Geotechnical
Engineering:
Unsaturated and

Saturated Soils



Geotechnical
Engineering:

Unsaturated and Saturated Soils

Jean-Louis Briaud

WILEY



Cover image: © Art Koenig, Photographer/Artist
Cover design: Wiley

This book is printed on acid-free paper.
Copyright © 2013 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or
transmitted in any form or by any means, electronic, mechanical, photocopying,
recording, scanning, or otherwise, except as permitted under Section 107 or 108 of
the 1976 United States Copyright Act, without either the prior written permission
of the Publisher, or authorization through payment of the appropriate per-copy fee
to the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923,
(978) 750-8400, fax (978) 646-8600, or on the web at www.copyright.com.
Requests to the Publisher for permission should be addressed to the Permissions
Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030,
(201) 748-6011, fax (201) 748-6008, or online at www.wiley.com/go/permissions.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have
used their best efforts in preparing this book, they make no representations or
warranties with respect to the accuracy or completeness of the contents of this
book and specifically disclaim any implied warranties of merchantability or fitness
for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained
herein may not be suitable for your situation. You should consult with a
professional where appropriate. Neither the publisher nor the author shall be liable
for damages arising herefrom.

For general information about our other products and services, please contact our
Customer Care Department within the United States at (800) 762-2974, outside
the United States at (317) 572-3993 or fax (317) 572-4002.

Wiley publishes in a variety of print and electronic formats and by
print-on-demand. Some material included with standard print versions of this book
may not be included in e-books or in print-on-demand. If this book refers to media
such as a CD or DVD that is not included in the version you purchased, you may
download this material at http://booksupport.wiley.com. For more information
about Wiley products, visit www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Briaud, J.-L.
Introduction to geotechnical engineering : unsaturated and saturated soils /
Jean-Louis Briaud.
pages cm
“‘Published simultaneously in Canada’”—Title page verso.
Includes bibliographical references and index.
ISBN 978-0-470-94856-9 (cloth : acid-free paper); 978-1-118-41574-0 (ebk.);
978-1-118-41826-0 (ebk.)
1. Geotechnical engineering—Textbooks. 2. Soil mechanics—Textbooks. I. Title.
TA705.B75 2013
624—dc23
2013004684

Printed in the United States of America

10987654321



Acknowledgments

CHAPTER 1

CHAPTER 2

CHAPTER 3

CONTENTS

Introduction
1.1~ Why This Book?
1.2 Geotechnical Engineering

1.3 The Past and the Future
1.4 Some Recent and Notable Projects
1.5  Failures May Occur
1.6 Our Work Is Buried
1.7 Geotechnical Engineering Can Be Fun
1.8  Units
Problems
Problems and Solutions
Engineering Geology
2.1  Definition
2.2 The Earth
2.3 Geologic Time
2.4 Rocks
2.5  Soils
2.6 Geologic Features
2.7 Geologic Maps
2.8 Groundwater
Problems

Problems and Solutions

Soil Components and Weight-Volume Parameters

3.1
3.2
33
34
3.5
3.6
3.7
3.8
39
3.10

Particles, Liquid, and Gas

Particle Size, Shape, and Color

Composition of Gravel, Sand, and Silt Particles
Composition of Clay and Silt Particles

Particle Behavior

Soil Structure

Three-Phase Diagram

Weight-Volume Parameters

Measurement of the Weight-Volume Parameters
Solving a Weight-Volume Problem

Problems

Problems and Solutions

XX1

N D W D N N = =

—_— —
- O

15
15
15
15
17
17
19
20
20
22
22

26
26
26
28
28
29
30
30
31
32
33
34
35



Vi  CONTENTS

CHAPTER 4

CHAPTER 5

CHAPTER 6

CHAPTER 7

Soil Classification

4.1
4.2
4.3
4.4
4.5

4.6

Rocks

5.1
52
53
54
5.5
5.6
5.7
5.8

Sieve Analysis

Hydrometer Analysis

Atterberg Limits and Other Limits
Classification Parameters

Engineering Significance of Classification
Parameters and Plasticity Chart

Unified Soil Classification System
Problems
Problems and Solutions

Rock Groups and Identification
Rock Mass vs. Rock Substance
Rock Discontinuities

Rock Index Properties

Rock Engineering Properties
Rock Mass Rating

Rock Engineering Problems
Permafrost

Problems

Problems and Solutions

Site Investigation, Drilling, and Sampling

6.1
6.2
6.3
6.4

6.5

6.6
6.7
6.8
6.9

General

Preliminary Site Investigation

Number and Depth of Borings and In Situ Tests
Drilling

6.4.1  Wet Rotary Drilling Method

6.4.2  Hollow Stem Auger Drilling Method
Sampling

6.5.1  Sample Disturbance

6.5.2  Common Sampling Methods
Groundwater Level

Field Identification and Boring Logs
Soil Names
Offshore Site Investigations

6.9.1  Offshore Geophysical Investigations
6.9.2  Offshore Geotechnical Drilling
6.9.3  Offshore Geotechnical Sampling
Problems

Problems and Solutions

In Situ Tests

7.1
7.2
7.3
7.4
7.5

Standard Penetration Test
Cone Penetration Test
Pressuremeter Test
Dilatometer Test

Vane Shear Test

46
46
47
50
53

55
55
56
57

63
63
63
66
66
67
68
69
71
72
74

80
80
80
80
81

81
82
83

83
84
85

87
88
89

94
95
99
99

100

104
104
107
111
114
115



CHAPTER 8

CHAPTER 9

7.6
7.7
7.8
7.9
7.10
7.11

7.12

7.13

CONTENTS

Borehole Shear Test

Plate Load Test

California Bearing Ratio Test

Pocket Penetrometer and Torvane Tests

Pocket Erodometer Test

Compaction Control Tests

7.11.1 Sand Cone Test

7.11.2  Rubber Balloon Test

7.11.3  Nuclear Density/Water Content Test
7.11.4 Field Oven Test

7.11.5 Lightweight Deflectometer Test
7.11.6  BCD Test

Hydraulic Conductivity Field Tests

7.12.1 Borehole Tests

7.12.2  Cone Penetrometer Dissipation Test
7.12.3  Sealed Double-Ring Infiltrometer Test
7.12.4 Two-Stage Borehole Permeameter Test
Offshore In Situ Tests

Problems

Problems and Solutions

Elements of Geophysics

8.1
8.2

8.3

8.4

8.5

General

Seismic Techniques

8.2.1 Seismic Waves

8.2.2  Seismic Reflection

8.2.3  Seismic Refraction

8.2.4  Cross Hole Test, Seismic Cone Test,
and Seismic Dilatometer Test

8.2.5  Spectral Analysis of Surface Waves

Electrical Resistivity Techniques

8.3.1  Background on Electricity
8.3.2  Resistivity Tomography
Electromagnetic Methods

8.4.1  Electromagnetic Waves
8.4.2  Ground-Penetrating Radar
8.4.3  Time Domain Reflectometry
Remote Sensing Techniques

8.5.1 LIDAR
8.5.2  Satellite Imaging
Problems

Problems and Solutions

Laboratory Tests

9.1
9.2

General

Measurements

9.2.1 Normal Stress or Pressure
9.2.2  Shear Stress

9.23  Water Compression Stress
9.2.4  Water Tension Stress
9.2.5 Normal Strain

vii
117
119
122
122
123
124
124
124
125
125
126
126
127
127
129
130
131
132
135
136

151
151
151

151
153
154

155
156
160

160
160
161

161
162
162
165
165
165
166

166

172
172
172
172
172
173
173
179



viii

CONTENTS

9.3

9.4

9.5

9.6

9.7

9.8

9.9

9.10

9.11

9.12

9.13

9.14

9.15

9.16

9.17
9.18
9.19
9.20

9.2.6  Shear Strain

9.2.7  Bender Elements
Compaction Test: Dry Unit Weight
9.3.1 Saturated Soils

9.3.2  Unsaturated Soils
Compaction Test: Soil Modulus
9.4.1  Saturated Soils

9.4.2  Unsaturated Soils
Consolidation Test

9.5.1 Saturated Soils

9.5.2  Unsaturated Soils

Swell Test

9.6.1 Saturated Soils

9.6.2  Unsaturated Soils
Shrink Test

9.7.1 Saturated Soils

9.7.2  Unsaturated Soils
Collapse Test

9.8.1  Saturated Soils

9.8.2  Unsaturated Soils

Direct Shear Test

9.9.1 Saturated Soils

9.9.2  Unsaturated Soils
Simple Shear Test

9.10.1 Saturated Soils

9.10.2 Unsaturated Soils
Unconfined Compression Test
9.11.1 Saturated Soils

9.11.2 Unsaturated Soils
Triaxial Test

9.12.1 Saturated Soils

9.12.2 Unsaturated Soils
Resonant Column Test

9.13.1 Saturated Soils

9.13.2 Unsaturated Soils

Lab Vane Test

9.14.1 Saturated Soils

9.14.2 Unsaturated Soils

Soil Water Retention Curve (Soil Water
Characteristic Curve) Test

9.15.1 Saturated Soils

9.15.2 Unsaturated Soils
Constant Head Permeameter Test
9.16.1 Saturated Soils

9.16.2 Unsaturated Soils
Falling Head Permeameter Test for Saturated Soils
Wetting Front Test for Unsaturated Soils
Air Permeability Test for Unsaturated Soils
Erosion Test

9.20.1 Saturated Soils

9.20.2 Unsaturated Soils
Problems

Problems and Solutions

180
180
181
181
181
184

184
184
185
185
190
190

190
191
192
192
192
193

193
193
193

193
195
195
195
196
196
196
197
198

198
199
202
202
204
206
206
206

206

206
208
209

209
211
212

213
214
215

215
217
218

221



CONTENTS  iX

CHAPTER 10 Stresses, Effective Stress, Water Stress, Air Stress,
and Strains 245
10.1  General 245
10.2  Stress Vector, Normal Stress, Shear Stress,
and Stress Tensor 245
10.3  Sign Convention for Stresses and Strains 246
10.4 Calculating Stresses on Any Plane: Equilibrium
Equations for Two-Dimensional Analysis 246
10.5 Calculating Stresses on Any Plane: Mohr Circle for
Two-Dimensional Analysis 247
10.6  Mohr Circle in Three Dimensions 248
10.7  Stress Invariants 248
10.8 Displacements 249
10.9 Normal Strain, Shear Strain, and Strain Tensor 249
10.10 Cylindrical Coordinates and Spherical Coordinates 250
10.11 Stress-Strain Curves 251
10.12 Stresses in the Three Soil Phases 251
10.13 Effective Stress (Unsaturated Soils) 252
10.14 Effective Stress (Saturated Soils) 253
10.15 Area Ratio Factors « and g 253
10.16 Water Stress Profiles 254
10.17 Water Tension and Suction 255
10.17.1 Matric Suction 256
10.17.2 Contractile Skin 257
10.17.3 Osmotic Suction 258
10.17.4 Relationship between Total Suction
and Relative Humidity 258
10.17.5 Trees 260
10.18 Precision on Water Content and Water Tension 260
10.19 Stress Profile at Rest in Unsaturated Soils 260
10.20 Soil Water Retention Curve 262
10.21 Independent Stress State Variables 264
Problems 264
Problems and Solutions 267
CHAPTER 11 Problem-Solving Methods 280
11.1  General 280
11.2  Drawing to Scale as a First Step 280
11.3 Primary Laws 280
11.4  Continuum Mechanics Methods 281

11.4.1 Solving a Failure Problem: Limit
Equilibrium, Method of Characteristics,

Lower and Upper Bound Theorems 281
11.4.2 Examples of Solving a Failure Problem 281
11.4.3  Solving a Deformation Problem 283
11.4.4 Example of Solving a Deformation
Problem 283
11.4.5 Solving a Flow Problem 286
11.4.6  Example of Solving a Flow Problem 286
11.5 Numerical Simulation Methods 289
11.5.1 Finite Difference Method 289

11.5.2 Examples of Finite Difference Solutions 291



X CONTENTS

11.6

11.7
11.8
11.9

11.10

11.11

11.5.3 Finite Element Method

11.5.4 Example of Finite Element Solution
11.5.5 Boundary Element Method

11.5.6 Discrete Element Method
Probability and Risk Analysis

11.6.1 Background

11.6.2  Procedure for Probability Approach
11.6.3 Risk and Acceptable Risk

11.6.4 Example of Probability Approach
Regression Analysis

Artificial Neural Network Method
Dimensional Analysis

11.9.1 Buckingham IT Theorem

11.9.2 Examples of Dimensional Analysis

Similitude Laws for Experimental Simulations

11.10.1 Similitude Laws

11.10.2 Example of Similitude Laws Application
for a Scaled Model

11.10.3 Example of Similitude Laws Application
for a Centrifuge Model

Types of Analyses (Drained—Undrained, Effective

Stress—Total Stress, Short-Term—Long-Term)

Problems

Problems and Solutions

CHAPTER 12 Soil Constitutive Models

12.1

12.2

12.3

12.4

Elasticity

12.1.1 Elastic Model

12.1.2 Example of Use of Elastic Model

Linear Viscoelasticity

12.2.1 Simple Models: Maxwell and
Kelvin-Voigt Models

12.2.2  General Linear Viscoelasticity

Plasticity

12.3.1 Some Yield Functions and Yield Criteria

12.3.2 Example of Use of Yield Criteria

12.3.3  Plastic Potential Function and Flow Rule

12.3.4 Hardening or Softening Rule

12.3.5 Example of Application of Plasticity
Method

Common Models

12.4.1 Duncan-Chang Hyperbolic Model

12.4.2 Modified Cam Clay Model

12.4.3 Barcelona Basic Model

12.4.4 Water Stress Predictions

Problems

Problems and Solutions

CHAPTER 13 Flow of Fluid and Gas Through Soils

13.1
13.2

General

Flow of Water in a Saturated Soil

13.2.1 Discharge Velocity, Seepage Velocity,
and Conservation of Mass

13.2.2 Heads

294
300
304
304
305

305
308
310
312
313

314
315

315
316
317

317

317

317

319
319
321

345
345
345
346
347

347
348
349
350
351
352
352

353
353

353
354
355
357
357

358

370
370
370

370
371



CHAPTER 14

13.3

13.2.3 Hydraulic Gradient

13.2.4 Darcy’s Law: The Constitutive Law

13.2.5 Hydraulic Conductivity

13.2.6  Field vs. Lab Values of Hydraulic
Conductivity

13.2.7 Seepage Force

13.2.8  Quick Sand Condition and Critical
Hydraulic Gradient

13.2.9  Quick Clay

13.2.10 Sand Liquefaction

13.2.11 Two-Dimensional Flow Problem

13.2.12 Drawing a Flow Net for Homogeneous Soil

13.2.13 Properties of a Flow Net for Homogeneous
Soil

13.2.14 Calculations Associated with Flow Nets

13.2.15 Flow Net for Hydraulically Anisotropic
Soil

13.2.16 Flow and Flow Net for Layered Soils

Flow of Water and Air in Unsaturated Soil

13.3.1 Hydraulic Conductivity for Water
and for Air

13.3.2  One-Dimensional Flow

13.3.3 Three-Dimensional Water Flow

13.3.4 Three-Dimensional Air Flow

Problems

Problems and Solutions

Deformation Properties

14.1
14.2
14.3
14.4
14.5

14.6

14.7

14.8
14.9
14.10
14.11
14.12

14.13

14.14
14.15

14.16
14.17

14.18

Modulus of Deformation: General
Modulus: Which One?

Modulus: Influence of State Factors
Modulus: Influence of Loading Factor

Modulus: Differences Between Fields
of Application

Modulus, Modulus of Subgrade Reaction,
and Stiffness

Common Values of Young’s Modulus
and Poisson’s Ratio

Correlations with Other Tests

Modulus: A Comprehensive Model

Initial Tangent Modulus G, or G pax

Reduction of G« with Strain: The G/ G pax Curve

Preconsolidation Pressure and Overconsolidation
Ratio from Consolidation Test

Compression Index, Recompression Index, and Sec-
ondary Compression Index from Consolidation Test

Time Effect from Consolidation Test

Modulus, Time Effect, and Cyclic Effect from Pres-
suremeter Test

Resilient Modulus for Pavements

Unsaturated Soils: Effect of Drying and Wetting on
the Modulus

Shrink-Swell Deformation Behavior, Shrink-Swell
Modulus

CONTENTS

X1

371
371
372

373
373

374
375
375
375
377

379
379

380
381
382

382
384
386
387
388

391

401
401
402
402
403

405

405

406
408
408
411
412

413

415
416

418
419

420

422



Xil  CONTENTS

CHAPTER 15

CHAPTER 16

14.19

Collapse Deformation Behavior
Problems
Problems and Solutions

Shear Strength Properties

15.1
15.2

15.3

15.4

15.5
15.6

15.7

15.8

15.9

15.10
15.11
15.12
15.13
15.14
15.15
15.16

General

Basic Experiments

15.2.1 Experiment 1

15.2.2 Experiment 2

15.2.3 Experiment 3

15.2.4 Experiment 4

15.2.5 Experiment 5

15.2.6 Experiment 6

Stress-Strain Curve, Water Stress Response,

and Stress Path

Shear Strength Envelope

15.4.1 General Case

15.4.2 The Case of Concrete

15.4.3 Overconsolidated Fine-Grained Soils

15.4.4 Coarse-Grained Soils

Unsaturated Soils

Experimental Determination of Shear Strength (Lab

Tests, In Situ Tests)

Estimating Effective Stress Shear Strength

Parameters

15.7.1 Coarse-Grained Soils

15.7.2 Fine-Grained Soils

Undrained Shear Strength of Saturated

Fine-Grained Soils

15.8.1 Weak Soil Skeleton: Soft, Normally
Consolidated Soils

15.8.2  Strong Soil Skeleton: Overconsolidated
Soils

15.8.3 Rate of Loading Effect on the Undrained
Strength

The Ratio s, /o;, and the SHANSEP Method

Undrained Shear Strength for Unsaturated Soils

Pore-Pressure Parameters A and B

Estimating Undrained Shear Strength Values

Residual Strength Parameters and Sensitivity

Strength Profiles

Types of Analyses

Transformation from Effective Stress Solution to

Undrained Strength Solution

Problems

Problems and Solutions

Thermodynamics for Soil Problems

16.1
16.2
16.3
16.4

General

Definitions

Constitutive and Fundamental Laws
Heat Conduction Theory

424
426
429

443
443
443

443
444
444
444
444
445

445
447

447
448
448
448
449

450

451

451
453

454

454

455

456
456

458
458
459
461
462
463

463
464
465

472
472
472
473
473



CHAPTER 17

16.5
16.6
16.7
16.8
16.9

Axisymmetric Heat Propagation
Thermal Properties of Soils
Multilayer Systems
Applications

Frozen Soils

Problems

Problems and Solutions

Shallow Foundations

17.1
17.2
17.3
17.4

17.5
17.6

17.7
17.8

17.9

Definitions
Case History
Definitions and Design Strategy

Limit States, Load and Resistance Factors,

and Factor of Safety

General Behavior

Ultimate Bearing Capacity

17.6.1 Direct Strength Equations

17.6.2 Terzaghi’s Ultimate Bearing Capacity
Equation

17.6.3 Layered Soils

17.6.4 Special Loading

17.6.5 Ultimate Bearing Capacity of Unsaturated
Soils

Load Settlement Curve Approach

Settlement

17.8.1 General Behavior

17.8.2 Elasticity Approach for Homogeneouss
Soils

17.8.3 Elasticity Approach for Layered Soils

17.8.4 Chart Approach

17.8.5 General Approach

17.8.6  Zone of Influence

17.8.7 Stress Increase with Depth

17.8.8 Choosing a Stress-Strain Curve and Setting
Up the Calculations

17.8.9 Consolidation Settlement: Magnitude

17.8.10 Consolidation Settlement: Time Rate

17.8.11 Creep Settlement

17.8.12 Bearing Pressure Values

Shrink-Swell Movement

17.9.1 Water Content or Water Tension vs. Strain
Curve

17.9.2  Shrink-Swell Movement Calculation
Methods

17.9.3 Step-by-Step Procedure

17.9.4 Case History

17.10 Foundations on Shrink-Swell Soils

17.10.1 Types of Foundations on Shrink-Swell
Soils

17.10.2 Design Method for Stiffened Slabs
on Grade

17.11 Tolerable Movements

CONTENTS  Xiii

474
475
476
477
478
479
480

485
485
485
485

488
491
491
491

494
496
498

499
500

502
502

504
504
506
507
507
508

510
510
511
511
513
513

513

514
514
516
517

517

518
522



X1V CONTENTS

CHAPTER 18

17.12 Large Mat Foundations

17.12.1 General Principles

17.12.2 Example of Settlement Calculations
17.12.3 Two Case Histories

Problems

Problems and Solutions

Deep Foundations
18.1 Different Types of Deep Foundations
18.2 Design Strategy
18.3  Pile Installation
18.3.1 Installation of Bored Piles

18.3.2 Nondestructive Testing of Bored Piles

18.3.3 Installation of Driven Piles
18.3.4 Pile Driving Formulas
18.3.5 Wave Propagation in a Pile
18.3.6 Wave Equation Analysis

18.3.7 Information from Pile Driving Measure-

ments (PDA, Case, CAPWAP)
18.3.8  Suction Caissons
18.3.9 Load Testing (Static, Statnamic,
Osterberg)
18.4 Vertical Load: Single Pile

18.4.1 Ultimate Vertical Capacity for a Single Pile
18.4.2 Miscellaneous Questions about the Ulti-

mate Capacity of a Single Pile
18.4.3 Settlement of a Single Pile
18.5 Vertical Load: Pile Group

18.5.1 Ultimate Vertical Capacity of a Pile Group

18.5.2 Settlement of Pile Groups
18.6 Downdrag

18.6.1 Definition and Behavior
18.6.2 Downdrag on a Single Pile
18.6.3 Sample Downdrag Calculations
18.6.4 LRFD Provisions
18.6.5 Downdrag on a Group of Piles
18.7 Piles in Shrink-Swell Soils
18.7.1 The Soil Shrinks
18.7.2  The Soil Swells
18.8 Horizontal Load and Moment: Single Pile
18.8.1 Definitions and Behavior
18.8.2 Ultimate Capacity

18.8.3 Displacement and Maximum Moment:

Long Flexible Pile

18.8.4 Displacement and Maximum Moment:

Short Rigid Pile
18.8.5 Modulus of Subgrade Reaction

18.8.6 Free-Head and Fixed-Head Conditions

18.8.7 Rate of Loading Effect

18.8.8 Cyclic Loading Effect

18.8.9 P-y Curve Approach

18.8.10 Horizontal Loading Next to a Trench

523
523
524
527
529

531

553
553
553
555

555
558
560
561
562
563

566
570

571
575

575

580
584
587

587
589
592

592
592
593
595
596
597

597
598
598

598
599

599

601
602
602
603
604
605
606



CHAPTER 19

18.9

18.10

Horizontal Load and Moment: Pile Group
18.9.1 Overturning Moment

18.9.2 Ultimate Capacity

18.9.3 Movement

Combined Piled Raft Foundation
Problems

Problems and Solutions

Slope Stability

19.1
19.2
19.3

19.4
19.5
19.6
19.7
19.8

19.9

19.10

19.11
19.12
19.13

19.14

19.15

19.16
19.17

General
Design Approach
Infinite Slopes

19.3.1 Dry Sand
19.3.2 Dry ¢ — ¢’ Soil

19.3.3 ¢/ — ¢’ Soil with Seepage
19.3.4 ¢ — ¢’ Soil with Unsaturated

Conditions
Seepage Force in Stability Analysis

Plane Surfaces
Block Analysis
Slopes with Water in Tensile Cracks
Chart Methods

19.8.1 Taylor Chart
19.8.2  Spencer Chart
19.8.3 Janbu Chart

19.8.4 Morgenstern Chart
Method of Slices

19.9.1 Ordinary Method of Slices
19.9.2  Bishop Simplified Method

19.9.3 Generalized Equilibrium Method
19.9.4  Critical Failure Circle

Water Stress for Slope Stability

19.10.1 Piezometric and Phreatic Surface
19.10.2 Water Stress Ratio Value

19.10.3 Grid of Water Stress Values
19.10.4 Water Stress Due to Loading
19.10.5 Seepage Analysis

Types of Analyses

Progressive Failure in Strain-Softening Soils
Shallow Slide Failures in Compacted Unsaturated

Embankments

Reinforced Slopes

19.14.1 Reinforcement Type
19.14.2 Factor of Safety
Probabilistic Approach
19.15.1 Example 1

19.15.2 Example 2

19.15.3 Example 3

Three-Dimensional Circular Failure Analysis

Finite Element Analysis

CONTENTS

XV

606

607
607
609
609
612

616

649
649
649
650

651
651
651

652
652

654
654
654
655

655
657
658
659
661
662
664
665
667
667

667
668
668
668
668
668

669

669
670
670
670
671
671
671
672
672
674



XVi CONTENTS

CHAPTER 20

CHAPTER 21

19.18

19.19
19.20

Seismic Slope Analysis

19.18.1 Pseudostatic Method

19.18.2 Newmark’s Displacement Method
19.18.3 Postearthquake Stability Analysis
19.18.4 Dynamic Finite Element Analysis
Monitoring

Repair Methods

19.20.1 Increase the Resisting Moment
19.20.2 Decrease the Driving Moment
Problems

Problems and Solutions

Compaction

20.1
20.2
20.3
20.4
20.5

20.6
20.7

General

Compaction Laboratory Tests
Compaction Field Tests
Compaction and Soil Type
Intelligent Roller Compaction

20.5.1 Soil Modulus from Vibratory Rollers

20.5.2 Roller Measurements as Compaction
Indices

Impact Roller Compaction

Dynamic or Drop-Weight Compaction
Problems
Problems and Solutions

Retaining Walls

21.1
21.2

21.3

21.4

21.5
21.6
21.7
21.8
21.9
21.10

Different Types (Top-Down, Bottom-Up)
Active, At Rest, Passive Earth Pressure,

and Associated Displacement

Earth Pressure Theories

21.3.1 Coulomb Earth Pressure Theory
21.3.2 Rankine Earth Pressure Theory

21.3.3 Earth Pressure Theory by Mohr Circle

21.3.4 Water in the Case of Compression Stress

(Saturated)
21.3.5 Water in the Case of Tension Stress
(Unsaturated or Saturated)

21.3.6 Influence of Surface Loading (Line Load,

Pressure)

21.3.7 General Case and Earth Pressure Profiles
Special Case: Undrained Behavior of Fine-Grained

Soils

At-Rest Earth Pressure

Earth Pressure Due to Compaction
Earth Pressures in Shrink-Swell Soils
Displacements

Gravity Walls

Mechanically Stabilized Earth Walls

21.10.1 External Stability
21.10.2 Internal Stability

674

674
675
676
676
676

679

679
680
680

682

698
698
698
700
701
701
704

705
706

707
710
710

716
716

716
717

717
719
720

722

722

722
723

723
724
725
726
726
727
729

729
730



CHAPTER 22

21.11

21.12

21.13

21.14

Cantilever Top-Down Walls

21.11.1 Depth of Embedment and Pressure
Diagram

21.11.2 Displacement of the Wall, Bending
Moment, and P-y Curves

Anchored Walls and Strutted Walls

21.12.1 Pressure Distribution

21.12.2 Pressure vs. Movement

21.12.3 Base Instability

21.12.4 Movement of Wall and Ground Surface

21.12.5 Anchors

21.12.6 Embedment Depth and Downdrag

21.12.7 P-y Curve Approach and FEM Approach

Soil Nail Walls

21.13.1 External Stability
21.13.2 Internal Stability
21.13.3 Wall Movement
21.13.4 Other Issues
Special Case: Trench
Problems

Problems and Solutions

Earthquake Geoengineering

22.1
222
223
224
22.5
22.6
22.7

22.8

22.9

22.10
22.11

Background

Earthquake Magnitude

Wave Propagation

Dynamic Soil Properties

Ground Motion

Seismic Hazard Analysis

Ground Response Analysis

22.7.1 One-Dimensional Solution for Undamped
Linear Soil on Rigid Rock

22.7.2 One-Dimensional Solution for Damped
Linear Soil on Rigid Rock

22.7.3 Layered Soils

Design Parameters

22.8.1 Site Classes A—E for Different Soil
Stiffness

22.8.2 Code-Based Spectrum

22.8.3 Hazard Levels

Liquefaction

22.9.1 Phenomenon

22.9.2  When to Do a Liquefaction Study?

22.9.3 When Can a Soil Liquefy?

Seismic Slope Stability

Seismic Design of Retaining Walls

22.11.1 Seismic Design of Gravity Walls

22.11.2 Water Pressures on Walls during
Earthquake

22.11.3 Seismic Design of MSE Walls

22.11.4 Seismic Design of Cantilever Walls

22.11.5 Seismic Design of Anchored Walls

CONTENTS XVii

732

733

733
735

736
737
738
739
740
742
745
746
746
748
751
751
751

752
754

784
784
784
786
786
786
789
792

792

793
793
794

795
795
797
797
797
797
797
801

802
802

804
805
805
805



XViil CONTENTS

CHAPTER 23

CHAPTER 24

22.12 Seismic Design of Foundations

Problems

Problems and Solutions

Erosion of Soils and Scour Problems

23.1
23.2
233
234
23.5
23.6
23.7
23.8

239

23.10

23.11
23.12

The Erosion Phenomenon

Erosion Models

Measuring the Erosion Function

Soil Erosion Categories

Rock Erosion
Water Velocity
Geometry of the Obstacle

Bridge Scour

23.8.1 Maximum Scour Depth (zn,x) Analysis

23.8.2 Maximum Shear Stress at Soil-Water
Boundary when Scour Begins

23.8.3  Final Scour Depth (zg,,1) Analysis for Con-
stant Velocity Flow and Uniform Soil

23.8.4 Final Scour Depth (zgn,) Analysis for a
Velocity Hydrograph and Layered Soil

23.8.5 The Woodrow Wilson Bridge Case History

River Meandering

23.9.1 Predicting River Meandering

23.9.2 The Brazos River Meander Case History

(Park 2007)

Levee Overtopping

23.10.1 General Methodology
23.10.2 Hurricane Katrina Levee Case History:

New Orleans

Countermeasures for Erosion Protection

Internal Erosion of Earth Dams

23.12.1 The Phenomenon

23.12.2 Most Susceptible Soils

23.12.3 Criterion to Evaluate Internal Erosion

Potential

23.12.4 Remedial Measures
Problems

Problems and Solutions

Geoenvironmental Engineering

24.1
242
243
24.4

24.5

Introduction

Types of Wastes and Contaminants

Laws and Regulations

Geochemistry Background

24.4.1 Chemistry Background

24.4.2  Geochemistry Background

Contamination

24.5.1 Contamination Sources

24.5.2 Contamination Detection and Site
Characterization

24.5.3 Contaminant Transport and Fate

806
807
809

823
823
824
824
825
826
829
831
831
832

837

839

840
841
844

844

845
847

847

848
850

851

851
852

852
854
855

857

872
872
872
873
874

874
876
877

877

877
880



CHAPTER 25

CHAPTER 26

24.6 Remediation

24.6.1 Risk Assessment and Strategy

24.6.2 In Situ Waste Containment

24.6.3 Soil Remediation

24.6.4 Groundwater Remediation
24.7 Landfills

24.7.1 Waste Properties

24.7.2 Regulations

24.7.3 Liners

2474 Covers

24.7.5 Leachate Collection

24.7.6 Landfill Slopes

2477 Gas Generation and Management
24.8 Future Considerations

Problems

Problems and Solutions

Geosynthetics

25.1 General

25.2  Types of Geosynthetics
25.3 Properties of Geosynthetics

25.3.1 Properties of Geotextiles
25.3.2  Properties of Geomembranes
25.3.3 Properties of Geogrids

25.3.4 Properties of Geosynthetics Clay Liners

25.3.5 Properties of Geofoams
25.3.6  Properties of Geonets
25.4  Design for Separation
25.5 Design of Liners and Covers
25.6 Design for Reinforcement
25.6.1 Road Reinforcement
25.6.2 Mechanically Stabilized Earth
Geosynthetic Walls
25.6.3 Reinforced Slopes
25.6.4 Reinforced Foundations and
Embankments
25.7 Design for Filtration and Drainage
25.8 Design for Erosion Control
25.9 Other Design Applications
25.9.1 Lightweight Fills
25.9.2 Compressible Inclusions
25.9.3 Thermal Insulation
25.9.4 Geosynthetics and Landfill Slopes
Problems
Problems and Solutions

Soil Improvement

26.1 Overview

26.2  Soil Improvement without Admixture
in Coarse-Grained Soils
26.2.1 Compaction
26.2.2 Dynamic Compaction

CONTENTS  XiX

883

883
885
887
888
890
890
891
892
893
893
894
895
895

896
897

904
904
904
905

905
908
909
910
911
912
913

913
915
915

915
918

918
919

920
922

922
922
922
922
923

924

938
938

938

938
938



XX  CONTENTS

CHAPTER 27

26.3

26.4

26.5

26.6

26.7

26.2.3  Vibrocompaction

26.2.4 Other Methods

Soil Improvement without Admixture
in Fine-Grained Soils

26.3.1 Displacement—Replacement

26.3.2 Preloading Using Fill

26.3.3 Prefabricated Vertical Drains and
Preloading Using Fill

26.3.4 Preloading Using Vacuum

26.3.5 Electro-osmosis

26.3.6  Ground Freezing

26.3.7 Hydro-Blasting Compaction

Soil Improvement with Replacement

26.4.1 Stone Columns without Geosynthetic Sock

26.4.2  Stone Columns with Geosynthetic
Encasement

26.4.3 Dynamic Replacement

Soil Improvement with Grouting and Admixtures

26.5.1 Particulate Grouting

26.5.2 Chemical Grouting

26.5.3 Jet Grouting

26.5.4 Compaction Grouting

26.5.5 Compensation Grouting

26.5.6 Mixing Method

26.5.7 Lime Treatment

26.5.8 Microbial Methods

Soil Improvement with Inclusions

26.6.1 Mechanically or Geosynthetically
Stabilized Earth

26.6.2 Ground Anchors and Soil Nails

26.6.3 Geosynthetic Mat and Column-Supported
Embankment

Selection of Soil Improvement Method

Problems
Problems and Solutions

Technical Communications

27.1
27.2
27.3
27.4
27.5
27.6
27.7
27.8
27.9
27.10
27.11
27.12
27.13

General

E-Mails

Letters

Geotechnical Reports

Theses and Dissertations
Visual Aids for Reports
Phone Calls

Meetings

Presentations and PowerPoint Slides
Media Interaction

Ethical Behavior
Professional Societies

Rules for a Successful Career

References

Index

938
940

941

941
941

943
944
945
945
945
946

946

947
948
948

949
950
950
950
950
951
952
952
953

953
953

953
955

955
956

962
962
962
963
963
963
964
965
965
966
966
967
967
967

969
983



ACKNOWLEDGMENTS

One of the greatest joys in writing this book was working
as a team with all my PhD students. From 2010 to 2013,
they contributed tremendously to making this book possible.
The leader of the team was Ghassan Akrouch. I thank them
all very sincerely for their magnificent help. The beautiful
memories of our work together on this huge project will be
with me as a source of strength and friendship forever.

¢ Ghassan Akrouch (Lebanon)
e Alireza Mirdamadi (Iran)

e Deeyvid Saez (Panama)

e Mojdeh Asadollahipajouh (Iran)
e Congpu Yao (China)
 Stacey Tucker (USA)

e Negin Yousefpour (Iran)

¢ Oswaldo Bravo (Peru)

e DoHyun Kim (Korea)

¢ Axel Montalvo (Puerto Rico)
* Gang Bi (China)

¢ Mohsen Madhavi (Iran)

* Seung Jae Oh (Korea)

* Seok Gyu Kim (Korea)

e Mohammad Aghahadi (Iran)
¢ Yasser Koohi (Iran)

¢ Carlos Fuentes (Mexico)

My colleagues also provided advice on many topics:

* Marcelo Sanchez (Texas A&M University)

e Don Murff (Exxon)

* Jose Roesset (Texas A&M University)

e Giovanna Biscontin (Texas A&M University)

e Chuck Aubeny (Texas A&M University)

e Zenon Medina Cetina (Texas A&M University)
¢ Vincent Drnevich (Purdue)

e Chris Mathewson (Texas A&M University)

One person stands out as a major helper in this book project
by her dedication to the task and her relentless denial of the
impossible: my assistant Theresa Taeger, who took care of the
hundreds of illustration permission requests in record time.

I also want to thank all those who share their knowledge
and intellectual property online. Without the Internet as a
background resource, this work would have taken much
longer.

Xxi





