) and boundary between liquefiable and non-liquefiable soil (206.40 kN-
m). Fig.6.20 shows the comparison of combined bending moment time-history with pile head

fixity conditions at ground level for 5-degree slope under scaled IMV motion. It is seen that
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fixed head pile response is significantly different from free head pile at ground surface. Fixed
head pile shows residual bending moment after end of the shaking. This additional bending is
caused by the lateral displacement of soil in sloping ground for fixed head pile even after

earthquake.

Combined lateral displacement co-efficient (v/d) Combined bending moment co-efficient (M/Mp')
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Fig. 6.19 Variation of combined a lateral displacement co-efficient and b bending moment

co-efficient profile with pile head fixity conditions in RCD soil for 5-degree ground slope

under scaled IMV motion
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Fig. 6.20 Comparison of combined bending moment time-history with pile head fixity

conditions at ground level for 5-degree ground slope under scaled IMV motion

6.5.2.6 Influence of Depth of Ground Water Table (GWT)

The depth of GWT has profound influence on pile response. The depth of GWT varies from 0
to 3.0 m at different locations in Kolkata city (Akhila et al. 2012; Govindaraju and
Bhattacharya 2012; Chatterjee 2018). Hence, in the present study, variation of GWT from 0 to

5.0 m and without GWT has been considered for piles in RCD soil having ground slope of 5-
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degree under scaled IMV motion. The lateral displacement decreases and bending moment
increases with an increase of depth of GWT as shown in Figs. 6.21(a) and (b) respectively.
The peak combined lateral displacement decreases by 48.7% and combined bending moment
co-efficient of pile increases by 14.3% when soil condition changes from liquefiable (GWT=0

m) to non-liquefiable condition (without GWT).

Combined lateral displacement co-efficient (y/d) Combined bending moment co-efficient (M/Mp')
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Fig. 6.21 Variation of combined a lateral displacement co-efficient and b bending moment
co-efficient profile with depth of GWT in RCD soil for 5-degree ground slope under scaled
IMV motion

6.5.3 Bending-Buckling Interaction Diagram

Bending-buckling interaction diagram is very important for analysis of piles in liquefiable soil
under combined vertical and lateral load. It is a plot of buckling co-efficient (¢/0) vs bending
moment co-efficient (M/M," ) for a particular combination of pile and soil configurations.
Buckling failure of piles in liquefiable soil is happened when axial stress (o) exceeds the
Rankine’s failure stress (o). On the other hand, pile fails in bending when the bending
moment in pile overcomes its available plastic moment capacity (Mp') under combined
vertical and lateral loading. A pile may be considered as safe when both M/ My' and o/0% are
less than 1. Bending-buckling analysis has been done for 21.0 m long M-30 grade concrete
circular piles in RCD soil under various pile geometry, ground motions characteristics and
ground slopes. Tables 1 and 2 examines the bending and buckling failure criteria respectively
for different diameters pile in level and 5-degree sloping RCD soil profile under scaled IMV
motion and Fig.6.22 is the bending-buckling interaction diagram for the same. It is observed
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that 0.5 m diameter pile is unsafe for both bending and buckling. However, 0.75 m and 1.0 m
diameter piles are safe in buckling but unsafe in bending for both level and 5-degree sloping
ground. Both the bending and buckling co-efficient reduces significantly with an increase of
pile diameter. Also, bending co-efficient is more in mildly sloping ground than level ground
though buckling co-efficient does not change significantly with slopes for a particular pile

diameter.

Table 6.1 Examining bending failure criteria of different diameters pile in RCD soil under

scaled IMV motion

dm) S P(N) fw(MPa) Py (kN) My(kN-m) Mp'(kN-m) M(KN-m) M/Mp'

05 0 1330 30 39446 279 224.38 667.45 2.97
5 1330 224.38 751.09 3.35
075 0 2430 30 8875.40 941 806.52 1668.76  2.07
5 2430 806.52 1906.61 2.36
10 O 4280 30 15778.5 2230 1915.00 3116.88 1.63
5 4280 1915.00 3584.10 1.87

Table 6.2 Examining buckling failure criteria of different diameters pile in RCD soil under
scaled IMV motion

d S P E DL D Lo B Le rmin 4 g, O o o o/o¢

(m () (N) (GPa) (m) (m) (m) (m) (m) (Mpa) (Mpa) (Mpa) (Mpa)

050 0 1330 274 108 3.2 15.0 2 30.0 0.125 240.0 13.38 4.69 3.47 6.78 1.95
5 1330 99 32 141 2 282 225.6 5.31 3.80 1.78

075 0 2430 274 108 45 163 2 32.6 0.187 1743 13.38 8.89 5.34 5.50 1.03
5 2430 9.9 45 154 2 308 164.7 9.96 571 0.96

1.0 0 4280 274 108 56 174 2 348 025 139.2 1338 1394 6.83 5.45 0.80
5 4280 99 56 165 2 330 132.0 1550 7.18 0.76
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Fig. 6.22 Bending-buckling interaction diagram of different diameters pile in level and

sloping RCD soil under scaled IMV motion

Tables 3 and 4 examines the bending and buckling failure criteria respectively for 0.5 m
diameter pile in level and 5-degree sloping RCD soil profile under BHJ, scaled IMV and IMV
input motions and Fig.6.23 is the bending-buckling interaction diagram for the same. As the
liquefaction of soil is dependent on both the characteristics of soil and input motion, bending-
buckling interaction is greatly influenced by PGA of input motion. Bending and buckling co-
efficient increases many times due to increase of PGA for both level and 5-degree sloping
ground. As all the points in the graph are outside the safe area shown with dotted line, 0.5 m

diameter pile is unsafe in level and 5-degree sloping ground under considered input motions.

Table 6.3 Examining bending failure criteria of 0.5 m diameter piles in RCD soil under

different ground motions

GM S P(kN) fa(MPa) Py (kN) My(kN-m) Mp'(kN-m) M(KN-m) M/Mp'

BH) O 1330 30 39446 279 224.38 307.24 1.37
5 1330 224.38 320.11 1.43
Scaled 0 1330 30 39446 279 224.38 667.45 2.97
IMV
5 1330 224.38 751.09 3.35
IMV 0 1330 30 39446 279 224.38 953.32 4.25
5 1330 224.38 1108.86 4.94
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Table 6.4 Examining buckling failure criteria of 0.5 m diameter piles in RCD soil under

different ground motions

GM S P E Do D Lo S Le Mmin A Oy, O o o o/o%
) N) (GPa) (m) (m) (m)  (m) (m) (Mpa) (Mpa) (Mpa) (Mpa)

BHJ 0 1330 274 85 32 127 2 254 0.125 203.2 13.38 6.54 439 678 154
5 1330 10.0 3.2 142 2 284 227.2 5.23 3.76 1.80

Scaled 0 1330 274 108 3.2 150 2 30.0 0.125 240.0 13.38 4.69 347 6.78 1.95
IMV
5 1330 99 32 141 2 282 225.6 531 3.80 1.78

IMV 0 1330 274 135 32 177 2 354 0.125 283.2 1338 3.37 269 6.78 252
5 1330 13.8 3.2 18.0 2 36.0 288.0 3.26 2.62 2.59

5.00 - °
—e—BHJ

4.00 { =—@—Scaled IMV
NIV P

3.00 + BHJ (S5=5 deg.) L

M/Mp'

500 —8— Scaled IMV (S=5 deg.)
.00 1
—8—1IMV (S=5 deg.)

100 +------------:

0.00

0.00 0.50 1.00 1.50 2.00 2.50 3.00
o/cf

Fig. 6.23 Bending-buckling interaction diagram of 0.5 m diameter piles in level and sloping

RCD soil under different ground motions

Finally, Tables 5 and 6 examines the bending and buckling failure criteria respectively for 0.5
m diameter pile in 0, 2.5, 5.0 and 10.0 degree sloping RCD soil profile under scaled IMV
motion and Fig.6.24 is the bending-buckling interaction diagram for the same. It is observed
that 0.5 m diameter pile is unsafe in both bending and buckling for all the ground slopes as all
the point in the diagram are outside the safe area. So, for design of piles in liquefiable sloping
ground proper selection of pile section and material strength is utmost important to avoid

bending and buckling failure.
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Table 6.5 Examining bending failure criteria of 0.5 m diameter piles in RCD soil for different

ground slopes

SO P(KN) fw(MPa) Py(kN) My(kN-m) Mp'(kN-m) M(KN-m)  M/Mp'

0 1330 30 3944.6 279 224.38 667.45 2.97
2.5 1330 30 224.38 727.57 3.24
5.0 1330 30 224.38 751.09 3.35
10.0 1330 30 224.38 785.60 3.50

Table 6.6 Examining buckling failure criteria of 0.5 m diameter piles in RCD soil for

different ground slopes

S P E DL Dr Lo p Le Fmin A gy Ocp of o o/o%
(" (N) (GPa) (m) (m) (m) (m)  (m) (Mpa) (Mpa) (Mpa) (Mpa)
0 1330 27.4 108 32 15 2 30.0 0.125 2400 13.38 4.69 3.47 6.78 1.95
25 1330 104 32 146 2 292 233.6 4.95 3.61 1.88
50 1330 274 99 32 141 2 282 225.6 5.31 3.80 1.78
10.0 1330 102 32 144 2 288 230.4 5.09 3.69 1.84
4
3.5 4
[ ]
3 [
2.5
;— 2 —B—S=0deg.
1.5 A ——S=2.5deg.
5=5 deg.
1 fe==mmemmcccccccc——————
H S=10 deg.
0.5 1 i
0 T : T
0 0.5 1 1.5 2
a/of

Fig. 6.24 Bending-buckling interaction diagram of 0.5 m diameter piles in RCD soil for

different ground slopes under scaled IMV motion
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Summary and Conclusions

7.1 Summary

1D nonlinear GRA has been conducted for two typical soil profile of Kolkata city using three
widely distinct strong ground motions to study the behaviour of typical Kolkata soil. Two
typical soil profile of Kolkata city such as Normal Kolkata Deposit (NKD), and River
Channel Deposit (RCD) have been chosen for this study. The input motions considered for
present analysis are 1940 Imperial Valley, 2001 Bhuj and 2011 Sikkim earthquakes. The
procedure of obtaining the required input parameters for modelling the materials of each soil
layer from field and laboratory tests are presented. The main objective of the present study is
how the ground response and liquefaction susceptibility would be if these considered scenario
earthquake motions are experienced at bedrock level. Also, liquefaction-induced damage to
building supported on pile foundation during earthquake is presented in this study using a
reported case study on damages to the Kandla Port building during the 2001 Bhuj earthquake
in India. The 22.0 m high six-storied RCC frame building supported on combined pile-raft
foundation was tilted towards sea side after this earthquake. The effective stress-based ground
response analysis (GRA) of the port site has been carried out using nonlinear finite element

program Cyclic1D considering nonlinearity of soil.

A finite element based BNWF numerical model has been developed using the open-source
software platform OpenSees to study the static response of single pile in homogenous
cohesionless soil and seismic response of laterally load single pile in liquefiable multi-layered
sloping ground of Kandla Port site considering both kinematic and inertial effects. The
present model is validated with the theoretical solution and past case study. The effects of
different parameters such as ground slope, L/d ratio of pile, pile head fixity condition,
existence of liquefiable layer, depth of liquefiable soil layer and embedment depth of pile on

kinematic pile response are also evaluated.
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Then, three-dimensional numerical study using an advanced nonlinear finite-element based
computer program OpenSeesPL has been carried out to investigate the dynamic response of
soil-pile system in liquefiable layered soil of Kolkata city under the influence of axial
Loading. The same soil profile such as Normal Kolkata Deposit (NKD), and River Channel
Deposit (RCD) have considered to replicate typical soil layers of Kolkata metropolitan city.
Two acceleration time histories, viz., Imperial Valley (1940) and Bhuj (2001), have been
considered in the present analysis, and their PGA values are well within the reported range of
Kolkata city. The present model is validated with the experimental results prior to carrying
out parametric study. Then, a detailed systematic parametric study is performed for numerical
simulation of pile failures in layered soil deposit of Kolkata city in liquefiable and non-
liquefiable condition by taking into account various soil, pile parameters and ground motion

characteristics.

Next, the same 3D numerical model has been used for dynamic analysis of piles in liquefiable
multi-layered sloping ground considering the effect of static axial load as well as ground
motions simultaneously. Parametric study has been conducted systematically to evaluate the
effect of ground slope, soil type, input ground motion, pile L/d ratio, pile head fixity condition

and depth of ground water table (GWT) on dynamic response of soil-pile system.
7.2 Conclusions
The major conclusions from the results of nonlinear ground response analysis are as follows:

e The study shows that the acceleration is reduced at the surface in case of IMV and
SIKM motions and magnified in case of BHJ motion for NKD soil, although the
IMV motion had the highest maximum bedrock level acceleration (MBRA). Thus,
BHJ earthquake motions caused higher acceleration magnifications at NKD soil as
compared to other motions because of its large bracketed duration and frequency
contentment. The acceleration is reduced for RCD soil for all the considered
earthquake motions. As stiffness of top soil of RCD is comparatively lower than
NKD soil, the reduction of MBRA is more at surface of RCD soil.

e The PGA at surface level varies in a small range of 0.109g to 0.119¢g for NKD soil
and 0.072g to 0.091g for RCD soil in spite of wide variation of the MBRA used in
the analysis. Hence, the MBRA has little influence over the surface PGA.

e Peak spectral acceleration obtained in this study varies in the range of 0.51g to
0.67g for NKD soil and 0.33g to 0.46g for RCD soil which are beneficial for the
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design of earthquake resistant structures. From response spectra, it is observed that
IMV and BHJ motions have immense effect on long period structures resting on
soft soil and SIKM motions are vulnerable for short period structure resting on soft
soil, respectively.

e The PGA and PGD value at surface increases by almost 39% and 37% respectively
for RCD soil for BHJ earthquake motion with variation of ground water table
(GWT) depth from surface to 5.0m depth below surface. Large value of PGA and
PGD is observed for mildly-inclined slope site even for low MBRA indicating the
tendency of lateral spreading of RCD. So, the fluctuation of GWT and topography
of site has significant influence on seismic ground response in addition to the input
motion characteristics, local soil condition.

e The large shear strain is observed for depth 0 to 12.0 m of RCD soil. The large
shear strain value gives an idea of probability of liquefaction hazard at considered
site.

e As this nonlinear analysis is effective stress-based approach, it presents the
variation of pore pressure with depth which is useful to predict liquefaction
evaluation of soil. In present study, the excess pore pressure ratio is less than 1.0 in
all the soil layers of NKD soil but the ratio is more than 1.0 at top 12.0 m of RCD
soil indicating the top soil layers are prone to liquefaction.

e FOS/FOSD of RCD soil using both Simplified deterministic method and nonlinear
dynamic method is less than 1 for top 12.0 m soil. So, top soil of RCD is highly
liquefiable under BHJ earthquake motion.

e It is found that top 12 m soil of RCD is mainly contribute the total post-liquefaction
settlement because of presence of saturated silty fine sand. Also, Post-liquefaction

settlement reduces drastically due to change of location of GWT.

The key conclusions from the present analysis of Kandla Port case study are as follows:

e The acceleration at the ground surface does not magnify significantly with respect to
MBRA for the Kandla port site under Bhuj earthquake.
e 12.0 m thick intermediate loose to medium dense saturated sand below soft clay strata

is potentially liquefiable under 2001 Bhuj earthquake motion.
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e The post-earthquake observed ground settlement of 0.3 m is matching well with the
evaluated post-liquefaction settlement of 0.288 m obtained from present study.

e The field-observed lateral spreading of 0.8 to 1.0 m is also consistent with the present
results of lateral spreading analysis.

o The pile foundation travel through non-liquefiable layer and terminated in liquefiable
soil can experience undue settlement. This exercise can be avoided as far as possible

in practical situation.

The key conclusions from the results of static response of single pile in homogenous

cohesionless soil are as follows:

e The relative density of soil has profound influence on pile response. The maximum
bending moment of free head and fixed head long pile is reduced by 41.10% and
45.60% respectively for changes of relative density from loose to dense.

e The depth of point of contra flexure from ground surface decreases with the increase
of relative density of soil.

e The rigid or flexible nature of pile is extremely dependent on L/d ratio and pile head
fixity. Pile of L/d less than 10 behaves like short rigid pile and more than 10 behaves
like long pile.

e Pile having L/d ratio 10 undergoes significant negative displacement. The maximum
negative displacement occurred at the base of the pile. The same is occurred in
between inflection point and the base of pile for L/d ratio 30 in loose sand. The soil
reaction is 46.80% more for pile having L/d ratio 10 than other L/d ratio of pile in
loose sand.

e The lateral displacement of pile having L/d ratio 30 for loose and dense sand is
reduced by 69.75% and 73.90% respectively when the pile head fixity changes from
free to fixed head condition.

The following major conclusions are derived based on the results of pseudo-static analysis of

laterally load single pile in liquefiable multi-layered sloping ground:

e The bending response at pile head is mainly governed by the inertial loading and it
diminishes rapidly below pile head. The kinematic response of pile is predominant at
greater depth for liquefiable sloping ground. So, proper combination of kinematic and
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inertial interaction effects should be considered for seismic design of pile foundations
in liquefiable sloping ground.

The seismic response of pile is significantly influenced by the ground slope. The
highest PGD value observed for 2.5-degree ground slope. The distribution of PGD
profile is almost constant for top non-liquefiable crust and linearly decreases in
liquefiable layer and becomes negligible at the bottom of the liquefiable layer for all
the ground slopes except 8-degree. PGD is almost constant from 10 m to 30 m for
slope of 8 degree is due to movement of whole liquefiable soil layer together owing to
liquefaction-induced lateral spreading because of higher inclination. The peak lateral
displacement and bending moment coefficient are magnified by 22 and 5 times
respectively when the slope of ground changes from 0-degree to 2.5-degree. So, pile
foundation in sloping ground may be damaged during earthquake due to kinematic

bending arising from lateral spreading.

The peak lateral pile displacement coefficient decreases by 52% and peak bending
moment developed in the pile increases by 163% when the pile diameter increases
from 0.4 m to 1.0 m. However, the peak bending moment coefficient (M/Mp)
decreases by 83.33 % due to change of pile diameter from 0.4 m to 1.0 m. This is
because of increase of load carrying capacity of pile with pile diameter. Large
diameter pile can sustain a large bending moment. M/Mp ratio more than 1.0 for pile
diameter of 0.4 m indicates the kinematic bending failure of pile of Kandla port
building using Bhuj earthquake. So, use of large diameter pile is recommended to
avoid kinematic bending failure in liquefiable sloping ground.

The boundary condition of pile head has a profound influence on seismic response of
pile foundation. For free head pile, the peak bending moment occurs at 6.25d above
the interface of liquefiable and non-liquefiable layer due to discontinuity of shear
strain of soil across the interface. However, for fixed head pile, the peak bending
moment occurs at pile head as well as 6.25d above the interface of liquefiable and
non-liquefiable layer. The peak bending moment at the pile head is almost one-fourth
of the peak bending moment at interface.

The lateral pile displacement coefficient is magnified at the liquefiable condition of
intermediate layer and magnification factor is 3.5 considering kinematic effects only.

However, the maximum kinematic bending moment at the interface at liquefiable
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condition of intermediate layer is less with compared to the non-liquefiable condition.
The maximum displacement coefficient in liquefied condition is increased because of
reduction of soil strength and stiffness owing to liquefaction. However, the maximum
kinematic bending moment is less in case of liquefiable condition because of reduction
of stiffness contrast between the top non-liquefiable and intermediate liquefiable soil.
So, for a particular soil profile and under same ground motion, the kinematic bending
moment can be higher when the soil did not liquefy, with reference to the case when
soil liquefies. The designer should be considered both extreme scenarios for safe and

economical design.

The depth of liquefiable layer and embedment of pile has a significant impact on the
seismic response of soil-pile system. The bending moment developed in the pile is
maximum when the depth of liquefiable layer is almost 22% and embedment depth is
almost 45% of total length of pile. With subsequent increase of depth of liquefiable
layer and decrease of embedment depth, the value of bending moment reduces
significantly. This is because soil failed prior to pile failure during liquefaction and
stresses developed in the soil exceeds shear strength of soil.

It is observed that peak lateral displacement of pile occurs for embedment depth of
five times the pile diameter and depth of liquefiable layer is almost 55% of total length
of pile and reduces for further increase of embedment depth. However, the kinematic
pile bending in liquefiable sloping ground increases with increasing embedment depth

of pile.

The major conclusions from the results of three-dimensional dynamic study are as follows:

The weight of the super structure on pile foundation has profound influence on depth of
liquefaction. It is noteworthy that the depth of liquefaction decreases significantly
adjacent to the pile with an increase of superstructure weight. Hence, it is
recommended to use effective ground improvement techniques like dynamic
compaction for liquefiable soil adjacent to pile foundations instead of adopting heavy
pile section.

The peak lateral displacement and bending moment decreases more in non-liquefiable
condition with compared to the liquefiable condition due to decrease of axial load. So,
kinematic force is predominant in liquefiable soil condition and inertial force is
prevalent in non-liquefiable soil condition and mainly accountable for peak bending

moment in the vicinity of pile head. Therefore, kinematic and inertial interaction
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should be carefully considered for safe and reliable design of pile foundations under
different soil conditions.

The present results indicate that the laterally loaded slender end-bearing pile is prone to
buckling failure mode in liquefiable soil when axial load on the pile exceeds certain
percentage of Pa depending on the material and geometric properties of pile and input
motion characteristics. Hence, it is recommended that larger diameter pile may be used
in liquefiable soil to avoid buckling failure mode and thus is likely to fail because of
bending also.

Parametric studies reveal that bending and buckling failure mode can be avoided by
selecting a suitable combination of material strength and pile geometry for designing of
piles under combined axial and lateral load in liquefiable soil.

It is observed that maximum kinematic bending moment is developed near the
boundary between liquefiable and non-liquefiable layer due to stiffness contrast.
Hence, extra care should be taken for designing of pile foundations in multi-layered
soil profile as abrupt increase of bending moment may be occurred at the boundary due
to change of soil stiffness.

It is noticed that the NKD soil is non-liquefiable except top 1.0 m depth but RCD soil
is liquefiable up to depth of 10.8 m for level ground condition under scaled IMV
motion. However, depth of liquefaction is 10.75 m in NKD soil and 9.9 m in RCD soil
for 5-degree ground slope under same input motion. Depth of liquefaction also
increases from 10.0 m to 13.8 m when PGA of input motion increases from 0.106g to
0.348g in RCD soil for 5-degree ground slope. Also, depth of liquefaction decreases
with an increase of depth of GWT. Hence, the depth of liquefaction is dependent on
types of soil, ground motion characteristics, depth of GWT and topography of the
ground.

It is observed that the PGD value increases with an increase of ground slopes under a
particular ground motion. The maximum value of PGD increases by 238.0% due to
increase of ground slope from O degree to 10 degree under scaled IMV motion in RCD
soil. The residual displacement at ground level increases from 4.55 mm to 62.2 mm
when ground slope changes from 0 to 10-degree. So, mildly inclined liquefiable ground
is susceptible to lateral spreading.

The PGA amplification factor at ground surface does not change with ground slopes

and the value is 1.26 for all the ground slopes in RCD soil. However, PGA is amplified
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by 6.5 times in dry condition with respect to liquefiable condition under same input
motion because of the higher strength of dry soil. Hence, effective stress based
nonlinear ground response analysis is extremely necessary for liquefiable soil.

It is observed from parametric studies that with slight increase of ground slope from 0
to 2.5 degree, peak bending moment co-efficient due to kinematic loading in RCD soil
increases from 0.41 to 1.44. So, the pile which is safe against kinematic bending in
level ground is unsafe in mildly sloping ground under same loading condition. Also,
the maximum bending moment at ground surface increases significantly due to mass of
the superstructure. Hence, it is necessary to consider both the kinematic and inertial
interaction effect for piles in liquefiable sloping ground.

The combined peak lateral displacement and bending moment co-efficient decreases by
62.60 % and 44.20 % respectively when L/d ratio decreases from 42 to 21 by
increasing pile diameter from 0.5 m to 1.0 m in RCD soil. So, it is recommended to use
larger diameter piles in liquefiable sloping ground for avoiding bending failure.

The peak combined lateral displacement decreases by 48.7% and combined bending
moment co-efficient of pile increases by 14.3% when soil condition changes from
liquefiable to non-liquefiable condition in 5 degree sloping RCD soil. Hence, the
designer should consider both liquefiable and non-liquefiable conditions for safe and
economical seismic design of piles in liquefiable sloping ground.

It is revealed that bending-buckling interaction diagram is extremely necessary for safe
seismic design of piles in liquefiable sloping ground under combined action of axial
and lateral load. Bending and buckling may be avoided by selecting suitable pile
sections and material strength.

The maximum kinematic bending moment develops at the boundary between
liquefiable and non-liquefiable soil strata owing to stiffness contrast. Additional
measures should be taken for seismic design of piles in multi-layered sloping ground.
Due to abrupt change of soil stiffness at adjacent soil layer, large kinematic bending

moment may develop causing failure of piles.

Hence, in absence of site-specific data, PGA and response spectrum curves obtained from

present nonlinear ground response analysis are beneficial to the designers for safety

assessment of the existing structures and designing of various new earthquake resistant

structures in Kolkata city.
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In contrast to the horizontal ground condition adopted in most of the earlier studies, it is very
well understood that the laterally loaded pile responses in sloping ground is totally different
due to kinematic effect. The present pseudo-static analysis methodology should be of interest
to practising engineers as it provides step by step procedure for seismic design of laterally
loaded piles in liquefiable and non-liquefiable level or sloping ground under kinematic and
inertial loading.

The present dynamic analysis also indicates that the laterally loaded slender end-bearing pile
is prone to buckling failure mode in liquefiable soil when axial load on the pile exceeds
certain percentage of allowable load depending on the material and geometric properties of
pile and input motion characteristics. Hence, bending-buckling interaction diagrams presented
in this study are useful to the designers for safe and economical design of piles in liquefiable

level and sloping ground of Kolkata city under combined loading scenario.

7.3 Limitations of the Present Study
The limitations of this study are as follow:

¢ In this study shear wave (Vs) of each layer is calculated using site specific co-relation
between SPT-N and Vs for ground response analysis. However, in-situ testing may be
conducted for predicting more reliable data of Vs. Also, field and laboratory test may
be conducted for each soil layer to determine friction angles (¢) for cohesionless soils
and undrained shear strength (C,) for cohesive soil instead of empirical co-relation.

e Due to absence of site-specific strong motions data, 1940 Imperial valley, 2001 Bhuj
and 2011 Sikkim earthquake motion whose PGA values are well within the reported
range of the Kolkata City have been considered in this study for ground response
analysis. It would be more realistic to perform ground response analysis using more
numbers of ground motion including the low-frequency long duration earthquakes and
recorded actual acceleration time-history in case of occurrence of earthquake in
Kolkata City.

e Limitation of the present pseudo-static study is that only lateral soil-pile interaction
has been considered without considering axial soil-pile interaction. Also, ultimate
lateral resistance of soil is influenced by ground slope. However, this effect has not
been considered in the present study. The whole study in this work is done by using

the 2001 Bhuj earthquake motion only. As the soil response and thereby pile response
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would depend on the base shaking being applied, further investigation deemed
necessary with consideration of various other earthquake ground motions as input

loading.

7.4 Scope of Future Work

The following suggestions are given as future scope of research in this area:

The present study may be extended for seismic response of group of piles with various
configurations.

The behaviour of raker pile may be investigated using present methodology.

Separate dynamic centrifuge testing may be performed to compare the results obtained
from present numerical model for better validation.

The acceleration time-history is applied in only one direction horizontal direction for
dynamic analysis neglecting vertical accelerations as vertical load provides adequate
factor of safety against vertical forces. However, combined effects may be studied as
future scope.

It is worthy to consider various end conditions of pile, dynamic effects of
superstructure on axial force, more ground motion records and performing cyclic
simple shear or cyclic triaxial shear test to carefully calibrate the model instead of SPT
correlation for future scope.

In this study, superstructure is modelled as lumped mass at pile head. However,
response of piles with superstructure on it in liquefiable layered soil may be

considered as future scope.
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