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Abstract

The finite difference method is used to solve the forward problems which sim-
ulate the Laterolog 7 tool configuration for a two dimensional earth model which
has both horizontal and cylindrical boundaries. The apparent resistivity values in
the presence of borehole mud, invaded zone and horizontal bed boundaries can be
obtained from an earth geometry provided that the model is symmetric about the
borehole axis. The quick and accurate calculations of forward modeling are achieved
both by using an exponentially expanding grid system and by using a two dimen-
sional average resistivity scheme in a grid block. More efficient forward modeling is
also developed for the faster calculation of apparent resistivity. The finite difference
solutions are verified against both analytical solutions and physical scale modeling
for limiting cases, and good agreements are obtained. This finite difference forward
modeling method also can be used alone for the investigation of the effects of earth
parameter variations on the apparent resistivities of the Laterolog 7.

The Marquardt inversion scheme is applied to solve the inverse problems which
determine the earth parameters such as bed boundaries and true resistivities from

the Laterolog 7 log data. The Marquardt inversion scheme is also tested on the
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hypothetical and field log data of the Laterolog 7 tool. Because a two dimensional
inversion scheme of the Laterolog 7 response is considered in this study, it is possible to
determine the true resistivity and the bed boundary positions of each layer assuming
that there is no invasion. Inversion of hypothetical logs show good agreement with
the original hypothetical earth model. Inversion of field log data provides a seemingly

realistic earth models.
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Chapter 1

INTRODUCTION

Quantitative analysis of conventional electric logging implies a determination
of the true resistivity of the formations. However, the “apparent resistivity”, recorded
in a given layer by electric logs which were used prior to the middle 1950’s was
frequently quite different from the true resistivity of the given layer. This is due
to the combined influences of the mud column, adjacent formations both above and
below the given layer, and of the invaded zone, in which the original fluid has been
mostly replaced by mud filtrate.

When the beds are thick, and, as are frequently the cases in sand and shale
formations, and when their resistivities are not much different from mud resistivity, it
is generally possible to obtain their true resistivities directly on conventional electric
logs, or at least to obtain approximate values which can be corrected without undue
difficulty by means of departure curves.

However, when the beds are thin, and particularly when, in addition, their

resistivities are substantially greater than mud resistivity, the apparent resistivities
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recorded on the conventional logs are seriously affected, and it is generally very diffi-
cult to estimate their true resistivities with much accuracy. In the most severe cases,
such as are encountered in the holes drilled through hard formations with muds of
high salinity, the conventional logs are so distorted and rounded that they do not

even show clearly the boundaries of the different beds.

1.1 Current Focusing Logs

In order to overcome these combined influences, two types of current focusing
methods were introduced in 1951: Guard Log and Laterolog 7. The Guard Log
electrode system (Owen and Greer, 1951) measures the resistivities of formations
by employing a thin disk of current which is caused to flow perpendicularly to the
borehole. The control of this current disk is obtained through the use of relatively
long equipotential electrodes above and below the measuring electrode (Figure 2.5).
The Laterolog 7 electrode system (Doll, 1951) is an electrical method which makes use
of a sheet of current of constant intensity and known thickness, focused by means of
an automatic control device using three point electrodes (two are potential electrodes
and one is a current electrode) above the central current electrode and another three
point electrodes (two are potential electrodes and one is a current electrode) below
the central current electrode (Figure 2.6).

With the current focusing electrode arrangements, the effect of the mud col-
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umn will be shown to be small, and the effect of the adjacent formations is practically
eliminated in all beds whose thickness is greater than that of the focused sheet of cur-
rent. The investigation and development of the Laterolog 7 tool have been continued

by Moran and Chemali (1979) and others.

1.2 Forward Modeling of the Laterolog 7

Forward modeling is the simulation of a log response from given earth param-
eters. Forward modeling of the Laterolog 7 tool can be accomplished for different
earth models. A one dimensional finite element algorithm was developed by Chemali,
Gianzero, and Strickland (1983). For this model, it is assumed that there is nei-
ther borehole nor invaded zone. Each layer is also assumed to be homogeneous and
to have isotropic resistivity. A few numerical solutions for a two dimensional model
were developed and investigated by Chemali et al. (1983), Shattuck, Bittar, and Shen
(1987), and Bittar, Shattuck, and Shen (1990) using the finite element method. A
two dimensional model consists of an arbitrary number of horizontal and cylindrical
layers. This is the most commonly used model to represent the practical well logging
environment. This model allows analyses of the effects caused by the two dimensional
variations in earth parameters, which are the variations in the bed thickness, the for-
mation resistivity, and hole diameter, and the variations in the extent and the nature

of the invasion. Moreover, a three dimensional modeling using the finite element
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method was developed by Chemali, Gianzero, and Su (1988). A three dimensional
finite element method is useful in cases where the earth layers are asymmetrical about
the borehole axis and that the earth layers are dipping. The numerical evaluation of
an integral equation solution and an integral transform solution were also developed
by Gianzero and Anderson (1982).

In this study, a finite difference algorithm with exponentially expanding grid
spacings is developed to simulate the Laterolog 7 electrode arrangements in a two
dimensional model. A large, sparse, linear system generated by the finite difference
approximation is solved by the Jacobian conjugate gradient method in the ITPACK
2C software package (Kincaid, Grimes, and John, 1982). Feasibility and efficiency
of this approach for the Laterolog 7 electrode arrangements are demonstrated by
comparing the test results with those obtained by the analytical method of Gianzero
and Anderson (1982), and with those obtained by a physical scale modeling method by
Bittar et al. (1990) for limiting cases. Then, the forward modeling program is applied
to the general earth models. A set of synthetic resistivity logs for the Laterolog 7
tool is illustrated in Appendix A and Appendix B, where the conductive and resistive
beds which have different bed thicknesses with the variations in the earth parameters
(mud resistivity, borehole diameter, depth of invaded zone, resistivity of the invaded

zone, and true resistivity), respectively, are considered.



T-4115 5

1.3 Inverse Modeling of the Laterolog 7

Forward modeling is the simulation of a log response from given earth param-
eters. On the other hand, inverse modeling is the determination of earth parameters
from the log data. The significant earth parameters to be determined from the Lat-
erolog 7 log responses are the thickness (or depth) and the true resistivity of the
target bed. These parameters as well as the invasion diameter, the resistivity of the
invaded zone, and mud re;istivity play a great role in formation evaluations. At the
present time, an inversion scheme of the Laterolog 7 tool has not been published. It is
considered to be very expensive and time consuming to invert the coefficient matrix.

In this investigation, a Marquardt inversion scheme is used for the direct in-
terpretation of the Laterolog 7 log responses. This scheme minimizes the root-mean-
squares error between observed data and calculated data from the best fit earth model.
Since a solution of the inverse problem is generally non-unique, it is important that
meaningful earth parameters can be obtained by restricting the complexity of the
earth model or reducing the size of the problem.

In order to obtain the resistivities of the invaded zone and depths of invasion as
well as the true resistivities and depths of bed boundaries, at least two more focused
logs are required in this study. One is the shallow-focused tool, and the other is the
intermediate-focused tool, for the Laterolog 7 is the deep-focused tool. In reality, Dual

Laterolog-MicroSFL tool is commonly used in the field. Because a two dimensional
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inversion scheme of the Laterolog 7 response is considered in this study, it is possible
to determine the true resistivity and the bed boundary of each layer assuming that
there is no invasion. Two dimensional hypothetical and field log data are tested in
Appendix C.

‘The principles of current focusing for the Guard Log and the Laterolog 7
will be considered in Chapter 2. Forward modeling of the Laterolog 7 tool will be
considered in Chapter 3. The basis of forward modeling of the Guard Log will also
be consid;ered in Chapter 3. Inversion of the Laterolog 7 log will be considered in

Chapter 4.
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Chapter 2

CURRENT FOCUSING PRINCIPLES

There are several types of current focusing tools: Guard Log (Laterolog 3 or
LL3), Laterolog 7 (LL7), Laterolog 8 (LL8), and Dual Laterolog (DLL), and so on.
In this study, the Laterolog 7 tool as well as the Guard Log will be investigated.
However, the major emphasis will be on the Laterolog 7. It is better to consider both
the Laterolog 7 tool and the Guard Log tool simultaneously in order to understand
how to focus the central measuring current. In 1951, Owen and Greer (1951) published
the paper for the Guard Log tool, and Doll (1951) also published the paper for the
Laterolog 7 tool. The difference between the above two tools is that in the Guard Log
tool two relatively long metallic electrodes are used to focus the central measuring
current, while in the Laterolog 7 tool two point current electrodes which are located
above and below the central current electrode are used to focus the central measuring

current.
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2.1 Current Focusing in the Guard Electrode

Suppose an experimental setup, as shown in Figure 2.1 (Moran and Chemali,
1979), intended to measure the resistivity of a sheet of material of thickness L. Disc
electrodes A and B, both of area S, are placed in contact with opposite sides of the
sheet. A voltage V applied to the disc electrodes causes a current I to flow through

the sheet between them. If § > L%, Ohm’s law can be approximated in the form

Ve —, (2.1)

or

R~ =K

~ <
~.| <

| T

(2.2)

To obtain an approximate value of the resistivity R, the measured values of
V and I are inserted into equation 2.2. The constant K, which is called the “cell
constant”, relates the value of ratio V/I to the desired resistivity. Defined here as
S/L, K has the dimension of length.

Equation 2.1 and equation 2.2, as applied to Figure 2.1, are approximate,
because with such an arrangement the current density will not be uniform at all
locations in the sheet between the disc electrodes, and there will be outward fringing

of the current lines in the sheet material near and beyond the edges of the disc
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electrode B
area S

AN

electrode A
area S

Figure 2.1: Approximate measurement of resistivity of a sheet of material using
facing disc electrodes applied to two sides of sheet

electrode A,
area S,
lo + 1,

electrode B
area S

L A electrode A, é

area S,

Figure 2.2: Better measurement of resistivity using guard-ring principle. This is a
simple example of measure-current focusing.
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electrodes.

The accuracy of the measurement can be improved by splitting the area S of
one of the electrodes into a small central disc electrode of area Sp and a surrounding
annular guard electrode of area S; (Figure 2.2). Both electrodes Ap and A; are kept
at the same potential V, but only the current Iy from the central Ao electrode is

considered in computing the resistivity. Then to a much closer approximation

|4

SoV
R Tr=Kop. (2.3)

This use of an annular guard electrode to “focus” the current lines from the
central electrode is similar to the technique used with a parallel-plate guard-ring
capacitor with a dielectric between the plates. The presence of the guard ring serves
to make the electric field lines between the guarded small central disc electrode and
the opposite plate more nearly parallel to their common axis. Thus, the electric
field lines from the guarded plate conform better to the ideal geometry assumed by
equation 2.1. This results in a more accurate determination of the resistivities.

The geometries of Figure 2.1 and Figure 2.2 have been used first for utmost
simplicity. Figure 2.3 shows a geometry corresponding better to that of a real Guard
Log. Sketched in cross section is a cylindrical electrode A of diameter d4 and of
vertical length D. At a diameter dg and coaxial with electrode A a second cylin-

drical electrode B extends over the same depth interval. Filling the space between
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cylindrical electrodes A and B and extending beyond the ends of the electrodes is
an annulus-shaped homogeneous conductive material whose resistivity is to be mea-
sured. Taking into account the cylindrical geometry, an approximate expression for
the voltage drop produced between the electrodes by the radial flow of a current I
between electrodes A and B can be written as

IR

ds

As before, the approximation value of formation resistivity R determined from mea-

sured values of V and I would be

, (2.5)

where K = 27D /In(dg/d4).

The effect of current fringing at the upper and lower ends of the electrodes
on the measurement can again be diminished by using a current-focusing procedure.
The inner electrode is split into a small cylindrical electrode Ay at the middle, and
two focusing electrodes A; and A, above and below Ay (Figure 2.4). Electrode Ao is
of length Dy and emits current . The upper electrode A; emits current [; and the
lower electrode A; emits current I,. In making the resistivity measurement, all these
electrodes are maintained at the same potential V by adjustment of the currents I

and I;. Then the densities of the currents being emitted from differently located areas
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RESISTIVE
MATERIAL \ 4

ELECTRODE A
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Figure 2.3: Approximate measurement of resistivity of an annular piece of material
between two concentric cylindrical electrode (Cross-sectional view)
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ELECTRODE B —»| A J lo
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Figure 2.4: Illustration of current focusing in cylindrical geometry
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of the inner electrodes in Figure 2.4 are substantially the same as those emitted from
each corresponding area on the inner electrode in Figure 2.3. However, in making
the resistivity measurement only the measure current I, from the electrode A, is

considered. Thus, to a closer approximation,

21('D0 vV vV
R~ln(%f—)_[0— 0]07 (2‘6)

where Ko = 27Dy /In(dp/d4).

The Guard tool uses currents from bucking current electrodes to focus the
central measuring current into a horizontal sheet penetrating into the formation (Fig-
ure 2.5). Symmetrically placed on either of the central A, electrode are two very long
(about 5 feet) electrodes, A; and A;, which are shorted to each other. A current,
Iy, flows from the Ag electrode, whose potential is fixed. From A; and A; flows a
bucking current, which is automatically adjusted by a short circuit to maintain A,
and A, at the potential of Ag. All electrodes of the sonde are thus held at the same
constant potential. The magnitude of the Iy current is then proportional to formation
conductivity, or inversely proportional to formation resistivity (Serra, 1984).

The I current sheet is constrained to the disk-shaped area. The thickness,
010,, of the current sheet of the Guard Log tool is known to be 12 inches, much
thinner than for the Laterolog 7 tool. As a result, the Guard Log tool typically has

a better vertical resolution and shows more details than does the Laterolog 7 tool.
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Bucking current electrode (A,)

0, 7
Central current electrode (A,) »
0, T

Bucking current electrode (A,)

Figure 2.5: Current flow of the Guard Log

Furthermore, the influences of the borehole and of the invaded zone were slightly less.

2.2 Current Focusing in the Laterolog 7 Electrode

Basically, the Laterolog 7 and Guard Log electrode arrangements are designed
to produce a situation where the central measuring current Ip is confined between
two horizontal and parallel surfaces out to a certain distance from the sonde. In so
doing, they yield a better measurement than a small, or even a moderately large,
mono-electrode or normal device, without sacrificing thin-bed resolution.

In the familiar Laterolog 7 (Figure 2.6), a seven-electrode device is used to

focus the central measuring current by using the bucking-amplifier-balance system.
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The Laterolog 7 device is comprised of a center electrode, Ay, and three pairs of
electrodes: two near-potential electrodes M; and M;; two far-potential electrodes
My, and My; and two current electrodes A; and A; (Figure 2.6). The electrodes of
each pair of potential electrodes are symmetrically located with respect to Ay and are
electrically connected to each other by short-circuiting wires.

A constant current, I, is emitted from As. Through bucking electrodes, A,
and A;, adjustable currents are emitted; the bucking current intensity is adjusted
automatically by a dynamic feedback circuit so that the two pairs of monitoring
electrodes, M; and M, and My, and M, are brought to the same potential. The
potential is measured between one of the monitoring electrodes and an electrode at
the surface (i.e., at infinity for practical purpose). With a constant I, current, this
potential varies directly with formation resistivity (Serra, 1984).

Since the potential difference between the M; — M, pair and the My, — M,/ pair
is maintained at zero, no current from Ag is flowing in the hole between M; and M;:
or between M, and M. Therefore, the current from A, must penetrate horizontally
into the formations.

Figure 2.7 shows the distribution of current lines when the sonde is in a homo-
geneous isotropic medium; the sheet of Ip current retains a fairly constant thickness
up to a distance (about 3 feet from the borehole axis when AgM; is equal to 12

inches). Experiments have shown that the sheet of I current retains substantially
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B S— I, * A, (upper current electrode)

0 V, o M, (potential electrode)
—— LI

thickness o V, ° M, (potential electrode)
of |
current I, * A, (central current electrode)
sheet 16 in.
vy 0, V, o M, (potential electrode)

V, ©° M, (potential electrode)

|

A, (lower current electrode)

Figure 2.6: The Laterolog 7 electrode array (Schematic)
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«— >
< Ao >
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Figure 2.7: Current flow of the Laterolog 7
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the same shape opposite thin (80 inches, that is, total length of the Laterolog 7 tool)
resistive beds (Schlumberger, 1987).

In this study, the following Laterolog 7 tool is considered; the thickness of the
I, current sheet is approximately 32 inches (distance O,0; on Figure 2.6), and the

length A; A, of the sonde is 80 inches.
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Chapter 3

FORWARD MODELING OF THE LATEROLOG 7 AND GUARD LOG

The forward model consists of the responses of the Laterolog 7 electrode con-
figurations to an assumed earth model, which may have both vertical and lateral vari-
ations. As shown in Figure 3.1, for simplicity, the earth model allows only discrete
resistivity changes in each direction (Kim, 1986) rather than allowing the possibility
of gradual changes (Wang, 1991).

The responses of the Laterolog 7 tool to an earth model that has horizontal
and radial boundaries are modeled with a finite difference method. Figure 3.1 shows
a two dimensional logging environment that has axial symmetry about the borehole
axis and has horizontal layers, borehole, invaded zones, and uninvaded zones. Invaded
zones may have different resistivities and diameters.

Cylindrical symmetry is assumed and a cylindrical coordinate system is used.
Three current electrodes of the Laterolog 7 tool are centered in the borehole and the

potentials are measured along the borehole axis.
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HOLE
Rt Ri1. DIAMETER INVARED ZONE Rt

VIRGIN ZONE

Rt2 Ri2 BOREHOLE Ri2
Rt2

MUD

Rt3 Ri3 Rm Ri3 Rt3

Figure 3.1: An axially symmetric logging environment

3.1 Potential Equation

The flow of steady state electric current in the medium is governed by the

potential equation

V'(%VU)+4=0, (3.1)

where p is the resistivity of the medium, U the potential, and ¢ the intensity of the
current source. In a cylindrical coordinate system, assuming axial symmetry about

the borehole axis, equation 3.1 is expressed as
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0 ,10U 0 ,10U 1 oU
ar ;E)'Fa—z ;a—z)+;;5;-+q-0, (3.2)

where p = p(r,2z) and U = U(r,z). In the above equation, r and z represent the
radial coordinate and the vertical coordinate, respectively. Equation 3.2 defines the
electric potential due to a system of current sources in an extended medium.

Equation 3.2 has the following boundary conditions (Kim, 1986).

g—tr} r=0 = O
| lmU=0 (3.3)
\ z-l—{Idx:looU = O,

or more generally, boundary conditions for the equation 3.2 are,

83_5{ r=0 =0
{ lim(pU + qaa—U) =0 (3:4)
T—00 r
: oU
| Jim (pU +¢757) =0.

where p and ¢ are constant coefficients.

In general, the analytical solution of equation 3.2 is not easy to obtain with
the above boundary conditions when the earth model is complex. A finite difference
solution of the equation 3.2, however, can be found with the same boundary conditions

even though the earth model is complex.
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3.2 General Considerations for FD Algorithm of the Laterolog 7

The general considerations in the development of the finite difference algorithm
from the above partial differential equation system (equation 3.2 and equation 3.3)

are as follows (Towle, Whitman, and Kim, 1988):

1. the specific grid system,

2. the effective resistances across bed boundaries not coincident with the grid

(vertically and horizontally),
3. the boundary conditions and how they drive the algorithm,
4. the compensation for a finite grid system,
5. an efficient numerical algorithm for inverting a large sparse matrix, and

6. the additional grid lines inserted at the Laterolog 7 current and potential elec-

trode positions to reduce the interpolation effect.

The choice of the grid system is the main factor that affects the finite difference
result. An appropriate rate of grid expansion can be determined by the competing
factors of accuracy and computational efficiency. The accuracy is poor if the grid
size expands too rapidly. On the other hand, excessive computer time is required
if the grid size expands too slowly. The expansion rate should be determined by

taking into account the size and the complexity of the earth model. In the case where
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the earth model is intricate, a small expansion rate should be used. The expansion
rates in the radial direction and the axial direction may be different from each other
according to the earth model. Also the smallest grid spacings in both directions
should be determined by taking into account the dimensional details of the earth
model, especially near the current and potential electrodes.

For efficiency, the grid spacings increase exponentially as distance from the
central current electrode (Ayp) increases. Figure 3.2 represents the radial and vertical
sections of the medium near the central current electrode (A4,). Only a finite portion
of the medium is considered and is divided into a number of rectangular grids. Since
the model is symmetrical about the borehole axis (2-axis), only one-half of the vertical
section, r > 0, will be discretized. In this study, the distances between the central
current electrode (A,) and each grid boundary are 50 feet radially and vertically
(upward and downward).

It is necessary that the grids be finely spaced near the Ay, A;, and A3 elec-
trodes, especially the central current electrode Ag, as this is usually the region of
most rapid fluctuations in potential (Dakhnov, 1962). By contrast, at points far from
the Ag, A;, and A, electrodes, especially the central current electrode Ag, where fluc-
tuations in potential are typically relatively slow, the grid may be much coarser than
the grid near the central current electrode area. As shown in Figure 3.2, near the

central current electrode (Ap), vertical and horizontal grid spacings are the smallest
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Figure 3.2: An exponentially expanding rectangular grid system in cylindrical co-

ordinates
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in both directions in this study. However, near the other six electrodes (two current
electrodes which are above and below the central current electrode, and four potential
electrodes), the vertical and horizontal grid spacings are larger. In order to compen-
sate for the fluctuations in potential, six additional grid lines at those six electrodes
are considered (see dotted lines in Figure 3.2). Using those six additional grid lines,
the loss of accuracy in the numerical approximation can be minimized. In general,
the grid system is designed to fit the shape of the potential, which varies rapidly near
the borehole and becomes smaller with slower variations far from the borehole axis
and from the source. It is convenient and systematic to increase the grid spacings

exponentially as distance from the central current electrode (Ap) increases.

3.3 Development of the Basic FD Equation of the Laterolog 7

The following is a development of the basic finite difference equation used for
the Laterolog 7 tool in this study (Kim, 1986).

The node corresponding to the ith row and the jth column in the grid of
Figure 3.2 is denoted by P(%,7) and its immediate four neighbors are denoted by
P(i —-1,3), P(:,j + 1), P(t +1,j), and P(¢,j — 1) in the clockwise direction. The
distances of P(¢,j) from the nodes P(: —1,j), P(i,j+1), P(¢+1,7), and P(z,5 — 1)
are defined to be a, b, c and d, respectively. In this grid system, the upper and lower

sides of the vertical boundaries correspond to i = —i,,,,; and ¢ = i,,,,, respectively.
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The inner side of radial boundary, that is, borehole axis (r = 0), corresponds to j = 0,
while the outer side of radial boundary corresponds t0 j = jmez- In this study, the
distance between 7 = —t;4z and 7 = iy,4, is about 100 feet, and the distance between
j = 0 and j = Jmqs is about 50 feet. The position of the central current electrode is
denoted by P(0,0).

The location of P(i,7) in an exponentially expanding grid system can be ex-

pressed by
r(irg) = 22D, (3.5)
and
2 [fo—¢l _
2(i,j) = £ 22DET 1) (3.6)

-1 ’
where o and 3 denote the expanding ratio for the radial and axial directions, re-
spectively, and j is from 0 t0 jmaz, and ¢ is from —imez 10 Emez. Ar(1) represents
the smallest radial spacing corresponding to the distance of P(i,1) from the axis of
symmetry, and Az(1) represents the smallest vertical spacing corresponding to the
distance of P(—1,7), or P(1,j) from P(0,5). The element associated with P(%, j)
represents the rectangular area bounded by z(i — a/2,j), r(¢,7 + b/2), 2(2 + ¢/2,j),
and r(i,j — d/2), in the vertical cross section (hatched area in Figure 3.2).

By using the grid system and the notation as described in Figure 3.2, the finite
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difference equivalent of equation 3.2 can be obtained as

2 UGj+1)-UGg) UGG -UG—1)

brdl o7 + b2 oig—djyd ]
2 U+ 1,4) = Ulhd) _ UG) =UG= 1), ,
a+c  p(i+c/2,5)c p(i —af2,j)a

U,j+1) UG  —1)
r(4,5)p(i,5)(b + d)

+ ¢ =0,
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(3.7)

where p(i — a/2,7), p(¢,7 + b/2), p(3 + ¢/2,7), and p(i,j — d/2) denote the average

resistivities between the point P(¢,j) and its four corresponding neighbors P(i—1, j),

P(i,j+1), P(¢+1,5), and P(¢,5 — 1), respectively.

Further details incorporated in the finite difference modeling scheme to provide

for the more complex models are as follows (Towle et al., 1988):

1. Equation 3.7 represents only a slice of earth and must be rotated through 360

degrees about the borehole axis to represent the current flow in a rotationally

symmetric earth.

2. For the radial component of current flow, if there are lateral (axial) variations

within a given grid element, these are modeled with series resistances. Similarly,

vertical (layered) variations are modeled with parallel resistances. In general, a

combination of series and parallel resistances may be needed intra-grid, depend-

ing on the complexity of the model. A similar rationale applies to the vertical
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component of current flow.

3. At the borehole axis, due to the boundary condition as expressed in equation 3.3,
the governing potential equation 3.2 has no third term, and the finite difference

equation 3.7 has no corresponding term.

4. Since by necessity' we use a finite grid, the external model at ipax and/or jmas
must be designed with care so that the potential is fictitiously allowed to ap-
proach a constant at “great distance” from the central current electrode (Ay).
Realistic inhomogeneous models would indicate that the potential would not
be uniform on the boundary. In this study, the Neumann boundary condition
(Smith, 1985; Burden and Faires, 1989) is used for the outer boundaries. The
characteristic of the Neumann boundary condition is that the slopes of potential

in both radial and axial directions are very close to zero.

5. Finally, the system of linear finite difference equations represented in equa-
tion 3.7 is reorganized in the form of Az = b, where A is a coefficient matrix
of conductivities, z a vector of potentials, and b a vector of current. This sys-
tem is solved using the Jacobian conjugate gradient method in the ITPACK 2C

software package (Kincaid et al., 1982).
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3.4 Theory of Current Focusing in the Laterolog 7 Tool

In this study, the synthetic focusing approach method (Shattuck et al., 1987;
Bittar et al., 1990) was used. As shown in Figure 3.3, we can calculate the potentials
at My, My, M,, and M, caused by current [y which comes from central current
electrode Ay (case zero). For convenience, those potentials are called Vig, Viig, Voo,
and Vi, respectively. The first subscript of the potential representations refers to the
potential electrode position, and the second subscript to the source current electrode
position. We can also calculate the potentials at four potential electrodes, M;, My,
M,, and M,:, caused by current I; and I, which comes from upper current electrode
A; (case one) and lower current electrode A, (case two), respectively. The potentials
caused by I, are called Vy;, Vi1, V21, and Vorp, respectively, and the potentials caused
by I, are called Vi3, Vira, Va3, and Vg, respectively.

Assume that the intensities of I, and I; are equal to that of I,. To make the
current I, flow laterally, it is required to make the potential difference between V;
and Vy: zero, and also make the potential difference between V, and V5/, where Vj,
Vir, V3, and Vy represent the total potential of at M;, M;:, M,, and My, respectively.
Because Vo, V43, and V;, are directly proportional to the intensities of I, I;, and I3,
respectively, the total potential V; at M; electrode can be expressed in terms of Vo,
Vi1, Va2, and two unknown coefficients a and 8 (principle of superposition). Here the

reason why a and B are used is to determine the intensities of I; and I, in terms of Iy.
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Figure 3.3: Principle of current focusing

This o will be multiplied by I, in order to determine the intensity of I;. Similarly, g8
will be multiplied by I in order to determine the intensity of I;. These a and 3 are
called the focusing coefficients. Total potential V] at M; electrode can be expressed

as

Vi = Vio + aVi1 + BVh2 (3.8)

Similarly, total potentials V}:, V;, and V4 at My, M;, and My electrodes, respectively,

can also be expressed as

Vir = Vig + aVin + BVirg (3.9)
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Vo = Voo + aVo1 + V2, (3.10)

Var = Vg + aVory + BVarg (3.11)

In the above four equation, there are four equations with twelve knowns and
six unknowns (V;, Vi1, V3, Vo, a, and B). The potential difference between V; and
Vir, and another potential difference between V, and V,s should be zero to make the
current I, flow laterally. It is achieved to make the equation 3.8 and equation 3.9

same, and to make the equation 3.10 and equation 3.11 simultaneously.

Vio + aVi1 + Va2 = Voo + Va1 + BVa, (3.12)

Vio + aVin + BVirg = Varg + aVay + fVary (3.13)

Then, there are only two equations with two unknowns o and 8. Using equation 3.12
and equation 3.13, two focusing coefficients & and 3 can be calculated. Once a and 3
are calculated, the intensities of I; at the upper current electrode and I, at the lower
current electrode will be determined by the product of o and intensity of Ip and by

the product of 4 and intensity of I, respectively. With I and these newly determined

current intensities I; and I, the current Ip from the central current electrode will
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flow laterally (Shattuck et al., 1987; Bittar et al., 1990).

3.5 Calculations of the Apparent Resistivity of the Laterolog 7

In Figure 2.6, assume a homogeneous earth model. The potentials V; and V}/

at M, and My, respectively, will be

plz

_ P11 PIo

‘/1 - 47I'A1M1 47FAOM1 47|’A2M1’ (314)
pli plo pl;
Vi = . .
! 47I'A1M11 47I'AOM11 47('A2M11 (3 15)
Because the potentials V; and V;: are equal,

V‘I = ‘/1’) (3.16)

I
ph plo pl, ph plo + ph (3.17)

AL T I AN, I AL  An A

47TA0M11 47!'22le

Using I; = I, because the homogeneous earth model is assumed, equation 3.17 can

be expressed in the following form,
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Il == CI(),

If equation 3.18 is inserted into equation 3.15,

plo C 1 C

W= Ion T

where G is defined as

o 1 C 1

G= (AlMl. +

AoMll + AQMII ) 47 ’

Finally, the apparent resistivity p is obtained

Wl
p= I()G,

where 1/G is called the “geometric factor”.

3.6 Investigations of Optimal Laterolog 7 Tool Configuration

o T ) = Ph%

32

(3.18)

(3.19)

(3.20)

(3.21)

In this section, optimal Laterolog 7 electrode configuration will be investigated.

Although several publications offer a description of the Laterolog 7 electrode configu-

ration, what is not published are the tool spacings AgM; and Ao M;y: (and equivalently,

AoM, and AgMy ). Thelack of a set of commonly known exact electrode configuration

hinders quantitative comparisons between different simulation techniques. Without
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knowing the exact electrode configuration of the Laterolog 7 tool, it is difficult to
assess the accuracy of various computer codes which have been developed to simulate
the Laterolog 7 devices for the purpose of log interpretations.

As shown in Figure 2.6, it is generally known that the thickness (O;0;) of
the Iy current sheet is approximately 32 inches, and the total tool length A;A; is
80 inches. But the tool spacings AoM; and AoMy: (and equivalently, AoM, and
AoM;) have not been published. Therefore, the lengths of AgM; and AMys with the
condition that the length of O,0; is 32 inches and the length of A; A, is 80 inches can
be changed in order to determine the best electrode configuration. Table 3.6 shows
the apparent resistivity variations with the changes of the lengths AgM; and Ay My in
the homogeneous earth model. In this homogeneous earth model, borehole diameter
is 8 inches, true resistivity is 100.0 ohm-m, and mud resistivity is 0.1 ohm-m.

Table 3.6 shows the apparent resistivity variations with the changes of the
lengths ApM; and AgM;: in the three layer earth model. In this three layer earth
model, as shown in Figure 3.4, borehole diameter is 8 inches, true resistivity is 100.0
ohm-m, shoulder layer resistivities are 3.0 ohm-m, and mud resistivity is 0.1 ohm-m.
The central current electrode is located at the middle of the target bed (central layer).

From Table 3.6, when AoM; is 0.900 feet, and AoMy: is 1.767 feet, apparent
resistivity 101.533 ohm-m was obtained when true resistivity was 100.0 ohm-m. From

Table 3.6, if AgM,; is 1.300 feet, and AgM; is 1.367 feet, the apparent resistivity
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Table 3.1: Apparent resistivity variations with the changes of the lengths AoM; and
AoMir in a homogeneous earth model with d = 8 inches, R; = 100.0 ohm-m, and R,,

= 0.1 ohm-m

[ A1 A; (feet) | 0,0; (feet) [ AoM,; (feet) | AoM,: (feet) | R.pp (ohm-m) I

6.667

»

2.667

»
”»
»
”
»
»
”
»
»
»
»
»
”

»

0.050
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.333

2.617
2.567
2.467
2.367
2.267
2.167
2.067
1.967
1.867
1.767
1.667
1.567
1.467
1.367
1.334

11.410
21.078
36.678
49.501
61.766
72.362
81.143
88.094
97.327
101.533
105.799
110.086
109.951
102.978

no-convergence
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Table 3.2: Apparent resistivity variations with the changes of the lengths AoM; and
AoM;: in a three layer earth model with d = 8 inches, R; = 100.0 ohm-m, R, = 3.0
ohm-m, R,, = 0.1 ohm-m, and target bed thickness = 10 feet

l A]_Az (feet) | 0102 (feet) | AOM1 (feet) | AoMll (feet) I Rapp (ohm-m) l

6.667 2.667 0.050 2.617 8.259
” K 0.100 2.567 15.080
? " 0.200 2.467 26.365
” ? 0.300 2.367 35.896
” " 0.400 2.267 44.737
” K 0.500 2.167 52.592
” » 0.600 2.067 59.277
” " 0.700 1.967 64.890
? " 0.800 1.867 69.813
” » 0.900 1.767 73.750
” ” 1.000 1.667 76.900
? ” 1.100 1.567 79.029
7 ” 1.200 1.467 80.751
” ” 1.300 1.367 84.639
? ? 1.333 1.334 no-convergence
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Figure 3.4: Three layer earth model for testing electrode configuration and apparent
resistivity variations

was 84.639 ohm-m, while the true resistivity was 100.0 ohm-m. Those apparent
resistivities are the closest values to the true resistivities in each case, respectively.
From the above results, it is concluded that M; (and equivalently, M;) electrode
is in the range of 0.900 foot to 1.300 feet from the central current electrode A,,
and My, (and equivalently, M5) electrode is in the range of 1.367 feet to 1.767 feet
from the central current electrode Ay. Several other earth models which were tested
in order to determine the optimal positions of the four potential electrodes of the
Laterolog 7 tool of this study also show the same results. Through such trial-and-
error attempts, the Laterolog 7 electrode configuration of this study was determined

as follows: AoM; (and equivalently, AqM;) is 1.000 feet (12 inches), and AoMy,
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Figure 3.5: The Laterolog 7 electrode configuration in this study

(and equivalently, AgMa:) is 1.667 feet (20 inches). Figure 3.5 shows the Laterolog 7

electrode configuration in this study.

3.7 Computational Accuracy

The choice of the grid system is the main factor which affects the finite differ-
ence results. The rate of expansion can be determined by the competing factors of
accuracy and computational efficiency. The accuracy will deteriorate if the grid size
expands too rapidly. On the other hand, excessive computer time will be required if
the grid size expands too slowly.

In this study, the expanding ratio in the range of 1.15-1.40 turned out to
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provide a sufficiently fine grid spacing near the central current electrode. The ratio
should be determined by considering the size and the complexity of the earth model.
In the case where the earth model is small and complex, a small expanding ratio should
be used. The expanding ratios of the radial direction () and the axial direction (3)
may be different from each other according to the earth model.

Also, the smallest grid spacings, Ar(1l) and Az(1), which are in the radial
and axial directions, respectively, should be determined by considering the earth
model, especially the location of the borehole wall and the thickness of the earfh
model layers. Ar(l) is smaller than the radius of the borehole automatically by
using the additional vertical grid line at the middle of the borehole axis and borehole
wall. Az(1) is determined by the relation between the predetermined Az(1) and the
thickness of bed which includes P(0,0). (The predetermined Az(1) is fixed as 0.25
feet in this study.) If the predetermined Az(1l) is less than the distance between
P(0,0) and bed boundary, the predetermined Az(1) will be used as Az(1). If the
predetermined Az(1) is greater than the distance between P(0,0) and bed boundary,
the distance between P(0,0) and bed boundary will be used as Az(1). Potential
near P(0,0) shows rapid change, while potential far away from P(0,0) shows slow
change. Therefore, these small values of Ar(1) and Az(1) provide even and uniform
distribution of current near the central current electrode Ay, yielding more accurate

determinations of the potential in this vicinity.
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To minimize the interpolation effect, additional grid lines are considered.
There are six additional horizontal grid lines for four potential electrodes (M,, My,
M,, and My) and‘ two current electrodes (A; and A;). Four additional horizontal
grid lines are always placed at corresponding potential electrodes, and the remaining
two additional horizontal grid lines are also placed at the upper and lower current
electrodes, respectively. These additional grid lines are very effective in decreasing
the interpolation effect.

To minimize the interpolation effect from the discrete grid for the Laterolog 7
electrode arrangement, 2,0, = 15, and jmas = 15 are used for “Production” purposes.
For “Quality” purposes, i, = 25 and jp., = 25 are used. “Production” runs several
times as fast as “Quality” , but is mildly less accurate. These sizes of grid system
provided sufficient accuracy for the Laterolog 7 electrode configuration, and it took
about 2.5-3.0 and 6.5-7.5 seconds of CPU time per sampling point on the RISC 6000
computer when “Production” and “Quality” were chosen, respectively. The size of
the grid system depends on the required detail an(i the actual size of the simulation

earth model.

3.8 Faster FD Algorithm of the Laterolog 7

In the above indicated CPU times, most of the computing time is spent when a

large sparse matrix is inverted. In the forward modeling of the Laterolog 7 tool in this
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study, the large sparse matrix inversion is performed three times per sampling point
in order to focus the current from the central current electrode. If it is possible to use
the large sparse matrix inversion only one time per sampling point, the speed of the
forward modeling program will be three times faster than it is. This idea is applied
to make the forward modeling program of the Laterolog 7 tool faster in this study.
In Figure 3.3, we need the first matrix inversion at Ay in case 0 to obtain Vg, Vis,
Va0, and Varg, the second matrix inversion at A; in case 1 to obtain V4;, Vi, V,1, and
Vzd, and the last matrix inversion at A; in case 2 to obtain Vi,, Visg, Voo, and Vorg. In
the notation, the first subscript of the potential representations refers to the potential
electrode position, and the second subscript to the source current electrode position.
Through these three matrix inversions, three groups of potential distributions from
three current sources will be calculated, respectively, and then they will be combined
properly in order to focus the current from Ap and calculate the apparent resistivity.
After the calculation of the apparent resistivity at a certain sampling point, three
current source positions will be moved simultaneously for the calculations of the next
sampling point. These procedures will be continued from the beginning of sampling
points to the end of sampling points. This is the conventional numerical approach for
the Laterolog 7 tool. (The line 2 in Figure 3.6 is the prototype for the conventional
approach.)

The procedure which uses a large sparse matrix inversion only one time per
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sampling point is illustrated in Figure 3.6. Suppose that the four potentials Vjo, Vi,
Va0, and Vyrg are calculated from the central current electrode at a certain point (point
A in line 2). In order to obtain the focusing effect, two more current electrodes can be
considered, one is point A, in line 2 and the other is point A, in line 2. Here, assume
that there are line 1 and line 3 as shown in Figure 3.4. The distance between line 1
(or line 3) and line 2 is half of the tool length (40 inches in this study). Instead of
calculating the potentials V};, Vi, V51, and V5 caused by I in line 2, it is possible to
use four equivalent potentials caused by I in line 1 as shown in Figure 3.6. Similarly,
instead of calculating the potentials Vi, Viss, Va3, and V,ip caused by I; in line 2,
it is also possible to use four equivalent potentials caused by I; in line 3 as shown
in Figure 3.6. (Of course, in both cases, the potential electrode positions are quite
different from the original Laterolog 7 tool arrangement.) If those potentials are
combined properly, the total potential at each potential electrode in line 2 will be
obtained under the condition that the current is focused. Apparent resistivity will
be calculated using these four total potentials (V;, Vi1, V3, and V,/) in line 2. This
new approach is exactly the same as the conventional numerical approach except the
number of matrix inversion per sampling point. This procedure is applied to the
Laterolog 7 forward modeling program in this study.

The new program takes about one third of computing time when compared

with computing time of the conventional program in this study. Here, the reason why
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it takes “about one third” instead of “exactly one third” is that for the beginning and
final parts of sampling points, several imaginary additional sampling points in line 1

and 3 are needed to focus the current from the central current electrode.

3.9 Verifications of Current Focusing

In order to verify the current focusing in the finite difference forward modeling
approach for the Laterolog 7 tool, equipotential lines are considered. The equipo-
tential line is always perpendicular to the current flow. Therefore, by drawing the
equipotential lines around the three current sources in many cases, the flow of current
I, of the Laterolog 7 tool can be inferred in this study. To draw the equipotential lines,
forward modeling program is changed to give the potential distribution inside the grid
system used. Radial position, vertical position, and potential value are required to
draw the equipotential lines.

Figure 3.7 through Figure 3.18 show the earth models and their equipotential
lines. In these figures, the borehole diameter is set to 8 inches, and the dotted line
represents the location of the bed boundary. Figure 3.7 shows the homogeneous earth
model without borehole. Using this earth model, equipotential lines are obtained in
Figure 3.8. As indicated in Figure 3.8, the current from the central current electrode
Ao flows laterally. Figure 3.9 shows the homogeneous earth model with borehole.

Using this earth model, equipotential lines are displayed in Figure 3.10. As indicated
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in Figure 3.10, the current from the central current electrode Ao also flows laterally.
Figure 3.11 shows a three layer earth model with borehole. In this earth model, the
central current electrode Ag is located at the center of the target bed. Using this earth
model, equipotential lines are displayed in Figure 3.12. The equipotential lines in the
right and left hand sides of the dotted lines show the different shapes. As indicated
in Figure 3.12, the current from the central current electrode Ao also flows laterally
and is symmetrical about the central current electrode Ay. Figure 3.13 shows a three
layer earth model with borehole. In this earth model, the central current electrode
Ap is located at the upper boundary of the target bed. Using this earth model,
equipotential lines are displayed in Figure 3'1,4' The equipotential lines in the right
and left hand sides of the dotted lines show the different shapes. Figure 3.14 indicates
a lateral flow of current which is from the central current electrode at depth 995 feet.
Figure 3.15 shows a five layer earth model with borehole. In this earth model, the
central current electrode Ag is located at depth 1015 feet. Using this earth model,
equipotential lines are obtained in Figure 3.16. Figure 3.16 indicates a lateral flow of
current Io. Figure 3.17 shows a nine layer earth model with borehole. In this earth
model, the central current electrode Ay is located at depth 1095 feet. Using this earth
model, equipotential lines are displayed in Figure 3.18. Figure 3.18 also indicates a
lateral flow of current Iy. In all cases, the current from the central current electrode

flows laterally.
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Figure 3.11: Three layer earth model when the central current electrode is in the
middle of the resistive layer
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Figure 3.13: Three layer earth model when central current electrode is at the bound-
ary between resistive and conductive beds
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Figure 3.15: Five layer earth model when the central current source is at depth
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Figure 3.16: Equipotential lines of five layer earth model
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3.10 Verifications of the Results

The numerical results obtained from the finite difference method for the Lat-
erolog 7 electrode configuration have been checked against other available solutions in
limiting cases. These include the analytical solutions for the horizontally layered earth
model and the cylindrically layered earth model (Gianzero and Anderson, 1982), and
the physical scale modeling results (Shattuck et al., 1987; Bittar et al., 1990). The
comparisons of the analytical solution with the finite difference solutions show good
agreement. Comparisons of the physical scale modeling with the finite difference so-
lution also show good agreement. Therefore, the forward modeling of the Laterolog 7
tool configuration using the finite difference method appears to be credibly accurate,

computationally efficient, and versatile.

3.10.1 Comparisons with the Analytical Solutions

In this section, the finite difference method is compared with the analytical
solution in limiting test models. These selected test models which are two dimensional
have two characteristics. One is that R,, has much lower resistivity value than R;,
and the other is that R, (resistivity of the shoulder layer) has also lower resistivity
value than R;.

In the analytical method, the solutions for the potential induced by a con-

stant current source are formulated in terms of both Fourier cosine and Fourier sine
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transforms with unknown coefficients. A suitable matching of the necessary boundary
conditions results in a system of singular integral equations. An iterative solution is
obtained for these transform coefficients which, in turn, are used to determine the
potential at an arbitrary point of measurement (Gianzero and Anderson, 1982).

First, a synthetic log for the Laterolog 7 tool configuration in the two layer
earth model is presented in Figure 3.19. In Figure 3.19, the resistivities of the beds are
1.0, 100.0 ohm-m from top to bottom, R,, is 0.1 ohm-m, and the borehole diameter
is 8 inches. As shown in Figure 3.19, the departure of the finite difference solution
from the analytical solution is very small. The relative error involved in the finite
difference solution with “Production” is less than two percent.

The second test model consists of three horizontally parallel layers with no
invaded zone (Figure 3.20). The resistivities of two shoulder layers are 1.0 ohm-m,
the resistivity and the thickness of the target bed are 10.0 ohm-m and 40 inches,
respectively, R,, is 0.1 ohm-m, and borehole diameter is 8 inches. In Figure 3.20,
good agreement is also displayed between the finite difference solution and analytical
solution.

The next two test models (Figure 3.21 and Figure 3.22) show three horizontally
parallel layers with an invaded zone. The resistivities of two shoulder layers are 1.0
ohm-m, the resistivity and the thickness of target bed are 10.0 ohm-m and 40 inches,

respectively, R,, is 0.1 ohm-m, and borehole diameter is 8 inches. The resistivity of
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the invaded zone is 2.0 ohm-m in both models. The difference is that in Figure 3.21
the invasion diameter (D;) is 35 inches (i.e., D;/d = 4.375), and in Figure 3.22 D;
is 140 inches (i.e., D;/d = 17.5), respectively. The apparent resistivity curves in the
resistive bed shows the difference. This difference indicates the forward modeling
program for the Laterolog 7 is sensitive to the depth of invasion and resistivity of
the invaded zone. These comparisons of the finite difference solutions with analytical
solutions also show good agreement.

One of the advantages of the finite difference method is that it can provide
apparent resistivities which are extremely difficult, if not impossible, to compute
by the analytical method. Another limitation of the analytical method is that the
numerical integration sometimes diverges. From the above results, it is seen that the
finite difference solution consistently agrees well with the analytical solution whenever
these methods are able to be applied in a simple model. Having established credibility
for the finite difference algorithm for the Laterolog 7 tool, we will proceed to analyze

models for which analytical solutions are not available.

3.10.2 Comparisons with the Physical Scale Modeling

Physical scale modeling is a useful technique for studying the responses of well
logging tools. Due to the large size and the deep investigation of some of the tools,
it is very difficult and expensive to construct full scale environments with known

electrical properties for those tools. Such measurements in known geometries are of
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potential benefit in two ways. First, they can be used to verify calculations that have
been made of a tool’s responses by some theoretical method. Second, measurements
can be made in situations where the theoretical methods are difficult to apply. In
either situation, the measurements provide data that can be used to help interpret the
response of the tool, which in turn improves the basic understanding of data obtained
from well logging tools.

The University of Houston Well Logging Laboratory performed a Laterolog
7 physical scale modeling in 1987 and 1990 (Shattuck et al., 1987; Bittar et al.,
1990). Every tool length and borehole diameter is scaled down about 25 times.
In other words, in the physical scale modeling experiments the total tool length is
3.1750 inches, AgM; (and equivalently AqM;) length is 0.4625 inches, and AgM;/ (and
equivalently AyoMy) length is 0.7875 inches.

In this subsection, a two dimensional finite difference solution is compared with
the physical scale modeling result. In order to compare the solution of this study with
the physical scale modeling results, the physical scale modeling is scaled up 25 times.
Fig 3.23 shows the comparison of the finite difference solution with the physical scale
modeling result. In this comparison, the value of R,, is 0.1 ohm-m. (In fact, it
is not possible to obtain the value of R,, in physical scale modeling experiments.)
In Figure 3.23 good agreement of the physical scale modeling result with the finite

difference solution is indicated. But in this finite difference solution approach point
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current electrodes are modeled, while in the physical scale modeling approach point
current electrodes were not used. Hence, the different shape of the curve in the range
of depths between 1020 feet and 1030 feet in Figure 3.23 showed that physical scale
modeling did not detect the change of the apparent resistivity curve correctly. In
other words, when there is a resistive bed between conductive layers, the apparent
resistivity curve of the Laterolog 7 tool should have a little lower value at the center
of the resistive bed than near the edges of the resistive bed (Chemali et al., 1988;

Schlumberger, 1987).

3.11 Response of Synthetic Laterolog 7 for Various Earth Models

In this section, the synthetic Laterolog 7 responses in some earth models for

which analytic solutions do not exist are determined. Two model types are considered:
1. relatively resistive object beds and,
2. relatively conductive object beds.

Three bed thicknesses are included for each type to include thick bed, critically
thick bed, and thin bed. In this section, the thick bed is 12 feet thick, the critically
thick bed is 6.67 feet (80 inches) thick, and the thin bed is 4 feet thick, respectively.
The critically thick bed has a thickness which is equal to the total length of the
Laterolog 7. The effects due to the variations in earth parameters are also considered.

The earth parameters include mud resistivity (R,,), borehole diameter (d), invasion
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diameter (D;), resistivity of the invaded zone ( R;), and true resistivity of the formation
(R;). The complete sets of the forward modeling responses for the Laterolog 7 are
included in Appendix A for the conductive bed and in Appendix B for the resistive

bed.

3.11.1 The Responses of the Laterolog 7 Tool in a Conductive Bed

R, versus R,,

First, the responses of the Laterolog 7 tool with variations of the mud resis-
tivity are investigated. Figure A.1 (or Figure 3.24), Figure A.2, and Figure A.3 show
the responses of the Laterolog 7 tool in the cases of thick, critically thick, and thin
bed, respectively. The resistivities of the conductive bed and the shoulder layer are
10.0 and 100.0 ohm-m, respectively, and the borehole diameter is 8 inches. Mud re-
sistivities of 0.1, 1.0, and 10.0 ohm-m are considered. No invasion is considered. The

responses show:

1. There is no appreciable difference between curves; that is, the mud resistivity

has very little effect on the log responses when there is no invasion.

2. The minimum value of the apparent resistivity curves in the conductive bed is

slightly greater than the true resistivity.

3. The apparent resistivity in the shoulder layer is slightly less than the true re-

sistivity, when the mud resistivity is low.
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4. The apparent resistivity in the case of conductive bed is slightly greater than
the true resistivity in the case of the thick and critically thick conductive beds
regardless of mud resistivity (Figure A.1 and Figure A.2). In the case of a thin
conductive bed there is a good agreement between R, and R; in the conductive
bed when R, is intermediate to high, and R, is greater than R; when R, is

low (Figure A.3).

5. The apparent resistivity curves have the same shapes in thick and critically
thick conductive layer cases. However, the apparent resistivity curve for the
thin conductive layer case has a different shape from that for the thick and

critically thick cases.

R, versus d

Second, the responses of the Laterolog 7 tool with variations of the borehole
diameter are investigated. Figure A.4 (or Figure 3.25), Figure A.5, and Figure A.6
show the responses of the Laterolog 7 tool in the cases of thick, critically thick, and
thin bed, respectively. The resistivities of the conductive bed and shoulder layer are
10.0 and 100.0 ohm-m, respectively. The mud resistivity is 0.1 ohm-m, and borehole
diameters of 8, 10, and 12 inches are considered. No invasion is considered. The

responses show:
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1. There is no appreciable difference between curves; that is, the borehole diameter

has very little effect on the log responses when there is no invasion.

2. The apparent resistivity in the conductive bed is slightly greater than the true

resistivity regardless of the thickness of the conductive bed.

3. The apparent resistivity in the shoulder layer is close to the true resistivity

regardless of the borehole diameter.

4. The apparent resistivity curves have the same shape regardless of the thickness

of the conductive bed.

R, versus D;

Third, the responses of the Laterolog 7 tool with variations of the extent of
invasion are investigated. Figure A.7 (or Figure 3.26), Figure A.8, and Figure A.9
show the responses of the Laterolog 7 tool in the cases of thick, critically thick, and
thin bed, respectively. The resistivities of the conductive bed and shoulder layer are
10.0 and 100.0 ohm-m, respectively. The resistivities of the mud and invaded zone
are 0.1 ohm-m and 20.0 ohm-m, respectively. Invasion diameters of 2d (16 inches),

5d (40 inches), and 10d (80 inches) are considered, where borehole diameter d is 8

inches. The responses show:
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1. The apparent resistivity of the conductive bed is substantially affected by the

extent of invasion.

2. The apparent resistivity in the conductive bed is farther from the true resistivity,

as the invasion diameter increases.

3. The apparent resistivity in the shoulder layer is not appreciably affected by
the invasion. Hence, the tails of the curves are merged into one at the shoulder
beds, and conform with the apparent resistivity curve which is obtained without

consideration of the invasion.

4. The apparent resistivity curves have the same shapes regardless of the conduc-

tive bed thickness.

R, versus R;

Fourth, the responses of the Laterolog 7 tool with variations of the invasion
zone resistivity are investigated. Figure A.10 (or Figure 3.27), Figure A.11, and
Figure A.12 show the responses of the Laterolog 7 tool in the cases of thick, critically
thick, and thin bed, respectively. The resistivities of the conductive bed and shoulder
layer are 10.0 and 100.0 ohm-m, respectively. The resistivity of the mud is 0.1 ohm-
m. The invasion diameter is 5d (40 inches). Resistivities of the invaded zone of 20.0,

50.0, and 100.0 ohm-m are considered. The responses show:
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1. The apparent resistivity of the conductive bed is considerably affected by the
resistivity variations of the invaded zone. The apparent resistivity increases, as

the resistivity of the invaded zone increases.

2. The apparent resistivity in the shoulder layer is not affected appreciably regard-
less of either the thickness of the conductive bed or the resistivity of the invaded

zone.

3. The apparent resistivity in the conductive bed is not affected appreciably re-

gardless of the thickness of conductive bed.

4. The apparent resistivity curves have the same shapes regardless of the conduc-

tive bed thickness.

R, versus R,

Finally, the responses of the Laterolog 7 tool with variations of the true resis-
tivity are investigated. Figure A.13 (or Figure 3.28), Figure A.14, and Figure A.15
show the responses of the Laterolog 7 tool in the cases of thick, critically thick, and
thin bed, respectively. The resistivities of the shoulder layers are 20.0 ohm-m. The
mud resistivity and the resistivity of the invaded zone are 0.1 and 10.0 ohm-m, re-
spectively. True resistivities of 1.0, 2.0, 5.0, and 10.0 ohm-m are considered. This

model can be encountered in nature when the borehole is filled with salty mud and
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a formation is saturated with the formation water of low resistivity. The responses

show:

1. The apparent resistivity of the conductive bed is considerably affected by the
resistivity variations of the conductive bed. The apparent resistivity increases,

as the resistivity of the conductive bed increases.

2. The apparent resistivity in the shoulder layer is not affected appreciably regard-
less of either the thickness of conductive bed or the resistivity of the conductive

bed.

3. The apparent resistivity in the conductive bed is not affected appreciably re-

gardless of the thickness of the conductive bed.

4. The apparent resistivity curves have the same shapes regardless of the conduc-

tive bed thickness.

Conclusions regarding Conductive Layers

From the analyses of the apparent resistivity curves for the Laterolog 7 tool

in conductive beds, it can be concluded as follows:

1. The mud resistivity has very little effect on the apparent resistivity curve.

2. The apparent resistivities are greatly affected by the variations in the invaded

zone resistivity.
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3. From the change of apparent resistivity curves in the cases of thick, critically
thick, and thin bed with variations of any earth parameter, it is considered to
be difficult to identify the true resistivity and the boundary of a conductive bed

if its thickness is less than the thickness of current sheet (O;0; in Figure 2.6).

4. The large diameter hole adversely affects the apparent resistivity responses in

conductive beds.

3.11.2 The Responses of the Laterolog 7 Tool in a Resistive Bed
R, versus R,,

First, the responses of the Laterolog 7 tool with variations of the mud resistiv-
ity are investigated. Figure B.1 (or Figure 3.29), Figure B.2, and Figure B.3 show the
responses of the Laterolog 7 tool in the cases of thick, critically thick, and thin bed,
respectively. The resistivities of the resistive bed and the shoulder layer are 100.0 and
10.0 ohm-m, respectively, and the borehole diameter is 8 inches. Mud resistivities of
0.1, 1.0, and 10.0 ohm-m are considered. No invasion is considered. The responses

show:

1. There is no appreciable difference between curves; that is, the mud resistivity

has very little effect on the log responses when there is no invasion.

2. The maximum value of the apparent resistivity curves in the resistive bed is

slightly smaller than the true resistivity.
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3. The apparent resistivity in the shoulder layer is slightly greater than the true

resistivity, when the mud resistivity is low.

4, The apparent resistivity in the case of a resistive bed is slightly less than the
true resistivity in the case of thick and critically thick resistive beds regardless
of mud resistivity (Figure B.1 and Figure B.2). In the case of a thin resistive
bed there is a good agreement between R, and R; in the resistive bed when R,

is intermediate to high, and R, is less than R; when R,, is low (Figure B.3).

5. The apparent resistivity curves have the same shapes in thick and critically
thick resistive layer cases. However, the apparent resistivity curve for the thin
resistive layer case has a different shape from that for the thick and critically

thick cases.

R, versus d

Second, the responses of the Laterolog 7 tool with variations in the borehole
diameter are investigated. Figure B.4 (or Figure 3.30), Figure B.5, and Figure B.6
show the responses of the Laterolog 7 tool in the cases of thick, critically thick, and
thin bed, respectively. The resistivities of the resistive bed and shoulder layer are
100.0 and 10.0 ohm-m, respectively. The mud resistivity is 0.1 ohm-m, and borehole
diameters of 8, 10, and 12 inches are considered. No invasion is considered. The

responses show:
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1. There is no appreciable difference between curves; that is, the borehole diameter

has very little effect on the log responses when there is no invasion.

2. The apparent resistivity in the resistive bed is slightly less than the true resis-

tivity regardless of the thickness of the resistive bed.

3. The apparent resistivity in the shoulder layer is close to the true resistivity

regardless of the borehole diameter.

4. The apparent resistivity curves have the same shape regardless of the thickness

of the resistive bed.

R, versus D;

Third, the responses of the Laterolog 7 tool with the variations in the extent
of invasion are investigated. Figure B.7 (or Figure 3.31), Figure B.8, and Figure B.9
show the responses of the Laterolog 7 tool in the cases of thick, critically thick, and
thin bed, respectively. The resistivities of the resistive bed and shoulder layer are
100.0 and 10.0 ohm-m, respectively. The resistivities of the mud and the invaded zone
are 0.1 ohm-m and 20.0 ohm-m, respectively. Invasion diameters of 2d (16 inches),
5d (40 inches), and 10d (80 inches) are considered, where the borehole diameter d is

8 inches. The responses show:
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1. The apparent resistivity of the resistive bed is greatly affected by the extent of

invasion.

2. The apparent resistivity in the resistive bed is farther from the true resistivity,

as the invasion diameter increases.

3. The apparent resistivity in the shoulder layer is not appreciably affected by
the invasion. Hence, the tails of the curves are merged into one at the shoulder
beds, and conform with the apparent resistivity curve which is obtained without

a consideration of the invasion.

4. The apparent resistivity curves have the same shapes regardless of the resistive

bed thickness.

R, versus R;

Fourth, the responses of the Laterolog 7 tool with the variations of the invasion
zone resistivity are investigated. Figure B.10 (or Figure 3.32), Figure B.11, and
Figure B.12 show the responses of the Laterolog 7 tool in the cases of thick, critically
thick, and thin bed, respectively. The resistivities of the resistive bed and shoulder
layer are 100.0 and 10.0 ohm-m, respectively. The resistivity of the mud is 0.1 ohm-
m. The invasion diameter is 40 inches (5d). Resistivities of the invaded zone of 10.0,

20.0, and 50.0 ohm-m are considered. The responses show:
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1. The apparent resistivity of the resistive bed is considerably affected by the
resistivity variations of the invaded zone. The apparent resistivity increases as

the resistivity of the invaded zone increases.

2. The apparent resistivity in the shoulder layer is not affected appreciably regard-

less of either the thickness of resistive bed or the resistivity of invaded zone.

3. The apparent resistivity in the resistive bed is not affected appreciably regardless

of the thickness of resistive bed.

4. The apparent resistivity curves have the same shapes regardless of the resistive

bed thickness.

R, versus R;

Finally, the responses of the Laterolog 7 tool with the variations of the true
resistivity are investigated. Figure B.13 (or Figure 3.33), Figure B.14, and Figure B.15
show the responses of the Laterolog 7 tool in the cases of thick, critically thick, and
thin bed, respectively. The resistivities of the shoulder layers are 5.0 ohm-m. The mud
resistivity and the resistivity of the invaded zone are 0.1 and 10.0 ohm-m, respectively.
True resistivities of 10.0, 20.0, 50.0, and 100.0 ohm-m are considered. For example,
in the case where the formation resistivity factor (F) of the target bed is 20, the

resistivity index (I) is 25, and the resistivity of the formation water is 0.1 ohm-m,
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then the true resistivity of the formation will be 50.0 ohm-m. Also, the resistivity of
the invaded zone will be 10.0 ohm-m, if the invaded zone is filled with a 0.5 ohm-m

mud filtrate. The responses show:

1. The apparent resistivity of the resistive bed is considerably affected by the
resistivity variations of the resistive bed. The apparent resistivity increases, as

the resistivity of the resistive bed increases.

2. The apparent resistivity in the shoulder layer is not affected appreciably re-
gardless of either the thickness of resistive bed or the resistivity of the resistive

bed.

3. The apparent resistivity in the resistive bed is not affected appreciably regardless

of the thickness of the resistive bed.

4, The apparent resistivity curves have the same shapes regardless of the resistive

bed thickness.

Conclusions regarding Resistive Layers

From the analyses of the apparent resistivity curves for the Laterolog 7 tool

in the resistive beds, it can be concluded as follows:

1. The mud resistivity and the borehole diameter have very little effect on the

apparent resistivity curve.
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2. The apparent resistivities are greatly affected by the variations in the invaded

zone resistivity.

3. From the change of apparent resistivity curves in the cases of thick, critically
thick, and thin bed with variations of any earth parameter, it is considered to
be difficult to identify the true resistivity and the boundary of a resistive bed

if its thickness is less than the thickness of current sheet (0,0, in Figure 2.6).

General Conclusions

In general, the logging environment which affects the response of the Laterolog

7 arrangement can be summarized as follows:

1. Borehole effect : While a large borehole diameter and a low resistivity mud
increase the departure from the true resistivity in the conventional ES arrange-
ments (Kim, 1986), in the Laterolog 7 arrangement a large diameter hole affects
adversely the apparent resistivity responses only in a conductive bed, not in a
resistive bed, and a low resistivity mud does not affect the departure from the
true resistivity much in the Laterolog 7 arrangement. This is one of the main

advantages of the Laterolog 7 tool compared with the conventional ES tools.

2. Invasion effects : The apparent resistivity is very sensitive to the invasion di-

ameter and the invaded zone resistivity.
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3. If bed thickness is less than the thickness of current sheet (O,0; in Figure 2.6),
it is considered to be difficult to identify the true resistivity and the boundary

of a resistive bed.

3.11.3 Multiple Invaded Layers

Finally, multiple layer earth models with invasion are investigated. Figure 3.34
and Figure 3.35 show a five layer earth model and its apparent resistivity curve,
respectively. The resistivity of the shoulder layer is 10.0 ohm-m, and the resistivities
of the other layers are 30.0, 100.0, and 3.0 ohm-m'from top to bottom. The mud
resistivity is 0.1 ohm-m and the borehole diameter is 8 inches. The invaded zone
resistivities are 4.0 and 2.0 ohm-m and the invasion diameters are 16 and 40 inches
from top to bottom, respectively. The bed thickness are 25, 6, and 12 feet from top to
bottom of the model. Figure 3.35 indicates that the apparent resistivities of the finite
difference method of the Laterolog 7 tool matches the true resistivities relatively well.
In the layer from 1012 feet to 1037 feet, the apparent resistivity curves shows the
fairly large departure from the true resistivity. This departure is because in this layer
there is a large resistivity contrast between the true resistivity (R; = 30.0 ohm-m)
and the invasion resistivity (R; = 4.0 ohm-m), and invasion diameter is significant at
16 inches (D;/d = 2). However, in the layer from 1043 feet to 1055 feet, the apparent
resistivity curve is very close to the true resistivity. This correlation is because in

this layer there is a small resistivity contrast between the true resistivity (R; = 3.0
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ohm-m) and the invasion resistivity (R; = 2.0 ohm-m), even though invasion diameter
is significant at i 40 inches (D;/d = 5).

Figure 3.36 and Figure 3.37 shows a nine layer earth model and its apparent
resistivity curve for the Laterolog 7 tool. All physical parameters are indicated in
Figure 3.36. In Figure 3.37, good agreement between the true resistivity and the
apparent resistivity curves is indicated. However, in the layer from 1090 feet to 1100
feet, a departure from true resistivity is indicated. This departure is because in this
layer a significant 40 inch invasion depth affects the apparent resistivity curve much
more than the true resistivity does.

Figure 3.38 and Figure 3.39 show the apparent resistivity curves of Oklahoma
benchmark for the 6FF40 (from the Center for Well-Logging, University of Houston)
tool and for the Laterolog 7 tool of this study, respectively. There are 27 layers.
While the apparent resistivity curve for the 6FF40 tool did not detect several thin
layers in the range of 4990 feet to 5010 feet, the apparent resistivity curve for the
Laterolog 7 tool of this study did detect the thin layers down to two-foot thickness.
Figure 3.40 shows the comparison of apparent resistivity curves from 6FF40 tool and

the Laterolog 7 tool in this study for Oklahoma benchmark.
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Logging, University of Houston)
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3.12 Basis of Forward Modeling of the Guard Log

In this section, the basis of forward modeling of the Guard Log will be con-
sidered for further studies.

One approach to model the Guard Log electrode approximates the cylindrical
tool as a prolate spheroid (Owen and Greer, 1951; Guyod 1964). All equipotential
surfaces are assumed to be concentric prolate spheroids and the flow of current is
bounded by hyperboloids. This approach ignores the refraction of current at the
borehole wall and at the boundaries of invaded zones.

The approach for the Guard Log electrode response in this study is based
on a series of electrodes having the same diameter as the electrode (deWitte, L.,
Fournier, K.P., and Tejada-Flores, H., 1957) . The borehole wall and boundaries of
the invaded zones are considered to be cylindrical. The current from each electrode
can be calculated from the condition that all electrodes must be at the same potential
and the potential distribution can be found by superposition of the fields due to the
individual current sources.

In the Laterolog 7 the current from the adjacent electrode is regulated so as
to focus the central current essentially into the form of a horizontal current sheet. In
the Guard Log there is no such artificial regulation of the current from the adjacent
electrodes (guards). Here, the focusing is achieved by maintaining all electrodes at

the same potential which is done by simple short circuiting. There will be no tendency
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for current to flow from one electrode to the other in the surrounding medium and,
therefore, the current must flow laterally in the region of the midpoint of the tool. The
longer the guards the farther out the tendency of lateral focusing will be maintained.
It is possible to represent the guards by a series of adjacent electrodes and calculate
the current that flows from each electrode in order to maintain the same potential at
all the electrodes.

To derive the expression for the potential distribution, assume that the cylin-
drical guard system of length 2L and diameter 2a is approximated by a sgries of 2n+1
electrodes of radius a. Let the electrodes be equally spaced along the axis of the bore-
hole so that the centers of the two outer electrodes coincide with the intersection of
the end planes of the guards and the borehole axis. The centers of two adjacent
electrodes are then a distance s = 2L/2n apart (Figure 3.41). Let the current from
the central electrode be I, that from each one of the immediately adjacent pair I,
that from each one of the following pair I, and so on.

The synthetic focusing method described in Chapter 3.4 can be used to model
the Guard Log. Figure 3.42 shows the potential distribution caused by current source
I; in the earth model. The potential distribution curve in Figure 3.42 can be expressed

as

Vizailit+a i+ +anli=) al; (3.22)

k=1
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Figure 3.41: Approximation guard electrode by 2n + 1 electrodes. (In this figure n
= 3, ratio of diameter to length is exaggerated)
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where ¢ =0,...,n, and a4, a,, ..., a,, are the coefficients which have both resistivity
information and geometric information of each layer. m represents the mth node
position in the vertical axis (r = 0) of the grid system.

Figure 3.43 shows the potential distribution caused by current sources Iy, I,

..., I, in the earth model. The total potential distribution curve can be expressed as

Vi=VotaVit - +cVa (3.23)

where 7 = 0,...,n, and ¢, ¢, ..., ¢, are the weighting factors for V3, V3, ..., V,,
respectively, to make the “desired total potential” curve in Figure 3.43.

The condition Vp = V; = ... = V,, leads to n simultaneous equations with n
unknowns ¢;, €z, ..., Cn. After the n simultaneous equations are solved, the intensities
of current ¢, Iy, c3 Iy, ... ¢, Iy will be used instead of I, I, ..., I,,, respectively. This
will satisfy the condition V, = V] = ... = V,,. This procedure will cause the current to
flow laterally from the tool in the region of the central electrode. This is the desired

current focusing effect.
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Chapter 4

INVERSION OF THE LATEROLOG 7

The purpose of the borehole resistivity data inversion in this study is to de-
termine earth parameters, such as resistivity and boundary of the earth layers, and
resistivity and diameter of the invaded zones, from Laterolog 7 log data or from DLL
Dual Laterolog-MicroSFL log data. A two dimensional inversion scheme is consid-
ered. The two dimensional earth model in this chapter consists of layers separated
by plane-parallel boundaries without invaded zones. In order words, the inversion
scheme used in this study will yield two earth parameters: resistivity and boundary
of earth layer. In order to obtain the resistivity and diameter of invaded zones using
an inversion scheme, two more focused logging tools or a multiple-array Laterolog
tools are needed.

This two dimensional horizontally layered earth model can be applied to the
case where a drill-hole penetrates beds of finite thickness. Once the model is cho-
sen and the earth geometry is defined, apparent resistivities are calculated from the

forward modeling program and compared with the observed data. The root-mean-
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squares (rms) error between the calculated data and the observed data is then found.
Then the earth parameters are changed to minimize the rms error and new apparent
resistivities are calculated from the forward modeling program and compared with
the observed data again. This procedure will be repeated for a number of iterations
until the desired accuracy is obtained.

Depending on the source and exact procedure, the general inversion process
is known variously as Generalized Linear Inversion, Marquardt Inversion, or Ridge
Regression Analysis. Mathematically the procéss is described in detail in Marquardt
(1970) and applied to resistivity inversion problems in Inman, Ryu, and Ward (1973)
and Inman (1975).

An outline of the general inversion scheme is as follows (Kim, 1986; Whitman,

Towle, and Kim, 1989; Whitman, Schén, Towle, and Kim, 1990):

1. define a forward earth model;
2. make an initial guess of earth parameters;

3. minimize the difference between the earth model and available data, which

proceeds as follows:
(a) approximate earth model with a linear version - use the first two terms of
a Taylor series;

(b) determine relative sensitivity of the earth model to the various parameters

ARTHUR LAKES LIBRARY
COLORADO SCHOGL OF MINES
GOLDEN, €O 80401
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- take partial derivatives with respect to the earth parameters;

(¢) using the approximate linear model, compute an improved parameter set,
making sure that the new earth parameter guess is not “too far” from the

preceding, so the Taylor series approximation will be valid;

(d) check to see if the earth model with the new earth parameters fits the data

“adequately”;

(e) if not, then cycle back to 3(a).

Inman et al. (1973) discussed a problem of direct interpretation of surface resis-
tivity sounding curves for a horizontally layered earth model by using the generalized
linear inverse theory. They also discussed the resolution of the model parameters
to be determined. Then Inman (1975) applied a ridge regression estimator to the
resistivity inversion problem, and discussed a statistical analysis for the estimated
parameters. Hoversten, Dey, and Morrison (1982) compared five least-squares inver-
sion techniques in resistivity sounding and found that the ridge regression algorithm
required the fewest number of forward calculations to reach the desired convergence
criteria. Moreover, Inman (1975) pointed out that the ridge regression estimator is
more stable than the generalized linear inversion estimator.

In this study, the Marquardt inversion scheme is used to invert the Laterolog
7 log data. This study investigates a two dimensional inversion of the Laterolog 7

responses for both hypothetical log data and field log data.
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4.1 Ridge Regression Estimator

The apparent resistivity of the Laterolog 7 can be evaluated for a given earth
model. The M unknown earth parameters P (vertical and radial boundaries and
resistivities of each layer) are related to the measurable quantity C (modeled log

responses, see equation 4.1), which is generally a nonlinear functional.

C = C(P,X), (4.1)

where the current estimated values for the model parameters are contained in the
vector P. The vector X contains the N depth reference points at which the apparent
resistivities are measured.

The apparent resistivity, calculated from equation 4.1 is iteratively improved
in an attempt to fit the observed data O. The fitting is usually carried out in a
least-square sense, which is in turn imposed on a linearized version of the governing
model, C.

The basic modeling assumption is that

O=C+e (4.2)

where O represents the observations (actual log), C' is the modeled response and e

represents all errors (modeling and observational inaccuracies).
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The generally nonlinear apparent resistivity model, equation 4.1, is linearized
by expansion to reexpress the modeling equation 4.2 in a Taylor series about an initial
estimate P? in the parameter space at an earth depth point, resulting in equation 4.3
below. Using a truncated Taylor series in equation 4.2 (neglecting second and higher

order terms), yields

O(X,P)i= (X, PO+ 3 A [CX, PP~ P +e,  (43)

where O(X, P); is the ith observation, C(X, P?); is the modeled value at observation
point ¢ for the current estimate of the unknown parameter set P, (P; — P}) is the
linear estimate of the correction needed in the jth unknown parameter for j = 1, M
and 7 = 1, N. Now e represents all errors with the addition of the Taylor series

truncation. Rewriting equation 4.3 in matrix notation, we have

AG = AAP, (4.4)
where
AG; = O(X,P); - C(X,PY%,, (4.5)
_ 0C(X,P);

Aij = Tlxﬂi,p:w’ (4.6)
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and

AP; = P; — P?. (4.7)

Equation 4.4 through equation 4.7 represent a system of N linear equations in
M unknowns. The A in equation 4.4 is known as the system matrix and it represents
the sensitivities of the calculated values with respect to the small changes in the
current estimate of the parameters (Whitman et al, 1989). In the borehole resistivity
problem, the system matrix A is comprised of partial derivatives of the apparent
resistivity with respect to the resistivity and thickness (or boundary position) of each
vertical and horizontal layer in the current model.

Because the problem is nonlinear and is linearized by expansion in a Tay-
lor series, the solution of equation 4.4 provides only a linear estimate of AP; thus,
equation 4.3 is only approximately true for small values of AP.

The ridge regression estimator, AP’ of AP is

AP’ = (ATA + kD) 'ATAG, (4.8)

where I is the identity matrix and k¥ > 0 (Marquardt, 1970). Equation 4.8 implies
that the diagonal elements of AT A are increased in the ridge regression estimator by
an amount k. Hence, the inversion of the matrix (ATA + I), which is frequently

ill-conditioned, is more stable than the inversion of matrix ATA, the corresponding
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matrix in the least-squares solution. It should be noted that, even when ATA is not
ill-conditioned, that is, when it is readily invertible, it is necessary to limit the size of
AP’ due to the Taylor series approximation. In fact, ¥ provides the limiting effect,
where larger k’s correspond to smaller AP’. The underlying idea of the ridge regres-
sion estimator is that the AP’ minimizes the sum of squares of residuals (disparities

between the model and observations)

®(AP') = (AG — AAP')T(AG — AAP) (4.9)

on the sphere whose squared radius is AP’7AP’. The best vector direction for effi-
ciently finding a minimum residual sum of squares on the least-squares loss surface
lies somewhere between the direction given by the Taylor series increment (k = 0)
and the direction of the steepest descent (k£ = o).

An important consideration in the ridge regression estimator is the choice of
suitable values of k, so that the residual sum of squares is minimized. This damping
factor k can be obtained by inserting various values of k£ into equation 4.9, plotting
the residual sum of squares versus k, and using the k corresponding to the minimum
(Marquardt, 1970). The current earth parameters are then replaced by the new
parameters corresponding to the value of k£ which yields a minimum error between
the observed and the calculated data. The new parameter set P is obtained from the

relation.
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P =P%+ AP. (4.10)

In this way, the new earth parameter P yields a new apparent resistivity curve

that presumably better fits the field data. The parameter P obtained in equation 4.10

now replaces the old parameter P® and the procedure continues until a solution is
—

obtained. Generally, with each iteration the value of & is reduced. At the initial stage

of the inversion process, k¥ has a relatively large value; this corresponds to fitting the

broad aspects of the data, and as the iterations goes on, the smaller values of k£ allow

the finer details to be fit. The process of choosing k is automated.

4.2 Parameter Resolution and Statistics

The ridge regression estimator of the unknown parameter changes AP is ob-
tained from equation 4.8, and the new parameter estimates are calculated by using
equation 4.10. Once the final estimates are obtained, earth parameters can be ana-
lyzed qualitatively through the resolution matrix (Inman et al., 1973). The accuracy
of the final model fit can be analyzed by using x? goodness of fit statistics.

Multiplying equation 4.4 by AT, the substitution for ATAG in equation 4.8

yields

AP’ = (ATA + kI)"'ATAAP = RAP, (4.11)
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where the matrix R is referred to as the resolution matrix. Equation 4.11 shows that
the estimated parameter changes AP are linearly related to the unknown parameter
changes AP;. If the model is overconstrained (N > M), as is almost always the case,
and the rank of the system matrix A is near the number of unknown parameters,
then the resolution matrix will approximate the identity matrix (Inman et al., 1973).
This would imply that the parameters are “well resolved.” If on the other hand a
diagonal element of the resolution matrix is substantially less than one (also implying
that there are non-diagonal elements in the same row significantly greater than zero),
then the parameter corresponding to that row will be relatively poorly resolved. More
specifically, the resolution of a particular parameter, Pj, is seen by the “delta-likeness”
of the jth row of R. Thus, if only the diagonal element j; is sizable, the parameter is
well resolved, whereas a spread of numbers indicates that P; is “confused” with those
parameters corresponding to columns having significant off-diagonal size; for example,
if the ijth position is significant in size, Pj is confused with P;. The interpretation
of this is that the data are inadequate to decide whether an effect is due to P; or P;.

Convergence of the general algorithm is usually within a few iterations, de-
pending on the complexity of the model. Due to the nonuniqueness of the inverse
problems, the estimated earth model generally may be different from the true earth.
However, if the interpreter makes a decent initial guess consistent with local geologic

style, then it can be expected that the estimated earth model will also be reasonable.
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4.3 Particulars for the Log Inversion

In the problem of borehole resistivity data inversion for the Laterolog 7, a
weighted least-squares scheme is used. Recognizing the tendency of absolute error for
a resistivity log to increase with absolute instrument reading, a logarithmic weighting

(Rijo, Peltonm Feitosa, and Ward, 1977) is used. In this weighting scheme, the

function to be minimized in the least-squares sense is

(AG)? = i[logo,- — logC;)%. (4.12)

i=1
This scheme weights the data unequally, reducing the normally strong emphasis on
large deviations of the model from the data. With the logarithmic weighting the
system matrix A and the perturbing equation 4.10 are then replaced by

6logC(X,P)i
A = Bloch ke, PO (4.13)

and P = PO x 104F,

The rms log error is derived from

E(rmslog) = [(AG)?*/N]°3, (4.14)

and the percent error can be calculated by using the relation
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E(%) = 100 x 10(E(rmslog)-1)
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(4.15)

The estimation of data variance for the logarithmically weighted least-squares

fit can be obtained from the reduced chi square (x?) (Hoversten et al., 1982; Yang

and Ward, 1984)

. AGTWIWAG
X - N _ M ’

where

logO; — logC; for i =j
0 for ¢ #j

and (N — M) represents the degrees of freedom.

(4.16)

(4.17)

The inversion algorithm will be repeated for a predetermined number of it-

erations, or until the difference between the minimum error of the two successive

iterations is less than a desired value, or until the new error is less than a predeter-

mined error tolerance.

4.4 Test Results

In this section, two dimensional inversion schemes are tested for both hypo-

thetical and field log data. In the case of hypothetical log data, two model types are
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considered:

1. relatively resistive object beds and,

2. relatively conductive object beds.

Three bed thicknesses are investigated with each type to include thick bed, critically
thick bed, and thin bed. In this section, the thick bed is 12 feet thick, the critically
thick bed is 6.67 feet (80 inches) thick, and the thin bed is 3.33 feet (40 inches) thick,
respectively. The critically thick bed has the thickness which is equal to the Laterolog
7 electrode spacing.

In the hypothetical approach, Figure C.1 through Figure C.6 in Appendix
C are related to relatively conductive beds, and Figure C.7 through Figure C.12 in
Appendix C are related to relatively resistive beds. In the field approach, one field
log data is inverted.

Using an initial guess earth model, both the hypothetical and the field log
data are inverted. The inverted solution which is the output of the inversion program
is called the best fit earth model. The best fit earth model is used to produce the
best fit log data using the forward modeling program. Then the hypothetical and the
field log data and the best fit log data are compared in order to check the accuracy

of the Laterolog 7 inversion program of this study.
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4.4.1 Two Dimensional Inversion of Hypothetical Log Data

In general, from the results of the forward modeling scheme, it is more difficult
to guess the depth of a bed boundary than to guess the resistivity value, especially
if there are several thin layers in the earth model. Hence, the initial guess resistivity
values which are used in this study deviate approximately 10 percent from the true
resistivity values, and the initial guess boundary depths deviate more than 10 percent
from the true boundary depths.

In order to terminate the program after achieving good results, there are three

criteria for stopping the inversion program.

1. If the inversion program reaches a predetermined number of iteration, the in-
version program will stop. In this study, the predetermined number is set to

ten.

2. At the end of an iteration if the new root-mean-square error is greater than the

old root-mean-square error, the inversion program will stop.

3. If the € is less than 5 x 10~2, the inversion program will stop. This € value is
obtained by a trial-and error method and is related to the root-mean-square

ohm-m disparity between the inverted log and the actual log.

Figure C.1 through Figure C.12 (or Figure 4.1 through Figure 4.6) show the

results for thick, critically thick, thin hypothetical conductive and resistive earth
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models.

Thick Conductive Case

Figure 4.1 (or Figure C.1) illustrates the hypothetical earth model, the initial
guess earth model, and the best fit earth model resulting from inversion for the
thick conductive case. Table 4.4.1 shows the changes of depth of bed boundary and
resistivity of each layer at each iteration in the inversion process. Table 4.4.1 also
shows the values of the hypothetical model and the diagonal elements of the resolution
matrix, which indicates a good fit. Figure C.2 also shows good agreement between

the hypothetical log data and the best fit log data.

Critically Thick Conductive Case

Figure 4.2 (or Figure C.3) illustrates the hypothetical earth model, the initial
guess earth model, and the best fit earth model resulting from inversion for the criti-
cally thick conductive case. Table 4.4.1 shows the changes of depth of bed boundary
and resistivity of each layer at each iteration in the inversion process. Table 4.4.1
also shows the values of the hypothetical model and the diagonal elements of the
resolution matrix, which indicates a good fit. Figure C.4 also shows good agreement

between the hypothetical log data and the best fit log data.
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Table 4.1: The change of depth and resistivity at each iteration in
process (Thick - Conductive Case)

112

the inversion

# of iteration depth resistivity rms error
Boundary 1 | Boundary 2 | Bed 1 | Bed 2 [ Bed 3
0 992.00 1008.00 | 110.00 | 9.00 | 110.00

1 992.76 1007.62 | 109.99 | 9.25 | 105.01 27.2

2 993.50 1007.19 | 109.36 | 9.42 [ 105.08 18.9

3 993.92 1006.75 | 106.04 9.44 | 101.36 12.1

4 993.90 1006.38 | 93.34 | 10.85 | 92.76 3.0

5 993.95 1006.00 | 96.52 | 11.05 | 93.72 2.5

6 993.94 1006.00 | 96.84 | 11.05 | 96.24 1.9

7 993.97 1006.02 | 96.33 | 10.77 [ 98.75 1.2

8 993.96 1006.05 | 96.68 | 10.82 | 99.10 0.9

9 993.96 1006.05 | 97.14 | 10.82 [ 99.00 1.0
hypothetical 994.00 1006.00 | 100.00 | 10.00 | 100.00

resolution

diagonal 0.98 0.98 0.99 0.99 0.99
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Figure 4.1: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Thick - Conductive Case)
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Table 4.2: The change of depth and resistivity at each iteration in the inversion
process (Critically Thick - Conductive Case)

# of iteration depth resistivity Irms error
Boundary 1 | Boundary 2 | Bed 1 | Bed 2 | Bed 3
0 995.00 1005.00 | 110.00 9.00 | 105.00

1 995.64 1004.56 | 109.86 8.75 | 104.84 24.5

2 996.21 1004.17 | 109.04 9.25 | 104.37 15.9

3 996.61 1003.83 | 108.24 9.18 | 102.94 9.8

4 996.65 1003.64 | 107.15 9.26 | 103.81 7.7

5 996.64 1003.54 | 103.66 9.75 | 102.84 5.2

6 996.65 1003.48 | 100.52 9.99 | 102.39 3.6

7 996.69 1003.40 | 100.37 9.71 | 102.63 4.0

8 996.68 1003.46 | 100.10 9.71 | 102.29 4.0

9 996.66 1003.48 | 99.73 9.74 | 102.73 3.9
hypothetical 996.67 1003.33 | 100.00 | 10.00 | 100.00

resolution

diagonal 0.98 0.97 0.99 0.98 0.99
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Figure 4.2: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Critically Thick - Conductive Case)
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Table 4.8: The change of depth and resistivity at each iteration in the inversion
process (Thin - Conductive Case)

# of iteration depth resistivity rms error
Boundary 1 | Boundary 2 | Bed 1 [ Bed 2 | Bed 3
0 997.00 1003.00 | 110.00 | 9.00 | 105.00

1 997.67 1002.67 | 109.84 | 9.26 | 104.77 20.4

2 998.11 1002.27 | 109.34 | 9.69 | 104.13 12.8

3 998.26 1002.01 | 108.80 | 9.57 | 104.03 9.8

4 998.29 1001.94 | 105.34 | 9.66 | 103.88 8.0

5 998.31 1001.80 | 102.99 [ 9.98 | 101.26 5.2

6 998.28 1001.78 | 102.05 | 10.19 | 100.80 4.2

7 998.30 1001.70 | 99.71 | 10.54 | 100.62 3.0

8 998.29 1001.72 | 99.70 [ 10.59 | 100.77 3.2

9 998.28 1001.74 | 99.80 [ 10.69 | 100.79 3.2
hypothetical 998.33 1001.67 | 100.00 | 10.00 | 100.00

resolution

diagonal 0.97 0.98 098 0.99 0.99

Thin Conductive Case

Figure 4.3 (or Figure C.5) illustrates the hypothetical earth model, the initial
guess earth model, and the best fit earth model resulting from inversion for the
thin conductive case. Table 4.4.1 shows the changes of depth of bed boundary and
resistivity of each layer at each iteration in the inversion process. Table 4.4.1 also
shows the values of the hypothetical model and the diagonal elements of the resolution
matrix, which indicates a good fit. Figure C.6 also shows good agreement between

the hypothetical log data and the best fit log data.
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Figure 4.3: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Thin - Conductive Case)
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Table 4.4: The change of depth and resistivity at each iteration in the inversion
process (Thick - Resistive Case)

# of iteration depth resistivity Ims error
Boundary 1 | Boundary 2 | Bed 1 | Bed 2 | Bed 3
0 992.00 1008.00 9.00 [ 105.00 { 11.00

1 992.97 1007.45 8.40 | 104.04 9.50 22.4

2 993.67 1006.96 8.69 | 98.61 8.93 124

3 993.97 1006.53 9.76 | 94.27 9.11 6.9

4 993.91 1006.18 8.74 | 96.38 | 10.61 3.0

5 993.97 1005.99 8621 9797 | 1043 0.9

6 993.99 1005.98 8.82 | 98.36 | 10.35 0.7

7 993.99 1005.98 9.02 | 98.53 | 10.11 0.6

8 994.00 1005.98 9.14 | 98.60 | 10.10 0.6

9 994.01 1005.98 9.32 | 98.36 | 10.11 0.5
hypothetical 994.00 1006.00 | 10.00 | 100.00 | 10.00

resolution

diagonal 0.99 0.99 1.00 0.99 1.00

Thick Resistive Case

Figure 4.4 (or Figure C.7) illustrates the hypothetical earth model, the initial
guess earth model, and the best fit earth model resulting from inversion for the
thick resistive case. Table 4.4.1 shows the changes of depth of bed boundary and
resistivity of each layer at each iteration in the inversion process. Table 4.4.1 also
shows the values of the hypothetical model and the diagonal elements of the resolution
matrix, which indicates a good fit. Figure C.8 also shows good agreement between

the hypothetical log data and the best fit log data.
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Figure 4.4: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Thick - Resistive Case)
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# of iteration depth resistivity Tms error
Boundary 1 | Boundary 2 | Bed 1 | Bed 2 | Bed 3
0 995.00 1005.00 | 9.00 | 105.00 | 11.00

1 995.87 1004.48 | 8.71 | 104.26 | 11.45 18.8

2 996.65 1004.05 | 11.39 | 100.86 | 8.66 94

3 996.56 1003.85 | 880 | 93.75| 7.03 5.8

4 996.62 1003.49 | 9.07 | 92.21 9.25 2.9

5 996.64 1003.38 | 893 | 97.57 | 9.27 1.0

6 996.68 1003.34 | 9.27 | 99.50 | 9.56 0.6

7 996.66 1003.33 | 9.64 | 9833 9.57 0.3

8 996.68 1003.33 | 963 | 98.88 | 9.74 0.3

9 996.67 1003.33 | 9.74 | 98.26 | 9.73 0.2
hypothetical 996.67 1003.33 | 10.00 | 100.00 | 10.00

diagonal

coeflicient 0.98 0.99 | 0.99 099 | 0.99
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Table 4.5: The change of depth and resistivity at each iteration in the inversion
process (Critically Thick - Resistive Case)

Critically Thick Resistive Case

Figure 4.5 (or Figure C.9) illustrates the hypothetical earth model, the initial

guess earth model, and the best fit earth model resulting from inversion for the

critically thick resistive case. Table 4.5 shows the changes of depth of bed boundary

and resistivity of each layer at each iteration in the inversion process. Table 4.5 also

shows the values of the hypothetical model and the diagonal elements of the resolution

matrix, which indicates a good fit. Figure C.10 also shows good agreement between

the hypothetical log data and the best fit log data.
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Figure 4.5: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Critically Thick - Resistive Case)
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# of iteration depth resistivity Ims error
Boundary 1 | Boundary 2 | Bed 1 | Bed 2 | Bed 3
0 997.00 1003.00 | 9.00 | 105.00 | 11.00

1 997.75 1002.51 | 8.98 | 104.40 | 10.93 14.8

2 998.24 1002.04 6.54 | 102.03 | 11.01 8.0

3 998.34 1001.66 941 | 94.58 | 11.11 2.3

4 998.42 1001.51 | 10.40 | 94.38 | 10.26 0.6

5 998.40 1001.53 | 10.51 | 94.34 | 10.01 0.6

6 998.42 1001.52 | 10.51 | 96.00 | 10.03 0.6

7 998.40 1001.53 | 10.52 | 94.04 | 10.02 0.6

8 998.42 1001.52 { 10.51 | 96.14 | 10.04 0.6

9 998.39 1001.53 | 10.49 | 93.31 | 10.01 0.6
hypothetical 998.33 1001.67 | 10.00 | 100.00 | 10.00

diagonal

coefficient 0.98 098 | 0.99 0.98 | 0.99
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Table 4.6: The change of depth and resistivity at each iteration in the inversion
process (Thin - Resistive Case)

Thin Resistive Case

Figure 4.6 (or Figure C.11) illustrates the hypothetical earth model, the initial

guess earth model, and the best fit earth model resulting from inversion for the thin

resistive case. Table 4.6 shows the changes of depth of bed boundary and resistivity

of each layer at each iteration in the inversion process. Table 4.6 also shows the values

of the hypothetical model and the diagonal element of the resolution matrix, which

indicates a good fit. Figure C.12 also shows good agreement between the hypothetical

log data and the best fit log data.
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Figure 4.6: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Thin - Resistive Case)
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General Conclusions for Hypothetical Earth Model Inversion

From the Figure 4.1 through Figure 4.6, the depths of the bed boundary and
the resistivities of each layer in the best fit earth model are very close to the those of
the hypothetical earth model with the given initial guess earth model. Moreover, for
all even numbered Figures between Figure C.2 and Figure C.12 in Appendix C, the
hypothetical log shows the good agreement with the best fit log in all cases.

The rms errors in conductive bed cases are usually greater than those in
resistive bed cases as shown in Table 4.4.1 through Table 4.6. This means that the
forward modeling and inverse modeling programs for the Laterolog 7 work somewhat

better in the resistive cases than in the conductive cases.

4.4.2 Two Dimensional Inversion of Field Log Data

A segment of a field log to be inverted for an earth model is shown in Figure 4.7
(Asquith, 1983). The digitized log, the initial earth model, and the best fit earth
model are shown in Figure 4.8. The digitized log and the best fit log are shown in
an expanded depth scale in Figure 4.9. The segment from 4000 feet to 4020 feet is
chosen and an eight-layer initial guess model is considered. The borehole diameter is
7.875 inches, and the mud resistivity is 0.11 ohm-m.

In Figure 4.8, the initial guess earth model has one layer between 4008 feet

and 4010 feet. But after inversion, this layer has almost disappeared. Two logs over
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this interval from 4000 to 4020 feet in Figure 4.9 show good agreement. From the

above observations, the inversion program of this study works well.
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Figure 4.7: A segment of the Laterolog 7 log to be inverted to a one dimensional
model (after George Asquith, 1983)
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Figure 4.8: Comparison of observed data, initial guess earth model, and best fit
earth model
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Figure 4.9: Comparison of observed data with best fit log
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Chapter 5

CONCLUSIONS

The finite difference method was used to simulate the response of the Laterolog
7 tool configuration in a combined boundary earth model with axial symmetry about
the borehole axis. In particular, the apparent resistivities for an earth model with
borehole mud, invaded zone(s), and horizontal bed boundaries can be obtained.

Utilization of an exponentially expanding grid system reduced the size of the
grid required for a given model and reduced the computation time. The accuracy of
the forward modeling calculation was improved by a two dimensional average resis-
tivity calculation and a Neumann boundary condition. Estimation of the electrical
potentials at the exact position of the measuring electrodes by insertion of additional
grid lines also improved the accuracy of the forward model.

Comparison with analytical solutions for horizontally and cylindrically layered
earth models has shown that the finite difference method is a relatively accurate, fast,
and flexible method for computation of apparent resistivities. Good agreement was

also obtained between the finite difference solution and the physical scale modeling
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results of Shattuck et al. (1987) and Bittar et al. (1990), respectively. The flexibility
of the finite difference method was demonstrated by the synthetic resistivity logs
calculated for multiple, invaded layer earth model.

A more efficient forward modeling method was also developed. Most of the
computing time is spent on inverting a large sparse matrix. In the old forward scheme,
three large sparse matrix inversions were performed per sampling point to focus the
central current. But with the new forward scheme, only one large sparse matrix
inversion is performed per sampling point to achieve the condition that the central
current is focused. That means the new scheme is roughly three times faster than the
old scheme.

A study of the effects of earth parameter variations with various two dimen-

sional models shows the followings:

1. A large diameter hole adversely affects the apparent resistivity responses only

in conductive beds, not in resistive beds in the Laterolog 7 arrangement.

2. A low resistivity mud does not significantly affect the departure from the true

resistivity in the Laterolog 7 arrangement.

3. Apparent resistivity is significantly affected by the invasion diameter and the

invaded zone resistivity.

4. If bed thickness is less than the thickness of current sheet (O,0; in Figure 2.6),
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it is considered to be difficult to identify the true resistivity and the boundary

of a resistive bed.

Forward modeling of the Laterolog 7 for a two dimensional earth model has

many possible applications. These include:

1. basis of the resistivity inversion scheme;

2. better interpretation of resistivity logs;

3. study of the effects of invasion diameter and invaded zone resistivity;

4. better calibration of resistivity tools; and

5. correction for the borehole environmental effect.

Inversion of the Laterolog 7 log data is accomplished by the Marquardt in-
version process. Two dimensional earth models without invaded zones were tested.
The test results indicated that the thickness and the true resistivity of each layer
could be determined simultaneously. The hypothetical earth model and the best fit
earth model showed good agreement. And the hypothetical log and the best fit log
also showed good agreement. Inversion of field log data provides a seemingly realistic

earth model.
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Chapter 6

FURTHER STUDIES

Forward modeling of the Laterolog 7 tool for the combined boundary earth
model, especially for the complicated axis-symmetrical logging environment, has
many possible applications: the design of new electrode resistivity tools, the cali-
bration of the existing tools, and the prediction of the apparent resistivity for a given
geometry to improve the interpretation of the log data of the Laterolog 7 tool.

This study has been restricted to the finite difference forward modeling and
inverse modeling of the Laterolog 7 tool. Conceptually, the principles of most focused
tools are similar to each other. Therefore, the approach in this study can be used for
the other focused tools. If axial symmetry about the borehole axis is not assumed,
this finite difference method becomes meaningless. In this case, finite element method
should be considered. This study can be the basis of a finite element forward modeling
and inverse modeling for the Laterolog 7 and other focused tools.

Other possible applications include:
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1. forward modeling for the Guard Log, Dual Laterolog, and a multiple-array

Laterolog,

2. development of approximate forward solutions for faster inversion,

3. inverse modeling for the Guard Log, Dual Laterolog, and a multiple-array Lat-

erolog,

4. resistivity data interpretation in a two dimensional earth model with an invaded

zone, and

5. resistivity data interpretation in a three dimensional earth model.
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Appendix A

Synthetic Laterolog 7 for Conductive Bed
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Appendix B

Synthetic Laterolog 7 for Resistive Bed
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Appendix C

Inversion of Laterolog 7
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Figure C.1: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Thick - Conductive Case)
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Figure C.2: Comparison of hypothetical log data with best fit log data (Thick -
Conductive Case)
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Figure C.3: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Critically Thick - Conductive Case)
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Figure C.4: Comparison of hypothetical log data with best fit log data (Critically
Thick - Conductive Case)
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Figure C.5: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Thin - Conductive Case)
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Figure C.6: Comparison of hypothetical log data with best fit log data (Thin -
Conductive Case)
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Figure C.7: Comparison of hypothetical earth model, initial guess earth model, and

best fit earth model (Thick - Resistive Case)
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Figure C.8: Comparison of hypothetical log data with best fit log data (Thick -
Resistive Case)
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Figure C.9: Comparison of hypothetical earth model, initial guess earth model, and
best fit earth model (Critically Thick - Resistive Case)
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Figure C.10: Comparison of hypothetical log data with best fit log data (Critically
Thick - Resistive Case)
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Figure C.11: Comparison of hypothetical earth model, initial guess earth model,
and best fit earth model (Thin - Resistive Case)
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Figure C.12: Comparison of hypothetical log data with best fit log data (Thin -
Resistive Case)
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