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ABSTRACT 

The basic formulation for the mutual coupling between the 

grounded circuits of a four-electrode surface array in the presence of 

a vertical conductor is presented and used to examine the electromag

netic and induced polarization response for a homogeneous half-space 

model. The conductor is described by an axial surface impedance and 

modeled as a steel well casing. This axial impedance is sufficiently 

general to account for the induced eddy currents in the casing. Also 

included in the surface impedance is an equivalent circuit model for 

the induced polarization/electrochemical effects at the boundary 

between the steel and the electrolyte. 

Calculated curves show the frequency dependence of the eddy 

currents in the well casing and the effect of the metal/electrolyte 

interface. These effects can mask or be mistaken for induced polariza

tion anomalies that exist over some hydrocarbon deposits. In addition, 

it is shown that the effects of corrosion on the well casing can 

influence the overall response. 
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CHAPTER 1 

INIRC8DUCTI0N 

It is our intent to show what effects well casings have on 

electrical geophysical surveys performed over hydrocarbon deposits. A 

suggested technique for the discovery of hydrocarbons is the use of 

electrical induced polarization (I.P.) surveys to detect anomalous 

features that exist above the hydrocarbon reservoirs. To test this 

theory, surveys have been performed over producing fields. Many, such 

as Hughes et al [19821, Sityder, et al [1981], Spies [19831, Oehler and 

Sternberg [19821, and Powell [19811, claim success in detecting such 

features. But existing in these fields are steel well casings which 

usually penetrate through these anomalies into the hydrocarbon 

reservoir. What effects do these well casings have? The works of 

Hughes et al [19821, Nelson [19771, and Wynn and Zonge [19751 suggest 

that structures such as these well casings might contaminate I.P. data. 

Thus it is our desire to determine the effects of well casings when 

such surveys are performed. 

The mechanism behind the anomalous features above the 

hydrocarbon reservoirs is generally the upward migration of light 

hydrocarbons and reservoir fluids that interact with the earth above 

the field, changing its electrical properties. It is desired to 

characterize these anomalies using I.P. surveys. There seem to be two 

types of detectible anomalies: 'deep' and 'shallow' [Hughes, 19831. 

1 
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Of the two, the shallow anomaly has received the most attention, mainly 

due to the fact that it is a relatively near surface effect and is 

easier to detect. The mechanism behind this anomaly seems to be the 

vertical migration, or seepage, of light hydrocarbons (usually methane 

and propane) which is then collected in the overlying structure. These 

hydrocarbons are then attacked by anaerobic bacteria, creating 

oxidation byproducts such as hydrogen sulfide, carbon dioxide, and 

calcium carbonates. The byproducts react in turn with the sulfides and 

iron in the overlying rock, forming pyrite and carbonate cements 

[Oehler and Sternberg, 1982]. Since the concentration of the migrating 

hydrocarbons is higher directly above the field, the reactions 

resulting in pyrite and carbonate cements will be more intense in this 

region. Thus, as we approach the edges of the hydrocarbon reservoir, 

the intensity of these reactions decreases, forming a geochemical plume 

effect which is one of the characteristic features of shallow 

hydrocarbon anomalies. 

The I.P. anomalies that are detected above such fields are 

highly polarizable. Many, Snyder et al [1981], Powell [1981], and 

Oehler and Sternberg [19821, claim that it is the pyrite that causes 

the polarization response. This is explained by the electrochemical 

effects on the surfaces of the pyrite grains such as introduced by Wait 

[1959] and discussed by Sumner [1976] and Wait [1982] in connection 

with direct ore-mineral exploration. A variable resistivity response 

is also associated with these anomalies. Oehler and Sternberg [1982] 

claim that the resistive anomalies can be explained by the formation of 
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near surface carbonate cements. If these carbonate cements are not 

formed, Duckworth [19811 would suggest that these anomalies are caused 

by the increased resistivity of the rocks, due to the polarization 

effects on the pyrite grains. We should note that these shallow 

anomalies do not always form. Hughes [19831 and Oehler and Sternberg 

[19821 give reasons for this, such as the inability of the migrating 

hydrocarbons to reach the near surface region or, for that matter, ever 

escape the hydrocarbon reservoir due to some impermeable barrier. 

Also, if the near surface structure does not contain any iron, the 

formation of pyrite cannot occur. In fact the shallow anomaly only 

occurs over approximately one-quarter of the fields surveyed. 

A more consistent effect over hydrocarbon fields is the deep 

anomaly. The mechanism behind this anomaly is not well understood. 

One conjecture is that it may be the result of a continuous flow of 

brine which escapes the hydrocarbon reservoir, travels vertically, and 

eventually, due to temperature and pressure changes, cools and 

disperses [Hughes, 19831. As it cools it precipitates salts and other 

minerals, thus making the conductivity of the region greater with 

depth. Note that this constitutes a dynamic system, xhe deep anomaly 

is always conductive, with a resistivity contrast of 1 or 2 with 

respect to the background, and it is usually not polarizable. As 

mentioned above, its conductivity increases with depth. In addition, 

it is thought to have the shape of a cylinder or a plume, as does the 

shallow anomaly. 
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In order to establish the credibility of experimental data over 

proven oil fields, it is desirable to examine the possible contribution 

of the effective I.P. response from well casings that may be in the 

vicinity. In fact, it is possible that the metal well casings 

themselves will produce an observable I.P. anomaly or signature that 

could be incorrectly attributed to the hydrocarbon deposit and its 

environment. This problem has been addressed by many, including 

Hughes et al [1S82], Holladay and West [19821, and Wait [1983a]. 

As Holladay and West [19821 suggest, some of these answers lie 

in the solution of the problem of a well casing excited by an 

electrical surface survey. They have solved the problem of a set of 

vertical, hollow, conductive pipes of infinite extent in a uniform half 

space using potential theory, which is intended to be a first order 

model for a group of well casings in an oil field. Included in their 

analysis is an interface impedance on the pipe's surface to account for 

any electrochemical effects, such as suggested in Wait [19781. For the 

d.c. case, this impedance reduces to a complex constant. Prom their 

modeling results, they have determined that the effect of the well 

casing can indeed resemble that of the anomalous hydrocarbon plumes. 

In addition, the interface impedance does have an effect that is 

similar to the LP. effect suspected to be due to the shallow anomaly. 

They used their model to try to match actual data taken by Snyder et al 

[19811 over the Lambert field. As a rough, first-order model it worked 

very well; well enough to question whether or not the results Snyder 
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obtained were due to hydrocarbon anomalies or due to the well casing 

effect. 

One thing that Holladay and West do not consider is the effect 

of frequency. When doing induced-polarization surveys, the response as 

a function of frequency is an invaluable tool for predicting the 

properties of the subsurface environment. In fact the very nature of 

I.P. surveys is to use multiple frequencies. By neglecting this, all 

eddy current effects on the well casing are neglected, inductive 

coupling between transmitter and receiver circuits is neglected, 

coupling between pipes is neglected, along with the frequency-dependent 

polarization effects on the surface of the pipe. 

Here we re-examine the effective I.P. response of a well casing 

using a theory [Wait, 1983a] sufficiently general to account for the 

inductive coupling, interface effects, and the eddy currents induced in 

the casing. Specifically, we deal with the electromagnetic problem of 

a well casing of infinite extent in a homogeneous half space excited by 

a general four electrode surface survey, including a frequency-

dependent interface impedance on the surface of the casing. 

Our tasks are summarized as follows. In Chapter 2 we present 

the solution for a general four-electrode array on the surface, where 

the outer surface of the casing is characterized by a general axial 

impedance condition. In Chapter 3 we obtain an explicit form for this 

axial impedance operator by solving the canonical problem of a 

concentrically layered cylinder for general excitation. Then in 

Chapter 4 we indicate how the electrochemical effects between the steel 
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casing and the electrolytic environment can be used to obtain realistic 

values for the effective interface impedance. An equivalent circuit 

model is given for this interface impedance. In Chapter 5 we present 

modeling results of the complex apparent resistivity for a specific 

dipole-dipole array, examining the effects of parameters such as 

inductive coupling, well casing size, conductivity, and permeability. 

In Chapter 6 the modeling results are displayed in pseudo-section 

plots. Here we show the overall effects of changing electrode spacing 

and frequency, and we examine the interface impedance contributions. 

Finally, in Chapter 7 we draw conclusions and give recommendations for 

further research. 



CHAPTER 2 

ANALYTICAL FORMULATION 

To begin, we state that it is our desire to find the analytical 

solution for the resulting electromagnetic fields when a conducting 

half space, which contains a semi-infinite vertical, cylindrical 

conductor, is excited by a source located on the surface (Fig. 2.1). 

The lower, conducting half space (earth) will be considered homogeneous 

with a conductivity crIf permittivity elf and permeability jJlf and the 

upper half space will be air, or free space, with permittivity e0r and 

permeability y0. We will use the Cartesian coordinate system (x,y,z) 

with the x-y plane describing the air/earth interface and positive z 

pointing down into the earth. The vertical conductor is located at 

x=xc and y-yc, and has an outside diameter of 2a, extending from z=0 to 

z=00. Initially, the source will be considered to be an infinitesimal 

electric dipole, with a moment Ids, located along the x axis on the 

surface of the earth, a distance s from the origin, and pointing in the 

positive x direction, a distance pcfrom the vertical cylinder. Note 

that in solving the problem for an x-directed dipole, we will be able 

to extend the solution for a general source that can be represented as 

a summation of x-directed dipoles. It should be noted that throughout 

this discussion we will assume an exp(iwt) time dependence. While 

developing this formulation, we will make several assumptions that will 

7 
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Figure 2.1 Horizontal electric dipole on the surface of a conducting 
half space (earth) which contains a semi-infinte vertical, 
cylindrical conductor. 
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in turn make the solution of the problem tractable. Initially, we 

follow closely the development given by Wait [1983a]. 

The solution of the fields for a horizontal dipole on or above 

the surface of a conducting half space was first given by Sommerfeld 

[19261. We intend to use extensions of this solution as the primary 

fields for our problem (vertical conductor absent). The fields of the 

horizontal dipole on the earth's surface can be written in terms of two 

components of the electric Hertz vector [Wait, 19611. Thus for zlO: 

t- r°° -uiz 

(2-1) 
1 0 

00 

Ids a f  (*1 -  no)  '  
"5 * -sr — — — "-""'.usndi <2-2) 

0 Yi*o + roll 

where we define: 

a -  + iuei (2.3) 

Re{y} > 0 (2.4a) 

Yo = -Eo|io(i)a (2.4b) 

y* = io>|x i (  CT a. + iuei) (2.4c) 

Retu) > 0 (2.5a) 

U o  =  X 1  +  Yo (2.5b) 

= X1 + Yi (2.5c) 

p2  = (x -  s)2  + y l  (2.6) 

To obtain a simpler form for these expressions, we will make the 

assumption that the range of frequencies in which we are operating is 

sufficiently low as to allow us to neglect the displacement currents in 

the air. All this suggests is that the currents that flow in the earth 
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(sum of the conduction and displacement currents) are much greater than 

those in the air. For reasons that will become apparent shortly, we 

will also assume that any physical dimension within the geometry 

considered is small with respect to the free space wavelength of 

interest. This is commonly referred to as the quasi-static assumption, 

the validity of which is discussed in Wait [19821. Thus, neglecting 

the displacement currents in the air, we find from (2.5a) that u0=X. 

Using this simplification we can rewrite (2.1) and (2.2) as 

-UiZ 
np = 

2nd J. o u + X 
Jo (Xp) XdX. 

n Ids 
nz • ~X~T-z 2na 

d f e~UlZ 

J q ix + 
J0(Xp)dX 

If we define 

P 

f -UlZ 

- J  - —  J 0 u 

B-rx[za+pal1^a 

[z*+?»]l/s 

a 

N"l. 

-UlZ 

J o(Xp)dX 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

we can express (2.7) and (2.8) as 

o Ids 
r rP 
11 * 2n& t  

Y i  

a*p 

n p = 
Ids 

2no 2 
Yi 

3za 

a3N 

a3N 2 3N 
+ Yl ~7~" azs dz 

a*p 

(2.11) 

(2.12) 
d x d z 2  d x d z  

As mentioned earlier, it is our desire to obtain the electromagnetic 

fields on the surface of the earth. The expressions for the electric 



and magnetic field vectors can be given in terms of the electric Hertz 

vector: 

E = (v • if) - yan (2.13) 

H - &(v x I) (2.14) 

Now that we have effectively solved for the primary electric 

field vector for a horizontal electric dipole on the surface of a 

homogeneous conducting half space, we would like to introduce a semi-

infinite vertical cylindrical conductor in the half space and determine 

its effect upon the fields on the surface. This effect can be charac

terized by secondary fields that when added to the primary result in 

the correct expressions for the total fields. These secondary fields 

are due to currents that have been induced on the conductor by the 

primary fields. The induced currents flow on and within the cylindri

cal conductor. Recall that we made the quasi-static assumption, which 

restricts all the physical dimensions in the problem to be smaller 

than any signal wavelength of interest. This implies that the diameter 

of the conductor is small with respect to such wavelengths. In fact, 

we shall also assume that the diameter is small enough to be considered 

filamental. Thus, it seems appropriate to assume that the azimuthal 

currents induced by the x and y components of the electric field are 

negligible. We shall consider that the only currents of importance are 

those induced axially, along the z axis of the conductor. It has been 

shown that neglecting these azimuthal currents has little effect on the 

calculated field [Wait, 1983b]. These axial currents are driven by the 

component of the primary electric field in the z direction. Using 
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(2.11), (2.12)/ and (2.13), we find the z component of the primary 

electric field for z^.0 to be 

-r R 
Ids 3* 

EP = z 2nd dxdz R 
(2.15) 

where 

R1  = pa  + z
l  (2.16) 

Using the integral representation from Gradshteyn and Ryshik 

11965] 

-yR 

R 

we can rewrite (2.15) as 

Ids 

I. Ko(up) cosXz dX. (2.17) 

EP = z  2 n d  d x d z  ~\ i t  J ,  
Ko(uip) cosXz dX, (2.18) 

When we perform the derivative operations in (2.18), it is easy to show 

that 

E? 

oo 

Ids (x-s) r 
- ——• ————— I u,iXKi(ui 

Jt*c p J o  

p) sinXz dA. (2.19) 

Since the induced currents on the pipe are assumed to be axial, 

having negligible azimuthal components, the secondary fields will have 

<P symmetry. Note that the secondary magnetic field will be transverse 

to z, and can be represented by the z component of the electric Hertz 

vector 1TC. Using the form of (2.19) for a reference, we note that n§ 

can have the following form: 

where 

n _ = / B(A.)Ko (uip) sinXz dX 
1  o  

(2.20) 
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Pa = (xc - x)a + (yc - y)# (2.21) 

The coefficient B(A) has yet to be determined, using (2.13), we easily 

find the secondary electric field in the z direction to be 
oo 

Ej ~  ~  f  B(X)uiKo(uip) sinXz dX (2.22) 
o 

If we use (2.14), the secondary magnetic field is 

H® = a  f  B(X)u1Ki(aip) sinXz dX. (2.23) 

Recall that we can use Ampere's law to find the current within the 

closed contour as 

l c  = /  H c  • dl  (2.24) 

Thus, we can find that the current contained in the cylindrical 

conductor, of outside radius a, is 

1° = 2na[H^]p = a  (2.25) 

Substituting the expression for the secondary magnetic field (2.23) 

into (2.25), we obtain the following: 

I? = 2naa I°°BU)uiKi(uia) sinXz dX (2.26) 
0 

Let us recall the well-known Fourier sine transform pair: 

- f f r t  f(z) = I F(X) sinXz dX (2.27) 

/ \ 00 

2 Y'* r 
F(X) = l~^~l J sinXz dz (2.28) 

Note that our field equations (2.19),  (2.22),  and (2.23) are of the 

same form as the inverse Fourier sine transform (2.27). Thus, using 

the forward transform (2.28), we find the following Fourier domain 

representations for the primary and secondary electric field components 
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in the z direction and the induced axial current on the conductor to 

be: 

Eg(X) = ( x  s )  uiXKx(mp) (2.29) 
«aor p 

E®(X) = -B (X.)UJK0(UIP)  (2.30) 

!®U) = 2nac B0L)«iKi(ni4 (2.31) 
Z 

In order to evaluate the unknown coefficient B(A), we must 

apply the boundary conditions on the surface of the conductor. We can 

specify the following relation to be a sufficient boundary condition on 

the surface of the vertical conductor (p=a): 

EP(X) + E®U) = ZU)I®(X) (2.32) 

where Z(X) is defined to be the axial impedance on the outside surface 

of the vertical conductor. This axial impedance is dependent upon the 

properties of the vertical conductor, which require that we must either 

know the axial impedance of the particular conductor chosen, or assume 

some model for it in order to calculate Z(A). in Chapter 3, we will 

model the conductor as a pipe: two concentric cylinders of different, 

yet arbitrary, electrical properties. An interface impedance will be 

included in this model to account for any polarization effects. But in 

solving for B(A), we do not need to consider the exact expression for 

Z(A). We will instead solve for B(\) in terms of Z(X). This, in turn, 

will make this formulation general for any model of the vertical 

conductor in which the assumptions made are satisfied and the axial 
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impedance can be specified. Inserting (2.29),  (2.30),  and (2.31) into 

(2.32), we find that 

Ids <x<r s )  

n * a  f  

where 

Noting that 

>£i(uip c)  -  B(X)uiSo(ma) = ZU)2jtacrB(X)Ki(uia) (2.33) 

Pe = (x c  -  s)a  + y l  (2.34) 

3 (*c~s) 
—— K0  (mp.) = ai  Ki (mp c)  (2.35) 

3s 0  p c  

we can solve (2.33) for the unknown coefficient B(A): 

Ids 3 X K0(uipc) 
B(X) = 

1 
n & 3s [u12jtaZ(X)&K i(u1a) + ujKo(u i a)]  

Now that we have determined all the unknowns, we are able to 

obtain the total field expressions on the surface or within the 

conducting half space. To solve for the fields on the surface of the 

earth, we first use (2.1) and let z approach zero: 

t<4c r xjo(^p) 
p =  

l d s  —- dX (2.37) 
J0 + Uo 

n* 2nof 0 

Note that this expression is exact. For completeness we shall solve 

this general expression and then make the quasi-static assumptions 

appropriate for our solution. From (2.5) we notice that 

1 ui — uo Ul "• uo 

Ui + u0 Yi - Yo 

(2.38) 

thus we can write (2.37) as 
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rP = Ids 
x 2n<x I * a 

\Yi ~ Yo 

C 

I "I, 
XniJ«(Xp)dX - I X.n0Jo(Xp)dX (2.39) 

Using (2.5) we can rewrite this, as 

IT P = 
Ids 

a a 
Yi - Yo j L x(yi+x

a) 
Jo (Xp)dA, - r  

x(r2+xa) 
Jo(Xp)dX (2.40) 

* 2nd 

Now recall Bessel's equation of order m [Abramowitz and Stegun, 1972]: 

dp i i. 1 m I „ _ (2.41) 1 d 

P dp p ~ l + lx' " "75"1 P " 0 

where P is any m^1 order Bessel function that satisfies this equation. 

For order zero (m=0), using J0(Xp) we obtain 

I d  d  
~ p ~  p~a]T + I Jo(xP) = 0 

Substituting (2.42) into (2.40), we find that 

Ids I l 

(2.42) 

n$ = , . 
x 2nd a a 

Yi-YO 

f  I  2  1  9  _  d  
Jo 1 P dp dp 

XJoUp) 
dX 

Ui 

CO . 

f *  _  J _  d  _ 3  
Jo 1 p dp dp 

XJoUp) 
d X  (2.43) 

From (2.9), taking the limit as z approaches zero, we get the identity 

CO 

"YP 

I, 

\ e 
Jo (Xp)dX. = 

o u p 
(2.44) 

Thus, we can evaluate (2.43) 

TP = Ids 

2nd 2 a 
Yi-YO L\  

2_ j_ a _ a 

p  d p  ^  d p  

-Yip 
e 

(2.45) 

e 2 i a a 
- | Yo = T=~ P~T=r p  d p  d p  

Now we perform these relatively simple differential operations: 

-Yop 
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RP = 
-Ids 

2 n a  t 2 
Yi-To 

—s 
P 

(1 + Yip) e~Y lP -  (1 + Yop) e~^°P (2.46) 

In order to use (2.46), we must apply the quasi-static assumptions that 

were made earlier. In this case we assume that Iy0p"I« 1: 

Ids l  
n 
p = 

2*1* 2 —3 
Yi P 

[1 - (i + Yip)e~1 f l p]  (2.47) 

We require the expressions for the electric field on the 

surface of the conducting half space. In particular, we are interested 

in the components of the electric field that are parallel to the 

surface; namely, the x- and y-directed electric field components. 

Recalling (2.13) we find that 

9 
E = 
* 0x 

d 
E = —— 
y 9y 

(v • n) - Yinx 

(v • n) 

(2.48) 

(2.49) 

Thus we use (2.7) and (2.8) and find the divergence of the primary 

electric Hertz vector to be 

-Ids U-s) 
v • HP = 

2n& - 3  
P 

(2.50) 

which can be inserted into (2.48) and (2.49), along with (2.47), to 

give 

n -Ids 
x " 2na - 3  

P 

3(x-s) 

- i  
P 

1 - (1+Yip)e 

- 3  
P 

__ 3Ids (x-s) 
EP = y y  2 n d  - 5  *  

(2.51) 

(2.52) 

Now defining the following terms: 
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PP(p) = 
io»|i  

.  2 - 3  
2«YXP 

l - (l + r xp)e-Yxp| (2.53) 

QP(p) = 

2nSp 

(2.54) 

With these terms we can rewrite (2.51) and (2.52) as 

EP = Ids -PP(p) -
eaQP(p) 

dsdx 

EP = -Ids 
aaQp(p) 

dsdy 

(2.55) 

(2.56) 

To obtain the x and y components of the secondary electric field, we 

again use (2.13) and find 

8 nS 
E c  = 
*  d x d z  

an 
E c  = 
7  d y d z  

(2.57) 

(2.58) 

If we define the following term: 

QC(P ,Pc> = 1 
X K o (uip c)Ko(uip) 

(2.59) 
[2nau1Z(X)&Kx (ma) + uiK0(uia)] 

and use (2.20) and (2.36), we can find without too much difficulty that 

32Q c  

E® = -Ids x  d s d x  
(2.60) 

3aQc 
E® = -Ids 

Y  d s d y  
(2.61) 

where 

P2 = (x0 - x)2 + (yc - y)2 (2.62) 
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NOw all that remains to obtain the total electric field in the x and y 

directions at z=0 is to simply add the primary and secondary field 

expressions: 

Ex  = Ef + E« = ids 
3aQP(p) a Q c(p»p c)  

-pp(p) -
dsdx dsdx 

Ey = Ej + e£ = Ids 
a4Qp(p) aaQc(p.p0) 

(2.63) 

(2.64) 
dsdy d s d y  

We notice that the equation for the total x-directed electric 

field (Equation 2.63) contains a term that the y-directed component 

(Equation 2.64) does not. We interpret this term, PP(p), as being the 

inductive coupling between the source and the receiver circuits that 

occurs when we sense the field component that is parallel to the source 

orientation. When the two circuits are parallel to each other, there 

is a maximum coupling of the magnetic flux lines which gives rise to 

this coupling term. Conversely, when the circuits are perpendicular, 

the inductive coupling is zero. We can assume that pP(p) is generally 

multiplied by the cosine of the angle from the parallel of the two 

circuits. In our case this angle is 0° for the x component of the 

electric field and 90° for the y component. 

We would like to extend this solution for the general four-

electrode configuration (Fig. 2.2.). This geometry consists of two 

grounded current electrodes, Ci and C2, connected by a straight length 

of insulated wire into a current source of zero input impedance. The 

potential circuit is two grounded potential electrodes, Pi and Pi, 

connected by a straight length of insulated wire into a voltage meter 
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s -»1 

Figure 2.2 Plan view of the general four electrode surface array, in 
relation to the the cylindrical conductor. 



21 

of infinite input impedance. We will consider the case where the 

current and potential circuits are parallel to the x axis. This is a 

popular configuration in geophysical exploration. Note, however, that 

the inductive coupling is maximized. We will arbitrarily assign the 

current circuit to be along the x axis and the potential circuit a 

distance y0 away from the x axis. 

To find the voltage between the two potential electrodes, we 

recall the equation 

V,i = - / * E * dl (2.65) 

Pi 

which determines the difference in potential between Pi and P2. By 

writing this equation in this form, we have assumed that the path of 

integration is along a straight line between Pi and P2. Since we are 

in the quasi-static region, the only assumption made is that the 

insulated cable between Pi and P2 is electrically short. This implies 

that the potential integral is independent of the path between the two 

end points for any physically reasonable path. Since the line integral 

in (2.65) integrates the electric field along that line, we are 

interested only in Ex for this parallel circuit geometry. Thus 

v - r*2 v , (2.66) 
VJI - - J E x(x,yo,0 )dx 

Pi 

The entire contribution from the source circuit to the x component of 

the electric field at the point (x,y0,0) is 

Ex(x,y o ,0> iJpPW QP(p) + Q c(p,p c)  
(2.67) 

y=yo 



Thus, the total voltage between Pi and P2 is 

P* .Ca 1 a» 

V*J 1 <pp(p> + 
C l  )  d a d x  

QP(p) + Q°(p,p e)  
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dsdz |  (2.68) 
VYo 

NOw we define the mutual (transfer) impedance between the current and 

potential circuits [Sunde, 19493 as 

VZ1 
(2.69) 

m 

It is now easy to see that 

.P a C. 

Zo = J J Pp(p)dsdx + QP(ra , )  + QP(rx x)  -  QP(r i a)  -  QP(ra i)  
Px Cx 

+ 0C(r»,r, c)  + Q c(r1 ,n c)  -  a c(rx ,r, c)  -  Q c(ra ,n c)  (2.70) 

(2.71) 

(2.72) 

(2.73) 

where 

5 ij  m  <x i  -  Sj)1  + yl  

r i  " ( x i  -  * c>a  +  (y c  " y«)a  

= ( xc " S j)2  
+  rl 

Thus we have solved for the mutual impedance (Equation 2.70) 

for a parallel four-electrode array on the surface of the earth 

containing a semi-infinite vertical conductor, in terms of the axial 

surface impedance of the conductor. Notice that the expression for the 

mutual impedance is separated such that the contributions due to the 

inductive coupling, the vertical conductor, and the half space can be 

treated individually. The contribution of the inductive coupling, is 

given by the double integral of pP(p), where PP(p) is defined by 

(2.53). The contribution of the conductor is given by the sum of Qc 
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terms, where Qc is defined by (2.59). The half-space contribution is 

given by the sum of the QP terms, where QP is defined by (2.54). 

a 



CHAPTER 3 

AXIAL IMPEDANCE OPERATOR 

The solution for the fields in Chapter 2 was cast in terms of a 

spatially dispersive axial impedance Z(X) (Equation 2.32), which 

contains the geometric and material properties of the conductor. 

EZU) , BgU) + E«(X) , 
z(x) = — : (3*1} 

i«a) 'p=a+d r
z(X) 'p=a+d 

The only assumptions that were made about the conductor were that it be 

cylindrical, semi-infinite in length, and that it have a diameter that 

is much smaller than the wavelength of interest. We used the latter 

assumption to neglect azimuthal currents that flow on and within the 

conductor. As mentioned in Chapter 2, we have to obtain the impedance 

Z (A) in order to completely solve this problem. This impedance could 

be an experimentally measured value, or more reasonably an analytical 

or semi-analytical expression obtained by solving some simple model 

which adequately describes the conductor. The model that we choose 

must satisfy the assumptions made in Chapter 2. The restrictions that 

were made require that the model we use must possess azimuthal 

symmetry. 

We are interested in modeling the effects of steel well casings 

which are used in petroleum production. To model these casing, we 

shall choose a simple geometry which consists of two concentric 

24 
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cylinders. The inner cylinder (interior) has a radius b and electrical 

* properties air e^r yi. The outer cylinder (wall) has a radius a and 

for the wall region (b<p<a), the electrical properties a , ew, yw. 

This geometry is shown in Figure 3.1. Much of the formulation that 

will be given follows that of Wait [1983a]; however, here we show 

explicit details and make a number of extensions. 

The objective is to find an expression for the axial impedance 

Z(A) using this model. Implicit in the formulation of our problem is 

the fact that there are no sources contained within the conductor. 

(From now on we will call the conductor a pipe or a well casing.) We 

will solve for the fields in the interior and wall regions, and then 

apply the boundary conditions for each region to obtain the unknown 

coefficients. The approach is very basic, thus we will leave out most 

of the algebra. The steps will be close enough to allow for easy 

verification. Recalling (2.13) and (2.14), we can write 

Ek = v(v • ffk) - r£ffk (3*2) 

Hk = SfctV z ffk) (3.3) 

where 

= ojc + iioej. (3.4a) 

= iu|ik(<rk + ifa>ek) (3.4b) 

In each source free region, the electric Hertz vector satisfies the 

homogeneous wave equation 

(v2 - y£)nk = 0 (3 ,5)  

Here the index k is used to indicate the different regions. When k=i 

it represents the interior region, and when k=w it represents the wall 
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n 

Figure 3.1 Model for the well casing, including a thin coating layer. 
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region. There is symmetry for the secondary fields because we have 

chosen to consider only frequencies in which the azimuthal currents on 

and within the pipe can be neglected. Using (3.2), (3.3), and (3.5), 

we find the only non-zero field components in each region are the TM 

set: 

3 1 1  zk 
H*k - "*k (3.6) 

»»nZk 
Epk = . ~ ' <3.7) d p d z  

dlIIzk 
Ezk = I YkHzk <3.8) d z  

where Hzk must satisfy 

i a  d  a *  a  • ,  
p d p  P  d p  +  d z *  ~  Y k l n z k  =  0  ( 3 ' 9 )  

in each region, with the appropriate boundary conditions applied. 

Since we have neglected displacement currents in the air, we know that, 

due to the losses in the earth and pipe, the fields must decay to zero 

as z approaches,infinity, and the following boundary condition must 

hold: 

n z k  = o at z = 0 (3.10a) 

nzk = 0 as z 00 (3.10b) 

With these conditions it is natural to use the Fourier sine transform 

(2.28) to spectrally expand (3.9) in z. If we define for each region 

- j-r] | sinXz dz (3
'

n) 
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and 

uk = *>' + r£ (3.12) 

then we find that (3.9) has the following spectral domain 

representation: 

l a a 

\ 

p i|<k(X) - 0 (3.13) 
p dp dp '  

This is simply Bessel's equation of order zero (Equation 2.41). Thus 

we can write the solution of (3.13) in each region as a linear 

combination of modified Bessel functions 

<^k(A.) = Ak(X)I0(ukp) + Bk(X)Ko(nkp) (3.14) 

If we use the same spectral expansion for (3.6) and (3.8) as we did for 

(3.9) we obtain the following spectral domain representations for the z 

component of the electric field and the <|> component of the magnetic 

field in each region: 

a\U) 
%(>.) = -ak - (3.i5) 

(3.16) 

Thus, in the interior region (0<p<b) the spectral domain representation 

for the z component of the electric Hertz vector is 

%U) = A.(X)l0(uiP) + Bi(X)K0(uip) (3.17) 

To solve for the unknown coefficients A^(X) and B^(A)/ we must apply a 

set of boundary conditions in the interior region. The first of these 

conditions is that the fields at p=0 must be finite. We know that as 

the argument goes to zero the modified Bessel function K0 approaches 

infinity. This requires that B (̂A)=0, which allows us to rewrite (3.7) 



29 

as 

%(X) = AiUJloUip) (3.18) 

To get the spectral representation of the z component of the electric 

field and the <j» component of the magnetic field, we substitute (3.18) 

into (3.15) and (3.16) and obtain 

H^U) = - diuiAi(X)li(uip) (3.19) 

EziU) = - UiAi(X)I0(uip) (3.20) 

Similarly, for the wall region (b<p<a), the spectral domain representa

tion of the z component of the electric Hertz vector is 

^W(X) = Aw(X)Io(uwp) + Bw(X)Ko (^p) (3.21) 

Substituting this equation into (3.15) and (3.16), we find the 

following: 

H^U) = 5wuw[Bw(X)Ki(uwp) - Aw(X)Ii(uwp)] (3.22) 

EZWU) = uJlA^JUI.^p) + B^JOKo^p)] (3.23) 

In order to solve for the three unknowns A^(X), AW ( A ) ,  and B W ( A ) ,  we 

must apply boundary conditions at P=b and p=a. The conditions that we 

will apply are the continuity of the tangential components of the 

electric and magnetic fields at these boundaries. Again, as in Chapter 

2, we will define an axial impedance to match the tangential fields, 

thus satisfying the boundary conditions stated above. We define the 

axial impedance at P=b as 

z.u) , EzU> (3.24) 
2jtpH<f>U) 

We substitute (3.19) and (3.20) to obtain 
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But also note that if we substitute (3.22) and (3.23) we get 

Txw[Aw(X)I0(uwb) + Bw(X)Ko(uwb)] 

Z i U )  =  2jrbaw[BwU)K i(uwb) -  Avtt> I*<1 1wb>1  
(3.26) 

If we equate (3.25) and (3.26), we can solve for A w (x)  in terms of 

Vx)f 
or visa versa. We define the axial impedance at p=a as 

Zw(x) = 
EZU) (3.27) 

2wpiyx) 

and substituting (3.22) and (3.23), along with the result found by 

equating (3.25) and (3.26), we find 

Ko (i^a) 
l  +  r  ( A . )  -

^ I0(uva) 

Z*U )  =  2na& Iifu^a) 

Io^a) 

1  -  r U )  
Iitx^a) . 

(3.28) 

where 

rU) = 
2nb&wZ^(X.)Ii(uwb) -  uwIo(uwb) 

(3.29) 
2itb<Twz.(A.)Ki(uwb) + i^Kot^b) 

We have explicitly solved for the axial impedance for the 

simple model of a well casing. Now we would like to add another level 

of complexity to this model; namely, a thin coating, or thin layer on 

the outer surface of the pipe; a third concentric cylinder of radius 

a+d, where d«a. The thin layer region (a<p<a+d) has the electrical 

properties cr^, Ed, We know from (3.14) that the solution for 

in this region is 

<i*dU) = AdU)Io(udp) + Bda)Ko(uvip) (3.30) 
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We could proceed from this point just as we did at p=b and obtain a 

solution for the axial impedance at p=a+d; however, we shall consider 

the special case where the third region has a relatively low 

conductivityr such that IU<3PI<<I* In this situation (3.30) can be 

simplified, as shown by Wait [19791, by using the small argument 

approximations for the modified Bessel function I0 and Ko 

t |>dU) s AdU)[l + X(X)ln(p)] (3.31) 

We have also assumed that 

*d = + rl = X2 (3.32) 

This is a reasonable assumption because of the low conductivity of the 

coating and its low relative permittivity and permeability. To get the 

spectral representation of the 2 component of the electric field and 

the <j) component of the magnetic field in the coating region, we use 

(3.15), (3.16), and (3.31) 

E z dU) s -A.aAd(X)[l  + X(X)ln(p)] (3.33) 

a  
H, L (3.34) 
Va )  * " ~y X(X)Ad(X) 

If we substitute (3.33) and (3.34) into (3.27), we get 

Z (x) s X2[l + X(X)ln(a)] (3.35) 
W 2nddX(>.) 

Note that we have already solved for ZW(A) (Equation 3.28); thus, we 

can use (3.35) to solve for X(A) in terms of ZW(A) and find that 
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Defining the axial impedance at p=a+d as 

ZU) = 
EZU) 

(3.37) 
2np H(j,(X) 

Substituting (3.33), (3.34), and (3.36) into (3.37), we find that the 

axial impedance at p =a+d is 

d \ 
X* In 

ZU) ~ Z U) + 

1 + 
(3.38) 

2n aA 

As we shall show in Chapter 4, the ratio of the coating thickness to 

the outside radius is very small (d«a). Thus, we can use the 

expansion for the natural logarithm [Abramowitz and Stegun, 1972] 

z2 3 

ln(l + z) = z — + ... Izl £l and z * -1 (3.39) 

to show that 

In 1 + 

\ 

_d_ 

a 
(3.40) 

llius, we can rewrite (3.48) as 

ZU) = Zwa> + "2^7 T 
(3.41) 

Now we will identify an interface impedance n, whose units are ohm-

meter^ as 

A  =  (3.42) 

However, we are not restricted to use this form for the interface 

impedance n. This will be discussed in Chapter 4. We can rewrite 
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(3.41) as 

ZU) * ZWU) + (3.43) 

where is given by (3.28). This result is also given by Wait 

[1978]. 

Notice that if we consider a typical well casing, the wall will 

have a rather high conductivity and in some cases a high relative 

permeability. The interior region of the casing, in general, will have 

a low conductivity. We know from numerically examining the integrand 

in (2.59) that the important values of A are much less than 1. Thus 

recalling (3.12), we note that 

lujbl = |[xl + Yjll/abl<< 1 (3.44) 

and 

luwb| - \  l k  + y*l1/2bl = lywb|»l (3.45) 

Prom Abramowitz and Stegun [1972], we obtain the following small and 

large argument approximations for the modified Bessel functions. 

For lzl« 1: 

Io(z) 

Ii(z) 

K0(z) 

Ki(z) 

For lzl» 1: 

I0(z) K  Ix(z) 

K0(z) 3  Ki(z) 

1 

z/2 

-la(z) 

1/z 

(3.46a) 

(3.46b) 

(3.47a) 

(3.47b) 

(2nzW2  

iz 
n 

~ 2 z  

\ Vs 

(3.48) 

(3.49) 
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Using the approximations (3.44), (3.45), (3.28), and (3.25), we find 

that 

Z i ( x )  * Z i ( 0 )  -  1m. (3.50) 

and 

zwU) « zw(o) 
2iraa„ 

1 + 
2nb&wZi(0) - Yw 

2nb&wZ i(0) + yw 

B-2yw(a-b) 

1 -
2nbovZ£(0) - yw 

2nbawZ i(0) + yw 

„-2yw(a-b) 
(3.51) 

Thus for a typical well casing, the X dependence of the axial 

impedances Z^(X) at p=b and ZW(X) at p=a is very weak. Notice, 

however, that the axial impedance Z(A) at p=a+d is dependent on X 

because of the addition of the term that includes the interface 

impedance (3.43). If the interior of the pipe has a high conductivity, 

then 

lu.bl = I [A.4 + y- ]1/lbl * ly£bI>> 1 (3.52) 

and we find from (3.25) 

1WH; (3.53) 
Z i<" * Zi<0> -  -— 

Again, this axial impedance is independent of X. We shall not consider 

a highly conducting interior as the normal, and will not use the 

approximation, in (3.53). Father we will use (3.50). 

To examine some limiting cases, we shall use the general form 

for ZW(X), given by (3.28), in the expression for the axial impedance 
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Z(A) given by (3.43). First considering the case when lyw(a-b) l» 1/ 

we find that 

i/» 
iwhr 

ZU) * ' 
0w 

1 + -^-2- (3.54) 
2na 2na 

Note that as the frequency approaches infinity 

ZU) = l X.% 
+ 

2na 2na 
(3.55) 

The next limiting case we shall consider is the zero frequency (static) 

limit where w=0: 

zu>. —-4— * -p- <3-56) 
naw(aa-ba)  2na 

Another case is when the well casing becomes a solid conductor. This 

involves taking the limit as the inside radius b approaches zero. In 

doing this we expect Z(A) to take the form of (3.25): 

ZU) s V"'""*' + 2JL (3.57) 
2na<xwl l(uwa) 2na 

Finally, we shall consider the wall of the pipe to be a perfect 

conductor. Obviously, the axial impedance at p=a will equal zero and 

Z(X) ~ -iJL (3.58) 
2na 

To study the axial impedance in more detail, we will need to 

assign typical values to the parameters of the well casing model. As 

will be shown later (Chapter 5), the values we will use for a basic 

model will be those in Table 3.1. For now we shall neglect the effect 
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TABLE 3.1 

BASE MODEL FOR WELL CASING 

Parameter Symbol Value Units 

Conductivity of pipe wall *w 10* U/m 

Relative permeability of pipe wall ^w 500 

Relative permittivity of pipe wall e*w 1 

Conductivity of pipe interior a i 0.01 W/m 

Relative permeability of pipe interior 1 

Relative permittivity of pipe interior 1 

Outside radius of pipe a 0.122 m 

Inside radius of pipe b 0.107 m 
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of the interface impedance. In other words, we are assuming that n, in 

(3.43), is equal to zero. Thus we shall examine ZW(A) in (3.28). 

Initially, with the parameters given in Table 3.1, we will look 

at the axial impedance as a function of frequency, as is shown in 

Figures 3.2a and 3.2b. (All the remaining figures are located at the 

end of the chapter.) Notice that at low frequencies the response 

approaches the static limit given by (3.56). As the frequency 

increases, the magnitude response begins to increase sharply and the 

phase levels out at a value of TT/4. From (3.55) we expect that as the 

frequency increases to infinity, the magnitude will asymptotically 

approach some very large, finite value and the phase will decay back to 

zero. 

In Figures 3.3a and 3.3b, we show how the conductivity of the 

pipe will affect the axial impedance. As we expect, the magnitude of 

ZW(A) gets smaller as the conductivity is increased. More interesting 

is the phase response, which clearly shows the point at which the axial 

impedance can be described by (3.54). Beyond this point, the phase is 

equal to TT/4. Figures 3.4a and 3.4b show how the relative permeability 

of the pipe wall affects the axial impedance. For low frequencies and 

low permeabilities, the response is close to the static case described 

by (3.56). As the product of the frequency and the relative 

permeability is increased, the response approaches that given by 

(3.54). In Figures 3.5a and 3.5b, we show how the thickness of the 

well casing affects the axial impedance. For this plot we have 

increased the inside radius of the well casing (b) from 0 to approxi



mately the outside radius (a). The outside radius remains constant. 

At high frequencies the response is very close to that of a solid 

conductor with the properties of the pipe wall. This continues until 

the pipe wall becomes very thin, at which point the response quickly 

approaches that of a solid conductor with the properties of the pipe 

interior. At lower frequencies the response is much the same. 

However, the changes are not as drastic and the comparison to the solid 

conductor is not completely valid. Figures 3.6a and 3.6b are the 

complement to the model in Figures 3.5a and 3.5b. In this case the 

outer radius (a) is increased from slightly larger than the inside 

radius (b) to 5 times this value. The inside radius remains constant. 
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Figure 3.2a Magnitude of the axial impedance at p=a (Zw) as a function 
of the frequency, using the base model given in Table 3.1. 
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Figure 3.4b Phase of the axial impedance at p=a (Z ) as a function of 
the relative permeability of the pipe wall, with the 
frequency as a parameter, using the base model given in 
Table 3.1. 
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CHAPTER 4 

INTERFACE IMEEDSNCE/CDRROSICN EFFECTS 

When we solved for the axial surface impedance of the well 

casing, we included a thin outer layer, or coating, that had a 

relatively low conductivity compared to the casing wall. Taking 

advantage of this large conductivity contrast, we were able to use 

certain approximations which enabled us to express the axial impedance 

of the well casing as a series combination of the axial impedance of 

the casing without the coating, and a coating impedance which varies 

proportionately to the interface impedance ri. We rewrite the solution 

here 

ZU) a Z (\) + <4-1) 
w 2na 

One form of this interface impedance n is given by (3.42) as 

where d is the thickness of the coating layer and as defined by 

(3.4a), is its complex conductivity. Note that this is a simplified 

form of the interface impedance. It assumes that the conductivity is 

constant across the layer, which we will show later is probably not the 

case. 

Our purpose is to develop the concept of the interface 

impedance n. The quasi-static boundary conditions at a surface 

49 
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separating two regions, such as the regions of our pipe, requires that 

the electric potential and the normal component of the current density 

are continuous across the surface. As we will clarify later, there is 

a finite voltage difference at the interface between a solid and a 

liquid across a small region just outside the surface of the solid. 

The dimension of this region is never more than 100 angstroms [Sumner, 

19761. We shall use the outer layer in our model of the well casing to 

approximate this surface effect. Instead of treating the surface 

between the wall of the pipe and the coating, and the surface between 

the coating and the earth as separate and applying the above boundary 

conditions to each, we shall define a new set of boundary conditions 

that apply when the coating thickness becomes small. This new set will 

match the fields in the earth to the fields in the pipe wall. Thus the 

effects of the outer layer will be included in the boundary conditions 

themselves. Since the thickness is small, we can assume that the 

normal component of the current density is continuous across the 

coating layer. This condition is no different then the one before. 

However, we must allow for the potential drop across the interface 

between the earth and the pipe wall. This change in voltage is the 

product of the normal current density and some interface impedance n. 

AV « tUq (4.3) 

To obtain a form for the interface impedance, we recall Ohm's law 

where Jn is the complex density normal to the surface, in amps/meter^, 



51  

a is the complex conductivity in mhos/meter, and is the component of 

the electric field vector normal to the surface, in volts/meter. We 

can use (2.65) and (4.4) to find the voltage across the thin coating 

(d«a) 

ra+d /-a+d dl 

AV = j Endl = Jn| (4.5) 
J a J a ®d 

Note that is assumed to be constant across the coating layer, which 

results in 

Equating (4.3) and (4.6) we find the same expression for the interface 

impedance as given by (4.2). 

We should point out that the expression for the interface 

impedance given by (4.2) is only valid for linear, homogeneous, 

isotropic regions. In general, the electrochemical effects we are 

trying to model with this thin surface layer do not allow us to make 

such a generalization, but rather these effects are complex functions 

of frequency, time, temperature, etc. This will force us to modify the 

expression that we have for the interface impedance; however, our 

definition and understanding of (4.3) remains the same. 

We will present a brief description about the nature of the 

interface between the pipe and the earth. Although not complete, it is 

intended as a review of the major phenomena associated with this 

boundary. What will be presented has been compiled from research done 

by electrochemists, corrosion engineers, and geophysicists. The major 
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contributions are from Lorenz and Mansfeld [1981], Mansfeld U981], 

Wait, ed. [1959], Sumner [1976], Flanagan [1983], Chew and Sen [1982], 

and Zonge [1972]. The conduction of currents in the earth is due to 

the conductive fluids which invade the of the subsurface materials. 

These fluids comprise an electrolyte in which the mode of conduction is 

ionic (electrolytic) as opposed to a conductor where the mode of 

conduction is electronic. At the interface between the electrolyte and 

the metal pipe wall, there is a change in the mode of current 

conduction from ionic to electrolytic. Whenever there is such a 

change, additional energy is required to pass the current across the 

boundary. Also associated with this transition is a potential change 

across a finite region extending into the electrolyte. As shown 

earlier, we can model this interface as an electrical impedance. Note, 

however, that this approach is only valid in the region where we can 

consider the interface effects to be linear. This region has been 

found to be linear at low current densities on the order of 0.1 to 1.0 

yamp/cm^ . These effects are due to the electrochemical activity of 

the metal/electrolyte surface, which includes an energy storage 

mechanism, which naturally leads to characterizing the interface 

effects as electrically induced polarization (I.P.) effects. The 

frequency range in which they are most prominent is between 0.01 Hz and 

1000 Hz. In this range the I.P. effects can be extremely dispersive. 

Note that in this range of frequencies the rather high conductivities 

of the ground and pipe suggest that the displacement currents are too 

small tc account for the frequency changes. 
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In a global sense, some of the factors that contribute to this 

induced polarization are object size and shape, array geometry, and the 

nature of the object and the electrolyte. We can assume that the 

effects due to the object's size and shape, and the array geometry have 

been taken into account by the formulation already presented in 

Chapters 2 and 3. What we would like to consider now are the 

mechanisms behind the I.P. effects due to the properties of the 

interface, such as mass and charge transfer reactions, ion concentra

tions, and electrolyte pH. As we shall see, the electrochemical (I.F.) 

effects are exactly the effects due to the corrosion of the metal. 

Thus, we can also label these as corrosion effects. The electrochemi

cal reactions in the vicinity of a boundary between a metal and an 

electrolyte in equilibrium cause a balanced flow of current due to the 

movement of ions into and out of solution. The result is a potential 

difference across the region with no net current flow. When an 

impressed current is applied to the interface, the rates of the 

reactions are changed, creating a new potential. This is the process 

of electrode polarization. The difference between the new potential 

due to the impressed current and the equilibrium potential is commonly 

known as the overvoltage potential, or just overvoltage. 

The curraits in the interface can be broken into two classes— 

faradic currents and non-faradic currents. Faradic currents are a 

result of electrochemical reactions, such as oxidation and reduction of 

ions, and involve the diffusion of ions toward or away from the 

interface. The charges are physically moved across the interface. 
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Non-faradic currents are due to the charging and discharging of layers 

of ions formed on the surface (double-layer effect). They are much 

like the currents associated with the charging and discharging of a 

capacitor. 

The two types of reactions that give rise to faradic current 

flow are mass transfer reactions and charge transfer reactions. 

Instead of considering a general metal and electrolyte, we shall 

develop a more direct and realistic discussion. Electrolytes that 

exist in the earth, in most cases, have relatively high pH values. At 

best these fluids could be considered weak acids. More generally, they 

are neutral or basic. Also, the pipes that we are concerned with are 

usually steel in one form or another. When steel is in an acidic 

electrolyte, the corrosion process is controlled by the charge transfer 

reaction. In an alkaline electrolyte, the corrosion of steel is 

controlled by the mass transfer reaction. The faradic process is 

governed by the slowest process. In the case of electrolytic ground 

fluids, the charge transfer rate is much faster than the mass transfer 

rate, thus the faradic current is limited by the mass transfer process. 

There are two modes of mass transfer; namely, diffusion and drift. 

Diffusion exists when there is a concentration gradient of ions in the 

electrolyte in the vicinity of the metal/electrode interface. Drift 

occurs when there exists a potential gradient which forces the 

migration of ions in the electrolyte. In most cases the diffusion 

process is by far the prevailing mode. The diffusion process is very 

complicated but it can be characterized experimentally. It is 



controlled by oxidation reduction reactions. For the case of steel in 

an alkaline solution, voluminous and porous layers of oxidic corrosion 

products are formed on the corroding steel. 

To consider the mechanisms behind the non-faradic currents we 

note that, at the surface between any solid and liquid, the solid 

attracts cations or anions (ions of the opposite polarity to the 

metal), forming a relatively stable layer of fixed ions. They are held 

tightly to the surface by chemical effects and van der Waal forces. 

They are very closely packed, existing in an unhydrated state. This 

layer is usually one to a few molecules in thickness. Just outside 

this layer are more ions of the same polarity which, although held in a 

relatively fixed position, are more loosely packed, existing in a 

hydrated state. Adjacent to this fixed layer is a diffuse layer which 

is a group of mobile ions of either polarity, whose number decreases 

exponentially as you move away from the fixed layer. The dimension of 

the diffuse layer is on the order of tens of angstroms, and it is very 

sensitive to temperature, ion concentrations, valency of the ions, 

dielectric constant, etc. The fixed layer and the diffuse region form 

what is more commonly known as an ionic double layer. Any change in 

the potential across the double layer results in the redistribution of 

the ions, thus causing a diffusion current to flow, much like the 

effect seen in a capacitor. 

We now wish to take our knowledge of the electrochemical nature 

of the interface between the electrolyte and the pipe and form some 

equivalent electrical impedance model from which we can obtain a useful 
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expression of the interface impedance n. There are a variety of models 

which are used to represent the corrosion or LP. effects of the metal/ 

electrolyte interface described above. We have examined a number of 

sources from which an appropriate model for the interface between a 

steel well casing and earth fluids has been developed. The frequency 

domain characteristics of this interface have been experimentally 

obtained by scientists such as Ward and Fraser [19671; Mansfeld, Kendy, 

and Tsai [1982a&bl; Williams and Taylor [19823; Guptasarma [19831; 

Olhoeft [19821; and McCann, Badwal, and Mar [1982]. These measurements 

are usually made in corrosion cells with metal samples in an ideal 

electrolyte. Although not exactly the situation we are trying to 

model/ these results should be representative and adequate to 

illustrate the phenomena involved. 

The equivalent circuit that we have chosen to represent the 

interface impedance for a steel pipe in a relatively high pH 

electrolyte is shown in Figure 4.1. Again, the circuit model closely 

matches experimental data taken under laboratory situations for steel 

in various electrolytes. The equivalent circuit elements include Rp, 

which is the pore resistance due to the penetration of the electrolyte 

into the rough surfaces of the steel and partially includes the ohmic 

resistance of the oxide layer. For a smooth metal surface without arty 

oxide layer, the value of this pore resistance is zero. is the 

element that represents the double-layer capacitance effects described 

earlier. The double layer essentially represents the non-faradic 

processes. The series combination of Rt ^<3 w are used to model the 
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Figure 4.1 Equivalent circuit model for the interface impedance. 
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faradic processes (i.e. the mass transfer reactions). is the 

transfer resistance which corresponds to the chemical reaction 

(corrosion process) at the steel/electrolyte interface, w is a complex 

impedance which has the general expression 

W = k(jw)° (4.7) 

For true diffusion, the case that we will consider, this impedance is 

called the Warburg impedance, where 

a = -1/2 (4.8) 

and 

k = — 
/2 (4.9) 

where v is the Warburg coefficient. R^c is the zero frequency limit 

for the interface impedance, which represents the ionic to electronic 

conduction barrier. The impedance of this circuit, and thus the 

interface impedance is easily found to be 

z'Rdc 
n = Z'llRdc = "" [G - m*] (4.10) 

* Kdc 

where 

Rt + W 

Z' = RP + 1 + jwCdl(Rt + D (4-U) 

Note that in the limit as the frequency goes to zero 

Z' -* °o 

i - Rdc 

which is just as we expected. 

(4.12) 

(4.13) 



This equivalent circuit, excluding the parallel resistance Rgc, 

is used by Mansfeld et al [1982b] and Williams and Taylor [1982] to 

match their experimental data. Both have trouble matching their 

experimental curves at frequencies below 1 Hertz. Notice that we can 

fit the experimental data better by including a parallel resistance R^c 

in the equivalent circuit model. Ward and Fraser [1967] use such an 

element in their work. Figure 4.2a shows the experimental data 

obtained by Mansfeld et al [1982b] for zinc phosphate-coated 1010 

steel in a 0.5 N NaCl solution. Curve A is their attempt to match the 

experimental curve using the equivalent circuit shown in Figure 4.1, 

without the parallel resistance Rdc. In this experiment there was 

essentially no oxide layer on the metal, thus the pore resistance Rp is 

zero. They use the following values for the other circuit parameters: 

0.275 dim-meters2 for the transfer resistance Rj., 11 ohm-meters^-sec^ 

for the Warburg coefficient v, and 50 yfarads/meters2 for the double-

layer capacitance C^. Note that they match the data very well for 

frequencies above 1 Hertz, but for lower frequencies the experimental 

data tends to flatten out, while the calculated curve tends to diverge 

from the desired response. This is due to the effect of the Warburg 

impedance at low frequencies. Notice that if we include the Rdc and 

give it a value of 20 ohm-meters2 (curve B), we match the experimental 

data very well. Although Mansfeld does not include the experimental 

phase data, we show the phases for the two calculated models in Figure 

4.2b. 
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Figure 4.2a Matching the experimental obtained interface impedance 
with the equivalent circuit model in Figure 4.1, with and 
without the parallel resistance 
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Figure 4.2b Phase of the interface impedance models in Figure 4.2a. 



From the works previously mentioned, we have put together a 

table of the typical ranges for the values of the elements in the 

equivalent circuit model for the interface impedance (Table 4.1). For 

any particular situation the individual elements usually have a value 

within their specific range. As mentioned earlier, the value of the 

pore resistance is dependent upon the formation of an oxide layer on 

the surface of the metal. We shall assume that there is usually such a 

layer on most well casings in the ground. This is a rather significant 

assumption because it will have a profound effect on the interface 

impedance. To show this, we examine Figures 4.3 and 4.4. (All the 

remaining figures are at the end of the chapter.) Notice that we 

display the interface impedance in much the same fashion as Mansfeld et 

al [1982b] except our frequency is shown in Hertz and the magnitude 

will be in ohm-meters2. In Figures 4.3a and 4.3b, we use the maximum 

values for each element of the impedance model as given in Table 4.1. 

The only exception is that we shall assume that the pore resistance Rp 

is equal to zero. Thus v is equal to 100 ohm-meters2-sec^, is 

equal to 170 u farads/meters2, R^. is equal to 10 ohm-meters2, and 

is equal to 100 ohm-meters2. Notice this response is much like the 

data in Figures 4.2a and 4.2b. The break point between the Warburg 

region (low frequencies) and the double-layer region (higher 

frequencies) is quite distinct. Now if we include a pore resistance of 

100 ohm-meters2, Figures 4.4a and 4.4b, the magnitude response does not 

have the same shape as before. The addition of Rp damps out the 

double-layer effect and the high-frequency limit is the value of the 
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TABLE 4.1 

PARAMETER RANGES 

Circnit Element Ranee of Valnes Units 

v 1-100 Q-ma-s1/a 

Cdl 50-170 «if/m* 

2 

'dl 

Rp 0-100 a-m 

1—100 Q-m* 

R* 0.01-10 Q-m* 
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parallel combination of the d.c. resistance and the pore resistance. 

The high-frequency limit in the phase is zero, indicating a purely 

resistive impedance. 

We obtain this same kind of effect for the next two models. In 

Figures 4.5a and 4.5b we specify Rt to be 0.1 ohm-meters2, v to be 10 

ohm-meter s2-sec%, Cdl to be 75 yfarads/meters2, Rdc to be 10 ohm-

meters2, and Rp to be zero. Notice in these figures that the 

transition between the Warburg region and the double-layer region 

occurs at a higher frequency than in the earlier case. Then in Figures 

4.6a and 4.6b, we use a pore resistance of 1 ohm-meters2. In Figures 

4.7a and 4.7b, we specify Rj. to be 0.01 ohm-meters2, v to be 1 ohm-

met ers^sec1*, to be 50 yfarads/meters2, Rdc to be 1 ohm-meters2, 

and Rp to be zero. Again, the transition between the Warburg and the 

double-layer regions occurs at a higher frequency than the previous 

models. In fact, the frequency scale in this model does not go high 

enough to reach this point. Then we allow the pore resistance to be 

0.1 ohm-meters2, Figures 4.8a and 4.8b. In the analysis that will 

follow, we will use the element values used to obtain Figures 4.6a and 

4.6b. 

In summary of this chapter, we have reviewed the effects at the 

interface between a metal and an electrolyte. In addition, we have 

developed an equivalent circuit model for the interface impedance (Fig. 

4.1) which matches experimental data. Using this model we plotted the 

interface impedance as a function of frequency for several different 

values of the equivalent circuit elements (Figs. 4.3 through 4.8). 
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From these plots we notice that the pore resistance Rp tends to damp 

out the double-layer effects; however, the Warburg (diffusion) effects 

are still dominate at lower frequencies. The phase of the interface is 

usually negative. 



Frequency [Hz] 

Figure 4.3a Magnitude of the interface impedance n as a function of 

frequency, using the following values: v= 100 

C(3i= 170 yf/m2, Rt= 10 n-m2, r^c= 100 n-m2, Rp= 0 a-m2. 
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CHAFFER 5 

MODELING RESULTS - DIPGLE-DIPOLE ARRAY 

In Chapter 2 we obtained the expression for the mutual 

impedance (Z^) for a general four-electrode array in the presence of a 

semi-infinite vertical pipe (Equation 2.70). This array configuration 

is shown in Figure 5.1a. Figure 5.1b shows the general dipole-dipole 

array, which is a special case of the four-electrode array. For the 

dipole-dipole array the lengths of the current circuit and the 

potential circuit are the same (A). This length is the A spacing. The 

two circuits are colinear and are separated by a distance (NxA), where 

N is usually an integer between 1 and 10 and is called the N spacing. 

The dipole-dipole is probably the most common I.P. survey array used in 

geophysical surveys. Because of this we use this array in our computer 

modeling of the mutual impedance. 

Our purpose is to determine what effects the presence of the 

well casing has on our measurements of the mutual impedance. We want to 

learn how the mutual impedance is changed from what we would measure if 

there were no pipe at all, just a homogeneous half space with a 

resistivity Pj. We find it convenient to express our results in terms 

of some apparent resistivity (pa) which will eliminate the effects of 

the array geometry when the measurements are made in the presence of 

only a homogeneous half space, neglecting any other effects such as 

inductive coupling or electrical anomalies. Thus the apparent 

78 
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Figure 5.1a Plan view of the general four-electrode array. 

Figure 5.1b Plan view of the dipole-dipole array. 
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resistivity will be expressed as the measured mutual impedance 

multiplied by an array factor, 

pa " Fnzm (5.1) 

where Fn is the array factor. To find this factor we recall (2.70) 

which is the expression for the mutual impedance that includes not only 

the contribution of the half spacer but also the contributions of the 

well casing and the inductive coupling between the potential and 

current circuits. If we neglect the effects of the well casing and the 

inductive coupling in this expression and also assume a dipole-dipole 

array, we are left with the following for the mutual impedance for just 

the homogeneous half space: 

Zm  = + QP ( in> "  Q p (5«)  -  OPGix)  ( 5 - 2 )  

where 

QP(i ) (5.3) 

and 

rij = *i - sj (5-4) 

which is the distance between the individual current and potential 

electrodes. Examining the geometry of the dipole-dipole array in 

Figure 5.1b we find that 

in = - (N + 1)A (5.5) 

r x a  = -  NA (5 .6)  

r21 = - (N + 2)A (5.7) 

r22 = - (N + 1)A (5.8) 
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Substituting these values into (5.3) and then using (5.2), we obtain 

the following expression for the mutual impedance of the half space: 

z = ~Pl \ 1 1 1 1 \ 
m Ink IN + 1  N  N + 2  N + L L  ( 5 . 9 )  

Z = !! (5.10) 
• JIAN(N + 1) (N + 2) 

We expect that the apparent resistivity of the half space should be the 

same as the actual resistivity (p:) when measured with a dipole-dipole 

array. We can insure this by recalling the general expression for the 

apparent resistivity (Equation 5.1), and including (5.10) we can find 

the array factor to be 

Fn = jtAN(N + 1) (N + 2) (5.11) 

and thus, our expression for the apparent resistivity is 

Pa = Zm »rAN(N + 1)(N + 2) (5.12) 

Note that this equation is valid for any dipole-dipole measured mutual 

impedance, and contributions other than that of the half space will 

result in a deviation in the apparent resistivity from its half-space 

value. 

When calculating the apparent resistivity, the integral that 

appears to be the most difficult is (2.59); however, analysis shows 

that this integrand is well behaved and decays to zero quickly as A 

increases, allowing us to end the integration when we feel the 

contribution becomes negligible. All the numerical integrations are 

performed by a routine that uses the Gaussian quadrature and Simpson's 

3/8 techniques. Note that the arguments of the modified Bessel 



functions within the integrands are generally complex and require a 

complex argument Bessel function routine. 

Before presenting our results, we will examine the base model 

that we use. We choose a base model so that as we change different 

parameters within the computation, there is a benchmark to which we can 

compare. Hie base model parameters are given in Table 5.1. Hie ground 

conductivity is low in contrast to the very large conductivity of the 

pipe wall, which should enhance the effect of the pipe. Note that the 

permeability of the pipe wall is also large, which will also enhance 

the effect of the pipe due to the increased eddy currents along the 

structure. The parameter values for the pipe wall given in Table 5.1 

are characteristic of real well casings [U.S.S., 1971]. Due to the 

large conductivity of the pipe wall, we do not expect the interior 

region to play an important role. The conductivity of the interior is 

arbitrarily assigned the same value as the surrounding half space. The 

outside radius of the pipe is 0.122 meters (4.8 inches) and the 

thickness (the difference between the outside and inside radius) is 

0.015 meters (0.6 inches). Again, these values are typical of oil 

field well casings. The A spacing changes dramatically from survey to 

survey? it usually ranges between a few meters to a few thousands of 

meters. A 100-meter A spacing will be used. The N spacing is set to 1 

and the pipe is offset from the survey line by 50 meters, or one-half 

an A spacing. In the base model the two circuits center the pipe as 

shown in Figure 5.2. From Chapter 4, the equivalent circuit model used 

for the interface impedance of the pipe will have the values given in 
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Figure 5.2 Plan view of the array geometry for the base model given in 
Table 5.1. 
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TABLE 5.1 

BASE MODEL 

Parameter Svmbol Value Units 

Conductivity of gronnd 0.01 y/m 

Relative permeability of ground 1 

Relative permittivity of ground eti 1 

Conductivity of pipe wall °w 
6 

10 W/m 

Relative permeability of pipe wall "'w 500 

Relative permittivity of pipe wall 8rw 1 

Conductivity of pipe interior a i 0.01 15/m 

Relative permeability of pipe interior 1 

Relative permittivity of pipe interior 8*i 1 

Outside radius of pipe a 0.122 m 

Inside radius of pipe b 0.107 m 

A spacing A 100 m 

N spacing N 1 

X location of pipe xc 
0 m 

Y location of pipe yc 50 m 

Double-layer capacitance Cdl 75 fif/m2 

Pore resistance 
RP 

1 
2 

ft-m 

Transfer resistance Rt 0.1 
2 

£l-m 

Warburg coefficient V 10 
^ 2 1  
Q-m -s 

D.C. resistance Rdc 10 
2 

ft-m 
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Table 5.1* We will neglect the interface impedance in the base model 

unless otherwise mentioned. Note in all the cases that follow, if the 

variable is not shown on the plot or specified elsewhere, it can be 

assumed to be equal to that given in Table 5.1. Also, on the plots 

throughout this work, the magnitude of the apparent resistivity is 

normalized by the resistivity of the half space. 

Before we try to understand the effect of a well casing on the 

apparent resistivity, we will examine the effect of the inductive 

coupling term. We can separate (2.70) and the apparent resistivity 

when the mutual impedance consists of only the inductive coupling term 

is 

where pP( p )  is defined by (2.53). We will examine this inductive 

coupling expression as a function of frequency, A spacing, N spacing, 

and the conductivity of the ground. 

Analyzing Figures 5.3a and 5.3b, we can see that as the 

frequency is increased, so is the effect of the mutual coupling. As 

the A spacing is increased, the effective apparent resistivity of the 

mutual coupling becomes much larger and starts at lower frequencies. 

For our base model (A spacing = 100 meters), we note that for 

frequencies much higher than 50 to 100 Hertz the effects become 

appreciable. For larger A spacings the effects become significant at 

lower frequencies. Note that the phase response due to the coupling is 

not affected by the A spacing but is by the frequency. In fact the 

dsdx (5.13) 
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Pigure 5.3a Magnitude of the apparent resistivity, due to the induc
tive effects only, as a function of frequency, with the A 
spacing as a parameter, using the base model given in 
Table 5.1. (N=l) 



1600 

1550 

1500 

1450 

1400 

1350 T3 id u 
C 1300 
c l—_l 

1250 
„ ^ 

1200 
3 
"ao 1150 

< 1100 

1050 

1000 

950 

900 

850 

Inductive Coupling 
I I ' I 11 i ; .—I MM'!1 

* D e A  D C -

87 

: i i 111 1  '  ' M i n i  

10 - 2  

A Spacing (N= 1) 
A = 100 rn 
B = 500 

C = 1000 m 

I  I  I  l l l l l  i  M i n i  * •  1  •  1 11 * '  1  < 1  1  

10 10 l  10 10 '  

Frequency [Hz] 

I i t # r 

10-

Figure 5.3b Phase of the apparent resistivity, due to the inductive 
effects only, as a function of frequency, with the A 
spacing as a parameter, using the base model given in 
Table 5.1. (N=l) 



88 

effects of coupling in the phase response become significant at a lower 

frequency than the effects of coupling in the magnitude response. 

The effect of the N spacing on the inductive coupling is shown 

in Figures 5.4a and 5.4b. For the N spacings shown, the larger the N 

spacing, the more the inductive coupling effect. Note, however, that 

the difference in the contributions of an N spacing of 1 and an N 

spacing of 3 is much greater than the difference between an N spacing 

of 3 and an N spacing of 5. This pattern continues and then reverses, 

with the contribution becoming smaller with increased N spacing. The 

inductive coupling effects increase with increasing frequency as 

before, but in the magnitude response the curve peaks for an N spacing 

of 5. The other curves also peak, but not within the frequencies of 

interest. 

Figures 5.5a and 5.5b show an interesting result when we look 

at the inductive coupling as a function of frequency and ground 

conductivity. As the ground becomes more resistive (lower conductiv

ity), the coupling contributions decrease for a particular frequency. 

As we increase in frequency, the effects will peak and then decay 

asymptotically to 0.5 for the magnitude and 0 for the phase. But the 

most interesting feature is that the ratio of the peak frequency and 

the ground conductivity is always the same. 

What we can conclude from these inductive coupling effects is 

that if the coupling cannot be taken out of the data then the A spacing 

should be small and the frequencies used should be low. The phase is 

the first quantity that is noticeably affected as the frequency is 
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increased, whereas the magnitude effects become noticeable about a 

decade higher in frequency. An elaborate method of reducing the effect 

of the inductive coupling for a dipole-dipole array is given by Zonge 

[1981]. 

Now that we have some understanding for the contribution of the 

inductive coupling, we will calculate the apparent resistivity with the 

well casing present. Note that all the remaining plots have a maximum 

frequency of 100 Hertz, whereas the plots just shown have a maximum of 

1000 Hertz. Host of the models in this chapter will be presented as 

such. First, we will show the effects of parameters on the apparent 

resistivity without the inductive coupling. Then, the coupling effects 

will be included in the model. Finally, we will add the interface 

impedance to the model, again eliminating the inductive coupling. (All 

the remaining figures are at the end of the chapter.) 

First of all, we will show the effects of frequency and N 

spacing on the apparent resistivity. Even though we are increasing, 

the N spacing we leave the pipe centered between the two circuits. The 

geometry is the same as Figure 5.2 except the distances between the two 

circuits is increased. Figures 5.6a and 5.6b show these effects with 

the inductive coupling eliminated. Here we use (5.12) with the term in 

(5.13) removed. For frequencies less than 1 Hertz, the frequency has 

a minimal effect on the magnitude response. For the phase, this is 

true for frequencies below 0.1 Hertz. In these regions we notice that 

the resulting response of the well casing is more pronounced when the N 

spacing is equal to 3, and as the N spacing is increased beyond 5 the 
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effect of the casing decreases, eventually to zero. This suggests that 

at N spacing near 3 (approximately 300 meters) we are able to maximize 

the effect of the pipe, thus we have essentially found the optimum 

depth for maximizing the current along the pipe. As we increase in 

frequency the losses in the ground and especially in the pipe wall 

increase. Notice that the curves tend to break away from their low 

frequency values at about 2 Hertz. The equation for skin depth of a 

good conductor is 

and using a frequency of 2 Hertz, a conductivity of 10 mhos/meter, and 

relative permeability of 500, we find that the skin depth of the pipe 

is 

This skin depth is approximately the thickness of the pipe wall, which 

is 0.015 meters. As frequency increases, the pipe losses become large 

and the axial component of the electric field is no longer essentially 

shorted out. The skin depth losses lead to a decrease in the apparent 

resistivity response of the pipe. Notice the peak in the phase 

response for N equal to 5. This curve will eventually decay to zero, 

and the other curves will demonstrate the same effect, only at a higher 

frequency. This implies that the pipe is becoming less and less 

detectable. 

(5.14) 

8 ~ [m] (5.15) 



Figures 5.7a and 5.7b show the effects described above with the 

inductive coupling included. These plots have essentially the same 

behavior as the case without the coupling for frequencies up to about 1 

Hertz. At this point the inductive coupling begins to dominate the 

phase response, and at about 10 Hertz the same happens to the magnitude 

response. This was predicted when we looked at the inductive coupling 

effects in Figures 5.4a and 5.4b. The undesirable contributions of the 

inductive coupling, as shown in Figures 5.3, 5.4, and 5.5, are also 

shown throughout the remaining models. The effects are the same as 

discussed earlier, and though we include these plots they will not be 

discussed in detail, they are only for reference. 

When we include the equivalent circuit model for the interface 

impedance and eliminate the inductive coupling effects, we obtain the 

t 

apparent resistivity response shown in Figures 5.8a and 5.8b. Recall 

from Figures 4.6a and 4.6b the magnitude of the interface impedance is 

approximately 8 ohm-meters2 at 0.01 Hertz, decreasing to approximately 

1 ohm-meters2 at 100 Hertz. The large impedance of the interface layer 

essentially insulates the pipe and thus discourages current flow along 

it, resulting in a reduced apparent resistivity response for the well 

casing. This is clearly seen by comparing Figures 5.6 and 5.7. At 

lower frequencies the interface impedance is much larger then that at 

higher frequencies, thus accounting for the slightly negative slope of 

the magnitude curves for frequencies below 1 Hertz. Notice from 

Figures 4.5a and 4.5b that if the pore resistance is equal to zero, the 

sloping curves in Figure 5.8a would have a steeper negative slope. 
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Above 1 Hertz the skin effects become dominant and the apparent 

resistivity approaches the value for the half space. However* the 

insulating effect of the interface impedance causes the apparent 

resistivity to reach the half-space value at a lower frequency than the 

case without the interface impedance. 

Now we would like to use the same model except with an 

increased A spacing of 500 meters. The resulting apparent resistivity 

response is shown in Figures 5.9a and 5.9b. In these plots, the 

inductive coupling effects have been eliminated. In comparison to the 

response when the A spacing was 100 meters (Figure 5.6), the same sort 

of effect is seen as the frequency is increased. Namely, the apparent 

resistivity is approximately that of the static case until the 

frequency is high enough for the skin effects to become significant. 

Because of the large A spacing, the maximum effect of the pipe on the 

apparent resistivity occurs when the N spacing is approximately 1. As 

we noticed in earlier discussions, as the N spacing is increased, less 

current is induced on the pipe and thus the response becomes smaller. 

Because the larger distances reduce the well casing's effect, the 

apparent resistivity response approaches the half-space value at a 

lower frequency when compared to Figures 5.6a and 5.6b. Figures 5.10a 

and 5.10b show this case when the inductive coupling is included. In 

Figures 5.11a and 5.11b, we have eliminated the coupling effects and 

increased the A spacing to 1000 meters. The response is similar to 

that for an A spacing of 500 meters except the effect of the well 

casing on the apparent resistivity is less and approaches the half-
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space value at a lower frequency than the cases that have a smaller A 

spacing. Figures 5.12a and 5.12b represent this case with inductive 

coupling. For these larger A spacings, we did not use the interface 

impedance because it has the same effect on the well casing response as 

seen earlier. 

Now we vary the relative permeability of the pipe wall and the 

frequency. The resulting apparent resistivity is shown in Figures 

5.13a and 5.13b. Notice that the responses are much like the previous 

models; that is, the effect of the well casing is greatest at low 

frequencies and as frequency is increased the effects start to 

diminish. Previously, we noticed that the break point in the response 

occurred when the skin depth became equal to the thickness of the pipe. 

This is again true for the high permeability cases (i.e. relative 

permeability of wall equal to 500 or 1000). But notice that for a 

relative permeability equal to 1 we would expect the break point to be 

at 1000 Hertz. It is not. We attribute this early break point in the 

response for the low permeability case to the increasing pipe losses. 

This, in conjunction with the fact that the increasing losses within 

the ground allow less and less power to reach the deeper portions of 

the pipe, causes the earlier break. This break point is much broader 

than those associated with the skin depth effect and the slope is not 

the same. But as we continue to increase in frequency the slope 

approaches that of the high permeability cases. Figures 5.14a and 

5.14b repeat this same situation with the addition of the inductive 

coupling effects. Now we add the interface model without the inductive 



coupling (Fig& 5.15a and 5.15b). As we noticed before, the interface 

effects on the apparent resistivity are most noticeable at the lower 

frequencies. With increasing frequency the interface impedance becomes 

smaller and the eddy current response begins to become apparent. Again 

notice that the low-frequency portion of the phase response is 

negative, corresponding to the interface impedance. 

Figures 5.16a and 5.16b show the effects of changing the radius 

of the pipe, while leaving the thickness of the pipe wall the same. 

Since the thickness has remained the same, the response as a function 

of frequency has not changed from the previous models. However, 

increasing the radius of the pipe enhances the magnitude response. The 

phase response is relatively unchanged. Figures 5.17a and 5.17b 

include the inductive coupling effects in this model. In Figures 5.18a 

and 5.18b, we have added the interface impedance model to the case 

without the inductive coupling. 

The next model we shall consider shows the effect of the ground 

conductivity on the apparent resistivity response, Figures 5.19a and 

5.19b. As we increase the ground conductivity, the effect of the well 

casing is greatly diminished. The frequency response remains the same 

as before. As the frequency is increased, the well casing contribution 

is decreased. These plots show that both the magnitude and the phase 

responses are very sensitive to the ground conductivity. For a 

conductivity contrast of less than 10® or 10^ the well casing has very 

little effect on the apparent resistivity. Figures 5.20a and 5.20b 

show how the inductive coupling affects this model, while Figures 5.21a 
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and 5.21b show the apparent resistivity response when the interface 

impedance is included to the case without inductive coupling. 

To complement the last model we shall investigate the apparent 

resistivity when the conductivity of the well casing wall is changed 

(Figs. 5.22a and 5.22b). Just as with the ground conductivity, the 

apparent resistivity response is sensitive to the conductivity of the 

pipe wall. As the conductivity of the wall is increased, the well 

casing effect is enhanced. The effect of the frequency is as it was in 

the earlier models. Notice the points in the phase response where the 

slope changes rather dramatically. Careful observation will reveal 

that these points correspond to the skin depth equalling the pipe wall 

thickness, as mentioned earlier. Again, we have included in this model 

the effects of the inductive coupling and the interface impedance 

separately, Figures 5.23a and 5.23b, Figures 5.24a and 5.24b. 

In Figures 5.25a and 5.25b, we show how the distance that the 

well casing is offset from the survey line (Yc) affects the apparent 

resistivity response for three different frequencies. The results are 

just as we expect? as the distance Yc is increased, the well casing 

response becomes smaller. When the ratio of Yc to the A spacing 

becomes greater than 2, the value of the apparent resistivity is 

essentially that of the half-space resistivity. Figures 5.26a and 

5.26b show this effect with the inductive coupling included. Figures 

5.27a and 5.27b use this model, while including the interface impedance 

and neglecting the inductive coupling. 
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As we mentioned in Chapter 1, it is our desire to determine 

whether the apparent resistivity response of a well casing resembles 

that of a large column (plume) of polarizable earth. Modeling this 

polarizable plume is a completely different problem and we shall not 

attempt it here; however, as a first approximation we can assume that 

this polarized region is large enough so that we can consider the 

entire half space to be polarized. In this manner we will be able to 

compare the relative magnitudes and phases of the two apparent 

resistivity responses due to the well casing and that due to the 

polarizable half space. 

To investigate the polarizable half space, we only include the 

QP terms in the mutual impedance given by (2.70). We use this equation 

in (5.12) to calculate the apparent resistivity. We will use the 

following polarizable model for the resistivity of the half space 

[Wait, 1982J: 

Pl ~ Pco /e -i/rx p(iai) = p + (5.16) 
°° 1 + (iwt)1/* 

where pOT is the infinite frequency resistivity limit, p is the zero-

frequency resistivity limit, and t is the relaxation time constant. We 

now show the well-known expression for the chargeability: 

m,, = Pl " P°° (5.17) 
PI 

Figures 5.28a and 5.28b show the apparent resistivity of the 

polarizable half space for several values of the chargeability (mo) and 

a constant relaxation time constant (x) of 1.5 seconds. The magnitude 
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is normalized by the zero-frequency resistivity of the half space. 

Notice that the chargeability has virtually no effect on the magnitude 

of the apparent resistivity. It does have a large effect on the phase 

response. The phase is negative for the polarized half space, thus it 

contributes to the apparent resistivity like the interface impedance on 

the well casing. We observe from Figures 5.29a and 5.29b, where the 

chargeability is constant at 0.1, that the relaxation time constant 

only affects the frequency at which the phase response peaks. 

Thus in this chapter we have shown how the different parameters 

of the problem affect the apparent resistivity response. We showed how 

the inductive coupling has the undesirable effect of dominating the 

apparent resistivity above certain frequencies. In addition, we 

observed how the eddy currents along the pipe effect the apparent 

resistivity, particularly when the thickness of the pipe wall becomes 

equal to the skin depth. We have also seen the negative phase response 

when the well casing model includes an interface impedance, and how 

this impedance tends to have an insulating effect on the pipe. 
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coupling and interface effects, neglected, as a function 
of frequency, with the N spacing as a parameter, using 
the base model given in Table 5.1. (Aspacing=1000m) 
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effects neglected, as a function of frequency, with the 
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using the base model given in Table 5.1. 
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with the relative permeability of the pipe wall as a 
parameter, using the base model given in Table 5.1. 
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Figure 5.15b Phase of the apparent resistivity, with the inductive 
coupling effects neglected, as a function of frequency, 
with the relative permeability of the pipe wall as a 
parameter, using the base model given in Table 5.1. 
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Figure 5.16b Phase of the apparent resistivity, with the inductive 
coupling and interface effects neglected, as a function 
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as a parameter (pipe wall thickness constant at 0.015m), 
using the base model given in Table 5.1. 
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CHAPTER 6 

PSEUDOSECTION ANALYSIS 

When an electrical dipole-dipole survey is performed, the 

apparent resistivity is measured for a large number of N spacings and 

electrode positions, while the A spacing remains constant. Figure 6.1 

shows a general dipole-dipole survey line in which the electrode 

positions (stations) have been given a number. Note that the stations 

are set one A spacing apart. In practice, the transmitter (source) 

circuit is initially set up with electrodes at stations -5 and -4, 

while the receiver circuit is set up with electrodes at stations -3 and 

-2. In this case the N spacing is equal to 1. The apparent resistiv

ity is then measured at the frequencies of interest and recorded. When 

this is completed the receiver circuit, which is usually the easiest to 

move, is moved to stations -2 and -1. Now the N spacing is equal to 2. 

The measurements are taken and then the receiver is moved so that the N 

spacing is equal to 3. This is repeated until the receiver is at the 

end of the survey line, a designated number of N spacings away. After 

the measurements at the end of the line have been taken, the 

transmitter circuit is moved to stations -4 and -3, while the receiver 

circuit is still at the end of the line. The measurements are taken 

and the receiver is moved an N spacing closer to the transmitter. This 

process is repeated until the transmitter and receiver circuits are 

both at the end of the survey line. Now comes the important task of 
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assimilating this data in an easy, yet meaningful manner for interpre

tation. The most common method is to plot the magnitude and phase of 

the apparent resistivity measurements in a pseudosection. 

Before we explain the pseudo section in detail, we will consider 

the following. When the receiver and transmitter circuits in a dipole-

dipole survey are close together (N small), the potential that the 

receiver measures is mainly due to currents that have stayed fairly 

close to the surface. It seems reasonable to assume that these 

currents, and thus the potential, are most affected by the characteris

tics of the ground which lies at and between the two circuits. Now 

consider the case where the transmitter and receiver are separated by 

several N spacings. The currents that produce the measured potential 

not only travel near the surface as before, but can loop deep .into the 

ground and return near the surface. This suggests that the potential 

measured with a large N spacing is more representative of the deeper 

characteristics of the ground than that measured when the N spacing is 

small. Prom this discussion we can make the following presumptuous 

statement, when the N spacing is small, we are obtaining measurements 

that are due to near-surface characteristics, and when the N spacing is 

larger, we are measuring effects that are due to characteristics that 

lie deeper in the ground. Obviously, this is not entirely true because 

all the measurements are affected by the near-surface effects. 

This argument allows us to plot the dipole-dipole survey data 

in the form of pseudosections. A pseudosection is a simulated cross-

section of the ground beneath the survey line. As we mentioned, it is 
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not a true representation of the cross-section of the earth; but as a 

way of displaying apparent resistivity data, it has found wide 

acceptance in the geophysical community. Consider a single receiver/ 

transmitter measurement. To determine the pseudosection point to which 

the measured apparent resistivity can be assigned, starting at a point 

midway between the transmitter electrodes, we draw a line at an angle 

45° from the horizontal, in the direction of the receiver circuit. We 

repeat this step for the receiver circuit; namely, drawing a line, 

starting at a point midway between the receiver electrodes, at a 45° 

angle from the horizontal, in the direction of the transmitter circuit. 

The point of intersection for these lines is the pseudosection point. 

When this is repeated for all the measured data, we obtain a half-

diamond cluster of points as shown in Figure 6.1. For each survey 

line, it is common to draw at least two such plots, one for the 

magnitude data of apparent resistivity and the other for the phase 

data. When these are thai contoured, we have our pseudosection plots. 

All of the plots used in Chapter 5 studied single points in the 

pseudosection. Although not complete, the analysis in Chapter 5 is 

very helpful for predicting the overall effects of the pseudosection. 

Now that we have a knowledge about pseudosections, we would 

like to present some of our modeling results in this form. This allows 

us to view the total effect of the parameters of interest and is a more 

realistic approach when trying to compare with real data. We shall 

consider four different models, all using the base model given in Table 

5.1. The first and second models will not include the interface 
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impedance while the remaining models will. The first and second models 

will include the inductive coupling effects, the remaining model will 

not. (All the remaining figures are at the end of the chapter.) 

In the first model we shall investigate the effect of changing 

the A spacing, using a frequency of 1 Hertz. The pseudosections in 

Figure 6.2 are for an A spacing of 100 meters. Recall from our 

analysis in Chapter 5 that for this frequency (1 Hertz) and A spacing 

(100 meters) there is a minimal amount of inductive coupling. Notice 

that there is a very definite effect due to the presence of the well 

casings in the magnitude and phase sections. For an A spacing of 500 

meters, the pseudosections in Figure 6.3 show that the magnitude of the 

apparent resistivity displays little inductive coupling effects. 

However, the phase response is affected by the inductive coupling. We 

know this because the phase continues to increase in magnitude, never 

decaying to zero. This is also shown in Figure 5.10b. Thus, it is 

hard to extract any useful information from the phase section without 

removing the inductive coupling. The magnitude section does show the 

characteristic well casing response, although not as distinctly as the 

section in Figure 6.2. Increasing the A spacing to 1000 meters, we get 

the pseudosections shown in Figure 6.4. Although we can still observe 

some of the effects of the well casing in the magnitude section, it is 

contaminated by the inductive coupling. The phase response is almost 

completely dominated by the coupling. Note that we were able to 

predict this behavior from the analysis in Chapter 5. This model 
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demonstrates that frequency is not the only parameter that must be 

adjusted correctly to eliminate inductive coupling. 

In the next model we demonstrate the effects of different 

frequencies on the pseudosection plots. The first frequency we shall 

consider is 0.5 Hertz, as shown in Figure 6.5. The magnitude and phase 

pseudosections show the effects of the well casing quite clearly; and, 

as we increase the frequency to 5 Hertz in Figure 6.6, we notice that 

the magnitude pseudo section is very close to that of 0.5 Hertz. A more 

interesting fact is that the phase response, although approximately the 

same shape, is greatly enhanced. However, we must take care in 

assuming that as we increase the frequency the phase response is 

increasingly enhanced, because when our frequency is at 50 Hertz (Fig. 

6.7), we notice that the inductive coupling begins to govern the 

response. Again note that this observation is supported by the data in 

Chapter 5. 

The last two pseudo section models will demonstrate the effects 

of the electrochemical interface between the well casing and the earth 

electrolytes. The first of these models will use a frequency of 0.01 

Hertz. Initially, we show the response without any interface impedance 

(Fig. 6.8). We obtain essentially the same magnitude pseudosection 

that we have already seen in the first two models for low frequency. 

The phase response is very weak, almost nonexistent, due to the low 

frequency. We now add the interface impedance model described in 

Chapter 4, using the element values given in Table 5.1. In this case 

the transfer resistance is equal to 0.1 ohm-meters2, the Warburg 
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coefficient is equal to 10 ohm-meters2-secJs, the double-layer 

capacitance is equal to 75 yfarads/meters2, the d.c. resistance is 

equal to 10 ohm-meters2, and the pore resistance is equal to 1 ohm-

meters2. The pseudosections for this data are shown in Figure 6.9. As 

we predicted from earlier analysis, the magnitude response is not 

changed much by the inclusion of the interface impedance model. There 

is, however, a very definite negative phase effect which we can 

attribute completely to the interface impedance. This is the I.P. 

effect. Increasing the transfer resistance to 10 ohm-meters2, the 

Warburg coefficient to 100 ohm-meters2-sec3s, the double-layer 

capacitance to 170 yfarads/meters2, the d.c. resistance to 10 ohm-

meters2, and the pore resistance to 100 ohm-meters2, which are the 

maximum values for these parameters as given in Table 5.1, we get the 

results shown in Figure 6.10. We can see that the effect of the well 

casing on the magnitude of the apparent resistivity is diminished 

significantly from the case with the lower interface impedance (Fig. 

6.9). However, the phase pseudo section shows a stronger pipe anomally 

than that in Figure 6.9. 

The next model that we shall consider is the same as above 

except at a frequency of 1 Hertz. As before we begin by showing the 

magnitude and phase pseudosections without the interface model (Fig. 

6.11). Next we include the interface model whose element values are 

those given in Table 5.1 and obtain the pseudosection plots in (Fig. 

6.12). The magnitude response has remained essentially the same as the 

case without the interface impedance, Figure 6.11. However, the phase 
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does not show the negative response we obtained for a frequency of 0.01 

Hertz (Fig. 6.9). This is due to the fact that the frequency (1 Hertz) 

is high enough for the eddy current (positive phase) effects to become 

significant and overcome the small negative phase effects due to the 

interface polarization. Note that this is shown is Figure 5.8b. When 

the element values of the interface impedance model are increased to 

their maximum given in Table 4.1, we obtain the magnitude and phase 

responses in Figure 6.13. The magnitude pseudosection does show a 

slight decrease in the effect of the well casing from the case with no 

interface model (Fig. 6.11). We expect this because the insulating 

effect of the interface impedance. The phase response displays the 

negative effect associated with the interface polarization. This 

suggests that for this interface model the eddy cur rait effects do not 

completely obscure the negative phase effects due to polarizable 

interface, at 1 Hertz. We can conclude that the pseudosection models 

confirm the analysis done in Chapter 5 for the entire array of 

pseudosection points. They allow the overall apparent resistivity 

effects to be viewed with ease. 

To complete our analysis it seems appropriate to compare our 

results to those obtained by others. The only published results are 

those given by Holladay and west [1982]. These results are only valid 

for zero-frequency. Our formulation includes the zero frequency limit 

and reproduces the results of Holladay and West exactly. We 

demonstrate this by matching the apparent resistivity pseudosection 

they obtained for the following case: conductivity of the pipe wall is 
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3.1x10® mhos-meters, the outside radius of the pipe is 0.103 meters, 

the inside radius is 0.095 meters, the ground conductivity is 0.0333 

mhos-meters, and a very small conductivity for the interior of the pipe 

(0.01 mhos-meters). Our result is shown in Figure 6.14. 



159 

0 T" 

-8.00 

Oj 

o o 

o.oo 

> 
•n nh 

3 
ai a 

Figure 6.2 Pseudosection plots of the base model given in Table 5.1, 
freq = 1 Hz and Aspacing = 100 mr with the interface 
effects neglected. 
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Figure 6.3 Pseudosection plots of the base model given in Table 5.1, 
H? Aspacing - 500 m, with the interface 

effects neglected. 
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Figure 6.4 Pseudosection plots of the base model given in Table 5.1, 
freq » 1 Hz and Aspacing - 1000 m, with the interface 
effects neglected. 
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Figure 6.5 Pseudosection plots of the base model given in Table 5.1, 
freq = 0.5 Hz and Aspacing = 100 m, with the interface 
effects neglected. 
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Figure 6.6 Pseudosection plots of the base model given in Table 5 l 
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Figure 6.7 Pseudosection plots of the base model given in Table 5.1, 
freq = 50 Hz and Aspacing « 100 m, with the interface 

effects neglected. 
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Figire 6.8 ^«d°section plots of the base model given in 

' freq » 0.01 Hz and Aspacing * 100 m with the 
inductive coupling and interface Sf«S 
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Figure 6.9 Pseudosection plots of the base model given in Table 5.1, 

freq " 0-01 Hz and Aspacing « 100 m, with the inductive 
c o u p l i n g  e f f e c t s  n e g l e c t e d ,  ( v  - 1 0  Q  r , , = 7 5  u f / m 2 f  

Rt=0.1 n ~m2, Rdc^lO fi-m2, r^»1 q -m2) 
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Figure 6.10 Pseudosection plots of the base model given in Table 5.1, 

freq » 0.01 Hz and Aspacing - 100 m, with the inductive 
coupling effects neglected, (v -100 fi-raW*, C.i-170 
nf/m2, Rt=10 n -m2, r^=ioo a -m2, ̂ -100 n -m2) ai 
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Fig-re 6-11 Sf-T^andT 0£ •the >«« Slven ta Mae 5.1. 
•" 1 ? Aspacmg = 100 m, with the inductive 

coupling and interface effects neglected. 
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Figure 6.12 Pseudosection plots of the base model given in Table 5JL, 

freg s 1 Hz and Aspacing • 100 m, with the inductive 
coupling effects neglected, (v -10 C^-75 »£/m2, 

Rj.-0J.f2 -m2, R^-lOn -m2, Rp=l .Q -m2) 
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Figure 6.13 Pseudosection plots of the base model given in K*le 5.1, 

coud! ino ^Pacing - 100 m, with the inductive 
coupling effects neglected, (v -100 a -m2.sJs P,n.i70 

Pf/m2, Rt-i0 n -m2, R^-lOO n -V, r^ioq n -m2, dl 
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Figure 6.14 Pseudosection plot reproducing the results of Holladay and 

Jfest [1982] , freq • 0 Hz, Aspacing = 300m, Yc = 100m, a • 
0.103m, b - 0.095m, aim 0.0333 a -m, aw=3.1xl06 a -m, o*-
0.01 o -m. w 1 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

It has been our desire to model the effect an oil field well 

casing has on an I.P. survey using a dipole-dipole array. We began by 

solving Maxwell's equations in the quasi-static region for the 

tangential electric fields on the surface of a conducting half space 

which contains a semi-infinite vertical cylindrical conductor with a 

diameter that is much smaller than the wavelength of interest. In this 

case the exciting source was a horizontal electric dipole, also on the 

surface. Initially, the conductor was specified by an axial impedance 

condition on its outer surface. The only approximations that were made 

were that the displacement currents in the air could be neglected, and 

that the diameter of the conductor was much smaller than any wavelength 

of interest, which allows us to assume that any azimuthal currents in 

the conductor are of little importance. The solution for this case was 

extended for a general four-electrode surface array. We then found the 

mutual impedance between the two-electrode receiver circuit and the 

two-electrode transmitter circuit. The well casing itself was modeled 

as a pipe with a conducting interior, a conducting wall, and an 

interface condition on its surface. Prom this we were able to solve 

for the axial impedance on the pipe. We discussed the nature of the 

interface between a metal and an electrolyte and related this to a pipe 

in the ground. We obtained an impedance model for the interface 
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between a steel well casing and an alkaline solution, which we claim is 

a good ficst-order approximation for many underground situations. The 

parameters in this impedance model have been experimentally verified. 

The mechanisms of the interface are essentially the same mechanisms 

that cause corrosion on the metal and produce detectable induced 

polarization responses. Next we obtained the mutual impedance for a 

dipole-dipole array as a special case of our mutual impedance 

formulation for the general four-electrode array, and used this mutual 

impedance in an expression for the apparent resistivity measured by the 

dipole-dipole array. 

In our computer modeling, we used a base model as a benchmark 

and varied the parameters of this model around the benchmark values. 

These values are given in Table 5.1. In the initial models presented, 

we showed the effects that the inductive coupling has on the apparent 

resistivity. In general, at frequencies greater than a few Hertz, the 

inductive coupling effects become predominant and, if not eliminated, 

greatly inhibit the ability to detect other anomalous effects. Also 

shown was the fact that it is not only the frequency that dictates the 

inductive coupling, but also such parameters as the N spacing, A 

spacing, and ground conductivity. 

Neglecting the inductive coupling, we then showed how the 

different model parameters affect the apparent resistivity response. 

We showed that as the A spacing is increased the effect of the well 

casing on the apparent resistivity is diminished. In addition, when 

the skin depth in the pipe wall is less than or approximately equal to 
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the thickness of the wall, the response of the pipe becomes smaller. 

We also showed how the relative permeability of the pipe wall 

contributes to this skin depth effect. As we expected, we found that 

as the radius of the well casing increases, the apparent resistivity 

effect of the casing increases. The apparent resistivity was also 

shown to be sensitive to the contrast between the conductivity of the 

ground and the pipe wall, and the further the pipe is offset from the 

survey line the lesser the response due to the pipe. In all these 

models we found that the inclusion of the interface impedance has a 

large negative effect on the phase of the apparent resistivity 

response. In general, the interface impedance has the effect of 

electrically insulating the well casing. 

We also showed how the apparent resistivity data from a dipole-

dipole survey can be displayed in a pseudosection plot, and presented a 

few pseudosection models to show the overall effects discussed earlier. 

Included was a zero-frequency model to demonstrate that our results 

agree with those published by Holladay and West [1982]. 

We conclude that a well casing can indeed give rise to a plume 

effect in the apparent resistivity for an I.P. survey. The electro

chemical action on the surface of the pipe creates a negative phase 

response in the apparent resistivity, which is characteristic of the 

response of a polarized body. In addition, the response of the well 

casing is frequency dependent, due to the eddy currents along the pipe 

and the interface effects. Note that in geophysical surveys, small 

changes in the magnitude of the apparent resistivity are hard to 
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distinguish due to noise. Thus only large changes can be measured. It 

is important to note that large changes in the magnitude of the 

apparent resistivity occur for small changes in frequency when the eddy 

currents (skin depth) effects begin to become appreciable. However, 

detailed phase information is not too difficult to obtain in the field. 

When trying to detect the geochemically polarized region above 

a hydrocarbon deposit, one is looking for negative phase anomalies. 

Since the eddy currents along the pipe produce positive phase responses 

in the apparent resistivity, they could overwhelm small, negative LP. 

anomalies. Thus the hydrocarbon anomaly would not be detected. As 

mentioned earlier, there always exists some electrochemical 

interactions on the surface of a metal in an electrolyte. These 

interactions produce a negative phase response in the apparent 

resistivity. This suggests that in some cases the I.P. response of the 

pipe might be interpreted as an I.P. anomaly above a hydrocarbon 

reservoir, when such measurements are made in an existing oil or gas 

field. Therefore, caution must be used when interpreting such data. 

This puts a high premium on understanding the interface between a well 

casing and its subterranean environment. 

In addition, the modeling results suggest that we may be able 

to use these survey techniques to determine some of the corrosion 

effects on the surface of the well casing. Negative phase responses 

for the apparent resistivity, for low frequencies, can be related to 

the destructive corrosion on the surface of the metal well casing. The 

slope of the magnitude response in this low-frequency region is related 
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to the formation of an oxide layer on the pipe, the steepness of this 

slope being inversely proportional to the impedance of the oxide layer, 

as mentioned in Chapter 5. 

For further research we suggest that more work be done to 

characterize the interface between the well casing and its underground 

environment. To be further useful in comparing to real data or real 

situations, the effects of layering of the over burden and multiple 

pipes must be considered, as must the effects of finite length pipes. 

All the work needs to include frequency effects. 
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