FWILEY

ate Materials Behavior,
ation and Process Monitoring

<<<<

©J. Carlos Santamarina

in collaboration with

" Katherine A. Klein and Mohéb A. Fam



SOILS AND WAVES

J. C. Santamarina

in collaboration with

K. A. Klein and M. A. Fam

JOHN WILEY & SONS, LTD

Chichester - New York - Weinheim - Brisbane - Singapore - Toronto



Copyright © 2001 by John Wiley & Sons Ltd,
Baffins Lane, Chichester,
West Sussex PO19 1UD, England

National 01243 779777
International (+44) 1243 779777
e-mail (for orders and customer service enquiries): cs-books@wiley.co.uk
Visit our Home Page on http:/www.wiley.co.uk
or http://www.wiley.com

All rights reserved. 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 under the terms of the Copyright, Designs and Patents Act 1988 or under the terms of a
licence issued by the Copyright Licensing Agency, 90 Tottenham Court Road, London, UK WI1P 9 HE,
without the permission in writing of the publisher.

Other Wiley Editorial Offices

John Wiley & Sons, Inc., 605 Third Avenue,
New York, NY 10158-0012, USA

Wiley-VCH Verlag GmbH, Pappelallee 3,
D-69469 Weinheim, Germany

Jacaranda Wiley Ltd, 33 Park Road, Milton,
Queensland 4064, Australia

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01,
Jin Xing Distripark, Singapore 0512

John Wiley & Sons (Canada) Ltd, 22 Worcester Road,
Rexdale, Ontario M9W 1L1, Canada

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

ISBN 0-471-49058-X
Printed and bound by Antony Rowe Ltd, Eastbourne
Typeset in 10/12pt Times by Kolam Information Services Pvt Ltd., Pondicherry, India



SOILS AND WAVES



Preface

Particulate media such as powders, soils, and food grains are multiphase non-linear
systems. Their properties depend on interparticle forces and interactions between the
phases. Such materials are challenging for the analyst, the modeler and the
experimentalist who attempt to capture their behavior and interpret internal pro-
cesses.

The rapid evolution of technological and analytical tools in the last few decades
has enhanced our capabilities to study and to analyze particulate materials.
Researchers today have new concepts and paradigms (e.g., self-similarity, percola-
tion), powerful simulation tools (e.g., micromechanics, molecular dynamics), and a
new generation of sensors and devices with capabilities not imagined a few decades
ago (e.g., micro-electronics, tunneling and atomic force microscopy, spectrum
analyzers, tomographers, positron emission, and magnetic resonance imaging).

Low-energy elastic and electromagnetic waves play an important role in the
characterization of particulate materials. Waves interact with tested materials
producing no permanent residual effects or measurable perturbations to ongoing
processes. Furthermore, they allow for the remote characterization of a medium
and the tomographic determination of local information from boundary measure-
ments. These observations have important implications for laboratory studies in
engineering science, and for field applications in site assessment and process mon-
itoring.

Models are abstractions of reality and are, therefore, uncertain. The scientific
revolution at the beginning of the twentieth century has changed our conceptualiza-
tion of physical phenomena: the mechanical concept of matter has been changed for
energy, electrons have become energy states, and electromagnetic phenomena have
been explained at a deeper level by quantum electrodynamics, abandoning the wave
model predicted in Maxwell’s equations. In this book we retain the older ‘paradigms’
that include the mechanistic conceptualization of matter in the Newtonian sense
(including Bohr’s atomic model to explain phenomena at the atomic level such as
conductivity), Maxwell’s equations to interpret electromagnetic phenomena, and the
wave model of propagation for small mechanical or electrical perturbations. This
choice to preserve the old paradigms reflects the simplicity of these models, the
cultural predisposition to understand them, and their ability to explain most phe-
nomena relevant to engineering needs.
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In preparing this book we emphasized physical insight and clarity, yet we tried to
avoid unrealistic simplifications. Multiple figures illustrate fundamental aspects of
behavior. The prevalence of examples from the field of geomaterials reflects the
authors’ primary field of research; however, concepts presented in this book are
applicable to other fields related to particulate media. Suggested reading and selected
classical historical references are included at the end of each chapter where the reader
can find further information. References cited throughout the text appear at the
end of the manuscript. Relevant constants and SI units are summarized in Tables I
and II.

This book is divided into five parts. The first part dwells on the problem of scales in
relation to soils and waves. In the second part, we review the behavior of particulate
materials, distinguishing between fine- and coarse-grained media with emphasis on
micro-level justification of macro-level behavior. The third and fourth parts center on
the propagation of elastic and electromagnetic waves in particulate materials, addres-
sing phenomena such as complex stiffness and polarization. Laboratory techniques to
measure spectral response are discussed in these units. The fifth part presents selected
laboratory studies of process monitoring in particulate materials using both elastic
and electromagnetic waves. The structure of the book is captured in the following
sketch:

Part One: Physical Laws and Scales

!

Part Two: Soils and Particulate Materials

! i

Part Three: Soils and Part Four: Soils and
Elastic Waves Electromagnetic
Waves

' !

Part Five: Process Monitoring with Elastic
and Electromagnetic Waves

A large number of researchers and authors have affected our understanding and
have contributed to the body of information presented in this book. The list of
references is an acknowledgement of their contribution. Research projects related
to concepts addressed in this book have been funded by the following agencies and
industrial organizations: NSF (USA), NSERC (Canada), Turkstra Lumber
(Canada), INCO (Canada), INTEVEP (Venezuela), ANDRA (France), Shell, and
Georgia mining companies. We are grateful to our host institutions: Georgia Insti-
tute of Technology, the University of Waterloo, the University of Toronto and Cairo
University. In particular, we are indebted to the following individuals for ideas,
comments and/or corrections: M. Aloufi, P. Arduino, S. Burns, G. Cascante, G. C.
Cho, J. DeJong, A. Diaz-Rodriguez, A. Fernandez, F. Fransisca, D. Fratta,
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M. Guimares, G. Olhoeft, C. Schneider, K. Soga, J. Valdez, and Y. H. Wang. We are
also grateful to Cecilia Santamarina for her help in typing and editing earlier versions
of the manuscript and to the dedicated ‘Wiley team’. The views presented in this
manuscript do not necessarily reflect the views of these individuals and organiza-
tions. Errors are definitely our own.

Finally, we are most thankful to our families!



Notation

Note: The most common usage is listed; a letter or symbol may
have a local meaning within a section or chapter.

attenuation coefficient

a

a polarizability; o, electronic; o; ionic; oy orientational; o, thermal

B multiple uses as fitting parameters (coefficient or exponent)

X susceptibility; x. electrical; x,, magnetic

d deformation, displacement or distance

3 loss angle

8 Kronecker's delta

A logarithmic decrement

€ normal strain

€ permittivity; € complex; & real; £” imaginary; e effective imaginary

g0 permittivity of free space, gy = 8.85 x 10712 C2/(N - m?) = 8.85 x 10~'2 F/m

¢ angle of internal shear strength; ¢, mobilized; ¢, residual

Y shear strain; v, reference; v, threshold; -y, degradation threshold; -y, linear threshold; -y,
threshold for residual state

Y unit weight

¥*  complex propagation constant

n fluid viscosity

¢ phase angle

v thickness of the diffuse double layer; Debye — Hiickel length

K wave number

K relative permittivity; k* complex; k’ real; k” imaginary; k/; effective imaginary

A slope of the normal compression line on the e — log (p’) plane

A wavelength

Agai  surface conduction

w friction between particles; friction coefficient

n magnetic permeability; p* complex; p’ real; w” imaginary

M relative magnetic permeability; ), complex; w,, real; ., imaginary
wg  Bohr magneton (g = 9.27 x 1072* J/T)
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NOTATION

dipole moment

magnetic permeability of free space (py = 4 x 10~7 H/m)
Poisson’s ratio

angle with respect to the normal; phase angle

mass density

resistivity

charge density; pyounq bound; pg surface; p, volumetric
total normal stress; o’ effective; oy deviatoric; o isotropic; (r’p preload pressure
electrical conductivity; oy effective AC electrical conductivity
standard deviation

relaxation time

shear stress; 7r ultimate shear strength

angular frequency; o resonant frequency; w. relaxation frequency
dilatancy angle

zeta potential

various local uses (acceleration, radius or size; Henkel’s parameter)
area; cross-sectional area; surface area

alternating current

Hamaker constant

surface area

Skempton’s pore pressure parameter

bulk modulus

magnetic field

susceptance

Skempton’s pore pressure parameter

ionic concentration; ¢o bulk fluid concentration

shear intercept; ‘cohesion’ intercept

coordination number

speed of light in free space, ¢y = 3 x 10%m/s

coefficient of consolidation or pressure diffusion
capacitance

specific heat

coefficient of curvature

compression index

counterion exchange capacity

constant phase element

recompression index

critical state line

coefficient of uniformity

specific heat per unit volume

grain size, particle diameter

volume fraction of phase i

damping ratio



NOTATION

D diffusion coefticient

D electric displacement field

D*  fractal dimension

DC direct current

D Skempton’s pore pressure parameter

e exponential (e = 2.718)

e void ratio

ey electron charge (ep = 1.602 x 10 "*C)

E clastic Young’s modulus
E electric field
E energy; E, potential energy; Et thermal energy
f frequency

a Faraday’s constant (F = 9.648 x 10*C/m)
F force

g acceleration due to gravity (g = 9.81 m/s?)

G conductance

G gravitational constant (6.673 x 10~''N.m?%/kg?)
G shear modulus; shear stiffness

G specific gravity

h Planck’s constant (h = 6.626 x 10-34Js)

H  magnetic field

H  specimen height

i current
i gradient
1 mass polar moment of inertia

Im() imaginary part of the quantity in brackets

] denotes a complex quantity (F=-1

J current density

k Boltzmann’s constant (k = 1.38 x 10-2J/K)

k spring stiffness

ky  hydraulic conductivity

K  absolute hydraulic conductivity

K stress anisotropy; principal stress ratio; Ky at zero lateral strain
L distance or length

L inductance

LI  liquidity index

LL liquid limit

m  mass

m. electron mass (n1, = 9.11 x 10~ 'kg)

M constraint modulus; M* complex; M’ real; M" imaginary
M  friction parameter in critical state

M magnetization

M  mass of a mole
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n index of refraction

n porosity

Naw  Avogadro’s number (Nay = 6.022 x 102mol™")

P dipole moment

V4 mean effective stress; volumetric stress; effective mean confinement
Pa atmospheric pressure

P polarization field

P power

PI plasticity index

PL  plastic limit

PLR preload ratio

charge

flow rate

shear or deviator stress; distortional stress

Q= . .

quality factor

distance; radius

particle or pore radius

reflection coefficient

resistance

universal gas constant (R = 8.314.J/(K - mol))
Rpr  double layer repulsion force

xR R

Re( ) real part of the quantity in brackets

S degree of saturation

Sa specific surface by mass; S, specific surface by volume
Sa skin depth

t time

tand loss tangent

T period

T temperature

T transmission coefficient

T surface tension

u deformation or displacement; particle motion

u pore fluid pressure; uex excess pore water pressure

U stored energy

V electrostatic potential; ¥y surface potential; ¥, Stern potential
v linear velocity

V volume

V velocity of elastic waves; Vp P-wave; V, S-wave; Von phase velocity; Vr Rayleigh wave;

V1, longitudinal wave

W water content; w, natural water content

/4 weight

w work

X displacement or distance; x’ velocity; x” acceleration
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reactance

admittance; ¥* complex

height

ionic valence

mechanical impedance (continuum)

impedance lumped element; Z* complex; Z' real; Z” imaginary

Xvii
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Table I Constants
Quantity Symbol Value
Electron charge eo 1.602 x 1071 C
Electron mass me 9.1091 x 10~3 kg
Bohr magneton [ 9.273 x10~* J/K
Boltzmann constant k 1.381 x 1072 J/K
Avogadro’s number Nay 6.022 x 10% mol™!
Gas constant R 8.314 J/(mol - K)
Faraday’s constant F 9.6485 x 10* C/mol
Permeability of free space Lo 4m x 1077 H/m
Permittivity of free space £0 8.854 x 10712 F/m
Characteristic impedance of free space z0 37702
Speed of light in vacuum o 2.998 x 108 m/s
Atmospheric pressure Datm 101.325kPa
Zero degrees celsius 0°C 273.15K
Gravitational constant G 6.673 x 107" N .m?/kg’

Notes:
e 1 A=1angstrém = 10~'"m

e Avogadro’s number is the number of elementary entities in one mole. The elementary entity must be
specified; it may be atoms, molecules, ions, electrons or other particles. Values found for Avogadro’s
number range within 1% of the listed value.

Relationships between constants: Re}Nyy = kF?, F = ¢yNay, R = kN,
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Table II  SI system — units

Xix

Temperature

Length
Time
Mass

Force

Pressure

Work and energy
Power

Electric current
Electric charge
Electric potential
Electric resistance
Electric conductance
Capacitance
Permittivity

Magnetic flux
Magnetic flux density
Inductance

Magnetic field
Permeability

Concentration
Frequency

Common SI Prefixes

Tera T
Giga G
Mega M
Kilo k

kelvin

meter
second
kilogram

newton
pascal
joule
watt

ampere
coulomb
volt

ohm
siemens
farad

weber
tesla
henry

hertz

K

=~
4]

muo<a» £-737Z

T =
C2

milli
micro
nano
pico

o BT g

kg-m/s’
N/m?
N-m
J/s

s-A
W/A
V/A
A/V
C/V
F/m

Vs
Wb/m?
Wb/A
A/m
H/m

mol/m?
cycle/s

103
10-6
10-°
10-12
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