











GUIDE FOR THE CONSTRUCTION OF DRIVEN-ROD GROUND BEDS
by

R. L. King, ¥ He. W, Hil!, Jrs,2 R, R. Bofana,? and W, L. Cooley?

ABSTRACT

This report describes a method for designing and constructing ground beds
that has been developed under the sponsorship of the Bureau of Mines. The pro-
cedures for designing and constructing a driven-rod ground bed with a resist-
ance of 5 ohms or less are given. Some of the theory of soil resistivity and
fall-of-potential resistance measurements is included. Results of a bed con-
structed at the Bureau of Mines mine car roadway are presented.

INTRODUCTION

Electrical equipment used in underground and surface mines is required by
law to be grounded. The purpose of requiring a good ground conmection is to
prevent the development of dangerous potentials on the exposed frames of equip-
ment in the event of an electrical insulation failure. Since the equipment
frequently changes location, it is necessary that a fixed contact with earth be
made remote from the equipment and connected to the equipment as specified in
parts 75 and 77, Subpart H--Grounding, Title 30, Code of Federal Regulations.*
If this earth contact is a driven-rod ground bed, it will probably be located
near the electrical substation which supplies power to the mine.

A low-resistance safety ground bed is essential to the safe operation of
the mine power system. This is important because the ground bed will conduct
current during conditions such as those illustrated in figures 1 and 2. This
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FIGURE 1. - Ground bed conducting fault current during a phase-to-rail fault.
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current flow through the safety ground bed will elevate the frames of all
equipment connected to the bed to a voltage determined by

Ve = I, (R + R,y )> (1)
where V, = voltage that machine frame is elevated to,
I = current flowing through safety ground bed,
Rl = resistance of safety ground bed,

and R,xy = resistance of fault, connections, etc.



Although the present Federal law does not specify an acceptable ground bed
resistance, 2 to 5 ohms is usually recommended.

The work reported herein was done at West Virginia University under
sponsorship of a Bureau of Mines grant B as part of the Bureau's program of
improving safety in mines.

SOIL RESISTIVITY MEASUREMENTS

The resistance of a single driven ground rod is

R=-Z-%[£n%], )

where R = resistance of ground rod, ohms,

p = resistivity of soil, ohm-feet,

L length of rod, feet,

and r radius of rod, feet.

As can be seen from equation 2, the resistance of a ground rod, and therefore
of a complete grounding system, is directly proportional to the resistivity of
the soil in which the bed is constructed.

The soil resistivity is measured with a four-point electrode arrangement
known as the Wenner array (fig. 3), which consists of four electrodes placed
in a straight line at equal distances apart, a. The Wenner array measures the
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potential difference between two points to determine the resistivity of the
soil it is in. Referring to figure 3, I, and I, are the current electrodes
and P, and P, are the potential electrodes.

The general formula for calculating resistivity using the Wenner array is
p = 2maR, 3)
where p = resistivity, ohm-feet,
a = spacing of electrodes, feet,
and R = measured resistance, ohms.

This assumes that the depth the electrodes are driven to is much less than
their spacing.

A rule of thumb is that the electrode spacing, a, is equal to the average
resistivity of the soil at a depth "a'" in the vicinity of the electrodes.

GROUND BED RESISTANCE MEASUREMENTS

The objectives of ground bed resistance measurements are to--

1. Verify the adequacy of a new ground system.

2. Detect changes in an existing grounding system.

3. Determine the hazardous step and touch voltages.

4. Design protection for personnel.

To accomplish these objectives, a technique of ground bed measurement
must be selected. Four techniques have been considered during the research

program: (1) Two-point method, (2) triangulation method, (3) ratio method,
and (4) fall-of-potential method.

The fall-of-potential method (fig. 4) was selected for the guide because
it is already widely accepted and is accurate enough for most practical
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purposes. A known current, I, is
passed between the auxiliary current
electrode and the safety ground bed,
and the potential difference, V, is
measured between the auxiliary poten-
tial electrode and the safety ground
bed. Then the ratio V/I will give a
resistance which, with proper clec-
trode spacings, results in the
required resistance of the ground bed.

If a series of measurements is
made with the auxiliary potential
probe at various distances from the
ground bed, a curve as shown in
figure 5 can be plotted in which the
ratio V/I is plotted against the
distance of the potential electrodc
from the ground bed.

The nature of the earth resist=-
ance curve greatly depends upon the
distance of the auxiliary current
electrode from the ground bed. If
the current electrode is too close,
a curve of the nature of A is
obtained and error will be intro-
duced. Conversely, if the current
electrode is placed sufficiently
away from the ground bed under test,
then curve B is obtained, which will
enable the mine engineer to obtain a
satisfactory measurement.

It follows from the preceding
discussion that the accuracy of
measurements greatly depends upon
the distance between the ground bed
and the auxiliary current electrode.
The larger this distance, the less
the error introduced.

At this point, a practical difficulty arises as to where in the ground
bed the measurements of the distances of potential and current electrodes

In a single-driven~-rod ground bed, it is easy to see that the

rod is the starting point; but when the ground bed covers a large area and
comprises multiple driven rods and/or plates or buried wires, where is the

starting point?
center of an equivalent hemisphere.

Theoretically, the measurements should be made from the
It is assumed that the grounding system

can be replaced by an equivalent hemisphere with a radius, r, having the same



resistance as the bed. For a single driven rod, the radius of the equivalent
hemisphere is found using equation 4:

L
r= > 4)
/n ’:9_6_1‘_]- 1
d
where r = radius of equivalent hemisphere, feet,

L

length of rod, feet,

and d diameter of rod, inches.

Tagg6 provides tables that show the radius of the equivalent hemisphere for
some of the commonly used ground bed configurations. Examination of these
tables yields a rule of thumb which states that the radius of the equivalent
hemisphere is 50 percent of the maximum dimension of the bed.

An important result can be derived based on the ideal hemispherical elec~
trode. The true earth resistance is obtained at a potential electrode dis-
tance from the center of the equivalent hemisphere of 61.8 percent of the
distance (0.618 D) to the current electrode (fig. 6). Of course, this assumes
that the hemisphere is small compared to the current electrode spacing. A
safe measure would be to place the current electrode at a distance equivalent
to 10 times the radius of the equivalent hemisphere.

This result is widely used in practice since it eliminates plotting an
earth resistance curve. However, there are three difficulties in the appli-
cation of this result to ground beds:

1. The theory is based on homogeneous soil. However, since most soils
are nonhomogeneous, as the distance between the current electrode and the
ground bed is increased, the degree of penetration of the test current in the
ground will change and the true earth resistance point will deviate from
61.8 percent.

2. The theory is also based on a starting point from the center of the
equivalent hemisphere of the ground bed. Since the true center of the hemi-
sphere is quite difficult to locate, errors will be introduced again.
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“Tagg, G. F. Earth Resist-
ances. Pitman Publishing
Corp., New York, 1964,
pp. 186-192.

FIGURE 6. - Measurement of ground bed resistance us-
ing fall-of-potential techrique,



GUIDE FOR DESIGN AND CONSTRUCTION

A guide for the design and construction of safety ground beds has been
included as an appendix to this report. This guide has used the most practi-
cal techniques for measurements and the most common construction materials and

electrode arrays.

The guide shows how to build a ground bed that takes the greatest advan-
tage of the nonuniformities of the soil within the proposed site. The guide
specifies four resistivity measurements. This is the minimum number of eco-
nomically feasible measurements that will obtain information about the surface
variation in resistivity, as well as a crude idea of the degree of anisotropy
and depth variation of resistance.

Rods were chosen as the grounding medium, as opposed to plates, bare
wires, etc., because they do not have to be buried. This feature is important,
of course, in construction costs, but even more important is the good contact
with the earth obtained by driving the rods, as opposed to digging a hole and
filling dirt in around them. The rods chosen for use in the guide are 4, 6, 8,
and 10 feet long and 0.5 or 1 inch in diameter. Longer rods were not covered
because 10 feet is approaching the limit for hand-driven rods in rocky soil.
Rods shorter than 4 feet were left out because of problems associated with
frost.

The requirements for resistance of the ground bed are set at 5 ohms or
less; therefore, a small array of rods will generally yield the required
resistance. The range of soil resistivity was limited to safety ground beds
built in moderate resistivity earth, 20 to 3,000 ohm-feet.

CONSTRUCTION OF A PROTOTYPE GROUND BED

A ground bed was constructed at the Bureau of Mines mine car roadway
facility using the criteria contained in this report. Since more detailed
information was desired for the construction of this ground bed, soil resis-
tivity measurements were made at 1l-, 2-, 5-, 10-, and 15-foot spacings. The
data for the base line and perpendicular surveys are given in table 1.

TABLE 1. - Resistivity surveys for Bureau of Mines ground bed

Spacings, ft Base line, Perpendicular,
ohm-ft ohm-ft
lovesnennnn P 73 63.7
2 88.2 89.6
S 111.5 109
0 87 87
15...... T 84 84.3

The resistivity surveys for 5- and 15-foot spacings were selected for
determining the construction of the ground bed. It is obvious that the 5-foot
spacings are close (within 20 percent) and that the 15-foot spacings are also
close, but different from the 5-foot spacings. Therefore, as the guidelines



instruct, the average resistivity was computed to be 97.2 ohm-feet. Rounding
this up to 100 ohm-feet and selecting a 1/2-inch, 8-foot ground rod for the
bed construction, the design tables were entered to find the appropriate
spacings. A hollow square configuration with l6-foot, 4~inch spacings was
then selected. Although the present design tables do not list this specific
ground bed design, the version of the tables that existed when this bed was
constructed did list the hollow square configuration. The present design
tables indicate that a triangular ground bed with 13-foot, 3-inch spacings
would also be appropriate.

The four rods were then driven into the ground and interconnected with
#2 bare copper wire. The interconnections were made approximately 18 inches
under the surface to avoid fluctuations in bed resistance caused by frost

penetration.

A fall-of-potential measurement was then made, and the bed resistance was
found to be 2.67 ohms. Figure 7 is a plot of the fall-of-potential measure-
ment made on the ground bed.
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FIGURE 7, - Fall-of-potential measurement conducted on Bureau of Mines ground bed,



CONCLUSIONS

A reliable method for designing and constructing ground beds with a
resistance less than 5 ohms has been developed. Actual usage of the guide-
lines resulted in a ground bed measuring 2.67 ohms. The application of ground
beds with a low resistance will result in safer mine power systems.
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APPENDIX.--GUIDE FOR CONSTRUCTION OF GROUND BEDS

This guide is intended as an aid in the construction of safety ground
beds. It is not a textbook on the theory of earth grounding arrangements, nor
is it a review of current grounding practices. In fact, many of the techniques
listed in this paper depart from current practices considerably.

While the lack of explanation for the given techniques is regrettable, it
was felt that the audience for this paper would consist of two types of
readers: Those with a general interest in the subject of grounding, and those
with a ground bed to build. The latter will find this booklet to be a concise
procedure for construction of a truly "safe" safety ground bed.

This guide is intended to fill a void in the available material on ground-
ing, in that it allows considerable flexibility in the actual materials and
land area devoted to the ground bed. Relative areas and rod weights are given
with each design so that the designer may choose, from several electrically
equivalent designs, the one that is economically optimum.

The ground bed designs given in this booklet are "electrically equivalent"
in the sense that all configurations will produce a ground bed that has resist=
ance of 5 ohms (or less). This is the maximum value that will guarantee that
grounded equipment be safe to touch during system faults or other transient
conditions.

All the ground bed construction techniques covered in this guide involve
the use of driven rods. There are three reasons for this:

1. Driven rods avoid the expense of earth removal to bury plates, wire,
etc.

2. Driven rods avoid the problem of packing the earth around buried elec-
trodes to insure good contact with the earth.

3. Any desired resistance that could be obtained using other foims of
electrodes can, in general, be obtained using rods.

Ground bed construction consists of four steps: Measuring the resistiv-
ity of the ground bed site, choosing a design based on the measurements, build-
ing the ground bed, and finally, checking the resistance of the completed
ground bed.

Resistivity Measurements

The method used to determine the earth resistivity of the ground bed site
is the Wenner array. The details of the procedure depend on the equipment
used. Basically four clectrodes are placed in a straight line with equal spac-
ing between adjacent electrodes. A known current is passed between the outer
two electrodes, and the voltage is measured between the two inner electrodes
(fig. A-1). Then the earth resistivity is computed from the formula

Res. = Zf'xy- X a,
I

where a is the spacing (in feet) between any two adjacent electrodes.
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It is recommended that a commercial resistivity meter be used to make the
measurement of voltage and to apply the current, instead of a simple voltmeter
and battery. Polarization effects due to dc voltages and stray currents in
the earth make accurate measurement of resistivity difficult without special
equipment.

It is possible that the manufacturer of the resistivity meter will give
formulas for computation of the earth resistivity that differ from the one
given above. In such a case, follow the manufacturer's instructions, but be
sure that the procedure involves the Wenner array as shown in figure A-1 and
that the spacing between the electrodes is varied as dictated in the following
paragraph.

The earth resistivity is measured with the interelectrode spacing (a in
fig. A-1) equal to 6 feet. Then the electrode spacing is increased to 18 feet,
and the measurement is repeated. (An easy way of doing the second measurement
is to remove the two inner electrodes and move each one to 18 feet beyond the
outer electrodes; see fig. A-2.) Next, two more measurements are taken along
a line at right angles to the first line, the first with 6-foot spacing and
the second with 18-foot spacing. To summarize:

Measurement A: Electrodes at 6-foot spacing along base line.

Measurement B: Electrodes at 18-foot spacing along base line.

Measurement C: Electrodes at 6-foot spacing perpendicular to base line.

Measurement D: Electrodes at 18-foot spacing perpendicular to base line.

The measurements are also shown in figures A-3 and A-4.

Choice of Ground Bed Site

The earth's resistivity varies enormously with locality. This is a mixed
blessing: On one hand, more complicated methods are called for to determine
what that resistivity is than would be necessary if it were constant every-
where; on the other hand, a low-~resistivity region (that is, a lower resistiv-
ity than the average) can sometimes reduce the cost of ground bed construction.
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A low-resistance ground bed can be built in almost any soil, but capital
investment increases considerably as earth resistivity increases. For example,
to build a satisfactory ground bed in soil with an average resistivity of
30 ohm-feet requires only one 6-foot rod of 1/2-inch diameter. To build a
comparable bed in soil with resistivity of 300 ohm~feet, using the same type
of rod, requires 24 rods over an area of 743 square feet.

It is difficult to predict exactly where, in a given plot of land, the
resistivity will be minimum. However, in general, the region of least alti-
tude is preferred because it is likely to contain the most ground water (an
extremely important factor for low resistivity) and because it is least likely
to freeze in the winter. An exception to this rule is that a small depression
within a gently sloping plot may yield a lower resistivity than a site chosen
at the lowest part of the plot. If there is more than one possible site, the
measurements described in the next section should be done over each potential
site, and the one that yields the lowest resistivity should be chosen.

If only ome site is measured and that site gives a high value of resis-
tivity (greater than about 1,600 ohm-feet), it would probably be better to
look for anmother site of lower resistivity than to build the ground bed in the
original site.

Once the site(s) has been selected, a "base line'" for the measurement is
chosen over the site as follows: Choice of the direction of the 'base line''--
that is, the line along which the measurements A and B are made--depends on
the terrain of the ground bed site. Preferably, this line follows some natu-
ral geological feature of the site. For example, if a stream flows through
the site, the line would be parallel to the stream. If the site is hilly, the
base line should follow some natural depression in the land; for example, a
small valley.

Interpretation of Results
v

The design of the ground bed depends on the relative values of resistiv-
ity obtained in the four measurements. There are four possibilities considered
here:

1. All four measurements are close; that is, within 20 percent of each
other.

2. Measurements A and C are close (within 20 percent), and measurements
B and D are also close but differ from A and C.

3. Measurements A and B are close, and measurements C and D are also
close but differ from A and B.

4. At the most, two of the measurements are close.

If all four measurements are close, the tables given in the back of this
guide can be used directly with no restrictions. Simply look up the table
that corresponds to the average value of resistivity measured and pick out a
ground bed design that corresponds to the available land and materials.
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If the measurements at 6-foot spacings (A and C) are close but less than
the 18-foot measurements (B and D), use any of the designs that require 4- or
6-foot rods. The value of resistivity to be used for choosing the design is
the average of the four measurements.

If the measurements taken along the base line (A and B) are close and the
measurements perpendicular to the base line (C and D) are close but differ
from the first two, then the following procedure must be followed:

1. The average resistivity (average of the four measurements) is computed
and used as the basis for all procedures that follow; that is, begin with a
ground bed design corresponding to this resistivity, modifying the design as
specified in the steps that follow.

2. If there is a one~rod solution corresponding to the average resistiv-
ity, it can be used with no modifications .

3. If there is a two-rod solution corresponding to the average resistiv-
ity, the rods must be placed along whichever line the lower resistivity was
measured on.

4. 1If any other design is used, the dimensions of the ground bed must be
increased along whichever line the higher resistivity was measured on. The
increase in length should be the same as the percentage difference in measured
resistivity. For example, suppose that the resistivity measured along the
base line was 65 ohm-feet and the resistivity perpendicular to the base line
was 130 ohm-feet. Then, using the tables for 100 ohm-feet, one possible solu~
tion is eight 4-foot-long, 0.5-inch-diameter rods arranged in a hollow square
with a spacing of 3 feet, 10 inches between rods. Therefore, this would be the

spacing for rods along the

3ft10in_, 3 ft 10in base line, but the spacing

perpendicular to the base

o o o line would be increased to
T 7 feet, 8 inches (fig. A-5).

n

If no more than two of
the resistivity measurements
are close (less than 20 per-
cent apart), then the base
Bose Base line should be moved 45°

7ft 8

line line clockwise or counterclockwise
and all four measurements
repeated. If these numbers
are still all different,
then only those designs
given in the table that call
for 10 or more rods should
be used, and the value of
resistivity used to look up
FIGURE A-5. - Alteration of **hollow square’’ configura-  the design should be the
tion for a case of anisotropic soil, highest of the four measured
values_, NOT the average.

L— 7 ft 8in

o o o
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Interconnection of Rods

Once the rods are driven with the required spacing (note that the spacings
given in the tables are minimum spacings and may be increased if desired) they
must be solidly interconnected with flexible, and preferably bare, copper wire.
There should be adequate slack in the connecting wire to allow for settling
and thermal expansion. It is probably best to bury the connecting wire and
the joints to the rods below the surface for their mechanical protection.

Measurement of Ground Bed Resistance

The completed ground bed should be measured using a "fall-of-potential
method" to insure that its resistance is indeed correct. If the ground bed is
built according to the given designs, there should be no problem. However, if
the completed bed measures more than 5 ohms, the following procedure must be
implemented.

First, check to see that all rods are solidly connected together and that
a good connection was made to the ground bed when the resistance measurement
was done. Repeat the measurement if any of the interconnections appear loose.
If all connections are good, or if the second measurement of the ground bed
resistance also measures more than 5 ohms, the design must be corrected.

Calculate a new value of earth resistivity from the formula:

Resistivity (new) = resistivity (old) x ground beg resistance

This new value is the value of earth resistivity that should have been mea-
sured in the first tests. Next, look through the tables for a ground bed
corresponding to this new value of resistivity, which uses the same type of
rods (or shorter). The spacing between rods in this design should be equal to
or greater than the spacing in the bed already built. Then, using the exist-
ing ground bed as a beginning, build the new design. If no comparable design
exists in the tables for the new value of resistivity, check the designs corre-
sponding to the next highest value of resistivity for a solution. If no
design can be found that can utilize the rods already driven, the ground bed
will have to be redone completely.

Once the ground bed is reconstructed, its resistance must be checked as
detailed above to insure a value less than 5 ohms.

Guide for Using the Ground Bed Design Tables

As explained in the text, any ground bed design can be chosen from the
ones listed here that correspond to the earth resistivity measured in the pro-
posed site. Note that the tables all are headed "Resistivity less than...
ohm-feet'; that is, there is no lower limit on the measured resistivity for a
given design, only an upper limit. Therefore, if a particular table is headed
"Resistivity less than 100 ohm-feet' and the measured resistivity is only
53 ohm-feet, any of the designs from this table can be used, although there is
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another table headed '"Resistivity less than 70 ohm-feet." However, it is gen-
erally advantageous to use the table that corresponds to a resistivity as close
to the measured value as possible, because the required number of rods will be
fewer and the spacing will be less. Note that the table for "Resistivity less
than 50 ohm-feet' cannot be used in this case.

In addition to the restrictions listed in the text, there is an addi~-
tional constraint on ground beds constructed at high elevations. If the alti-
tude of the site exceeds 500 feet, and the latitude exceeds 37°, 4-foot rods
cannot be used. If the altitude exceeds 2,000 feet, with latitude of 37°,
neither 4- nor 6-foot rods can be used.

Finally, "length of rod" in these tables refers to the depth to which
the rod is driven into the ground. If an 8-foot rod is driven only half way,
it 1s a 4-foot rod as far as the design tables are concerned.

TABLE A-1. - Explanation of rod types

Rod type Rod length, ft Rod diameter, in
Aceinin i iiiniininannns 4 0.5 'S
Bttt tiriennretatanann 6 .5
[, 6 1.0
3 8 .5
o 8 1.0
Fooroiinenanonnaenanns 10 1.0

NOTES.--1. Rods of greater diameter and/or greater length can
be substituted for given types.

2. Rod arrangements are shown in figure A-6.
3. Spacingis always the distance between adjacent rods.

4. Weight (rel.) in the following tables is the weight
of a single 4-foot rod of 0.5-inch diameter; for
example, 150 indicates that the total weight is
150 times the weight of such a rod.

Triangle Hollow square Solid square

FIGURE A-6, - Kod arrongements tor resistivity tables.
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TABLE A-2. - Resistivity less than 20 ohm-feet
Arrangement Rod type Total rods Spacing Area, Weight
Ft In sq ft (rel.)
Single rod..... ... vt A 1 0 0 0 1.0
DO'ivniiiiiiiiaenns B 1 0 0 0 1.5
DOwvvvvveieeiarnans D 1 0 0 0 2.0
DO et ineiinnnenans ¢ 1 0 0 0 6.0
0 N E 1 0 0 0 8.0
DOt v te et veeanionnnas F 1 0 0 0 10.0
TABLE A-3. - Resistivity less than 30 ohm-feet
Arrangement Rod type Total rods Spacing Area, Weight
Ft In sq ft (rel.)
Single rod...eevve.onn B 1 0 0 0 1.5
Double rod............ A 2 1 5 0 2.0
Single rod..veveere... D 1 0 0 0 2.0
DO tttvnniniennen s ¢ 1 0 0 0 6.0
DOvv i iveneeesnnnen E 1 0 0 0 8.0
DOuevo v ionurnanis F 1 0 0 0 10.0
TABLE A~4. - Resistivity less than 50 ohm-feet
Arrangement Rod type Total rods Spacing Area, Weight
Ft In sq ft (rel.)
Triangle..oeve veannns A 3 4 2 15 3.0
Double rod....vcouvenn B 2 4 0 0 3.0
DOtenivnnnereennnens D 2 2 1 0 4.0
Single rod........... . F 1 0 0 0 10.0
Double rod............ c 2 2 8 0 12.0
DOvvetiveieinennsns E 2 1 9 0 16.0
TABLE A-5. -~ Resistivity less than 70 ohm-feet
Arrangement Rod type Total rods Spacing Area, Weight
Ft In sq ft (rel.)
Hollow square......... A 4 7 0 50 4.0
Solid square.......... A 4 7 0 50 4.0
Double rod............ D 2 9 5 0 4.0
Triangle......coveunun B 3 5 10 30 4.5
Hollow square......... A 8 1§11 15 8.0
Solid square.......... A 9 2 2 20 9.0
Hollow square......... A 12 1 4 17 12.0
Double rod............ o] 2 203 5 0 12.0
Solid square.......... A 16 1 5 20 16.0
Double rod..... .cou. E 2 5 2 0 16.0
DOve vt ininenianinenn F 2 3 2 0 20.0
Solid square.......... A 25 1 1 22 25.0
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TABLE A-6. - Resistivity less than 100 ohm-feet

Arrangement Rod type Total rods Spacing | Area, Weight
Ft In sq ft (rel.)

Hollow square......... B 4 10 | 10 119 6.0
Solid square:......... B 4 10 | 10 119 6.0
Triangle«oeeevene.. D 3 13 3 153 6.0
Hollow square..... e A 8 3|10 60 8.0
Solid square.......... A 9 4 1 69 9.0
Hollow square......... A 12 2 3 47 12.0

DOevvvrannsnann .. B 8 2 9 32 12.0
Solid square.......... B 9 3 2 42 13.5
Hollow square......... A 16 1 7 44 16.0
Solid square.......... A 16 2 4 50 16.0
Hollow square......... B 12 1] 11 34 18.0
Triangle..... C 3 40 1 1,397 18.0
Hollow square......... A 20 1 3 44 20.0
Double rod.....ovu.... F 2 24 0 ] 20.0
Solid square.......... B 16 2 1 41 24.0
Triangle...o.vvvvvanen E 3 ¢ 8 5 62 24.0
Solid square..... eeen A 25 1 9 50 25.0

DOvvrvenennn PN . A 36 1 5 50 36.0

DOuvrvennancnnenrans B 25 1 8 45 37.5

Do..... PPN . A 49 1 2 53 49.0

TABIE A~7. - Resistivity less than 200 ohm-feet

Arrangement Rod type Total rods Spacing | Area, sq ft | Weight
Ft In (rel.)

Solid square.......... A 9 2,125( 6 | 18,071,088 9.0
Hollow square......... A 12 11| 4 1,165 12.0
DOvevvenannnns ceeaes B 8 17] 1 1,175 12.0
Solid square..... ceeen B 9 141 6 844 13.5
Hollow square....sov.s A 16 5| 5 475 16.0
Solid square.......... A 16 71 9 542 16.0
Hollow square......... D 8 9| 2 336 16.0
DOvevenanennnnns B 12 6! 1 341 18.0
Solid squares........ . D 9 9] 5 359 18.0
Hollow square....... . A 20 3| 8 349 20.0
Do..... St ertseaaenen A 24 2]10 302 24.0
DO eveverannonnns B 16 41 © 255 24.0
Solid square.......... B 16 5| 8 291 24.0
Hollow square........ D 12 4111 219 24.0
Solid square...... eu A 25 41 6 331 25.0
Hollow square....... .o A 28 2| &4 281 28.0
DOvevernnns B 20 310 229 30.0
DOtveerncnrenonnnnns A 32 2| o 270 32.0
DOcurrnnnnnncansanns D 16 3| 5 195 32.0
Solid square.......... D 16 510 222 32.0
Hollow square..... vee A 36 119 264 36.0
Solid square.......... A 36 313 275 36.0
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Arrangement Rod type Total rods Spacing | Area, sq ft | Weight

Ft In (rel.)

Hollow square......... B 24 2| 5 221 36.0
Solid square.......... B 25 3|11 246 37.5
Hollow square......... D 20 21 9 189 40.0
T F 4 65| 0 4,229 40.0
Solid square.......... F 4 65| O 4,229 40.0
Hollow square......... B 28 211 218 42.0
DOv v vne it e B 32 1110 218 48.0
DOuvnt i iniiniaennn, [¢ 8 11| 8 548 48.0
DO v vienin i D 24 21 3 190 48.0
Solid square.......... A 49 2{ 8 260 49.0
o D 25 317 213 50.0

o B 36 3] 0 229 54.0
DO et vttt [¢ 9 11] 3 511 54.0
o A 64 21 3 249 64.0
Hollow square......... E 8 7] 8 239 64.0
0 ¢ 12 5] 5 266 72.0
Solid square.......... D 36 2|10 209 72.0
0 I E 9 8| 3 277 72.0
DOvtvvi i iieeanan B 49 21 6 230 73.5
Hollow square......... F 8 6 4 162 80.0
Solid square.......... A 81 2|10 249 81.0
DOevvn i, F 9 711 203 90.0
DOt eeine i ieeann, B 64 21 228 96.0
Hollow square......... C 16 3|18 220 96.0
Solid square.......... C 16 513 251 96.0
Hollow square......... E 12 41 6 188 96.0
Solid square.......... D 49 2|5 215 98.0
1 A 100 1{8 247 100.0
Hollow square......... C 20 2110 206 120.0
DOt e ieeie s F 12 411 155 120.0
Solid square.......... B 81 1]10 232 121.5
Hollow square......... E 16 313 177 128.0
Solid square.......... E 16 418 202 128.0
Hollow square......... C 24 2| 4 203 144.0
Solid square.......... C 25 319 227 150.0
Hollow square......... E 20 217 176 160.0
0 F 16 311 156 160.0
Solid square.......... F 16 415 177 160.0
Hollow square......... o] 28 210 204 168.0
Solid square.......... E 25 3|6 202 200.0
DOvivniiii i C 36 211 218 216.0
DOevvnneiie e, F 25 315 188 250.0
DOev e i nnaan E 36 2 (10 202 288.0
DO evveiniiineenn. C 49 215 222 294.0
DO F 36 219 193 360.0
DO.evunn. PRI [¢ 64 2|1 222 384.0
DO ettt E 49 214 210 392.0
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TABLE A-8. - Resistivity less than 300 ohm-feet

Arrangement Red type | Total rods Spacing Area, sq ft | Weight

Ft In (rel.)

Hollow square......... A 16 22 8 8,249 16.0
Solid square.......... A 16 32 4 9,409 16.0
Hollow square......... D 8 93 3 34,817 16.0
DOvvvnnn i B 12 21 8 4,243 18.0
Solid square.......... D 9 39 2 6,141 18.0
Hollow square......... A 20 9 5 2,236 20.0
DOt v vevnieniinennnens A 24 6 2 1,385 24.0

2 B B 16 9 0 1,297 24.0
Solid square.......... B 16 12 9 1,479 24.0
Hollow square......... D 12 11 7 1,213 24.0
Solid square.......... A 25 9 5 1,436 25.0
Hollow square......... A 28 4 8 1,082 28.0
21 T B 20 5 11 885 30.0
DOvv e i iiiaennenn A 32 3 39 936 32.0

2 T D 16 6 9 740 32.0
Solid square.......... D 16 9 8 844 32.0
Hollow square......... A 36 3 2 853 36.0
Solid square.......... A 36 6 0 889 36.0
Hollow square......... B 24 4 6 743 36.0
Solid square.......... B 25 7 1 808 37.5
Hollow square......... D 20 5 0 616 40.0
5 N B 28 3 8 676 42.0
< B 32 3 2 642 48.0

| T D 24 4 0 568 48.0
Solid square.......... A 49 4 6 742 49.0
5 D 25 6 3 628 50.0
Hollow square......... B 36 2 9 622 54.0
Solid square.......... B 36 5 L 648 54.0
5 C 9 118 3 55,997 54.0
Hollow square......... D 28 3 4 547 56.0
Solid square.......... A 64 3 8 666 64.0
Hollow square......... D 32 2 10 538 64.0
0 E 8 32 2 4,145 64.0
5o C 12 14 9 1.977 72.0

2 S D 36 2 6 535 72.0
Solid square.......... D 36 4 8 558 72.0
DOttt e E 9 24 |10 2,472 72.0
0 B 49 4 1 604 73.5
Hollow square......... F 8 17 0 1,151 80.0
Solid square.......... A 81 3 1 637 81.0
5 F 9 16 6 1,097 90.0
DOvvvr v B 64 3 5 575 96.0
Hollow square......... C 16 7 8 942 96.0
Solid square.......... C 16 10 11 1,075 96.0
Hollow square . ........ E 12 9 9 862 96.0
Solid square.......... D 49 3 10 546 98.0
0 N A 100 2 9 615 100.0
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Arrangement Rod type | Total rods Spacing Area, sq ft | Weight
Ft In (rel.)
Hollow square......... C 20 5 4 723 120.0
DOvereroanvranonsnnn F 12 8 0 583 120.0
Solid square.......... B 81 3 0 570 121.5
DOveveinenrnnnennnns D 64 3 3 533 128.0
Hollow square......... E 16 6 2 614 128.0
Solid square........ .. E 16 8 9 700 128.0
Hollow square......... c 24 4 2 641 144.0
Solid square.......... B 100 2 7 563 150.0
0 Z N o] 25 6 7 703 150.0
Hollow square......... E 20 4 7 541 160.0
DoO..... eee . . F 16 5 6 487 160.0
Solid square.......... F 16 7 10 556 160.0
2 D 8l 2 | 10 538 162.0
Hollow square......... [ 28 3 6 602 168.0
< c 32 3 0 583 192.0
DOvrvennennns ceisens E 24 3 9 515 192.0
Solid square....c.c... D 100 2 6 539 200.0
07 Z E 25 6 0 572 200.0
Hollow square......... F 20 4 3 459 200.0
DOvevvennnnnnennnnns c 36 2 7 573 216.0
Solid square......... . [ 36 4 10 597 216.0
Hollow square......... E 28 3 2 505 224.0
DOvevennrannnonnonns F 24 3 6 453 240.0
Solid square....e.ov0s F 25 5 7 507 250.0
Hollow square......... E 32 2 9 503 256.0
DOvvernveranrnnnenas F 28 3 0 455 280.0
Solid square...... .. E 36 4 7 527 288.0
DOvervvnnnnn C 49 4 0 572 294.0
DOevvennn e F 36 4 5 488 360.0
DOvevervenrsnannenns [ 64 3 4 552 384.0
DOverinnnnnns [ E 49 3 9 524 392.0
DOvvevennnnnnensns e c 81 2 11 553 486.0
DOtevrnnnnennnonnnns F 49 3 8 497 490.0
0 Z N E 64 3 3 518 512.0
DO vevenennenanennnn C 100 2 7 550 600.0
DO..... e evenen F 64 3 2 498 640.0
DOvevnvnnnn Creeeeens E 81 2 10 527 648.0
DOvevrrenionvnonnans E 100 2 6 529 800.0
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TABLE A-9. - Resistivity less than 500 ohm-feet

Arrangement Rod type]Total rods Spacing Area, sq ft | Weight

Ft In (rel.)

Hollow square......... A 24 70 5 178,738 24.0
Solid square.......... A 25 71 6 81,906 25.0
Hollow square...... . A 28 20 6 20,631 28.0
DOtveverennnnnrnnans B 20 26 0 16,922 30.0
DO-tvvvnnnninanns . A 32 12 4 9,797 32.0
DOt eeverennnenusnnns D 16 28 2 12,703 32.0
Solid square.......... D 16 40 1 14,490 32.0
Hollow square......... A 36 9 0 6,554 36.0
Solid square.......... A 36 16 6 6,829 36.0
Hollow square......... B 24 13 8 6,736 36.0
Solid square.......... B 25 20 3 6,613 37.5
Hollow square......... D 20 13 | 10 4,840 40.0
DOttt ieecnirnnenns B 28 9 6 4,438 42.0
DOeervnnnnnn Ceienas . B 32 7 4 3,506 48.0
DOvevennn eeenen . D 24 9 6 3,283 48.0
Solid square..... . . A 49 10 1 3,693 49.0
DOeevrneinnnns e D 25 14 8 3,452 50.0
Hollow square......... B 36 6 1 3,020 54.0
Solid square.......... B 36 11 2 3,146 54.0
Hollow square..... e D 28 7 4 2,676 56.0
Solid square.......... A 64 7 5 2,735 64.0
Hollow square........ . D 32 6 1 2,373 64.0
DOvevonnnennas . . D 36 5 2 2,197 72.0
Solid square........ D 36 9 6 2,289 72.0
DO eeteervnrnnnenans B 49 8 1 2,396 73.5
DOevrreninnn ceen . A 81 6 0 2,354 81.0
DOevrvunnnnns . . B 64 6 5 2,052 96.0
Hollow square......... c 16 53 4 45,518 96.0
Solid square...... e o 16 75 11 51,922 96.0
Hollow square......... E 12 111 2 111,270 96.0
Solid square........ .. D 49 7 4 1,965 98.0
DOeveunnnnnn Cereean A 100 5 1 2,126 100.0
Hollow square......... C 20 17 9 7,884 120.0
DOvevnennennenvnnnn, F 12 32 2 9,356 120.0
Solid square....... - B 81 5 5 1,912 121.5
DOtvovvnnnsn cee D 64 6 0 1,787 128.0
Hollow square......... E 16 20 0 6,422 128.0
Solid square.......... E 16 28 6 7,326 128.0
Hollow square......... C 24 11 1 4,444 144.,0
Solid square.......... B 100 4 8 1,813 150.0
DOevveeniiiinannans . C 25 16 10 4,551 150.0
Hollow square......... E 20 11 8 3,438 160.0
1 F 16 14 4 3,295 160.0
Solid square.......... F 16 20 5 3,758 160.0
DOverevevnnnnn, D 81 5 2 1,725 162.0
Hollow square...... e C 28 8 2 3,334 168.0
Dovevverininiinnnnns C 32 6 7 2,819 192.0
DOervenvnennennn ceee E 24 8 6 2,613 192.0
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Arrangement Rod type|{Total rods Spacing Area, sq ft | Weight
Ft In (rel.)
Solid square.......... D 100 4 6 1,673 200.0
DOtrvnrovocnsennans . E 25 13 2 2,795 200.0
Hollow square......... F 20 9 7 2,327 200.0
DOvvvinnnrenconienns C 36 5 7 2,532 216.0
Solid square.......n.. C 36 10 3 2,638 216.0
Hollow square......... E 28 6 9 2,254 224.0
DOtevernrrusncnannn . F 24 7 5 1,982 240.0
Solid square.......... F 25 11 7 2,161 250.0
Hollow square......... E 32 5 8 2,068 256.0
DOvevrncnreinnnns e F 28 6 1 1,821 280.0
DOe¢eronsans i . E 36 4 1 11 1,959 288.0
Solid square......... . E 36 9 0 2,041 288.0
Do..... [ C 49 7 8 2,150 294.0
Hollow square......... F 32 5 2 1,738 320.0
DCuvvverrennernenons F 36 4 6 1,691 360.0
Solid square.......... F 36 8 4 1,762 360.0
0 T C 64 6 2 1,904 384.0
DOvitrerennnenenosss E 49 7 1 1,824 392.0
DOt veerenonneennens C 81 5 3 1,808 486.0
DOwvevnnnnncnensanss F 49 6 9 1,654 490.0
DOvrvrvieenevnennnas E 64 5 10 1,695 512.0
DOvvvivunnnnns cevaee C 100 4 7 1,736 600.0
DOvevvenrensnnnnnns . F 64 5 8 1,580 640.0
DOvevenrnrennnnnonss E 81 5 1 1,657 648.0
DOtevsnerenensnenenns E 100 4 5 1,622 800.0
DOt vvrnrnarsoannnss F 81 4 11 1,571 810.0
DOt eeea v vaosesnnns F 100 4 4 1,555 1,000.0
TABLE A-10. - Resistivity less than 700 ohm-feet
Arrangement Rod typejTotal rods Spacing Area, sq ft | Weight
Ft In (rel.)
Hollow square......... A 32 294 3 5,542,511 32.0
DOvvnevnennneneennns A 36 371 4 113,244 36.0
Solid square.......... A 36 68| 8 117,991 36.0
Hollow square..e...... B 24 99| 2 354,298 36.0
Solid square.......... B 25 100 6 161,635 37.5
Hollow square......... D 20 61{ 3 93,860 40.0
DO svvenranraneanens B 28 281 9 40,564 42.0
DOervenioeneonsnnnes B 32 171 4 19,237 48.0
DOt vennvoneaanennss D 24 24| 0 20,713 48.0
Solid square.......... A 49 21y 5 16,538 49.0
DOvvreraronns e D 25 34( 8 19,232 50.0
Hollow square......... B 36 12| 7 12,863 54.0
Solid square.......... B 36 231 1 13,402 54.0
Hollow square......... D 28 15| 4 11,602 56.0
Solid square.......... A 64 13| 4 8,725 64.0
Hollow square......... D 32 11| 6 8,494 64.0
DOY v eserernnnnnnans D 36 9| 3 6,998 72.0
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TABLE A~10. - Resistivity less than 700 ohm-feet=-~Continued

Arrangement Rod type [Total rods Spacing Area, sq ft | Weight

Ft [In (rel.)

Solid square.......... D 36 171 0 7,292 72.0
DOvevverennrcnnonnns B 49 14f 2 7,244 73.5
DOtveerenoennnsenens A 81 10y 0 6,437 81.0
DOtevernnsnonnnnns . B 64 10| 5 5,362 96.0
DOvevenenrnonnanans . D 49 121 0 5,190 98.0
DOvvrvnanoenroannses A 100 8| 1 5,329 100.0
Hollow Square..aeesev. C 20 1,315 1 43,236,320 120.0
Solid square.......... B 81 8| 5 4,614 121.5
DOvevenn D 64 9| 4 4,306 128.0
Hollow square......... E 16 476] 6 3,633,305 128.0
Solid square.......... E 16 678 7 4,144,473 128.0
Hollow square......... C 24 377 0 49,461 144.0
Solid square...... oo B 100 71 2 4,167 150.0
DOvverecnocanennnnns C 25 4910 39,800 150.0
Hollow square..... E 20 331 7 28,293 160.0
DOvvevrrnnennnnss . F 16 45( 8 33,447 160.0
Solid square....e.e... F 16 65| 1 38,153 160.0
T D 81 7|10 3,940 162.0
Hollow square...... “en C 28 191 7 18,900 168.0
DOvvrvnnrnnneninnnns c 32 131 7 11,928 192.0
DOevvsvevenenrvonann E 24 18] 4 12,181 192.0
Solid square....... . D 100 6| 9 3,69 200.0
DOvverrrnnrioneanans E 25 27| 5 12,063 200.0
Hollow square......... F 20 20 9 10,804 200.0
Do..... e c 36 10| 7 9,081 216.0
Solidssquare.......... c 36 19| 5 9,461 216.0
Hollow square......... E 28 13| 0 8,241 224.0
= F 24 13]11 6,995 240.0
Solid square....ceese F 25 21| 4 7,304 250.0
Hollow square......... E 32 10| 1 6,599 256.0
1 TN . F 28 10| 8 5,578 280.0
DOvurvrenannnnennnens E 36 8| & 5,729 288.0
Solid square....ecvv.. E 36 15| 5 5,970 288.0
DOevvevtnrenannennns C 49 12|11 6,019 294.0
Hollow square......... F 32 8| 8 4,882 320.0
DOvivnronnnn F 36 715 4,483 360.0
Solid square.......... F 36 13| 8 4,671 360.0
DOvereveronnnensnnns ¢ 64 9|10 4,755 384.0
DOevirvnensn e E 49 11| 3 4,605 392.0
DOt e e enear e ennens C 81 8| 1 4,234 486.0
Do e aaeaa F 49 10( 5 3,952 490.0
DOvierinnnrnennnnnan E 64 9l o 3,968 512.0
DOverrvnenracnnenas c 100 6111 3,904 600.0
T F 64 8l 6 3,567 640.0

1 PN E 81 707 3,710 648.0
1= T E 100 6| 7 3,527 800.0
2 F 81 71 3 3,427 810.0
DOt e ie v eiiraeenannn F 100 6] 4 3,315 1,000.0
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Arrangement Rod type [Total rods Spacing Area, sq ft | Weight

Ft In (rel.)

Solid square....eaveee A 49 131 6 622,813 49.0
Hollow square....... .o B 36 62 4 314,939 54.0
Solid square....c...... B 36 114 6 328,139 54.0
Hollow square..... cens D 28 81 7 326,762 56.0
Solid square...... oo A 64 32 6 51,814 64.0
Hollow Square......... D 32 34 9 77,513 64.0
DOcoverns D 36 22 7 41,338 72.0
Solid square....ce.... D 36 41 6 43,071 72.0
DOveennrancnnennnans B 49 31 9 36,413 73.5
DOveenranronsenanens A 81 19 8 24,776 81.0
DO evernnnennons .. B 64 19 5 18,543 96.0
DOvieervrennnnens . D 49 22 7 18,398 98.0
DOvevan. Cereecenaes A 100 14 5 16,846 100.0
DO.vevnnn Ceieeeeaes B 81 14 6 13,490 121.5
DOeevvnvorennnennns . D 64 16 0 12,549 128.0
DOeevvennnns . PN B 100 11 8 11,086 150.0
DO evrennnnnnnnnnns . D 81 12 8 10,368 162.0
Hollow square......... C 32 65 10 277,745 192.0
DOsrvenas e . E 24 140 11 714,950 192.0
Solid square....... .o D 100 10 7 9,141 200.0
DOseverevneaneonnsns E 25 143 1 327,626 200.0
Hollow square........ . F 20 155 3 602,703 200.0
DOvreancenrnnsonns .. [¢ 36 32 1 83,593 216.0
Solid square...e...... o] 36 59 0 87,097 216.0
Hollow square......... E 28 41 0 82,525 224.0
DOvreerarnonnsoananns F 24 40 10 60,117 240.0
Solid square.......... F 25 57 6 53,006 250.0
Hollow square......... E 32 24 8 39,188 256.0
DOveveeronnoeneneans F 28 24 4 29,171 280.0
DOvverneinennnevanns E 36 18 0 26,217 288.0
Solid square.......... E 36 33 0 27,316 288.0
DOeevoerncerernnanes o] 49 26 1 24,565 294.0
Hollow square....e.... F 32 17 8 20,104 320.0
DOcerinrroonannnonns F 36 14 0 16,023 360.0
S0lid SQUATE.+.enesnas F 36 25 | 10 16,694 360.0
DOvrveneneeonvnnnnns C 64 17 5 14,909 384.0
DOvavvornornsnnasncns E 49 20 3 14,774 392.0
DOvuvenan . S . [¢ 81 13 6 11,669 486.0
DO:evenanannnn P F 49 17 8 11,319 490.0
DOvvrraresnencannens E 64 14 | 11 10,938 512.0
Solid square.....veues o] 100 11 1 9,977 600.0
DO eueanconennss e F 64 13 8 9,190 640.0
0 E 81 12 1 9,414 648.0
DO esrotenaconneonas E 100 10 2 8,502 800.0
DOcvoverenaneas ceee F 81 11 4 8,307 810.0
DOt eteneveasnneeens F 100 9 9 7,730 1,000.0




26

TABLE A-12. - Resistivity less than 2

2,000 ohm-feet

Arrangement Rod type|Total rods Spacing Area, sq ft | Weight
Ft In (rel.)
Solid square....... A 100 156 1 1,974,672 100.0
DOvevevnranenn ceeane B 81 84 5 456,452 121.5
DOvevererrencoeronsa D 64 91 5 409,946 128.0
DOserons Sesenian . B 100 2 4 159,420 150.0
DOveviennnnons ceeaee D 81 46 5 138,089 162.0
DOvevenns cenenas .o D 100 32 0 83,216 200.0
DO.eveveniinnnnns ‘e C 64 173 1 1,468,888 384.0
Do. e ee s E 49 263 0 2,491,244 392.0
DOvivornnnnans Ceeese [ 81 58 9 220,932 486 .0
Do..... recereenns F 49 92 3 306,785 490.0
DOvereneranennnan - E 64 65 [} 207,255 512.0
Do.. Ceeaen esenna C 100 36 9 109,729 600.0
DO«evun. [P . F 64 46 6 106,326 640.0
DO voveans Creeean . E 81 39 4 99,103 648.0
DOcevrernnnans Ceraee E 100 28 10 67,386 800.0
Do.. eeererenanee F 81 32 6 67,740 810.0
DOvevunnns seeeaerons . F 100 25 4 52,101 1,000.0
TABLE A-13. - Resistivity less than 3,000 ohm-feet
Arrangement Rod type{Total rods Spacing Area, sq ft | Weight
Ft In (rel.)
Solid square...... ceen B 100 640 1 33,191,232 150.0
DOverevinnrnnnnnnnas D 81 397 6 10,113,468 162.0
DO . ouvnn Cevecariaas D 100 97 10 775,469 200.0
DOt cernnnennronnnns [ 100 161 6 2,113,410 600.0
DOtrvenninnnnnnennns F 64 233 5 2,671,479 640.0
Do...v.. Cerererenenas E 81 156 3 1,562,624 648.0
DOeersnnnnnn ereseas E 100 73 0 432,086 800.0
DO vvevnrnnnnsnnenns F 81 85 3 465,569 810.0
DOteveeeinnnsinans .o F 100 54 2 237,933 1,000.0
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