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Stratum Survey Techniques 

For Drainage Investigation 

.On Irrigated Lands 

by 
Norman A. Evans• 

Introduction 

The importance of drainage 
to the irrigated agriculture of 
the West has been recognized 
since about 1900. The interrela
tionship of irrigation and drain
age had become well understood 
by that time because large areas 
of irrigated valley lands had al

; ready succumbed to the effects of 
1an overload on their natural 
drainage capacity. In 1955, ac
cording to one authority (1) 
about eight million acres of land 
in the \Vest needed drainage. 
Later estimates indicate that at 
least 20 million acres in the 
,v estern States are affected by 
ground water and associated 
problems. · 

Recognition of the general na
ture of drainage problems was a 
long step tm\·ard O\·ercom ing the 

ages-old belief that agriculture 
under ir..rigation could not be 
permanent, a belief due primar
ily to the inevitable occurrence 
of a drainage problem on most 
irrigation developments since the 
earliest of historical records. In
deed, there still remains some 
doubt about the permanency of 
irrigated agriculture in certain 
areas having complex drainage 
problems. In many regions, how
ever, the solutions to drainage 
problems have been found which 
promise to be lasting. 

Much accomplishment must 
be credited to the ingenuity of 
the eadier drainage engineers in 
arridng at w~rkable solutions to 
their problems. In general. the 
methods of investigation have 
been tailored by the investigator 

"Head. Department of Agricultural Engi neering. Colorado State Unirersitv. and Chief, Agricul 
tural Engineering Section. Colorado . .\g ricultural Experiment Station. 
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.Hcord with his previous ex-
u, • 1· . I I ·c·icc and m me wit 1 t 1e pr:, . • · · Th . I 

·,u tion facing hnn . e tna 
,r: ·! error method of arriving at 
, ,,o rbhle solution has been a 
{nt:i mnn procedure. 

T lic realization has grown, 
11, ,"n cr, that the complexity of 
d11 irugc,-its dependen~e ul?on 
.c-, er.ii physical and b10log1cal 
1a. irnu::s- clictates a new ap-

rn .. 1ch. New techniques are be
rn::; c! cH:lopecl which in time will 
rn lucc the amout of "experi
ence" or "judgment" necessary 
1n drsin n drainage facilities. 

The~ is no doubt that knowl
cd{c of the drainage character
iit :c.s or the soil mantle is nec
r11..1ry . The zone of interest has 
~c-:i <l.ily pushed deeper and deep
n 1111cil today the drainage engi
neer is generally concerned with 
:he C" rHire mantle above parent 
r,d. Stratification is one of the 
m,H t important features of this 
m.111tlc. and its determination 
It.is been called a "stratum sur
, q ." 

The degree of detail required 
in :rny stratum survey for use in 
UHlllcction with drainao-e prob-n 
lrna will vary from place to 
pLtt:c, depending upon the de
i.:rc c: to which geologic processes 
h.nc: sorted the soil material. 
S. ,mc: ,,·estern valleys are remark
.ibly homogenous in their fill 
m:i tcrials, both verticallv and 
lJ tnall y. That is, a strat;1m lo
cHcd at one position can be 
courHcd upon to ~p_pear . in the 
L 1tr1 c rclati,·e position m the 
pri ,fi lc at another place a con
udrr:1li!e distance a\\·ay. On the 

other hand, the geolog ic pro- · 
cesses in other valleys ha,·e re
sulted in highly heterogeneous 
fills. Stratum sun·eys necessaril y 
must be i11tensive, as ,\·ell as ex
tensive, to adequately disco,·er 
the important drainage charac
teristics of the valley. 

Of the many possible methods 
of obtaining stratum informa
tion. the following constitute the 
most commonly used: 

I. Borings 
a. Percussion drilling 
b. Rotary drilling 
c. Auger boring 
d. Wash boring (jctti11g) 
e. Displacement bori11g (resist

ance) 
£. Continuous samplers (drive 

samplers) 
9 Sounding (wells) 

a. Electrical 
b. Nuclear 

3. Geophysical :Methods 
a. Seismic 
b. Electrical 
c. Magnetic 
d. Gravitational 

The purposes of this bulletin 
are to: (1) discuss briefly the 
techniques and equipment for 
making stratum surveys by three 
boring methods, and (2) to dis
cuss in detail the use of a geo
physical method. The latter dis
cussion is intended to encourage 
the . use of this technique by 
drainage engineers in making 
substratum in\'estigations for 
drainage of irrigated lands. The 
section on theory contains a 
discussion of this technique 
which will be of jnterest but not · 
essential to the ;:t pplication o f the 
method. 

-2-

·-------------·------·~--··--- . - ~ -- -~ -------- . ·- -·-

t 

.. 
r 

! .. ! 
! 
L ...... 

.. 



I 
t 
l· 

I 

f 
l 

I • ' 

• . ! 

-----~-~----------- --------- ---~----

Boring Methods 

The auger method is the most 
dependable of all, since a sample 
is obtained ,vhich can be visually 
classified. Although dependable, 
it is a slow, costly method and is 
not practical for an intensive sur
vey. Angering to 30 or 40 feet 
requires two men, and some sort 
of derrick. Lengths of pipe stem 
must be repeatedly coupled and 
uncoupled since it is impossible 
to handle a string of pipe longer 
than about 25 feet. The time for 

,coupling and uncoupling plus 
the time required for augering, 
and the labor involved, make the 
method generally unsatisfactory. · 

The jetting method utilizes a 
% - inch pipe through which 

water is pumped under pressure . . 
The pipe is forced into the soil 
while "jetting": the soil material 
being removed ahead of the pipe 
by the water jet. The water re
turns to the surface on the out
side of the pipe. The rate at 
which such a pipe can be forced 
through the profile is dependent 
on the nature of the soil mater
ials. Figures I and 2 show a 
jetting rig in operation. 

A procedure which has been 
applied on some investigations 
has been to make a log of the 
resistance or rate of penetration 
and interpret this by comparing 
with a log obtained by angering. 
_Generally only a few auger logs 

FIGURE 1. Jettii,g rig with 21-foot boom for handling pipe. 
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are necessary, and serve as "spot 
checks" or as indexes. 

Unfortunately, the rate of pen
etration ii, not ahrnys a depend
able criterion for a given strat
um. A sandy str?tum might be 
resistant at one place and easily 
penetrated at another depending 
on moisture content and degree 
of consolidation. Therefore a 
procedure is followed in which 
both an auger log and a jetting 
log are obtained at approximate
ly one out of twelve locations. 
With this auger "calibration,"' 
jetting logs can be obtained in 
the near neighborhood, and as
sumed to be valid. Auger logs 
are taken as deemed necessary , 
but frequently enough to assure 
reliable jetting logs . .Jetting pres
sures of 80 psi or less are found 

to be most satisfactory for log
gmg. 

The modified jetting method 
was develo_tJed as an improve
ment on the jetting procedure. 
Since a hole is created by the 
jetting process, it is practical to 
utilize the hole for obtaining 
samples for visual inspection. 
Thus it is unnecessary to auger 
out a complete hole and the 
labor saving is appreciable. A 
I-inch hole can be created by 
jetting, and a resistance log taken 
at the same time. Then with the 
location of "unknown" strata · · 
thus obtained, the I ¼-inch auger 
can often be forced without 
turning to the point where a 
sample is to be taken and turned 
4 to 6 turns. This collects a sam
ple at the desired point. In some 

FIGURE 2. Stratum logging by jetting •arhnique. 
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instances the auger needs to be 
turned to get it down to the nec
essary depth, but even so the 
work involved is not great. 

A "window" sampler may be 
· used to imprm·e on the auger
jetting technique. This sampler 
consists of a section of I ~~-inch 
pipe with a scoop-like door in the 
wall. The door is closed while 
the pipe is inserted into the hole 
to the proper depth, . then the 
door is opened and the sampler 
rotated so as to take a sample 
from the periphery of the hole. 
Figure 3 shows the sampler. 

. Logging is much faster with 
this imprc)\·ed method and the 

· labor requirement is consider-. 
ably reduced from that required 
by the auger method. Such sam
plers can be easily fabricated. 

FIGURE 3. A window sampler used 
in conjunction with the jetting tech
nique for logging. 

Electrical Resistivity Method 
l\:feasurements made at or near 

the ground surface with special 
instruments for the purpose of 
obtaining subsurface geological 
information are kn0\1·n as geo
physical measurements, and may 
supplement geological work. 
Geophysical measurements blend 
Physics and Geology, since phy
sical measurements are made 
taking advantage of properties 
of the earth materials, such as 

· electrical conductance, or shock 
wave transmission. Seldom are 
the measurements meaningful 
themselves, hut they serve as a 
basis for inference from ,vhich 
interpretation can be made. 

Of all the possible geophysical 

methods, the resistiYitv method 
offers the best possibility for a 
relatively cheap, rapid stratum 
survey. Considerable experience 
has been had with the method 
for other similar uses, such as 
locating gravel deposits, or ore 
bodies, and in geological investi
gations of dam sites. 

Some instances are known 
where geophysicists have been 
called upon to assist in drainage 
im·estigation ; but in the main, 
the techniques are not generally 
used in such " ·ork. However, 
since the electrical resistivity 
method offers much promise as 
a tool for the drainage engineer, 
it is discussed in considerable 
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detail. The equipment discussed 
in the following pages was de
signed and built at the Colorado 
State University. 1 The technique 
has been used extensively for 
stratum surveys in Colorado by 
the writer and his associates. 

Equipment and Procedure 

The schematic diagram of Fig
ure 4 shows the equipment need
ed to measure resistivity. 

This consists of a d. c. power 
source for which radio "B" cells 
are used having 22.5 and 45 volt 
terminals. A milliarnmeter is 
connected into the pm\"er circuit, 

· and ¼-inch cold rolled iron 
stakes are used for current elec
trodes. 

The potential circuit consists 
of two electrodes made of porous 
porcelain pots (3 x 6 inches) con
taining a saturated solution of 

a= electrode 
separation in feet 

Milliammeter CI)--. 

:Potential 
~. electrode 

' ', 
' ' 

copper sulfat~ and copper tubing 
in contact ,-·ith the solution. A 
potentiometer in this circuit 
measures the potential between 
the electrodes. Figure 5 shm\"s a 
diagram for each of these cir
cuits. 

The entire apparatus, except 
wires and electrodes, is contained 
within a single compact box 
weighing about 20 pounds. The 
set is pictured in Figures 6 
and 7. This is, of course, a mod
est set, capable of measuring re
sistivity to depths of probably 
150 to 200 feet. However, the in
strument sensitivity is excellent 
and is equal to more expensive 
commercial equipment. 

A four-man crew is ideal for 
extensive field work as this per
mits two men to move the elec
trodes, while one operates and 
reads the instrument and the 

,~B" Batteries 
¥ 

•liJ•J------

--PotentiometerM 
Resistivity= 9 

9=2 " a f ohm ft. 

:Current 
: electrode 

1 The assistance and consultation of Dart G. \Vantland, Geoph ys icist, U. S. Bureau of Reclamation , 
Denver, is gratefully acknowledged. 
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FIGURE 5. Circuit diagrams for resistivity apparatus. 

tO POTENTIAL 
ELECTRODES 

fourth records data,_ makes com- One man at each half of the 
putations, and plots the data. In line handles a current electrode 
this way, any-unusual· readings · ·anct-a -potential electrode. The 
are noticed and can be remade iron stake is moved to the new 

. immediately. -- ___ ·--position (use of a steel or cloth 
The procedure is to begin the tape laid along the line facili

resist.ivity stratum ~urvey with tates this) and driven one or two 
electrodes at close spacing ( ob- inches into the ground. The 
taining resistivity of a - shallow wire is attached with a clip. The 

. depth of earth.) The spacing is . porous pot is moved and placed 
systemat~cally increased until the on the ~~tm_g. ___ ~urface in firm 

· "a" ctimensiori corfrsponas· \,;ith---coiitact -,vith the soil. Usually it 
or exceeds the depth of _interest. · · is· expedien."t to loosen and moist· 
The usual procedure is to- be.gin __ eh the ground so that good con
with an "a" spacing of 3 or 5 tact · can be made. The instru
feet and increase by increments ment man then turns on the 
of 3 or 5 feet. Interpretation is power and applies the voltage 
facilitated if the incremenL .1s. necessary to obtain current flow 
kept . constant. sufficient to be recorded and also 

.7. 

i 

l 

t . 

I 

t 

I 
l 

' f 
L . 

' -. 



FIGURE 6. Electrical resistivity bridge (see also circuit diagram Figure 5). 

f ~'CJh:%1tt%':f 42T .~":~~:;~~~ ,:· .,, 
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;,,, nc:?;!{lGJ£. 
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FIGURE 7. Complete resistivity set. 
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to obtain sufficient potential dif
ference to be recorded. This 
frequently requires that rather 
high voltage be applied. Good 
contact. at the electrodes is high! y 
important. The instrument is 
designed to produce a maximum 
of 360 volts. This is generally 
adequate for normal drainage in
vestigations. 

Once readings of current and 
potential have been obtained, 
the direction of current flow is 

· reversed and a second set of read
ings is taken. This will ser\'e to 
"average out" ground currents 
which generally are present. It 
will be found that the current 
in one direction will be increased 
by ground currents so that re
sisti\'ity will be calculated low, 
while for the other direction, the 
current will be reduced: and, 
consequently, the calculated re
sistivity will be high. An aver
age of the two will remove the 
error due to such stray currents. 

Readings at two applied volt
ages are useful also in eliminat
ing errors since they serve as a 
cross check. The results at two 
different voltages should be ap
proximately the same. Figure 8 
is a sample data sheet. 

Resistivity is calculated using 
the following equation: 

p ~ 2 .,,. a E --·---------------------- (I) 
-1-

in which, 

p = apparent resisti\'ity, ohm
feet 

a electrode spacing (equiva
lent to depth) , feet 

E = potential difference between 
potential electrodes, milli
volts 

I current applied through 
current electrodes, milli 0 

amperes 

The section on theory contains 
a technical discussion of the re- · 
sistivity method for the reader 
who is interested in the basis of 
the equation. 

The calculated res1sttv1ty is 
plotted against depth, or "a" 
value. This gives an R-D curve 
illustrated in Figure 9. This 
cur\'e may be of almost any shape 
depending upon the stratification 
and moisture condition. Gener
ally, unless the top strata are very 
dry, the resistivity increases with 
depth. 

Accuracy of measurement is 
highly important in obtaining 
consistent results. Meters must 
be sensitive, yet rugged. Of par
ticular importance is the poten
tiometer circuit since it is re
quired to detect p '; tential differ
ences of the order of 5 to I 00 
millivolts. Current readings 
rano-e from less than I 00 milli-

·'=' 
amperes to 1000 milliamperes. 

The two potential electrodes 
are reasonably "non-polarizing" 
being made of a metal and solu
tion of a salt of the metaL The 
metal is copper, and the solu
tion is copper sulfate. The cell 
reaction at each electrode is re
versible and unless corrosion is 
allowed tQ coat the copper pipe , 
the electrode will not devel cp 
a high self-potential or counter 
e. m. f. This is particularly true 
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FIGURE 9. Typical resistivity data. 

if current is on for only a short 
time and where current density 
is not high. 

It is important that the two 
electrodes be of nearly the same 
potential with respect to each 
other. This is accomplished by 
selecting nearly identical copper 
electrodes and keeping the cop-

ings and should be remedied. 
For most work. I to 2 millivolts 
difference is permissible. Clean
ing the copper and pots with 
dilute sulfuric acid is necessary 
occasionally; and under regular 
daily operation cleaning needs to 
be done at least once a week. 

per sulphate solution fully sat- Interpretation 
urated. The electrodes should be 
checked daily for potential differ- The resistivity-depth curve ob
ence by setting the two pots in a tained directly from the data is 
common porcelain vessel in cop- itself . not adequate for interpre
per sulfate soluticn. The cell so tation. Occasionally the changes 

. formed should ha\·e a small in slope or . maxima or minima 
potential. If this potential is t '.:o are significant, but in general · 
large, it will create error in read- they are not. Consequently, an 
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empirical method for interpreta
tion has been adopted. This 
method is attributed to :Moore 
(6). 

This method is merely to plot 
a curve of summation of resist
ivity versus depth_ Such a curve 
is illustrated in Figure 9. Theo
retically, the l\Ioore summation 
method should produce a cur\'e 
with no straight segments, ex
cept where the R-D cun·e would 
happen to be a straight vertical 
line (constant res;sti,·ity). Hm\'
ever the summation curve will 
often consist of segments of near 
constant slope which can be rep
resented by straight lines. The 
intersections of the line segments 
have been found to correlate 
fairly well ,vith significant strat-
um changes. · 

The Moore cun·e tends to 
mask the effect of single resis
tivity values so that accidental 
errors in single measurements do 
not seriously affect the interpre
tation. Its greatest utility is due 
to the fact that where significant 
changes of resisth·ity occur (as 
at m~jor stratum planes) the 
slope of the summation curve 
distirn;::tly changes. Straight lines 

, fitted to segments of the curve 
which are essentially straight 
will intersect in the vicinity of 
major stratum changes. Fitting 
of the lines becomes a matter for 
judgment. Figure 9 shows 
straight lines fitted to the sum
mation curve. 

The apparent resistivity de
pends on pore volume, pore size 
distribution. degree of saturation 
with electrolyte, resistivity of the 

electrolyte, and resistivity of the 
mineral grains and the solution 
filling the pores, Hummel (4) 
has shown that for rock forma
tions, the resistivity of the rock 
is unimportant in relation to the 
resistivity of the pore solution. 
For example, if the resistivity of 
the pore solution is l / 20 the re
sistivity of the mineral grains, 
the resistivity of the mass will be 
about l / 8 the resistivity of the 
mineral grains. \Vhen the pore 
solution is of extremely high 
electrolyte concentration, the re
sistivity measurement becomes a 
function of porosity and pore 
geometry rather than mineral 
materials. · 

Figure 9 represents the results 
of a resisti\'ity log at one loca
tion in Grand Valley, Colorado. 
It is obsen·ed that as the resis
tivity measurements begin to in
clude the aquifer, the abrupt 
change in porosity and pore size 
distribution causes apparent re
sistivity to change significantly. 
This change shows up well on 
the :Moore summation curve 
analysis. Again as the apparent 
resistivity includes shale, another 
large change is observed on the · 
summation cun-e. 

To make this interpretation 
with confidence, some geologic 
information must be known. 
Logs obtained by drilling serve 
this purpose best. \Vith a knowl
edge of what stratification to ex
pect, and a reasonable idea of 
what depths are inrnl\"ed, the 
engineer can make an interpre
tation. It " ·ottld be virtually im
possible to m:ike an interpreta-
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tion without having a few refer
ence logs available. 

Limitations 
Commercial res1stn·1ty equip

ment is available at considerable 
cost. However, equipment sim
ilar to that shmrn in Figures 6 
and 7 may be fabricated by an 
electronics technician for a rela
tively small cost. This is of 
course, a modest instrument, cap
able only of measurements to 
depths of 150 to 200 feet. Such 
depths are generally adequate for 
most drainage investigations. 

Operating costs depend on the 
size of the crew used, the experi
ence of the crew, and the depth 
of interest. A good crew of four 
can make six "sets" in a day. 
That is, logs at six locations can 
be obtained to depths of up to 
80 feet in one day. The cost is 
considerably less than for any 
other method which might be 
used for comparable logging. 
However, it is emphasized that 
the logs obtained are limited in 
usefulness: they are not detailed 
logs and must be "keyed" to . 
known geology. 

Theory of Electrical Resistivity 

A conductor has. resistance, R, 
which can be calculated by Ohms 
law. If resistance is expressed as 
the resistance per cm. of length 
per square cm. of cross sectional 
area, it is called specific resist
ance, or resistivity, P· 

R 
p= 1/A 
where, 

p = resistivity, ohm-cm. 

1 = conductor length, or length 
path of current, cm. 

A = · cross sectional area of con
ductor, cm~. 

R = resistance of the conductor, 
ohm. 

For a wire conductor, the re- · 
sistivity can be determined easily 
by measuring the current and 

· the potential drop between two 
ends. Application of Ohms law 
will yield resistance, R, from 

which resistivity can be calcu
lated. 

For a thin, 2-dimensional sheet 
or plate, the resistance can be 
found, but resisti\·ity cannot be 
adequately calculated because 
the current distribution across 
the plate is not uniform. Cur
rent distribution depends on the 
shape and size of electrodes and 
on the homogeneity and isotropy 
of the sheet. Likewise for a 3-
dimensional body the resistivity 
cannot be so simply calculated. 

Resistivity of a 3-dimensional 
body- Resistivity of a body 
which is homogeneous and iso-

. tropic and of infinite extent can 
be determined by a method de
veloped·. by Frank Wenner, in 
1912 (10) (11). Searle (7) also 
suggested a similar method. Both 
are four-terminal methods. Gish 
and Roomey (2) in 1925 were 
first to make application of the 
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FIGURE 10. Four electrodes in a three dimensional medium of infinite extent. 

method. The four-terminal network refers to a system of four elec
trodes, two of which are current or source electrodes, and two of 
which are potential electrodes. 

Consider Figure 10, an arrangement of four electrodes in a 
homogeneous, isotropic conducting medium of infinite extent m 
3-dimensions. 

The potential gradient, dd~· at a di-stance, r, from the source . 

electrode I is the current density times the resistivity of the con
ductor. For unit current entering at l: 
.dE I . · · . · . ..... . 
dr == P x 4.rrz ·----------- . -------------- . ---------------- - --. · (I) . 

The potential drop between two point.s r 1 and r~ from I can be 
found by integrating Eq. ( l) 

- { E~ dE = i!lPf T~ d; 
J, 41r r· 

E1 T1 

E, - Ez = (l)p [-~ - -
1-)------------<2) 

41r r1 rz 
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Then E c2. 31 the potential difference between electrodes 2 and 3 at 
distances a and 2a from electrode l due to unit current flowing 
from 1 is, 

Ec2,31 , = J..1~[-!_ - _I ] 
4,,- a 2a 

~~o [ 
2
~ ]------------·---------------------------- - - (3) 

Also E' c2, 31 the potential change between 2 and 3 due to a unit 
current leaving at 4 can be obtained from Eq. (I). 

E 3 Ta 

- f dE = ~~Pf ~~ 
E:: T: 

(.!l.e._[_l _ _I ] 
4,,- r:: T3 

thus, 

E'c2. 31 = _Q2..e_ [-1
- - -

1
-] 

4,,- r,, r:: 

= (1) p [ I _ 1 ] = (I) p [ I ]------·------ (4) 
4r. a 2a 4r. 2a 

The difference in potential between 2 and 3 due to the unit 
current entering at I and leaving at 4 is the algebraic sum of the 
Eqs. (3) and (4). 

E 1--1 = E cu1 + F.' cui - _ P + P - P --------------- (5) 
· Sr.a Sr.a 4r.a 

Since unit current is flowing, the Eq. (5) also gives the re
sistance, R, of the earth between the equipotential surfaces on which 
the potential electrodes are located. 

R = E/1 . ~a ___________________ _______________ (6) 

Semi-infinite conductor-Equation (6) is valid only for a con
ductor of infinite extent. For a conductor of semi-infinite extent, 
however, an equation can be developed using the method of images. 

First consider four current electrodes (l, 2, 3, and 4) and two 
potential electrodes (2 and 3) in a conductor of infinite extent in 
three dimensions shown in Figure 11. 
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FIGURE 11. Six electrodes in three dimensional medium of infinite extent . 

·writing an equation equivalent to Eq. (5) for the potential 
drop between electrodes 2 and 3 due to unit current entering at 1 
and unit current leaving at 4, we have: 

For unit current entering at 5 and leaving at 6, we have, 

E 5-6 ~ l1r [ L L ] + l1r [ r~2 r!3 1 
. p [ l l + I _l_]--------(8) 

= 41r T52 - r53 fs2 - Ts3 

The combined effect of the four current electrodes on the potential 
drop between 2 and 3 is the algebraic sum of the Eqs. (7) and (8) , 

p [ I I l I l I I I ]----- (9) 
E 2

:
3 ~ 4,r · T12 T1a + T43 T,12 + T52 T53 + fs 3 Ts2 
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FIGURE 12. Equipotential 
lines in a system of four 
elcclroclc s. 

Now suppose a pl.111 c. n-n, can be found :1s shown in Figure I~ 
which is normal to t It <' 1 i nes connecting elect rnJcs 1 to 5 and 4 to 6 
and which also is :1 1. i,cctor of these lines. The plane then coulcl 
represent a minor :111.t the points 5 and (i 1,·uuld be the mirror 
images of 1 and 4. ( :1111 :; ider the pattern or equipotential lines in 
this svstem, as sho\\'11 i11 figure 12. 

'· 0 
:,: _. It 1s .apparent 111.11 no current passes across the plane n-n on 

account of the sy111111 t· 1 ty of the system. Tlindore the upper h:llf 
can be removed witlt1 1111 changing the distriln,ti on of equipotential s 
in the lower half. 

·We may thus li st· Fq. (9) for the serni -i11finite conductor if we 
take into considcr.11 i, 111 that images would l":-.:ist and consider the 
distances of the i111:1 ~.,·~ [rom the points ~ :i11d :1 between which th e 
potential differen( c· h measured. This clo('s not require that the 
points 2 and 3 be i11 1 li e same vertical pbtH·. . 

Equation (9) gi , ,·s the potential diITnc ·11 rc benveen two elec
trodes located son,, · cli .\tance into the gro1111cl . lf the electrodes are 
all at uniform dcpil, . 1, . and equally spaced , :1. in a straight l_ine, then 

r12 = a, r 13 = ~~:,, r~3 = a , r 12 = 2a 

r :.2 = y4b
2 + a2, r :;:i - \14b2 + 4a\ r ,;z = \/i ,;-; + 4a2 , r

63 
= y4b2 + a2 

Therefore by Eq. (ti) for unit current 

·. (l) p [ 1 1 I 1 1 I 
E 2

·
3 = 4,,- a -~., I· a - 2a· + y'4b2 + ;;~- V4 b2 + 4a2 

+ y4}) + ~ ~ --v'4b2 \ 4a2 ] 

~~~p [ ! - L + y'4b~ + ~z -v,,,,..2+ 4a2 ] 

,=: (!~P [ ! ·I \lfo; + a2 - ,/4br ~ ,1a2 - ]--··.:_ ____________ (IO) 
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Equation (10) was derived for unit current. Since E; I = R, 
Eq. (IO) can be written. 

. 
R = _4P:: [-al + V 4 b~ + a~ - 2 --]-----------( I I ) .. y4b2 + 4a2 

or 

41r R 
p = _l ____ 2 ______ 2 ___________ ___ __ __ (19) 

+ v4b2 + a~-a 

If the electrodes are on the ground surface so that b = 0, Eq. (I '.2) 
becomes: 

4'rR 
-[ - ··· --

9

-_
2
a-l = 21ra R _______ -----,--·-------· (I~) 

p = -!- + ; 

Equation (13) gives, then, he resistivity of a mass of earth be
tween two equipotential hemi-spheres on which the potential elec
trodes are positioned. The assumption of uniform resistivity was 
made for this mass of earth. T he dimensions of this earth mass arc 
indefinite, but it is assumed that the earth below a depth equal to 
a,-the electrode spacing-does not carry a significant amount of 
the current. 

'\Vith this assumption, we have an empirical means for obtain
ing the "apparent resistivity" of a mass of soil included between th e 
equipotential hemi-spheres and of depth equal to a, the electroclc 
spacing. Figure 13 illustrates such a mass of earth. 

Q Q 
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FIGURE 13. Resistivity is me.isured for shaded mass cif earth. 
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