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Abstract

A general formulation is presented for the dispersion and propagation
of elastic waves in a fluid-filled cylinder surrounded by an arbitrary
number of solid or fluid annuli. A Thomson-Haskell type propagator matrix
method is used to relate displacements and stresses across the layers.
Synthetic microseismograms containing all body and guided wave arrivals
are calculated with the method of discrete wavenumber integration.
Attenuation is incorporated into the calculations through a transformation
of the layer velocities to complex parameters.

A major classification of radial layers that are investigated are those
corresponding to cased borehole geometries. Layers of steel and cement
are inserted into the borehole. Fluid layers are mixed with the layers of
steel, cement, and formation in order to model the situation of poor
bonding.

[t is found that in the well bonded situation the formation body waves
are relatively unaffected by the presence of the casing. The velocities and
attenuation of the formation body waves can be determined in cased
boreholus just as in open hole situations. It is possible for the steel and
cement layers to make it more difficult than in an open hole. The
amplitudes of the formation body waves depend upon the relationship of
the velocities of the formation and the cement. The guided waves are
dominated by the steel and cement layers in most cases. The cement layer
prevents the formation from having a strong influence on the guided
waves. [f the cement layer is thin or non-existent, the formation can have
a larger effect on the character of the guided waves.

If there is a fluid layer between the steel and the cement the steel is
free to ring. The first arrival in this situation is from the casing. Fven with
an extremely thin fluid layer, or microannulus, the first arrival is from the
steel, The amplitude and duration of the pipe signal depends on the
thickness of the fluid layer. While the first arrival is from the casing, the

-2-



formation body wave energy is present. The character of the waveform will
vary as the formation parameters vary. If the duration of the steel arrival
is small it is possible to distinguish the formation P-wave arrival,

The situation is more complex if the fluid layer is between the cement
and the formation, Here, the steel is well bonded to the cement but the
cement is not bonded to the formnation. [n this case the thickness of the
fluid and cement layers become important in determining the nature of the
first arrival. If there is a large amount of cement bonded to the steel, the
cement can damp out the ringing of the pipe. A large amount of cement
can damp out the casing arrival Lo the point where it is barely observable,
This makes it possible to distinguish the formation arrivals.

If there is less cement bonded to the steel, the cement is not able to
damp out the steel ringing. In this case the cement rings along with the
steel and the first arrival is from the combination of the steel and the
cement. The velocity of this wave depends on the velocities and
thicknesses of the steel and cement layers.

Open hole geometries including radial layers due to the drilling
process are also investigated. Additional layers in the model are those of
an invaded zone, a damaged zone, or a mud cake. The presence of these
layers does not necessarily affect the ability to determine the formation
velocities with long spaced tools. Velocities observed are those of the
virgin formation unless the source-receiver separation is particularly short
or the depth of alteration is large.

While the determination of formation velocities is not significantly
affected, the character of the microseismograms can be changed by the
presence of an altered layer. A low velocity damaged zone or mud cake can
produce a large change in the amplitude of the formation P-wave arrival.
Focusing of energy due to the velocity gradient can increase the
amplitudes by as much as a factor of two. An invaded zone with velocities
raised above those of the original formation can reduce the observed
amplitudes of the formation P-wave.

Thesis Advisor: M, Nafi Toksoz
Title: Professor of Geophysics
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Chapter 1

Introduction

1.1 Overview

The problem of seismic wave propagation in boreholes has been of
interest in resource exploration for many years. Marcel Schlumberger
recognized the importance of determining the formation velocities in 1935
with the patent for the acousuc logging tool. Acoustic logging affords a
relatively inexpensive technique for measuring formation parameters with
good depth resolution. Acoustic logs have now become a routine
measurement in most boreholes. Magnolia Qil developed the first
continuous velocity logging tool in the early 1950's. Since then acoustic
logging has progressed from the simple measurement of the time of first
break to the digital recording and analysis of the complete wave train. The
once comumon source-receiver separation of 1.5 melers (5 feel), originally
determined by the limited strength of the first sources, has been replaced
by tools with a large number of sources and receivers al various spacings.
Elf Aquitane has developed a tool with 5 sources and 12 receivers (Arditty
et al., 1981). This provides 48 unique source-receiver spacings up lo a

maximum of 13 meters.



Recently, borehole problems are gaining new importance in global
geophysical studies as well as in exploration Geophysics (Kerr, 1984),
Borehole Geophysics is being used in investigations of crustal structure,
including near the outer continental shelf where standard Geophysical
techniques are difficult to employ (e.g. Ocean Drilling Project). Drilling
allows observation of formations and conditions that are not present at the
surface. The kola hole in the Soviet Union currently has provided
measurements at depths of up to 12 km. A special meeting was recently
held to discuss the applications of logging to continental crustal studies
(International Symposium on Observation of the Continental Crust Through

Drilling, Tarrytown, New York, May 1984).

A great deal of effort is being put into extracting more information
from the full waveform. The shear as well as the compressional wave
velocities can be determined in fast formations. In slow formations there
is no formation shear arrival or pseudo-Rayleigh wave. Techniques have
recently been developed to acquire indirect measures of the shear velocity
through use of the Stoneley wave (Cheng and Tokséz, :983; Chen and

Willen, 1984; Liu, 1984).

Aside from more accurate velocity determinations, the greater number
of source-receiver combinations allows for the examination of spatial
decay for attenuation measurements. This allows the determination of Q

values for the formations of interest (Staal and Robinson, 1977; Lebreton
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et al,, 1978; Cheng et al., 1981,1982; Willis, 1983),

The new data collection and analysis procedures are greatly improving
the ability to gain information about the formation being investigated.
They are hindered though, by an incomplete understanding of the nature
of the wave propagation in borehole environments. This demonstrates the
importance of forward modeling in borehole investigations. Although
inversion of data for formation properties is the ultimate goal, we must
first have a basic understanding of the processes involved in the collection

of that data an the factors affecting the recorded signals.

Generally the borehole has been modeled as a simple fluid filled
cylinder (see Figure 1.1). This model has provided a great deal of insight
and understanding into the wave propagation problems encountered White
(1983). The actual borehole environment is much more complex, though.
The process of drilling can damage the formation in the immediate vicinity
of the borehole. This results in a zone of fractured and altered formation.
The borehole mud filtrate seeps into the formation to various degrees,
depending upon the porosity and permeability (see Figure 1.2). The fluid
replaces the in situ pore fluids and can change the properties of formation
in this region. A residue from the borehole fluid forms a layer along the
fluid-formation boundary referred to as a mud cake. Steel and cement
layers are also present when the borehole is cased (Figure 1.3). If the

bonding is not perfect, there are fluid layers intermixed with the steel and
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cement layers.

It is the effects of these radial layers and zones that are investigated
in this thesis. Chapter 2 presents the theoretical developmen! for the
determination of the dispersion relations and the synthetic
microseismograms. Cased hole geometries are examined in Chapters 3 and
4. Well bonded cased boreholes are modeled in Chapter 3. Additional fluid
layers are placed between the steel and the cement or between the cement
and the formation as models for poorly bonded casing. These models are
presented in Chapter 4. Chapter 5 presents the results of modeiing
damaged zones, invaded zones and mud cake layers. Chapter 6 gives a
brief summary of the conclusions and findings from the modeling

presented in the other chapters.

1.2 Summary of Other Work

Wave propagation in the simple case of a fluid cylinder surrounded by
an infinite formation has been studied by a number of authors. Biot (1952)
investigated dispersion characteristics of waves traveling in empty and
fluid filled boreholes. He identified the wave types observed in the borehole
and gave theoretical descriptions of their behavior, Rosenbaum (1974)
generated synthetic microseismograms and used Biot's (1956) theory of
propagation in porous media to investigate the ability of sonic logs to
measure porosity and permeability. He concluded that the the Stoneley

wave can be sensitive to permeability if the source and receivers are close
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to the interface and if the fluid flow across the interface (borehole wall) is
unrestricted. Roever et al., (1974) studied wave propagation in boreholes
in terms of modal theory and a ray-type expansion. The ray expansions
were used to study the amplitude decay of the P and S body waves. The
effects of having the source and receiver off axis were also examined. One
significant effect that was observed was constructive interference if the
source and receiver are both on the same side of the axis and destructive
interference if they are on opposite sides. Curves are given for amplitude
of the body waves as a function of radial positions of the source and
receiver. Ray expansion studies of the amplitude decay of the P and S
body waves led to the conclusion that the P wave amplitude decays as
1/zlog?z and the S wave amplitude decays as 1/2% Winbow (1980) and
Zhang and Cheng (1984) found the P wave geometric decay to be 1/z with
the shear decay being 1/z% This is in agreement with the conclusions of
White and Tongtaow (1981). The P wave decay was found to be strongly
depende'nt on frequency and Poisson's ratio. The Poisson's ratio also
affects the P wave amplitude but not the S wave amplitude or decay rate,
Peterson (1974) examined the single frequency point source solution of the
wave equation. A discussion is given on the location of the poles in the
w—k plane and the path of integration accompanies modal dispersion
curves, Tsang end Rader (1979) give the form for the pressure response in
a fluid filled borehole. Microseismograms are generated with the real axis

integration technique but the waveforms shown are limited to the early
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part of the signal with the body wave arrivals.

Soft formations, (with the formation shear velocity less the borehole
fluid velocity) have been the object of much study. In this situation the
determination of shear wave velocities is difficult because there is no
pseudo-Rayleigh wave. Cheng et al, (1982) found that if the formation is
soft. the Stoneley wave is more highly dispersive and the velocity is
influenced strongly by the formation shear velocity This allows the use of
the Stoneley wave as an indirect method for obtaining the formation shear

velocity (Cheng et al., 1983; Chen and Willen, 1984; Liu, 1984).

A number of investigations have gone beyond the simple fluid filled
cylinder model. Cheng and Tokséz (198!), while presenting
microseismograms for the simple case, also discuss dispersion curves with
an elastic tool present in the center of the borehole. They concluded that
one effect of the presence of the tool is to decrease the thickness of the
fluid annulus between the tool and the formation. This is important in
determining the character of the microseismograms because the thickness
of the fluid layer influences the excitation of the guided wave modes. White
and Zechman (1968) modeled the effects of a rigid tool at the center of the
borehole. They present dispersion curves but numerical problems limited
the models for which synthetic microseismograms could he generated. An
attempt was made to model other than a simple homogeneous isotropic

formation by using a viscoelastic solid.



White and Tongtaow (1981) developed similar formulations with
transversely isotropic medium rather than the isotropic formulations of
the previous papers. Their model allows the specification of elastic

constants more than just the velocities and densities.
1.3 Discussion of Present Model

Another complexity that can be added to the simple fluid filled
borehole model is radial layering, This is the approach that is taken in this
thesis. The inprovement of the present model over the simple borehole
model mentioned above is the radial layering. The infinite homogeneous
formation can be replaced by any number of cylindrical annuli. In addition
to allowing solid layers surrounding the borehole as other investigators
have done, fluid layers can be included as well. This is invaluable in the
study of cased borehole situations. It allows the modeling to go beyond the
assumption of perfect bonding. The ability to specify Q factors for each
layer is another feature of the model used here. The inclusion of
attenuation is important in determining realistic relative amplitudes for
waves conlrolled by different layers (Tubman et al, 1982). Most other

studies have not accounted for other than geometric decay of the wave

amplitudes.

Some other investigations have examined individual aspects of similar
models (Cheng et al., 1981; Schoenberg et al,, 1981; Tubman et al., 1983,

Chan and Tsang, 1983; Chang and Everhart, 1983; Tubman et al., 1984a,b;
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Baker, 1984). These investigations are discussed further where they are

relevant to Lthe work done in this study.

In this thesis the modeling technique developed is applied to a variety
of different geometries. A systematic and comprehensive study is done of
cased hole geometries (both well bonded and poorly bonded) as well as
open hole geometries. The emphasis is on understanding the effects of
these geometries and additional layer parameters on wave propagation in

borehole environments.

Comparisons of the theoretical results with field data are made
wherever possible. Unfortunately, there is only a limited amount of
available data where the nature of the radial layering in the borehole
environment is known. Cased borehole geometries provide a good situation
for having some information on the details of the geometry. Full waveform
logging data has not generally been recorded is such situations though,
because of an incomplete undersianding of the effects of the casing on the
recorded waveforms. In order to facilitate comparisons with the data, all

modeling has been done with distances in terms of feet and inches.

The geometry of the model consists of coaxial annuli surrounding a
central fluid cylinder. The outermost annulus is infinite in extent. A
Thomson-Haskell type propagator matrix is used to derive the dispersion
relations and the impulse response of the medium The discrete

wavenumber integration technique is used to numerically evaluate the
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integrals for the calculation of synthetic microseismograms. The
lreatment is general so the number of layers is arbitrary. Fluid layers are
allowed to be located in any position (with the exception of the infinite
formation layer). An important feature influencing the character-of the
microseismograms is the addition of intrinsic attenuation. In the cased
hole geometries, the Q factors of the various layers can differ by an order

of magnitude or more,

The advances of the radially layered model over the fluid filled
borehole model and the addition of intermediate fluid layers have proved
valuable in understanding many of the phenomena observed in field 'data.
Cased hole geometries, invaded zones, damaged zones, and other similar

complexities cannot be understood with the more simple model,
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Figure Captions

Figure. 1.1. Open borehole geometry. This is simple model used in many

studies to represent Lhe borehole environment.

Figure. 1.2. Borehole geometry including an invaded zone and a layer of
mud cake. After the drilling process, the mud filtrate spreads into the
formation creating a zone of altered formation properties. The mud
cake is composed of the mud precipitate that is not able to flow into

the formation,

Figure. 1.3. Geometry of the cased borehole. There are layers of steel and
cement in addition to the inflnite formation and the central fluid
cylinder. This is the well bonded geometry. The steel and the cement
layers are inserted into the borehole so the fluid layer is thinner here
than in the open borehole, In the poor bonding situation there is an
additional fluid layer between the steel and the cement or between the

cement and the formation,
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Chapter 2

Theorectical Development

2.1 Introduction

Propagator matrix techniques have frequently been applied to elastic
wave problems in global seismology with the flat earth approximation. The
situation encountered here is that of radial layers in cylindrical
geometries. Rather than a stack of flat layers Lhe problem consists of
coaxial annuli. A general formulation is presented for the dispersion
characteristics of elastic waves in a fluid-filled cylinder surrounded by an
arbitrary number of annuli. The outermost annulus is infinite in extent,
There can be any number of intermediate fluid layers in any location. The
only restrictions on the model are that the central cylinder is fluid and the

infinite outer layer is solid.

A formulation is presented for the calculation of the impulse response
for these radially layered geometries. A Thomson-Haskell (Thomson, 1950;
Haskell 1953) type propagator matrix is used to relale the displacements
and stresses across the layers. The presence of intermediate fluid layers is
handled by manual checking at each boundary to see if the next layer is

fluid or solid. Expressions are used for each type of interface, (e.g. solid-
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fluid, fluid-solid) which match the boundary conditions explicitly. This
yields improve speed in the calculation of the frequency-wavenumber

information,

The microseismograms generated are complete waveform. They
contain all body and guided wave arrivals. The technique used for the
calculation of the time series is discrete wavenumber integration (Bouchon
and Aki, 1977; Bouchon, 1980). The frequency and wavenumber integrals
are discretized and a small imaginary component is added to the frequency

in order to move the singularities off the real wavenumber axis.

The pressure response information is calculated and collected for each
frequency and wavenumber, The w and k integrals are then performed via
Fast Fourier Transforms. The use of two dimensional Fourier Transforms
allows the calculation of microseismograms for multiple source-receiver
separations and also yields greatly improved numerical results (over other
integra'tion schemes). In addition, the source spectrum, as well as the
source-receiver separation, can be specified after the majority of the

calculations are completed.

Intrinsic attenuation is included in the calculations through a
transformation of the layer velocities to complex parameters (Aki and
Richards, 1980). An imaginary part of the velocities is determined to
produce spatial decay corresponding to the desired Q value. @4 and &g,

the P and S wave quality factors, are specified separalely for each layer.
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The assumption is that of constant Q, i.e. Q is independent of frequency.
The constant Q assumption requires that the velocities be dispersive in

order to maintain causality (Futterman, 1962).

2.2 Dispersion Relation

The geometry of the model consists of an arbitrary number of coaxial
annuli surrounding a fluid cylinder. The n** annulus has an inner radius

of r,_; and an outer radius of 7, (Figure 2.1). The outermost layer is

infinite in extent.

Assuming axial symmetry, the wave equations for a given layer n are:

Ppn . 1 3¢n  OPn _ 1 Opn (2.1a)
ar?2 7 Or  9z2® af at? '

and

2 2 2
a'Wn+_1_a'¢n _¥n +a'¢n_ 1 0%%Yn (2.1b)

ar2 T or 72 92° B2 ot?

a, and B, are the compressional and shear wave velocities,
respectively. ¢, is the sralar potential and ¥, is the azimuthal component
of the vector potential, the only non-zero component of the vector

potential because of the axial symmetry.

The general solutions to these equations for source and receiver on

the =0 axis are;:



On = [An Ko(lnr) + A (L) e (=)

and

Vo = (B Ky (mar) 4 B Ly(mpr) e <)

(R.2a)

(2.2b)

where I; and K; are the i** order modified Bessel functions of the first and

second kind, c is the phase velocity, z the source-receiver separation, and

k the axial component of the wave number. 4,, 4’,, B,, and B, are

constants corresponding to the outgoing (4, and B,) and incoming (4,

and B, ) waves, and ., and m, are the radial components of the P and S

wave numbers. [, and m, are given by:

2
L2=k?(1-23)
Gn

and

2
m,?=k2(1—;—2)

n

The radial and axial displacements, u, and v,, are given by:

= Opn _ OYn
or dz

e tn 20

The normal and tangential stresses, o, and 7, are given by:

(R.3a)

(2.3b)

(2.4a)

(R.4b)



Vn | 8%pn Pon  PYn
- +2 - 2.4c
_ 52% aaion 62101;
Tn=Pn g o 3.P (2.4d)

where p,, v,, and u, are the density, Poisson's ratio, and shear modulus

for layer n.

We define the displacement-stress vector for layer n, u, as:

up =l g " (R.5)

Substituting the forms for ¢, and vy, from equation (2.2) into
equations (2.4a-d) yields more explicit relationships between the
displacements and stresses, and the potentials, By equating terms for

each constant, the expressions can be combined into the form:

u, (1) =Dp(r)a, (2.6)
where
An
Ap
8, iB,
iB,

and the elements of the D matrix are:
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Dp (1) = —Ln Ki(laT)
Dn (7)) =ln 1y (LnT)

Dp y(7) = %K (myT)
Dy ()= —kl\(maT)
Dp,,(r) = kKo(lnT)

Dp (7)) =klo(lnT)

Dy (1) =My Ko(mp T)

Dr, (r) = —my [o(mn )

Dnal("') =pnk2(2ﬁrzt—cz)K0(l'nT) +20n 87 'lTLKl(lnr)

D7) = P k2282 e Vlo(LnT) =20 B3 211 ()

D, (7) =2pp Bk, [Ko(mr) + #K i(mpr)

Do (r) = ~2n B3k, [zo(w) - mar)

Dn“(r) = —Rpn ﬂr%’cln Ky\(lpT)



an(T) =2pnBRkln I)(LnT)
Dy (7)) = —Pnk?(RBZ—c®) K\ (mp7)

Dn, (7) = —onk?(RBZ—c?) I (my )

We now have expressions for displacements and stresses of layer n in
terms of the potentials for that layer. It is necessary to relate the
displacements and stresses in all the layers from the infinite outer annulus
to the central fluid cylinder. For simplicity, we first assume that all the

layers are solids (except, of course, for the central cylinder).

The n* layer has an outer radius of 7, and an inner radius of r,, _,, so,

using equation (2.6) at the outer radius

Uy (rn) =Dp (15)an (2.7a)
and at the inner radius
Un (T 1) =D (T ))an (2.7b)
or
8y, =D (Tn 1)U (71) (2.7¢)

The displacement-stress vector u,(r) can then be related across the layer

by combining equations (2.7a) and (2.7c)
un(rn)=Dn(rn)Dr:l(rn-l)un(rn—l) (R.8a)

This can be written as



Up (7)) = En (Tn Pa-1)Un (7 -1) (2.8b)
For the infinite, outermost layer, N, equation (2.7b) gives

upn(ry-1) =Dy(ry-1)ay

Since displacements and stresses are continuous across the solid layer

boundaries:
uy(ry-1) = Eyo1 ("y-17h-2)En-2(rn-2Th-s) - . Fa(T2m)up(r))
or, defining a matrix G
Gay = up(ry) (2.9)
where

G=E2—1("'2-7'1) T Eﬁll("'N-l-"'N-z)DN("'N—l)

The matrix G gives the relationship between the potentials in the outer
layer and the displacements and stressed at the first boundary. The
particular radiation and boundary conditions are applied to complete this

relationship.
In the outermost layer, the radiation condition requires that there are
no incoming waves, so A'y=5y =0 and
AN

8N = |iBy
0



The requirement that the displacement and stress remain finite at 7 =0
eliminates the K, and K, terms of the solutions in the central fluid
cylinder (4, =B, =0); and in a fluid, there is no vector potential so B,'=0.
The displacement and stresses in the central fluid layer (at the outer

radius of this layer, 7;) can thus be written as

) v ) )
ur(r)] (Dieds| [ Gn(r)
vi(r1)| [Da24 kl(lpT) ,
uy(r,) = = = 2 2'l Ay (2.10)
01(r1)|” |Da2A"y|” |-p1kRcPlo(LyTy)
‘Tl(rl)) 0 0

At r =7, the interface between the central fluid and the solid annulus, the
radial displacement and stress are continuous; the axial displacement is
discontinuous, and the tangential stress vanishes. Equating up(r,) to
u,(r,) and imposing these boundary conditions by using the proper terms
of equations (2.9) and (2.10) and rearranging yields:
L) G G| |4
—p1kPc?lo(lymy) —Ggy —Gaa| [ Ay [=0 (R.11)
0 Gqy  Gag) [tBN
This is the period equation for waves traveling in a borehole with solid
radial layers. Dispersion relations are obtained by finding values of k and
¢ for which this relation holds true. The rows corresponding to the the
axial displacements are not included in the above equation because they

are discontinuous and can not be equated across the fluid-solid boundary.



In the presence of intermediate fluid layers the same formulation is
used between the infinite formation and the oulermost luid layer that is
used when all the layers are solid. Equation (2.9) cannot be extended to
relate the displacement-stress vector across all the layers because not all
components of the displacement-stress vector are continuous at a solid-
fluid boundary. At the outermost fluid layer, the boundary conditions
change and so the displacements and stresses can not be related across
the boundaries in the same manner as before. The normal displacement,
w, and normal stress, o, are continuous. The tangential stress, T,
vanishes at the boundary. The tangential displacement, v, s
discontinuous because Lhe solid and fluid are free to slip along Lhe

interface.

The G matrix we have now can relate the displacement-stress vector
inward only until the outermost fluid layer (layer f) (see Figure 2.2). At

that point the axial displacement is no longer continuous. We now have
GﬂN=l.If H(Tf) (2.12)

where 7, is the outer radius of layer f and uy,, is the displacement-stress

vector in layer f +1.

Inside layer f, each boundary is handled individually to allow for
general geometries, Details of these calculations are given in the
appendix. Starting at the center and working oul to layer f, Lthe constants

for each layer n, (a,), are written in terms of a, (which is just 4';). Each
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layer may be either solid or fluid. This requires checking at each boundary
Lo check the type (solid or fluid) of the next layer. The type of boundary
determines which components of the displacement-stress vector are
continuous. This process yields the displacements and stresses in layer f
in terms of those in the central fluid layer, They are then matched to
those in the next layer out (layer f +1). This completes the relationship

from the infinite layer to the central cylinder.

The displacements and stresses have been related from the central
fluid cylinder to the outermost fluid layer, (layer f). Application of the
above results yields 4, and A’ in terms of 4';. These are then used in
equation (2.12) to complete the relation of the displacements and stresses

from the central fluid cylinder to the outer, infinite formation.

The same radiation conditions exist in the central fluid and the outer
formation as in the case of all solid layers. A similar procedure yields a

new form for equation (2.11):
uy(ry) —Gn —Gis| (4,
oy (ry) ~Ggy ~Goa| | Ay [=0 (2.19)
0 Gay  Gyg| BV

This is a more general relation than the one previously obtained. When all

the layers are solid, f =1 and this yields equation (2.11) again.
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2.3 Calculation of Synthetic Microseismograms

In the calculation of synthetic microseismograms, the pressure
response, P, inside the borehole is desired. In the time domain it is given

by (Tsang and Rader, 1979; Cheng et al., 1982):
P(r.z.t)= [ X(w)e “tdw [ 4" [o(Lyr)e®* dk (2.14)

P(r,z ,t) is the pressure response, z the source-receiver separation, t time,
and X(w) the source spectrum. A, is the only non-zero constant
associated with the potentials in the fluid layer. To determine 4, a
boundary condition is imposed at the borehole wall, 7, . The specific
condition is an expression for a Kp(l,r) source in the frequency-
wavenumber domain. This represents a point isotropic source on the
borehole axis. This Ky(l,r) source is analogous to the H§"(L,r) type of
source used by Tsang and Rader (1979). The source terms transform the
dispersion relation into an inhomogeneous set of equations. Following the

development above for the dispersion relations and then solving for A

yields:
. llKI(llrl)Fl_plkaczKO(LITI)FZ
v LiLy(Lyr ) Fytp ke eRlo(lymy) e (2.16)
where
Fy = Gy3Gy1 —G31Gy3
and



F2=G3G;4—GyGg4

This is the specific form for the case of all solid annuli. The constant terms
associated with the F;'s will vary depending upon the exact geometry, The
direct excitation resulting from the Ky(l,r) source is added to the

response function to give the total pressure field.

The actual calculation of the double integration is performed via the
use of Fast Fourier Transforms. This provides efficient and accurate
evaluation of the integrals. One implication of the discretization in time
and space is the possibility for temporal and spatial wraparound. The

integration interval Ak is equivalent to an infinite distribution of imaginary

sources along the z-axis separated by a distance L= i—z Ak and Aw must
be chosen in order to avoid spatial and temporal wraparound. Ak must be
chosen so that L is large enough that the first arrival from an imaginary
source is much later than the last arrival from the true source (Bouchon

and Aki, 1977; Bouchon, 1980),

When determining the w and k£ information that will be used in the
integration, it is necessary to move the singularities off the real-k axis.
This is accomplished by adding a small imaginary component w; to the

frequency w (White and Zechman, 1968; Bouchon and Aki, 1977). This
moves the singularities off the axis a distance %— (Tsang and Rader, 1979).

One side effect of the move off the axis is the introduction of attenuation.
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Because the distance from the axis that the poles are moved is inversely
related Lo the velocity, the later arrivals are attenuated more than the
early arrivals. This causes the tail of the time series to decay more rapidly
and aids in the prevention of spatial wraparound. The time domain
waveform is multiplied by e“! in order to remove the effects of this
artificial attenuation. It is desirable to have w; smali to avoid having any

numerical noise increased substantially by the exponential multiplication.

Other numerical considerations are also important. A significant
portion of the calculation is the determination of the Bessel functions.
These are calculated accurately and quickly with a variety of methods. /j
and I, are found using recurrence relations (Abramowitz and Stegun,
1964). Either ascending series or asymptotic series representations are
used to calculate Kj, depending on the argument. For improved speed, K,
is derived by using the other three functions in the Wronskian. Waveforms
and w—k information generated with the software developed for this study
were repeatedly checked for numerical stability and accuracy. For simple
geometries, comparisons were made with results obtained with the method
of Cheng and Tokséz (1981). Further details of numerical considerations

are given in Appendix B.

Up to this point, all calculations have assumed that the medium is
Lotally elastic, i.e., that there is no amplitude loss except for geometrical

factors. Intrinsic attenuation can have a significant effect on the
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waveforms, especially in this situation where different layers are involved.
Each layer can have different quality factors, @. In a cased hole the @

value of the steel casing can be orders of magnitude larger than that of

the other layers.

Attenuation is incorporated into the calculations through a
transformation of the layer velocities to complex parameters. Imaginary
components of velocity are determined from the desired &, values and are
added to the elastic velocities. [t is these imaginary parts of the velocities
that introduce an exppnential spatial decay into the waveform. Given a

wave traveling in the z direction:
U(z,t) = eri("""‘)
it is desired to add spatial decay so that

U(z ,t) = Upe —az 5 i(kz —wt)

Defining the attenuation coefficient a = —“_ the necessary transformation

2c@

is:
2Q"

L, gt
c Co

In this manner a different @ value can be assigned for compressional (Q,,)
and shear (Qﬁu) waves in each layer. @ is assumed to be constant

(Futterman, 1962), i.e., attenuation is proportional to frequency. In the

present forin, this wave does not satisfy causality (Aki and Richards, 1980).
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To maintain causality with the constant Q assumption, the real part of the
layer velocities must be modified by introducing velocity dispersion (Azimi

et al., 1968; Kjartansson, 1979).

c—aco(1+—1——log( ).

TTQ Wref

The phase velocities are then dependent on frequency and are equal to the
elastic velocities only at some reference frequency wpy. The total
transformation for the complex velocities is:

1

[
cp (w) =cn(w,..f)ll + e log| —*

C-)nf

(2.16)

_ 1

2@
where c,(w) is the complex velocity, c¢,(wry) the phase velocity at the
reference frequency, and §, the specified quality factor (Aki and Richards,
1980). The compressional and shear velocities for each layer are modified
with equation (2.16) using either a, or 8, for c,(wy) along with the

appropriate @, or &g, .
2.4 Calculation of Displacements

Displacements w, and v,, and stresses o, and T, can be calculated
by determining the constants 4,, A, B,, and B,. These constants
determine the potentials (equation 2.2) which are substituted into the
definitions of displacements and stresses in cylindrical coordinates

(equations 2.4).
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The period equation (equation 2.13) is a relationship with three
equations and three unknowns: Ay Ay, and By. One of these constants,
A';, has already been determined (equation 2.15). Using this information
in equation (2.13), we can solve for the other two constants Ay, and By. In
this manner, the constants for all remaining layers can also be determined.
The essence of the technique used above to find the period equation is just
finding a relationship between the displacements and stresses and the
potentials in all the layers. This same relationship can be used to find the
constants since the displacements and stresses are related by equation
(2.6). In calculating displacements and stresses, the exponential factor

e*(z—t) js not needed. It is the maximum value that is of interest.



Figure Captions

Figure 2.1. Geometry of the model. Layer n has an outer radius of r, and

an inner radius of 7, _;.

Figure 2.2. Geometry including intermediate fluid layers. The outermost
fluid layer is layer f. There can be any number of fluid locations in any
location. The only restrictions are that the outermost layer (the

infinite formation) is solid, and the central cylinder (the borehole

itself) is Auid.
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Chapter 3

Well Bonded Cased Boreholes

3.1 Introduction

Casing is set into a borehole after the logging and formation analysis
has been completed. The borehole environment can change during the
time that the hole is not cased. Formations can cave in causing
irregularities in the wall or even closing off the hole. The casing also seals
the borehole wall, preventing possible communication between different
stratigraphic layers. It is desirable to set the casing as soon as possible to
avoid these problems. Aside from cement evaluation purposes, little effort
has been made to study acoustic logs in the presence of casing. Acoustic
logs are not run routinely in cased holes. The ability to do so would allow
the casing to be set before these logs are run. It would also be useful for

examining sections of existing holes that already have casing in place.

The effects of adding a casing to the borehole environment are studied
in this chapter. The geometry of a cased hole consisls ol layers of steel
and cement in addition to the infinite formation and the central fluid
cylinder (see Figure 3.1). All boundries are treated as welded contacts

therefore the assumption is tha! ol perfect cement bonding. This would
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seem to be unrealistic, but the data indicates that this is often a
reasonable assumption. The models are limited to four layers (fluid, steel,
cement, and formation) to avoid the extra complications of invaded or
damaged zones. Adding these additional layers would complicate the

models so that it is not possible to understand the effects of the casing

only.

Generally only one parameter of the casing, cement, or formation is
modified with each model in an attempt to isolate the effects of that
particular parameter, Some model parameters are held constant
throughout. The parameters of the central fluid layer are not investigated
here and so are not changed. Other layers are given standard values and

different models are perturbations away from that standard.

The source function is basically the same as that given by Tsang and
Rader (1979). The center frequency used here is 13 kHz except where
specified otherwise. The Tsang and Rader source has a problem with
unreasonably large amplitudes at very low frequencies. A bandpass filter is
used to limit the frequency content between approximately 5 kHz and 18
kHz. This eliminates the problems at low frequency but it introduces
another prablem of slightly non-causal arrivals. These arrivals manifest
themselves as a ringing at the beginning of the first arrivals. They give the
P-wave packet an emergent rather than an impulsive appearance. This

problem is not seen in all models. It is rarely seen in the well bonded



models of this chapter, but it is prominent with unbonded casing (the next

chapter), It is never a limitation on the analysis.

The borehole radius is 4 inches in most models. This is the radius that
is the result of the drilling, not the outer radius of the fiuid cylinder, The
steel casing and the cement are treated as being inserted into a hole of
this size so the fluid layer has a radius that is less than 4 inches. The

thickness of the steel tube is 0.4 inches except where stated otherwise.
3.2 General Effects Of Casing On Waveform Character

The presence of a casing in a borehole can have a large influence on
recorded waveforms, Figure 3.2 shows a synthetic microseismogram for
the case of a simple formation in an open hole. The microseismogram that
results when a casing (s.eel and cement) is inserted into the same hole is
shown in Figure 3,3. Cheng and Toks6z (1981) showed that the frequency
range over which the pseudo-Rayleigh wave modes are excited depends on
the radius of the fluid layer. A smaller radius shifts dispersion curves to
higher frequencies. This effect is clearly seen in Figure 3.4. Part of the
fluid layer of the open hole geometry has been replaced by steel and
cement layers in the cased hole. The pseudo-Rayleigh waves require higher
frequencies to be excited because of the thinner fluid layer. The source
function remains constant, however, so the pseudo-Rayleigh waves are
excited to a lesser extent than when there was a thicker layer of fluid. The

result is that the waveform for the cased hole has a lower apparent
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frequeﬁcy content as the Stoneley wave becomes more dominant, and the
pseudo-Rayleigh wave contribution decreases, A microseismogram
generated for the case of a simple formation in a hole with the same
diameter as the steel tube displays the same shift in frequency content

(see Figure 3.5).

The amplitude of the body waves are observed to be less in the cased
hole versus the open hole situation while the guided waves have larger
amplitudes, There is a smaller contrast between the cement and the
formation (in the cased hole) than between the fluid and the formation (in
the open hole). This decrease in velocity contrast results in less energy in
the P-wave. Figures 3.2 and 3.3 demonstrate this point. The guided wave
amplitudes can increase as the waveguide becomes more efficient. (The
outside of the borehole changes from some formation to very fast and rigid
steel.) The degree of this effect depends on the nature of the formation, In
a slow formation there will be a large change in the amplitude while in a
fast formation the change will be minimal. Figure 3.6 shows data recorded
in a section where the tool passes from an open hole section into casing.
The source-receiver separation is 4.57 m (15 ft). A large decrease in the
P-wave amplitude and increase in the Stoneley amplitude is observed as
the tool crosses into the cased section. The formation in this section of
the well is slow (P-wave velocity of approximately 2.29 km/s (7.5 ft/ms) so
it is possible that the cement has velocities close to those of the formation.

This causes much less energy to be contained in the P-wave packet, While
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there was only an intermittent Stoneley wave presence in the open hole,
Lhere is a consistent, well defined Stoneley wave in the cased portion of the
section. This can also be seen in Figure 3.7. The presence of the casing
improves the efficiency of the waveguide considerably. Figures 3.7a and
3.7b are data recorded in an open borehole at offsets of 4.57 m (15 ft) and
6.1 m (20 ft). The formation is an unconsolidate sandstone similar to that
in Figure 3.6. Data from the same section of the well with the casing in
place is shown in Figures 3.7c and 3.7d. Figures 3.8a and 3.8b show the
amplitude of the spectrum for a synthetic model of a "'slow’ formation in
an open hole and a cased hole. In the open hole (Figure 3.8a) the Stoneley
wave is small. The P-wave is the arrival wilh the largest amplitude. The
casing (Figure 3.8b) results in greatly increased Stoneley wave amplitudes.

The decrease in the P-wave amplitude discussed above is also clear.

In some situations the presence of a casing can make the waveform far
more complex than in the corresponding open hole. The formation used in
the calculation of the synthetic microseismograms in Figure 3.9 has
velocities comparable to those of the steel. The result is a considerable
amount of ringing in the waveform. This ringing obscures the formation
shear arrivals. The shear arrival can be identified as a slight phase shift
can be seen in the ringing portion of the microseismograms. This
identification would be extremely difficult, if not impossible in actual data.
The steel and formation are fast layers on either side of the slow cement

layer. It is interesting to note that, for the ringing portion of the time
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series, the thickness of the cement layer is one quarter of the dominant
wavelength. The particular source frequency and geometry chosen here
appear to cause some sort of resonance effect in this layer. The ringing
can be changed by using a different source function (Figure 3.9b), This
type of resonance can explain some observed P-wave arrivals that have
longer durations in a cased hole versus the corresponding arrivals in an

open hole (Willis, 1984, personal communication).

3.3 Effects on Arrival Times

Figure 3.10 shows the first arrivals for the same formation in both an
open hole and a cased hole. The P-wave arrivals are somewhat earlier in
the cased hole geometry relative to the open hole geometry. The faster
velocity steel and cement have replaced the slow fluid for a portion of the
wave path., The section of the wave path through the steel and cement is
mostly radial so the resulting time difference is independent of source-

receiver separation, and the moveout between two receivers at different

distances is unaffected.

To confirm that the formation arrivals were picked correctly and were
not being confused with some casing arrival, a number of examples were
calculated using the same casing but with different formations. In each

case, the arrivals were determined to be those from the formation.
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Phase velocities were determined by calculating the moveout between
corresponding arrivals for the same formation at many offsets, Figures
3.11 and 3.12 give two examples. Open hole and cased hole
microseismograms are shown for offsets ranging from 3.05 m (10 ft) to 4.57
m (15 ft) at .15 m (.5 ft) intervals. Arrivals are easily traced from one
offset to the next allowing for good velocity calculations. Amplitude and

time scales were enlarged as needed for higher resolution.

Figure 3.13 shows the synthetic microseismogram for a formation that
is similar to that in Figure 3.12 but has a different compressional wave
velocity. The two waveforms are almost identical except for the P-wave
arrival time. This arrival, for the case shown in Figure 3.12, is slightly later
since the velocity has been lowered from 4.88 km/s (16 ft/ms) to 4 km/s
(13.12 ft/ms). The amplitude of the P-wave packet is also different but this
is a result of the change in Poisson's ratio. The P-wave velocity was
lowereq while the S-wave velocity was held constant so the Poisson's ratio
of the formation has decreased. This same variation of the amplitude of
the P-wave packet with Possion's ratio has been demonstrated in open

holes as well (Cheng and Tokséz, 1981; Zhang and Cheng, 1984).

Similar results are obtained by holding the compressional velocity
constant while the shear velocity is varied. The formation used to generate
the microseismogram of Figure 3.14 has the same P velocity but lower S

velocity than that used for Figure 3.10, Except for amplitude differences



resulting from the different Poisson’s ratio, the P-wave arrivals overlay.
The shear wave arrival is delayed by the expected amount with the lower
velocity confirming that the arrival is being correctly identified, In this
particular case the pseudo-Rayleigh wave amplilude is significantly
reduced. The small contrast between the cement and formation shear

velocities shifts the pseudo-Rayleigh cutoff to higher frequencies (see

Figure 3.15).

The variation in the P-wave velocities can be seen in the frequency-
wavenumber domain also (Figure 3.16). As the formation velocities change,

there is an obvious change in the locations of the corresponding peak's.

A much slower formation was used in the calculation of Figure 3.17.
The casing in Figure 3.17 has the same parameters as the previous
examples, but the compressional wave velocity is now low and the shear
wave velocity of the formation is lower than the fluid velocity. While still
obvious, the P-wave arrival with this slow formation is small. The contrast
between the cement velocity and the formation velocity is slight, so the
body waves are not efficiently refracted along the interface. Since the
shear velocity in the formation is lower than that in the cement, no shear
energy is refracted along the boundary and no pseudo-Rayleigh wave is

generated

Field data displays the same ability to observe the formation arrivals

in the presence of casing. Figure 3.7 shows data recorded in a slow
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formation with and without a casing. The P-wave arrivals track very well in
the two cases. Figure 3.18 gives Af logs of the same sections. The logs
were determined by picking the first arrival for the two source-receiver
separations of 457 m (15 ft) and 6.1 m (20 ft) and calculating the
moveout. A depth correction of 2.74 m (9 ft) was made on the cased hole
log in order to improve the depth correlation. This helps considerably at
the upper depths but some differences in the depth scale become obvious
in the lower portion of the log. The agreement between the open hole and
the cased hole sections is very good. This confirms that it is the formation

arrival that is being observed in the cased hole.

Figures 3.17 and 3.19 demonstrate that, while the effects of the casing
on the body wave arrival times are generally small, the effects on the
guided waves are significant. The two sets of microseismograms (Figures
3.17 and 3.19) were both calculated with the same slow formation
param'eters. Figure 3.17 includes the same casing as the previous figures.
The Stoneley wave arrives much earlier in the presence of the casing
(Figure 3.17) than in the open hole (Figure 3.19). This can bee seen also in
the data shown in Figure 3.7. If the cement has lower velocities than tue
formation (as could be the case in a hard formation) the Stoneley wave
velocity can be less in the cased hole. This is clear in the dispersion curves
in Figure 3.4. The wave train is also more dispersive in the cased hole. This
result was expected from the nature of the dispersion curves (Cheng et al,,

1981, Schoenberg et al, 1981). It is apparent that the steel and the
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cement must have a strong influence on the Stoneley waves to cause this

decrease in the arrival time.

A comparison of Figures 3.12 and 3.17 shows that the casing has in
fact, the dominant effect on the Stoneley waves. The formation parameters
are very different for the two models but the Stoneley wave arrival times
are quite similar. Figures 3.13 and 3.14 were calculated using formations
that are intermediate in velocity to those in Figures 3.12 and 3.17. Here
again it appears that the Stoneley wave arrival time appears to be almost
independent of formation velocities. The phase velocity dispersion curves
for the models of Figures 3.12, 3.14, and 3.17 are given in Figure 3.15,
There is little change in the Stoneley wave velocity with different formation
velocities, At higher frequencies, the pseudo-Rayleigh velocities are also
very similar, Near the cutoff frequencies for the various modes though,
there is a substantial difference in the pseudo-Rayleigh velocities and the
shapes of the curves for different formations. This explains the ability to
determine the shear velocity of the formation despite the presence of the
casing. The shear arrival is of extremely small amplitude and so it is

usually taken to be just the first part of the pseudo-Rayleigh wave packet,

The formation parameters have increasing importance as the
thickness of the cement layer decreases, but the casing remains a factor in
the guided wave behavior. Figure 3.20 compares the dispersion curves for

an open hole with those for the cases where there is no cement and 4.45
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cm (1.75 inches) of cement between the steel and the formation. In the
absence of cement, the curves are close to those of the open hole. Note
that the the pseudo-Rayleigh curves are shifted in frequency because of
the differing thickness of the fluid layer. The effect of the thickness of the
cement layer can be seen in the time series also. Figure 3.21 shows
microseismograms for a model with the same formation and steel
parameters as in Figure 3.17. There is no cement layer between the steel
and the formation though. Clearly the Stoneley wave velocity is less with
no cement than with the 4.45 ecm (1.75 inch) layer. The lack of cement
allows the formation greater influence on the wave. Since the formation
has velocities that are less than those in the cement, the Stoneley wave is

slower as the formation has more contribution to its behavior.

The data shown in Figure 3.22 is an example of a situation where the
formation exerts a large influence on the Stoneley wave due to a lack of
cement between the steel and the formation. This data was recorded in
MIT's Burch well in Michigan. A pipe had been inserted but not cemented in
the hole. The upper portion of the record displays the characteristics of a
free pipe geometry (see chapter 4 of this thesis). At depths beginning at
approximately 550 m (1780 ft) the Stoneley wave arrives much later and
has a much lower frequency content. An attempt was later made to
remove this section of the pipe from the borehole. At this time, it was
learned that the formation at this depth is a low velocity shale which had

swollen out into the hole and was pressed against the pipe. The formation
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is the Bell shale. The geometry that resulted in the observed nature of the
data was one in which the steel was effectively bonded to the formation

without cement. It is the the cement that limits the formation influence on

the Stoneley wave.

Although the Stoneley wave was relatively insensitive to changes in the
formation parameters the arrival times can be affected by changing the
steel or cement velocities. In Figure 3.23, the cement velocities are
increased about forty-five percent above those in Figure 3.12. Here, the
Stoneley wave arrivals are noticeably earlier, but the increase in velocity is
not on the order of tﬁe increase in cement velocity. Similar results are
obtained by lowering the steel velocities. The steel and cement velocities
both contribute significantly to the Stoneley wave velocity. Increasing the
thickness of the steel casing also causes the guided waves to arrive earlier.,
The layer of steel in Figure 3.24 is doubled relative to the model used for
Figure 3.12 to a thickness of 0.8 inches. The hole diameter and inner
diameter of the steel remain the same so there is less cement. The thicker
layer of steel results in more influence on the Stoneley wave. Steel has

replaced some of the cement.

The steel and the cement have only a small effect on the body wave
arrival times. Formation velocities can be determined in a well-bonded
cased hole with a variety of steel and cement parameters. On the whole,

the cemented casing appears to have the predominant influence on the
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guided wave portion of the microseismogram. The Stoneley and pseudo-
Rayleigh waves are influenced by the combination of the steel casing and
the cement, while the formation has a smaller effect depending on the

thicknesses of the casing and the cement.
3.4 Effects on Amplitudes

The microseismograms in Figures 3.17 and 3.19 exhibit a reduction in
body wave amplitudes in the presence of a casing relative to the open hole.
This is true for all formations, although the amount of reduction depends
on the formation and cement parameters. The amplitude change is ..ighest
when the formation velocities are low. The data shown in Figure 3.6 is from
a slow formation. Here there is an obvious reduction in the amplitude of

the P-wave as the tool passes from the open hole into the casing.

It is not just a slow formation that yields small formation arrivals. This
is a phenomenon that can be seen in other situations also. A fast cement
will also result in smaller than expected body wave arrivals. The
relationship between the cement and the formation velocities is the
important factor. Figure 3.23 shows waveforras that are obtained by taking
the model used for Figure 3.12 and increasing the cement velocities, The
cement velocities and the formation velocities in this case are close,
resulting in a considerable reduction in the body wave amplitudes. The
pseudo-Rayleigh wave amplitudes are greatly reduced as well. The cutoff

frequencies for these modes are shifted to higher frequencies so they
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cannot contribute significantly to the time series. This is a similar effect to
Lhat in the case where the hole size is decreased. Figure 3.25 has the same
cement but formation velocities that are just below those of the cement.
In the presence of noise, it would be difficult to identify the compressional
or shear wave arrivals. Attemnpts to increase the gain so that the P arrivals

could be distinguished would result in Stoneley arrivals that were clipped.

Increasing the velocity of the cement has the opposite effect on the
Stoneley waves, Their amplitudes increase as the steel and the cement
velocities increase. Higher velocities in these layers make the borehole

more rigid causing it to be a more efficient waveguide.

The efficiency of the waveguide is also improved by increasing the
thickness of the layer of steel. The Stoneley wave amplitudes are
significantly higher with a thicker steel casing (Figure 3.24) than with the

thinner casing (Figure 3.12).

Q values for the different layers can, as expected, have a large effect
on the waveform. The formation Q factors maintain their influence on the
body wave arrivals even in the presence of a casing. A comparison of
Figures 3.26 and 3.3 makes this apparent. The models for the two figures
differ only in the formation Q values. Those used in Figure 3.26 are double
the values used in Figure 3.3. The body waves increase in amplitude with
the higher Q values. The amount of increase in the cased hole is similar to

the increase in amplitudes in an open hole. The casing therefore does not
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appear to diminish the influence of the formation Q values on the
amplitudes of the body wave arrivals. The guided waves, on the other hand,
do not increase in amplitude as much in the cased hole as in the open hole,
The casing obscures the effects of the formation Q values on these arrivals.
This effect is to be expected since the guided wave attenuation is a linear
combination of the body wave attenuations of the different layers

(Anderson and Archambeau, 1964; Cheng et al., 1982).

In Figure 3.27 the Q values for the cement have been raised by a factor
of two. This is the only change in the model parameters from those in
Figure 3.3. Not surprisingly, there is no obvious change in the amplitudes
of the body wave arrivals. The portion of the body wave path through the
cement is not sufficient to cause any significant decrease in the amount of
attenuation. The guided waves are affected however. The pseudo-Rayleigh
wave and the Stoneley wave amplitudes are both increased. The low

frequency Stoneley wave amplitudes are increased the most, about ten

percent.

A change in the Q values for the steel casing also affects the guided
wave amplitudes, although this effect is much smaller than for a
corresponding change in the cement values. The Q values for the steel are
an order of magnitude higher than any of the other Q values in the model.
Consequently, the steel has an effectively infinite Q as compared with the

other layers. No reasonable change in the steel Q value would change this
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relationship, so no noticeable effect on the waveform results from

modifications to the steel Q value,

3.5 Summary

The addition of a cemented casing to a borehole can have a dramatic
effect on the observed acoustic waveforms. One obvious effect is an
apparent lowering of the frequency content of the guided wave portion of
the time series. This is a result of the decrease in the thickness of the fluid
layer. The change in fluid layer thickness shifts the pseudo-Rayleigh
dispersion curves to higher frequencies. A higher frequency source would

be required for the same excitation.

The formation body wave arrivals are generally clear and relatively
unaffected by the presence of the casing. Both the P-wave and S-wave
arrival times are observed to change as the formation compressional and
shear velocities are varied individually and simultaneously. In some
situations the existence of the steel and the cement can make velocily
determination more difficult than in an open hole. The amplitudes of the
formation arrivals are greatly reduced if the velocities of the cement are
comparable to or larger than the formation velocities. The waves refracted

along the casing are generally too small to be observed.

The interface waves, the Stoneley and pseudo-Rayleigh waves, are most

significantly affected by the casing. They respond to the combined effects
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of the steel, the cement, and the formation.

The steel has a greater influence on the waveforms with increasing
thickness but any reasonable change in steel velocity or Q values does not

have significant effects.

The cement thickness, velocities, and Q values are all significant
contributors to the observed waveform. The velocities and and amplitudes
of the guided waves are strongly affected by the cement velocities and
attenuation. A thick layer of cement can insulate the guided waves from
the formation. The influence of the formation on these waves increases as

the thickness of the cement layer decreases.



thickness Vo Vs P
Figure cm km/s km/s gm/cm® | Q, | Qg
(inches) (ft/ms) | (ft/ms)

2,4a,8a,10a 10.16 1.68 - 1.2 20, -
11,19,20a (4.00) (5.50)

21,20b 9.14 1.68 - 1.2 20 -
(3.80) (5.50)

all 4.7 1.68 - 1.2 20, -
others (1.85) (5.50)

Table 3.1. Borehole fluid parameters for theoretical models.
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thickness Vo Vs P
Figure cm km/s km/s | gm/cm® | Qq Qp
(inches) | (ft/ms) | (ft/ms)
24 2.03 6.1 3.35 7.5 1000. 1000,
(0.80) (20.0) | (11.00)
3,4b,8b,9 1.02 6.1 3.35 7.5 1000. 1000.
10b,12-17, (0.40) (20.0) | (11.00)
20b,c,R1,
R3,256-27

Table 3.2. Steel parameters for theoretical models.




thickness

P s

Figure cm km/s km/s gm/em® | @, | Qg
(inches) (ft/ms) | (ft/ms)

23,25 4.44 4.11 2.63 1.92 40, 30.
(1.75) (13.5) (6.30)

R4 3.43 2.82 1,73 1,92 40, 30,
(1.35) (9.26) | (5.67)

27 4,44 2.82 1.73 1.92 80. 60.
(1.75) (9.26) | (5.67)

3,4b,8b,9, 4.44 2.82 1,73 1,92 40. 30,
10b,12-17, (1.75) (9.26) | (5.67)

20c,26
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Table 3.3. Cement parameters for theoretical models.




thickness Vo Vs Je
Figure cm km/s km/s gm/ cm® Qa Qg
(inches) (ft/ms) | (ft/ms)
9 00 594 3.8 2.16 60, 60.
(19.50) | (10.5)
13,16b ) 40 2.6 2.16 60, 60,
(1312) | (853)
8,16d,17, oo 2.9 1.52 2.0 100, 50,
19,21 (9.5) (5.00)
7 o 4.0 2.13 2.16 60. 60.
(13.12) | (7.00)
26 oo 4.88 2.6 2.16 120, 120,
(16.00) | (8.53)
2-5,10-12, o 488 2.6 2.16 60. 60.
15,16a,20, (16.00) | (8.53)
23,24,27

Table 3.4. Formation parameters for theoretical models.




Figure Captions

Figure 3.1. Specific layers in the well bonded case hole model. Layers of
steel and cement are inserted within the borehole. The radius of the

fluid layer is less than in the open borehole situation,

Figure 3.2. Open hole microseismogram. The source-receiver separation is
3.05 m (10 ft). The amplitude is normalized by an arbitrary factor

which is consistent for all single microseismogram figures.

Figure 3.3. Cased hole microseismogram for the same formation as in

Figure 3.2,

Figure 3.4. Phase velocity dispersion curves for a) the open hole and b)
cased hole geometries. Two Pseudo-Rayleigh modes are shown along
with the Stoneley mode for each case. The phase velocities are

normalized to the fluid velocity.

Figure 3.5. Open hole microseismogram for the formation of Figure 3.2 with
the hole diameter equal to the inner diameter of the casing used in
Figure 3.3. The central fluid layer has the sume radius as in the cased

hole.

Figure 3.6. Data recorded as the tool passes from an open hole hole into a

cased section (above 100 ft). The source-receiver separation is 4.57 m

(15 ft) and there is one trace every foot.
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Figure 3.7. Data recorded in an open hole (3.7a and 3.7b) and the same
section after casing is set in place (3.7¢ and 3.7d). 4.57 m (15 ft) and
6.1 m (20 ft) offsets are shown for each case. The trace spacing is 1 ft.

The formation is slow so there is no pseudo-Rayleigh wave present.

Figure 3.8 Magnitude of the synthetic w—k information for a soft formation

in a) an open hole and b) a cased hole.

Figure 3.9 Microseismograms for offsets ranging from 3.05 m (10 ft) to 4.57
m (15 ft) at .15 m (0.5 ft) increments. The formation is has velocities
comparable to those of the steel. The source functions are: a) the
same as the previous figures. This is an example of how certain
combinations of layer thicknesses and source function can result in a
waveform that is difficult to interpret. b) a source center frequency of
20 kHz with no filter applied. The shear wave is more obvious with this

different source function.

Figure 3.10 P-wave packet for a) open hole and b) cased hole geometries.

The P-wave arrival time is slightly earlier in the presence of the casing.

Figure 3.11 Multiple offset microseismograms for the case of a fluid filled
cylinder in a homogeneous formation. The vertical scale is the same

for all multiple offset figures except where noted otherwise.

Figure 3.12 Multiple offset microseismograms for the same formation as

Figure 3.11 in a cased hole.



Figure 3.13 Microseismograms lor a formation with a lower P-wave velocity

than that Figure 3.12. The S-wave velocity is the same,

Figure 3.14 Microseismograms for a formation with a lower S-wave velocity

than that in Figure 3.13. The P-wave velocity is the same.

Figure 3.15 Phase velocity dispersion curves for 3 different formations
behind the same casing. Formations are those of a) Figure 3.12 b)
Figure 3.14 and c) Figure 3.17. For clarity, only the first pseudo-
Rayleigh mode is shown. Note that since one of the formations is slow,
there are no unattenuated pseudo-Rayleigh modes for this formation.

The phase velocities are normalize to the fluid velocity.

Figure 3.16 Log-power of the synthetic w—k information for the models of

a) Figure 3.12, b) Figure 3.13 ¢) Figure 3.14 and d) Figure 3.17.
Figure 3.17 Microseismograms for a slow formation in a cased hole,

Figure 3.18 Al log calculated from the data in Figure 3.7. This is a plot of

slowness vs depth.

Figure 3.19 Microseismograms for a slow formation in an open hole. The

formation is the same as that in Figure 3.17.

Figure 3.20 Phase velocity dispersion curves for a) open hole b) steel with
no cement and c) steel with 4.44 cm (1.75 inches) of cement. Again,

only one pseudo-Rayleigh mode is shown. The phase velocities are
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normalize to the fluid velocity.

Figure 3.21 Microseismograms for a slow formation with a layer of steel but

no cement.

Figure 3.22 Data recorded with the EVA tool in MIT's Burch well. The top of
the Bell shale is at approximately 1800 ft. For about 30 m (100 ft) this

formation is swollen against the pipe.

Figure 3.23 Microseismograms for a model with higher cement velocities
than in Figure 3.12. The higher cement velocities result in smaller
formation body wave arrivals and higher cutoff frequencies for the

pseudo-Rayleigh waves.

Figure 3.24 Microseismograms for a model with the thickness of the steel
doubled to 1.02 cm (0.4 inches) relative to that in Figure 3.12. The hole

size is the same so there is less cement than in the previous examples.

Figure 3.25 Microseismograms for model of Figure 3.14 with fast cement

velocities. The cement velocities are now higher than those of the

formation.

Figure 3.26 Microseismogram for a model that is the same as in Figure 3.3

with the formation Q values doubled.

Figure 3.26 Microseismogram for a model that is the same as in Figure 3.3
with the cement Q values doubled.
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Chapter 4

Poorly Bonded Cased Boreholes

4.1 Introduction

In the previous chapter the effects of adding a casing to the borehole
were examined. The assumption was that the bonding conditions were
ideal. Unfortunately, this is not always a reasonable approximation to the
actual bonding conditions. There can be less than perfect bonding
between any of the layers. The steel may not be bonded to the cement, and
the cement may not be bonded to the formation. Fluid layers between the
steel, cement, and formation can be large, as in the case of the free pipe
hanging in the hole without being bonded to the formation or a zone were
there is a large washout in the borehole wall. Thin layers are also possible,
A coating of grease or imperfections on the outer wall of the casing can
prevent the cement from bonding to the surface. The result is a thin layer
between the steel and the cement commonly referred to as a

microannulus,

The actual geometries in cased boreholes are difficult to know
precisely, The radius and thickness of the pipe are usually given on the log

report, A caliper log recorded in the hole before the casing is set gives
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information on the hole radius. This, along with the casing dimensions can
give an estimate of the cement thickness. IL is often difficult though, to
acquire any information about the type of cement used. Cement
parameters vary greatly. Compressional velocities have been observed
between 0.91 km/s (3 ft/ms) and 4.6 km/s (15 ft/ms) depending upon the
composition, the curing time, and curing environment. Poisson's ratio for

concrete as given by the American Concrete Institute ranges from about

0.18 to 0.22. Densities vary between 1.7 g/cm® and 2.0 g/cm®.

Exact bonding conditions are also difficult to determine. The most
common tool used to give a measure of the bonding conditions is the
Cement Bond Log. This tool is similar in geometry to acoustic logging tools.
The major differences are the much shorter source-receiver separations,
typically 1-1.5m (3-5 feet), and the higher frequency source (20 kHz or
higher). The conclusions about bonding conditions are based on relative
amplitudes of arrivals at the beginning of the waveform and later arrivals.
The source used in the modeling in this chapter is the same as that given
in chapter 3. It is important to note that the slight non-causality of the
source (described earlier) is more of a factor in the presence of the
intermediate fluid layers in this chapter. The arrivals become emergent
rather than impulsive. This is not a problem because velociiies are

determined between a number of offsets rather than from a single trace.



In this chapter we examine full waveform acoustic logs in boreholes
with unbonded casing. The situation of unbonded casing and cement is
modeled through the inclusion of fluid layers along with the solid layers of
steel, cement, and formation. The fluid layers are placed in two common
locations: between the steel and the cement, and between the cement and
the formation. A fluid layer between the steel and the cement is used to
study the free pipe situation. This is the case when there is no steel-
cement bonding but good cement-formation bonding. Chang and Everhart
(1983) studied the free pipe situation by allowing discontinuities in the
axial displacement at the steel-cement interface and requiring zero axial
slress at this boundary. There was no additional fluid layer though. The
presence of the fluid layer in our model allows the investigation of the
effects of the thickness of this layer rather than just its presence. A
microannulus is modeled by having the thickness of the fluid layer become

extremely thin,

The case of good steel-cement bonding but no cement-formation
bonding is modeled with a fluid layer between the cement and the
formation. This situation is more difficult to establish on fleld data. It is
not able to be identified by a particular, consistent characteristic as in the

free pipe situation where there is the obvious casing arrival.
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4.2 No Steel-Cement Bond, Good Cement-Formation Bond

The situation of no steel-cement bonding but good cement-formation
bonding is examined here by inserting a layer of fluid between the steel

casing and the cement (see Figure 4.1) This is the free pipe situation.

In Figure 4.2, the fluid layer between the steel and the cement is taken
to be 1.27 cm (0.5 inches) thick. This is the same formation used in Figure
3.12. With the addition of the intermediate fluid layer there is a large,
distinct arrival at the beginning of the signal. The velocity of this arrival
cort'esponds to the plate velocity of the steel, not the velocity of the
formation. In the well bonded casing (Figure 3.12) the steel arrival was not
obvious. With the pipe not well bonded to the cement, the casing arrival
has a large amplitude and long duration. The formation P-wave arrival is
overpowered by this signal. The above observation is consistent with field
data (Walker, 1968; Grosmangin et al, 1961). Figure 4.3 shows data
recorde;l in MIT's Burch well in Michigan using the EVA tool of EIf
Acquitane. The source-receiver separation is 6.75 m (222 ft). The
formation is the traverse limestone. This is a fast formation with a P-wave
velocity of approximately 5 km/s (16.5 ft/ms). No cement was added to
secure the pipe s the casing is hanging in the hole. The data display the
characteristics described above. A large, ringing signal is the first arrival.
This is the casing signal. There is no obvious arrival from the formation it

is obscured by the casing arrival. Figure 4.4 is data that was recorded with
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a 3.1 m (10 ft) offset. The tool passes from an uncased section into a region
with poorly bonded casing. The beginning of the casing is indicated in the
figure. Below the bottom of the casing, the first arrivals correspond to
those of the formation. Above this point, a large signal from the casing is

seen and the formation P-wave arrival is no longer identifiable.

Although the formation P-wave arrival is obscured by the casing signal
in Figure 4.2, the formation shear arrival can be identified. There is still
interference and overlap with casing arrivals though, and it would be

difficult to distinguish the shear arrivals in field data.

The same geometry as Figure 4.2 is used in Figure 4.5 with different
formation parameters. Here again, the first arrival is from Lhe casing
rather than from the formation. The character of the ringing first arrival
is different here than in Figure 4.2 though. The duration of the signal has
decreased. Changing the formation parameters has changed the nature of
the microseismogram This is due to the slower formation velocities in
Figure 4.5 with respect to those in Figure 4.2, With the slower formation,
the P-wave arrival time is at the tail end of the casing ringing. The P-wave
arrival time for the formation in Figure 4.2 is earlier. This allows the
formation energy to add in with the casing energy and cause a signal of
longer duration. With the slower formation, the casing signal is starting to
decay before the formation P-wave energy arrives. The duration of the

first arrival decreases further if the formation is slower. The casing in

-107-



Figure 4.6 is the same as in Figures 4.2 and 4.5 but the formation is slow.

The formation P-wave arrival is small and arrives after the casing arrival

has ended.

Figures 4.7 and 4.8 further demonstrate the presence of the formation
energy even with the free pipe. They are plots of the log-power of the
frequency wavenumber information for the microseismograms in Figure 4.2
and 4.5. The location of the peaks corresponding to the casing energy is
the same in both figures, but the peaks corresponding to the formation

energy move as the formation parameters change.

The data in Figures 4.9 and 4.10 give an example of the formation
arrivals being visible even with a poorly bonded casing. The source-
receiver separation is 4.57 m (15 ft). These data were recorded in shales
and soft, poorly consolidated sandstones. The formation velocities are
slow, approximately 2.3 km/s (7.5 ft/ms) for V; for the sandstone. The
formation shear velocity is lower than the borehole mud velocity so there
is no pseudo-Rayleigh wave. There are two zones in Figure 4.9 (at depths of
195 ft and R25 ft) where the bonding is poor. The formation arrival
remains consistent through these regions. The upper section of Figure
4,10 was recorded with good bonding conditions. The formation arrival is
clear and can be identified easily even down into the zone where the
bonding deteriorates. The P-wave arrival can be followed through the

entire section, but it is much more difficult at the lower depths where the
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duration of the casing signal ircreases. It is feasible that the fluid layer
between the steel and the cement is thin at the top of the unbonded

section. This results in a casing arrival which decays before the arrival ol

the formation P-wave.

The differences in the character of the microseismograms is not as
clear with a higher center frequency source (as is used for the Cement
Bond Log). Figure 4.11 and 4.12 are the same models as Figure 4.2 and 4.5
with a different source function. The source spectrum retains the same
shape but it is shifted so that the center frequency is 20 kHz, The higher
frequency source puts much more energy into the thin, high velocity steel
layer. The first arrivals in both cases are more similar and there is very

little energy in the later portion of the time series.

A thin fluid layer yields results similar to the thicker layer geometry.
Figures 4.13 and 4.14 present synthetic microseismograms in two different
formations where the thickness of the fluid layer has been reduced to 2.54
1073 cm (0.00! inches). This is the model of a microannulus. The first
arrival is from the casing despite the very small thickness of the fluid
layer. The velocities (both compressional and shear) of the formation in
Figure 4.14 are less than those in Figure 4.13. The remainder of the model
parameters are the same in both figures. There are no changes in the first

arrivals in these cases as there were in the well bonded situations (Figures

3.12 and 3.14).
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The model of Chang and Everhart (1983) is the same as this situation
in the limit of the thickness of the fluid layer equal to zero. There was no
actual fluid layer bul they allow discontinuities in the axial displacement
at the steel-cement interface. They demonstrated the same first arrival at

the casing velocity even at the limit of zero fluid thickness.

Comparing Figures 4.2 and 4.13 (or 4.5 and 4.14) it is clear that the
thickness of the fluid layer does affect the character of the
microseismogram. While the first arrival in both cases corresponds to the
steel signal, the amplitude and duration of the this arrival are different
with the different fluid layer thicknesses. This can explain data rep;)rted
by Brown et al. (1970) which displayed both the casing arrival and what
were assumed to be formation arrivals. When the data were recorded with
pressure in the well, the amplitude of the casing signal decreased. The
additional pressure pushes out on the pipe decreasing the size of the fluid

layer between the casing and the cement.

The thickness of the fluid layer between the steel and the cement has
influence only on the duration and amplitude of the ringing casing signal,
not its arrival time. The important factor in determining the first arrival is

whether or not the pipe is bonded to the cement.

Figure 4.15 shows a number of microseismograms for the free pipe
situation. All microseismograms are for the same source-receiver

separation, 3.05 m (10 feet), and source, centered at 13 kHz. The
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formation velocities are 4 km/s (13.12 ft/ms) for ¥, and 2.12 km/s (7.0
ft/ms) for V; (as in Figure 4.4). The difference in the models is the
thickness of ithe fluid layer between the steel and the cement. The
distance between the steel and the formation remains constant, so the
cement thickness decreases as the fluid thickness increases. The fluid is
replacing cement. The first microseismogram in Figure 4.15 has no fluid
layer. This is the well bonded situation. The last waveform has no cement
layer. The layers are just ones of fluid, steel, fluid, and the formation.
Between these two extremes the thickness of the fluid layer increases in
0.64 cm (0.25 inch) increments (and the thickness of the cement layer

decreases by this amount).

There is a large change in the cl.aracter of the waveforms when the
fluid layer is introduced. The microseismogram for the well bonded
situation displays clear formation P-wave and S-wave arrivals. There is no
distinct casing arrival. The additional fluid layer frees the pipe so the
casing arrival is obvious. The ringing from the steel completely obscures
the formation arrival, Little change occurs in the waveforms as the
thickness of the fluid layer increases. The casing arrival dominates
throughout, although an increase in the amplitude and duration of this

pipe signal may be observed as the fluid layer becomes larger.

Phase velocity dispersion curves corresponding to some of the

r.ucroseismograms of Figure 4.15 are shown in Figures 4.16 to 4.19. The
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first onz, Figure 4.16, gives the phase velocity dispersion relations for the
well bonded cased hole situation, There are three distinct modes in the
frequency range shown: the Stoneley and two for the pseudo-Rayleigh
waves, (Only a small portion of the second pseudo-Rayleigh mode is seen.)
The Stoneley wave is only slightly dispersive and is not cut off at low
frequencies. The pseudo-Rayleigh curves are much more dispersive and

have a cut off at the shear velocity of the formation,

A fluid layer of thickness 0.64 cm (0.25 inches) has been inserted
between the steel and the cement in Figure 4.17. As before, the thickness
of the cement is 0.64 cm (0.25 inches) less. The pseudo-Rayleigh curves
are shifted to lower frequencies than in the well bonded situation. The
extra fluid layer could be causing an effect similar to that produced by an
increase in the borehole effective radius (Cheng and Toksbz, 1981; Tubman
et al, 1984a). The Stoneley velocity is slightly lower at high frequencies but
the curve has not changed substantially. The interesting thing to note in
Figure 4,17 is the presence of an additional Stoneley mode. This additional
mode is due to the presence of the intermediate fluid layer between the
steel and the cement. This mode has significantly lower velocity and is

more dispersive than the primary one which is observed in all situations.

In Figure 4.18 the thickness of the fluid layer is increased to 3.81 cm
(1.5 inches). The pseudo-Rayleigh curves have moved to still lower

frequencies but the general shape of the curves has not changed. The first
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Stoneley mode has lower velocities in a small region about 20 kHz but the
shift is not significant. The second Stoneley mode has moved to much
higher velocities. The Stoneley modes are now almost identical to those

that observed in the case of no cement layer (Figure 4.19.)

The fluid layer has been decreased in thickness in Figure 4.20, This is
the model of the microannulus. The fluid layer has a thickness of only 2.54
1073 c¢m (0.001 inches). The pseudo-Rayleigh velocities have shifted back
slightly to higher frequencies. The first Stoneley mode shows minor
changes but the additional mode is now gone. The fluid layer is now too

thin to support the propagation of the addition mode.

It is important to note that this additional Stoneley mode has not been
observed in the microseismograms. This can be understood by looking at
the frequency-wavenumber information (Figure 4.21). The arrival in
question is the first encountered (counter-clockwise) from the kr axis.
Clearly, there is very little energy associated with this wave. The power is
not sufficient to be observable in the time domain. Figures 4.22 and 4.23
show the radial displacements for the two Stoneley modes as a function of
radius. The peak displacements are less for the additional mode than for
the primnary mode by more than a factor of 35. At the center of the
borehole, where the signals are measured, the amplitude of the

displacement has decayed to almost zero.

-113-



4.3 Good Steel-Cement Bond, No Cement-Formation Bond

Another common occurrence in cased holes is good steel-cement
bonding but poor cement-formation bonding. The intermediate fluid layer
is between the cement and the formation so the steel casing is now clad
with a layer of cement (see Figure 4.24). This cement layer strongly affects

the behavior of the pipe.

In Figure 4.25 the thickness of the fluid layer is 0.18 cm (0.0625
inches) and the thickness of the cement layer is 4.29 cm (1.6875 inches).
The arrival from the éasing is very small and is difficult to identify. The
velocity of the first obvious arrival corresponds to the P-wave velocity of
the formation. The formation S-wave arrival is also clear. To check that
these are indeed the formation arrivals, the casing parameters and
geometry are held constant as the formation velocities are modified. The
microseismograms shown in Figure 426 are for a formation with lower P-
and S-wave velocities than in Figure 4.25. It is clear from this figure that
the arrival times and velocities of the body waves have changed as the
formation velocities change. Velocities determined f{rom this figure
confirm that the observed arrivals are from the formation and not from
the casing. The cement is sufficiently thick here to damp out the ringing of
the casing. The pipe can not generate a signal with large amplitude and
long duration as is observed in the free pipe geometry so the formation

arrivals are clear.
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A thick cement layer bonded to the pipe is not sufficient to ensure that
the formation arrival will be clear and distinct. Figures 4,27 and 4.28 have
the same amount of cement (4.29 cm, 1.6875 inches) bonded to the pipe as
in the previous geometry (Figure 4,25 and 4.26). The fluid layers are of
different thicknesses though. The hole radius is larger in Figures 4.27 and
4.28 so that the fluid layer thickness is 3.18 cm (1.25 inches) compared
with 0.16 cm (0.0625 inches) in Figure 10. While the formation signals are
small in Figures 4.25 and 4.26, they are clear and able to be distinguished.
The first arrivals with the thicker intermediate fluid layer are difficult to
identify. The cement is sufficiently thick to prevent the casing from
ringing, but the fluid layer (with low Q values) is sufficiently thick to cause

a large reduction in the formation amplitudes.

If the amount of cement bonded to the steel is small it will not be able
to damp out the casing arrivals effectively. Figure 4.29 shows the synthetic
microseismograms for a model with a cement layer thickness of 1.27 cm
(0.5 inches) and a fluid layer thickness of 3.18 em (1.25 inches). The
amplitude of the first arrival has increased relative to the previous cases of
thicker cement. The duration of this portion of the waveform has also
increased substantially. (When we discuss the first arrival, we are referring
to the earliest arrivals on the microseismogram consisting of
approximately 6 cycles over a span of about .7 ms). The formation shear
and pseudo-Rayleigh wave arrivals are now much more difficult to identify

due to overlapping with the ringing of the earlier arrival.
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The velocity determined for the first arrival is 4.94 km/s (16.2 ft/ms),
very close to the formation P-wave velocity of 4.88 km/s (16 ft/ms).
Changing the formation parameters has little effect on the shape or
velocity of this first arrival though. This is seen in Figure 4.30, which was
calculated with the same geometry but with a slower formation and Figure
4.31 where the formation is soft. The first wave packets on waveforms in
Figures 4.29, 4.30 and 4.31 are virtually identical. This arrival is behaving
independently from the formation parameters. The velocity of this first
arrival is determined to be between the plate velocity of the steel and the
velocity of the cement. In Figure 4.32 the velocities of the cement have
been increased so that they are now comparable to the formation
velocities. This relatinnship between the cement and formation velocities
in the well-bonded cased hole resulted in significantly reduced amplitudes
of the first arrival (Figure 3.26). Here, the amplitudes and shape of the
first arrival are almost unchanged. The velocity has increased though, to

5.43 km/s (17.8 ft/ms), due to the faster cement.

It is interesting to note the complexity of the first arrival observed on
the microseismograms in Figures 4.29-4.32. The steel and cement are
ringing together as a composite two layered cylinder. The nature of the
propagation in such geometries is complicated by the presence of a large
number of modes (Whittier and Jones, 1967). This results in the various

peaks associated with the combined steel and cement propagation.
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Figure 4.33 is the same as Figure 4.15 except that the intermediate
fluid layer is now located between the cement and the formation. The first
microseismogram has no intermediate fluid layer and the last has no
cement layer. (These are the same waveforms shown in Figure 4.15.) Here
it is clear that the character of the waveform changes as the thicknesses
of the fluid and cement layers change. With the thick cement layer and
thin fluid layer the formation arrival can be distinguished. At the other
extreme, with a thin cement layer and a thick fluid layer, the waveform
has basically the same appearance as that in the free pipe situation. The
first arrivai varies as the amount of cement bonded to the steel varies.
This first arrival appears to be a signal due to the combination of the steel
and the cement. A larger amount of cement damps out the ringing of the
pipe decreasing the amplitude and duration of the first arrival. The
cement is also much slower than the steel, so increased influence on the
velocity of the first arrival (due to the greater thickness) results in a lower
velocity. It should be noted that while the change in velocity of the first
arrival is fairly clear in Figure 4.33, the cement velocity used is much less
than the velocity of the steel. If the cement was faster, the change in
velocity would be much less apparent. The cement only influences the
velocity of the first arrival to be less than that of the steel. The steel
velocity still is an important factor. The amplitude and velocity of this
arrival increase with decreasing thickness of the cement layer. A similar

amplitude variation of the casing signal with cement thickness was

-117-



observed by Walker (1968) using data fron: test wells with controlled
bonding situalions. Pardue et al. (1962) found the amplitude of the casing
arrival decreases with increasing cement compressive strength. A stronger

cement is able to damp out the ringing of the steel more efficiently.

Riddle (1962) refers to the geometry considered here (good steel-
cement bonding with poor cement-formation bonding). In both
experimental data and field data he observes a wave which he identifies as
a body wave along the cement. Figures 4.34 and 4.35 are taken from his
paper and all display a wave arriving after the expected time of the casing
arrival, but before the formation arrival time. Rather than a cement wave,
this could be explained as the signal from the steel and cement combined.
Figure 4.35 is field data and so the cement composition is not known but
Figure 4.34 is from experimental conditions. The steel is bonded to the
cement and immersed in a large water filled testing tank. Because of the
long curing time, the velocity of the cement is high. Data is given showing
the velocity of cement to be approximately 3.66 km/s (12 ft/ms) after a
few days of curing. The high cement velocities would result in a higher

combined velocity.

Figures 4.36 to 4.38 show similar behavior for the dispersion curves as
in the free pipe situation. A thicker intermediate fluid layer shifts the
pseudo-Rayleigh dispersion curves to lower frequencies relative to the thin

layer (Figures 4.36 and 4.37). The primary Stoneley mode changes only
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slightly and the additional Stoneley mode has significantly higher phase
velocity wilth the thicker fluid layer. Again, the second Stoneley mode
disappears completely when the thickness of the fluid layer is very small
(Figure 4.38). A thick fluid layer yields curves that are virtually the same

as those with no cement layer.

4.4 Summary

The addition of an intermediate fluid layer can have a large effect on
the observed waveforms. More surprisingly, this additional layer may have
only minor effects, fndicating possible difficulties in establishing its
presence. The location and thickness of the fluid layer, and the thickness
of the accompanying cement layer are all important factors in determining

the character of the microseismogram.

A fluid layer between the steel and cement essentially frees the steel
casing. The result is that the casing arrival becomes larger in amplitude
and longer in duration than in the well bonded geometry. The casing signal
in this situation can obscure the formation P-wave arrival. The amplitude
and duration of the ringing are affected by the thickness of the fluid layer
between the steel and the cement. A large layer yields a long, high
amplitude arrival. A very thin layer, or microannulus, results in a
relatively small casing signal. The first arrival is from the casing though,
regardless of the thickness of the fluid layer. It is the the existence of this

layer, not its thickness, that is the most important factor in determining
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the presence of an observable casing arrival.

When there is good bonding between the steel and the cement but poor
bonding between the cement and the formation the situation is more
complicated. It may be possible to discern the formation body wave
arrivals even in the presence of a fluid layer between the cement and the
formation. If the fluid layer is thin and there is a large amount of cement
bonded to the steel, the cement will act to damp out the ringing of the
pipe, making the formation arrivals clear. If the cement layer is
sufficiently thin, it will ring along with the steel casing. The first arrival in
this situation will be from the combination of the steel and the cement and
will have a velocity intermediate to their velocities. The velocity of this
wave is controlled by the velocities and thicknesses of the steel and the
cement layers. A thicker cement layer will have more influence on the

velocity causing it to be lower.

An intermediate fluid layer is shown to have the additional effect of
introducing another Stoneley wave mode provided that the layer is of
sufficient thickness. This mode contains only a small amount of energy and

so it does not contribute significantly to the observed microseismograms.
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thickness Vo Vs Je
Figure cm km/s km/s gm/ cm® Qa Qs
(inches) (ft/ms) (ft/ms)
all 4.7 1.68 - 1.2 20, -
figures (1.85) (6.50)
Table 4.1. Borehole fluid parameters for theoretical models.
thickness Vo Vs P
Figure cm km/s km/s gm/ cm® Q. Qp
(inches) (ft/ms) | (ft/ms)
all 1.02 6.1 3.35 7.5 1000, 1000.
figures (0.40) (20.0) (11.00)

Table 4 2. Steel parameters for theoretical models.
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thickness Vo Vs o
Figure cm km/s km/s gm/cm® | Qq | Qg
(inches) (ft/ms) (ft/ms)
13,14, 2.54 1073 1.68 - 1.2 20, | -
20,38 (0.001) (5.50)
25,26 0.16 1.68 - 1.2 20, -
(0.0625) (5.50)
17,36 0.64 1.68 - 1.2 20. -
(0.25) (5.50)
2,6-8,11, 1.27 1.68 - 1.2 20. -
12,21-23 || (0.5) (5.50)
27,28-32 3.18 1.68 - 1.2 0. -
(1.25) (5.50)
18,37 3.81 1.68 - 1.2 20. -
(1.5) (5.50)
19 4.44 1.68 - 1.2 20. -
(1.75) (5.50)

Table 4.3, Intermediate fluid layer parameters for theoretical models.

Note that the variations are in thickness only.
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thickness Vo Vs p
Figure cm km/s km/s gm/cm® | @, Qp
(inches) (ft/ms) (ft/ms)
32 1.27 4.11 _2.63 1.92 40, 30,
(0.50) (13.5) (8.30)
15,33 variable 2.82 1.73 1.82 40, 30,
(9.28) (5.67)
18,37 0.64 2.82 1.73 1.92 40, 30.
(0.25) (9.26) (5.67)
29-31 1.27 2.82 1.73 1.92 40, 30,
(0.50) (9.26) (5.67)
2,5-8,11, 3.18 2.82 1.73 1.92 40. 30.
12,21-23 (1.25) (9.26) (5.67)
17,36 3.81 2.82 1.73 1.92 40, 30.
(1.50) (9.26) (5.67)
25-28 4.29 2.82 1.73 1.92 40, 30.
(1.6875) (9.26) (5.67)
13,14, 4.4425 2.82 1.73 1.92 40. 30,
20,38 (1.749) (9.26) (5.67)
18 4,445 2.82 1,73 1.92 40, 30.
(1.750) (9.26) (5.67)

Table 4.4 Cement parameters for theoretical models. Note that aside from
the first case, all the variations are in thickness only.
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thickness Vo Vs o
Figure cm km/s km/s gm/ cm?® Qa Qs
(inches) (ft/ms) | (ft/ms)
6,31 o 2.9 1.62 2.0 100, 50,
©5) | (5.00)
5,8,12, 0o 4.0 2.13 2.16 60. 60.
14-21,26, (13.12) | (7.00)
28,30,32,
33,36-38
27,11, o 488 2.6 2.16 60. 60.
13,22,23, (16.00) | (8.53)
25,27,29

Table 4.5. Formation parameters for theoretical models.
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Figure Captions

Figure. 4.1. Geometry of the free pipe model. The intermediate fluid layer

is between the steel and the cement.

Figure 4.2 Microseismograms for the free pipe situation. There isa 1.27 cm

(0.5 inch) fluid layer between the steel and the cement.

Figure 4.3 Data recorded with EVA in MIT's Burch well. There is no cement

bonding the pipe to the formation. The source-receiver separation is

6.75 m (22.1 ft).

Figure 4.4 Data recorded as the tool passes from an open hole into a poorly

bonded cased section. The source-receiver separation is 3.05 m (10 ft).

Figure 4.5 Microseismograms for the free pipe situation. The geometry is

the same as in Figure 4.2 but the formation velocities are lower.

Figure 4.6 Microseismograms for the free pipe situation. The geometry is

the same as in Figure 4.2 but the formation velocities are slow.
Figure 4.7 Log of the power of the w—k information for Figure 4.2.
Figure 4.8 Log of the power of the w—k information for Figure 4.5.

Figure 4.9 Data recorded in a cased borehole. The bonding is poor above
100 ft. and the formation arrivals are obscured. At depths of

approximately 195 and 225 there are zones where the bonding is poor
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but the formation P-wave arrivals are clear. The casing (C), formation
P-wave (P), and Stoneley wave (ST) arrivals are indicated. The

formation is slow so there is no unattenuated pseudo-Rayleigh wave.

Figure 4.10 Data recorded in cased borehole. The bonding conditions are
good above 100 ft and the formation arrivals are clear. The formation
P-wave arrival can be distinguished even below 100 ft where the
bonding conditions worsen, The casing (c), formation P-wave (P), and

Stoneley wave (ST) arrivals are indicated.

Figure 4.11 The same as Figure 4.2 except the center frequency is raised to

20 kHz. The vertical scale increased by a factor of 4.

Figure 4.12 The same as Figure 4.2 except the center frequency is raised to

20 kHz, The vertical scale increased by a factor of 4.

Figure 4.13 Microseismograms for the model of a microannulus. The
formation is the same as that in Figure 4.2, The thickness of the fluid

layer between the steel and the cement is 2.54 1073 cm (0.001 inches).

Figure 4.14 Microseismograms for Lhe model of a microannulus. The
formation is the same as that in Figur=z 4,5, The thickness of the fluid

layer between the steel and the cement is 2.564 1073 cm (0.001 inches).

Figure 4.15. Microseismograms for various thicknesses of the fluid layer

between the steel and the cement, This is the free pipe situation. The
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source-receiver separation is 3.05 m (10 ft). The Auid layer thickness
increases in 0.64 cm (0.25 inch) increments. The cement layer
thickness decreases by this amount. The first microseismogram has no
fluid layer (the well bonded case) and the last has no cement layer, The

formation is the same as that in Figure 4.5.

Figure 4.16 Phase velocity dispersion curves for the well bonded situation.
The Stoneley mode (ST) and two modes of the pseudo-Rayleigh (PR) are
present in this frequency range. The velocities are normalized to the

borehole fluid velocity.

Figure 4.17 Phase velocity dispersion curves for the free pipe situation
where the thickness of the intermediate fluid layer is 0.64 cm (0.25
inches). There is an additional, lower velocity Stoneley mode due to the

extra fluid layer.

Figure 4.18 Phase velocity dispersion curves for the free pipe situation

where the thickness of the intermediate fluid layer is 3.81 cm (1.5

inches).

Figure 4.19 Phase velocity dispersion curves for the free pipe situation

where there is not cement between the steel and the cement,

Figure 4.20 Phase velocity dispersion curves for the case of a
microannulus. The thickness of the intermediate fluid layer is 2.54
£1073 cm (0.001 inches).
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Figure 4.21 w—k information for the free pipe situation, The fluid layer
between the steel and the cement is 1.27 ¢m (0.5 inches) thick. The
spectrum has been multiplied by the source function. The additional
Stoneley mode (B) is significantly smaller amplitude than the other

Stoneley mode (A) due to the central fluid cylinder.

Figure 4.22 Amplitude of tne radial component of the Stoneley wave
displacement for the Stoneley mode in the central fluid cylinder. The

layer boundaries are indicated by vertical lines.

Figure 4.23 Amplitude of the radial component of the Stoneley wave
displacement for the Stoneley mode in the intermediate fluid cylinder.

The layer boundaries are indicated by vertical lines.

Figure 4.24 Geometry for the situation of good steel-cement bonding but
poor cement-formation bonding. The intermediate fluid layer is

between the cement and the formation.

Figure 4.25 Microseismograms for a case of good steel-cement bonding but
poor cement-formation bonding. The thickness of the intermediate
fluid layer is 0.16 cm (0.0625 inches). The formation is the same as in
Figure 4.2. There is a large amount of cement bonded to the steel so

there is not obvious casing arrival.

Figure 4.26 Same as Figure 4.25 except the formation velocities are lower.
The formation is the same as in Figure 4.5,
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Figure 4.27 Same as Figure 4.25 except the borehole radius is larger so the

fluid layer between the cement and the formation is now 3.18 cm (1.25

inches) thick.
Figure 4.28 Same as Figure 4.27 with the lower formation velocities.

Figure 4.29 Microseismograms for a case of good steel-cement bonding but
poor cement-formation bonding. The thickness of the cement is 1.27
cem (0.5 inches) and the thickness of the intermediate fluid layer is 3.18
cm (1.25 inches). The cement is not sufficiently thick to damp the

ringing of the steel. The formation is the same as in Figure 4 2.
Figure 4.30 Same as Figure 4.29 with lower formation velocilies.
Figure 4.31 Same as Figure 4.29 with a slow formation.

Figure 4.82 Same as Figure 4.29 with higher cement velocities. The velocily
of the first arrival increases as a result of the change in cement

velocities,

Figure 4.33 Microseismograms for various thicknesses of the fluid layer
between the cement and the formation. The fluid layer thickness
increases in 0.64 cm (0.25 inch) increments. The cement layer
thickness decreases by this amount. The first microseismogram has no
fluid layer (the well bonded case) and the last has no cement layer. The

P velocity of the formation is 13.12 ft/ms and the S velocity is 7.0
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ft/ms. The formation is the same as that in Figure 4.5.

Figure 4.34 Waveforms were recorded under experimental conditions. Steel
is bonded to cement and immersed in a water filled tank, Taken from

Riddle (1962).

Figure 4.35 Field data displaying an arrival with a velocity intermediate to

those of the steel anc (he formation. Taken from Riddle (1962)

Figure 36. Phase velocity dispersion curves for the case of good steel-
cement bonding but no cement-formation bonding. The intermediate

fluid layer thickness is 0.64 cm (0.25 inches).

Figure 37. Phase velocity dispersion curves for the case of good steel-
cement bonding but ao cement-formation bonding. The intermediate

fluid layer thickness is 3.81 c¢m (1.5 inches),

Figure 37. Phase velocity dispersion curves for a very thin (2.54 1073 cm,

0.001 inch) fluid layer between the cement and the formation.
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Chapter 5

Open Boreholes With Radial Layering

5.1 Introduction

Even without casing layers of steel and cement present, actual open
borehole environments are more complex than a simple infinite formation
surrounding a fluid cylinder, The process of drilling introduces a variety of
radial layers into the geometry, After the drilling process is complete, the
drilling fluid itsel! can alter the parameters of the formation immediately
adjacent to the borehole. In the worst case, this alteration can penetrate
deep into the formation. The parameters desired are those of the insitu
unaltered formation. In the case of extreme alteration it would be difficult
to determine whether the measured values are those of the virgin
formation or some perturbation away from those values., In Lhis chapter
we will investigate the effects on full waveform acoustic logs of some
commonly occurring layers. The geometry is shown in Figure 5.1, The
altered layers considered here are those of an invaded zone, a damaged

zone, and a mud cake.
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An invaded zone is formed as the borehole fluid seeps into the
[ormation. The depth of the penetration depends greatly on the porosity
and permeability of the formation. High permeability facilitates the
migration of the fluid away from the borehole. The mud properties are also
important. A highly viscous mud will not flow easily into the pore space of
the surrounding formation resulting in an invaded zone of a few
centimeters or less. If the permeability of the formation is high, and the
mud is able to flow freely, the invaded zone can be as much as a meter or
more, The formation of the mud cake layer can also reduce the flow of the
borehole fluid into the surrounding formation. The mud cake is a layer of
precipitale that forms along the inside of the borehole. The liquid
components (filtrate) of the drilling mud migrate into the formation but
the solid components are deposited as a coating along the fluid-solid
interface. The characteristics of the mud cake will depend largely on the

type of fluid used but the formation properties are important as well,

In addition to simply producing the borehole itself, the drilling process
also damages a portion of the formation. This can create a zone with a
large amount of micro-fractures or otherwise altered properties
immediately along the borehole wall. This layer is called the damaged

zone. Its thickness and parameters depend on the type of formation.

There is some ambiguity in Lthe modeling of these different layers. The

invaded zone, the damaged zone, and the mud cake can all be modeled as
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lower velocity layers between the borehole fluid and the formation. The
differences are in the amount of velocity change and the thickness of the
layer over which the parameters are altered. A badly damaged layer may
yield higher variations than a small amount of invasion. Conversely, a
large amount of invasion can produce more velocity contrast than a small
damaged zone. In field situations, the formation properties resulting in a
large damaged zone will generally also be associated with a large invaded
layer. It is not the formation parameters exclusively that control invasion,
though, the mud properties affect the alteration also. There is a difference
in the geometries as well. The invaded and damaged zones are both
alterations of the formation. Part of the [ormation is replaced by the
altered layer. The borehole radius (outer radius of the central fluid layer)
is the same as in the simple infinite formation model. The radius at which
the virgin formation is encountered is larger. The mud cake is deposited
within the borehole so the borehole radius decreases by the thickness of
this layer. The radius of the original formation does not change but the

radius of the fluid does.

5.2 Invaded Zone

After the borehole has been drilled, the borehole mud remains in the
hole. After some time, the fluid permeates a region of the formation
surrounding the borehole. In this section we model this altered, or flushed

zone as if the process is one where the borehole fluid fills the pores of a
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gas saturated formation. This results in P-wave velocities which are higher
and S-wave velocities which are lower for the saturated (post-invasion)

state than for the dry (pre-invasion) state (Johnston and Tokséz, 1980).

For a first model of an invaded zone we raise the P-wave velocity 15
percent from 4 km/s (13.12 ft/ms) to 4.57 km/s (15 ft/ms). The S-wave
velocity is lowered by 10 percent from 2.13 km/s (7 ft/ms) to 1,92 km/s
(6.3 ft/ms). These contrasts are very large but they are used for
demonstration purposes. The resulting microseismograms are shown in
Figure 52. The thickness of the invaded zone is thin, 7.6 cm (3 inches).
There is little difference in the character of the waveform due to the
introduction of the invaded zone. Figure 5.3 shows the microseismograms
for the homogeneous formation case. The P-wave arrivals overlay and
there are only minor changes in the guided wave packet, The wavelengths
involved here are more than 30 cm (1 ft). Because the P-wave velocity is
higher in the invaded zone than in the formation, the thin invaded zone is
not sufficient to affect the observed waveforms. The energy is directed out,

away from the borehole.

As the thickness of the invaded zone increases its influence increases
as well. Figure 5.4a shows microseismograms for a model with the
thickness of the invaded zone doubled while the other parameters are held
constant. The body wave arrival times still correspond to those of the

formation, not the invaded zone, The thickness of the layer is now 15.2 cm
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(6 inches) but it is still much less than a wavelength. The amplitude of the
P-waves have decreased substantially though. There is no obvious wave
from the invaded zone itself. but the layer is now sufficient to direct
energy away from the borehole. It is necessary to expand the scale of
these waveforms in order to see the formation P-wave arrivals (see Figure
5.4b). As the velocity contrast between the formation and the invaded
zone decreases, the amplitude of the formation P-wave arrivals increases.
The high velocity contrast is very efficient in causing energy to leak away
from the borehole. This efficiency diminishes as the velocities of the two
layers approach each other. In Figure 5.5 the invaded zone P-wave velocity
is reduced to approximately 5 percent above the formation velocity. The
shear velocity difference is just over 4 percent. The thickness remains
unchanged at 15.2 cm. The P-wave arrival can be easily followed over the
entire range of offsets in Figure 65.5. In Figure 5.6 the velocity contrasts
are reduced still further, The waveforms are now indistinguishable from

the simple infinite formation model (Figure 5.3).

As the invaded layer becomes thicker it becomes closer to the scale of
the wavelengths involved. The thickness has been increased to 30.5 cm (1
ft) in Figure 5.7. Here, the very thick layer allows some energy from the
invaded zone to be seen at short source-receiver separations (see Figure
5.7b). The waveforms approach those for an infinite invaded zone (Figure
5.8) with increasing thickness of the altered layer. Since Poisson's ratio

changes (increases) with invasion, P-wave amplitudes also should increase
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(Cheng and Toksdéz, 1981). It also contributes to the difficulty of

interpreting P-wave amplitudes in intermediate cases.

Looking back at the previous models and comparing with the infinite
invaded zone model (Figure 5.8) it is clear that the guided waves are more
strongly affected by presence of the invaded zone than are the body waves,
The pseudo-Rayleigh arrivals appear similar to those in the infinite invaded
zone even when the invasion is not strongly influencing the velocity of the

first arrival,

Invasion can still take place when the formation is saturated with a
fluid. Drilling mud density is generally adjusted so that the borehole fluid
pressure is higher than the pore pressure in the formation. Drilling fluid
invasion increases pore pressure in the formation reducing the effective
pressure. The velocities of the invaded zone decrease relative to those of
the unaltered formation. This results in a situation with the borehole fluid
surrounded by a zone of relatively slow, modified formation which is in

turn surrounded by the original medium with faster velocities.

Classical refraction seismology relies on head wave arrivals from
various layer boundaries in order to obtain information about the
subsurface. The geometry we have here is similar to this method. The
most strongly observed body wave arrivals are the waves refracted along

the interface.
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The ability of standard refraction profile arrival time equations to
correctly predict the first arrivals in the presence of a invaded zone is
tested by examining waveforms at a large number of closely spaced
receivers, Microseismograms for models with a highly invaded zone are
shown in Figures 5.9 and 5.10. The virgin formation has velocities of 4
km/s (13.12 ft/ms) for ¥, and 2.13 km/s (7 ft/ms) for V;. The invaded
layer has a P-wave velocity of 2.9 km/s (9.5 ft/ms) and a shear velocity of
1.52 km/s (5 ft/ms). The contrast between the invaded zone and the virgin
formation in this model is very large, almost thirty percent. It is unlikely
that alteration of this'rnagnitude would occur. The parameters are chosen

here so as to be an extreme case in order to separate various arrivals.

The thickness of the invaded layer in Figure 5.9 is 18.3 cm (7.2 inches)
and in Figure 5.10 it is 27.2 cm (10.7 inches). All other parameters are the
same in both figures. The observed first arrivals are indicated on the
figures. Two distinct lines can be drawn connecting the first arrivals.
These are compared with the expected arrival times as determined using
equations for refraction profiles in stratified media (Dobrin, 1976). The
agreement between the observed and calculated arrival times is excellent.
The location of the intersection of the lines changes as expected with the
increase in the thickness of the invaded zone. This intersection is marked
as the crossover distance in Figures 5.9 and 5.10. This is the distance al
which the first arrival switches from the first interface to the second. At

distances less than the crossover distance, the first arrival is from (in this
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case) the fluid-invaded zone boundary. At source-receiver separations
greater than this distance, the first arrival corresponds to the wave
refracted along the invaded zone-formation interface. Within the accuracy
of the measurement, the observed crossover distance matches the

calculated point very closely.

Figures 5.11 and 5.12 show models similar to the previous cases, The
parameters of the invaded zone are the same but the thicknesses are now
5.1 cm (2 inches) and 18.3 cm (7.2 inches) for Figures 5.11 and 5.12
respectively. The center frequency of the source has been lowered to 5
kHz in order to examine the guided wave portion of the time series. As
expected, the thicker invaded layer affects the waveform more than the
thin layer. Stoneley wave velocity calculations from the two models yield
1.48 km/s (4.86 ft/ms) for the model with the 5.1 cm (2 inch) layer and
1.28 km/s (4.2 ft/ms) for the model with the 18.3 ecm (7.2 inch) thick layer.
Since the velocities of the invaded layer are lower than those of the

formation, a larger layer results in lower velocities.

It is important to note that in Figures 5.9 and 5.10 the offsets and the
source-receiver spacing are both small. The receivers are separated by
only 6 cm (.2 feet). This is much smaller than the inter-receiver distance
on actual toals. Also, the velocity contrast between the invaded zone and
the formation is very large. If the velocity difference is not as great and

the receiver spacing is larger, it is difficult to observe separate arrivals
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corresponding to the different layers. A more realistic model of an invaded
zone is shown in Figure 5.13. The invaded zone is 15.2 cm (8 inches) with
velocities 10 percent lower, V= 3.6 km/s (11.8 ft/ms) and V;= 1.92 km/s
(6.3 ft/ms), than those of the formation. The invaded zone is modeled with
six layers with a linear velocity variation rather than one layer as in the
previous case. The receivers are now spaced 15.2 cm (0.5 feet) apart. The
presence of the invaded zone is not obvious here, It is not possible to
distinguish arrivals from the different layers. This is in agreement with
Chan and Tsang (1983) and Pardo (1984). They observed the first arrival
frormn the formation even in the presence of an invasion layer. Baker (1984)
also measures the formation velocities provided that the source-receiver
separation is sufficiently large. The only clear change in the waveforms of
Figure 5.13 from the homogeneous solid case (Figure 5.3) is an increase in
the P-wave amplitudes. This increase in amplitude is due to the focusing of

energy because of the increasing velocities.

5.3 Damaged Zone

The process of drilling can alter some amount of the formation
surrounding the borehole. The drill bit does not simply create the hole
itself, it also disturbs a region of formation bordering the hole, This region
can be fractured and altered into what is commonly referred to as a
damaged zone. The thickness of the damaged zone, as well as its

properties, depends on the original properties of the formation and the

-178-



specific drilling process. A very strong formation, such as a granite, would

be allered very little while a shale can be greatly affected by the drilling

process.

In this section a damaged zone is modeled as a region of lowered
velocities, densities, and Q values. The damaged zone model is similar to
the previous one of an invaded zone with velocities lower than those of the
formation. The damaged zone generally does not extend as far into the
formation but the invaded zone model could also be considered to be a

model of a large damaged zone.

As before, at very short oifsets the first arrival will be from the
damaged zone, but at longer, more reasonable offsets, the first arrival will
be from the formation. Figure 5.14 siiows a damaged zone of thickness
0.64 cm (0.25 inches). The waveforms are very similar to the simple
formation model (Figure 5.3). There is a very slight increase in the P-wave
amplitude. This is due to the focusing of the energy because of the
velocity increase., The shear wave and guided wave packets are virtually
unchanged. A thicker damaged zone results in a larger increase in the
amplitude of the P-wave. The thickness has been increased to 2.5 cm (1
inch) in Figure 5.15. Here the increase in the P-wave amplitude is
significant, approximately double. This is consistent with the observations
of Bhasavanija (1983) in the same situaticn. He modeled a damaged zone

with the finite difference technique. His results indicate an increase in the
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P-wave amplitude of more than 2 times. The damaged zone in his model was
almost 5 em (2 inches) thick rather than the 2.5 em (1 inch) in our model],
but the velocity contrast was much less, (9 percent versus 20 percent).
Despite the change in the amplitudes of the P-wave arrival, the first

arrivals correspond to those of the formation, not the damaged zone,

The character of the guided wave portion of the microseismograms
displays minor chenges with the thicker damaged zone. The layer appears
to be sufficient to make the pseudo-Rayleigh wave slightly more dispersive,
The first peak, generally taken to be the shear arrival, is at the velocity of
the formation S-wave velocity, The remainder of the peaks are delayed by

approximately one quarter cycle at the longest offsets.

Similar results are obtained with different formation and damaged
zone parameters. Figure 5.16 shows the microseismograms for a model
with formation velocities of 4.88 km/s (18 ft/ms) for V, and 2.6 km/s (8.53
ft/ms) for V;. The contrast between the formation velocities and the

damaged zone velocities remains 20 percent.

The thin (0.64 em, 0.25 inch) damaged zone again produces very little
effect on the waveforms as compared with the simple geometry (Figure
5.17). A slight increase in the P-wave amplitude is observed but the
remainder of the time series is unchanged. The 2.5 em (1 inch) thick
damaged layer results in larger P-wave amplitudes and minor changes in

the guided wave arrivals (see Figure 5.18).
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5.4 Mud Cake Layer

As the borehole fluid permeates the formation creating the invaded
zone the mud precipitate settles along the borehole wall. This precipitate
forms a layer along the borehole wall referred to as the mud cake. The
properties of the mud cake are not well known, although the caliper log
can give a good measure of its thickness, The mud cake layer is modeled in
this section as a low velocity material with low density and Q factors. Since
the mud cake forms on the inside of the borehole wall, the outer radius of

the fluid is less in the presence of a mud cake than without one,

The properties of the mud cake are controlled mainly by the nature of
the drilling mud in the borehole. If the borehole fluid moves into the
formation quickly, a layer of precipitate will soon form on the borehole
wall. This layer seals the interface, inhibiting further invasion. A different
type of mud can deposit more slowly, allowing the layer of mud cake to
become much thicker. Generally the amount of mud cake ranges from 0.3
cm (1/8 inch) to about 1.3 em (0.5 inch). In a bad case the mud cake
thickness can reach 2 cm (0.75 inch). The rate at which the mud can enter
the formation is also affected by formation itself, A formation with high
permeability and porosity will allow the mud to filter in easily. Low

permeability will inhibit the flow.

Figure 5.19 shows a geometry with the same formation as in Figure 5.3

only there is now a mud cake layer within the borehole. The mud cake
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velocities are taken to be slow, .29 km/s ( 7.5 ft/ms) for V; and 1.14 km/s
(3.75 ft/ms) for V;. The thickness is 1.27 ecm (0.5 inches) so this is a fairly
thick mud cake. The arrival times and velocities of the observed body
waves, both the P- and the S-wave are the same as in the simple
homogeneous formation case (Figure 5.3). The P-;vave amplitudes are
significantly larger though. As in the damaged zone model, the difference
is approximately a factor of two. This is not surprising since the models of
the damaged zone and mud cake are not fundamentally different. They are
both low velocity layers between the fluid and the formation. The
geometries are different though. The damaged zone replaces part of the
formation while the mud cake replaces part of the fluid. The reduction in
borehole size would yield slightly smaller P-wave amplitudes (Zhang and
Cheng, 1984) but the higher velocity contrast produces more amplitude

increase than the damaged zone model. The final result is similar

amplitude changes in the damaged zone and mud .ake models,

The guided wave arrivals are only slightly affected by the addition of
the mud cake. The pseudo-Rayleigh and Stoneley amplitudes are

unchanged although the pseudo-Rayleigh wave is mildly more dispersive.

The basic observations remain the same as the amount of the mud
cake increases. The thickness of the mud cake layer in Figure 5.20 is 2.5
cm (1 inch). This corresponds to an extremely thick mud cake. The arrival

times of the body wave arrivals do not change but there is a change in
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amplitudes. The pseudo-Rayleigh wave becomes more dispersive also. The
nature of the effects observed due to the mud cake does not change, only

the degree to which they influence the waveforms,

The observed effects of the mud cake do not change as the parameters
of the mud cake change. Figure 5.21 shows a model with a mud cake layer
thickness of 0.64 cm (0.25 inches). The shear velocity of the mud cake has
been raised to 1.37 km/s (4.5 ft/ms). A comparison of this figure with
Figure 5.19 reveals that the only change is in the amplitude of the P-wave,
This is most likely caused by the change in layer thickness as was observed
in the previous models. The amplitudes are smaller with the thinner layer

even though the mud cake Q values are increased in Figure 5.21.

Figures 5.22, 6.23, and 5.24 show a simple formation model and this
same formation with mud cake layers of 1.27 e¢m (0.5 inch) and 2.5 cm (1
inch). The conclusions about the effects of the mud cake do not differ with

the different formation.

5.5 Summary

The introduction of a thin altered layer into Lhe borehoule environment
does not restrict the ability to determine the properties of the virgin
fuormation, At very short offsets a distinction can be seen between the
different layers but at longer offsets the observed arrivals have velocities

f
corresponding to those of the formation.

-184-



As the thickness of the altered layer increases, its influence becomes
more noticeable. L.onger offsets become necessary in order Lo measure the
properties of the unaltered formation, Classical refraction relations can
satisfactorily predict the arrival times of signals from the different layers
in the case where the altered zone has lower velocities than the original
formation (such as a damaged zone or mud cake layer). Lower velocities in
the altered layer result in interference between arrivals from the different
layers which produce increase P-wave amplitudes. The guided wave
portion of the microseismograms remain basically unchanged although it

does become slightly more dispersive.

In the model of a flushed zone the P-wave velocity increases and the
S-wave velocity decreases relative to the formation, A thin layer is almost
transparent because the wavelengths are much longer than the thickness
of the layer, Since the velocities decrease away from the borehole wall, the
energy leaks away and is trapped by the infinite formation. Thus the
velocities observed are those of the formation, not those of the invaded
zone, In the case of lower velocities for the altered layer, there is the
higher velocity formation to contain the energy and direct it back into the
borehole. In this situation the altered layer only acts to direct the energy
out from the borehole. As the thickness of the flushed zone increases the
situation becomes more what is expected and observed in flat earth
seismology: the arrival from the formation decreases substantially and the

arrival from the fluid-invaded zone interface increases. In the limit that
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the flushed zone thickness goes to infinity, there is only the arrival from
Lthis layer and there is no significant contribution from the formation.

Although velocities are not changed, changes in the waveforms could be

significant,
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thickness Vo Vs P
Figure cm km/s km/s gm/ cm® Q. Qp
(inches) (ft/ms) (ft/ms)
20,23, 7.62 1.68 - 1.2 20, -
(3.00) (5.50)
19,24 8.89 1.68 - 1.2 20, -
(3.5) (5.50)
Rl 9.53 1.68 - 1.2 0. -
(3.75) (5.50)
2-18,22 10.16 1.68 — 1.2 20, -
(4.00) (5.50)

Table 5.1. Borehole fluid parameters for theoretical models.

Note that the variations are in thickness only.
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thickness Vo Vs P
Figure cm km/s km/s gm/ cm® Qa Qs
(inches) (ft/ms) (ft/ms)
#:: = = =E:#

2 7.62 457 1.92 2.36 70. 50.
(3.00) (15.0) (6.30)

4 15.24 4.57 1.92 2.38 70, 50,
(6.00) (15.0) (6.30)

5 15.24 421 R.04 2.R4 65. 5b.
(6.00) (13.8) (6.70)

6 15.24 4.02 .12 _.17 61. 59,
(6.00) (13.2) (6.95)

7 30.48 457 1.92 R2.36 70, 50.
(12.00) (15.0) (6.30)

8 o0 4,57 1.92 2.36 70, 50.
(15.0) (6.30)

9 18.3 2.9 1.52 2.0 100. 50.

(7.2) (9.5) (5.00) :

10 R_7 2.9 1.52 2.0 100. 50.
(10.7) (9.5) (5.00)

11 5.08 R.9 1.52 2.0 100, 50,
(2.00) (9.5) (6.00)

12 18.03 2.9 1.52 2.0 100, 50.
(7.2) (9.5) (5.00)

Table 5.2. Invaded zone parameters for theoretical models.
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thickness Vo Vs p
Figure cm km/s km/s gm/cm® Qa Qp
(inches) (ft /ms) (ft/ms)
14 .64 3.2 1.71 1.8 50, 40,
(0.25) (10.5) (5.60)
15 2.54 3.2 1.71 1.8 50, 40,
(1.00) (105) | (5.60)
16 .64 3.9 2.08 1.8 50, 40.
(0.25) (12.8) | (6.825)
18 R.54 3.9 2.08 1.8 50, 40,
(1.00) (128) | (6.825)

Table 5.3. Damaged zone parameters for theoretical models.
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thickness Vo Vs P

Figure cm km/s km/s gm/ cm® Qa Qg
(inches) (ft/ms) (ft/ms)

19,24 1.27 2.29 1.14 1.6 30, 20,
(0.50) (7.50) (3.75)

20,23 2.54 2.29 1.14 1.6 30. 20,
(1.00) (7.50) (3.75)

21 .64 2.29 1.37 R.4 50. 40,
(0.25) (7.50) (4.50)

Table 5.4. Mud cake parameters for theoretical models.
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thickness Vo Vs o
Figure cm km/s km/s gm/ cm’ Qn Qs
(inches) (ft/ms) (ft/ms)
e r——A—=E=1=
22-24 oo 5.94 3.2 2.16 60, 60,
(19.50) (10.5)
6,7, 00 4.0 2.13 2.16 60. 60.
9-15, (13.12) (7.00)
19-21
16-18 o0 4.88 R.6 2.16 60. 60.
(16.00) (8.53)

Table 5.5. Formation parameters for theoretical models.
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Figure Captions

Figure 5.1 Geometry of the a) invaded or damaged zone model. A portion
of the original formation is replaced by the altered zone b) mud cake
model. The mud cake is deposited on the borehole wall so the radius of

the fluid layer decreases.

Figure 5.2 Microseismograms for a model with a 7.62 cm (3 inch) flushed
zone. The flushed zone is model as the borehole fluid permeating a gas
saturated formation. The resulting velocities are higher for the P-wave

and lower for the S-wave,

Figure 5.3 Microseismograms for a homogeneous formation without an
altered zone. The formation is the same as that in Figure 5.2. The
source-receiver separations range from a) 3.05 m (10 ft) to 4.57 m (15

ft) b) 0.61 m (2 ft) to 3.05 m (10 ft) at 0.15 m (0.5 ft) intervals.

Figure 5.4 Same as Figure 5.2 except the thickness of the invaded zone is
increased to 15.2 cm (6 inches). The vertical scale is a) the same as the

other figures b) increases by a factor of 5.

Figure 5.5 Microseismograms for a model with a 15.2 cm (6 inch) invaded

zone. The velocity contrast is now smaller Lthan in Figure 5.2,

Figure 5.6 Microseismograms for a model with a 15.2 em (6 inch) invaded

zone. The velocity contrast is now smaller than in Figure 5.5 so the
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invaded zone parameters are close to those of the formation.

Figure 5.7 Microseismograms for an invaded zone with a thickness of The
invaded zone parameters are the same as those in Figure 52. The
source-receiver separations range from a) 3.05 m (10 ft) to 4.57 m (15

ft) b) .61 m (2 ft) to 3.05 m (10 ft) at 0.15 m (0.5 ft) intervals.

Figure 5.8 Microseismograms for a model of a homogeneous formation. The
formation properties are those of the invaded zone in Figure 5.2. This

is a model of infinite invasion.

Figure 5.9 Microseismograms for a model of an invaded zone with much
lower velocities than those of the unaltered formation. The invaded
zone velocities are 2.9 km/s (9.5 ft/ms) for V, and 1.52 km/s (5 {t/ms)
for V;. The formation velocities are 4 km/s (13.12 ft/ms) and 2.13
km/s (7 ft/ms) for V; and V;. Offsets range from 0.30 m (1 ft) to 3.05
m (10 ft) at intervals of 0.06 m (0.2 ft). The first arrivals due to the
different layers are marked. The thickness of the invaded zone is 18.3

cm (7.2 inches) so the expected crossover distance is 3.39 ft.

Figure 5.10 Same as Figure 5.9 except the thickness of the invaded zone is

27 cm (10.7 inches). The expected crossover is at 4.86 ft,

Figure 5,11 Microseismograms from 2.13 m (7 ft) to 3.05 m (10 ft) with a
source center frequency of 5 kHz. The thickness of the invaded zone is
5.08 cm (2 inches) and the velocities are the same as in Figure 5.9 The
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Stoneley wave velocity determined from the indicated peaks is 1.49

km/s (4.89 ft/ms).

Figure 5.12 Same as Figure 5.11 except the thickness of the invaded zone is
18.3 cm (7.2 inches). The velocity determined for the Stoneley wave is

1.31 km/s (4.29 ft/ms).

Figure 5.13 Microseismograms for an invaded zone modeled as 6 layers with
a linear velocity change. The source-receiver separations range from
a) 3.05 m (10 ft) to 4.57 m (15 ft) b) 0.61 m (R ft) to 3.05 m (10 ft) at

0.15 m (0.5 ft) intervals.

Figure 5.14 Microseismograms for a model of a borehole with a .64 cm (.25
inch) damaged zone. The formation parameters are the same as those

in Figure 5.2.

Figure 5.15 Same as Figure 5.14 except the thickness of the damaged zone

has been increased to 2.54 cm (1 inch).

Figure 5.16 Microseismograms for a model of a borehole with a .64 cm (.25
inch) damaged zone. The formation has higher velocities than in Figure

5.14.

Figure 5.17 Microseismograms for the unaltered formation of Figure 5.16.

Figure 5.18 Same as Figure 5.16 except the thickness of the invaded zone is

increased to 2.54 em (1 inch).



Figure 5.19 Microseismograms for the formation of Figure 5.3 with a 1.27
cm (.5 inch) mud cake layer on the borehole wall. Note the large

increase in P-wave amplitudes.

Figure 5.20 Same as Figure 5,19 except the thickness of the mud cake has

been increased to 2.5 em (1 inch).

Figure 5.21 Microseismograms for the formation of Figure 5.3 with a 1.27
cm (.5 inch) mud cake layer. The mud cake S-wave velocilty, density,

and Q values are higher than those in Figure 5,19,
IPigure 5.22 Microseismograms for unaltered formation with high velocities.

Figure 5.23 Microseismogram.' for the formation of Figure 522 with a 2.5

cm (1 inch) thick mud cake layer.

Figure 5.24 Same as Figure 5.23 except the mud cake thickness is 1.27 cm

(.5 inches).
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Chapter 6

Discussion and Conclusions

The modeling technique developed in this thesis has proved to be a
powerful tool for investigating complex borehole environments. A
systematic investigation of a number of commonly occurring phenomena is
performed through the calculation of synthetic microseismograms and
dispersion curves, This leads to an understanding of the effects caused by
additional radial layers (e.g. casing, invaded zone, etc.). Comparisons with

fleld data are made whenever appropriate data are available.

The theoretical modeling is based on the Thomson-Haskell propagator
matrix method. The borehole environment is treated as an arbitrary
numbexl of coaxial annuli surrounding a fluid cylinder. The layers may be
either solid or fluid. This is a significant improvement over models which
permit solid layers only. It allows the investigation of an important
geometry, that of unbonded casing in boreholes. In addition, Q values can
be specified for each type of wave in each layer. The attenuation due to
each layer can vary greatly. Steel Q values are much higher than those of
the other layers in a cased borehole. It is necessary to account for this

fact in order to determine realistic relative amplitudes for the different
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arrivals.

A variety of borehole environments have been studied. These include
cased as well as open borehole geometries. Through extensive modeling we

have found that.:

1. In a well bonded cased hole the formation body waves are affectly
only slightly by the casing and cement layers. Velocities determined are
those of the formation and not of the casing. In some situations the
presence of the steel and cement can make the observation of the
formation arrivals more difficult. The amplitudes of these signals are
affected by the relationship between the formation and cement velocities.
They can be significantly reduced if the cement velocities are close to or
greater than those of the formation. The layer of cement diminishes the
effect of the formation on the guided wave portion of the
microseismograms. In most situations the Stoneley wave is controlled by
the steel and the cement but if the cement layer is extremely thin, or not

present, the formation influence becomes important.

2. A fluid layer between the steel and the cement frees the pipe to ring.
The thickness of the fluid layer influences the amplitude and duration of
the observed casing arrival. A thick layer results in a large, ringing signal
which can obscure the formation energy. The first arrival is from the
casing even if the fluid layer is extremely thin. Although the formation

energy may be obscured by the pipe signal, it is present in the
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microseismograms. The character of the wavaform will change as the
formation properties change. A thin layer may not completely mask Lhe
formation signal though. It may be possible to discern the formation body

wave arrivals if the amplitude of the casing arrival diminishes rapidly.

3. The thicknesses of the fluid and cement layers are more important if
the fluid is located between the cement and the formation. In this case the
steel and cement are bonded together but are not bonded to the
formation. A large cement layer can damp out the steel ringing sufficiently
to permit the observation of the formation arrivals. The casing signal is
not large enough to dominate the waveform. If the fluid layer is large, the
amplitudes of the furmation arrivals will be reduced making them more

difficult to distinguish.

If the amount of cement bonded to the steel is small it will not be
sufficient to damp the ringing of the casing. In this case the steel and
cement act in unison and the first arrival is from the combination of these
layers. The velocity of the composite is intermediate to the velocities of
the two layers. It varies with the velocities and thicknesses of the cement

and steel layers. A thicker cement layer has more influence resulting in

lower velocities,

4, In an open borehole with an invaded or damaged zone, or mud cake,
the arrivals observed generally correspond to those of the formation.

These additional layers do not necessarily limit the ability of a long spaced
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tool to measure the formation properiies. The formation arrivals are
observed unless the thickness of the altered layer is large or the source-

receiver separation is very short.

5. Although there is little effect on the measured velocities, there can
be substantial changes in the amplitudes and character of the
microseismograms. A mud cake or a layer which has been altered so that
the velocities are lower than those in the original formation can result in
greatly increased P-wave amplitudes. The focusing of energy due to the
different velocity layers can more than double the P-wave amplitudes
relative to those obse;'ved in an unaltered formation. The amplitudes will
be lower if the velocities of the altered zone are higher than the pre-
invasion velocities. This situation decreases the amount of energy directed

back into the borehole.

While the model employed in this study goes beyond other layered
models, there are still some simplifications. This section discusses Lhe
assumptions about the geometries and borehole environments which are

inherent in the modeling.

Perhaps the most notable phenomenon not accounted for by the
present model is bed boundaries. All the modeling here assumes that the
borehole consists of one uniform formation. The assumption actuclly is
that all sources and receivers on the tool are within the same formation

and are not close to any bed boundaries. This is valid for thick formations
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but the tool will cross a number of bed boundaries when logging thinly

bedded strata.

The model used here can accommodate an arbitrary number of radial
layers but the central cylinder must be a fluid. The assumption that this
implies is that there is no tool in the center of the borehole. Obviously
there will be a tool in any real data collecting situation. Cheng and Tokstz
(1981) examined the effects of a rigid tcol at the center of the borehole,
They concluded that the largest effect of the presence of the tool was to
decrease the thickness of the fluid annulus. This influences the excitation
of the various modes causing them to behave as if the borehole had a
smaller radius. Another assumption of our model is the fact that the
source and receiver are both centered on the axis. Ideally this is the
situation for a real tool also. Every acoustic logging tool has some means
for centering it in the borehole, and particularly in cased boreholes
centering the tool is reliable. The assumption of no tool then does not

overly constrain the applicability of the current model.

Another important simplification of this model is one that is common
in much of seismology, that of flat layers or smooth interfaces. The layers
treated here are assumed to be perfect cylindrical shells. In the real
borehole environment there may be borehole wall irregularities. Washouts
and breakouts that can be quite large in some situations. It is necessary

to identify such zones from caliper logs made before casing. Minor



irregularities are not a major problem in the cased hole geometries. The
steel pipe is virtually a perfect cylindrical shell. As a consequence, Lhe
central fluid layer is also a perfect cylinder and the inner boundary of the
cement is smooth. The case of an invaded or damaged zone is more
difficult to model with discrete layers. The fluid invasion certainly does not
stop abruptly at a specified radius. There is a gradual decrease in the
amount of borehole fluid present in the formation as the radius increases.
Spreading the transition over a large number of layers produces similar
results though. The microseismograms were not sufficiently different from
the single layer models to warrant the additional computations. In the
future it may be worthwhile to look at layered models with velocity
gradients. Channeling, washouts, and major borehole irregularities cannot
be satisfactorily handled by the treatment developed here and are left to
the finite difference and finite element methods. Partial bonding
conditions also cannot be accommodated with the present model. All
boundaries are considered to be welded contacts or perfect fluid-solid
interfaces. In the well bonded case, the bonding is perfect. The other
extreme of complete unbonding is also possible but the intermediate

conditions are not,

Keeping in mind that the above limitations occur only in exceptional
cases, for most applications the method developed here is a fast and
efficient method for full waveform acoustic logging in radially layered

boreholes. It provides a straight forward approach and a physical
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understanding of the effects of casing and altered zones on wave

propagation in boreholes.
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Appendix A

Boundary Calculations

This appendix gives the details of the calculations necessary to relate
stresses and displacements at each type of interface encountered. Fach
combination of fluid and solid layers is treated separately, The results can
then be combined to relate stresses and displacements across an arbitrary

number of layers with arbitrary composition (solid or fluid).

The constants defining the potentials for a particular layern, 4,, 45,
B, and B, are found in terms of the conslants in the next layer inward
(layer n—1). These are in turn expressed in terms of A’y and possibly 4,
from an inner layer. These are the constants that determine the potentials
for the first layer. The relationships between these lerms are expressed
using two sets of constants: a; and c,. This sel of constants has no
particular physical meaning. They are used only to keep the derived
expressions manageable. The results of each of the following sections can
be used as the starting point for another section if further calculations are

required.

-236-



A1 Fluid-Solid Boundary

Let layer n be the fluid layer and layer n+1 the solid. The boundary is
then at 7,. The boundary conditions are continuity of radial displacement

and stress and zero axial stress, The axial displacement can be

discontinuous.
Un (77 ) = Up 41 (7T0) (A.1a)
On(Th) = 0n 41(T5) (A.1b)
Ta(Tn) = Tn (1) =0 (A.1c)

In the fluid layer there are two constant terms, 4, and A'n. It is assumed
that these are both expressed in terms of 4',. Shortly, it will be clear that

this is always the case. The solid has four constants: 4, +1, An+1, Bn+1, and

’

Bh4+. There are three equations, then, and five constants to be

determined. A'n,,, B,.;, and B}, are found in terms of A4,,, and 4,.

The equation for continuity of normal stress (equation A.la) can be

written explicitly as:
Dn+1“‘4n+l+Dn+l,gA'n+l+Dn+lmBn +I+Dﬂ+l“B'ﬂ +1 = Dﬂ“Aﬂ +Dﬂ lgA'n (A'z)
where, 4, and 4, are both in terms of 4';:

Ap =apd’)
Ap=a,4),

e; are constants. Substituting into equation (A.R) yields:
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Dn+1“'4n+l+Dn+llaA'nH"'DnHlaBnH+Dn+luB'n+1 = (Dn“a'o"'nnma'l)A'l (A3)
In a similar manner, the continuity of normal stress (equation A.1b) can be
written:

Du+13,A1t+l +D’l+lggA'ﬂ+l+D7l+]335u+l +Dn+15.|B.n+l = (Dnlla’0+DYl|gal)A‘l(Av4)
and zero tangential stress at the boundary (equation A.l1c) can be written
as:

Dn+l“A'n+l+Dn+l4g'4'n+l+Dn+l4aBn +I+Dn+l“Bln+l =0 (A5)
A set of constants c; is defined to simplify notation. Let.
c1= Dﬂ3|a0+D‘ngga'l
A, 41 can be eliminated from equations (A.3) and (A.5). This yields:

Coln 14038 11404 B 11 =CoA') (A.8)

where:

DnngDnH“

c2=Dpsy,— D,.,
qe
- Dn +1 lgDn +143
Ca—Dn+1,,—T
a2

Dn +1 |gDn +1‘4

C4=D7l+l“— Dﬂ,+l
42

Similarly, A4+, can also be eliminated from equations (A.4) and (A.5) to

give:
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C54n +1+CeBp 1t B s =014 (A7)

where:

05= D"H’"_T
42

DYI +132D7|.+]43

06=Dn+133_ Dn+]
42
_D D7[+132Dn+1«
07_ n+134_ Dn :
+lge

B, i can now be eliminated from (A.6) and (A.7) to give and expression for

B, 4, in terms of A4, ,, and 4’y

By =cplniteed’) (A.8)

where:

CB—

Cg=

Substituting equation (A.8) into equation (A.7):
C5ln+1+CeBn41+C7(Cadn 41 +CoAp 1)) =C 1A

Solving for B, ,, yields:

Bps1=C104n+1+C 114 41 (A.9)
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where;

_ ~Cs—CrCg
Cio= —Ce

C,—C~C
_ €)1 CqCq
Cu———ca

Substituting equation (A.8) and equation (A.9) into equation (A.8) yields:
Dyt Ans1tDn 1,1 Dn i1, (C104n 41+ 1A 1) 4Dp 4y, (Cadn 1 HCpA' ) =0
Which can be solved to find and expression for 4',,, in terms of 4, ,, and

Ay
An+1=C128ne1+C 34 (A.10)
where:

—Dn+l4|_Dn+l.3C 10'—Dn+l4408
Ci12= D,
+l4z

“Dn+1,5¢11 Dn+1,Co

Dn+l‘g

Ci13=

Equations (A.10), (A.9), and (A.8) then give A, +,, B,4+,, and B, ,, in terms

of Ay and A, 41.
A2 Solid-Fluid Boundary

The solid, layer n, has constants 4,, A, B,, and B, all expressed in
terms of A, and 4, (or A from some inner solid layer). The fluid, layer
n+1, has constants 4, ,, and A',,;. The boundary conditions are the same
as in the previous case of a solid-fluid boundary. A4, and 4, are
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determined in terms of A4,. The continuity of radial displacement is

written as:

Drs1,, An+11Dns1 A +1 =C1odn tC 174 (A.11)

where:
€16 =Dn,,C14+Dp ,C 124Dy C10+Dy Ch
cy7=Dp,,c15%Dp ,C131Dp €11+ Dp Co
The continuity of radial stress gives:
Dy +15,4n+1+Dn 15,4 n 41 = C 1840 +C 194" (A.1R)
where:

Cig= Dﬂ-alc 14+Dn5gc 12+Dﬂ.330 10+Dn34°8

c 19 = D"talc 15+Dﬂgzc 13+D7I-330 1|+D7I.3409

The condition that the axial stress must vanish at the interface is written
explicitly as:

0=cgodntc4') (A.13)

where:

Ca0~= D"l4lc 14+Dﬂ4gc 12+Dﬂggc 10+Dn3408

021 = Dnuc 15+Dﬂ4gc |3+Dﬂ4ac 1 ‘+D7l4409
A, is eliminated from equations (A.11) and (A.13). The result is:

Dn+l“An+l+Dn+llg-4'n+l=c22A'l (A.14)
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where:

C18C2)
Cz20

Caz2=C 17—

Similarly eliminating 4, from equations (A.12) and (A.13) yields:
Dy 15,40 +1+Dn 41554 n 41 = C2nd'y (A.15)

where:

C14C 2y
Cz20

C23=Ci9—

A'p 41 is then eliminated from equations (A.14) and (A.15). The result is:
A =aod (A.16)

where:

C18C21 [c 018021] Dnﬂm
——==lc -
C20 Dr 414

@Qg=
D’l+l ,gDni-ls,

Dussn =

Substituting equation (A.16) into equation (A.14) yields:;
App =014 (A.17)
where:

c22~Dn +1,,20
a;=

Dn+1,g

If this fluid layer is the outermost fluid layer, (layer f), the displacements
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and stresses are now related across all the layers. Otherwise, the results of
this solid-fluid case can serve as input for the fluid-solid boundary
conditions if the next layer n+2 is a solid. (Recall that the constants a,

and a, were used earlier in the case of a fluid-solid boundary.)

A.3 Solid-Solid Boundary

In the inner solid n, there are four constants 4,, 4, B,, and 5,, all
of which are expressed in terms of 4, and A;. The outer solid has
constants 4, .,;, A+, Basy, and B, ,,. The boundary conditions at r, are

the continuity of radial and axial displacements and stresses:

Up (Tn) = Up 41 (T0) (A.18a)
Un (Tn) =vp41(Tn) (A.18b)
0 (Tn) = 0p 41(7n) (A.18c)
Ta(Tn) = Tna(ma) (A.184)

Ay, Ansr, Buiy, and B,y will be found in terms of 4'; and 4,.

If there are several solid layers together in a group, this section is
used repeatedly, determining all constants in terms of 4, and 4,, where ©
is the innermost layer of the group. All four components of the
displacement-stress vector are continuous across 7,, the interface

between the two solid layers n and n+1. Thus:
Up (17) = Up 41 (77)

or



Dy (rn)an =Dpi(mn)an 41
Rearranging:
an +1 =D;ll(rn)nn(rn)a'n (A.19)

a, is known in terms of A'| and 4,, (or A from some inner solid layer) .

Equation (A.19) can thus be written:

A'n-i-l €144, +C 154",
A _ c +cqA’
B =D D )12 12 (420)
Bn+| 08A11+09A’l

Equation (A.20) gives Ap4+1, An+1, Bns+r, and Bpyy in terms of 4, and 4.

The results can be put into the form:

Ans1=Cradntcisd’y

A'ns1=C124n +C 34’

B, 41 =ciodntc 4

B'ns1=caln+cpd)
where the constants c¢; do not have the same values as in equation (A.20).
They are new values determined by the matrix multiplication. The reason
for using the same terms is that if the next layer (n+R2) is also solid, these
new values are substituted directly into equation (A.20) to continue

through all solid layers.



A4 TFluid-Fluid Boundary

The inner fluid, layer n, has constants 4, and A, both in terms of 4',.
The outer fluid has constants 4, ., and A’y ,,. The boundary conditions are

the continuity of radial displacement and stress:
Up (Tn) = Up +1(Tn) (ARla)

On(Tn) =0p+1(Tn) (AR1Db)

The inner fluid has constants 4, and A, which are both known in

terms of 4';. The outer fAluid has constants A, ;; and 4’ ,,.

The continuity of radial displacement (equation A.21a) can be written

explicitly as:
Aol(aoDn,,"'”-an,g) = Dn+l||‘41l+l+Dn+lggA'n+l (A.RR)
The continuity of radial stress (equation A.21b) is:
A'1(aoDpg, +@1Dp ) = Do 1y An +1+Dp 41,4 n a1 (A.23)
Ay 4y is eliminated from equations (A.22) and (A.23) to yield:
Anr=a'od’y (A.R4)

where



Dn+l|g

a.oD,,”+a.,Dnm— (a.oDn3|+a.,Dn“)
0= wlal® (A.25)

ag=
Dn+l|gD‘n+13|

Dn+l“_ Dn+l
32

A'p41 is determined by substituting equation (A.24) into equation
(A.RR). The result is:

A'n+1 =a'4) (A.26)
where:

. a'ODn,,+aan,g—a' oDn+1,,

a,= D, (A.R7)

a'o and a’, replace ag and a, if further calculations are required.



Appendix B

Numerical Considerations

Good numerical accuracy is essential for the calculations performed in
this thesis. Microseismograms and other calculations must have as little
numerical noise as possible to facilitate interpretation and analysis. This
appendix describes the precautions taken to insure and confirm the

reliability of the results.

Bessel functions I and /; can be calculated over the entire range of of
arguments using recurrence relations (Abramowitz and Stegun, 1970).
This provides fast and accurate results with a straightforward method. In
order to determine the maximum order at which to begin the recurrence, a
relationship is found between the magnitude of the argument and the
order at which the magnitude of the Bessel function falls below a certain
level (Zemanek, personal communication). This level is set to be the
desired accuracy of the function. For the sake of speed, asymptotic

expansions are used for large arguments.

In general, Ky and K, are much more difficult to determine accurately

than are I and /. No single method can provide satisfactory results over
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the entire range of arguments encountered. The ascending series
representation (Abramowitz and Stegun, 1970) is used to find K, for
arguments with magnitude less than 5. Above this level, asymptotic
expansions are used. X, is determined from the Wronskian. This is a more
efficient and more accurate method than going through another series
calculation. Once /[y, /,, and K, are known there are only 3 multiplications
and 1 addition required to use the Wronskian rather than the larger
amount of calculation necessary for a series to converge (which will
depend on the argument). As a check of accuracy of the calculated values,
results are compared' for a number of techniques. Methods used for
comparison include: comparisons with tables, relations between solutions,
limiting forms for small arguments, ascending series, Wronskians, integral
representations, and recurrence relations. On the real axis, results were
also compared with polynomial approximations. Double precision

calculations were also performed for comparison with the single precision

results.

Limits on the recurrence relations and series expansions are set so as
to provide a minimum accuracy of 5 digits for the Bessel functions. The
actual accuracy depends on which function is calculated as well as its

argument,

Another important factor in the generation of the w—k spectrum is the

convergence criterion. This controls the maximum wavenumber (k) used
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in the calculations for a given frequency. It is necessary for the spectrum
to be extended to values of k£ high enough to include the energy for all
waves. The actual criterion is a comparison of the present spectrum value
with the average of all previous values for a particular frequency. The
calculations are ended when the most recent spectrum value is less than 1
percent of the average. The use of the average in the comparison prevents
a single large peak in the spectrum from causing a premature end of the
calculations. Observation of the spectrum provides a check on the proper
behavior of the convergence scheme. It is obvious if a peak in the
spectrum comes to an end because an insufficient number of wavenumber

points were calculated.

Both temporal and spatial wraparound must be addressed because the
calculations sample in both frequency and wavenumber. The frequency
sampling rate is determined so that all expected arrivals are within the
resulting time window. In exceptional cases, some temporal wraparound
may occur but in no case is it allowed to overlap any other arrival.
Similarly, the wavenumber spacing is chosen so that the first arrival from
an imaginary source arrives after the end of the time window. The value
for Ak is determined using source-receiver seperations that are longer
than those routinely used in the analysis so it is more strict than is
necessary. The addition of the imaginary frequency component, w,;, also
aides in minimizing wraparound by introducing additional attenuation.

This effect is later removed from the resulting time series. While minor
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temporal wraparound does not hinder the analysis, no amount of spatial
wraparound is allowed. As a final check, a number of tests were performed
with various wavenumber sampling rates. Any difference in the waveform
would indicate insufficient sampling. The above procedures confirmed that
both the frequency and wavenumber sampling prevented wraparound

problems.

A final point that was examined as a source of numerical error is the
matrix inversion performed in relating stresses and displacements across
the layers (see equation 2.8a). The matrix inversion is performed using the
Gauss-Jordan method utilizing pivoting for more reliable results. Checks
on the accuracy of the inversion were done by performing the calculations
using double precision. The changes in the final solution as a result of the
extra precision were observed in the fifth decimal place. It was therefore
decided that the extra computational expense necessary to perform a
double-precision matrix inversion was not warranted. In fact, the use of
double precision was never found to be sufficiently beneficial to justify the

roughly four fold increase in computation time.

The techniques and results employed in thesis were carefully examined
for possible sources of error. All major problems were evaluated and
treated so as to minimize numerical inaccuracies. Accuracy checks and

comparisons indicate the calculated results are reliable and stable.
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