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ABSTRACT

Granular piles or stone columns are extensively used across the globe for improving
soft soils, especially for supporting embankments on soft grounds, because of its ease
of construction and inherent advantages. Various modified stone columns and their
behaviour under vertical loading are extensively reported in literature. However, the
behaviour of improved ground under lateral loading conditions are limited.
Additionally, among all the reported externally/internally improved stone columns,
very few modified stone columns like encased stone columns, deep cement columns
and rigid columns are generally used in practice. Therefore, present study considers
modified stone column as pervious concrete column which is reported as an alternative
to conventional stone column owing to its comparable permeability characteristics with
stone column in addition to its higher vertical load carrying capacity. The behaviour of
pervious concrete column improved ground under static shear and seismic loading
conditions are carried out and compared with the performance of conventional stone

column improved ground.

In the first part of the study, the behaviour of stone column and pervious
concrete column under static shear loading conditions are investigated. The shearing
resistances of pervious concrete column improved ground vis-a-vis ordinary stone
column improved ground under static shear loading conditions are assessed. Numerical
analyses were carried out by simulating direct shear test model and large shear test
model, representing pervious concrete column improved ground using ABAQUS
software. The single column modelled in the study represents the column placed
beneath the toe of the embankment, where shear loading is predominant. Inclined direct
shear tests are also analyzed by varying the slope (+/-) of potential failure surface with
horizontal to represent the actual practical conditions. A total of 378 direct shear test
models are analyzed to study the effect of normal pressure, effect of diameter, effect of

reinforcement and effect of shear surface inclinations.

The ultimate shear strength of pervious concrete column improved ground is
found to be higher than ordinary stone column improved ground. It is found that the

pervious concrete column improved ground under zero normal pressure has significant



shear resistance than ordinary stone column improved ground and could be provided
beneath the toe of the embankment for better shear performance.

In order to study the performance of improved ground with floating and end-bearing
pervious concrete columns, large shear test tank model with increased depth is
analyzed. The shear response of improved ground is quantified, and the parameters
considered are depth of pervious concrete column/pile, floating and end bearing piles,
diameter, single pile and two pile group and distance from the edge of loading area in
the model. It is observed that the pervious concrete column improved ground exhibits
better shear performance than ordinary stone column improved ground. It is found that
the pervious concrete column undergoes very small lateral deflections. It is also
observed that more number of pervious concrete columns, and closer they are to the
loaded area, better is the shear performance. The end bearing pervious concrete column
improved ground is found to have significantly higher shear resistance than floating
pervious concrete column improved ground. Therefore, it is suggested to provide full
depth of pervious concrete column up to the bearing strata for achieving better shear
performance. Pervious concrete columns show significantly lesser lateral
displacements compared to ordinary stone columns. Peak lateral displacements in case
of pervious concrete column are at the surface and the deflected profile of the column
is very much like that of a rigid pile with a free or unrestrained head condition.

Stone columns are highly recommended for mitigating liquefaction and the
feasibility of pervious concrete column in preventing liquefaction is addressed in the
second part of this study. Liquefaction induced lateral spreading causes catastrophic
damages during and after earthquakes. Therefore, the effectiveness of pervious concrete
column remediation in soil strata for mitigating liquefaction-induced lateral spreading
is emphasized. The seismic performance of pervious concrete column improved ground
is compared with conventional stone column improved ground. Three-dimensional
finite element analysis using OpenSeesPL software is conducted to study the ground
lateral deformation, excess pore water pressure generation and shear-strain behaviour
of pervious concrete column improved ground on a mildly sloping soil strata of infinite
extent under seismic loading. The parameters influencing the seismic performance of
improved ground like area ratio, founding depth of columns, diameter of columns and

hydraulic conductivity of columns are considered. The efficacy of pervious concrete



column on three types of soil strata in mitigating liquefaction along with parameters
influencing ground lateral deformation such as thickness of sandwiched liquefiable soil
layer, permeability of surrounding soil, ground surface inclination, peak ground
acceleration and surcharge load are reported. The influence of earthquake
characteristics such as frequency content, significant duration, time of peak ground
acceleration and arias intensity on lateral displacement, excess pore pressure dissipation
and shear stress-strain behaviour of modelled ground are also studied. Total stress
analysis is also conducted and compared with effective stress analysis on maximum
response profile along the depth of improved ground with column inclusions when
subjected to earthquake loading conditions.

The stone column gets distorted during seismic loading due to shearing and
causes dilation. The distorted gravel structure of stone column increases the length of
the drainage path and retards the dissipation of excess pore water generated due to
shaking. Whereas the pervious concrete column structure is not distorted due to seismic
shaking and the pervious concrete column inclusion reduces drainage path for excess
pore water to dissipate quickly. Therefore, the seismic shear strains developed in the
surrounding soil is drastically reduced. The limited excess pore pressure generation and
relatively higher effective confinement reduces the lateral displacement of pervious
concrete column improved ground significantly.

It is found from various response parameters that the pervious concrete column
improved ground has better seismic performance than conventional stone column
improved ground. The lateral deformation profile of pervious concrete column is found
to be similar to that of concrete pile, allowing excess pore water pressure to dissipate
through the pores of pervious concrete column. Liquefaction-induced lateral
deformation is found to be lesser in pervious concrete column improved ground in
comparison with stone column improved ground. The lateral deformation of pervious
concrete column remediated ground is found to be independent of surrounding soil
permeability. The pervious concrete column inclusion is found to be a better alternative
to stone column in mitigating liquefaction in susceptible soils like loose sand, medium-
dense sand, sandwiched sand deposits and silt strata. It is also found that the pervious
concrete column remediation is a better alternative than stone column in seismically

active regions even with peak ground acceleration of 0.6g. It is found that the



generation of excess pore pressure reaches near zero values when the permeability of
pervious concrete column is greater than 0.3 m/s irrespective of the characteristics of
the earthquake events. From total stress analysis and effective stress analysis, it is
observed that for column improved ground, in addition to pore pressure build-up, the
maximum response profile is highly influenced by significant duration and frequency
of seismic excitation. It is also concluded that pervious concrete columns could be used
as an alternative to conventional stone columns to mitigate liquefaction to a larger

extent.

Keywords: Pervious concrete columns, Ground improvement, Stone columns, Shear
strength, Direct shear tests, Large shear tests, Finite element modelling, Liquefaction,
Lateral spreading, Seismic analysis, Excess pore pressure ratio, liquefiable soil deposits

and sandwiched liquefiable soils



Table of Contents

ABSTRACT .ottt ettt e st et et ente et aeere e ne et e vii
Table OF CONTENTS ......ociiiiiiieeee ettt i
I TS o) 1o U] TSSO v
LISt OF TADIES ... xii
NOMENCIATUIE ...ttt e et enreenbeeneenreenes Xi
CHAPTER 1
INTRODUCTION.....uiiiiieieie ettt et e e saeste e sneeneeneenens 1
1.1 BACKGROUND 1
1.2 SHEAR STRENGTH OF STONE COLUMN IMPROVED GROUND 3
1.3 SHEAR FAILURE OF IMPROVED GROUND 6
1.4 STONE COLUMN IMPROVED GROUND UNDER EARTHQUAKES 8
1.5RIGID STONE COLUMNS 9
1.6 STATEMENT OF THE PROBLEM 10
1.7 RESEARCH OBJECTIVES 12
1.8 OUTLINE OF THESIS 13
CHAPTER 2
LITERATURE REVIEW .....cooiiii e 14
2.1 MODIFIED STONE COLUMNS 14
2.2 STONE COLUMNS UNDER STATIC SHEAR LOADING 20
2.3 STONE COLUMNS UNDER SEISMIC LOADING 23
2.4 SUMMARY 28
CHAPTER 3
METHODOLOGY ..ottt sttt 31
3.1 STATIC SHEAR ANALYSIS OF IMPROVED GROUND 31
3.1.1 Numerical modelling of direct shear test...........cccovveviieniienininnns 31
3.1.2 Numerical modelling of large shear test tank ..............cccevveiiieeinnnne, 34
3.2 SEISMIC ANALYSIS OF IMPROVED GROUND 36
3.3 SUMMARY 38



CHAPTER 4

SHEAR BEHAVIOUR OF PERVIOUS CONCRETE COLUMN IMPROVED

GROUND USING DIRECT SHEAR TEST MODELS. ..., 39
4.1 DIRECT SHEAR TEST MODEL 39
4.2 INCLINED DIRECT SHEAR TEST MODEL 43
4.3 RESULTS AND DISCUSSIONS 48

4.3.1 Effect Of NOIMAl PreSSUIE..........oviiiieieriesie s 48

4.3.2 Effect of reinfOrCeMEeNt.........ccooviiiiiece e 50

4.3.3 Effect OF QIAMELET ..ot 52

4.3.4 Effect of INCHINALION ....ooviiiiiiccee s 54

4.4 NON-LINEAR BEHAVIOUR OF PERVIOUS CONCRETE 58

4.5 SUMMARY 59
CHAPTER 5

SHEAR BEHAVIOUR OF PERVIOUS CONCRETE COLUMN IMPROVED

GROUND USING LARGE SHEAR TEST MODELS..........c.cooveiieeeeecee 61
5.1 LARGE SHEAR TEST MODEL 61
5.2 RESULTS AND DISCUSSIONS 69

5.2.1 Effect of pervious concrete COIUMN ..........cooiviiiiiiicieerc e 69
5.2.2 Effect OF QIAMELET ....c..oveieiiceceeee e 69
5.2.3 Effect of depth of COlUMN ..o 70
5.2.4 Effect of number of COIUMNS .......oooiiiiiiii e 71
5.2.5 Lateral deformation of COIUMNS.........cccooviiiiiiiicee e 72
5.2.6 HEAVE PrOFIle.....cceiieceee s 74
5.3 NON-LINEAR BEHAVIOUR OF PERVIOUS CONCRETE 75
5.4 SUMMARY 76
CHAPTER 6

SEISMIC RESPONSE OF PERVIOUS CONCRETE COLUMN IMPROVED

GROUND ...ttt ettt e s he et e e be e e b e e naneenns 78
6.1 LIQUEFACTION INDUCED LATERAL SPREADING 78
6.2 PERIODIC BOUNDARY 79



6.3 OPENSEESPL SOFTWARE 79

6.4 NUMERICAL MODELLING 80
6.5 VALIDATION OF NUMERICAL MODEL 82
6.6 METHODOLOGY 86
6.7 RESULTS AND DISCUSSIONS 94
6.7.1 Effect of pervious concrete column vis-a-vis stone column....................... 94
6.7.2 Effect of floating PCC vis-a-vis end bearing columns .............ccccecvvennen. 112
6.7.3 EffeCt OF @rea ratio ........coccoveiiiiniiiciese e 114
6.7.4 EFfeCt OF dIAMELET ...ocvveieeece e 116
6.7.5 Effect of permeability 0f PCC ..o, 119
6.7.6 Efficacy of pervious concrete column in various soil strata..................... 125
6.7.7 Influence of thickness of liquefiable SOil ...........cccccoovveiiiiiiiciiee, 129
6.7.8 Influence of surrounding soil permeability............c.ccocevvviiiiiiiicieciee, 129
6.7.9 Influence of ground surface inclination ..............ccccccvveviiie v, 132
6.7.10 Influence of peak ground acceleration.............ccocevevereneneniniesieee, 132
6.7.11 Influence of surface 10ad............ccooerieiiiie i 135
6.7.12 Influence of earthquake characteristiCs............ccoovvereieninc i, 135
6.7.13 Total stress analysis versus effective stress analysis ..........c.ccccoeveeveenenn. 151
6.8 SUMMARY 158
CHAPTER 7

DESIGN EXAMPLE AND STABILITY ANALYSIS OF COLUMN

SUPPORTED EMBANKMENT SYSTEM.....ccooiiieiee e 161
7.1 DESIGN EXAMPLES 161
7.1.1 Stone Column Supported embankment SyStem ..........ccocoeveveienininniiennen, 164
7.1.2 Pervious concrete Column Supported embankment system..................... 166

7.2 SLOPE STABILITY ANALYSIS OF COLUMN SUPPORTED EMBANKMENT
SYSTEM 168
7.2.1 Limit equilibrium slope stability Analysis.........ccccccooiiiieiiiiiccis 169
7.3 SUMMARY 174



CHAPTER 8

CONCLUSIONS ... 175
8.1 STATIC SHEAR ANALYSIS 175
8.2 SEISMIC ANALYSIS 176
8.3 RECOMMENDATIONS FOR FIELD APPLICATIONS 179
8.4 LIMITATIONS OF THE STUDY 180
8.5 SCOPE OF FUTURE RESEARCH 180

APPENDIX I: SHEAR STRESS RATIO ..o 181

APPENDIX I1: DETAILED STRESS PATH ..o, 186

REFERENCES. ... 188

PUBLICATIONS ... 202

BIOD AT A s 204



List of Figures

Figure 1.1 Failure of stone column supported embankment (Barksdale and Bachus

Figure 1.2 (a) Typical stone column arrangement (b) Unitcell ............ccooiiiiiiennn 3

Figure 1.3 Shear strength of improved ground with stone columns (Barksdale and

BACNUS 1983) ...ttt ettt re b nneas 4
Figure 1.4 Possible circular and horizontal shear failure modes of columns under
embankments (Han 2014) .........cooiiiiiee et 6
Figure 1.5 Assumed shear failure mode (Kitazume and Maruyama 2007) ................... 6
Figure 1.6 Shear failure of DCM columns (Kitazume and Maruyama 2007) ............... 8

Figure 1.7 Stone column arrangement and FBD of unit cell block (Noorzad et al. 2007)

Figure 1.8 Pervious concrete (a) Sample (b) Installation of pervious concrete column
(c) Core drilling samples after 28 dayS..........cccveveiieiiiie i 11
Figure 2.1 Modified stone column using (a) tubular wire mesh (b) a bridging rod and
(c) concrete plug (Black et al. 2007)........ccoeieiiriiiiiiesiee e 16
Figure.2.2 Test arrangement of stone column with vertical circumferential nails
(Shivashankar et al. (2010) .......ccoiiiiiiiiiee e 18
Figure 2.3 Mode of failure of columns (a) Bulging failure of granular columns (b)
Punching failure of pervious concrete pile (Suleiman et al. (2014) ........c.cccoceveevvennen. 20
Figure 2.4 Large shear load test setup developed (Murugesan and Rajagopal, 2009) 21

Figure 2.5 Failure surface observed in the clay, stone column and encased stone column

reinforced clay (Murugesan and Rajagopal, 2009).........ccccccveiiiiiieiiie i 22
Figure 2.6 Failure modes of encased stone column (Mohapatra et al. 2017) .............. 23
Figure 3.1 Direct shear test arrangement (Helwany 2007) .........ccccevvvviieeiiiecieevneenne 32
Figure 3.2 (a) Horizontal direct shear test (b) Inclined direct shear test model with
pervious concrete column at the CENLEr.........cc.oivvi i 33
Figure 3.3 Large shear test tank with floating pervious concrete column................... 35

Figure 3.4 (a) Pervious concrete column (PCC) arrangement (b) Representative unit

Vv



Figure 4.2 Direct shear model analysis of improved ground (a) with stone column (b)
with pervious concrete column (50 mm diameter) .........cccecevvevveic e 43
Figure 4.3 Potential shear failure surface in column supported embankment system.44
Figure 4.4 Deformed mesh of 70 mm diameter pervious concrete columns under 30kPa
for positive slope failure surface with slope angles from 5° 10 20°..........cccccvevveienen. 46
Figure 4.5 Deformed mesh of 70 mm diameter stone columns under 30kPa for positive
slope failure surface with slope angles from 5° 10 20° .........cccoeiiiiiinincniniecee, 46
Figure 4.6 Deformed mesh of 90 mm diameter pervious concrete columns under 30kPa
for negative slope failure surface with slope angles from 5°t0 20°...........ccccccveienee. 47
Figure 4.7 Deformed mesh of 90 mm diameter stone columns under 30kPa for negative
slope failure surface with slope angles from 5° 10 20° .........ccoovieieiincnenenieeee, 47
Figure 4.8 Effect of normal pressure on shear stress-displacement behaviour for
UNIMPIOVEA GFOUNT ......eiuieieieiieeie ettt sttt re e be e sreesteennesnaenne e 48

Figure 4.9 Effect of normal pressure on shear stress-displacement behaviour for stone

column improved ground (OSC) .......cooeiiiiiieieie et 49
Figure 4.10 Effect of normal pressure on shear stress-displacement behaviour for
pervious concrete column improved ground (PCC) ......cccoovevvecieeie e, 49
Figure 4.11 Effect of normal pressure on shear strength............ccccccovevveiiie e, 50

Figure 4.12 Effect of reinforcement (50 mm diameter columns under a normal pressure

OF B0 KPA) ... bbb 51
Figure 4.13 Effect of reinforcement (50 mm diameter columns under a normal pressure
OF 75 KPQ) ...ttt ettt h e te et e n e raenae e are s 51
Figure 4.14 Effect of diameter of columns for a normal pressure of 15 kPa............... 53
Figure 4.15 Effect of diameter of columns for a normal pressure of 75 kPa............... 53
Figure 4.16 Effect of diameter of stone columns on shear stress ratio........................ 54

Figure 4.17 Effect of diameter of pervious concrete columns on shear stress ratio ....54
Figure 4.18 Effect of inclination of shear surface on unimproved ground for a normal
PIESSUIE OF 15 KP&.....couiiiiiiiiiti ittt 55
Figure 4.19 Effect of inclination of shear surface on ordinary stone column improved
ground (70 mm diameter column and normal pressure of 15 kKPa)...........ccccceevvvinne. 56
Figure 4.20 Effect of inclination of shear surface on pervious concrete column

improved ground (90 mm diameter column and normal pressure of 15 kPa) ............. 56

Vi



Figure 4.21 Effect of inclination of shear surface on shear stress ratio for unimproved

Figure 4.22 Effect of inclination of shear surface on shear stress ratio for stone column
IMPIOVE GIOUND ..ottt bbb 57
Figure 4.23 Effect of inclination of shear surface on shear stress ratio for pervious
concrete column IMProved groUnd ..........cc.coeeieiieieeie e 58
Figure 4.24 Shear stress-strain behaviour of PCC improved ground using linear-elastic
and NON-IINEAr MOGEIS..........eeiieie e 59
Figure 4.25 Deformed model of PCC improved ground using (a) Linear-elastic model
(D)NON-1INEAr MOEL......c..i e e 59
Figure 5.1 Validation of model (a) Pressure-settlement response of loading plate (b)
HEAVE PrOTHIE ... e 62
Figure 5.2 Deformed model of single pervious concrete column improved ground
(Diameter (D) 70 mm and 6D depth).........cccoovviieiieiiiie e 64
Figure 5.3 Deformed model of single stone column improved ground (Diameter (D) 70
MM AN 6D AEPLN) ... 65
Figure 5.4 Deformed model of single stone column improved ground (Diameter 90 mm
with end bearing condition) ...........ccvoiiiiii i 66
Figure 5.5 Deformed model of single pervious concrete column improved ground
(Diameter 90 mm with end bearing CONAItIoN) ..........cccoviiiieiiieieese e 67

Figure 5.6 Deformed model of two pervious concrete column group improved ground

(Diameter 70 mm with end bearing condition)...........ccccceevveviiiie i, 68
Figure 5.7 Effect of pervious concrete column using large shear test model .............. 69
Figure 5.8 Effect of diameter of COlUMN.........ccooiiiiiiii e 70
Figure 5.9 Effect of depth of pervious concrete columns...........ccccvevvviiieie e, 71

Figure 5.10 Effect of number of pervious concrete columns on shear resistance ....... 72

Figure 5.11 Pressure versus lateral deflection of the top end of stone columns.......... 72
Figure 5.12 Lateral deformation of column along shorter direction.............c.ccccevnee. 73
Figure 5.13 Lateral deformation of column along longer direction..............c.cccovenee. 74
Figure 5.14 Heave profile observed for Clay .........ccccoveiiiiiciciii e 75

Figure 5.15 Pressure-settlement response of PCC improved ground using linear-elastic

AN NON-HNEAT MOUEIS ...t e e e e e e 76



Figure 5.16 Heave Profile of PCC improved ground using linear-elastic and non-linear

IMOTEIS ...t 76
Figure 6.1 Lateral spread (YOUd 1984)........ccooiiiiiiiiiiiisieieee e 79
Figure 6.2 Periodic boundary for large pile group (Law and Lam 2001).................... 80

Figure 6.3 Soil model in OpenSeesPL (a) Remediated ground with pervious concrete
column (PCC) (b) 3D model with seismic excitation applied at base (c) Plan of soil
models showing constant area ratio of 13% for different diameter columns .............. 83
Figure 6.4(a) VELACS Experiment Model 2 (Prototype Scale) (b) Input acceleration at
the base of laminar box ((Prototype SCale).........cccevviieiiiieiiese e 84
Figure 6.5(a) Validation of model (Excess pore pressure-time histories at points P5, P6,
PT7 AN P8) ...t 85
Figure 6.5(b) Validation of model (Lateral displacement-time histories at points
LVDT3, LVDT4, LVDT5 and LVDTE) ....cccoviiieieiiiieiee e 85
Figure 6.5(c) Validation of model (Ground settlement time-histories at points LVDT1
ANA LVDT2) .ottt bbb 86
Figure 6.6 Sandwiched liquefiable soil with varying thickness of (a) 2m (b) 4m (c) 6m
AN (A) BIM ..ttt re et e e aeare s 92
Figure 6.7 Earthquake data scaled to 0.2g (A) EI-Centro 1940 (B) Loma Prieta 1989 (a)
Time history of acceleration (b) FFT () Arias INteNSItY.........ccooevireniiiiiiiiecee, 94
Figure 6.8 Effect of PCC on Ground lateral displacement (Diameter of column =0.6 m,
AR Z2000) 1.ttt et eere e 95
Figure 6.9 Deformed mesh at the end of seismic excitation along the direction of

shaking for (a) Stone column improved ground (b) Pervious concrete column improved

ground (Diameter of column =0.6 M, AR =13%0) .......ccccuriiririiiiiiiieie e 96
Figure 6.10 Acceleration-time history (a) Free-field case (b) SC case (c) PCC case (d)
El-Centro 1940 and Loma Prieta 1989 as base excitation (Scaled to 0.29)................. 97

Figure 6.11 Excess pore water pressure-time histories at the center of the finite element
mesh (a) at 2 m (b) at 4 m (c) at 6 m (d) at 8 m depths from ground surface.(Diameter
of column =0.6 M, AR Z2090) ....ccviiirieiie et 100
Figure 6.12 (a) Excess pore water pressure-time histories using PCC at2 m, 4 m,6 m
and 8 m depths from ground surface at the center of the model (PCC) and edge of model
(sand) (Diameter of column =0.6 M, AR =209%0) ........cccoiverieiiiereeie e 101

viii



Figure 6.12 (b) Excess pore water pressure-time histories using SC at 2 m, 4 m,6 m and
8 m depths from ground surface at the center of the model (SC) and edge of model
(sand) (Diameter of column =0.6 M, AR =2090) ........ccevivrirriierieieseene e 102
Figure 6.13 Shear stress versus shear strain responses under El-Centro and Loma Prieta
ground motions at a distance of 0.45 m from model center at (a) 1.4 m (b) 3.4 m (c) 5.4
m (d) 7.4 m depth from ground surface (Diameter of column =0.6 m, AR =20%)...107
Figure 6.14 Shear stress versus Effective Confinement Stress of soil elements under El-
Centro and Loma Prieta ground motions at a distance of 0.45 m from model center at
(@) 1.4 m (b) 3.4 m (c) 5.4 m (d) 7.4 m depth from ground surface (Diameter of column
Z0.6 M, AR Z2090) ...0veieiieiiiieieie ettt ettt neene s 109
Figure 6.15 Shear stress- time histories of soil element at a distance of 0.45 m from
centre of finite element mesh at (a) 1.4 m (b) 3.4 m (c) 5.4 m and (d) 7.4 m depth from
ground surface (Diameter of column =0.6 m, AR =20%) .........c.ccceevveiverieiiiereernenn 110
Figure 6.16 Shear stress- time histories at the centre of finite element mesh at (a) 1.4
m (b) 3.4 m (c) 5.4 mand (d) 7.4 m depth from ground surface (Diameter of column
Z0.6 M, AR Z2000) ..ot 111
Figure 6.17 Effect of depth of PCC (Diameter of column =1.0 m, AR =13%)......... 113
Figure 6.18 Maximum lateral displacement of PCC and SC at the center of finite
element mesh (Diameter of column =1.0 m, AR =13%) .......ccceverenirininiieieees 114
Figure 6.19 Effect of area ratio (Diameter of column =0.6 m, End-bearing condition)

Figure 6.20 Effect of diameter of PCC on ground lateral displacement (AR=13%, End-

DEANNG CONAITION) ...t bbbt 117
Figure 6.21 Maximum lateral displacement of PCC and SC at the center of FE mesh
(AR=13%, End-bearing CONAItION) ........ccoiviiiieiiieiie e 118
Figure 6.22 Effect of permeability of PCC on ground lateral displacement (Diameter of
column =1.0 m, AR=13%, End-bearing condition)..........cccccccevvvervrirniernnrnreerene 120
Figure 6.23 Effect of permeability of PCC on excess pore pressure ratio (Diameter of
column =1.0 m, AR=13%, End-bearing condition)..........c.cccceevvvriiienieeiiieiieeieeinen 122

Figure 6.24 Effect of clogged PCC on excess pore water pressure ratio at depths of (a)
2m (b) 4 m(c) 6 mand (d) 8 m from ground surface. (Diameter of column =1.0 m,
AR=13%, End-bearing condition) ...........ccccoeviieiiieii i 124



Figure 6.25 Efficacy of PCC on lateral displacement for loose sand, medium-dense sand
AN ST STIALA ...ttt bt 126

Figure 6.26(a) Excess pore pressure-time history plot at the center and edge of mesh

for loose sand, medium-dense sand and silt strata subjected to El-Centro excitation127

Figure 6.26(b) Excess pore pressure-time history plot at the center and edge of mesh
for loose sand, medium-dense sand and silt strata subjected to Loma Prieta excitation

Figure 6.27 Effect of thickness of liquefiable soil on lateral displacement............... 129

Figure 6.28 Effect of soil permeability on excess pore pressure at the center and edge

OF IMESN ..ot 131
Figure 6.29 Influence of ground surface inclination on lateral displacement............ 132
Figure 6.30 Effect of PGA on lateral displacement..............cccooviiiinnciiiicncnn, 133
Figure 6.31 Effect of PGA on excess pore pressure at the center of mesh................ 134
Figure 6.32 Effect of surface load on lateral displacement ...........c.ccccooiiiiiininnen, 135

Figure 6.33 Lateral displacement-time history plot of three cases at the center of model
subjected to (a) EI-Centro and (b) Loma Prieta excitations............ccccceveverveieesennnnn. 137
Figure 6.34 Excess pore pressure generation of benchmark cases at the model center
for 2 m, 4 m, 6 m and 8 m depths under (a) EI-Centro and (b) Loma Prieta excitations

Figure 6.35 Time history of excess pore pressure ratio for various permeability of PCC
under (a) EI-Centro and (b) Loma Prieta eXcitations.............ccccoveveveeieeiecee e 142
Figure 6.36 Shear stress strain behaviour of improved ground under (a) El-Centro and
(b) Loma Prieta @XCItAtIONS ........eciiieiieeiee et e e 145
Figure 6.37 Time history plot of shear stress at the center of column under (a) EI-Centro
and (b) Loma Prieta eXCItAtIONS ..........ccoviiiiiiiieierie st 147
Figure 6.38 Comparison of maximum lateral displacement response along the depth for
varying thickness of liquefiable soil layer subjected to (a) EI-Centro (b) Loma Prieta
3 (o] 1 - LX [ S SSST 148
Figure 6.39 Comparison of maximum excess pore pressure ratio along the depth for
varying thickness of liquefiable soil layer subjected to (a) EI-Centro (b) Loma Prieta

BXCITALIONS <. 149



Figure 6.40 Comparison of maximum shear stress at center of column along the depth
for varying thickness of liquefiable soil layer subjected to (a) EI-Centro (b) Loma Prieta
o] 1 LU 0] SRR 150
Figure 6.41 Comparison of maximum acceleration response along the depth from TSA
and ESA for improved ground subjected to (a) EI-Centro (b) Loma Prieta excitations

Figure 6.42 Comparison of maximum excess pore pressure ratio along the depth from
ESA for improved ground subjected to (a) EI-Centro (b) Loma Prieta excitations...153
Figure 6.43 Comparison of maximum shear stress response along the depth from TSA

and ESA for improved ground subjected to (a) EI-Centro (b) Loma Prieta excitations

.................................................................................................................................... 154
Figure 6.44 Diameter of column versus lateral displacement ratio .............ccccoeeeneee. 156
Figure 6.45 Area ratio versus lateral displacement ratio ..........cccoceoeiiiiieiiiicieen, 156
Figure 6.46 Ground surface inclination versus lateral displacement ratio................. 156
Figure 6.47 Peak ground acceleration versus lateral displacement ratio.................... 157
Figure 6.48 Surface load versus lateral displacement ratio .............ccccoceverininienen, 157
Figure 6.49 Soil permeability versus lateral displacement ratio...........cc.cecvvvrnneee. 157
Figure 6.50 Column permeability versus lateral displacement ratio ......................... 158
Figure 7.1 Plan showing triangular arrangement of columns.............ccccccccvveeiinenen, 162
Figure 7.2 Elevation of column supported embankment system............c.cccccevvevenen. 163
Figure 7.3 Validation of model generated in PLAXIS LE ..., 168
Figure 7.4 Column supported embankment SyStem............ccceovivieiicieciesecce e, 171

Figure 7.5 Critical slip surface of stone column supported embankment system(a)
Circular envelope (b) Non-Circular enVelope..........ccocveiiiiiic i 172

Figure 7.6 Critical slip surface of pervious concrete column supported embankment
system(a) Circular envelope (b) Non-Circular envelope ........c.ccceevevevieeveeiieseennnn, 173
Figure All-1 Detailed stress path of (a) Sand (Free-field) (b) SC and (c) PCC cases
under EI-Centro ground MOTIONS .........cccoueiiiiiiiinesiseseeee e 186
Figure All-2 Detailed stress path of (a) Sand (Free-field) (b) SC and (c) PCC cases

under Loma Prieta ground MOLIONS..........cccuviiiiiiieeiie i 187

Xi



List of Tables

Table 2.1 Summary of Hterature rEVIEW ..........ccecivvieiiie i 29

Table 4.1 Validation of direct shear test model (Murugesan and Rajagopal, 2009) ...40

Table 4.2 Material properties used in finite element simulations.............c.c.cccccvevenee. 42
Table 4.3 Displacement applied for negative SIOPesS ........ccccovvevireiiiene e 44
Table 4.4 Displacement applied for positive SIOPES ..........cccvvveveiieiievie e, 45
Table 4.5 Finite element analysis matrix for direct shear tests............ccccoecevvveiviiiennn, 45
Table 5.1 Analysis programme for large shear test ...........ccoovvieieiiicnenecee, 63
Table 6.1 Material model PAramEeters ..........ccooviiiiiiiereree e 90
Table 6.2 Parameters influencing seismic performance and range of variation.......... 91
Table 6.3 Site classification as per FEMA ..o 93
Table 6.4 Earthquake CharaCteristiCs ...........covviviiiiiieierieeeee e 93
Table 6.4 Effect of surrounding soil permeability on lateral displacement............... 130
Table. 7.1 Material PrOPErties........cocviiieiieii et 161

Table Al-1 Shear stress ratio of improved ground with 50 mm, 70 mm and 90 mm
diameter columns when subjected to varying normal pressures ranging from 15 kPa to

Table Al-2 Shear stress ratio of improved ground with 50 mm diameter column for

varying inclination of shear surfaces ranging from P 20° to N 20°.........cc.ccovvvennne. 181

Table Al-3 Shear stress ratio of improved ground with 70 mm diameter column for

varying inclination of shear surfaces ranging from P 20° to N 20°.........ccccccovevvnenee. 183

Table Al-4 Shear stress ratio of improved ground with 90 mm diameter column for

varying inclination of shear surfaces ranging from P 20° to N 20°........cc.ccoovvvennnne. 184

xii



Nomenclature

Abbreviations

AR
ASTM
DCM/DM
DOF

ESA

FBD

FEM
FEMA
FOS

GLE

IRC

IS

LE
OPENSEES
OSC/SC
PCC

PGA

TSA
VELACS

Notations
Pac
Pae

Area Ratio

American Standard Testing Manual

Deep Cement Mixing/Deep Mixing

Degrees of Freedom

Effective Stress Analysis

Free Body Diagram

Finite Element Modelling

Federal Emergency Management

Factor of Safety

General Limit Equilibrium

Indian Road Congress

Indian Standard

Limit Equilibrium

OPEN System for Earthquake Engineering Simulation
Ordinary Stone Column/Stone Column

Pervious Concrete Column

Peak Ground Acceleration

Total Stress Analysis

VErification of Liquefaction Analysis by Centrifuge Studies

Active earth pressure of clay ground
Active earth pressure of embankment
Adhesion factor

Area of stone column

Area of surrounding clay

Area of unit cell

Area ratio

Xi


http://en.wikipedia.org/wiki/Earthquake_engineering

c Average cohesion along the interface of column-surrounding clay

N, Bearing capacity factor
Br Bulk modulus at reference pressure
S Center to center spacing between columns
fex Characteristic compressive strength of concrete
Frc Cohesive strength of clay along failure plane
Z Depth of shear failure plane
D Diameter of column
De Diameter of unit cell
Qu1 End-bearing resistance of pervious concrete column base
ry Excess pore pressure ratio
D, Friction angle of cohesive soil
Be Friction angle of embankment fill
Dpec Friction angle of pervious concrete
Dsc Friction angle of stone column
He Height of the embankment
L Improvement depth
B Inclination of the shear surface with respect to the horizontal
0O 10 Initial effective stress
0 1o Initial radial stress
ko Lateral earth pressure coefficient
L/D Length to diameter ratio of columns
oy Limiting axial stress in column
O 1 Limiting radial stress
Q. Load carrying capacity (geotechnical capacity) of rigid piles
Gmax Low strain shear modulus at reference pressure
ot Model friction angle, same as triaxial friction angle
Muw Moment magnitude of earthquake
kpcot Passive earth pressure coefficient of column
Pyc Passive earth pressure of clay ground
k Permeability

Xii



Ks
dpT
Pref

QP1
Asafe
Q1
Q2
QP2

Ds.95

Quz

Permeability of surrounding soil

Phase transformation angle

Reference pressure for model calibration
Safe axial load on pervious concrete column

Safe bearing pressure of soil

Safe load on column alone due to bulging,

Safe load on column alone due to surcharge

Safe load taken by intervening soil between pervious concrete
columns

Safe load taken by intervening soil between stone columns
safe structural capacity of pervious concrete column
Safety factor

Saturated unit weight of soil

Shear strength in the stone column

Shear strength of clay

Shear strength of DM column along failure plane

Shear strength of improved ground

Shear wave velocity

Significant duration

Skin resistance developed between clay and pervious concrete column
Standard penetration test value

Stress concentration factor for the clay

Stress concentration factor for the stone column

stress concentration ratio

Stress due to embankment loading on the surface

Stress in the stone column

stress in the surrounding cohesive soil

Submerged unit weight of clay

Thickness of clay ground
Total load on the ground

Total safe load on pervious concrete column and tributary soil

Xiii



Total safe load on stone column and its tributary soil
Total vertical stress in the cohesive soil

Unconfined compressive strength of DM column
Undrained cohesion of clay

Undrained shear strength at ground surface
Undrained shear strength increasing ratio with depth
Undrained shear strength of cohesive soil

Unit weight of cohesive soil

Unit weight of embankment

Unit weight of the stone column

Vertical effective stress acting on the sliding face of the stone
column

Xiv



CHAPTER 1
INTRODUCTION

This chapter introduces the topic and details the shear loading situations related to stone
column improved ground. The research statement, research objectives and outline of
thesis are also presented.

1.1 BACKGROUND

Stone columns are widely used to support low rise buildings, runways, highway
facilities, storage tanks, embankments, bridge abutments and structures in which some
settlements are acceptable. Due to the non-availability of strong soil, improvement of
weak soil is increasing day by day. Even though, many ground improvement techniques
like vacuum pre-consolidation, prefabricated vertical drains, lime treatment,
cementation etc. are used, the most effective technique considered is use of granular
piles/stone columns. Stone columns are extensively used for stabilizing weak soil. It
increases the load bearing capacity and also reduces settlement. Granular piles also
provide the shortest path to the excess pore water to discharge from highly permeable
soil thereby mitigating liquefaction. It can speed up the process of consolidation and
construction activities can be started without any delay, thereby managing time and cost
of construction.

Stone columns are largely used to support embankments over weak soil. Thereby the
load carrying capacity of weak soil is improved. Stone columns may fail by shear when
it is subjected to horizontal load or movement. Columns withstand vertical loads, but
when column supported embankments are huge, columns undergo shear failure. These
columns can fail by bulging (long columns), or shear failure or by punching. The failure
mode depends on many parameters such as strength, stiffness, length, diameter of
column, reinforcement used, location, spacing, end condition, soft soil etc.

In a wide embankment constructed over a stone column improved ground, the soil
beneath and adjacent to the toe of the embankment can move more laterally as shown
in Fig.1.1 (Barksdale and Bachus 1983). This lateral movement is called lateral
spreading and it reduces the support given to stone column and surrounding soil. They
reported that the short end bearing stone columns fail in shear. They also reported that

shear failure could occur for floating stone columns. In an embankment supported by



stone columns, the columns in the middle are mostly subjected to vertical loading. But
the columns placed beneath the toe of the embankment is subjected to lateral loading.

The failure of stone column supported embankment is as shown in Fig.1.1.

Circular
1 Failure
Surface
FE
1 T -—
lh 1 IR
3
A A A
(a) Lateral Spreading - {b) General Circular Failure

Wide Embankment Losd

Figure 1.1 Failure of stone column supported embankment (Barksdale and
Bachus 1983)

The composite ground representing an infinitely large, loaded area is modelled as a unit
cell consisting of stone column and tributary surrounding soil. Figure 1.2 (a) represents
a typical stone column arrangement and Fig. 1.2(b) shows the area per column
considered as unit cell. Area replacement ratio (or Area ratio) is used to quantify the

amount of soil replaced by stone column. The expression of area ratio (ag) is as

follows: a; = % (1.1)
where,

A ; Total area of unit cell = A, + A,

A, Area of stone column

A, : Area of surrounding soil
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Figure 1.2 (a) Typical stone column arrangement (b) Unit cell

1.2 SHEAR STRENGTH OF STONE COLUMN IMPROVED GROUND

Shear strength of stone column improved ground on a sloping ground based on stability
criteria was detailed by Barksdale and Bachus (1983) using unit cell concept. The
stability of columns was analyzed by using average shear strength method. In this
method the circular arc must pass through the stone column and the shear properties of
entire material is weighted. A general stone column improved ground with stone
column having friction angle alone and surrounding soil with both friction and cohesion
was considered. The stress state within the selected stone column unit cell is as shown
in Fig.1.3 at a depth where the circular arc intersects with the centerline of stone
column,

The effective stress in the stone column due to the weight of the stone and applied stress

due to embankment loading is given by:

07 = Vsc Z+ Olsc (1.2)
Where

o, : Vertical effective stress acting on the sliding face of the stone column
Ysc : Unit weight of stone (Saturated unit weight if below water table)

z : Depth below ground surface

o : Stress due to embankment loading on the surface



Use - Stress concentration factor for the stone column given by

n

Hse = rm—Da,]
(Where
n : stress concentration ration = %
c
Osc : Stress in the stone column
o, : stress in the surrounding cohesive soil)

The shear strength of the stone column (neglecting cohesion) is expressed as

Tse = (67 cos? ) tan @y, (1.3)
Where

Tge - shear strength in the stone column

B : Inclination of the shear surface with respect to the horizontal

Dse - Angle of internal friction of the stone column

P LT iy i ear e ey /e
H' = Y 1 _‘L

=07 \ 2T

(cw=0)

Soil
(¢’¢)

Figure 1.3 Shear strength of improved ground with stone columns (Barksdale
and Bachus 1983)

The total stress in the cohesive soil considering stress concentration becomes,



EZC =YcZ+ ol (1-4)

Where

as : Total vertical stress in the cohesive soil

Ye : Unit weight of cohesive soil

Ue : Stress concentration factor for the clay given by
1

e

= +(n-Dasl

Therefore, the shear strength of cohesive soil is given by,

7. = ¢y + (Gf cos? B)tan @,

(1.5)

Where

T¢ : Undrained shear strength of cohesive soil
Cu : Undrained cohesion of cohesive soil

/)8 : Angle of friction of cohesive soil

The average weighted shear strength = within the tributary area to the stone column is

T=01-ay)t, + as T, (1.6)

Theoretical shear resistance (F) of stone column improved soft ground is given by,
F= A 1.+ Age Tse (1.7)

F ; Shear strength of improved ground

A, ; Area of surrounding clay

(o ; Shear strength of clay

A, Area of stone column

Tge : Shear strength of stone column

Murugesan and Rajagopal (2009) introduced a correction factor, & to the shear strength
equation to account for the loss of shear strength of stone aggregates, assuming full
mobilization of the shear resistance of surrounding clay. The values of & varies from 1

to 0.4 is based on the normal pressures applied. At higher normal pressures, the value



of a is 0.4-0.5 and at low normal pressures, the value of & is nearly equal to 1. The
corrected shear strength equation is as follows:

F=A.t.+ aAg tg (1.8)
Kitazume and Maruyama (2007) and Han (2014) reported horizontal shear as one of

the possible column failure mode under embankment and is shown in Fig.1.4.

/ Embankment Embankment

Coiumns» Soft soil

Stiff layer Stiff layer

Figure 1.4 Possible circular and horizontal shear failure modes of columns
under embankments (Han 2014)

1.3 SHEAR FAILURE OF IMPROVED GROUND
Kitazume and Maruyama (2007) evaluated the internal stability of Deep Cement
Mixing (DCM) column improved ground using Rankine’s theory of active and passive

earth pressures. Assumed shear failure mode is as shown in the Fig.1.5
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Figure 1.5 Assumed shear failure mode (Kitazume and Maruyama 2007)



Full mobilization of column shear strength is assumed for calculation. Shear failure

plane is assumed at a depth z. Factor of safety is given as follows:

= w2
Pye = Ye.H,.tan? (g — %) % (1.10)
Pac = (2. Ve He = 2.(2.Cyp + k. 2) +vc2).~ (1.11)
Py = (Yeez+2.(2.Cuo + k.Z)).g (1.12)
F = "2—“ as. L (1.13)
Fre = (Cyo + k.2). (1 —ay).L (1.14)

Where

Fre Cohesive strength of clay along failure plane (kN/m?)

Fr¢ : Shear strength of DM column along failure plane (KN/m?)

FS : Factor of safety

Pac : Active earth pressure of clay ground (KN/m?)

Pe : Active earth pressure of embankment (kN/m?)

Py : Passive earth pressure of clay ground (kN/m?)

as : Improvement area ratio

Cuwo Undrained shear strength at ground surface (kN/m?)

H, : Thickness of clay ground (m)

H, : Height of the embankment (m)

qQu : Unconfined compressive strength of DM column (KN/m?)

z ; Assumed depth of shear failure plane(m)

k ; Undrained shear strength increasing ratio with depth (kN/m?)

Ye : Unit weight of clay ground (KN/m?®)

Ye : Unit weight of embankment (kN/m?)

Be : Internal friction angle of embankment fill (degree)

L : Improvement Depth (m)



Kitazume and Maruyama (2007) and Shrestha et al. (2015) reported that the current
design methods consider the shear failure of DCM columns for internal stability as
shown in Fig.1.6 and stated that this kind of shear failure mechanism has not been

verified experimentally and numerically.

embankment

DM columns H clay ground
N

stiff laver

Figure 1.6 Shear failure of DCM columns (Kitazume and Maruyama 2007)

1.4 STONE COLUMN IMPROVED GROUND UNDER EARTHQUAKES
Noorzad et al. (2007) demonstrated the reinforcement effect of partially penetrating
stone columns during an earthquake and proposed a numerical model representing
improved ground by a unit cell with stone column at the center. The model considered
the following assumptions. The permeability of stone column is free draining to ensure
that there is no build-up of excess pore water pressure within the stone column during
earthquakes. The horizontal component of displacement, velocity and acceleration of
water and soil particles are equal during ground shaking. The stone column carries the
major load imposed by the structure and minor load is shared by the soil. This load
remains constant during shaking. It is also assumed that there is perfect bonding
between soil and column.

Consider the dynamic equilibrium of the block containing the volume above the depth,
z, as shown in Fig.1.7 which demonstrates the free body diagram (FBD) of the system

above the depth, z.
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Figure 1.7 Stone column arrangement and FBD of unit cell block (Noorzad et al.
2007)

epth

If W is the “weight” of the surcharge, y, the unit weight of the sand and y,. the unit

weight of the stone column then one may write:
w .. zZ (Vs sc .
Lty + [ (LA + B0 A ) itgdS = ATy + AseTo (1.15)

where iy, Ag, Ag. and g stands respectively for horizontal surface acceleration, cross
section area of sand (in the unit cell), cross section area of the column and the
acceleration due to gravity and 7, and T, are the average shear stress components at
depth z.

1.5 RIGID STONE COLUMNS

Barksdale and Bachus (1983) detailed the use of rigid stone columns (cement added to
compacted column forming concrete rigid columns). It is reported that the rigid column
is less dependent on the confinement provided by surrounding soil. Therefore, rigid
columns can be used in very soft soils with high load carrying capacity than
conventional stone columns.

Rigid columns can be also used to strengthen an intermediate weak layer where stone
columns cannot be used. The intermediate weak layer can be stabilized with rigid
column and load would be transmitted to underlying stone column through rigid
column. The load-deformation response of rigid stone column is similar to that of a
conventional pile and ultimate load carrying capacity is higher than stone columns

(Barksdale and Bachus 1983). It can be also used for stabilizing stone column in weak
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zones and also for improving stability of slopes. The construction of rigid stone column
is carried out by vibro-displacement method and a bottom feed unit for adding cement
is used. The cost of rigid stone column is also comparable with conventional stone
column due to faster construction time (Barksdale and Bachus 1983).

Pervious concrete is generally used in pavement applications. The suitability of using
pervious concrete material as a ground improvement method is proposed by Suleiman
etal. (2014) and Ni et al. (2016). Pervious concrete is made from single sized aggregate
mix with lower quantity of fine aggregate. The mix proportion used in their study was
1:0.5:4 with a water/cement ratio of 0.21. The permeability values of pervious concrete
primarily depend on the mix used. However, the permeability coefficient of the
pervious concrete is reported as ranging from 1.0 to 2.4 cm/s. The pervious concrete
mixes prepared had porosity ranging from 6-23%, with the 28-day compressive strength
varying from 10.4-34.0 MPa. The pervious concrete considered in their study had an
average porosity of 12.5% and an average permeability of 1.21 cm/s. The average 28-
day compressive strength of pervious concrete was reported as 22.2 MPa with an elastic
modulus of 15.4 GPa. Based on these references, the average values of permeability is
taken as 0.01 m/s, elastic modulus of 15.4 GPa and 28-day compressive strength of 22.2
MPa is considered in this study. A typical sample of pervious concrete, installation of

pervious concrete in the field and core drilling samples are shown in Fig.1.8.

1.6 STATEMENT OF THE PROBLEM

Stone columns are practiced all over the world for improving the vertical load carrying
capacity and reducing settlement of soft soils and silty sands. Researchers across the
world have proposed various methods to improve vertical load carrying capacity of
stone columns, but the behaviour under lateral loading is not well understood.

Stone columns are subjected to lateral loading when it is placed below huge
embankments and adjacent to retaining walls. More research has to be carried out on
stone columns under lateral loading to get an insight to the behaviour of improved
ground. The friction angle and elastic modulus of stone column ranges between 35°to
36° and 30 MPa to 70 MPa respectively (Mitchell 1981; Barksdale and Bachus 1983).
The hydraulic conductivity of stone columns is stated to be ranging from 0.09 cm/s to
2 cm/s (Baez 1995). Recent research suggested various reinforcements for ordinary

stone columns in the form of providing geo-synthetic encasements, geogrid
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encasements, vertical circumferential nails, horizontal strip, pervious concrete columns
etc. However, some of the modified stone columns such as encased stone columns and
deep cement mixing columns are mostly used in practice. Present study is aimed to
study the behaviour of pervious concrete column (PCC) improved ground under static
shear and seismic loading conditions. Pervious concrete column is selected because of
its higher vertical load carrying capacity and comparable permeability similar to that of
stone columns. Additionally, pervious concrete is made with less quantity of fine
aggregate which makes it an environmentally sustainable material. Furthermore, the
behaviour of floating pervious concrete column under shear loading as well as seismic
loading is studied. The idea of this research is to give an insight into the performance
of end-bearing and floating pervious concrete columns in lieu of conventional stone

columns in improving shear resistance of weak ground.

Source of (b) and (c): Zhang et al. (2017)

Figure 1.8 Pervious concrete (a) Sample (b) Installation of pervious concrete
column (c) Core drilling samples after 28 days
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Pervious concrete columns provide an easy way for water to escape through the pores
of highly permeable concrete similar to that of ordinary stone columns. However,
clogging can occur to pervious concrete columns just like stone columns. Since single
size aggregate is used in pervious concrete mix, clogging can be prevented to some
extent. However, research is being carried out in pavement application to counter the
clogging of pervious concrete (Eg: Kia et al.). In ground improvement scenario, a filter
material can be provided around the circumference of pervious concrete column to
prevent the intrusion of soil particles to the column. Therefore, the seismic performance
evaluation of pervious concrete column improved ground is also carried out. The
seismic performance along with liquefaction mitigation potential of pervious concrete
column improved ground in comparison with stone column improved ground is also

investigated.

1.7 RESEARCH OBJECTIVES
The research objectives of present study are as follows:

(i) To quantify the behaviour of pervious concrete column improved ground
subjected to shear loading in comparison to stone column improved ground.

(ii) To study the mode of failure of end-bearing and floating pervious concrete
column under shear.

(iii)To study the liquefaction mitigation potential of pervious concrete column
improved ground and to compare with the seismic performance of stone column
improved ground under similar earthquake loading conditions.

(iv)To understand the performance of end-bearing and floating pervious concrete
column improved ground subjected to seismic excitation and to identify various
parameters influencing the seismic performance of improved ground with stone
column as well as pervious concrete column inclusion.

(V) To assess the efficacy of pervious concrete column in seismically active areas,
various homogeneous liquefiable soil deposits such as loose sand, medium-
dense sand and silt stratum and sandwiched liquefiable soil strata in mitigating

liquefaction induced lateral spreading.

12



1.8 OUTLINE OF THESIS

Thesis is divided into eight chapters and presented as follows:

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Introduces the topic and shear loading situations related to it. It also
explains the objectives of the present study and outline of thesis.

Reviews the literature referred for the study and sub divided into modified
stone columns, stone column performance subjected to static shear and
seismic loading conditions.

Explains the methodology used for the study, detailing numerical analysis
of direct shear test models, large shear test models and seismic modelling
of improved ground.

Describes the direct shear test and inclined direct shear test models of
improved ground with stone column and pervious concrete column
inclusions. The effect of normal pressure, effect of diameter, effect of shear
surface inclination, deformation of columns, are studied and presented.
Details the large shear test models of floating and end-bearing column
improved ground. The effect of depth of plugging, effect of diameter, effect
of number of columns, deformation of columns, heave profile etc. are
studied and results are presented.

Investigates seismic analysis and liquefaction mitigation potential of
pervious concrete column improved ground and stone column improved
ground along with various influencing parameters like area ratio, diameter,
depth of column inclusions, column and surrounding soil permeability,
liquefiable soil thickness, ground surface inclination, surface load and
earthquake characteristics.

Presents design example and slope stability analysis of column supported
embankment system

Summarizes conclusions based on static shear analysis and seismic analysis
of improved ground with pervious concrete column and stone column

inclusions. The suggestions for future research are also added.
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CHAPTER 2
LITERATURE REVIEW

Review of literature is divided into three sections. The first section describes the review
of modified stone columns proposed for improving weak soils. In the second section,
lateral (shear) load tests reported on improved ground with column inclusion is
presented. Seismic analysis of stone column improved ground reported in the literature

is discussed in the third section.

2.1 MODIFIED STONE COLUMNS

Malarvizhi and llamparuthi (2004) performed load tests on soft clay bed stabilized
with single stone column and encased stone column having various slenderness ratios
and using different type of encasing material. The settlement in encased stone column
is found to be lesser than the stone column and the settlement decreased with the
increasing stiffness of the encasing material. For smaller loads, the settlement reduction
ratio is less in stone columns but for higher loads it is less in geogrid encased stone
column. Encasing the stone column with geogrids resulted in an increase of load
carrying capacity irrespective of whether the column is end-bearing or floating. In case
of floating columns, the I/d ratio has less influence on the capacity of column for the
lengths studied in their investigation. The ultimate load carrying capacity of the
reinforced column increased with the stiffness of the reinforcement. They performed
finite element analysis of a geogrid encased stone column to simulate the experimental
conditions. The geogrid was modeled using the geogrid element, which can take only
tensile force. They reported that the performance of encased stone column is better than
the conventional stone column for all the diameters studied. For a particular settlement,
the load intensity of the stabilized bed with smaller diameter columns is higher than the
larger diameter columns. The stresses were higher in the smaller diameter columns. The
hoop stress generated in the geogrid was responsible for the increase in load capacity
of the encased stone columns. The stiffer the geogrid is, the hoop stresses developed is
more and consequently, higher is the load carrying capacity. The dilatancy of the stones
in the encasement reduces, but the composite effect of the stones and the geogrid

contributes to the higher stress concentration ratio of the columns.
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Murugesan and Rajagopal (2006) concluded that the load capacity and stiffness of
the stone column can be increased by all-round encasement by geosynthetic. By
geosynthetic encasement, it is found that the stone columns are confined, and the lateral
bulging is minimized. The confining pressures generated in the stone columns are
higher for stiffer encasements. The hoop tension forces developed in the encasement
are significant within a depth equal to approximately twice the diameter of the stone
column. The performance of encased stone columns of smaller diameters is superior to
that of larger diameter stone columns because of mobilization of higher confining
stresses in larger stone column. The higher confining stresses in the column leads to
higher stiffness of smaller diameter encased columns. The confinement at the top
portion of the stone column (where predominant bulging occurs) is sufficient for the
improved performance of the stone column. It is adequate to encase the stone column
up to a depth equal to two times the diameter of stone column to substantially increase
its load carrying capacity. The load capacity of encased columns is not as sensitive to
the shear strength of the surrounding soils as compared to ordinary stone columns. This
is especially true for higher stiffness values of the encasement. The magnitude of loads
transferred into the encased stone columns from the embankments can be increased by
using stiffer encasement.

Black et al. (2007) presented the performance of small-scale stone columns that were
enhanced by jacketing with tubular wire mesh, a bridging rod, and a concrete plug
(Cement grout prepared at a 2:1 cement/water ratio was injected into the stone column
to form a solid concrete plug in the peat region of the soil bed). From their experimental
work, it was concluded that the load-carrying capacity and the settlement performance
represented by the modulus subgrade reaction of a loaded plate supported on stone

columns in peat can be improved by considering any of the above methods proposed.
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Figure 2.1 Modified stone column using (a) tubular wire mesh (b) a bridging
rod and (c) concrete plug (Black et al. 2007)

Wu and Hong (2007) reported that slippage occurs for columns reinforced with stiffer
inclusions. The stiffer the reinforcement, the lower is the axial strain at which slippage
occurs. Slippage results in a flatter stress—strain curve, and lower axial strength than
that for columns reinforced with less stiff inclusion. While granular material and the
reinforcing sheet are bonded, column with smaller spacing produces stiffer behaviour
for the same radius/spacing ratio. When slippage occurs, reinforced columns with the
same radius/spacing ratio follow the same stress—strain curve except for the low-strain
section. Under greater chamber pressure, both materials are bonded to greater axial
strain, which results in an upward convex stress—strain curve at high axial strain.
Embedding a reinforced granular column in soil increases the granular column strength
compared to an unreinforced column subjected to constant confining pressure. The
higher the strain, the greater is the axial stress discrepancy between columns subjected
to constant and varying confining pressures.

Gniel and Bouazza (2009) focused on studying the effect of varying the length of
encasement and investigating whether a column that was partially encased with geogrid

would behave similarly to a fully encased column. In addition, isolated column
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behaviour was compared to group column behaviour. The constrained conditions
provided by unit-cell loading provided additional lateral confinement to the encased
columns, preventing radial column failure, and enabling encasement mesh to be loaded
to tensile capacity. Isolated columns failed by radial expansion below the level of
encasement. For group columns, increasing the length of encasement acted to increase
column stiffness and steadily reduce vertical strain. Fully encased columns reduced
vertical strain by about 80% when compared to clay behaviour alone. For isolated
columns, increasing the length of encasement acted to increase column capacity,
although the strain at failure remained quite consistent. A large increase in capacity was
observed for the fully encased column. Significant radial column bulging occurred
directly below the base of the encasement for partially encased group columns.
Samadhiya et al. (2008) reported that, due to the inclusion of random fiber into the
granular pile, load-settlement behaviour becomes ductile and the load carrying capacity
increases and the granular pile behaves to more elastic manner than an unreinforced
granular pile. Due to random fiber, the bulging diameter reduces, and the depth of
maximum bulging diameter also decreases. But total length of bulging increases due to
random fiber.

Wau et al. (2009) concluded that the improvement on the clay can be further enhanced
by encapsulating the column with a flexible sleeve. Encapsulating the granular column
in a flexible sleeve increases the stiffness and strength of the plain granular column and
stiffness of the sleeve governs the column behaviour for the reinforced column loaded
to a relatively lower axial strain. The adequate length that a sleeve can prevent a
granular column from bulging depends on the characteristics of the in-situ soil and the
stiffness and yield strength of the sleeve.

Shivashankar et al. (2010) suggested an alternative and effective method of enhancing
the performance stone columns installed in soft soils by encasing the individual stone
column with vertical circumferential nails from a series of laboratory plate load tests
carried out in unit cell tanks. They concluded that the stone columns reinforced with
vertical circumferential nails exhibit a stiffer and stronger response compared to that of
conventional stone columns installed in soft soil, for all the diameters and area ratios
studied. A schematic representation of test arrangement of stone column with vertical

circumferential nails is presented in Fig.2.2. The performance is significantly enhanced
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by increasing the number of nails and diameter of nails. Stone column reinforced with
vertical circumferential nails over a depth thrice the diameter (3D) exhibits much higher
stiffness and ultimate load capacity than stone column for all the diameters studied.
Studies have shown that the confinement is needed only where bulging takes place. The
benefit of vertical circumferential nails decreases with increase in the diameter of stone
columns, for the same number of nails of specific diameter. The nails are found to be
more effective for smaller area ratios. Bulge diameter and bulge length are decreased
substantially for a stone column reinforced with vertical circumferential nails compared

to that of stone column for all the diameters and area ratios studied.

Load Load
Seftiement + Settlement
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steel loading 30mm thick

Soft soil  §
Nails along
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283 mm tanks 3 mm
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Figure.2.2 Test arrangement of stone column with vertical circumferential nails
(Shivashankar et al. (2010)

Fattah and Majeed (2012) carried out numerical modelling on encased floating stone
columns. The area replacement ratio has great effect on bearing improvement ratio for
soft soil improved by stone column. The undrained shear strength (Cu) of the
surrounding soil has a significant effect on bearing improvement ratio and settlement
reduction. When the undrained shear strength (Cu) of the surrounding soil is decreased,
the bearing improvement ratio is increased, and the settlement is decreased. The geogrid
encasement of stone column greatly decreases the lateral displacement compared with

ordinary stone column. The use of geogrid encasement gives better results when Cy is
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higher and increasing the value of Cy plays important role in ordinary stone column.
The important increase in strength of stone column occurs when it is encased by geogrid
for L/d = 8 while in case of L/d = 4, a slight increase in (g/C.) at the early stages of
applying the load is obtained and then the value of (g/Cy) for both ordinary and encased
stone columns is the same. The bearing improvement ratio (q treated / q untreated)
increases with increase in the area replacement ratio (as) for both ordinary and encased
stone columns, the increase in area ratio (as) is more efficient for encased stone column
than ordinary stone column especially when area ratio (as) is more than 0.25.

Marto et al. (2013) analyzed geogrid encased stone columns and reported that the load
capacity of stone column is increased by the increase of diameter of encased stone
columns and load capacity and stiffness of stone column can be increased by providing
geogrid encasement to full depth.

Ali et al. (2014) conducted tests on stone columns reinforced with lateral circular discs
of geotextile in the column. Experiments were conducted on end bearing as well as
floating stone columns and the reinforcement was found to be effective for both stone
columns.

New method of using pervious concrete pile in place of stone column was proposed by
Suleiman et al. (2014) and Ni et al. (2016). The authors conducted tests on isolated
column tests and reported that the use of pervious concrete piles increased the vertical
carrying capacity 4.4 times than that of plain stone columns. The pervious concrete
considered in their study had an average porosity of 12.5% and an average permeability
of 1.21 cm/s. The 28-day compressive strength of pervious concrete was reported as
22.2 MPa with an elastic modulus of 15.4 GPa. It was reported that the strength and
stiffness of pervious concrete column is independent of the surrounding soil
confinement in addition to its permeability characteristic similar to that of stone
columns. The mode of failure of granular column and pervious concrete pile was found
to be of by bulging and punching failure as shown in Fig.2.3. Therefore, they concluded
that the pervious concrete column can be used for very soft clays and silts, organic and

peat soils similar to piles. They also conducted fully instrumental lateral load test at the
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SSI facility and reported that the behaviour was similar to that of a long concrete or

steel pile when a rebar along the length was provided.

Figure 2.3 Mode of failure of columns (a) Bulging failure of granular columns
(b) Punching failure of pervious concrete pile (Suleiman et al. (2014)

Castro (2017) studied the performance of groups of encased stone column beneath
rigid footing. It is reported that the column arrangement has less influence on the
reduction in settlement. Based on this, a new simplified approach to study group of
encased stone column is proposed, by considering all the columns below footing as a
single column with an equivalent area and encasement stiffness. The critical length of
fully encased and partially encased column is around 2B or 3B, where B is the width of
the footing.

Hong et al. (2017) performed numerical analysis on single encased granular column
embedded in soft soil and reported that the stiffness of encasement significantly affects

the bulging length of an encased column.

2.2 STONE COLUMNS UNDER STATIC SHEAR LOADING

Murugesan and Rajagopal (2009) conducted series of direct shear tests on plain stone
column and reinforced stone column with geosynthetic encasement to study the
behaviour of shear deformations in stone columns. They reported that the added
encasement made stone column to behave as a semi rigid pile and shear load capacity
was significantly improved. They also performed lab tests by inducing lateral soil
movements in stone column treated soil and developed experimental setup to overcome
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the depth restriction in direct shear test. A schematic representation of large shear load
test setup is shown in Fig.2.4. The schematic representation of failure surface observed
in unreinforced clay, reinforced clay with stone column and encased stone column is
shown in Fig.2.5. They reported that the failure surfaces of the unreinforced clay and
stone column reinforced clay have coincided because of the shear movement of the
aggregate in stone columns along with the surrounding soil. However, the encased stone
columns obstructed the lateral soil movement and the clay heaved up through the
intervening space between the loading plate and the encased stone column.
Strain controlled loading

Displacement dial gauges

2 ¢ o9

~t— 300 mm—

600 mm

. Stone Column
i m
Soil -
movement Geosynthetic
3 / encasement

Clay soil

- 1200 mm -

(a) Sectional elevation of the test set up

Rigid loading plate
(300x300 mm)

P i 100 or 50 mm clear gap

4

(b) Plan view of the test set up

Stone columns (75 mm €, 150 mm c/c)

Figure 2.4 Large shear load test setup developed (Murugesan and Rajagopal,
2009)
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Figure 2.5 Failure surface observed in the clay, stone column and encased stone
column reinforced clay (Murugesan and Rajagopal, 2009)

Bending failure mechanism of geosynthetic encased stone columns in soft soils was
studied by Jian et al. (2015) by conducting indoor physical model test. They also
conducted numerical studies and suggested one more row of columns may be required
to provide higher lateral resistance in the soils beneath the toe of the embankment to
improve its stability.

Mohapatra et al. (2016) conducted direct shear tests on plain and geosynthetic encased
end bearing stone columns to study the behaviour under shear loading. They reported
that the lateral load capacity of granular columns with encasement increased with the
use of encasement layer, due to the mobilization of tensile forces in the layer. The shear
strength was observed to be increased with increase in area ratio for encased stone
columns. They also reported the strength reduction of encased stone column to that of
plain stone column after the rupture of encasement. Tests were conducted on group
arrangement and found to have higher shear resistance than single stone column. They
conducted experiments in group of stone columns with square and triangular pattern.
Mohapatra et al. (2017) performed three-dimensional modelling of ordinary and

geosynthetic encased granular columns in direct shear test model using FLAC 3D and
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mode of failure of encased stone column was presented as shown in Fig.2.6. 3D slope

stability was also carried out to simulate field conditions.
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Figure 2.6 Failure modes of encased stone column (Mohapatra et al. 2017)

2.3 STONE COLUMNS UNDER SEISMIC LOADING

Seed and booker (1978) initially proposed the use of gravel drains in mitigating
liquefaction. They developed one dimensional theory of pore water pressure generation
and dissipation, extended to three dimensions and applied to the analysis of columnar
gravel drains under a variety of earthquake conditions. Design charts were developed
from those analyses for providing convenient basis for design considerations. It was
reported that the dominant mechanism in the operation of a gravel drain system will be
of pure horizontal drainage. It was also stated that the liquefaction of soil deposit can
be reduced by installing a system of gravel or rock drains so that pore water pressures
generated by cyclic loading may be dissipated almost as fast as they are generated.
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Baez (1995) developed a mathematical model capable of modeling earthquake shear
stress redistribution for evaluating improved drainage parameters and densification of
liquefaction in soils ranging from clean sands to non-plastic silts. Design charts were
developed for the cost-effective remediation using stone columns from SPT and CPT
field tests for differing soil conditions. Based on densification mechanism, it was
reported that the stone columns are more beneficial at close distances (3 ft) from the
stone column.

Ashford et al. (2000) conducted full scale laterally loaded stone columns in liquefied
soil. Controlled blasting was used to liquefy soil and assessed the performance before
and after treatment with stone columns. Stone columns are found to improve stiffness
of soil 2.5-3.5 times more than soil without stone column treatment. It was also found
that the rate of excess pore pressure dissipation after blasting was significantly high due
to the presence of stone columns.

Adalier et al. (2003) conducted centrifuge studies to assess liquefaction counter
measure of densified non-plastic silty soils with stone columns. The focus of the study
was on the overall stiffness of soil using stone columns rather than the drainage
effectiveness of stone columns. The experiment was carried out on uniform silt ground,
stone column treated ground with and without surcharge. It was reported that
confinement is obtained with surcharge load and for stone column treated load with
surcharge, lateral displacement reduced considerably.

Elgamal et al. (2009) conducted numerical modelling using OpenSeesPL on sand and
silt strata with stone column and pile pinning remediation. Pile pinning was reported as
effective for both sand as well as silt strata in mitigating liquefaction. However, stone
column was found to be highly ineffective in silt strata. The ground surface
displacement was reported to be less than 0.3 m using stone column remediation only
when area ratio was from 20% to 30%. It was concluded that for achieving small scale
deformation, area ratio greater than 40% is needed while using stone column
remediation. Pile pinning with replacement ratio as low as 10% was found to provide
very less lateral deformation.

Krishna (2011) reported the various mechanisms that contribute to the seismic
performance of stone columns in mitigating liquefaction as drainage, storage, dilation

and densification, and reinforcement. It was detailed that the stone columns tend to
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dilate during earthquake event due to shearing. The seismic forces tend to develop
positive pore pressure in the soil deposit causes an opposite effect of dilation in dense
granular piles. Design charts reported by Seed and Booker 1971 were modified
incorporating dilation and reinforcement effect of stone columns in mitigating
liquefaction.

Yanmei and Xudong (2011) analyzed 3 D finite element model of group of stone
columns with varying diameter, spacing and length of stone columns and reported the
development of excess pore water pressure developed. It is reported that the stone
column diameter, length and spacing influences liquefaction. The excess pore water
pressure decreased with increase in stone column diameter and excess pore water
pressure was more in the deeper layer than in the top layer.

Yashwant et al. (2011) conducted experimental studies on stone columns installed in
marine clay under cyclic loads. Unit cell concept was adopted in their study and
reported that the settlement is more when compared to static loading. The settlements
were found to increase with number of cycles. They also reported that when the
reinforced bed was given cyclic loads lower than failure loads, the stiffness and strength
of the soil were enhanced.

Lu et al. (2012) conducted high performance seismic studies on remediated ground
with OpenSeesPL software. They compared seismic performance of stone column and
pile—pinning case and concluded that the highly viable remediation for cellular
arrangement is by using pile pinning. For pile pinning remediation, the ground lateral
displacement was found to be non-existent.

Liquefaction mitigation using stone column and pile pinning techniques on a liquefiable
soil layer using OpenSeesPL software is studied by Asgari et al. (2013). Fully saturated
sand and silt layers were considered as liquefiable layer in their study. The influence of
soil and stone column permeability, ground slope inclination, diameter of column, area
replacement ratio and earthquake characteristics on lateral displacement response is
reported. They reported that the stone columns tend to dilate under earthquake loading.
It is also stated that the presence of static shear stress component due to ground surface
inclination increased lateral displacement for grounds with higher slope angle. This
behaviour was due to the increase in final lateral displacement when the soil mass

inclined to move downwards owing to high slope angle. It is also stated that the low
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permeability of silt limited the drainage efficiency of stone column and suggested high
stiffness pile pinning technique as an effective method for mitigating liquefaction in
low permeability silt soils.

Raju et al. (2013) conducted cyclic plate load tests on black cotton soil, single stone
column and group of stone columns and reported that the dynamic parameter called
coefficient of elastic uniform compression, defined as the slope of load-elastic rebound
graph increased with group and end bearing stone column than single and floating stone
column.

Krishna et al. (2014) reviewed various aspects of ground improvement with granular
columns of loose saturated sands. The seismic hazard mitigation using stone columns
were presented and new charts were developed based on pore pressure generation and
installation. The soil fabric evolution effect and densification effect in analyzing pore
pressures were added and recommended the use of combined effect in the analysis and
design of granular inclusions as seismic risk mitigating elements. They also reported
that the granular inclusions are very effective in resisting the seismic loading in
liquefiable soils.

Rayamajhi et al. (2014, 2016) conducted three-dimensional non-linear dynamic finite
element simulations using OpenSeesPL software implementing incremental dynamic
analysis. They studied shear reinforcement mechanism of dense granular column in
reducing seismic shear stresses. The seismic shear stresses provided by dense granular
columns are significantly lower than estimated based on shear strain compatibility
assumption. They considered unit cell modelling approach and isolated shear
reinforcement mechanism by considering hydraulic conductivity of granular column
equal to that of surrounding soil. Rayamajhi et al. (2016) also reported that triggering
of liquefaction was not prevented with the use of dense granular columns in sloping
ground, but lateral displacements were reduced. The reduction in lateral displacement
is attributed to the reinforcing and strengthening effects of granular column. The
drainage effectiveness of dense granular columns subjected to earthquake shaking was
found to be dependent on permeability of native soil as well as granular columns.
Zhan et al. (2014) conducted shake table tests on laminar shear box and reported the
relation between excess pore water pressure and loading acceleration. At lower

accelerations (0.030g, 0.097g and 0.161g), the excess pore water was less at different
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depth of soil between piles. When the acceleration was 0.252g, the soil between piles
liquefied, the pore pressure increased rapidly and reached its maximum value. It is also
reported that when the loading acceleration was 0.325g, the excess pore water pressure
was less than 0.252g. These results were due to the soil already been liquefied and the
upper load taken by pile and soil distributed and the effective stress of soil between
piles decreased.

Tang et al. (2015, 2016) conducted liquefaction studies on geo-synthetic encased stone
columns using unit cell modelling approach. OpenSeesPL software was used in their
liquefaction study. They reported that the lateral deformation reduced while using geo-
synthetic encased stone columns than conventional stone columns as mitigation
method. They also reported reduction in pore pressure generation while using geo-
synthetic encasement. They studied the influence of encasement depth, stiffness of
encasement, surface load and ground surface inclination.

Ferhat et al. (2017) conducted parametric studies on floating stone columns, under
seismic loads with maximum east-west directional acceleration value of Van Muradiye
earthquake. In their study, bearing capacity and load transfer mechanism was studied
under earthquake effects and reported that the bearing capacity of the soil models with
stone columns under earthquake force was 1.02-3.7 times compared to the bearing
capacity of the soil models without stone column.

Geng et al. (2017) performed numerical study using OpenSeesPL to understand the
seismic performance of encased stone column. Effectiveness of encased stone column
on various types of sand strata, influence of encasement length, stiffness of encasement
was addressed. Relatively high and better seismic performance of encased stone column
is reported. The optimum encasement length is found as 4 m. It is also reported that the
effectiveness of encased stone column is dependent on the properties of sand strata.
Meshkinghalam et al. (2017) carried out series of analytical modelling in FLAC 3D
software. A single stone column at the centre of a cubical soil mass of 10 m was
modelled. Boundary conditions applied was free field in lateral parts so that the plane
wave propagating upward did not have any distortion at the boundary. The modulus of
elasticity of stone column was 40 times more than the surrounding soil. Interface
elements were used for modelling contact between soil and stone column. Upper

boundary of model and environmental boundary of stone column were defined as
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permeable boundary, which allowed flow to permeate from internal or external
environment. They also conducted analysis in stone column group with square and
triangular arrangement. Analysis without drainage was also carried out to study the
effectiveness of drainage performance. Stone column drainage performance is found to
be effective at depths of about 3 m to 3.5 m from the ground surface. They reported that
the increase of column’s diameter causes the increase of drainage at distance about 1 to
1.5 m from the surface, after which the column diameter does not influence drainage.
It has been reported that at final cycles, the increment rate in settlement is more than
column less state. Excess pore water pressure rate increases with increase in s/d ratio.
They also concluded that the column group has a better settlement reduction for center-
to-center distance of 2.5 to 3.5 times column diameter.

Pal and Deb (2019) reported the performance of clogged stone column using
mathematical model and suggested that the peak value of excess pore water pressure
ratio can increase up to 50% due to clogging. The fine sand particles migrated by
seepage water blocks the hydraulic functioning of stone columns. The rate of
dissipation of pore water is affected during earthquake due to clogging.

2.4 SUMMARY

The literature review carried out on modified stone columns, stone columns under shear
and earthquake loading is summarized in Table 2.1. The load carrying capacity of
foundation soil with ordinary stone columns can be improved by providing rigid and
semi-rigid inclusions such as geosynthetic encasements (Murugesan and Rajagopal
2006; Wu and Hong 2007; Gniel and Bouazza 2009; Fattah and Majeed 2012; Hong
etal. 2017), geogrid encasements (Malarvizhi and llamparuthi 2004; Marto et al. 2013),
vertical circumferential nails (Shivashankar et al.2010), random fibre horizontal strip
(Ali et al. 2014), pervious concrete piles (Suleiman et al. 2014) etc. Only geosyntheic
encased columns and deep cement columns are used in construction sites and more
detailed study needs to be done regarding the failure mechanism of above-mentioned

other modified stone columns.
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Table 2.1 Summary of literature review

Modified stone columns

Major Contribution

Author(s)

1. Encased stone columns 1. Malarvizhi and llamparuthi (2004);
2. concrete plug Murugesan and Rajagopal (2006); Wu
3. random fibre and Hong (2007); Gniel and Bouazza
4. Circumferential nails (2009); Marto et al. (2013); Fattah and
5. Pervious concrete piles Majeed (2012); Hong et al. (2017)
2. Black et al. (2007)
3. Samadhiya et al. (2008)
4. Shivashankar et al. (2010)
5. Suleiman et al. (2014)
Stone columns under static shear loading
Major Contribution Author(s)
1. Direct shear tests and 1. Murugesan and Rajagopal (2009)
large shear tests on clay 2. Mohapatra et al. (2016)
2. Direct shear tests on sand
Stone columns under seismic loading
Major Contribution Author(s)
1. Full scale field study 1. Ashford et al. (2000)
2. Centrifuge study 2. Adalier et al. (2003), Yashwant et al.
3. Shake table tests (2011)
4. Cyclic plate load tests 3. Zhanetal. (2014)
5. Analytical studies 4. Rajuetal. (2013)
6. Numerical modelling 5. Seed and Booker (1987), Baez (1995),
7. Geo-synthetic  encased Krishna et al. (2011), Krishna (2014)

stone  columns-Seismic
performance

Elgamal et al. (2009), Lu et al. (2011),
Yanmei and Xudong (2011), Asgari et
al. (2013), Rayamajhi et al. (2016)
Tang et al. (2015), Geng et al. (2017)
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Suleiman et al. (2014) and Ni et al. (2016) proposed a new alternative to conventional
stone column system in the form of providing pervious concrete columns. The rigid
behaviour of pervious concrete column and hydraulic conductivity similar to that of
stone column makes pervious concrete column a better alternative to conventional stone

column. Therefore, in this study pervious concrete column is considered.



Studies on the shear behaviour of stone column improved ground is limited.
More research is needed to identify the parameters affecting shear failure of improved
ground with stone columns as well as modified stone columns. From literature review,
it can be observed that the shear performance of ground is evaluated using direct shear
tests (Barksdale and Bachus 1983; Murugesan and Rajagopal 2009; Mohapatra et al.
2014) and large shear tests (Murugesan and Rajagopal 2009). Additionally, shear
behaviour of modified stone columns other than encased stone column is limited.
Therefore, it is required to address the shear behaviour of stone column improved
ground and pervious concrete column improved ground.

Stone columns are widely used to mitigate liquefaction in seismic prone areas.
Seismic performance of improved ground was reported from full scale field test
(Ashford et al. 2000), centrifuge tests (Adalier et al. 2003; Yashwant et al. 2011), shake
table tests (Zhan et al. 2014), cyclic plate load test (Raju et al. 2013), analytical
modelling (Seed and Booker 1976, Baez 1995, Krishna et al. 2011, Krishna 2014) and
numerical modelling (Elgamal et al. 2009, Lu et al. 2012, Yanmei and Xudong 2011,
Asgari et al. 2013, Rayamajhi et al. 2016) to understand the liquefaction mitigation
potential of stone columns. Numerical Studies conducted on single and group of stone
columns and effect of column diameter on excess pore water pressures are reported.
Recently, the seismic performance of encased stone column improved ground is
reported as relatively better than stone column improved ground. However, studies on
seismic behaviour of conventional stone column and modified stone column improved
ground are also limited. Therefore, the seismic performance and influence of various
parameters influencing liquefaction mitigation potential of stone column and pervious

concrete column improved ground is undertaken.
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CHAPTER 3
METHODOLOGY

Numerical simulations were performed using Finite element software ABAQUS to
understand the behaviour of stone column and pervious concrete column improved
ground under lateral loading conditions. Static loading conditions were simulated by
modelling direct shear test and large shear tests and are discussed in Section 3.1.
Further, seismic analyses of column improved ground were performed. Liquefaction
mitigation study using stone column and pervious concrete column improved
liquefiable soil strata was performed using three-dimensional finite element software

OpenSeesPL and is detailed in Section 3.2.
3.1 STATIC SHEAR ANALYSIS OF IMPROVED GROUND

The potential failure surface of column improved ground under an embankment is
shown in Fig.1.1. The columns placed beneath the toe of the embankment experiences
significant shear loading. The shear performance of such an improved ground is
evaluated by modelling direct shear test and large shear test. The methodology of static
shear analysis of improved ground using numerical simulation of direct shear models

and large shear models are discussed in Section 3.1.1 and Section 3.1.2 respectively.

3.1.1 Numerical modelling of direct shear test

Direct shear test is used to simulate static shear loading conditions of soil in the
laboratory. The schematic representation of direct shear test setup is shown in Fig. 3.1.
In direct shear test, one of the shear boxes is restrained from moving and the other box
is given horizontal displacement to shear the soil while shearing along a plane. The
large direct shear boxes of size 305x305 mm is used for modelling column placed
beneath the toe of the embankment where shear load is predominant representing the
column improved ground as per ASTM 3080 standards.

The plan and elevation of direct shear model used for numerical simulation is shown in
Fig.3.2. The direct shear model has a plan area of 305x305 mm?. The height of upper
and lower shear box model was kept as 100 mm. Soft clay was modelled using Modified
Cam Clay (MCC) model, which is used extensively by various researchers for
modelling clay. Well established Mohr-Coulomb (MC) model was used for modelling
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stone column properties and pervious concrete was modelled as linear elastic material.
Eight noded brick elements were used to model clay and column inclusions. Coulomb
frictional model was used to define the interaction between stone column-surrounding

clay and pervious concrete column-surrounding clay surfaces. The interface friction
.. . . . 2
coefficient used for stone column clay interface was 0.621, which is S tan @gc, Where

@, Is the angle of internal friction of stone column. As the behaviour of pervious
concrete column was reported to be similar to that of a rigid pile, a value of
0.3 (which is tan @, where @, is the angle of internal friction of surrounding clay) as
frictional coefficient was considered. The soil box model, stone column and pervious
concrete column were meshed individually, and the mesh was created automatically.
The default values of control parameters in ABAQUS were kept as same (Shahu and
Reddy 2011).

Displacement Actuator

Transducer

Vertical _ F = constant

Displacement —~
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\
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Shear \
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Figure 3.1 Direct shear test arrangement (Helwany 2007)

For the present study, stone column and pervious concrete column was positioned in
the center of the direct shear model (Fig.3.2(a)) and shear performance of column
improved ground was evaluated from the shear stress-horizontal displacement response
of improved ground using finite element modelling. The performance of pervious
concrete column improved ground under shear loading was compared with ordinary

stone column improved ground.

32



Normal Load

. LLLLLLLL

230 ——>Shear Load

f—305—]

Elevation

Pervious Concrete Column
| @

Soil

fe—305—
Plan

All Dimensions are in mm

(@)
Normal Load
| ShearLoad o '
i Positive slope ~——— Shear Load
Angle -
100 Negative slope
Angle

T Elevation Elevation
1 1

Pervious Concrete Column Pervious |Concrete Column

Soil Soil
1 1

o305 ——a=| [ —T,
Plan Plan
(b)

Figure 3.2 (a) Horizontal direct shear test (b) Inclined direct shear test model
with pervious concrete column at the center

33



The ultimate shear resistance of improved ground using direct shear model simulation
was carried out for three column diameters (50 mm, 70 mm and 90 mm). The
parameters influencing shear performance of column improved ground such as
diameter, normal pressure, effect of pervious concrete column and failure mode of
columns under shear loading were addressed. The effect of inclination of potential shear
failure surface with horizontal was also considered to evaluate the field conditions.
Therefore, inclined direct shear tests as shown in (Fig.3.2(b)) with varying inclinations

were also performed.

3.1.2 Numerical modelling of large shear test tank

The overall depth of direct shear box used by Murugesan and Rajagopal (2009) and
Mohapatra et al. (2014, 2015, 2016) were 200 mm and 140 mm respectively. Large
shear test setup was developed by Murugesan and Rajagopal (2009) with increased
depth of 600 mm and strain-controlled loading was applied to the full width of the tank,
thus inducing lateral soil movements in the soil within the tank. The shear test tank used
by Murugesan and Rajagopal (2009) had a length of 1200 mm, width of 300 mm and
depth of 600 mm. They applied strain-controlled loading along the full width of the
shear test tank as equivalent to the embankment loading. The same size of experimental
setup (Fig.3.3) and diameter of columns were chosen according to Murugesan and
Rajagopal (2009) to simulate the large shear test model in FEM. Shear test tank model
of size 1200 mm x 300 mm x 600 mm depth is larger in comparison with standard
direct shear test dimensions of 305 mm x 305 mm x 200 mm depth. That’s why the
term ‘large shear test tank’ is used. Eight noded brick elements were used to model clay
and column inclusions. Interaction between stone column and pervious concrete
columns with surrounding soft clay was modelled using surface to surface contact
formulation with Mohr-Coulomb failure criteria. An interface friction coefficient of
0.621 and 0.3 were used as frictional coefficient of stone column-surrounding clay and
pervious concrete column-surrounding clay respectively. Original ground, stone
column and pervious concrete columns were modelled using eight noded brick elements
and the mesh was generated automatically. Default settings used in ABAQUS software
were used as suggested in the user manual. The bottom face of the large shear test model
was fixed along the three directions for all stages of simulation. Also, the vertical lateral
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boundaries of shear test tank model were restrained from displacement perpendicular
to the respective surfaces.

The pressure on the loading area (through a horizontally placed loading plate on the
ground surface) is an indirect measure or indication of the shearing/ lateral resistance
of the model ground. The loading plate as shown in Fig.3.3 was given a uniform vertical
displacement of 50 mm and the lateral squeezing of unimproved ground, stone column
improved ground and pervious concrete column improved ground were studied. The
shear performance of improved ground was measured in terms of pressure-settlement
response on the loading plate. In addition to end-bearing pervious concrete columns,
floating pervious concrete columns were also considered. The effect of pervious
concrete column in place of ordinary stone column, effect of diameter (considering 50
mm, 70 mm and 90 mm diameter columns), effect of floating pervious concrete
columns with varying depths from 2D to 8D (D is the diameter of column considered)
on shear resistance and lateral deformation of stone column and pervious concrete
column were also investigated.

f—300—
Strain Controlled Loading

-Loading Plate
- a5s g
8

ervigus Concrete column: | - -

: ' 1200 : |
j=—=t-100 Elevation

f=—"300—= Plan

All dimensions are in mm

Figure 3.3 Large shear test tank with floating pervious concrete column
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3.2 SEISMIC ANALYSIS OF IMPROVED GROUND
Stone columns are widely used to mitigate seismically induced liquefaction. Therefore,
the liquefaction mitigation potential of improved ground while using pervious concrete
columns were investigated. The seismic performance of pervious concrete column
improved ground was compared with conventional stone column improved ground.
Three-dimensional finite element analysis using OpenSeesPL was conducted to study
the ground lateral deformation and excess pore water pressure generation of pervious
concrete column improved ground on a mildly sloped soil stratum. The layout of
pervious concrete column (PCC) arrangement is shown in Fig.3.4(a). The unit cell of
remediated area is highlighted in the layout. Half of the unit cell is modelled because
of symmetry. Similar unit-cell modelling approach has been used by many researchers
(Elgamal et al. 2009; Rayamajhi et al. 2014; Tang et al. 2015; Geng et al. 2017). The
depth of soil model is 10 m as shown in Fig.3.4(b). The center to center spacing of
column were varied as 2D, 2.5D and 3D, which corresponds to area ratio of 20%, 13%
and 9% respectively. The lower boundary of soil model was assumed as hard rock and
seismic excitation along x-axis was given at the base of soil model. Periodic boundary
conditions were applied at the left and right boundary of soil model as applied to group
of piles subjected to earthquake loadings (Law and Lam 2001). Eight noded BRICKUP
elements with u-p formulation were used to model column inclusions and soil strata.
The soil strata considered was fully saturated sand with an inclination of 4°
infinite slope. The parameters influencing seismic performance of improved ground
like area ratio, founding depth of columns, diameter of columns and hydraulic
conductivity of columns were investigated. The efficacy of pervious concrete column
on three types of soil strata in mitigating liquefaction along with parameters influencing
ground lateral deformation such as thickness of sandwiched liquefiable soil layer,
permeability of surrounding soil, ground surface inclination, peak ground acceleration
and surcharge load were also studied.
The soil models were subjected to base excitation conforming to earthquake time
history data of EI-Centro 1940 earthquake along N-S direction and Loma Prieta 1989
earthquake along E-W direction scaled to 0.2g. The influence of earthquake

characteristics on pervious concrete column improved ground was additionally
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addressed. Total stress analyses were also performed, and the pressure build up was

analyzed by comparing the seismic responses with effective stress analyses.
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Figure 3.4 (a) Pervious concrete column (PCC) arrangement (b) Representative
unit cell
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3.3 SUMMARY

This chapter explains the methodology adopted to analyze the performance of improved
ground under shear and seismic load. The columns placed beneath the toe of the
embankment experiences significant shear loading. The shear performance of column
improved ground is analyzed by modelling direct shear models and large shear models
using ABAQUS. The liquefaction mitigation potential of pervious concrete column in
place of stone column in liquefiable soil is performed using OpenSeesPL. The
influencing parameters affecting the shear and seismic performance are required to
develop design guidelines of pervious concrete column and therefore the soil models

are analyzed by varying different parameters.
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CHAPTER 4
SHEAR BEHAVIOUR OF PERVIOUS CONCRETE COLUMN
IMPROVED GROUND USING DIRECT SHEAR TEST MODELS

In this chapter, the shear response of pervious concrete column improved ground is
addressed and compared with stone column improved ground. Numerical modelling
using ABAQUS software was used for analyzing improved ground. Direct shear tests
and inclined direct shear tests were modelled, and details are mentioned in the
subsequent sections.

4.1 DIRECT SHEAR TEST MODEL

The first step in the numerical modelling is to validate the present model by generating
a similar model of already reported study from well accepted publications. Therefore,
direct shear test model generated in ABAQUS software was validated using the data of
experimental work done by Murugesan and Rajagopal (2009). Clay was used as
unimproved ground in their study and properties are listed in Table 4.1. Therefore, for
validation, direct shear test was modelled for the improved clay reinforced with stone
column of diameter 200 mm under a normal pressure of 13.3 kPa. The dimensions of
direct shear test box used was 300 mm x 300 mm x 200 mm. Displacement controlled
loading was applied to the upper shear box although the displacement was given to
lower shear box in their experimental setup. The results obtained from ABAQUS model
and reference experimental data were found to be in good agreement and are following
the pattern as shown in Fig.4.1.

The shear performance of stone column and pervious concrete column improved
ground supporting the embankment was studied using numerical analyses of direct
shear tests. The shear strength of ground with and without column inclusions were
assessed. The direct shear test models of unimproved ground and stone column
improved ground were analyzed and compared with pervious concrete column
improved ground. The deformation patterns of column inclusions were also explored.
The normal pressures considered on the top of direct shear model was varied from 0
kPa to 75 kPa which corresponds to 0 to 5 m of embankment height. The unit weight

of embankment fill was considered as 15 kN/m?®. The normal pressure of 0 kPa and
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15 - 75 kPa represents end column and center column respectively for the corresponding
embankment heights.

The direct shear model dimensions were kept similar to that of large direct shear
test i.e., 305 mmx305 mm and a depth of 200 mm as shown in Fig. 3.2(a) conforming
to ASTM D3080. The upper part of direct shear model was moved relative to the lower
part of model and the shear strength was calculated by summing up the respective
horizontal forces divided by the plan area (305x305 mm?). The horizontal displacement
applied to the upper direct shear box model was 40 mm for all the cases studied.

Table 4.1 Validation of direct shear test model (Murugesan and Rajagopal, 2009)

Properties Stone column Clay
Constitutive Model Mohr-Coulomb Mohr-Coulomb
Unit weight(kN/m?) 20 17
Elastic modulus(kPa) 45000 3000
Poisson's ratio 0.3 0.45
Cohesion(kPa) 1 20
Friction angle 42° 0
Dilation angle 10° 0

3 -
g
27
w
<
@
s 1 4
% Experimental (Murugesan and Rajagopal, 2009)
ABAQUS
0 @ : : : : |
0 2 4 6 8 10
Horizontal displacement (mm)

Figure 4.1 Validation of ABAQUS direct shear test model
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The effect of pervious concrete column in place of stone columns, effect of
diameter, effect of normal pressure, heave profile, mode of failure of columns under
static shear load were carried out in direct shear tests. Pervious concrete column can be
used for very soft clays and silts, organic and peat soils (Ni et al. 2016) whereas
performance of stone columns are dependent on surrounding soil properties (Barksdale
and Bachus 1983, Kempfert 2003). Therefore, very soft clay property is considered to
compare pervious concrete column inclusion with stone column inclusion in weak
ground. The properties used for modelling weak soil, stone column and pervious
concrete column were taken from Shahu and Reddy (2011), Ambily and Gandhi (2007)
and Ni et al. (2016) respectively and tabulated in Table 4.2. Soft clay was modelled
using Modified Cam Clay (MCC) model, which is used extensively by various
researchers for modelling clay. Well established Mohr-Coulomb (MC) model was used
for modelling stone column properties and pervious concrete was modelled as linear
elastic material. The soft clay, stone column and pervious concrete column was
simulated using eight-noded brick elements with reduced integration. Coulomb
frictional model was used to define the interaction between stone column-surrounding

clay and pervious concrete column-surrounding clay surfaces. The interface friction
.. . . . 2
coefficient used for stone column clay interface was 0.621, which is S tan @Bsc, Where

@ is the angle of internal friction of stone column. As the behaviour of pervious
concrete column was reported to be similar to that of a rigid pile, a value of
0.3 (which is tan @, where @, is the angle of internal friction of surrounding clay) as
frictional coefficient was considered. The soil box model, stone column and pervious
concrete column were meshed individually, and the mesh was created automatically.
As used by Shahu and Reddy (2011), default values of control parameters in ABAQUS
were kept as same.

Two stages of loading were applied. In the initial stage, gravity loading was
applied. In the second stage, normal pressure on the top of upper box was applied
followed by a horizontal displacement of 40 mm to the upper box. The lower box was
kept fixed during all stages of loading. The modelling of direct shear boxes was not
carried out to simplify the model and to minimize the computation time. However,

boundary conditions were applied to simulate the direct shear test setup as mentioned
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in Potts (1987). The bottom face of the lower soil model was restrained in all three
directions. The lateral vertical boundaries of upper and lower boxes were restrained
from displacement perpendicular to the respective boundary surfaces during the
geostatic step and normal pressure application. The lateral vertical boundaries of upper
box were given a displacement of 40 mm along the prescribed direction for simulating
the movement of upper box with respect to lower surface. The model geometry before
and after subjected to shear displacement along with deformed shape of ordinary stone

column and pervious concrete column is shown in Fig.4.2.

Table 4.2 Material properties used in finite element simulations

Clay
Reference Shahu and Reddy (2011)
Constitutive model Modified Cam-Clay
Unit weight(kN/m?3) 17
Log Plastic modulus/Logarithmic 011
Hardening constant for plasticity '
Poisson's ratio 0.33
Bulk Modulus for Elastic behaviour 0.025
Critical State Stress ratio 0.703
Stones

Reference Ambily and Gandhi (2007)
Constitutive model Mohr-Coulomb
Unit weight(kN/m?®) 16.62
Elastic modulus(kPa) 55000
Poisson’s ratio 0.3
Cohesion(kPa) 0
Friction angle 43
Dilation angle 10°

Pervious concrete
Reference Ni et al. (2016)
Constitutive model Linear Elastic
Unit weight(kN/m?3) 16.5
Elastic modulus(GPa) 154
Poisson’s ratio 0.3
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Deformed

Column

Figure 4.2 Direct shear model analysis of improved ground (a) with stone
column (b) with pervious concrete column (50 mm diameter)

4.2 INCLINED DIRECT SHEAR TEST MODEL

To represent actual field cases, varying inclination (+/-) angles of the (planar) shear
failure surface with the horizontal as shown in Fig.4.3 was considered. Therefore,
inclined direct shear tests (Fig.3.2(b)) with slope angles +5°, +10°, £15°and £20° were
performed. Material properties, numerical model used, and dimensions were kept same
as horizontal direct shear test simulation except the inclination with horizontal.
Simulation procedure was same as that of direct shear test analysis. The effect of
difference in normal pressure acting on the inclined plane is to be considered in the
analysis. Therefore, the shear strength of inclined direct shear model was calculated by
summing up the secant component of horizontal forces divided by the respective plan
area. The displacement loading for negative slopes are given in Table 4.3. Similarly,
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the displacements along Y and Z directions are given accordingly for positive slopes
(Table 4.4). The finite element programme for direct and inclined shear tests are listed
in Table 4.5. A total of 378 analyses were carried out. The deformed model of pervious
concrete column improved ground and stone column improved ground subjected to
shear loading for positive slopes of 5°, 10°, 15°and 20° are shown in Fig.4.4 and Fig.4.5
respectively. Similarly, for negative slopes, Fig.4.6 and Fig.4.7 show the deformed
model of pervious concrete column improved ground and stone column improved

ground respectively under static shear.

Embankment
Potential Shear Failure Surface
e 41::
~~Postive Slope
S M
lope Ang I S ositivg ..-"‘ Angle
il Angle
Weak Soil Bed
Hard Stmta

Figure 4.3 Potential shear failure surface in column supported embankment
system

Table 4.3 Displacement applied for negative slopes

. Slope angle
Displacement (m)
0° -5° -10° -15° -20°
Along X direction 0 0 0 0 0
Along Y direction | 0.04 | 0.0398 | 0.03939 0.03863 0.03759
Along Z direction 0 | -0.0034 | -0.00694 -0.10347 -0.01367
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Table 4.4 Displacement applied for positive slopes

_ Slope angle
Displacement (m)
+5° +10° +15° +20°
Along X direction 0 0 0 0
Along Y direction 0.0398 0.03939 0.03863 0.03759
Along Z direction 0.0034 0.00694 0.10347 0.01367

Table 4.5 Finite element analysis matrix for direct shear tests

Inclination of shear surface with horizontal Number
Description of

0° +5° +10° +15° +20° Analyses
Only Clay v v v v v 54
50 mm v v v v v 54
OSC 70 mm v v v v v 54
90 mm v v v v v 54
50 mm v v v v v 54
PCC 70 mm v v v v v 54
90 mm v v v v v 54

Total number of analyses done for various Normal

Pressures(0,15,30,45,60,75kPa) 378
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Figure 4.4 Deformed mesh of 70 mm diameter pervious concrete columns under
30kPa for positive slope failure surface with slope angles from 5° to 20°

Figure 4.5 Deformed mesh of 70 mm diameter stone columns under 30kPa for
positive slope failure surface with slope angles from 5° to 20°
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Figure 4.6 Deformed mesh of 90 mm diameter pervious concrete columns under
30kPa for negative slope failure surface with slope angles from 5° to 20°

Figure 4.7 Deformed mesh of 90 mm diameter stone columns under 30kPa for
negative slope failure surface with slope angles from 5° to 20°
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4.3 RESULTS AND DISCUSSIONS

In the following graphs, the unimproved ground considered is represented as clay and
improved ground with ordinary stone column and pervious concrete column are
represented as OSC and PCC respectively.

4.3.1 Effect of normal pressure

Direct shear analysis of unimproved and improved ground was carried out by varying
normal pressures ranging from 0 kPa to 75 kPa which corresponds to the embankment
height from 0 m to 5 m for an embankment fill unit weight of 15 kN/m®. The shear
strength increased with increase in normal pressure for unimproved ground (clay), stone
column improved ground and pervious concrete column improved ground as shown in

Fig.4.8, Fig.4.9 and Fig.4.10 respectively.
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Figure 4.8 Effect of normal pressure on shear stress-displacement behaviour for
unimproved ground
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Figure 4.9 Effect of normal pressure on shear stress-displacement behaviour for
stone column improved ground (OSC)
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Figure 4.10 Effect of normal pressure on shear stress-displacement behaviour
for pervious concrete column improved ground (PCC)

Figure 4.11 denotes shear stress-normal pressure variation of unimproved ground,
ordinary stone column improved ground and pervious concrete column improved

ground for 50 mm diameter column inclusion.
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Figure 4.11 Effect of normal pressure on shear strength

Shear strength improvement at zero normal pressure for PCC is 87 % than OSC and
this is significant for the columns placed beneath the toe of the embankment. The
percentage of shear strength improvement for PCC are found to be 45%, 48%, 51%,
56% and 58% respectively for normal pressures ranging from 15 kPa to 75 kPa at an
interval of 15 kPa. The increase of shear strength with normal stress is quite natural for
soils, as the strength depends on the angle of internal friction through the normal stress.
However, the pervious concrete mix similar to that of normal concrete with strength
and stiffness has also contributed to the increase in shear strength of PCC improved
ground. This study also indicates that the columns placed near the centerline of the
embankment has a higher shear strength and the stone columns placed beneath the toe
of embankment has less shear strength. The shear resistance beneath the toe of the
embankment can be improved by providing pervious concrete columns.

4.3.2 Effect of reinforcement

Figure 4.12 and Fig.4.13 show the stress-strain behaviour of unimproved ground,
ordinary stone column and pervious concrete column improved ground for normal
pressures of 30 kPa and 75 kPa respectively. The diameter of column was 50 mm for
both the respective analyses considered. The stone column improved ground has almost

the same shear strength as that of clay alone as seen in Fig.4.12 and Fig.4.13. Therefore,
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the ordinary stone column improved ground offers almost zero resistance as that of
unimproved ground. The experimental results reported by Murugesan and Rajagopal
(2009) also demonstrates this behaviour that the ordinary stone columns separated
along the failure surface and moved along with the surrounding soil without offering

any shear resistance.
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Figure 4.12 Effect of reinforcement (50 mm diameter columns under a normal
pressure of 30 kPa)
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Figure 4.13 Effect of reinforcement (50 mm diameter columns under a normal
pressure of 75 kPa)
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The shear strength of pervious concrete column improved ground is 53% and 55 %
more than unreinforced ground and stone column treated ground respectively for the
normal pressure of 75 kPa. It is also observed that the shear resistance of pervious
concrete improved ground linearly increases with increase in strain.

Figure 4.2 presents the undeformed and deformed mesh of stone column and pervious
concrete improved ground respectively. The deformed mesh of stone column improved
ground confirms the movement of stone column along the shear failure plane (Figure
4.2(a)), whereas the pervious concrete column has resisted the shear movement and
behaviour of pervious concrete column is like a rigid pile (Figure 4.2(b)). This is

attributed to the higher elastic modulus of pervious concrete material.

4.3.3 Effect of diameter

The effect of diameter of ordinary stone column and pervious concrete column was
studied by varying column diameters as 50 mm, 70 mm and 90 mm. From Fig.4.14 and
Fig.4.15, it can be noted that the shear strength of improved ground with ordinary stone
column and pervious concrete column increased with increase in diameter. However,
the shear strength improvement in ordinary stone column improved ground is only
marginal as shown in the Fig.4.15 for normal pressure of 75 kPa. Generally, in higher
diameter stone columns, bigger aggregate sizes are used. But this is not considered in
the present study and this could be the reason for the marginal variation of shear
strength in 50 mm, 70 mm and 90 mm diameter stone column reinforced ground.

In the case of pervious concrete improved ground, 90 mm column showed higher shear
strength and has 15% and 34% improvement than 70 mm and 50 mm columns
respectively under a normal pressure of 75 kPa. This improvement can be credited to
the circumferential resistance offered by the rigid pervious concrete columns. It is also
observed that the shear improvement with increase in diameter has an influence of
normal pressure. The normal pressure below 45 kPa shows more improvement for
larger diameter columns than with higher normal pressures for pervious concrete
column improved ground. From Fig.4.16 and Fig.4.17, it is found that at low normal
pressures, the shear stress ratio (defined as the ratio of maximum shear stress to applied
normal pressure) increases with increase in diameter of stone column. However, at
higher normal pressures, the increase of shear stress ratio is not observed and seems to

be a marginal increase with increase in diameter. A smaller diameter pervious concrete
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column could be provided beneath the toe of the embankment for improving the shear
performance of stone column supporting embankment system.

The shear stress ratio values of 50 mm, 70 mm and 90 mm diameter column improved
ground for varying normal pressures (0O kPa to 75 kPa) are given in Table Al-1, in
Annexure.
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Figure 4.14 Effect of diameter of columns for a normal pressure of 15 kPa
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Figure 4.15 Effect of diameter of columns for a normal pressure of 75 kPa

53



0.6 T
;E 0SC-15 kPa
N —#—0SC-30 kPa
£ 04 +
o ) ; X ——0SC-45 kPa
£ 0SC-60 kPa
7
s 0SC-75 kPa
wn
= 02 1
(3]
=
(]

0 : : :
45 60 75 90
Diameter of the stone column (mm)

Figure 4.16 Effect of diameter of stone columns on shear stress ratio
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Figure 4.17 Effect of diameter of pervious concrete columns on shear stress
ratio

4.3.4 Effect of inclination

To simulate the actual field situation, negative and positive inclinations of planar shear
failure surface with horizontal was analyzed by varying the inclinations from 5°to 20"
The deformed model after analyses is as shown in Fig.4.4 and Fig.4.5 for positive

inclinations for pervious concrete column improved ground and stone column improved
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ground respectively. Figure 4.6 and Fig.4.7 show the deformed pervious concrete
column and stone column for negative inclinations, respectively.

It is found that the shear strength of positive slope increased with increase in slope angle
as shown in Fig.4.18, Fig.4.19 and Fig.4.20 which are representative graphs for
unimproved ground, stone column improved ground and pervious concrete column
improved ground. Figure 4.18, Fig.4.19 and Fig.4.20 also show the variation of negative
slope and clearly indicates that the shear strength decreases with increase in slope angle.
The above observation is found to be true for all the cases studied. The increase in shear
strength for positive slope is due to the shear resistance offered by the soil slope itself
i.e., shear resistance from within the ground slope. Whereas in negative slope, the shear
resistance offered by the slope itself is less against movement and reduced shear
strength is observed for all negative slopes. It can be established that the approximation
made in the horizontal direct shear test has a demerit of predicting the actual shear
strength with respect to positive and negative shear surface inclinations with horizontal.
Also, it is noted that the shear strength of negative inclinations only in the case of
pervious concrete column improved ground is almost same as that of with zero slope
angle as shown in Fig.4.20. However, the shear performance of PCC improved ground

is found to be better than SC improved ground for all the surface inclinations

considered.
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Figure 4.18 Effect of inclination of shear surface on unimproved ground for a
normal pressure of 15 kPa
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Figure 4.20 Effect of inclination of shear surface on pervious concrete column
improved ground (90 mm diameter column and normal pressure of 15 kPa)

The variation of shear stress ratio with positive and negative inclination is almost linear

for unimproved ground, stone column improved ground and pervious concrete column

improved ground as depicted in Fig.4.21, Fig.4.22 and Fig.4.23 respectively. It is

noticed that the slope of shear plane plays an important effect in the shear strength

estimation and slope effect needs to be taken into account.
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Figure 4.21 Effect of inclination of shear surface on shear stress ratio for
unimproved ground
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Figure 4.22 Effect of inclination of shear surface on shear stress ratio for stone
column improved ground
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Figure 4.23 Effect of inclination of shear surface on shear stress ratio for
pervious concrete column improved ground

The shear stress ratio values of 50 mm, 70 mm and 90 mm diameter column improved
ground for varying inclination of shear surfaces ranging from P 20° to N 20° under
normal pressures of 15 kPa to 75 kPa is tabulated in Table Al-1, 2, Table Al-3 and
Table Al-4 respectively.

4.4 NON-LINEAR BEHAVIOUR OF PERVIOUS CONCRETE

In the direct shear model analysis, the pervious concrete material was modelled with
linear elastic properties. In order to verify the direct shear analysis results of PCC
improved ground modelled with the linear elastic model, Mohr-Coulomb constitutive
model was selected as the non-linear model. The cohesion and angle of friction of PCC

material were selected as 3000 kPa and 38° respectively. The interface friction
coefficient used for PCC- clay interface was 0.521, which is %tan @pcc, Where @, s

the angle of internal friction of pervious concrete. An improved ground with PCC of
diameter 50 mm under the normal pressure of 30 kPa was used to compare the shear
stress-strain behaviour and deformation pattern. Figure.4.24 shows the shear stress-
strain variation of PCC improved ground with linear and non-linear material models. It
can be seen that there is similarity between the results with both of these material
models. Also, the deformed shape of the PCC after the direct shear analysis was also
found to be similar as shown in Fig.4.25. Therefore, the use of linear-elastic material

model is justified.
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Figure 4.24 Shear stress-strain behaviour of PCC improved ground using
linear-elastic and non-linear models

Figure 4.25 Deformed model of PCC improved ground using (a) Linear-elastic
model (b)Non-linear model

4.5 SUMMARY
In this chapter, an attempt has been made to understand the shear behaviour of stone

column and pervious concrete column improved ground. Following conclusions are
made from numerical analysis of direct shear test models and inclined direct shear test
models. The shear resistance of unimproved ground, stone column improved ground
and pervious concrete column improved ground increases with increase in normal
pressure. The shear strength of pervious concrete column improved ground with zero
normal pressure is significant and could be implemented for a better shear performance
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of stone column supported embankment system by placing pervious concrete columns
beneath the toe of the embankment.

The pervious concrete column improved ground has higher shear strength than stone
column improved ground for all the diameters considered. It is also observed that the
shear resistance of ordinary stone column improved ground is almost zero. The shear
resistance of pervious concrete column improved ground and stone column improved
ground increased with increase in diameter.

Improved ground with positive slope angle has higher shear resistance than
horizontal shear surface. The shear strength of positive slope increases with increase in
slope angle, whereas for improved ground with negative slope, shear strength decreases
with increase in slope angle. It is also recommended to consider the slope effect while
determining shear strength.
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CHAPTER 5
SHEAR BEHAVIOUR OF PERVIOUS CONCRETE COLUMN
IMPROVED GROUND USING LARGE SHEAR TEST MODELS

In this chapter, the shear response of end-bearing and floating pervious concrete column
improved ground is addressed and compared with stone column improved ground.
Numerical modelling using ABAQUS software was used for analyzing improved
ground with column inclusions. Large shear test models were analyzed, and details are

mentioned in the subsequent sections.

5.1 LARGE SHEAR TEST MODEL

The depth of direct shear test model is 200 mm, and it cannot be used for studying the
shear resistance of floating columns. Therefore, to overcome this depth limitation in the
shear test model and to study the effect of depth of columns in shear performance, large
shear test tank (with a depth of 600 mm) developed by Murugesan and Rajagopal
(2009) was used. The experimental results carried out by Murugesan and Rajagopal
(2009) using large shear test tank was used for validating the model generated in
ABAQUS software. The large shear test selected for validation was of reinforced clay
with ordinary stone column of diameter 75 mm placed at a clear gap of 50 mm from
the edge of the loading plate (Fig 3.3). In the validation results as presented in Fig.5.1.,
experimental and numerical model results of original ground with stone column is
shown in terms of pressure-settlement response and heave profile.

Strain controlled loading was applied to the full width of the tank, thus inducing lateral
soil movements in the soil within the tank. The loading plate as shown in Fig.3.3 was
given a uniform vertical displacement of 50 mm and the shear resistance of unimproved
ground, stone column improved ground and pervious concrete column improved
ground were studied. The shear performance of improved ground was measured in
terms of pressure-settlement response on the loading plate. The study was extended to
floating pervious concrete column for varying depths of 2D, 4D, 6D and 8D, where D
is the diameter of column considered. The shear performance of floating columns was
compared with end-bearing columns and conclusions are drawn. The analysis

programme for large shear test is given in Table 5.1.
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Figure 5.1 Validation of model (a) Pressure-settlement response of loading plate
(b) Heave profile

Figure 5.2 and Fig.5.3 show the deformed models of pervious concrete column and
stone column improved ground respectively under shear movement. The depth of
column considered is 6D. Fig.5.4 and Fig.5.5 show the shear resistance of stone column
and pervious concrete column improved ground with end-bearing condition
respectively. It is very clear from Fig.5.5 that the end-bearing pervious concrete column
has superior shear resistance than floating pervious concrete columns. The end-bearing
stone column improved ground exhibits very little resistance and seemed to be moving
along the shear direction as shown in Fig.5.4. However, the deformation of pervious
concrete column is found to be similar to that of a rigid pile (Fig.5.5). The shear
resistance of two pervious concrete column group arrangement is shown in Fig.5.6. It
is seen that the two- pervious concrete column group has arrested the soil movements

and the performance can be compared to that of a rigid pile.
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Table 5.1 Analysis programme for large shear test

Clear gap between

Depth of columns

Description Diameter loading plate No of
P (mm) edge and column columns End-bearing  Floating-8D  Floating-6D  Floating-4D  Floating-2D
(mm)
Original
ground
v
Improved ground with ?8 28 i %
stone columns 90 50 1 v
v v v v v
50 50 1
50 2 v
50 1 v v v v v
Improved ground with 70 50 2 v
pervious concrete columns
100 1 v v
50 1 v
90
50 2 v
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RSC-70-50-60,

Figure 5.2 Deformed model of single pervious concrete column improved
ground (Diameter (D) 70 mm and 6D depth)
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SC-70-50-60

Figure 5.3 Deformed model of single stone column improved ground (Diameter
(D) 70 mm and 6D depth)
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U, Magnitude

Figure 5.4 Deformed model of single stone column improved ground (Diameter
90 mm with end bearing condition)
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Figure 5.5 Deformed model of single pervious concrete column improved
ground (Diameter 90 mm with end bearing condition)
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Figure 5.6 Deformed model of two pervious concrete column group improved
ground (Diameter 70 mm with end bearing condition)
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5.2 RESULTS AND DISCUSSIONS

The results of large shear test analyses are discussed in the following subsections.

5.2.1 Effect of pervious concrete column

The pressure-settlement (pressure on loaded plate) response of original ground, stone
column improved ground and pervious concrete column improved ground were
compared. Figure.5.7 shows the pressure-settlement response of original ground,
ordinary stone column and pervious concrete column improved ground. The diameter
of column considered was 90 mm. The end bearing columns were placed at a clear
distance of 50 mm from the loading plate. From Fig.5.7, it is noted that the inclusion of
pervious concrete column has increased the pressure on loading area when compared
to conventional stone column. The pervious concrete column has higher modulus of
elasticity and thereby the improved ground exhibits higher shear resistance than

ordinary stone columns.
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Figure 5.7 Effect of pervious concrete column using large shear test model

5.2.2 Effect of diameter

Figure 5.8 shows pressure-settlement response of original ground, stone column
improved ground, pervious concrete column improved ground of column diameters
50 mm, 70 mm and 90 mm respectively. The columns were placed at a clear distance
of 50 mm from the edge of the loading plate. The pressure-settlement response of stone

column improved ground increased with increase in diameter of the columns, but the
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variation is not significant. This could be attributed to the same aggregate property
being used for 50 mm, 70 mm and 90 mm stone columns, even though in practical
situations larger aggregate size is used for larger diameter columns.

The shear resistance of pervious concrete column improved ground has an improvement
of 62%, 53% and 46% respectively for 90 mm, 70 mm and 50 mm diameter columns
when compared to original ground. This clearly indicates that a larger diameter pervious

concrete column improved ground exhibits better shear resistance than original ground.
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Figure 5.8 Effect of diameter of column

5.2.3 Effect of depth of column

To study the effect of depth of pervious concrete columns, the depth of column was
varied as 2D, 4D, 6D, 8D for 70 mm diameter columns placed at 100 mm from the
edge of loading area. End bearing pervious concrete columns placed at distances of
50 mm and 100 mm from the edge of loading area were also analyzed for comparison
and results are presented in Fig.5.9. The pervious concrete column placed at a clear
gap of 50 mm has shown better shear performance than the column placed at 100 mm
clear gap. This is because of increased pressure on loading area due to the placement

of column nearer to the loading area.
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It is observed that the performance of improved ground with floating pervious concrete
column of varying depth from 2D to 8D is such that there is no increase in pressure by
increasing the length of pervious concrete floating column from 2D to 8D. The
performance of end bearing pervious concrete column is found to be significantly
higher than floating columns as shown in Fig.5.9 and, therefore, it is suggested to
provide full depth of pervious concrete columns up to bearing strata for achieving better

shear performance.
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Figure 5.9 Effect of depth of pervious concrete columns

5.2.4 Effect of number of columns

The performance of two pervious concrete column group improved ground was
compared with single pervious concrete column and ordinary stone column improved
ground. The diameter of column considered was 70 mm and end bearing columns were
analyzed. The results are presented in Fig.5.10. The improvement of weak ground with
two pervious concrete column group, single pervious concrete column, and single stone
column are 108%, 53% and 12% respectively. It is found that two pervious concrete
column group has more shear resistance than single pervious concrete column improved

ground.
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Figure 5.10 Effect of number of pervious concrete columns on shear resistance

5.2.5 Lateral deformation of columns

Figure 5.11 shows the lateral deflection of pervious concrete columns with that of
ordinary stone columns. The lateral deflection at the top end of pervious concrete
column is very less than that of stone column. The study was conducted for three
diameters of 50 mm, 70 mm and 90 mm columns. The end-bearing columns were
placed at a clear distance of 50 mm from the edge of loading plate.

The lateral defection at the top end of stone columns for all the three diameters have
almost similar pattern. However, the lateral deflection of 90 mm pervious concrete

column is lesser than that of 70 mm and 50 mm diameter columns.
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Figure 5.11 Pressure versus lateral deflection of the top end of stone columns
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Figure 5.12 and Fig.5.13 represent the lateral deformation of stone column and pervious
concrete column along the shorter and longer direction respectively. The lateral
deformation of columns along the shorter direction represents the deflection of columns
perpendicular to the direction of soil movement. Similarly, the lateral deformation of
columns along the longer direction represents the deflection of columns along the
direction of soil movement. It is evident that the pervious concrete columns behaved
like a rigid pile with zero displacement for shorter direction and very less displacement
along longer direction.

Along the shorter direction as shown in Fig.5.12, the stone columns have undergone
shear failure and the stone column has seen moved more at the top of the column than
the bottom end of the column. Along the longer direction, the stone columns of all
diameters studied undergone maximum displacement at a depth of 200 mm, whereas
pervious concrete columns undergone maximum displacement on the top end of
column as shown in Fig.5.13. This clearly confirms the resistance offered by pervious

concrete columns and its superior nature than ordinary stone columns under shear.
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Figure 5.12 Lateral deformation of column along shorter direction
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Figure 5.13 Lateral deformation of column along longer direction

Pervious concrete columns show significantly lesser lateral displacements compared to
ordinary stone columns. Also, the profile of lateral displacements obtained with
pervious concrete column and ordinary stone columns are entirely different. Peak
lateral displacements in case of pervious concrete column are at the surface and the
deflected profile of the column is very much like that of a rigid pile with a free or
unrestrained head condition. In the case of ordinary stone columns, the peak lateral
displacements occurred at some depth beneath the ground surface, very much like that
of the lateral movements of the subsoil (in case of unimproved ground) beneath and
beyond the edges of the embankment, that one would observe with inclinometer

measurements at site (Bergado et al. 1991).

5.2.6 Heave profile

After numerical analysis, the heave profile of clay was assessed. The heave profile of
clay is as shown in Fig.5.14. It is noticed that the pervious concrete column completely
resisted the shear movements and the behaviour could be compared with rigid pile
without undergoing any deformations. It is interesting to note that the soil movement

beyond pervious concrete column is very less. Therefore, it can be concluded that

74



pervious concrete column improved ground has better shear resistance than

conventional stone column improved ground.
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Figure 5.14 Heave profile observed for clay

5.3 NON-LINEAR BEHAVIOUR OF PERVIOUS CONCRETE

Linear elastic model was used to model pervious concrete material in large shear test
tank models too. Hence, similar to the non-linear model mentioned in Section 4.5, a
comparison of large shear test results with non-linear material model and linear elastic
model was performed to verify the use of linear elastic model. Therefore, Mohr-
Coulomb material model was selected in place of linear elastic model and an improved
ground with PCC of diameter 90 mm placed at a clear spacing of 50 mm from the edge
of the loading plate was taken to compare the pressure-settlement and heave profile
results of linear-elastic and non-linear models. Figure 5.15 and Fig.5.16 show the
pressure-settlement and heave profile of PCC improved ground. From these figures, it
is observed that the results from both of these material models are identical. Therefore,
the use of linear elastic model in the study is justified.
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Figure 5.15 Pressure-settlement response of PCC improved ground using linear-
elastic and non-linear models
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Figure 5.16 Heave Profile of PCC improved ground using linear-elastic and
non-linear models

5.4 SUMMARY

In this chapter, shear performance of floating stone column and pervious concrete
column improved ground are being reported using large shear test models. The column
placed in large shear test tank model represents columns placed beneath the toe of the
embankment and the vertical loading applied to the full width of model induces shear
loading within the soil. The feasibility and shear performance of pervious concrete
columns in lieu of conventional stone columns were considered and following

conclusions are drawn.
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The pervious concrete column in place of conventional stone column for
improving weak ground is found to offer better shear resistance. The shear strength of
improved ground increases with increase in diameter for pervious concrete column
inclusions for all the cases considered. There is no appreciable improvement in
pressures on the loading area due to increase in diameters of ordinary stone columns. It
is also observed that two pervious concrete column group has higher shear resistance
than a single pervious concrete column.

The pervious concrete column with end-bearing condition exhibits better shear
resistance than floating conditions. Therefore, it is recommended to provide pervious
concrete columns till hard strata for optimum shear performance. Pervious concrete
columns show significantly lesser lateral displacements compared to ordinary stone
columns. Also, the profile of lateral displacements obtained with pervious concrete
column and ordinary stone column are entirely different. Peak lateral displacements in
case of pervious concrete column are at the surface and the deflected profile of the
column is very much like that of a rigid pile with a free or unrestrained head condition.
In the case of ordinary stone columns, the peak lateral displacements occurred at some
depth beneath the ground surface. Stone column placed beneath the toe of the
embankment are liable to undergo shear failure and are seen to move along with the

soil.
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CHAPTER 6
SEISMIC RESPONSE OF PERVIOUS CONCRETE COLUMN
IMPROVED GROUND

In this chapter, the seismic response of pervious concrete column improved ground is
addressed and compared with stone column improved ground. Numerical modelling
using OpenSeesPL software was used for analyzing improved ground. Unit cell
modelling approach with periodic boundary conditions was used for modelling
improved ground and details are mentioned in the subsequent sections.

6.1 LIQUEFACTION INDUCED LATERAL SPREADING

Liquefaction is a phenomenon in which saturated, or partially saturated sands and silts
loses its shear strength when subjected to seismic vibrations and behaves like a liquid.
The soil structure is distorted due to cyclic shear strains developed in saturated
cohesionless soils due to seismic waves propagating through the soil layer. If there is
no provision for the drainage of excess pore water to dissipate, the intergranular stress
gets transferred to interstitial pore water. This causes soil to soften due to decreased
intergranular stresses. When the intergranular stresses approach zero, that means the
total soil stress is transferred to interstitial pore water, the soil behaves like liquid
temporarily. This phenomenon of soil to transform from solid to liquid state is known
as liquefaction.

Liquefaction generally occurs in loose saturated or partially saturated cohesionless
soils. The liquefaction phenomenon induces ground deformations and associated
ground failures. One of the ground failures due to horizontal displacement of ground is
known as lateral spread. Lateral spread generally occurs in gentle slope or in a free face
adjacent to water bodies. Lateral spread occurs due to combined response of
gravitational and earthquake induced inertial forces acting on soil layer. The surface
layers commonly break into large blocks as shown Fig.6.1 due to lateral spread. These
surface blocks move down the gentle slope or free face due to seismic ground shaking.
This causes zones of extension with open fissures (Youd 1984 and Youd 2018).
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INITIAL SECTION

After earthquake:

DEFORMED SECTION
Figure 6.1 Lateral spread (Youd 1984)

The destructive effect of liquefaction is due to related lateral spreading damages.
Therefore, the liquefication mitigation potential of improved ground emphasizing on
lateral spreading is addressed. Stone columns are widely used to mitigate liquefaction
to a greater extent by draining excess pore water through its pores present in the stone
column. However, the pervious concrete column is reported to have vertical load
carrying capacity which is four times more than ordinary stone column with comparable
permeability characteristics and can be considered as an alternative to conventional
stone column. Therefore, the seismic performance of pervious concrete column
improved ground and stone column improved ground in mitigating liquefaction induced
lateral spreading is focused.

6.2 PERIODIC BOUNDARY

Periodic boundary simulates infinite number of piles with same amount of
displacements at both sides of the boundary. The deformations at the left and right
boundary of the model would be identical and the stress field within the region enclosed
by one periodic boundary is shown in Fig.6.2. This type of boundary condition is being
used for simulating group of columns subjected to seismic loading conditions.

6.3 OpenSeesPL SOFTWARE

OpenSeesPL is a graphical user interface software used for analyzing three-dimensional
ground and ground-structure response to earthquake loading. This software is

developed by Lu et al. (2004). The software is primarily intended to be used for
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conducting liquefaction studies using coupled solid-fluid analysis. This software is
equipped for modelling ground modification using gravel drains and stone columns in
mitigating liquefaction (OpenSeesPL user manual). The soil model for modelling
cohesionless soil is developed with multi-yield surface plasticity. The material type
used in OpenSeesPL for defining cohesionless soils are
PDMY (PressureDependentMultiYield) models.

Region Enclosed by
O Peried of Boundaries

Symmetric Boundary

)
o

Periodic Boundary

Figure 6.2 Periodic boundary for large pile group (Law and Lam 2001)

The element used is known as BRICKUP element, an eight-noded element with u-p
formulation. Each node in BRICKUP element has 4 DOF. The DOF, 1 to 3 represents
solid displacement (u) and DOF 4 represents fluid pressure (p). This element is used
for analyzing dynamic response of fully coupled solid-fluid model based on Biot’s
theory of porous medium (OpenSeesPL user manual).

6.4 NUMERICAL MODELLING

The layout of pervious concrete column (PCC) arrangement is shown in Fig.3.4(a). The
unit cell of remediated area is highlighted in the layout. Similar unit-cell modelling
approach was used by various researchers (Elgamal et al. 2009; Asgari et al. 2013;
Tang, et al. 2015, 2016; Rayamajhi et al. 2014, 2016). The center to center spacing of
column were varied as 2D, 2.5D and 3D, which corresponds to area ratio of 20%, 13%

and 9% respectively. Half of the unit cell normal to the direction of seismic excitation
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was modelled because of symmetry. The depth of model is 10 m as shown in Fig.6.3(a).
The 3D model generated in OpenSeesPL is as shown in Fig.6.3(b). A sample showing
the plan of column improved unit cells for varying diameters by maintaining a constant
area ratio is presented in Fig.6.3(c).

Fully saturated sand stratum with a mild infinite slope of 4° was considered as free-
field case. The stone column and pervious concrete column as inclusions were used as
improvement cases. Sand stratum was considered to have a relative density of 40%.
The default values available in OpenSeesPL for cohesionless soil with 40% relative
density was used to model free-field case. The stone column was considered as dense
cohesionless material with gravel permeability (Lu 2006 ; Elgamal et al. 2009). The
pervious concrete is reported to have a 28-day compressive strength of 22 MPa which
is similar to that of normal concrete (Suleiman et al. 2014). Therefore, pervious
concrete parameters were assumed as comparable to that of normal concrete. The
cohesion of concrete is reported as varying from 2.94 MPa to 12.34 MPa for
compressive strength range of 14.4 MPa to 47 MPa ( Pul et al. 2017). Hence, the
cohesion of pervious concrete was conveniently taken as 3 MPa. The friction angle of
high modulus columns is reported as ranging from 37° to 40° (Fan et al. 2018).
Therefore, 38° was selected as friction angle for pervious concrete.

The sand strata, stone column and pervious concrete were modelled with
PressureDependMultiYield02 (PDMY02) constitutive model. The multiphase material
model is defined with linear, non-linear, fluid and liquefaction parameters ( Yang et al.
2008 ). The linear soil property includes saturated unit weight of soil, shear modulus
and bulk modulus. Non-linear property is defined by cohesion and angle of internal
friction. Fluid property is defined with combined bulk modulus, unit weight of water
along with horizontal and vertical permeability. Phase transformation angle is used to
define the liquefaction property of soil model with default contraction and dilation
parameters. The parameters used are presented in Table 6.1.

Stone column was assumed to be fully bonded with sand for simplicity ( Elgamal et al.
2009; Tang et al. 2015, 2016; Rayamajhi et al. 2014, 2016). The sand strata, stone
column material and pervious concrete were discretized into 8 noded brick element with
u-p formulation. The model was fully saturated up to ground level and seismic

excitation was given at the base. The periodic boundary conditions were applied at the
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left and right boundary of the model (Lu et al. 2004; Elgamal et al. 2009; Asgari et al.
2013; Tang et al. 2015, 2016; Rayamajhi et al., 2014, 2016). The base was assumed as
rigid rock and zero pore-pressure boundary was assumed on ground surface. The soil
model was analyzed in two stages. In the first stage, gravity loading due to mild
inclination was applied. The mild inclination imposes a static driving shear stress
component due to gravity and accumulated longitudinal downslope deformation is
caused (Lu 2006; Lu et al. 2011). In the second stage, the base was excited with
earthquake vibrations. Rayleigh damping of 2% was considered (Rayamajhi et al. 2014;
Tang et al. 2015). The thickness of finite element mesh was selected in such a way that
the frequency content which can pass through model is 30 Hz. The thickness used was
0.5 m. Smaller mesh thickness was selected to ensure correct prediction of liquefaction
behaviour (Lu et al. 2011).

6.5 VALIDATION OF NUMERICAL MODEL

Validation of model generated in OpenSeesPL was carried out by simulating the
prototype of well documented VELACS centrifuge model 02. Then, the experimental
results of VELACS model 02 test conducted by Taboada and Dobry 1998 was
compared with those obtained from the numerical model analyzed using OpenSeesPL
in terms of ground lateral displacement and excess pore pressure values at points shown
in Fig 6.4(a). The prototype model results of VELACS centrifuge model were also well
documented (Ghasemi and Pak 2016).

The description of VELACS experiment is as follows: The inclined model test was
intended to study the lateral spreading phenomenon on sloping grounds. The laminar
box of prototype dimensions as shown in Fig.6.4(a) was filled with Nevada sand of
approximately 40% relative density. The sand was fully saturated, and the model was
inclined at an angle of 4° with horizontal in prototype scale. The experiment was
conducted with 50g centrifugal acceleration and acceleration time history as shown in
Fig.6.4(b) was applied at the base of the model. The plan of the validation model is 23
m x 23 m and half of the soil model is analyzed because of symmetry as shown in
Fig.6.3. The depth of the soil model is 10 m and periodic boundary conditions were

given for left and right boundaries of the soil model.
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The validated results were in very good agreement with experimental results as
presented in Fig.6.5(a) and Fig.6.5(b) for excess pore water pressure-time histories at
various depths and lateral displacement-time histories, respectively. The points where
the results were compared are marked in Fig 6.4(a) as P5, P6, P7, P8 and LVDT1 to
LVDT6. Figure 6.5(c) shows the ground settlement due to the shaking and demonstrates

reasonable agreement with experimental results.

Nevada Sand

< Pore Pressure Transducer
—— LVDT(Linear Variable Differential Transducer)

(a)

Acceleration (g)

Time (s)

(b)

Figure 6.4(a) VELACS Experiment Model 2 (Prototype Scale) (b) Input
acceleration at the base of laminar box ((Prototype Scale)
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6.6 METHODOLOGY
The seismic performance of pervious concrete column improved ground in terms of
ground lateral deformation, excess pore pressure generation and shear stress-strain
behaviour was investigated initially. The diameter of pervious concrete column and
stone column was taken as 0.6 m with an area ratio of 20%. Subsequently, the various
factors influencing the seismic performance of column improved ground such as depth
of PCC, area ratio, diameter of the column, permeability of PCC and surrounding soil,
ground surface inclination, surface load, peak ground acceleration, ground motion
characteristics, thickness of liquefiable soil and different soil strata were analyzed. The
various parameters analyzed with range adopted are summarized in Table 6.2 along
with parameters that remained constant for each study.

The effect of floating pervious concrete column was quantified by varying L/D

(depth of column (L) to diameter of column (D) ratio) as 4, 6 and 8. The column
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diameter of 1m was considered. The area ratio of floating pervious concrete columns
was kept as 13% and seismic performance was compared with end bearing column
improved ground. The effect of diameter of column inclusions on lateral deformation
was studied by varying diameters (0.6 m, 1.0 m and 1.2 m) for a constant area ratio of
13%. The effect of area ratio was explored by varying the center to center spacing of
0.6 m diameter columns from 2D to 3D. The spacing of 2D to 3D corresponds to area
ratio of 20% to 9%.

The influence of column permeability on the seismic performance of pervious
concrete column was studied by varying hydraulic conductivity of pervious concrete
column as 0.01 m/s, 0.1m/s and 1.0 m/s. The permeability of pervious concrete column
was also kept same as that of sand strata to simulate the clogged condition considering
hydraulic function alone, i.e., the pores of pervious concrete being filled with
surrounding soil scenario. The seismic performance of clogged pervious concrete
column was also compared with working stone column condition.

Since the aim of the study was to account for seismically induced lateral
spreading, a fully saturated soil strata of 4° infinite extent was considered as free-field
case. Sand deposits up to 20 m depth and sandwiched sand deposits of thickness 3 to
10 m were reported as the types of deposits in which liquefaction is expected (Ishihara
2007). For studying the influence of varying thickness of liquefiable soil on lateral
spreading, sandwiched sand deposits of varying thickness from 2m to 8m were
considered. The soil model used was remediated ground with SC and PCC of diameter
1m corresponding to an area ratio of 13%. The soil model with varying liquefiable soil
thickness is shown in Fig.6.6. The liquefiable soil layer is overlaid by 1m thick non-
liquefiable soil and underlain by non-liquefiable soil layer. The total depth of soil
profile was kept equal to 12 m by increasing the depth of underlying non-liquefiable
layer with varying liquefiable soil thickness from 2 m to 8m (Fig.6.6). The embedment
depth of SC and PCC inclusion to underlying non-liquefiable layer was taken as 1 m.
The non-liquefiable soil layer was considered as dense sand with a relative density of
87% (Rayamajhi et al. 2014, 2016).

To study the efficacy of PCC inclusion on various liquefiable soil strata, loose
sand and medium-dense sand with shear wave velocity (Vs) of 153 m/s and 223 m/s

respectively were investigated. The respective shear wave velocity of soil strata was
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chosen based on site classification as per FEMA listed in Table 6.3. In addition to sand
stratum, the performance of PCC on silt stratum was also considered. The properties of
silt strata were considered similar to that of medium-dense sand strata with permeability
range of silty soil (Yang & Elgamal 2002; Elgamal et al. 2009; Asgari, et al. 2013).

For understanding the influence of soil permeability on lateral deformation, the
permeability of medium-dense sand strata was replaced with soil permeability ranging
from 6.6x10%? m/s to 6.6x10°%* m/s. The influence of ground surface inclination on
lateral deformation was conducted by varying ground surface inclination angle from 0°
to 8°. The surface load applied to remediated ground with SC and PCC was varied from
0 kPa to 200 kPa to understand the effect of surface load on lateral deformation. The
influence of peak ground acceleration on lateral displacement was carried out by
applying the scaled earthquake excitation (0.1g, 0.2g, 0.4g, 0.6g and 0.8g) at the base
of the model. The influence of ground surface inclination and surface load was
conducted on soil models with SC diameter of 1m and with an area ratio of 13% (center
to center column spacing of 2.5D, D is the diameter of column) and was compared with
PCC remediated ground. For understanding the influence of various types of soil strata,
permeability of surrounding soil and peak ground acceleration, diameter of the column
and area ratio considered were 0.6 m and 20% respectively, where 20% area ratio
corresponds to center-to-center column spacing of 2D, D is the diameter of column.

To understand the seismic performance of remediated ground with SC and PCC,
two different earthquake waveforms conforming to earthquake-time history data of El-
Centro 1940 N-S component (Fig.6.7(a)) and Loma Prieta 1989 E-W component
(Fig.6.7(b)) scaled to 0.2g were used. The characteristics of scaled earthquake data used
for the analysis is detailed in Table.6.4.

The influence of earthquake parameters like significant duration, frequency
content, arias intensity, on the performance of pervious concrete column improved
ground were investigated. Two ground motion data recorded at two different places
where intensive liquefaction damages were reported are selected as earthquake data for
seismic analysis. The earthquake excitation was scaled to 0.2g and given as the input
base excitation and frequency content of both earthquakes are 1.17 Hz and 1.63 Hz
respectively as shown in Fig.6.7. The significant duration (Ds.es) and number of
significant excitation cycles of scaled EI-Centro earthquake are 23.84 s and 14.5 cycles
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whereas for Loma Prieta earthquake, the significant duration (Ds.g5) and number of
significant excitation cycles are 4.4 s and 5.8 cycles respectively (Table 6.3). The center
to center spacing between columns of diameter 0.6 m were considered with a wider
spacing of 3D, (D being diameter of column) as per provisions in IS code of practice
IS 15284. Area ratio corresponding to a spacing of 3D is 9%, calculated as the ratio of
area of column inclusion to the total area of improvement. The permeability of both
stone column and pervious concrete column inclusion were considered as equivalent to
gravel permeability for the benchmark cases and these three benchmark cases were
analyzed first. Then, the influence of pervious concrete column permeability on
generation of excess pore pressure was addressed. The permeability of stone columns
can be varied in the field. Therefore, the permeability of pervious concrete column was
also varied to find the permeability for which the initiation of liquefaction could occur
and also to find the optimum value of pervious concrete column permeability above
which the excess pore pressure generation is nearly non-existent. The performance of
pervious concrete column improved ground was also compared with stone column
improved ground and unimproved ground subjected to above mentioned earthquake
excitations.

To understand the pore pressure build-up in column improved ground, total
stress analysis (TSA) and effective stress analysis (ESA) were performed. In total stress
analysis, water table is ignored and therefore pore pressure generation is not possible.
Whereas effective stress analysis uses coupled two-phase model and pore pressure
generation is possible. Therefore, the maximum response profile of SC and PCC
improved ground subjected to El Centro and Loma Prieta excitations from total and
effective stress analysis were compared.
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Table 6.1 Material model parameters

) Loose Medium- ) )
Soil model Parameters Silt Stone column Pervious
sand dense sand
Concrete
Saturated unit weight of soil (kN/m®) 17 18 18 21 21.5
Reference pressure for model calibration Pres (kPa) 101
Low strain shear modulus at reference pressure Gmax
40 90 90 130 10580
(MPa)
Bulk Modulus at reference pressure B (MPa) 160 220 220 260 14460
Model friction angle, same as triaxial friction angle ¢tc 32° 36° 36° 42° 38°
Phase transformation angle ¢pt 26° 26° 26° 26° 26°
Shear strength at zero effective confining pressure
_ 0 0 0 3000
(cohesion) (kPa)
Permeability (m/s) 6.6 x10° 6.6 x10° 6.6 x10°” 0.01 0.01
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Table 6.2 Parameters influencing seismic performance and range of variation

Description Parameter Range adopted Constant Parameters
H . . 0

Effect of pervious concrete column Sand, SC, PCC N/A Column gllameter. 0.6 m, AR: 20%

End bearing columns
Effect of floating PCC L/D ratio 4,6,8 Column diameter: 1.0 m, AR: 13%
Effect of area ratio Avrea ratio (%) 20,13,9 column (_jlameter: 0.6m

End bearing columns
Effect of diameter Diameter (m) 0.6,1.0,1.2 AR: 13%, End bearing columns

- - 0.01, 0.1, 1.0, Column diameter: 1.0 m, AR: 13%

Effect of permeability of PCC PCC permeability (m/s) 6.6%10% End bearing columns

Efficacy of pervious concrete column
in various soil strata

Soil strata

Loose sand, Medium-
dense sand, Silt strata

Column diameter: 0.6 m, AR: 20%
End bearing columns

Influence of thickness of liquefiable
soil

Liquefiable soil thickness (m)

2,4,6,8

Column diameter: 1.0 m, AR: 13%
End bearing columns

Influence of surrounding soil
permeability

Surrounding soil permeability
(m/s)

6.6x10% — 6.6x10%

Column diameter: 0.6 m, AR: 20%
End bearing columns

Column diameter: 1 m, AR: 13%

Influence of ground surface inclination  Ground surface inclination (°) 0-8 .
End bearing columns
H . . o
Influence of surface load Surface load (kPa) 0-200 Column c_ilameter. 1 m, AR: 13%
End bearing columns
H . . 0
Influence of peak ground acceleration  Peak ground acceleration 0.1g - 0.8¢ Column diameter: 0.6 m, AR: 20%

End bearing columns

Influence of earthquake characteristics

Ground motions with different

El-Centro 1940

Homogeneous liquefiable soil:
Column diameter: 0.6 m, AR: 9 %

characteristics (scaled to 0.29) Loma Prieta 1989 Sandwiched soil deposits: Column
diameter: 1.0 m, AR: 13%
1 H H . . 0
Total stress analysis versus effective SC. PCC N/A Column diameter: 0.6 m, AR: 9 %

stress analysis

End bearing columns
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Table 6.3 Site classification as per FEMA

Site Class  Shear wave velocity, Vs SPT value Shear strength of soil
(m/s) N (kPa)
E <180 <15 <50
D 180-360 15-50 50-100
C 360-760 >50 > 100

Table 6.4 Earthquake characteristics

Earthquake Parameters El-Centro 1940 Loma Prieta 1989
N-S E-W

Date of Occurrence 18/05/1940 18/10/1989

Recorded Station 117 El Centro Treasure Island

Moment Magnitude of earthquake, My 7.0 6.93

Maximum horizontal acceleration (g) 0.3188 0.1458

Predominant frequency (Hz) 1.17 1.63

Significant duration Ds.g5 (S) 23.84 4.4

Number of significant excitation cycles (Hz) 14.5 5.8

Arias intensity for PGA scaled to 0.2g (m/s) 0.686 0.564

Energy flux for PGA scaled to 0.2g (J m2s?) 805 1715
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6.7 RESULTS AND DISCUSSIONS
The results of seismic response of improved ground with stone column (SC) and

pervious concrete column (PCC) inclusions are discussed in the following subsections.

6.7.1 Effect of pervious concrete column vis-a-vis stone column

The lateral displacement of pervious concrete column improved ground (PCC) was
compared with stone column improved ground (SC). Figure 6.8 shows the ground
lateral response at the centre of finite element mesh for column of diameter 0.6 m and
for a constant area ratio of 20%. The response of PCC improved ground is 70 % better
than that of stone column improved ground and 96 % higher than free-field case. Lateral
displacement of improved ground using pile pinning is reported as non-existent and pile
pinning is reported as a highly viable technique for cellular remediation ( Lu et al. 2012

; Asgari et al. 2013). The lateral displacement response of PCC is similar to that of pile
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pinning case with almost zero displacement, along with hydraulic functionality, which

makes it a better alternative to stone columns.
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Figure 6.8 Effect of PCC on Ground lateral displacement (Diameter of column
=0.6 m, AR =20%o)

The deformed mesh of stone column and pervious concrete column improved ground

at the end of seismic excitation along shaking direction is shown in Fig.6.9 for a scale
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factor of 5. It is clearly seen that the pervious concrete column has undergone less lateral
deformation when compared to stone column. The stone column is also seen to be

moving along with surrounding soil as shown in Fig.6.9.
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Figure 6.9 Deformed mesh at the end of seismic excitation along the direction of
shaking for (a) Stone column improved ground (b) Pervious concrete column
improved ground (Diameter of column =0.6 m, AR =13%)

The ground surface acceleration-time histories of unimproved ground, improved
ground with SC and PCC are presented in Fig.6.10 along with seismic excitation at the
base. The acceleration-time histories are obtained at the center of the soil model on the
surface. The acceleration plots for all the cases display no asymmetric patterns and
more negative spikes indicate the static driving forces imposed by gravity due to mild
4° inclination (Fig.6.10). For the free-field case, the peak surface acceleration is found
to be 0.28g and 0.3g at the ground surface for EI-Centro and Loma Prieta excitations

respectively. With SC inclusion, the peak surface acceleration is observed as around

96



Horizontal Acceleration(g) Horizontal Acceleration(g) Horizontal Acceleration(g)

Acceleration(g)

0.3 g for both the excitations. The peak surface acceleration due to PCC inclusion is

found to be 0.4g and 0.3g at the ground surface for El-Centro and Loma Prieta

excitations respectively. This is due to the presence of rigid PCC column. The similar

increase in surface peak acceleration with stone column inclusion is well stated
(Elgamal et al. 2009, Rayamajhi et al. 2016).
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Zhang et al. (2017) reported the acceleration response and excess pore water dissipation
of pervious concrete pile composite foundation in comparison with gravel pile and low-
grade concrete pile numerically using FLAC. The surface acceleration amplification is
found to be less for pervious concrete pile composite foundation than granular pile and
low-grade concrete pile. The reduction in foundation surface acceleration indicates that
the upper construction resonance can be prevented using pervious concrete pile. They
have also reported obvious pressure reduction effect of pervious concrete pile
composite foundation. However, detailed study on surface acceleration response needs
to be further investigated.

Figure 6.11 shows excess pore pressure generation of PCC case (at depths of 2 m, 4 m,
6 m and 8 m) in comparison with stone column case and free-field case. It is found that
the excess pore pressure generated during earthquake shaking is very limited for
pervious concrete column improved ground. The limited excess pore pressure
generation (Fig.6.11) indicates that the pervious concrete column drained excess water
though its pores to the surface than stone columns. This also indicates that the PCC can
perform better in liquefaction scenario.

For 0.6 m diameter of column with an area ratio of 20%, excess pore water pressure -
time histories at 2 m, 4 m, 6 m and 8 m depths from ground surface at the center of
model (where PCC is placed) and edge of the model (surrounding sand) is analyzed as
shown in Fig.6.12 (a). It reveals that the center of the model drains more water than the
edge of the model as expected. This also represents that the excess pore pressure
generation is very limited even at the edge of the model due to PCC inclusion (Fig.6.12
(@)). Thus, the PCC inclusion reduces the drainage path and therefore the developed
excess pore water is dissipated almost as fast as it is generated during seismic shaking.
This is attributed to the structure of PCC not being distorted due to seismic load.
Fig.6.12 (b) shows the excess pore water pressure-time histories at 2 m, 4 m,6 mand 8
m depths from ground surface at the center of the model where SC is placed and edge
of model. The SC drains more water than surrounding soil. However, the excess pore
pressure generation at the surrounding soil with SC inclusion is not very limited as seen
in the case of PCC. Thus, it can be concluded that both the SC and PCC dissipate water
through it pores, but the better performance is seen in PCC than SC at the surrounding

soil.
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Shear stress-strain behaviour and stress path of free-field (sand) case and improved
cases with stone column (SC) and pervious concrete column (PCC) are compared. For
comparison, a location is selected at a distance of 0.45 m from model center along the
longitudinal direction for different depths. The selected point, 0.45 m represents the
location of surrounding soil in the soil model. Figure 6.13 represents the lateral shear
stress- strain plot for three cases at depths of 1.4 m, 3.4 m 5.4 m and 7.4 m from the
ground surface level. It is evident that the shear stress-strain reduces sharply for PCC
case than SC case (Fig.6.13). This reduction in shear stress-strain is attributed to the
dissipation of excess pore pressure. The shear stress versus effective confinement stress
plot is shown in Fig.6.14. Detailed stress path of three cases at a distance of 0.45 m
from model center at 1.4 m, 3.4 m, 5.4 m and 7.4 m depth from the ground surface is
shown in Appendix Il. For the column improved ground shown in Appendix Il, the
diameter of column considered is 0.6 m for an area ratio of 20%. Relatively larger
effective confinement stress is seen in PCC case when compared to SC case and free-
field case and therefore higher shear resistance is generated.

For all the depths shown in Fig.6.14, the effective confinement stress of PCC is
relatively higher than SC case. Also, the shear strain levels in PCC case are significantly
lesser than SC case. However, it is noted that the shear strain amplitude of surrounding
soil in the case of SC improved ground at the depth of 3.4 m (7.5%) is higher than the
shear strain amplitude at 1.4 m and 5.4 m (4% and 1% respectively) (Fig.6.13). This
indicates that the surrounding soil liquefied at 3.4 m for SC improved ground under El-
Centro motion. The liquefaction of surrounding soil at the depth of 3.4 m increased the
shear stress levels of SC improved ground at depths of 5.4 m and 7.4 m as shown in
Fig.6.14. However, this type of liquefaction behaviour is not observed for SC improved
ground under Loma Prieta excitation. And PCC improved ground has not shown any
liquefaction behaviour under EIl-Centro as well as Loma Prieta excitations, indicating
its better performance than SC.

Due to limited excess pore pressure generation of PCC improved ground (Fig.6.11),
reduction in shear stress-strain behaviour (Fig.6.13) and stress path (Fig.6.14) confirms
the higher liquefaction mitigation potential of pervious concrete columns.

Figure 6.15 illustrates the shear stress-time histories of soil element at a distance of 0.45
m from centre of finite element mesh for 1.4 m, 3.4 m, 54 m and 7.4 m depth
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respectively from ground surface. The shear stress-time history plot at a distance of
0.45m from the model center represents the surrounding soil around improved SC and
PCC case. The free field case, SC case and PCC case are compared for the diameter of
end-bearing column 0.6 m with an area ratio of 20%. The shear stress-time history plot
shows peak shear stress values at points where peak earthquake acceleration is observed
(Fig.6.15) for all three cases considered.

The shear stress- time histories of soil element at the center of model for the depths of
1.4m, 3.4 m, 54 mand 7.4 m from ground surface is shown in Fig.6.16. The shear
stress-time history plot at the center represents the shear stress developed in the center
of stone column as well as pervious concrete column. It is noted that that the shear
stress-time response of PCC case started increasing at the time where peak earthquake
acceleration occurred. Thereafter the shear stress remained high and constant till the
end of shaking duration (Fig.6.16). Whereas for SC case, the shear stress at the center
of model is found to be almost negligible when compared to PCC case. Increase in
shear stress is observed with increase in depth considered for PCC case (Fig.6.16). This
indicates the higher shear resistance offered by pervious concrete column in place of
stone column.

From Fig.6.15 and Fig.6.16, it is clear that for free-field case SC and PCC case, the
surrounding soil has reached near zero shear stress at the end of shaking duration
whereas at the center of PCC, shear stress increased. It is also noted that the stone
column center has shown less shear stress during earthquake shaking, indicating weak
shear performance of stone column improved case.

In the case of SC improved ground, the dense gravel piles (stone column) get distorted
during seismic loading due to shearing and causes dilation (increase in volume). The
distorted gravel structure of stone column increases the length of the drainage path
thereby retarding the dissipation of excess pore water generated due to shaking. This
causes reduction in effective stress and results in more lateral displacement. The PCC
inclusion shortens the drainage path for excess pore water to dissipate quickly as the
PCC structure is not distorted due to seismic shaking. Therefore, the seismic shear
strains developed in the soil is very less. The limited excess pore pressure generation
and relatively higher effective confinement reduces the lateral displacement of PCC

improved ground significantly.
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The liquefaction mitigation potential of pervious concrete column improved ground is
assessed using criteria based on excess pore pressure, shear strength criteria and shear
strain or shear deformation criteria. The excess pore pressure generated in PCC
improved ground is much lesser than that of SC improved ground as well as
unimproved ground subjected to similar conditions. The reduction in excess pore
pressure is seen at the times of peak input earthquake acceleration. It is also noted that,
the shear stress of surrounding soil is found to be having non-zero value during the
strong shaking. The reduction in excess pore pressure shows significant reduction in
shear stress-strain behaviour and relatively higher effective confinement. Therefore, it
can be concluded that pervious concrete column improved ground performs better than

stone column improved ground under earthquakes.
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6.7.2 Effect of floating PCC vis-a-vis end bearing columns

The seismic performance was analyzed for floating columns with L/D ratio varying
from 4 to 8. The performance was compared with end-bearing PCC and SC. The
diameter of column and area ratio were kept constant as 1 m and 13% respectively. The
lateral deformation at ground surface with floating PCC inclusion are found to be more
than stone column with end bearing condition as shown in Fig 6.17. The lateral
displacement profile along the depth of soil below ground level at the center of finite
element mesh are as shown in Fig.6.18. It determines that the floating pervious concrete
columns are found to move further along the floating depth than stone column with end
bearing condition. Therefore, it is recommended to provide full depth of pervious
concrete column for better and optimum performance. However, the end-bearing stone
column has undergone more lateral displacement when compared to end-bearing
pervious concrete column. The better seismic performance of end-bearing PCC
improved ground is attributed to the rigidity of pervious concrete column material along
with its founding depth.

The performance of pervious concrete column with L/D ratio of 8 is found to have
similar lateral displacement as that of end bearing stone column (Fig.6.17). It is
important to note that in the lateral displacement profile (Fig.6.18), the floating PCC
with L/D ratio 8 has moved significantly more along the founding depth in between
rigid rock (10m) and founding depth (8m). This is same for the three floating conditions
considered and the lateral displacement of PCC column is found to be significantly
more between hard strata and founding depth. Therefore, it is highly recommended to
provide the pervious concrete column till the hard strata for minimizing lateral

spreading during earthquakes.
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6.7.3 Effect of area ratio

In order to study the effect of area ratio, column of diameter 0.6 m with end bearing
condition was analyzed with area ratios ranging from 20% to 9%. It is found that the
performance of both SC and PCC improved ground improves with increase in area ratio
(Fig.6.19). The ground lateral displacement assessed at the center of the improved soil

model with PCC inclusion having an area ratio of 9% is found to be lesser than with
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SC inclusion with an area ratio of 20%. Generally, it is difficult to achieve 20% area
ratio in field due to proximity of columns. Hence it is economical and practically

feasible to provide PCC with wider spacing instead of conventional SC at closer

spacing.
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6.7.4 Effect of diameter

The effect of diameter of PCC was studied by varying the diameter (0.6 m, 1.0 m and
1.2 m) respectively for a constant area ratio of 13% and with end bearing conditions. A
plan showing constant area ratio of 13% for various diameter columns is presented in
Fig.6.3(c). The end bearing condition was selected because of its enhanced performance
compared to floating columns. It is seen that the lateral deformation decreased with
increase in diameter for both stone column and PCC (Fig.6.20). This could be attributed
to the stiffness of improved ground with larger diameter columns. The lateral
displacement profile along the soil depth for pervious concrete column and stone
column are as shown in Fig.6.21. It is found that the pervious concrete column behaves
like rigid pile with very less lateral deformation similar to that of rigid concrete pile
with free head conditions (Fig.6.21). The stone column has undergone more lateral
displacement as compared to pervious concrete column. The better seismic
performance of PCC improved ground is attributed to the rigidity of pervious concrete

column material.
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6.7.5 Effect of permeability of PCC

Effect of permeability of PCC was studied by varying permeability of pervious
concrete material as 0.01 m/s, 0.1 m/s and 1.0 m/s for PCC of diameter 1m and with an
area ratio of 13%. The columns with end bearing conditions were considered. Also, the
clogged condition of PCC was analyzed by reflecting the hydraulic conductivity of
pervious concrete the same as surrounding sand strata.

From Fig.6.22, it is found that the lateral deformation of improved ground is not
significantly influenced by increase in permeability of pervious concrete column
inclusion. Figure.6.23 represents the excess pore pressure ratio-time histories of PCC
improved ground with varying permeability and is compared with SC improved ground.
The excess pore pressure ratio is defined as the ratio of excess pore pressure to initial
vertical stress. Liquefaction is initiated when excess pore pressure becomes equal to
initial vertical stress, ie, r,,= 1.0. However, the value of excess pore pressure ratio r, is
considered as 0.6 (r,< 1.0) for sloping strata (Jiaer et al. 2004). It is found that the
excess pore pressure ratio (r,,) with all three varying pervious concrete permeability
(0.01 m/s, 0.1 m/s and 1.0 m/s) is less than 0.6, which means that the improved ground
is non-liquefied (Jiaer et al. 2004). Also, for PCC improved ground, r, is found to be
approximately 0.1 and zero for PCC permeability of 0.1 m/s and 1m/s respectively
(Fig.6.23). The increase of pervious concrete permeability to 0.1 m/s can escalate the
liquefaction mitigation using PCC improved ground significantly.

The excess pore pressure ratio, r;, for PCC improved ground is compared with clogged
PCC as shown in Fig.6.24. The seismic performance of clogged PCC is found to be
similar as stone column with normal unclogged hydraulic conductivity in terms of r,
ratio (Fig.6.24). The improved ground with clogged PCC and SC normal unclogged
permeability has similar r, ratio around 1.5. Thus, a clogged PCC is concluded to limit

excess pore pressure generation similar to the working of unclogged stone column.
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6.7.6 Efficacy of pervious concrete column in various soil strata

The efficacy of PCC on three types of soil strata were analyzed. The three soil types
considered were loose sand, medium-dense sand and silt strata. The lateral
displacement-time history plots of improved ground using SC and PCC remediation
having column diameter of 0.6 m with an area ratio of 20% are presented in Fig.6.25
for all soil types considered. From Fig.6.25 it is clear that the lateral displacement
reduction due to PCC remediation is nearly 90%, 82% and 75 % higher than that of SC
improved ground for loose sand, medium-dense sand and silt strata respectively. The
excess pore pressure-time history plots of unimproved ground, improved ground with
SC and PCC are shown in Fig.6.26(a) and Fig.6.26(b) respectively for EI-Centro and
Loma Prieta excitations for three types of strata (loose sand, medium-dense sand and
silt strata) considered. The excess pore water pressure at the center of finite element
mesh (representing center of column) and edge of finite element mesh (representing
surrounding soil) as shown in Fig.6.26(a) and Fig.6.26(b) show lower excess pore
pressure generation for PCC improved ground.

The reduction in excess pore water pressure generation for PCC improved ground is
also seen at the edge of finite element mesh representing farthest location from column
inclusion than SC improved ground. However, for silt strata, the excess pore water
pressure at farthest location is seemed to be similar with SC and PCC inclusion. This
performance may be due to the very less permeability of silt strata.

The reduction in lateral displacement and lower excess pore water pressure generation
due to PCC inclusion is observed in all the three types of soil strata studied. This reveals
the better seismic performance and efficacy of PCC remediation when compared to SC

improved ground.
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6.7.7 Influence of thickness of liquefiable soil

The influence of thickness of liquefiable soil on lateral displacement was studied on a
soil model with varying thickness from 2 m to 8 m (Fig.6.6). The lateral displacement
versus thickness of liquefiable soil plot is shown in Fig.6.27. The lateral deformation
increased with increase in thickness of liquefiable soil for both SC and PCC
remediation. However, lateral displacements were reduced while using PCC inclusion

when compared to SC inclusion (Fig.6.27).
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Figure 6.27 Effect of thickness of liquefiable soil on lateral displacement

When the thickness of liquefiable soil is 2m, SC remediation would be sufficient for
preventing liquefaction induced lateral spreading. But for greater thickness of
liquefiable soil (4m, 6m and 8m), PCC remediation is found to be suitable for reducing

lateral spreading.

6.7.8 Influence of surrounding soil permeability

In order to understand the influence of soil permeability on lateral deformation, the soil
permeability of medium-dense sand strata was replaced with soil permeability (Ks)
ranging from 6.6x10°2 m/s to 6.6x10°%* m/s.

The results of maximum lateral displacement at the center of the finite element mesh
for improved ground with SC and PCC of diameter 0.6 m for an area ratio of 20% is
listed in Table 6.4. The results indicate that the maximum lateral displacement is
dependent on the permeability of surrounding soil when the ground is remediated with
stone columns. However, while using pervious concrete remediation, the maximum

lateral displacement for all soil permeability considered are found to be similar. This
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indicates that the lateral displacement of PCC improved ground is independent of

surrounding soil permeability.

Table 6.4 Effect of surrounding soil permeability on lateral displacement

Maximum ground lateral displacement (m)

Permeability of soil(m/s) El-Centro Loma Prieta
SC PCC SC PCC
6.60x10 0.036 0.042 0.014 0.018
6.60x1073 0.048 0.042 0.03 0.018
6.60x10704 0.105 0.042 0.08 0.018
6.60x107% 0.187 0.04 0.09 0.018

The excess pore pressure-time history plots for SC and PCC improved ground at center
and edge of finite element mesh representing column location and farther away from
column inclusion (surrounding soil) are shown in Fig.6.28 for all soil permeability
ranges. From Fig.6.28, it is seen that for all soil permeability range considered, PCC
improved ground has lesser excess pore pressure generation than SC improved ground,
indicating better excess pore water dissipation due to PCC inclusion than that of SC
inclusion.
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6.7.9 Influence of ground surface inclination

The influence of ground surface inclination on lateral spreading was studied by varying
ground surface inclination from 0° to 8° for improved ground with SC as well as PCC
inclusions of diameter 1m corresponding to an area ratio of 13%. The variation of
maximum lateral displacement with ground surface inclination at the center of finite
element mesh is shown in Fig.6.29. It is found that the lateral displacement increases
with increase in ground surface inclination for both SC and PCC improved ground. This
is due to the presence of higher static shear stresses due to gravity for higher slope

angles.
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Figure 6.29 Influence of ground surface inclination on lateral displacement

6.7.10 Influence of peak ground acceleration

For studying the influence of peak ground acceleration on lateral displacement, the
earthquake excitation applied at the base of the model was scaled to 0.1g, 0.2g, 0.4g,
0.6g and 0.8g. The model used corresponds to an area ratio of 20% with SC and PCC
remediated ground. The diameter of column considered was 0.6 m. The variation of
lateral displacement versus peak ground acceleration is shown in Fig.6.30. The lateral
displacement is found to be increased with increase in peak ground acceleration. For
SC remediated ground, lateral displacement is found to be high. The lateral
displacement of PCC improved ground even for peak ground acceleration of 0.6g is
found to be around 0.3 m and 0.22 m respectively for EI-Centro and Loma Prieta

excitations. Whereas for SC improved ground, for peak ground acceleration for 0.6g,
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the lateral displacements are found to be 2.5 m and 0.5 m respectively for EI-Centro

and Loma Prieta excitations.
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Figure 6.30 Effect of PGA on lateral displacement

Seismic induced lateral displacements at the ground surface are found to increase with

increase in peak ground acceleration. The regions where higher peak acceleration is

expected during seismic activity, PCC can be considered as a better alternative to stone

columns in mitigating lateral spreading. The effect of PGA on excess pore pressure

ratio at the center of mesh is shown in Fig.6.31. It is found that the excess pore pressure

ratio (r,,) for PCC improved ground for all peak ground accelerations other than 0.8g

are less than 0.6, which means the improved ground with PCC inclusion is non-

liquefied (Jiaer et al.2004). But, for SC improved ground, n, is found to be

approximately between 1.0 and 3.0 for all peak ground accelerations studied (Fig.6.31).

It is clear that the PCC dissipated pore water pressure representing reduction in excess

pore pressure ratio for all peak ground accelerations (Fig.6.31).
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Figure 6.31 Effect of PGA on excess pore pressure at the center of mesh
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6.7.11 Influence of surface load

To understand the influence of surface load on lateral displacement for improved
ground with PCC inclusion and SC inclusion, surcharge on the ground surface was
increased from 50 kPa to 200 kPa. The surcharge load was varied and applied to
improved ground with an area ratio of 13% and column diameter of 1m.

Fig.6.32 shows the variation of lateral displacement of SC and PCC improved ground
subjected to two different earthquake excitations with different surface loads. It is seen
from Fig.6.32 that the ground lateral displacement drastically decreased with increase
in surface surcharge for SC and PCC improved ground. This is due to the increase in
effective confinement of soil with increase in surcharge load. The lateral displacement
at ground surface is noted as approximately zero at the surcharge of 200 kPa for SC as
well as PCC remediated ground. A surcharge of 150 kPa imposed a near zero lateral
displacement for PCC improved ground and a surcharge of 200 kPa considerably
reduced ground surface lateral deformation with SC remediation. That means, the
ground lateral deformation may be reduced to near zero level for SC and PCC improved
ground with a surcharge of 200 kPa and 150 kPa respectively.
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Figure 6.32 Effect of surface load on lateral displacement

6.7.12 Influence of earthquake characteristics

This section details the seismic performance of pervious concrete column improved
ground in comparison with stone column improved ground subjected to ground motions
with different earthquake characteristics. The diameter of column inclusion considered
in improved case was 0.6 m with a wider center to center spacing of 3D, corresponding

to an area ratio of 9%.
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Figure 6.33 represents the lateral displacement-time history plot at the center of finite
element model of three benchmark cases: unimproved sand strata (Free field), improved
sand strata with stone column (SC) and pervious concrete column (PCC) shown along
with arias intensity plot of each earthquake excitation. The lateral displacement
response significantly correlates with arias intensity of seismic excitation. It is seen that
the lateral displacement at the ground surface of PCC improved strata is less than 0.15
m, even for a wider spacing between columns of 3D subjected to two earthquake
excitations. However, for SC improved ground, the lateral displacement is around
0.6 m and 0.2 m for El-Centro earthquake (relatively low frequency with longer
significant duration) and Loma Prieta excitations (relatively high frequency with
shorter significant duration) respectively. The lower lateral displacement of SC
improved ground under Loma Prieta excitation is attributed to the lower significant
duration of excitation. Relatively lower frequency earthquake with longer duration has
increased lateral displacement of three benchmark cases (Free field, SC and PCC).
However, irrespective of frequency content and duration of earthquake, PCC improved
ground has lesser lateral displacement than SC improved ground.

Figure 6.34 shows the variation of excess pore pressure generation in the three
benchmark cases at the center of model for various depths of 2 m, 4 m, 6 m and 8 m
respectively subjected to EI-Centro and Loma Prieta earthgakes.

The excess pore pressure is seen to increase during times of peak acceleration of ground
excitation as shown in Fig.6.34. This increase in peak excess pore pressure is observed
at around 2.0 s and 12 s for El-Centro earthquake and Loma Prieta respectively. In
addition, the generation of excess pore pressure in the case of PCC is lesser than that of
SC with similar permeability. This indicates that the PCC facilitated to quickly dissipate
pore pressure through the column inclusion and limited excess pore pressure generation
is observed for PCC improved ground when compared to SC improved ground as well

as for unimproved sand strata for all the depths considered (Fig.6.34).
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When the value of r, reaches above 0.6, initiation of liquefaction occurs and hence to
find the permeability of PCC for which the excess pore pressure ratio, r;, approaches
0.6, seismic analysis of soil model with varying ranges of PCC permeability was
performed. Also, the optimum value of PCC permeability to generate zero excess pore
pressure condition was also found.

Figure 6.35 shows the time history plot of excess pore pressure ratio of soil model with
PCC inclusions of various permeability values at depths of 2 m, 4 m, 6 m and 8 m when
subjected to the two earthquakes. It is found that the excess pore pressure ratio reached
0.6, when the PCC permeability is nearly 0.08 m/s and 0.008 m/s for El-Centro and
Loma Prieta earthquakes. In other words, if the permeability of PCC is less than 0.08
m/s and 0.008 m/s respectively at the incidence of EI-Centro and Loma Prieta
earthquakes, triggering of liquefaction could happen. It is also found that the zero
excess pore pressure generation is seen for permeability of PCC above 0.3 m/s for both
the earthquakes. So the optimum value of PCC permeability to fully dissipate excess

pore pressure is 0.3 m/s irrespective of earthquake characteristics.
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The shear stress-strain behaviour of improved ground with PCC improved ground and
SC improved ground at a distance of 0.7 m from the center of finite element mesh
representing surrounding soil at various depths of 1.4 m, 3.4 m, 54 mand 7.4 m is
shown in Fig.6.36. It is noted that for SC improved ground under El-Centro earthquake,
at the depths of 1.4 m and 3.4m, shear stress reduction to zero with higher strain level
indicates that the surrounding soil is liquefied, whereas for Loma Prieta earthquake, the
surrounding soil is not liquefied. Stress reversal does not occur during less number of
cycles and the SC improved ground did not liquefy due to degradation of strength when
subjected to Loma Prieta earthquake. The difference in shear stress-strain behaviour at
these depths for SC improved ground under two seismic events are attributed to the
difference in the number of significant cycles. However, the PCC improved ground
resisted the degradation of strength owing to its higher strength and stiffness similar to
that of normal concrete even for EI-Centro earthquake with more number of cycles.
Therefore, it is concluded that, higher the number of significant cycles, the chances of
SC improved ground to liquefy is high whereas for PCC improved ground, the soil has
not shown any initiation of liquefaction even with higher number of significant cycles.
The time history of shear stress developed at the center of the column location in
improved ground and unimproved sand strata for various depths are shown in Fig.6.37.
It is seen that the PCC resisted the seismic shaking well and the maximum shear stress
values are observed at times of peak acceleration of ground excitation i.e., at around
2.0 s and 12 s for EI-Centro and Loma Prieta events respectively. Thereafter the shear
stress values are seen to be elevated up to the end of shaking. But, the shear stress at
the center of SC is found to be similar to that of unimproved sand strata. The seismic
shear resistance shown by PCC improved ground irrespective of earthquake
characteristics is attributed to the shear strength and stiffness of pervious concrete

column improved ground.
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Figure 6.36 Shear stress strain behaviour of improved ground under (a) El-
Centro and (b) Loma Prieta excitations
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Figure 6.37 Time history plot of shear stress at the center of column under (a)
El-Centro and (b) Loma Prieta excitations

Liquefaction is commonly observed in homogeneous saturated sand deposits and
sandwiched liquefiable soil layer between non-liquefiable layers at top and bottom
(Ishihara 2007). Therefore, the performance of pervious concrete column installed in a
sandwiched liquefiable soil layer with varying thickness of liquefiable soil layer as
shown in Fig.6.6 was considered. The thickness of sandwiched liquefiable soil layer
were varied as 2m, 4m, 6m, and 8m as shown in Fig.6.6 and the seismic performance
of PCC and SC inclusions were compared. The comparison of maximum responses
along the depth for varying thickness of liquefiable soil layer subjected to EIl-Centro

and Loma Prieta earthquake events are presented in Fig.6.38, Fig.6.39 and Fig.6.40
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for lateral displacement, excess pore pressure ratio and shear stress at column location
respectively.

The lateral displacement profile for SC is entirely different from that of PCC and pattern
is seen similar under both earthquakes (Fig.6.38). The drastic reduction of lateral
displacement with PCC inclusion for all varying thickness considered is attributed to
the rigidity and stiffness of PCC.
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Figure 6.38 Comparison of maximum lateral displacement response along the
depth for varying thickness of liquefiable soil layer subjected to (a) EI-Centro
(b) Loma Prieta excitations
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Excess pore pressure ratio, r;,, is found to be high for SC improved soil profile with 7,
>1.0 for all thicknesses considered. For PCC improved soil profile, the excess pore
pressure values, r;, is found to be less than 1 (r;, reaching 0.6) for EI Centro and Loma
Prieta earthquakes. i.e., r;, <1 except for 8m thick liquefiable layer subjected to Loma
Prieta earthquake (Fig.6.39).
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Figure 6.39 Comparison of maximum excess pore pressure ratio along the depth
for varying thickness of liquefiable soil layer subjected to (a) EI-Centro (b)
Loma Prieta excitations

The maximum excess pore pressure values are observed within 4m from ground surface
for all cases. It is also noted that the excess pore pressure value exceeded 1.0 when

subjected to Loma Prieta earthquake for sandwiched liquefiable layer of thickness 8m.
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However, excess pore pressure ratio exceeded for PCC improved ground is noted at a
depth in between overlying non-liquefiable soil and liquefiable layer (Fig.6.39). Also,
the performance is better than that of SC improved ground with the same circumstances.
Thick liquefiable soil layer requires more time for dissipating excess pore pressures and
is more susceptible to liquefaction (Ishihara 2007). However, for all thicknesses of
sandwiched liquefiable soil, the performance of PCC is better than SC in terms of
reduction in lateral displacement, limited pore pressure dissipation and improved shear
strength due to rigid PCC inclusion.

The maximum shear stress pattern observed at the center of column along the depth of
improved soil model for varying thickness of liquefiable soil layer subjected to El-
Centro 1940 and Loma Prieta 1989 are different in formation (Fig.6.40). However, the

shear strength is maximum for PCC improved ground than SC improved ground.

Maximum shear stress (kPa) El Centro 1940
1000 2000

' ' PCC,2m
PCC,4m
PCC,6m
PCC,8m

=#=SC,2m
SC.4Am

—+—SC,6m

—SC,8m

Depth (m)

Maximum shear stress (kPa) Loma Prieta 1989
1000 2000

PCC,2m
PCC,4m
PCC,6m
PCC,8m
=#=SC,2m
SC.4m
—+—SC,6m
—S5C,8m

Figure 6.40 Comparison of maximum shear stress at center of column along the
depth for varying thickness of liquefiable soil layer subjected to (a) EI-Centro
(b) Loma Prieta excitations

150



6.7.13 Total stress analysis versus effective stress analysis

Figure 6.41, Fig.6.42 and Fig.6.43 show the response profiles of maximum
acceleration, maximum excess pore pressure ratio and maximum shear stress along the
depth from total stress analysis (TSA) and effective stress analysis (ESA) for the
benchmark cases of SC and PCC improved ground subjected to EI-Centro and Loma
Prieta earthquake excitation with peak ground acceleration scaled to 0.2g.

The maximum acceleration response from TSA is seen to increase monotonically from
rock level to ground level for both seismic excitations. However, a different pattern is
seen in the maximum acceleration profile from ESA (Fig.6.41). The improved soil
model from TSA subjected to EI Centro event has higher peak surface acceleration than
from ESA. But the trend of peak surface acceleration of improved soil models from
TSA and ESA is quite opposite when subjected to Loma Prieta earthquake. The
maximum acceleration response profile along the depth is highly influenced by pore
pressure build up. This is evident from the difference in maximum acceleration
response from TSA and ESA (Dikmen and Ghaboussi 1984). However, for earthquake
with longer duration and relatively lower frequency, maximum acceleration response
is found to be higher from TSA than from ESA. And for earthquake with shorter
duration and relatively high frequency, maximum acceleration response is found to be
lesser from TSA than from that of ESA. That means for model ground with columnar
inclusions, along with pore pressure build-up, the influencing factors in maximum
acceleration response along the depth are significant duration and frequency of seismic

excitation.
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Figure 6.41 Comparison of maximum acceleration response along the depth
from TSA and ESA for improved ground subjected to (a) EI-Centro (b) Loma
Prieta excitations

The excess pore pressure ratio, r;, is observed to be high within the depth of 4 m from
ground level when subjected to seismic excitations (Fig.6.42). The excess pore pressure
ratio,r;, at the center of PCC from ESA shows a value much lesser than that of SC,
indicating the superior behaviour of PCC. The maximum shear stress at the center of
column increased for PCC than SC for TSA as well as ESA (Fig.6.43). This
demonstrates the enhanced shear resistance of PCC inclusions in place of stone

columns.
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Figure 6.42 Comparison of maximum excess pore pressure ratio along the depth
from ESA for improved ground subjected to (a) EI-Centro (b) Loma Prieta
excitations
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Figure 6.43 Comparison of maximum shear stress response along the depth
from TSA and ESA for improved ground subjected to (a) EI-Centro (b) Loma
Prieta excitations

The various parameters influencing the seismic performance of column improved
ground in terms of lateral displacement ratio are presented here. Lateral displacement
ratio is a dimensionless factor defined as the ratio of lateral displacement of improved
ground to the lateral displacement of unimproved sand strata. The influencing
parameters versus lateral displacement ratio includes the area ratio, diameter, ground
surface inclinations, peak ground acceleration, surface load, soil permeability and

column permeability.
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Figure 6.44 to Fig 6.50 shows the variation of influencing parameters such as area ratio,
diameter, ground surface inclination, peak ground acceleration, surface load, soil
permeability and column permeability with a dimensionless factor lateral displacement
ratio. It is observed that the lateral displacement ratio decreases with increase in area
ratio as well as diameter for stone column and pervious concrete column improved
ground. This means that the liquefaction induced lateral spreading can be reduced with
ground remediation, either by increasing the diameter of column inclusion or by
reducing the center to center spacing between the column inclusions. The influence of
ground surface inclination on lateral displacement ratio is found to be relatively
insignificant. The lateral displacement ratio increased with increase in peak ground
acceleration for stone column and pervious concrete column improved ground.
However, pervious concrete column improved ground has much less lateral spreading
than stone column improved ground when subjected to two different seismic
excitations. The lateral displacement ratio is found to decrease with increase in ground
surcharge. This is attributed to the enhanced confinement due to surface load. The
lateral displacement ratio is found to be zero for pervious concrete column improved
ground, when the surface load at the ground surface is around 150 kPa under two unique
earthquake conditions. The lateral displacement ratio of stone column improved ground
is observed to be highly dependent on the hydraulic conductivity of stone column and
surrounding sand strata. However, the lateral displacement ratio of pervious concrete
column improved ground is found to be independent of hydraulic conductivity of
pervious concrete column as well as surrounding sand strata. The reduction in lateral
displacement, independent of sand permeability makes pervious concrete column a
better liquefaction mitigation measure in place of stone columns, for a wider range of

liquefiable soil profiles with varying permeability ranges.
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6.8 SUMMARY

The seismic performance and liquefaction mitigation potential of improved ground
using pervious concrete column is investigated in this chapter. It is found that the
seismic resistance of pervious concrete column improved ground is better than
conventional stone column improved ground. The lateral displacement response of
pervious concrete column is similar to that of pile pinning case with almost zero
displacement. The stone column is found to move along with surrounding soil during
seismic excitations. The limited excess pore pressure generation indicates that the
pervious concrete column drained the excess water though its pores to the surface better
than stone column. The least deformation profile along with superior hydraulic
functionality, makes PCC a better alternative to stone columns. It is strongly
recommended to provide the pervious concrete column till the hard strata for
minimizing lateral spreading during earthquakes.

In the case of SC improved ground, the dense gravel piles (stone column) get
distorted during seismic loading due to shearing and causes dilation (increase in
volume). The distorted gravel structure of stone column increases the length of drainage
path thereby retarding the dissipation of excess pore water generated due to shaking.
This causes reduction in effective stress and results in more lateral displacement. The
PCC inclusion reduces the length of drainage path for excess pore water to dissipate
quickly as the PCC structure is not distorted due to seismic shaking. Therefore, the

seismic shear strains developed in the soil is very less. The limited excess pore pressure
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generation and relatively higher effective confinement reduces the lateral displacement
of PCC improved ground significantly.

The lateral displacement of pervious concrete column improved ground with
area ratio of 9% is found to be lesser than stone column improved ground with an area
ratio of 20%. From practical point of view, it would be a better field application to use
pervious concrete column with wider spacing instead of conventional stone column
with closer spacing. The seismic performance of pervious concrete column increases
with increase in permeability of pervious concrete columns. The clogged pervious
concrete column improved ground performed similar to that of unclogged stone column
ground. The reduction in excess pore pressure shows significant reduction in shear
stress-strain behaviour and relatively higher effective confinement. This confirms the
higher liquefaction mitigation potential of pervious concrete columns.

The pervious concrete column remediation is also found to be effective than
stone column remediation in loose sand, medium-dense sand and silt strata for reducing
the lateral deformation induced due to earthquakes.The influence of thickness of
liquefiable soil on lateral deformation is studied and results show that the pervious
concrete column inclusion significantly reduces the lateral deformation even for
liquefiable soil thickness of 8m. For less liquefiable soil thickness, stone column
inclusion would perform well by reducing lateral deformation.

The lateral deformation of pervious concrete column improved ground is found
to be independent of surrounding soil permeability which makes pervious concrete
column a better alternative to stone column for different soil types with varying ranges
of permeability. The lateral deformation of pervious concrete column and stone column
improved ground increases with increase in ground surface inclination and peak ground
acceleration. However, the seismic performance of pervious concrete column improved
ground exhibits better performance than stone column improved ground even when
subjected to a peak ground acceleration of 0.6g. This indicates that pervious concrete
columns can be used in seismically active regions to mitigate liquefaction.

A zero-pore pressure generation condition occurs when the pervious concrete
column permeability is greater than 0.3 m/s irrespective of earthquake characteristics.
The stone column improved ground shows sudden shear stress reduction to zero along

with high shear strain amplitude for earthquake with more number of cycles indicating
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that the soil has liquefied whereas for earthquake with less number of significant cycles,
the soil is not found to liquefy. However, the pervious concrete column improved
ground did not show any liquefaction trigger when subjected to both the earthquakes
considered. The comparison between response profiles of column improved ground
from total stress analysis and effective stress analysis are observed to be influenced by
significant duration and frequency of seismic excitations in addition to pore pressure

build-up.

It is concluded that the pervious concrete columns can be considered as an
economically and practically feasible alternative to conventional stone columns based
on better performance in terms of pore pressure development, lateral deformation, shear
stress-strain behaviour and effective confinement during ground motions. It is also
found that the pervious concrete column improved ground efficiently mitigates

seismically induced liquefaction.
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CHAPTER 7
DESIGN EXAMPLE AND STABILITY ANALYSIS OF COLUMN
SUPPORTED EMBANKMENT SYSTEM

In this chapter, design examples of embankment supported by ordinary stone columns
and pervious concrete column are presented. In addition, two-dimensional slope
stability analysis of an embankment system is evaluated by limit equilibrium method
using PLAXIS LE.

7.1 DESIGN EXAMPLES

The design of stone column and pervious concrete column for a 5 m high embankment
overlying 10 m thick weak clay with undrained cohesion of 10 kPa and a saturated
density of 15 kN/m? is considered. The hard rock layer is assumed at the bottom of 10
m thick clay layer. The columns are assumed to be resting on this hard rock layer. A
sample plan and cross-section of the column arrangement used in the design example
is shown in Fig.7.1 and Fig.7.2 respectively. The water table is assumed at the ground
level. The properties of clay, embankment fill, stones and pervious concrete are
summarised in Table 7.1. The assumptions, detailed calculation steps and design of
stone column and pervious concrete column for supporting 5 m high embankment is

presented in Sections 7.1.1 and 7.1.2 respectively.

Table. 7.1 Material Properties

) _ Embankment Pervious
Material Properties Clay ) Stones
Fill Concrete
Saturated Unit weight (kN/m?) 15 18 19 19
Undrained Cohesion (kPa) 10 0 0 3000
Friction angle (°) 0 32 38 38
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7.1.1 Stone Column Supported embankment system
Design of stone column using material parameters as shown in the Table 7.1 for 5 m high
embankment system is detailed in this section. The estimation of load carrying capacity of
stone column is performed as per IS 15284,
Assume Diameter of stone column, D =1.0m
Spacing between stone columns, S=2D =2.0m

The load carrying capacity of stone column is estimated as the sum of capacity based on bulging
of column, capacity based on surcharge effect and capacity based on bearing support by
intervening soil. Therefore,
Q =Qu+Qx+Q3 (7.1)
where
Q : Total safe load on stone column and its tributary soil
Q1 : Safe load on column alone due to bulging,
Q2 : Safe load on column alone due to surcharge
Q3. Safe load taken by intervening soil between stone columns
(A) To find Q1: Capacity based on bulging of stone column
Capacity based on bulging =0 ,, %DZ

= [(0 ro t 4Cu)kpcoz] %DZ

= [((k oY .2D)+ 4cu) kpwl] Zp? (7.2)
Where,
o ,, . Limiting axial stress in column given by 6, = 6 1 kpco
o - . Limiting radial stress givenby o ,; = ((0 o+ 4cu)kpwl)

o o . Initial radial stress given by o .o =k ¢ 0 4

o 4o - Initial effective stress given by 6,0 =k oy, 2D

In this example,

Kpeor= tan? (45" +2%) = tan? (45'+3) = 4.2

k o =0.60 (from IS 15284 part 1)

D=1m
y’c =15-10 = 5 kN/m®
c, =10 kPa
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Now, From Eqgn.7.2,

Capacity based on bulging = 151.74 kN

151.74
Safe load on column alone, Q1 = — (FOS=2)

Q1 = 75.86 kN
B) To find Q2: Capacity based on surcharge effect
Safe capacity based on surcharge effect, Q2= k., % 1+ Zko)gD2 (7.3)

— CuN¢

sase - Safe bearing pressure of soil with FOS, qgqf. = TYS

Where, N.=5.14

From Eqn.7.3,

Safe capacity based on surcharge effect, Q2 = 33.893 kN

(C) To find Q3: Capacity based on bearing support by intervening soil between stone
columns

Q3 =7 (0.866 2 — = D?) = 68.85 kN (7.4)
Hence total safe load = Q1 + Q2 + Q3

Q=178.63 kN

Total stress for 5 m high Embankment = 5 *18 = 90 kN/m?

Assume total area of ground improvement = 100 m x 100 m = 10000 m?

Total load on the ground, Load T =90 x 10000 = 900000 kN

To check the spacing of stone columns,
Load T _ 900000

Number of stone columns = = =5038.3
Q 178.63
10000
Therefore, area per column = = 1.984 m?
5038.3

0.866 S2 = 1.984
S=15m
The assumed spacing is not matching with the final calculation. Hence, the assumed spacing is

reduced and repeated calculations indicate the spacing of stone column as 1.5 m.

Design summary

Diameter of stone column, D =1.00 m

Spacing, S=15m

2
Area ratio = 0.907 (?) =40 %
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7.1.2 Pervious concrete Column Supported embankment system
Design of pervious concrete column using soil parameters as shown in the Table 7.1 for 5 m
high embankment system is detailed in this section.
Assume Diameter of pervious concrete column, D =1.0 m

Spacing between pervious concrete columns, S=2D =2.0m
Since the behaviour of the pervious concrete column is reported as similar to that of rigid pile,
load carrying capacity of pervious concrete column is estimated as the sum of capacity based
on axial capacity of rigid column and capacity based on bearing support by intervening soil.
Therefore,
QP = QP1 + QP2 (7.5)
where
QP : Total safe load on pervious concrete column and tributary soil
QP1 : Safe axial load on pervious concrete column
QP2 : Safe load on bearing support by intervening soil between pervious concrete columns
(A) To find QP1: Safe axial load on pervious concrete column column
Safe axial load on pervious concrete pile is calculated from load carrying capacity of rigid piles
Load carrying capacity (geotechnical capacity) of rigid piles,
Qu=Qui+Quz=cyN. 7D*+ acnDL (7.6)
Where,
Q1 = End-bearing resistance of pervious concrete column base given by ¢, N, %DZ
Q.2 = Skin resistance developed between clay and pervious concrete column given by

acmt DL

N, = 9 for piles

D=1m

¢, =10 kPa

L=10m

ac=1.0*10=10kPa

Safe axial load on column, QP1 = % + (12—u52

Considering FOS as 2 for end-bearing resistance and 1.5 for skin resistance,
P1 = 70.65 4 314 — 244 65 kN

WP1=— 1.5 7
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Also, permissible structural load on column,
Qs1=0.25 fy 5 D (7.7)
fer = Characteristic compressive strength of concrete =20 MPa
Qs1 = 3925 kN
Therefore, From QP1 and Qs1, minimum value is taken as load capacity of pervious concrete
column = 244.65 kN
(B) Tofind QP2 : Capacity based on bearing support by intervening soil between pervious
concrete columns
From Eqn.7.4,
QP2 =27¢ (0.866 5% — = D?)
=120.55 kN
Hence total safe load on pervious concrete column and tributary soil, QP = QP1 + QP2
QP =365.213 kN
Total stress for 5 m high Embankment = 5 *18 = 90 kN/m?
Assume total area of ground improvement = 100 m x 100 m = 10000 m?
Total load on the ground Load T =90 x 10000 = 900000 kN

To check the spacing of stone columns,
Load T _ 900000

Number of stone columns = = = 2464.315
Q 365.213
Therefore, area per column = 1999 — 4.05 m?
2464.315
0.866 s2 = 4.05
S=216m

The assumed spacing is matching with the final calculation. Hence, this design represents the

optimum design of pervious concrete column.

Design summary

Diameter of pervious concrete column, D =1.00 m

Spacing, S=2.0m

2
Area ratio = 0.907 (?) =23%
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7.2 SLOPE STABILITY ANALYSIS OF COLUMN SUPPORTED EMBANKMENT
SYSTEM

The common failure envelope of stone column supported embankment system is reported as
deep-seated failure envelope (Barksdale and Bachus 1983; Christoulas et al. 1997; Tan et al.
2008; Abusharar and Han 2011; Chen et al. 2015; Mohapatra and Rajagopal 2017). Moreover,
for an embankment supported by granular/semi-rigid inclusions, it is reported that the failure
surface is non continuous and non-circular (Han et al. 2004; Abusharar and Han 2011,
Mohapatra et al. 2017; Mohapatra and Rajagopal 2017). Therefore, it is necessary to evaluate
the performance of modified column improved ground supporting embankment system.
Stability analysis of embankment supported on pervious concrete column improved ground is
also limited in literature. Therefore, the FOS of pervious concrete column-embankment system
is focussed and compared with that of stone column supported embankment system.

The stability analysis of column supported embankment system was conducted using PLAXIS
LE 2D. The validation of model generated in PLAXIS LE was carried out by comparing the
numerical results of stability analyses reported by Abusharar and Han (2011). The stability
analysis of stone column supported embankment system used for validation is detailed as
follows: The stone columns of diameter 1m were placed at a clear spacing of 3.2 m and was
extended till sand strata of 2 m thick. The embankment was 5 m high with a crest width of 20
m and embankment slope was 2H:1V. Employing plane strain conditions and symmetry of
system, half of the model was analysed using FLAC/Slope Version.5 software in their study.
They used Mohr- Coulomb material properties and similar properties are used for validating
the model generated in PLAXIS LE. The results of the model generated in PLAXIS LE as
shown in Fig.7.3 is found to be following the trend and is in good agreement with the study by
Abusharar and Han (2011).

1.55
15 +
(7p]
E_) Abusharar and Han 2011
145 + Plaxis LE model
14 | |

30 35 40 45
Friction angle of stone column (°)

Figure 7.3 Validation of model generated in PLAXIS LE
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7.2.1 Limit equilibrium slope stability Analysis

The embankment over the foundation soil of 10 m thick weak ground was considered as the
unimproved system. The model dimensions used in this study are shown in Fig.7.4. The total
width of embankment crest was 20 m. Half of the model was considered for the 2D Limit
Equilibrium analysis. The embankment was 5 m high with a slope angle of 26.5°(1V:2H). The
water table was assumed at the ground level, which is common for cohesive soils. The bottom
boundary of clayey ground at 10 m below was assumed as the hard layer. The weak ground
was further extended laterally to 20 m from the toe of the embankment such that the
development of failure surfaces were not influenced by boundary effects (Abusharar and Han
2011). The lateral boundary was restricted for horizontal movements and due to symmetry, the
center of the embankment was assumed with restraints in horizontal movement. The weak
ground reinforced with stone columns of diameter 1.0 m placed at a center to center spacing of
2.5D (where D is the diameter of column) was considered as improved embankment case with
ordinary stone columns. The dimension of pervious concrete column was kept similar to that
of stone column for comparing the stability of embankment using both of these improvement
methods. The General Limit Equilibrium (GLE) method was selected as the calculation
method, available in PLAXIS LE. The GLE method uses moment equilibrium as well as force
equilibrium, incorporating interslice forces (PLAXIS LE).

The failure of embankment on clayey soil is critical during construction and at the end of
embankment construction. Hence short-term stability analysis was considered employing total
stress method, which is applicable to situations where an embankment is constructed over
saturated clays with no change in water content occurs in the subsoil prior to failure. Hence,
undrained shear strength parameters are considered in the short-term stability analysis (IRC-
75 2015). Therefore, the weak ground, embankment fill, stone column and pervious concrete
were modelled with perfectly plastic and elastic Mohr-Coulomb model, which is commonly
used. Additionally, for the short-term stability analysis of embankment system, undrained shear
strength parameters are reported to be significant than elastic properties (Abusharar and Han
2011; Ho 2015; Mohapatra et al. 2017; Mohapatra and Rajagopal 2017; Zhang et al. 2020).
Therefore, Mohr coulomb constitutive model was chosen for representing material properties
as shown in Table.7.1. The unimproved ground was made up of weak clay and therefore
cohesion value of 10 kPa was used. The ordinary stone column (OSC) was considered as gravel
(cohesionless soil) with a friction angle of 38°. The pervious concrete column (PCC) was
modelled with shear strength parameters similar to that of normal concrete. The performance

of pervious concrete is reported as similar to that of concrete pile under static shear loading
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conditions (Rashma et al. 2020, 2021). Therefore, the cohesion and friction angle of pervious
concrete was selected as 3000 kPa and 38° respectively. The boundary conditions already
implemented in the PLAXIS LE software were used.

The stability of embankment supported by pervious concrete column and conventional stone
column was compared with the natural weak ground supported embankment system. The
benchmark improved cases with stone column and pervious concrete column considered have
columns of diameter 1.0 m placed at a center to center spacing of 2.5 D. The failure surface for
an embankment supported by homogeneous weak ground is generally of circular
envelope. However, for an embankment supported by granular/semi-rigid inclusions, it is
reported that the failure surface is non continuous and non-circular (Han et al. 2004; Abusharar
and Han 2011; Mohapatra et al. 2017; Mohapatra and Rajagopal 2017). Therefore, a
comparison of failure envelope considering circular and non-circular envelope for improved
benchmark cases is presented in Fig.7.5 and Fig.7.6 for stone column and pervious concrete
column improved embankment system respectively. From the comparison, it is seen that the

values of factor of safety are nearly same.
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(a) Circular slip Surface

(b) Non-Circular slip Surface
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The factor of safety of embankment without any ground improvement is 0.778. The
improvement of stability for stone column and pervious concrete column supported
embankment system is found to be 72 % and 100 % when compared to unimproved
ground. Also, the critical failure slip surface of stone column-embankment system is
observed to be of deep-seated failure envelope whereas the failure envelope of pervious
concrete column-embankment system is observed to be of toe failure surface.
Therefore, from the critical failure envelope and improvement in factor of safety values,
it can be concluded that pervious concrete column supported embankment system has
better stability than conventional stone column-embankment system.

7.3 SUMMARY

From the design of column supported embankment, it is observed that the area ratio
required is 40% for OSC whereas for PCC, the area ratio is found to be 23%. This
indicates that the spacing between pervious concrete columns could be more than the
spacing between stone columns for the same design requirement and this could reduce
the cost of construction using PCC. Considering the lower quantity of fine aggregate
required, use of existing methods for construction of pervious concrete columns and
more spacing between columns could result in an economical design and construction
of pervious concrete column ground with improved performance. Additionally, the
improvement of stability for stone column and pervious concrete column supported
embankment system is found to be 72% and 100% when compared to unimproved
ground. The critical failure envelope of pervious concrete column supported
embankment system is observed to be of toe failure whereas the failure envelope of
stone column supported embankment system is generally of deep-seated nature.
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CHAPTER 8
CONCLUSIONS

An attempt has been made to evaluate the performance of pervious concrete column
improved ground as an alternative to conventional stone column improved ground in
terms of shear resistance and seismic performance. Numerical analysis of direct shear
test and large shear test models were carried out to quantify the shear performance of
pervious concrete column improved ground. The seismic performance of pervious
concrete column improved ground is compared to stone column improved ground in
terms of lateral displacement, excess pore water pressure generation, shear stress-strain
behaviour along with effective confinement stress criteria. The various parameters
influencing seismic performance are analyzed and the seismic performance of pervious
concrete column improved ground is compared with that of conventional stone column
improved ground.

From static shear and seismic analysis, the following conclusions are drawn:

8.1 STATIC SHEAR ANALYSIS

(i) The pervious concrete column for improving weak ground is found to offer
higher shear resistance (52%) than conventional stone column. It is also
observed that the shear resistance of conventional stone column improved
ground is almost zero.

(ii) The shear strength of pervious concrete column improved ground with zero
normal pressure is significantly (87%) higher than stone column improved
ground. Placing pervious concrete columns beneath the toe of the embankment
could be implemented for a better shear performance of column supported
embankment systems.

(iii) The shear strength of positive slope increases with increase in slope angle,
whereas for improved ground with negative slope, shear strength decreases with
increase in slope angle. It is also recommended to consider the slope effect while

determining shear strength.
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(iv) From large shear test tank analyses, pervious concrete column in place of
conventional stone column is found to offer higher shear resistance for
improving weak ground.

(v) The pervious concrete column with end-bearing condition exhibits significant
shear resistance than floating conditions. Therefore, it is recommended to
provide pervious concrete columns till the hard bearing strata for optimum shear
performance.

(vi) Pervious concrete columns show significantly lesser lateral displacements
compared to ordinary stone columns. Also, the profile of lateral displacements
obtained with pervious concrete columns and ordinary stone columns are
entirely different. Peak lateral displacements in case of pervious concrete
column are at the surface and the deflected profile of the column is very much
like that of a rigid pile with a free or unrestrained head condition. In the case of
ordinary stone columns, the peak lateral displacements occurred at some depth
beneath the ground surface. Stone columns placed beneath the toe of the
embankment are liable to undergo shear failure and are seen to move along with

the soil.

8.2 SEISMIC ANALYSIS

(i) The pervious concrete column inclusion shortens the drainage path for excess
pore water to dissipate quickly as the pervious concrete column structure is not
distorted due to seismic shaking. Therefore, the seismic shear strains developed
in the soil is very less. The limited excess pore pressure generation and relatively
higher effective confinement reduces the lateral displacement of pervious
concrete column improved ground significantly. The stone column gets
distorted during seismic loading due to shearing and causes dilation. The
distorted gravel structure of stone column lengthens the drainage path thereby
retarding the dissipation of excess pore water generated due to shaking. This
causes reduction in effective stress and results in more lateral displacement.

(i1) The lateral displacement response of pervious concrete column is similar to that
of pile pinning case with almost zero displacement. The stone column is found
to move along with surrounding soil during seismic excitations. The limited

excess pore pressure generation demonstrates that the pervious concrete column
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drained the excess water through its pores to the surface better than stone
columns. The least deformation profile along with superior hydraulic
functionality, makes pervious concrete column a better alternative to stone
columns.

(iii) The end bearing pervious concrete column has better performance than floating
pervious concrete columns. It is strongly recommended to provide the pervious
concrete column till the hard strata for minimizing lateral spreading during
earthquakes.

(iv) The lateral displacement of pervious concrete column improved ground with
area ratio of 9% is found to be lesser than stone column improved ground with
an area ratio of 20%. From practical point of view, it would be a better field
application to provide pervious concrete columns with wider spacing instead of
conventional stone columns with closer spacing. The lateral spreading of
improved ground with stone column and pervious concrete column inclusion is
found to decrease with increase in diameter as well as area ratio.

(v) The seismic performance of pervious concrete column increases with increase in
permeability of pervious concrete column. The clogged pervious concrete
column improved ground performed similar to that of unclogged stone column
ground. The reduction in excess pore pressure demonstrates significant
reduction in shear stress-strain behaviour and relatively higher effective
confinement. This indicates the higher liquefaction mitigation potential of
pervious concrete column improved ground.

(vi) It is concluded based on better performance in terms of pore pressure
development, lateral deformation, shear stress-strain behaviour and effective
confinement during ground motions, the pervious concrete columns can be
considered as an economically and practically feasible alternative to
conventional stone columns. It is also found that the pervious concrete column
improved ground efficiently mitigates seismically induced liquefaction.

(vii) The pervious concrete column remediation is found to be effective than stone
column remediation in loose sand, medium-dense sand and silt strata for

mitigating lateral deformation induced due to earthquakes.
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(viii) The effect of liquefiable soil thickness on lateral deformation indicates that
the pervious concrete column inclusion has significantly reduced lateral
deformation even for liquefiable soil thickness of 8 m. For less liquefiable soil
thickness, stone column inclusion would perform well by reducing lateral
deformation.

(ix) The lateral deformation of pervious concrete column improved ground is
independent of surrounding soil permeability which makes pervious concrete
column a better alternative to stone column for different soil types with varying
ranges of permeability.

(xX) The lateral deformation of pervious concrete column and stone column
improved ground increases with increase in ground surface inclination and peak
ground acceleration. However, seismic performance of pervious concrete
column improved ground is significantly better even when subjected to a peak
ground acceleration of 0.6g. This indicates that pervious concrete columns can
be used in seismically active regions to mitigate liquefaction.

(xi) The lateral deformation of stone columns and pervious concrete column
improved ground decreases with increase in surcharge load, indicating that the
surcharge on the ground surface increases soil confinement and thus reduces
lateral deformation.

(xii) The lateral displacement of pervious concrete column improved ground
subjected to a ground motion having longer significant duration with relatively
lower frequency content is higher than the excitation with shorter significant
duration and with relatively high frequency content.

(xiii) The excess pore pressure generation is maximum at the instant of peak
acceleration under both earthquakes. It is found that the generation of excess
pore pressure reaches near zero values when the pervious concrete column
permeability is greater than 0.3 m/s irrespective of different earthquake
characteristics.

(xiv) The stone column improved ground undergoes sudden shear stress reduction
to zero along with high shear strain amplitude for earthquake with more number
of cycles indicating that the soil has liquefied whereas for earthquake with less
number of significant cycles, the soil is not found to liquefy. However, the
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pervious concrete column improved ground did not show any liquefaction
trigger when subjected to both earthquakes considered.

(xv) The response profiles of column improved ground based on total stress
analysis and effective stress analysis are highly influenced by significant

duration and frequency of seismic excitation in addition to pore pressure build

up.

The shear and seismic performance of pervious concrete column inclusions in weak
ground/liquefiable ground is found to be significantly higher than stone column
inclusions. The superior performance of pervious concrete columns, independent of
surrounding soil properties, similar to piles in very soft clays/weak ground along with
hydraulic functionality is essential for present-day situations due to non-availability of
resilient grounds. The study also confirms the limitations of conventional stone
columns in resisting shear movements. It is also inferred from the study that the stone
column structure distorts due to seismic shaking without adequate confinement. This
alarms a need for improving conventional stone columns internally or externally for
better performance. Pervious concrete is made with less quantities of fine aggregate,
which also make it an environmental-friendly sustainable alternative to stone columns.
Pervious concrete columns can be installed in the site with existing installation
methods, is an additional advantage. Therefore, the study recommends the use of
pervious concrete columns for better shear and seismic performance and also for

mitigating liquefaction in different types of soil strata competently.

The present study reports the major parameters influencing the performance of
pervious concrete column improved ground under static shear and seismic loading
conditions. Therefore, the identification of these parameters serves as a pilot study in
the development of possible application of pervious concrete columns for improving

weak grounds and to mitigate liquefaction and the associated disasters.

8.3 RECOMMENDATIONS FOR FIELD APPLICATIONS
Some recommendations for field applications from the findings of the present study are
as follows:

(i) The study recommends the use of pervious concrete columns for supporting

huge embankments over weak ground. This ground improvement practice
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increases the shear resistance of improved ground along with hydraulic
functionality similar to stone columns and increased vertical load carrying
capacity than conventional stone columns.

(i) The lateral deformation of pervious concrete column is similar to that of a rigid
pile and the pervious concrete columns can be employed in the site with existing
installation methods used for stone column construction is a benefit. The lower
requirement of fine aggregate for constructing pervious concrete column is an
added economical advantage and a sustainable solution.

(iii) Results suggest that the pervious concrete columns at wider spacing can also
be implemented as the pervious concrete column improved ground with an area
ratio of 9% has shown significant seismic performance.

(iv) Ground improvement using pervious concrete columns is highly recommended
for mitigating liquefaction in seismically active regions. Pervious concrete

columns can be effectively used in different types of liquefiable soil strata.

8.4 LIMITATIONS OF THE STUDY
i) The installation effects of stone column and pervious concrete column is not
considered in this study.
if) Inseismic analysis, the interface between column-surrounding strata is assumed
as perfect bonding. Therefore, the soil-structure interaction can be considered
for further analysis.
iii) Settlement of ground due to liquefaction is not considered.
8.5 SCOPE OF FUTURE RESEARCH
This work can be extended in the following ways:
(i) Experimental and field investigations can be conducted on group of pervious
concrete columns.
(if) Post liquefaction settlement behaviour of pervious concrete column remediated
ground can be conducted.
(iii) Three-Dimensional Stability analysis and seismic analysis of group of pervious
concrete column can be carried out.
(iv) Studies on pervious concrete column improved ground incorporating
installation effects of columns along with densification of surrounding soil

during installation can be investigated.
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APPENDIX I: SHEAR STRESS RATIO

Table Al-1 Shear stress ratio of improved ground with 50 mm, 70 mm and 90
mm diameter columns when subjected to varying normal pressures ranging from
15 kPa to 75 kPa

Normal ) Shear stress ratio
Pressure(kPa) Diameter(mm) Clay 0sC PCC
50 0.398 0.579
15 70 0.357 0.4176 0.786
20 0.45 0.945
50 0.339 0.502
30 70 0.3351 0.3545 0.6268
90 0.3588 0.749
50 0.306 0.46308
45 70 0.266 0.31 0.5635
920 0.317 0.66187
50 0.272 0.436
60 70 0.2787 0.284 0.518
90 0.2808 0.599
50 0.267 0.414
75 70 0.27 0.269 0.485
90 0.269 0.555

Table Al-2 Shear stress ratio of improved ground with 50 mm diameter column

for varying inclination of shear surfaces ranging from P 20° to N 20°

Normal Slope Angle Shear stress ratio
Pressure(kPa) (Degree) Clay 0SsC PCC
P20 0.7995 0.817 2.5
P15 0.679 0.702 2.34
P10 0.57 0.601 1.847
P5 0.458 0.549 1.46
15 0 0.357 0.45 0.945
N5 0.265 0.371 0.809
N 10 0.174 0.286 0.899
N 15 0.077 0.216 0.8918
N 20 0 0.1767 0.864
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45

75

P20 0.64 0.628 1.6
P15 0.537 0.527 1.47
P10 0.46 0.458 1.107
PS5 0.37 0.38 0.898
0 0.302 0.318 0.6618
N5 0.219 0.241 0.625
N 10 0.144 0.174 0.598
N 15 0.064 0.11 0.645
N 20 0 0.06 0.523

P20 0.5789 0.551 1.24
P15 0.483 0.462 1.129
P10 0.408 0.4001 0.887
P5 0.33 0.332 0.73

0 0.27 0.268 0.555
N5 0.191 0.206 0.53
N 10 0.131 0.149 0.487
N 15 0.0602 0.09 0.512
N 20 0 0.049 0.475
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Table Al-3 Shear stress ratio of improved ground with 70 mm diameter column

for varying inclination of shear surfaces ranging from P 20° to N 20°

Normal Slope Angle Shear stress ratio

Pressure(kPa) (Degree) Clay 0SC PCC
P20 0.7995 0.795 1.89

P15 0.679 0.69 1.65

P10 0.57 0.58 1.53

P5 0.458 0.5 1.22

15 0 0.357 0.41 0.79
N5 0.265 0.32 0.704

N 10 0.174 0.23 0.69

N 15 0.077 0.15 0.63

N 20 0 0.06 0.7

P20 0.6938 0.69 1.58

P15 0.594 0.598 1.25

P10 0.51 0.51 1.1

P5 0.421 0.43 0.9

30 0 0.335 0.35 0.62
N5 0.2465 0.268 0.58

N 10 0.161 0.19 0.53

N 15 0.073 0.113 0.5

N 20 0 0.032 0.54

P20 0.64 0.628 1.31

P15 0.537 0.54 1.08

P10 0.46 0.45 0.92

P5 0.37 0.38 0.78

45 0 0.302 0.31 0.56
N5 0.219 0.233 0.52

N 10 0.144 0.164 0.48

N 15 0.064 0.09 0.41

N 20 0 0.03 0.45

P20 0.597 0.58 1.16

P15 0.498 0.494 0.96

P10 0.42 0.415 0.83

P5 0.34 0.34 0.71

60 0 0.278 0.28 0.52
N5 0.198 0.21 0.48

N 10 0.136 0.148 0.44

N 15 0.0609 0.08 0.36

N20 0 0.006 0.39

25 P20 0.5789 0.55 1.04
P15 0.483 0.464 0.87
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P10 0.408 0.39 0.75
P5 0.33 0.326 0.65
0 0.27 0.26 0.49
N5 0.191 0.19 0.44
N 10 0.131 0.14 0.406
N 15 0.0602 0.077 0.33
N 20 0 0.006 0.3356

Table Al-4 Shear stress ratio of improved ground with 90 mm diameter column

for varying inclination of shear surfaces ranging from P 20° to N 20°

Normal Slope Angle Shear stress ratio
Pressure(kPa) (Degree) Clay 0SsC PCC
P20 0.7995 0.787 1.6
P15 0.679 0.677 1.37
P10 0.57 0.56 1.09
P5 0.458 0.48 0.82
15 0 0.357 0.39 0.58
N5 0.265 0.3 0.6
N 10 0.174 0.21 0.59
N 15 0.077 0.124 0.55
N 20 0 0.035 0.51
P 20 0.6938 0.68 1.1
P15 0.594 0.59 0.93
P10 0.51 0.49 0.8
P5 0.421 0.42 0.66
30 0 0.335 0.34 0.5
N5 0.2465 0.26 0.47
N 10 0.161 0.18 0.42
N 15 0.073 0.099 0.369
N 20 0 0.014 0.37
P20 0.64 0.63 0.95
P15 0.537 0.54 0.83
P10 0.46 0.44 0.72
P5 0.37 0.37 0.6
45 0 0.302 0.31 0.46
N5 0.219 0.224 0.43
N 10 0.144 0.15 0.37
N 15 0.064 0.08 0.33
N 20 0 0 0.296
60 P 20 0.597 0.58 0.85
P15 0.498 0.49 0.75
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P10 0.42 0.4 0.65
P5 0.34 0.338 0.56
0 0.278 0.27 0.44
N5 0.198 0.2 0.4
N 10 0.136 0.136 0.35
N 15 0.0609 0.071 0.3
N 20 0 0 0.27
P 20 0.5789 0.56 0.78
P15 0.483 0.465 0.69
P10 0.408 0.38 0.61
P5 0.33 0.327 0.53
75 0 0.27 0.266 0.42
N5 0.191 0.19 0.38
N 10 0.131 0.131 0.32
N 15 0.0602 0.06 0.27
N 20 0 0 0.24
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