THREE-DIMENSIONAL FINITE ELEMENT ANALYSIS OF
SHEET-PILE CELLULAR COFFERDAMS

by
Reed L. Mosher

Dissertation submitted to the Faculty of the
Viginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
n

Civil Engineering

APPROVED:

AN, C R
G. W. Clough, Chairman
Dean, College of Engineering

Y L/

samy o J. M. Duncan
Civil Engineering Civil Engineering

q 1
J.N. Reddw ‘ N. Radhakrishnan
Engineering Science and"Mechanics Waterways Experiment Station

December 1991

Blacksburg, Virginia



Abstract

The conventional design methods for sheet-pile cellular cofferdams were developed
in the 1940’s and 1950’s based on field and limited experimental observations. The
analytical techniques of the day were unable to account for the complexities in-
volved. The procedures used only rudimentary concepts of soil-structure interac-
tion which do not exhibit the true response of the cofferdam for most circumstances.
During the past decade it has been demonstrated that with proper consideration
of the soil-structure interaction effects, the two—dimensional finite element models
can be powerful tools in the investigation of cellular cofferdam behavior. However,
universal implementation of the findings of these analyses was difficult to justify,
since uncertainties remain about the assumptions made in arriving at the two-
dimensional models. The only way to address these uncertainties was to perform a
three-dimensional analysis.

This investigation has focused on the study of the three-dimensional behavior
of Lock and Dam No. 26 (R) sheet—pile cellular cofferdam. The work involved the
development of a new three-dimensional soil-structure interaction finite element
code for cellular cofferdam modeling, and the application of the new code to the

study of the behavior of the first- and second-stage cofferdam at Lock and Dam

No. 26 (R).



Abstract

The new code was used to study the cell filling process where the main cell is
filled first with the subsequent filling of the arc cell. The finite element results show
that interlock forces in the common wall were 29 to 35 percent higher than those
in the main cell which are less than those calculated by conventional methods and
compare well with the observed values.

After cell filling, the new code was used to model the cofferdam under differential
loading due to initial dewatering of the interior of the cofferdam and changes in
river levels. The finite element analysis results show that increasing differential
water loads cause the confining stresses in the cell fill to increase which results in
a decrease in the level of mobilized shear strength in the cell fill. This explains
why the cellular cofferdam can withstand extremely high lateral loads and lateral

deformations without collapsing.



Acknowledgements

The author wishes to express his deep gratitude to his advisor, Dr. G. Wayne
Clough, for his guidance during the course of this research. I am extremely grateful
to Dr. Clough for his constant encouragement, tremendous patience, and very
sincere personal considerations without which the completion of this work could
not have been possible. A special thanks goes to Dr. N. Radhakrishnan for his
continual and unceasing support of my quest to complete this research effortt and
Dr. T. Kuppusamy for his advice, encouragement, and discussion of the research
work from time to time. Much appreciation is extended to my committee members,
Dr. J. M. Duncan and Dr. J. N. Reddy, for their interest in my studies and research.

I would like to express my gratitude to the U.S. Army Engineer Waterways
Experiment Station for providing me the opportunity to conduct this research and
to the U.S. Army Engineer District, St. Louis, and Headquarters, U.S. Army Corps
of Engineers, for funding this research effort. Appreciation is extended to Messrs.
Donald Dressler, Thomas Mudd, and Paul K. Senter for support and help during
the cousre of the work. A special debt of thanks is owed to Mr. H. Wayne Jones for
his reviewing the manuscript.

I owe the most to my wife, Loanne, for her continuous encouragement, moral

support, patience, and great understanding faced with all the hardship that she has

iv



Acknowledgements

graciously endured. Without her support, I could hot have accomplished this task.
To son Mark, I owe him for the many hours I spent away from the family. Thanks
to all my colleagues, friends, and relatives who helped me in this endeavor. And

last, but not least, I thank Mr. John Harris and Ms. Gilda Miller for their help in

preparing this dissertation.



Contents

Abstract ii
Acknowledgements iv
1 Introduction 1
2 Background 6
2.1 Historical Background .. .. ... ........ ... .. ..., 8
2.2 Cellular Cofferdam Geometry . . ... .. ... ... ... ...... 12
2.3 Cellular Cofferdam Failures . ... ................... 16
2.4 Early Cellular Cofferdam Design . . . . .. .. ... .. ... ..... 18
2.5 Design Considerations . . . . . .. ... ... 19
2.6 Current Design Procedures for Interlock Stability . .. ........ 22
261 MainCell .. ... ... ... ... 24

262 ArcCell . . .. .. . 27

263 CommonWall. .. ............. ... ... 28

2.7 Current Design Procedures for Internal Stability . . . . ... ... .. 31
2.8 Instrumented Case Histories of Cellular Cofferdams . . . . .. .. .. 43
281 CellFilling . ... ... . ... e 44

vi



CONTENTS

2.8.2 Differential Water Loading . . . . ... ... ... ... .. .. 48

2.9 Early Finite Element Analysis . . . . ... .. ... ... ....... 55
2.10 Lock and Dam No. 26 (Replacement) Cofferdams Studies . . . . . . . 58
2.11 Summary and Recommendations . .. ................. 71
3 Basic Finite Element Code 74
3.1 Imtroduction . . . . . . . . . . . e e 74
3.2 Philosophy. ... ... ... ....... L 76
3.3 Necessary Capabilities . . .. ... .. .. ... ... . ... 7
3.4 Development Scheme . . . .. ... ... ... .. ... . ..... 82
3.5 Description of Existing Code . . . . . ... ... ... ......... 83
3.5.1 Element Types . . ... ... ... ... ... 83
3.5.2 Stress and Strain Response. . . . ... ... .......... 85
3.5.3 Boundary Conditions . . . . . ... .. ... .......... 87
3.54 EquationSolver . . . .. ... ... ... ... . 87

3.6 Verification of Existing Code . . . . .. .. .. ............. 88
3.6.1 Single Element with Concentrated Nodal Loads . . .. .. .. 89
3.6.2 Single Element with Surface Pressure Loading . . . . . .. .. 89
3.6.3 Thick-Wall Cylinder Problem . . ... ... .......... 89

3.7 Limitationof theCode . . . . . . ... ... .. ... . ........ 97
3.8 Summary . . . ... e e e e e 100
4 Additions to the Element Library 102
4.1 Introduction . . . . .. .. .. . . ... .. e 102
4.2 Interface Element . . . . . ... .. .. ... ... ... ... 103
4.2.1 Zero-Thickness Interface Element . . . . . .. ... ... ... 105

vii



CONTENTS

4.2.2 Evaluation of Interface Element Formulation . . . . . . .. .. 105
4.2.3 Alternative Formulation . .. ... ............... 106
4.2.4 Interface Element Formulation . . . .. ... .. ... ... .. 111
4.2.5 Implementation of the Interface Element . . . ... ... ... 115
4.2.6 Verification of the Interface Element . . ... ... ... ... 117

4.3 Degeneration of Brick-Type Isoparametric Elements . . . . . . .. .. 122
4.3.1 Formulation for Degeneration of Quadratic Serendipity Element125
4.3.2 Implementation for Degeneration of 3-D Element . .. .. .. 127
4.3.3 Verification of 15-Node Wedge Element . . . . . . ... .. .. 127

44 ShellElement . .. .. .. ... .. ... . ... .. e 128
4.4.1 Implementation of Shell Element Formulation . ... ... .. 131
442 \Verification of Shell Element . . . . .. ... . ... ...... 133
4.4.3 Representation of the Sheet Piling with Shell Element . . . . . 138

4.5 Summary . . .o e e e e e e e e e e e e e 150
5 Three-Dimensional Soil Constitutive Model 153
5.1 Introduction . . . .. ... ... ... ... 153
52 Background . . . . .. ... e 154
5.2.1 Incremental Analysis . . .. ... ... ... .......... 155
5.2.2 Tangent Shear and Bulk Moduli . . . . ... .......... 156

5.3 New Three-Dimensional Constitutive Model . . . . . . .. .. .. .. 158
5.3.1 Tangent Shear Modulus Definition . ...... ... ... .. 160
5.3.2 Tangent Bulk Modulus Definition . . . . ... ... ...... 181

5.4 Soil Testing Program for Three-Dimensional Finite Element Study . 188

viii



CONTENTS

5.4.1 Background of Soil Testing for Lock and Dam No. 26(R)

Cofferdam . . . ... ... ... . . . ... 189

5.4.2 The New Soil Testing Program . . .. ... .......... 191

5.4.3 Cubical Shear Testing . . ... .. .. ... .. ........ 193

5.5 Comparison of Predicted and Observed Stress-Strain Response . . . . 201

5.5.1 Triaxial Test Response . . . .. ... ... ... ........ 201

5.5.2 Cubical Test Response . . . . .. e e e e e e e e e e 205

5.6 Summary . . . .. . e e e e e e e e e e e 220

6 Cell Filling Analysis 231

6.1 Project Description . . . . . . ... ... .. .. . ..o 232

6.1.1 Foundation Materials and Properties . . ... ... ...... 237

6.1.2 Cell Fill Materials and Properties . . . ... ... ....... 237

6.1.3 Sheet Piles. . . .. ... .. ... .. .. ... .. ... 242

6.1.4 General Construction Sequence . . ............... 242

6.2 Response of Isolated Main Cell during Filling . .. .. .. ... ... 244
6.2.1 Verification of the Three-Dimensional Code for Isolated Main

Cell Analysis . . . . . . .. . . i i i i et 245

6.2.2 Modeling an Isolated Main Cell During Filling . . . . . .. .. 248
6.2.3 Difficulties in Three-Dimensional Modeling of the Isolated

Main Cell Analyses . . . . . ... ... ... ... ...... 258

6.2.4 Results of the Isolated Main Cell Analyses . . . ... ... .. 261

6.3 Response of Cellular Cofferdam during Cell Filling. . . . . . ... .. 274

6.3.1 Finite Element Representation of Cofferdam . . ... ... .. 277

6.3.2 Response at Completion of Main Cell Filling . . . . . ... .. 281

ix



CONTENTS

6.3.3 Response at Completion of Main and Arc Cell Filling . . . . . 294

6.4 SUMMATY .« « v o o e e e e e e e e e 319
7 Differential Loading Analysis 326
7.1 Differential Loads Applied to Cofferdams . . . . .. .. .. ... ... 327
7.2 Finite Element Models . . . .. .. ... ... ... .. ........ 329
7.3 Construction Simulation . . .. .. ... ... ... ... ... ... 329
74 Response to Normal Differential Loading . . . . « . o v v oo\ . .. 333
7.4.1 Cell Deflections . . . . ... ... ... ... ... ... . ... 333

7.4.2 Interlock Force . ... ... ... ... .. ... ... .... 343

7.4.3 Lateral Earth Pressure Coefficients . . . ... ... ... ... 345
744 Soil Stresses . . . . . .. ... L 350

7.5 Response to Extreme Differential Loading . . ... .. .. ... ... 350
7.5.1 Load-Deflection Response . . . . ... ... .......... 353

7.5.2 Lateral Earth Pressure Coefficient . . . . ... ... ... ... 353

7.5.3 Soil Stresses . . . . . . . ... e e 358

T6 Summary . . . .. e e e e e e e e e e 361
8 SUMMARY AND CONCLUSIONS 365
8.1 Development of New Three-Dimensional Finite Element Code . . . . 366
8.2 Additions to The Element Library . . . . . .. ... .......... 369
8.3 Three-Dimensional Soil Model . . . . . .. .. ... .. ........ 370
8.4 Analysis of an Isolated Main Cell . . . ... ... ... ........ 372
8.5 Analysis of Main and Arc Cells During Filling . . . . ... ... ... 373
8.6 Differential Loading of the Cofferdam . . . . . . .. .. .. ... ... 374
87 Conclusion . . . . . . . . i e e e e 376



CONTENTS

Bibliography

A Derivation of the Goodman Interface Element

B 1-D Example of the Goodman Interface Element

C Basic Shell Element Formulation

D Determination of Soil Model Parameters_

VITA

xi

378

388

393

396

408

434



List of Tables

2.1 Key Aspects of Cofferdam Case History [38]. . ............ 45

2.2 Two-Dimensional Finite Element Models [8] . . . ... ... ... .. 60

3.1 Comparison of Results for Single Element with Concentrated Nodal
Loads. . . . . . . . e 91

3.2 Comparison Results for Single Element with Surface Pressure Load-

1 91
3.3 Comparison of Displacements for Thick-Wall Cylinder Problem. . . 101
4.1 Computed Displacements for Interface Test Problem 1. . . .. .. .. 152

5.1 Comparison of Stiffness Parameters between WES and Woodward—

Clyde Tests. . . . . . . i i i i i e e e e e e e e e e 192
5.2 Comparison of Testing and Sample Preparation Procedures of Previ-

ous Efforts . . ... . ... 192
5.3 Parameters of Soil Model for a Relative Density of 55 percent . . . . 230
5.4 Parameters of Soil Model for Relative Density of 70 percent. . . . . . 230

6.1 Radial Deflections after Main Cell Filling, Cell with 35-ft Penetra-
175 o P 285



LIST OF TABLES

6.2 Radial Deflections after Main Cell Filling, Cell with 15-ft Penetra-
17 Lo ¢ S 285

D.1 Three-dimensional hyperbolic model parameters determined from tri-

axial tests for a relative density of 55 percent. . .. .. ... ... .. 421
D.2 Three-dimensional hyperbolic model parameters determined from tri-

axial tests for a relative density of 70 percent. . .. ... .. ... .. 421

D.3 Parameters of the bulk modulus model. o 433

xiii



List of Figures

2.1
2.2
2.3
24

2.5
2.6
2.7

28

2.9

2.10
2.11
2.12
2.13
2.14

A sheet-pile cellular cofferdam. . ... ................. (f
Black Rock Harbor cofferdam [3]. . . ... .. ............. 9
Battleship Maine cofferdam [3]. . . . ... .. ... ... ... ..., 11

Commonly used sheet-pile cellular cofferdam configuration, (a) di-

aphragm, (b) circular, and (c) cloverleaf. .. ... .......... 15
Possible failure modes. . . . . .. .. ... oo oL 20
Interlock force determination by hoop-stress equation. . .. ... .. 23

The four most commonly assumed pressure diagrams for interlock
tension [53]. . . . .. e 25
Free body for the TVA secant formula for determining interlock forces
inthecommonwall. . .. ................. . ... .. 29

Free body for the Swatek formula for determining interlock forces in

thecommonwall. .. .......... ... ... .. ... .. ... 30
Terzaghi’s base pressure [60]. . . . .. .. ... .. ... ........ 32
Vertical shear on the centerline 60). . .. ............... 35
Failure plane proposed by Krynine (32]. .. .............. 38
Cummings method [10]. . . . ... .. ... ... ... ... .... 39
Hansen method [23]. . . . ... .. ... ... . .. .. .. ...... 41

xiv



LIST OF FIGURES

2.15 Measured interlock forces for Trident and Lock and Dam No. 26 (R)
cofferdams. . . .. .. .. ..
2.16 Comparison of interlock forces in the common wall for Lock and Dam
No. 26(R). . . . e
2.17 Trident cell movements [38]. . ... ... .. ... . ... ......
2.18 Lock and Dam No. 26(R) cell movements [38]. .. ..........
2.19 Top of cells movements for Lock and Dam 26(R) [38]. . ... .. ..
2.20 Comparison of cell movements [38]. . ... .. .. .. ... .....
2.21 Schematic of vertical slice model [53]. . ................
2.22 Schematic of horizontal slice model [53]. . . .. .. ... ... ....
2.23 Schematic of axisymmetric model [53]. . ... ... ..........
2.24 Lock and Dam No. 26(R) sheet-pile interlock forces [55]. . .. ...
2.25 Lock and Dam No. 26(R) sheet-pile deflections [55]. . . ... .. ..
2.26 Lock and Dam No. 26(R), effects of E-ratio of sheet-pile deflec-
tions [53]. . . .. e e e
2.27 Lock and Dam No. 26(R), effects of E-ratio on earth pressures ap-
plied tosheet piles [53]. . . . . ... ... ...
2.28 Lock and Dam No. 26(R), effects of E-ratio on sheet-pile interlock
forces [53]. . . . . e e e
2.29 Lock and Dam No. 26(R), interlock forces in sheet piles as predicted

from horizontal slice analysis [55]. . . ... ..............

3.1 Plan view of main and arccells. ... ... ..............
3.2 Stress-strain behavior ofsand [53]. .. ....... ... ... ...,

3.3 Eight to twenty-one variable number of nodes element [29]. . .. ..

XV



LIST OF FIGURES

3.4
3.5
3.6
3.7
3.8
3.9
3.10

4.1

4.2
4.3
4.4

4.5
4.6
4.7
4.8
4.9

4.10
4.11
4.12
4.13

Quarter model of main cell of a cofferdam. . .. ... .. .. .. .. 86
Single element with concentrated nodal loads [29]. . .. ... .. .. 90
Single element with surface pressure loading [29]. . .. .. .. .. .. 92
Thick-wall cylinder problem [29]. . . ... .. ... .. ... ..... 94
Finite element mesh for the thick-wall cylinder problem [29]. . ... 96
Variation of radial stress with radius [29]. .. ... .......... 98
Variation of tangential stress with radius {29]. . .. ... ... .. .. 99
Typical types of interface elements used in soil-structure interaction

analysis. . .. .. e e e e e e 104
Penetration of adjacent element [5]. . .. ............... 107
Example problem to evaluate interface element [63]. . ... ... .. 108

Solid, interface, and shell element configuration for three-dimensional

code. .. e e e e e e 113
Meshes for interface Test Problem 1. . .. ... .... ... ... .. 119
Desai’s interface test problem [14]. . . .. .. ... ... ... .... 120
Results for Desai’s interface test problem [14]. . .. .. .. ... ... 121
Degeneration of a brick-type isoparametric element. . ... ... .. 123

Example problem of degeneration by simple collapsing of one side of

brick-type isoparametric elements. . . .. ... .. .. ... ..... 124
Degeneration for a quadratic serendipity element. . . . ... ... .. 126
Single-wedge element with a surface pressure. . . ... ........ 129
Results for four-wedge elements with a surface pressure. . .. .. .. 130
Geometry of the shell element [47]. . . . ... ... .. ... ..... 132

xvi



LIST OF FIGURES

4.14

4.15
4.16
4.17

4.18
4.19
4.20

4.21

5.1

5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10

Composite, thick-wall cylinder problem: a. composite, thick—wall
cylinder with an internal surface pressure; and b. finite element mesh

for the composite-wall cylinder. . . . .. .. ... ... ....... 135
Variation of radial displacements with radius. . . ... .. ... ... 137
Sheet—pile interlock connections for cellular cofferdam. . . .. .. .. 139
Measured load-displacement behavior of sheet-pile interlocks [8, 33,

53] e e e e e e e e e 140
Comparison of radial deflections for three different E-ratios. . . . . . 146
Comparison of interlock forces for three different E-ratios. . . . . .. 147
Comparison of predicted and measured earth pressures for three dif-
ferent E-ratios. . . . . .. ... ... L e 148
Change in predicted lateral earth pressure coefficients with maximum
radial deflections. . . . . .. ... L o 149
Representation of deviatoric and volumetric stresses in three-dimensional
SETESS SPACE. . . . . . e e e e e e e e e e 157
Hyperbolic representation of the shear stress and strain curve. . . . . 161
Physical meaning of the parameters aand . .. ... ... ... .. 162
Variation of stiffness with confining pressure. . ... ... ... ... 164
Variation of initial tangent modulus with confining pressure. . . . . . 165
Stress path plane for triaxial test in principal stress space. . ... .. 167
Projection of stress paths on triaxial plane. . . ... ......... 168
Stress paths in ¢g-p stressspace. . . .. .. .. ... .. ........ 170
Shear stress—strain curve for triaxial test. . . ... .. ... ... .. 17
Shear stress—shear strain data plotted on transformed axis. ... .. 172



LIST OF FIGURES

5.11 Normalized shear stress and shear strain data plotted on transformed

5.12 Stress path showing the initial mean normal stress and the normal
stress at failure. . . . ... ... .. ... 174
5.13 Variation of initial shear modulus versus initial mean normal stress. 176
5.14 Simple representation of the Mohr—Coulomb failure envelope. . .. . 178
5.15 Three-dimensional representation of Mohr-Coulomb failure criterion. 180
5.16 Volumetric strain versus mean normal stress. . . ... .. ... ... 182
5.17 Plot of volumetric strain versus mean normal stress from triaxial con-
solidation test [15]. . . .. .. ... ... .. ... 183
5.18 Plot of expression for volumetric strain and mean normal stress on
arithmeticscale. . .. .. ... .. ... ... .. ... . ... 186
5.19 Plot of expression for volumetric strain and mean normal stress on
log-logscale. . .. .. .. . . . ... 187
5.20 Gradation curves for cell fill sand [52]). . ... ... .......... 194
5.21 Stress path from vertical slice model for cell fill at midheight [52]. . . 197
5.22 Stress path from vertical slice model for cell fill at bottom [52). . . . 198
5.23 Stress path from vertical slice model for foundation soil below dredge-
line outside the cell [52]. . . . . . ... .. ... .. .. . ... . ... 199

5.24 Schematic representation of stress paths used in cubical shear tests [52].

....................................... 200

5.25 Comparison between soil model and triaxial compression test data
for a relative density of 55 percent. . . .. ... ... ... ... ... 203

5.26 Comparison between soil model and triaxial extension test data for a
relative density of 55 percent. . . . .. .. ... . Lo Lo 204



LIST OF FIGURES

5.27

5.28

5.29

5.30

5.31

5.32

5.33

5.34

5.35

5.36

5.37

5.38

5.39

5.40

5.41

Comparison between soil model and triaxial compression test data
for a relative density of 70 percent. . . .. . ... ... ... ... .. 206
Comparison between soil model and triaxial extension test data for a
relative density of 70 percent. . . . .. .. ... ... ... .. .. .. 207
Stress path B for cubical sheartest. . ... .............. 209
Stress—strain results from cubical shear test for stress path B. . .. 210
Comparison between two-dimensional model and cubical shear test
forstresspath B. . . .. ... ... . ... . . . 211
Comparison between three-dimensional model and cubical shear test
forstresspath B. . . .. ... .. .. ... ... . 212
Finite element model for cubical shear test. . ... ... ... .... 214
Comparison of mean normal stress and confining stress. . ... ... 215
Comparison of value of Poisson’s ratio during cubical shear test for
stresspath B. . . . . ... .. . ... 217
Comparison of value of Young’s modulus during cubical shear test for
stresspath B. . . . ... ... 218
Stress path F for cubical shear test. . . ... ... .......... 221
Stress—strain results from cubical shear test for stress path F. . . . . 222
Comparison between two-dimensional model and cubical shear test
for stress path F with ¢ =39deg. . . ... ... ... ... ... ... 223
Comparison between two-dimensional model and cubical shear test
for stress path F with ¢ =42deg. . . .. ... ... ... ... ... 224
Comparison between three-dimensional model and cubical shear test

forstresspath F. . .. .. ... ... ... . ... .. . . ..., 225

Xix



LIST OF FIGURES

5.42

5.43

6.1

6.2
6.3

6.4

6.5
6.6

6.7

6.8

6.9

6.10
6.11

6.12

Comparison of value of Young’s modulus during cubical shear test for
stresspath F. . . . . .. ... 226
Comparison of value of Poisson’s ratio during cubical shear test for

stresspath F. . . . ... ... .. .. . . 227

Artist illustration of the first-stage Lock and Dam No. 26(R) coffer-
dam. ... e e 234
Plan view of the first-stage Lock and Dam No. 26(R) cofferdam. . . 235
Profile section through the first-stage Lock and Dam No. 26(R) cof-
ferdam. . . . . ... .. 236
Artist illustration of the second-stage Lock and Dam No. 26(R)
cofferdam. . . . ... L 238
Plan view of the second-stage Lock and Dam No. 26(R) cofferdam. . 239
Profile section through the second-stage Lock and Dam No. 26(R)
cofferdam. . . . ... . 240
Artist illustration of the third—stage Lock and Dam No. 26(R) cof-

ferdam. . . .. 241
Layout of sheet piles in main and arccell. . ... ... ........ 243
Schematic of isolated main cell and axisymmetric model. . . . .. .. 246
Schematic of isolated main cell and three-dimensional model. . . . . 247

Finite element mesh for an isolated main cell from first-stage of Lock
and Dam No. 26(R) using three-dimensional solid elements to rep-

resent sheet piles. . . . . . .. ... . L e 249
Finite element mesh for an isolated main cell from first—stage of Lock

and Dam No. 26(R) using shell elements to represent sheet piles. . . 250

XX



LIST OF FIGURES

6.13 Finite element mesh for two-dimensional axisymmetric analysis of
first-stage Lock and Dam No. 26(R) cofferdam using shell elements
for thesheet piles. . . . . . .. .. ... .. .. . .. ... .. ... 251
6.14 Radial deflection of sheet piles from linear elastic analyses of an iso-
lated maincell. . ... ... ... ... o o e 252
6.15 Sheet—pile interlock stresses from linear elastic analyses of an isolated
maincell. ... ... ... ... ... e e e e e 253
6.16 Finite element mesh for an isolated main cell from second-stage of
Lock and Dam No. 26(R) with 10-ft of penetration. . ... ... .. 256
6.17 Comparison of radial deflection from the three-dimensional and ax-

isymmetric finite element for isolated main cell with 35-ft penetra-

6.18 Comparison of radial deflection from the three-dimensional and ax-

isymmetric finite element for isolated main cell with 10-ft penetra-

6.19 Comparison of interlock forces in the cell wall from the three-dimensional
and axisymmetric finite element for isolated main cell with 35—t pen-
etration. . . . .. .. L e e e e e e e 266

6.20 Comparison of interlock forces in the cell wall from the three-dimensional
and axisymmetric finite element for isolated main cell with 10-ft pen-
etration. . . . . ... e e e 267

6.21 Predicted lateral earth pressures in an isolated main cell with 35—t
penetration. . . . . . ... e e e e e e 268

6.22 Predicted lateral earth pressures in an isolated main cell with 10-ft

penetration. . . . . . .. L e e e e e e e e 269

xxi



LIST OF FIGURES

6.23 Normalized vertical soil stresses in an isolated main cell with 35-ft
penetration. . . . .. .. ... L 272
6.24 Normalized vertical soil stresses in an isolated main cell with 10-ft
penetration. . . . . . . L. e e e e e e e e e e e e e e e 273
6.25 Normalized horizontal soil stresses in an isolated main cell with 35-ft
penetration. . . . . . .. . e e e e 275
6.26 Normalized horizontal soil stresses in an isolated main cell with 10-ft
penetration. . . . . . L. L. e e e e e e e e e e e 276
6.27 Schematic of cofferdam model. . . . . ... ... ... ... .. ... 278
6.28 Mesh for second-stage Lock and Dam No. 26(R) with 35-ft penetra-
15 L3 ¢ 279
6.29 Mesh for second-stage Lock and Dam No. 26(R) with 15—t penetra-
175 T ) 280
6.30 Radial deflections after main cell filling for a penetration of 35 ft. . . 283
6.31 Radial deflections after main cell filling for a penetration of 15 ft. . . 286
6.32 Interlock forces after main cell filling with 35-ft penetration. . . . . 287
6.33 Interlock forces after main cell filling with 15-ft penetration. . . . . 288
6.34 Predicted lateral earth pressures after main cell filling with 35-ft pen-
etration. . . ... 290
6.35 Predicted lateral earth pressures after main cell filling with 15-ft pen-
etration. . . . ... 291
6.36 Normalized vertical soil stresses after main cell filling with 35-ft pen-
etration. . . . ... 292
6.37 Normalized vertical soil stresses after main cell filling with 35-ft pen-

etTation. . . . . e e e e e e e e e e e e e e e e 293



LIST OF FIGURES

6.38

6.39

6.40

6.41

6.42

6.43

6.44

6.45

6.46

6.47

6.48

6.49
6.50

6.51

6.52

Normalized horizontal soil stresses after main cell filling with 35-ft

penetration. . . . . . .. . e 295

Normalized horizontal soil stresses after main cell filling with 35-ft

penetration. . . . ... . e 296
Radial deflections after arc cell filling for a penetration of 35-ft. . . . 298
Radial deflections after arc cell filling for a penetration of 15-ft. . . . 299
Interlock forces after arc cell filling with 35-ft penetration. . . . . . . 302
Interlock forces after arc cell filling with 15ft penetration. . . . . . . 303

Comparison of interlock forces from generalized plane strain analysis. 304
Predicted lateral earth pressures in the main cell after arc cell filling
with 35-ft penetration. . ... ... ... .. ... .. ... . . ... 307
Predicted lateral earth pressures in the main cell after arc cell filling
with 15-ft penetration. . ... .. ... ... ... ... .. .. ... 308
Predicted lateral earth pressures in the arc cell after arc cell filling
with 35-ft penetration. . .. ... .. ... ... .. ... .. ... 309
Predicted lateral earth pressures in the arc cell after arc cell filling
with 15-ft penetration. . . .. .. ... ... ... ... ... 310
Comparison of earth pressures from generalized plane strain analysis. 311
Normalized vertical soil stresses in the main cell after arc cell filling
with 35-ft penetration. . ... ... ... ... ... .. ... . ... 313
Normalized vertical soil stresses in the main cell after arc cell filling
with 35-ft penetration. . ... .. ... ... ... ... ... ... 314
Normalized vertical soil stresses in the arc cell after arc cell filling

with 35-ft penetration. . ... ... ... .. ... . . L. 316

xxiii



LIST OF FIGURES

6.53

6.54

6.55

6.56

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

Normalized horizontal soil stresses in the main cell after arc cell filling
with 35-ft penetration. . ... .. .. .. ... ... ... .. 317
Normalized horizontal soil stresses in the main cell after arc cell filling
with 15-ft penetration. . . ... ... .. ... .. ... .. .. 318
Normalized horizontal soil stresses in the main cell after arc cell filling
with 35-ft penetration. . ... .. ... ... .. .. .. ..., 320
Normalized horizontal soil stresses in the arc cell after arc cell filling

with 35-ft penetration. . . ... ... .. ... .. ... .. ... 321

Mesh for second-stage Lock and Dam No. 26(R) with 35-ft penetra-
15103 ¢ 330

Mesh for second-stage Lock and Dam No. 26(R) with 15-ft penetra-

1 o o VS 331
Schematic of construction simulation. . ... ............. 334
Movements of inboard and outboard walls after berm placement. . . 336
Movements of inboard and outboard walls after dewatering. . . . . . 338
Movements of inboard and outboard walls for river at flood stage. . 339

Movement of top of cell due to differential loading for Dam No. 26(R)
cofferdam [38]. . . .. ... . L 341
Movements of inboard and outboard walls for river at maximum flood
stage. . .o L e e e 344
Lateral earth pressure coeflicients in = direction at the end of main
and arccell filling. .. ... .. ... ... . ... ... .. .. ... 346
Lateral earth pressure coefficients in z direction after the initial de-

watering. . . . ... 347

XX1iv



LIST OF FIGURES

7.11

7.12
7.13
7.14
7.15
7.16

7.17
7.18
7.19
7.20

Al

B.1

Cl

D.1
D.2

D.3

D4

Lateral earth pressure coefficients in z direction during flood condi-

BIODS. .« v e e e e e e e e e e e e e 348
Mobilized shear strength after initial dewatering. . . ... ... ... 351
Mobilized shear strength during flood conditions. . .. ... ... .. 352
Lateral load versus deflection of top of sheet piling. . ... ... ... 354
Deformed shape of model for nine times the normal flood load. . . . 355
Lateral earth pressure coefficients in z direction at nine times the

maximum flood load. . . ... ... ... 357
Vertical shear factor of safety versus multiples of normal flood load. 359
Vertical shear factor of safety versus water level. . .. ... ... .. 360
Mobilized shear strength at two times normal flood load. .. .. .. 362
Mobilized shear strength at nine times normal flood load. . . .. .. 363
Goodman, Taylor, and Berkke Interface Element [22]. . ... .. .. 392
Example problem to evaluate interface element [63]. . ... ... .. 394
Geometry of the shell element [47]. . ... ............... 397
Diverge from hyperbolic expression. . . ... ... .......... 411

Relationship between normalized initial slope and R; for a relative
density of 55 percent. . . . . ... .. L o 413
Relationship between normalized initial slope and Ry for a relative
density of 70 percent. . . . . . . . .. .. e 414
Relationship between normalized initial slope and shear strength for

a relative density of 55 percent. . . . . ... ... ... ... .. ... 415

XXv



LIST OF FIGURES

D.5 Relationship between normalized initial slope and shear strength for
a relative density of 70 percent. . . . . . . .. ... .. L.
D.6 Relationship between shear strength mobilized and Ry for a relative
density of 55 percent. . . . . . . ... L e
D.7 Relationship between shear strength mobilized and Ry for a relative
density of 70 percent. . . . . . .. . ...
D.8 Relationship between normalized initial slope and normalized mean
normal stress for a relative density of 55 percent. . . ... ... ...
D.9 Relationship between normalized initial slope and normalized mean
normal stress for a relative density of 70 percent. . .. .. ... ...
D.10 Extension triaxial test data plotted transformed axis for relative den-
sity of 535 percent. . . . . ... L.
D.11 Extension triaxial test data plotted transformed axis for a relative
density of 70 percent. . . . . . . . . ... ... e
D.12 Comparison of initial slope versus mean normal stress between ex-
tension and compression triaxial test data for relative density of 55
percent. . . . . L L L e e e e e e e e e e e e e e e e
D.13 Comparison of initial slope versus mean normal stress between ex-
tension and compression triaxial test data for a relative density of 70
percent. . . . . L e e e e e e e e
D.14 Volumetric strains occurring during a triaxial test. . . ... ... ..
D.15 Mean normal stress versus volumetric strain for relative density of 55
percent. . . .. . e e e e e e e e e
D.16 Mean normal stress versus volumetric strain for relative density of 70

Percent. . . . . .. e e e e e



LIST OF FIGURES

D.17 Volumetric strain versus mean normal stress on a log-log scale for a
relative density of 55 percent . . . . . .. ... Lo
D.18 Volumetric strain versus mean normal stress on a log-log scale for a

relative density of 70 percent . . . . . .. .. .. oL

Xxvii



Chapter 1

Introduction

The designers of navigation and waterfront structures are faced with the problem of
constructing these facilities at a site entirely or partially covered by water. In many
cases, the designer must provide a dry construction area. A popular construction
technology is to use sheet-pile cellular cofferdams to provide a continuous barrier
around a site to exclude the water. Generally, a cofferdam is considered a success if
it does not collapse, does not permit water to come in faster than it can be pumped
out, and is dry enough to permit the construction to proceed as planned. A cellular
cofferdam is formed by driving interlocking steel sheet piles into a series of intercon-
necting cells and filling the cells with a free draining soil to provide stability. The
most common geometry for the cells is a circular configuration, while other shapes,
such as cloverleaf or diaphragm cells, are used for special situations. Primarily,
sheet—pile cellular structures have been utilized as temporary cofferdams to provide
a dry construction area. In recent years, cellular structures are being used as perma-
nent structures, such as locks, drydocks, piers, jetties, mooring dolphins, floodwalls,

and bulkheads. They are a viable alternative to more traditional structures.



CHAPTER 1. INTRODUCTION

The conventional design methods for sheet—pile cellular cofferdams were devel-
oped in the 1940’s and 1950’s from field and experimental observations. As a result
of the inability of earlier investigators to accurately determine the stresses in the cell
fill, no single method of design/analysis was universally accepted by the engineering
community. For example, the factor of safety for internal stability is checked by
four different methods, each with its own inherent empiricism associated with its
development.

Other problems with the conventional design approaches are:

e The various design methods give inconsistent answers which lead to a quandary

over which is correct.
¢ Many of the conventional design methods are overly conservative.

¢ None of the methods can predict deformations of the cofferdam, the one mea-

surement of performance which is easiest to monitor.
o There are no explicit procedures to consider soil-structure effects.

o There is essentially no consideration of three-dimensional effects.

One of the best examples of problems with the conventional design methods
occurred during the design and construction of the Lock and Dam No. 26(R) coffer-
dam. The plans for the construction of a one billion dollar replacement for the old
Lock and Dam No. 26 on the Mississippi River called for the use of a three-stage
cellular cofferdam to allow construction of the new lock and dam in the dry. This
cofferdam was one of the largest projects of its type in the world. The U.S. Army
Corps of Engineers instituted a large-scale instrumentation program for the first—

stage cofferdam, because they were concerned by contradictions between existing

2
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conventional design techniques for cofferdams. It also was felt that the conventional
procedures could be overly conservative.

The objectives of the instrumentation program were to obtain the field measure-
ments to determine the sheet—pile interlock forces at various levels in the cells, to
evaluate the benefits of the interior berm, and to evaluate the overall performance
of the cofferdams. Many of the field measurements could not be assessed by conven-
tional cofferdam analysis methods. This led to an-effort to develop finite element
procedures that could be applied to the modeling of the cellular cofferdams to aid in
interpreting the instrumentation results and to assess conventional design methods.

The Lock and Dam No. 26(R) studies was one of the most extensive investi-
gations of a specific project. Three two-dimensional finite element models were
developed by modifying the program SOILSTRUCT (8, 33, 53]. Many of the
complexities ignored or crudely approximated by earlier investigators, such as the
circular geometry, the nonlinear material behavior, the interlock behavior, and the
interaction between soil and the steel sheet piles were incorporated using the finite
element method. The two-dimensional finite element models demonstrated their
value for this type of structure. However, the specialized two—dimensional finite
element models were not able to represent the full three-dimensional nature of a
cellular cofferdam. For example, the two—dimensional models could not consider the
nonuniform filling sequence, out—of-plane loadings, and torsional effects on struc-
tural connections. Since the response of a cellular cofferdam is three dimensional
in nature, full implementation of the findings of the two-dimensional finite element
studies was difficult to justify.

The focus of this investigation was to study the three-dimensional behavior of

Lock and Dam No. 26 (R) sheet-pile cellular cofferdam. The work involves the





















































































































































































































































































































