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Abstract

Understanding the bearing response of the footings on layered soils has always been a
challenge for researchers. Due to the limitations of analytical and empirical solutions
it had been difficult to understand the true bearing behavior. Some researchers have
tried solving this problem by numerical analysis and have found some success. In
this study the numerical analysis approach has been applied using a commercial
tool FLAC (Fast Lagrangian Analysis of Continua) to study the bearing response of
surface footings on layered clays. First, small deformation analyses were taken up
to study the undrained bearing response of strip and circular footings resting on a
horizontally layered strong over a soft clay foundation, and then over soft over strong
clay foundation. In the end application of large strain mode of FLAC was explored to
investigate the large deformation behavior of the strip footing resting on the surface of
a strong over soft clay foundation. All models were run by applying velocity loading
and a elastic-perfectly plastic Tresca yield criterion has been used.

The results are compared with published Finite Element Method (FEM) results,
and with analytical, empirical and semi-empirical solutions. It was found that bearing
capacity results from the present small-strain FLAC analyses agree well with the
FEM results. However, these results in most of the cases tend to differ (as much
as 49% for certain layered clay foundations) from those predicted with analytical,
empirical and semi-empirical solutions, mainly due to the assumptions made in these
solutions. Since no such assumptions are made in the present FLAC analyses, the
results and the methodology of this thesis can be applied to predict the bearing
capacity of the practical problems. Application of the large-strain mode of FLAC to
study the large deformation of shallow foundations has pointed out a limitation of
FLAC in completing such analyses. However, it is observed from the early trends of
these analyses that whereas the small deformation analysis may under estimate the
ultimate bearing capacity for certain cases of layered foundations where the upper clay
is moderately stiffer than the lower clay layer, it might also over predict the ultimate
bearing capacity for other cases when the upper clay is very stiff in comparison to

the lower clay layer.

il



Table of Contents

[Acknowledgements|

[Abstract]
[List of Tables

[List of Figures|

[List of Copyrighted Material for which Permission was Obtained|

[List of Symbols|

L__Introduction
[2  Literature Review - Bearing Capacity Analysis in Layered Soils|
[2.1 Semi-empirical Methods| . . . . .. .. ... ... ... ...
2.1.1 Brown and Meyerhof (1969) Method| . . . . .. .. ..
2.1.2  Vesic (1975) Method| . . . . . ... ... ... .....
2.1.3 Bowles (1996) Method| . . . . . ... ... ... ....
2.1.4 Meyerhof and Hanna (1978) Method| . . . . . ... ..
2.2 Timit Equilibrium]. . . . . . ... ... ..o 0oL
2.2.1 Button (1953) Method . . . . . . ... ... ... ...
2.2.2  Reddy and Srinivasan (1967) method| . . . . . . . . ..
2.3 Limit Analysis|. . . . . . . .. ..o o
2.3.1 Chen and Davidson (1973) Method| . . . . . . ... ..

2.3.2 Chen (1975) Method . . . . .. ... ... .......

2.3.3  Florkiewicz (1989) Method|. . . . . ... ... ... ..

2.3.4  Michalowski and Shi (1995) Method|. . . . . . ... ..

2.4 Numerical Methods|

[3  Description of FLAC and i1ts Theory|

3.1

EOTY| « v v v e e e e e e e e e e e e e e e e

[3.2  Damping]

(3.3 Constitutive Models|

ii

iii

viii

XXXViil

XXXIX

XXXIX



TABLE OF CONTENTS

B.5 Useof FLACI . . . . . . . 34
[3.5.1  Command driven mode! . . . . . . . .. ... ... ... ... 34

.52 Menudriven modef . . . . . . ..o 34

4 Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity |
[ and Failure Modes of Layered Clays| 36
4.1 Strip Footing on Stift Clay Overlying Soft Clay - Small Deformation |

| Analysis| . . . . ..o 37
4.1.1 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 1) 39

4.1.2  Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 2)| 50

4.1.3 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 2.5) 59

4.1.4  Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 3)| 65

4.1.5 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 3.5)| 70

4.1.6  Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 0.5) 75

4.1.7 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = |

| 0.25) . - - - 85
[4.2  Strip Footing on Soft Clay Overlying Stift Clay] . . . . . ... .. .. 97
4.2.1  Rigid Smooth Strip Footing on Soft over Strong Clay (H/B = 1) 97

4.2.2  Rigid Smooth Strip Footing on Soft over Strong Clay (H/B = 0.5)106

4.2.3 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B = |

| 025 - - . T 115
4.3  Circular Footing on Stift Clay Overlying Soft Clay{ . . . . . . . . . .. 123
4.3.1 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D = |

| L) 124
4.3.2  Rigid Smooth Circular Footing on Strong over Soft Clay (H/D = |

| S 135
4.3.3  Rigid Smooth Circular Footing on Strong over Soft Clay (H/D = |

| ) I 141
4.3.4 Rigid Smooth Circular Footing on Ground Surface (H/D = 0.5)[ 146

4.3.5 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D = |

| 0.25) . . o o 155
4.4 Circular Footing on Soft Clay Overlying Strong Clay] . . . . . . . .. 165
4.4.1 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D = |

| L) 165
4.4.2  Rigid Smooth Circular Footing on Soft over Strong Clay (H/D = |

| 0.5). - v o 175
4.4.3 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D = |

| 0.25)] - - - . . T 183
4.5 Strip Footing on Stift Clay Overlying Soft Clay - Large Deformation |

| Analysis| . . . . ..o 190

4.5.1 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 1)[190




TABLE OF CONTENTS

(b Conclusion| 202
[References 207
Append 211
(A" Numerical Modelling and Discussion of Results| 211
[A.1 Strip Footing on Stiftf Clay Overlying Soft Clay - Small Deformation |

| Analysis| . . . . Lo 211
A.1.1 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 1)215

A.1.2  Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 2)]264

A.1.3 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 2.5)2289

A.1.4 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 3)[304

A.1.5 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 3.5)309

A.1.6 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 0.5)314

A.1.7 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = |

[ 0.25) - o o 344
[A.2 Strip Footing on Soft Clay Overlying Stiff Clay] . . . ... ... ... 374
A.2.1 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B = 1)]374

A.2.2 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B = 0.5)405

A.2.3 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B = |

| 0.25)] - - -« T 435
[A.3  Circular Footing on Stift Clay Overlying Soft Clay{. . . . . . . .. .. 465
[A.3.1 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D = |

| L) o 465
[A.3.2 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D = |

| TH). - - 509
[A.3.3 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D = |

| 2 521
A.3.4 Rigid Smooth Circular Footing on Ground Surface (H/D = 0.5)[ 526

A.3.5 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D = |

| 0.25)] - - - . . 556
[A.4  Circular Footing on Soft Clay Overlying Strong Clay] . . . . . . . .. 586
[A.4.1 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D = |

| 0 - 536
[A.4.2  Rigid Smooth Circular Footing on Soft over Strong Clay (H/D = |

| 05). - - - . 617
[A.4.3 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D = |

| 0.25) - - . . .. ... 647
[A.5 Strip Footing on Stift Clay Overlying Soft Clay - Large Detormation |

| Analysis| . . . . ..o 677
[A.5.1 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 1)677

vi



List of Tables

[2.1 Modified Bearing Capacity Factor, N,, (Vesic 1975) . . . . . . . ... 9

.1  Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid strip footing on strong over sott clay for grid 40 x 30, |

For H/B = 1] © o o o oo 41

.2 Failure modes for different shear strength ratios (co/cy) for H/B=1| 52
.3  Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid strip footing on strong over soft clay for grid 40 x 30, |

for H/B=2| . . . . . . . 53

.4 Failure modes for different shear strength ratios (co2/c;) for H/B =2 56
4.5 Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid strip footing on strong over sott clay tor grid 40 x 30, |

for H/B =25 . . . . . . 61

4.6 Failure modes for different shear strength ratios (cy/cy) for H/B = 2.5.| 64
4.7 Comparison of modified Bearing Capacity Factor, N, with existing |

values for rigid strip footing on strong over sott clay tor grid 40 x 30, |

for H/B=3| . . . . . . 67

4.8 Comparison of modified Bearing Capacity Factor, N with existing |

values for rigid strip footing on strong over sott clay for grid 40 x 30, |

for H/B =35 . . . . . . 72

4.9 Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid strip footing on strong over sott clay tor grid 40 x 30, |

for H/B =05 . . . . . . 76

.10 Failure modes for different shear strength ratios (co/c;) for H/B = 0.5.| 79
{4.11 Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid strip footing on strong over soft clay for grid 40 x 30, |

for H/B=0.25]. . . . . . .. 87

.12 Failure modes for different shear strength ratios (cs/c;) for H/B = 0.25.] 90
.13 Comparison of modified Bearing Capacity Factor, N with existing |

values for rigid strip footing on soft over strong clay for grid 40 x 30, |

For H/B = 1] .« o o oo e e 98

.14 Failure modes for different shear strength ratios (¢;/co) for H/B =1.| 102
.15 Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid strip footing on soft clay over strong clay for grid 40 x 30, |

for H/B =05 . . ... ... 108

.16 Failure modes for different shear strength ratios (c¢1/co) for H/B = 0.5 111
.17 Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid strip footing on soit over strong clay tor grid 40 x 30, |

For HJB = 0.25] . « o o o o oo e e 116

{4.18 Failure modes for different shear strength ratios (¢;/co) for H/B = 0.25.119

vil




LIST OF TABLES

.19 Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid circular footing on strong over sott clay for grid 40 x 30, |

for H/ID =1, . . . . . . 126

.20 Failure modes for different shear strength ratios (co/c;) for H/D =1 130
.21 Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid circular footing on strong over sott clay tor grid 40 x 30, |

for H/D =15 . . . . . . 137

14.22 Failure modes for different shear strength ratios (co/c1) for H/D = 1.5, 140
.23 Comparison of modified Bearing Capacity Factor, /N, with existing |

values for regid circular footing on strong over sott clay tor grid 40 x 30, |

e 143

.24 Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid circular footing on strong over soft clay for grid 40 x 30, |

for H/D =05 . . ... ... 147

.25 Failure modes for different shear strength ratios (co/c;) for H/D = 0.5, 150
.26 Comparison of modified Bearing Capacity Factor, N with existing |

values for rigid circular footing on strong over sott clay tor grid 40 x 30, |

for H/D =0.25). . . . . . .. 157
[4.27 Failure modes for different shear strength ratios (cy/c;) for H/D = 0.25.]160
.28 Comparison of modified Bearing Capacity Factor, /N, with existing |

values for rigid circular footing soft on over strong clay tor grid 40 x 30, |

for H/D =1, . . . . .. 166

14.29 Failure modes for different shear strength ratios (¢;/co) for H/D =1, 170
4.30 Comparison of modified Bearing Capacity Factor, /N with existing |

values for rigid circular footing on soft over strong clay for grid 40 x 30, |

For H/D = 05] - - o oo e 176

.31 Failure modes for different shear strength ratios (¢;/cs) for H/D = 0.5 179
.32 Comparison of modified Bearing Capacity Factor, N with existing |

values for rigid circular footing on soft over strong clay for grid 40 x 30, |

for H/D =0.25). . . . . . ... 184

.33 Failure modes for different shear strength ratios (c;/cy) for H/D = 0.25.[187
[4.34 Ultimate Bearing Capacity , g, of rigid strip footing on strong over soft |

clay tfor large combined strain - small strain analysis for grid 40 x 30, |

for H/B=1J| . . . . . . . 194

[A.1 Comparison of modified Bearing Capacity Factor, N with existing |

values for rigid strip footing on strong over sott clay for grid 20 x 10, |

for H/IB=1/| . . . . . . . . 224
[A.2 Comparison of modified Bearing Capacity Factor, /N values for coarse |
(20 x 10) grid with fine (60 x 30) grid, for H/B =1 . .. ... ... 226
[A.3 Comparison of modified Bearing Capacity Factor, /N values for coarse |
(40 x 30) with fine (60 x 30), for H/B=1/. . . ... ... ... ... 228

viil



List of Figures

2.1  Foundation failure modes: (i) general shear, (ii) local shear, and (iii) |

| punching shear, after (Craig 1997).. . . . . . .. .. ... ... ... 6

2.2 Failure mode tfor a rigid strip footing on an undrained clay, after |

[ (Ttasca Consulting Group, Inc. 2001c)]. . . . . . ... ... ... .. 7

[2.3  Modified bearing capacity factor for square or circular and long rec- |

| tangular footings on undrained two-layer cohesive soil (Vesic 1975).|. 10

2.4  Slip circle mechanism in a two-layer clay (Chen 1975)] . . . . . . .. 15

2.5  Bearing capacity factors N, (Chen 1975)[ . . . . . . .. ... .. .. 16
2.6 Two-layer system: (a) failure mechanism; (b) hodograph (Florkiewicz

| 1989). . o o 17

2.7 Numerical results and experimental data for two cohesive layers (Florkiewicz|

| 1989)) . . .. .. . ... ... 18
[2.8  Typical normalized load-settlement curves for (a) strip footing, and
(b) circular footing on homogeneous or layered clays, H/B = 1 (Wang

and Carter 2001).] . . . . . . ... .. 22

2.9  General failure mechanism and loading conditions (Georgiadis and |

| Michalopoulos 1985). . . . ... .. ... .. ... ... ... 24

(3.1  Basic FLAC Calculation Cycle (after (Itasca Consulting Group, Inc. |

| 2001b))] . - - - . . ... 26

(3.2  Superimposed quadrilateral elements in FLAC, after (Itasca Consult- |

| ing Group, Inc. 2001b). . . . . . .. ... Lo 28
.1  Modified bearing capacity factor (NF) versus shear strength ratio
(co/cq) curves for a rigid smooth strip footing on strong over soft

clay for 40 x 30 grid model, H/B =1 . . . . . ... ... ... ... 42

4.2 Normalised bearing pressure versus penetration curves for a rigid |

| smooth strip footing on strong clay over soft clay for 40 x 30 grid |

| model, H/B=1|. . ... ... 43
.3  Modified bearing capacity factor (NF) versus shear strength ratio
(co/cq) curves for a rigid smooth strip footing on strong over soft

clay for 40 x 30 grid model, for various H/B ratios.| . . .. ... .. 44
4.4  Modified bearing capacity factor (NF) versus shear strength ratio
(co/cq) curves for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B =2 . ... ... ....... 54

[4.5  Normalised bearing pressure versus penetration curves tor a rigid |

| smooth strip footing on strong clay over soit clay for 40 x 30 grid |

| model, H/B=2.|. . . . . . .. .. . . 55

X



LIST OF FIGURES

16

Modified bearing capacity factor (NF) versus shear strength ratio

(co/cq) curves for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B =25 . ... ... ... ...

4.7

Normalised bearing pressure versus penetration curves for a rigid

smooth strip footing on strong clay over soft clay for 40 x 30 grid

model, H/B=25). . . . .. ...

hs

Modified bearing capacity factor (NF) versus shear strength ratio

(co/cq) curves for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B=3| ... ... ... .. ...

68

4.9

Normalised bearing pressure versus penetration curves for a rigid

smooth strip footing on strong clay over soft clay for 40 x 30 grid

model, H/B=3|. . . . . . .

69

.10

Modified bearing capacity factor (NF) versus shear strength ratio

(co/cq) curves for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B =35 . ... ... ... ...

73

il

Normalised bearing pressure versus penetration curves for a rigid

smooth strip footing on strong clay over soft clay for 40 x 30 grid

model, H/B=35). . . . . ..

74

12

Modified bearing capacity factor (NJ) versus shear strength ratio

(co/cq) curves for rigid a smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B=0.5.| . . ... ... .....

Li3

Normalised bearing pressure versus penetration curves for a rigid

smooth strip footing on strong clay over soit clay for 40 x 30 grid

model, H/B=0.5.0. . . . . . . ...

M14

Modified bearing capacity factor (N}) versus shear strength ratio

(co/cq) curves for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B=0.25.| . . . . . ... ... ..

88

Ei5

Normalised bearing pressure versus penetration curves for a rigid

smooth strip footing on strong clay over soft clay for 40 x 30 grid

model, H/B =025 . . . ... ... ...

89

I.16

Modified bearing capacity factor (NF) versus shear strength ratio

(c1/co) curves for a rigid smooth strip footing on soft over strong

clay for 40 x 30 grid model, H/B =1, . . . . . ... ... ... ...

99

17

Normalised bearing pressure versus penetration curves for a rigid

smooth strip footing on soft clay over strong clay for 40 x 30 grid

model, H/B=1|. . . . . ... . .

100

I1s

Modified bearing capacity factor (NF) versus shear strength ratio

(c1/co) curves for a rigid smooth strip footing on soft over strong

clay for 40 x 30 grid model, for various H/B ratios. | . . . . . . . ..

.10

Modified bearing capacity factor (NJ) versus shear strength ratio

(c1/ca) curves for a rigid smooth strip footing on soft clay over strong

clay for 40 x 30 grid model, H/B =05, . . . . ... ... ... ...

X

109



LIST OF FIGURES

.20

Normalised bearing pressure versus penetration curves for a rigid

smooth strip footing on soft clay over strong clay for 40 x 30 grid

model, H/B=0.5.0. . . . . . . ...

M21

Modified bearing capacity factor (N}) versus shear strength ratio

(c1/ca) curves for a rigid smooth strip footing on soft clay over strong

clay for 40 x 30 grid model, H/B =025 . . . ... ... ... ...

L.22

Normalised bearing pressure versus penetration curves for a rigid

smooth strip footing on soft clay over strong clay for 40 x 30 grid

model, H/B =025 . . . ... ... ...

123

Modified bearing capacity factor (NF) versus shear strength ratio

(co/cq) curves for a rigid smooth circular footing on strong over soft

clay for 40 x 30 grid model, H/D =1[. . . . . ... ... ... ...

A4

Normalised bearing pressure versus penetration curves for a rigid

smooth circular footing on strong clay over soft clay for 40 x 30 grid

model, H/D =1/). . . . . .. ...

125

Modified bearing capacity factor (NF) versus shear strength ratio

(co/cq) curves for a rigid smooth circular footing on strong over soft

clay for 40 x 30 grid model, for various H/D ratios,| . ... ... ..

.26

Normalised bearing pressure versus penetration curves for a rigid

smooth circular footing on strong clay over soft clay for 40 x 30 grid

model, H/D =1.5.. . . . . . .

L7

Modified bearing capacity factor (NF) versus shear strength ratio

(co/c1) curves for a rigid smooth circular footing on strong clay over

soft clay for 40 x 30 grid model, H/D =2.| . . .. ... ... ....

139

.23

Modified bearing capacity factor (N}) versus shear strength ratio

(co/cy) curves for a rigid smooth circular footing on strong clay over

soft clay for 40 x 30 grid model, H/D =2 . .. ... ... .....

.29

Normalised bearing pressure versus penetration curves for a rigid

smooth circular footing on strong clay over soft clay for 40 x 30 grid

model, H/D =2]. . . . . .. ...

.30

Modified bearing capacity factor (NF) versus shear strength ratio

(co/cq) curves for a rigid smooth circular footing on strong clay over

soft clay for 40 x 30 grid model, H/D =05.| . ... ... ... ...

31

Normalised bearing pressure versus penetration curves for a rigid

smooth circular footing on strong clay over soft clay for 40 x 30 grid

model, H/D =0.5.. . . . .. ...

[1.32

Modified bearing capacity factor (NF) versus shear strength ratio

(co/cq) curves for a rigid smooth circular footing on strong clay over

soft clay for 40 x 30 grid model, H/D =0.25./. . . . ... ... ...

158

4.33

Normalised bearing pressure versus penetration curves for a rigid

smooth circular footing on strong clay over soft clay for 40 x 30 grid

model, H/D =0.25./ . . . . . . ...

x1

159



LIST OF FIGURES

E34

Modified bearing capacity factor (NF) versus shear strength ratio

(c1/cy) curves for a rigid smooth circular footing on soft over strong

clay for 40 x 30 grid model, H/D=1[. . . . . . ... ... .. ... 167

4.35

Normalised bearing pressure versus penetration curves for a rigid |

smooth circular footing on strong clay over strong clay for 40 x 30 |

grid model, H/D =1, . . . . ... .. .. . . . . ... ... ... . 168

.36

Modified bearing capacity factor (NF) versus shear strength ratio

(c1/co) curves for a rigid smooth circular footing on soft over strong

clay for 40 x 30 grid model, for various H/D ratios| . ... .. ... 169

Modified bearing capacity factor (NF) versus shear strength ratio

(c1/ca) curves for a rigid smooth circular footing on soft clay over

strong clay for 40 x 30 grid model, H/D =05 . . . . .. ... ... 177

4.38

Normalised bearing pressure versus penetration curves for a rigid |

smooth circular footing on soft clay over strong clay for 40 x 30 grid |

model, H/D =0.5.. . . . . . ... 178

139

Modified bearing capacity factor (NF) versus shear strength ratio

(c1/co) curves for a rigid smooth circular footing on soft clay over

strong clay for 40 x 30 grid model, H/D =025 . . ... ... ... 185

.40

Normalised bearing pressure versus penetration curves for a rigid |

smooth circular footing on soft clay over strong clay for 40 x 30 grid |

model, H/D =0.25./ . . . . . ... 186

AT

Bearing pressure versus penetration curve for combined large strain |

- small strain analysis of a rigid smooth strip footing on strong clay |

over soft clay for 40 x 30 grid model, H/B =1, co/c; =1 . . . . .. 193

L4

Bearing pressure versus penetration curve for combined large strain |

- small strain analysis of a rigid smooth strip footing on strong clay |

over soft clay for 40 x 30 grid model, H/B =1, ¢co/c; = 1) . . . . .. 196

43

Bearing pressure versus penetration curve for combined large strain |

- small strain analysis of a rigid smooth strip footing on strong clay |

over soft clay for 40 x 30 grid model, H/B =1, ¢o/c; = 0.1 . . . . . 198

a4

Bearing pressure versus penetration curve for combined large strain |

- small strain analysis of a rigid smooth strip footing on strong clay |

over soft clay for 40 x 30 grid model, H/B =1, ¢co/c; =0.1.| . . . . . 200

A5

Normalised bearing pressure versus penetration curves for a rigid |

smooth strip footing on soft clay over strong clay for 40 x 30 grid |

model, H/B = 1, for Small Strain and Combined (large & small) |

oStrain Analyses.| . . . . . . .. L 201
A.1 Typical model geometry for 20 x 10 elements grid, H/B=1|. . . . . 213
A.2 Zoomed model geometry for 20 x 10 elements grid, /B =1 . ... 214
A.3 Typical boundary conditions after (Itasca Consulting Group, Inc. 2001d)R19|

xii



LIST OF FIGURES

xiil

[A.4 Velocity vectors and general shear failure mechanism tor a rigid strip
footing for 40 x 30 grid model on homogeneous clay H/B =1, c3/c; =
L T 229
[A.5  Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
Cg/Cl == ]_l ................................. 230
[A.6  Magnified grid tor a rigid smooth strip footing on strong over sott clay |
for 40 x 30 grid model, H/B =1, co/ci =1.. . . . . ... ... ... 231
[A.7  Vertical stress (o,,) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B =1, co/c; =1 . . . . .. 232
[A.8  Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
cofcr =1 o 233
[A.9  Velocity vectors for a rigid strip footing on strong over soft clay for |
40 x 30 grid model, H/B =1, ¢co/c; =0.8). . . . .. ... ... ... 234
[A.10 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
cofer =08 o o 235
[A.11 Magnified grid tor a rigid smooth strip footing on strong over soft clay |
for 40 x 30 grid model, H/B =1, co/c;, =0.8]. . . . ... ... ... 236
[A.12 Vertical stress (o0, ) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B = 1, ¢3/¢; = 0.8] . . . . . 237
[A.13 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
CQ/Cl = 08' ................................ 238
[A.14 Velocity vectors for a rigid smooth strip footing on strong over soft |
clay for 40 x 30 grid model, H/B =1, co/c; =2/3| . . . . . .. ... 239
[A.15 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
62/61:2/3—1 ............................... 240
[A.16 Magnified grid for a rigid smooth strip footing on strong over sott clay |
for 40 x 30 grid model, H/B =1, co/cy, =2/3.| . . . ... ... ... 241
[A.17 Vertical stress (o,,) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B =1, co/c1 =2/3|. . . . . 242
[A.18 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
02/61 :2/3| ............................... 243
[A.19 Velocity vectors tor rigid smooth strip footing on strong over soft clay |
for 40 x 30 grid model, H/B =1, co/c;, =0.5.). . . . ... ... ... 244
[A.20 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
02/61 = 05' ................................ 245



LIST OF FIGURES

[A.21 Magnified grid tor a rigid smooth strip footing on strong over sott clay |
for 40 x 30 grid model, H/B =1, co/c;, =05, . . . .. . ... ... 246
|A.22 Vertical stress (0,,) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B =1, co/c; = 0.5 . . . . . 247
[A.23 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
02/01 == 05' ................................ 248
[A.24 Velocity vectors for a rigid smooth strip footing on strong over soft |
clay for 40 x 30 grid model, H/B =1, co/c; =1/3|. . . . . . . ... 249
[A.25 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
02/61 == 1/3' ............................... 250
[A.26 Vertical stress (o,,) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B =1, ¢co/c; = 1/3|. . . . . 251
[A.27 Magnified grid for a rigid smooth strip footing on strong over sott clay |
for 40 x 30 grid model, H/B =1, co/cy, =1/3| . . . ... ... ... 252
[A.28 Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong over soft clay for 40 x 30 grid model, H/B = 1,
cofer =1/3) o 253
[A.29 Velocity vectors for a rigid smooth strip footing on strong over soft |
clay for 40 x 30 grid model, H/B =1, co/c; =02 . . . .. .. ... 254
[A.30 Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 1,
CQ/Cl =02/ . . e 255
[A.31 Vertical stress (0, ) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B =1, ¢o/c; = 0.2 . . . . . 256
[A.32 Magnified grid tor a rigid smooth strip footing on strong over sott clay |
for 40 x 30 grid model, H/B =1, co/c;, =0.2). . . . ... ... ... 257
[A.33 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
cofcr =02 . . 258
[A.34 Velocity vectors for a rigid smooth strip footing on strong over soft |
clay for 40 x 30 grid model, H/B =1, co/c; =0.1] . . . . ... ... 259
[A.35 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 1, |
cofer =010 0 260
[A.36 Vertical stress (o0, ) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B = 1, ¢3/c; = 0.1] . . . . . 261
[A.37 Magnified grid for a rigid smooth strip footing on strong over softt clay |
for 40 x 30 grid model, H/B =1, ¢co/cy, =0.1.f. . . . . ... .. ... 262

Xiv



LIST OF FIGURES

[A.38

Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong over soft clay for 40 x 30 grid model, H/B = 1,

CQ/Cl = Oll ................................ 263
[A.39 Velocity vectors for a rigid smooth strip footing on strong over soft |
clay for 40 x 30 grid model, H/B =2, co/c; =2/3| . . . . . . . ... 264
[A.40 Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2,
cofcr =2/3) 265
[A.41 Magnified grid for a rigid smooth strip footing on strong over soft clay |
for 40 x 30 grid model, H/B =2, co/cy, =2/3.| . . . ... ... ... 266
[A.42 Vertical stress (o, ) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B = 2, ¢3/¢; = 2/3]. . . . . 267
[A.43 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong over soft clay for 40 x 30 grid model, H/B = 2, |
Cofcr =2/3) 268
[A.44 Velocity vectors for a rigid smooth strip footing on strong clay over |
soft clay for 40 x 30 grid model, H/B =2, co/c;, =0.5). . . . . . .. 269
[A.45 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2, |
CQ/Cl == 05' ................................ 270
[A.46 Magnified grid for a rigid smooth strip tooting on strong clay over soft |
clay for 40 x 30 grid model, H/B =2, co/c; =05 . . . . .. .. .. 271
[A.47 Vertical stress (0,,) contours for a rigid smooth strip footing on strong |
clay over soft clay for 40 x 30 grid model, H/B = 2, ¢3/c; = 0.5 . . 272
[A.48 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 2, |
Cg/Cl == 05| ................................ 273
[A.49 Velocity vectors for a rigid smooth strip footing on strong clay over |
soft clay for 40 x 30 grid model, H/B =2, co/c; =1/3.| . . . . . .. 274
[A.50 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2, |
Cg/Cl = 1/3' ............................... 275
[A.51 Magnified grid for a rigid smooth strip tooting on strong clay over soft |
clay for 40 x 30 grid model, H/B =2, co/c; =1/3|. . . . . . . ... 276
[A.52 Vertical stress (0, ) contours for a rigid smooth strip footing on strong |
clay over soft clay for 40 x 30 grid model, H/B =2, cy/c; = 1/3.| . . 277
[A.53 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 2, |
cofcr =1/3) o 278
[A.54 Velocity vectors for a rigid smooth strip footing on strong clay over |
soft clay for 40 x 30 grid model, H/B =2, co/c; =0.2.|. . . . . . .. 279

XV



LIST OF FIGURES

[A55

Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2,

CQ/Cl = 02' ................................

280

A.56

Magnified grid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B =2, co/c; =02 . . . . .. .. ..

281

57

Vertical stress (0,,) contours for a rigid smooth strip footing on strong

clay over soft clay for 40 x 30 grid model, H/E’ =2 c/c;1 =02] ..

282

[A.58

Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 2,

02/01 == 02' ................................

283

[A.50

Velocity vectors for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B =2, ¢o/c; =0.1|. . . . . . ..

284

[A.60

Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2,

CQ/Cl == 0]_| ................................

285

A.61

Magnified grid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B =2, co/c; =0.1] . . . ... .. ..

286

A62

Vertical stress (0,,) contours for a rigid smooth strip footing on strong

clay over soft clay for 40 x 30 grid model, H/B = 2, ¢o/c; = 0.1 . .

287

.63

Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 2,

02/61 = Oll ................................

288

[A.64

Velocity vectors for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B = 2.5, co/c; =1/3.| . . . . ..

289

[A.65

Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40x30 grid model, H/B = 2.5,

Cg/Cl = 1/3' ...............................

290

[A.66

Magnified ¢rid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B = 2.5, co/c; = 1/3. . . . . . . . ..

291

A67

Vertical stress (0,,) contours for a rigid smooth strip footing on strong

clay over soft clay for 40 x 30 grid model, H/B = 2.5, cy/c; = 1/3| .

292

[A.68

Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 2.5,

C2/Cl = 1/3' ...............................

[A.60

Velocity vectors for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B = 2.5, co/c;, =0.2). . . . . ..

[A.70

Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40x30 grid model, H/B = 2.5,

cofer =020 .

[A.71

Magnified grid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B = 2.5, co/c; =0.2 . . . . . .. ..

xXvi



LIST OF FIGURES

A72

Vertical stress (0,,) contours for a rigid smooth strip footing on strong

clay over soft clay for 40 x 30 grid model, H/B = 2.5, ¢s/c; = 0.2/

297

A3

Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 2.5,

02/01 == 02' ................................

298

A.74

Velocity vectors for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B = 2.5, ¢co/c; =0.1]. . . . . ..

299

A5

Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40x30 grid model, H/B = 2.5,

02/01 == 0]_| ................................

|
300

A.76

Magnified grid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B = 2.5, co/c; =0.1[ . . . . . . ...

A.77

Vertical stress (0,,) contours for a rigid smooth strip footing on strong

clay over soft clay for 40 x 30 grid model, H/B = 2.5, c3/c; = 0.1, .

301
|
302

A.78

Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 2.5,

02/61 e Oll ................................

|
303

[A.79

Velocity vectors for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B =3, ¢/c; =0.1.|. . . . . . ..

304

[A.80

Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40 x 30 grid model, H/B = 3,

02/61 = Oll ................................

|
305

A8

Magnified ¢rid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B =3, ca/c; =0.1] . . . . ... ...

A82

Vertical stress (0,,) contours for a rigid smooth strip footing on strong

306
|

clay over soft clay for 40 x 30 grid model, H/B = 3, ¢a/c; = 0.1 . .

307

A.83

Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 3,

C2/Cl = Oll ................................

[A.84

Velocity vectors for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B = 3.5, co/c;, =0.1]. . . . . ..

[A.85

Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40x30 grid model, H/B = 3.5,

C2/Cl =0.1.. . . e

[A.86

Vertical stress (0,,) contours for a rigid smooth strip footing on strong

clay over soft clay for 40 x 30 grid model, H/B = 3.5, c3/c; = 0.1, .

A.87

Magnified grid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B = 3.5, co/c; =0.1| . . . . ... ..

[A.88

Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 3.5,

CQ/Cl == 0]_| ................................




LIST OF FIGURES

[A.89 Velocity vectors for a rigid strip footing on strong over soft clay for

40 x 30 grid model, H/B = 0.5, ¢o/c; =0.8). . . . . ... ... ... 314
[A.90 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40x30 grid model, H/B = 0.5, |
02/01 =0.8 . . . e e 315
[A.91 Vertical stress (o0, ) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/¢; — 0.8] . . . . 316
[A.92 Magnified grid for a rigid smooth strip footing on strong over soft clay |
for 40 x 30 grid model, H/B = 0.5, co/c;, =0.8). . . . . . ... ... 317
[A.93 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5, |
02/61 == 08' ................................ 318
[A.94 Velocity vectors for a rigid smooth strip footing on strong over soft |
clay for 40 x 30 grid model, H/B = 0.5, ca/c; =2/3.. . . . . . . .. 319
[A.95 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40x30 grid model, H/B = 0.5, |
02/61 :2/3| ............................... 320
[A.96 Vertical stress (0,,) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B = 0.5, ¢o/c; =2/3.. . . . 321
[A.97 Magnified grid for a rigid smooth strip footing on strong over soit clay |
for 40 x 30 grid model, H/B = 0.5, co/cy =2/3.| . . ... ... ... 322
[A.98 Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5,
CQ/Cl :2/3| ............................... 323
[A.99 Velocity vectors for a rigid smooth strip footing on strong clay over |
soft clay for 40 x 30 grid model, H/B = 0.5, co/c; =0.5.. . . . . .. 324
[A.100 Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40x 30 grid model, H/B = 0.5,
cofer =05 325
[A.101 Vertical stress (o, ) contours for a rigid smooth strip footing on strong |
clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢o/c; = 0.5 . 326
[A.102 Magnified grid for a rigid smooth strip tooting on strong clay over soft |
clay for 40 x 30 grid model, H/B = 0.5, co/c; =0.5 . . . . . . ... 327
[A.103 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5, |
02/01 == 05' ................................ 328
[A.104 Velocity vectors for a rigid smooth strip footing on strong clay over |
soft clay for 40 x 30 grid model, H/B = 0.5, co/c; = 1/3 . . . . .. 329
[A.105 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5, |
cofcr =1/3] 330




LIST OF FIGURES

[A.106 Vertical stress (o,,) contours for a rigid smooth strip footing on strong

clay over soft clay for 40 x 30 grid model, H/B = 0.5, co/c; =1/3| .

331

[A.107 Magnified grid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B = 0.5, ca/c; =1/3. . . . . . . ..

[A.108 Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5,

02/01 == 1/3' ...............................

[A.109 Velocity vectors tor a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B = 0.5, co/c; =0.2. . . . . ..

[A.110 Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40x30 grid model, H/B = 0.5,

02/61 =0.2.. . . e

[A.111 Vertical stress (o,,) contours for a rigid smooth strip footing on strong

clay over soft clay for 40 x 30 grid model, H/B = 0.5, c3/c; = 0.2, .

[A.112 Magnified grid for a rigid smooth strip tooting on strong clay over soft

clay for 40 x 30 grid model, H/B = 0.5, co/c; =0.2 . . . . . .. ..

[A.113 Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5,

62/61 = 02' ................................

338

[A.114 Velocity vectors for a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B = 0.5, co/c; =0.1. . . . . ..

339

[A.115 Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40x 30 grid model, H/B = 0.5,

62/61 =0.1.. . . e

[A.116 Vertical stress (o, ) contours for a rigid smooth strip footing on strong

clay over soft clay for 40 x 30 grid model, H/B = 0.5, c3/c; = 0.1, .

[A.117 Magnified grid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B = 0.5, co/c; = 0.1 . . . . ... ..

[A.118 Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5,

02/01 == 0]_| ................................

[A.119 Velocity vectors for a rigid strip footing on strong over soft clay for

40 x 30 grid model, H/B =0.25, ¢o/c; =0.8) . . . . .. . ... ...

[A.120 Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40 x 30 grid model, H/B =

025, 02/01 = 08' .............................

[A.121 Vertical stress (o0,,,) contours for a rigid smooth strip footing on strong

over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/¢; = 0.8] . . .

[A.122 Magnified grid for a rigid smooth strip footing on strong over soft clay

for 40 x 30 grid model, H/B = 0.25, co/c; =0.8 . . . . . ... ...

Xix



LIST OF FIGURES

[A.123 Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25,

cofer =08 L 348
[A.124 Velocity vectors for a rigid smooth strip footing on strong over soft |
clay for 40 x 30 grid model, H/B = 0.25, ¢o/c; =2/3| . . . . . . .. 349

[A.125 Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40 x 30 grid model, H/B =

095, ca/ci = 2/3] -« . 350
[A.126 Vertical stress (o, ) contours for a rigid smooth strip footing on strong |
over soft clay for 40 x 30 grid model, H/B = 0.25, ¢y/c; =2/3| . . . 351
[A.127 Magnified grid tor a rigid smooth strip footing on strong over sott clay |
for 40 x 30 grid model, H/B = 0.25, co/cy =2/3.) . . . . . ... ... 352

[A.128 Bearing pressure versus penetration curve for a rigid smooth strip |

footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25, |

CQ/Cl :2/3| ............................... 353
[A.129 Velocity vectors for a rigid smooth strip footing on strong clay over |
soft clay for 40 x 30 grid model, H/B = 0.25, co/c; = 0.5 . . . . .. 354

[A.130 Plasticity state indicators at steady state condition for a rigid smooth |

strip footing on strong over soft clay for 40 x 30 grid model, H/B = |

025, Ca/ct = 05] - - o oo 355

[A.131 Vertical stress (o,,) contours for a rigid smooth strip footing on strong |

clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/¢c; = 0.5] . 356

[A.132 Magnified grid for a rigid smooth strip footing on strong clay over soft |

clay for 40 x 30 grid model, H/B = 0.25, ¢o/c; = 0.5 . . . . . . .. 357

[A.133 Bearing pressure versus penetration curve for a rigid smooth strip |

footing on strong clay over soft clay for 40 x 30 grid model, H/B = |

0.25, co/cy = 0.5 . . o oL 358
[A.134 Velocity vectors for a rigid smooth strip footing on strong clay over |
soft clay for 40 x 30 grid model, H/B = 0.25, co/c; =1/3f. . . . .. 359

[A.135 Plasticity state indicators at steady state condition for a rigid smooth |

strip footing on strong over soft clay for 40 x 30 grid model, H/B = |

0.25, a/c1 = 1/3] -+« o 360

[A.136 Vertical stress (o,,) contours for a rigid smooth strip footing on strong |

clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 1/3.| 361

[A.137 Magnified grid for a rigid smooth strip footing on strong clay over soft |

clay for 40 x 30 grid model, H/B = 0.25, co/c; = 1/3 . . . . . . .. 362

[A.138 Bearing pressure versus penetration curve for a rigid smooth strip |

footing on strong clay over soft clay for 40 x 30 grid model, H/B = |

0.25, co/cy = 1/3 . o o 363
[A.139 Velocity vectors for a rigid smooth strip footing on strong clay over |
soft clay for 40 x 30 grid model, H/B = 0.25, co/c;, =0.2) . . . . .. 364




LIST OF FIGURES

[A.140 Plasticity state indicators at steady state condition for a rigid smooth

strip footing on strong over soft clay for 40 x 30 grid model, H/B =

025, 02/01 = 02' ............................. 365
[A.141 Vertical stress (o, ) contours for a rigid smooth strip footing on strong |
clay over soft clay for 40 x 30 grid model, H/B = 0.25, c3/c; = 0.2. 366
[A.142 Magnified grid for a rigid smooth strip tooting on strong clay over soft |
clay for 40 x 30 grid model, H/B = 0.25, c3/c; = 0.2 . . . . .. .. 367
[A.143 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong clay over soft clay for 40 x 30 grid model, H/B = |
025, cofer =02 . . . . 368
[A.144 Velocity vectors for a rigid smooth strip footing on strong clay over |
soft clay for 40 x 30 grid model, H/B = 0.25, ¢o/c; = 0.1 . . . . .. 369
[A.145 Plasticity state indicators at steady state condition for a rigid smooth |
strip footing on strong over soft clay for 40 x 30 grid model, H/B = |
0.25, co/cy = 0.1 . . o o oo 370
[A.146 Vertical stress (o,,) contours for a rigid smooth strip footing on strong |
clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/¢; — 0.1]. 371
[A.147 Magnified grid for a rigid smooth strip tooting on strong clay over soft |
clay for 40 x 30 grid model, H/B = 0.25, co/c;, = 0.1 . . . . .. .. 372
[A.148 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong clay over soft clay for 40 x 30 grid model, H/B = |
0.25, co/cy = 0.1 . . . o oL 373
[A.149 Velocity vectors for a rigid strip footing on soft over strong clay tor |
40 x 30 grid model, H/B =1, ¢;/co =0.8). . . . . . ... ... ... 375
[A.150 Plasticity indicators for a rigid smooth strip footing on sott over strong |
clay for 40 x 30 grid model, H/B =1, ¢;/co =08 . . . .. ... .. 376
[A.151 Magnified grid for a rigid smooth footing on soft over strong clay for |
40 x 30 grid model, H/B =1, ¢o/c; =0.8). . . . .. ... ... ... 377
[A.152 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
over strong clay for 40 x 30 grid model, H/B =1, ¢;/co = 0.8 378
[A.153 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft over strong clay for 40 x 30 grid model, H/B = 1, |
01/62 == 08' ................................ 379
[A.154 Velocity vectors for a rigid smooth strip footing on soft over strong |
clay for 40 x 30 grid model, H/B =1, ¢;/co =2/3). . . . . . . ... 380
[A.155 Plasticity state indicators for a rigid smooth strip footing on soft over |
strong clay for 40 x 30 grid model, H/B =1, ¢1/co =2/3)| . . . . .. 381
[A.156 Magnified grid tor a rigid smooth strip tooting on soft over strong clay |
for 40 x 30 grid model, H/B =1, ¢1/co =2/3.| . . . ... ... ... 382
[A.157 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
over strong clay for 40 x 30 grid model, H/B =1, ¢;/co =2/3.| . . . 383

xxi



LIST OF FIGURES

[A.158 Bearing pressure versus penetration curve for a rigid smooth strip

footing on soft over strong clay for 40 x 30 grid model, H/B = 1,

Cl/CQ 22/3| ............................... 384
[A.159 Velocity vectors for a rigid smooth strip footing on soft over strong |
clay for 40 x 30 grid model, H/B =1, ¢;/co =05 . . . ... .. .. 385
[A.160 Plasticity state indicators for a rigid smooth strip footing on soit over |
strong clay for 40 x 30 grid model, H/B =1, ¢;/co =05 . . . . .. 386
[A.161 Magnified grid for a rigid smooth strip footing on soft over strong clay |
for 40 x 30 grid model, H/B =1, ¢;/co=05]. . . . ... ... ... 387
[A.162 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
over strong clay for 40 x 30 grid model, H/E =1,c¢1/co =05 388
[A.163 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft over strong clay for 40 x 30 grid model, H/B = 1, |
Cl/CQ = 05' ................................ 389
[A.164 Velocity vectors for a rigid smooth strip tooting on soft clay over strong |
clay for 40 x 30 grid model, H/B =1, ¢;/co=1/3|. . . . . . . ... 390
[A.165 Plasticity state indicators for a rigid smooth strip footing on soit over |
strong clay for 40 x 30 grid model, H/B =1, ¢;/co =1/3) . . . . .. 391
[A.166 Magnified grid for a rigid smooth strip footing on soft over strong clay |
for 40 x 30 grid model, H/B =1, ¢1/co=1/3| . . . ... ... ... 392
[A.167 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
over strong clay for 40 x 30 grid model, H/B = 1, ¢1/c3 = 1/3] . . . 393
[A.168 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft over strong clay for 40 x 30 grid model, H/B = 1, |
cifco=1/3] 394
[A.169 Velocity vectors for a rigid smooth strip footing on soft over strong |
clay for 40 x 30 grid model, H/B =1, c¢;/co =02 . . . . . .. ... 395
[A.170 Plasticity state indicators for a rigid smooth strip footing on soit over |
strong clay for 40 x 30 grid model, H/B =1, ¢;/co =02 . . . . .. 396
[A.171 Magnified grid for a rigid smooth strip footing on soft over strong clay |
for 40 x 30 grid model, H/B =1, c¢;/co =0.2f. . . . ... ... ... 397
[A.172 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
over strong clay for 40 x 30 grid model, H/B = 1, ¢1/c3 = 0.2) 398
[A.173 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft over strong clay for 40 x 30 grid model, H/B = 1, |
c1fco =02 . .. 399
[A.174 Velocity vectors for a rigid smooth strip footing on soft over strong |
clay for 40 x 30 grid model, H/B =1, ¢;/co =0.1] . . . . ... ... 400
[A.175 Plasticity state indicators for a rigid smooth strip footing on soft over |
strong clay for 40 x 30 grid model, H/B =1, ¢;/co =0.1f . . . . .. 401
[A.176 Magnified grid for a rigid smooth strip footing on soft over strong clay |
for 40 x 30 grid model, H/B =1, ¢;/co=0.1]. . . . ... ... ... 402

xxii



LIST OF FIGURES

[A.177 Vertical stress (o,,) contours for a rigid smooth strip footing on soft

over strong clay for 40 x 30 grid model, H/B =1, ¢1/cs = 0.1 403
[A.178 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft over strong clay for 40 x 30 grid model, H/B = 1, |
01/02 == 0]_| ................................ 404
[A.179 Velocity vectors for a rigid strip footing on soft over strong clay for |
40 x 30 grid model, H/B = 0.5, ¢;/ca =0.8. . . . . ... ... ... 405
[A.180 Plasticity indicators for a rigid smooth strip footing on soft over strong |
clay for 40 x 30 grid model, H/B = 0.5, ¢;/co =0.8) . . . . . .. .. 406
[A.181 Magnified grid for a rigid smooth strip footing on soft over strong clay |
for 40 x 30 grid model, H/B = 0.5, ¢;/co =0.8]. . . . . . ... ... 407
[A.182 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/co = 0.8 408
[A.183 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5, |
01/62 = 08' ................................ 409
[A.184 Velocity vectors for a rigid smooth strip footing on soft over strong |
clay for 40 x 30 grid model, H/B = 0.5, ¢c1/co =2/3 . . . . . . ... 410
[A.185 Velocity vectors for a rigid smooth strip footing on strong over soft |
clay for 40 x 30 grid model, H/B = 0.5, ¢1/co =2/3. . . . . . . .. 411
[A.186 Magnified grid tor a rigid smooth strip footing on soft clay over strong |
clay for 40 x 30 grid model, H/B = 0.5, ¢;/co =2/3 . . . . . .. .. 412
[A.187 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/co = 2/3) . . 413
[A.188 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft over strong clay for 40 x 30 grid model, H/B = 0.5, |
01/62 :2/3| ............................... 414
[A.189 Displacement vectors and z-displacement contours for a rigid strip |
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5, |
Cl/CQ = 05' ................................ 415
[A.190 Plasticity state indicators for a rigid smooth strip footing on soft clay |
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢; /¢y = 0.5 416
[A.191 Magnified grid tor a rigid smooth strip footing on soft clay over strong |
clay for 40 x 30 grid model, H/B = 0.5, ¢c1/co =2/3. . . . . . . . .. 417
[A.192 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢;/co = 0.5 418
[A.193 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5, |
c1fco =05 . . 419
[A.194 Velocity vectors for a rigid smooth strip footing on soft clay over strong |
clay for 40 x 30 grid model, H/B = 0.5, ¢;/co =1/3. . . . . . . .. 420

xxiil



LIST OF FIGURES

[A.195 Plasticity state indicators for a rigid smooth strip footing on soft clay

over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/co = 1/3] . . 421
[A.196 Magnified grid for a rigid smooth strip footing on soft clay over strong |
clay for 40 x 30 grid model, H/B = 0.5, ¢c;/co =1/3. . . . . . . .. 422

[A.197 Vertical stress (0,,) contours for a rigid smooth strip footing on soft

clay over strong clay for 40 x 30 grid model, H/E = 0.5, c1/co = 1/3.| 423

[A.198 Bearing pressure versus penetration curve for a rigid smooth strip

footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5,

Cl/CQ = 1/3' ............................... 424
[A.199 Plasticity state indicators for a rigid smooth strip footing on soft clay |
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢;/cy = 0.2 425
[A.200 Plasticity state indicators for a rigid smooth strip footing on soft clay |
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢;/co = 0.2 . . . 426
[A.201 Magnified grid for a rigid smooth strip footing on soft clay over strong |
clay for 40 x 30 grid model, H/B = 0.5, ¢;/co =02 . . . . ... .. 427
IA.202 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
clay over strong clay for 40 x 30 grid model, H/E = 0.5, c1/co = 0.2 428
[A.203 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5, |
Cl/CQ == 02' ................................ 429
[A.204 Velocity vectors for a rigid smooth strip tooting on soft clay over strong |
clay for 40 x 30 grid model, H/B = 0.5, ¢;/co =0.1[ . . . . . . ... 430
[A.205 Plasticity state indicators for a rigid smooth strip footing on soft clay |
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢; /¢y = 0.1/ 431
[A.206 Magnified grid for a rigid smooth strip footing on soft clay over strong |
clay for 40 x 30 grid model, H/B = 0.5, ¢;/co =0.1 . . . . ... .. 432
[A.207 Vertical stress (0,,) contours for a rigid smooth strip footing on soft |
clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/cs = 0.1] 433
[A.208 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5, |
01/02 == 0]_| ................................ 434
[A.209 Velocity vectors for a rigid strip footing on soft over strong clay for |
40 x 30 grid model, H/B =0.25, ¢1/ca =0.8.| . . . . ... ... ... 435
[A.210 Plasticity indicators for a rigid smooth strip footing on soft over strong |
clay for 40 x 30 grid model, H/B = 0.25, ¢;/co =0.8 . . ... ... 436
[A.211 Magnified grid tor a rigid smooth strip footing on soft over strong clay |
for 40 x 30 grid model, H/B = 0.25, ¢;/co =08 . . . . . ... ... 437
[A.212 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.8 . . 438
[A.213 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft over strong clay for 40 x 30 grid model, H/B = 0.25, |
01/62 = 08' ................................ 439

XX1v



LIST OF FIGURES

[A.214 Velocity vectors for a rigid smooth strip footing on sott clay over strong

clay for 40 x 30 grid model, H/B = 0.25, ¢;/co =2/3 . . . . . . .. 440
[A.215 Plasticity state indicators for a rigid smooth strip footing on soft over |
strong clay for 40 x 30 grid model, H/B = 0.25, ¢1/co =2/3.[ . . . . 441
[A.216 Magnified grid for a rigid smooth strip footing on soft over strong clay |
for 40 x 30 grid model, H/B = 0.25, ¢;/co =2/3.) . . . . . ... ... 442
[A.217 Vertical stress (o,,) contours for a rigid smooth strip footing on soft |
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 2/3.|. . 443
[A.218 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on soft over strong clay for 40 x 30 grid model, H/B = 0.25, |
Cl/Cg :2/3| ............................... 444
[A.219 Velocity vectors for a rigid smooth strip footing on sott clay over strong |
clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.5 . . ... . .. 445
[A.220 Plasticity state indicators for a rigid smooth strip footing on soft clay |
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1/co = 0.5 . . 446
[A.221 Magnified grid for a rigid smooth strip footing on soft clay over strong |
clay for 40 x 30 grid model, H/B = 0.25, ¢1/co =0.5 . . . . . ... 447

[A.222 Vertical stress (o,,) contours for a rigid smooth strip footing on soft

clay over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.5.| 448

[A.223 Bearing pressure versus penetration curve for a rigid smooth strip

footing on soft clay over strong clay for 40 x 30 grid model, H/B =

025, c1/cz = 0] .+« .« oo 449
[A.224 Velocity vectors for a rigid smooth strip footing on sott clay over strong |
clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 1/3 . . . . . . .. 450
[A.225 Plasticity state indicators for a rigid smooth strip footing on soft clay |
over strongclay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 1/3. . . 451
[A.226 Vertical stress (o,,) contours for a rigid smooth strip footing on strong |
clay over soft clay for 40 x 30 grid model, H/E’ =0.25, ¢1/co =1/3| 452

[A.227 Vertical stress (o,,) contours for a rigid smooth strip footing on soft

clay over strong clay for 40 x 30 grid model, H/B = 0.25, ¢; /¢y = 1/3453

[A.228 Bearing pressure versus penetration curve for a rigid smooth strip

footing on soft clay over strong clay for 40 x 30 grid model, H/B =

0.25, c1/co =1/3 . . . o 454
[A.229 Velocity vectors for a rigid smooth strip tooting on soft clay over strong |
clay for 40 x 30 grid model, H/B = 0.25, ¢;/co =0.2f . . .. .. .. 455
[A.230 Plasticity state indicators for a rigid smooth strip footing on soft clay |
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.2 . . 456
[A.231 Magnified grid for a rigid smooth strip footing on sott clay over strong- |
clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.2 . . ... ... 457

[A.232 Vertical stress (o,,) contours for a rigid smooth strip footing on soft

clay over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/cy = 0.2.| 458

XXV



LIST OF FIGURES

[A.233 Bearing pressure versus penetration curve a tfor rigid smooth strip

footing on soft clay over strong clay for 40 x 30 grid model, H/B =

025, 01/02 = 02' ............................. 459
[A.234 Bearing pressure versus penetration curve for a rigid smooth strip |
footing on strong clay over soft clay for 40 x 30 grid model, H/B = |
0.25, c1/co = 0.2 . . . . oL 460
[A.235 Plasticity state indicators for a rigid smooth strip footing on soft clay |
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.1 . . 461
[A.236 Plasticity state indicators for a rigid smooth strip footing on strong |
clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢1/co = 0.1.| . 462
[A.237 Plasticity state indicators for rigid smooth strip footing on strong clay |
over soft clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.1.| . . . 463
[A.238 Plasticity state indicators for a rigid smooth strip footing on soft clay |
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1/co = 0.1 . . 464
[A.239 Model geometry for 40 x 30 elements grid.|. . . . .. ... ... ... 466
[A.240 Zoomed model geometry for 40 x 30 elements grid.| . . . . ... ... 467
[A.241 Velocity vectors for a rigid smooth circular tooting on strong clay over |
soft clay for 40 x 30 grid model, H/D =1, ca/c; =1). . . . . .. .. 474
[A.242 Plasticity indicators for a rigid smooth circular footing on strong clay |
over soft clay for 40 x 30 grid model, H/D =1, ¢co/c; =1 . . . . .. 475
[A.243 Magnified grid for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D =1, co/c; =1). . . . . . . .. 476

[A.244 Vertical stress (o,,) contours for a rigid smooth circular footing on

strong clay over soft clay for 40 x 30 grid model, H/D =1, ¢o/c; = 1.| 477

[A.245 Bearing pressure versus penetration curve for a rigid smooth circular

footing on strong over soft clay for 40 x 30 grid model, H/D = 1,

Cg/Cl == ]_l ................................. 478
[A.246 Velocity vectors for a rigid circular footing on strong clay over soft |
clay for 40 x 30 grid model, H/D =1, ¢/c; =08 . . . . . .. ... 479
[A.247 Plasticity indicators for a rigid smooth circular footing on strong over |
soft clay for 40 x 30 grid model, H/D =1, c5/c; =0.8). . . . . . .. 480
[A.248 Magnified grid for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, ¢/c; =08 . . . . . . . ... 481
[A.249 Vertical stress (o,,) contours for a rigid smooth circular footing on |
strong over soft clay for 40 x 30 grid model, H/D =1, co/c; = 0.8 . 482
[A.250 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on strong over soft clay for 40 x 30 grid model, H/D = 1, |
02/61 == 08| ................................ 483
[A.251 Velocity vectors for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, cy/c; =2/3.. . . . . . . ... 484
[A.252 Plasticity state indicators for a rigid smooth circular footing on strong |
over soft clay for 40 x 30 grid model, H/D =1, co/c; =2/3.|. . . . . 485

XXV1



LIST OF FIGURES

[A.253 Magnified grid for a rigid smooth circular footing on strong over soft |

clay for 40 x 30 grid model, H/D =1, co/c; =2/3.). . . . . ... .. 486

|A.254 Vertical stress (o,,) contours for a rigid smooth circular footing on |

strong over soft clay for 40 x 30 grid model, H/D =1, co/c; = 2/3.|. 487

[A.255 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on strong over soft clay for 40 x 30 grid model, H/D = 1, |

02/01 :2/3| ............................... 488
[A.256 Velocity vectors for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, ¢o/c; =05 . . . . ... ... 489
[A.257 Plasticity state indicators for a rigid smooth circular footing on strong |
over soft clay for 40 x 30 grid model, H/D =1, co/c; =0.5 . . . . . 490
[A.258 Magnified grid for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, ¢co/c; =05 . . . . ... ... 491

[A.259 Vertical stress (o,,) contours for a rigid smooth circular footing on |

strong over soft clay for 40 x 30 grid model, H/D =1, ¢o/c; = 0.5 . 492

[A.260 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on strong over soft clay for 40 x 30 grid model, H/D = 1, |

cofcr =05 o 493
[A.261 Velocity vectors for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, co/c; =1/3. . . . .. . ... 494
[A.262 Plasticity state indicators for a rigid smooth circular footing on strong |
over soft clay for 40 x 30 grid model, H/D =1, ¢o/c; =1/3). . . . . 495
[A.263 Magnified grid for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, co/c; =1/3. . . . . . . ... 496

[A.264 Vertical stress (o,,) contours for a rigid smooth circular footing on |

strong over soft clay for 40 x 30 grid model, H/B =1, c5/c; = 1/3). 497

[A.265 Bearing pressure versus penetration curve for a rigid smooth circular

footing on strong over soft clay for 40 x 30 grid model, H/D = 1,

cofcr =1/3) oo 498
[A.266 Velocity vectors for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, cy/c; =02 . . . . . . . ... 499
[A.267 Plasticity state indicators for a rigid smooth circular footing on strong |
over soft clay for 40 x 30 grid model, H/D =1, ¢5/c;, =0.2) . . . . . 500
[A.268 Magnified grid for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, cy/c; =02 . . . . . . . ... 501

[A.269 Vertical stress (o,,) contours for a rigid smooth circular footing on |

strong over soft clay for 40 x 30 grid model, H/D=1,cy/c; =0.2] . 502

[A.270 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on strong over soft clay for 40 x 30 grid model, H/D = 1, |

CQ/Cl = 02' ................................ 503
[A.271 Velocity vectors for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, ¢y/c; =0.1) . . . . . . . ... 504

XXVil



LIST OF FIGURES

[A.272 Plasticity state indicators for a rigid smooth circular footing on strong |

over soft clay for 40 x 30 grid model, H/D =1, c3/c; =0.1f . . . . . 505
[A.273 Magnified grid for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D =1, cy/c; =0.1) . . . . . . . ... 506

[A.274 Vertical stress (o,,) contours for a rigid smooth circular footing on |

strong over soft clay for 40 x 30 grid model, H/B =1,c/c; =0.1] . 507

[A.275 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on strong over soft clay for 40 x 30 grid model, H/D = 1, |

CQ/Cl = 01' ................................ 508
[A.276 Velocity vectors for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 1.5, co/c; =0.2[. . . . . .. 509

[A.277 Plasticity state indicators for a rigid smooth circular footing on strong |

clay over soft clay for 40 x 30 grid model, H/D = 1.5, c3/c; = 0.2 . 510

[A.278 Magnified grid for a rigid smooth circular footing on strong clay over |

soft clay for 40 x 30 grid model, H/D = 1.5, c/c; =0.2.). . . . . .. 511

[A.279 Vertical stress (o, ) contours extrapolated to boundary grid points for

a rigid smooth circular footing on strong clay over soft clay for 40 x 30

grid model, H/D = 1.5, co/c;, =02 . . .. ... ... ... 512

[A.280 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on strong clay over soft clay for 40 x 30 grid model, H/D = 1.5, |

02/01 = 02' ................................ 513
[A.281 Velocity vectors for a rigid smooth circular tooting on strong clay over |
soft, clay for 40 x 30 grid model, H/D = 1.5, co/c; =0.1[. . . . . .. 514

[A.282 Plasticity state indicators for a rigid smooth circular footing on strong |

clay over soft clay for 40 x 30 grid model, H/D = 1.5, c5/c; =0.1] . 515

[A.283 Magnified grid for a rigid smooth circular footing on strong clay over |

soft clay for 40 x 30 grid model, H/D = 1.5, ¢cy/c; =0.1.|. . . . . .. 516

A.284 Vertical stress (0,,) contours extrapolated to boundary grid points for
vy

a rigid smooth circular footing on strong clay over soft clay for 40 x 30

grid model, H/D = 1.5, co/c; =0.1 . . . .. ... ... 517

IA.285 Vertical stress (o,,) contours for a rigid smooth circular footing on |

strong clay over soft clay for 40 x 30 grid model, H/B = 1.5, co/cp = 0.1.518

A.286 Vertical stress (0,,) contours extrapolated to boundary grid points for
vy

rigid smooth circular footing on strong clay over soft clay for 40 x 30

grid model, H/D = 1.5, co/c; =0.1 . . . .. ... ... 519

[A.287 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on strong clay over soft clay for 40 x 30 grid model, H/D = 1.5, |

02/61 == Oll ................................ 520
[A.288 Velocity vectors for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D =2, ¢c5/c; =0.1. . . . . . .. 521
[A.289 Plasticity state indicators for a rigid smooth circular footing on strong |
clay over soft clay for 40 x 30 grid model, H/D =2, ¢co/c; = 0.1, . . 522

xXxviil



LIST OF FIGURES

[A.290 Magnified grid for a rigid smooth circular footing on strong clay over

soft clay for 40 x 30 grid model, H/D =2, c3/c; =0.1[. . . . . . ..

[A.291 Vertical stress (o,,) contours for a rigid smooth circular footing on

strong clay over soft clay for 40 x 30 grid model, H/D = 2, c5/c; = 0.1/524

[A.292 Bearing pressure versus penetration curve for a rigid smooth circular

footing on strong clay over soft clay for 40 x 30 grid model, H/D = 2,

02/01 == Oll ................................ 525
[A.293 Velocity vectors for a rigid circular footing on strong over soft clay for |
40 x 30 grid model, H/D = 0.5, co/c;, =0.8). . . . . ... ... ... 526
[A.294 Plasticity indicators for a rigid smooth circular footing on strong over |
soft clay for 40 x 30 grid model, H/D = 0.5, co/c; =0.8[. . . . . .. 527
[A.295 Magnified grid for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D = 0.5, ¢c5/c; =08 . . . . . .. .. 528
[A.296 Vertical stress (o,,) contours for a rigid smooth circular footing on |
strong over soft clay for 40 x 30 grid model, H/D = 0.5, ¢2/c; = 0.8, 529
[A.297 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on strong over soft clay for 40 x 30 grid model, H/D = 0.5, |
cofer =08 o o 530
[A.298 Velocity vectors for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D = 0.5, co/c; =2/3.|. . . . . . . .. 531
[A.299 Plasticity state indicators for a rigid smooth circular footing on strong |
over soft clay for 40 x 30 grid model, H/D = 0.5, co/c; =2/3). . . . 532
[A.300 Magnified grid for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D = 0.5, co/c; =2/3.|. . . . . . . .. 533

[A.301 Vertical stress (o,,) contours for a rigid smooth circular footing on

strong over soft clay for 40 x 30 grid model, H/D = 0.5, ¢2/c; = 2/3.| 534

[A.302 Bearing pressure versus penetration curve for a rigid smooth circular

footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5,

cofcr =2/3) 535
[A.303 Velocity vectors for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.5, ¢a/c; =0.5.. . . . . .. 536
[A.304 Plasticity state indicators for a rigid smooth circular footing on strong |
clay over soft clay for 40 x 30 grid model, H/D = 0.5, c5/c; = 0.5 . 537
[A.305 Magnified grid for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.5, c3/c; =0.5.). . . . . .. 538

[A.306 Vertical stress (o,,) contours for a rigid smooth circular footing on

strong clay over soft clay for 40 x 30 grid model, H /D = 0.5, co/c; = 0.5/539

[A.307 Bearing pressure versus penetration curve for a rigid smooth circular

footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.5,

62/61 = 05' ................................ 540
[A.308 Velocity vectors for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.5, ca/c; =1/3.| . . . . .. 541

XX1X



LIST OF FIGURES

[A.309 Plasticity state indicators for a rigid smooth circular footing on strong |

clay over soft clay for 40 x 30 grid model, H/D = 0.5, co/c; = 1/3| . 542

[A.310 Magnified grid for a rigid smooth circular footing on strong clay over |

soft clay for 40 x 30 grid model, H/D = 0.5, ¢ca/c; =1/3 . . . . .. 543

[A.311 Vertical stress (o,,) contours for a rigid smooth circular footing on |

strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/¢; — 1/3/p44

[A.312 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, |

CQ/Cl = 1/3' ............................... 545
[A.313 Velocity vectors for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.5, cy/c; =0.2.). . . . . .. 546

[A.314 Plasticity state indicators for a rigid smooth circular footing on strong |

clay over soft clay for 40 x 30 grid model, H/D = 0.5, co/c; = 0.2 . 547

[A.315 Magnified grid for a rigid smooth circular footing on strong clay over |

soft clay for 40 x 30 grid model, H/D = 0.5, ¢a/c; =0.2.). . . . . .. 548

IA.316 Vertical stress (o,,) contours for a rigid smooth circular footing on |

strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/¢1 = 0.2]549

[A.317 Bearing pressure versus penetration curve for a rigid circular smooth |

footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, |

CQ/Cl = 02' ................................ 550
[A.318 Velocity vectors for a rigid smooth circular tooting on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.5, ¢cp/c; =0.1.|. . . . . .. 551

[A.319 Plasticity state indicators for a rigid smooth circular footing on strong |

clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢co/c; = 0.1 . 552

[A.320 Magnified grid for a rigid smooth circular footing on strong clay over |

soft clay for 40 x 30 grid model, H/D = 0.5, ca/c; =0.1.|. . . . . .. 553

IA.321 Vertical stress (o,,) contours for a rigid circular smooth footing on |

strong clay over soft clay for 40 x 30 grid model, H/ D =05, cs /e = 0.1554

[A.322 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, |

cofcr =010 .o 555
[A.323 Velocity vectors for a rigid circular footing on strong over sott clay for |
40 x 30 grid model, H/D = 0.25, co/c;, =08 . . . . . ... ... .. 556
[A.324 Plasticity indicators for a rigid smooth circular footing on strong over |
soft clay for 40 x 30 grid model, H/D = 0.25, c3/c; =0.8 . . . . . . 557
[A.325 Magnified grid for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D = 0.25, co/c; =08 . . . . . ... 558

IA.326 Vertical stress (o,,) contours for a rigid smooth circular footing on |

strong over soft clay for 40 x 30 grid model, H/D = 0.25, ¢s/c; = 0.8.| 559

[A.327 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on strong over soft clay for 40 x 30 grid model, H/D = 0.25, |

02/61 = 08' ................................ 560

XXX



LIST OF FIGURES

[A.328 Velocity vectors for a rigid smooth circular footing on strong over soft

clay for 40 x 30 grid model, H/D = 0.25, co/c; =2/3.| . . . . . . .. 561
[A.329 Plasticity state indicators for a rigid smooth circular footing on strong |
over soft clay for 40 x 30 grid model, H/D = 0.25, co/c; =2/3.| . . . 562
[A.330 Magnified grid for a rigid smooth circular footing on strong over soft |
clay for 40 x 30 grid model, H/D = 0.25, co/c1 =2/3.| . . . . . . .. 563

[A.331 Vertical stress (o,,) contours for a rigid smooth circular footing on

strong over soft clay for 40 x 30 grid model, H/D = 0.25, co/c; = 2/3.| 564

[A.332 Bearing pressure versus penetration curve for a rigid smooth circular

footing on strong over soft clay for 40 x 30 grid model, H/D = 0.25,

Cg/Cl :2/3| ............................... 565
[A.333 Velocity vectors for a rigid smooth circular tooting on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.25, co/c; = 0.5 . . . . .. 566
[A.334 Plasticity state indicators for a rigid smooth circular footing on strong |
clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢y/c; = 0.5.|. 567
[A.335 Magnified grid for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.25, co/c; = 0.5 . . . . .. 568

[A.336 Vertical stress (o,,) contours for a rigid smooth circular footing on

strong clay over soft clay for 40 x30 grid model, H/D = 0.25, ¢5/c; = 0.5./569

[A.337 Bearing pressure versus penetration curve for a rigid smooth circular

footing on strong clay over soft clay for 40 x 30 grid model, H/D =

0.25, co/cy = 0.5 . . . o oL 570
[A.338 Velocity vectors for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.25, ¢o/c; = 1/3|. . . . .. 571
[A.339 Plasticity state indicators for a rigid smooth circular footing on strong |
clay over soft clay for 40 x 30 grid model, H/D = 0.25, co/c; = 1/3| 572
[A.340 Magnified grid for a rigid smooth circular tooting on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.25, ¢y /c; = 1/3|. . . . .. 573
|A.341 Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 0.25, c5/c; =
1/3 . o e 574
[A.342 Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D =
0.25, co/cy = 1/3 . . o o 575
[A.343 Velocity vectors for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.25, co/c; =0.2) . . . . .. 576
[A.344 Plasticity state indicators for a rigid smooth circular footing on strong |
clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢y/c; = 0.2|. 577
[A.345 Magnified grid for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.25, co/c; = 0.2 . . . . .. 578

|A.346 Vertical stress (o,,) contours for a rigid smooth circular footing on

strong clay over soft clay for 40x30 grid model, H/D = 0.25, ¢y /c; = 0.2/579

XXX1



LIST OF FIGURES

[A.347 Bearing pressure versus penetration curve for a rigid smooth circular

footing on strong clay over soft clay for 40 x 30 grid model, H/D =

025, 02/01 =02 . . . e 580
[A.348 Velocity vectors for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.25, ¢o/c; =0.1.| . . . . .. 581
[A.349 Plasticity state indicators for a rigid smooth circular footing on strong |
clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢y/c; = 0.1.|. 582
[A.350 Magnified grid for a rigid smooth circular footing on strong clay over |
soft clay for 40 x 30 grid model, H/D = 0.25, c3/c; =0.1] . . . . .. 583

[A.351 Vertical stress (o,,) contours for a rigid smooth circular footing on

strong clay over soft clay for 40x30 grid model, H/ D = 0.25, ¢ /e =0.1584

[A.352 Bearing pressure versus penetration curve for a rigid smooth circular

footing on strong clay over soft clay for 40 x 30 grid model, H/D =

025, cofer =01 . . . oo 585
[A.353 Velocity vectors for a rigid circular footing on soft clay over strong |
clay for 40 x 30 grid model, H/D =1, ¢;/co =08 . . . . . .. ... 587
[A.354 Plasticity indicators for a rigid smooth circular footing on soft over |
strong clay for 40 x 30 grid model, H/D =1, ¢;/co =0.8] . . . . .. 588
[A.355 Magnified grid for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D =1, ¢;/co =08 . . . . . .. ... 589
IA.356 Vertical stress (o,,) contours for a rigid smooth circular footing on |
soft over strong clay for 40 x 30 grid model, H/D = 1, ¢;/c3 = 0.8] . 590
[A.357 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on soft over strong clay for 40 x 30 grid model, H/D = 1, |
Cl/CQ = 08' ................................ 591
[A.358 Velocity vectors for a rigid smooth circular footing on sott over strong |
clay for 40 x 30 grid model, H/D =1, ¢1/co =2/3.|. . . . . . . ... 592
[A.359 Plasticity state indicators for a rigid smooth circular footing on soft |
over strong clay for 40 x 30 grid model, H/D =1, ¢;/co =2/3| . . . 593
[A.360 Magnified grid for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D =1, ¢1/co =2/3.. . . . . . . ... 594
[A.361 Vertical stress (o,,) contours for a rigid smooth circular footing on |
soft over strong clay for 40 x 30 grid model, H/D = 1, ¢;/c; = 2/3] . 595
[A.362 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on soft over strong clay for 40 x 30 grid model, H/D = 1, |
c1/co=2/3] . . 596
[A.363 Velocity vectors for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D =1, ¢;/co =05 . . . . . . . ... 597
[A.364 Plasticity state indicators for a rigid smooth circular footing on soft |
over strong clay for 40 x 30 grid model, H/D =1, ¢;/co = 0.5 . . . 598
[A.365 Magnified grid for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D =1, ¢;/co =05 . . . . . .. ... 599

XxXx11



LIST OF FIGURES

IA.366 Vertical stress (o,,) contours for a rigid smooth circular footing on

soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/c; = 0.5 . 600
[A.367 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on soft over strong clay for 40 x 30 grid model, H/D = 1, |
01/02 == 05' ................................ 601
[A.368 Velocity vectors for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D =1, ¢;/co =1/3. . . . . . . ... 602
[A.369 Plasticity state indicators for a rigid smooth circular footing on soft |
over strong clay for 40 x 30 grid model, H/D =1, ¢;/co =1/3| . . . 603
[A.370 Magnified grid for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D =1, ¢1/co=1/3. . . . . . . ... 604
[A.371 Vertical stress (o,,) contours for a rigid smooth circular footing on |
soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/co = 1/3.|. 605
[A.372 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on soft over strong clay for 40 x 30 grid model, H/D = 1, |
01/62 = 1/3' ............................... 606
[A.373 Velocity vectors tfor a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D =1, ¢;/co =02 . . . . . . .. .. 607
[A.374 Plasticity state indicators for a rigid smooth circular footing on soft |
over strong clay for 40 x 30 grid model, H/D =1, ¢;/co =0.2 . . . 608
[A.375 Magnified grid for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D =1, ¢1/co =02 . . . . . . . ... 609
[A.376 Vertical stress (o,,) contours for a rigid smooth circular footing on |
soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/co = 0.2 . 610
[A.377 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on soft over strong clay for 40 x 30 grid model, H/D = 1, |
01/62 == 02| ................................ 611
[A.378 Velocity vectors for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D =1, ¢;/co =0.1) . . . . . .. ... 612
[A.379 Plasticity state indicators for a rigid smooth circular footing on soft |
over strong clay for 40 x 30 grid model, H/D =1, ¢;/co =0.1 . .. 613
[A.380 Magnified grid for a rigid smooth circular footing on sott over strong |
clay for 40 x 30 grid model, H/D =1, ¢;/co =01 . . . . . . . ... 614
[A.381 Vertical stress (o,,) contours for a rigid smooth circular footing on |
soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/c; = 0.1 . 615
[A.382 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on soft over strong clay for 40 x 30 grid model, H/D = 1, |
01/62 == Oll ................................ 616
[A.383 Velocity vectors for a rigid circular footing on soft over strong clay for |
40 x 30 grid model, H/D = 0.5, ¢;/co =0.8.. . . . . . ... .. ... 617
[A.384 Plasticity indicators for a rigid smooth circular footing on soft over |
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.8 . . . . . 618

xxxiil



LIST OF FIGURES

[A.385 Magnified grid for a rigid smooth circular footing on sott over strong |

clay for 40 x 30 grid model, H/D = 0.5, ¢1/co =08 . . . . . .. .. 619

|A.386 Vertical stress (o,,) contours for a rigid smooth circular footing on |

soft over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.8 620

[A.387 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on soft over strong clay for 40 x 30 grid model, H/D = 0.5, |

01/02 == 08| ................................ 621
[A.388 Velocity vectors for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D = 0.5, ¢1/co =2/3|. . . . . . . .. 622
[A.389 Plasticity state indicators for a rigid smooth circular footing on soft |
over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co =2/3.| . . 623
[A.390 Magnified grid for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D = 0.5, ¢1/co =2/3|. . . . . . . .. 624

[A.391 Vertical stress (o,,) contours for a rigid smooth circular footing on |

soft over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/cy = 2/3| 625

[A.392 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on soft over strong clay for 40 x 30 grid model, H/D = 0.5, |

c1fco =2/3) o 626
[A.393 Velocity vectors for a rigid smooth circular footing on soft clay over |
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co =05 . . . . . 627

[A.394 Plasticity state indicators for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.5 628

[A.395 Magnified grid for a rigid smooth circular footing on sott clay over |

strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.5 . . . . . 629

[A.396 Vertical stress (o,,) contours for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.5.| 630

[A.397 Bearing pressure versus penetration curve for a rigid smooth circular

footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5,

Cl/CQ = 05' ................................ 631
[A.398 Velocity vectors for a rigid smooth circular footing soft clay over strong |
clay for 40 x 30 grid model, H/D = 0.5, ¢1/co =1/3|. . . . . . . .. 632

[A.399 Plasticity state indicators for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 1/3 633

[A.400 Magnified grid for a rigid smooth circular footing on soft clay over |

strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co =1/3] . . . . . 634

[A.401 Vertical stress (o,,) contours for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 1/3 635

[A.402 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5, |

Cl/CQ = 1/3' ............................... 636
[A.403 Velocity vectors for a rigid smooth circular footing on soft clay over |
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co =0.2.| . . . . . 637

XXX1V



LIST OF FIGURES

[A.404 Plasticity state indicators for a rigid smooth circular footing on soft

clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.2 638
[A.405 Magnified grid for a rigid smooth circular footing on soft clay over |
strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/co =0.2] . . . . . 639
[A.406 Vertical stress (o,,) contours for a rigid smooth circular footing on soft |
clay over strong clay for 40 x 30 grid model, H/b = 0.5, ¢c1/co = 0.2] 640
[A.407 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5, |
Cl/CQ = 02' ................................ 641
[A.408 Velocity vectors for a rigid smooth circular footing on soft clay over |
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co =0.1.| . . . . . 642
[A.409 Plasticity state indicators for a rigid smooth circular footing on soft |
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢c;/co = 0.1 643
[A.410 Magnified grid for a rigid smooth circular footing on soft clay over |
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co =0.1] . . . . . 644
[A.411 Vertical stress (o,,) contours for a rigid smooth circular footing on soft |
clay over strong clay for 40 x 30 grid model, H/D =0.5, c1/co =0.1] 645
[A.412 Bearing pressure versus penetration curve for a rigid smooth circular |
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5, |
cifco=0.1. . . . 646
[A.413 Velocity vectors for a rigid smooth circular footing on sott over strong |
clay for 40 x 30 grid model, H/D = 0.25, ¢;/co =08 . . . . .. .. 647
[A.414 Plasticity indicators for a rigid smooth circular footing on soft over |
strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co =0.8). . . . . 648
[A.415 Magnified grid for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D = 0.25, ¢1/co =08 . . . ... .. 649

|A.416 Vertical stress (o,,) contours for a rigid smooth circular footing on

soft over strong clay for 40 x 30 grid model, H/D = 0.25, ¢, /¢ = 0.8] 650

[A.417 Bearing pressure versus penetration curve for a rigid smooth circular

footing on soft over strong clay for 40 x 30 grid model, H/D = 0.25,

01/02 == 08' ................................ 651
[A.418 Velocity vectors for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D = 0.25, ¢1/co =2/3.| . . . . . . .. 652
[A.419 Plasticity state indicators for a rigid smooth circular footing on soft |
over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co =2/3|. . 653
[A.420 Magnified grid for a rigid smooth circular footing on soft over strong |
clay for 40 x 30 grid model, H/D = 0.25, ¢1/co =2/3.| . . . . . . .. 654

[A.421 Vertical stress (o,,) contours for a rigid smooth circular footing on

soft over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 2/3.| 655

[A.422 Bearing pressure versus penetration curve for a rigid smooth circular

footing on soft over strong clay for 40 x 30 grid model, H/D = 0.25,

01/62 = 2/3' ...............................




LIST OF FIGURES

[A.423 Velocity vectors for a rigid smooth circular footing on soft clay over |

strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 0.5.). . . . . 657

[A.424 Plasticity state indicators for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 0.5.| 658

[A.425 Magnified grid for a rigid smooth circular footing on sott clay over |

strong clay for 40 x 30 grid model, H/D = 0.25, co/c; = 0.5.. . . . . 659

[A.426 Vertical stress (o, ) contours for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/co = 0.25.[ 660

[A.427 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5, |

c1fea =025 . . 661
[A.428 Velocity vectors for a rigid smooth circular footing sott clay over strong |
clay for 40 x 30 grid model, H/D = 0.25, ¢1/co =1/3.| . . . . . . .. 662

[A.429 Plasticity state indicators for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 1/3.663

[A.430 Magnified grid for a rigid smooth circular footing on sott clay over |

strong clay for 40 x 30 grid model, H/D = 0.25, ¢1/co =1/3| . . . . 664

[A.431 Vertical stress (o, ) contours for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 1/3./665

[A.432 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on soft clay over strong clay for 40 x 30 grid model, H/D = |

0.25, c1/co =1/3 . o o o 666
[A.433 Velocity vectors tor a rigid smooth circular footing on soft clay over |
strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co =0.2). . . . . 667

[A.434 Plasticity state indicators for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢1/cs = 0.2.| 668

[A.435 Magnified grid for a rigid smooth circular footing on sott clay over |

strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co =0.2). . . . . 669

[A.436 Vertical stress (o,,) contours for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 0.2.{ 670

[A.437 Bearing pressure versus penetration curve for a rigid smooth circular |

footing on soft clay over strong clay for 40 x 30 grid model, H/D = |

0.25, c1/co =02 . . . . . L 671
[A.438 Velocity vectors for a rigid smooth circular footing on soft clay over |
strong clay for 40 x 30 grid model, H/D = 0.25, ¢1/co =0.1]. . . . . 672

[A.439 Plasticity state indicators for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/cs = 0.1.| 673

[A.440 Magnified grid for a rigid smooth circular footing on sott clay over |

strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 0.1.[. . . . . 674

|A.441 Vertical stress (o,,) contours for a rigid smooth circular footing on soft |

clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 0.1.| 675

XXXV



LIST OF FIGURES

[A.442 Bearing pressure versus penetration curve for a rigid smooth circular

footing on soft clay over strong clay for 40 x 30 grid model, H/D =

025, 01/02 = Oll ............................. 676
[A.443 Distorted zone (i = 11, j = 31) to show Bad Geometry error state for |
large deformation analysis for a rigid smooth strip footing on strong |
over soft clay (H/B=1,cy/c;=1)] . ... ... ... ... .. ... 677
[A.444 Distorted zone (1 = 11, 7 = 31) zoomed to show Bad Geometry error |
state for large deformation analysis for a rigid smooth strip footing |
on strong over soft clay (H/B =1,cy/c;=1)[ . . ... ... ... .. 679
[A.445 Velocity vectors for combined large strain - small strain analysis of a |
rigid smooth strip footing on strong clay over sott clay for 40 x 30 grid |
model, H/B=1,co/cy =1)]. . . ... ... ... ... 680
[A.446 Plasticity state indicators for combined large strain - small strain |
analysis of a rigid smooth strip footing on strong clay over sott clay |
for 40 x 30 grid model, H/B =1, co/cy = 1. . . .. ... ... ... 681
[A.447 Grid for a rigid smooth strip tooting on strong clay over soft clay tor |
40 x 30 grid model, H/B =1, co/c; =1). . . . . ... ... ... 682
A .448 Vertical stress (o,,) contours for combined large strain - small strain
analysis of a rigid smooth strip footing on strong clay over soft clay
for 40 x 30 grid model, H/B =1, co/cy =1.. . . .. ... ... ... 683

[A.449 Zoomed grid with beam for stopping soil spill on footing for combined

large strain - small strain analysis of a rigid smooth strip footing on

strong clay over soft clay for 40 x 30 grid model, H/B =1, c5/c; = 1| 684

[A.450 Velocity vectors for combined large strain - small strain analysis of

a rigid smooth strip footing on strong clay over soft clay with soil

stopped spilling on footing for 40 x 30 grid model, H/B =1, ¢y /c; = 1685

[A.451 Plasticity state indicators for combined large strain - small strain

analysis of a rigid smooth strip footing on strong clay over soft clay

with soil stopped spilling on footing for 40 x 30 grid model, H/B = 1,

CQ/Cl = 1| .................................

686

|A.452 Vertical stress (o,,) contours for combined large strain - small strain

analysis of a rigid smooth strip footing on strong clay over soft clay

with soil stopped spilling on footing for 40 x 30 grid model, H/B = 1,

C2/Cl = 1| .................................

687

[A.453 Distorted zone (i = 11, j = 31) at Bad Geometry error state for large

deformation analysis for a rigid smooth strip footing on strong over

soft clay (H/B=1,co/cy =0.1) . . . ... . . ...

[A.454 Distorted zone (: = 11, j = 31) zoomed at Bad Geometry error state

for large deformation analysis for rigid smooth strip footing on strong

over soft clay (H/B=1,co/c;=1)| . ... ... .. ... ... ...

XXXVil



LIST OF FIGURES

[A.455 Velocity vectors tor combined large strain - small strain analysis of a |

rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid |

model, H/B=1,cy/c; =0.1). . . ... ... ... ... .. ..... 690

[A.456 Plasticity state indicators for combined large strain - small strain |

analysis of a rigid smooth strip footing on strong clay over sott clay |

for 40 x 30 grid model, H/B =1, co/c;, =0.1). . . . ... ... ... 691
[A.457 Grid for rigid smooth strip footing on strong clay over sott clay tor |
40 x 30 grid model, H/B =1, ¢o/c; =0.1.). . . . .. ... ... ... 692

A.458 Vertical stress (o,,) contours for combined large strain - small strain

analysis of a rigid smooth strip footing on strong clay over soft clay

for 40 x 30 grid model, H/B =1, co/c;, =0.1). . . . ... ... ... 693

[A.459 Zoomed ¢rid with beam for stopping soil spill on tooting for combined |

large strain - small strain analysis of a rigid smooth strip footing on |

strong clay over soft clay for 40 x 30 grid model, H/B =1, c3/c¢; = 0.1)694

[A.460 Velocity vectors for combined large strain - small strain analysis of |

a rigid smooth strip footing on strong clay over sott clay with soil |

stopped from spilling over the footing for 40 x 30 grid model, H/B = 1, |

cofer =010 oo 695

[A.461 Plasticity state indicators for combined large strain - small strain |

analysis of a rigid smooth strip footing on strong clay over sott clay |

with soil stopped spilling on footing for 40 x 30 grid model, H/B = 1, |

02/61 == Oll ................................ 696

A.462 Vertical stress (o,,) contours for combined large strain - small strain

analysis of a rigid smooth strip footing on strong clay over soft clay

with soil stopped spilling on footing for 40 x 30 grid model, H/B = 1, |

02/01 = Oll ................................ 697

XXXViil



List of Copyrighted Material for which Permission was

Obtained
Title of Source Page
copyrighted no in
item thesis
Table 2.1 Reprinted from Table 3.6, Vesic (1975), with 9
permission from Springer Science and Business Media
Figure 2.3 Reprinted from Figure 3.28a,& 3.28b, Vesic (1975), 10
with permission from Springer Science and Business
Media
Subsection Equations reproduced from page 210, Bowles (1996), 11
2.1.3 with permission from the Mc-Graw Hill, Companies, Inc.

Figure 2.4 & Reprinted from Figure 6.34, & 6.35, Chen (1975), with 15 &
2.5 permission from Elsevier 16

Figure 2.6 & Reprinted from Figure 6, & 9, Florkiewicz (1989), with 17 &

2.7 permission from NRC Research Press 18
Figure 2.8(a) & Reprinted from Fig. 5a, & 13, Wang and Carter (2001), 22
2.8(b) with permission from Wang, C., Carter, J. P., and the

University of Sydney
Figure 2.9 Reprinted from Figure 1, Georgiadis and 24

Michalopoulos (1985), with permission from American
Society of Civil Engineers

XXXIX



C1

Co

I,

List of Symbols

unit weight of soil

Poisson’s ratio

angle of friction of the soil

width of the strip footing

cohesion of soil

cohesion or shear strength of top clay layer
cohesion or shear strength of bottom clay layer
diameter of the circular footing

depth of the foundation

shear modulus of top clay layer

shear modulus of bottom clay layer

depth of the top clay layer

rigidity index

N., Ny, N, bearing capacity factors or coefficients

dy

N.*

ultimate bearing pressure

modified bearing capacity factor

x|



Chapter 1
Introduction

(Classical solutions for undrained bearing capacity in clays assume that the foundation
soil is isotropic and homogeneous, that its thickness is large relative to the width of the
footing , and that deformations are small. However, it is possible to encounter layers
of different stiffnesses within the zone of influence of a foundation e.g., Winnipeg
lacustrine clays or offshore foundations which have large physical dimensions, and
where potential failure surface may extend a significant distance below the surface of
the soil. All soil layers with in the failure surface can influence the bearing capacity of
the foundation. Oil storage tanks founded on a thin layer of granular fill and unpaved
roads built on soft clays are some of the other examples.

This problem has attracted the attention of many researchers. Various techniques:
experimental, analytical, and numerical, have been applied to understand the failure
mechanism and to calculate the bearing capacity. Some of these methods are ex-
plained in the later part of this thesis. Numerical analysis has been the most popular
approach for the last two decades, and finite difference and finite element are the two
numerical methods primarily used for solving this type of problem. Burd and Fryd-
man (1997)| have shown that if appropriate care is taken in the numerical modeling
both of these methods give similar results. Encouraged with these results, Fast La-
grangian Analysis of Continua (FLAC), a two dimensional finite difference numerical
code has been used in this thesis for studying the bearing response of continuous and

circular footings on layered soils. The findings of Burd and Frydman (1997) are lim-

1



1. Introduction

ited only to small deformation. Since FLAC is capable of performing small-strain as
well as large-strain analysis, the applicability of FLAC to both small as well as large
deformation analysis has been explored. If this application of FLAC was successful
it was also the intention of this research to study the influence on pile driving of a
stiffer layer embedded between two soft layers. Off-shore piling operations in calcare-
ous sands include a problem in which the pile encounters difficult driving conditions
in the stiff layer, only to almost go into “free fall” after penetrating into to the softer
layer beneath. Some interesting experimental studies have been done on this problem
(Evans 1987), and (Houlsby et al. 1988)).
The objectives of this study were:

a. Study the modes of failure of shallow foundations on layered clay soils using
FLAC.

b. Compare the bearing capacity factors obtained from FLAC with those obtained
by other methods in the literature.

c. Compare FLAC large deformation simulations to those obtained by finite ele-

ment methods (Wang and Carter 2001]).

As the research progressed, it became apparent that the large deformation mode
of FLAC ran into numerical problems before significant deformations were attained.

Therefore, a fourth objective developed:

d. To develop methodologies for enabling FLAC to handle large deformations with-

out code changes.

The basic approach in the present study is to first describe the problem of footings
on layered soils by reviewing the related literature. The theory and operation of
FLAC is also described briefly. In the second part of the study numerical analyses
are conducted to understand the failure mechanisms of strip and circular footings on
layered clays, and to estimate bearing capacity using FLAC. Various models have
been run by varying cohesion ratios of the top clay layer to the bottom clay layer

and for different ratios of depth of top layer to breadth or diameter of the footing.
2
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The results are verified with the existing analytical and finite element methods, and
presented in the form of tables and graphs.

This thesis has been structured into five chapters and an appendix:

1. Introduction
2. Literature Review-Bearing Capacity Analysis in Layered Soils
3. Description of FLAC and its Theory

4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity
and Failure Modes of Layered Clays

5. Conclusion, and

6. Appendix A - Numerical Modelling and Discussion of Results



Chapter 2

Literature Review - Bearing

Capacity Analysis in Layered Soils

There is a vast literature available on the load-bearing capacity of shallow founda-
tions. In this chapter the literature has been reviewed briefly, focussing mainly on
foundations in layered clays. The emphasis in this thesis is on numerical solutions, but
since it is extremely important for any numerical solution to be acceptable it should
be compared with the best available analytical or semi-empirical solutions. Some of
these solutions are explained here. Whereas it is difficult to generalise, the analytical
solutions may be arranged into two categories: ones which give "lower bound limit"
solutions by satisfying static equilibrium and give conservative or safe bearing ca-
pacity, but may not be acceptable kinematically, others provide "upper bound limit"
solution which satisfy kinematic compatibility and try to predict ultimate bearing
capacity of soil.

The (Terzaghi (1943)| equation is based on bearing capacity theory that provides
a bearing capacity formula for the centrally and vertically loaded strip foundation

placed on the soil surface:

1
qu =cN.+~vDyN, + 573]\[7 (2.1)

where c¢= cohesion of soil, y= unit weight of soil, D= depth of the foundation, B=
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width of the footing, N., N,, N,= bearing capacity coefficients which depend only
on the angle of friction of the soil, ¢, and represent the contributions of cohesion,
surcharge, and self-weight of soil to the overall bearing capacity, q,.

The ultimate bearing capacity (g, ) is a pressure which a foundation soil below and
next to a footing can withstand before failing in shear. Generally, this shear failure
has been defined by three failure mechanisms: (i) general shear, (ii) local shear and
(iii) punching shear. These failure modes for a rigid strip footing are shown in Figure
[2.1] The type of failure in which continuous failure surfaces develop between the edge
of the footing and the ground surface next to it is called general shear failure. In
this kind of failure mechanism, as the bearing pressure increases, a state of plastic
equilibrium is first reached in the soil around the edge of the footing which with
further increase in the bearing pressure spreads downwards and outwards until the
state of plastic equilibrium is fully developed throughout the soil above the failure
surfaces. A distinct characteristic of the general shear failure is heaving on both
sides of the footing. This type of failure generally occurs in stiff or dense soils of low
compressibility. A bearing pressure - settlement curve is also shown in Figure 2.1 A
well defined ultimate bearing capacity can be noticed in case of general shear failure
in the curve (i). The second type of failure mechanism is local shear failure. This
kind of failure is characterized by large compression of the soil under the footing.
However, there is a partial development of the state of plastic equilibrium. Therefore,
the failure surfaces are not transmitted to the ground surface. The heaving on the
sides of the footing is not that distinct and is smaller than that in the general shear
failure. Local shear failure usually occurs in soft soils of high compressibility. As it
can be seen from Figure the bearing pressure - settlement curve (ii) does not
have a well defined ultimate bearing pressure. The third type of failure mechanism
is punching shear failure, which occurs when the soil under the footing is compressed
so much that it shears vertically along the edges of the footing. A punching shear
failure is also seen in the case of low compressibility soils if the foundation is deep or
if a footing rests on stiff thin crust overlying a soft soil. As it can be seen from the
curve (iii) in Figure [2.1], large settlement is a characteristic of punching shear failure,
however ultimate bearing capacity is not well defined.

5
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Figure 2.1: Foundation failure modes: (i) general shear, (ii) local shear, and (iii)
punching shear, after (Craig 1997)).

Terzaghi and Peck (1967) gave a solution to the ultimate bearing capacity of a
strip footing on undrained clays (¢ = 0):

qu = (2+ m)c = 5.14c

This solution is based on the mode of failure shown in Figure 2.2] It should be
noted that surface CD and CG are circular arcs for undrained clays (¢ = 0) (Craig
1997).

Terzaghi’s method may be very useful for finding the bearing capacity of founda-
tions on homogeneous soils, but it may not be very effective in predicting the bearing
capacity of foundations on naturally occurring layered soils, where the strength of
any or all layers may influence the bearing capacity. It should also be noted that
since the failure surface in the case of layered soils may pass through different layers
it would be difficult to describe the overall failure modes of foundation in such case
in terms of general shear, local shear or punching shear alone. The failure mode may

now be a combination of different failure mechanisms in different layers. A number of

6
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Bearing Pressure (¢)

Circular Arcs

Figure 2.2: Failure mode for a rigid strip footing on an undrained clay, after (Itasca
Consulting Group, Inc. 2001c).

methods have been suggested for finding the bearing capacity of layered soils. Some

of these are now briefly noted:

2.1 Semi-empirical Methods

2.1.1 Brown and Meyerhof (1969) Method

Brown and Meyerhof (1969) conducted an experimental study of bearing capacity in
layered clays. The ultimate bearing capacity of foundations resting on clay subsoils

were investigated for the following cases:

1. Homogeneous clay

A number of strip and circular footing tests were conducted on homogeneous
clay primarily to determine the average undrained mobilized shear strength, c,

in clay, and to find correction factors. The classical Prandtl solution for the
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ultimate bearing capacity, ¢, on a rigid-plastic material is:

qu = cN, (2.2)
where N, = 5.14 for strip footings

and 6.05 for circular footings

The correction factors to be applied to the unconfined shear strength were

calculated to be 1.10 and 1.21 for the strip and circular footings respectively.

. Stiff clay layer overlying soft clay layer

The ratios of top layer thickness to width or diameter of footing, H/B or H/2R
were varied from 0.5 to 0.3, and the strength of the the top layer was taken to
be 4 times the strength of the bottom layer. It was observed from the load-
settlement curves that the failure occurred at an average penetration of 16% for
the strip footing and 7% for circular footing tests. The behavior of both types

of footings was found to be qualitatively very similar.

The bearing pressure at failure was defined as:

Gu = ¢¢Nps for strip footing (2.3)
Gu = €Ny for circular footing (2.4)

where N,,s & N,,. are the modified bearing capacity factors (2.5)

3. Soft clay layer overlying stiff clay layer

It was found that the failure mechanism for this case was entirely different from a

stiff layer overlying a soft layer. Whereas the failure in the first case occurred by foot-

ing punching through the top layer, and the full development of the bearing capacity

of the bottom layer, the failure in the second case occurred mainly by squeezing of the

soft layer between the footing and bottom stiff layer with some interactions between

the two layers when the strength ratio ¢, /c; approaches unity. A splitting type failure

of clay was also noticed below the free surface on either side of the footing.

8
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Table 2.1: Modified Bearing Capacity Factor, N, (Vesic 1975)

Long Rectangular Footing (L/B < 5)

BIH
cy /ey 2 4 6 8 170 20 oo
1.0 5.14 5.14 5.14 5.14 5.14 5.14 5.14
15 5.14 5.31 545 5,59 5.70 6.14 7.71
2 5.14 5.43 5.69 5.92 6.13 6.95 10.28
3 5.14 559 6.00 6.38 6.74 8.16 15.42
4 5.14 5.69 6.21 6.69 7.14 9.02 20.56
5 5.14 576 6.35 6.90 7.42 9.66 25.70
10 514 593 6.69 7.43 8.14 1140 51.40
o 5.14 6.14 7.14 8.14 9.14 14.14 oo
Square or Circular Footing (L/B = 1)
B/H
cslcy 4 8 12 16 20 40 o
1 6.17 6.17 6.17 6.17 6.17 6.17 6.17
1.5 6.17 6.34 649 6.63 6.76 7.25 9.25
2 6.17 6.46 6.73 6.98 7.20 8.10 1234
3 6.17 6.63 7.056 7.45 7.82 9.36 18.51
4 6.17 6.73 7.26 7.75 8.23 10.24 2468
5 6.17 6.80 740 7.97 8.561 10.88 30.85
10 6.17 6.96 7.74 8.49 9.22 1258 61.70

617 747 847 947 1017 1517

8

Values of modified bearing capacity factors N,,s; & N,,. can be found for different

cp/ ¢ ratios for different H/B ratios from charts.

2.1.2 Vesic (1975) Method

Vesic (1975) has suggested a modified bearing capacity factor for bearing capacity
formulae suggested by |Brown and Meyerhof (1969). This modification was based on
an interpolation between rigorous solutions and the values for long rectangular and

square or circular footings that have been presented in Table 2.1 and in graphical

form (Figure [2.3).
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Square or circular footing
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| 3 il B cndi=0
§ —

] | | | | | 1

1 2 3 4 S 6 7 8 9
Undrained strength ratio, Kk = ¢, /¢,

Figure 2.3: Modified bearing capacity factor for square or circular and long rectan-

Bearing capacity foctor N,

Long rectangular footing

B/H<2

| ! | 1 ! 1 |

3 4 5 6 7 8 9

Undrained strength ratio, k = ¢, /¢,

gular footings on undrained two-layer cohesive soil (Vesic 1975).
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2.1.3 Bowles (1996) Method

Bowles (1996)| has described a method for obtaining bearing capacity factor, N, ; for
a footing on layered clays (all ¢ = 0), by averaging the strength parameters This
method uses bearing capacity equations given by |Brown and Meyerhof (1969).

For stiff clay overlying soft clay ( Cr = z—j <1)

for a strip footing of width = B

1.5H
N, = % +5.14Cr  <5.14 (2.6)

and

for circular footing of diameter = B

0H
N, = % +6.05Ck < 6.05 (2.7)

The value of N, ;(i—s or r) is suggested to be reduced by 10% for Cr > 0.7.
For soft clay over stiff clay ( Cr = e 1)
6]

for strip footing

0.5B
Ny s =414+ (2.8)
di
and
1.1B
Ny, =414+ (2.9)
) dl
for circular footing
0.33B
Ny, =5.05+ (2.10)
dy
0.66 B
Ny, =5.05+ 7 (2.11)
1

N.,; is obtained by averaging the bearing capacity factors of top and bottom clay

layers:

11
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Ny Noj

Nej = —-—-
’ Ny + Noj

(2.12)

2.1.4 Meyerhof and Hanna (1978) Method

Meyerhof and Hanna (1978)| developed a theory for calculating the ultimate bearing
capacity of a rough footing. Different modes of failure have been compared with the
results of model tests on circular and strip footings on a strong soil layer underlain
by a weaker soil layer. It was assumed that failure occurs by punching shear through
the top layer followed by general shear failure of bottom layer. Das (1999) has further
simplified this theory for the rough continuous vertically loaded footing. The ultimate
bearing capacity for a stronger clay layer overlying a weaker clay layer has been defined

as:

2c,H

Gu = C2Nc+ B

(2.13)
where N, = 5.14

Equation represents the failure mechanism of the foundation. The second
term in the equation represents a punching shear failure through the strong top layer,
whereas the first term defines the full general shear failure of the soft bottom layer.
The term ¢, in a physical sense is defined as the unit adhesion acting on the assumed
punching failure plane through the top stronger soil. The values of ¢, can be read for
various ¢z /¢ ratios from a chart.

The modified bearing capacity factor N} can be obtained from the equation [2.13]
as:

Qy C2

Ne=2 - N 2E) (2.14)

12
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2.2 Limit Equilibrium

Another popular approach for estimating the bearing capacity of foundations on lay-
ered clays has been limit equilibrium methods. Some of these methods have been

listed below:

2.2.1 Button (1953) Method

According to Button (1953), the ultimate bearing capacity of a long strip footing

placed on a ground surface of purely cohesive soils (¢ = 0) can be found as:

Gu = ClNc (215)

Button used limit equilibrium for slip circle analysis. Two cases with respect to
shear strength variation were considered. The values of bearing capacity factor, NN,
for constant cohesion within a layer and for variable cohesion within the top layer are
presented in charts, which can be read for different values of d/b and c¢y/c;, where d
is depth of top clay layer, b is the half-width of the footing, and ¢; and ¢y are the

cohesion for the top and bottom layers respectively.

2.2.2 Reddy and Srinivasan (1967) method

Reddy and Srinivasan (1967) have developed a procedure to determine variation in
bearing capacity factor, V., in two-layered clays. In this method limit equilibrium
was applied again assuming a cylindrical failure surface very similar to|[Button (1953).
Whereas, Buttton has assumed that soil in each layer is isotropic, Reddy and Srini-
vasan have considered the nonhomogeneity and anisotropy of the soil in all layers.
Numerical results have been presented in form of graphs for calculating bearing ca-

pacity factor, N,, for various degrees of anisotropy.

13



2. Literature Review - Bearing Capacity Analysis in Layered Soils

2.3 Limit Analysis

Drucker et al. (1952) have developed upper and lower bound limit theorems for
an elastic-perfectly plastic material with the associated flow rule which makes it
possible to bound the true limit load or plastic limit load. Calculation of such bounds
is generally known as limit analysis. Such analyses are can incorporate complex
boundary conditions and soil nonhomogeneity. Some of these methods have been

summarised in this section.

2.3.1 Chen and Davidson (1973) Method

Chen and Davidson (1973) have suggested an approximate solution for the two-
dimensional bearing capacity problem. The soil is modelled as an elastic-perfectly
plastic material satisfying the Coulomb yield condition. All displacements are as-
sumed to be small. The upper bound theoren| of limit analysis was adopted for
two distinct kinematically admissible velocity fields (Prandtl and Hill mechanisms).
These velocity fields are defined by assigning values of angular parameters. The least
upper bound solution is found numerically. The results of bearing capacity for vari-
ous governing parameters have been presented in the form charts. The results have
been compared favorably with other methods such as limit equilibrium methods. Al-
though, the method was demonstrated for homogeneous soils, it has been suggested

that this can also be extended to problems of layered soils.

2.3.2  Chen (1975) Method

Chen (1975)| has obtained bearing capacity factors N, for layered clays assuming a
circular failure mechanism similar to Button’s method ([2.2.1)) and is shown in Figure
2.4

The internal and external rates of work were equated and the following expression

is given to calculate the bearing capacity factor:

! Upper bound theorem - the rate of energy dissipation is larger than or equal to the rate of work
done by external forces (gravity and footing load, here) in any kinematically admissible mechanism
(Drucker et al. 1952]).

14
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Figure 2.4: Slip circle mechanism in a two-layer clay (Chen 1975)).

r 0 + no;

N(r,0) = 2(=)? 2.1
H
where §; = cos '(cosf + —)
,
n o= 21
C1
and a least upperbound can be found by satisfying:
ON.,
=0 2.17
89 Y ( )
ON,
d——==0 2.18
and =~ (2.18)

For a homogeneous soil, [2.17]and [2.18] can be solved analytically to get N, = 5.53.
Bearing capacity factors for different upper layer depth to footing breadth ratios for

various values of n can be read from the diagram in Figure [2.5
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Figure 2.5: Bearing capacity factors N, (Chen 1975).

16



2. Literature Review - Bearing Capacity Analysis in Layered Soils

2.3.3 Florkiewicz (1989) Method

Florkiewicz (1989)| has developed a method for finding the ultimate bearing capac-
ity of strip footings on layered soils. A kinematic limit analysis approach using the
upper bound limit theorem was adopted for the Mohr-Coulomb conditions.
Kinematically admissible deformation patterns for layered media were applied to the
rigid-motion blocks. The velocities of the individual blocks and the difference between
these velocities were calculated using geometrical relations on hodographs?] The fail-
ure mechanism and the hodographs of the strip footing on layered soils with inclined

interface are shown in Figure [2.6,

e} B2 . B2

(e $1 A 7

Layer I D=/ ot

Layer II

St= 0 scll
(2.C2.¢2) 2 TaSTa S

SMe1= quq‘sgq

Figure 2.6: Two-layer system: (a) failure mechanism; (b) hodograph (Florkiewicz
1989).

The minimum of the upper bound limit load was computed from numerical analy-
sis. The results for two cohesive layers, two cohesionless layers and a cohesionless

layer overlying a weak cohesive layer were compared with other existing methods.

2Hodographs are the graphical representation of the velocity vectors where the directions are par-
allel to the actual velocities in the physical space and the lengths are proportional to the magnitude.
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The comparison for two cohesive layers with Meyerhof and Hanna (1978) has been

shown in Fig
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Figure 2.7: Numerical results and experimental data for two cohesive layers
(Florkiewicz 1989).

Results for two-layer frictionless soils were also compared with a rotational mech-
anism reported by (Chen (1975), and it was observed that the overestimation of the
upper bound limit load was smaller with this method. One noted feature of this

method is that it can be used for the inclined interface between the layered soils.

2.3.4 Michalowski and Shi (1995) Method

Michalowski and Shi (1995) have reported a limit analysis method for finding the
upper bound bearing capacity of strip footings on two-layered soils. The method is
quite similar to Design charts are presented for a case where a layer of granular
soil overlies the cohesive layer. It was suggested that the method is applicable to
any combination of parameters of the two layers and hence can be used for two-layer
cohesive foundation. This solution is an upper bound solution and may over estimate

the bearing capacity.

18
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2.4 Numerical Methods

The methods explained in previous sections have been used widely over the years to
estimate the bearing capacity of footings on layered clays. However, these theories
have their limitations and are only partially successful in explaining real failure mech-
anisms, mainly due to the assumptions made. Numerical methods on the other hand
do not make such assumptions for the positions of the failure surface etc., but, try
to simulate the insitu conditions and model the process of bearing response, and are
in a better position to model the failure mechanisms. Two of the popular numerical
methods for modelling the bearing capacity problem on layered soils are discrete ele-
ment methods of analysis: finite element and finite difference. Some of these methods

are briefly described in this section.

2.4.1 Finite Element methods

The finite element method is perhaps the most widely used method for modelling the
bearing capacity problems. Some of the finite element methods have been described

below:

Griffiths (1982) Analysis

Griffiths (1982) reported a finite element analysis for calculating the bearing capacity
of a rough footing resting on layered clays. The analysis was performed by using a fi-
nite element program in conjunction with plasticity theory for stronger clays overlying
the soft clay as well as soft clay overlying the stronger clay. The results were com-
pared with existing analytical and semi-empirical method and generally
a good agreement was found. This analysis has also helped in better understanding

the failure mechanism.

Merifield et al. (1999) Analysis

Merifield et al. (1999) have used finite element analysis to calculate the undrained
bearing capacity of a rigid surface footing resting on a two-layer clay deposit. Rigorous
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upper and lower bound solutions were computed using theorems of classical plastic-
ity. The lower bound solution was obtained by modelling a statically admissible stress
field, whereas the upper bound was calculated using a kinematically admissible veloc-
ity field. It was shown that the true load could be bracketed within 12%. The results
were compared with existing limit analysis and empirical methods and are shown in
form of tables and graphs. It was shown that limit analysis and empirical methods

can either underestimate or overestimate the bearing capacity by as much as 20%.

Love et al. (1987) Analysis

Love et al. (1987) conducted a study for the effectiveness of geogrid reinforcement
placed on the base of a layer of granular fill on the surface of soft clay. The problem
was studied in a small-scale model test in the laboratory for a rigid footing, both
for reinforced and unreinforced conditions. Even though the main objective of this
study was to evaluate the effectiveness of geogrid reinforcement, yet this study can be
referenced for the mechanism of failure on unreinforced layered soils. A finite element
program was also developed for the investigation of this problem. This program
was formulated for handling large displacements, and it was suggested that at large
deformations the footing behaves as a buried footing and the larger bearing capacity

factors apply in this case.

Burd and Frydman (1997) Analysis

Burd and Frydman (1997) have performed a bearing capacity analysis of a rigid
surface footing resting on a sand layer overlying a clay soil for a case where the
thickness of the sand layer is comparable to the width of the footing. A parametric
study was carried out using both finite element and the finite difference methods.
The main purpose for using two independent numerical methods was to determine the
consistency and reliability of the results. The finite element analysis was performed
using a program OXFEM, developed at Oxford University, (UK). The finite difference
method used is described in 2.4.2] and Bl
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Wang and Carter (2001) Analysis

Wang and Carter (2001) studied the bearing behavior and the failure mechanism
of plane strain and circular rigid footings on two-layered undrained clays where the
stronger clay overlies the softer layer. A large deformation analysis simulating the
deep penetration of a footing was performed using a finite element method. This
method is a modification of a method developed by |Hu and Randolph (1996 ) which
is in the class of the Arbitrary Lagrangian-Eulerian (ALE) method as suggested by
Ghosh and Kikuchi (1991), and bypasses the inaccuracy due to the excessive mesh
distortion in finite element large deformation methods based on Lagrangian formu-
lation. A small deformation analysis was also conducted using the AFENA finite
element method package developed by |Carter and Balaam (1995). The ratios of bot-
tom layer shear strength (c2) to the upper layer shear strength (¢;) were varied over
selected values, i.e., 0.1, 0.2, 1/3, 0.5, 2/3, 0.8 and 1. The ratio of the thickness of
the top layer (H) to the footing width or diameter (B) was selected from the values
of 0.25, 0.5, 1 and 2. The results were presented in the forms of graphs. It was
found that the normalised load-displacement curves for large deformation analyses
were very different than small deformation analyses. These results were compared
with analytical values (Meyerhof 1951) for footings buried in underlying weak clay
(refer Figure [2.§(a) and Figure 2.8(b)).

It was observed that as the footing penetrates, two major factors affect the bearing
response; first is the movement of soil from underneath the footing to a region above
the level of the footing and the second the effect of the weaker lower layer. The
two effects increase with the penetration as more soil moves above the footing level
and the upper layer becomes thinner. Both of these factors contribute to the bearing
resistance; whereas the former tends to increase it, the latter tends to reduce it.

Effect of the self-weight was also studied, and it was found that although the self-
weight does not affect the predicted bearing response in small deformation analysis,
it can have significant effect in large deformation analysis. It was observed that the

soil heave observed with self-weight was less than that with weightless soil.
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Figure 2.8: Typical normalized load-settlement curves for (a) strip footing, and (b)
circular footing on homogeneous or layered clays, H/B = 1 (Wang and Carter 2001).
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2.4.2 Finite Difference methods

There are not many finite difference methods that have been applied and documented
for modelling the bearing response of the foundation on the layered soils. Burd and
Frydman (1997)| has carried out a study on the bearing capacity of a foundation of
sand layers overlying clay soils. Although, this study was for a sand layer overlying
clay which does not have a failure mechanism similar to that of a foundation of clay
layers of different strengths, yet it highlights important issues related to numerical
modelling of foundations on layered soils. This study has used the finite difference
method (FLAC) as well as the finite element method (OXFEM) for judging consis-
tency and reliability, and has obtained excellent agreement in results using these two
different methods. This study has also given important insights into the application
of FLAC in numerical modelling of foundations on layered soils. This application
and the results obtained have encouraged the author to explore the use of FLAC for

modelling foundation on layered clays.

2.4.3 Other Numerical Methods

Georgiadis and Michalopoulos (1985) developed a numerical method of "slip sur-
faces" (force equilibrium) for layered soils which is based on a similar method given
by [Lauritzen and Schjetne (1976)| for cohesive layers with different undrained shear
strengths. |Georgiadis and Michalopoulos (1985) method is capable of modelling the
combination of clay and sand layers both for undrained and drained conditions, and
can include eccentric and inclined loads, surcharge and footing embedment. In this
method a computer program was developed which determines the factor of safety
against bearing capacity failure of the rectangular foundation. The results of this
method when compared with those from existing semi-empirical methods (some of
which are mentioned in and the finite element analysis have demonstrated the
satisfactory performance of this method, and have also shown the conservatism of the
semi-empirical methods. The general failure mechanism and loadings conditions are
shown in Figure 2.9
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Figure 2.9: General failure mechanism and loading conditions (]Georgiadis and|
Michalopoulos 1985).
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Chapter 3

Description of FLAC and its
Theory

Fast Lagrangian Analysis of Continua (FLAC) is a commercial numerical analysis
program developed by Itasca Consulting Group, Inc. A brief description of FLAC
is given in this chapter. The theory of FLAC is explained in detail in the manual
(Itasca Consulting Group, Inc. 2001b)).

3.1 Theory

FLAC is a two dimensional explicit finite difference numerical analysis program. A
dynamic equation of motion is the basis of FLAC calculations. The general sequence
of calculation uses the equation of motion to calculate velocities and displacements
from stresses and forces. These velocities are used to calculated new strain rates and
based on which new stresses are derived. One calculation loop is completed in one
timestep. This calculation loop is explained in the FLAC manual by a schematic
diagram similar to Figure |3.1]

FLAC can be run in two strain modes - small and large. In the explicit finite
difference method in FLAC, the derivatives in the governing equations are converted
into algebraic equations in terms of field variables at discrete points in space. These

algebraic equations are solved at each timestep, and no global stiffness matrix is
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Equilibrium Equation
(Dynamic Equation, F = ma)

New calculated New calculated
velocities and stresses or
displacements forces

Stress / Strain Equation
(Constitutive Relationship)

Figure 3.1: Basic FLAC Calculation Cycle (after (Itasca Consulting Group, Inc.
2001b)).

formed. Since no global stiffness matrix is formed, the coordinates of the discrete
points are updated in a large-strain mode. The update is in terms of the added
incremental displacements. The grid deforms with the material it represents. This
is knows as "Lagrangian" formulation, which is opposite to "Eulerian" formulation
in which the materials deforms but the grid remains fixed. The applicability of this
large-strain feature of FLAC for the bearing capacity analyses of strip and circular
footings has been explored in this thesis .

The following equation of motion and constitutive relationship are used in FLAC

for a solid body problem:

di
™

where m = mass of body

=F (3.1)

1 = velocity

F = applied force
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At static equilibrium the net forces acting on a solid body and the acceleration
tend to zero and ) F' = 0. Even though FLAC is a dynamic code, this property of
law of motion is used for solving static problems in FLAC.

Considering the law of conservation of momentum and energy equation is

written as:

Py = ot g (3.2)
where p = mass density
t = time
x; = components of coordinate vector
g; = components of gravitational acceleration (body forces); and

0,; = components of stress tensor

In the above equation ¢ denotes components in Cartesian coordinate system.

The constitutive relationship or stress/ strain laws in FLAC are of the form:

. 10w 0

where é;; = strain rate component

1; = velocity components

The strain rate is derived from the velocity gradient by the following equation:

Oij: = M(O'Z'j7 ém’, k?) (34)
where M () = constitutive law function

k = history parameter

The boundary conditions of a solid body in FLAC are either in terms of displace-
ment or stress. Displacement conditions are specified in terms of velocities at grid
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points, and equation is not used at these points.
The solid body in FLAC is modeled by a finite difference mesh consisting of
quadrilateral elements. Each element in the FLAC code is subdivided into two sets

of constant strain triangled] as shown in Figure

m 1

O

Figure 3.2: Superimposed quadrilateral elements in FLAC, after (Itasca Consulting
Group, Inc. 2001b).

The deviatoric stress components for each triangle are maintained independently.
The force vector at each node is the mean of the two force vectors at the two super-
imposed quadrilaterals. While running the calculations for particular quadrilateral,
if the constituent triangle are badly deformed, i.e. the area of one triangle is much
smaller than that of the other, then that quadrilateral is not considered and instead
nodal forces from the other better defined/shaped quadrilateral is used. When trian-
gle sets from both superimposed quadrilaterals exhibit excessive distortion, a "Bad
Geometry" error message is displayed by FLAC and the calculations stops.

The finite difference form of equation of motion is written as

(A2 (-A/2) F}(t)ﬁ a5
u’L uZ + Z (2 m ( * )
where F; = nodal force vector, and

the superscripts show the time relevant variable is evaluated

LA constant strain triangle has three nodes and six unknown nodal displacements.
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For large-strain mode, in order to evaluate the new coordinates of the gridpoint

equation [3.5|is considered again

t+AL
2145

_ xgt) n iLEHAt/z).At (3.6)

The first order error term for central difference equations disappears, since both
equation [3.5] and [3.6] are time - centered. The exit time for velocities at points is half
a timestep from the displacements and forces.

The discretization method used in FLAC takes care of two very common problems
in numerical modelling.

1) A problem of hourglass deformations, which may occur with constant-strain
finite difference quadrilaterals, is avoided by the use of triangular elements.

2) Another common problem which occurs in modelling of materials undergoing
yielding is the incompressibility condition of plastic flow. Plane-strain or axisym-
metric geometries introduce a kinematic restraint in the out-of-plane direction, often
giving rise to over-prediction of collapse load. This condition is also known as mesh
locking (Nagtegaal et al. 1974). This problem is due to a condition of local mesh
incompressibility which must be satisfied during flow, resulting in over constrained
elements. In order to overcome this problem, the isotropic stress and strain compo-
nents are kept constant over the whole quadrilateral element, while the deviatoric
components are treated separately for each triangular sub-element. This procedure,
referred to as mixed discretization, is described by Marti and Cundall (1982). Mixed
discretization defines the two different discretizations for the isotropic and deviatoric

parts of the stress and stain tensors.

3.2 Damping

Since FLAC is dynamic code it uses damping of the equation of motion to reach the
statid?] or steady-statd’| solution. Two types of damping schemes are used in FLAC :
a) Local Damping

2Static - static equilibrium
3Steady state flow - e.g., plastic flow
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In local damping the nodal force is proportional to the magnitude of the unbal-
anced force. The direction of the damping force is always in a direction of dissipation
of energy.

Equation for local damping is rewritten as

ugt_;,_A/Q) _ ugt—A/Q) i Z [Fi(t) o (Fd)z} ﬁ (3.7)

mn
(t-=A/2)

where (Fy), =« ‘Fz-(t) sgn(t; )

F,; = damping force
a = constant (set to 0.8)

m,, = fictitious mass

The other scheme of damping in FLAC is:

b) Combined Damping

This type of combined damping is characterized by equation and is activated
only when velocity component changes sign. Combined damping is slow in dissipat-
ing energy and therefore local damping is used in most cases (The default damping
setting in FLAC is local, but it can be changed to combined damping from GIIC
menu: Setting/Mechanical. The damping values can be assigned from the menu In-
situ/Initial The damping can be shut off by unchecking the "Perform Mechanical
Calculations" box in the same "Mechanical Setting" dialogue box).

In FLAC for the explicit finite difference solution to be stable, the calculation

timestep is chosen such that it is always smaller than some critical timestep.

Az
C

where C' is maximum speed of information propagation (typically p-wave speed, C,,)

At < (3.8)
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= /K+‘£/3 (3.9)

3.3 Constitutive Models

FLAC version 4.0 contains ten constitutive models. These models are categorized

into three groups:

3.3.1 Null Model

Null model is used to represent excavated or removed material

3.3.2 Elastic Models

Elastic isotropic model

The material which is homogenous, isotropic, continuous material and follows lin-
ear stress-strain behavior without any hysteresis on unloading, can be described by

isotropic model.

Elastic transversely isotropic model

The elastic, transversely isotropic model can model the layered elastic media having

different elastic moduli in parallel and normal directions.

3.3.3 Plastic Models

Drucker-Prager Model

Soft clays with low friction angles may be modelled by the Drucker-Prager plastic-
ity model. Its use however is recommended for comparing the results from other

numerical programs.
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Mohr-Coulomb Model

Mohr-Coulomb model is useful model for modelling the shear failure in soils and
rocks. This model has been used for modelling all cases of foundations in undrained
clays in the present study. Mohr-Coulomb model can also be used to model a Tresca
material. The Tresca yield criterion is a special case of Coulomb’s criterion where
friction angle ¢ = 0, and it is also identical to Von Mises’ criterion for plane-strain

deformation (Chen 1975)).

Ubiquitous-Joint Model

It is an anisotropic plasticity model which may be used to model weak planes of a

particular orientation inside the Mohr-Coulomb solids.

Strain-hardening or Strain-softening Model

This model simulates non-linear behavior of strain-hardening or softening of the Mohr-

Coulomb materials.

Bilinear Strain-hardening or Strain-softening Ubiquitous-joint Model

The strain-hardening or softening of weak planes and matrices based on pre-defined

variation of ubiquitous-joint model properties may be represented by this model.

Double Yield Model

This model may be used for modelling materials exhibting irreversible compaction as
well as shear yielding such as in a backfill placed hydraulically or in high cemented

granular materials.

Modified Cam-Clay Model

In case of materials where the change in volume has significant influence on bulk

properties and shear resistance has to be considered (e.g., in soft clays); the Modified
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Cam-Clay model may be used.

In addition to the above constitutive models, FLAC also has models for the creep-
ing materials which can be invoked with a special plug in. The input parameters of all
built in models can be controlled via a built-in FLAC programming language, FISH,
(short for FLACish). FLAC also has an optional facility to add new user defined con-
stitutive models written in C4++. Constitutive models can also be written in FISH
and can be called from an input data file.

FISH can be used to define new variables and functions. These functions may be
used to extend FLAC’s usefulness or add user-defined features. Some of these FISH
functions have been used in the present analyses and have been described later in
Appendix [A]

FISH programs can be embedded in a normal FLAC input data file. The lines
following the word "Define" are processed as a FISH function and the functions ter-
minates when the word "End" is encountered. Functions may further invoke other
functions. The order in which functions are defined does not matter as long as they
are defined before they are used (e.g., invoked by a FLAC command). A detailed de-
scription of FISH can be found in the manual (Itasca Consulting Group, Inc. 2001a)).

3.4 Grid Generation

The zones or elements in FLAC are organised in terms of rows and columns. A pair
of numbers (its row and column number) represents a particular zone. Although the
rows and columns of zones in a grid may look like a rectangular numerical matrix,
the physical shape of the grid does not necessarily have to be rectangular. Different
shapes can be created by distorting the geometries of the rows and columns (e.g.,
holes can be created in a grid and complex bodies can be modelled by attaching
separate grids). Further the size of various zones in the FLAC grid can be changed
throughout for concentrating more elements in the area of high interest (e.g. under
the edge of a footing). Details of the grid generation can be found in FLAC manuals
(Itasca Consulting Group, Inc. 2002c)) and (Itasca Consulting Group, Inc. 2001b).
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3.5 Use of FLAC

FLAC can be operated in two modes:

3.5.1 Command driven mode

In the command driven mode an input data file can be used to operate FLAC or it can
be also be run interactively by typing commands. There are over 40 commands and
400 command modifiers or keywords (Itasca Consulting Group, Inc. 2002a). Depend-
ing upon the problem, a series of these commands can be inputted at the command
line or an input data file consisting of various commands can be created in a text
editor (e.g., Notepad). This data file can then be called into FLAC. Command driven
mode can be used to create a mesh, assign material properties, choose a constitutive
relationship, assign initial, and boundary conditions and define number of timesteps
to get a model to a desired state of equilibrium. As discussed earlier in special

FISH functions can be written and embedded into data files.

3.5.2 Menu driven mode

FLAC can be run in a menu driven graphic user interface known as Graphical Interface
for Ttasca Codes (GIIC). FLAC-GIIC is point and click operation, and all commands
and facilities in FLAC can be accessed from it.

Both of above modes have their own advantages. The major advantage of the
command driven mode when run with a data input file is that, depending upon the
feedback of initial runs, the model can be refined very easily by editing the data file in
a text editor. The grid generation is easier in GIIC. Built-in grids can be brought into
the model and can be modified to some extent interactively or using the programming
language Java. Java can also be used to create new grids. Another advantage of menu
driven mode is that the analysis results can be plotted very easily. The choice for
the use of a particular mode may depend upon the individual user. In this study,
the author has found that it is more efficient if both modes are used in combination

according to the situation and ease.
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Details of how to run FLAC can be found in the manuals - "User’s Guide" and
"FLAC-GIIC Reference" (Itasca Consulting Group, Inc. 2002b).

FLAC can be run in two precision versions - single and double. The single precision
version is recommended for most common analyses. The double precision version runs
about 2 times slower than the single precision version, and requires approximately
3 times more Random Access Memory (RAM) of a computer for a similar sized
(elements) model. The precision of the results in the beginning of the present study
has been tested both for single and double precision versions. Since there was no
considerable difference and the completion time for an average model was in days,
only single precision version has been used in the present study. The calculation
time in FLAC directly depends upon the processing speed of the Central Processing
Unit (CPU) in a computer. The present study was started using Pentium a III
(1GHz) CPU, 256 RAM PC, and it was noticed that it takes days to run a model
(model run time was found to be in general directly proportional to the number of
elements in the mesh and the number of timesteps required to achieve a desired steady
state equilibrium). The modelling was then switched over to a new, faster machine
with Pentium IV (2.8 GHz) CPU and 1GHz of RAM, and a dramatic reduction in

calculation time was observed. The details of modelling time have been presented in

Appendix [A]
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Chapter 4

Influence of Footing Geometry and
Soil Shear Strength on Bearing
Capacity and Failure Modes of
Layered Clays

The objectives of this study were:

a. Study the modes of failure of shallow foundations on layered clay soils using

FLAC.

b. Compare the bearing capacity factors obtained from FLAC with those obtained
by other methods in the literature.

c. Compare FLAC large deformation simulations to those obtained by finite ele-

ment methods (Wang and Carter 2001)).

As the research progressed, it became apparent that the large deformation mode
of FLAC ran into numerical problems before significant deformations were attained.

Therefore, a fourth objective developed:

d. To develop methodologies for enabling FLAC to handle large deformations with-

out code changes.
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All these objectives and their outcome with respect to the following special cases

have been described in this chapter:

1. Strip Footing on Stiff Clay overlying Soft Clay - Small Deformation Analysis
2. Strip Footing on Soft Clay overlying Stiff Clay - Small Deformation Analysis
3. Circular Footing on Stiff Clay overlying Soft Clay - Small Deformation Analysis
4. Circular Footing on Soft Clay overlying Stiff Clay - Small Deformation Analysis

5. Strip Footing on Stiff Clay overlying Soft Clay - Large Deformation Analysis

4.1 Strip Footing on Stiff Clay Overlying Soft Clay - Small

Deformation Analysis

This kind of situation can occur where a stiff crust desiccated due to weathering
overlies the soft clay underneath. The bearing capacity of such foundations depends
on the ratio of depth or height of upper clay layer (H) to the width of the footing
(B), and the ratios of the undrained shear strengths of upper and lower clay layers.
The H/B ratios considered in this study are 0.25,0.5,1,2,2.5,3 and 3.5. Various
undrained shear strength ratios of the bottom layer (c2) to top layer (¢;) considered
in this study are 0.1,0.2,1/3,0.5,2/3,0.8, and 1.

A number of different failure mechanisms occur for a rigid strip footing on a strong
over soft clay system depending on the H/B and cy/c; ratios. The bearing capacity
depends on the steady plastic flow beneath the footing defined by different failure
mechanisms. In FLAC models such failure mechanisms are described by the grid
point displacement and velocity vectors, and the extent of steady-state plastic flow is
represented by plasticity state indicator plots (refer . As we will see later it is the
nature and extent of this steady-state plastic flow which is responsible for the variation
of the bearing capacity with H/B and cy/c; ratios. The nature of the foundation
deformation is also explained with help of a magnified grid. It should be noted that it
is the height to width ratio (H/B) which influences the nature of the failure surface
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passing through different layers, and the relative undrained shear strength of the two
layers measured in terms of cy/c; ratio influences the ultimate bearing capacity of
the foundation in layered clays. It is the whole process of the development of the
deformation or failure and the relative shear strength which determines the ultimate
bearing capacity of a foundation.

It is found in this research that when the top strong clay layer is deep enough
(i.e. H > 3.5B) the failure surface is entirely contained in the top strong clay layer
for all values of the ¢y/c; ratio as shown in velocity diagrams (refer[A.1.5]). This depth
is greater than |Merifield et al. (1999) who suggested a limiting value of this ratio
as H/B = 2, and even larger than the value of H/B ~ 2.5 given by Meyerhof and
Hanna (1978). For all other values of H/B < 3.5, depending upon the H/B and cs/c;
ratios, the foundation failure mechanism is general shear, local shear or full punching
shear through the top layer followed by yielding of the bottom soft clay layer (refer
13).

For H/B < 0.5 full punching of the footing through the top strong clay layer occurs
when the strength of the top layer is significantly more than the bottom soft layer.
The bearing capacity values remain equal to the bearing capacity of the homogeneous
case (cy/c; = 1) for all ratios of co/c; < 1 and H/B > 3.5 (refer Table , and less
than that of the homogeneous case for H/B < 0.25 (refer Table [4.11)). In general,
bearing capacity values from the FLAC analysis agree very well with values from
FEM analysis by Merifield et al. (1999). However, these values tend to be somewhat
different than the semi-empirical values given by Meyerhof and Hanna (1978), which
presume a failure surface, whereas no such assumption is made in the present FLAC
analyses and the failure zone is developed incrementally as the loading is increased.

was considered as the base case for studying the effect of the thickness of
the stronger top clay layer. The thickness is then varied first by increasing as H > B
(H/B = 2,2.5,3,3.5) and then by decreasing as H < B (H/B = 0.5,0.25). These
cases are further explained in the following subsections. The effect of the top clay
thickness (H) on the ultimate bearing capacity (g,) of the foundation is shown in
form of modified bearing capacity factor (N*)modified bearing capacity factor) in
Figure 4.3
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4.1.1 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 1)

Case 1: ¢3/c; = 1 (Homogeneous clay) - Small Deformation Analysis

The failure mode for the base case of homogeneous clay is explained in the velocity
vector diagram (Figure , and is compared with the classical general shear failure
mode. The failure modes for all cases of ¢y/c; for H/B = 1 are summarised in the
Table (4.2

Besides looking at the velocity diagram it is also helpful to look at the magnified
deformed gridE] (Figure , which supports and further explains the general failure
mechanism interpreted by looking at the velocity vectors. The characteristic soil
heaving can be clearly seen at the edge of the footing.

Another means for understanding the failure mechanism in FLAC is the plasticity
indicator plot as shown in Figure[A.5] For plasticity models such as Mohr-Coulomb,
the FLAC code displays those zone which satisfy the yield criterion. Such indication
denotes that plastic flow is occurring. Two types of failure mechanisms are indicated
by the plastic state: shear failure and tensile failure. As it is explained in the FLAC
manual (Itasca Consulting Group, Inc. 2001b), in the numerical implementation of
the plastic models, an elastic trial (or “elastic guess”) for the stress increment is first
computed from the total strain increment using the incremental form of Hooke’s law.
The corresponding stresses are then evaluated. If they violate the yield criteria (i.e.,
the stress point representation lies above the yield function in the generalized stress
space), plastic deformations take place. In this case, only the elastic part of the strain
increment can contribute to the stress increment; the latter is corrected by using the
plastic flow ruleﬂ to ensure that the stresses lie on the composite yield function. It
can be see from the Figure that the plastic field is developed downwards and
outwards of the footing and has reached the ground surface on the side of the footing.

The depth of failure surface is less than the width of the footing (B). The depth of

Tt should be noted here that this is a small deformation analysis i. e. the coordinates of the grid
points are not updated with the footing settlement. The grid magnification shows only an estimation
of the deformation of grid at the end of analysis.

2The flow rule specifies the direction of the plastic strain increment vector as that normal to
the potential surface; it is called associated if the potential and yield functions coincide, and non-
associated otherwise.
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failure in this case is 0.75B, and the horizontal extent of plastic yielding in shear is
~ 1.3m from the centre of the footing.

As shown in Figure the contours of equal vertical stress also known as isobars
can be used to demonstrate the FLAC analysis results. These contours outline the
zone of influence of the footing such that the area contained in the given contour
experiences stresses larger than the stress level indicated by that contour. Since this
is the case of homogeneous clay foundation, The shapes of the contours are regular
and smooth.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.8] The ultimate bearing pressure
(g.) for this case was found to be 103.52kPa. The modified bearing capacity factor
N} = 5.18 which is 0.77% higher than the value given by Meyerhof and Hanna (1978),,
and 6.76% lower than the upper bound analysis of |Chen (1975), but lies within upper
and lower bound values of modified bearing capacity factor given by Merifield et al.
(1999) as shown in Table [4.1]
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Figures [4.1| shows the comparison of modified bearing capacity factor (NJ) versus

shear strength ratios computed from FLAC with those from literature.
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Figure 4.1: Modified bearing capacity factor (NJ) versus shear strength ratio (ca/c1)
curves for a rigid smooth strip footing on strong over soft clay for 40 x 30 grid model,

H/B =1.

The normalised bearing pressure versus penetration curves for different shear

strength ratios are shown in Figure {4.2]

Case 2: c3/c; = 0.8 - Small Deformation Analysis

The velocity vector field shown in Figure is similar to than in Case 1.
The plasticity state indicators in Figure show that the zone of failure is

starting to extend into the lower soft clay layer. The depth of the failure is found to
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Figure 4.2: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on strong clay over soft clay for 40 x 30 grid model, H/B = 1.

be ~ B, , and the horizontal extent of plastic yielding is ~ 1.4 m from the centre of
the footing.

Figure supports a general shear type failure of the foundation with a soil
heaving at the edge of the footing.

It is interpreted from the Figure [A.9} |A.10|and |A.11| that the failure mode in this

case can be defined as a general shear in top layer with some yielding and plastic flow
in bottom layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
of the strip footing. The zone of influence for this case was found to be about four
times deeper than the width of the footing, beyond this the footing has no influence
on the foundation soil. The shapes of the stress contours are regular and smooth like
that in [£.1.1]
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Figure 4.3: Modified bearing capacity factor (V) versus shear strength ratio (ca/c1)
curves for a rigid smooth strip footing on strong over soft clay for 40 x 30 grid model,
for various H/B ratios.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.13] The ultimate bearing pressure
(qu) for this case was found to be 103.51 kPa. The modified bearing capacity factor
N} = 5.18 which is 0.77% higher than the value given by Meyerhof and Hanna (1978)),
and 6.76% lower than the upper bound analysis of |Chen (1975), but lies within upper
and lower bound values of modified bearing capacity factor given by Merifield et al.
(1999) as shown in Table [4.1]
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Case 3: c3/c; = 2/3 - Small Deformation Analysis

Figure starts to indicate some partial punching’| shear failure of a foundation
followed by some yielding of the bottom and top clay layers.

The plasticity state indicators in Figure show that a elastic soil wedge is
trapped under the footing which is pushing into the top clay and causing the plastic
flow of the soil sideways and downwards. The zone of failure extends into the soft
clay layer. The depth of failure ~ 1.75B, and the horizontal extent of plastic yielding
is ~ 2.5m from the centre of the footing.

Figure[A.16/shows the magnified grid which further supports the partial punching]|
shear failure of the foundation with some heave on the edge of the footing. A soil
column trapped under the footing shows both downwards vertical as well as lateral
movements both in top and bottom clay layers.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The stress contours for this case was found to be extending

about four times deeper than the width of the footing. The shapes of stress contours

are slightly different than in the previous two cases [4.1.1], and [4.1.1] and small kinks

can be noticed in the 20 kPa contours at the interface of the two clay layers. This
change in shape indicates the influence of the soft bottom clay in reducing the bearing
capacity of the foundation.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure [A.I§ The plastic yielding in the bottom
clay reduces the ultimate bearing capacity (g,) which was found to be 100.78 kPa
in this case. The modified bearing capacity factor N = 5.04 which is 1.98% lower
than the value given by Meyerhof and Hanna (1978), and 9.72% lower than the upper
bound analysis of |(Chen (1975), but lies within upper and lower bound values of

modified bearing capacity given by Merifield et al. (1999) as shown in Table

3The punching shear failure can be interpreted by observing the magnitude of the displacement
and velocity vectors. If there is distinct change in the vector magnitude under the footing this can
be an indication of punching shear failure.

4FLAC do not allow separation of adjacent grid zones except at predefined surfaces. So the
punching can only be interpreted by observing the degree of the bending of the grid zones.
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Case 4: ¢3/c; = 0.5 - Small Deformation Analysis

The velocity vectors shown in Figure indicate that foundation failure occurs
with partial punching shear in the upper layer.

The plasticity state indicators in Figure show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 2B, and the horizontal extent of plastic
yielding in shear is ~ 3.25m from the centre of the footing.

Figure shows the magnified grid which also supports the partial punching
shear failure mechanism of the foundation. There is both vertical movement as well

as lateral movement of the soil wedge trapped under the footing. The soil heave near
the edge of the footing is very small in comparison to Case 1 (4.1.1]), Case 2
and Case 3 (£.1.1).

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The vertical stress contours for this case were found to be
about four times deeper than the width of the footing. The kinks in the 20 and
40 kPa contours at the interface of the two clay layers are more noticeable now, which
indicates greater influence of the soft bottom clay in reducing the bearing capacity of
the foundation.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.23] The ultimate bearing pressure
(qu) for this case was found to be 91.14kPa. The reduction in bearing capacity in
comparison to that in Case 1 (4.1.1]), Case 2 and Case 3 (4.1.1) is clearly
due to the influence of the bottom soft clay layer. The modified bearing capacity
factor N = 4.56 which is 2.19% higher than the value given by Meyerhof and Hanna
(1978), and 12.06% lower than the upper bound analysis of |(Chen (1975), but lies
within upper and lower bound values of modified bearing capacity factor given by

Merifield et al. (1999)| as shown in Table [4.1]

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a punching shear

failure of the foundation, with punching depth extending deeper into the stronger
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top clay layer. The top clay layer tries to restrict the upward plastic flow in the
softer lower clay layer, which causes the of ground to uplift away from the edge of the
footing.

The plasticity state indicators in Figure show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 2.255, and the horizontal extent of
plastic yielding is ~ 3m from the centre of the footing.

Figure shows the magnified grid which further explains punching shear failure
of the foundation through the stronger clay layer followed by some lateral and vertical
movement of the soil in the bottom clay layer. The shape of the soil column is more
like a block than a wedge now.

Figure shows the vertical stress (o,,) contours. The zone of influence of the
footing for this case was found to be about six and half times deeper than its width.

Due the prominent punching of footing into the top clay, the shapes of stress contours

are different than those in Case (1 , Case 2 (4.1.1)), Case 3 (4.1.1)).and Case 4
(4.1.1)) in the bottom clay layer.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure . The ultimate bearing capacity (q,)
for this case is reduced much more than the previous four cases due to the greater
influence of the softer lower clay and was found to be 77.05 kPa. The modified bearing
capacity factor N = 3.85 which is 9.87% higher than the value given by Meyerhof
and Hanna (1978), and 17.40% lower than the upper bound analysis of |Chen (1975),
but agrees closely with the lower bound value of modified bearing capacity factor
given by Merifield et al. (1999)| as shown in Table [4.1]

Case 6: c3/c; = 0.2 - Small Deformation Analysis

The velocity vectors shown in Figure also indicate deeper punching shear failure
of the foundation, with the rigid column of the strong top clay layer punching deeper
into the softer bottom clay layer. The soil under the footing moves more vertically
downwards and the soil adjacent moves to fill in. There is no heave on the side of the

footing, but the ground is uplifted away from the edge of the footing.
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The plasticity state indicators in Figure show major yielding in the bottom
soft clay layer with some minor yielding in the upper strong clay layer. The depth
of failure ~ 2.45B. The crust of the stronger upper clay layer restricts the upward
plastic flow in the bottom layer resulting in the increase of horizontal extent of the
plastic yielding. The horizontal extent of plastic yielding is ~ 3.5m from the centre
of the footing.

Figure shows the magnified grid which further supports the punching shear
failure of the foundation, with the rigid column of the strong top clay layer punching
deeper into the softer bottom clay layer.

Figure shows the equal vertical stress (o,,) contours beneath the strip foot-
ing. The stress concentration around the edge of the footing suggests a failure mecha-
nism in which the footing punches nearly through the top strong layer into the bottom
soft layer. The zone of influence for this case was found to be about five and half
times deeper than the width of the footing. The increase in the extent of influence of
the stress zone also supports the mechanism of the near punching through the strong
top clay layer.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.33] The ultimate bearing pressure
(qu) for this case was found to be 60.62kPa which mainly dependents on undrained
shear strength (cy) of the bottom soft clay the top clay has a very small influence
on it. The modified bearing capacity factor N* = 3.03 which is 13.53% higher than
the value given by [Meyerhof and Hanna (1978)), 27.72% lower than the upper bound
analysis of |(Chen (1975)|, and is slightly less than the lower bound value of modified
bearing capacity factor given by Merifield et al. (1999)| as shown in Table

Case 7: c3/c; = 0.1 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a punching shear
failure of the foundation, with deep punching in the stronger top clay layer followed
by local shear failure in the softer bottom layer. The upward direction of the velocity

vectors away from the footing edge indicates an uplift in the ground.
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The plasticity state indicators in Figure show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 2B. The crust of the stronger upper
clay layer restricts the upward plastic flow in the bottom layer resulting in the increase
of horizontal extent of the plastic yielding. The horizontal extent of plastic yielding
is ~ 5m from the centre of the footing.

Figure shows the magnified grid which further supports the punching shear
failure of the foundation, with punching through the stronger top clay layer followed
by local shear failure in the softer bottom layer. The punching is interpreted from
the bend in the grid at the interface of the two clays and is located underneath the
edge of the footing.

Figure shows the equal vertical stress (o,,) contours under the strip footing.
Once again the punching shear failure of the foundation is reflected by the vertical
stress contours being concentrated around the edge of the footing. The influence of
the bottom soft layer can be seen in the shape of 10 kPa stress contour whose shape
is entirely different than the others. the The zone of influence of the footing for this
case was found to be about four times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure . The ultimate bearing capacity (¢,)
for this case was found to be 41.68 kPa. This reduced bearing capacity also supports
the combination of failure mechanism: punching through the high shear strength (¢;)
top clay layer which has almost no contribution in the bearing capacity, and local shear
failure in the low shear strength (c¢;) bottom clay layer which contributes mainly to
the ultimate bearing capacity. The modified bearing capacity factor N} = 2.08 which
is 6.06% higher than the value given by Meyerhof and Hanna (1978), and 24.52%
lower than the upper bound analysis of Chen (1975), but lies within upper and lower
bound values of modified bearing capacity factor given by Merifield et al. (1999) as
shown in Table 4.1]
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4.1.2 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 2)

Case 1 and 2: ¢3/c; =1 and 0.8 - Small Deformation Analysis

As it can be seem from Table |4.1| that the ultimate bearing capacity (gq,) values and
the modified bearing capacity (NJ) values are the same for the Case 1 (c2/c; = 1)
and the Case 2 (ca/c; = 0.8) for H/B = 1, the sensitivity of the strong over soft clay
layer system is only needed to be tested for the other cases of c¢3/c; with respect to
increasing depth of the top clay layer until the top layer becomes thick enough to
avoid any influence of the softer lower clay on the ultimate bearing capacity (g,) of
the foundation. The FLAC analysis results for other cases of ¢y/c; for H/B = 2 are
explained below, and the types of failure mechanism have been summarised in Table

4.4

Case 3: c3/c; = 2/3 - Small Deformation Analysis

It can be interpreted from the velocity vectors in Figure that a general shear
type failure of the foundation has occurred in the stronger top clay layer. There is
no sign of any plastic flow in the softer bottom clay layer.

The plasticity state indicators in Figure also show that the plastic flow and
the zone of failure is contained in the strong top clay layer. The depth of failure
surface ~ 0.9B, and the horizontal extent of plastic yielding is ~ 1.1m from the
centre of the footing.

Figure shows the magnified grid which further supports the general shear
type failure of the foundation with some heave on the edge of the footing.

Figure shows the equal vertical stress (o,,) contours under the strip footing.
The smooth shapes of the vertical stress contours show that there is no influence of
the bottom soft clay layer on the bearing capacity of the foundation.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.43] The ultimate bearing pressure
(gu) for this case was found to be 103.51 kPa. The modified bearing capacity factor
N} = 5.18 which is 0.77% higher than the value given by Meyerhof and Hanna (1978),
and 6.76% lower than the upper bound analysis of |(Chen (1975), but lies within upper
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and lower bound values of modified bearing capacity factor given by Merifield et al.
(1999) as shown in Table [£.3]
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Table 4.2: Failure modes for different shear strength ratios (cy/cy) for H/B = 1.

Shear Strength Failure Modes

Ratio,

(c2/c1)
1.00 General shear
0.80 General shear in the top layer, some plastic yielding in the bottom layer
0.67 Local shear failure in top layer, yielding in the bottom layer
0.50 Partial punching shear failure in the top layer, local shear in the bottom layer
0.33 Partial punching shear failure in the top layer, local shear in the bottom layer
0.20 Punching shear failure in the top layer, local shear in the bottom layer
0.10 Punching shear failure in the top layer, local shear in the bottom layer
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Failure Modes of Layered Clays

Figure shows the comparison of modified bearing capacity factor (NF) versus

shear strength ratios computed from FLAC with those from the literature.
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Figure 4.4: Modified bearing capacity factor (NJ) versus shear strength ratio (ca/c1)
curves for a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid

model, H/B = 2.

The normalised bearing pressure versus penetration curves for different shear

strength ratios have been shown in Figure [4.5]

Case 4: ¢3/¢; = 0.5 - Small Deformation Analysis

The velocity vectors shown in Figure indicate that the foundation fails in general

shear in the strong upper clay layer.

The plasticity state indicators in Figure show that the zone of failure is

contained in the strong top clay layer. The depth of failure ~ 0.9, and the horizontal
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Figure 4.5: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on strong clay over soft clay for 40 x 30 grid model, H/B = 2.

extent of plastic yielding is ~ 1.1 m from the centre of the footing.

Figure shows the magnified grid that also supports the general shear type
failure mechanism of the foundation. The characteristic heave of general shear type

failure for a smooth footing can be clearly seen.

Figure shows the equal vertical stress (o,,) contours. The zone of influence
of the footing for this case was found to be about four times deeper than the width

of the footing. The shapes of stress contours are fairly smooth.
The bearing pressure versus footing penetration recorded at different time steps

in the history of the model is shown in Figure [A.48] The ultimate bearing pressure
(g.) for this case was found to be 103.53 kPa. The modified bearing capacity factor
N} = 5.18 which is 0.77% higher than the value given by Meyerhof and Hanna (1978)),
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Table 4.4: Failure modes for different shear strength ratios (cy/cy) for H/B = 2.

Shear Strength Failure Modes

Ratio,

(c2/c1)
0.67 General shear in the top layer, no yielding in the bottom layer
0.50 General shear in the top layer, no yielding in the bottom layer
0.33 General shear in the top layer, minor yielding in the bottom layer
0.20 Partial punching shear failure in the top layer, local shear in the bottom layer
0.10 Partial punching shear failure in the top layer, local shear in the bottom layer

and 6.76% lower than the upper bound analysis of |(Chen (1975), but lies within upper
and lower bound values of modified bearing capacity factor given by [Merifield et al.
(1999)| as shown in Table 4.3

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a general shear type failure of the
foundation.

The plasticity state indicators in Figure show that the zone of failure is
mainly contained in the stronger top clay layer, however there is some evidence of
local plastic yielding in the softer bottom clay layer. The depth of failure ~ 0.9B,
and the horizontal extent of plastic yielding is ~ 1.1 m from the centre of the footing.

Figure shows the magnified grid which further illustrates general shear type
of failure.

Figure shows the equal vertical stress (o,,) contours under the strip footing.
The zone of influence for this case was found to be about six and half times deeper
than the width of the footing. The shapes of stress contours now changes with an
evident kink in the 20 kPa contour suggesting some influence of the soft bottom clay
on the bearing capacity of the foundation.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.53] Due to some influence of the
soft bottom clay, the ultimate bearing capacity (g, ) is slightly reduced to 103.50 kPa.

56



4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity and
Failure Modes of Layered Clays

The modified bearing capacity factor N* = 5.17 which is 0.58% higher than the value
given by Meyerhof and Hanna (1978), and 6.96% lower than the upper bound analysis

of |Chen (1975), but lies within the upper and lower bound values of modified bearing
capacity factor given by [Merifield et al. (1999) as shown in Table

Case 6: c3/c; = 0.2 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a partial punching shear failure in
the stronger upper clay layer followed by local shear type failure in the softer bottom
clay layer.

The plasticity state indicators in Figure show major plastic yielding in the
bottom soft clay layer with some minor plastic yielding in the upper strong clay layer.
The depth of failure ~ 5.5B. The crust of the stronger upper clay layer restricts the
upward plastic flow in the bottom layer resulting in the increase of horizontal extent
of the plastic yielding. The horizontal extent of plastic yielding is ~ 5.5 m from the
centre of the footing.

Figure shows the magnified grid which further supports the partial punching
shear failure of the foundation, with the rigid column of the strong top clay layer
punching deeper into the softer bottom clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The 20 kPa stress contour in this case is not of regular shape
and shows big change in its shape at the interface of the two clay layers. The zone
of influence for this case was found to be about five and half times deeper than the
width of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.58. The ultimate bearing pressure
(qu) for this case was found to be 98.49kPa. This reduction in bearing capacity is
mainly due to the greater influence of the soft bottom clay. The modified bearing
capacity factor N = 4.92 which is 14.63% higher than the value given by Meyerhof
and Hanna (1978), and 12.40% lower than the upper bound analysis of |Chen (1975),

but lies within the upper and lower bound values of modified bearing capacity factor
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given by Merifield et al. (1999)| as shown in Table [4.3]

Case T: ¢3/c; = 0.1 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a punching shear
failure of the foundation through the stronger top clay layer followed by local shear
type failure in the softer bottom layer.

The plasticity state indicators in Figure show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 8 B. The crust of the stronger upper
clay layer restricts the upward plastic flow in the bottom layer resulting in the increase
of horizontal extent of the plastic yielding. The horizontal extent of plastic yielding
is ~ 11 m from the centre of the footing.

Figure shows the magnified grid which further supports the punching shear
failure of the foundation through the stronger top clay layer followed by local shear
failure in the softer bottom layer. The punching through the strong top clay layer is
evident from a bend in the grid at the interface of the strong and soft clay layers and
is located underneath the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The built up of stress concentration around the edge of the
footing suggests a failure mechanism in which the footing punches through the top
strong layer into the bottom soft layer. The zone of influence for this case was found
to be about six and half times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.63. The ultimate bearing pressure
(q.) for this case was found to be 75.32 kPa. This reduction in bearing capacity value
supports the punching shear failure mechanism through the strong top layer which
has almost no influence on the bearing capacity followed by local shear failure in the
soft bottom clay which mainly contributes to the bearing capacity of the foundation.
The modified bearing capacity factor N = 3.77 which is 9.97% higher than the
value given by Meyerhof and Hanna (1978), and 46.68% lower than the upper bound
analysis of |(Chen (1975)| as shown in Table
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4.1.3 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
2.5)

Case 1, 2, 3 and 4: /¢y =1, 0.8, 2/3, and 0.5 - Small Deformation Analysis

It can be seen from Table that the value of modified bearing capacity factor (V)
from FLAC analysis gives a constant value (5.18) for ¢3/c; = 1, 0.8, 2/3, and 0.5. The
softer bottom clay layer has no influence on the bearing capacity of the foundation
for these shear strength ratios. The analysis for these cases for H/B = 2.5 would be
same as Case 1 (Ref. [£.1.1]), Case 2 (Ref. [£.1.1]), Case 3 (Ref. and Case 4 (Ref.
respectively. The FLAC analysis results for other cases of ¢y/c; are explained

below, and the types of failure mechanism have been summarised in Table |4.6,

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

The velocity vectors shown in Figure show a general shear type failure of foun-
dation with some soil heave on the edge of the footing.

The plasticity state indicators in Figure show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 0.9B, and the horizontal extent of
plastic yielding is ~ 1.25m from the centre of the footing.

Figure shows the magnified grid which further explains general shear type
failure of foundation with some soil heave at the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about six
and half times deeper than the width of the footing. The shapes of stress contours
are smoother than that in[4.1.2] indicating that the strong top clay layer is now thick
enough to shield it against the influence of the softer bottom clay layer on the bearing
capacity of the foundation.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.68. The ultimate bearing pressure
(q.) for this case was found to be 103.53kPa. The modified bearing capacity factor
N} = 5.18 which is 0.77% higher than the value given by Meyerhof and Hanna (1978)),

99



4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity and
Failure Modes of Layered Clays

and 6.76% lower than the upper bound analysis of Chen (1975) as shown in Table
4.5l
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Figure shows the comparison of modified bearing capacity factor (NF) versus

shear strength ratios computed from FLAC with those from the literature.
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Figure 4.6: Modified bearing capacity factor (V) versus shear strength ratio (ca/c1)
curves for a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid
model, H/B = 2.5.

The normalised bearing pressure versus penetration curves for different shear

strength ratios are shown in Figure [4.7]

Case 6: c3/c; = 0.2 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a general shear type failure of the
foundation with some soil heave on the edge of the footing.

The plasticity state indicators in Figure show major plastic yielding in the
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Figure 4.7: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on strong clay over soft clay for 40 x 30 grid model, H/B = 2.5.

top strong clay layer. The depth of failure ~ 0.9B. The horizontal extent of plastic

yielding is ~ 1.25m from the centre of the footing.
Figure [A.71] shows the magnified grid which further supports a general shear type

failure of foundation with soil heaving at the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about five

and half times deeper than the width of the footing.
The bearing pressure versus footing penetration recorded at different time steps

in the history of the model is shown in Figure [A.73] The ultimate bearing pressure
(g.) for this case was found to be 103.52kPa. The modified bearing capacity factor
N} = 5.18 which is 2.93% higher than the value given by Meyerhof and Hanna (1978),
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Table 4.6: Failure modes for different shear strength ratios (co/c1) for H/B = 2.5.

Shear Strength Failure Modes
Ratio,
(c2/c1)
0.33 General shear in the top layer, no yielding in the bottom layer
0.20 General shear in the top layer, no yielding in the bottom layer
0.10 Partial punching shear failure in the top layer, local shear in the bottom layer

and 6.76% lower than the upper bound analysis of |(Chen (1975) as shown in Table
[4.51

Case T: ¢3/¢; = 0.1 - Small Deformation Analysis

The velocity vectors shown in Figure now indicate a punching shear failure of
the foundation in the stronger top clay layer followed by local shear type failure in
the softer bottom layer.

The plasticity state indicators in Figure show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 1.9B8. The crust of the stronger upper
clay layer restricts the upward plastic flow in the bottom layer resulting in the increase
of horizontal extent of the plastic yielding. The horizontal extent of plastic yielding
is ~ 13 m from the centre of the footing.

Figure shows the magnified grid which further supports a punching shear
failure of the foundation, with footing punching through the stronger top clay layer
followed by local yielding in the softer bottom layer.

Figure m shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. There is big distortion in the shape of the 10 kPa contour at
the interface of the two clay layer, which shows the influence of the soft bottom clay
layer on the bearing capacity of the foundation. The zone of influence for this case
was found to be about eight times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.78. The ultimate bearing pressure
(qu) for this case was found to be 92.93kPa. The modified bearing capacity factor
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N¥ = 4.65 which is 11.53% higher than the value given by Meyerhof and Hanna
(1978), and 18.92% lower than the upper bound analysis of |(Chen (1975) as shown in
Table .5

4.1.4 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 3)

Case 1, 2, 3,4, 5 and 6: c3/c; =1, 0.8, 2/3, 0.5, 1/3, 0.2- Small Deformation
Analysis

The values of modified bearing capacity factor (N7) from FLAC analysis are constant
(5.18) for cp/c; =1, 0.8, 2/3, 0.5, 1/3 and 0.2, respectively (Ref. Table [4.5]), and the
soft bottom layer layer has no influence on the bearing capacity of the foundation and
for this thickness of the strong top clay layer (H/B = 2.5). Therefore analysis for
these cases would be same as Case 1 (Ref. [£.1.1)), Case 2 (Ref. £.1.1)), Case 3 (Ref.
[4.1.2), Case 4 (Ref. [4.1.2)), Case 5 (Ref. and Case 6 (Ref. respectively.

The FLAC analysis results for ¢3/c; = 0.1 are explained below.

Case 7: c3/c; = 0.1 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a partial punching shear failure
in the stronger top clay layer followed by local yielding in the softer bottom layer.

The plasticity state indicators in Figure show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 10B. The crust of the stronger upper
clay layer restricts the upward plastic flow in the bottom layer resulting in the increase
of horizontal extent of the plastic yielding. The horizontal extent of plastic yielding
is ~ 15m from the centre of the footing.

Figure shows the magnified grid which further supports the punching shear
failure of the foundation, with footing punching through the stronger top clay layer
followed by local yielding in the softer bottom layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
four times deeper than the width of the footing. The shapes of the 20 kPa and 40 kPa

contours are not smooth indication the influence of the softer bottom clay.
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The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.83] The ultimate bearing pressure
(qu) for this case was found to be 102.4kPa. The modified bearing capacity factor
N} = 5.12 which is 5.59% higher than the value given by Meyerhof and Hanna (1978)),
and 8.01% lower than the upper bound analysis of |(Chen (1975), as shown in Table
%1}
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Figure shows the comparison of modified bearing capacity factor (NF) versus

shear strength ratios computed from FLAC with those from literature.

6.0

% N,

5.0
451
4.0
35

N*

2.5

20
1 —x—FLAC (Small Deformation)
1.5 4 Meyerhof & Hanna (1978)

1.0 — 0 Chen upperbound (1975)

0.5 1

0.0 : : : — — —
0.0 0.2 0.4 06 08 1.0

c/e,

Figure 4.8: Modified bearing capacity factor (V) versus shear strength ratio (ca/c1)
curves for a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid
model, H/B = 3.

The normalised bearing pressure versus penetration curves for different shear

strength ratios are shown in Figure [4.9
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c,/c,=0.2, 1/3, 0.5, 2/3, 0.8 or 1

c,/c,=0.1

0 T T T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400
G1S/Bc1=st/Bc2

Figure 4.9: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on strong clay over soft clay for 40 x 30 grid model, H/B = 3.
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4.1.5 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
3.5)

Case 1, 2, 3,4, 5 and 6: c3/c; =1, 0.8, 2/3, 0.5, 1/3, 0.2- Small Deformation
Analysis

It can be seen from Table and that the values of modified bearing capacity
factor (N}) from FLAC analysis are constant (5.18) for ¢y/c; = 1, 0.8, 2/3, 0.5, and
for 1/3 and 0.2, respectively. Therefore analysis for these cases would be same as
Case 1 (Ref. [4.1.1]), Case 2 (Ref. [4.1.1]), Case 3 (Ref. £.1.2)), Case 4 (Ref. 1.1.2)),
Case 5 (Ref. and Case 6 (Ref. respectively. The FLAC analysis results

for other cases of ¢a/c; are explained below.

Case 7: c3/c; = 0.1 - Small Deformation Analysis

The foundation behaviour shown in Figure now shows a general shear type
failure type of the foundation in the stronger top clay layer with the velocity vectors
are entirely contained in top clay layer. The upward vertical direction of the velocity
vectors on the side of the footing indicates a characteristic heave of the general shear
type failure of the foundation for a smooth footing.

The plasticity state indicators in Figure show that the zone of failure is all
contained in the strong top clay layer. The depth of failure ~ 0.9B8. The horizontal
extent of plastic yielding is ~ 1.1 m from the centre of the footing.

Figure shows the magnified grid which further supports the general shear
type failure of the foundation with some soil heave at the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
three times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.88. The ultimate bearing pressure
(q.) for this case was found to be 103.49kPa. The modified bearing capacity factor
N} = 5.17 which is 0.58% higher than the value given by Meyerhof and Hanna (1978),
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but is 6.96% less than upper bound values of modified bearing capacity factor given
by |Chen (1975)| as shown in Table [4.8]
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Figure shows the comparison of modified bearing capacity factor (V) versus

shear strength ratios computed from FLAC with those from the literature.
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Figure 4.10: Modified bearing capacity factor (IN}) versus shear strength ratio (ca/c1)
curves for a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid
model, H/B = 3.5.

The normalised bearing pressure versus penetration curves for different shear
strength ratios are shown in Figure 4.11]

In above cases (Ref. 4.1.1] 4.1.2 [4.1.3} [4.1.4} and [4.1.5)) the limiting depth of the

upper strong clay layer is being approached beyond which lower soft clay layer has
no influence on the ultimate bearing capacity of the strip foundation. The following

cases (Ref. |4.1.6] and [4.1.7)) will show the influence of the bottom soft clay on the

ultimate bearing capacity when the H/B < 1.
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Figure 4.11: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on strong clay over soft clay for 40 x 30 grid model, H/B = 3.5.
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4.1.6 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
0.5)

Case 1: ¢3/c; =1 (Homogeneous clay) - Small Deformation Analysis

Since this is the case of homogeneous clay all the results will be same as Case 1 (Ref.
4.1.1). The FLAC analysis results for other cases of cy/c; are explained below, and

failure modes are summarised in Table [4.10l

Case 2: c3/c; = 0.8 - Small Deformation Analysis

The velocity vectors shown in Figure show local shear type failure of the founda-
tion in the strong top clay which spreads into the upper portion of the softer bottom
clay layer.

The plasticity state indicators in Figure show that the zone of failure extends
into the bottom soft clay layer. The depth of the failure is found to be ~ 1.2B, , and
the horizontal extent of plastic yielding is ~ 1.4 m from the centre of the footing.

Figure shows the magnified grid which further supports the local shear type
failure of the foundation. There is some evidence of the grid deformation in the
bottom softer clay.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be extending
about three and half times deeper than the width of the footing spreading deeper into
the softer clay layer. The shapes of the stress contours are fairly smooth.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.93] The ultimate bearing pressure
(qu) for this case was found to be 94.68 kPa. The modified bearing capacity factor
N} = 4.73 which is 7.82% lower than the value given by |Meyerhof and Hanna (1978),
and 4.23% lower than the upper bound analysis of |(Chen (1975), but lies within upper
and lower bound values of modified bearing capacity factor given by [Merifield et al.
(1999)| as shown in Table 4.3
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Figure [4.12 shows the comparison of modified bearing capacity factor (N;) versus

shear strength ratios computed from FLAC with those from literature.
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Figure 4.12: Modified bearing capacity factor (/N}) versus shear strength ratio (ca/c1)
curves for rigid a smooth strip footing on strong clay over soft clay for 40 x 30 grid
model, H/B = 0.5.

The normalised bearing pressure versus penetration curves for different shear

strength ratios are shown in Figure 4.13|
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Figure 4.13: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5.
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Case 3: c3/c; = 2/3 - Small Deformation Analysis

The velocity vectors in Figure still show local shear type failure involving both
top and bottom clay layers. The partial punching shear failure is more evident in
the strong top clay layer. The magnitude of the vertical velocity vector adjacent to
the edge of the footing is slightly more than those at a distance from it, suggesting a
smaller heave on the side of the footing.

The plasticity state indicators in Figure show that the zone of failure extends
into the soft clay layer. However a very small amount of plastic yielding extends to
the ground surface which again supports the local shear type failure. The depth of
failure ~ 1.2 B, and the horizontal extent of plastic yielding is ~ 1.4 m from the centre
of the footing.

Figure shows the magnified grid which further supports local shear type
failure of the foundation with very small heave on the edge of the footing. A soil
column trapped under the footing shows both downwards vertical as well as lateral
movements both in top and bottom clay layers.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
three and half times deeper than width of the footing. The shapes of the stress
contours are fairly smooth except for some high stress contours which instead of
being symmetrical about the centre of the footing are now concentrated more around
the edge, supporting the partial punching in the stronger top clay layer.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.98. The ultimate bearing pressure
(qu) for this case was found to be 85.62kPa. The modified bearing capacity factor
N} = 4.28 which is 3.04% lower than the value given by [Meyerhof and Hanna (1978),
and 5.61% lower than the upper bound analysis of |Chen (1975), but lies within upper
and lower bound values of modified bearing capacity factor given by Merifield et al.

(1999) as shown in Table [£.9]
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Case 4: ¢3/c; = 0.5 - Small Deformation Analysis

The velocity vectors shown in Figure indicate that foundation fails in local shear
type failure with partial punching shear in the strong upper layer followed by some
soil flow in the softer bottom clay layer.

The plasticity state indicators in Figure[A.100]show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 1.5B, and the horizontal extent
of plastic yielding is ~ 1.8 m from the centre of the footing. The increase in the
horizontal extent of the plastic yielding and its not extending to the ground surface
suggests that punching has become deeper than the previous case and the
strong top clay crust is confining the plastic flow in soft clay.

Figure shows the magnified grid which also supports the partial punching
shear failure mechanism of the foundation in the top clay layer. There is both vertical
movement as well as lateral movement of the soil column trapped under the footing.
There almost not soil heave near the edge of the footing now.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about five
and half times deeper than the width of the footing. The shapes of the contours are
not so regular now. The bulging of the contours at the interface of the two clay layer
suggest the influence of the soft bottom clay layer. More high stress contours than
that in previous case are now concentrated around the edge of the footing,
once again suggesting increased punching in the top clay layer.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.103] The ultimate bearing pressure
(qu) for this case was found to be 72.09kPa. The modified bearing capacity factor
N} = 3.60 which is 2.50% higher than the value given by Meyerhof and Hanna (1978)),
and 9.44% lower than the upper bound analysis of |Chen (1975), but lies within upper
and lower bound values of modified bearing capacity factor given by Merifield et al.

(1999) as shown in Table [£.9]
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Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a partial punching shear failure
of the foundation, with punching depth extending deeper into the stronger top clay
layer.

The plasticity state indicators in Figure[A.105|show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 1.75B, and the horizontal extent of
plastic yielding is ~ 1.8 m from the centre of the footing. The plastic flow from the
bottom clay is not reaching the ground surface, and is restricted by the strong top
clay crust.

Figure shows the magnified grid which further explains partial punching
shear failure of the foundation in the stronger clay layer followed by some lateral
and vertical movement of the soil in the bottom clay layer. The depressed ground
adjacent to the footing edge and an uplift in the ground away from the edge also
supports partial punching shear failure in the top clay layer and plastic flow in the
soft bottom clay layer which is now trying to lift the strong top clay up.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
four and half times deeper than the width of the footing. The concentration of the
high stress contours around the edge of the footing also suggests the punching shear
failure in the strong top clay, and the deflection of the 20 and 30 kPa contours at the
interface of the two clay layers suggest the increase influence of the bottom soft clay
layer.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 56.29kPa. The modified bearing capacity factor
N} = 2.81 which is 7.83% higher than the value given by Meyerhof and Hanna (1978)),
and 15.66% lower than the upper bound analysis of |(Chen (1975), but agrees closely
with the lower bound value of modified bearing capacity factor given by Merifield
et al. (1999)| as shown in Table 1.9
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Case 6: c3/c; = 0.2 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a full punching shear failure of
the foundation, with the rigid column of the strong top clay layer punching deeper
into the softer bottom clay layer.

The plasticity state indicators in Figure show major plastic yielding in the
bottom soft clay layer with some minor yielding in the upper strong clay layer. An
elastic soil column can be seen trapped under the footing, and the plastic yielding
is evident underneath the footing edge again supporting the punching shear failure.
The depth of failure ~ 1.75B. The crust of the stronger upper clay layer restricts the
upward plastic flow in the bottom layer resulting in the increase of horizontal extent
of the plastic yielding. The horizontal extent of plastic yielding is ~ 2m from the
centre of the footing.

Figure shows the magnified grid which further supports the full punching
shear failure of the foundation, with a column of the strong top clay layer punching
deeper into the softer bottom clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. Since the failure mechanism is punching through the top layer
into the bottom layer, the high stress contours are concentrated around the edge of
the footing. The zone of influence for this case was found to be about three and half
times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 40.69kPa. The modified bearing capacity factor
N} = 2.03 which is 10.34% higher than the value given by Meyerhof and Hanna
(1978), and 25.62% lower than the upper bound analysis of |Chen (1975), and is
slightly less than the lower bound value of modified bearing capacity factor given by
Merifield et al. (1999)| as shown in Table [4.9]
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Case T: ¢3/c; = 0.1 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a punching shear
failure of the foundation, with footing punching through the stronger top clay layer
followed by yielding in the softer bottom layer.

The plasticity state indicators in Figure[A.115|show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 1.75B8. As in previous case (4.1.6)
an elastic soil column can be seen trapped under the footing, and the plastic yielding
is evident underneath the footing edge again supporting the punching shear failure.
The crust of the stronger upper clay layer restricts the upward plastic flow in the
bottom layer resulting in the increase of horizontal extent of the plastic yielding. The
horizontal extent of plastic yielding is ~ 2.5 m from the centre of the footing.

Figure shows the magnified grid which further supports the development
of a punching shear failure of the foundation, with the footing punching through the
stronger top clay layer followed by yielding in the softer bottom layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The shapes of the stress contours are highly irregular, and the
high stress contours are concentrated around the edge of the footing which supports
the punching shear failure of the foundation in the top clay layer. The zone of influence
for this case was found to be about two times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A. 118 The ultimate bearing pressure
(qu) for this case was found to be 25.85kPa. The modified bearing capacity factor
N = 1.29 which is 4.34% higher than the value given by Meyerhof and Hanna (1978),
and 48.06% lower than the upper bound analysis of (Chen (1975)| as shown in Table
4.9.

The normalised bearing pressure versus penetration curves for different shear

strength ratios have been shown in Figure
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4.1.7 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
0.25)

In this case a smooth rigid strip footing rests on the thin crust of strong clay layer

lying over thicker soft clay.

Case 1: ¢3/c; =1 (Homogeneous clay) - Small Deformation Analysis

Since this is the case of homogeneous clay all the results will be same as Case 1 (Ref.
4.1.1). The FLAC analysis results for other cases of ¢s/c; are explained below, and

failure modes are summarised in Table [L.12]

Case 2: ¢3/¢; = 0.8 - Small Deformation Analysis

The velocity vectors shown in Figure indicate local shear type failure involving
both strong top clay layer and the softer bottom clay layer with partial punching in
the top clay layer.

The plasticity state indicators in Figure[A.120]show that the zone of failure extends
into the bottom soft clay layer. The depth of the failure is found to be ~ B, , and
the horizontal extent of plastic yielding is ~ 1.2 m from the centre of the footing.

Figure shows the magnified grid which further supports the partial punching
shear failure of the foundation with some soil heave at the edge of the footing. There
vertical and horizontal deformation in the bottom layer is evident.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
four times deeper than the width of the footing. The shapes of the stress contours are
fairly smooth and symmetrical about the centre of the footing except 100 kPa contour
which is concentrated near the edge the footing suggesting some partial punching in
the top clay layer.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure[A.123] The ultimate bearing pressure (g,
for this case was found to be 89.01 kPa. This decrease in the bearing capacity is due

the influence of the soft bottom clay. The modified bearing capacity factor N} = 4.45
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which is 15.51% lower than the value given by Meyerhof and Hanna (1978), and 5.39%
lower than the upper bound analysis of (Chen (1975), but lies within upper and lower
bound values of modified bearing capacity factor given by [Merifield et al. (1999) as
shown in Table .11
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Figure [4.14] shows the comparison of modified bearing capacity factor (N;) versus

shear strength ratios computed from FLAC with those from literature.
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Figure 4.14: Modified bearing capacity factor (V) versus shear strength ratio (ca/c;)
curves for a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid

model, H/B = 0.25.

The normalised bearing pressure versus penetration curves for different shear

strength ratios have been shown in Figure
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Figure 4.15: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.25.
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Case 3: c3/c; = 2/3 - Small Deformation Analysis

The velocity vectors in Figure show a local shear type failure of the foundation
with most of the velocity vectors pointing vertically downwards under the footing in
the strong top layer. This is followed by plastic flow in the bottom clay layer.

The plasticity state indicators in Figure[A.125|show that the zone of failure extends
into the soft clay layer. The depth of failure ~ B, and the horizontal extent of plastic
yielding is ~ 1.2m from the centre of the footing.

Figure shows the magnified grid which further supports the partial shear
failure of the foundation with some heave on the edge of the footing. A soil column
trapped under the footing shows mostly downwards vertical movements in top clay
layer and both downward vertical as well as lateral movement in the bottom clay
layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
four times deeper than the width of the footing. The shapes of the contours are fairly
smooth and they are symmetrical about the centre of the footing except the high
stress contours which are concentrated near the edge of the footing suggesting partial
punching in the top clay layer.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure[A.128] The ultimate bearing pressure (g,
for this case was found to be 77.57 kPa. The further decrease in the bearing capacity
is due to the increasing influence of the softer bottom clay layer. The modified bearing
capacity factor N = 3.88 which is 18.81% lower than the value given by Meyerhof
and Hanna (1978), and 6.70% lower than the upper bound analysis of |Chen (1975)
but lies within upper and lower bound values of modified bearing capacity factor

given by Merifield et al. (1999) as shown in Table |4.11}

Case 4: ¢3/c; = 0.5 - Small Deformation Analysis

The near vertical direction of the velocity vectors underneath the footing in the top

clay layer (refer Figure |A.129)) now indicates that foundation failure occurs with full
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punching shear through the strong upper layer. This is followed by plastic flow in
bottom soft layer.

The plasticity state indicators in Figure[A.130[show that the zone of failure extends
into the soft clay layer. The concentration of plasticity indicators underneath the edge
of the footing in the strong top clay layer suggests full punching through the top clay
layer. The plastic flow in the bottom soft clay layer is both vertical and horizontal
but does not extend to the ground surface. The depth of failure ~ 1.2B, and the
horizontal extent of plastic yielding is ~ 1.4 m from the centre of the footing.

The distortion of the magnified grid at the interface of the two clay layers in
Figure supports the punching shear failure in the strong top clay layer. An
elastic wedge of the stronger top clay can be seen trapped underneath the footing
with almost no distortion in its grid. This wedge pushes into the bottom soft clay
which moves vertically downwards under the footing and also away from the footing
which is restricted to reach the ground by the strong top clay crust. This action in
result lifts up the ground on the side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
four and half times deeper than the width of the footing. The concentration of the
high stress contours around the edge of the footing indicates punching shear failure
in the stronger top clay. The bulging of 20 and 10 kPa contours at the interface of
the two clay layers indicates the increased influence of the bottom soft clay on the
bearing response of the foundation.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(q.) for this case was found to be 62.13kPa. The modified bearing capacity factor
N} = 3.11 which is 9.97% lower than the value given by |Meyerhof and Hanna (1978),
and 9.32% lower than the upper bound analysis of |(Chen (1975), but lies within upper
and lower bound values of modified bearing capacity factor given by [Merifield et al.

(1999)| as shown in Table
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Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

Like the previous case the downward vertical direction of the velocity vectors un-
derneath the footing in the top clay layer (refer Figure again indicates that
foundation failure occurs with full punching shear through the strong upper layer.
This is followed by plastic flow in bottom soft layer.

The plasticity state indicators in Figure[A.135|show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 1.2B, and the horizontal extent of
plastic yielding is ~ 1.4m from the centre of the footing. The concentration of
plasticity indicators underneath the edge of the footing in the strong top clay layer
suggests full punching through the top clay layer. The plastic flow in the bottom soft
clay layer is both vertical and horizontal but does not extend to the ground surface.

Figure shows the magnified grid which further explains punching shear
failure of the foundation. An elastic wedge of the stronger top clay can be seen
trapped underneath the footing with almost no distortion in its grid. This wedge
pushes into the bottom soft clay which moves vertically downwards under the footing
and also away from the footing which is restricted to reach the ground by the strong
top clay crust. This action result in lifting the ground up on the side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
three and half times deeper than the width of the footing. The concentration of the
high stress contours around the edge of the footing supports punching shear failure in
the stronger top clay. The bulging of 10 kPa contours at the interface of the footing
indicates the increased influence of the bottom soft clay on the bearing response of
the foundation.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(gu) for this case was found to be 45.49kPa. The modified bearing capacity factor
N} = 2.27 which is 5.29% higher than the value given by Meyerhof and Hanna (1978)),
and 13.66% lower than the upper bound analysis of |(Chen (1975), but agrees closely
with the lower bound value of modified bearing capacity factor given by Merifield
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et al. (1999) as shown in Table

Case 6: c3/c; = 0.2 - Small Deformation Analysis

Like in the previous case the downward vertical direction of the velocity vectors
underneath the footing in the top clay layer (Figure again indicates that
foundation failure occurs with full punching shear through the strong upper layer.
This is followed by both vertical and horizontal plastic flow in bottom soft layer.

The plasticity state indicators in Figure[A.140]show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 1.5B, and the horizontal extent
of plastic yielding is ~ 1.6m from the centre of the footing. The concentration
of plasticity indicators underneath the edge of the footing in the strong top clay
layer suggests full punching through the top clay layer. A void space underneath
the footing showing no yielding represents the elastic column of the top strong clay
trapped underneath the footing. The plastic flow in the bottom soft clay layer is both
vertical and horizontal but does not extend to the ground surface.

Figure shows the magnified grid which further explains punching shear
failure of the foundation through the strong clay layer. A rigid column of the stronger
top clay can be seen trapped underneath the footing with almost no distortion in its
grid. This column pushes into the bottom soft clay which moves vertically downwards
under the footing and also away from the footing which is restricted to reach the
ground by the strong top clay crust. This action result in lifting up the ground on
the side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. Since the failure mechanism is punching through the top
layer into the bottom layer, the stress contour concentration is around the edge of
the footing. The deflection in the shape of 10 kPa contour at the interface of the top
and bottom clays shows the influence of the bottom soft clay on the bearing response
of the foundation. The zone of influence for this case was found to be about two and
half times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps
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in the history of the model is shown in Figure The ultimate bearing pressure
(q.) for this case was found to be 30.78 kPa. This decrease in the bearing capacity
value also support the punching shear failure mechanism in the top clay layer with
its strength not contributing much towards the bearing capacity which is now mainly
governed by the shear strength of the soft bottom clay layer. The modified bearing
capacity factor N = 1.54 which is 7.79% higher than the value given by Meyerhof
and Hanna (1978), and 18.18% lower than the upper bound analysis of (Chen (1975),
and is slightly less than the lower bound value of modified bearing capacity factor

given by Merifield et al. (1999) as shown in Table |4.11}

Case T: ¢3/c; = 0.1 - Small Deformation Analysis

In this case also the downward vertical direction of the velocity vectors underneath the
footing in the top clay layer (Figure indicates that foundation failure occurs
with full punching shear through the strong upper layer. This is followed by both
vertical and horizontal plastic flow in bottom soft layer.

The plasticity state indicators in Figure[A.145|show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 1.5B, and the horizontal extent
of plastic yielding is ~ 1.9m from the centre of the footing. The concentration
of plasticity indicators underneath the edge of the footing in the strong top clay
layer suggests full punching through the top clay layer. A void space underneath
the footing showing no yielding represents the elastic column of the top strong clay
trapped underneath the footing which pushes into the soft clay layer. The plastic
flow in the bottom soft clay layer is both vertical and horizontal but does not extend
to the ground surface.

Figure shows the magnified grid which once again explains punching shear
failure of the foundation through the strong clay layer. A rigid column of the stronger
top clay can be seen trapped underneath the footing with no distortion in its grid.
This column pushes into the bottom soft clay which moves vertically downwards under
the footing and also away from the footing which is restricted to reach the ground

by the strong top clay crust. This action result in uplifting the ground on the side of
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the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. Since the failure mechanism is punching through the top
layer into the bottom layer, the stress contour concentration is around the edge of
the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(gu) for this case was found to be 18.09kPa. This decrease in the bearing capacity
value also support the punching shear failure mechanism in the top clay layer with
its strength not contributing much towards the bearing capacity which is now mainly
governed by the shear strength of the soft bottom clay layer. The modified bearing
capacity factor N* = 0.9 which is 2.89% higher than the value given by Meyerhof
and Hanna (1978), and 48.89% lower than the upper bound analysis of |Chen (1975)
as shown in Table 411l
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4.2 Strip Footing on Soft Clay Overlying Stiff Clay

This situation may occur where soft glacial lake clay overlies stiff till deposits. Plain
strain analyses of a strip footing resting on the ground surface with soft clay overlying
a stiff clay are described in this section. The failure mechanism in rigid strip footing
on soft over strong clay system is investigated for various H/B and ¢; /¢y ratios. As
it can be seen in if the top strong clay layer is thick enough (i.e. H/B > 0.5)
the failure mechanism is entirely contained in the top soft clay layer for all values of
c1/ce < 1, and the bearing capacity g, = NJc¢; where the modified bearing capacity
factor N* = 5.18. It can also be seen from [4.2.2| and [4.2.3| that for H/B < 0.5, as the

H/B ratio decreases or the top soft layer becomes thinner and thinner, the bearing
capacity increases as the relative strength of the bottom layer increases (Table
& [4.17). The effect of the top clay thickness (H) on the ultimate bearing capacity

(qu) of the foundation is shown in form of modified bearing capacity factor (N}) in
Figure [4.18

Model Geometry

A 40 x 30 elements grid similar to that in is adopted for these analyses. The
model geometry is the same as shown in [A.239]

4.2.1 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B = 1)

Various undrained shear strength ratios of top layer (c¢;) to bottom layer (c) consid-

ered are 0.1,0.2,1/3,0.5,2/3,0.8, and 1.
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Failure Modes of Layered Clays

Figure [4.16] shows the comparison of modified bearing capacity factor (N;) versus

shear strength ratios computed from FLAC with those from literature.
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Figure 4.16: Modified bearing capacity factor (NJ) versus shear strength ratio (¢;/cz)
curves for a rigid smooth strip footing on soft over strong clay for 40 x 30 grid model,

H/B =1.

The normalised bearing pressure versus penetration curves for different shear

strength ratios are shown in Figure 4.17]
The failure mechanisms for shear strength rations of ¢; /¢y = 0.8,2/3,0.5,1/3,0.2
and 0.1 are summarised in Table .14l
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6 c,/c,=1,0.8, 2/3, 0.5, 1/3,0.2 and 0.1
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Figure 4.17: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on soft clay over strong clay for 40 x 30 grid model, H/B = 1.

Case 1: ¢;/cs or ¢3/c; = 1 (Homogeneous clay) - Small Deformation Analysis

Since this is a case of a strip footing on a homogeneous clay, the foundation behavior

is the same as in Case 1 (4.1.1]).

Case 2: ¢;/cy = 0.8 or ¢y/c; = 1.25 - Small Deformation Analysis

The velocity vectors in Figure show the plastic flow of soil. The soil under-
neath the footing flows away from it and indicates a general shear type failure of the
foundation. The vertical direction of the vectors on the side of the footing indicates

a heave in the ground.

The plasticity state indicators in Figure show the zone of failure. The
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Figure 4.18: Modified bearing capacity factor (NJ) versus shear strength ratio (¢;/c2)
curves for a rigid smooth strip footing on soft over strong clay for 40 x 30 grid model,
for various H/B ratios.

plastic field is developed downwards and outwards of the footing and reaches the
ground surface. The depth of the failure is found to be ~ 0.8 B, and the horizontal
extent of plastic yielding is ~ 1.1 m from the centre of the footing.

Figure shows the magnified grid which further supports the general shear
type failure of the foundation with soil heave on the edge of the footing. All defor-
mation is contained in the upper clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.5B5.
The shapes of the stress contours are smooth and the contours are symmetric about
the centre of the footing.

The bearing pressure versus footing penetration recorded at different time steps in
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Table 4.14: Failure modes for different shear strength ratios (¢;/c2) for H/B = 1.

Shear Strength Failure Modes

Ratio,

(c1/c2)
0.80 General shear type failure
0.67 General shear type failure
0.50 General shear type failure
0.33 General shear type failure
0.20 General shear type failure
0.10 General shear type failure

the history of the model is shown in Figure[A.153] The ultimate bearing pressure (g,
for this case was found to be 103.54 kPa. The modified bearing capacity factor N} =
5.18 from the present analysis is 0.77% higher than the value given by Brown and
Meyerhof (1969), but lies within upper and lower bound values of modified bearing
capacity given by |[Merifield et al. (1999) as shown in Table

Case 3: ¢;/c; =2/3 or cp/c; = 1.5 - Small Deformation Analysis

The velocity vectors in Figure again show a plastic flow which indicates a
general shear type failure of the foundation.

The plasticity state indicators in Figure show that the zone of failure re-
mains in the upper clay layer. The plastic field is developed downwards and outwards
of the footing and reaches the ground surface. The depth of failure ~ 0.9B, and the
horizontal extent of plastic yielding is ~ 1.1 m from the centre of the footing.

The magnified grid in Figure further supports the general shear type fail-
ure of the foundation with characteristic soil heave on the edge of the footing. All
deformation is contained in the upper clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.5B.
The shapes of the stress contours are smooth and the contours are symmetrical about
the centre of the footing.

The bearing pressure versus footing penetration recorded at different time steps in
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the history of the model is shown in Figure[A.158 The ultimate bearing pressure (g,
for this case was found to be 103.54 kPa. The modified bearing capacity factor N} =
5.18 from the present analysis is 0.77% higher than the value given by Brown and
Meyerhof (1969), but lies within upper and lower bound values of modified bearing
capacity given by |[Merifield et al. (1999) as shown in Table

Case 4: ¢;/cy = 0.5 or ¢y/c; = 2- Small Deformation Analysis

The velocity vectors shown in Figure[A.T9|continues to show general shear type failure
of the foundation.

The plasticity state indicators in Figure show the zone of failure. The shear
stress failure starts underneath the footing and spreads both downwards and away
from the footing. The depth of the failure is found to be ~ 0.8 B, and the horizontal
extent of plastic yielding is ~ 1.1 m from the centre of the footing.

Figure shows the magnified grid which further supports the idea of general
shear type failure of the foundation. The deformation is still contained in the upper
layer there is some soil heaving at the side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.5B.
The shapes of the stress contours are smooth and the contours are symmetrical about
the centre of the footing.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure[A.163] The ultimate bearing pressure (g, )
for this case was found to be 103.53 kPa. The modified bearing capacity factor N} =
5.18 from the present analysis is 0.77% higher than the value given by Brown and
Meyerhof (1969), but lies within upper and lower bound values of modified bearing
capacity given by Merifield et al. (1999) as shown in Table

Case 5: ¢1/c; =1/3 or c3/c; = 3 - Small Deformation Analysis

The velocity vectors shown in Figure continues to show general shear type

failure of the foundation.

103



4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity and
Failure Modes of Layered Clays

The plasticity state indicators in Figure show the zone of failure. The shear
stress of the failure of the soil starts underneath the footing and spreads downwards
and away from it. The depth of the failure is found to be ~ 0.8 B, and the horizontal
extent of plastic yielding is ~ 1.1 m from the centre of the footing.

Figure shows the magnified grid distortion in the upper softer clay layer in
general shear type failure of the foundation with some soil heave at the edge of the
footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.5B.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure . The ultimate bearing pressure (q,)
for this case was found to be 103.54 kPa. The modified bearing capacity factor N =
5.18 from the present analysis is 0.77% higher than the value given by Brown and
Meyerhof (1969), but lies within upper and lower bound values of modified bearing
capacity given by |Merifield et al. (1999) as shown in Table

Case 6: ¢;/co = 0.2 or ¢3/c; =5 - Small Deformation Analysis

Figure once again shows typical plastic velocity vector flow in general shear
type failure of the foundation.

The plasticity state indicators in Figure show the zone of failure with shear
stress failure starting underneath the footing and then spreading downwards and away
from the footing. The depth of the failure is found to be ~ 0.9B, and the horizontal
extent of plastic yielding is ~ 1.1 m from the centre of the footing.

Figure shows the magnified grid which further illustrates general shear
type failure of the foundation with some soil heaving at the edge of the footing. The
deformation is contained in the upper softer clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.5B.

The bearing pressure versus footing penetration recorded at different time steps in

the history of the model is shown in Figure|A.173| The ultimate bearing pressure (g,)
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for this case was found to be 103.55 kPa. The modified bearing capacity factor N =
5.18 from the present analysis is 0.77% higher than the value given by Brown and
Meyerhof (1969), but lies within upper and lower bound values of modified bearing
capacity given by |[Merifield et al. (1999) as shown in Table

Case 7: ¢1/co = 0.1 or ¢y/c; = 10 - Small Deformation Analysis

The velocity vectors shown in Figure [A.174] like all cases above, continues to show
general shear type failure of the foundation.

The plasticity state indicators in Figure show a typical general shear type
zone of failure. The depth of the failure is found to be ~ 0.8 B, and the horizontal
extent of plastic yielding is ~ 1.1 m from the centre of the footing.

Figure shows the magnified grid which further indicates general shear type
failure of the foundation with soil heave near the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
four times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure[A.178] The ultimate bearing pressure (g,
for this case was found to be 103.56 kPa. The modified bearing capacity factor N} =
5.18 from the present analysis is 0.77% higher than the value given by Brown and
Meyerhof (1969), but lies within upper and lower bound values of modified bearing
capacity given by Merifield et al. (1999) as shown in Table

was considered as the base case for studying the effect of the thickness of the
soft top clay layer. Since the results of all cases above show that the bearing capacity
of all ¢; /¢y ratios remains the same for H/B = 1, it is expected that it will remain
unchanged for all H/B > 1 The thickness is then decreased as H < B (H/B = 0.5
& 0.25).
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4.2.2 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B =
0.5)

Case 1: ¢;/cs or ¢3/c; = 1 (Homogeneous clay) - Small Deformation Analysis

Since this is the case of homogeneous clay all the results will be same as Case 1 (4.2.1)).

The FLAC analysis results for other cases of ¢;/cy are explained below.

Case 2: ¢;/c; = 0.8 or ¢y/c; = 1.25 - Small Deformation Analysis

The velocity vectors shown in Figure show plastic flow of the soil underneath
the footing moving downwards and away from the footing some what resembling to
the general shear type failure of the foundation. It can be noticed that the velocity
vectors tend to straighten out near the interface of softer upper and stronger bottom
clays.

The plasticity state indicators in Figure show the zone of failure extends
to near the top of strong clay layer. The shear stress failure of the upper softer
clay starts underneath the footing and spreads downwards as well as away from the
footing. The depth of failure is found to be ~ 0.45B, and the horizontal extent of
plastic yielding is ~ 0.9 m from the centre of the footing.

Figure shows the magnified grid which further indicates general shear type
failure of the foundation with some heave at the edge of the footing. The deformation
in the upper soft clay is to the top of the lower strong clay layer and shows that
the contribution of the strength of the bottom strong clay is increasing the bearing
capacity of the foundation.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.5B.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(g.) for this case was found to be 104.13kPa. The modified bearing capacity factor
N¥ =5.21 which is 0.77% lower than the value given by Brown and Meyerhof (1969),

but lies within upper and lower bound values of modified bearing capacity given by

106



4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity and
Failure Modes of Layered Clays

Merifield et al. (1999) as shown in Table |A.3]

107



Failure Modes of Layered Clays

"8ur300§ ysnoy,

- - - - (44 €E70T 010 00°0g
- - 1€°G 987 1¢°¢ 7701 020 00°0g
- - 1€°G 987 12°¢ 8T70T €e0 00°0g
eV — €v'a 1€°¢ 987 1¢°¢ 02701 0s°0 00°0g
0¢'c— €e'¢ T€°G 98'% 1¢°¢ GTv0T 290 0002
LL0— S 1€°G 98'% 1¢°¢ ET70T 080 00°0g
110 48" ces 98’V 8T°¢ 99°€0T 00T 00°0g
(696T joyroso1y
23 umoig) (6961 Joytedory | punoqioddp | punoqiomory (e0/12) (1)
N % (OVTA)IN 23 umoug) (666T°T2 30 P[PYLIIN) ©/(OVT1D™ | (OVT1A) ‘oryey ‘1oker] do,
UOM)O( OURIRPIJ % °N = (DVTI) N "h 18UsI)S 1eoYS | [ISUSI)S 1eaYG

108

G0 =g/H 10 ‘0¢ X 0F PLS 10] Ae[d SUOI)S I9A0
Aed 9508 uo 3urjooj di1ys prdur 10 senfea Suisixo YHm [N ‘1030e] Lyoeder) Surreag poyrpowt jo uostreduio)) G 9[qe],

4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity and




4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity and
Failure Modes of Layered Clays

Figure [4.19 shows the comparison of modified bearing capacity factor (N;) versus

shear strength ratios computed from FLAC with those from literature.
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Figure 4.19: Modified bearing capacity factor (V) versus shear strength ratio (c;/cs)
curves for a rigid smooth strip footing on soft clay over strong clay for 40 x 30 grid
model, H/B = 0.5.

The normalised bearing pressure versus penetration curves for different shear
strength ratios are shown in Figure |4.20]

The failure mechanisms for shear strength rations of ¢; /¢y = 0.8,2/3,0.5,1/3,0.2
and 0.1 are summarised in Table
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Figure 4.20: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5.

Case 3: ¢1/co =2/3 or cg/c; = 1.5 - Small Deformation Analysis

Figure [A.184] again shows general shear type failure of the foundation with plastic
flow downwards and away from the footing in the upper soft clay layer. The velocity
vectors straightens out as it approaches the junction of the top and bottom clay layers.

The plasticity state indicators in Figure show the zone of failure starting
to extend close to bottom strong clay layer. The shear stress failure of the softer
upper clay starts underneath the footing and spreads downwards and away from the
footing. The depth of the failure is found to be ~ 0.45B, and the horizontal extent
of plastic yielding is ~ 0.9 m from the centre of the footing.

Figure shows the magnified grid which also shows general shear type failure

of the foundation with some soil heaving at the edge of the footing. The deformation
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Table 4.16: Failure modes for different shear strength ratios (¢;/c2) for H/B = 0.5.

Shear Strength Failure Modes

Ratio,

(c1/c2)
0.80 General shear type failure
0.67 General shear type failure
0.50 General shear type failure
0.33 General shear type failure
0.20 General shear type failure
0.10 General shear type failure

in the upper soft clay extends down to the top of the lower strong clay layer and
indicates the contribution of the strength of the bottom strong clay in increasing the
bearing capacity of the foundation.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.7B.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 104.15kPa. The modified bearing capacity factor
N} = 5.21 which is 2.30% lower than the value given by Brown and Meyerhof (1969),
but lies within upper and lower bound values of modified bearing capacity given by
Merifield et al. (1999)| as shown in Table [4.15

Case 4: ¢1/cy = 0.5 or ¢y/c; = 2 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate general shear type
failure of the foundation with plastic flow in the upper soft clay layer very similar to
the previous two cases.

The plasticity state indicators in Figure show the zone of failure extends
deep in the soft clay layer. The depth of failure ~ 0.55, and the horizontal extent of
plastic yielding is ~ 0.9 m from the centre of the footing.

Figure shows the magnified grid which also shows general shear type failure
of the foundation with some soil heaving at the edge of the footing. The deformation
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in the upper soft clay extends down to the top of the lower strong clay layer and
shows that the contribution of the strength of the bottom strong clay in increasing
the bearing capacity of the foundation.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.75B5.
The shapes of the stress contours are smooth and they are symmetrical about the
centre of the footing.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure . The ultimate bearing pressure (q,)
for this case was found to be 104.20 kPa. The modified bearing capacity factor N =
5.21 which lies within upper and lower bound values of modified bearing capacity
given by [Merifield et al. (1999), but is 4.22% lower than the value given by Brown
and Meyerhof (1969)as shown in Table [4.15

Case 5: ¢1/co =1/3 or c3/c; = 3 - Small Deformation Analysis

The velocity vectors shown in Figure again shows general shear failure of the
foundation with a plastic flow in the upper soft clay layer similar to the previous
cases.

The plasticity state indicators in Figure show the zone of failure extends
on top of strong clay layer. The depth of failure ~ 0.5B8 and the horizontal extent of
plastic yielding is ~ 0.9 m from the centre of the footing.

Figure shows the magnified grid which also shows general shear type failure
of the foundation with some soil heaving at the edge of the footing. The grid defor-
mation in the upper soft clay extends down to the top of the lower strong clay layer
and hints the contribution of the strength of the bottom strong clay in increasing the
bearing capacity of the foundation.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.7B.

The bearing pressure versus footing penetration recorded at different time steps in

the history of the model is shown in Figure|A.198 The ultimate bearing pressure (g,)
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for this case was found to be 104.18 kPa. The modified bearing capacity factor N =
5.21 which lies within upper and lower bound values of modified bearing capacity

given by Merifield et al. (1999)| as shown in Table 4.15]

Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis

The velocity vectors shown in Figure also show general shear type failure of
the foundation with similar plastic flow pattern in the upper soft clay layer as in the
previous cases.

The plasticity state indicators in Figure show the zone of failure extends
on top of strong clay layer. The depth of failure ~ 0.58 and the horizontal extent of
plastic yielding is ~ 0.9 m from the centre of the footing.

Figure shows the magnified grid which further indicates the idea of a general
shear type failure of the foundation.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.7B5.
The shapes of the contours are smooth and they are symmetrical about the centre of
the footing.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure . The ultimate bearing pressure (q,)
for this case was found to be 104.24 kPa. The modified bearing capacity factor N =
5.21 which lies within upper and lower bound values of modified bearing capacity
given by Merifield et al. (1999)| as shown in Table [4.15]

Case T: ¢1/c; = 0.1 or ¢3/c; = 10 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate general shear failure
of the foundation with plastic flow of softer clay downwards and away from the footing
in the upper soft clay layer.

The plasticity state indicators in Figure show the zone of failure extends to
the top of strong clay layer. The depth of failure ~ 0.45B, and the horizontal extent

of plastic yielding is >~ 0.9 m from the centre of the footing.
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Figure shows the magnified grid which further indicates local shear failure
of the foundation with some plastic flow in the upper soft clay layer. There is some
soil heave near the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about four
times deeper than the width of the footing. The shapes of the contours are smooth
and they are symmetrical about the centre of the footing.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure . The ultimate bearing pressure (q,)
for this case was found to be 104.33 kPa. The modified bearing capacity factor N =
5.22 which lies within upper and lower bound values of modified bearing capacity
given by Merifield et al. (1999)| as shown in Table [4.15]
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4.2.3 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B =
0.25)

Case 1: ¢;/cs or ¢3/c; = 1 (Homogeneous clay) - Small Deformation Analysis

Since this is the case of homogeneous clay all the results will be same as Case 1 (4.2.1)).

The FLAC analysis results for other cases of ¢y /c; are explained below.

Case 2: ¢;/cy = 0.8 or ¢y/c; = 1.25 - Small Deformation Analysis

The velocity vectors shown in Figure show a shear failure of the foundation
with soft clay between the footing and the bottom stiff clay squeezing out laterally.
There is also some lateral plastic flow of stronger bottom soil.

The plasticity state indicators in Figure show the zone of failure extends
into the bottom strong clay layer. The depth of the failure is found to be ~ 0.4B and
the horizontal extent of plastic yielding is ~ 0.75m from the centre of the footing.
Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 2.75.

Figure shows the magnified grid which further indicates a shear failure of
the foundation and lateral squeezing of soft clay under the footing. The squeezed
out softer clay also can be seen to cause a soil heave on the side of the footing. The
deformation of the grid extends into the stronger bottom clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
four times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.213] The ultimate bearing pressure
(g.) for this case was found to be 110.07 kPa. The modified bearing capacity factor
N} = 5.50 which is 0.18% lower than the value given by |Brown and Meyerhof (1969),
but is 0.54% higher than the upper bound values of modified bearing capacity given
by Merifield et al. (1999)| as shown in Table [4.17]
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4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity and
Failure Modes of Layered Clays

Figure [4.21] shows the comparison of modified bearing capacity factor (N;) versus

shear strength ratios computed from FLAC with those from literature.
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Figure 4.21: Modified bearing capacity factor (NJ) versus shear strength ratio (c;/c2)
curves for a rigid smooth strip footing on soft clay over strong clay for 40 x 30 grid
model, H/B = 0.25.

The normalised bearing pressure versus penetration curves for different shear
strength ratios are shown in Figure 4.22]

The failure mechanisms for shear strength rations of ¢; /¢y = 0.8,2/3,0.5,1/3,0.2
and 0.1 are summarised in Table [L.I8
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Figure 4.22: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.25.

Case 3: ¢1/co =2/3 or c3/c; = 1.5 - Small Deformation Analysis

The velocity vectors in Figure show a shear failure of the foundation with soft

clay between the footing and the bottom stiff clay squeezing out laterally. Unlike the

previous case the plastic flow is confined to the upper softer clay layer.

The plasticity state indicators in Figure show that the zone of failure extends

deep on the top of lower stronger clay layer. The yielding in shear starts underneath

the footing and spreads downwards and away. The depth of the failure is found to be

~ (.25B and the horizontal extent of plastic yielding ~ 0.7 m from the centre of the

footing.
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Table 4.18: Failure modes for different shear strength ratios (c;/c2) for H/B = 0.25.

Shear Strength Failure Modes

Ratio,

(c1/c2)
0.80 A shear failure with squeezing out of softer clay and some stronger clay
0.67 A shear failure with squeezing out of softer clay
0.50 A shear failure with squeezing out of softer clay
0.33 A shear failure with squeezing out of softer clay
0.20 A shear failure with squeezing out of softer clay
0.10 A shear failure with squeezing out of softer clay

Figure shows the magnified grid which further indicates a shear failure of
the foundation with lateral squeezing of soft clay under the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3B.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.218 The ultimate bearing pressure
(qu) for this case was found to be 110.30kPa. The modified bearing capacity factor
N} = 5.52 which is 5.25% lower than the value given by Brown and Meyerhof (1969)
and is 0.72% higher than upper bound values of modified bearing capacity given by
Merifield et al. (1999)| as shown in Table [4.17

Case 4: ¢;/c; = 0.5 or ¢3/c; = 2 - Small Deformation Analysis

The plastic flow velocity vectors shown in Figure once again suggests a shear
failure of the foundation with soft clay between the footing and the bottom stiff clay
squeezing out.

The plasticity state indicators in Figure[A.220]show that the zone of failure extends
deep into the soft clay layer. The yielding in shear starts underneath the footing and
spreads away from it. The depth of failure ~ 0.25B, and the horizontal extent of
plastic yielding ~ 0.7 m from the centre of the footing.

Figure shows the magnified grid which further indicates the idea of a lateral

squeezing of soft clay under the footing. The squeezed out clay causes a heave on the
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side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3B.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 110.37 kPa. The modified bearing capacity factor
N} = 5.52 which is 8.70% lower than the value given by Brown and Meyerhof (1969),
and is 0.54% higher than upper bound values of modified bearing capacity given by
Merifield et al. (1999)| as shown in Table [4.17

Case 5: ¢;/cy =1/3 or cz/c; = 3 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a shear failure of
the foundation with soft clay between the footing and the bottom stiff clay is being
squeezed out laterally.

The plasticity state indicators in Figure[A.225|show that the zone of failure extends
deep into the soft clay layer. The depth of failure ~ 0.25B and the horizontal extent
of plastic yielding ~ 0.7 m from the centre of the footing.

Figure shows the magnified grid which further indicates lateral squeezing
of soft clay under the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3B.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(q.) for this case was found to be 110.42kPa. The modified bearing capacity factor
N¥ = 5.52 is 0.72% higher than upper bound values of modified bearing capacity
given by Merifield et al. (1999)| as shown in Table 4.17

Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis

The velocity vectors shown in Figure once again show a shear failure of the
foundation with soft clay between the footing and the bottom stiff clay is being
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squeezed out laterally.

The plasticity state indicators in Figure[A.230]show that the zone of failure extends
deep into the soft clay layer just above the top of lower strong clay layer. The depth of
failure ~ 0.25B and the horizontal extent of plastic yielding ~ 0.7 m from the centre
of the footing.

Figure shows the magnified grid which further indicates a local shear failure
of the foundation with soft clay between the footing and the bottom stiff clay being
squeezed out laterally. There is some soil heave near the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 3.25B.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(g.) for this case was found to be 110.53 kPa. The modified bearing capacity factor
NF = 5.53 is 0.72% higher than upper bound values of modified bearing capacity
given by Merifield et al. (1999)| as shown in Table [4.17

Case 7: ¢1/co = 0.1 or ¢y/c; = 10 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a shear failure of
the foundation with soft clay between the footing and the bottom stiff clay being
squeezed out laterally.

The plasticity state indicators in Figure[A.235|show that the zone of failure extends
deep into the soft clay layer. The depth of failure ~ 2B. The depth of failure ~ 0.25B
and the horizontal extent of plastic yielding is ~ 0.75 m from the centre of the footing.

Figure shows the magnified grid which further indicates a shear failure of
the foundation with soft clay between the footing and the bottom stiff clay is being
squeezed out laterally and then heaving near the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about
four times deeper than the width of the footing.

The bearing pressure versus footing penetration recorded at different time steps
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in the history of the model is shown in Figure The ultimate bearing pressure
(q.) for this case was found to be 110.76 kPa. The modified bearing capacity factor
N} = 5.54 as shown in Table
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4.3 Circular Footing on Stiff Clay Overlying Soft Clay

The axisymmetric analyses of a rigid smooth circular footing resting on the ground
surface of stiff clay overlying a soft clay are investigated in this section. The bearing
capacity and the failure mechanism for a rigid circular footing on a strong over soft
clay system depends on the ratio of the depth of upper clay layer (H) to the diameter
of the footing (D), and the ratios (c2/c;) of the undrained shear strengths of the upper
and lower clay layers. The H/D ratios considered in this study are 0.25,0.5,1,1.5
and 2. The undrained shear strength ratios of the bottom layer (¢3) to top layer (¢;)
considered are 0.1,0.2,1/3,0.5,2/3,0.8, and 1.

As in the failure mechanisms here also are described by grid point velocity
vectors and the extent of the steady-state plastic flow is represented by plasticity state
indicators. The change in the nature and extent of the plastic flow helps in explaining
the variation in the bearing capacity of the two layer clay foundation system for
different H/D and cy/c; ratios. The foundation deformation is also described with
the help of magnified deformed grid.

It is observed that if the top strong clay layer is deep enough (i.e. H > 2D) the
failure mechanism is entirely contained in the top strong clay layer for all values of
the o /cq ratio. This depth is greater than Brown and Meyerhof (1969) who suggested
the value of this ratio as H/D = 1.5. For all other values of H/D < 2, depending
upon the H/D and cy/cq ratios, the failure mechanism generally occurs in general
shear, partial punching shear or full punching shear through the top layer followed
by yielding of the bottom soft clay layer. For H/D < 0.25, full punching of the
footing through the top strong clay layer occurs when the strength of the top layer is
significantly greater than that of the bottom soft layer. Since FLAC does not allow
the separation or slip between two elements at the attached grid points, the extent
of punching has only been interpreted based on velocity vector diagrams, plasticity
state indicators and to some extent by the magnified grid plots as explained below
for various cases.

As it can be seen in Table [£.23] and [4.26] the bearing capacity values for all

ca/c1 < 1 and H/D > 2 remain equal to the bearing capacity for homogeneous case
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(ca/c; = 1), and less than that of homogeneous case for H/D < 0.25 respectively.
The effect of the top clay thickness (H) on the ultimate bearing capacity (g,) of the
foundation is shown in form of modified bearing capacity factor (N;) in Figure [4.25]

4.3.1 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D =
1)

The undrained shear strength ratios of the bottom layer (¢3) to top layer (¢;) consid-

ered are 0.1,0.2,1/3,0.5,2/3,0.8, and 1.

Case 1: ¢3/c; =1 (Homogeneous clay) - Small Deformation Analysis

The velocity vectors shown in Figure with the plastic flow of soil underneath
the footing away from the footing indicate general shear type failure of the foundation.
The vertical direction of the vectors on the side of the footing indicates a heave in
the ground.

The plasticity state indicators in Figure show that the shear failure of the
soil starts underneath the footing and spreads downwards as well as away from the
footing which is a typical indication of general shear type failure. The zone of failure
lies within a depth which is less than the diameter of the footing (D). The depth
of failure is 0.4D, and the horizontal extent of plastic yielding is ~ 0.7 m from the
centre of the footing.

Figure shows the magnified gridﬁ which supports the general shear type
failure of the foundation with soil heaving at the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D. It
may be noticed that the stress bulbs in the case of circular footing are not as smooth
as in the case of strip footing (refer . This is probably due to some numerical

noise. Other reason could be the way FLAC plots stress contours through the centre

81t should be noted here that this is a small deformation analysis i. e. the coordinates of the grid
points are not updated with the footing settlement. The grid magnification shows only an estimation
of the foundation soil deformation at the end of analysis.
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of a zone and not at the grid points. This can be also be noticed from the that
the contours do not extend to the grid points at the boundary and terminates at the
centre of the boundary zones. One way of extending the contours to the boundary is
by extrapolation, which is explained in the FLAC manual (Itasca Consulting Group,
Inc. 2002c)). The results of least-squares fit extrapolation are shown in Case 7 .

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 112.20kPa. The modified bearing capacity factor
N} = 5.61 from the present analysis agrees with the value given by |Wang and Carter
(2001), but is slightly lower (1.34%) than the bearing capacity factor for a rough
circular footing given by |Brown and Meyerhof (1969) which is reduced by 6% for
comparison with a smooth footing as suggested by Wang and Carter (2001)| Table
(4.19).

The ultimate bearing pressures for the various cases studied are obtained from the
FLAC model history files. The modified bearing capacity factors N are calculated
for the present analyses using equation and shown in Table[4.19 The comparison
of modified bearing capacity factor N} versus shear strength ratios computed from
FLAC with those from literature is shown in Figure The normalised bearing
pressure versus penetration curves for different shear strength ratios have been shown
in Figure [£.24 The failure modes for all cases of ¢y/c; for H/B = 1 are summarised
in the Table 420
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Figure 4.23: Modified bearing capacity factor (IN}) versus shear strength ratio (ca/c1)
curves for a rigid smooth circular footing on strong over soft clay for 40 x 30 grid
model, H/D = 1.

Case 2: ¢3/¢; = 0.8 - Small Deformation Analysis

The velocity vectors shown in Figure again show general shear type failure with
plastic flow downwards and away from the footing.

The plasticity state indicators in Figure show the extent of failure. The
nature, horizontal extent and the depth of the failure was found to be about the same
as that in Case 1 (4.3.1).

Figure shows the magnified grid which further supports the general shear
type failure with heave on the side of the footing.

Figure |A.249| shows the equal vertical stress (o,,) contours and zone of influence
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Figure 4.24: Normalised bearing pressure versus penetration curves for a rigid smooth
circular footing on strong clay over soft clay for 40 x 30 grid model, H/D = 1.

under the circular footing. The depth zone of influence for this case was found to be
same as that in Case 1 (£.3.1).

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(q.) for this case was found to be 112.25kPa. The modified bearing capacity factor
N} = 5.61 from present analysis agrees with the value given by Wang and Carter
(2001),, but is slightly lower (1.34%) than the bearing capacity factor for rough circular
footing given by Brown and Meyerhof (1969) which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.19).
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Figure 4.25: Modified bearing capacity factor (V) versus shear strength ratio (ca/cy)
curves for a rigid smooth circular footing on strong over soft clay for 40 x 30 grid
model, for various H/D ratios.

129



4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity and
Failure Modes of Layered Clays

Table 4.20: Failure modes for different shear strength ratios (ca/c1) for H/D = 1.

Shear Strength Failure Modes

Ratio,

(c2/c1)
1.00 General shear type failure
0.80 General shear type failure
0.67 General shear type failure
0.50 General shear type failure
0.33 General shear type failure
0.20 Local shear type failure involving both top and bottom layers
0.10 Punching shear failure in the top layer, local shear in the bottom layer

Case 3: c3/c; = 2/3 - Small Deformation Analysis

Figure still shows general shear type failure of the foundation with similar
plastic flow as in the previous two cases.

The zone of failure shown by the plasticity state indicators (refer Figure
is similar to the previous two cases.

Figure shows the magnified grid which supports the idea of a general shear
type failure with characteristic heave on the side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the circular footing. The depth of zone of influence for this case was found to
be same as that in Case 1 and in Case 2 (4.3.1).

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(g.) for this case was found to be 112.21 kPa. The modified bearing capacity factor
N} = 5.61 from present analysis agrees with the value given by Wang and Carter
(2001), but is slightly lower (1.34%) than the bearing capacity factor for rough circular
footing given by Brown and Meyerhof (1969)| which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.19).
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Case 4: ¢3/c; = 0.5 - Small Deformation Analysis

The velocity vectors shown in Figure once again indicate a general shear type
failure of the foundation.

The plasticity state indicators in Figure show the zone of failure. The
horizontal extent and the depth of the failure was found to be about the same as in
Case 1 , Case 2 and in Case 3 .

Figure shows the magnified grid which supports the idea of general shear
type failure mechanism. The soil heave near the edge of the footing is similar to that
in and Case 1 , Case 2 and in Case 3 .

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the circular footing. The depth of the zone of influence for this case was found
to be the same as that in Case 1 , Case 2 and in Case 3 .

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.260] The ultimate bearing pressure
(q.) for this case was found to be 112.17 kPa. The modified bearing capacity factor
N} = 5.61 from present analysis agrees with the value given by Wang and Carter
(2001), but is slightly lower (1.34%) than the bearing capacity factor for a rough
circular footing given by |[Brown and Meyerhof (1969)| which is reduced by 6% for
comparison with a smooth footing as suggested by |Wang and Carter (2001) (Table
1.19).

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a general shear
failure of the foundation.

The plasticity state indicators in Figure show the zone of failure. The
horizontal extent and the depth of the failure was found to be about the same as in
Case 1 , Case 2 and in Case 3 .

The deformed magnified grid in Figure supports general shear type failure.

Figure shows the equal vertical stress (o,,) contours and zone of influence

under the circular footing. The zone of influence for this case was found to be ~ 0.6 D.
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The shapes of stress contours are now becoming smoother than in the previous four
cases.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.265] The ultimate bearing pressure
(qu) for this case was found to be 112.18 kPa. The modified bearing capacity factor
N = 5.61 from present analysis is 2.80% higher than the value given by Wang and
Carter (2001)|, and is 16.75% higher than the bearing capacity factor for rough circular
footing given by Brown and Meyerhof (1969)| which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.19).

Case 6: c3/c; = 0.2 - Small Deformation Analysis

The velocity vectors shown in Figure now indicate a local shear failure of the
foundation.

The plasticity state indicators in Figure show yielding in shear both in top
and bottom soft clay layers. The depth of failure ~ 3.5D. The horizontal extent of
plastic yielding is ~ 1.5 m from the centre of the footing.

Figure shows the magnified grid which further supports the idea of some
local shear failure of the foundation. The horizontal extent of soil heave from the
edge of the footing is now reduced.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.8D. A
kink visible in the 25 kPa stress contour at the interface of the two clay layers shows
that the soft bottom clay layer has started to influence the bearing capacity of the
foundation.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 112.10kPa. The modified bearing capacity factor
N} = 5.60 from present analysis is 10.11% higher than the value given by Wang
and Carter (2001), and is 29.52% higher than the bearing capacity factor for rough
circular footing given by |Brown and Meyerhof (1969) which is reduced by 6% for
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comparison with a smooth footing as suggested by [Wang and Carter (2001) (Table
4.19)).

Case 7: c3/c; = 0.1 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a partial punching shear failure
of the foundation, the footing punches partially through the stronger top clay layer
followed by some local shear type failure in the softer bottom layer.

The plasticity state indicators in Figure[A.262]show that the zone of failure extends
into the soft clay layer. The cluster of plasticity indicator showing yield in shear
underneath the edge of the footing also supports partial punching in the stronger
top clay layer. The depth of failure ~ 4D. The crust of the stronger upper clay
layer restricts the upward plastic flow in the bottom layer resulting in an increase
of horizontal extent of the plastic yielding in shear. The horizontal extent of plastic
yielding in shear is ~ 2.5 m from the centre of the footing.

Figure shows the magnified grid which further supports the idea of some
partial punching shear failure of the foundation with negligible soil heave at the edge
of the footing. A elastic wedge of strong clay trapped under the footing with no
visible deformation is pushing into the soft clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the circular footing. The zone of influence for this case was found to be ~ 1.2D.
Not all contours are now symmetrical about centre of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 99.21kPa. The modified bearing capacity factor
N¥ =4.96 from present analysis is 11.71% higher than the value given by Wang and
Carter (2001), and is 31.04% higher than the the bearing capacity factor for rough
circular footing given by [Brown and Meyerhof (1969)| which is reduced by 6% for
comparison with a smooth footing as suggested by |Wang and Carter (2001) (Table
4.19).

[4.3.1] was considered as the base case for studying the effect of the thickness of
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the stronger top clay layer. The thickness is then varied first by increasing as H > D
(H/D = 1.5 and 2) and then by decreasing as H < D (H/D = 0.5,0.25).
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4.3.2 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D =
1.5)

Case 1, 2, 3, 4 and 5: c/¢; = 1, 0.8, 2/3, 0.5 and 1/3 - Small Deformation
Analysis

It can be seen from Table that the values of the modified bearing capacity factor
(N?) from FLAC analysis are constant (5.61) for ¢o/c; = 1, 0.8, 2/3, 0.5 and 1/3
respectively. Therefore analyses for these cases would be same as Case 1 (4.3.1]), Case

2 (4.3.1)), Case 3 (4.3.1)), Case 4 (4.3.1)), and Case 5 (4.3.1)) respectively.

Case 6: c3/c; = 0.2 - Small Deformation Analysis

The velocity vectors shown in Figure is a general shear type failure of the
foundation followed by soil flowing downwards and away from the footing. A heave
in the ground is evident from the upward vertical direction of the velocity vectors on
the side of the footing.

The plasticity state indicators in Figure show that the zone of failure is
now mainly confined to the upper strong clay layer. The yielding in shear in the top
clay starts from under the footing and continues to spread downwards and away from
the footing. The depth of failure is found to be ~ 0.4D and the horizontal extent of
plastic yielding in shear is ~ 0.7 m from the centre of the footing.

Figure shows the magnified grid which further supports the idea of general
shear type failure of the foundation. A heave in the ground on the side of the footing
is visible.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the circular footing. The zone of influence for this case was found to be >~ 1.25D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.280] The ultimate bearing pressure
(q.) for this case was found to be 112.20 kPa. The modified bearing capacity factor
N¥ =5.61 from present analysis is slightly higher (5.02%) than the bearing capacity
factor for rough circular footing given by Brown and Meyerhof (1969) which is reduced
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by 6% for comparison with a smooth footing as suggested by Wang and Carter (2001)

(Table [4.21]).
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The normalised bearing pressure versus penetration curves for different shear

strength ratios have been shown in Figure

1 c,/c,=1,0.8,2/3,0.5, 1/3 and 0.2
°] /
-(/ — \

cZ/c1= 0.1

P/Bc1
N
1

0 — ¥+ +—7——
0 50 100 150 200 250 300 350 400
G1s/Bc1:G2s/Bc2

Figure 4.26: Normalised bearing pressure versus penetration curves for a rigid smooth
circular footing on strong clay over soft clay for 40 x 30 grid model, H/D = 1.5.

Figure shows comparison of the modified bearing capacity factor (V) versus
shear strength ratios computed from FLAC with those from literature.
The failure modes for cases, cy/c; = 0.2 and 0.1 are summarised in the Table

(@.29).

Case 7: c3/c; = 0.1 - Small Deformation Analysis

The velocity vectors shown in Figure [A.281] now indicate a local shear failure.
The plasticity state indicators in Figure show that the zone of failure extends

into the soft clay layer. The depth of failure ~ 4.5D. The horizontal extent of plastic
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Figure 4.27: Modified bearing capacity factor (/N}) versus shear strength ratio (ca/c1)
curves for a rigid smooth circular footing on strong clay over soft clay for 40 x 30 grid
model, H/D = 2.

yielding in shear is ~ 2.5m from the centre of the footing.

Figure shows the magnified grid which further supports the local shear
failure of the foundation with some soil heave on the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be about 1.2
times deeper than the diameter of the footing. The extrapolation of (o,,) contours
to the boundary of the model in Figure can be compared with (o,,) contours
in Figure [A.285]

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
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Table 4.22: Failure modes for different shear strength ratios (co/c1) for H/D = 1.5.

Shear Strength Failure Modes
Ratio,
(c2/c1)
0.20 General shear type failure
0.10 Local shear type failure

(g.) for this case was found to be 112.01 kPa. The modified bearing capacity factor
N} = 5.60 from the present analysis is higher (16.6%) than the bearing capacity factor
for rough circular footing given by Brown and Meyerhof (1969) which is reduced by
6% for comparison with a smooth footing as suggested by Wang and Carter (2001)

(Table [4.21]).
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4.3.3 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D =
2)

Case 1, 2, 3,4, 5 and 6: c3/c; =1, 0.8, 2/3, 0.5, 1/3, 0.2 - Small Deformation
Analysis

It can be seen from Table that the values of the modified bearing capacity factor
(N7) from FLAC analysis are constant (5.61) for ¢y/c; =1, 0.8, 2/3, 0.5, 1/3 and 0.2
respectively. Therefore analysis for these cases would be same as Case 1 (4.3.1]), Case

2 (4.3.1)), Case 3 (4.3.1]), Case 4 (4.3.1]), Case 5 (4.3.1)) and Case 6 (4.3.2)) respectively.

Case 7: c3/c; = 0.1 - Small Deformation Analysis

The velocity vectors shown in Figure now indicate a general shear failure of
the foundation with plastic low downwards and away from the footing. The upward
vertical velocity vectors on the side of the footing represent a heave.

The plasticity state indicators in Figure show that the zone of failure is
now confined in the stronger top clay layer. The plasticity indicators in shear starts
from under the footing and progresses downwards and away from the footing. The
depth of failure ~ 0.4B. The horizontal extent of plastic yielding is ~ 0.75m from
the centre of the footing.

Figure shows the magnified grid which supports the local shear failure of
the foundation with plastic flow. There is some heave on the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.2D.
The contours are symmetrical about the centre of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(gu) for this case was found to be 112.23kPa. The modified bearing capacity factor
N} = 5.61 from present analysis is lower (1.34%) than the bearing capacity factor
for rough circular footing given by |Brown and Meyerhof (1969) which is reduced by
6% for comparison with a smooth footing as suggested by |Wang and Carter (2001)
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(Table [1.23).
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Figure shows the comparison of modified bearing capacity factor (V) versus

shear strength ratios computed from FLAC with those from literature.
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Figure 4.28: Modified bearing capacity factor (IN}) versus shear strength ratio (ca/c1)
curves for a rigid smooth circular footing on strong clay over soft clay for 40 x 30 grid
model, H/D = 2.

The normalised bearing pressure versus penetration curves for different shear
strength ratios have been shown in Figure [4.29
Numerical analyses in [4.3.1] [4.3.2] and [4.3.3| give the minimum depth of the upper

strong clay layer beyond which the lower soft clay layer has no influence on the

ultimate bearing capacity of the circular foundation for H/D > 2. The following

cases (4.3.4)and [4.3.5)) will show the influence of the bottom soft clay on the ultimate

bearing capacity when the H/D < 1.
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Figure 4.29: Normalised bearing pressure versus penetration curves for a rigid smooth
circular footing on strong clay over soft clay for 40 x 30 grid model, H/D = 2.
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4.3.4 Rigid Smooth Circular Footing on Ground Surface (H/D = 0.5)

Case 1: ¢3/c; =1 (Homogeneous clay) - Small Deformation Analysis

Since this is the case of homogeneous clay all the results will be same as in Case 1

(4.3.1). The FLAC analysis results for other cases of cz/c; are explained below.

Case 2: ¢3/c; = 0.8 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a general shear type failure of
the foundation involving both top and bottom clay layers.

The plasticity state indicators in Figure show that the failure zone extends
into the bottom soft clay layer. The plasticity state indicators yielding in shear
starts underneath the footing and progresses downwards and away from the footing
representing a plastic flow of soil. The depth of the failure is found to be ~ 0.6 D, and
the horizontal extent of plastic yielding is >~ 0.75m from the centre of the footing.

Figure shows the magnified grid which supports the idea of general shear
failure of the foundation with some soil heaving at the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the circular footing. The zone of influence for this case was found to be about
~ 1.5D. The contours are symmetrical about the centre of the footing.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 112.47kPa. The modified bearing capacity factor
N} = 5.62 from present analysis agrees with the value given by Wang and Carter
(2001), but is slightly lower (1.16%) than the bearing capacity factor for rough circular
footing given by Brown and Meyerhof (1969) which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.24).
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Figure shows the comparison of the modified bearing capacity factor (N})

versus shear strength ratios computed from FLAC with those from literature.
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Figure 4.30: Modified bearing capacity factor (V) versus shear strength ratio (ca/c1)
curves for a rigid smooth circular footing on strong clay over soft clay for 40 x 30 grid
model, H/D = 0.5.

The normalised bearing pressure versus penetration curves for different shear
strength ratios are shown in Figure 4.31]
The failure mechanisms for shear strength rations of ¢3/¢; = 0.8,2/3,0.5,1/3,0.2

and 0.1 are summarised in Table (4.25)).
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Figure 4.31: Normalised bearing pressure versus penetration curves for a rigid smooth
circular footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.5.

Case 3: /¢y = 2/3 - Small Deformation Analysis

Figure indicates a general shear type failure of a foundation which involves
both the strong upper clay layer and the soft bottom clay layer.

The plasticity state indicators in Figure[A.299|show that the zone of failure extends
into the soft clay layer. The plastic yielding in shear starts underneath the footing
and extends both in downwards and lateral directions. The depth of failure ~ 0.8D.
The horizontal extent of plastic yielding is ~ 0.9 m from the centre of the footing.

Figure shows the magnified grid which further supports the idea of a general
shear type failure of the foundation with some soil heaving on the side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the circular footing. The contours are symmetrical about the centre of the
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Table 4.25: Failure modes for different shear strength ratios (co/c1) for H/D = 0.5.

Shear Strength Failure Modes

Ratio,

(c2/c1)
0.80 General shear type failure
0.67 General shear type failure
0.50 Partial punching shear type failure
0.33 Partial punching shear type failure
0.20 Full punching shear type failure through the top clay layer
0.10 Full punching shear type failure through the top clay layer

footing. The zone of influence for this case was found to be ~ 1.8D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(gy) for this case was found to be 111.67 kPa. The modified bearing capacity factor
N} = 5.58 from present analysis is slightly (1.59%) higher than the value given by
Wang and Carter (2001), and is 5.86% higher than the bearing capacity factor for
rough circular footing given by Brown and Meyerhof (1969) which is reduced by 6%
for comparison with a smooth footing as suggested by [Wang and Carter (2001) (Table
4.24)).

Case 4: ¢3/c; = 0.5 - Small Deformation Analysis

The vertical direction of the velocity vector under most of the footing in Figure
indicates that foundation failure occurs through partial punching shear in the upper
layer.

The cluster of the plasticity state indicators showing yielding in shear underneath
the edge of the footing also supports partial punching shear type failure mechanism
accompanied by plastic flow both in top and bottom clays as shown in Figure [A.304]
The depth of failure is ~ 1.2D. The horizontal extent of plastic yielding is >~ 1m
from the centre of the footing.

An elastic wedge of top soil is trapped under the footing with no distortion in the

grid (refer Figure |A.305)). This wedge pushes the stiff top clay layer into the softer
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bottom clay causing it to spread laterally The soil heave near the edge of the footing

is very small in comparison to [4.3.4] and [4.3.4}

Figure |A.306| shows the equal vertical stress (o,,) contours and zone of influence

under the strip footing. The high stress contours are no longer symmetrical about
the centre of the footing but are inclined towards the edge of the footing. This shift
can be seen as partial punching of the footing. The zone of influence for this case was
found to be ~ 2D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(gu) for this case was found to be 103.08 kPa. The modified bearing capacity factor
N} = 5.15 from present analysis is slightly (1.47%) higher than the value given by
Wang and Carter (2001), and is 16.98% higher than the bearing capacity factor for
rough circular footing given by Brown and Meyerhof (1969) which is reduced by 6%
for comparison with a smooth footing as suggested by Wang and Carter (2001 )| (Table
4.24).

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

In this case the rigid smooth circular footing rests on the top strong clay surface. The
velocity vectors shown in Figure continues to indicate a partial punching shear
failure of the foundation, with punching depth extending deeper into the stronger top
clay layer compared to [£.3.4 The plastic flow in the bottom soft layer now increases
compared to

The plasticity state indicators in Figure[A.309show that the zone of failure extends
into the soft clay layer. The depth of failure ~ 2D, and the horizontal extent of
plastic yielding is ~ 1.25m from the centre of the footing. There is zone underneath
the footing which does not show any kind of yielding. This zone represents an elastic
wedge trapped under the footing which along with footing pushes into the soft clay
causing plastic flow in it. The cluster of the indicators under the edge of the footing
representing yielding in shear supports the punching shear type failure in the strong

top clay.
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The undeformed magnified grid underneath the footing in Figure represents
the elastic wedge trapped under the footing which pushes into the soft bottom clay
causing it to spread laterally. There is almost no heave on the side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 2D.
The high stress are not symmetric about the centre of the footing but tend to lean
towards the edge of the footing supporting some punching in the top clay layer.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 88.42kPa. The modified bearing capacity factor
N} = 4.42 from present analysis is slightly (4.63%) higher than the value given by
Wang and Carter (2001), and is 24.10% higher than the bearing capacity factor for
rough circular footing given by Brown and Meyerhof (1969) which is reduced by 6%
for comparison with a smooth footing as suggested by Wang and Carter (2001 )| (Table
4.24).

Case 6: c3/c; = 0.2 - Small Deformation Analysis

The velocity vectors shown in Figure now indicate a full punching shear failure
of the foundation, with a column of the strong top clay layer trapped under the
footing punching through into the softer bottom clay layer.

The plasticity state indicators in Figure show major yielding in shear in the
lower soft clay layer. There is a cluster of the indicators under the edge of the footing
representing yielding in shear which supports the punching shear type failure in the
strong top clay. The zone underneath the footing not showing any kind of yielding is
bigger than the previous case. This zone represents an elastic wedge trapped under
the footing which along with footing pushes into the soft clay causing plastic flow in
it. The depth of failure ~ 1.5D. The horizontal extent of plastic yielding is ~ 1.4m
from the centre of the footing.

An undeformed elastic column of top soil can be seen trapped underneath the

footing which pushes into the softer clay layer making it move both in downwards
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vertical and lateral directions (refer Figure [A.315). There is no soil heaving at the
edge of the footing now.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. Since the failure mechanism is a punching through the top
layer into the bottom layer, the high stress contours concentration is around the edge
of the footing. The zone of influence for this case was found to be ~ 1.6D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.317] The ultimate bearing pressure
(q.) for this case was found to be 72.59kPa. The modified bearing capacity factor
N¥ = 3.63 from present analysis is slightly (5.83%) higher than the value given by
Wang and Carter (2001), and is 29.13% higher than the bearing capacity factor for
rough circular footing given by Brown and Meyerhof (1969)| which is reduced by 6%
for comparison with a smooth footing as suggested by [Wang and Carter (2001) and
shown in Table [4.24]

Case T: ¢3/c; = 0.1 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a full punching shear
failure of the foundation, with footing punching through the stronger top clay layer
followed by plastic flow in the softer bottom layer.

The plasticity state indicators in Figure[A.319show that the zone of failure extends
deeper into the soft clay layer. The depth of failure ~ 2.2D. The horizontal extent
of plastic yielding is ~ 1.8 m from the centre of the footing.

The undeformed grid underneath the footing represents an elastic column of the
strong top soil which punches into the softer bottom soil moving it vertically down-
wards and horizontally (refer Figure . The bend in the grid at the interface of
the two soils represents the full punching shear type failure in the top soil. There is
no soil heaving at the side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The high stress contours concentration around the edge of

the footing supports the punching shear type failure. The bulge in the 10 kPa shows
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the influence of the soft bottom clay. The zone of influence for this case was found to
be ~ 1.8D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.322] The ultimate bearing pressure
(qu) for this case was found to be 56.73kPa. The modified bearing capacity factor
N¥ = 2.84 from present analysis is slightly (3.45%) higher than the value given by
Wang and Carter (2001), and is 27.95% higher than the bearing capacity factor for
rough circular footing given by Brown and Meyerhof (1969)| which is reduced by 6%
for comparison with a smooth footing as suggested by Wang and Carter (2001)| (Table
124).
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4.3.5 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D =
0.25)

Case 1: ¢3/c; =1 (Homogeneous clay) - Small Deformation Analysis

Since this is the case of homogeneous clay all the results will be same as in Case 1
(4.3.1). The FLAC analysis results for other cases of ¢o/c; are explained below.

Case 2: ¢3/¢; = 0.8 - Small Deformation Analysis

The vertical direction of velocity vectors at most of the grid points in Figure
shows compression in the strong top soil. The soil flows both vertically downwards
as well as laterally outwards underneath the footing. The upwards vertical direction
of the velocity vectors on the side of the footing represents the heave in the ground.
The failure mechanism can be defined as partial punching shear type failure.

The plasticity state indicators in Figure[A.324]show that the zone of failure extends
into the bottom soft clay layer as the yielding in shear spreads from the soil underneath
the footing in vertically downwards and lateral directions. The depth of the failure
is found to be ~ 0.65D, and the horizontal extent of plastic yielding is ~ 0.9 m from
the centre of the footing. An elastic soil zone underneath the footing supports the
compression of the top soil.

Figure shows the magnified grid which further supports the idea of a partial
punching shear type failure of the foundation. An undeformed grid underneath the
grid represents the compression of the top strong soil. A heave is also visible on the
side of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the circular footing. The zone of influence for this case was found to be ~ 1.7D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(g.) for this case was found to be 105.88 kPa. The modified bearing capacity factor
NF = 5.29 from present analysis is 6.39% higher than the bearing capacity factor
for rough circular footing given by Brown and Meyerhof (1969) which is reduced by
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6% for comparison with a smooth footing as suggested by Wang and Carter (2001)

(Table [4.26)).
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Figure shows the comparison of the modified bearing capacity factor (N})

versus shear strength ratios computed from FLAC with those from literature.
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Figure 4.32: Modified bearing capacity factor (V) versus shear strength ratio (ca/c;)
curves for a rigid smooth circular footing on strong clay over soft clay for 40 x 30 grid
model, H/D = 0.25.

The normalised bearing pressure versus penetration curves for different shear
strength ratios are shown in Figure [4.33]

The failure mechanisms for shear strength rations of ¢3/¢; = 0.8,2/3,0.5,1/3,0.2
and 0.1 are summarised in Table .27
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Figure 4.33: Normalised bearing pressure versus penetration curves for a rigid smooth
circular footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.25.

Case 3: /¢y = 2/3 - Small Deformation Analysis

The vertical downward direction of most of the velocity vectors underneath the footing
in the stronger top clay layer indicates partial punching shear type failure of the
foundation (refer [A.328).

The concentration of the plasticity indicators of soil yielded in shear around the
edge of the footing in Figure also supports partial punching in the top clay
layer. The zone of failure extends deeper into the soft clay layer. The depth of failure
~ 0.8D, and the horizontal extent of plastic yielding is ~ 0.9m from the centre of

the footing.
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Table 4.27: Failure modes for different shear strength ratios (co/c1) for H/D = 0.25.

Shear Strength Failure Modes

Ratio,

(c2/c1)
0.80 Partial punching shear type failure
0.67 Partial punching shear type failure
0.50 Full punching shear type failure through the top clay layer
0.33 Full punching shear type failure through the top clay layer
0.20 Full punching shear type failure through the top clay layer
0.10 Full punching shear type failure through the top clay layer

Figure shows the magnified grid which further supports the partial punching
shear failure of the foundation. The undeformed grid under the footing represents an
elastic wedge of the stiff top soil trapped underneath it. This wedge pushes into the
soft soil causing both the top an bottom soil to move laterally away from the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.5D.
The higher stress contour (100 kPa) can be seen concentrating around the edge of the
footing, once again suggesting some partial punching.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(g.) for this case was found to be 96.87kPa. The modified bearing capacity factor
NF = 4.84 from present analysis is 7.39% higher than the bearing capacity factor
for rough circular footing given by Brown and Meyerhof (1969) which is reduced by
6% for comparison with a smooth footing as suggested by Wang and Carter (2001)

(Table [4.26)).

Case 4: c3/c; = 0.5 - Small Deformation Analysis

The downwards vertical direction of almost all grid point velocity vectors underneath
the footing in Figure shows increase in punching shear failure of the foundation
in the stronger top clay layer.

The clustering of the most of plasticity indicators in shear around the edge of the
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footing supports the punching shear failure in the top clay (refer Figure[A.334)). The
zone under the footing showing no yielding of any kind or elastic yielding in the past
represents a top soil wedge trapped under the footing. The depth of failure ~ 0.8D,
and the horizontal extent of plastic yielding is ~ 0.9 m from the centre of the footing.

Figure shows the magnified grid which also supports the idea of punching
type failure mechanism of the foundation. The undeformed grid underneath the
footing represents the stiff soil wedge trapped under the footing which pushes into
the soft soil below moving it and the top soil laterally away from the footing. The
soil heave near the edge of the footing is very small in comparison to Case 3 (4.3.5)).

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.5D.
The concentration of the high stress contours around the edge of the footing once
again supports the idea of punching shear failure in the top soil.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 82.50kPa. The modified bearing capacity factor
N¥ = 4.13 from present analysis is 14.47% higher than the bearing capacity factor
for rough circular footing given by |Brown and Meyerhof (1969) which is reduced by
6% for comparison with a smooth footing as suggested by Wang and Carter (2001)

(Table [1.26).

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

The near downward vertical direction of the velocity vectors shown in Figure in-
dicates a punching shear failure of the foundation, with punching through the stronger
top clay layer.

The clustering of plasticity indicators yielded in shear around the edge of the
footing in Figure supports the punching shear type failure in the strong top
clay. The zone underneath the footing showing no plasticity indicators or elastic
indicators represents the elastic wedge of the stiff top clay trapped under the footing

which pushes into the bottom soft clay. The zone of failure extends deep into the soft
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clay layer. The depth of failure ~ D, and the horizontal extent of plastic yielding is
~ (0.95m from the centre of the footing.

Figure shows the magnified grid which further supports punching shear
failure of the foundation through the stronger clay layer followed by some lateral
and vertical movement of the soil in the bottom clay layer. The undeformed grid
underneath the footing represents the elastic soil wedge which pushes into the soft
bottom clay.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.75D.
Since the failure mechanism is a punching through the top layer into the bottom layer,
the high stress contours concentrate around the edge of the footing. A big bulging of
10 kPa contour at the interface of the two soil layer also supports the punching shear
type failure.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 65.15kPa. The modified bearing capacity factor
N¥ = 3.26 from present analysis is 21.93% higher than the bearing capacity factor
for rough circular footing given by |Brown and Meyerhof (1969) which is reduced by
6% for comparison with a smooth footing as suggested by Wang and Carter (2001)

(Table [1.26).

Case 6: c3/c; = 0.2 - Small Deformation Analysis

The downwards vertical direction of velocity vectors underneath the footing in the
top clay shows the punching shear failure through the strong top clay (refer Figure
. The direction of the velocity vectors is also vertically downwards underneath
the footing in the top part of the soft clay. This shows that the elastic wedge of the
top clay trapped under the footing pushes deeper into the soft clay. The lateral and
vertical upward flow in the bottom soft clay tries to lift the overlying strong clay
crust.

The alignment of the plasticity indicators yielded in shear under the edge of the
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footing in Figure also supports the idea of the footing punching through the
top clay layer The zone showing no plasticity indicators or some elastic indicators
of yielding in past represents the elastic column of the top clay layer trapped under
the footing and pushing into the soft clay layer. The depth of failure ~ 1.5D. The
horizontal extent of plastic yielding is ~ 1.15m from the centre of the footing.

Figure[A.345 shows the magnified grid which again indicates punching shear failure
of the foundation through the stronger clay layer followed by some lateral and vertical
movement of the soil in the bottom clay layer. The undeformed grid underneath the
footing represents the elastic column of the strong top clay layer which pushes into
the soft clay layer. It can be noticed that there is no soil heaving at the side of the
footing, however the soft clay layer uniformly lifts up the strong top clay.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. Since the failure mechanism is by punching of the footing
through the top layer into the bottom layer, the high stress contours concentration is
around the edge of the footing. The zone of influence for this case was found to be
~ 1.75D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 48.57 kPa. This reduction in the bearing capacity
value also explains punching shear type failure where the top clay layer has very
little contribution in the bearing capacity of the foundation. The modified bearing
capacity factor N = 2.43 from present analysis is 22.73% higher than the bearing
capacity factor for rough circular footing given by Brown and Meyerhof (1969) which
is reduced by 6% for comparison with a smooth footing as suggested by Wang and
Carter (2001)| (Table [£.26).

Case T: ¢3/¢; = 0.1 - Small Deformation Analysis

The vertically downwards velocity vectors underneath the footing shown in Figure
continues to indicate a punching shear failure with the footing punching through
the stiff crust of the top clay layer followed by plastic flow in the bottom soft layer.
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The alignment of the plasticity indicators in shear under the edge of the footing
in Figure supports the full punching of the footing through the top clay layer.
A zone of the plasticity indicators showing yielding in past representing the insitu
conditions is an elastic column of clay layer trapped underneath the footing. The
yielding in shear does not extend to the ground, the stiff top clay crust restricts it.
This results in lateral spreading of yielding in soft clay layer. The depth of failure
~ 1.2D. The horizontal extent of plastic yielding is ~ 1.4m from the centre of the
footing.

Figure shows the magnified grid which further supports the punching shear
failure. An undeformed grid underneath the footing represents the elastic column
of the strong top clay pushing deeper into the bottom clay causing it to move both
vertically and laterally away from the footing. A bend in the grid at the interface of
the two clay layers underneath the footing also supports the punching shear failure.
It can be noticed there is no soil heave at the side of the footing, however due to the
soft clay trying to flow upwards but restricted by the stiff top clay layer ends up small
uniform lifting of the top clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. Most of the high stress contours concentrate around the edge
of the footing, once again supporting the punching shear failure mechanism. The
zone of influence for this case was found to be ~ 1.2D.

The bearing pressure versus footing penetration recorded at different time steps in
the history of the model is shown in Figure . The ultimate bearing pressure (q,)
for this case was found to be 33.11 kPa. This reduction in the bearing capacity value
is due to the punching shear failure mechanism in which the strong top clay layer
has negligible contribution towards the bearing capacity value. The modified bearing
capacity factor N = 1.66 which is 20.84% higher than the bearing capacity factor
for rough circular footing given by |Brown and Meyerhof (1969) which is reduced by
6% for comparison with a smooth footing as suggested by Wang and Carter (2001)

(Table [1.26)).
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4.4 Circular Footing on Soft Clay Overlying Strong Clay

This situation may occur where soft glacial lake clay overlies stiff till deposits. An
axisymmetric analyses of the circular footing resting on the ground surface of soft
clay overlying a stiff clay was investigated in this section. The failure mechanism in
rigid circular footing on soft over strong clay system is either a general shear failure
or a failure in which soft clay is squeezed out laterally between the footing and the
bottom strong clay layer. The type of failure depends on the H/D and ¢; /¢, ratios.
As it can be seen in [4.4.1] if the top strong clay layer is thick enough (i.e. H > 1)
the failure mechanism is entirely contained in the top soft clay layer for all value of
c1/ca < 1, and the bearing capacity is g, = NFc¢; where the modified bearing capacity
factor N7 = 5.61 (Table 4.13). For H/D < 1, as the H/D ratio decreases or the
upper soft layer becomes thinner, the bearing capacity increases (Table & .
The effect of the top clay thickness (H) on the ultimate bearing capacity (g,) of the
foundation is shown in form of modified bearing capacity factor (N;) in Figure [4.36]

Model Geometry A 40 x 30 elements grid similar to that in is adopted for
this analysis. The model geometry is same as shown in Figure

4.4.1 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D =
1)

Various undrained shear strength ratios of top layer (¢1) to bottom layer (¢3) consid-

ered are 0.1,0.2,1/3,0.5,2/3,0.8, and 1. The ultimate bearing pressures for various

c1/co ratios have been obtained from the FLAC model history files. The modified

bearing capacity factor N} is calculated as in for the present analyses (Table
4.28]).
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Figure shows the comparison of the modified bearing capacity factor (N})

versus shear strength ratios computed from FLAC with those from literature.
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Figure 4.34: Modified bearing capacity factor (V) versus shear strength ratio (¢;/cs)
curves for a rigid smooth circular footing on soft over strong clay for 40 x 30 grid
model, H/D = 1.

The normalised bearing pressure versus penetration curves for different shear
strength ratios are shown in Figure [4.35]

The failure mechanisms for shear strength ratios of ¢1/co = 0.8,2/3,0.5,1/3,0.2
and 0.1 are summarised in Table .29
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Figure 4.35: Normalised bearing pressure versus penetration curves for a rigid smooth
circular footing on strong clay over strong clay for 40 x 30 grid model, H/D = 1.

Case 1: ¢;/cs or ¢3/c; = 1 (Homogeneous clay) - Small Deformation Analysis

Since this is case of circular footing resting on the homogeneous clay the behavior

and the analysis results are the same as in [4.3.1]

Case 2: ¢;/cy = 0.8 or ¢3/c; = 1.25 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a general shear type failure with
plastic flow of the softer clay in the upper layer away from the centre of the foundation.

The plasticity state indicators in Figure show that the zone of failure is
contained in the upper soft clay layer. The plastic yielding in shear starts underneath

the footing and then spreads downwards and outwards. The yielding in tension zone
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Figure 4.36: Modified bearing capacity factor (IN}) versus shear strength ratio (¢;/cs)
curves for a rigid smooth circular footing on soft over strong clay for 40 x 30 grid
model, for various H/D ratios.
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Table 4.29: Failure modes for different shear strength ratios (¢;/c2) for H/D = 1.

Shear Strength Failure Modes

Ratio,

(c1/c2)
0.80 General shear type failure
0.67 General shear type failure
0.50 General shear type failure
0.33 General shear type failure
0.20 General shear type failure
0.10 General shear type failure

next to the yielding in shear represents the heave on the side of the footing. The
depth of the failure is found to be ~ 0.4D, , and the horizontal extent of plastic
yielding is ~ 0.7 m from the centre of the footing.

Figure shows the magnified grid which further indicates a general shear
type failure of the foundation with some soil heave at the side of the footing. The
grid deformation is contained in the upper clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D.
As in the case of stronger clay layer overlying a softer clay layer (refer the shapes
of the contours are not very smooth.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(g.) for this case was found to be 112.22kPa. The modified bearing capacity factor
NF = 5.61 which is 1.34% lower than the bearing capacity factor for rough circular
footing given by Brown and Meyerhof (1969) which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.28).

Case 3: ¢;/cy =2/3 or ca/c; = 1.5 - Small Deformation Analysis

Figure again show general shear type failure with some plastic flow away from
the centre of the foundation. The upwards vertical direction of the velocity vectors

on the side of the footing represents the soil heave.
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The plasticity state indicators in Figure show that the zone of failure is
contained in the upper soft clay layer. The plastic yielding in shear starts underneath
the footing and then spreads downwards and outwards. The yielding in tension zone
next to the yielding in shear represents the heave on the side of the footing. The depth
of the failure is found to be ~ 0.4D, and the horizontal extent of plastic yielding is
~ (0.7m from the centre of the footing.

Figure shows the magnified grid which further indicates a general shear
type failure of the foundation with some soil heave at the edge of the footing. The
grid deformation is limited to the upper softer clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 112.21 kPa. The modified bearing capacity factor
N} = 5.61 which is 1.34% lower than the bearing capacity factor for rough circular
footing given by Brown and Meyerhof (1969)| which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.28).

Case 4: ¢1/cy = 0.5 or ¢y/c; = 2 - Small Deformation Analysis

The velocity vectors shown in Figure once again indicate general shear type
failure with some plastic flow away from the centre of the foundation.

The plasticity state indicators in Figure show that the zone of failure is
contained in the top soft clay layer. The plastic yielding in shear starts underneath
the footing and then spreads downwards and outwards. The yielding in tension zone
next to the yielding in shear represents the heave on the side of the footing. The depth
of the failure is found to be ~ 0.4D and the horizontal extent of plastic yielding is
~ (.75 m from the centre of the footing.

Figure shows the magnified grid which indicates general shear type failure of
the foundation with some soil heave at the edge of the footing. The grid deformation

once again is contained in the softer upper clay layer.
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Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.367] The ultimate bearing pressure
(qu) for this case was found to be 112.20kPa. The modified bearing capacity factor
N} = 5.61 which is 1.34% lower than the bearing capacity factor for rough circular
footing given by |Brown and Meyerhof (1969) which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.28).

Case 5: ¢1/c; =1/3 or ¢3/¢; = 3 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a general shear type
failure with some plastic low away from the centre of the foundation. The upwards
vertical direction of the velocity vectors on the side of the footing represents the soil
heave.

The plasticity state indicators in Figure show that the zone of failure is
contained in top soft clay layer. The depth of the failure is found to be ~ 0.4D, and
the horizontal extent of plastic yielding is ~ 0.7 m from the centre of the footing.

In Figure the magnified grid further indicates a general shear type failure
of the foundation with some soil heave at the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(q.) for this case was found to be 112.21kPa. The modified bearing capacity factor
N} = 5.61 which is 3.38% lower than the bearing capacity factor for rough circular
footing given by Vesic (1975) which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001)| (Table [4.28).
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Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis

The velocity vectors shown in Figure also indicate general shear type failure
with some plastic flow downwards and away from the centre of the foundation. The
upwards vertical direction of the velocity vectors on the side of the footing represents
the soil heave.

The plasticity state indicators in Figure show that the zone of failure is
contained in top soft clay layer. The depth of the failure is found to be ~ 0.4D, and
the horizontal extent of plastic yielding is ~ 0.7 m from the centre of the footing.

Figure shows the magnified grid which also indicates general shear type
failure of the foundation with some soil heave at the edge of the footing. The grid
deformation is limited to the upper softer clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(q.) for this case was found to be 112.21 kPa. The modified bearing capacity factor
N} = 5.61 which is 3.38% lower than the bearing capacity factor for rough circular
footing given by Vesic (1975)| which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001)| (Table [4.28).

Case 7: ¢1/co = 0.1 or ¢y/c; = 10 - Small Deformation Analysis

The velocity vectors shown in Figure like all earlier c;/c, ratios, continue to
show general shear type failure with some plastic flow downwards and away from the
centre of the foundation.

The plasticity state indicators in Figure show that the zone of failure is
contained in the upper soft clay layer. The plastic yielding in shear starts underneath
the footing and then spreads downwards and outwards. The yielding in tension zone
next to the yielding in shear represents the heave on the side of the footing. The depth
of the failure is found to be ~ 0.4D, and the horizontal extent of plastic yielding is

~ (0.7m from the centre of the footing.
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Figure shows the magnified grid which also indicates the general shear
failure of the foundation with some soil heave at the edge of the footing. The grid
deformation is contained in upper softer clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 112.23kPa. The modified bearing capacity factor
N} = 5.61 which is 3.38% lower than the bearing capacity factor for rough circular
footing given by Vesic (1975)| which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001) (Table [4.28).

was considered as the base case for studying the effect of the thickness of
the stronger top clay layer. Since the bearing capacity is unchanged and is equal to
that of homogeneous case, the thickness of the top soft clay layer is then decreased

as H< D (H/D = 0.5 & 0.25).
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4.4.2 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D =
0.5)

Case 1: ¢;/cs or ¢3/c; = 1 (Homogeneous clay) - Small Deformation Analysis

Since this is the case of homogeneous clay all the results will be same as Case 1 (4.4.1)).

The FLAC analysis results for other cases of ¢y/c; are explained below.

Case 2: ¢;/c; = 0.8 or ¢y/c; = 1.25 - Small Deformation Analysis

The velocity vectors shown in Figure indicate general shear type failure with
some plastic flow away from the centre of the foundation.

The plasticity state indicators in Figure show that the zone of failure is
contained in the upper soft clay layer, however it is extending deeper and is just
above the bottom strong clay layer. The plastic yielding in shear starts underneath
the footing and then spreads downwards and outwards. The yielding in tension zone
next to the yielding in shear represents the heave on the side of the footing. The depth
of the failure is found to be ~ 0.45D, and the horizontal extent of plastic yielding is
~ (.75 m from the centre of the footing.

Figure shows the magnified grid which indicates the general shear type fail-
ure of the foundation with some soil heave at the edge of the footing. The deformation
is still limited to the upper softer clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.5D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 112.52kPa. The modified bearing capacity factor
N} = 5.63 which is 0.98% lower than the bearing capacity factor for rough circular
footing given by Brown and Meyerhof (1969)| which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.30).
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Figure shows the comparison of modified bearing capacity factor (V) versus

shear strength ratios computed from FLAC with those from literature.
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Figure 4.37: Modified bearing capacity factor (IN}) versus shear strength ratio (¢;/cs)
curves for a rigid smooth circular footing on soft clay over strong clay for 40 x 30 grid
model, H/D = 0.5.

The normalised bearing pressure versus penetration curves for different shear
strength ratios are shown in Figure [4.38|

The failure mechanisms for shear strength rations of ¢; /¢y = 0.8,2/3,0.5,1/3,0.2
and 0.1 are summarised in Table 311
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Figure 4.38: Normalised bearing pressure versus penetration curves for a rigid smooth
circular footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5.

Case 3: ¢;/cy =2/3 or cg/c; = 1.5 - Small Deformation Analysis

The velocity vector field in Figure also shows a general shear type failure with
some plastic flow away from the centre of the foundation. The upwards pointing
velocity vectors on the side of the footing represents the soil heave.

The plasticity state indicators in Figure[A.389|show that the zone of failure extends
deeper into the soft clay layer. The depth of failure ~ 1.75B8, and the horizontal extent
of plastic yielding is ~ 2.5 m from the centre of the footing.

Figure shows the magnified grid which indicates the idea of a general shear
failure of the foundation with some soil heave at the edge of the footing. The grid
deformation is limited to the upper softer clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
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Table 4.31: Failure modes for different shear strength ratios (¢;/c2) for H/D = 0.5.

Shear Strength Failure Modes

Ratio,

(c1/c2)
0.80 General shear type failure
0.67 General shear type failure
0.50 General shear type failure
0.33 General shear type failure
0.20 General shear type failure
0.10 General shear type failure

under the strip footing. The zone of influence for this case was found to be ~ 1.5D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qy) for this case was found to be 112.51 kPa. The modified bearing capacity factor
N¥ = 5.63 which is 0.98% lower than the bearing capacity factor for rough circular
footing given by Brown and Meyerhof (1969) which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.30).

Case 4: ¢;/c; = 0.5 or ¢3/c; = 2 - Small Deformation Analysis

The velocity vectors shown in Figure again indicate a general shear type failure
with some plastic flow away from the centre of the foundation. The upwards vertical
direction of the velocity vectors on the side of the footing represents soil heave.

The plasticity state indicators in Figure show that the zone of failure is
contained in the upper soft clay layer. The plastic yielding in shear starts underneath
the footing and then spreads downwards and outwards. The yielding in tension zone
next to the yielding in shear represents the heave on the side of the footing. The depth
of the failure is found to be ~ 0.45D, and the horizontal extent of plastic yielding is
~ (0.7m from the centre of the footing.

Figure shows the magnified grid which indicates general shear failure of the
foundation with some soil heave at the edge of the footing.

Figure [A.396| shows the equal vertical stress (o,,) contours and zone of influence
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under the strip footing. The zone of influence for this case was found to be ~ 1.5D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(gu) for this case was found to be 112.52kPa. The modified bearing capacity factor
N¥ = 5.63 which is 0.98% lower than the bearing capacity factor for rough circular
footing given by Brown and Meyerhof (1969) which is reduced by 6% for comparison
with a smooth footing as suggested by [Wang and Carter (2001)| (Table [4.30).

Case 5: ¢;/cy =1/3 or cz/c; = 3 - Small Deformation Analysis

The velocity vectors shown in Figure continues to indicate a general shear type
failure with some plastic flow away from the centre of the foundation.

The plasticity state indicators in Figure[A.399|show that the zone of failure extends
into the soft clay layer. The plastic yielding in shear starts underneath the footing and
then spreads downwards deeper just above the top of the stronger bottom clay layer
and outwards. The yielding in tension zone next to the yielding in shear represents
the heave on the side of the footing. The depth of the failure is found to be ~ 0.45D,
and the horizontal extent of plastic yielding is ~ 0.7 m from the centre of the footing.

Figure shows the magnified grid which supports the local shear failure of
the foundation with some soil heave at the edge of the footing. The deformation of
the grid is still contained in the top softer clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.5D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(q.) for this case was found to be 112.59kPa. The modified bearing capacity factor
N¥ = 5.63 which is 3.02% lower than the bearing capacity factor for rough circular
footing given by [Vesic (1975)| which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001) (Table [4.30).
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Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis

The velocity vectors shown in Figure also indicate general shear type failure
with some plastic flow away from the centre of the foundation.

The plasticity state indicators in Figure[A.404]show that the zone of failure extends
deeper into the soft clay layer reaching just above the top of stronger clay layer. The
depth of the failure is found to be ~ 0.45D, and the horizontal extent of plastic
yielding is ~ 0.7 m from the centre of the footing.

Figure shows the magnified grid which indicates the idea of a general shear
failure of the foundation with some soil heave at the edge of the footing. Once again
the deformation is limited to the upper softer clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence in this case was found to be ~ 1.5D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.407] The ultimate bearing pressure
(q.) for this case was found to be 112.57 kPa. The modified bearing capacity factor
N¥ = 5.63 which is 3.02% lower than the bearing capacity factor for rough circular
footing given by [Vesic (1975) which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001) (Table [4.30).

Case T: ¢;/c; = 0.1 or ¢3/c; = 10 - Small Deformation Analysis

The velocity vector field shown in Figure continue to show a general shear type
failure with some plastic flow away from the centre of the foundation. The upward
direction of the velocity vectors on the side of the footing represents the soil heave.

The plasticity state indicators in Figure[A.409show that the zone of failure extends
into the soft clay layer. The depth of the failure is found to be ~ 0.45D, and the
horizontal extent of plastic yielding is ~ 0.75m from the centre of the footing.

Figure shows the magnified grid which indicates a general shear type failure
of the foundation with some soil heave at the edge of the footing.

Figure shows the equal vertical stress (o,,) contours and zone of influence

under the strip footing. The zone of influence in this case was found to be ~ 1.5D.
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The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 112.55kPa. The modified bearing capacity factor
N¥ = 5.63 which is 3.02% lower than the bearing capacity factor for rough circular
footing given by [Vesic (1975) which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001)| (Table [4.30).
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4.4.3 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D =
0.25)

Case 1: c¢;/c0r ¢3/c; = 1 (Homogeneous clay) - Small Deformation Analysis

Since this is the case of homogeneous clay all the results will be same as Case 1 (4.4.1)).

The FLAC analysis results for other cases of ¢y /c; are explained below.

Case 2: ¢;/cy = 0.8 or ¢3/c; = 1.25 - Small Deformation Analysis

The velocity vectors shown in Figure indicate a failure of a foundation with
lateral plastic flow of the soft clay under the footing similar to that when a solid is
squeezed between two plates. The vertical direction of the velocity vectors on the
side of the footing represents the heave squeezed out clay is causing.

The plasticity state indicators in Figure show that the zone of failures
extends deep in soft clay layer, just reaching the top of the bottom strong clay layer.
The depth of the failure is found to be ~ 0.25D and the horizontal extent of plastic
yielding is ~ 0.6 m from the centre of the footing.

Figure shows the magnified grid which further indicates a squeezing type
of failure. The deformation in the upper soft clay layer reaches to the top of lower
strong clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.35D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.417] The ultimate bearing pressure
(qu) for this case was found to be 113.13kPa. The modified bearing capacity factor
N¥ = 5.66 which is 2.47% lower than the bearing capacity factor for rough circular
footing given by [Vesic (1975) which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001) (Table [4.32).
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Figure [4.39 shows the comparison of the modified bearing capacity factor (N;)

versus shear strength ratios computed from FLAC with those from literature.
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Figure 4.39: Modified bearing capacity factor (/N}) versus shear strength ratio (¢;/cs)
curves for a rigid smooth circular footing on soft clay over strong clay for 40 x 30 grid
model, H/D = 0.25.

The normalised bearing pressure versus penetration curves for different shear
strength ratios are shown in Figure [4.40]

The failure mechanisms for shear strength rations of ¢; /¢y = 0.8,2/3,0.5,1/3,0.2
and 0.1 are summarised in Table .33
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Figure 4.40: Normalised bearing pressure versus penetration curves for a rigid smooth
circular footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.25.

Case 3: ¢;/cy =2/3 or cg/c; = 1.5 - Small Deformation Analysis

The velocity vector field in Figure again shows a failure of a foundation by
a lateral squeezing type plastic flow of the soft clay between the footing and strong
bottom clay.

The plasticity state indicators in Figure[A.419show that the zone of failure extends
to the strong clay layer. The depth of failure ~ 0.25D and the horizontal extent of
plastic yielding is ~ 0.65 m from the centre of the footing.

Figure shows the magnified grid which further indicates squeezing type of
failure in the upper clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.35D.
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Table 4.33: Failure modes for different shear strength ratios (¢;/c2) for H/D = 0.25.

Shear Strength Failure Modes

Ratio,

(c1/c2)
0.80 A shear failure with squeezing out of softer clay
0.67 A shear failure with squeezing out of softer clay
0.50 A shear failure with squeezing out of softer clay
0.33 A shear failure with squeezing out of softer clay
0.20 A shear failure with squeezing out of softer clay
0.10 A shear failure with squeezing out of softer clay

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 113.17kPa. The modified bearing capacity factor
N¥ = 5.66 which is 2.47% lower than the bearing capacity factor for rough circular
footing given by [Vesic (1975) which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001)| (Table [4.32).

Case 4: ¢1/cy = 0.5 or ¢y/c; = 2 - Small Deformation Analysis

The velocity vectors shown in Figure also show a failure of the foundation by
lateral plastic flow of the soft clay under the footing.

The plasticity state indicators in Figure show that the zone of failure is
contained in the upper soft clay extending to the top of lower strong clay layer. The
depth of failure ~ 0.25D, and the horizontal extent of plastic yielding ~ 0.6 m from
the centre of the footing.

Figure shows the magnified grid which further indicates a squeezing type
of failure. The deformation in the upper soft clay layer reaches to the top of lower
strong clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.35D.

The bearing pressure versus footing penetration recorded at different time steps

in the history of the model is shown in Figure The ultimate bearing pressure
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(qu) for this case was found to be 113.19kPa. The modified bearing capacity factor
N} = 5.66 which is 2.47% lower than the bearing capacity factor for rough circular
footing given by [Vesic (1975) which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001)| (Table [4.32).

Case 5: ¢1/co =1/3 or cg/c; = 3 - Small Deformation Analysis

The velocity vectors shown in Figure continue to show a squeezing type of
failure of the foundation.

The plasticity state indicators in Figure[A.429show that the zone of failure extends
to the top of strong clay layer. The depth of failure ~ 0.25D and the horizontal extent
of plastic yielding is ~ 0.6 m from the centre of the footing.

Figure shows the magnified grid which further indicates the lateral plastic
flow of the upper soft clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(qu) for this case was found to be 113.19kPa. The modified bearing capacity factor
N} = 5.66 which is 2.47% lower than the bearing capacity factor for rough circular
footing given by Vesic (1975)| which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001) (Table [4.32).

Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis

The velocity vectors shown in Figure again show a failure of a foundation with
a lateral squeezing type plastic flow of the soft clay between the footing and strong
bottom clay.

The plasticity state indicators in Figure show that the zone of failure is
contained in the upper soft clay, but extends to the top of lower strong clay layer.
The depth of failure ~ 0.25D and the horizontal extent of plastic yielding is ~ 0.6 m

from the centre of the footing.
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Figure shows the magnified grid indicates a lateral plastic flow of the upper
soft clay layer.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure [A.437] The ultimate bearing pressure
(qu) for this case was found to be 113.21kPa. The modified bearing capacity factor
N¥ = 5.66 which is 2.47% lower than the bearing capacity factor for rough circular
footing given by [Vesic (1975) which is reduced by 6% for comparison with a smooth
footing as suggested by [Wang and Carter (2001) (Table [4.32).

Case T: ¢1/c; = 0.1 or ¢3/c; = 10 - Small Deformation Analysis

The velocity vectors shown in Figure like all above cases once again show
a failure of a foundation with a lateral squeezing type plastic flow of the soft clay
between the footing and strong bottom clay.

The plasticity state indicators in Figure[A.439|show that the zone of failure extends
to the top of strong clay layer. The depth of failure ~ 0.25D, and the horizontal extent
of plastic yielding is ~ 0.65 m from the centre of the footing.

Figure shows the magnified grid which once again indicates the squeezing
type failure of the foundation.

Figure shows the equal vertical stress (o,,) contours and zone of influence
under the strip footing. The zone of influence for this case was found to be ~ 1.4D.

The bearing pressure versus footing penetration recorded at different time steps
in the history of the model is shown in Figure The ultimate bearing pressure
(q.) for this case was found to be 113.74kPa. The modified bearing capacity factor
N¥ = 5.69 which is 1.93% lower than the bearing capacity factor for rough circular
footing given by [Vesic (1975) and is reduced by 6% for smooth footing as suggested
by [Wang and Carter (2001)| (Table [4.32).
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4.5 Strip Footing on Stiff Clay Overlying Soft Clay - Large

Deformation Analysis

The large strain feature of FLAC (refer[3.1]) is used in this section with goal of verifying
the results of [Wang and Carter (2001)| for their large deformation analysis of a strip
footing resting on strong over soft clay using finite element analysis (refer [2.4.1)).
The application of the Lagrangian formulation of FLAC to the shallow foundations
and its inability to remesh the grid once distortion of the grid has occurred in large
deformation analysis is studied and is explained in this section. An attempt is made
to verify the results from FEM analysis of Wang and Carter (2001). This verification
is not successful due the limitation of FLAC formulation. However, as shown in
Figure the analyses completed with combination of large strain and small strain
modes are able to capture the early trend of curves from \Wang and Carter (2001) and
show that the bearing capacity values are of higher value in early stages of curve for
ca2/c1 = 1, but lower for ¢3/c; = 0.1 than that predicted with the small strain analysis

alone.

Model Geometry

The footing is assumed to be a rigid smooth footing. Due to the symmetry of the
problem only half of the width of footing is considered and a half space model is used
for the analysis. A 40 x 30 elements mesh and material properties similar to that

for the small deformation analysis are selected for the large deformation analysis. A
typical geometry of the model is shown in Figures [A.239] and [A.240]

4.5.1 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B = 1)

Only two cases of undrained shear strength ratios c¢o/ ¢; = 1 and 0.1 are considered

in this analysis to study the effectiveness of FLAC in large deformation analysis.
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Case 1: ¢3/c; =1 (Homogeneous clay) - Large Deformation Analysis

Test 1: Large Strain Analysis

In the first test model mesh with material properties similar to Case 1 were
chosen. When the model was run in the large strain mode it ceased running after only
186620 timesteps, with "Bad Geometry" error signified as explained in During
large deformation the grid coordinates are constantly updated at every timestep and
the zones in the foundation compress, stretch and rotate. In this process the zone
(¢ = 11,7 = 30) on the side of the footing became so distorted (Figures &
[A.444)), that its shape exceeded the minimum undistorted area criterion (refer [3.1)).

The above test showed the limitation of numerical analysis codes like FLAC based
on Lagrangian formulations in handling large deformation analysis of bearing capacity
of shallow foundations. In Lagrangian formulation, the grid deforms with the mate-
rial as compared to the Eulerian formulation in which the material deforms but the
grid remains fixed. Thus it was not possible to verify the large deformation analy-
ses of Wang and Carter (2001) for shallow foundation by using FLAC. [Wang and
Carter (2001)| used a special formulation (Arbitrary Lagrangian-Eularian) which is a
combination of Lagrangian and FEulerian formulations and regenerates the mesh after
large deformation occur and soil boundary become irregular, so as to fit the distorted

boundary at regular intervals (refer [2.4.1)).

Test 2: Combined Large Strain and Small Strain Analysis - Soil Not Restrained

from Flowing over Footing

As observed in Test 1 the FLAC code in large strain was not able to
complete the run due to the "Bad Geometry" error. However, it was successful to
run up to a certain stage. So, it was thought that it would be helpful to verify the
initial stages if not the final results of [Wang and Carter (2001). Therefore a FLAC
analysis was conducted keeping model grid, geometry and properties similar to those

in but running it in two stages. The model was first run up to 185739 steps
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and then stopped before the "Bad Geometry" error could occur. In the second stage,
the first stage was restored and the model was run in the small strain mode in which
the grid coordinates are not updated at every timestep. The results are discussed as
below:

As can be seen from Figure there is more soil heaving on the edge of the
footing in comparison to that observed in [4.1.1}

Figure shows that the depth of the failure is deeper than shown in Figure
[A.5 However, the horizontal extent of the failure zone is similar.

The grid shown in Figure[A.447)is quite different than in Figure[A.6, which may be
due to the large strain deformation FLAC was able to calculate in the initial stages.

The zone of influence of equal vertical stress (o,,) contours in Figure is
similar to that in Figure [A7] However, the shapes of the stress contours are not as
smooth due to the distortion in grid in large strains.

Figure [4.41] shows the comparison of the bearing pressure versus y - displacement
curves for small strain analysis and the small strain - large strain combined analysis.
As is clear from Table [4.34] and Figure [4.43] the ultimate bearing capacity (¢,) =
108.14 kPa is larger than the small strain value of (g,) = 103.52kPa. However since
the whole analysis cannot be completed in the large strain mode, the shape of the
curve is quite different than that given by [Wang and Carter (2001)|as shown in Figure
2.8(a). The large strain FLAC analysis catches the early trend of the curve only, and

cannot be used for bearing capacity predictions of the shallow foundations.
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Figure 4.41: Bearing pressure versus penetration curve for combined large strain -
small strain analysis of a rigid smooth strip footing on strong clay over soft clay for
40 x 30 grid model, H/B =1, c3/¢; = 1.
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Test 3: Combined Large Strain and Small Strain Analysis - Soil Restrained from

Flowing over Footing

As it can be seen from Figure that the clay heaving at the edge of the
footing tries to flow over the footing which twists the zone (i = 11, j = 30) causing
the early stopping of analysis due to "Bad Geometry" error. If this spilling of clay
could be stopped, the degeneration of the zone can be delayed, and the analysis could
be taken on a little farther. In order to provide this horizontal restraint a vertical
beam simulating a wall over the footing is introduced which now stops the soil spill
on to the footing. The results are shown below:

The introduction of a vertical beam to simulate a wall at the edge of the footing
as shown in Figure helps to avoid "Bad Geometry" error from occurring until
190054 timesteps, which is only 4315 timesteps more than in [4.5.1 This shows that
degeneration of the zones can not be delayed any longer and FLAC is not able to do
the large strain analysis for shallow foundations.

It is clear from Figure that the soil flow becomes more vertical at the side
of the footing when the soil heave is stopped from spilling over the footing.

It can be noticed from Figure[A.451|and [A.446|that there is difference in horizontal

extent of the plasticity indicators. The plastic yielding of the clay seems to extend
vertically down below the footing rather than extending horizontally when the vertical
wall is in place.

The equal vertical stress (o,,) contours in Figure have more regular shapes
than in Figure and the zone of influence is a little deeper now.

As it can be seen from Table and Figure the ultimate bearing capacity
(¢u)= 108.21 kPa is almost the same as in [£.5.1] Therefore it can be concluded that
although the extent of yielding under the footing has changed when the soil spill is
constrained there is negligible change in the ultimate bearing capacity (g,) in this

type of combined large strain - small strain analysis.
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Figure 4.42: Bearing pressure versus penetration curve for combined large strain -
small strain analysis of a rigid smooth strip footing on strong clay over soft clay for
40 x 30 grid model, H/B =1, c2/¢; = 1.

Case 2: ¢3/¢; = 0.1 (Homogeneous clay) - Large Deformation Analysis

It appears from[4.5.1and as shown in Table[4.34] that the small strain analysis predicts
lower values of ultimate bearing capacity (¢,) than large strain analysis. However,
this is shown by Wang and Carter (2001)| in their FEM analysis (see Figure 2.§(a))
showed that for ¢y /c; = 0.2 and 0.1 the small strain predicts higher values of ultimate
bearing capacity (q,) than large strain analysis. Large strain mode application of

FLAC for the latter case only is explored and is described below:

196



4. Influence of Footing Geometry and Soil Shear Strength on Bearing Capacity and
Failure Modes of Layered Clays

Test 1: Large Strain Analysis

In the first test model mesh and properties similar to Case 1 were used,
but the model was run in large strain mode. It was noticed that FLAC model run,
as in [4.5.1] stopped with "Bad Geometry" error after 533790 steps. In this case also
zone (i = 11, j = 30) just on the side of footing is so distorted (see Figure and
that it exceeds the minimum undistorted area criterion set in the FLAC code.

In this case too, it is not possible to verify the large deformation FEM analysis

for shallow foundation by Wang and Carter (2001) with FLAC.

Test 2: Combined Large Strain and Small Strain Analysis - Soil Not Restrained

from Flowing over Footing

Since FLAC model in Test 1 large strain was able to run to 533790 timesteps
before stopping due to the "Bad Geometry" error it could be useful to verify the initial
stages Wang and Carter (2001)| analysis. Therefore a FLAC analysis was conducted
keeping model grid, geometry and properties similar to that in [£.5.1], but running
it in two stages. The model was first run up to 533770 timesteps, well before "Bad
Geometry" error could occur, and then in the second stage the first stage was restored
and the model was run in the small strain mode in which the grid coordinates are not
updated at every step. The results are discussed as below:

As it can be seen from Figure there is more soil heave at the edge of the
footing in comparison to that in

Figure shows that the depth of the failure is now deeper than shown in
Figure [A.35] However, the horizontal extent of the failure zone is similar.

The grid shown in Figure is quite different than in which shows the
magnified and not the actual grid.

The zone of the influence of equal vertical stress (o, ) contours is similar in Figure
and

Figure shows the comparison of the bearing pressure versus y - displacement

curves for small strain analysis and the small strain - large strain combined analysis.
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Failure Modes of Layered Clays

It is clear from the Table and Figure that the ultimate bearing capacity
(qu) = 40.80kPa is less than for the small strain value of (¢,) = 41.68 kPa. However,
since the whole analysis could not be completed in the large stain mode, the shape
of the curve is quite different than that given by Wang and Carter (2001) as shown
in Figure [2.8(a). This analysis only catches the early trend of the curve, and cannot

be used for bearing capacity predictions.
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Figure 4.43: Bearing pressure versus penetration curve for combined large strain -
small strain analysis of a rigid smooth strip footing on strong clay over soft clay for
40 x 30 grid model, H/B =1, ¢3/c; = 0.1.
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Failure Modes of Layered Clays

Test 3: Combined Large Strain and Small Strain Analysis - Soil Restrained from

Flowing over Footing

It can be seen from Figure that the clay heaving at the edge of the footing
tries to flow over the footing which results in distorting the zone (i = 11,5 = 30)
causing the early stopping of run due to "Bad Geometry" error. If this spilling of
clay could be stopped, the distortion of the zone can be delayed, and the analysis
could be taken a little farther. An arrangement similar to[4.5.1] was made to restrain
the soil spill with a vertical beam. The results are described below:

The introduction of a vertical beam to simulate the wall on the edge of the footing
as shown in Figure helps to avoid "Bad Geometry" error from occurring until
565250 steps, which are 31480 steps more than in[4.5.1] which shows that degeneration
of the zones can only be delayed but not avoided. Thus FLAC is not able to complete
the large strain analysis for shallow foundations.

It is clear from Figure that the soil flow becomes more vertical at the side
of the footing when the soil heave is stopped from spilling over the footing.

It can be noticed from Figure [A.461] and [A.456] that there is a difference in hor-

izontal extent of the plasticity indicators. The plastic yielding of the clay seems to

extend vertically down below the footing rather than extending horizontally.

The equal vertical stress (o,,) contours in Figure have more regular shapes
than in Figure [A.458 and the zone of influence is shallower now.

As it can be seen from Table and Figure [4.44] the ultimate bearing capacity
(qu) = 40.72kPa which is almost the same as in [£.5.1] Therefore, it can be concluded
that although the extent of yielding under the footing has changed when the soil spill
is constrained there is negligible change in the ultimate bearing capacity (g, ) in this

type of combined large strain - small strain analysis.
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Figure 4.44: Bearing pressure versus penetration curve for combined large strain -
small strain analysis of a rigid smooth strip footing on strong clay over soft clay for
40 x 30 grid model, H/B =1, ¢3/c; = 0.1.
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Figure 4.45: Normalised bearing pressure versus penetration curves for a rigid smooth
strip footing on soft clay over strong clay for 40 x 30 grid model, H/B = 1, for Small
Strain and Combined (large & small) Strain Analyses.

201



Chapter 5
Conclusion

The main objective of this thesis was to investigate the use of FLAC in predicting
the bearing capacity of rigid smooth strip and circular surface footings resting on the
surface of undrained two layer clay systems. Small deformation analyses for each type
of footing were investigated when the foundation clay profile comprises strong clay
overlying soft clay, and also when these footings rest on soft clay over strong clay.
Various cases were studied by varying the relative undrained shear strength of the
two clay layers and the thickness of the top clay layer. The application of the large
strain mode of FLAC was investigated for large deformation analysis in case of a strip
footing resting on strong over soft clay system. The results for the bearing capacity
and the modified bearing capacity factor N} are shown in form of Tables and graphs.

The following can be concluded from the present study:

Strip Footing on Strong Clay overlying Soft Clay

A number of different failure mechanisms occur for a rigid strip footing on a strong
over soft clay system depending on the H/B and ¢y /c; ratios. If the top strong clay
layer is deep enough (i.e. H > 3.5B) the failure mechanism is entirely contained
in the top strong clay layer for all values of the co/cy ratio. This depth is greater
than Merifield et al. (1999) who suggested a limiting value of this ratio as H/B =
2, and even larger than the value of H/B ~ 2.5 given by |Meyerhof and Hanna

(1978). For all other values of H/B < 3.5, depending upon the H/B and ¢y /¢y ratios,
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5. Conclusion

the failure mechanism generally occurs in general shear, local shear or full punching
shear through the top layer followed by yielding of the bottom soft clay layer. For
H/B < 0.5 full punching of the footing through the top strong clay layer occurs when
the strength of the top layer is significantly more than the bottom soft layer. The
bearing capacity values remain equal to the bearing capacity of the homogeneous
case (co/c; = 1) for all ratios of ca/c; < 1 and H/B > 3.5, and less than that of
homogeneous case for H/B < 0.25. In general, bearing capacity values from the
FLAC analysis agree very well with values from FEM analysis by Merifield et al.
(1999). However, these values tend to be somewhat different than the semi-empirical
values given by Meyerhof and Hanna (1978), which presume a failure surface, no such
assumption is made in the present FLAC analyses and the failure zone is developed

incrementally as the loading is increased.

Circular Footing on Strong Clay overlying Soft Clay

The failure mechanism in a rigid circular footing on strong over soft clay system
occurs in general shear, local shear and punching shear, which depends on the H/D
and ¢ /¢ ratios. It has been found that if the top strong clay layer is deep enough i.e.
H > 2D the failure mechanism is entirely contained in the top strong clay layer for all
value of the ¢y /c; ratio. This depth is greater than |Brown and Meyerhof (1969 )| who
suggested a value of H/D = 1.5. For all other values of H/D < 2, depending upon the
H/D and cy/cq ratios, the failure mechanism generally occurs in general shear, local
shear, partial punching shear or full punching shear through the top layer followed by
yielding of the bottom soft clay layer. For H/D < 0.25 full punching of the footing
through the top strong clay layer occurs when strength of the top layer is significantly
greater than the bottom soft layer. The bearing capacity values remain equal to the
bearing capacity of the homogeneous case (c2/c; = 1) for all ¢a/c; < 1 and H/D > 2,
and less than the bearing capacity of the homogeneous case for all H/D < 0.25
respectively. It has been observed that for H/D = 1, and ¢3/c; > 0.5 the modified
bearing capacity factor N} values are the same as FEM values from small deformation

analysis of Wang and Carter (2001), but for ¢/c; < 0.5 the values are a little higher.
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5. Conclusion

One reason could be the different values of the effective radii chosen in two analyses,
and the different methods used in calculating the bearing capacity. Another reason
could be the difference in the FEM and FDM methods. Selection of element type
in the FEM has a significant effect on the bearing capacity prediction (Wang and
Carter 2001). The only element type allowed in FLAC is a constant strain triangle
with two overlapping sets of such triangular elements constituting one quadrilateral
zone in the FLAC mesh. For H/D = 0.5, and for 0.1 < ¢3/¢; < 0.8, the FLAC

analyses give modified bearing capacity factor, N, values which are a little higher

than values given by Wang and Carter (2001). There are no FEM bearing capacity
values published for H/D = 0.25 and 2. When the modified bearing capacity factor,
N, values from the FLAC analyses are compared with the empirical values given by
Brown and Meyerhof (1969), they are higher for H/D = 0.25 and 0.1 < ¢3/¢; < 0.8,

but tend to a lower value in the cases of H/D =1 and 0.1 < ¢y/c¢; < 0.8.

Strip Footing on Soft Clay overlying Strong Clay

The failure mechanisms in a rigid strip footing on a soft over strong clay system are
general shear or squeezing type shear failure with lateral plastic flow. If the top strong
clay layer is thick enough (i.e. H/B > 0.5) the failure mechanism is entirely contained
in the top soft clay layer for all value of ¢; /co < 1, and the bearing capacity g, = N
where the modified bearing capacity factor N} = 5.18, For H/B < 0.5, as H/B ratio
decreases or the top soft clay layer becomes thinner and thinner, the bearing capacity
increases as the relative strength of the bottom layer increases. The modified bearing
capacity factor N} values falls in between the upper and lower bound values given
by Merifield et al. (1999)| for H/B > 0.5 and ¢;/c; < 1. However, values from the
FLAC analyses tend to be higher than those of Merifield et al. (1999)|for H/B < 0.5
for all ¢;/cy < 1.

Circular Footing on Soft Clay overlying Strong Clay

The failure mechanism for a rigid circular footing on a soft over strong clay system

is either a general shear type failure or failure in which soft clay is squeezed out
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5. Conclusion

from beneath the footing and the bottom strong clay layer. The type of failure
depends on the H/B and c¢;/cy ratios. If the top strong clay layer is thick enough
(i.e. H > 1) the failure mechanism is entirely contained in the top soft clay layer
for all value of ¢; /¢y < 1, and the bearing capacity is g, = N¥c; where the modified
bearing capacity factor Nf = 5.61. For H/B < 1, as H/B ratio decreases or the
top soft layer becomes thinner, the bearing capacity increases. For H/B < 0.25 the
bearing capacity increases as the relative strength of the bottom layer increases. For
0.5 < c1/ea < 1 for H/B > 0.5 the modified bearing capacity factor N values are
slightly lower than the values of the empirical values of Brown and Meyerhof (1969).
However, for ¢;/cy < 0.5 the N} values for the semi-empirical formulation by Vesic

(1975)| are much higher.

Strip Footing on Stiff Clay Overlying Soft Clay - Large Deformation
Analysis

It was observed that due to the Lagrangian formulation of FLAC and its inability
to remesh the grid once distortion of the grid has occurred in large strain analysis,
it is impossible to complete large deformation bearing capacity analysis for shallow
foundations. Hence, results from FEM analysis of Wang and Carter (2001) could not
be verified independently. However, the analyses completed with combination of large
strain - small strain analysis were able to capture the early trend of curves from Wang
and Carter (2001)| and show that the bearing capacity values are of higher value in
early stages of curve for c/c; = 1, but gives a lower value for ¢y /c; = 0.1 than those
predicted with the small strain analysis alone.

It can be concluded that the present study to explore the use of FLAC in un-
derstanding the bearing response of shallow foundations on two-layered clays have
produced mixed results. The first part of the study which included the verification of
the FLAC shallow foundation models on the two-layered clays were successful. How-
ever, it was not possible to verify the large deformation analyses results from published
literature due to the limitation of the FLAC in dealing with this particular problem

of shallow foundations in large strain mode. This limitation of FLAC in carrying out
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5. Conclusion

this type of analysis is built in its code which generates "Bad Geometry Error" when
elements are distorted to such an extent that the area of the triangular elements with
in a quadrilateral element becomes less than 20% of its total initial area. FLAC is
based on the Lagrangian method, but it does not support remeshing and reassigning
of boundary conditions once the mesh gets distorted to a certain level. Since FLAC
is a commercial code and its source code is not open to the end users, it was not
possible to make such modification in the FLAC models, so various improvisations
were made in the model for extending the FLAC calculations before the analysis stops
with the "Bad Geometry Error", but only limited success was achieved. Owner of
FLAC, Itasca Consulting, Inc. was approached for help. The author of this thesis
visited Itasca’s office in Minneapolis, Minnesota, USA. The problem was discussed
in detail with one of Itasca’s analyst for consulting fees, but the issue could not be
resolved.

In conclusion, although FLAC may be a widely used numerical modelling soft-
ware, it was found that it can only be used to estimate the ultimate bearing capacity
of footings on two-layered or homogeneous undrained clays in small strain mode. The
large strain mode in FLAC is not capable of modelling the large deformations of foun-
dations in layered clays, and cannot perform such analysis without any modification
to its code. The main focus in numerical modelling these days is on finite element
methods, and tremendous progress has been made in development and use of these
methods. On the other hand the finite difference method is less popular and not
many researchers have been developing or using these methods. Since FLAC is one
of the best known finite difference based numerical analysis software left, it would be
valuable if its owners make some modification in the code so that it can do large strain
analysis for this type of problem. It is also suggested that some sort of finite difference
code may be developed which incorporates the Arbitrary Lagrangian-Eulerian (ALE)

for studying the large strain bearing response of foundations in layered clays.
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Appendix A

Numerical Modelling and

Discussion of Results

In this chapter numerical analysis for the bearing response of strip and circular footing

on two layered clays have been described for the following cases:

1.

Strip Footing on Stiff Clay overlying Soft Clay - Small Deformation Analysis
Circular Footing on Soft Clay overlying Stiff Clay - Small Deformation Analysis
Strip Footing on Soft Clay overlying Stiff Clay - Small Deformation Analysis
Circular Footing on Soft Clay overlying Stiff Clay - Small Deformation Analysis

Strip Footing on Stiff Clay overlying Soft Clay - Large Deformation Analysis

A.1 Strip Footing on Stiff Clay Overlying Soft Clay - Small

Deformation Analysis

In this section plain strain FLAC numerical models for vertically loaded rigid strip

footing on surface of a horizontally layered strong over soft undrained clay system

have been described. The upper and lower bound bearing capacity analysis for the

small deformation of the footings has been discussed. Various cases have been studied

by varying the soil properties as well as the thickness of the top layer. In all the cases
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A. Numerical Modelling and Discussion of Results

the soil was assumed to be an elastic-perfectly plastic Tresca material. The rigidity
index (/) taken was G1/c; = Gy/cy = 67E], where G, G, ¢; and ¢y are the shear
modulus and cohesion of the top and bottom clay layers respectively. The rigidity
index (I,.) is a rational parameter for evaluation of relative compressibility of soil
masses under load (Vesic 1975) The value of Poisson’s ratio used was v= 0.49 which
is close to 0.5 for incompressible undrained clays, and it helps in avoiding numerical
difficulties (Burd and Frydman 1997). Various undrained shear strength ratios of the
bottom layer (c;) to top layer (cz) considered were 0.1,0.2,1/3,0.5,2/3,0.8, and 1.
The ratios of the depth (H) of top clay layer and width (B) of the footing were varied
as 0.25,0.5,1 and 2,2.5,3 and 3.5. Since in small deformation analysis there is no
change in the geometry, the ultimate bearing capacity of foundation is due to the
shear strength of clay under the footing and self weight of the undrained clays does
not have any influence on it (Wang and Carter 2001). All small deformation cases
are performed by not considering the self-weight.

It is very important in predicting the ultimate bearing capacity of a foundation by
numerical analysis that its value should be bracketed by finding the upper and lower
bound values. The solution approaches a "true value" when the upper and lower
limit collapse loads tend to be equal. Generally, in FEM the upper bound solution
are calculated by modelling a kinematically admissible velocity field, and the lower
bound solution is obtained by modelling a statically admissible field (Merifield, Sloan,
and Yu 1999). In FLAC if the maximum unbalanced nodal force vector also known as
"unbalanced force" is zero (elastic materials) or a constant value close to zero (plastic
materials, a steady-state flow of material occurs indicating a portion or all of the
model is failing) the model is in equilibrium and the solution approaches the "true
value". All model runs described in this section and the subsequent sections are run
keeping the unbalanced force close to 1 x 1072 by controlling the applied velocity and
damping the energy in the the model.

Model Geometry The footing is assumed to be a smooth footing. Due to the
symmetry of the problem only half of the width of footing is considered, and a half

!This value of G/c was chosen for verifying the results with [Wang and Carter (2001).
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A. Numerical Modelling and Discussion of Results

space model is used for the analysis. A typical geometry of the model is shown in

FigurdT & A3

Footing

20B

20B

|
[~ i

Figure A.1: Typical model geometry for 20 x 10 elements grid, H/B = 1

Width/diameter of strip/circular footing (B or D) =1 m

Half width/radius of the strip/circular footing (B/2 or D/2) = 0.5 m
Width of the half space soil model (20B or 20D) = 20 m

Depth of the half space soil model (208 or 20D) = 20 m
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1.3B

1.3B

Figure A.2: Zoomed model geometry for 20 x 10 elements grid, H/B =1
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A. Numerical Modelling and Discussion of Results

A.1.1 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
1)

In order to make sure that the discretization errors were small in these analyses,

various trials were conducted by using grids of different refinements, four grids: 20x 10

(horizontal elements by vertical elements), 60 x 30 and 40 x 30 were considered for

optimizing the grid density to calculate the true collapse load.

Grid 20 x 10 :

Various undrained shear strength ratios of the bottom layer (c) to top layer (¢;)

considered are 0.1,0.2,1/3,0.5,2/3,0.8, and 1.

Case 1: ¢3/c; =1 (Homogeneous clay) - Small Deformation Analysis

In the beginning a relatively coarser 20 x 10 grid is selected. No. of elements below
half-footing in this case is kept to 10 and are equisized in z-direction. A prominent
difficulty in the numerical analysis of footing problem is the high stress gradients
developed at the footing edge. For a footing resting on surface of a soil, major
principal stress acts vertically below the footing, whereas it acts horizontally in soil
adjacent to footing edge. This abrupt change in the stress directions and high strain
rate at the edge of the footing causes computational difficulties. In order to make
the transition of the stresses smoother, and to prevent out-of-balance forces, smaller
elements are concentrated at the edge by refining the grid. The velocity field decays
quite rapidly with depth, so the grid is graded in order to allow remote boundaries
without the concentration of large numbers of zones. The boundaries of the grid are
kept at a sufficient distance from the footing in order to ensure that the plastic zone
developed in soil does not extend to the grid boundaries. Another option to make
sure this does not happen, is by allowing the grid to move in a vertical direction at
the vertical boundary which is equivalent of putting a roller at the boundary This

approach has only been adopted in bringing the initial equilibriunﬂ to the models.

2The model is in equilibrium when the net nodal force vector at each gridpoint is close to zero.
Initial equilibrium under the given boundary and initial conditions is achieved for simulating insitu
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The grid is also allowed to move vertically at the centerline of the footing.

Mohr-Coulomb constitutive soil model was chosen for all cases.

A controlled downward velocity (displacement (m) per calculation step) of 2.5 x
1078 is applied to simulate the vertical loading of the footing. FLAC calculates the
nodal forces to maintain the applied velocity and the displacement of the footing is
calculated continuously as the integral of the velocity over the calculation step. The
footing pressure or the bearing capacity is calculated using a FISH function "load"
(explained later in this section) as the sum of nodal forces on the footing divided by
footing half-width. The half-width is calculated by assuming that the velocity varies
linearly at the last applied gridpoint to zero at the next grid point. The half-width

is then:

T T Tig

B/2
/ 2

(A1)

where x; is the = - distance to the last applied gridpoint from the center of the
footing, and x;,; is to the gridpoint adjacent to it. In principle a contact stress at
the edge of the footing should be zero (Frydman and Burd 1997). However, due to
the singularity at the edge of the footing the bearing capacity is over predicted if the
actual width of the footing is used in the calculations. The extended width calculation
equation reduces this error by "extending" the edge of the footing close to the
approximate position of zero stress.

A FLAC model data input file has be described below. For explanation the FLAC
input data file has be divided into two stages. The objective of the first stage is to
bring the model into equilibrium, and simulate insitu stresses and strainsﬂ In the
second stage of the data file the rigid footing is simulated by applying a constant
downward initial velocity, and the stresses, strains and bearing pressure is calculated
in the process of getting a final equilibrium for the model. The comments after (;) in

italic fonts are the explanations for the FLAC commands and FISH functions.

stresses and strains.

3In purely cohesive (¢ = 0) undrained clays with Tresca failure criterion, the soil behavior is
independent of confining insitu stresses. This step is only for the explanation of initial equilibrium
stage.
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Stage 1: Bringing the foundation model to initial equilibrium (Simula-
tion of insitu stresses and strains)

title

clay foundation smooth H/B =1, ¢; 20, ¢y 20, initial yvel —2.5e—8 m/ timestep

;2(10) = 0.5 - i.e. 10 elements below footing

Part - I : Grid generation and assigning the soil model and soil prop-
erties

; Grid size 20 elements in x - direction and 10 elements in y - direction

g 20 10

; Soil model is Mohr-Coulomb

mo mo

; Generates a model geometry of 20m x 20m

gen 0,0 0,20.0 20.0,20.0 20.0,0

; Soil properties are defined as shear modulus (s), bulk modulus (b), density (d),
cohesion (coh), friction (fric), (s)/(coh) = 67

pro s 1.34000e3 b 6.65533e4 d 2.0 coh 20 fric 0 j=6,10

pro s 1.34000e3 b 6.65533e4 d 2.0 coh 20 fric 0 j=1,5

; Generates lower clay layer, and grades the grid (uniform spacing in x - direction
and variable spacing in y - direction)

gen 0,0 0,19.0 0.5,19.0 0.5,0 i=1,11 j=1,6 rat 1.0 0.5412

; Generates lower clay layer, and grades the grid in x and y - directions

gen same same 20.0,19.0 20.0,0 i=11,21 j=1,6 rat 1.7696,0.5412

; Generates upper clay layer, and grades the grid (uniform spacing in x - direction
and variable spacing in y - direction)

gen 0, 19.0 0,20 0.5,20 0.5,19.0 i=1,11 j=6,11 rat 1.0,0.5767

; Generates upper clay layer, and grades the grid in x and y - directions

gen same same 20,20 20,19.0 i=11,21 j=6,11 rat 1.7696,0.5767

Part - II : Defining the displacement boundary conditions

fix x i=1; Fizes x - velocity at i=1 (free to roll along y - direction)
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fix x i=21; Fizes x - velocity at i=21 (free to roll along y - direction)

fix x y j=1; Fizes both x & y - velocities at i=1 (no movement along x and y -
directions)

; Part - III : Defining the recordings of parameters’ history

his 1 unbal; History of unbalanced forces is recorded

his 2 ydisp i=2 j=11; History of y - displacement (footing penetration) is recorded
under the centre of footing

set hisfile IETest.his; Sets history file name IETest.his for the above set of histories

; Part - IV : Calculations

set small; Sets small strain analysis, coordinates are not updated at each step

solve elastic; Calculation is performed until a steady - state solution is reached
(constitutive model is changed to elastic for quick initial equilibrium,)

save [ETest.sav; Model state at initial equilibrium is saved

; Stage 2: Bringing Final equilibrium to foundation model (Simulation
of final stresses and strains)

res [ETest.sav; Restoration of initial equilibrium condition (insitu) stresses and
strains

; Part - I : Redefining boundary conditions

fix x y i=21; Fizes z & y - velocities at i=21 for all value of j (grid points not
allowed to move, simulates infinite boundary)

fix y i=1,11 j=11; Fizes y - velocity but frees x - velocity for the nodes under the
footing (simulates smooth footing conditions)

;The final boundary conditions are shown in Figure

; Part - II : Defining initial conditions

ini xdisp = 0; Bringing all z-displacements to zero before starting calculations for

the final equilibrium
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Figure A.3: Typical boundary conditions after (Itasca Consulting Group, Inc. 2001c)

ini ydisp = 0; Bringing all y-displacements to zero before starting calculations for
the final equilibrium

ini xv=0; Bringing all z-velocities to zero before starting calculations for the final
equilibrium

ini yv=0; Bringing all y-velocities to zero before starting calculations for the final
equilibrium

ini yv =-2.5e-8 i=1,11 j=11; Vertical velocity (displacement/timestep) is applied to
the nodes at the base of footing, also represents a rigid boundary that moves with con-
stant velocity for finding the collapse load of soil. This approach has two advantages
1) it is much easier to control the test and obtain a good load/displacement graph,
and 2) FLAC takes a long time to converge if there is a large contrast in stiffnesses

of materials (footing and soil in this case) (Itasca Consulting Group, Inc. 2002c) 3)
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Assigning smaller initial velocity value reduces the inertial shock to the system. The
oscillations in the model can further be reduced by reducing the magnitude of initial
velocity. Also, the predicted bearing pressure approaches the "true" bearing pressure
(where upper and lower bound tends to equal) when a low velocity is applied. However,
FLAC has practical limitation in reducing the magnitude of the velocity to be applied
because a) limited precision error leads to rounding errors, and b) low velocity makes
the model run for longer time
mark i=1,11 j=11; Marks nodes under the footing which can be seen in the model
in forms of crosses
; FISH function for minimizing the influence of inertial effects on the
response of the model
def servo; Servo - Control FISH function is used to minimize the influence of
wnertial effects on the response of the model. It is shown here how the applied velocities
are adjusted as a function of the maximum unbalanced force in the model (Itasca
Consulting Group, Inc. 2001al)
while stepping
if unbal > 0.05 then
loop i (1,11)
yvel(i,11) = yvel(i,11)*0.975
if yvel(i,11) < -2.5e-7 then
yvel(i,11) = -2.5e-7
end if
if yvel(i,11) > -2.5e-9 then
yvel(i,11) = -2.5e-9
end if
end loop
end if
if unbal < 0.02 then
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loop i (1,11)
yvel(i,11) = yvel(i,11)*1.025
if yvel(i,11) < -2.5e-7 then
yvel(i,11) = -2.5e-7
end if
if yvel(i,11) > -2.5e-9 then
yvel(i,11) = -2.5e-9
end if
end loop

end if

end

; — comparison to analytical solution —

; FISH function for calculating footing pressure by summing up the vertical nodal
loads at the base of the footing and then dividing by half-width. The width of the
footing extends to one-half the zone at which the velocity jump occurs.

sum =0.0
loop i (1,11)
sum = sum + yforce(i,11)
end loop
load = 2.0*sum/(x(11,11)4x(12,11)); Numerical Bearing pressure
disp = -ydisp(1,11); y - displacement of grid point i=1, j=81 under footing
end

; FISH function for calculating the difference between analytical and numerical
results

def err

sol=5.14*20; Analytical Bearing pressure (Meyerhof and Hanna 1978)
err=(load-sol) /sol; Numerical and analytical Bearing pressure comparison

end

def myclock; FISH function for calculating the total time taken for the calculations

myclock=clock/100 ; Time in seconds since midnight
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end

; — parameter histories recorded —

hist 3 load

hist 4 err

hist 5 sol

hist 6 disp

hist 7yvilj 1l

hist 8 myclock

set hisfile CR1T1.his

set ncw=100000; sets the write to screen during cycling to every 100,000 steps

step 20000000; Ezecutes 20,000,000 steps of iterations for achieving the equilib-
TIUm

his write 3 5 vs 6 skip 5000; Records histories ( his 3 € 5 versus his 6 after every
5000)

save CR1.sav; Model state at final equilibrium is saved
Case 2: ¢3/¢; = 0.8 - Small Deformation Analysis
Keeping the top clay layer shear strength ¢; = 20 kPa, the bottom clay layer shear
strength was reduced to co = 16 kPa.
Case 3: /¢y = 2/3 - Small Deformation Analysis
Keeping the top clay layer shear strength ¢; = 20 kPa, the bottom clay layer shear
strength was reduced to co = 13.333 kPa for simulating softer clay.

Case 4: c3/c; = 0.5 - Small Deformation Analysis

Keeping the top clay layer shear strength ¢; = 20 kPa, the bottom clay layer shear

strength was reduced to co = 10 kPa for simulating softer clay.
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Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

Keeping the top clay layer shear strength ¢; = 20 kPa, the bottom clay layer shear

strength was reduced to co = 6.667 kPa for simulating softer clay.

Case 6: c3/c; = 0.2 - Small Deformation Analysis

Keeping the top clay layer shear strength ¢; = 20 kPa, the bottom clay layer shear

strength was reduced to co = 4 kPa for simulating softer clay.

Case 7: c3/c; = 0.1 - Small Deformation Analysis

Keeping the top clay layer shear strength ¢; = 20 kPa, the bottom clay layer shear
strength was reduced to ¢y = 2 kPa for simulating softer clay.

The average time taken by one Grid 20 x 10 model to complete on Pentium 4,
1GB RAM PC was 2 h and 30 min.

Merifield et al. (1999) has suggested equation for calculating the modified

bearing capacity factor N} :

No= I (A.2)
a1
where ¢, = Ultimate bearing pressure from numerical analysis

For the present analysis ultimate bearing pressures for above cases have been
extracted from the FLAC model history files, and modified bearing capacity factor
N is calculated from equation The results are shown in Table[A.T]
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Grid 60 x 30 :

In order to study the effect of the grid density, a 60 x 30 elements grid was chosen
which has nine time more elements than in 20 x 10 grid. The elements under the
footing are equisized in z-direction. but spacing in y-direction increases with depth.
The spacing for elements on the side of the footing increases as it moves towards the
model boundaries. As it can been seen from Table that the bearing capacity
values calculated from 60 x 30 elements grid were in general found to be to lower
than that from 20 x 10 element grid. The difference increases as ¢y /c; decreases. The

average completion time for a 60 x 30 grid FLAC model was 18 h and 45 min.
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Grid 40 x 30 :

Since the completion time for 60 x 30 grid model is a much longer than the 20 x 10
grid, a different approach was required which reduces the size of the grid, but at
the same time does not compromise bearing capacity results. A smaller element grid
(40 x 30) was adopted. The elements under the footing were now graded both in
in x & y - directions. The spacing was kept finer near the edge of the footing, but
it increases as it moves towards the centre of the footing (—x - direction). No. of
elements in the region outside the footing in x - direction (30) are same as that in
60 x 30 grid. No. of elements in the y - direction (30) are also kept same as that in
60 x 30 grid. The comparison between the bearing capacity results from 40 x 30 and
60 x 30 are shown in Table The modified bearing capacity values N} for 40 x 30
are within 0.3% of that in grid 60 x 30 model. The average completion for 40 x 30
grid model was 10 h and 45 min which is 8 h less than that in 60 x 30 grid model.
A 40 x 30 grid model then is used in rest of this study.
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The following figures and section describe the behaviour of a rigid smooth strip
footing resting on strong clay underlain by soft clay for cases as in [A.I.I These

figures show the steady state model conditions at the end of analysis.

Case 1: ¢3/c; =1 (Homogeneous clay) - Small Deformation Analysis

JOB TITLE : Rigid smooth strip footing 10
2,030

FLAC (Version 4.00)

-

15-May-05 8:43
e T .
-3.185E-02 <x< 1.687E+00 ) AR AV B ! 7 ]
1.861E+01 <y< 2.033E+01 Voo e N / ' ) 4 L

VoY N e ST
Boundary pot P N uemre NETIPYL SN A B f 1 ' [ -
| ‘ ‘ ‘ | T X P 1 :

0 5E _1 L S U P2 = R O el = ¥ 2 3 T 1 [
Velocity vectors L1950
Max Vector=  8.577E-07

[ P 3

0 2E6

L1830

General Shear Failure

Homogeneous Clay

Civil Eng, University of Manitoba
Winnipeg, MB Canada
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Figure A.4: Velocity vectors and general shear failure mechanism for a rigid strip
footing for 40 x 30 grid model on homogeneous clay H/B =1, ¢3/¢; = 1.
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JOB TITLE : Rigid smooth strip footing (*107M)
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Figure A.5: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B =1, ¢3/c; = 1.
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Figure A.6: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢3/c; = 1.
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Figure A.7: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B =1, ¢cs/¢; = 1.
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Figure A.8: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B =1, ¢s/c; = 1.
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Case 2: ¢3/¢; = 0.8 - Small Deformation Analysis
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Figure A.9: Velocity vectors for a rigid strip footing on strong over soft clay for 40 x 30
grid model, H/B =1, ¢a/c; = 0.8.
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Figure A.10: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B =1, ¢3/c; = 0.8.
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Figure A.11: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢5/¢; = 0.8.
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Figure A.12: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B =1, ¢3/¢; = 0.8.
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110

1004

90
80—-
70
60—-
50—-

40 -

Bearing Pressure (kPa)

30
20
10

——FLAC
- - - - Meyerhof & Hanna (1978)

T T T T T T T T T T 1
1 2 3 4 5

Penetration (m)

Figure A.13: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B =1, ¢3/¢; = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: c3/c; = 2/3 - Small Deformation Analysis
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Figure A.14: Velocity vectors for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢3/c; = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.15: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B =1, ¢3/c; = 2/3.
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A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*10n1)
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Figure A.16: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢3/c; = 2/3.
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A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*10n1)
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Figure A.17: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B =1, ¢2/c; = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.18: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B =1, ¢cs/¢; = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢3/c; = 0.5 - Small Deformation Analysis
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Figure A.19: Velocity vectors for rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢5/¢; = 0.5.
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A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*10n1)
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Figure A.20: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B =1, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.21: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*10n1)
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Figure A.22: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B =1, ¢2/¢; = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.23: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B =1, cs/c¢; = 0.5.

248



A. Numerical Modelling and Discussion of Results

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

JOB TITLE : Rigid smooth strip footing (*10M)
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Figure A.24: Velocity vectors for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.25: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B =1, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.26: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B =1, ¢a/¢; = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.27: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢3/c; = 1/3.

252
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Figure A.28: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B =1, ¢s/¢; = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: c3/c; = 0.2 - Small Deformation Analysis
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Figure A.29: Velocity vectors for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢5/¢; = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.30: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B =1, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.31: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B =1, ¢s/c¢; = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.32: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢3/c; = 0.2.
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Figure A.33: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B =1, ¢s/c¢; = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.34: Velocity vectors for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢5/¢; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.35: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B =1, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*10M)
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Figure A.36: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B =1, ¢s/¢; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.37: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B =1, ¢3/c; = 0.1.
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Figure A.38: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B =1, ¢s/c¢; = 0.1.

263



A. Numerical Modelling and Discussion of Results

A.1.2 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
2)

Case 3: ¢3/c; = 2/3 - Small Deformation Analysis
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Figure A.39: Velocity vectors for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B = 2, ¢3/cy = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.40: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2, ¢3/c; = 2/3.
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Figure A.41: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B = 2, ¢3/c; = 2/3.
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Figure A.42: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B =2, ¢3/c; = 2/3.

267



A. Numerical Modelling and Discussion of Results

110

10047
90 4
80 -
704
604

50 4

40

Bearing Pressure (kPa)

30

20 ——FLAC
104 Meyerhof & Hanna (1978)

0 —
0 1 2 3 4 5

Penetration (m)

Figure A.43: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B = 2, ¢s/c; = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢3/c; = 0.5 - Small Deformation Analysis

JOB TITLE : Rigid smooth strip footing (*10M)
FLAC (Version 4.00)
B2 |
LEGEND / - 2010
3-Apr-05 0:26 4 ; é é L | f
step 20000002 ﬂﬂ // ; ; { l t f
-1.263E-02 <x< 1.498E+00 A Y t 11 1990
1.879E+01 <y< 2.030E+01 AV ! ! ! i
NN ror ! ! ! s
Boundary plot
ry p \\\W// v 7 i 1 t T,1.97O
0 2E -1 R l , ! )
Velocity vectors N @ e s R F
Max Vector = 7.919E-07
. 1.950
LA_A_A_A_A_A_A_A_AJ_A_A_A_A_A_A_A_A_A_‘ ~ - - N o~ > ot > -
0 2E -6
| 1.930
L 1.910
Top Clay (¢4)
| 1.890
Civil Eng, University of Manitoba
Winnipeg, MB Canada T T T T T T T T
0.100 0.300 0.500 0.700 0.900 1.100 1.300

Figure A.44: Velocity vectors for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2, ¢3/¢; = 0.5.
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Figure A.45: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2, ¢3/c; = 0.5.
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Figure A.46: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2, ¢ /c¢; = 0.5.
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Figure A.47: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 2, ¢5/c¢; = 0.5.
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Figure A.48: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong clay over soft clay for 40 x 30 grid model, H/B = 2, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis
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Figure A.49: Velocity vectors for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2, ¢y/c; = 1/3.
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Figure A.50: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2, ¢3/c; = 1/3.
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Figure A.51: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2, ¢y/c; = 1/3.
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Figure A.52: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 2, ¢3/c; = 1/3.
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Figure A.53: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong clay over soft clay for 40 x 30 grid model, H/B = 2, ¢y/c; = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: c3/c; = 0.2 - Small Deformation Analysis
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Figure A.54: Velocity vectors for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2, ¢3/¢; = 0.2.
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Figure A.55: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2, ¢3/c; = 0.2.
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Figure A.56: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2, ca/c; = 0.2.

281



A. Numerical Modelling and Discussion of Results
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Figure A.57: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 2, ¢5/c; = 0.2.
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Figure A.58: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong clay over soft clay for 40 x 30 grid model, H/B =2, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.59: Velocity vectors for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B = 2, ¢3/¢; = 0.1.
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Figure A.60: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2, ¢3/c; = 0.1.
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Figure A.61: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2, ¢s/c¢; = 0.1.
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Figure A.62: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B =2, ¢3/c; = 0.1.

287



A. Numerical Modelling and Discussion of Results

110

100
90+
© 4
a
=
g
S £ U
2]
[}
Q
o
()]
£
©
[0}
0

—— FLAC
ffffffff Meyerhof & Hanna (1978)
0 T T T T T T T T T T
0 1 2 3 4 5

Penetration (m)

Figure A.63: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong clay over soft clay for 40 x 30 grid model, H/B =2, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results

A.1.3 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
2.5)

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis
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Figure A.64: Velocity vectors for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 1/3.
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Figure A.65: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2.5, ¢3/¢; = 1/3.
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Figure A.66: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 1/3.
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Figure A.67: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 2.5, c2/c; = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.68: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong clay over soft clay for 40 x 30 grid model, H/B = 2.5, ¢5/c; = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: c3/c; = 0.2 - Small Deformation Analysis
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Figure A.69: Velocity vectors for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.70: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.2.
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Figure A.71: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.2.

296



A. Numerical Modelling and Discussion of Results
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Figure A.72: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.2.
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Figure A.73: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong clay over soft clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.74: Velocity vectors for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.1.
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Figure A.75: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.76: Magnified grid for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.1.
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Figure A.77: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.78: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong clay over soft clay for 40 x 30 grid model, H/B = 2.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results

A.1.4 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
3)

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.79: Velocity vectors for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 3, ¢y/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.80: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 3, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.81: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 3, ¢s/c; = 0.1.
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JOB TITLE : Rigid smooth strip footing (*10n1)
FLAC (Version 4.00) B/2
¢ > [ 2.050
LEGEND

9-Jul-06 16:48

step 20000002
-9.061E-02 <x< 5.626E+00
1.528E+01 <y< 2.100E+01

1.950

Boundary plot

[ AR
0 1E 0

1.850

YY-stress contours
-1.00E+02
-8.00E+01
-6.00E+01
-4.00E+01
-2.00E+01

1.750

Contour interval= 2.00E+01
(zero contour omitted)
1.650

1.550

Civil Eng, University of Manitoba
Winnipeg, MB Canada -

Figure A.82: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 3, ¢5/c; = 0.1.
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Figure A.83: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong clay over soft clay for 40 x 30 grid model, H/B = 3, ¢3/c; = 0.1
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A. Numerical Modelling and Discussion of Results

A.1.5 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
3.5)

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.84: Velocity vectors for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 3.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.85: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 3.5, ¢3/c; = 0.1.
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Figure A.86: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 3.5, ¢3/c; = 0.1.
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Figure A.87: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 3.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.88: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong clay over soft clay for 40 x 30 grid model, H/B = 3.5, ¢3/c; = 0.1
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A. Numerical Modelling and Discussion of Results

A.1.6 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
0.5)

Case 2: ¢3/¢; = 0.8 - Small Deformation Analysis

JOB TITLE : Rigid smooth strip footing (*100M)

FLAC (Version 4.00)

L 2.050
LEGEND

20-Mar-05 10:12

step 20000002
-9.997E-02 <x< 5.950E+00
1.512E+01 <y< 2.117E+01

Top Clay (c;)

1.950

Bottom Clay (c5,)

Boundary plot
0 1E 0 | 1850

Velocity vectors
Max Vector = 5.106E-07 : §

0 1E -6
L 1.750

[ 1.650

[ 1.550

Civil Eng, University of Manitoba
Winnipeg, MB Canada

T T T T T T
0.500 1.500 2500 3.500 4.500 5.500

Figure A.89: Velocity vectors for a rigid strip footing on strong over soft clay for
40 x 30 grid model, H/B = 0.5, c2/c; = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.90: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.8.
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Figure A.91: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.8.
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Figure A.92: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B = 0.5, c2/c; = 0.8.
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Figure A.93: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: c3/c; = 2/3 - Small Deformation Analysis
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Figure A.94: Velocity vectors for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B = 0.5, ca/c1 = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.95: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5, co/¢; = 2/3.
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JOB TITLE : Rigid smooth strip footing (*107M)

FLAC (Version 4.00) B2

>

LEGEND
—_— 2,000

20-Mar-05 10:09
step 20000002
-1.081E-01 <x< 4.960E+00
1.574E+01 <y< 2.081E+01
Boundary plot 1900
\_A_l_l_l_l_l_l_l_l_‘
0 1E O

YY-stress contours
-1.00E+02
-8.00E+01
-6.00E+01
-4.00E+01
-2.00E+01

1.800

Contour interval= 2.00E+01

(zero contour omitted)
1.700

1.600

Civil Eng, University of Manitoba
Winnipeg, MB Canada

Figure A.96: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B = 0.5, c2/c1 = 2/3.
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Figure A.97: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B = 0.5, c3/c; = 2/3.
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Figure A.98: Bearing pressure versus penetration curve for a rigid smooth strip footing
on strong over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢3/c; = 0.5 - Small Deformation Analysis
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Figure A.99: Velocity vectors for a rigid smooth strip footing on strong clay over soft

clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.5.
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Figure A.100: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*10M)

FLAC (Version 4.00)

LEGEND

19-Mar-05 16:28

step 20000002
-2.157E-01 <x< 7.894E+00
1.318E+01 <y< 2.129E+01

1.950

1.850

1.750

1.650

1.550

1.450

Civil Eng, University of Manitoba 190

Winnipeg, MB Canada

Figure A.101: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.5.
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Figure A.102: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.5.
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Figure A.103: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis
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Figure A.104: Velocity vectors for a rigid smooth strip footing on strong clay over
soft clay for 40 x 30 grid model, H/B = 0.5, ca/c; = 1/3.
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Figure A.105: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5, co/¢; = 1/3.
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Figure A.106: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢5/c; = 1/3.
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Figure A.107: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 1/3.
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Figure A.108: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: c3/c; = 0.2 - Small Deformation Analysis

JOB TITLE : Rigid smooth strip footing (*10M)
| 2.050
FLAC (Version 4.00) B2
LEGEND
3\\&% ﬁ ﬁ /&k § % % 2.000
ERERNEN
21-Mar-05 22:27 /i AN 5} }f ’ff
step 20000002 i Ly L
-3.451E-02 <x< 3.313E+00 W / Top Clay(c1)
1.723E+01 <y< 2.058E+01 N /) / f Los0
V
Boundary plot \ \\ M/ / / T ‘ Bottom Clay (c,)
0 1E 0 \ S aran T
Velocity vectors T e A A A , Y L 1.00
Max Vector = 2.769E-07

N Y B |
0 5E -7 aaassssssses 7 7 7

[ 1.850

[ 1.800

L 1.750

Civil Eng, University of Manitoba
Winnipeg, MB Canada

T T T T T T T T
0.250 0.750 1.250 1.750 2.250 2750 3.250

Figure A.109: Velocity vectors for a rigid smooth strip footing on strong clay over
soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.2.
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Figure A.110: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.2.
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Figure A.111: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.2.
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Figure A.112: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.2.
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Figure A.113: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢3/c; = 0.1 - Small Deformation Analysis

JOB TITLE : Rigid smooth strip footing (*10M)
FLAC (Version 4.00)
B/2
LEGEND < > & @ ﬁ %» 2025
20-Mar-05 16:46 PR § % } %
step 20000002 RN ‘T tf @
7.176E-02 <x< 3.619E+00 {t R | 1075
1.706E+01 <y< 2.075E+01 1 VLo 7 / i Tap Clay (¢;)
ARSI A
Boundary plot \\\\ Py / /
Ly L I \\\x\\\ﬁ f Bottom Clay (CZ)T, 1.925
° - 77
Velocity vectors N 7 S/ f ! ir
Max Vector = 3.084E-07 \\ NS
L] 7 7 ] t |- 1875
0 1E 6 NS ’
Voasaasaasssss s 7 0 T
| 1.825
. 1.775
| 1.725
Civil Eng, University of Manitoba
Winnipeg, MB Canada T T T T T T T T T
0.250 0.750 1.250 1.750 2.250 2.750 3.250

Figure A.114: Velocity vectors for a rigid smooth strip footing on strong clay over
soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.1.
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Figure A.115: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.1.
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Figure A.116: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.1.

341



A. Numerical Modelling and Discussion of Results

(*10M)

JOB TITLE : Rigid smooth strip footing

FLAC (Version 4.00)

2.000

LEGEND

Top Clay (c)

¢
Bottom Clay (c,)

20-Mar-05 16:46

step 20000002
-1.5629E-01 <x< 5.351E+00
1.547E+01 <y< 2.097E+01

[ 1.900

Exaggerated Grid Distortion
Magnification = 1.250E-02
Max Disp = 6.167E+00

[ 1.800

L 1.700

[ 1.600

T
4.500

Civil Eng, University of Manitoba
2.550 3.5[‘)0

Winnipeg, MB Canada T
0.500 1.500

Figure A.117: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.1.
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Figure A.118: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results

A.1.7 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
0.25)

Case 1: ¢3/c; =1 (Homogeneous clay) - Small Deformation Analysis

Since this is the case of homogeneous clay all the results will be same as Case 1 4.1.1].

The FLAC analysis results for other cases of ¢y /c; are explained below.

Case 2: ¢3/¢; = 0.8 - Small Deformation Analysis
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Figure A.119: Velocity vectors for a rigid strip footing on strong over soft clay for
40 x 30 grid model, H/B = 0.25, ¢3/c; = 0.8.
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Figure A.120: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 0.8.
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Figure A.121: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B = 0.25, ¢z /c¢; = 0.8.
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Figure A.122: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B = 0.25, ¢2/¢; = 0.8.
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Figure A.123: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: c3/c; = 2/3 - Small Deformation Analysis

JOB TITLE : Rigid smooth strip footing (*10M)
| 2.040

FLAC (Version 4.00)

LEGEND

2.000

1-Apr-05 17:50
step 20000002
-4.687E-02 <x< 2.157E+00
1.824E+01 <y< 2.045E+01

Top Clayf(c,)

Bottom Clayl(c,) | 160

i i 1 1

1 1 1 t

Boundary plot
Lr g
0 5E -1

Velocity vectors

Max Vector = 3.956E-07
\_A_A_A_A_A_A_A_A_A_‘
0 1E-6

L 1.920

[ 1.880

. 1.840

Civil Eng, University of Manitoba
Winnipeg, MB Canada

T T T T T
0.200 0.600 1.000 1.400 1.800

Figure A.124: Velocity vectors for a rigid smooth strip footing on strong over soft
clay for 40 x 30 grid model, H/B = 0.25, ¢5/c; = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.125: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25, co/¢; = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.126: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
over soft clay for 40 x 30 grid model, H/B = 0.25, ¢2/c; = 2/3.
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Figure A.127: Magnified grid for a rigid smooth strip footing on strong over soft clay
for 40 x 30 grid model, H/B = 0.25, ¢z/c; = 2/3.
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Figure A.128: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢3/c; = 0.5 - Small Deformation Analysis
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Figure A.129: Velocity vectors for a rigid smooth strip footing on strong clay over
soft clay for 40 x 30 grid model, H/B = 0.25, ¢a/c; = 0.5.
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Figure A.130: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 0.5.
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Figure A.131: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 0.5.
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Figure A.132: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 0.25, ¢y /c; = 0.5.
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Figure A.133: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢y /c; = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis
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Figure A.134: Velocity vectors for a rigid smooth strip footing on strong clay over
soft clay for 40 x 30 grid model, H/B = 0.25, ¢2/c; = 1/3.
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Figure A.135: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25, ¢o/¢; = 1/3.
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Figure A.136: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢5/c; = 1/3.
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Figure A.137: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 0.25, c3/c; = 1/3.
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Figure A.138: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: c3/c; = 0.2 - Small Deformation Analysis
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Figure A.139: Velocity vectors for a rigid smooth strip footing on strong clay over
soft clay for 40 x 30 grid model, H/B = 0.25, ¢a/c; = 0.2.
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Figure A.140: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 0.2.
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Figure A.141: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 0.2.
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Figure A.142: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 0.25, ¢y /c; = 0.2.
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Figure A.143: Bearing pressure versus penetration curve for a rigid smooth strip

footing on strong clay over soft clay for 40 x 30
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A. Numerical Modelling and Discussion of Results

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.144: Velocity vectors for a rigid smooth strip footing on strong clay over
soft clay for 40 x 30 grid model, H/B = 0.25, ¢a/c; = 0.1.
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Figure A.145: Plasticity state indicators at steady state condition for a rigid smooth
strip footing on strong over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*10M)

FLAC (Version 4.00)

L 2.010

LEGEND

3-Apr-05 0:11 1.990

step 20000002
-3.264E-03 <x< 1.575E+00
1.864E+01 <y< 2.022E+01

1.970

1.950

1.930

1.910

1.890

Civil Eng, University of Manitoba 1870

Winnipeg, MB Canada

0.700

Figure A.146: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢3/c; = 0.1.
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Figure A.147: Magnified grid for a rigid smooth strip footing on strong clay over soft
clay for 40 x 30 grid model, H/B = 0.25, ¢5/c; = 0.1.
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Figure A.148: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢y /c; = 0.1.
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A. Numerical Modelling and Discussion of Results

A.2 Strip Footing on Soft Clay Overlying Stiff Clay

This situation may occur where soft glacial lake clay overlies stiff till deposits. Plain
strain analyses of a strip footing resting on the ground surface with soft clay overlying

a stiff clay are described in this section:

Model Geometry

A 40 x 30 elements grid similar to that in [A.T] is adopted for these analyses. The
model geometry is the same as shown in

A.2.1 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B =
1)

Case 2: ¢;/cy = 0.8 or ¢3/c; = 1.25 - Small Deformation Analysis
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Figure A.149: Velocity vectors for a rigid strip footing on soft over strong clay for
40 x 30 grid model, H/B =1, ¢;/co = 0.8.
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Figure A.150: Plasticity indicators for a rigid smooth strip footing on soft over strong
clay for 40 x 30 grid model, H/B =1, ¢;/c3 = 0.8.
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Figure A.151: Magnified grid for a rigid smooth footing on soft over strong clay for
40 x 30 grid model, H/B =1, ¢5/c; = 0.8.
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Figure A.152: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B =1, ¢;/ca = 0.8.
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Figure A.153: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft over strong clay for 40 x 30 grid model, H/B =1, ¢; /¢y = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: ¢;/c; =2/3 or cg/c; = 1.5 - Small Deformation Analysis
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Figure A.154: Velocity vectors for a rigid smooth strip footing on soft over strong
clay for 40 x 30 grid model, H/B =1, ¢;/cs = 2/3.
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Figure A.155: Plasticity state indicators for a rigid smooth strip footing on soft over
strong clay for 40 x 30 grid model, H/B =1, ¢;/cy = 2/3.
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Figure A.156: Magnified grid for a rigid smooth strip footing on soft over strong clay
for 40 x 30 grid model, H/B =1, ¢1/cy = 2/3.
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Figure A.157: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B =1, ¢;/co = 2/3.
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Figure A.158: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft over strong clay for 40 x 30 grid model, H/B =1, ¢; /¢y = 2/3.

384



A. Numerical Modelling and Discussion of Results

Case 4: ¢;/c; = 0.5 or ¢y/c; = 2- Small Deformation Analysis
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Figure A.159: Velocity vectors for a rigid smooth strip footing on soft over strong
clay for 40 x 30 grid model, H/B =1, ¢;/cs = 0.5.
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Figure A.160: Plasticity state indicators for a rigid smooth strip footing on soft over
strong clay for 40 x 30 grid model, H/B =1, ¢;/ca = 0.5.
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Figure A.161: Magnified grid for a rigid smooth strip footing on soft over strong clay
for 40 x 30 grid model, H/B =1, ¢1/cy = 0.5.
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Figure A.162: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B =1, ¢;/cs = 0.5.
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Figure A.163: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft over strong clay for 40 x 30 grid model, H/B =1, ¢1/cs = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢;/cy =1/3 or c3/c; = 3 - Small Deformation Analysis
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Figure A.164: Velocity vectors for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B =1, ¢;/c3 = 1/3.
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Figure A.165: Plasticity state indicators for a rigid smooth strip footing on soft over
strong clay for 40 x 30 grid model, H/B =1, ¢;/ca = 1/3.
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Figure A.166: Magnified grid for a rigid smooth strip footing on soft over strong clay
for 40 x 30 grid model, H/B =1, ¢1/co = 1/3.
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Figure A.167: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B =1, ¢;/co = 1/3.
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Figure A.168: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft over strong clay for 40 x 30 grid model, H/B =1, ¢; /¢y = 1/3.
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Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis
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Figure A.169: Velocity vectors for a rigid smooth strip footing on soft over strong
clay for 40 x 30 grid model, H/B =1, ¢; /¢y = 0.2.
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Figure A.170: Plasticity state indicators for a rigid smooth strip footing on soft over
strong clay for 40 x 30 grid model, H/B =1, ¢;/co = 0.2.
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Figure A.171: Magnified grid for a rigid smooth strip footing on soft over strong clay
for 40 x 30 grid model, H/B =1, ¢1/cy = 0.2.
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Figure A.172: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B =1, ¢;/cs = 0.2.
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Figure A.173: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft over strong clay for 40 x 30 grid model, H/B =1, ¢1/cs = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢;/c; = 0.1 or ¢3/c; = 10 - Small Deformation Analysis
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Figure A.174: Velocity vectors for a rigid smooth strip footing on soft over strong
clay for 40 x 30 grid model, H/B =1, ¢;/co = 0.1.
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Figure A.175: Plasticity state indicators for a rigid smooth strip footing on soft over
strong clay for 40 x 30 grid model, H/B =1, ¢;/co = 0.1.
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Figure A.176: Magnified grid for a rigid smooth strip footing on soft over strong clay
for 40 x 30 grid model, H/B =1, ¢1/cy = 0.1.
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Figure A.177: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B =1, ¢;/cs = 0.1.
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Figure A.178: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft over strong clay for 40 x 30 grid model, H/B =1, ¢1/cs = 0.1.
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A. Numerical Modelling and Discussion of Results

A.2.2 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B =
0.5)

Case 2: ¢;/c; = 0.8 or ¢y/c; = 1.25- Small Deformation Analysis
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Figure A.179: Velocity vectors for a rigid strip footing on soft over strong clay for
40 x 30 grid model, H/B = 0.5, ¢;/co = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.180: Plasticity indicators for a rigid smooth strip footing on soft over strong
clay for 40 x 30 grid model, H/B = 0.5, ¢;/ca = 0.8.
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(*10M)
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Figure A.181: Magnified grid for a rigid smooth strip footing on soft over strong clay
for 40 x 30 grid model, H/B = 0.5, ¢;/c2 = 0.8.

407
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Figure A.182: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 0.8.

408
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Figure A.183: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/c2 = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: ¢;/c; =2/3 or cg/c; = 1.5 - Small Deformation Analysis
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Figure A.184: Velocity vectors for a rigid smooth strip footing on soft over strong
clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 2/3.
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Figure A.185: Velocity vectors for a rigid smooth strip footing on strong over soft
clay for 40 x 30 grid model, H/B = 0.5, ¢;/ca = 2/3.
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Figure A.186: Magnified grid for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.5, ¢;/ca = 2/3.
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Figure A.187: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 2/3.
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Figure A.188: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft over strong clay for 40 x 30 grid model, H/B = 0.5, ¢; /¢y = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢;/c; = 0.5 or ¢3/c; = 2 - Small Deformation Analysis
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Figure A.189: Displacement vectors and z-displacement contours for a rigid strip
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.5, ¢;/cs = 0.5.
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Figure A.190: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 0.5.
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Figure A.191: Magnified grid for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.5, ¢;/ca = 2/3.
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Figure A.192: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 0.5.
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Figure A.193: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/c2 = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢;/cy =1/3 or c3/c; = 3 - Small Deformation Analysis
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Figure A.194: Velocity vectors for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 1/3.
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Figure A.195: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 1/3.
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Figure A.196: Magnified grid for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.5, ¢;/ca = 1/3.

422



A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*107)

FLAC (Version 4.00) B/2
[ 2.050

LEGEND

26-Mar-05 21:42

step 20000002
-2.742E-01 <x< 5.513E+00
1.515E+01 <y< 2.093E+01

1.950

Boundary plot

L
0 1E 0

1.850

YY-stress contours
-1.00E+02
-8.00E+01
-6.00E+01
-4.00E+01
-2.00E+01

1.750

Contour interval= 2.00E+01

(zero contour omitted)
1.650

1.550

Civil Eng, University of Manitoba
Winnipeg, MB Canada

Figure A.197: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢;/co = 1/3.
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Figure A.198: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/c2 = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis
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Figure A.199: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢;/cy = 0.2.
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Figure A.200: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/co = 0.2
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Figure A.201: Magnified grid for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.5, ¢;/ca = 0.2.
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Figure A.202: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 0.2.
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Figure A.203: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/c2 = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢;/c; = 0.1 or ¢3/c; = 10 - Small Deformation Analysis
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Figure A.204: Velocity vectors for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 0.1.
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Figure A.205: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/cy = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.206: Magnified grid for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.5, ¢;/c3 = 0.1.

432



A. Numerical Modelling and Discussion of Results
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Figure A.207: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢;/cy = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.208: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.5, ¢1/c2 = 0.1.
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A. Numerical Modelling and Discussion of Results

A.2.3 Rigid Smooth Strip Footing on Soft over Strong Clay (H/B =
0.25)

Case 2: ¢;/cy = 0.8 or ¢3/c; = 1.25 - Small Deformation Analysis
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Figure A.209: Velocity vectors for a rigid strip footing on soft over strong clay for
40 x 30 grid model, H/B = 0.25, ¢;/c2 = 0.8.
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Figure A.210: Plasticity indicators for a rigid smooth strip footing on soft over strong
clay for 40 x 30 grid model, H/B = 0.25, ¢;/c; = 0.8.
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Figure A.211: Magnified grid for a rigid smooth strip footing on soft over strong clay
for 40 x 30 grid model, H/B = 0.25, ¢; /¢y = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.212: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1/cs = 0.8.
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Figure A.213: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1/cs = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: ¢;/c; =2/3 or cg/c; = 1.5 - Small Deformation Analysis
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Figure A.214: Velocity vectors for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.25, ¢1/cy = 2/3.

440
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Figure A.215: Plasticity state indicators for a rigid smooth strip footing on soft over
strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/ca = 2/3.
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Figure A.216: Magnified grid for a rigid smooth strip footing on soft over strong clay
for 40 x 30 grid model, H/B = 0.25, ¢1/cy = 2/3.
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Figure A.217: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 2/3.
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Figure A.218: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢;/c; = 0.5 or ¢3/c; = 2 - Small Deformation Analysis
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Figure A.219: Velocity vectors for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.220: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1/cy = 0.5.
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Figure A.221: Magnified grid for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.25, ¢;/c3 = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.222: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
clay over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1 /¢y = 0.5.
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140 -
130
120 = = m e e
110 -
100
90
80 -
70 4
60 -
50
40 -
30 4
20 - ——FLAC

- - --Brown & Meyerhof (1969)

Bearing Pressure (kPa)

10 -

0 L) I T I T I T I T I T I
0 1 2 3 4 5 6

Penetration (m)

Figure A.223: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/ca = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢;/cy =1/3 or c3/c; = 3 - Small Deformation Analysis
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Figure A.224: Velocity vectors for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 1/3.
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Figure A.225: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strongclay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 1/3.

451
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Figure A.226: Vertical stress (o,,) contours for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢1/cy = 1/3.
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Figure A.227: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
clay over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1 /¢y = 1/3.
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Figure A.228: Bearing pressure versus penetration curve for a rigid smooth strip
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1/cs = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis
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Figure A.229: Velocity vectors for a rigid smooth strip footing on soft clay over strong
clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.2.
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Figure A.230: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1/cy = 0.2.
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Figure A.231: Magnified grid for a rigid smooth strip footing on soft clay over strong-
clay for 40 x 30 grid model, H/B = 0.25, ¢;/ca = 0.2.
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Figure A.232: Vertical stress (o,,) contours for a rigid smooth strip footing on soft
clay over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1 /¢y = 0.2.
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Figure A.233: Bearing pressure versus penetration curve a for rigid smooth strip
footing on soft clay over strong clay for 40 x 30 grid model, H/B = 0.25, ¢;/cy = 0.2.
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Case T: ¢;/c; = 0.1 or ¢3/c; = 10 - Small Deformation Analysis

JOB TITLE : Rigid smooth strip footing (*107)
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Figure A.234: Bearing pressure versus penetration curve for a rigid smooth strip
footing on strong clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢;/co = 0.2.
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Figure A.235: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢1/cy = 0.1.
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Figure A.236: Plasticity state indicators for a rigid smooth strip footing on strong
clay over soft clay for 40 x 30 grid model, H/B = 0.25, ¢;/cs = 0.1.
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Figure A.237: Plasticity state indicators for rigid smooth strip footing on strong clay
over soft clay for 40 x 30 grid model, H/B = 0.25, ¢;/c2 = 0.1.
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Figure A.238: Plasticity state indicators for a rigid smooth strip footing on soft clay
over strong clay for 40 x 30 grid model, H/B = 0.25, ¢; /¢y = 0.1.
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A.3 Circular Footing on Stiff Clay Overlying Soft Clay

An axisymmetric analyses of the circular footing resting on the ground surface of stiff

clay overlying a soft clay is investigated in this section:

Model Geometry The circular footing is assumed to be perfectly smooth. Since
the circular footing is an axisymmetric problem only a half space model is used for
this analysis. The model geometry has been kept the same as that for the strip footing
([4.1). The typical model geometry is shown in Figure [A.239) & [A.240] A 40 x 30 grid

was selected for this analysis. There are 10 elements under the footing which are

graded from the edge of the footing both in 4z - directions. The spacing was finer
underneath the edge of the footing, but it becomes coarser as it moves away from the
edge. There are 30 elements in x - direction in the region right of footing edge. No.
of elements in the y - direction is 30.

Width/diameter of strip/circular footing (B or D) =1 m

Half width/radius of the strip/circular footing (B/2 or D/2) = 0.5 m

Width of the half space soil model (20B or 20D) = 20 m

Depth of the half space soil model (208 or 20D) =20 m

A.3.1 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D =
1)

The undrained shear strength ratios of the bottom layer (¢3) to top layer (¢;) consid-

ered are 0.1,0.2,1/3,0.5,2/3,0.8, and 1.

Case 1: ¢3/c; =1 (Homogeneous clay) - Small Deformation Analysis

Similar to the strip footing, the prominent difficulty in the numerical analysis of a
circular footing problem by FLAC is the high stress gradients developed at the footing
edge. For a footing resting on the surface of the soil, the major principal stress acts
vertically below the footing, whereas it acts horizontally in the soil adjacent to footing

edge. This abrupt change in the stress directions and high strain rate at the edge
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Circular Footing

! 20D

20D

Figure A.239: Model geometry for 40 x 30 elements grid.

of the footing causes computational difficulties. In order to make the transition of
the stresses smoother, and to prevent out-of-balance forces, smaller elements are
concentrated at the edge by refining of the grid. The velocity field decays quite
rapidly with depth, so the grid is graded in order to allow remote boundaries without
large numbers of zones. The boundaries of the grid are kept at a sufficient distance
from the footing in order to ensure that the plastic zone developed in the soil does
not extend to the grid boundaries. Another option to make sure this does not happen
is by allowing the grid to move in vertical direction at the vertical boundary which is

equivalent to putting a roller at the boundary. This approach has only been adopted
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Figure A.240: Zoomed model geometry for 40 x 30 elements grid.

in bringing the initial equilibriunﬂ to the models. The grid is also allowed to move
vertically at the centerline of the footing.

The Mohr-Coulomb soil model was chosen for all cases.

A controlled downward velocity (displacement (m) per calculation step) of 2.5 x
1078 is applied. FLAC calculates the nodal forces to maintain the applied velocity

and the displacement of the footing is calculated continuously as the integral of the

4The model is in equilibrium when the net nodal force vector at each gridpoint is close to zero.
Initial equilibrium under the given boundary and initial conditions is achieved for simulating insitu
stresses and strains.
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velocity over the calculation timestep. The footing pressure or the bearing capacity
is calculated using a FISH function "n_pres" (explained later in this section). The

footing pressure is calculated using following equation:

(v)
-~ % (A.3)
where fi(y) = the reaction force in the y - direction at footing gridpoint ¢
r; = "associated" radius at gridpoint ¢, and
R = Teffective" radius of the footing

The "associated" radius is the radial distance to each gridpoint under the footing
at which velocity is applied except the gridpoint (i = 1,7 = 31) on the axis of
symmetry where the associated radius is 0.25 times the radius to gridpoint (i =
2,j = 31) (Itasca Consulting Group, Inc. 2001c). Due to the singularity at the edge
of the footing the bearing capacity is over predicted if the actual radius of the footing
is used in the bearing pressure calculations. If "effective" radius is calculated by
taking the footing radius to a point midway between the last gridpoint under footing
with applied velocity (i = 11, = 31) and adjacent gridpoint (i = 12, j = 31) with no
applied velocity, the footing edge is "extended" closer to the approximate position of
zero stress. In this way the error in over prediction of bearing pressure is reduced.

An input data file for the FLAC analysis is described below. The data file has
be divided into two stages. The objective of the first stage is to bring the model
into equilibrium and to simulate insitu stresses and straing’] In the second stage of
the data file a rigid footing is simulated by applying a constant downward velocity,
and the stresses, strains and bearing pressure are calculated in the process of moving
towards a final equilibrium for the model. The comments after (;) in italic fonts are
the explanations for the FLAC commands and FISH functions.

Stage 1: Bringing the foundation model to initial equilibrium (Simula-

5In purely cohesive (¢ = 0) undrained clays with Tresca failure criterion, the soil behavior is
independent of confining insitu stresses. This step is only for the explanation of initial equilibrium
stage.
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tion of insitu stresses and strains)

title

Smooth Circular Rigid Footing H/D = 1, c1 20, ¢2 20, initial yvel —2.5e—8 m/
timestep

;2(10) = 0.5 - i.e. 10 elements below footing

config ax; azisymmetric analysis

Part - I : Grid generation and assigning the soil model and soil prop-
erties

; Grid size 40 elements in x - direction and 30 elements in y - direction

g 40 30

; Soil model is Mohr-Coulomb

mo mo

; Generates a model geometry of 20m x 20m

gen 0, 00, 20.020.0,20.020.0,0

; Soil properties are defined as shear modulus (s), bulk modulus (b), density (d),
cohesion (coh), friction (fric), (s)/(coh) =67

pro s 1.34000e3 b 6.65533e4 d 2.0 coh 20 fric 0 j=17,30

pro s 1.34000e3 b 6.65533e4 d 2.0 coh 20 fric 0 j=1,16

; Generates lower clay layer, and grades the grid ,variable spacing both in x and y
- direction for region under the footing

gen 0,0 0,19.0 0.5,19.0 0.5,0 i=1,11 j=1,17 rat 0.8135 0.8338

; Generates lower clay layer, and grades the grid in x and y - directions for region
right side of the footing

gen same same 20.0,19.0 20.0,0 i=11,41 j=1,17 rat 1.1995 0.8338

; Generates upper clay layer, and grades the grid, variable spacing both in x and
y - direction for region under the footing

gen 0, 19.0 0,20 0.5,20 0.5,19.0 i=1,11 j=17,31 rat 0.8135,0.8321

; Generates upper clay layer, and grades the grid in x and y - directions for region
right side of the footing

gen same same 20,20 20,19.0 i=11,41 j=17,31 rat 1.1995 0.8321
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Part - II : Defining the displacement boundary conditions

fix x i=1; Fizes x - velocity at i=1 (free to roll along y - direction)

fix x i=41; Fizes x - velocity at i=41 (free to roll along y - direction)

fix x y j=1; Fizes both x € y - velocities at i=1 (no movement along x and y -
directions)

; Part - III : Defining the recordings of parameters’ history

his 1 unbal; History of unbalanced forces 1is recorded

his 2 ydisp i=2 j=31; History of y - displacement (footing penetration) is recorded
under the centre of footing

set hisfile IETest.his; Sets history file name [ETest.his for the above set of histories

; Part - IV : Calculations

set small; Sets small strain analysis, coordinates are not updated at each step

solve elastic; Calculation is performed until a steady - state solution is reached
(constitutive model is changed to elastic for quick initial equilibrium)

save [ETest.sav; Model state at initial equilibrium is saved

; Stage 2: Bringing Final equilibrium to foundation model (Simulation
of final stresses and strains)

res [ETest.sav; Restoration of initial equilibrium condition (insitu) stresses and
strains

; Part - I : Redefining boundary conditions

fix x y i=41; Fizes x & y - velocities at i=41 for all value of j (grid points not
allowed to move, simulates infinite boundary)

fix y i=1,41 j=31; Fizes y - velocity but frees x - velocity for the nodes under the
footing (simulates smooth footing conditions)

;The final boundary conditions are shown in Figure [A.3]

; Part - II : Defining initial conditions

470



A. Numerical Modelling and Discussion of Results

ini xdisp = 0; Bringing all z-displacements to zero before starting calculations for
the final equilibrium

ini ydisp = 0; Bringing all y-displacements to zero before starting calculations for
the final equilibrium

ini xv=0; Bringing all x-velocities to zero before starting calculations for the final
equilibrium

ini yv=0; Bringing all y-velocities to zero before starting calculations for the final
equilibrium

ini yv =-2.5e-8 i=1,11 j=31; Vertical velocity (displacement /timestep) is applied to
the nodes at the base of footing, also represents a rigid boundary that moves with con-
stant velocity for finding the collapse load of soil. This approach has two advantages
1) it is much easier to control the test and obtain a good load/displacement graph,
and 2) FLAC takes a long time to converge if there is large contrast in stiffnesses
of materials (footing and soil in this case) (Itasca Consulting Group, Inc. 2002c) 3)
Assigning smaller initial velocity value reduces the inertial shock to the system. The
oscillations in the model can further be reduced by reducing the magnitude of initial
velocity. Also, the predicted bearing pressure approaches the "true" bearing pressure
(where upper and lower bound tends to equal) when a low velocity is applied. However,
FLAC has practical limitation in reducing the magnitude of the velocity to be applied
because a) limited precision error leads to rounding errors, and b) low velocities makes
the model to run for longer time

mark i=1,11 j=11; Marks nodes under the footing which can be seen in the model
i forms of crosses

; FISH function for minimizing the influence of inertial effects on the
response of the model

def servo; Servo - Control FISH function is used to minimize the influence of
inertial effects on the response of the model. It is shown here how the applied velocities
are adjusted as a function of the maximum unbalanced force in the model (ltasca
Consulting Group, Inc. 2001a))
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while stepping
if unbal > 0.05 then
loop i (1,11)
yvel(i,31) = yvel(i,31)*0.975
if yvel(i,31) < -2.5e-7 then
yvel(i,31) = -2.5e-7
end if
if yvel(i,31) > -2.5e-9 then
yvel(i,31) = -2.5e-9
end if
end loop
end if
if unbal < 0.02 then
loop i (1,11)
yvel(i,31) = yvel(i,31)*1.025
if yvel(i,31) < -2.5e-7 then
yvel(i,31) = -2.5e-7
end if
if yvel(i,31) > -2.5e-9 then
yvel(i,31) = -2.5e-9
end if
end loop
end if
end
; — comparison to analytical solution —
; FISH function for calculating footing pressure
def n_pres
val = yforce(1,31)*x(2,31)*0.25
loop i (2,11)
val = val 4 yforce(i,31)*x(i,31)
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end loop
rad = (x(11,31)+x(12,31))*0.5; Effective radius
n_pres = val *2./(rad*rad); Numerical bearing pressure
disp = -ydisp(1,31); y - displacement of grid point i=1, j=31 under footing
end
; FISH function for calculating the difference between analytical and numerical
results
def err
a_pres = 0.94%(6.05%20); Analytical bearing pressure (Brown and Meyerhof
1969)), value reduced for smooth footing (Wang and Carter 2001))
err=(n_ pres-a_ pres)/a_pres; Numerical and analytical Bearing pressure com-
parison
end
def myclock; FISH function for calculating the total time taken for the calculations
myclock=clock/100 ; Time in seconds since midnight
end
; — parameter histories recorded —
hist 3 n_ pres
hist 4 err
hist 5 a_pres
hist 6 disp
hist 7yvilj 3l
hist 8 myclock
set hisfile CR1.his
set ncw=100000; sets the write to screen during cycling to every 100,000 steps
step 20000000; Ezecutes 20,000,000 steps of iterations for achieving the equilib-
Tium
his write 3 5 vs 6 skip 5000; Records histories ( his 3 & 5 versus his 6 after every
5000)
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save CR1.sav; Model state at final equilibrium is saved

JOB TITLE : Rigid smooth circular footing (*10M)
FLAC (Version 4.00)
D/2
e > r
™~ 1
e PIIEEE
11-May-05 19:18 k
step 20000002 S § i § § §§§\ } j T 1 r 1
-3.374E-02 <x< 1.007E+00 y s« NN é \\\«z// |
1.915E+01 <y< 2.019E+01 N NNy 2 U R i !
[ Ay 1 t 1
Boundary plot A oy e | 1.980
. . Ve e o e - C ! ' .
0 2E -1
Velocity vectors r
Max Vector = 7.558E-07 B . .
LA_A_A_A_A_A_A_A_AJ_A_A_A_A_A_A_A_A_A_‘
0 2E -6 L 1.960
L 1.940
Homogeneous Clay (c,=c,)|
L 1.920
Civil Eng, University of Manitoba
Winnipeg, MB Canada T T T T T
0.100 0.300 0.500 0.700 0.900

Figure A.241: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D =1, ¢y/c; = 1.
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Figure A.242: Plasticity indicators for a rigid smooth circular footing on strong clay
over soft clay for 40 x 30 grid model, H/D =1, ¢5/c; = 1.
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JOB TITLE : Rigid smooth circular footing (*1071)

FLAC (Version 4.00)

. 2.020

D/2

LEGEND

2.000

11-May-05 19:18

step 20000002
-3.685E-02 <x< 1.626E+00
1.869E+01 <y< 2.035E+01

[ 1.980

Exaggerated Grid Distortion
Magnification = 5.000E-03
Max Disp = 1.601E+01

L 1.960

L 1.940

L 1.920

1.900

Homogeneous Clay (¢,=C5) | 1480

Civil Eng, University of Manitoba
Winnipeg, MB Canada

T T T T T T T
0.100 0.300 0.500 0.700 0.900 1.100 1.300 1.500

Figure A.243: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D =1, ¢y/c; = 1.
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Figure A.244: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 1.
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Figure A.245: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 1.
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Case 2: ¢3/¢; = 0.8 - Small Deformation Analysis
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Figure A.246: Velocity vectors for a rigid circular footing on strong clay over soft clay
for 40 x 30 grid model, H/D =1, ¢3/c; = 0.8.
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Figure A.247: Plasticity indicators for a rigid smooth circular footing on strong over
soft clay for 40 x 30 grid model, H/D =1, ¢3/c¢; = 0.8.
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Figure A.248: Magnified grid for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.8.
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Figure A.249: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.8.
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Figure A.250: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: c3/c; = 2/3 - Small Deformation Analysis
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Figure A.251: Velocity vectors for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/c; = 2/3.
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Figure A.252: Plasticity state indicators for a rigid smooth circular footing on strong
over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 2/3.

485
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Figure A.253: Magnified grid for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢5/c; = 2/3.
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Figure A.254: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/D =1, ¢a/c; = 2/3.
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Figure A.255: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢3/c; = 0.5 - Small Deformation Analysis
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Figure A.256: Velocity vectors for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.5.
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Figure A.257: Plasticity state indicators for a rigid smooth circular footing on strong
over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 0.5.
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Figure A.258: Magnified grid for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.5.
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Figure A.259: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.5.
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Figure A.260: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis
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Figure A.261: Velocity vectors for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/c; = 1/3.
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Figure A.262: Plasticity state indicators for a rigid smooth circular footing on strong
over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 1/3.
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Figure A.263: Magnified grid for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/c; = 1/3.
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Figure A.264: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/B =1, ¢3/c; = 1/3.
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Figure A.265: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: c3/c; = 0.2 - Small Deformation Analysis
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Figure A.266: Velocity vectors for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.2.
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Figure A.267: Plasticity state indicators for a rigid smooth circular footing on strong
over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 0.2.

500



A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth circular footing (*1071)

[ 2.030

FLAC (Version 4.00)

D/2

LEGEND

L 2.010

13-Apr-05 21:28

step 20000002
-2.831E-02 <x< 1.650E+00
1.867E+01 <y< 2.035E+01

[ 1.990

Exaggerated Grid Distortion
Magnification = 5.000E-03
Max Disp = 1.530E+01

L 1.970

[ 1.950

[ 1.930

Top Clay|(c4) |- 1910
Bottom Clay|(c,) L 1.890
Civil Eng, University of Manitoba L 1.870
Winnipeg, MB Canada T T T T T I T
0.100 0.300 0.500 0.700 0.900 1.100 1.300 1.500

Figure A.268: Magnified grid for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.2.

501
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Figure A.269: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 0.2.
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Figure A.270: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.271: Velocity vectors for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.1.
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Figure A.272: Plasticity state indicators for a rigid smooth circular footing on strong
over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 0.1.
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Figure A.273: Magnified grid for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.1.
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Figure A.274: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/¢; = 0.1.
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Figure A.275: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D =1, ¢3/c; = 0.1.
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A.3.2 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D =
1.5)

Case 6: c3/c; = 0.2 - Small Deformation Analysis
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Figure A.276: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 1.5, ¢3/c; = 0.2.
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Figure A.277: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 1.5, ¢g/c; = 0.2.
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Figure A.278: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 1.5, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.279: Vertical stress (0,,) contours extrapolated to boundary grid points for
a rigid smooth circular footing on strong clay over soft clay for 40 x 30 grid model,
H/D = ].5, 02/01 =0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.280: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 1.5, ¢g/c; = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.281: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 1.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.282: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 1.5, ¢g/c; = 0.1.
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Figure A.283: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 1.5, ¢3/c; = 0.1.
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Figure A.284: Vertical stress (0,,) contours extrapolated to boundary grid points for
a rigid smooth circular footing on strong clay over soft clay for 40 x 30 grid model,
H/D = ].5, 02/01 =0.1.

517
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Figure A.285: Vertical stress (oy,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 1.5, ¢3/c; = 0.1.
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Figure A.286: Vertical stress (o0,,) contours extrapolated to boundary grid points for
rigid smooth circular footing on strong clay over soft clay for 40 x 30 grid model,

H/D = ]_5, 02/01 =0.1.
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Figure A.287: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 1.5, ¢s/c; = 0.1.
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A. Numerical Modelling and Discussion of Results

A.3.3 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D =
2)

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.288: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 2, c3/c; = 0.1.
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Figure A.289: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 2, ¢g/c; = 0.1.
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Figure A.290: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 2, ¢3/c¢; = 0.1.
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Figure A.291: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 2, ¢3/¢; = 0.1.
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Figure A.292: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 2, ¢3/¢; = 0.1.
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A. Numerical Modelling and Discussion of Results

A.3.4 Rigid Smooth Circular Footing on Ground Surface (H/D = 0.5)

Case 2: c3/c; = 0.8 - Small Deformation Analysis
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Figure A.293: Velocity vectors for a rigid circular footing on strong over soft clay for

40 x 30 grid model, H/D = 0.5, c3/¢; = 0.8.
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Figure A.294: Plasticity indicators for a rigid smooth circular footing on strong over
soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 0.8.
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Figure A.295: Magnified grid for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D = 0.5, ¢3/¢; = 0.8.
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Figure A.296: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/D = 0.5, c3/¢; = 0.8.
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Figure A.297: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: c3/c; = 2/3 - Small Deformation Analysis
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Figure A.298: Velocity vectors for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D = 0.5, cg/c; = 2/3.
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Figure A.299: Plasticity state indicators for a rigid smooth circular footing on strong
over soft clay for 40 x 30 grid model, H/D = 0.5, ¢5/c; = 2/3.
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Figure A.300: Magnified grid for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D = 0.5, c3/¢; = 2/3.
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Figure A.301: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 2/3.
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Figure A.302: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/B = 0.5, ¢s/¢; = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢3/c; = 0.5 - Small Deformation Analysis
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Figure A.303: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.304: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢g/c; = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.305: Magnified grid for a rigid smooth circular footing on strong clay over

soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.306: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, ca/c; = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.307: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢s/c; = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis
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Figure A.308: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.309: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢a/c; = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.310: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.311: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢a/c; = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.312: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: c3/c; = 0.2 - Small Deformation Analysis
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Figure A.313: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.314: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢g/c; = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.315: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.316: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, cg/c; = 0.2.
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A. Numerical Modelling and Discussion of Results

120 4
1104
100 4
90 -
80

70
GO—F
soqQ """~~~ TTTTTTTTTTTTTTTTTTTTT

40 4

Bearing Pressure (kPa)

30

201 ——FLAC
10 4 - - - - Brown & Meyerhof (1969)

+rF+
o 1 2 3 4 5 &

Penetration (m)

Figure A.317: Bearing pressure versus penetration curve for a rigid circular smooth
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢a/c; = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.318: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.319: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢g/c; = 0.1.

552
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Figure A.320: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.321: Vertical stress (o,,) contours for a rigid circular smooth footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.322: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.5, ¢s/c; = 0.1.
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A. Numerical Modelling and Discussion of Results

A.3.5 Rigid Smooth Circular Footing on Strong over Soft Clay (H/D =
0.25)

Case 2: ¢3/¢; = 0.8 - Small Deformation Analysis
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Figure A.323: Velocity vectors for a rigid circular footing on strong over soft clay for
40 x 30 grid model, H/D = 0.25, ¢y/c; = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.324: Plasticity indicators for a rigid smooth circular footing on strong over
soft clay for 40 x 30 grid model, H/D = 0.25, ca/c; = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.325: Magnified grid for a rigid smooth circular footing on strong over soft

clay for 40 x 30 grid model, H/D = 0.25, ¢z /c; = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.326: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.327: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: c3/c; = 2/3 - Small Deformation Analysis
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Figure A.328: Velocity vectors for a rigid smooth circular footing on strong over soft
clay for 40 x 30 grid model, H/D = 0.25, c3/c; = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.329: Plasticity state indicators for a rigid smooth circular footing on strong
over soft clay for 40 x 30 grid model, H/D = 0.25, c5/c; = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.330: Magnified grid for a rigid smooth circular footing on strong over soft

clay for 40 x 30 grid model, H/D = 0.25, c3/c; = 2/3.
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Figure A.331: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong over soft clay for 40 x 30 grid model, H/D = 0.25, ¢y/c; = 2/3.
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Figure A.332: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong over soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢3/c; = 0.5 - Small Deformation Analysis
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Figure A.333: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.334: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 0.25, cs/c; = 0.5.
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Figure A.335: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.336: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢ /¢; = 0.5.
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Figure A.337: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢3/c; = 1/3 - Small Deformation Analysis

JOB TITLE : Rigid smooth circular footing

(*10M)
FLAC (Version 4.00) o | 2020

LEGEND

/‘Ii\*i{: $ $ % 1 2.000
18-Apr-05 7:33 /H f i
step 20000002 SR
-3.274E-02 <x< 1.299E+00 ot f F
. .
1.892E+01 <y< 2.025E+01 N ,/ A Top Clay ()|
\\ - = 1.
Boundary plot X\ / ! T
ww
0 2F -1 &&%&\\\“’”/ | gottom i:lay ()|
: 7 1
Velocity vectors = - | 1.960
Max Vector = 2.565E-07 \\\\\\\\ Py
s 1 1
0 5E -7 \ \\\\\\

\1 N \\\\W/ - 77 ! '

L 1.940
N ~ N s s see— s = 2

L 1.920

L 1.900

T T T T T T T
0.100 0.300 0.500 0.700 0.900 1.100

Figure A.338: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 1/3.
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Figure A.339: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 0.25, cs/c; = 1/3.
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Figure A.340: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.341: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢y /c; = 1/3.
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Figure A.342: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: c3/c; = 0.2 - Small Deformation Analysis
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Figure A.343: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.2.
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Figure A.344: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 0.25, ca/c; = 0.2,

D77
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Figure A.345: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.2.
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Figure A.346: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢y /c; = 0.2.
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Figure A.347: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢3/c; = 0.1 - Small Deformation Analysis
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Figure A.348: Velocity vectors for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.349: Plasticity state indicators for a rigid smooth circular footing on strong
clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢ /c; = 0.1,
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Figure A.350: Magnified grid for a rigid smooth circular footing on strong clay over
soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.1.
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Figure A.351: Vertical stress (o,,) contours for a rigid smooth circular footing on
strong clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢y /c; = 0.1.
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Figure A.352: Bearing pressure versus penetration curve for a rigid smooth circular
footing on strong clay over soft clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.1.
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A. Numerical Modelling and Discussion of Results

A.4 Circular Footing on Soft Clay Overlying Strong Clay

This situation may occur where soft glacial lake clay overlies stiff till deposits. An
axisymmetric analyses of the circular footing resting on the ground surface of soft

clay overlying a stiff clay was investigated in this section:

Model Geometry A 40 x 30 elements grid similar to that in is adopted for
this analysis. The model geometry is same as shown in [A.239,

A.4.1 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D =
1)

Case 2: ¢;/cy = 0.8 or ¢y/c; = 1.25 - Small Deformation Analysis
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A. Numerical Modelling and Discussion of Results
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Figure A.353: Velocity vectors for a rigid circular footing on soft clay over strong clay
for 40 x 30 grid model, H/D =1, ¢;/c2 = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.354: Plasticity indicators for a rigid smooth circular footing on soft over
strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.8.
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Figure A.355: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.8.
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A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth circular footing (*107M)

D/2
L 2020

FLAC (Version 4.00)
>

LEGEND

26-Aug-06 20:48

step 20000002
-3.163E-02 <x< 2.256E+00
1.807E+01 <y< 2.036E+01

1.980

Boundary plot

S A
0 5E -1

1.940

YY-stress contours
-1.25E+02
-1.00E+02
-7.50E+01
-5.00E+01
-2.50E+01

1.900

Contour interval= 2.50E+01

(zero contour omitted)
1.860

1.820

Civil Eng, University of Manitoba
Winnipeg, MB Canada

Figure A.356: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.8.
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Figure A.357: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/ca = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: ¢;/c; =2/3 or cg/c; = 1.5 - Small Deformation Analysis
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Figure A.358: Velocity vectors for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢1/co = 2/3.
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Figure A.359: Plasticity state indicators for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.360: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢1/co = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.361: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢;/cy = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.362: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/cs = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢;/c; = 0.5 or ¢3/c; = 2 - Small Deformation Analysis
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Figure A.363: Velocity vectors for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.364: Plasticity state indicators for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.365: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.366: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.367: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/cs = 0.5.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢;/cy =1/3 or c3/c; = 3 - Small Deformation Analysis
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Figure A.368: Velocity vectors for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢1/co = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.369: Plasticity state indicators for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢;/co = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.370: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢1/co = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.371: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.372: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/ca = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis
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Figure A.373: Velocity vectors for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢1/cy = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.374: Plasticity state indicators for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.375: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.376: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.377: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/cs = 0.2.

611



A. Numerical Modelling and Discussion of Results

Case T: ¢;/c; = 0.1 or ¢3/c; = 10 - Small Deformation Analysis
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Figure A.378: Velocity vectors for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.1.

612



A. Numerical Modelling and Discussion of Results
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Figure A.379: Plasticity state indicators for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.380: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.381: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D =1, ¢; /¢y = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.382: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D =1, ¢;/cs = 0.1.
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A. Numerical Modelling and Discussion of Results

A.4.2 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D =
0.5)

Case 2: ¢;/cy = 0.8 or ¢3/c; = 1.25 - Small Deformation Analysis
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Figure A.383: Velocity vectors for a rigid circular footing on soft over strong clay for
40 x 30 grid model, H/D = 0.5, ¢1/co = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.384: Plasticity indicators for a rigid smooth circular footing on soft over
strong clay for 40 x 30 grid model, H/D = 0.5, ¢; /¢y = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.385: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D = 0.5, ¢;/c2 = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.386: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/c2 = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.387: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.8.
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A. Numerical Modelling and Discussion of Results

Case 3: ¢;/c; =2/3 or cg/c; = 1.5 - Small Deformation Analysis
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Figure A.388: Velocity vectors for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D = 0.5, ¢;/cy = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.389: Plasticity state indicators for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.390: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D = 0.5, ¢;/ca = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.391: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.392: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/cy = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢;/c; = 0.5 or ¢3/c; = 2 - Small Deformation Analysis
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Figure A.393: Velocity vectors for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.394: Plasticity state indicators for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/cy = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.395: Magnified grid for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.396: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/c = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.397: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.5.

631



A. Numerical Modelling and Discussion of Results

Case 5: ¢;/cy =1/3 or c3/c; = 3 - Small Deformation Analysis
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Figure A.398: Velocity vectors for a rigid smooth circular footing soft clay over strong
clay for 40 x 30 grid model, H/D = 0.5, ¢; /¢y = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.399: Plasticity state indicators for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/co = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.400: Magnified grid for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/cy = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.401: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/ca = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.402: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/ca = 1/3.
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A. Numerical Modelling and Discussion of Results

Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis

JOB TITLE : Rigid smooth circular footing (*10M)

FLAC (Version 4.00)

L 2.020

D/2

LEGEND

2.000

8-Apr-05 20:49

step 20000002
-3.298E-02 <x< 1.531E+00
1.874E+01 <y< 2.031E+01

NN NS
[ PN
NN N
[N N

Ry

L 1.980

Boundary plot
[PPSR
0 2E -1

Top Clay (cq) - 1960
Velocity vectors
Max Vector = 8.070E-07
Lo b
0 2FE -6 Bottom Clay (¢5) | 140

L 1.920

L 1.900

[ 1.880

T T T T T T T T T T T
0.100 0.300 0.500 0.700 0.900 1.100 1.300 1.500

Figure A.403: Velocity vectors for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.404: Plasticity state indicators for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/cy = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.405: Magnified grid for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.406: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/ce = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.407: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢;/c; = 0.1 or ¢3/c; = 10 - Small Deformation Analysis
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Figure A.408: Velocity vectors for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.409: Plasticity state indicators for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/cy = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.410: Magnified grid for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.411: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/cs = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.412: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.1.
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A. Numerical Modelling and Discussion of Results

A.4.3 Rigid Smooth Circular Footing on Soft over Strong Clay (H/D =
0.25)

Case 2: ¢;/cy = 0.8 or ¢3/c; = 1.25 - Small Deformation Analysis
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Figure A.413: Velocity vectors for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D = 0.25, ¢;/c2 = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.414: Plasticity indicators for a rigid smooth circular footing on soft over
strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/¢2 = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.415: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D = 0.25, ¢;/c2 = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.416: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 0.8.
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A. Numerical Modelling and Discussion of Results
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Figure A.417: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/ca = 0.8.

651



A. Numerical Modelling and Discussion of Results

Case 3: ¢;/c; =2/3 or cg/c; = 1.5 - Small Deformation Analysis
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Figure A.418: Velocity vectors for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D = 0.25, ¢1/cy = 2/3.

652



A. Numerical Modelling and Discussion of Results
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Figure A.419: Plasticity state indicators for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/ca = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.420: Magnified grid for a rigid smooth circular footing on soft over strong
clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 2/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.421: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/cs = 2/3.
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A. Numerical Modelling and Discussion of Results

120

110-(*

100

90
80—-
70—-
60—-
50 -
40 1

Bearing Pressure (kPa)

30

20 - ——FLAC
104 - - - - Vesic (1975)

+rF+
o 1 2 3 4 5 &

Penetration (m)

Figure A.422: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft over strong clay for 40 x 30 grid model, H/D = 0.25, ¢1/co = 2/3.
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A. Numerical Modelling and Discussion of Results

Case 4: ¢;/c; = 0.5 or ¢3/c; = 2 - Small Deformation Analysis
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Figure A.423: Velocity vectors for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/cs = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.424: Plasticity state indicators for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/ce = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.425: Magnified grid for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.25, ¢3/c; = 0.5.
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A. Numerical Modelling and Discussion of Results
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Figure A.426: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢1/cs = 0.25.
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A. Numerical Modelling and Discussion of Results
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Figure A.427: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.5, ¢;/co = 0.25.
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A. Numerical Modelling and Discussion of Results

Case 5: ¢;/cy =1/3 or c3/c; = 3 - Small Deformation Analysis
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Figure A.428: Velocity vectors for a rigid smooth circular footing soft clay over strong
clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.429: Plasticity state indicators for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢1/cy = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.430: Magnified grid for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.25, ¢; /¢y = 1/3.
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A. Numerical Modelling and Discussion of Results
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Figure A.431: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 1/3.
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A. Numerical Modelling and Discussion of Results

120

110-f

100

90
80—-
70—-
60—-
50 -
40 1

Bearing Pressure (kPa)

30

20 - ——FLAC
104 - - - - Vesic (1975)

+rF+
o 1 2 3 4 5 &

Penetration (m)

Figure A.432: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/ca = 1/3.

666



A. Numerical Modelling and Discussion of Results

Case 6: ¢;/c; = 0.2 or ¢3/c; =5 - Small Deformation Analysis
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Figure A.433: Velocity vectors for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.25, ¢; /¢y = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.434: Plasticity state indicators for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/ce = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.435: Magnified grid for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.25, ¢; /¢y = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.436: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/ce = 0.2.
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A. Numerical Modelling and Discussion of Results
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Figure A.437: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 0.2.
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A. Numerical Modelling and Discussion of Results

Case T: ¢;/c; = 0.1 or ¢3/c; = 10 - Small Deformation Analysis
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Figure A.438: Velocity vectors for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.25, ¢; /¢y = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.439: Plasticity state indicators for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/ce = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.440: Magnified grid for a rigid smooth circular footing on soft clay over
strong clay for 40 x 30 grid model, H/D = 0.25, ¢; /¢y = 0.1.
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A. Numerical Modelling and Discussion of Results
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Figure A.441: Vertical stress (o,,) contours for a rigid smooth circular footing on soft
clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/cs = 0.1.

675



A. Numerical Modelling and Discussion of Results
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Figure A.442: Bearing pressure versus penetration curve for a rigid smooth circular
footing on soft clay over strong clay for 40 x 30 grid model, H/D = 0.25, ¢;/co = 0.1.
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A. Numerical Modelling and Discussion of Results

A.5 Strip Footing on Stiff Clay Overlying Soft Clay - Large

Deformation Analysis

A.5.1 Rigid Smooth Strip Footing on Strong over Soft Clay (H/B =
1)

Only two cases of undrained shear strength ratios cp/ ¢; = 1 and 0.1 are considered

in this analysis to study the effectiveness of FLAC in large deformation analysis.

Case 1: ¢3/c; =1 (Homogeneous clay) - Large Deformation Analysis

h

Figure A.443: Distorted zone (i = 11,j = 31) to show Bad Geometry error state for
large deformation analysis for a rigid smooth strip footing on strong over soft clay
(H/B = 1, 62/61 = ].)
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A. Numerical Modelling and Discussion of Results

Test 1: Large Strain Analysis
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A. Numerical Modelling and Discussion of Results

Figure A.444: Distorted zone (i = 11,5 = 31) zoomed to show Bad Geometry error
state for large deformation analysis for a rigid smooth strip footing on strong over
soft clay (H/B =1, ca/c; = 1)
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Figure A.445: Velocity vectors for combined large strain - small strain analysis of
a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid model,
H/B = 1, 02/01 =1.

Test 2: Combined Large Strain and Small Strain Analysis
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Figure A.446: Plasticity state indicators for combined large strain - small strain

analysis of a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid
model, H/B =1, ¢y/c; = 1.
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Figure A.447: Grid for a rigid smooth strip footing on strong clay over soft clay for
40 x 30 grid model, H/B =1, c2/¢; = 1.
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Figure A.448: Vertical stress (o,,) contours for combined large strain - small strain
analysis of a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid

model, H/B =1, ¢s3/¢; = 1.
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Figure A.449: Zoomed grid with beam for stopping soil spill on footing for combined
large strain - small strain analysis of a rigid smooth strip footing on strong clay over

soft clay for 40 x 30 grid model, H/B =1, ¢y/c; = 1.

Test 3: Combined Large Strain and Small Strain Analysis - Soil Restrained from

Flowing over Footing
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Figure A.450: Velocity vectors for combined large strain - small strain analysis of a
rigid smooth strip footing on strong clay over soft clay with soil stopped spilling on
footing for 40 x 30 grid model, H/B =1, ¢a/c; = 1.
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Figure A.451: Plasticity state indicators for combined large strain - small strain
analysis of a rigid smooth strip footing on strong clay over soft clay with soil stopped
spilling on footing for 40 x 30 grid model, H/B =1, ¢3/¢; = 1.

686



A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*107)

FLAC (Version 4.00)

[ 2.025

LEGEND

1.975

26-Sep-05 22:38
step 190054
-4.981E-02 <x< 4.078E+00
1.656E+01 <y< 2.069E+01
1.925
Boundary plot
\_A_A_A_A_A_A_A_A_A_‘

0 1E 0
1.875

YY-stress contours
-1.00E+02
-8.00E+01
-6.00E+01
-4.00E+01
-2.00E+01

0.00E+00

1.825

1.775

Contour interval= 2.00E+01

1.725

1.675

Figure A.452: Vertical stress (o,,) contours for combined large strain - small strain
analysis of a rigid smooth strip footing on strong clay over soft clay with soil stopped
spilling on footing for 40 x 30 grid model, H/B =1, ¢3/¢; = 1.
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A. Numerical Modelling and Discussion of Results

Case 2: ¢3/¢; = 0.1 (Homogeneous clay) - Large Deformation Analysis

Figure A.453: Distorted zone (i = 11,5 = 31) at Bad Geometry error state for
large deformation analysis for a rigid smooth strip footing on strong over soft clay
(H/B = 1, 62/01 = O].)

Test 1: Large Strain Analysis
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A. Numerical Modelling and Discussion of Results

Figure A.454: Distorted zone (i = 11,j = 31) zoomed at Bad Geometry error state
for large deformation analysis for rigid smooth strip footing on strong over soft clay
(H/B == 1, 62/61 = 1)
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Figure A.455: Velocity vectors for combined large strain - small strain analysis of

a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid model,
H/B = ]., 02/01 =0.1.

Test 2: Combined Large Strain and Small Strain Analysis
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Figure A.456: Plasticity state indicators for combined large strain - small strain

analysis of a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid
model, H/B =1, ¢3/¢; = 0.1.
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Figure A.457: Grid for rigid smooth strip footing on strong clay over soft clay for
40 x 30 grid model, H/B =1, ¢3/¢; = 0.1.
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Figure A.458: Vertical stress (o,,) contours for combined large strain - small strain
analysis of a rigid smooth strip footing on strong clay over soft clay for 40 x 30 grid
model, H/B =1, ¢3/¢; = 0.1.
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Figure A.459: Zoomed grid with beam for stopping soil spill on footing for combined
large strain - small strain analysis of a rigid smooth strip footing on strong clay over
soft clay for 40 x 30 grid model, H/B =1, ¢3/¢; = 0.1.

Test 3: Combined Large Strain and Small Strain Analysis - Soil Restrained from

Flowing over Footing
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Figure A.460: Velocity vectors for combined large strain - small strain analysis of a
rigid smooth strip footing on strong clay over soft clay with soil stopped from spilling
over the footing for 40 x 30 grid model, H/B =1, ¢3/c; = 0.1.

695



A. Numerical Modelling and Discussion of Results

JOB TITLE : Rigid smooth strip footing (*107)
FLAC (Version 4.00) |
| 2.050
LEGEND
28-Sep-05 18:52 % % g g % % % %
-Sep- : 4 o S Clay (¢,)3 L 1950
step 565250 g g g 8 3 g fop Clay ( 1)9
-2.468E-01 <x< 9.259E+00 0 O © o © o o o
o O O O ] O [¢ 9]
1.210E+01 <y< 2.161E+01 % o o o
L 1.850
v o o o o Bottom Clay (c,)
* O e} e} F
* O o o L 1.750
¥ ¥ O o |
* at yield in shear or vol.
¥ ¥ O O o ¢} L 1.650
o at yield in tension |
* o O o} [}
. 1.550
O o0 O O [0} (@] [
L 1.450
CEMEBOCOO0 O X O O [
. 1.350
L 1.250
0.5(‘)0 1 .5(‘]0 2.5(‘)0 3.5(‘)0 4.5(‘]0 5.5(‘)0 ‘ 6.5(‘)0 7.5(‘]0 8.5(‘)0

Figure A.461: Plasticity state indicators for combined large strain - small strain
analysis of a rigid smooth strip footing on strong clay over soft clay with soil stopped
spilling on footing for 40 x 30 grid model, H/B =1, ¢s/¢; = 0.1.
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Figure A.462: Vertical stress (o,,) contours for combined large strain - small strain
analysis of a rigid smooth strip footing on strong clay over soft clay with soil stopped
spilling on footing for 40 x 30 grid model, H/B =1, ¢3/c; = 0.1.
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