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Abstract

Four distinct topics are covered in this dissertation. These topics can be grouped
under the general heading of multicomponent seismology.

The first topic, deals with the generation of shear waves using vertical vibrators.
Two methods were used to investigate this experimentally proven phenomenon. The first
involves assuming the surface sources at some point can be modeled as vibrators with
displacements in counterphase. The resulting far-field radiation pattern is then calculated.
This shows the potential for strong vertically incident shear waves. The second method is
based on simple mechanical models for vibrators that are allowed to interact over an
elastic half-space. The theory for this method is developed fully and ready for numerical

implementation.

The second topic deals with describing the composite earth as a generalized
continuum. The method of Backus averaging, for a stack of finely layered media, is
generalized to develop a new generalized continuum description. This development
extends the averaging method to non-zero frequencies. The possibility of plane waves
within this medium is investigated. This investigation show the plane waves in this type
of media have the kinematic properties of waves in an elastic medium, but dynamic

effects of absorption and dispersion are present.

The third topic, involves a statistical method for finding the preferred frame of
reference of an elastic tensor. The method is tested for the case of cubic symmetry and
the preferred frame was extracted from a cubic elastic tensor represented in an arbitrary
frame. Methods to extend the method to cases where the symmetry is unknown are
presented.

The last topic, is concerned with a novel method of generating P- and S-wave
synthetic seismograms using the state-space approach with coupled Goupillaud models.
The method is implemented and synthetic seismograms generated showing good
kinematic agreement to what is expected from the input model.

iii



Acknowledgments

There are so many people who have helped and inspired me during my research,
that I find it a daunting task to adequately thank them all. Therefore, I shall give a
heartfelt " THANK YOU " to all those who have helped directly or indirectly in my

research.

I must thank Dr. Jim Brown for all the support he has given me in my years of
study. If this thesis is at all readable, it is in no small part due to the efforts of Dr. Brown.
The CREWES project, in many ways, made this thesis a more enjoyable effort; for this I
wish to thank, Dr. Rob Stewart, Dr. Don Lawton and Dr. Jim Brown for keeping the
project going. Special thanks to Darren Foltinek, who was not only a great help in matters
relating to the computer, but also a great colleague in our modest collaboration. The rest
of the staff were each and every one important, even at times crucial to the running of the
project. In order not to miss anyone, I thank you all. Special mention for all the sponsors
of the CREWES project, for providing the fuel that runs this project. The student body, of
which I had the privilege of being a part, was an endless source of adventures, some of
which even directly affected my research. Courses I took also effected the direction of
thought as well as methodology I employed. One course in particular, on continuum
mechanics, given by Dr. M. Epstein was very useful. All these people enriched my
experience at The University of Calgary. I hope I was able to reciprocate in some fashion.

These were rather troubled times on the home front. Through it all, my family
helped me get through it and allowed me the freedom to pursue my studies. For this
chance I am grateful.

iv



Table of Contents

Abstract iii
Acknowledgments ........ccccceveecnieccnrena iv
Contents ... .V
List of Tables X
List of Figures xi
0: Introduction e 1
0.1: HiStOrICal TEVIEW ...cooimniiiiiiiiieiiiiie ettt e ol
0.2: Structure Of thesis ......cocveviiiiiiiiiieiiii it 2
0.2.1: Shear waves from vertical vibrators ............cccccccoociiiiiinninnnn 2
0.2.2: Composite media as generalized continua .............cceceeecueeeeeeennnn. 3
0.2.3: Elastic tensors and their preferred frames of reference................. 3
0.2.4: Goupillaud P- and S-wave synthetic seismograms.............ce....... 4
0.2.4: APPENICES ....comeiiieieieeei e 4
1: Shear Waves from Vertical Vibrators 5
L1 INroduCHiON .....covviiiiiiiiiiiiiicie ettt 5
1.1.a: Overview of experimental evidence..........cccoovvviiivinieinnennnn. 5
1.1.b: Overview of theoretical development ... 6
1.2: Displacement in COUNtErphase ............cccccceveciniiininiiinenin e 9
1.3.1: Fabricating the mechanical model of a vertical vibrator .............. 39
1.3.2: Getting the elastic half-space involved ..o 52



1.3.3: Procedure to solve the idealized interacting-vibrator

PIODIEIN ..ottt 55

2: Composite media as generalized continua veeesesesansasasnessanaes 58
2.1: The composite €arth ........c..cccueiiiiiiiiiiiiiicci e .58

2.1.1: Where others have gone before and where I have wandered........ S8

2.2: A perturbation to Backus's averaging method ... 59

2.2.1: Defining the averaging technique ............ccc.ccocoiiiiiiiiniene 60

2.2.2: Application to linear elastiCity .......c...ccccevvivveiciiiiiiniiiiiiccene 62

2.2.3: A plane-wave SOIULION ........ccccoiiiiiiiiiiiiiiicice e ...64

2.3: Other possible directions for investigation .................. et s 66

3: Elastic tensors and their preferred frames of reference.................. .71
3.1 A BHEf TEVIEW ..ottt e s e ene e 71

3.1.1: Preliminary mathematical considerations .................cccocooceeeniene. 72

3.2: Statistical determination of elastic tensor's preferred frame......................... 73

3.3: The proof of the pudding ( the numerical trial ) ........c..cccoocoeiiiiiininnininen 76

4: Synthetic seismograms for P and S waves using the Goupillaud

model 79
4.1 ADIEf TEVIEW ..o 79
4.2: A bit Of the thEOTY .....coveeveieiieccee ettt 80

4.2.1: Traditional nonnormally incident Goupillaud model ................... 80
4.2.2: Coupled P- and S-wave Goupillaud models .................cccccocee. 83
4.3: Synthetic seiSMOZram eXamples ..........cceereerereuemeermrieeecucsaeneeresescsereenenen: 86
4.3.1: The pictures that are worth a 1000 words ..............cccccooiniinnnne 86

Vi



4.3.2: At what cost ? (Run time Considerations) .............cc.ceeeeevenencnnee 87
4.4: Always more to do. Possible enhancements ............cccccocvvvveiiniirenieninenenn. 87
5: Conclusions . 88
5.1: Shear waves from vertical Vibrators.........c.ccooeevrieiinnecinnnienenceeeee 88
5.2: Composite media as generalized CONLINUA .......ccccovvereeviiecierniieeniieenieennn, 89
5.3: Elastic tensors and their preferred frames of reference........c..ccoccevvennni. 89
5.4: Synthetic seismograms for P and S waves using the Goupillaud
MOAET ...t e 90
A: Radiation Field of a Vertical Vibrator Over a Half Space.............. 91
AL INFOUCHION ...ttt ettt sttt a e aaen 91
A.2: Equations of MOUON ..........c.oiiiiiiiii e 92
A.3: Solving for Dilatation A and Circulation @g.............ccoovvininiinininncnnnnne. 96
A.4: Matching Boundary Conditions ............cccoeoeriiriiinieinieiienienienccrc e 102
ES: Branch cuts and poles of Rayleigh's function............cccooivininiiiininnnn. 108
A.5.1:Branch Cuts .....cooooiiiiiieee e 108
A.5.2: Zeros of Rayleigh's Function ...........ccccoceviiiivncenniinnnennncennieeenen, 121
A.6: The Integral Equations of Motion and the Field at Infinity ........................ 131
B: Review of the Theory of an Elastic Continuum 156
B.1: Conservation 1aWs ............cccoerirriinieninienieccect e 156
Differential form of the conservation 1aws .........c.cccoecininiinnnnnne 158
Conservation of Mass .........coceeeierrerceicieniiii i 158
Conservation of MOMENtUM ........cccoiiriiiiniiiiniencir e 159

vii



Conservation of moment of momentum ...... R S

Conservation of €NErZY .......cocceevvereiriuienierieneene et sce e

B.2: Constitutive relationships ............ccoooiiiiiiiiniiiii e
B.3: LINEAriZAtiON......cceiiiiiiiiiecie ettt
Internal ENeTgY ......ccooioiiiiiiiiiiei e
DiSPIaCeMENt .......ueiiviiiiiiiiiieccccte e
Linearized equation of motion and iSOtropY ............cccceveeviivicnccninecnn.

B.4: Equations of linear elasticity in orthogonal Cartesian and cylindrical

COOTAINALES ......eeieieiiiiiiieiiee et e e e s seibeee st be e sabeesebb e sebaeesemeeenans "
Cartesian orthogonal coordinates ..............cccoceviiiiiiiiiiiiniincee,
Cylindrical coordinates ............cocevervriiiiiiieiiiiiin e

C: Cosserat media .

C.1: INTOdUCHION ...ttt
C.2: Force and Couple Stresses in Elasticity (Cosserat Equations) ...................
C.3: Toupin's CONSHLULIVE TEIALIONS .........eeviieiiiiiieeitieeeeiee et
C.4: LINEATIZAION ...ccoeviuiiiiiiiiiiieiieitt et ettt eae e s e

.5 WAVE INOLION .o.oeeeeeeeeeeeee e e ee e e e e e e e e e eeeee e eeeaaeeeeraeesesserananssnnnnnnnen

D: Method of Steepest Descent

DL INEEOAUCTION <ot eee e ee e ee e ee s e s e etaeesessesaeaeeeeesaanreeeeesssnnaneas
D.2: WaAtSON'S IEIMIMIA 1ottt ee e eeeeeeeeeeseesttesaseeseseaeenaens
D.2.a: Case 1 ( Equation (D.1-22) ) ..c.ooiiiieieieicineieceeccec e,

D.2.b: Case 2 ( Equation (D.1-2D) ) .ccveuereeieiiececircnieecieineecniene e,

viil



D.3: Steepest-descent or saddle-point method ..........ccoceeeceveiienveinieeninnieiiieen, 223
E: The Cauchy Tetrahedron Argument... 236
.239

Bibliography

X



Table 0.1-1:
Table 1.2-1:

Table 1.2-2:

Table 1.2-3:

List of Tables

Historical development of multicomponent seismology. .............cc.cuceee.e. 1
Relationships between spherical

and rectangular Cartesian COOrdinates. ...........coc.eeevveercririereisiieesieeereeneens 18

~

dA
Matrix elements for the matrix € for the cases where E=x and { = z... 21

Displacements due to different source types. ........ccccecevvvevveeninnriniecncnen. 27



Fig. 1.1.a-1.

Fig. 1.1.b-1.

Fig. 1.1.b-2.

Fig. 1.2-1.

Fig. 1.2-2.
Fig 1.2-3a.
Fig 1.2-3b.
Fig 1.24.
Fig 1.24.

Fig. 1.2-5a.
Fig. 1.2-5b.
Fig. 1.2-6a.
Fig. 1.2-6b.
Fig. 1.2-7a.
Fig. 1.2-7b.
Fig. 1.2-8a.
Fig. 1.2-8b.
Fig. 1.2-9a.
Fig. 1.2-9b.
Fig. 1.3.1-1.
Fig. 1.3.2-2.
Fig. 1.3.3-1.

gEm

List of Figures

Shear wave shot records as recorded from two in-line vertical
vibrators in COUNterphase. ........cccccocivriiiiinieiieniie et 5
Horizontal displacement produced by two vertical vibrators
IN COUNEIPRASE. ....oiviiiiiiiiiiiiircc ettt 6
Radiation characteristics of two vibrators in counterphase
(a) Far-field response. (b) Near-field response. .........c.ccoccooiiiiiinn 8
(a) A volumetric potato representing the volume over which sources

are integrated to obtain the total displacement.

(b) A cut is introduced half way into the potato to create surfaces

D2 T OISO § |
Graphical representation of point displacements embedded
i SUIFACES =7 ANA T oovvveoreveeesee e eees oo eeeseeeeseee e seeeee s 12

Single couple corresponding in the limitas € —» 0

10 the reSPONSE G, . wovveeirinieiiiiiiiiiec 15
Single couple corresponding in the limit as € - 0

10 the response G, 3. weveeiviinieiiiiiiiiieeeie s 15
Radiation pattern for a double-couple source

in the plane containing both SOUrcCes. ........ccccoveeviiireriiiiinieniicccee 16
Relationship between spherical

and rectangular Cartesian cOOrdinates. .........c..cceevceeereeerieenieennneseennnens 19
P-wave radiation pattern fora vertical point force. ........c.ccccecovnicrennennes 29
S-wave radiation pattern for a vertical point force. ..........c.ccccoceveienennne. 30
P-wave radiation pattern for a horizontal point force. ...........cccececeenenin. 31
S-wave radiation pattern for a horizontal point force. .........c.cccccvvvvninne 32
P-wave radiation pattern for a vertical couple. .....c..cccevvinincniinicnnne. 33
S-wave radiation pattern for a vertical couple. ...........ccccocoieiininnnn 34
P-wave radiation pattern for a horizontal couple. ........ccccccocevcinininnnnn. 35
S-wave radiation pattern for a horizontal couple. ........ccocccoveeriinecnnnnne. 36
P-wave radiation pattern for a double couple. ... 37
S-wave radiation pattern for a double couple. .......cccoocviviiiiniiiinins 38
Coupled spring, dash pot and mass model of a vertical vibrator. ............. 40
Source volume in elastic half-SPace. ............ccccerenreieeiiinnccieciiece. 54
Flow-chart showing how to solve the coupled system of equations. ........ 57
xi



Fig. 3.2-1.
Fig. 4.2.1-1.
Fig.4.2.1-2.
Fig 4.2.2-2.
Fig 4.3-3.
Fig. A.1-1.
Fig. A.1-2.
Fig. A4-1.
Fig. A.5.1-1.
Fig. A.5.1-2.

Fig. A.5.1-3.

Fig. A.5.1-4.

Fig. A.5.1-5.

Fig. A.5.1-6.

Fig. A.5.1-7.

Fig. A5.1-8.

Fig. A.5.1-9.
Fig. A.5.1-10.

Fig. A5.1-11.
Fig. A5.1-12.

Fig. A.5.1-13.

Fig. A.5.2-1.

Flowchart for a method to determine the preferred frame of

reference of the elastic tensor (cubic example). ......ccccoeceveviivnieccnieennnnn, 76
Particle displacement NOtation. ............ccoooiueienienscncine e 80
Partitioning of waves at interfaces. ........c..cooceeveriinieneiinieniiee e, 82
Transformation of depth model to P- and S-wave Goupillaud

timMeE MOAEIS. ..ot 83
Vertical and horizontal VSP Sections. .......c..coccecerveinnenieceneeienneeeen 86
Vibrating circular disk over an elastic half-space. .............cccccccooennn 88
Cylindrical coordinates for vibrating disk problem. ..............c.c.cceie. 89
Disk on a free surface driven by a vertical force f(#)......ccc.cccococoeinn. 100
Polar coordinate transformation. .............ccceerveeiiiiiniinineienee e 106

Mapping of a point in the & plane into points in the w plane,

as determined by the function w= /(€ = K). ...cccoooveivieieeceee, .. 107
A particular branch cut of the function w = /(§ — x)

and the mapping of the resultant & plane into

the reduced w plane as shown in grey. ........c..ccoccoiciiiinininnceee, 108
Riemann sheets in the & plane and its

corresponding image in the w plane as

determined by the function w = 4/(§ = K) . ..cooooiereeeeneieeeieee e 109
Shifted polar coordinates for the function W = /& -k, /& —Ky..coceen. 110
A possible branch cut and domain

of the function W = \/E — K| //E =Ky coovrvrrireereerree e, 110
Another equally good branch cut and domain

of the function W = /& — K| /& = Ky . v 111
Final branch cut and domain of definition

for the function W = & — K| /& =Ky oo 112
Behavior of W = /€ - x, /& — x, around branch Cut.............cccccccuu. 112
Mapping between & and w planes

due to the function w = \/& — K| V& —Kgeoeveierereeeenieercsereeenis 113
Riemann sheets for the function W= /& — K, /& =Ky covrrinirernces 116
Branch cuts and domain of definition for the function
w=(VE-1)) VE-K2) ) (VE+K,) VE+Kp) )i 117
Riemann sheets for the function

w=(VE-x) VE-1) J(VE+%) V(E+K) ) oo 118

Contour of integration to find
numbers of zeros of Rayleigh's function. ..., 121

Xii



Fig. A.5.2-2.

Fig. A.5.2-3.

Fig. A.5.2-4a.
Fig. A.5.2-4b.
Fig. A.5.2-4c.
Fig. A.6-1.
Fig. A.6-2.

Fig. A.6-3a.
Fig. A.6-3b.
Fig. A.6-4.
Fig. A.6-5.

Fig. A.6-6.
Fig. A.6.b-1.
Fig. B.1-1.
Fig. B.3-1.
Fig. B.4-1.
Fig. C.2-1.
Fig. D.3-1.
Fig. D.3-2.
Fig. D.3-3a.
Fig. D.3-3b.
Fig. D.3-3.
Fig. E-1.

One branch cut of Rayleigh's function

and path of integration Ci. ........ccoovviiiiiiniiii e 122
Mapping of path Cj in the £ plane onto

path C§ in the { plane, for the case where m=2. .......coooocoovvvecvrvrecernc. 123
First root of the rationalized Rayleigh's equation. ........c...c.cc.cccoveennnnee 127
Second root of the rationalized Rayleigh's equation. .............cccceceeiee. 128
Third root of the rationalized Rayleigh's equation. ............c.........coe.e. 129
Multiplicative factors in the perturbation equation. ............c.cocoeevinnnnnns 135
A possible contour of integration for

the integral equations of MOLION. .............ccoiiiiiiinie 136
Polar coordinate transformation. .............ccecceeieecinniiiiiiiiiiiicne e 138
Pictorial representation of the solution to equation (A.6-15b)................ 139
Path of steepest descent. ............coeeeiiiiiiiiiieccen 145
Path of steepest descent including Rayleigh pole

outside of Main Path. ........ooiriiiiiieie e 147
Path of integration when  approaches % ............... et 148
Steepest descent path for Cy. ..o 151
Forces acting on a material volume. .........ccocooveriniinieniinincceceeen, 154
Frames of reference and motion. .............cceeieciiiiiiniiiincne 164
Cylindrical COOTdINALES. .......ccooviiiiiiiiiiiireriieiteer et cee et e see e 173
Forces and couples acting on a volume of material. ......................o... 187
Surface of @(x,y) around a saddle point where dp=0. .........c.ccccecei. 222
Direction of the path of steepest descent. ..........c.ccoccceciviiiiiinniniinin 224
A paraboloid. ..........coooiiiiiiii e 226
AN EIlPSOIA. ..o 227
A SAAAIC. ..o 227
Cauchy's elemental tetrahedron. .........ccoccoevoeieiennccniiniciccs 235

xiil



Easley 1

0: Introduction

0.1: Historical review

Seismology, without need of much evidence, could probably be traced to the first

sentient being that felt the physical earth move under his/her feet. A more quantitative

approach can still be traced back to ancient China, during the Han dynasty (AD 132), a

rudimentary seismograph was constructed by Chang Heng (Encyclopaedia Britannica,

1981). But, it was not till the early 1800s that quantitative seismology, in which modemn

seismology has its roots, can actually be said to begin. The topic of exploration

multicomponent seismology, has its inception as recently as the 1940s. A good brief

overview of the history of multicomponent seismology can be obtained by examining
table 0.1-1, adapted from Tatham and McCormack (1991).

Table 0.1-1: Historical development of multicomponent seismology

Era Development

1800s Use of multicomponent recording, especially horizontal seismometers.
Earthquake Seismology

1940s Observation of S-wave arrivals in routine check-shot survey.
Horton (1943)

1950s Use of multicomponent geophones in observational studies of
fundamental seismic wave propagation. Jolly (1956), White, Heaps and
Lawrence. (1956), Press and Dobrin (1956).

1960s Use of horizontally polarized Vibroseis sources and geophones for S-

wave reflection observations. Cherry and Waters (1968), Erickson,
Miller and Waters (1968).
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1970s Use of improved horizontal Vibroseis sources and conventional
Vibroseis for P- and S-wave reflection studies over a large number of
known fields. Conoco Group Shoot (1977-1978).

1980s Observation of S-wave reflection in marine environments.

Tatham and Stoffa (1976), Tatham, Goolsbee, Massell and Nelson
(1983), Tatham and Goolsbee, (1984).

Nine component recording- multicomponent recording, anisotropy and
shear-wave splitting reported a improving shear-wave data quality and
mapping fractures. Alford (1986), Johnston (1986).

( After Tatham and McCormack, 1991 )

Multicomponent seismology has been a very rich source of research topics and
this thesis is comprised of a few topics under this heading.

0.2: Structure of thesis

This thesis examines several very different topics under the framework of
multicomponent seismology. I have attempted to make this thesis self-contained so there
is quite an extensive appendix section; the subject is so broad, however, I was only
partially successful in this endeavor. Even though much of the material in the appendices
is review, I have included original developments and analysis in appendix A. The
following is a chapter-by-chapter preface to the thesis.

0.2.1: Shear waves from vertical vibrators

It is rather fitting to start this thesis on multicomponent seismology by
considering seismic sources. Chapter 1 deals with the generation of shear-waves using
vertical vibrators. Experimental evidence of shear-waves generated by vertical vibrators
in counterphase was collected by Edelmann (1981). The theoretical explanation of this
near-vertically incident shear-wave was not readily available. Dankbaar (1983) and Tan
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(1985) analyzed the situation theoretically and found no evidence for vertically incident

shear-waves.

I have taken the works of Dankbaar (1983) and Tan (1985) and generalized them.
In this way, I am able to show the potential of shear-wave generation in the near-vertical

direction from interacting vibrators.

0.2.2: Composite media as generalized continua

After looking at sources, it is appropriate to look in more detail at the medium in
which we are placing our sources. Chapter 2 is concerned with composite materials and
how we may be able to better describe them by treating them as generalized continua.

Backus (1962) showed that a stack of finely layered isotropic or transversely
isotropic media can, in the case of long wavelengths, be approximated by a homogeneous
transversely isotropic media. I have generalized this method to indicate how we may
approximate the composite under conditions of shorter wavelengths. I have also
suggested other avenues to pursue this topic.

0.2.3: Elastic tensors and their preferred frames of reference

Elastic tensors, having many intrinsic symmetries, still posses 21 constants in an
arbitrary frame of reference, though they may not all be independent. Given an arbitrary
elastic tensor, it is difficult to determine what symmetries may exist for the elastic tensor.
Backus (1970) proposed a method to decompose an arbitrary elastic tensor into vector
bouquets; by examining the symmetries of these bouquets one can determine the
underlying symmetry. Baerheim (1993) proposed a more direct method to find the

underlying symmetry, but it is not applicable for all symmetries.

These existing methods are good methods with some drawbacks. The method of
Backus requires visual inspection while Baerheim's method is not universally applicable.
Both methods are analytic and depend on the eigenstructure of tensors related to the
elastic tensor, which may not be stable under small perturbations of the constants. I
Propose a statistical method that should be universal and, by its statistical nature, not
sensitive to small perturbations. The statistical method was tried on an elastic tensor with
cubic symmetry. The results from the trial confirmed the viability of the method.
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0.2.4: Goupillaud P- and S-wave synthetic seismograms

Mendel, Nahi and Chan (1979) showed how to use a state-space approach to
generate plane-wave synthetic seismograms within a Goupillaud model. Because of the
differing P- and S-wave velocities, their method was only applicable for a single wave
type. They did, however, have a complete elastic plane-wave modeling method that is not
based on the Goupillaud model that is both memory- and speed- intensive as compared to

one based on the Goupillaud model.

Because of the speed and memory benefits of the Goupillaud model, I devised a
method to generate synthetic seismograms for both P- and S-waves using two parallel
Goupillaud models. This method was implemented and found to be fast and memory -
efficient. Many additional enhancements that already exist for the state-space Goupillaud
model can directly applied to the dual Goupillaud model case.

0.2.4: Appendices

Appendix A deals with the wavefield of a vertically vibrating disk on an elastic
half-space (Miller and Pursey, 1953). This treatment of Miller and Pursey's (1953) work
is quite different from their paper. The treatment here is more general and there are a few
points of analysis that are quite different. The results of this appendix are central to the

developments in chapter 1.

Appendix B is a review, from a few different sources, of the theory of an elastic
continuum. The results are used throughout this thesis. Appendix C is meant to mirror
Appendix B, but for the special case of a Cosserat continuum. This type of continuum is
the prototype of generalized continua, which is the topic of chapter 2. Appendix D
develops the method of steepest descent and appendix E develops Cauchy's tetrahedron
argument; both of these are used in other appendices.
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1: Shear Waves from Vertical Vibrators

1.1: Introduction

1.1.a: Overview of experimental evidence

The possibility of generating shear waves in the near-vertical direction by using
vertical or P-wave vibrators was first considered by Edelmann (1981). He showed in his
(1981) paper that it was possible to collect in-line shear-wave data by using two in-line
vertical vibrators in counterphase (180° out of phase) as the source. Since the early
experiments by Edelmann other field experiments (Sun and Jones, 1993) and some very
preliminary physical modeling experiments at the University of Calgary also support this
observation. I have reproduced the figure in Edelmann's (1981) paper as figure 1.1.a-1,
which shows in-line particle motion due to in-line counterphase vertical vibrators.
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il ) :‘?{5 Ko e
T O o

I,
IR Bl ind ke A
e o w.«—m‘qa‘,%h
DRI it i oy A
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. o X" vl o
.l.a-1. Shear wave shot records as recorded from two in-line
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i TR T
cseaitos il BT
, o1 g ol

I~ B,

vertical vibrators in counterphase.
(From Edelmann, 1981, Figure 8)

The acquisition geometry is shown in figure 1.1.b-1. The important feature is the
coherent energy on the inside traces, even at a time of over three seconds. This energy, I
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surmise, must come from a takeoff angle extremely close to the vertical. Edelmann's
paper does not give the exact shooting geometry, so an accurate estimate of the takeoff
angle is not available.

The support for the observed shear waves in the near vertical direction has not

had as much support theoretically as it has experimentally.

1.1.b: Overview of theoretical development

From my survey of the literature, a few authors have given the subject some
thought but have not come up with a satisfactory explanation of the observed
phenomenon. Edelmann (1981) conjectured that since a disk vibrating vertically on a free
surface produces strong shear waves around 37° from the vertical, as developed in -
appendix A as well as by Miller and Pursey (1953), then the two vibrators running in
counterphase would produce a strong uncompensated shear-wave between the two
vibrators. This situation, as represented by figure 1.1.b-1, is certainly true for a region 37°
between the two vibrators but this is necessarily a near-field phenomenon so does not
explain the deeper near-offset shear-wave energy which we observed in figure 1.1.a-1.

In-line | + |

shear-wave Vertical

geophone P-wave
Vibrator

In-line
Elast ic | | direction
Half - Space 370 ‘

< l > “p |

Maximum of shear-wave g eneration

Fig. 1.1.b-1. Horizontal displacement produced by two
vertical vibrators in counterphase.
(Adapted from Edelmann, 1981, Figure 6)

Dankbaar (1983) placed the ideas of Edelmann on good theoretical ground. I will
here give a brief summary of Dankbaar's contribution. He used the far-field displacement
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of what is essentially the response of a vertical point source on a free surface, as given by
equations (A.6-24a) and (A.6-24b) in appendix A or equations (116) and (117) in Miller
and Pursey's (1953) paper, and constructed the resultant wavefield that would be
observed if there were two of these sources separated by a small distance with forces
acting in opposite directions. To develop the previous discussion mathematically I will
begin by defining the point-source response. I will follow the convention of Aki and
Richards (1980) by calling this response

Gee(x, 1, €, 1), (1.1.b-1)

which is the elastodynamic Green's function, representing the ith component of
displacement at the point x and time t resulting from a point impulsive source in the 1-
direction (which is vertically downwards in the present discussion) located on the free
surface at point & and detonated at time T . Dankbaar then used a Taylor-series to get the
response of a source displaced from & in the direction of unit vector A for a distance D as

follows:

free( &) ] +—[82 free(x &) J ; D

oF/ 2| et

Gi®e(x; & + DA) = G*(x; ) + [

(1.1.b-2)

where n = 1 and Einstein summation notation is in effect for repeated indices. By taking
the appropriate derivatives of equation (1.1.b-1) and using displacements of D and —D in
conjunction with equation (1.1.b-2) Dankbaar showed that the combined effect of these
two sources added together can be represented by:

free free frce( E)
n (X E+DA) — Gy (X; E—DA) =2 | ————
ot'
a3Gfree( &) (1.1.6-3)
—— = 2 ANAK D +
ot 'oE/9Ek

Equation (1.1.b-3) is just the response of the elastic half-space to a simple couple
(Symon, 1971, p. 231 ff), a couple or torque being a system of forces the sum of which is
zero. However, except as a trivial case, the system of forces will have a resultant nonzero
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torque. An example of a couple is a system consisting of two forces of equal magnitude
acting in opposite directions and not collinear; thus a torque is produced. It is interesting
to note that for rigid bodies any system of forces can be reduced to a single resultant force
plus a couple. Now back to the topic at hand. Since Dankbaar assumes D to be small, he
only uses the first term of the expansion given by equation (1.1.b-3). Actual analytic
expressions for equation (1.1.b-3) will be derived as an intermediate result in the
development in the next section, §1.2 [equations (1.2-31a), (1.2-31b) and (1.2-31c)], so
will be omitted here. With this description Dankbaar (1983) was able to show that at an
angle greater than five to ten degrees, shear-wave energy dominates over compressional-
wave energy. This can be seen on figure 1.1.b-2a which shows the radiation
characteristics of two vibrators in counterphase. Dankbaar (1983) was also able to show
the effect described by Edelmann (1981) as a near-field effect which can also be seen in
figure 1.1.b-2. '

(a)

®

Fig. 1.1.b-2. Radiation characteristics of two vibrators in counterphase.
(a) Far-field response. (b) Near-field response.
(From Dankbaar, 1983, Figure 5)

Dankbaar's development basically assumes that the two vibrators do not interact with
each other and that, as a matter of fact the two vibrators could have been run separately
and the result summed in the computer later to achieve the same result. This situation of
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non-interacting vibrators is a rather unrealistic case, especially since the vibrators are
assumed to be close to each other.

Tan's (1985) approach is far more general. Tan assumed a simple mechanical
vibrator system, which was two-dimensional (2-D) thus representing a line source. A
series of these theoretical 2-D vibrators were then placed parallel to each other on a
frictionless free surface of an elastic half-space. Since the mechanics of both the
vibrators, which were coupled through the half-space, and the elastic half-space itself
were known, Tan was able to calculate numerically the resulting wavefield within the
half-space after the vibrators were set into a prescribed sequence of gyrations. The
radiation patterns calculated by Tan also failed to show the existence of normally incident
shear-waves. I believe one of the reasons Tan's (1985) radiation patterns fail to show
normally incident shear waves is due to the frictionless-surface assumption that was
made. In §1.3 I will develop the theory which relaxes two of the assumptions present in
Tan's paper, namely the 2-D assumption and the assumption of a frictionless free surface.
Since much of the details of this method will be elaborated on there, I will not go into

anymore detail here.

The review so far has not shown a theoretical framework that supports the
observed experimental data. In an attempt to bridge this gap, I have tried to generalize the
work of Dankbaar (1983) and Tan (1985). The preliminary results were published in the
CREWES Project research report (Easley, 1992a and 1993a). Those results and
extensions are the subjects of the next two sections. §1.2 concerns extension to
Dankbaar's ideas whereas §1.3 deals with Tan's work. Work can be done to flesh out the
material in section §1.3, in terms of numerical solutions, but lack of available time means
that this must wait for a future date. The theory developed, however, is, in my opinion,
complete.

1.2: Displacement in counterphase

The description of two vibrators in counterphase given by Dankbaar (1983) is one
which assumes that the two vibrators do not interact with each other and there is no self-
interaction of the vibrators. Under these severe restrictions it is not surprising that no
shear-wave energy was predicted to exist in the normal direction between the two
vibrators. One of the major features of Dankbaar's development is the assumption that the
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stress imparted to the elastic half-space is exactly the sum of stresses generated by the
vibrators individually. This assumption, of course, precluded any interaction of adjacent
vibrators. If we were to allow interactions among the vibrators, there could be situations
where counterphase stresses may not provide a good description. I made the assumption
(Easley, 1992a) that under certain circumstances the vibrators could be modeled as
displacements in counterphase. Under this assumption, and prompted by results from
earthquake seismology (Aki and Richards, 1980, p. 43-84), I was able to show that
normal-incidence shear-waves are a possibility from interacting vertical vibrators. To
begin we need a relationship between the displacements at the free surface and the
resultant displacement field in the elastic half-space. The representation theorem as given
by Aki and Richards (1981, p. 29) is exactly such a relationship; this theorem is

embodied in the following equation:

oo

u,x, 0=\ dt| £, 1) G % -1, € 0) dV(E) +

oo v

dt| T,E&, 1), n) G,,(x, +-1; €, 0) dS(E) +
o i (12-1)

dt| un(& 1) i) 0j G (X, -1; &, 0) dSE)

oo S

where u = displacement vector,

X = observation point vector,

€ = source point vector,

Gum(x,1-1;5,0) = nth component of the elastodynamic Green's
function with unit impulse applied at & and time T,

Gnk s = partial derivative of the Green's function with
respect to source coordinate &, ,

14 = volume of integration containing source
mechanisms,

S = closed orientable surface containing V,

unit outward normal of surface S,

fm = mth component of body force vector,
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T,,(u(&,7),n) = mth component of traction vector consistent with
displacement u on surface element with unit normal
n
and c,,,jkl(}f,) = elastic tensor at source location &.

Equation (1.2-1) describes the displacement due to the existence of sources within the
volume V and on the surface S. As I wish to investigate the dynamic properties of a
counterphase displacement source embedded on the free surface of an elastic half-space,
we will not need to consider the effects due to body forces within V, nor do we need to
consider any surface tractions upon S. With this in mind we can see that only the third
integral in equation (1.2-1) needs to be retained. The resulting integral becomes:

w,x, )= | dt| u,E& 1) cmjk,@) n; G (X, I-T; & 0)ds®). - (1.22)

. s

(@)

Fig. 1.2-1. (a) A volumetric potato representing the volume over which
sources are integrated to obtain the total displacement.

(b) A cut is introduced half way into the potato to create surfaces
", ande.

To follow the development of Aki and Richards we shall first consider a volume V
embedded within a homogeneous medium. This abstract volume is represented in figure
1.2-1a. We will augment the surface S as shown in figure 1.2-1b, which is the same

. . . . + -
volume with an indentation creating new surfaces £ and £ separated by €.
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We now embed the displacement discontinuity within the two newly created surfaces and
introduce a coordinate system as shown in figure 1.2-2.

X; +

3 X
Lo s
‘ |
: |
|
[
|
|
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|

Point Displacement

£/2

—-X

Point Displacement

i

|

!

|

!

| |

| |

] |

] |
\d \4
z s+

Fig. 1.2-2. Graphical representation of point displacements embedded
in surfaces =" and 3.

The assumption of isotropy allows the elastic tensor to be expressed in the following

manner:

Cijit = A 8,0+ 1 (8,8, +8,5,), (1.2-3)
where Aandp = Lamé constants,
and Sij = Kronecker delta .

Substitution of equation (1.2-3) into equation (1.2-2) results in
U, )= | dt | Aupn;Guy+p(ugn Guy+uyn Guy)dS.  (1.2-4)

— o0 S
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+ -
On surface £, n; = §;1 and on surface X', n; = -§;; . All other surfaces of S have no
displacement sources so we will not need to consider the normal vectors there. With this

in mind equation (1.2-4) becomes

oo

u X, )=~ dt| Uy [Gpn+ Gipp|pdS +

-0 h g

(1.2-5)

+ dt U,, [Gmn,l + Gln,m] udS .

oo bl

Since the displacement sources have displacements only in the 3-direction, and assuming
the displacements are localized in time and space, we can represent them as:

J-{fe-3)

magnitude of the argument,

U 1) = 8,5 5(T) [6( lf, + gxl (1.2-6)

where

(1)

1]

Dirac delta function (distribution),

and X1

unit vector in the positive 1-direction.

Substitution of the relations above to equation (1.2-5) results in

u,(x,)=| dr} 1) 8( l E- §x1

-00 zt

)[Gsn,l + G ds+

(1.2-7)

o0

+| dt| &) [5(

oo by

£
E+3%

)} [G3n1 + Gia3|ndsS.

I'have not evaluated the Dirac delta functions in equation (1.2-7) so that the following
steps will hopefully be clearer. If € is allowed to approach zero then the surfaces =+ and
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¥ will approach a'single surface X which is located on the 2-3 plane in this instance.
This will transform equation (1.2-7) into:

o0

u,(x,)=2| dr| &) §|&|)[Gsp; + Gin3)ndS. (1.2-8)

oo T

Evaluation of equation (1.2-8) results in:

u,,(x, H=2 18 [G3n,1(x, L é, O) + Gln’3(x, z, &, O)] (§= 0 ) (1.2-9)

To see that equation (1.2-9) represents the response to the sum of two single couples, we
shall show that each term within the square brackets represents the wavefield of a single
couple. To do this we need only to write out the operational definition of the partial

derivatives within the square bracket as:

oG
G3n,1(X, t, é, O) = a§3n =
: (1.2-10a)
_ lim G358 - €8,,0) - G3,(x.58 - £5,,0) '
Te—>0 2¢ '
G3(X, 6§ —€6, 0) — G3,(x, 1, E—€E,, 0
The term (% &~ ek a3 55851, 0 , (1.2-10b)

2e

is just the response of a single couple as shown in figure (1.2-3a).The second term in

equation (1.2-10b) represents the response in the limit of a couple as shown in figure 1.2-
3b.
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s

Point Force

Fig 1.2-3a. Single couple corresponding in the limit as € — O to the response G3,, ;.

&

PointForce

>

Point Force

.gq

Fig. 1.2-3b. Single couple corresponding in the limit as € — O to the response Gy, 3.

The Green's function for a point force in an unbounded, homogeneous, isotropic and
elastic medium is known. The far-field displacement is given by Aki and Richards [1980,
p. 74, equations (4.24) and (4.25)]. The double-couple response in this situation is also
known (Aki and Richards, 1980, p. 81) and, since we will be deriving the double-couple
response for a source on the free surface of an elastic half-space, I will not derive these
equations here; however, even at this preliminary stage, we can see by the radiation
patterns for a double-couple source in an unbounded, homogeneous, isotropic and elastic
space (figure 1.2-4) that, as compared to the radiation of a single couple, here the shear-

wave radiation pattern contains a shear-wave lobe in the vertical direction.



Easley 16

S-wave

P-wave

8=0" §=0°

Fig. 1.2-4. Radiation pattern for a double-couple source
in the plane containing both sources.
(adapted from Aki and Richards, 1980, p. 82-83, figure 4.5 and 4.6)

As I have already mentioned, the results so far have been for double-couple sources
within an unbounded space. The next step is to find the radiation pattern for a double-

couple source on a free surface.

The first things we need are the far-field responses of vertical and horizontal point
forces on a free surface. The responses we will be using are the far-field body wave
responses due to a disk of radius a and strength M. This, however, is not a problem since
as stated by Cherry (1962, p. 32), "If Ma? remains finite as a approaches zero, then a
point force is obtained at the origin of coordinates.". The response for a vertical force on
the free surface is derived in appendix A and given by equations (A.6-24a) and (A.6-24b)
which are equivalent to equations (116) and (117) in Miller and Pursey's paper (1953).
These formulas are reproduced here as:

s e-iR cos 8(m2-2sin%0)

R~ Z2F(-sm®) (1.2-11a)

uy =-

3 e=imR sin 20 y/m?sin%0 — 1 (1.2-11b)

Vo _;
UG =S M e F(—msin®)

and
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&
€<
]

o

(1.2-11c)

where

Fo®=(287-m?) —ag? 1 VE (12-11d)

is Rayleigh's function and I have placed all source-related terms and similar constants
under the constant S to simplify future developments. Note that I have removed the
superscript indicating Fourier transforms and replaced it with the letter V to indicate its
relationship to a vertical point force. The removal of the Fourier transform can be
justified by assuming an impulsive source which should not cause any problems, since
this will not affect the radiation patterns of concern to us. Now we need to consider a
horizontal point force.

The equivalent formulas for radiation patterns associated with a horizontal force
are derived in Cherry's [1962, p. 31, equations (29), (30) and (31)] paper. In order to have

a consistent notation, I will transcribe these equations here as

=g e“R sin 20 ¥ m?2 — sin%0

Fo(—sinB)

sin @, (1.2-12a)

e-imR cos ©(1-2sin%0) .

ufl=-§ o Fo(—msin®) sin @ (1.2-12b)
and

Hogenk 1.2-12

u(p—S oS (1.2-12¢)

where the superscript H is used to indicate the connection to a horizontal point force.
Before we continue we need to make a correspondence. The Green's function, G,,,,,
represents the displacement in the n-direction due to a point force in the m-direction.
Therefore, G5, is directly related to equations (1.2-11a), (1.2-11b) and (1.2-11c), whereas
G,,, is related to equations (1.2-12a), (1.2-12b) and (1.2-12c). I will use matrix notation to
simplify the equations. Let a bold symbol capped with ~ represent a matrix and a bold

symbol capped with » be a unit vector. Since we will be dealing with both spherical polar
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coordinates as well as rectangular Cartesian coordinates, as shown in figure 1.2-4, we
shall define the following column matrices

r %
F={6|and x=|9|. (1.2-13)
¢ Z

We will also place all the displacement components within a column matrix without
appending the superscript; this is to mean whatever relationship written in this fashion
will apply to both vertical, V, and horizontal, H, cases. With this in mind we shall write:
Ug
= ul. (1.2-14)

U

With the matrices defined in equation (1.2-13) and (1.2-14) we can now write the total
displacement vector u as the matrix product

T

u=aF = up b +ug0+u, @, (1.2-15)

where the superscript T means matrix transpose. The relationships between spherical and
rectangular Cartesian coordinates are well known and summarized in table 1.2-1. These
relationships can be easily derived from figure 1.2-4. More importantly, these
relationships allow us to relate derivatives from one coordinate system to the other.

Table 1.2-1: Relationships between spherical and rectangular Cartesian coordinates.

Rectangular to Spherical Spherical to Rectangular
x =R sin 6 cos @ (12-162) |R=NxX’+y*+7° (1.2-16d)
. . _ z
Yy=RsinOsin @ (1.2-16b) 0 = arccos (ﬁ) (1.2-16e)
_ _ Y
Z=Rcos O (1.2-16¢) ¢ = arctan (g) (1.2-16f)
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N N

X

Fig. 1.2-4. Relationship between spherical and rectangular Cartesian coordinates.

Since for couples, as in equation (1.2-9), we need to deal with quantities such as

u
Gspq = TS and G, 3= 5, Ve need to differentiate equation (1.2-15) giving:

vige, (1.2-17)

where & can be either x or z . From equation (1.2-17) we can see that we will need to
=T
know the analytic form of the term 72— To find this analytic form we will need the

relationship between 7 and £, which can be derived from figure 1.2-4, resulting in:

Fl=A%T, (1.2-18a)

where
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sinBcos @, sin@singp, cosH

A=|cosBcos @, cosOsing, -sin® | (1.2-18b)
—sin 6, cos 6, 0

Since A is an orthogonal matrix, which means A~ = AT, we can also state that

T_ AT (1.2-19)

"
"R

Therefore, differentiation of equation (1.2-18a) results in:

~T A T A
- (1.2-20a)
:a_AATfT .
a& ’

where I have used the fact that X is a row matrix of constant unit vectors to go from the
first equality to the second, while going from the second to the third just involves
substitution from equation (1.2-19). Now, if we use the coordinate system relationships in
table 1.2-1 and equation (1.2-18b), we can state explicitly

Q| @
m' ]

=%@T (1.2-20b)

Jij=1?

where i is the row counter, and j is the column counter, and the elements of the matrix are
tabulated in table 1.2-2.
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~

. JA
Table 1.2-2: Matrix elements for the matrix 5E for the cases where & = x and = z.
elem E=x E=z
ents
a, €0s“0 cos<@ + sin“0 —cos (pcos O sin O
a; — cos @ sin @ sin”® —cos 0 sin O sin @
aé —€0s ¢ sin 6 cos @ sin’0
2 . . .
aj [sin2@ — cos2@ sin®8] cot B cos @ sin’0
a% -[sin26 + 1]sin @ cos @ cot B sin @ sin”®
a; — cos ¢ cos20 cos 0 sin 6
a]3 cos 9 sin @ 0
sin ©
ag sin2(p 0
sin ©
3
a; 0 0

We will now define another matrix:

AT,

S

By =

where, from equations (1.2-20b) and (1.2-17b), we have for £ = x:

0, cos@cosB,  —sing@
ﬁx=% — cos ¢ cos 6, 0, __c_g_ss_ier%g ’
sin 0, &SS%%Q’ 0

and for & = z:

(12-21a)

(1.2-21b)
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~ 0, -singp, O
B.=%|sing, 0 0 (1.2-21c)
o 0 0

form:
a_“-[%g +aﬁ§] £, (12-22)

u
The only term in the equation above for which we do not have explicit formulas is FI

which can be derived from equations (1.2-11a), (1.2-11b), (1.2-11¢), (1.2-12a), (1.2-12b)
and (1.2-12c¢). The actual derivations of these formulas are rather cumbersome involving
many terms, so I used a symbolic manipulator to help me out. The product I used is

Theorist® on a Mac® IIsi computer. First I shall tabulate the results for the case where
£ =x and the force is in the z direction, which means from equation (1.2-14):

du_du [ouy duy ouy T 23
9F " 9F |9t 9%’ oF | (1.2-23)
such that the first term on the right-hand side is given by:
Jug _ SeiRa¥0.9)  SielRBp®.9) (1.2-242)
0x  R%*Fy(-sin®) RFy(-sin@)’ :
where
oV = ([sin26 — 2 m? cos26] G( sin 8 ) + 2 [6 sin?0 — m? — 4] sin ©) sin @
. 25in 1.2:24b
(m? — 2 sin%6) ’ (1. )
2

(2 5in%0 — m2) cos @ sin 20
Br= 5 : (1.2-24¢)
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_Po)
G(C)~F0

PN
[T o
~—
“

(1.2-24d)

and

2 2 3
e \Szcg _m\/;zl)c _+8L2C-m V1 V) 2200
-1 -m

the second term is given by:

dug _SimdeimRaY(®.9) SmdeimRBY(O6.p) -

% - RFy-msin6) | REo(-msin@) ’ (1.2-252)
where
oy = g(8) cos @ + f(0) sin @, (1.2-25b)
g(®)=sinOsin20 Vm2sin’6 -1, (1.2-25¢)
- i i 2 ¢in%@ — 2 gin2
7(6) = (4c0s20-2mG(msinB) cos 8 sin 229) (m2 sin%@ — 1) + m2 sin?26 ’ (1.2-254)
2 sin 6 ¥ m?2 sin“6 — 1
and
By = sin 0 sin 208/m2 — 1 cos @; (1.2-25¢e)
and the third and final term in this group is:
au(\;
—=0. (1.2-26)
ox

Second, I shall tabulate the results for the case where & = z and the force is in the x

direction, which means, from equation (1.2-14),
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ﬁ 3 ou" | ouf ouf duf i -
aE—.— a& = a& » ag s a& 3 (1 - 7)
such that the first term is given by:
oull iR yH(Q) < . iR RHQY o
R _Se'fog®)sing  Sie'™PBr(0)sin @ (1.2-282)

0z  2R2Fy(-sin@) 2RFy(-sin®) ’

where
o 2([6 m2—2]sin%0 +25in®20 — 4 m?)sin 6
OR (6) = )
Vm? —sin%0 (1.2-28b)
— G(~-sin 8) sin?26 ¥ m? — sin’0
and
H (sin?28 — 4 m? cos28) sin 6
r(©) = , (1.2-28¢)

Vm2 —sin%@

and G( £ ) has been defined in equation (1.2-24d). The second term has the form:

duf  Smte-imRoH(@)sing SimdeimRBHO) sin @

= . , 1.2-29
0z 4R?Fy(-msin@) 4RFy(-msinb) ¢ 2
where
okl(0) =4 (35in’26 — 1)~ m G(—msin 8 ) cos O sin 40, (1.2-29b)
and
BE(6) =4 m (sin?28 — cos26); (1.2-29¢)

and finally the third term,
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H . .
dup  SeimRcosBcosg Sime iR cos6cos @

3z 72 R (1.2-30)

We should notice that equations (1.2-24a), (1.2-25a), (1.2-26), (1.2-28a), (1.2-29a) and
(1.2-30) are all comprised of two parts, a far-field portion with the factor R in the
denominator and a near-field portion with the factor R in the denominator. Since our
derivations for displacements only consider the far field, we would be justified in
dropping all the near-field terms; but to be complete I have included both terms. We now
have all the terms in equation (1.2-22) defined explicitly and, since this equation
represents the displacement field due to the two couples of concern, we have the radiation
pattern for both the single-couple case, as considered by Dankbaar (1983), or, by
combining the other couple as required in equation (1.2-9), we have the radiation-from a
double couple on a free surface over an elastic half-space. To complete the picture, we
will write down the expressions for all the new types of sources we have considered,
namely, the vertical couple, horizontal couple and the double couple on the free surface
of an elastic half-space. The displacement equations of a single vertical couple on a free

surface of an elastic half-space are:

ouy
WyC = R —uy cos ¢ cos 6
ox R

ruy 222, (1.2-31a)

ouy '
uyC @ ysingcosB® , cos@cosB

=%x T4 “Rsme Y4 R - (1.2-31b)
and
vC a“:&’/ ySing | sin@cos6
Uo"=3x “MRTR T "Rsno (1.2-31¢)

where all the terms above are explicitly expressed in equations (1.2-11), (1.2-24a), (1.2-
25a) and (1.2-26) and I have used the superscript VC to indicate displacements due to a
vertical couple. The displacement equations of a single horizontal couple on a free

surface of an elastic half-space are:
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oull .
wfC=—~ + uf S8, (1.2-32a)

dupy - '
ufC=— - uf Sing, (1.2-32b)

and
ou
¢

=2, (1.2-32¢)

where all the terms above are explicitly expressed in equations (1.2-12), (1.2-28a), (1.2-
29a) and (1.2-30) and I have used the superscript HC to indicate displacements due to a

horizontal couple. Finally we can combine the equations above using equation (1.2-9) to
give the equation of motion due to a double couple on the free surface of an elastic half-
space. These equations are:

ugc =21 [u,\glc + ugc], (1.2-33a)\

uBC =21 [y € + ug©), (1.2-33b)
and

uDC =2 [ug €+ ugc, (1.2-33¢)

where all the terms above are explicitly expressed in equations (1.2-32) and (1.2-31) and I
have used the superscript DC to indicate displacements due to a double couple.

We can summarize all the displacement equations we have dealt with in the
following table 1.2-3.
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Table 1.2-3: Displacements due to different source types.

Source Type Diagrammatic Displacements

Representation

u Wave Type | Equation | Figure
Number | Number

Vertical Point Force 1 uy P-wave 12-11a | 1.2-5a
uy SV-wave 1.2-11b

ug | SH-wave | 12-11c | 12-5b

Horizontal Point ufl P-wave 12-12a | 1.2-6a

Force
—p ulf SV-wave 1.2-12b

ug | SH-wave | 12-12c | 1.2-6b

Vertical Couple ug P-wave 1.2-31a 1.2-7a
uy€| SV-wave 1.2-31b
uy¢|  SH-wave 12-31c | 1.2-7b
Horizontal Couple uffc P-wave 1.2-32a | 1.2-8a
>—_p
ufC|  SV-wave 1.2-32b
4

udCl  SH-wave 12-32¢ | 1.2-8b

Double Couple $ ugc P-wave 1.2-33a | 1.2-9a
ugc SV-wave 1.2-33b

$| uBC|  SH-wave 12-33¢ | 1.2-9b
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Since the sear-wave displacements have been separated into their components in
the 6 and @ directions I should state for completeness that the magnitude of sear-wave

displacement should be given by
2 2 _
W=/ (ug) +(ug) - (1.2-34)

Keeping this in mind, we shall plot the far-field radiation patterns for P and S waves. The
source types and their associated figure numbers are given in table 1.2-3, the actual
figures are at the end of this section. All the figures assumes the source strength S = 1.

This ends our discussion of both stresses and displacements in counterphase. Both
of these assumptions are rather unrealistic impositions on vibrators and serve only to
indicate the possible range of phenomena that can be expected. One outcome of the
development of double-couple sources is that shear-wave generation in the vertical
direction is not such a strange phenomenon. In the next section we will explore a more
reasonable method to investigate the wavefield produced by interacting vibrators.
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1.3 Mixed-phase coupled vibrators

In section 1.2 we made assumptions as to how a pair of vibrators can interact on a
free surface. This, as already mentioned, is at best a very crude estimate. In this section I
will expand upon a method originated by Tan (1985). As stated in the introduction to this
chapter, Tan's (1985) approach consists of fabrication of simple two-dimensional (2-D)
mechanical models which are meant to mimic 2-D vibrators. These simple vibrator
models are placed parallel to each other on a frictionless surface of an elastic half-space.
The coupled system of equations is then solved to find the radiation pattern of the system
consisting of the vibrators and the elastic half-space. The radiation patterns calculated by
Tan, as with Dankbaar's (1983) analysis, also fail to show the existence of normally
incident shear waves. I believe the lack of shear waves in the vertical direction is in part
due to the frictionless surface assumption.

I have used a methodology similar to Tan's and derived the coupled equations for
a simple vibrator model over an elastic half-space, allowing interactions in all three
orthogonal spatial directions. I have made the assumption that plate rotation is negligible
and that the vibrators are in welded contact with the surface. With these assumptions, a
set of coupled equations is derived that allows the modeling of the wavefield within the
elastic half space along with the dynamics of the vibrators.

1.3.1: Fabricating the mechanical model of a vertical vibrator

I will be going into some detail in this section. If the reader only wants the results,
it is only necessary to go through the next paragraph and diagram and then proceed to the
final equations (1.3.1-30a) - (1.3.1-30c), noting that the displacements of the center of
mass of the base plates are, from equilibrium, as defined in equation (1.3.1-3b).

Since I wish to have a mechanical system that is quite simple yet has enough
complexity to approximate a real vibrator, I will utilize a spring-mass-dash pot system.
Figure 1.3.1-1 represents the system we will be using, with displacements and forces only
in the vertical direction shown. Properties in this direction will be denoted by the
subscript 3.



Reference Plane

Fy

Fig. 1.3.1-1. Coupled spring, dashpot and mass model of a vertical vibrator.

In figure 1.3.1-1 we have defined the following symbols as follows:

M = hold-down mass,

m = mass of vibrator plate,

k = spring constant,

b = damping constant of dashpot,

f = force acting between the hold-down mass and the plate,

F3; = force exerted on the plate by the elastic half-space,

Z = instantaneous position of center of mass of hold-down mass,

z = instantaneous position of center of mass of plate,

Z0 = equilibrium position of center of mass of hold-down mass,
and z0 = equilibrium position of center of mass of plate.

When we first place our lovely vibrator upon the elastic half-space, there is bound
to be some initial transient motion on the elastic half-space. This transient motion is
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assumed to eventually die out and everything would come to rest unless some other force
were applied to the system. When the system has reached this rest state, we will say the
system is in equilibrium. In the equilibrium state the centers of mass of the hold-down
mass and the plate are in positions Z° and z9, respectively, from the reference plane as
shown in figure 1.2.1. I will assume the system has reached the equilibrium state prior to ¢
= 0. Since in equilibrium there is no net force acting on the system, the gravitational force
due to the hold-down mass and plate must be equal but opposite in direction to the
vertical reaction force of the elastic half-space. Let the vertical force supplied by the half-
space be F g when the system is in equilibrium. This means that

(M+m)g=-F, (1.3.1-1a)

which is a restatement of the equilibrium condition of this system. The forces in any other
two perpendicular directions are assumed to be zero at equilibrium. Symbolically this can
be written as:

F=F=o, (1.3.1-1b)

where we have taken the two horizontal directions to be represented by subscripts 1 and
2. The 1,2, and 3 axes are assumed to form a right-handed rectangular coordinate system.
Another relation of the equilibrium state comes from considering the hold-down mass
being solely supported by the spring, this means :

k(*-Z°-L)y=-Mg, (13.1-2)

where L is the length of the unstressed spring. The equilibrium equations provide a means
of testing the dynamic equations that we will develop. When a dynamic force f{) is
applied between the hold-down mass and plate, the two masses will in general move from
their equilibrium positions. Let the vertical displacements from equilibrium of the center
of mass of the hold-down mass and of the plate be respectively:

U;=2-2° (1.3.1-3a)

and
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u3=z7-2" (1.3.1-3b)

As the masses are displaced, the distance between them can change. The change in this
distance can be written as: '

1-Z=us-Us+(°-29. (1.3.1-4)

Substitution of equation (1.3.1-2) into equation (1.3.1-4) results in:

Z—Z=u3—U3-£M7(§-+L. (1.31'5)

As a first step towards developing the coupled system of equations of motion for the two
masses, we will consider all the forces acting on each mass individually. The forces
acting on the plate are:

mg = gravitational force, (1.3.1-6a)

~k (z—Z- L) =force due to the spring, (1.3.1-6b")

-b (é - Z) = frictional damping force from the dashpot, (1.3.1-6¢")

f{t) = applied force between the masses, (1.3.1-64d)
and

F3(t) = force due to the elastic half-space. | (1.3.1-6¢)

By using equation (1.3.1-5), forces (1.3.1-6b") and (1.3.1-6¢") can be put in terms of
displacement as:

—k(z~Z—-L)——k (u3—-Us)+Mg , (1.3.1-6b)

and
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~b(z-2) > -bus-Usy). (1.3.1-6¢)

The corresponding forces acting on the hold-down mass are

Mg = gravitational force, (1.3.1-7a)

—f(t) = applied force acting between the masses, (1.3.1-7b)

k (uz - U;)— Mg =force due to the spring, (1.3.1-7¢)
and

b (d3 - U3) = frictional damping force from the dashpot. (1.3.1-7d)

Forces (1.3.1-6a) - (1.3.1-6e) and (1.3.1-7a) - (1.3.1-7d), along with Newton's second
law, can be used to obtain the equations of motion in the vertical direction for the plate
and hold-down mass, respectively, as:

usm=(m+ Mg +f+ F;— k(uz — Us) — b(us — Us), (1.3.1-8a)

and

UsM = —f + k(uz — Uz ) + b(us — Us). (1.3.1-8b)

These dynamic equations reduce to equation (1.3.1-1a) in the static situation, which is a
nice check for correctness. The only forces acting in the two horizontal directions are
assumed to arise solely from the elastic half space. Let the forces in the 1 and 2 directions
from the elastic half-space be respectively Fy and F,. By assuming that the vibrator acts
as a solid unit to forces in these directions, which means «; = U; and u; = U, , Newton's
second law in these directions takes the form:

(M +m) uy =Fy, (1.3.1-8¢c)

and
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M+m)uy=F,. (1.3.1-8d)

We have assumed that the vibrator remains vertical throughout the experiment. Taking m
times equation (1.3.1-8b), subtracting M times equation (1.3.1-8a), and substituting a few
variables, we arrive at the following equation:

VUL +vb +vk =11, (1.3.1-9)
where
v =u3—U3,
- mM
H m+M’
and

[I=rf+ r—';;—F3+Mg .

Equation (1.3.1-9) represents a damped harmonic oscillator with displacement v and
forcing term II. The first step we take in solving equation (1.3.1-9) is to consider the
homogeneous case. The solution of the homogeneous ( I1 = 0) form of equation (1.3.1-9)
(Symon, 1971) is:

v=Ae " cos(wt+8), (1.3.1-10)

where A and 6 are constants of integration which are to be determined by boundary

conditions andco1=\/0)§—yz in which 0)0=4/ﬁ and y =§bIl.— .

As a second step towards the solution of equation (1.3.1-9), we will find the Green's
function vg associated with it. The causal Green's function is defined to be the solution of

the following problem:

VoM + Vg b +vg k=8(1- 1), (1.3.1-11a)
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such that:

—ol T, T< oo,

By causal, I mean there will be no response until the impulse at z = T. The initial value
problem given by equation (1.3.1-11a) can be cast in another form incorporating a jump
condition as:

VgU +vgbh +vgk =0. (1.3.1-11b)

when ¢ is in the ranges:

0 L 1<T, T<t< 0o,

with the following additional conditions:

VG continuous at ¢ = 1T,

and

lim vg(t+ &) —vg(T-€) = L
e—0 H

The causality condition is still enforced. The Green's function for equations (1.3.1-11a)
and (1.3.1-11b) (Stakgold, 1979) is:

¥
va(t, ) =H(z- 1) —:;IE sin(®, [t-1])=vg(- 1), (1.3.1-12)

where the Heaviside function, H(f), is defined to be:

Ho={o! o)
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Before proceeding to writing down the solution for equation (1.3.1-9) it is necessary to
state the following. Equation (1.3.1-9) can be broken into two equations, namely:

VIL + vib +vik =m(0) , (1.3.1-13a)
and
i}zu + Wb + vk =1, , (1.3.1-13b)
with:
)
T, ()= ™ AF (D) +f1),
and

n2=%F3’°+Mg,

where the force due to the elastic half space F3(¢) is partitioned into a constant
equilibrium restoring force term F- 2 and a term AF3(?) representing a perturbation from

equilibrium. This can be represented by:

Fy(t) = F) +AF3(0) ; (1.3.1-13c)

Note that F 39 has been defined in equation (1.3.1-1a). Due to the linearity of equation

(1.3.1-9) its solution can be written as:

v=vi+v;. (1.3.1-14)

By direct substitution of equation (1.3.1-1a) into the definition of 7, in equation (1.3.1-
13b) we can see that T, is identically zero. Since the unique solution of the homogeneous

problem with homogeneous initial conditions is the trivial solution, we have:

vy =0. (1.3.1-15)
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We will use the Green's function of equation (1.3.1-12) to obtain a particular solution of
equation (1.3.1-13a). The form of this solution is:

vi(t) = f vg(t - T) my(1) dt. (1.3.1-16)

-~00

If we assume, with no loss of generality, that &t is zero before z = 0, we can rewrite

equation (1.3.1-16) in the following manner:

14
o=

Vi) = sin(ml [t—‘t]) m(T) dt. (1.3.1-17)

Now that we have particular solutions to equations (1.3.1-13a) and (1.3.1-13b), we can
use equation (1.3.1-14) to obtain a particular solution to equation (1.3.1-9), then add the
solution of the homogeneous equation given by equation (1.3.1-10) to get the general
solution of equation (1.3.1-9). The general solution would then be given by:

v(t)=j Qc%f;l—ﬂ-sin((ol [t-1)) m(t) dt + A e cos(wyz +6),  (1.3.1-18)
1
0

where A and 0 are arbitrary constants to be determined from boundary conditions.
Following the technique above, we shall solve another intermediate problem. By adding
equations (1.3.1-8a) and (1.3.1-8b) and defining a few new variables we get:

W=D, (1.3.1-19)

where

w=uym+ UM,

and

Mt)=(m+ M) g+ F5(2).
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As in the previous differential equation, we begin by solving two related problems. First
we solve the associated homogeneous problem given by:

Wo=0; (1.3.1-20)

secondly we solve the associated causal Green's problem below:

wg=8(-1), (1.3.1-21)

such that

. —eo <L, T< o0,

The general solutions of differential equations (1.3.1-20) and (1.3.1-21) are respectively:

wo=At+B (1.3.1-22)

and:

wg=H(t-1) (-1, (1.3.1-23)

where H(?) is the Heaviside function previously defined, with A and B being constants to
be determined by boundary conditions. As before, we will now split equation (1.3.1-19)
into two separate expressions whose sum, due to the linearity of the equation, is the
solution of equation (1.3.1-19). The two expressions are:

.. A
W, =71, (1.3.1-24a)
and
w, = Ay(2), (1.3.1-24b)
7here

w=w;+wy and 7\,(I)=7\.1 +)\.2(t),
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such that

M=(m+M) g+F{ and A1) = AF3(p).

Noting that A; is identically zero, by equation (1.3.1-1a), particular solutions of equations
(1.3.1-24a) and (1.3.1-24b) are respectively:

wi() =0, (1.3.1-25a)

and

t
wyt)= | (t—1) Ay (1) dT. " (1.3.1-25b)

Equation (1.3.1-25a) can be obtained by inspection of differential equation (1.3.1-24a),
while equation (1.3.1-25b) was obtained by using the Green's function of equation (1.3.1-
23) in equation (1.3.1-24b). Since w = w] + wy , we can construct the general solution of
equation (1.3.1-19) by adding the general solution of the homogeneous equation, wy(z), to
the particular solutions wy(#) and w,(#), giving:

w(t) = wy(2) + wi(2) + wy(2),

t
wit)=| (t-1)A(1)dTt+At+B, (1.3.1-26)

where A and B are again constants to be determined from boundary conditions. By
manipulating the definitions of w and v in equations (1.3.1-9) and (1.3.1-19) we can
obtain:

us(t) = % [WT(JQ + v(t)], (1.3.1-27a)



and

U3 = 47 |2+ v

Assuming the relatively reasonable initial conditions of U3(0) = u3(0) = 0 and
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(1.3.1-27b)

U3(0) = 13(0) = 0, then using equations (1.3.1-18) and (1.3.1-26), we can expand
equations (1.3.1-27a) and (1.3.1-27b) to their final forms:

t
t-DA(T) -1
u3(t)=% MZ +emll-l sin(a, [1 - 1]) 74(7) d,
0
and
[ yi-1
w| G=Dryn M4
Us(t) =— — + M sm(a)1 [t—'c])n,('r) dr,
0
where
1(1)- AF3(I) +f(@,
)\'2(1) = AF3(t)a
W = 0)3'72’
in which
= -_m and Fy(f) = F2 +AFx(f)
Wo = \/> 1= _21 m+M T F

(1.3.1-28a)

(1.3.1-28b)

By direct comparison of equations (1.3.1-8c) and (1.3.1-8d) with equation (1.3.1-19), we

find that the forms are identical; so we can adapt the solution of equation (1.3.1-19),
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given by equation (1.3.1-26), to equations (1.3.1-8c) and (1.3.1-8d). The solutions are

respectively:
t
w®=1 (-1 (;’f; S dr, (1.3.1-29a)
0
and
t
w=| -1 (A?S)n) dr, (1.3.1-29b)
0

where I have made the assumption of homogeneous initial conditions. We now have a
full set of equations for the motion of the vibrator as summarized below:

t

w=1 -1 H(© dr (1.3.1-30a)
1 M+m) e
4]
t
w®)=| -1 B0 (1.3.1-30b)
M+m)
0

and

m [ (t-T) AFy(1) ¢ M-7]

u3(t) = -n_‘l M + o
0

sin(o, [ 1] [’::7 AFy(1) + j(‘c)} dr, (1.3.1-30c)

where
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such that
oo=q/It. v =5k,
mM
R=mvm
and

F3(0) = FY + AFy(D).

As can be seen from equations (1.3.1-30a), (1.3.1-30b) and (1.3.1-30c), the

displacement of the vibrator plate is inextricably linked to the forces of the elastic half-
space Fj(T), F5(7), and F3(7). In order to complete the characterization we must have a

description of the deformation and stresses within the elastic half space due to the
displacements u;(?), u,(t), and us(f) of the plate. To accomplish this, we turn to the

representation theorem (Aki and Richards, 1980) which can be used to relate the
displacement field throughout the elastic half-space to sources within a given volume of

the half-space, as well as on the surface of that volume.

1.3.2: Getting the elastic half-space involved

As mentioned, we now need to couple the base plates through the elastic half-
space; this is the topic of this section. We begin by considering a group of N vibrators, the
ith element of which has base-plate displacement characterized by:

ui®): i=12,N and j=123, (1.3.2-1a)

where subscript j indicates three orthogonal components. These base plates are situated

on surface elements:

S :i=1,2,-+-N. (1.3.2-1b)

It is assumed that the three displacements given by equation (1.3.2-1a) completely
describe the motion of the base plate and the half-space under the base plate, with which
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it is in welded contact. This rather severe restriction can be partially justified in the
following manner.

By a rigid plate we have reduced the possible deformations to just a rotation and
displacement. In two dimensions a rotation and translation can be written in matrix form

as:

Uy

iy (1.3.2-2a)

X 1_| cos(8) -sin(B)
[ Y} _[ sin(8) cos(0) M;] ¥

where x and y are the coordinates of a point before deformation while X and Y are the
coordinates of the same point after a rotation by angle 0 and displacements in the x and y
direction given by u, and u, respectively. If the rotation 6 is small compared to unity,

then we can use small-angle approximations to rewrite equation (1.3.2-2a) as:

%] “[é?“ﬂ%zﬂ (1.3.2-2b)
Bl "

where only the translational/displacement term has survived the approximation. This
restriction, however, is not crucial to our development; it only serves to simplify
developments to follow. The forces F:, F and F g due to the half-space acting on the ith
base plate results from the stresses set up in the elastic half-space, either by self-
interaction, interaction with the other vibrators, stresses due to other external or internal
sources, or any combination of these. If we represent the stress field in the elastic half-
space by ©;;, the forces acting on the individual base plates can be represented as:

Fi(n= [ Ojx ni dS (1.3.2-3)
Si

where n; is the outward normal of the surface S of which S; is a part. The surface S,
together with volume V, encompasses all sources of the half-space. Figure (1.3.2-2)
shows this in two dimensions. The surface S and the volume V can be extended to cover
all of the half-space.
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Fig. 1.3.2-2. Source volume in elastic half-space.

We will use the elastic representation theorem (Aki and Richards, 1980) to relate
the displacements of the base plates to the displacements observable throughout the
elastic half-space. Since the only sources are postulated to be those due to the
displacements of the base plates, the appropriate form of the representation theorem

would be:
u X, )= | dt| uy(& ) pipf® 1 Gur (X, £-1; €, 0) dS(D). (1.3.24)
—o S
where u = displacement vector,
X =  observation point vector,
£ =  source point vector,
Gum(X,1-1;6,0) =  nth component of the elastodynamic
Green's function with unit impulse applied
at € and time T, subject to homogeneous
boundary conditions,
G =  partial derivative of the Green's function
with respect to source coordinate &; ,
Vv =  volume of integration containing source
mechanisms,
S =  closed orientable surface containing V,
n =  unit outward normal of surface S,
and Cmiki(§) = elastic tensor at source location £.

We will be considering only homogeneous isotropic half-spaces so the elastic tensor

takes the special form:
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Ciju=h 88y + 1 [8;8;+8;8;] . (1.32-5)

The final connection between the vibrators and the elastic half-space is made
through the constitutive relation: '

G = Cijkt €kl (1.3.2-6)

where

€= % (s + 11 1).

Due to the symmetries of the elastic tensor, equation (1.3.2-6) can be written in the

following more convenient form:

Gij = Cijkt U1+ (1.3.2-7)

Conveniently, we have ready-made solutions for a point force on the free surface
for both vertical and horizontal directions. The solutions come from the works of Miller
and Pursey (1953) for vertical point forces and Cherry (1962) for horizontal forces. They
were calculating the response of an elastic hélf-spacc to a vibrating circular disk where
the traction under the plate is assumed to be known. They then proceeded to derive the
asymptotic expansions to their integral representations. As paraphrased from Cherry
(1962), if the amplitude multiplied by the radius of the disk squared remains finite as the
radius of the disk approaches zero, then we have the response due to a point force on the
free surface. It is just such a response that is needed in equation (1.3.2-4) for the Green's
function. It should be noted that the Green's function we are considering also contain
surface waves, which are perhaps the stronger agent when we are considering vibrator
interactions. This completes the definitions needed to solve the complete set of coupled
equations.

1.3.3: Procedure to solve the idealized interacting-vibrator problem

So far we have developed a complete set of equations describing the motion of the
vibrators, as given by equations (1.3.1-30a) through (1.3.1-30c); however, these
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equations are dependent upon the forces the half-space exerts on the vibrators. The
equation describing the motion of the half-space is equation (1.3.2-4), which in turn
depends on the motion the vibrators. These two sets of equations are related to each other
by equations (1.3.2-3) and (1.3.2-7). If we start with the following initial conditions:

Uy =ur=u3 =0 (1.3.3-1a)

for displacements, and

F| =F,=0and F} = F) (1.3.3-1b)

for forces, we can use the coupled equations to solve for all future displacements within
the half-space. The actual procedure is most easily implemented by numerical integration
and further simplification can be sought by transforming the equations into the frequency
domain. The flow-chart in figure 1.3.3-1 shows how the variables are related to each
other and indicates how an algorithm may be implemented.

In this section we have derived the set of equations which govern the evolution of
a simple vibrator model consisting of a hold-down mass and a base plate joined in series
by a spring and dashpot. A set of these simple vibrators were then allowed to interact
upon a free surface over an elastic half-space. The equations controlling the dynamics of
the elastic half-space were developed. These coupled systems of equations completely
describe the wavefield that would be generated by a given set of the simple vibrators in
the elastic half-space. The numerical implementation of this scheme would certainly be a
wonderful addition to this work but this task is left to the future continuation of this

research.
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Calculated quatities

Required for calculation

—

Relationship of the coupled system of equations

A / \ 4

Initial conditions Vibrator sweeps
u, =u,=u, =0 o
- 1i“; G 1o
Fl=E=0mdF =F
i ok :
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| 0.0 60
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u, (1)

'——> S dl(t)u;_(t)u'g(t) o
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G

T

F(t) , Fi(0) , Fi())

Fig. 1.3.3-1. Flowchart showing how to solve the coupled system of equations.
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2: Composite media as generalized continua

2.1: The composite earth

There can be very little disagreement that the earth is not exactly a homogeneous
elastic isotropic sphere. It can also be stated that the earth, at most scales of interest, is
rather heterogeneous. But given that the earth is a rather complicated object, in particular
the earth'’s crust must be considered to be in this category, we know that some simple
mathematical descriptions actually work well as predictive tools. An example of this is
the success that the elastic wave equation has had in helping us understand phenomena as
diverse as earthquakes as well as seismic sources used in exploration geophysics. If we
were to consider each and every detail that is a building block of the earth's crust we
would very quickly throw up our hands in despair from the shear enormity of the
problem. Being pragmatic creatures, we tend to start lumping the complexity and
describe the lumped object as some simple continuum, such as the simple isotropic elastic
media that have already been mentioned. This process is most evident when we treat the
earth's crust as a simple series of isotropic elastic layers. Even though this is a gross
approximation, we are awarded a certain degree of predictive power. But we know that
this is not the whole story since the dispersive nature of all seismograms, or what appear
to be anisotropic effects, continuously rears their ugly heads. The subject of this chapter
is aimed at finding other dynamic descriptions that take into account more of the internal
complexities of the layers or lumps without abandoning the concept that there exists a
relatively simple continuum that will help us come to a better understanding of the
processes within the actual material that we are investigating.

2.1.1: Where others have gone before and where I have wandered

Any material that at one scale looks to be homogeneous will at some other scale
appear to be heterogeneous, and even possibly discontinuous. To see this, one only needs
to acknowledge the existence of molecules and atoms at some scale. Nevertheless, the
continuum description has been so successful, and the alternative of describing all the
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effects on all the constituent particles so daunting, that we return to the continuum
description with little hesitation. Rivlin (1968) showed, through an averaging process,
how a system of particles each comprised of different mass points can be described as a
generalized continuum and Eringen (1968) showed how to start from a granular
composite and reach the same end, which he calls a micromorphic continuum. Bedford's
(1985) book showed how to use Hamilton's principle and the additional degrees of
freedom of a composite to develop new generalized continuum theories. Generalized
continuum theories have a long history; the prototype of this is the Cosserat continuum
(Mindlin and Tiersten, 1962). A review of this type of generalized continuum can be
found in appendix C. The development in appendix B follows the development of the
normal elastic continuum theory as reviewed in appendix C. Both appendix B and C start
from assuming knowledge of the forces acting on the medium, unlike the development
using Hamilton's principle (Bedford, 1985) where the degrees of freedom in deformation

are assumed to be known.

A composite, as considered here, is just a heterogeneous continuum which at
some scale will also appear to be homogeneous. The behavior of such a continuum may
be quite unique, differing significantly from its constituent parts, at the scale of
homogeneity. Backus (1962) looked at a composite of layered isotropic and transversely
isotropic media and, through averaging, was able to describe the static behavior of the
composite as a transversely isotropic homogeneous medium. Schoenberg and Muir
(1989) extended this idea to layers of arbitrary anisotropy by assuming the same
averaging method as Backus (1962) and found the static equivalent anisotropic
homogeneous medium to the finely layered composite. Others have attempted to use this
basically static description to nonzero wavelengths with some success. The dynamic
effects such as dispersion of the wavelet, have not been dealt with in these cases. In the
next section, I will attempt to generalize Backus's (1962) averaging method, to
mathematically develop a generalized continuum theory consistent with this method of
averaging and hopefully relax the static or zero-frequency assumption. In §2.3 we will
look at more general methods that may lead to future developments.

2.2: A perturbation to Backus's averaging method

Backus (1962) showed a method of averaging a stack of finely layered isotropic
or transversely isotropic media to come up with a statically (or long-wavelength)
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equivalent transversely isotropic medium. I will borrow his averaging technique and try
to generalize it in order to find other forms of dynamic relationships which can be used in
the nonstatic cases.

2.2.1: Defining the averaging technique

The following averaging scheme was introduced in Backus's (1962) paper. He
defined a linear averaging operator in the form:

oo

N =| wE-xAE) dE, (22.1-1)

00

where

w(x) 20 , w(te) =0,

o L=} [~ =]

wx)dx=1, xw(x)dx=0 and xzw(x)dx=lz.

—00 —co —00

Note that I use the notation < - > to represent the average of the quantity within the
angular brackets. For functions f that are approximately constant when x is varied by no
more than /, Backus used the following approximation:

fe)=rf(g - (2.2.1-2)

As a first step one may generalize equation (2.2.1-1) to n dimensions by letting x
represent an n-dimensional position vector and then recast the linear average as:

N =| wE-x)AHdVg, (2.2.1-3)
Voo

such that,

w(x) 20, w(deo) =0,



Easley 61

1
wx)dVy =1, —| xw(xt)dx=0,
Ag

V. -

oo 3

Zl_ X wityde=1I; and Ag= | wixt)dx,
t

—oo —0

where t is a unit vector, indicating the direction for which the appropriate property is
calculated, and V_, represents the limit as a finite volume V is allowed to expand and

cover all space.
Now we attempt to generalize the approximation. Our assumption is, for a
neighborhood around x, where x varies by no more than ¢ in the direction of unit vector

t, the function f can be represented by a Taylor's series as follows:
i i 1 . . . .
Y) =fX) +f(x) ¢ —x) + Efif(x) o' =x) ¢ -x)+ -, (22.14)

where y' are the components of vector y, x' are the components of vector X, f; represents

the partial derivative of f with respect to x', and summation on repeated diagonal indices
is enforced. We now turn our attention to the product of the function f with another
function g and the average of the product:

fax=| wy-x)Ay) gy)dy, (2.2.1-5)
VOO

w(y — ) g(y) [ﬂx) + (%) ' - x') + %f,,-,{x) O =x) ¢ =) + | dVy
Voo
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= Ax) g () + £, [{gx) x) ~ x' (ex)] +

+ %f,,-,(X) [(gx) x ) — 2 (gx) x* ) — x* (g0 o/ ) + X' ()] +

As can be seen by direct comparison of equation (2.2.1-5) and equation (2.2.1-2), the first
term of equation (2.2.1-5) is equation (2.2.1-2). It must be recognized at this point that
equation (2.2.1-5) is only accurate as an infinite series and, if we truncate it, the function f
and all its remaning derivatives must be approximated by some averages as well. This
point seemed to have been glossed over in Backus's (1962) paper. The use of Taylor-
series truncations also entails an assumption of a smooth neighborhood of the function in
question.

2.2.2: Application to linear elasticity

We will now venture to apply the averaging method that was discussed in the
previous section in the realm of linear elasticity. First consider the constitutive relation of

a linear elastic material below:

o¥=c¥,e¥, (2.2.2-1)

keeping in mind the difficulties above. The average of equation (2.2.2-1), by using the
first two terms in relation (2.2.1-5), can be written as:

(0%) = {clue")

=CY, eM + By M (2.2.22)

,"l
where
Clu= <CUJ<1> and BY"= <Cykl xm> -x" <C”k1> -
The linear momentum equation in the absence of body forces is:

o .—pu'=0. (2.2.2-3)

Before considering the average of equation (2.2.2-3), we shall derive a couple of
intermediate results. Consider:
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(0¥ )=] wE'-x)o! &)dw, (2.2.24)
Vo

which can be cast in another form by the following reasoning:

Aw(&' - ) o)) _ Bwee'~ x) do(&)

S + W& - x')

oF/ ot/ or/
=— _a_w(_g_x.;_xl Gij(ii) + w(&i _xi) 0"}(&’) 2.2.2-5)

When relation (2.2.2-5) is used in equation (2.2.2-4) we have:

i Aw(E' - x oY
(c.{,j> = % | dVg +
V. V.

aw(ii-xi) ij oy i
—— oY(&H dV;
~ ° €HdV

[we’ - x' 69 n; dg+— | wE'-x) oUE) v
Se V.

=(c¥) ;. (2.2.2-6)

where we have used the divergence theorem and the fact that w goes to zero on S... We
shall now use equation (2.2.1-5) to recast the average of the product of density and

particle acceleration as:
<p ii') U DU WUV (2.2.2-7)

where

p=(p) . K" ={px™)-x"(p),

and
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n 1 m m -n n m m n
v™ =-2-(<px x")—-x <px>—x <px >+x X (p))

Note that we have chosen the highest order of spatial differentiation in the displacement
in order to be consistent with the terms kept for linear deformation in equation (2.2.2-2).
The equation of motion (2.2.2-1) can be averaged in the following manner:

(a7 )-(pu)=0,
which, upon substitution of relations (2.2.2-6) and (2.2.2-7) becomes:

(o —u'p~u'pu™ =iy v™ =0, (2.2.2-8)
Using equation (2.2.2-2) in equation (2.2.2-8) results in:

[Cllet+ B €] =il iy =0, 2229
Equation (2.2.2-9) can be put into a more useful form by using the following relations:

ki

€ =-;—(uk’l+ul‘k) ,

Cy=C and BY" =B,
which upon introduction to equation (2.2.2-9) is transformed into:

[ weg+ B ) iT WP = iy W= U,y V"= 0. (2.22-10)

I have been able to gain some headway in deriving equation (2.2.2-10) as a direct
consequence of Hamilton's principle as outlined in Bedford's (1985) book. This is an
interesting mathematical exercise, but how can we use the new generalized continuum
description to give us more information? As a step towards answering that question, we

shall look at the simple situation of a plane wave propagating through this medium.

2.2.3: A plane-wave solution

Consider the possibility that there exist plane-wave solutions to equation (2.2.2-

10) of the following form:



Easley 65

u'=Ap exp(i [ks X - t]) =Ap" exp(i k [n, x°—v t]) (2.2.3-1)
where

W = displacement vector,

A =  amplitude,

pr = unit polarization vector,

k; =  propagation vector,

X o= spatial coordinate vector,

® =  angular frequency,

t = time,

k =  magnitude of propagation vector |k = Vk:k*
and

ng, = unit vector in direction of phase propagation.

On substituting equation (2.2.3-1) in equation (2.2..2-10 and assuming C and B are
constant tensors, we arrive at:

[_ Cabc‘lkd kb =1 Bapede kd kb ke + ('02 5 8ac +i He k¢ mz 8ac - Vefke kfmz 5ac‘]pc =0,
(2.2.3-2)
where

8, = Kronecker delta.

d d
Using the identity k =k n we can recast equation (2.2.3-2) in the following form:
[?8,.-Co]pi=0. (2.2.3-3)

where

C* i (Cabcd nd nb) +1i (k Bapcde nd nb ne)

“ (5 K vefne n’)+ i(k 1, ne)

In order that equation (2.2.3-3) have nontrivial solutions, the following condition must be
satisfied:

det [v2 8, - C;] =0. (2.2.3-4)
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Equation (2.2.3-4) is of the form of an eigenvalue problem. The eigenvalues
resulting from its solution will be the phase velocities. It is interesting to note that when k
= 0, equation (2.2.3-3) takes on the same form as the velocity equations in standard
elastic media. This also means that if we have a finely layered composite we can use
Backus's (1962) or Schoenberg and Muir's (1989) averaging scheme to get the elastic
constants for C. The velocities obtained from equation (2.2.3-4) will in general be
complex, indicating attenuation and dispersion are possibilities. Once the eigenvalues are
obtained, equation (2.2.3-3) can then be use to solve for the polarization vectors
(eigenvectors).

This seems to be a reasonable means to find other dynamic relationships which
could be used to describe a composite but it does seem to be a bit ad hoc. In the next
section I will discuss a more general method which has the potential to set this direction

of investigation on a more solid footing.

2.3: Other possible directions for investigation

It is probably a good idea to start from the basic definitions of deformation rather
than the short-circuit method we have been using to describe the composite. I will use the
Lagrangian, or material, description of motion. The notation I shall use is identical to that
used in appendix B. I will describe it again here to avoid too much flipping back and
forth.

As our composite continuum is deformed, the individual points of the continuum
traverse different paths. If we now identify all the points within our continuum in some
fixed reference configuration with a coordinate system, say X'51=1,2,3, then we can
track the motion of a particular point, for which we now have a unique label. We will set
up another coordinate system to track the instantaneous motion of the labeled point. Let

the coordinates of this system be symbolized by xX3i= 1,2,3. When convenient I will
also use vector notation such as X = (Xl, X,, X3) and x = (xl, X3, X3). The actual motion of

a point of concern can be written as

Xi=X‘{X],X2, X3, t), (2.3-13)
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x=(X, 1. , (2.3-1b)

Equation (2.3-1b) gives the location of point X =(X|, X, X3) at time . If we were to track

this same point for a period of time we would have a complete description of the motion
of that point. Since we have this description for all points within our continuum, we also
have a precise description of the deformation of the continuum. This is a very short
summary of the Lagrangian (or material) description of deformation, for a very detailed
analysis try volume 2 of the Continuum Physics series edited, and heavily contributed to
by Eringen (1975). This is a very complete work and not an easy read.

We could attempt to describe, using equation (2.3-1b), all the motion of all
constituent parts of our composite continuum. This, in many practical situations ,is not an
easy task since there may be many different constituent parts and the associated motion
can be quite complex. One way we could proceed is to ask if there is any macroscopic
phenomenon which can be observed that is of interest that is not completely tied to all the
microscopic fluctuations within the continuum. If the answer is yes, then we can start to
look for a mathematical means of isolating this macroscopic effect. A common method
that is used assumes that the small fluctuation are random in some sense and tend to
average out, so we can look at what happens if we average equation (2.3-1) using the
same averaging scheme as in equation (2.2.1-1). When the average is applied we get

X, 0)= | WER(X-E 1)dVz, (2.3-2)

where the integration is over material coordinates E = (E P o 53). If we make the
assumption that within the neighborhood specified by the weighting function, w, we are
able to expand equation (2.3-1) as a Taylor's series around the material point X, then we
can write

X(X -E)=x(X)+x' fX) 2 + % X EFEl e (2.3-3)
where I have deliberately left out the explicit dependence on time, ¢ . This is done to
simplify the equation, and from this point, I will leave out the explicit dependence of the

material point X, since it is understood to be present as well. Substitution of equation

(2.3-3) into equation (2.3-2) results in:
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(N=x'+x, ] Wz sfdvsuf,n% w(E) 2Xzlave+ - -

=x'+x L1 e xR (2.3-4a)

where I have defined

L=| wE)z dv

V- (2.3-4b)

and

k-l

5| wE) =X=lave. (2.3-4c)

It is not too surprising that we can express the average of the motion as a function of the
actual motion and its partial derivatives, but what we would like is the opposite; namely,
the actual motion as a function of its average and the partial derivatives of its average.
Towards this end we begin by taking the partial derivative of equation (2.3-4a) with
respect to X; and form a product with L1%, which, with judicious change of dummy

variables, allows us to write:

J ] J ] J 7K ] JK y4L
(L =x L e xd et LK iy 127010 (2.3-52)

Upon subtracting equation(2.3-5a) from equation (2.3-4a)we arrive at:

() =Gy L1 =0 e (270 - L1 L1 %) o g (1375 - 127K 1)+ (2.3-5b)

By repeating the process that gave us equations (2.3-5a) and (2.3-5b) we are able to bring
all the averaged quantities to the left-hand side of the equation and leave only x' on the
right-hand side. We will go one step further to solidify the process. We will now take the
second derivative of equation (2.3-4a) with respect to X; and Xy, then form a product

with (LZJ K_p1'n K) Again with judicious change of dummy variables, we get:
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(o (L2 = L1 V) = x e (1275 - L1 L9 2y LI (027K - L LK)+
(2.3-6a)

Mirroring the step that gave us equation (2.3-5b), we subtract equation (2.3-6a) from
equation (2.3-5b) to arrive at:

() =G LY = () e (L2 - LV L1¥) = ey +
+xl e (L3 - L2 nf) - (2 L LR+ (2.3-6b)

By repeated application of the process we arrive at:

xt= () + () ) AL+ (o) g A2K 4+ () g ABTEE 4

, (2.3-7a)
where
Al =—L1/, (2.3-7b)
AKX =_ (2% 11’ %), (2.3-7c)
A3KL = {137k 2 127K L1k L1 11K LY, (2.3-7d)

and so on. Equation (2.3-7a) tells us that the averages and their gradients have the
potential to tell us about the actual motion. This means that meaningful dynamic relations
can be derived from the averaged quantities and their gradients. One possible method is
to truncate equations (2.3-7a) and substitute these into dynamic equations derived from
x!. Another more direct method is to assume that, in a composite the individual terms (x?),
(x) , (x) jx ,and so on, represent independent degrees of freedom, insert them into
Lagrange's equation, and see what types of dynamic relations result from Hamilton's
principle as outlined in Bedford's (1985) book.

There seem to be many avenues to investigate and many have been tried with
mixed results. There is even an entire book by Christensen (1979) on this very subject but
there is a lot of room for additional work. I believe that whole area of generalized
continua has only seen cursory application in geophysics, such as in Biot mixtures (Biot,
1956). Perhaps the phenomena we will be investigating are second-order type effects; but
from the lack of success of some of our standby methods to many real problems it is well
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worth investigating. Real problems aside, the subject has enough depth to provide ample
mental challenge for anyone with the interest.
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3: Elastic tensors and their preferred frames of reference

3.1: A brief review

Even though tensors have an existence independent of what frame we choose to
represent them in, it is inevitable that we need to utilize the numbers representing the
tensor in some particular frame of reference. The elastic tensor is no exception; if we
choose the wrong frame of reference, the tensor components will in general all be
nonzero, a situation that is cumbersome to work with, even though correct. If we choose
the preferred frame, we gain two things: minimization of dependent nonzero elements
and information as to the symmetry orientation represented by the elastic tensor. In real
experiments where elastic constants are inverted from group- or phase-velocity
measurements (Vestrum, Brown and Easley, 1996), we may not be fortunate enough to
know exactly what the preferred frame is or even to what symmetry class the material,
from which we took measurements, belongs. In this situation, when confronted by a
bunch of elastic constants, a method to determine the preferred frame from these would
be invaluable. I propose to approach the problem in a statistical manner (Easley and
Brown, 1992, Easley, 1993b).

Many people have devised means to take an elastic tensor represented in an
arbitrary frame and determine the symmetry properties of the underlying tensor. Most
notable is the work of Backus (1970) who decomposed the representation of the elastic
tensor to a series of vector bouquets and showed that, by direct observation of the
symmetry of these bouquets, one can determine the symmetry of the underlying tensor. A
second method is described by Baerheim (1993). He notes that the symmetric mapping of
the asymmetric part of the representation of the elastic tensor is diagonal in the preferred
frame of reference for all crystal classes except triclinic, monoclinic and trigonal cases.
Thus the diagonalization of this matrix will yield eigenvectors that should represent the

preferred coordinate system.

These are both good methods with some points which can be built upon. The
method of Backus requires visual inspection, which can probably be automated, and there
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is no work which shows how stable the technique is to small perturbations. The method
of Baerheim is direct but is not universally applicable, and I have not seen the effects of
small perturbations on this method. Thus I propose to study a statistical method that
should be universal and, by its statistical nature, not sensitive to small perturbations. It is
a good idea to have a good concept of how to deal with tensors and frames before
proceeding to methods; so I will quickly review these aspects.

3.1.1: Preliminary mathematical considerations

We will use the definition that a tensor T of order m is a multilinear functional on
an n-dimensional vector space Vj equipped with an inner product ( -, - ). These are all
abstract quantities, which is the definition used by Backus (1970). The properties of T are
determined by choosing an arbitrary set of m vectors from Vy such as {v,,v,, ---,v, },
and examining the scalar defined by T(v],vz, ---,v,, ) and doing this for all sets of
vectors {v,,v,, ---,v, ). This method, though correct, is a rather daunting task. In
practice, we choose an orthonormal basis in Vj,, say (XX, -0 X, }, then represent the
vectors above as v; = (VX j) X; for i = /,...,m, summation on repeated indices being in
effect. This convention differs from other sections by the fact that the indices do not have
to be in a diagonal position for summation to be implied. This should be no problem since
we will deal only with orthonormal basis throughout this section. With this in mind we

can write:

T(vl’ v2’ T vm) = (VI,le)(V2,Xj2)"'(vm,ij) T(le, sza Tty xjm) ) (3-]1“1)

where we have relied heavily on the multilinearity of T, that is for any set of m scalars
{0, 0y, - - - ,0,t We have: T(ay vy, 0ty Vg, ==+, O, V) = 0Ly O - - - 0, T(V), ¥y, o, v,).

To cast equation (3.1.1-1) in a more familiar form, we can define the following scalars:

T = T X -0, X5 ) (3.1.1-2a)
V= (v,X;) (3.1.1-2b)

Véz =(v2X;) , (3.1.1-2¢)
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Vin= (VpX; ) , (3.1.1-2d)

The scalar on the left-hand side of equation (3.1.1-2a) is just the commonly used tensor
component. The scalars on the left-hand sides of equations (3.1.1-2b)-(3.1.1-2d) are the
components of the vectors. All of these scalars are defined only with respect to the basis

we choose. Thus equation (3.1.1-1) can be rewritten with the aid of definition (3.1.1-2)

as;
T(V), Vo -+, V) = VWPl T (3.1.1-3)
Now consider the case when we have a different orthonormal basis {X}, X, - - - ,X,, }. Then
definition (3.1.1-2) and equation (3.1.1-3) give us:
T(;ll’ ~‘2’ ’ ;im) = i:l'Z im = ':J’:;/‘l; ~i:n" Tiyevtjm: (3.1.1-42)
where
X, = (X)), (3.1.1-4b)

are just the direction cosines relating one frame to the other. Equation (3.1.1-4) shows
that the components of a tensor can be quite different from one frame to the other, and
this equation also provides a means of going from one to the other. The elastic tensor is
no different. Its components are directly related in the same fashion to the frame of
reference we choose to express it in. This is all the mathematics we need in order to

develop the statistical technique that follows.

3.2: Statistical determination of elastic tensor's preferred frame

I will use the standard two-index notation for all the development. All bold-face capital
letters will represent the tensor which underlies the matrix representation. It should be
noted, that the matrix notation is only a short-hand used to list all the possible
independent components of an elastic tensor and not the tensor itself. In other words, one
must not confuse the matrix with the tensor itself. If one has this clearly in mind, then
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equalities, such as the one in equation (3.2-5), should not confuse the reader. A reference

for the two-index notation can be found in Baerheim's (1993) paper. 1 will be developing
the idea for an elastic tensor of the cubic symmetry class. The ideas are easily transferred
to other symmetry classes. The cubic elastic tensor represented in the preferred frame of
reference has the following form in two-index notation:

"Cyy Cha C, 0 0 O
Cpo Cy C2 0 0 O
| C2 C2 €yhb 0 O O 2.5
C 0 0 0 Cu 0O 0 , 3.2-5)
0 0 0 0 Cua O

0 O 0 0 0 Cu |

where Cj; are the elastic stiffness coefficients. This shows that the cubic elastic tensor has

only three independent elements. Now consider the same tensor is some arbitrary frame
of reference. In general its representation will no longer be as simple in appearance as
equation (3.2-5) but will have many nonzero entries as:

(A} Aln Ay Ay Ajs A |

C = , (3.2-6)

where I have included a prime above C to indicate another basis function has been used to
represent this tensor. In our present discussion this means the tensor representation has
been rotated into another configuration. In order to find the frame which causes equation

(3.2-6) to become closest to equation (3.2-7), I propose to form the new matrix below:

[ By B, B, 0 0 O

By, By B, 0 0 O

g=| Biz B Bun 0O 0 O , (3.2-7)
0 0 0 By 0 O
0 0 0 0 By O

. O 0 0 0 0 44

where
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By = %(An +Axn+A3) ,

Bys = %‘(AM*‘ASS + Ass)
and By = %(A12+A13 +A2) .

Of course, equation (3.2-7) is not the only representation we could choose, nor are we
stuck with only one representation matrix. We could just as well choose several matrices
like (3.2-7) and proceed equally with all of them through the following steps. We now
form the difference E = R(B - C'), which I will call the error tensor. Note that if we did
have several representation matrices, B, we could index them and form a series of
indexed error matrices, E, before proceeding. The symbol R(-) represents the rotation
from one frame of reference to another, as given by equation (3.1.1-4); this is where the
distinction becomes important that the rotation is actually performed on the tensor and
not its two-index matrix representation. The rotation can be represented by Euler angles
or some other set of three appropriate variables. Let the matrix representation of E have
the elements E;;. We now form the scalar:

6 6
e=y, > wiE?, (3.2-8)
i=1j=1

which shall be called the error term, in which weights w;; have been introduced to add

additional control. If we had more than one error matrix, we could at this point calculate
an error term for each of them then form a weighted sum before going on. At this point
we are free to use a number of optimization techniques (Press, Flannery, Teukolsky and
Vetterling, 1988) to minimize equation (3.2-8). The template matrix, B, can be
customized for all symmetry systems in the same manner as above, and so is not
restricted to cubic symmetry. When equation (3.2-8) is minimized, the resulting B will be
our closest representation of C within the confines of this fixed symmetry system. We
can also examine the error matrix, E, to see how the error is distributed and to see the
magnitude of the individual terms. If we are to compare one symmetry class with another
and have the error scalar have any meaning it is necessary to insure all the elements in the
error matrix E is as random as possible. Visual inspection is one way to determine
randomness, but, a better way is to use a measure of randomness such as the Shannon
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entropy measure or the varimax norm. With the error scalar and the entropy measure we

can determine the best representation to be the one which minimizes the error scalar and
maximizes the entropy. The Euler angles will define the new coordinate system, which
provides information as to the underlying symmetry of the tensor, A. There is a host of
error-minimization routines to perform just this task (Press, Flannery, Teukolsky and
Vetterling, 1988). This procedure is represented in flowchart form in figure 3.2-1.

Output: Euler angles
which rotates input
tensor into optimum
frame, B, E and e.

Given a cubic
tensor in some
arbitrary frame.

otate C using Euler angles
o reduce the magnitude of e.

A=[Cn+Cyp+Cyli3
B=[C,+ Css+ Cl/ 3
C=[Cpy+Cy+Cl13

Calculate template
B from C.

cocoNOx»
coon»n
ococoxnNn
ocogmooo
oOWOoOoOoO
WOOOOO

Calculate error

matrix E. Calculate error

scalar e.

Fig. 3.2-1. Flowchart for a method to determine the preferred frame of
reference of the elastic tensor (cubic example).

3.3: The proof of the pudding ( the numerical trial )
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To see if this method works, I programmed the algorithm represented in figure
3.2-1. The numerical trial begins with a specific cubic elastic tensor in one of its preferred
frames and represented in standard 6x6 matrix notation as:

[ 3.1500 1.8500 1.8500 0.0000 0.0000 0.0000]
1.8500 3.1500 1.8500 0.0000 0.0000 0.0000
C= 1.8500 1.8500 3.1500 0.0000 0.0000 0.0000 (33-1)
0.0000 0.0000 0.0000 2.5000 0.0000 0.0000| '
0.0000 0.0000 0.0000 0.0000 2.5000 0.0000

| 0.0000 0.0000 0.0000 0.0000 0.0000 2.5000|

The frame of reference is then rotated by the Euler angles 6 = 35°, ¢ = 16° and y = 52°.
This results in a matrix representation of C very different from equation (3.3-1), as shown
below:

[ 35169 1.8237 1.5094 0.0003 0.7344 —0.1172]
1.8237 3.3647 1.6616 0.5416 —0.0610 0.2429
Co| 15094 16616 3.6789 —0.5419-0.6734-0.1257 (332)
0.0003 0.5416 —0.5419 2.3116 —0.1257 - 0.0610| '
0.7344 —0.0610 - 0.6734 —0.1257 2.1594 0.0003

[~ 0.1172 0.2429 - 0.1257 - 0.0610 0.0003 2.4737 |

The prime in equation (3.3-2) indicates that a rotation of the frame of reference has
occurred, but we must keep in mind that we are still dealing with the same physical
tensor. As can be seen by the representation of tensor C in equation (3.3-2), it would be
difficult to determine what symmetries, if any, may exist for this tensor. Following the
recipe outlined by the flowchart in figure 3.2-1, we calculate the template associated with

C as given by equation (3.3-2). This results in:

[ 3.5202 1.6649 1.6649 0.0000 0.0000 0.0000 ]
1.6649 3.5202 1.6649 0.0000 0.0000 0.0000
B.—| 16649 16649 35202 0.0000 0.0000 0.0000 (3.3-3)
I=1 0.0000 0.0000 0.0000 2.3149 0.0000 0.0000 [ '

0.0000 0.0000 0.0000 0.0000 2.3149 0.0000

| 0.0000 0.0000 0.0000 0.0000 0.0000 2.3149|

where the subscript 1 indicates that this is the template associated with the first iteration
and that no rotations have been applied to equation (3.3-2). By direct comparison with



Easley 78
equation (3.3-1) we can see that there is a large difference between the two matrices. The
error scalar associated with this template is € = 3.580657, which is rather large. We now
attempt to find rotations which will minimize the error scalar. At each stage of
minimization a new rotated realization of the elastic tensor C  is calculated, as well as its
associated template. This procedure is repeated until our optimization criterion is met.

For this case, 14 iterations were necessary to satisfy the optimization criterion using
Powell's method (Press, Flannery, Teukolsky and Vetterling, 1988). At this point the
Euler angles were found to be 8 = - 52.000027, ¢ = — 16.000008 and y = 55.000027.

When these Euler angles are used to rotate equation (3.3-2), the following results:

[ 3.1500 1.8500 1.8500 —0.0000 —0.0000 0.0000 |
1.8500 3.1500 1.8500 0.0000 — 0.0000 — 0.0000
C | 1:8500 158500 3.1500 -0.0000 0.0000 0.0000 (3.34)
—~0.0000 0.0000 —0.0000 2.5000 0.0000 0.0000 | '
-0.0000 - 0.0000 0.0000 0.0000 2.5000 — 0.0000

0.0000 - 0.0000 0.0000 0.0000 —0.0000 2.5000 |

By directly comparing C of equation (3.3-4) with C of equation (3.3-1) we find that they
are identical to four decimal places. The error scalar is zero also to four decimal places.
We have come full circle and found a set of Euler angles which will give a reference
frame in which our elastic tensor will have a representation in its standard form.

I have developed a rather simple statistical method to find the preferred frame of
reference of an elastic tensor and was able to show that it works in the simple cubic
symmetry case. Additional numerical trials would be useful to further test this method, as
well as applying this method to real experimental data (Vestrum, Brown and Easley,
1996). The method used here is the most basic one as outlined in the flowchart of figure
3.2-1; the other symmetry classes may require some of the enhancements as outlined in
section 3.2. This, however, is the stopping point I will choose for this chapter.
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4: Synthetic seismograms for P and S waves using the
Goupillaud model

4.1: A brief review

This chapter is based on research that I have had the privilege to work on with
Darren Foltinek (Easley and Foltinek, 1993) as a part of the CREWES project. I must
also thank Dr. Krebes for giving us a copy of his code for the calculations of Zoeppritz
coefficients. The modeling method that is the workhorse of this method has a long
history. Before I proceed we will quickly review some of material that comprises this

method and some of the other work that has been done in this area.

The wave equation describes the propagation of plane waves within homogeneous
layers as simple time delays; by this, I mean that the waveform is constant within any
homogeneous layer, since there is no divergence or other geometrical effects and in a
homogeneous layer there is no partitioning of the energy of a plane wave. The only
perceptible change, at a point within the medium, is a time-delayed version of the
waveform. When the wavefront impinges on an interface, the boundary conditions, along
with the wave equation, specifies a partitioning of the wave field. This naturally gives rise
to the definition of reflection and transmission coefficients. Imposing the constraint of
having interfaces at discrete equal time intervals results in the Goupillaud model. This
model has been studied by many researchers. For example Hubral, Treitel and Gutowski
(1980) use this to study the spectral models of a layered earth system. Their studies are
- based on the z-transform, which is a frequency domain implementation of the Goupillaud
model. Mendel, Nahi and Chan (1979) proposed a different formalism based on the state-
space model. It is this method that is expanded upon here. The reason for using the state-
space approach is the ease by which more sophisticated processes can be implemented,

- such as absorption (Aminzadeh and Mendel, 1983), isolation of multiples (Aminzadeh
- and Mendel, 1980), and the inclusion of P and S waves within the Goupillaud model, this
last of which is our contribution to the subject. The time domain, the domain of the state-

space model, also appeals more directly to the intuition.
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4.2: A bit of the theory

It is always a good idea to go into a bit of the details of the method before looking

at some of the results; so that is what we will now do.

4.2.1: Traditional nonnormally incident Goupillaud model

Consider horizontally layered elastic media bounded above and below by half -
spaces, either or both of which may be a vacuum. Within the ith layer, we assume the
existence of upward and downward propagating particle displacements with plane phase
fronts. The notation I have adopted to represent these particle displacement disturbances
are explained in figure 4.2.1-1, where: U stands for upward propagating, D stands for
downward propagating, P represents compressional particle motion, S represents shear
particle motion, subscripts represent the layer number to which the disturbances are
confined and 7 is the delay time of a particular wave type within the layer. Therefore,

DP((t) represents a downward propagating compressional wave in layer i at time ¢.

Type of particle displacement |

Delay time of
wave type in layer

[Layer in which diplacement is confined

Fig. 4.2.1-1. Particle displacement notation.

When these disturbances impinge on an interface, the energy is partitioned into up- and
downgoing compressional- (P) and shear- (S) waves (figure 4.2.1-2). From this
partitioning, reflection and transmission coefficients are defined at an interface.
Modifying Aminzadeh and Mendel’s (1982) notation, it is assumed that at time ¢ the
downward propagating disturbance has reached the bottom of layer i (DP(t), DS,(?)),
and the upward propagating disturbance has reached the top of layer i (US (1) , UP(1) ).

Additionally, the following disturbances are defined:

UP;(t) = UP{1+1F) = upgoing P-wave at the bottom of layer i,
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DP,-'(I) = DP(t+1F) = downgoing P-wave at the top of layer i,
US(1) = US(t+75) = upgoing S-wave at the bottom of layer i,

and

DS;-(t) = DS(t+1}) = downgoing P-wave at the top of layer i,

where TF and 15 are the compressional- and shear-wave traveltimes of layer i. It is
important to realize that at time ¢ only the displacements defined at time 7 exist; for
instance, all the primed disturbances will become the future unprimed variables when
they reach the appropriate interfaces (figure 4.2.1-2). Using the transmission and

reflection coefficients, we can relate these wavefields to each other by:

DP,, (1) = R¥FPPUP,, (1) + RPPUS,, (1) + TIPPDP(1) + TSPDS 1) | (4.2.1-1a)

DS.,,(t) = RPSUP,, (1) + RPSSUS,, (1) + TPSDP(t) + T°DS(1) (4.2.1-1b)

UP;(t) = R DP(t) + RSPDS (1) + TPPPUP,, (1) + TPFUS (1) | (4.2.1-1c)
and

US{(2) = RPSDP(1) + RISSDS (1) + THSUP,, (1) + TPSSUS,, (1) @2.1-1d)

The superscript b in reflection and transmission coefficients indicates partitioning of the
wavefield as viewed from the bottom of an interface, and the superscript ¢ indicates
partitioning of the wavefield as viewed from the top of the interface. The first uppercase
superscript indicates the incident wavetype and the second the scattered wavetype.
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Interface i-1
| .
I
I Layer i
Y 50
'
‘ I/
Interface :
Layer &1

Fig.4.2.1-2. Partitioning of waves at interfaces.

These energy partitioning equations apply to plane waves within arbitrary
horizontally layered models. The Goupilllaud models are such that the traveltimes in all
layers within a model are constant. By the device of interfaces with zero reflection
coefficients and unit transmission coefficients, the approximation to a true depth model
can be approached to any degree of accuracy by making the traveltime in each layer as

small as necessary.

In plane horizontal layers with plane waves, the wave parameter, p = sin 8/Vis
constant (by Snell’s law) and therefore the traveltime for each wavetype is constant
within a single layer. But, the P- and S-wave traveltimes through a given layer differ from
each other. This prohibits the use of a single Goupillaud model for modeling both wave
types. It is important to note that the equations thus far deal with the entire wavefield
within a single model, while the numerical scheme that is implemented separates the P

and S wavefields into two separate Goupillaud models.
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4.2.2: Coupled P- and S-wave Goupillaud models

The method used here to accommodate the differing P and S traveltimes is to run
separate Goupillaud models for the P and S waves. These models are approximations of
the true depth model. The approximation is accomplished by representing the traveltime
in the ith depth layer as an integral multiple of a small constant time increment, Az. This
approximation constrains the Vp / Vg ratio within each layer of the coupled Goupillaud
models to be a rational number. Since rational numbers are dense in the reals, we can
achieve any degree of accuracy desired by reducing the time increment, At. The
transformation from the true depth model to the coupled Goupillaud models is shown in
figure 4.2.2-1. Note, however, that the coupled Goupillaud models represent an exact
depth model which differs slightly from the original.

Depth Model P Model S Model

HITH

Fig 4.2.2-2. Transformation of depth model to P- and S-wave Goupillaud time models.

The rules for transforming the ith depth layer having P velocity V,-P , S velocity V,-S,
and thickness h; resulting in compression and shear traveltimes tF and T3 respectively,

into the two equal-time models are:
nP At =P, 4.2.2-1)

and

n$ At =15, (4.2.2-2)
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where n” and nf are integers determined by our chosen At. This procedure introduces a

time error for both P- and S-wave traveltimes in the ith layer given by:

F=1P-nPAr (4.2.2-3)

and
d=15-nfAr, (4.2.2-4)

respectively. The total number of time layers within the two Goupillaud models will be:

N
My, = Z nf
=l : (4.2.2-5)
in the P-wave Goupillaud model, and
N
M s= Z nf
i=1 1] (4.2.2'6)

for the S-wave Goupillaud model.

Since, we have discrete time intervals, it is appropriate to change the time
variable, ¢, into a discrete variable, j, that is represented as a second subscript for each of
the wave types. As stated previously, an upward propagating disturbance is assumed to
have reached the top of layer i and the downward propagating disturbance to be at the
bottom of this layer at discrete time indices. The wavefields designated with a prime are,
by our convention, the same as the unprimed wavefields within the same layer advanced

in time in the following manner:

DP,;=DP, ,, (4.2.2-7a)

,

ij+1 >

(4.2.2-7b)

UPi,j = UP,; j+l o (4.2.2-7¢c)
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and

US; ;= US, ;41 , (4.2.2-7d)

where the index j represents a discrete time variable with unit time step, and therefore
t = j At . The relationships (4.2.2-7a-d) allows equations (4.2.2-8a-d) to be rewritten in

their discrete form and separated into converted and non-converted modes as:

U* i1 =RED*, + TEU* (4.2.2-8a)

D*;yy juy = RETU*,,, j+ T"D*, (4.2.2-8b)
and for the converted waves:

U0i+1,j+l = R;*OD*i,j + T,'b*OU*,'H,_,' ) (4.2.2-8¢)
and

DOy jp1 = R?*OU*HI,j + Tir*oD*i,j . (4.2.2-8d)

Equations (4.2.2-8a), (4.2.2-8b), (4.2.2-8a) and (4.2.2-8b) explicitly give the state at time
index j+1 in terms of the states at time index j for all layers i ; therefore, these equations
provide a means to generate all the states in all the layers from some given initial state at
an initial time index. The symbol * represents the state within a single Goupillaud model
and the 0 symbol represents the converted state which must be introduced into the
coupled Goupillaud model at the same time and appropriate layer. The reflection and
transmission coefficients are calculated from the Zoeppritz equations (Aki and Richards,
1980). This provides all the necessary theory to generate full P and S body-wave
synthetic seismograms within the Goupillaud framework.
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4.3: Synthetic seismogram examples

Since all the descriptions above is for a computer algorithm so we shall now

proceed to taste the fruits of our numerical implementation.

4.3.1: The pictures that are worth a 1000 words

The following simple model was used to demonstrate the algorithm. The model
consists of three layers with the following parameters:

Depth(m) | Vp(mis) | Vg(m/s) |Density (kg/m?)
0 4000 | 2100 2450
1200 4500 i 2700 2650
3000 5400 3100 2700

Figures 4.3-3 contains the synthetic seismic sections for the horizontal and vertical
displacements associated with this model. The sample interval for this model is 2ms. The
synthetic was generated with a P-wave source located on the surface and receivers at even
depth intervals. Note the reflected up going P wave energy as well as the converted up
going S-wave at the first interface. Further down in time the evidence of multiple energy
of both wave types is clearly shown. The surface interface was defined as being a
perfectly elastic reflector with no mode conversion taking place. This choice for surface
conditions is arbitrary, we could have also defined it as a proper free surface. The purpose
of this choice was to simplify the appearance of the synthetic seismogram.

Vertical Component ' Horizontal Component
Depthjf—————
o —

1 il h—
== =y

”-_lll
'f"- X

30001 ‘
Time (ms) 1000

Fig 4.3-3. Vertical and horizontal VSP sections.
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4.3.2: At what cost ? (Run time Considerations)

One of the major reasons for the development of this method of modeling is the
speed at which the algorithm runs. For a 1200 layer Goupillaud model, a two second
synthetic seismogram was generated on a Sun Sparcstation II in 23 seconds. Due to the
nature of the algorithm, the code is highly parallelizable and therefore could easily take
advantage of modern parallel computers.

4.4: Always more to do. Possible enhancements

The Vstatc space framework allows many easy to implement enhancements; some
of these are the ability to generate primaries only seismograms as well as sciémograms
with any particular order of multiple, this is called Bremmer decomposition (Aminzadeh
and Mendel, 1980). Absorption can also be incorporated (Aminzadeh and Mendel, 1983).
To more closely match real data the plane wave synthetic seismograms can be combined
to form line or point source seismograms (Aminzadeh and Mendel, 1982). The
seismograms can also be generated at any offset.
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5: Conclusions

5.1: Shear waves from vertical vibrators

The chapter dealing with this topic is split into two sections, each dealing with a
different theoretical approach in the investigation of vertically incident shear waves from
interacting vertical vibrators. As far as I am aware, up to this point, no theoretical analysis
supports the existence of vertically incident shear waves from interacting vertical
vibrators, though this phenomenon has been observed experimentally under many
different situations.

The first approach generalizes the approach taken by Dankbaar (1983). He
assumes vibrators in counterphase do not interact and act as vertical stresses in
counterphase. In his analysis equations of motion are derived showing no evidence of
vertically incident shear waves. I made the assumption that when the vibrators interact,
the sources can be modeled as displacements in counterphase. With this assumption, 1
derived the equations of motion which show that, under this circumstance, the existence
of vertically incident shear waves is a natural phenomenon. The actual interaction of
vertical vibrators is probably not simple; therefore, both approaches tend to show the
possibilities rather then the actual situation. In reality the system of forces best
representing interacting vibrators is not a couple or double couple but a rather
complicated system that is dominated by a few terms. This analysis proposes one such
term which predicts the existence of vertically incident shear waves. More detailed
experimental evidence may help to sort out which descriptions are more appropriate.

The second approach follows the development of Tan (1985). Tan's approach
consists of fabrication of simple two-dimensional (2-D) mechanical models which are
meant to mimic 2-D vibrators; these 2-D vibrators are placed on a frictionless surface of
an elastic half-space and allowed to interact by coupling through the half-space. Since the
equations governing the motion of the vibrators and the half-space is known, it is possible
to calculate the displacement field of the combined system. Here again no vertically
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incident shear waves were shown to exist. I believe the main cause of not observing
vertically incident shear waves is due partly to the frictionless surface assumption. This
method of modeling is, however, more general than the first method, and appears to
assume less. I adapted the method by creating 3-D mechanical systems, I believe, better
correspond to real vibrators and I assumed they were in welded contact with the free
surface. I then derived all the equations necessary to model this new coupled system. A
flowchart on how to compute the actual displacement field is given. Even though the
development stops short of actual numerical implementation, it is not hard to imagine
what would happen when a vibrator in welded contact with the free surface interacts with
the Rayleigh waves, with retrograde elliptic motion, generated by another vibrator. 1 think
it is difficult to conceive that this system would not generate some shear-waves in the

near-vertical direction.

It is interesting to note that shear-wave generation from interacting vibrators did
originally appear to be a strange phenomenon, yet after the analysis it is difficult to
imagine an interacting system, unless highly artificial, that would not generate shear

waves.

5.2: Composite media as generalized continua

Backus's (1962) averaging method was generalized to develop a continuum theory
that is not bound by the static assumption central to Backus's work. I derived a non-local
description consistent with this method of averaging. Plane-wave solutions to this new
description were examined. The waves are shown to be, in general, dispersive and
attenuative. In real experiments it is known that seismic waves are both attenuated and
dispersed and therefore the kinematic solutions provide only a partial description of the
actual process. Generalized continuum theories can provide an additional tool to

investigate the dynamic nature of seismic wave propagation.

5.3: Elastic tensors and their preferred frames of reference

A statistical method to determine the preferred frame of reference of an elastic
tensor of a particular symmetry class is developed. The method was tested using an
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elastic tensor of cubic symmetry within an arbitrary frame. The method was able to
extract the preferred frame. The method could also be used in a more general way to
determine which symmetry class best describes the elastic tensor. To approach this
problem one needs to include entropy measures, as discussed, along with the method
tested. This method may provide a means of dealing with symmetries embodied with an
arbitrary tensor.

5.4: Synthetic seismograms for P and S waves using the Goupillaud model

I have overcome the difficulty of modeling both P- and S-wave types using the
Goupillaud model. This was accomplished using two coupled Goupillaud models, one
was for P waves and the second for S waves. The wave propagation method I chose was
Mendel's state-space method. I used this time-domain method due to its simplicity and
availability of many enhancements. The Goupillaud model has been used in the seismic
community for a long time and is known for its correctness in body-wave modeling as
well and speed of computation. The new method I developed retains these characteristics

and is borne out by my numerical trials.
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A: Radiation Field of a Vertical Vibrator Over a Half Space

A.1: Introduction

The radiation pattern due to a mechanical vibrator has been studied by many
authors with differing assumptions. This treatment is based on the work of Miller and
Pursey (1953). T have not followed their development exactly but the differences do not
affect the major results. The particular aspect of their work that we will be reviewing is
the case of a vertically vibrating circular disk on an elastic half-space. This situation is

represented in figure A.1-1.

Fig. A.1-1. Vibrating circular disk over an elastic half-space.

Due to the cylindrical symmetry of the situation, some simplification can be obtained by
using equations in cylindrical coordinates (r,¢,z) as shown in figure A.1-2.
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Free-surface

4

y Elastic Half-space

Fig. A.1-2. Cylindrical

The obvious consequence of the symmetry is that displacement in the ¢ direction, u

\P

coordinates for vibrating disk problem.

o’ 18

nonexistent and there are no changes in the @ direction, in other words all derivatives

with respect to @ vanish as well. With this in mind let us collect some of the equations

which describe the situation at hand.

A.2: Equations of Motion

First we will collect the equations which describe the evolution of motion within

the elastic half-space. These are the equations of motion as derived in appendix B and
given by equations (B.4-39a), (B.4-39b) and (B.4-39c¢), which are in turn reproduced here

as.

dA

g
r T

ii, p = (A+24)

. 94
) p= (’1'*“2/1) 'a—(p' —H

and

'amz Bm¢

e g ¥ A2-1

| do "9z +JP: ¢ 2
[do, Jm

oy 2.1
o + P (A.2-1b)
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oA orw, Jw,
ip =2 5> - & [——a,“’ ~Se| P (A2-1o)
where the dilatation is defined to be:
du, y du, du
=T % 177 T B}
A‘ar+r+ra(p+az’ (A.2-2)
and the components of circulation are:
1 auz a uq, A3
mr‘?‘a_(p"‘g'z‘", (A.2-3a)
du, du,
(D(P— 3z - —aT, (A.2-3b)
and
dru, OJu
=1 ¢ __r .
W, =+ [ 3 a(p] . (A.2-3¢c)

Note, in all the equations above, that the curl is defined to be the negative of the ones
found in appendix B. The sign reversal is partially justifiable, since the curl is a
pseudovector, one which is defined up to an arbitrary sign. Normally the sign is defined
by convention using the right-hand rule as a basis for specifying positive and negative

senses of rotation.

Since we will be specifying the stress under the disk, we will have need of the
constitutive relations, which relate the stresses, o, supplied by the disk in the vertical
direction, z, and the strains, e, resulting within the half-space. The appropriate
components of stress and their corresponding constitutive relation, in cylindrical
coordinates, are derived in appendix B as equations (B.4-29), (B.4-30) and (B.4-31) and

reproduced here as:

9, a“Z), (A.2-4a)

°rz=2“‘-’rz=”(x+s;
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Gy =2l e =u(iu—‘£+la“:) (A.2-4b)
¢ ¢ 3z T3¢ :
and
a z
czz=7LA+2ueZZ=XA+2u—a%, (A.2-4c)

where I have moved all superscripts for the stress and strain to the subscript position, to
simplify later developments. If we incorporate the symmetry conditions, u, = 0, implying

the vanishing of all derivatives with respect to ¢ and the absence of all body forces, the

equations above will take on simpler forms. The equations of motion become:

dA 0w
(/1+2,Ll) 3; + U Tz(p - l:ir p= 0 (A.2-5a)
and
(ﬂ,+2/.l) -a—; -F T U, p= 0, (A.2-5b)

where the dilatation is simplified to

Al dru, Ou, ey
=7 3 + 'g, (A.2-6)
and the only surviving term of the circulation is
du, du, AT
=37 "or (A-2-7)

The form of the constitutive relations given by equations (A.2-4a),and (A.2-4c) remain

unchanged; equation (A.2-4b), however, is identically zero. We will try to find a system
of equations which involve the dilatation A and circulation @, of the displacement field

only. The procedure, or recipe, to accomplish this can be represented symbolically by:
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1 O(E.1-52) . d(E.1-5b)
r ar 0z ’

followed by substitution of equation (A.2-6). This procedure results in:

2
1 a[ aA] o°A 0. (A.2-8a)

o o |t v

In the same fashion we can take

3(E.1-5b) O(E.1-5a)
or Y ’

and substitute in equation (A.2-7) to arrive at:

a1 dra, 82% @y |
5;[—'7 -—ar—] + —a—z—z—' - 73 =0. (A2'8b)

In the two equations above we have defined two constants, namely

A+2
V,=1/ +p ) (A.2-92)

and
- /. 2
Ve=y/5 (A.2-9b)

these constants, not surprisingly, will turn out to be the compressional- and shear-wave
velocities, respectively. By taking the second time derivative of equations (A.2-4a) and

(A.4-4c) and substituting in equations (A.2-5a) and (A.2-5b) we transform the
constitutive relations into a form which depends on A and w,, explicitly. The new forms

of the constitutive relations are:

, (A.2-10a)

Pa o, (90,
oroz | 922 or\’ or

&, =pVi2m?
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and

aZA—zazrw‘p
9z2 T oroz

(m2-2)
V2

A+2m?

8.=pV¢ . (A.2-10b)

If we substitute equation (A.2-8a) into (A.2-10b), all the time derivatives on A can be

removed resulting in

A (m2-2)m?2 3 [ 9A) ,of O0®
lm"' 822 + 7 E(F y)—%g(ra—z‘p . (A.2-10¢)

where we have defined the V,, : V; ratio to be

m=—-. (A.2-10d)

We now have a system of equations, (A.2-8a), (A.2-8b), (A.2-10a) and (A.2-10b), which

describe the evolution of deformation on and within our elastic half-space with the new
quantities dilatation A and circulation o, explicitly.

A.3: Solving for Dilatation A and Circulation o,

The next step is to find solutions to the differential equations we have derived. I
will not use the method of Miller and Pursey (1953), rather I will use the method of
separation of variables (Pipes and Harvill, 1970). This method is more general and, for
cases where the symmetry is not as convenient as the present one, such as a horizontal
source (Cherry, 1962), this method will still lead to solutions.

The first equation we shall tackle is equation (A.2-8a) and the first step is to make
the assumption that A is separable, which means:

A(r,z,t) = A(r) A(2) A(1). (A.3-1)

Substitution of equation (A.3-1) into equation (A.2-8a) and rearranging terms yields
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V2aiA., A
+ f= L
A. 32 T A,

<

Vo 3/ 24, A32
rA,ar(r ar) (A3-2)

Note that the right-hand side of equation (A.3-2) is a function of the variable ¢ only, while
the left-hand side is a function of r and z only. For the two sides to be equal for all
changes of the independent variables, they can at most be equal to a constant. Let this

constant be — (27f)%. Therefore we can rewrite equation (A.3-2) as:

A, =-(2nrf) A, (A.3-3a)

which has solutions of the form A, = e~ 2%, By the principle of linear superposition we

can write a more general solution of the form

oo

ALt = 21—1: AP(f) e-i2ns 4| (A.3-3b)

— 0o

which is nothing more than the Fourier transform, denoted by F. Then, using the inverse

Fourier transform, we can write:

oo

AP = A edr. (A.3-30)

— 00

The remainder of equation (A.3-2) can be written as:

0A 2
1 9 %% _ o g A _
rA, ar(’ or )_ kp A, 972’ (A.3-4a)

where we have defined the constant

2nf
k= _V: (A.3-4b)
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We again have, in equation (A.3-4a), the condition where the left-hand side of the
equation is a function of r alone and the right-hand side is a function of only z. This can
only be true if both sides are equal to a constant. Let this constant be Cz. We can then

write the right-hand side of equation (A.3-4a) as:

9’°A, 0A, ,
rw+?+rArC =0. (A.3-5a)

Making the substitution:

y=Cr (A.3-5b)

into equation (A.3-5a) we arrive at the equation:

%A, oA,
ya—y2+ﬁ+y‘3r=0’ (A.3-5¢)

which is just Bessel's differential equation of order 0. This equation has solutions of the
form (Pipes and Harvill, 1970):

Ar = C] .Io(y) + C2 Yo(y) , (A3-5d)

where J;, is called Bessel's function of order O of the 1st kind, and Y, is called Bessel's

function of order O of the 2nd kind. Bessel's functions of the 2nd kind becomes singular at
y = 0; therefore we shall remove them from consideration. Now we shall follow the lead
of the Fourier solution above and use linear superposition to write a more general

solution of the form:

[~

A= ARG LI L, (A.3-5¢)

where By denotes the zeroth-order Fourier-Bessel transform. We can use the inverse

Fourier-Bessel transform to write:
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oo

APYG = | A0 rIoy) dE. (A.3-5)

The last remaining portion of equation (A.3-2) can be written as:

%A,
072

=(L*-k3)A,, (A.3-6a)

which has solutions of the form

Af2)=C, exp(— zy/ G- kf,) +C, exp(z V- kf, ) (A.3-6b)

where C| and C, are arbitrary constants. Since the second exponential blows up for large
z we will exclude it from the final solution. Note that both { and & p have been set in the

previous solutions so the most general solution for A_ will be:

AL2) = Cyexpl-2 /T2 K2). (A3-6¢)

We can now recombine the separated solutions by using equation (A.3-1) to get:

oo o0

A(t,r,z) = % AP(fyem2mi | ARG § o) exp(- 2/ G-k )dtdf
J ¢=0

which can be represented in the following more compact form:

oo oo

Atrz) = 2% AFBIr Ly exp(— VIS kf,) § Jo(y) e~ 2m AL df . (A.3-7a)

—wv0

This means that we can write the solution in the transformed domain as:

AFBI(£ L7 = Aexpl-2 /L2 -k3), (A.3-Tb)
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where for simplicity we have set A = C; AFBI(£).

The second equation we shall solve is equation (A.2-8b). The method we will
employ is exactly the same as the one we used to solve equation (A.2-8a). We again

begin by separating the variables to give:

0(1,7,2) = (1) OLr) ©,(2). (A3-8)

By the same substitution method we are able to solve for the individual components of

the separation. The solutions are:

oo

o =5 o) e2df, (A.3-92)

— oo

oo

onN=] o)) dt, (A.3-9b)

where B, denotes first-order Fourier-Bessel transform, and

®,(z) =D, exp(— N E-k2), (A.3-9¢)

where k, = 3‘1;—{ Now we recombine equations (A.3-9a), (A.3-9b) and (A.3-9c) using
R}

equation (A.3-8) to give

] ©o

otrd=gt|  oPnemr| 0P T exdl-z VT k) de s,

f:—oo §=0

which again can be made more compact by writing it as:

oo 00

Wg(t.1:2) = % mg'B')(f,C) expl-z /C2 - k2) LU\ (y) e~ 2 AL df . (A.3-10a)

~o0v0
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In the transform domain this can be expressed as

ofBI(f,52) = B expl-z /(2 -k2), (A.3-10b)

where again to simplify things I have set B = D, mpr'B‘)(ﬂC). In order to solve for A and B

in equations (A.3-7b) and (A.3-10b) we will try to match boundary conditions. Since
these equations are simplest in the Fourier and Fourier-Bessel transform domains, we will
need to transform the constitutive equations as given by equations (A.2-10a) through
(A.2-10c) before proceeding to matching boundary conditions. The nth order Fourier-
Bessel transform of a function g(r) is given by:

oo

B,[g(N]=g®B) Q)= | g(r) rJ, (¥ dr, (A3-11a)

and the inverse transformation is

oo

B; [¢®XO)]=g(n=| £gBXE) LI (L) dC. (A3-11a)

If we assume that g(r) and its derivative is either zero or dominated by J,, at infinity, then

the following identities can be derived from equation (A.3-11a):

ad( ad )
B"[Lrﬁ('a_f)] =(B, a_f] =-{’Bg]=-* g%(0), (A3-11b)
and
d[y0rg arg
By 5(%'37)} == BO[]?W] =-*By[g]=- " ¢B(0), (A3-11c)

where B,[-] represents the nth order Fourier-Bessel transform of the argument within the
square brackets. The identities for the Fourier transform are well known and will not be
repeated here. Applying transforms to equations (A.2-10a) through (A.2-10c) results in:
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F.B))
vé | oalFB 32AFBy) )
GE.E Bo) = (SJ'U:)E 2 C gz = m4 a—zz' e (m2 = 2)!?‘!2 C" A(F'B”) ' (A3-123)
4 2 2 A (F.By) o EB1)

GE*B”) - pVJ . [m " 2) A(F,Bu)_ 2m? 0°A - 4 zc P , (A.3-12b)

“ o enl ks 0z 9z

and
V4 aA(F.Bn} azm(FsBl)

80 = PYs |9,2 e 9 ¥3 . (FBy) ’

(B o 22 —- 52— - L og . (A.3-12¢)

A.4: Matching Boundary Conditions

The boundary condition that we want to match is for a disk on the free surface
that exerts a normal force on the free surface. The time history of the driving force, we
will assume, is described by the function f(r). This situation is represented by figure A .4-

X,

Free-supface |

¥

y Elastic | Half-space

\

Fig. A.4-1. Disk on a free surface driven by a vertical force f(t).

Mathematically these boundary conditions, for z =0, can be written as:
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oy

{M f():r<a

0:r>a }andc,:=O:Vr, (A4-1a)

where M is some reference magnitude of the driving force and a is the radius of the disk.
We will now first take the Fourier-Bessel transform, followed by the Fourier transform of
the boundary conditions given by equations (A.4-1a), to obtain:

oo

B(o,(t.rz=0)]=08)1,0z=0)= | o,(trz=0)rJyrldr,

a

oBIt,Lz=0)=M f()| riyr&dr=M f(aJ(al),

then:

cEBI(fLz=0)=M [F(f)atyal). (A4-2a)

Going through the same procedure with the second set of boundary conditions simply

yields:

cgziBl)( £.£,z=0)=0. (A.4-2b)

Substitution of equations (A.3-7b) and (B.3-10b) into the transformed stress equations
(A.3-12a) and (A.3-12c¢) and placing them in matrix form results in:

A(FvB ())

(!)g:’B )

B
o'gz: 0)

, Ad-3a
ot (A4-32)

< -2m2 e, ~p*-c?

- c

1 [(m2 —2)m2(* - m2a?, -2B¢

where I have defined

6=\/{ -k, (A4-3b)
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B=yv -k, (A.4-3¢)

and

2 4
PO C.7) SO >

= , 4-3d
pVy  p@nf)? (43

to shorten the formula a bit. To match the boundary conditions and finally solve for the
unknowns A and B we need to invert equation (A.4-3a) to find:

A(F’Bn) _ Bz _ CZ 2m2 & C o-ngBo)
=L ’ z , Ad-4
ofBr| D 2BL (m2-2m?oma?[ofEm0) (A
where the determinant, D, is given by:
2 2,2 2.2
m =2mC -m'&, -2
pe|m -2 E ; P C2 =m’ F(0), (A.4-4b)
-2m-a i, -B-¢

and

2

2 2\ 2 2 2)? 2 /2 2 [,2
FO=("+0) -4aB=2-&) -4 V- V- (ad40)
Therefore, matching boundary conditions in the transform domain, as given by equations
(A.4-2a) and (A.4-2b) at z = 0, equation (A.4-4a) becomes:

M fz(F) alyab)
0

2 2
K R 2m* 6.¢

S

Al
p(21tf)2m2 FO) 2B (m-2)m? - mPa’

]. (A.4-5)

From equation (A.4-5) we can solve for A and B which can in turn be substituted into
equations (A.3-7b) and (A.3.10b) to give the complete form of the dilatation and

circulation. These will be respectively:
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k*M a *2=2¢2 J,(La)
AF-Bo) L2) = s e (F) s 1 _ 2_ k2. A.4-6
A s R (As-om
and
w&f"")(f’c’z’=%srfﬂ)l—2(;fz‘“<f> : FO C gl TR, (A.4-6b)

By using the Fourier-Bessel transform identities given by equations (A.3-11b) and
(A.3-11c¢) and the Fourier transform, the equations of motion embodied by equations
(A.2-5a) and (A.2-5b) can be written as:

aﬂ)(F'Bl)
WFB(f L= AFB)_ L7709 (A4-Ta)
’ k2 k2 oz
and
aA(F'B“)
(F.By) § FBy_ 1 987" A.4-7b
ulFBo(f,0,2) = ksco ! k% 57 ( )

Direct substitution of equations (A.4-6a) and (A.4-6b) into equations (A.4-7a) and (A.4-
7b) results in the transformed particle-displacement equations:

M a k? (Ca)
(F.B) = s (F) I
[(kf—zt:)e—z C—k»)+2\/?—kf, VO -iZ e /TR |
and
2 k2
uFBo L = Mk ) IEDVE
@nf)?p CF®)
(A.4-8b)

N
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To simplify the equations above and to bring them into a form more similar to the
development of Miller and Pursey, we will make the following substitutions:

(=0&, (A.4-92)
b=4, (A.4-9b)
(04
and
o= l kp" (A.4-9c)

into equations (A.4-8a) and (A.4-8b). Then, keeping in mind we have incorporated the
change of variable given by equation (A.4-9a), we will take the inverse Fourier-Bessel

transform resulting in:

u®(f,r.z) = K(f) @ x

oo

—gg((g’)[(mtzgz)e(-w E-1) 12 e 2T VE - m? b VT -] g0k dE

(A.4-10a)

and

u®(f,r.2) = sgn(k,) K(f) /& x

oo

9

1<§”;V© H2e2 e VE =) 4 (m2 - 222) el VE -] (ot i

(A.4-10b)
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where we have defined

_Mam?2/@ .F
K(f) = am /& , A.4-10c
(€] oo ANG)) ( )
2
Fo® =282 - m?) -6’ Ve -1 V&' - m?, (A4-10d)

and the sign function is defined as

sgn(x) ={; Lix<l } (A4-10€)

Note, also that a factor of /& was kept out as well as in our definition of K(f) in equation
(A.4-10c); this was done deliberately, since later in our approximation of the zeroth-order
Bessel function this factor will cancel. Equation (A.4-10d) defines Rayleigh's function. It
is central to the behavior of our integral equations of motion, since its zeros are the poles
of the integrand and its radicals are the same as the ones present throughout the integrand.
Understanding this function will lead us quite far in solving equations (A.3-10a) and
(A.3-10b), so we will be spending quite a bit of effort in the next section towards this

end. In Miller and Pursey's (1953) paper they make one further assumption namely
k, =1, which would imply:

sgn(k,)=1, (A.4-11a)

b=a, (A.4-11b)
and

o=1. (A4-11c)

If we were to make these substitutions into equation (A.4-10a) and (A.4-10b) we would
find them equivalent to equations (72) and (73) in Miller and Pursey's paper up to within
a single Fourier transform. This is because their analysis is based on a monochromatic
source while I have not made that assumption. I could, however, make the assumption
that the input signal is analytic by replacing the source signature f(¢) with its analytic
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extension f(r) + i H[f(1)], where H[-] is the Hilbert transform of the argument. This would

cause its Fourier transform to become one-sided; in this situation only positive
frequencies f would be present allowing us to drop the term sgn(k p) since it would always

be equal to one. This procedure poses no difficulty if we make sure only to consider the
real part of the relevant function when we deal with measurable quantities.

E5: Branch cuts and poles of Rayleigh's function

As mentioned in the previous section, Rayleigh's function, given by equation
(A.4-10d) and reproduced here as:

Fy(&) =(2§2-m2)2—4§2 «/ g1 \/ g -m?, (A.s-l)

is central to the understanding and solution of equations (A.4-10a) and (A.4-10b), the
integral equations of motion. The first point we shall address is the multiple-valued
nature of Fo(ﬁ), which arises from the multivalued nature of the radicals. To make future

developments easier, I will factor and regroup the radicals in equation (A.S’-l)‘in the

form:

Fo®) = (282 -m2? 482 (JE-1) VE-m) )(VE+ 1) YVE+m)),  (A52)

I will now analyze in some painful detail the behavior of the radicals in equation (A.5-2).
If the reader is already familiar with this, skip to the next section A.5.2.

A.5.1: Branch Cuts
Rayleigh's function consists of, among other things, products of terms of the form

w=y(-x) :x=1,m. (A.5.1-3a)

We will transform equation (A.5.1-3a) using polar coordinates centered about the point x.
To accomplish this we set 0 = arg (§ — x) and r=|§ - x| as shown in figure A.5.1-1.
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im &)

1 - Re (g)

Fig. A.5.1-1. Polar coordinate transformation.

With this definition we can rewrite equation (A.5.1-3a) as:

i0/2 _

w=JFe pe'®. (A.5.1-3b)

From this we can see that for fixed 6 = 8y = 0, + 2 and r ,which specifies a unique point
&, in the & plane, we will have two distinct values in the w (figure A.5.1-2) plane given

by: .
wo=dre W r=pe'® (A.5.1-3c)
and
wy=dFe O (A.5.1-3d)

The mapping from the & plane to the w plane is represented in figure A.5.1-2.
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Im (g) Im (w)

9= (8o +2m02) o= o

60 _ /~
1 \‘pn=e 2
> 0=
i Re ) Re(w)
p

Fig. A.5.1-2. Mapping of a point in the & plane into points in the w plane,
as determined by the function w = /(§ — k).

In order to have a unique value for equation (A.5.1-3a) we introduce the device of a
branch cut. The branch cut is an imaginary line on the & plane which we will not allow a
continuous path to cross. In our case, a convenient choice, of infinitely many possibilities,
is to start at the branch point x and follow the real £ axis. More formally this branch cut
can be defined as the locus of all points in the complex & plane such that Re (§) > x and
Im (§) = 0 as shown in figure A.5.1-3a by the bold line in the complex & plane.

(a) (b)
Im @ Im (w)

Re(w)

Fig. A.5.1-3. A particular branch cut of the function w = 4/(§ - x)
and the mapping of the resultant § plane into
the reduced w plane as shown in grey.

This branch cut effectively constrains & = r ¢" to be such that >0 and 0 <6 < 2t ,
which in turn constrains w=Jre' *= pe'?, to be defined only when p >0 and
0 < @ <m. These regions are represented by grey excluding the branch cut in figure A.5.1-
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3a and the origin in figure A.5.1-3b. Another useful method to visualize the multivalued
nature of a function is using the device of Riemann sheets. For the present problem we
separate the & plane into two distinct planes, then we cut both planes along the branch cut
and fuse the two sheets along the branch cuts. Each sheet represents a certain unique
range of the argument © that maps uniquely into the w plane. This is represented in figure
AS5.14

P T A O
v 9

4 Re(p)
{ { €
Im(w) § s 5///

-

s W
50 = rel @t 2012
Im (w)

Fig. A.5.1-4. Riemann sheets in the £ plane and its
corresponding image in the w plane as
determined by the function w = /(€ — x).

The two Riemann sheets help to clarify the multiple-valued nature of the function
w=/(E - k), as well as showing how we must go from one sheet to another when we

cross the branch cut.

Now we will consider the case where we have a product of functions of the form

given by equation (A.5.1-3a), where

W=yE-x; VE-%;, (A.5.1-4a)

such that k; and x, are positive real numbers.Two special cases, of course, are 1 and m.
As in the previous discussion, we will introduce shifted polar coordinates for each of the
radicals, as shown in figure A.5.1-5. In these polar coordinates equation (A.5.1-4a)

becomes:
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W=yrre®t%?2 (A.5.1-4b)
Im ()
A

Fig. A.5.1-5. Shifted polar coordinates for the function W = /& - x; /€ ~x,.

again we can see the multivalued nature of this function. The simplest way to obtain
uniqueness for this function is to consider each radical in turn, and each corresponding
branch cut. Then the combined domain common to both and not crossing either branch
cut will yield a specific branch for D. Using the branch cuts as previously defined for
equation (A.5.1-3a) for each of the radicals yields a specific branch of D. The branch cut
can be defined to be the locus of points in the complex & plane such that Re(£) >k, and
Im(&) = 0, which is the half-line on the real axis starting at «k,; and extending to positive
infinity. This branch cut in the & plane defines a domain given by r; >0, r, > 0 and

0 < 8, <2m in which W is single-valued and analytic (figure A.5.1-6).

Im &)
4

Fig. A.5.1-6. A possible branch cut and domain
of the function W = /& —x; yE—-x,.
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This, however, is not the largest domain in which W is analytic. To see this, we will

recast equation (A.5.1-4b), along with its reduced domain of definition, as:

Wo= /77, ei®+8)/2, 1 50 r,>0,0<6,<2m, k=12, (A.5.1-5a)

where I have introduce a subscript to emphasize this particular branch. Now we shall
introduce another branch that has a domain and branch cut as shown in figure A.5.1-7.

Im &)
A

‘— — #Re (§)

Fig. A.5.1-7. Another equally good branch cut and domain
of the function W = \/E —x; VE-x;.

This would give us a new branch and domain of definition represented symbolically as

Wl =,‘/rl ry ei(¢l+¢2)/2 g >0, 7'2>0, 0<<I)k<21t, k= 1,2. (A.S.I‘Sb)

What I am attempting to show is that W, is analytic even on the half-line Re(§) > x, and
Im(£) = 0. Towards this end we notice that when & is above this half-line W= W,. To
see this one only has to notice that 8, = @, k = 1,2 within this domain. When & is below
the half-line 6, = @, +21, k=1,2 then ' %/Z = B*20/2 - _ i%/2
again we have Wy = W,. Since we have Wy = W; in a domain containing the half-line
Re(€) > x, and Im(§) =0, and by the domain defined in equation (A.5.1-6b) W, is
analytic there, then W, must also be analytic there. This means we can expand the

, which means

domain of definition for our branch as shown in figure A.5.1-8.
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Im g)
4

Fig. A.5.1-8. Final branch cut and domain of definition
for the function W = /& —x; VE-x,.

To see that this is the largest domain on which W is analytic we need only to observe
what happens as we approach the branch cut from either direction. Consider a point § at a
distance € perpendicularly above the branch cut, as shown in figure A.5.1-9a.

Im )
a.) §
T
o R
A\ —-Re (2)
l X, X,
im ()
b.)
o s
- L
# Re (9
BN
r r
3

Fig. A.5.1-9. Behavior of W = \/E —x; 4/ -k, around branch cut.

As € approaches zero (figure A.5.1-9a), then 6; — 0 and 8, — 7, which means

Wo=yrr e @ ® 2 i, (A.5.1-62)

and as € approaches zero in figure A.5.1-9a, then 8; — 2% and 6, — ® which means

Wo=4rr PSRN Jrir. (A.5.1-6b)
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From relations (A.5.1-6a) and (A.5. 1-6b) we can see that W), is not even continuous at the

branch cut, so no extension is possible: therefore we have the largest domain defined. We
can write this branch of the function W = vE-x; VE-x, symbolically as

ws JrTy €82y 50,7, TR>K K, 056, <2m, k=12. (AS.1-7)

Now we shall examine the mapping from the € plane onto the w plane. First consider the
open half-line perpendicular and centred on the branch cut in the € plane, where
8, +8, =mand r{ =r,> (x, +x,)/ 2. This open half-line maps onto the open half-line

|Ka— K|

Im(w) > =S and Re(w) = 0 in the w plane. By the same argument, the negative half

Ko ~%,

of this line in the & plane maps onto the haif-line Im(w) <~ L 2 and Re(w) = 0.

Furthermore each point in the upper half of the € plane maps onto the upi:)er half of the w
plane. The same goes for the lower half-planes (figure A.5.1-10).

Im (¥) Im (w)

%, - % |
2

Fig. A.5.1-10. Mapping between £ and w planes

due to the function w = /€ -~ x| /E~x,.

The mapping, as illustrated in figure A.5.1-10, with branch cuts as drawn, can be shown
to be a one-one, onto mapping between the two cut planes. For a more detailed discussion
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refer to (Churchill, Brown and Verhey, 1976). For completeness I will construct the
Riemann surfaces for the function W = /€ -k, /€ -k, . To see what happens as we

move around the complex & plane, we shall consider three cases. This will help make
sense of our eventual Riemann-surface diagram. First, referring to figure A.5.1-10,
consider what happens when a point £ is moved around the branch cut n times in a

counter-clockwise direction, where n is a positive integer. Symbolically,

8, >0, +2nm, (A5.1-8a)
6, > 6, +2nr (A.5.1-8b)
W=y, el @+0d/2 5 frp pi(®+6,)/2 pidnn/2

=Jrir @2 (A.5.1-8¢c)

This shows that circling the branch cut keeps us on the same branch of D. The results
would be the same if we went in a clockwise direction. Secondly we will consider what
happens when we circle the branch point k; an even number of times, say 2n , in a

counter-clockwise direction. In this case we have:

6, >0, +4nm, (A.5.1-9a)
6, —>6,, (A.5.1-9b)
W= Jrr,ei®+0)/2 5 frp i (8, +6))/2 pidnn/2

=4Jrirn g ©r+8/2 (A.5.1-9¢c)

Here again we remain on the same branch. This argument is independent of which branch
point we choose or the direction of rotation. Thirdly we will consider what happens when

we circle the branch point x; an odd number of times, say (2n — 1), in a counter-

clockwise direction. This time we have:
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6,>6,+(2n-1)2n, (A.5.1-10a)

8, - 6,, (A.5.1-10b)
W0=mei(9.+92)/2_)mei(e.Jrez)/zei(zn—l)n/z
=i e®t%2 (A.5.1-10¢)

Now we have arrived at the second branch of our function D. Again this is independent of
the branch point we choose or the direction of rotation. With this in mind, we will

construct the Riemann sheets as shown in figure A.5.1-11.
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Fig. A.5.1-11. Riemann sheets for the function W = /€ - x, JE=¥%5.

It is interesting to note that if we introduce a branch cut, as indicated in figures A.5.1-10
and A.5.1-11, in the w plane it is possible to define an inverse mapping that takes values
in the w plane onto the & plane. It should be possible to introduce similar Riemann sheets

for the w plane and define a one-one, onto mapping based on the function

W=yE-x; VE-X,.
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Finally we are led to consider the mapping:

w=(VE-x) VE-x) ) (VE+x,) VE+x3) ). (A3.1-11)

This is nothing more than what we have considered in formula (A.5.1-4a) in the previous
paragraph with an additional product of radicals. The behavior of this function can be
studied in exactly the same fashion as its predecessor. Its branch cuts will be given by

K; <|Re(€)| < x, and Im(§) =0 and shown in figure A.5.1-12.

Im )

Fig. A.5.1-12. Branch cuts and domain of definition

for the function w=( Y1) vE-17) ) (VE+ 1)) YE+K)) )-

Again, comparison to the previous case and examination of figure A.5.1-12 lead us to
define a particular branch of this function to be

w= /—‘———rl ryT3 T ei(9,+62+63+64)/2 ,
re>0,rp+ryandry+r,>x,-%x,0<6, <21, k=1,2. (A5.1-12)

To see that equation (A.5.1-12) is indeed a branch of the function w, one only has to go
through the same argument as in the previous case and consider what happens as we
allow a point to cross one branch cut and return to the same location, noting that the other
branch cut would give no contribution. Secondly, we can show that crossing one branch
cut then the other and returning to the same point leaves the function unaltered, just as
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going through the same branch cut twice would do. With this in mind, we know that there

must be two Riemann sheets for this function, as show in figure A.5.1-13.

Fig. A.5.1-13. Riemann sheets for the function

W=(\/(§—K1) V(E-x,) )(5/(&;""(]) \/(&"'Kz) )

With the preliminary work done, we can finally deal with Rayleigh's function as given by
equation (A.5-2). The radicals in Rayleigh's function have exactly the form as given by
equation (A.5.1-11). Since the rest of the terms in Rayleigh's function are single-valued
and analytic, the branch cuts will be identical to those represented by equation (A.5.1-11)
and shown in figure A.5.1-12. The only alterations are to define the constants x, = 1 and
K, =m. Now we can proceed to finding the zeros of the Rayleigh' function as given by
equations (A.5-1) and (A.5-2), which, as mentioned is central to any analysis of the
integral equations of motion, equations (A.4-10a) and (A.4-10b).
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A.5.2: Zeros of Rayleigh's Function

For convenience, I will again reproduce Rayleigh's equation (A.5-1) here as:

Fy®) =28 - m?) 4t (A.5.2-1)

To study the zeros of this equation, we need a result from complex analysis (Churchill,
Brown and Verhey, 1976, p. 296-297), which states that an analytic function, f,with a
finite number of simple poles and zeros within, and not on, a closed contour C described
in the positive sense (counter-clockwise) will satisfy the relationship:

1| fE .
e mdg_z-P, (A5.2-2)

C

where Z is the number of zeros and P is the number of poles of f within C. The proof of
the relationship given by equation (A.5.2-2) rests on two simple facts: firstly, the zeros of

order mg, of f map into poles of f*/f with residue m; and secondly, the poles of order
m pof f map into poles of f’/f with residue m P This can be seen by considering a single

isolated zero of order my, of f, say &, which means in some neighborhood of &, we can

write:

f&)=E-E) "g®), | (A.5.2-3a)

such that g(&) is by definition analytic within that neighborhood and g(§) # 0. From
equation (A.5.2-3a) we get:

FE=myE-E)™ g+ E—E) g (®). (A.5.2-3b)

Combining equations (A.5.2-3a) and (A.5.2-3b) results in:

FE _ my g
- , (A.5.2-3¢)
FO " E-ty " g® ¢
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which, as mentioned earlier, has a simple pole with residue m. In the same fashion, if we
consider a single isolated pole of order m p of £, say & p» then within some neighborhood of

&, we have:

fE&=E-E,)" "hE). (A.5.2-42)

where again A(§) is analytic within the neighborhood and h(§;) # 0. Again we take the
derivative of equation (A.5.2-4a) to get:

F®=-m, E-E) " hE) +E-E) THE). (A.5.2-4b)

Dividing equation (A.5.2-4b) by equation (A.5.2-4a) results in:

rE___my K o
F® T E-g) T hE) (A->2-40)

which again has a simple pole with residue —m p- Now if we introduce closed contours

around all the poles and zeros of f within C, evaluate the integral given in equation
(A.5.2-2) with the new path described, and add up all the residues, equation (A.5.2-2)
would be the result. Now we will apply these results to Rayleigh's function. A good
discussion of this material can be found in Achenbach (1980).

By examination of Rayleigh's equation (A.5.2-1) we can immediately tell that
there are no poles within any given contour C; therefore, if we apply the result from
equation (A.5.2-2) to Rayleigh's equation, we would get:

1| K® . _ )
| re %7 (A.5.2-5)
c

where Z is the number of zeros of Rayleigh's function. Knowing the branch cuts of
Rayleigh's function to be the same as the one given in figure A.5.1-12, we will choose a
path of integration C for equation (A.5.2-5) as shown in figure A.5.2-1 below.
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Fig. A.5.2-1. Contour of integration to find
numbers of zeros of Rayleigh's function.

As shown in figure A.5.2-1 we have broken the contour of integration C into three parts
such that C = C, + C, + C; and the sense of integration over each contour is indicated by
the arrowheads. Now we shall map the integral given by equation (A.5.2-5) into the

plane using the mapping

C=Fy©), (A.5.2-6)

where Fj, is again the Rayleigh's function given by equation (A.5.2-1). The mapping

above transforms both the integrand and the path of integration, which we will write as

1 dg _
| 7= 7z (A.5.2-7)

G

The path, Cy, is determined by the mapping of path C by equation (A.5.2-6). The first

thing that we notice is that the integrand in equation (A.5.2-7) has only one simple pole at
=0, with residue 1; this means that the integral is solely determined by how many times
the new path Cy circles the origin. The number of times C circles the origin, in the
counter-clockwise direction, will exactly equal the number of zeroes Rayleigh's function
actually has. This is known as the argument principle and is discussed in some detail by
Churchill, Brown and Verhey (1976). So we will examine how our path C maps into the

€ plane.
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Due to the bilateral symmetry about the Im(€) axis, we will consider in detail the

mapping of only one of the paths around the branch cuts, namely the mapping of the path
C;, as shown in figure A.5.2-1 and expanded in figure A.5.2-2 below.

C3

(o & 0N
Y

Fig. A.5.2-2. One branch cut of Rayleigh's function

and path of integration Cs.

In figure A.5.2-2 I have introduced a small positive quantity € to indicate that the path C,

is to be considered as arbitrarily close to the branch cut from point A to point C. Now
consider the different parts of the path C; that is almost on the branch cut first, at point A,

2
Fi)=(2-m?". (A.5.2-8a)

Second, between points A and B but above the branch cut,

Fo@) =(262-m?) —iae? &1 i —E (A.5.2-8b)

Third, between points A and B but below the branch cut,

Fy®) =(28" - m2)2 +idE e o1 mi-E (A5.2-8¢)

Finally, at point B,

Fy(&) =m". (A5.2-8d)

To see how to obtain relations (A.5.2-8b) and (A.5.2-8c¢), refer to the arguments
surrounding figure A.5.1-9 and equations (A.5.1-6a) and (A.5.1-6b). The mapping is
shown in figure A.5.2-3 for the special case of m = 2. One thing is certain the path never
circles the origin in the { plane.
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Fig. A.5.2-3. Mapping of path C; in the £ plane onto
path C§ in the { plane, for the case where m = 2.

As mentioned before, the other branch cut will just be the mirror image of this one, and
so will be ignored. Since we only have a simple pole at the origin, the two mapped
contours, c§ and C%, associated with the branch cuts will have no contribution to the total
integral given by equation (A.5.2-7). Now we need to consider the large circular path C,;
in the & plane; on this path || is large. When |E|>>m > 1 we can factor out | & | from each
of the radicals in Rayleigh's function and then expand them in a binomial series, which

after cross-multiplication and cancellation of terms becomes:

Fo®) =28 (1-m¥) +0()). (A.5.2-9)

From equation (A.5.2-9) we can see that for very large ||, Rayleigh's function behaves
like E_,z, which means that for E=rei®, 0<0<2n, wehave { =E2=r2e2®=pel?,

0 < @ < 4w, where I have ignored scalar terms. This shows that as we circumnavigate the
path C, once in the § plane, the equivalent path C% in the { plane will have been circled
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twice. From this argument we can see that the integral in equation (A.5.2-7) is identically
two. This in turn means we have only two zeros to Rayleigh's function.

There is more that can be said about these two zeros. Firstly, since Rayleigh's

.. . g2 . .
function is an equation in &, the zeros must be the negative of each other; in other words,
if &g is a zero of Rayleigh's function so is — &;. Secondly, we have:

Fym)=m">0, (A.5.2-10a)

and by equation (A.5.2-9) for very large & say & =, we can write:

Fo&) > 28, (1 -m?) <0, (A.5.2-10b)

which is true since m = Vp/ V,>1.This means that, for some real number between the

real numbers m and &, the function F,, must be zero or else it would be diskontinuous,
which in turn means that the two zeros of F, are real numbers. Finally, we get the result
that the zero is greater than |m|, which follows directly from our second point.

Summarizing the results for the zeros of Rayleigh's equation:

there are only two zeros of F; (A.5.2-11a)
if €y is a zero of Fy sois — &, (A.5.2-11b)
€, is a real number, and (A.5.2-11¢)
|Eo[>m. (A.52-11d)

The reasons I have spent the effort to analyze in detail the zeros of Rayleigh's equation
are threefold: the first is to give a method of choosing zeros for Rayleigh's equations after
rationalization (this, I believe, was done incorrectly by Miller and Pursey (1953) which
caused me quite a bit of confusion); second, a good understanding of the behavior of the
branchcuts of Rayleigh's equation will help when we find approximate solutions to the
integral equations of motion using the method of steepest descent; and finally, the
material covered comes from a few sources and it never hurts to put it all in one place.
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Now we proceed to the standard method of finding the zeros of Rayleigh's
function, guided by points (A.5.2-11a) through (A.5.2-11d). If we take Rayleigh's
equation (A.5.2-1), set it to zero, move the radicals to one side of the equation, and then

square the expression, the result would be

4

(28”-m?) =168"(€*-1)(€* - m?),

o 2 C .
which after substitution of @ ={ and multiplying out all terms becomes:

Ao’ +Bo*+Co+D=0,

where
2
A=16(1+m"),
B=8(3m -2)m?,
=—8m6
and
D=mg

(A5.2-12)

(A.5.2-13a)

(A.5.2-13b)

(A.5.2-13c)

(A.5.2-13d)

(A.5.2-13¢)

Equation (A.5.2-13a) has, by the fundamental theorem of algebra, three solutions
(Churchill, Brown and Verhey, 1976), only one of which is also a solution to Rayleigh's
equation. Let the roots of equation (A.5.2-13a) be w;, », and ;. Then (Spiegel, 1968)

0)1=S+T—%a=p,

and

w=[-§+D-a-iF -7

(A.5.2-14a)

(A.5.2-14b)

(A.5.2-14c)
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where

-

s=(r+yV 0 +R?)

|

T=(R-VO +R*),

2
_3b-a
Q 9 )

3
_9ab-27c-2a
k= 54 ’

I have given the first root two symbols, @, and p, anticipating the following development
as well as simplifying notation used later. To see which root is legitimate, we need to
consider the next three graphs in figures A.5.2-4a through A.5.2-4c. From these graphs it
is obvious that only the first root, which is always real, fits all the criteria (A.5.2-11a)
through (A.5.2-11d).



Square of the first root of
Rayleigh's Equation

root 1

~——gr— root 1

¥ M ! M ] v L

10 12 14 16 1.8

S s L e e e s
20 22 24 26 28 30
m

Fig. A.5.2-4a. First root of the rationalized Rayleigh's equation.
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Real and imaginary parts of
the second root of the rationalized
Rayleigh's equation

2.0+

a Re(root 2)
® Im(root 2)

root 2

Fig. A.5.2-4b. Second root of the rationalized Rayleigh's equation.



Easley 131

Real and imaginary parts of the
third root of the rationalized
Rayleigh's equation

2.0 4

B Re(root 3)
® Im(root 3)

0.4 4

0'0 O o o

root 3

-0.4 S

-0.8 A

1.2 — —
1 2 3
m

Fig. A.5.2-4c¢. Third root of the rationalized Rayleigh's equation.

Now that we have investigated the multivalued nature of Rayleigh's equation and
its zeros, we are set up to try and obtain solutions to the integral equations of motion
(A.4-10a) and (A.4-10b). This is the subject of the next section.

A.6: The Integral Equations of Motion and the Field at Infinity

Before proceeding to finding approximate or far-field solutions to the integral
equations of motion, we should address the problem of branch cuts and poles existing
along the real axis. First, we will need to transform the equations of motion, given by
integral equations (A.4-10a) and (A.4-10b), into a more useful form by using Hankel
functions. That is:
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uﬁF)(f,r,z) = K—(zfl /O X

o0

E"Jl(&b)[(mz—2§2) az\/—— +2\/§2 1 JgZ mz (-ozEI- '")]H(”((xér)di

Fy(©)
N (A.6-1a)
and
u®(f,r,2) = sgn(k,,) ——= K(f ) /@
‘(gbl)(_o‘é)—b&z +(m2 - 2£2) gl-o= */ﬁ)] H{Y(okr) dE .
B (A.6-1b)

The derivation of equations (A.6-1a) and (A.6-1b) from equations (A.4-10a) and (A .4-
10b) is outlined in box A.6.a. The two integral equations of motion above are in the form
that we will be dealing with from this point forward.

Box A.6.a: Use of Hankel functions to transform the integral equations of motion.

Note that all the integrals of equations implicit within (A.4-10a) and (A.4-10b) can

be represented by the forms

o

Ii=| EE) e V&~V (ark)dt (A6.a-1)

and
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o0

L=| O®F) e V8-V j(akr)dE, (A.6.2-2)

where E and O are even and odd functions of § respectively and v can be either 1 or
m. Bessel functions are related to Hankel functions (Morse and Feshbach, 1953, p.
624) by:

8] @
H
TERLACEAC)

(A.6a-3)

where H ,il)(é) and H ,(,2)@) are Hankel functions of the 1st and 2nd kinds and of order
n. According to Cherry (1962, p. 30) Hankel functions have the property:

H,(,l )(F, eM=—e' Hf,z)(&,). (A.6.2-4)

Substitution of equation (A.6.a-4) into (A.6.a-3) for n =0 and 1 results in

) —HW
Jyo&n= H (@& n) 2”‘() (-atn (A.6.2-52)

and

HPoErn+HD(-aEr

Jl(aE_,l’)'—' 5

(A.6.2-5b)

If equations (A.6.a-5a) and (A.6.a-5b) are in turn substituted into equations (A.6.a-1)
and (A.6.a-2), accompanied by a simple change of the sign of one of the resulting

integrals, we can write

1= EE) e-*VE-VH( E ) dE, (A.6.2-6a)

DI

— 0

and
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I= % OE) e~ *VE -V HIN(O E 7) dE, (A.6.2-6b)

which is the form we used in equations (A.6-1a) and (A.6-1b).

In order to have well behaved integral equations we need to deform the contour of
integration around the branch cuts and poles encountered. To properly deform the contour
of integration we will first examine what happens to the branch points in the case of a
particular type of dissipative material. The material we will consider is a particular
viscoelastic material where the stress is not only linearly related to the strain but also to
the rate of change of strain. One possible way of representing this is to consider the
stress-strain relations given by equations (A.2-4a) through (A.2-4c) and add the time rate

of change of strain, for instance equation (A.2-4a),

C,,=2Ue,, (A.6-2a)

becomes

o, =21 (e,z +&f ) (A.6-2b)

where the small positive quantity e% ensures a lossy medium and not one that gains
energy by deformation caused by stresses. By Fourier transforming equation (A.6-2b) we

get:

oP=2p"e®, (A.6-2¢)

such that

wo=p (1 +ioed). (A.6-2d)

By direct comparison of equation (A.6-2a) and equation (A.6-2c), we see that in the
Fourier domain they have the exact same form, except that the elastic constant has
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changed from a real quantity to a complex one. The new elastic constant is complex but
otherwise would play the same role in subsequent derivation of equations of motion, and
so on. The same arguments used to get the new elastic constant u* can be used on
equation (A.2-4c) to arrive at:

o =(A+2p) e® +A7(e® + ed), (A.6-3a)
where

(A+2p) = +2u)[1 +ioel], (A.6-3b)
and

A =A[1 +iwed]. (A.6-3¢)

e 2 2 ..
In this situation we can see that the quantities &, and &, for finite @ and very small &,

will be, to first order:

V__o'p _ ap 2,2 2
k = - = | =k (1-1i )
(k) Az B +2u)( iwez) =k, (1 - iwe3) (A.6-4a)
and
) 2 2
(k) = S8 = B2 (1 - ioe}) = k5 (1 - ioe) (A.6-4b)

respectively. Note that I have kept the star notation to distinguish between the quantities
belonging to the lossy and elastic media. This means the branch points in a viscoelastic
media would move from the elastic case on the real axis to the second and fourth
quadrants in the complex plane. The two zeros of Rayleigh's equation are moved in the

same fashion. To see this we will perturb Rayleigh's equation, F({) = 0, as given by
equation (A.4-4¢). If we allow &, and k, to vary in Rayleigh's equation, we could write

F(C k, k) =0, (A.6-52)
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so that

oF aF oF
3 o+ 5kp+a—ks8ks=0. (A.6-5b)

Taking the partial derivatives of equation (A.4-4c) and substituting them back into
equation (A.6-5b), we arrive at:

[k:"-zg2 \/Cz—kz VO-i2+ 4—k2 (",z]k sk, + [0 (&7 - k)&, 8%,

gac=
28 -28) /- V- 2B val 300310
(A.6-6)
. Vo, &k
which, after substitution of { =k, § and m = -—V£ = 7(1, as given by equations (A.4-9a) and
s %p

(A.2-10d) respectively, becomes:

88 = £,(§; m) 8k , + f(&; m) Bk, (A.6-Ta)
where

2 2.2
o E-m)g
fiGm) === (A.6-Tb)
E)VE -m* Ve -1 g’ 1)

HE m)= 2 E) (A.6-7¢)

and

e&m=2(m - 2E)VE - m? VE 1 +2mie st s3mPEl 38 e, (A6T0)

The relationship I have obtained, given by equation (A.6-7a), is quite different from
Miller and Pursey's (1953) equation (76), and the perturbation of the affixes (or the initial
positions) of the zeroes is not simple. It is true, however, that the zeroes for the two cases
considered in Miller and Pursey's paper, namely for m = 2 and ¥3, the zeroes do move

obviously to the second and fourth quadrants. This does not appear to be the case in
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general, as shown in the following development. From our discussion of the zeros of
Rayleigh's equation we found that if £ is a zero then 1 <m <|&|, as given by condition
(A.5.2-11d). Therefore, we need only consider values of m > 1. Since the zero, &, of
Rayleigh's equation is directly related to m we can plot the behavior of f; and f, as
functions of m alone. As can be seen, for the positive root of Rayleigh's equation (figures
A.6-1a and A.6-1b), the two factors are not of the same sign for the most part. This makes
the choice of an integration path slightly more difficult. For negative roots, the two
graphs A.6-1a and A.6-1b are just the negative of the ones shown.

h h
! (a) \ (b)

044

0.2

R 4 + + > m 0

|

1 2 3 4 | 2 3 4
Fig. A.6-1. Multiplicative factors in the perturbation equation.

When the sign of both multiplicative factors f; and f;, are positive, then the zeros of

Rayleigh's equation move to the second and fourth quadrants. To see this consider
equations (A.6-4a) and (A.6-4b), which give:

2

* } 2 . ME

k,,:k,,\/l—zmez =k,,(l—sz)=kp+8kp, (A.6-8a)
and

2
k, =k, \/1-iwe =ks(1—i—q)7€'-)=ks+8ks, (A.6-8b)

which upon substitution into equation (A.6-7a) results in

2
8=, 8k, + 5 ok, =—i o LT REE) i (A650)
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where @ is a real number with the same sign as the root . Following the same notation,
we can write the perturbed root as

g=C+8=t-ia. (A.6-9)
In this situation alone, we can choose the integration path to be the one shown in figure

A.6-2, with R arbitrarily large and the smaller indentations on the real axis arbitrarily
small.

Fig. A.6-2. A possible contour of integration for
the integral equations of motion.

Before proceeding to the far-field approximations, which constitute the next topic,
we will associate all the terms in the template equations (A.6.a-6a) and (A.6.a-6b) with
our integral equations of motion (A.6-1a) and (A.6-1b). The first correspondence is with
equation (A.6-1a) where the even function in (A.6.a-6a) is related to the two even terms
by:

E_,J](b é) (m2—2§2)

EE®)= Fo® (A.6-10a)

EJ(bE) 7 ?_ 2 ’
Fy©) 2\/E 1\/&

where the two terms have v = 1 and m, respectively. The second correspondence is with
equation (A.6-1b) where the odd function in (A.6.a-6b) is related to the two odd terms by:
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JbEVE -1 262

Fy(&)

o) = , (A.6-10b)
JbEVE -1 (m?—28)
Fy&) '

and in this case we have v =m and 1, respectively.

Now we proceed to the far-field case, where r is assumed to be large. In this case it is
appropriate to use the asymptotic expansion of the Hankel function

HO@E P ~ nazgr expli (g r- 2X - I (A6-11)

There is the problem of the case when £ = 0 but, as we shall see, the origin will not
influence the integral since the path of integration we will finally take does not pass
through this point. Upon substitution of (A.6-11) into the prototype equations (A.6.a-6a)
and (A.6.a-6b) we get:

o0

—-i(3m)/4 E . I3
Il~£_—/(7_~/ 2'}[7' }E_) e’a"é’az §-v d& (A.6-12a)

- 00

and

oo

e-im/4 1 ?/(%) eiaré-azﬁiz—-"‘zdﬁ. (A.6-12b)

L~~~V 73xr

- 00

Note, the factor, /o, in equations (A.6-12a) and (A.6-12b) will cancel the same factor in
equations (A.4-10a) and (A.4-10b) when the final substitutions are made below. If we

make the following substitutions

z=R cos 0, (A.6-13a)

r=Rsin0, (A.6-13b)
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fE)=ioksinO—ocos®y/E2-v2 (A.6-13¢)

and

- iBm/4 A
2
mroyE (A.6-13d)

/o
e—in/4 T OE)
a Vaornr W

x©&) =

into equations (A.6-12a) and (A.6-12b), we get equations of the form:

oo

I=| x@E O (A.6-14)

— 00

The substitutions above have the geometric interpretation as indicated in figure A.6-3a.

¢ >
I
I
I
I
I
I

Fig. A.6-3a. Polar coordinate transformation.

Equation (A.6-14) is of exactly the same form as equation (D.1-1) in appendix D, so we
can use the method of steepest descent, or saddle-point method, to obtain an approximate

solution.
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The first step in the method of steepest descent is to determine the saddle point, which is
found by solving the equation

dfE) _,
g =0

(A.6-15a)

Substitution of equation (A.6-13c) into equation (A.6-15a) results in the equation

Ecos O

isin 0 = 2———.
Vv2-g?

(A.6-15b)

By inspection of the right-hand side of equation (A.6-15b) one would suspect that the
solution would be some simple trig-relation. The relation which solves equation (A.6-
15a) is represented in figure A.6-3b and given by:

Ep=—Vsin0. (A.6-15¢)

Fig. A.6-3b. Pictorial representation of the
solution to equation (A.6-15b)

This is the saddle point. The asymptotic solution for equation (A.6-14) when R is very
large, is given by equation (D.3-31) in appendix D and duplicated here as:

_ mx(éo) eRf(E.m) eiB
\/ Q|7

2
dg
where I have used the symbols R and B instead of the ¢ and o used in appendix D. By

1 , (A.6-16)

S

equation (D.3-24) and (D.3-26) in appendix D we can write:
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, [f® = 1E)

§-&o= 5 (A.6-17a)
ar
2
g,
Now we use equation (D.3-29a) to transform equation (A.6-17a) into
|E-Eole'P= 2 @2;1@9—) : (A.6-17b)
arf
2
8’ g,
or in another form
F©€) - f(&)
B=arg 2 —dif]—o : (A.6-17c)
de? |,

where I have used P instead of the o used in appendix D, since the symbol o has another
meaning within this equation. Now we will explicitly derive all the terms that the
approximation (A.6-16) requires. From equation (A.6-13c) we can get:

fCp=f(-vsin@®)=-iav, (A.6-18a)
dzf] d*f i sec?6

arl _4f = isec® (A.6-18b)
d§2 g dE.uz (~ v sin 6) v

and from equation (A.6-17c¢)

p=I. (A.6-18c)

If we substitute equations (A.6-18a) through (A.6-18c) into our asymptotic
approximation given by equation (A.6-16), it results in:

1~,/2% ei (WH-aRV) cos @ y(~vsinB), (A.6-192)
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which upon substitution from equations (A.6-13d) becomes the equations:

e—iaRv
/O R

I~- (A.6-19b)

E(-vsin®)
COte{iO(-—vsinO)}'

By using the correspondences given by equations (A.6-10a) and (A.6-10b), equations
(A.6-19b) can be used directly on the integral equations of motion (A.6-1a) and (A.6-1b)
to obtain an asymptotic far-field solution. Prior to doing that, one more approximation is
customarily made. The radius of the vibrating disk is assumed to be very small. This
means that the term b€ is small, so that we can include only the first terms of the power

series of the Bessel functions (Spiegel, 1968, p. 136) and write

n._n

b §

n
2 n!

Ju(b &)~ : (A.6-20)

With approximation (A.6-20), keeping in mind v can be either 1 or m, we can find the
new form of the odd and even terms in equation (A.6-19b) at the saddle points to be

b sin’0 2 n a2
TF (= sngy M - 2sin’0)

E(éo)=E[ —sin § )~ , (A.6-21a)
—msin 6 3 qin2

ib;z sin 9.|cos(-)| 2 sinZo -1

o —msin9)
and
_ bm3sin’0 Vm? sin® — 1
- —-msin(-))_~ Fo(-msin®) 6-21b
0G0 0( —sin 6 . bsinB|cos 6| (A )

2 VIR Y2 _ 9 6ind
IZFO(—sinG)(m 2 sin%0)

Now we have collected all the pieces needed to write out the far-field solution, for the
particle motion, where (r &) is large and (b &) is small. Using equations (A.6-21a), (A.6-

21b) and (A.6-19b) we can approximate the integral equations of motion (A.6-1a) and
(A.6-1Db) as:
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- K(f)bsinBcos 6 y

uP(R.0.f) = R
2 1 2 3 )
—iaR _m-=2sin‘Q . -iamR_”{E{?_'_ [ e 1
¢ T 2F(-sin) ¢ Fo(—msing) V/m sin0-1
(A.6-22a)
and
—sgn(k,) K(f) bcos 6
WF(RO,f) = gn(k ) R(f) y
|cos 6 3 sinZov o2 . (A.6-22b)
_iaR__1€OS 2 _ 9 cin2@)_ i ,—iamR M’ SIin m<sin“6 — |
e R e sn gy M~ 2sinB) i emiom R e )

From this point forward, we shall consider positive frequencies only; then sgn(k ,) will

always equal plus one. Next, for consistency and simplicity we shall transform equations
(A.6-22a) and (A.6-22b) using polar coordinates. The transformation equations are:

ufl=u® cos 8 + u® sin 6 (A.6-23a)

and

uf=u® cos 0 — uP sin 6. (A.6-23b)

If equations (A.6-22a) and (A.6-22b) are substituted into equations (A.6-23a) and (A.6-
23b) we arrive at the polar form of the far-field particle displacements

e-iaR cos 0 m?-2sin’0)

F) - _
uPRO.N) ~ = b K() = 5 p—ne) (A.6-242)
and
_i . )
) o 3 e 9mR 5in 20 ¥ m? sin“6 ~ 1 )
ufFXR.0,f)~—ibK(f)m R > F(-msin®) (A.6-24b)

I find it interesting that, after all the gyrations we go through, the final solutions take this
rather simple form. This is, however, not the end of the story. We need to see just what

our steepest descent path looks like, since we may need to consider the contributions
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from the Rayleigh poles, which can be found from equation (A.5.2-14a). The steepest
descent path is discussed in appendix D; the facts relevant to the present case are:

(1) The path crosses the real axis at the saddle point given by

Eo=—Vsin (A.6-15¢)

as found previously.

(2) From equation (D.3-10) in appendix D we know that the steepest descent
path is characterized by the conditions that Im[ f(§)] is constant and f(&)

decreases away from the saddle point, given in the first fact. This means
that f(€) ~ f(§,) must be a nonpositive real quantity along the path.

(3) The path crosses the Re[&] axis if Im[f(€) - f(Ey)] =0 and & is real. From
equations (A.6-13c) and (A.6-18a) we have

fE -fEY=-ocosOE>-v2 +i(Esin6+V), (A.6-25a)
so that the only other point at which the steepest decent path crosses the

real axis is given by

E;=-vecescb. (A.6-25b)

Facts (1) and (3) provide points at which the path crosses the real axis; and fact (2) gives
the global description of the path. It is fact (2) that we will now develop fully. From fact
(2) and equation (A.6-25a) we can write:

i(EsinB+v)-ocosByE>—v2 =-X2, (A.6-26a)

where X € {Reals}. If we rationalize equation (A.6-26a) we can put it in the form:

&2 +BE+C=0, (A.6-26b)

where

=_—2iosin® (A.6-26¢)
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and

C=X*+2imX%-m2(1 + cos20). (A.6-26d)

Equation (A.6-26b) is just a quadratic in & and can be easily solved. The solution, after
substituting back from equations (A.6-26c) and (A.6-26d) is:

E=(m—i X?)sin 0+ /(X* cos26 + m2 sin?0) + i (2 m X2 cos26) . (A.6-26¢)

In order to separate equation (A.6-26e) into real and imaginary parts, we will put the
quantity within the radical sign in polar form by defining

(X*cos20 + m? sin?8) + i (2m X? cos20)=p €' ®, | (A.6-26f)
where
B2 =(X* cos28 + m? sin?0)” + (2 m X? cos?6)’ (A.6-26g)
and
2 2
tan § = —2m X" cos"0 (A.6-26h)

X% c0s20 + m2 sin%0

Substitution of equation (A.6-26f) into equation (A.6-26¢) allows us to write:

£= [m sin 0 + \/f cos g] + i[— X?sin @+ /P sin %] (A.6-26i)

As the variable X in equation (A.6-26i) evolves, the real and imaginary parts of § mark
out the path of steepest descent. To further define the path of steepest descent we will see
what happens to it as X approaches infinity. From equation (A.6-26h) we can see that

Jlim_ §=0, (A.6-26j)

and from equation (A.6-26g) we can deduce that
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Cim JP =X%cos 6.

(A.6-26k)
From equations (A.6-26)) (A.6-26k) and (A.6-26i) we arrive at the expression:
. _ 2 . 2 . )
(lim & =[X?cos 8] +i[- X sin 6], (A.6-261)
which also means that
olim arg[€]=16. (A.6-26m)

Equation (A.6-26m) means the path of steepest descent is asymptotic to the lines at

angles 8 and - 8 to the Re[E] axis. All of the facts with respect to the path of steepest
descent are summarized in figure A.6-4.

Im €]
A
S - g
N~ 7
\\ ~ —

AN () — 9
——u—e— 747( i —Re [£]
- &> -m -] ) €

’ ggz—vsine
£ =-vesc O
p = Rayleigh pole

Fig. A.6-4. Path of steepest descent.

As can be seen from figure A.6-4 the point §; =— v csc 8 will move to the left of
the Rayleigh pole, —p, when —p > £, which in turn means that the condition for the path
enclosing the Rayleigh pole is met for angles 6, where

0< arccsc(vp-}, 3 % >0>0. (A.6-27)

Under these conditions we need to consider the contribution to the integral from the
Rayleigh pole which certainly contributed to the integral before we deformed the path

shown in figure A.6-2. From the theory of complex variables (Churchill, Brown and
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Verhey, 1976, p. 172-173) we know that the contribution of the Rayleigh pole is given by
the residue theorem to be

2 i |residue of (¢ 7® y(&)) at &£ = - p). (A.6-28a)

If we let the residue be b and write

(&)
=12 A.6-28b
x(&) Fo©) ( )

which we can always do, then the residue (Churchill, Brown and Verhey, 1976, p. 178)

can be expressed as:

b= w(_p) eRf(-P)
0=

; (A.6-28¢)
Fy(-p)

So the solution with contributions from both the saddle point and the Rayleigh pole will
be the combination of equation (A.6-19a) and (A.6-28a) taking the form:

I-~ ,/2—;‘2—‘1 ei (@4 =RV) cos @ 3(—vsin 0 ) + 2mi by . (A.6-29)

In the cases where the Rayleigh pole is not included within the contour of integration, it
does not mean that the Rayleigh pole has no contribution; we must include it within a
separate contour as shown in figure A.6-5. In this situation, the path C; gives the
Rayleigh pole contribution and the path C, has the same asymptotic solution as before.



Easley 149
Im(§ ]

N

/ & \// /
A
/ | 0)
7 ) B /% > Rl
\\\‘_,/ - & =-vsing
G

€ =-vecsco

Fig. A.6-5. Path of steepest descent including Rayleigh pole
outside of main path. |

One other situation can occur when 6 approaches 7 /2: in this situation the two points &
and &, approach one of the branch points, which requires additional modification of the
path of integration. The new path (figure A.6-6) has basically three paths C,, C, and C;.
The first two paths, C,and C,, give rise to the Rayleigh pole contribution and the
asymptotic solution already derived; the last path C;, according to Miller and Pursey
(1953), can be dealt with by the method of steepest descent which gives a solution that
decays faster than the other solutions. I have expanded on this in box A.6.b. Since, the
path C; gives rise to a quickly decaying wave type, we shall ignore this wave. Aki and
Richards (1980, p. 220-221) discuss this path for a slightly different problem, namely that
of a buried point source, and say that this path corresponds to a surface S-wave. So, we
should be aware that, by ignoring this path we may not get a very complete description of
what we may find on the free surface.
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—»Re [§ ]

~———{—— Integration Path
...... fs  Branch Cuts

—_ — — Asymtotes of Integration Path

r

Fig. A.6-6. Path of integration when 6 approaches 5

Box A.6.b: Asymptotic solutions as 6 approaches -725

As can be seen in figure A.6-6 the integral (A.6-14) can be approximated by the
sum of three integrals

=| RIOyE)dE+ | eRIOyE)VdE+ | eRI® (&) dE.

C, C, G,
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The first two integrals, I and /,, in equation (A.6.b-1) gives rise to solutions
from the Rayleigh pole and the asymptotic solution from the saddle point,
respectively. These two solutions have been discussed in the previous section
culminating in equations (A.6-19a) and (A.6-28a) and combined in equation |
(A.6-29) and will not be elaborated upon here. The third integral, 15 , is
somewhat of a different beast, but the techniques used to obtain an asymptotic
solution will yield a tool that allows us to find a solution in this case as well.
First we will show that most of the contribution to the integral along path C,

comes from the region around the branch point £ = -1. To see this, simply
consider the case when 6 approaches I, then

lim f(€)=i&. (A.6.b-1)
9—)%

Now if £ =d+i b then

RI® o RE iRa (A.6.b-2)

Since we have assumed that R is very large, the only places where the integral
will have significant contribution, with (A.6.b-2) as a factor, will be when

b — 0, which in the case of path Cj is in the neighborhood of the point § = 1.
We can try to find a path of steepest descent away from & = -1, which takes on
the role of the saddle point. Since we now seek a path on which f(&) is real and

non-positive away from & = -1, we can parameterize such a path by letting

fE&-f-H=-Y, (A.6.b-3)

where

Y € {Positive Real Numbers}.

Equation (A.6.b-3) reduces to a quadratic equation:

AE +BE+C=0, (A.6.b-42)
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where
2
A=(tan8) (A.6.b-4b)
2 tan 6 p) tan 6_; Y ~
B= [Jv T+1208 ;Y e] (A.6.b-4c)
and
_ tan92[ yvi-1 (Y 2] : tan9 7 .
C_( a ) I+ tan 6 (sine) +loccos() v ]]' (A.6.b-4d)

We can solve equation (A.6.b-4a) by using the quadratic formula:

g=-BY B'-44 ¢, (A.6.b-5)

2A

This will give us the steepest descent path we have been looking for. We will
deform the path C; so that the two main branches, whichI will call '} and I',,
will be close and parallel to the steepest descent path and cross the point § = -1.

This situation is shown in figure A.6.b-1.
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#Re [£]

Steepest Descent Path
""""""""""""""""" $  Deformed Contour of Integration

Fig. A.6.b-1. Steepest descent path for C5.

Now we shall use a device used by Miller and Pursey (1953); that is, we assume
the paths I'y and I'; are arbitrarily close to the path of steepest descent and that
the value of (&) is % ;(§) on T'; and x,(E) on I',. Then using the
parameterization of the path of steepest descent, we can rewrite the integral I5

as:

L=V e RY FE))ay, (A.6.b-6a)

where

FI)= (a®) - 110) . (A6.b-60)

Equation (A.6.b-6a) is of a form for which we can apply equation (D.2.a-21) in
order to find an asymptotic solution. The asymptotic solution would be of the
form:

2% T (A.6.b-Ta)




Easley 154

where

j
a;=|2E L (A.6.b-Tb)
dg’ |7

£ =-1

Since X ;(~1) = x,(~1) this implies that F(-1) =0, which in turn means that

ay = 0. Therefore, the first nonzero term will be O(R_ 2), which certainly decays
faster than the other terms but is still not zero. There is one difficulty with this
argument. If we consider only the next term in the asymptotic expansion we find
that

a, = [%gL‘. (A.6.b-8a)

(- e Za |

where we have used

48 _ (i{) (A.6.b-8b)

derived by implicit differentiation of equation (A.6.b-3). Now we substitute in
equation (A.6-13c) to get

-1 2
_(af ) = §-v? (A.6.5-9a)

E3 atcosO-isin®yEI_v2’
and
ﬁ(ﬂ)_z___ o vZcos 0 _
9E? \ 9% (@& cos 8)? - (E2-v?)sin?0-i2 o & /&2 —v2 sin 20
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(A.6.b-9b)

As can be seen from equation (A.6.b-8a), the same argument of ¥, (-1) = x5(-1)
causing a to be identically zero will also cause all terms to be zero. The only

mitigating circumstance is the presence of factors like (A.6.b-9b) that are
infinite when 6 — m/ 2, which points to the need for further analysis.

This concludes our analysis and update of Miller and Pursey's (1953) paper. The
differences between their paper and this treatment are developmental and lie in certain
points of analysis. The development here is more general than the one given by Miller
and Pursey and allows one a more convenient starting point for other developments such
as Cherry's (1962) work on horizontal stresses. No attempt at terseness was made since
this is meant to be tutorial in nature and an easy jumping-off point for further
developments. The radiation patterns could be displayed at this point but to speed things
up a little the reader is refered to Miller and Pursey's (1953) paper. There should be no

difference in these patterns since the final equations are the same.
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B: Review of the Theory of an Elastic Continuum

B.1: Conservation laws

Consider the forces acting on a material volume V, enclosed by an orientable
surface S. The material within V is acted upon by forces through the surface S and action
at a distance type forces , for example the gravitational forces, throughout the volume.
First consider the surface element dS with outward normal n. The net force per unit area
or traction acting on this element will be tp. Secondly, a net force per unit volume, or
body force, f, will act upon elemental volume dV around point P . This situation is

represented in figure B.1-1.

S

Fig. B.1-1. Forces acting on a material volume.
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To study the motion of the material points in volume V, due to the forces

mentioned in the previous paragraph, the conservation laws for a continuum will be

invoked. The laws that will be considered are the conservation of mass, the conservation

of momentum, the conservation of moment of momentum, and the conservation of

mechanical energy. The equations representing these conservation laws are respectively:

d

dt

where

d
dt

p=
ns=

x=

pdV=0, (B.1-1)
14

vipdV=QtidS+ | fipdv , (B.1-2)
vV S 14
.

gleuxivkpdV =0 gleyx/thdS+ | gleux f kpdv (B.1-3)
v S v

[gjviv/+UlpdV =0 g;th vidS+ | g;f'vipdv , (B.1-4)
14 S 14

= material time derivative,

mass density,
outward normal of surface S,

covariant position vector,

gij = contravariant metric tensor,

€k = V& € = permutation tensor,

such that,

g = det[g;] =lg;l and e = permutation symbols,
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V= %x‘ = x' =material velocity,

and U =internal energy per unit mass.

These balance or conservation equations are based on many assumptions, one of which is
the adequacy of just the traction (force per unit area) and body force (force per unit
volume) in describing the interaction with the volume. The form of the equations would
be quite different if other interactions were allowed, for example if couples were present,
as is appropriate for the case of rigid bodies. This possibility is explored in appendix C.
The material in appendix C directly parallels the development here but includes much
more detail in some areas and less in others.

The normal tensor notation, as can be found in Colburn (1970), Spain (1965) and
Eringen (1971), has been followed. I will tend to call symbols of the form, a’ and by,
contravariant vectors and tensors, respectively, when I mean the contravariant
components of vectors and tensors. The same convention will be followed for covariant
and mixed vectors and tensors. This is also the convention used in Spain's (1965) book.
Since there are some discrepancies in notation between the books, a short descriptions
will be included along with the development. Summation on diagonally repeated indices
will always be in effect, such as x; 4’ = x, u! + x, u? + x5 u3. To suppress summation the
indices will be in Greek letters, such as x, u®, which represents any one of x, u!, x, u?, or

.X3 u3.
Differential form of the conservation laws

Conservation of mass

It is useful to cast equations (B.1-1) — (B.1-4) in their differential form. Since the
material (Lagrangian) frame of reference is assumed, the material time derivative can be
taken within the integral sign. A direct outcome of this is equation (B.1-1) can be

rewritten in its differential form as:

%pdV:O:p . (B.1-5)

1%
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Conservation of momentum

Calling upon the tetrahedron argument, as summarized in Appendix E, the
traction can be recast in the following form:

th=0'n;, (B.1-6)

where 6 is the stress tensor (or more accurately called the first Piola-Kirchhoff stress)
and n; is the covariant vector normal to the surface element. Substitution of equation

(B.1-6) into equation (B.1-2) and applying the divergence theorem results in:

(Vp-o¥,;~fip)dV=0, (B.1-7)

14

where

A AV A . . L
oYV, =—+{ 367+ i G’ = covariant partial derivative,

and

{:j} = Christoffel symbol of the second kind,

which is defined as:

; o . 1[0g™ odgik ogU
P\ = gMrjk]= ik 1 — + - .
{rf} gik] =z 2 ( ox  ox” oxf

Covariant differentiation of tensors creates other tensors that transform as tensors should:
the operation plays the role of partial differentiation in rectangular Cartesian coordinates
and reduces to ordinary partial differentiation in that case. Since the volume of integration

is arbitrary we have the differential or local form of equation (B.1-7):

vip-ol,~fip=0. (B.1-8)
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Equation (B.1-8) is often called the equation of motion.

Conservation of moment of momentum

Manipulation of equation (B.1-3), following a similar recipe as the one used to

manipulate equation (B.1-2), results in:

gilsljkx{m ckm=0. (B.1-9)

Equation (B.1-9) shows the stress tensor 64" to be symmetric. This can readily be seen in
the special case of rectangular Cartesian coordinates.

Conservation of energy

Finally, manipulation of equation (B.1-4) yields its local form:

Up=g;crvi, . (B.1-10)

Equations (B.1-5), (B.1-8), (B.1-9), and (B.1-10) are assumed to fully describe the
dynamics of the material considered. These equations do not assume anything about the
material itself and can be used to describe a host of materials. To make these relations
useful, however, a description of how the material itself will respond to deformation is

necessary. This type of description is called a constitutive relationship.

B.2: Constitutive relationships

As the material under consideration deforms, there is usually a tendency for the
material to resist the deformation. The quantification of this resistance results in the
constitutive relationships. Some effects will be ignored such as the effects of temperature
and temperature gradient. The deformation will be described with respect to some initial
reference configuration in a frame of reference call the material (Lagrangian) frame. The
position vector within the material frame will have components designated by the capital
letter X and all reference to this frame in terms of subscripts and superscripts will also be
in capital letters. The actual configuration of the material at some time will be described
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with a frame of reference called the spatial (Eulerian) frame. The position vector in this
frame will be designated by the small letter x and all reference to this frame in terms of
subscripts and superscripts will also be in small letters. The squares of the arc distances
traced out by the position vector in the spatial and material (Eulerian and Lagrangian)

frames are respectively:

(ds)? = gy dx* dx’ (B.2-1a)

and

(dS)* = Gy dx® ax* (B.2-1b)

where the metric tensors are self-defined by these equations for each frame of reference.
Now consider an infinitesimal directed line segment in the material frame and its image
in the spatial frame. They will be related by the following formula:

k axk K_ k K
dx* = dxX = x*¢ dx (B.2-2a)
axX ’
or
K
axk= K ke x5 dx* (B.2-2b)
axk Y

where the semicolon designates ordinary partial differentiation. By direct comparison of
equations (B.2-2a) and (B.2-2b) to equations (B.2-1a) and (B.2-1b) it can be seen that the
arc distance is just the inner product of equations (B.2-2a) and (B.2-2b), which takes the

form:

(ds)? = gy X' g ' dxX dx* (B.2-3a)

and

(dS)* = G X* X5 axt ax! . (B.2-3b)
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A good measure of deformation would be the difference of squared lengths in the
undeformed and deformed bodies along the same material points. The deformation
measure generated in this way could be used as a variable to determine how the
deformation energy is stored in the material (materials which generate energy when

deformed are not considered). With this in mind we write the following formula:

(ds)? - (dS)” = (gy kg ' - Gp) dX* dx*
= (gu-Gre Xy Xpdax' (B.24)

Equation (B.2-4) gives a measure of deformation in a body. The terms within the
parenthesis, therefore, provide a measure of this length change in the material and spatial
frame respectively. The names Lagrangian and Eulerian strain tensors will be attached to

these quantities and the following symbols will be used to represent them:

2Ex; =2E = gu X'k XI;L - Ggp (B.2-5a)

and

2e=2ey =gy - Gk, Xl:(k XI;“[ . (B.2-5b)

The symmetry of the strain tensors is obvious since the metric tensor is assumed to be
symmetric. In order to relate the stress to strain, it is appropriate to consider the internal
energy. Assume the internal energy of the body, U, be altered only by the deformation. In
other words the energy is in some way stored by the body when deformed. This means U

can be written as:

U= U(ELK)’ (B2-6)

which in turn implies:

. U .
p p 3E, 1
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Equation (B.1-10) can be manipulated into the form of (B.2-7) by the following steps:

Up=g,~j0‘ij

1
=g, O xf, X# , (chain rule)
=85 %) Xy Xop X5 0, (B =xiy XY )
=1 g, x! xM ol define: Ejpy = 2 g;; &y x!
=5 Ly X5 X 0F (define: Ejpy =2 g %y xips )
=Ep o™ (define: @M =%X{,, XMool ) (B2-8)

Subtracting equation (B.2-7) from (B.2-8) results in:

U \ .
1J g = _
(CI) _p aE”)E,, 0. (B.2-9)

If it is assumed that the factor within parenthesis is independent of the factor outside,
then:
U

u_.oY ' }
& =P 3E - (B.2-10)

Substitution of the last definition in equation (B.2-8) into equation (B.2-10) and solving

for the stress gives:

U
Glpzsz’.)j ! J

: x;M§E; . (B.2-11)

Equation (B.2-11) is one form of the constitutive relationship but is in a far more general
form than is required. Since the problems under consideration will be in the small-
displacement regime, linearization is an appropriate simplification for equation (B.2-11).



Easley 164

B.3: Linearization

Internal Energy

As a first step towards linearization of equation (B.2-11) consider the behavior of
the internal energy close to the undeformed state of the body. To do this the internal
energy is expanded as a Taylor's series around the undeformed state where the density is
assumed to take on the value p. Recalling U = U(E};) the internal energy can be written

as:

poU=a+b" Eyy+ L cURLE Epy 4 (B.3-1)

where a, b, and ¢/KL are assumed to be constant material scalar, dyadic and tetradics
respectively, which determine the behavior of the material considered. The higher-order
terms, of course, have higher-order polyadics, which have not been explicitly represented.
If the assumption is made that the internal energy is zero when the body is undeformed,

then the scalar a must be zero; if a further assumption is made that the undeformed state
is a state of zero stress, (i.e. ¥ = 0 ), the definition in equation (B.2-8) can be used to

show that

po U =" E;y=(1 X} X} o¥) Eyy=0. (B.3-2)

Differentiating equation (B.3-1) with respect to time will result in:

PoU=b" Ejy+ cUKLE; Eyy + -
=(bY + cVKLE VEpy + - . (B.3-3)

Then, by directly comparing equation (B.3-3) with equation (B.3-2), the conclusion
b7 =0 can be drawn. With this in mind, the internal energy can then be written as:

po U= %CIJKLEU Exr+---. (B.3-4)
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It is natural to consider the role that displacement plays, since it is a natural variable to
use in describing the evolution of the material body.
Displacement

Prior to deformation the body under consideration is referred to as the reference
body; after deformation has taken place the same body having undergone deformation is
referred to as the deformed body. The displacement vector u is the vector which starts
from a point located at position vector P for a particular material point in the reference
body and ends at a point located at position vector p for the same material point in the
deformed body. This situation is represented by figure B.3-1. The symbols used in the
figure are:

V = volume of reference material body,

S = surface of reference material body,

X = curvilinear coordinates in the material frame of refcrenc.e,
G; = covariant basis vectors in the material frame of reference,
(X,Y,Z) = rectangular Cartesian coordinates in the material frame,
I; = orthonormal basis vectors for (X,Y,Z),

P = position vector of a material point in the reference body,

V; = volume of deformed body,

S; = surface of deformed body,

x = curvilinear coordinates in the spatial frame of reference,

g; = covariant basis vectors in the spatial frame of reference,
(x,3,2) = rectangular Cartesian coordinates in the material frame,

i; = orthonormal basis vectors for (x,y,2),
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p = position vector of a material point in the deformed body,

b = vector starting from the origin of the material frame
and ending at the origin of the spatial frame,

u = displacement vector as defined in the opening paragraph,

i = a counter that identifes objects in the different frames as
defined in figure B.3-1.

Deformed body

Reference body

il Spatial frame

Material frame

Fig. B.3-1. Frames of reference and motion.

As an intermediate step towards relating displacement to the Eulerian and
Lagrangian strains, a different deformation measure will be considered. To begin,
consider infinitesimal vectors due to a change in the position vectors p and P. These can

be written as:
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dp=p, dx’
=p,,; xidX’ (by the chain rule)
=C,;dx’, (define: C;=p; x; ) (B.3-5a)

and, in the same fashion,

dP= P" dxi
= ¢ dxi . (define: ¢;=P,x} )  (B3-5b)

From equations (B.3-5a) and (B.3-5b) we have a second method to obtain the square of
the arc length in the material and spatial frames. The square of the arc length will have

the form:
(dS)? = dP-dP
=(c;c)) dxidx) (substitution of equation B.3-5b)
=c; dxidx) (define: ¢;;=¢;c; ), (B.3-6a)

and, in a like fashion,

(ds)* = Cyy dX'dx’ (define: Cy=C;C, ). (B.3-6b)

The tensors C;; and ¢; can be used as deformation measures and are called Green and

Cauchy deformation tensors, respectively. The relationship between these tensors and the

Lagrangian and Eulerian strain tensors are:

(ds)* - (dS)* =(C;y— Gy )X dX?= 2E X 'dx’ | (B.3-7a)
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and

(ds)? - (dS)* = (c;j - g,)dxidxi= 2e dxidxi . (B.3-7b)

Now the relationship between the deformation measures and displacement can be
made. From the definition of displacement and figure B.3-1 one can write:

u=p-P+b. (B.3-8)

If we take the partial derivative of (B.3-8) with respect to the material and spatial
coordinates and compare this to the definitions in equations (B.3-5a) and (B.3-5b) we
find:

Cx=Px+uy
=Gg+ (U’G,),K (expansion of u in terms of G; )
=Gg+ U,’ ] (definition of covariant derivative) (B.3-9a)

and in the same fashion:

C =8t u,lkgl . (B.3-9b)

Equations (B.3-9a) and (B.3-9b) immediately furnishes the definition of the Green and
Cauchy deformation tensors in terms of displacements as:

CkL=CkCyL (by definition)
=(Gx+ UG, {6, + UG,) (by equation B.3-92)
=Gy + Upg+Ugr+UxU',  (inner product expansion) ~ (B.3-10a)

and
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Cl=8utuptu,+ “i.k“.i,l . (B.3-10b)

By substitution of equations (B.3-10a) and (B.3-10b) into equations (B.3-7a) and (B.3-
7b), the relationships between Lagrangian and Eulerian strain tensors and displacements
are found to be:

EKL=;—(UL,K+ UgrL+ U]J(U'L[ ), (B.3-11a)
and
exl = %(u”( + Up - wigl i ) . (B.3-11b)
If the material and spatial gradients are assumed to be small in the following
sense:

IUL,KI << 1 and |u['k| << 1, (B.3-12)

then the Lagrangian and Eulerian strain tensors will be approximately equal and have the

linear form:

Ey=en= 5 (wp+ugs). (B.3-13)

N p—

The ideas above can now be incorporated with the equation of motion (B.1-8) to

give the linearized equation of motion.

Linearized equation of motion and isotropy

If the linearized strain tensor of equation (B.3-13) is substituted into the internal

energy equation (B.3-4) the following relationship is derived:

p0U=1W=

5 cMejep+ . (B.3-14)

| —

By the same procedure the constitutive relationship can be written as:
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U

oU:poVU

=W (B.3-15)

ae,‘j

By ignoring higher-order terms, the following set of linearized equations can be written:

W=c*e;ey, (B.3-16a)
i_ oW ijkl
ol= =c" ey (B.3-16b)
§el-j kt .
and
1
ey = 5 (uLk + ukJ) . (B.3-16¢)

Substitution of equations (B.3-16b) and (B.3-16c) into the equations of motion (B.1-8)

results in:

= cijk’uk‘lj + c"jk’juk', +fip. (B.3-17)

Equation (B.3-17) is one form of the linearized equation of motion. If we make the

additional assumption of isotropy then:
ok = ), §U88 + i (8%87 + 8165 | (B.3-18)
where A and p are the Lamé constants. If, further, the assumption of homogeneity is

made then equation (B.3-17) becomes:

il p=(AHa) gl + gl ul 4+ fp, (B.3-192)
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which can be put in a more widely used form:

i'p=(A+2u)gT A - pekay ;+ f 'p, (B.3-19b)

where the definitions:

A= ek =uk,, (B.3-19¢)

and:

O = €8 U™, (B.3-19d)

have been made. To get from equation (B.3-19a) to equation(B.3-19b) the reasoning in

the following box was used.

Box I
Given:

€9t €4 = €9 ey = By = (8187~ 81,8f) (B.3-1-)

where:

6;{,, = the generalized Kronecker delta,

and:

i_Jl:i=1\_
81—{ 0 ¢1}_ the Kronecker delta,

then,

e €4 V.’.f,""’ (8;8{;1 - 55,15{) Vl',"

=Vi-vs (B.3-1ii)
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The following term from equation (B.3-19a) can be rewritten using equation (B.3-I-ii)
as:

10 Vi Vil eijk Im

glul=Vi=VY—ebey, V7
— oil yj. _ gijk In ,m.
8 U jy—ET Eym 8T U (B.3-I-iii)

Upon substitution of equation (B.3-I-iii) into equation (B.3-19a) the following results:

Sinceey,, ; = 0 and by Ricci’'s lemma (Colburn, 1970) g =0, equation (B.3-I-iv) can be

recast in the form:

i’ p=(A+2p) g¥ “.I.Ij - P e g “.',';1],1- +f iP. (B.3-1-v)

If definitions (B.3-19¢) and (B.3-19b) are introduced into equation (B.3-1-v) then
equation (B.3-19b) results.

Equation (B.3-19a) and (B.3-19b) are the covariant form of the equations of
motion for a homogeneous isotropic medium. This equation is true for any curvilinear
coordinate system but, in general, it is the physical components and not the covariant
components which we work with. So it is appropriate to look at the general tensor

relationships within a few standard coordinate systems.
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B.4: Equations of linear elasticity in orthogonal Cartesian and cylindrical
coordinates
Cartesian orthogonal coordinates

The most commonly used coordinate system is the rectangular Cartesian system.
In this system the relationships between contravariant components and physical
components are simply:

xl=x,x2=y,andx3=z . (B4-1)

Since the squared arc length has the form:

(ds)? = g dx' dxJ
cxeylel, (B.4-2)

from which the metric tensor can be seen to have the simple form:

From equation (B.4-3) it can be seen that:

; _[Ogi; Ogp Og;
{’}:gd( L, ok ’k)=0. (B.4-4)

Jk oxk o ox!

This in turn means that all covariant derivatives reduce to the familiar partial derivatives.

Since gV = (g ,-J) = gjj the covariant and contravariant components are equal. This

allows one to drop the super- and subscript notation distinguishing between the two. With
this in mind all the formulas of linear elasticity take on the familiar forms. Some of these
are: the relation between displacement and linear strain,

S VO | UL ]
€;= 2(“':1 +uj)= 2(axj + ax,-) , (B.4-5a)
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the constitutive relation, in the case of isotropy,

Ojj = Cijki €kl

= [k 81]'81(1 +u (Biksjl + 5,,5],()] € (B4-5b)

and the equation of motion,

i p= (M) up + Wuig + fip - (B.4-5¢)
By using the permutation tensor or permutation symbol, which are the same in this case,
the equations of motion can be cast in a more widely used form:

i; p=(A+20) uyy; - p Eijk Edm Ymiji + i P - (B.4-5d)

Equations (B.4-5a) through (B.4-5d) can be written in vector notation respectively as:

e= -é- (Vu + uV), (B.4-6a)

c=ce, (B.4-6b)

ip=(Atn) VVu+u V-Vu+f, (B.4-6¢)
and

i p=(A+2n) VV-u — u VxVxu +f . (B.4-6d)

As seen from the development above, all the equations take on the familiar forms
that is determined by the choice of rectangular orthogonal coordinates. Of course the
vector notation is also coordinate independent by less informative. Now consider another

coordinate system.
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Cylindrical coordinates

Fig. B.4-1. Cylindrical coordinates.

The results from Cartesian coordinates will be used to develop the relationships in
cylindrical coordinates. From figure B.4-1 relationships between the two physical
coordinates and their normalized basis vectors can be seen to be:

X=rcos Q, (B.4-7a)
y=rsing, (B.4-7b)
Z=2 (B.4-Tc)

r =sin(@) y +cos(Q) x , (B.4-7d)



@ =cos(®) y - sin(@) x ,

and

The covariant basis vectors will be, by definition:

JR
© =5
JR
e, = %,
and
oR
€3 = a—Z

Easley 176
(B.4-7e)

(B.4-7f)

(B.4-8a)

(B.4-8b)

(B.4-8¢)

These basis vectors need not be unit vectors. By direct application of the chain rule and
substitution of equations (B.4-7a) through (B.4-7f) into equations (B.4-8a) through (B.4-

8c), as in the following example:

o ox dy 0z
—x%-‘-y%".Z%

=—X r sin(Q) +y r cos(®)

=r(p

dJR OJR dx JR dy OR 9z

e2=-a$=g%+§;§a+—$% (by the chain rule)

by definition of R in rectangular
Cartesian coordinates

(by equations B.4-7a to 7c)

(by equation B.4-7¢)
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we obtain:
e =r, (B.4-9a)
€H=ro, (B.4-9b)
and
e;=2Z. (B.4-9¢)

To get a handle on the metric tensor, one can first consider the differential of the position
vector dR, which has the representation:

dR=dx'e;=drr+doro+dzz. (B.4-10)

By comparing terms in equation (B.4-10) and using equations (B.4-9a) through (B.4-9c)
the following can be deduced:

dx!=dr, dx?2=d¢@ and dx®=dz.

Keeping this in mind and using equation (B.4-10), the differential arc-length can be
computed:

(ds)? = dR-dR = g,; ' d = (dr)? + (r d)? + (d2)? . (B.4-11)

This, in turn, gives the definition of the metric tensor, which can be written in matrix

form as:

00 1 0
n* o=l 0 (x)* o |, (B.4-12a)
0 1 0 1

and
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1 0 0 1 0 o
[g=[g;]"=| 0 ("% 0 |=| 0 ()% 0 |. (B.4-12b)
0 0 |1 0 o0 1

The metric tensor can also be defined by the inner or dot product of the covariant basis

vectors in the following manner:

e e, =g;. (B.4-13a)

Equation (B.4-13a) provides an alternate means of obtaining the length of the covariant
basis vectors. Since the covariant basis vectors are not unit vectors in general, but lie in
the same directions as the physical unit vectors, the length of the covariant basis provides
a link between the physical and contravariant components of the vectors. The lengths of

the covariant basis vectors are:

Iei|2 =€¢,=g;. (B.4-13b)

This supplies a link between the contravariant components of a vector and its physical
components through the metric tensor. Let u; be unit vectors along the covariant vectors
e;. Then for any vector v the relationship:

v=iu=ve (B.4-14)

holds. The tilde specifies the physical components. Examining equation (B.4-13b) and
equation (B.4-14) shows the components are related by:
7%= Ve V™ (recall, no summation on Greek letters). (B.4-15)

The previous development allows the calculation of the Christoffel symbols. For
cylindrical coordinates in a Euclidean space, the Christoffel symbols will have the form:

; . i1(0g; Odgy 98k
P _ il 'k;l=-g— i, gk_l_ J
{fk} i Z[axk ax  ax
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i

g 8gja agka agjk
=72 + -

axk  9x Ox *

] (again, no summation on o). (B.4-16a)

Since:
_afﬁ___{Zx':Zr:i:j:Z,k:l}
oxk 0 : otherwise
=2r 8[281281(1 s
then:
[l],k] =r (61-26[(281'1 + 8j28k28i1 - 8"26]'25}‘1) . (B 4-16b)

Substitution of equation (B.4-16b) into equation (B.4-16a) shows that there are only three
nonzero elements of the Christoffel symbol, these are:

{22] }= { 122>=% (B.4-17a)
and
{212>=_, _ (B.4-17b)

All the other elements are identically zero. To simplify notation, the physical components
will not have a tilde over them: instead, any subscript or superscript of r, @, or z will

indicate physical components. The equations of linear elasticity in cylindrical coordinates
can now be written with the aid of the expressions above; the displacement gradients will

have the form:

i (o
uf,j=—+{ i }uk , (B.4-18)
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which from equations (B.4-17a) and (B.4-17b) will have three special components. The
first is:

SW
N|—
-

=

L. (B.4-19a)

+

Recall that the physical components are related to the tensor components by:

/822g22u2 = /’2# uly=u?, . (B..4-19b)

Therefore, the physical components of equation (B.4-19a) will be:

r ~ (B4-19%)

The second special component is:

ou?
ul. = 21,2 _
i +{12}u : (B 4-20a)

which has physical components related to its tensor components in the fashion:

= g8 ud =V riul = ru?, . (B.4-20b)

This means that the physical form of equation (B.4-20a) will be:

ou
uo=—242r, (B.4-20¢)
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and the last special component is:

ou'
ubh=—+ { ! } u?, (B.4-21a)

which has the following physical representation:

1 au,
Wo=F|3q ~to| - (B.4-21c)

All the rest of the components will reduce to partial derivatives of the form:

i = o' (B.4-22a)
e '

with physical representations:

. ou”
7%=V 8%g0aty = v %500 = - (B.4-22c)
The contravariant components of the linear strain are:
e =1 (el + glut}); (B.4-23)
and some specific sample components have the form:
el3 = _%_ (g33u!5+g"u?)),
= % (uls + ) (B.4-242)

with physical-component representation:



Also,

and its physical component is given by:
ou ou
1 ¢ 194%
2 | —F L L
evi=l ( e 125,

The last sample component is:

which is its own physical component, therefore:

du,

el =—
0z

Before leaving stress, the following contraction will be considered:

ou*
ok ok I 2
A_e'k_u"k—ax"+{12

au, u,

=— 4L+

Tor T ra(p+—é—z"

1 auq, du,
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(B.4-24b)

(B.4-25a)

(B.4-25b)

(B.4-26a)

(B.4-26b)

(B.4-27)
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which, being a scalar, is invariant and is its own physical representation. Now consider

the constitutive relationship:

G'j = C'jkl ekl
=[1 898+ 1 (8,8 + 83/ )] ¥
=A8A+p el

Some of the physical components of equation (B.4-28) are:

ou, auz)

r— 2=y f—r 4 "2

and

CZ=AA+2neZ=AA+2n a;.

Finally, the two forms of the equation of motion will be:

i'p= (M) ¥ ul p+pglui y+ f'p

and

l-l-i p= (i+2u)g‘l “.I,Ij‘ﬂ eijkeklmgln u.'rlnj +f ip

=(A+21) gV A j-peay ; + fp

where equation (B.4-27) has been substituted and the definition:

(B.4-28)

(B.4-29)

(B.4-30)

(B.4-31)

(B.4-32)

(B.4-33)
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W = €8 U, (B.4-34)

was used. The physical representations of equation (B.4-34), also called the curl of the
displacement, can be found. For this purpose it is easier to work with the contravariant

components, so equation (B.4-34) will be cast in its contravariant form as:

(l)i = Eijk g]l u_"k = €ij" Uk (B4-35)

Before proceeding further, the following useful identity will be derived:

Box II:
AR PR Y/ k o Ui k|, (B.4-1I-1)

since:

(i {)

then:
Ju; du;
Uij—uji= —-—I= Uij—Uji (B.4-T1-ii)
' oo oxt ' e :

The first component of equation (B.4-35) is:

l=eljky . =L ,ljk,, .
m—efu]‘k—@e uj'k

= —lr— ['23 up 3+ €32 u;,] (expansion of permutation symbol)

=1 [423—us3,]= 7 [—x— - ———] (by equation B.4-1I-ii )
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1 [aru¢ auz

=+ 57 " —BE] (substitution of physical components). (B.4-36)

Since:

—fl = =
o,=0'= /2 0= 0!,

the first physical component of the curl of the displacement in cylindrical coordinates will
be:
0 ug u,

la
(Dr=————r"§'—

- . (B.4-37a)

The second and third physical components of the curl of the displacement can be found in

a similar fashion to be:

du, du,
(!)(P = —a;.“ - ?Z— s (B4—37b)
and:
1[99 B.4-37
W, = W_ | , (B.4-37¢)

By the same procedure as above, the physical components of the equation of motion
(B.4-33) can also be derived by:

i'p=(A+2u) gl A -‘%eljk oy i+ f 'p

oA
=(A+2u) g!! P % [ w5+ €32 w35+ f 'p
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' A ulde, 3
unpz(uzﬂ)__ﬁ[_‘*’z_&}”lp _ (B .4-38)
X X

Substituting the physical components:

=il = =
u=i = /g u =ul,

m(p=m2=~/Fm2=—°,’—2,

® =0;=ygP o=y,

into equation (B.4-38) gives the first physical-component form of the equation of motion:

i, p = (A+2u) gA ﬂ[r ] +£p. (B.4-392)

By using the same method as above, the second and third physical components are:

oA o, am
= (A+2u) 3_(5 - [ =" ] foP> (B.4-39b)
and:
oA ow, Oro,
i, p = (A+2u) 3% # [—ani - —ar—‘E] +£p. (B.4-39¢)

The tensor equations previously derived for linear elasticity have been translated
to the physical components of two particular coordinate systems, the rectangular and
cylindrical coordinate systems. This is just an example, of course, since the tensor
equations are true in any curvilinear coordinate system. Since physical laws should not
depend on the coordinate system in which they are formulated it is prudent to cast the
physical laws in some coordinate-independent form. Tensor component formulations
provide one such platform; vector notation is another. The tensor route, however, does
provide more information then the vector notation and rules of transformations are more
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apparent in tensor form. The disadvantage is that tensor component formulas tend to be

more complex in appearance and require some time to become comfortable with.
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C: Cosserat media

C.1: Introduction

This note represents basically a review of a portion of Mindlin and Tiersten's
(1962) paper. I will put the work in Einstein notation, which seems to be clearer. An
attempt will be made to keep the development in general curvilinear coordinates (which
does not necessarily add to the clarity). The sections of concern are the development of
the Cosserat equations, which govern the behavior of continua where couple-stresses are
included alongside the more familiar force-stresses, the development of constitutive
relations (Toupin, 1962) which in the present analysis concerns the response of a Cosserat
medium to deformation, the linearization of these relations, and the analysis of wave

propagation through such a medium with emphasis on plane waves.

C.2: Force and Couple Stresses in Elasticity (Cosserat Equations)

It can be shown that any system of forces acting on a rigid body can be broken
down into a single force which acts on an arbitrary point of the body plus an appropriate
couple (Symon, 1971). A couple, by definition, is a system of forces whose vector sum is
zero, and which forces can be reduced to a system of two forces that are equal in
magnitude but opposite in direction and do not act directly against each other (i.e., they
do not have the same line of action). Otherwise, one could just as well replace these two
forces by a force with magnitude zero, which is not very informative in any way. Couples

provide a twisting or torquing effect to a mechanical system.

In continuum mechanics, the assumption has been made that a similar scheme can
be used to describe the forces acting on a material volume V centered about the point P,

enclosed by an orientable closed surface §', as shown in figure C.2-1.
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Fig. C.2-1. Forces and couples acting on a volume of material.

The material outside of V exerts forces on the material inside V through the surface S'. If
we concentrate on a small region of the surface, as outlined by the oval in figure C.2-1,
the net influence of the material in the direction of the outward unit normal vector, n,
consists of a force per unit area, t,, and a couple per unit area, my. In the interior of S'
action-at-a-distance type forces can influence the material in V. These forces will be
assumed to be proportional to the mass acted upon; again, we will simplify these forces at
each point in V into the now familiar force per unit mass, f, and a couple per unit mass, c.
This is represented in figure C.2-1, where forces are illustrated as line segments ending in

a single arrowhead and couples are portrayed with two arrowheads.
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We shall now consider the motion of the material in the reference volume, V, due

to these forces and couples. The motion will be governed by the equations of

conservation of mass, balance of momentum and moment of momentum, and

conservation of mechanical energy. The equations in index notation of these properties

are respectively:

and

where

d
5| pav=o. (C.2-1)
v
dl i '
5| vPdv=| mds+ | foav, . (C2-2)
\" s \%
d| e vkpave | @ 0k idS+ | (', X f+chpdV . (C2-3)
T ExXx vV p = (Ejk n+ My € ik cp , (C
\" S v
d | deiviv i L iy ds C.2-4
@ (Egijv +Up dV = (gijtn +§mn8ijkg D (C.24)
v S
ig 1 vy 4V
+ (gijvf*'ic €8 vppdV,
A\
@ = material time derivative,

p = mass density,
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n = outward normal of surface S',

=
n

position vector component,

8ij metric tensor,

g Ve ejx= permutation tensor,

such that g= det[g”‘] = ' g”‘] and e;; = permutation symbols,
i_d i i . .
v = a;x =x = material velocity,
and U = internal energy per unit mass.

We are using the material (Lagrangian) frame of reference, which means the
material time derivative can be taken within the integral sign. One direct consequence of

this is that equation (C.2-1) can be written as:

d .
% pav=| S dv=0=p. (C.2-1a)

A% v

By the tetrahedron argument, as summarized in appendix E, we can recast the

force per unit area and couple per unit area, respectively, in the following form:

n (C.2-5)

and

mi=m"n;. (C.2-6)

The surface integral in equation (C.2-2) can be transformed by use of equation (C.2-5)

and the divergence theorem in the following manner:



tndS=| 'n;dS=| 1/, dv,

where

. ij ; . i) .
tl{j at l' 4 J g
ax’ n )

fa'[‘/—'r] { >j

is a covariant derivative,
) kp..
(=

and

9 dg., O0¢::
(i) = 1 (8;k+ Bik g.,)

o' ot/
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(C2-7)

Substituting equation (C.2-7) into equation (C.2-2) and using equation (C.2-1) results in

the following, after rearrangement of terms:

Ho+fp-vpdv=0.

Since the volume is arbitrary, we have the result:

t'}J+fp-v p=09

or Pi+fp=v'p

(C2-8)
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which is the usual force-stress equation of motion. In the same spirit of casting the
integral equation (C.2-2) into its differential form (C.2-8) we shall do the same for the
rest of the equations. First we shall concentrate on the separate parts of equation (C.2-3)

as follows:

% Ef.jkxivkpdV= sf}k(v’vkp+xj\3kp+x-’vkb)dv

v v

= | &7 vp av. (C.2-3a)

A%

The last equality is due to the antisymmetric nature of the permutation tensor and
equation (C.2-1a); also, '

Xty dS= | & M mds=| &0 ny) ,dV

S S v

= | gy P M av= | € d K v ey (c23b)

v v

The first equality uses equation (C.2-5), the second uses the divergence theorem, and

finally

mpdS= | m'n;dS= | m¥av, (C.2-3¢)

S S v

where equation (C.2-6) and the divergence theorem is used respectively. Substitution of

equations (C.2-3a-c) into the conservation of momentum equation (C.2-3) yields:
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s."jkx’.(tk,f+fk- v¥p) dV + ei.kx{,tkl+cip +m"{',-dV=0,

v v

the first integral of which is identically zero, as can be verified by direct comparison with
equation (C.2-8). Since again the volume is arbitrary, the integrand of the second integral
must equal zero. This results in the equation:

] ikl i ijo_
Efjkxflt +cp+m’=0,

gt +c'prml=0. (C.2-9)

Equation (C.2-9) is the couple-stress equation of motion, and it provides an alternative

expression for the antisymmetric part of the force-stress tensor as:

'[m=_§eldex"d(eefg’gf)?z_eldexm(ceP+me§)- (C2-10)

The proof that equation (C.2-10) actually furnishes the antisymmetric part of a tensor is
iven box C.2-1.

Box C.2-1: Antisymmetric part of a second-order tensor.

The following development shows that equation (C.2-10) actually furnishes

the antisymmetric part of a second-order tensor.

‘ 1 g
== 2 el 7 €5 1)
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- % g €140 g Jlrlv'm g €ute iy (raising and lowering indices)

| Y ; .
=-> (g'l g g g, de) Xy €p /& (grouping terms)

1

=-7 e™e, fe x{m ey (raising indices)

=_ % 5};" x{m & (see B.3-1-i, genere‘llized Kroneker
delta)

- .;_ ( }5;" _ 5; 5}") x{m & (expanding Kroneker delta)

= _;_ (xlm Mo ti'”) (definition of Kroneker delta)

= % (9~ #). (coordinate transform)

This completes our demonstration.

Note, the antisymmetric part of the force-stress tensor is identically zero if both the body
couple and divergence of couple-stress are zero; therefore, under this condition, the force-
stress tensor is totally symmetric The total tensor can be expressed as the sum of

symmetric and antisymmetric parts as follows:
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gl = 400D 4 (i) (C2-11)

where the term with superscripts in round brackets is the symmetric part of the tensor.
Substitution of equation (C.2-10) into equation (C.2-11), and subsequently into the
equation of motion (C.2-8), results in the alternative form of the equation of motion:

t('ﬁ"-+Es’eme{ﬁ+fp+—2—£"ec‘jp=vp. (C.2-12)

Note, in equation (C.2-12), that if the body-couple and couple-stress terms are zero, we
revert to the standard equation of motion, which is the start of most analysis. A further
reduction can be achieved in equation (C.2-12) by considering the scalar of the couple

stress given by:

m=m"x;j, (C.2-12a)
and the deviator of the couple stress of the form:
m'W = mY . % mx'. (C.2-12b)

We will now show that equation (C.2-12a) makes no contribution to equation (C.2-12);
thus only the deviator given by equation (C.2-12b) will have any effect in equation (C.2-

12). Consider the expression:

ij [~ e _ei s ef, ~ eq
Eue[me]ﬁ—Eue[mlfx +meJ
_ i [
_e..e[m ]J
_plle ~
=€ m,ej—O,

where the last equality is due to the fact that covariant differentiation of invariants

(scalars) is commutative; in other words, we have the following symmetry property:
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~.ef ~je
m J=m" .

We can thus substitute equation (C.2-12b) into equation (C.2-12) to arrive at a form
which more truly represents the independent parameters constrained by this equation.
Equation (C.2-12) becomes:

. 1 . 1 . .
t(uz,"'ieuem(;‘? +fp+58ye Cer=le~ (C.2‘l3)

We will now cast the equation of conservation of mechanical energy (C.2-4) into its
differential form. To achieve this end we shall manipulate separate terms in the equation
independently and then recombine them into our desired form. Start by considering:

d

1 . i .

v \%
where the dots represent material time derivatives. Secondly:

gitaVdS= | (Vn)v,ds

S N

' v),;dV
(C.2-4b)

v

ij ij
tJVi'f't v,JdV

v

The first equality is from equation (C.2-6); the second is just the divergence theorem and
the last is just the distributive law of covariant differentiation. Finally we consider:
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I - 1, .
’imﬁeykglk".'lds= Em‘rnreijkglkv,llds

N S

Lo _j
= -2' (m"‘ E‘jk g V’Il)’r dV

v

3 (€ m", Wk +€, m' v”"ﬁ) dv.

v

(C.2-4c)

The steps taken above are almost identical to the previous and will not be elaborated

upon. We can now incorporate equations (C.2-4a) - (C.2-4c) into equation (C.2-4) and

upon rearrangement we get:

UpdvV= {(1"{; +pf -pv)vi+ey (% m",+p )V 4 1y 4 >

v v

which, upon comparison with equations (C.2-8) and (C.2-9), simplifies to:

UpdV= {t” Vi - % Eyix (€5 X v+ > Eijk m" v”f} dv,

v v

we make further note that:

1 i r sl _jk ki sl
— K=l el Phy.
2 €k Ers Xt V= (2 CHE YR Vik

_ Ukl
=t Vj,k .

1 Eijk m'" v”lﬁ} d

v,

The last equality can be seen by direct comparison with equation (C.2-10), hence:
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UpdV = {(r"f Ayt m v";’;} dv

2 i
v A"
= {t(,]) Vj"' + % Eijk mir V}"l:.} dv ,
\'
or in differential form:
Up=1Pv,;+ 7 & vk (C.2-14)

Note:

i jkr _ ki _
X" =" =0,

which is a trivial consequence in rectangular Cartesian coordinates. This means that the
scalar of the couple-stress again has no effect in equation (C.2-14), a result which can be
seen by substitution of (C.2-12b) into equation (C.2-14), Therefore, we can rewrite (C.2-
14) in the following more informative way:

. . 1 L
Up=1? Vit 5 Eii mtir v’:’ﬁ . (C.2-15)

Equations (C.2-9), (C.2-13) and (C.2-15), the Cosserat equations, leave the antisymmetric
part of the force-stress and the scalar of the couple-stress indeterminate. This means the
number of independent variables controlled by these equations is (9-3)=6 from the
symmetric part of the force-stress and (9-1)=8 from the deviator of the couple-stress, for a
total of 14 independent variables. This becomes important when we try to relate the

response of such a medium to deformation in the next section.
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C.3: Toupin's constitutive relations

Constitutive relations here will be concerned with the response of a Cosserat
medium to deformation, which mean that other effects such as temperature and
temperature gradient will not be considered. The deformation will be described with
respect to some initial reference configuration called the material frame. The material
frame position will be designated by the capital letter X and all references to that frame in
terms of subscripts and superscripts will also be in capital letters. The arc distance in the
spatial and material (Eulerian and Lagrangian) frames are respectively:

(ds)? = gy dx* dx’ (C.3-1a)

and

(dS)% = Gy dX¥ axt (C.3-1b)

where the metric tensors are self-defining in each of the equations (frames). Now
consider an infinitesimal directed line segment in the material frame and its image in the

spatial frame, they will be related by the following formula:

dx* = x¥ dx® (C.3-2a)

dx® = x% (C.3-2b)
where the semicolon designates ordinary partial differentiation. Taking the inner product
of equations (C.3-2a) and (C.3-2b) we arrive at:

(ds)? = g X' X'y ax® dx* (C.3-3a)

and
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(dS)* = Gy X% xh dx* dx'. (C.3-3b)

The difference between the squared length of line elements containing the same material
points in the deformed and undeformed bodies gives a measure of length change dué to
deformation. This can then be used as a variable to determine the amount of energy stored
during deformation (I will not be considering systems which generate energy during
deformation). With this in mind we write the following formula:

(ds)? - (dS)* = (g X' XI;L - G dx® ax*t
= (gu- G X X5 ¥ dx', (C3-4)

The terms in parenthesis after the two equal signs provide a measure of length change in
the material and spatial frames respectively. We shall give these quantities (Lagrangian
and Eulerian strain tensors) special symbols, as defined below:

2Exy = 2E1x= 8u ¥k XL - Gk (€359)

and

2e4y= 2ey= gy - G X5 X5 (C.3-5b)

The symmetry is obvious due to the symmetry of the metric tensor. When couple-stress is
not taken into account, the strain tensors as defined by equations (C.3-5a) and (C.3-5b)
are sufficient to describe the specific energy during deformation. However, as can be
seen, this provides only 6 independent components while we have seen in the case when
couple-stresses are considered there exists 14 degrees of freedom. R.E. Toupin (1962) has

shown that an appropriate second variable is:

K= ‘G}KL Ejy, (C.3-6)

the scalar of which is zero, giving a total of 8 independent components. The 8
independent components from equation (C.3-6) and the 6 independent components from



Easley 202

equation (C.3-5a) are sufficient for our purpose. We now assume that the specific energy
can be expressed as a function of these two tensors as:

U= U(EIJ’Krs)v (C-3'7)

which implies:

. aUu . aUu
8] U= P a_E;_; E”+ P a—K,';; KRS' (C.3-8)

The object is to put the conservation of energy equation (C.2-15) into the same double

inner product form. After some troublesome manipulations this can be done giving rise

to:

pU=0"Ejy+yRS Ky, (C.3-9)
where

V= lXI.i | Xii m! XJJ' , (C.3-9a)
and

0y=X1:17 X5~ | X | Ay (C.3-9b)
such that

A= X5m I XR xb ;. (C.3-9¢)

Before proceeding we have to note that:

ax”K,=0, (C.3-10)

where o is an arbitrary constant, this is due again to the fact that the scalar of K is zero

and therefore not all nine components are independent. We can therefore add equation
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(C.3-10) to equation (C.3-8) without changing anything then subtract the result from
equation (C.3-9) to get:

aU | . oU .
u__9Y RS OV RS - _
[cb p 8EU}E”+[W P Krs o X | Kps=0. (C3-11)

If we assume all terms within the square brackets of equation (C.3-11) are independent
of the terms they are dot-multiplied with, then we can write:

oV = U C.3-12
_p aEU’ ( [ a)
and

i = g—k%«xax'” (C.3-12b)

By noting that all terms in equation (C.3-12b) have zero scalars, we can now finally set
the constant  to zero. Now we can solve for the symmetric part of the force-stress tensor
and the deviator of the couple-stress tensor from equations (C.3-12a) and (C.3-12b),

giving:

nm OU

@ .
aKJLx,,x’ " (C.3-13a)

XJJ"I'pGNLE

and

) LU
i = 0 ‘szian 3K X (C.3-13b)

Equations (C.3-13a) and (C.3-13b) are one form of Toupin's constitutive equations.
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C.4: Linearization

We will now linearize the equations previously developed. This linearized set will
form the basis from which all future development will stem. We shall begin by assuming
the specific energy can be expressed in terms of a Taylor's series in powers of E and K
and also allowing the undeformed state to be one of zero stress and density with subscript
0:

]

poU =5 a®T Kop Ks+ 6% Egp K7+ @ Egr Egr+ -, (C4-1)

where a, b and ¢ are constant material tetradics and the higher-order terms are understood
to have higher-order polyadics for coefficients. The linear terms are zero from our zero-

stress assumption above. We will define the material displacement as:

u=x -X, (C4-2)

which we will constrain to have a small material gradient in the following sense:

'u’K|<<1.

This implies that the material gradients and spatial gradients can be taken as
approximately equal and the density remains approximately constant. The distinction
between material and spatial frame can then be ignored. In this regime we can use the
following approximation for the material strain dyadic:

1

Ei' = —2- (u'-". + uj,i) =€ i (C.4-32)

which in turn gives the approximation for:

Am _ 1 m Im
Kijz-ei elj’m——i(ei Upjm + E; uj,,m)
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I
=5 & Ui = Ly (C.4-3b)

Substitution of approximations in equation (C.4-3a) and (C.4-3b) into equation (C.4-1)
yields:

1 1
PoU=W= 5 a™ "y, xy+ b7 € x5+ 3 e e+, (C4-4)

which can be used with the general constitutive equations (C.3-13a) and (C.3-13b) to

give:
miii) = SV .
X (C.4-5a)
and
@ OW i W i
de ij ax

which, upon the further assumption that ul'"j is negligible, can be written as:

{9 = Ealv_' (C.4-5b)
€

By ignoring all terms of higher order, we can write the following set of linearized

equations:
1 1
W= a" X Xt 07 E Xt 3 e, ey, (C.4-62)
i aaZ. —cte wpy (C.4-6b)
ij

and
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m{ij}=i“_/ ""xﬂ+b"”fe

C.4-6
axu ( C)

qr

Equations (C.4-6a),(C.4-6b) and (C.4-6¢) are the general linearized constitutive
equations. If one considers all the symmetries imposed on the material tetradics we will
find that a has 36 independent components, b has 48 and ¢ has the usual 21 independent
components. If we now restrict the material to be centrosymmetric-isotropic we wind up
with the following much simpler system of equations:

W=2n xijxij+ 2n'xijxji+7t(e,-,-)2+ue’je,—j, (C4-7a)
=Wy e g eomed, (C:4-Tb)
de i
and
9 = W an 0+ (C.4-T¢)
o

where A and p are the familiar Lamé constants while 1 and 1" are new constants due to
the introduction of couple-stresses. If we now substitute equations (C.4-3a) and (C.4-3b)
into equations (C.4-7b) and (C.4-7c) we arrive at:

(D = Ltk gV 4 2 (u + ), ' (C.4-8a)

and

m = 40 €7ty + A E . (C.4-8b)

Now we can substitute equations (C.4-3a),(C.4-3b),(C.4-8a) and (C.4-8b) into the
equation of motion (C.2-13) which takes on the form:

Mot +(7~+H)u’,,,+n8,;(8’1,,,“1""“+pf+ ejkc,,p pu' (C4-9)
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This equation will.be the starting point for further analysis.

C.5: Wave motion

The equation of motion (C.4-9) in the absence of body forces and body couples
has the form:

wu+ Qo) o+ el = p il (C.5-1)

S

We now proceed in the usual manner by taking divergence and curl of the equation of
motion (C.5-1), resulting in:

9=, (C5-2)

and

av-c3 Pyly=y, (C5-3)

where

- i_ ik
(p—u‘,-, W—EJ uj,k,

2_M (A+2p)

V=—, 2B
n

and c¢; = Py

2_
[ =

As can be seen, the dilatational wave given by equation (C.5-2) is identical to the couple-
stress-free case, while the rotational case is quite different. If 1 = 0, we would recover the

usual rotational-wave equation. To examine the effects of this extra term on wave

propagation, consider a plane rotational wave of the form:

vi=d Aexplik (n;x' - c )= d' A explith; ¥ - 0 1)] , (C.5-4)
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where
d' = unit vector,
A = scalar amplitude,
k = wave number,
n; = unit wave normal,
¢ = phase velocity,
and o = angular frequency.

Substitution of (C.5-4) into (C.5-3) results in the following two equations:

0?=c3k* (1 %3 and ¢®=c2 (1 %Y (C.5-5)

which we can use to solve for k2, giving us two roots, which we will denote as:

4 2,2
B=la /e (C.5-6a)
2 2
and
4 2.2
k%=-%1'L[ 1+ +1]. (C.5-6b)
2

Since 1 is real we can see that k is real while k; js purely imaginary. This means there

are two rotational plane waves one propagating and the other nonpropagating, and both

are dispersive. The propagating wave will have a group velocity given as
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do 1421243

_— C2 —_—— (C.5‘7)
dkr T 1428

Formula (C.5-7) shows the group velocity as a monotonically increasing function of ik] .

The preceding discussion has shown us some of the similarities and differences of a
Cosserat continuum, as compared with an ordinary elastic continuum. Regardless of
whether or not couples have a strong effect in real systems, we should be aware of the
possibility of differences in observations and mindful of the models which we may
employ to explain these differences.
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D: Method of Steepest Descent

D.1: Introduction

The method discussed here is used to obtain an approximate solution to definite

integrals of the form:

B

I= x(z) etf(Z)dZ , (D.1-1)

where ¢ is assumed to be real, positive and large and f(z) is an analytic function. To find
this approximation we need an intermediate result which gives the asymptotic expansion

of the integral:
z

J=| etz f(2) dz, (D.1-2a)

such that the conditions of the corresponding variables and functions are met, that f{z) is
not zero at z=0, and that Z is not a function of z. The asymptotic expansion of the integral
J is given by one form of a lemma due to G. N. Watson. The actual integral we are
interested in does not have the form of equation (D.1-2a) but rather that of the special

case

K= e 1202 f(2) dy. (D.1-2b)

-A
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Generally I wili be following the development of Watson's lemma from Jefferys
and Jeffreys (1980, p. 501-502) and the approximate solution of equation (D.1-1) from
Baéth (1968, p. 51-54), but I will borrow freely from other sources as well as adding my
own two bits. The method of obtaining an approximate solution to (D.1-1) is known as
the method of steepest descent or saddle-point method.

D.2: Watson's lemma

D.2.a: Case 1 ( Equation (D.1-2a) )

Since we have assumed f{z) to be analytic on the integration path we can, within
the circle of convergence, expand f{z) in a Taylor's series (Churchill, Brown and Verhey,
1976, p. 145-147) as:

-1

f@= X i+ R@) (D.2.a-1)

where

_ f(s) R
R, (2) = P Gop o ds, (D.2.a-2)

C

is the remainder and C is a closed path around the area of convergence. Since f(s) in
equation (D.2.a-2) is analytic on and within C, it must be bounded within this region. Let

the upper bound to its modulus be m. Then

n-—1 ; R
g(@)= [f (@) - jgl a jz!] "= ;E,Z) = 2:u, G { (;)) - ds, (D.2.a-3)

C

will also be bounded. To see this, let |z| = r and |s|= r., where r, is the radius of the

circle of convergence, then:
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|s—z|<|s]-|z|=rc-r,

This allows us to transform equation (D.2.a-3) into the inequality:

R.(2)|_ f(s) m ds

" |~ 2¢m (s—z)s”ds <2n (s=2) sl

C C
so that

R,(2) m ' _ mr, _

" 2n(r.-nrt P ds| = (r.-n <m=U. (D.Z.a-4)

JC
R,(2)

Now that an upper bound, U, of has been shown to exist in equation (D.2.a-4),

Zn
we can use this information to rewrite the remainder as:

R()=7"OU et (D.2.2-5)

where the new scalars are defined by : 0<© <1,

OU =|R,(2)], (D.2.2-6a)
and
¢ =arglR,(2)] . (D.2.2-6b)
R,(2)

This means that approaches a finite limit as z approaches zero. We will put

Zn
equation (D.2.a-5) into a more concise form

R;EZ) =6M. (D.2.a-7)
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such that M =© U and 0 = ¢®. Now we prdcced to break up integral (D.1-2a) into two

parts by identifying a point where z = A within the circle of convergence C and
expressing the integral as:

A rZ
I=1,+1g= + e~12z™M f(2) dz, (D.2.a-8a)
0 Ja
where I have defined:
A
I,=1 e'2z" f(2) dz (D.2.2-8b)
0
and
z
Ig= e'1zm f() dz. (D.2.a-8c)
A

Using the Taylor expansion (D.2.a-1) and the expression given by equation (D.2.a-7) the
first of the two integrals in equation (D.2.a-8b) can be expressed as:

A

Iy=| e?*z" f(9) dz

= 20 e'izma jzf dz|+ e 127mOM 7" dz|. (D.2.a-9)

This was accomplished by substitution of equation (D.2.a-7) into equation (D.2.a-1) and
subsequently into the first integral of equation (D.2.a-8). It is important to note that the
integration is over a real line segment (0,A), therefore 6 = € is equal to 1, and the factor
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OM can be treated as constant and taken outside the integration. This means that both

integrals in equation (D.2.2-9) are of the form:

A

J= e 2zl dz. (D.2.a-10)

This equation can be solved by the repeated application of integration by parts. The result
is:

& AP~" p p!

—e-IA
J=e n=0—t("+')(p—n)! +l(p+l)’

(D.2.a-11a)

' .
J= TriT +Ofe~14), (D.2.a-11b)

where O(.) means of the order of the argument. Equation (D.2.a-11b) allows equation
(D.2.a-9) to be written in the form:

(m+n)!
t(m+n+l)

n-1 N
I,= Z (m+ !

= aj m + O(e" A). (D2a-12)

+ [OM

Now we turn our attention to the second integral in equation (D.2.a-8) given by:

Z
Ig= efizM f(z) dz. (D.2.a-13)

In order to examine the behavior of /g , we need Abel's theorem for integrals, which

states:
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if v(x) is a non-negative and non-increasing function in the interval, a<z<b and we can
find numbers A and H such that:

3
h<|FE)|= f(2)dz{<H, a<f<b, (D.2.a-14)

then
b
hlv@)|<|| f@2 v(z)dz|<H|Wa)|. (D.2.a-15)

a

A proof of this theorem can be found in Box D.2.a-1.

Box D.2.a-1: Proof of Abel's theorem for integrals.

Integration by parts allows us to write the integral in equation (D.2.a-15) as:
b b b

f@Qv)dz=| W2)dF@)=[FQvl- | F@)dv@), (D.2.a-16a)

a a a
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where F'(z) is self-defined in equation (D.2.a-16a). Since by its definition F(a) = 0 we
have:

b b
f)v(x)dx=F®b)v(b)- | F(x)dv(x). (D.2.a-16b)

a a

Substitution of the bounds given in equation (D.2.a-14) into equation (D.2.a-16b)
results in:

b b b

hivib)— | dvw2)|< f@v(@)dz|<H|v(b)- | dv(z)|,

a a a

which simplifies to equation (D.2.a-15), completing our proof.

£
If we assume the integral et 7™ f(z) dz exists for some t = and £ € (A,Z), then an

A
upper bound N for the integral must exist giving:

3
e tizm f(2)dz|<N. (D.2.a-17)

Therefore, if we make the following associations:

g
FE)=1] ez f(z)dz|<N, (D.2.a-18a)

W) = et -9z, (D.2.2-18b)
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then using Abel's lemma, as indicated in equations (D.2.a-14) and (D.2.a-15), we can cast
the integral (D.2.a-13) in the form of an inequality:

Zz
eizm f(2) dz| SN e l1-0A (D.2:a-19a)
A
or
|Ig|<Ne (-4, (D.2.a-19b)

Combining the results from equation (D.2.a-19b) and equation (D.2.a-12) back into
equation (D.2.a-8) we arrive at the result: '

Il—[nil 4 (m+ j)!

<o jl(m+j+l) fm+n+1)

' < [M M'—] +Ke A, (D.2.2-20)

If we multiply equation (D.2.2-20) by ™ *", the right hand side tends to zero as 1 — eo.
Thus by Poincaré's definition of an asymptotic expansion (Jeffreys and Jeffreys, 1980, p.
499) we have the asymptotic expansion of the integral 7 or:

z

n—1 :
(m+))! ] (D.2.a-21)

= ~t ~ . B £ A,
I=| e'272" f(2) dz j;o 4 me 7+

which is one form of Watson's lemma. This is not the exact form we are after. The related
integral given by equation (D.1-2b) is the one which will allow us to find an approximate

solution for equation (D.1-1).

D.2.b: Case 2 ( Equation (D.1-2b) )

The integral given by equation (D.1-2b) and reproduced here as

B
K=| e 1222 f(3)de, (D.2.b-1)

-A
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is the actual form that we will be using. Therefore it is worthwhile to see how its
asymptotic expansion is derived. The development here is similar in many ways to the
development in the previous section. I will refer back to the previous section for reference
but will reproduce similar results so as to minimize flipping back and forth between
sections, not all steps, however, will be reproduced. Since A and B are positive numbers
we can recast equation (D.2.b-1) in the form:

A B
K=3| 202 fydz+d| 1277 fo)dz. (D.2.b-2)

0 0

We still assume that f(z) is analytic on the path of integration and therefore, within the
circle of convergence, it's Taylor series exists (refer to equation (D.2.a-1) and (D.2.a-2)).
The Taylor series and remainder of f(z) will have the form:

n—_1

fQ= 2 a2+ Ry(2) (D.2.b-3a)

where the remainder is defined by:

_ f(s) n
R,(2) =5 G- ds. (D.2.b-3b)

C

Now, let the point o be such that it is within the circle of convergence of the expansion

given by equation (D.2.b-3a) and rewrite equation (D.2.b-2) as:

[0
K= e IDtZzzi(;zlzﬁ(i)dz+
0
A B
+.% = l/2t222 f(—z) dz+% e~ 1/2[222 f(z) dZ

« o (D.2.b-4)
= K(I+ KA +KB .



Easley 219

We will now deal with the three separate integrals K, K, and K defined in equation
(D.2.b-4). Integrals K, and K are very similar and will be dealt with together. For the
integral K ,we begin by using the Taylor expansion given by equation (D.2.b-3a) to

express

f(=2) + f@ _ [fo o, Zz,-] + R0 + Ri(@ (D2.b-5)

2 1

where, without loss of generality, I have assumed » to be even. Substitution of equation
(D.2.b-5) into integral K, in equation (D.2.b-4) gives

a
K, = ﬁo ay; | e 1277 de|+
0
o
Rn(_Z)2+ Rn(Z) e 17212 Z2 dZ = J(x + R(x' (D.Z.b-ﬁ)
0

We can substitute equation (D.2.a-7) into the second integral, R, in equation (D.2.b-6) to
get:

Ry=| OMzre 1207 gz, | (D.2.b-7)

By using the substitution { = z2 we can transform equation (D.2.b-7) into

o?

Ry=8 | =12 -inrtqy, (D.2.b-8)

By using the method of integration by parts, similar to the derivation of equation (D.2-
11a), R, above can be reduced to the form:
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j=1

R.=—6M e-‘/Z‘ZGZHiz kl;Il [n-(2k-1)]
i

. or-Q@i-1
1]
i (D.2.b-92)

n/
eMkljlz1 [n-(2k-1)]

+
2"

§—1/2e-1/2z2§d€’

where the assumption of n being even still holds and we have made the definition

[e]=1. (D.2.b-9b)

Now we will deal with the last integral in equation (D.2.b-9a). As a first step we will
make the reverse substitution z = \/—?: so that

ro?

I = C'”ze"’z’zch

JO
o

2
=2| e-12P7 4,

JO

o oo

=2 | e 1202 gs_ | 1224, (D.2.b-10)

0 o

The first integral, I, defined in the last line of equation (D.2.b-10), has the solution:

2n

(D.2.b-11)

The second integral I, defined in the last line of equation (D.2.b-10), will be dealt with
using Abel's lemma. Prior to applying Abel's lemma we have to show that 2/, is

bounded. The bound is simply found: since the integrand is a positive real function on the
interval [0,0), we can write:
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| 2](1| =2 e” (tzzl)/ZdZ <|2 e (1212)/2dz = I 210 | , (D.2.b-12a)

a 0

and we have the solution given by:

121, | < /—3_71 =H, (D.2.b-12b)

which provides us with the bound which we need. Now we can apply Abel's lemma and

write:

|21y | < H|e= @1)12| = O(e= (€')/2), (D.2.b-13)

If we now substitute equations (D.2.b-11) and (D.2.b-12b) into equation (D.2.b-10) which
we in turn substitute into equation (D.2.b-9a), we get the result:

R.=M __0 @2, (D.2.b-14a)

o t"+1

where I have grouped all terms of the order e~ ©)/2 and where:

) fﬁeM;ﬁ][n-(zk—l)]

M 5 . (D.2.b-14b)

Now we will deal with the second integral J, in equation (D.2.b-6), reproduced

here as

2
Jo= .ﬁo azJi, (D.2.b-15a)

where

Jo=| e 1202 gy (D.2.b-15b)
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We again apply the substitution { = z2 to equation (D.2.b-15b), followed by integration
by parts, to get

1 2
II'I (2i-21+1) .
J; =11 X e~ D212 g0 _ Qe e /2)  (D.2.b-16)

The integral in equation (D.2.b-16) can be dealt with in the same manner as that which
we went through to get equation (D.2.b-13). This would transform equation (D.2.b-16)
into the form:

Qi-20+1)

J;=V2n ‘I:I‘ YoEL + O(e-@ah) /2y (D.2.b-17)

Substitution of equation (D.2.b-17) into equation (D.2.b-15a) gives

e @ [az.Jﬁ Il @i-20+1
i=0 !

ST |+ Ol D), (D.2.b-18)

Finally we need to deal with the last two integrals K, and K defined in equation (D.2.b-
4). These integrals can be dealt with in the same manner used to obtain equation (D.2.a-
19b). From this procedure, which is again a simple application of Abel's lemma, we find

K, = O(e=("0)/2), (D.2.b-19a)

and

Kp=0(e W0)/2), (D.2.b-19b)

Now we can collect all the terms comprising the integral K, that is,

K=Ky+K,+Kg=Jy+R,+K,+Kpg, (D.2.5-20)
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as defined in equations (D.2.b-4) and (D.2.b-6). The individual terms have been defined
in equations (D.2.b-19a), (D.2.b-19b), (D.2.b-18) and (D.2.b-14a). Collecting these terms
and rearranging yields:

l= t

2 /I‘I(Zi—2l+l)
K- 2 |a,vom =1
By direct examination of equation (D.2.b-21) we can see that the right-hand side, when

i=0 9 2 +1 d +0(e~ @72 (D.2.b-21)
multiplied by #", tends to zero as ¢ tends to infinity; therefore, by Poincare's definition of

n+1

an asymptotic expansion, we have shown the asymptotic expansion of the integral K to
be:

(D.2.b-22)

’

K~7£ [az,../ﬁ’l:[‘(zi—ﬂH)

2t2i+]

=

which seems to differ from the classical formula by a factor of one half. I have not been
able to track the discrepancy so far. The following development will proceed with the
classical formula (Jeffreys and Jeffreys, 1980, p. 503). We now go on to see how this
expansion is used in the method of steepest descent or saddle-point method.

D.3: Steepest-descent or saddle-point method

Watson's lemma will be used to find an approximate solution of:

B
I=| %@ ef@dz, (D.3-1)

which is just equation (D.1-1). The technique is alternately known as the method of
steepest descent or saddle-point method, which according to Jeffreys and Jeffreys (1980,
p- 503) is due to Debye.

We can always write:
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f(D) = o(xy) + iy(x,y), (D.3-2)

separating its real and imaginary parts, where the complex variable z is related to real
variables x and y in the following manner:

z=x+10y. (D.3-3)

Since f{z) is assumed to be analytic, its real and imaginary parts obey the Cauchy-

Riemann relations

dp _dy

'5; = 5;,', (D.3-4a)
and

dp _ dy

_8—37 =-50 (D.3-4b)

If we now take the appropriate partial derivatives of equations (D.3-4a) and (D.3-4b) we

find the relations

o’ 9?
V2= axf + ay(g =0, (D.3-5a)
and
%y 9°
viy=S4 s a—y“z’ =0. (D.3-5b)

Therefore, the real and imaginary parts of f obey Laplace's equation, which in turn means
that, where f is analytic, ¢ and Wy cannot have either minima or maxima. This also means
that, at points where do =0, ¢ will there exhibit the behavior of local saddle points. This

situation is graphically demonstrated in figure (D.3-1). These points are crucial in the

following development.
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Saddle Point
do=0

Path where Y is constant

Fig. D.3-1. Surface of ¢(x,y) around a saddle point where d¢ = 0.

If we examine the integrand in equation (D.3-1) we will notice it can be written as:

x(2) ' fD = y(z) e! Peit V¥, (D.3-6)

which will be large when @ is algebraically large. This means, if we choose a path of
integration which passes through points where ¢ is large and then quickly drops off away
from these points, an approximation can be made by summing the contributions from

these points only. This is basically the procedure we will develop here.

The points we seek are exactly the previously mentioned saddle points, one of
which is pictorially represented in figure (D.3-1). Since we can not have local minima or
maxima on @(x,y), the only choice left is to use saddle points, which suits our purpose
just fine. A saddle point, say at point zy = x, + i y;, corresponds to a local flat spot on the

¢(x,y) surface, which means

@(x,y) 9¢(x,y)

(x.30)

dx + [ dy=0. (D.3-7)

do(xg,yo) = [ -
X0: Yo

Since dx and dy are arbitrary differentials, equation (D.3-7) can be true only if
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9P(x,y)

=0 and 3y

=0. (D.3-8)
(X Yo)

law(x,y)}
E)x (%030

Now that we have characterized the behavior of @(x,y) at a saddle point
29 = Xy + i yo, we shall proceed to find the associated local path of steepest descent away
from this point. This, as discussed previously, is the second step towards our approximate
solution of integral equation (D.3-1). From elementary calculus (Kaplan, 1973, p 204-
205), we know that the gradient of a function points in the direction of the function's
steepest ascent; therefore, the negative of the gradient must point in the direction of
steepest descent. This is exactly the direction in which we want to place our path away
from the saddle point. There is one problem: since we have just determined that
- Vo(xg,y) = 0 from equation (D.3-8) we cannot directly determine the path from the
gradient. However, even though the magnitude of the gradient vector is zero at the saddle
point its direction is a well defined quantity at all points where f(z) is analytic. This
direction can be represented by an angle 6 with respect to the x axis as shown in figure

(D.3-2) and relationally represented by:

% v
_dy 9y  ox
tane—a——@—~§, (D3-9)
ox dy

where we have used the Cauchy-Riemann relations to get the last equality. This ratio is
well defined even at the saddle point. This means that on the path, not necessarily at the

d d
saddle point, we will have the condition - % dx= T‘;}I— dy or

LI
d\p--é;-dx+—§;dy—0. (D.3-10)

Equation (D.3-10) means that y must be constant along this path.
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» X
_dy _9d¢ /d?

Fig. D.3-2. Direction of the path of steepest descent.

To examine the behavior of the surface ¢ around the saddle point z, more

rigorously, we can expand @(x,y) as a Taylor series around z;. This results in:

3(01' (x—xp) + 3})
+ %{l?’%’lﬂ(x —xp)%+2
Letting

and noting at the saddle point that

¢ ¢
[5;], [ay L 0. (D.3-12b)

Y=y + (D.3-11)

()

o) = (P(Zo) +

02 02
ax—g’yL(x —X)0-yo)+ [—a—;?]@ - }’0)2} -

EX) %o
[axayL €= [a 21 X=(x=x), Y=0-y) (D.3-12a)

then equation (D.3-11) can locally be cast in the form

2[0(z) - 9(z))] =A X2+ 2B XY + C Y2. (D.3-13)
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Note, the term locally means that X and Y are small enough that all terms higher than
quadratic are assumed to be negligible. We can write equation (D.3-13) in matrix form

o=X"TpX (D.3-14)

where

@ =2[0(z) - 0(zp)],

X

7]
Y
and X7 is the transpose of X. Since @ is a symmetric matrix we can diagonalize it

(Kolman, 1970, p.154). The first step is to form the characteristic polynomial

defp-aT)=|AZH B, |-+ 0r+@c-BY=0. @319

Equation (D.3-15), being a quadratic equation, has the following solutions for the
eigenvalues:

- (A+0O)+V(A+0)*-4(AC-BD)
1= 2

(D.3-16a)
and
2 2
7»2=(A+C)_‘/(A+2C) ~4(AC-B%) (D.3-16b)
We can now express @ as
$=0"DO, (D.3-17)

where
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~ A
D= [o xz}

and O is the associated orthogonal matrix which is composed of the eigenvectors of the
eigenvalues in D. We can now express equation (D.3-14) as

@ =[0X]"D[0X]=ETDE, (D.3-18a)

where & = 0X = [&] are the new transformed coordinate variables. In algebraic notation

n
D=2 E2+ 2,02 ‘ (D.3-18b)

There are three general cases that represent the surface described by equation (D.3-18b)

and they all depend on the factor AC — B%in equations (D.3-162a) and (D.3-16b).

(Case 1) If AC — B% =0, then at least one of A; or A, is zero,

giving rise to equations of the form ® =24, E2 or ®=A,n?2 .

These are parabolic equations (see figure D.3-3a).

A

Fig. D.3-3a. A paraboloid.

(Case IL) If AC — B? >0, then both eigenvalues A, and A, will be positive,
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giving rise to equations of the form ® = |4, |£2 + |4, | n2.

This is the equation of an ellipsoid (see figure D.3-3b).

Fig. D.3-3b. An ellipsoid.
(Case II1.) If AC — B*<0, then the eigenvalues A; and A, will be of opposite sign,
giving rise to equations of the form @ = |, |n2 - A |E2.

This is the equation of a saddle (see figure D.3-3c).

*

Fig. D.3-3. A saddle.
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If we examine the Cauchy-Riemann relations, equation (D.3-4a) and (D.3-4b), we will
find that

AC-B%=

82 32 82 82 82
po ¥ ’ ( (P) 0; (D.3-19)

dx29y?  dx dy ~ \9xay T dy

therefore, we will always satisfy the conditions in case III. This means, we will always
have a saddle, as stated previously.

Yet another way to visualize what happens around the saddle point is to look at
the curvature along the path of steepest descent and then compare it to the curvature at
right angles to this path. I am using the word curvature in the same sense as Bath (1968,
p. 52), I believe the quantity, d¢, would be more correctly called concavity since
curvature is a well defined geometric term different from the current usage, but to
maintain consistency with Bath we will keep the same terminology. Along any fixed

L dy . .
direction, where tan 6 = Fii is constant, the curvature is

d [de 99 00 99
d(p ax[axdx d]dx 3 [ dx + ay dy]dy
Fo , . P
=Wd +2-a—adxdy+azdy (D.3-20)

The direction perpendicular to the path will be typified by the condition:

tan(e + —125) =cotf=— % (D.3-21)

and will have curvature
02 0? 0?
d*, = ax(f -2 g’ drdy+ 5 22 d. (D.3-22)

If we now add the curvatures in the two perpendicular directions, as given by equations
(D.3-22) and (D.3-20), the result will be:
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9% 92
dzm+d2<p=(a—;§+a—;§} (@ + d%y)=0. (D3-23)

The last equality in equation (D.3-23) is a direct consequence of the Cauchy-Reimann
equations as given by equation (D.3-5a). Equation (D.3-23) shows that the curvatures in
the two orthogonal directions are of the same magnitude but of opposite sign; this is just
the condition that is satisfied at a saddle point. Now that we have seen the geometric
behavior around a saddle point, we can proceed to the next stage of finding an

approximate solution of equation (D.1-1).

The next stage begins by expanding the analytic function f{z) as a Taylor's series
around the saddle point z;, where we have shown, with equations (D.3-7) and (D.3-10),

that j—i = 0. Therefore, the Taylor's series of f{z) will have the form:

1 2[d%f
f(Z)zf(Z())'i'E(Z—Zo) d_z2 +---, (D.3-24)
2
We will now define a new variable
2[d*f
C = - (Z - ZO) 2—2’ + .- N (D3-25&)
< k)
which has the approximation
{=-(z-29) [-dz—{] , (D.3-25b)
dZ 2

when z is close to the saddle point z;,. Using the new variable { we can rewrite equation
(D.3-24) as:

f@-f)=-3¢. (D.3-26)
Since from equation (D.3-10) we know that v is constant along the path of steepest

descent, and that ¢ reaches a maximum along the path at the saddle point, we then, from

equation (D.3-2), can say that
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d*f =d%+i0 (D.3-27)

a’f

—=| 1sreal
3
dz 2

must be real and negative along this path, which also means that (z — z)*
and negative along the path. We can then use our new variable, as defined in equation
(D.3-25a), to recast equation (D.1-1) in the form:

B B

I=| %@ ef@dz=etf@| y(z)e /D18 4y

A A
B
=etf@ | =111 y(3) é% dc. (D.3-28)
A

This formula is in exactly the same form as equation (D.2.b-1); therefore, we can use
Watson's lemma to get an approximation. Before we proceed, we will cast some of the

variables in a more useful form. Using polar notation, we can write:

z2-zg=re'e, (D.3-29a)

where r is the distance between the points z and z;, and a is the angle subtended by the
line segment between z and z; and the real axis on the complex plane; this is also the
direction subtended by the cord between the saddle point and a point on the path of
steepest descent and the x-axis. Part of the geometry can be seen in figure (D.3-1). It is
also equal to the angle 0, as defined in equation (D.3-9) and shown graphically in figure
(D.3-2), at the saddle point. The approximation given by equation (D.3-25b) allows us to

2
[d_zf_]] ei2a
dz M

)

write our new variable as

(D.3-29b)

2
CZ =_[ZZ{ rlel20 =2
20

I
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&y
dz?

discussed previously, to arrive at the last equality. Furthermore, since |e!2%|= 1, then

cir. ] d2f] i
{=tr @, | (D.3-29c¢)
dC _, o | d"f]

d—Z =+e « ‘d—z—z- 5 . (D3'29d)

The positive sign will be used in the formulas above to determine the direction that the
path will take. There are two directions the path could take given by values of a differing
by 1. Now, we will use Watson's lemma, as given by equation (D.2.a-21), to get the final
form of our approximation. We will only use the first term of the asymptotic expansion.

where we have used the fact that (z—- z())2 [ l 1s real and negative along the path, as
£/

and

The correspondence, or mapping, of terms is:

el
ap = X(29) (D.3-30a)

’

4
de )

and

t—> V1. (D.3-30b)

With the substitutions given by relations (D.3-30a) and (D.3-30b), the approximate
solution from the saddle point method as shown in equation (D.2.b-22) will be:

./ﬁx(zo) e! flw)eia

JH

(D.3-31)

dz?
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This is the approximate solution we have been looking for. It should be noted again that
the equation (D.2.b-22) differs from the classical formula, as given by Jeffreys and
Jeffreys (1980, p. 503, equation 13), by a factor of one half.
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E: The Cauchy Tetrahedron Argument

The result of the following reasoning is to show that if an arbitrary function @ is
dependent only on the position x' of the surface S’ on which it is defined and the normal
to that surface n , then this function can be recast in terms of an inner product between a
tensor defined from ¢ and the unit normal. The function could also be dependent on time.
Note that this will not hold in many instances, such as when @ is dependent on the
curvature of the surface as well. The quantity of concemn is not the value of @, but rather

it is the differential ¢ ds, which can be approximated by the average value of ¢ in a small
area AS multiplied by the area; we will write this as @ AS

We shall now construct a tetrahedron by first introducing locally an orthogonal
right-handed system, x" with origin O, such that the area AS consists of the region
defined by the plane normal to n and the intersection of this plane with the orthogonal
axis. The points of intersection are labeled A'. The altitude from the origin O to the point
P is of length h. Each of the surfaces bounded on two sides by the axises and the third by
the plane normal n are labeled as As', where the superscript i determines the axis to which

the plane surface is perpendicular. This is shown in figure E-1.

Fig. E-1. Cauchy's elemental tetrahedron.

The components of n in this local coordinate system are just the direction cosines given
by:



n' = cos(LA'OP)

The altitude 4 is given by:

h=0AYn,
(no summation implied, as indicated by parenthesis)

The volume of the tetrahedron can be written as:

1 1 = i
AV=— == X
3hAs 3 OAY As

Substitution of equation (E-2) into (E-3) and simplifying results in:

As' = n; As.
We can approximate

v=Q ods,
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(E-1)

 (E-2)

(E-3)

(E-4)

(E-5a)

the integral of ¢ around the close surface of the tetrahedron, by the sum of average values

it takes at each plane face multiplied by the area of the face (note, the direction of the unit

normal is crucial and determines the sign of the sum). This can be written as:

~ ~~ ~~ ~ ~3
v=0m) As- ox ) As' - 9 As? - 9% ) As

(E-5b)

where X' is a unit vector in the direcion of coordinate axis x* and we can assume this
average is placed at the centroid of its corresponding face. This sum becomes exact as the
volume goes to zero. Substitution of equation (E-4) into equation (E-5b) results in:

v =[6m -8 n, - §) ny - §) s As.

(E-6)
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In many instance we can show that the integral y is also dependent on the volume

enclosed by the surface. A particular case is if y is proportional to the volume AV, or

y=CAV, (E-7)

where C is the constant of proportionality. One way to see this is to use the divergence

theorem and write;

y=Q edS=| VodV

N 14

Then it is not difficult to see that if V¢ is well behaved, then there should exist a‘constant
that will make equation (E-7) true. This is always true where tractions and couples per
unit area are concerned. Combining equations (E-6) and (E-7) then substituting in
equation (E-3) yields:

~ ~ ~1 ~ ~2 ~ ~3 1
[6m) - 5" ny - &%) ny - Bix )n3]As=CAV=C§hAs,

upon division by As we get:

S I
() - 5"y ny - §6) 1z - §&) s = C3h. (E-8)

In the limit as h approaches zero the formula becomes exact and the left-hand side goes to

zero, which results in:

o) = (x') 1y + QX 1y + G(X ) 3. (E-9)

If we now define (pi = ¢(§i), then we can rewrite equation (E-9) as:

o(n) = ¢'n;, (E-10)

which is our desired conclusion.
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