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PREFACE

This volume is one of a two-volume series which sets forth the grounding, bonding, and shielding theory for
communications electronics (C-E) equipments and facilities. Grounding, bonding, and shielding are complex
subjects about which in the past there has existed a good deal of misunderstanding. The subjects themselves are
interrelated and involve considerations of a wide range of topics from electrochemistry and metallurgy to
electromagnetic field theory and atimspheric physics. These two volumes reduce these varied considerations
into a usable set of principles and practices which can be used by all concerned with, and responsible for, the
safety and effective operation of complex C-E systems. Where possible, the Principles are reduced to specific
steps. Because of the large number of interrelated factors, specific steps cannot be set forth for every possible
situation. However, once the requirements and constraints of a given situation are defined, the appropriate
steps for solution of the problem can be formulated utilizing the principles set forth.

Both volumes (Volume |, Basic Theory and Volume Il, Applications) implement the (Grounding, Bonding, and
Shielding requirements of MIL-STD-188-124A which is mandatory for use within the Department of Defense.
The purpose of this standard is to ensure the optimum performance of ground-based telecommunications
equipment by reducing noise and providing adequate protection against power system faults and lightning
strikes.

This handbook emphasizes the necessity for including considerations of grounding, bonding, and shielding in all
phases of design, construction, operation, and maintenance of electronic equipment and facilities. Volume 1,
Basic Theory, develops the principles of personnel protection, fault protection, lightning protection,
interference reduction, and EMP protection for C-E facilities. In addition, the basic theories of earth
connections, signal grounding, electromagnetic shielding, and electrical bonding are presented. The subjects are
not covered independently, rather they are considered from the standpoint of how they influence the design of
the earth electrode Subsystem of a facility, the selection of ground reference networks for equipments and
structures, shielding requirements, facility and equipment bonding practices, etc. Volume | aso provides the
basic background of theory and principles that explain the technical basis for the recommended practices and
procedures; illustrates the necessity for care and thoroughness in implementation of grounding, bonding, and
shielding; and provides supplemental information to assist in the solution of those problems and situations not
specifically addressed.

In Volume II, Applications, the principles and theories, including RED/BLACK protection, are reduced to the
practical steps and procedures which are to be followed in structural and facility development, electronic
engineering, and in equipment development, These applications should assure personnel equipment and
structural safety, minimize electromagnetic interference (EMI) problems in the final operating system; and
minimize susceptibility to and generation of undesirable emanations. The emphasis in Volume Il goes beyond
development to assembly and construction, to installation and checkout, and to maintenance for long term use.

Four appendices are provided as common elements in both volumes. Appendix A is a glossary of selected words
and terms as they are used herein, If not defined in the glossary, usage is in accordance with Federal Standard
1037, Glossary of Telecommunication Terms. Appendix B is a supplemental bibliography containing selected
references intended to supply the user with additional material. Appendix C contains the table of contents for

the other volume. Appendix D contains the index for the two-volume set.
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CHAPTER 1

FACILITY GROUND SYSTEM

1.1 GENERAL.

1.1.1 This handbook addresses the practical considerations for engineering of grounding systems, subsystems,
and other components of ground networks. Electrical noise reduction is discussed as it relates to the proper
installation of ground systems. Power distribution systems are covered to the degree necessary to understand

the interrelationships between grounding, power distribution, and electrical noise reduction.

1.1.2 The information provided in this handbook primarily concerns grounding, bonding, and shielding of fixed
plant telecommunications-electronics facilities; however, it also provides basic guidance in the grounding of
deployed transportable communications/electronics equipment.

1.1.3 Grounding, bonding, and shielding are approached from a total system concept, which comprises four
basic subsystems in accordance with current Department of Defense (DOD) guidance. These subsystems are as

follows:
a An earth electrode subsystem.
b. A lightning protection subsystem.
C. A fault protection subsystem.
d. A signal reference subsystem.

1.2 APPLICATION. This handbook provides technical information for the engineering and installation of
military communications systems related to the background and practical aspects of installation practices
applicable to grounding, bonding, and shielding. It also provides the latest concepts on communications systems
grounding, bonding, and shielding installation practices as a reference for military communications installation

personnel.

1.3 DEFINITIONS. A glossary of unique terms used in this handbook is provided in Appendix A. All other
terms and definitions used in this handbook conform to those contained in Joint Chiefs of Staff Publication No.
1. (JCS Pub 1), FED-STD-1037, MIL-STD-463, and the Institute of Electrical and Electronics Engineers (IEEE)

dictionary.

1.4 REFERENCED DOCUMENTS. Publications related to the subject material covered in the text of this
handbook are listed in Appendix B. The list includes publications referenced in the text and those documents
that generally pertain to subjects contained in the handbook but are not necessarily addressed specifically.
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1.5 DESCRIPTION. The ground system serves three primary functions which are listed below. A good ground
system must receive periodic inspection and maintenance to retain its effectiveness. Continued or periodic
maintenance is aided through adequate design, choice of materials, and proper installation techniques to ensure
that ground Subsystems resist deterioration or inadvertent destruction and thus require minimal repair to retain
their effectiveness throughout the life of the facility.

a Personnel safety. Personnel safety is provided by low-impedance grounding and bonding between
equipment, metallic objects, piping, and other conductive objects, so that currents due to faults or lightning do
not result in voltages sufficient to cause a shock hazard.

b. Equipment and facility protection. Equipment and facility protection is provided by low-impedance
grounding and bonding between electrical services, protective devices, equipment, and other conductive objects,

so that faults or lightning currents do not result in hazardous voltages within the facility. Also, the proper
operation of overcurrent protective devices is frequently dependent upon low-impedance fault current paths.

C. Electrical noise reduction. Electrical noise reduction is accomplished on communication circuits by
ensuring that (1) minimum voltage potentias exist between communications-electronics equipments, (2) the
impedance between signal ground points throughout the facility to earth is minimal, and (3) that interference

from noise sources is minimized.

1.5.1 Facility Ground System. All telecommunications and electronic facilities are inherently related to

earth by capacitive coupling, accidental contact, and intentional connection. Therefore, ground must be looked
at from a total system viewpoint, with various subsystems comprising the total facility ground system. The
facility ground system forms a direct path of known low impedance between earth and the various power,
communications, and other equipments that effectively extends in approximation of ground reference
throughout the facility. The facility ground system is composed of an earth electrode subsystem, lightning
protection subsystem, fault protection subsystem, and signal reference subsystem.

a Earth electrode subsystem. The earth electrode subsystem consists of a network of earth electrode
rods, plates, mats, or grids and their interconnecting conductors. The extensions into the building are used as
the principal ground point for connection to equipment ground subsystems serving the facility. Ground
reference is established by electrodes in the earth at the site or installation. The earth electrode subsystem
includes the following: (1) a system of buried, driven rods interconnected with bare wire that normally form, a
ring around the building; or (2) metallic pipe systems, i.e., water, gas, fuel, etc., that have no insulation joints;
or (3) a ground plane of horizontal buried wires. Metallic pipe systems shall not be used as the sole earth
electrode subsystem. Resistance to ground should be obtained from the appropriate authority if available or
determined by testing. For EMP considerations, see Chapter 10.

b. Lightning protection subsystem. The lightning protection subsystem provides a nondestructive path
to ground for lightning energy contacting or induced in facility structures. To effectively protect a building,
mast, tower, or similar self-supporting objects from lightning damage, an air terminal (lightning rod) of
adequate mechanical strength and electrical conductivity to withstand the stroke impingement must he
provided. An air terminal will intercept the discharge to keep it from penetrating the nonconductive outer
coverings of the structure, and prevent it from passing through devices likely to be damaged or destroyed. A
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low-impedance path from the air terminal to earth must also be provided. These requirements are met by
either (1) an integral system of air terminals, roof conductors, and down conductors securely interconnected to
provide the shortest practicable path to earth; or (2) a separately mounted shielding system, such as a metal
mast or wires (which act as air terminals) and down conductors to the earth electrode subsystem.

C. Fault protection subsystem. The fault protection subsystem ensures that personnel are protected
from shock hazard and equipment is protected from damage or destruction resulting from faults that may
develop in the electrical system. It includes deliberately engineered grounding conductors (green wires) which
are provided throughout the power distribution system to afford electrical paths of sufficient capacity, so that
protective devices such as fuses and circuit breakers installed in the phase or hot leads can operate promptly.
If at all possible the equipment fault protection conductors should be physically separate from signal reference
grounds except at the earth electrode subsystem. The equipment fault protection subsystem provides grounding
of conduits for signal conductors and all other structural metallic elements as well as the cabinets or racks of
equipment.

d. Signal reference subsystem. The signal reference subsystem establishes a common reference for
C-E equipments, thereby also minimizing voltage differences between equipments. This in turn reduces the
current flow between equipments and also minimizes or eliminates noise voltages on signal paths or circuits.
Within a piece of equipment, the signal reference subsystem may be a bus bar or conductor that serves as a
reference for some or all of the signal circuits in the equipment. Between equipments, the signal reference
subsystem will be a network consisting of a number of interconnected conductors. Whether serving a collection
of circuits within an equipment or serving several equipments within a facility, the signal reference network
will in the vast majority of cases be a multiple point/ equipotential plane but could also, in some cases, be a
single point depending on the equipment design, the facility, and the frequencies involved.

1.5.2 Grounding and Power Distribution Systems. For safety reasons, both the MIL-STD-188-124A and the
National Electrical Code (NEC) require the electrical power systems and equipments be intentionally grounded;

therefore, the facility ground system is directly affected by the proper installation and maintenance of the
power distribution systems. The intentional grounding of electrical power systems minimizes the magnitude and
duration of overvoltage on an electrical circuit, thereby reducing the probability of personnel injury, insulation
failure, or fire and consequent system, equipment, or building damage.

a Alternating currents in the facility ground system are primarily caused as a result of improper ac
wiring, simple mistakes in the ac power distribution system installation, or as a result of power faults. To
provide the desired safety to personnel and reduce equipment damage, all 3-phase wye wiring to either fixed or
transportable communication facilities shall be accomplished by the 5-wire or conductor distribution system
consisting of three phase or “hot” leads, one neutral lead and one grounding (green) conductor. A single building
receiving power from a single source requires the ac neutral be grounded to the earth electrode subsystem on
the source side of the first service disconnect or service entrance panel as well to a ground terminal at the
power source (transformer, generator, etc.). This neutral shall not be grounded at any point within the building
or on the load side of the service entrance panel. The grounding of all C-E equipment within the building is
accomplished via the grounding (green) conductor which is bonded to the neutral bus in the source side of the
service entrance panel and, in turn, grounded to the earth electrode subsystem. In addition to the three phase
or "hot" leads and the neutral (grounded) conductor, a fifth wire is employed to interconnect the facility earth
electrode subsystem with the ground termina at the power source.

1-3
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To eiminate or reduce undesired noise or hum, multiple facilities supplied from a single source shall ground the
neutral only at the power source and not to the earth electrode subsystem at the service entrance point. Care
should be taken to ensure the neutral is not grounded on the load side of the first disconnect service or at any
point within the building. The grounding (green) conductor in this case is not bonded to the neutral bus in the
service disconnect panel. It is, however, bonded to the facility earth electrode subsystem at the service
entrance panel. The fifth wire shall be employed to interconnect the earth electrode subsystem with the ground
terminal at the power source.

The secondary power distribution wiring for a 240 volt single phase system consists of two phase or “hot” leads,
a neutral (grounded) and a grounding (green) conductor while the three conductor secondary power distribution
system is comprised of one phase, one neutral, and one grounding lead. In both cases, the neutral shall not be
grounded on the load side of the first service disconnect. It shall, however, be grounded to the ground terminal
at the power source and to the earth electrode subsystem if one power source supplies power only to a single
building.

The ac wiring sequence (phase, neutral, and equipment fault protection) must be correct all the way from the
main incoming ac power source to the last ac load, with no reversals between leads and no interconnection
between neutral and ground leads. Multiple ac neutral grounds and reversals between the ac neutral and the
fault protection subsystem will generally result in ac currents in al ground conductors to varying degrees. The
NEC recognizes and allows the removal or relocation of grounds on the green wire which cause circulating
currents. (Paragraph 250-21(b) of the NEC refers.) Alternating current line filters also cause seine ac currents
in the ground system when distributed in various areas of the facility, this is due to some ac current passing
through capacitors in the ac line filters when the lines are filtered to ground. Power line filters should not
induce more than 30 milliamperes of current to the fault protection subsystem.

b. Dc power equipment has been found to be a significant electrical noise source that can be minimized
through proper configuration of the facility, the physical and electrical isolation of the dc power equipment
from communications equipment, and filtering of the output. Certain communications equipment with inverter
or switching type power supplies aso cause electrical noise on the dc supply leads and the ac input power leads.
This noise can be minimized by the use of decentralizing filters at or in the equipment. The location, number,
and termination of the dc reference ground leads are also important elements in providing adequate protection
for dc systems and, at the same time, minimizing electrical noise and dc currents in the ground system.

1.5.3 Electrical Noise in Communications Systems. Interference-causing signals are associated with

time-varying, repetitive electromagnetic fields and are directly related to rates of change of currents with
time. A current-changing source generates either periodic signals, impulse signals, or a signal that varies
randomly with time. To cause interference, a potentially interfering signal must be transferred from the point
of generation to the location of the susceptible device. The transfer of noise may occur over one or severa
paths. There are several modes of signal transfer (i.e., radiation, conduction, and inductive and capacitive
coupling).
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1.6 BONDING, SHIELDING, AND GROUNDING RELATIONSHIP.

a The simple grounding of elements of a communications facility is only one of several measures
necessary to achieve a desired level of protection and electrical noise suppression. To provide a low-impedance
path for (1) the flow of ac electrical current to/from the equipment and (2) the achievement of an effective
grounding system, various conductors, electrodes, equipment, and other metallic objects must be joined or
bonded together. Each of these bonds should be made so that the mechanical and electrical properties of the
path are determined by the connected members and not by the interconnection junction. Further, the joint
must maintain its properties over an extended period of time, to prevent progressive degradation of the degree
of performance initially established by the interconnection. Bonding is concerned with those techniques and
procedures necessary to achieve a mechanically strong, low-impedance interconnection between metal objects
and to prevent the path thus established from subsequent deterioration through corrosion or mechanical
looseness.

b. The ability of an electrical shield to drain off induced electrical charges and to carry sufficient
out-of-phase current to cancel the effects of an interfering field is dependent upon the shielding material and
the manner in which it is installed. Shielding of sensitive electrical circuits is an essential protective measure
to obtain reliable operation in a cluttered electromagnetic environment. Solid, mesh, foil, or stranded
coverings of lead, aluminum, copper, iron, and other metals are used in communications facilities, equipment,
and conductors to obtain shielding. These shields are not fully effective unless proper bonding and grounding
techniques are employed during installation. Shielding effectiveness of an equipment or subassembly enclosure
depends upon such considerations as the frequency of the interfering signal, the characteristics of the shielding
material, and the number and shapes of irregularities (openings) in the shield.

1.7 GROUNDING SAFETY PRACTICES.

a It is essential that al personnel working with Cormmunications-Electronics (C-E) equipment and
supporting systems and facilities strictly observe the rules, procedures, and precautions applicable to the safe
installation, operation, and repair of equipment and facilities. All personnel must be constantly alert to the

potential hazards and dangers presented and take all measures possible to reduce or eliminate accidents.

b. Safety precautions in the form of precisely worded and illustrated danger or warning signs shall be
prominently posted in conspicuous places, to prevent personnel from making accidental contact with
high-voltage sources such as power lines, antennas, power supplies, or other places where uninsulated contacts
present the danger of electrical shock or short circuits. Signs shall also warn of the dangers of al forms of
radiation hazards, acids, and chemical inhalation, plus all other potential sources of personnel danger. Power
cutoff features built into the equipment must be used in strict adherence to the intended use.

C. During the installation of equipment, warning tags are used to note the existence of potential danger
when individual circuits or stages are being checked out. The tags should contain appropriate information to
alert all personnel of the dangers involved and specific restrictions as to the use of the equipment. The
equipment being installed shall be appropriately tagged in accordance with the directives of the local safety
officer, equipment manufacturer, or other responsible agent.
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d. Installation personnel, when working with equipment having high-voltage devices, must ensure that
the devices are grounded and that the high-voltage circuits have been disconnected or turned off. Do not rely
solely on the presence of interlock switches for protection from electrical shock.

1-6
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CHAPTER 2

EARTH ELECTRODE SUBSYSTEM

2.1 OBJECTIVES.

Earth grounding is defined as the process by which an electrical connection is made to the earth. The earth
electrode subsystem is that network of interconnected rods, wires, pipes, or other configuration of metals which
establishes electrical contact between the elements of the facility and the earth. This system should achieve
the following objectives:

a Provide a path to earth for the discharge of lightning strokes in a manner that protects the
structure, its occupants, and the equipment inside.

b. Restrict the step-and-touch potential gradient in areas accessible to persons to a level below the
hazardous threshold even under lightning discharge or power fault conditions.

C. Assist in the control of noise in signal and control circuits by minimizing voltage differentials
between the signal reference subsystems of separate facilities.

2.1.1 Lightning Discharge. A lightning flash is characterized by one or more strokes with typical peak current

amplitudes of 20 kA or higher. In the immediate vicinity of the point of entrance of the stroke current into the
earth, hazardous voltage gradients can exist along the earth’s surface. Ample evidence (2-1)* exists to show
that such gradients are more than adequate to cause death. It is thus of great importance that the earth
electrode subsystem be configured in a manner that minimizes these gradients. The lower the resistance of the
earth connection, the lower the peak voltage and consequently the less severe the surface gradients. Even with
low resistance earth electrode systems, the current paths should be distributed in a way that minimizes the
gradients over the area where personnel might be present.

* Referenced documents are listed in the last section of each chapter.

2-1
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2.1.2 Fault Protection. In the event of transformer failure (e.g., disconnect between neutral and ground or
line to ground faults) or any failure between the service conductor(s) and grounded objects in the facility, the
earth electrode subsystem becomes a part of the return path for the fault current. A low resistance assists in
fault clearance; however, it does not guarantee complete personnel protection against hazardous voltage
gradients which are developed in the soil during high current faults. Adequate protection generally requires the
use of ground grids or meshes designed to distribute the flow of current over an area large enough to reduce the
voltage gradients to safe levels. The neutral conductor at the distribution transformer must therefore be
connected to the earth electrode subsystem to ensure that a low resistance is attained for the return path.
(Paragraph 5.1.1.2.5.1 of MIL-STD-188-124A refers.) Ground fault circuit interrupters on 120 volt single phase
15 and 20 ampere circuits will provide personnel protection against power faults and their use is therefore
highly recommended.

2.1.3 Noise Reduction. The earth electrode subsystem is important for the minimization of electromagnetic
noise (primarily lower frequency) within signal circuits caused as a result of stray power currents. For example,
consider a system of two structures located such that separate earth electrode subsystems are needed as shown
in Figure 2-1. If stray currents (such as may be caused by an improperly grounded ac system, dielectric
leakage, high resistance faults, improperly returned dc, etc.) are flowing into the earth at either location, then
a voltage differential will likely exist between the grounding networks within each facility.

Currents originating from sources outside the structures can also be the cause of these noise voltages. For
example, high voltage substations are frequent sources of large power currents in the earth. Such currents arise
from leakage across insulators, through cable insulation, and through the stray capacitance which exists
between power lines and the earth. These currents flowing through the earth between the two sites will
generate a voltage difference between the earth connections of the two sites in the manner illustrated by
Figure 2-2.

Any interconnecting wires or cables will have these voltages applied across the span which will cause currents
to flow in cable shields and other conductors. As shown in Chapter 6, such intersite currents can induce
common-mode noise voltages into interconnected earth electrode subsystems.

2.1.4 Summary of Requirements. Table 2-1 summarizes the purpose, requirements, and resulting design
factors for earth connections of the lightning protection subsystem, the fault protection subsystem, the signal

reference subsystem, and the ac distribution system neutral (grounded) conductor and safety ground (grounding)
conductor. Refer to Article 100 - Definitions of the NEC for additional information on grounding and grounded
conductors (2-2).

2-2
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2.2 RESISTANCE REQUIREMENTS.

2.2.1 General. The basic measure of effectiveness of an earth electrode is the value in ohms of the resistance
to earth at its input connection. Because of the distributed nature of the earth volume into which electrical
energy flows, the resistance to earth is defined as the resistance between the point of connection and a very
distant point on the earth (see Section 2.4). Ideally, the earth electrode subsystem provides a zero resistance
between the earth and the point of connection. Any physically realizable configuration, however, will exhibit a
finite resistance to earth. The economics of the design of the earth electrode subsystem involve a trade-off
between the expense necessary to achieve a very low resistance and the satisfaction of minimum system
requirements. This subsystem shall also interconnect all driven electrodes and underground metal objects of the
facilities including the emergency power plant. Underground metallic pipes entering the facility shall also be
bonded to the earth electrode subsystem.

2.2.2 Resistance to Earth. Metal underground water pipes typically exhibit a resistance to earth of less than

three ohms. Other metal elements in contact with the soil such as the metal frame of the building, underground
gas piping systems, well casings, other piping and/or buried tanks, and concrete-encased steel reinforcing bars
or rods in underground footings or foundations generally exhibit a resistance substantially lower than 25 ohms.

2.2.2.1 National Electrical Code Requirements. For the fault protection subsystem, the NEC (2-2) states in
Article 250 that a single electrode consisting of a rod, pipe or plate which does not have a resistance to ground
of 25 ohms or less shall be augmented by one additional made electrode. Although the language of the NEC

clearly implies that electrodes with resistances as high as 25 ohms are to be used only as a last resort, this 25
ohm limit has tended to set the norm for grounding resistance regardless of the specific system needs. The 25
ohm limit is reasonable or adequate for application to private homes and other lower powered type facilities.

2.2.2.2 Department of Defense Communications Electronics Reguirements. The above criteria however, is not

acceptable for C-E facilities when consideration is given to the large investments in personnel and equipment.
A compromise of cost versus protection against lightning, power faults, or EMP has led to establishment of a
design goal of 10 ohms for the earth electrode subsystem (EES) in MIL-STD-188-124A. The EES designed in
MIL-STD-188-124A specifies a ring ground around the periphery of the facility to be protected. With proper
design and installation of the EES, the design goal of 10 ohms should be attained at reasonable cost. At
locations where the 10 ohms has not been attained due to high soil resistivity, rock formations, or other terrain
features, alternate methods listed in Paragraph 2.9 shall be considered for reducing the resistance to earth.

2.2.3 Lightning Requirements. For lightning protection, it also is difficult to establish a definite grounding

resistance necessary to protect personnel. The current which flows in a direct lightning stroke may vary from
several hundred amperes to as much as 300 thousand amperes. Such currents through even one ohm of
resistance can theoretically produce hazardous potentials. It is impractica to attempt to reduce the resistance
of a facility to earth to a value low enough to absolutely prevent the development of these potentials.
Techniques other than simply achieving an extremely low resistance to ground must therefore be employed to
protect personnel and equipment inside a structure from the hazards produced by a direct stroke. Experience
has shown that a grounding resistance of ten ohms gives fairly reliable lightning protection to buildings,
transformers, transmission lines, towers, and other exposed structures. At some sites, resistances as low as one
ohm or less can be achieved economically. The lower the resistance, the greater the protection; therefore,
attempts should be made to reduce the resistance to the lowest practical value.
2-5
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2.3 SOIL_RESISTIVITY.

2.3.1 General. The resistivities of the soil and rock in which the earth electrode subsystem is buried,
constitute the basic constraint on the achievement of a low resistance contact with earth. The resistance of an
earth electrode subsystem can in general be calculated with formulas which are based upon the general
resistance formula.
- g _ E
Rep a~T (1)
where o :is the resistivity of the conducting material, & is the length of the path for current flow in the earth, A
is the cross-sectional area of the conducting path, | is the current into the electrode, and E is the voltage of the
electrode measured with respect to infinity. It will be shown later in this chapter that if the soil resistivity is
known, the resistance of the connection provided by the more common electrode configurations can be readily
determined.

The soils of the earth consist of solid particles and dissolved salts. Electrical current flows through the earth
primarily as ion movement; the ionic conduction is heavily influenced by the concentration and kinds of salts in
the moisture in the soil. lonic disassociation occurs when salts are dissolved, and it is the movement of these
ions under the influence of electrical potential which enable the medium to conduct electricity.

Resistivity is defined in terms of the electrical resistance of a cube of homogeneous material. The resistance
of a homogeneous cube, as measured across opposite faces, is proportional to the resistivity and inversely
proportional to the length of one side of the cube. The resistance is

=, Lo L (2 -
R—pA~pL2—(L)ohms (2-2)
where p = resistivity of the material, ohms - (unit-of-length);
L = length of one side of the cube, (unit-of-length), and
A = area of one face of the cube, (unit-of-length)®.

Common units of resisitivity are ohm-cm and ohm-m.

2.3.2 Typical Resistivity Ranges. A broad variation of resistivity occurs as a function of soil types, and

classification of the types of soils at a potential site for earth electrodes is needed by the designer. Table 2-2
permits a quick estimate of soil resistivity, while Table 2-3 lists measured resistivity values from a variety of
sources. Tables 2-2 and 2-3 indicate that ranges of one or two orders of magnitude in values of resistivity for a
given soil type are to be expected.

2.3.3 Environmental Effects. In addition to the variation with soil types, the resistivity of a given type of soil

will vary several orders of magnitude with small changes in the moisture content, salt concentration, and soil
temperature. It is largely these variations in soil environment that cause the wide range of values for each soil
type noted in Tables 2-2 and 2-3. Figure 2-3 shows the variations observed in a particular soil as moisture,
salt, and temperature were changed. The curves are intended only to indicate trends -- another type of soil
would be expected to yield curves with similar shapes but different values.

2-7
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The discontinuity in the temperature curve (Figure 2-3(b)), indicates that at below freezing temperatures the
soil resistivity increased markedly. This undesirable temperature effect can be minimized by burying earth
electrode subsystems below the frost line.

24 MEASUREMENT OF SOIL RESISTIVITY.

2.4.1 General. It is not always possible to ascertain with a high degree of certainty the exact type of soil
present at a given site. Soil is typically rather nonhomogeneous; many types will be encountered at most
locations. Even with the aid of borings and test samples and the use of Table 2-3, the resistivity estimate can
easily be off by two or three orders of magnitude. When temperature and moisture variations are added to the
soil type variations, it is evident that estimates based on Table 2-3 are not sufficiently accurate for design
purposes. The only way to accurately determine the resistivity of the soil at a specific location is to measure
it.

2.4.2 Measurement Techniques. The most commonly used field methods for determining soil resistivity employ

the technique of injecting a known current into a given volume of soil, measuring the voltage drop produced by
the current passing through the soil, and then determining the resistivity from a modified form of Equation 2-1.

2421 One-Electrode Method. To illustrate the principles of this technique, first visualize a metal
hemisphere buried in the earth as shown in Figure 2-4. In uniform earth, injected current flows radially from
this hemispherical electrode. Equipotential surfaces are established concentric with the electrode and

perpendicular to the radial directions of current flow. (Regardless of the shape of an electrode, it can be
approximated as a hemispherical electrode if viewed from far enough away.) As the current flows from the
hemisphere, the current density decreases with distance from the electrode because the areas of successive
shells become larger and larger. The current density within the earth, at a given distance x from the center of
the electrode is

iy = 2:”‘2 amperes per unit area, (2-3
where
| = current entering the electrode and
2nx? = area of the hemispherical shell with radius x.
At the point x the electric field strength can be obtained from Ohm's law:
ex = p iy, (2-4)

I
: ’g——i volts per unit length.
2

where p is resistivity of material.
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Table 2-2

Approximate Soil Resistivity (2-3)

(a) MOISTURE

(b) TEMPERATURE

(c) ADDED SALT

Figure 2-3. Typical Variations in Soil Resistivity as a Function of Moisture,
Temperature and Salt Content (2-4)

2-9

Type of Soil Resistivity
(ohm-m) (ohm-cm) (ohm-ft)
Wet Organic Soil 10 10 33
Moist Soil 10 10 330
Dry Soil 10 10 3300
Bed Rock 10 10 33000
= . -
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Resistivity Values of Earthing Medium (2-5), (2-6), (2-7)
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Table 2-3

Medium

Surface soils, loam, etc.

Clay

Sand and gravel

Surface limestone

Limestones

Shales

Sandstone

Granites, basalts, etc.

Decomposed gneisses

Slates, etc.

Fresh Water Lakes

Tap Water

Sea Water

Pastoral, low hills, rich soil, typical
of Dallas, Texas; Lincoln, Nebraska
areas

Flat country, marshy, densely wooded
typica of Louisiana near Mississippi
River

Pastoral, medium hills and forestation,
typical of Maryland, Pennsylvania, New

York, exclusive of mountainous territory

and seacoasts

Rocky soil, steep hills, typica of New
England

Sandy, dry, flat, typical of coastal
country

City, industrial areas

Resistivity
Minimum Average Maximum
(ohm-cm) (ohm-cm) (ohm-cm)
10 5 x 10°
2 x 10° 10°
5 x 10° 10°
10° 106
5 x 10° 4 x 10°
5 x 10° 10°
2 x 10° 2 x 10°
10°
5 x 10° 5 x 10°
10° 10°
2 x 10 2 x 10’
10° 5x10°
20 10° 2 x 10°
3 x 10°
2 x 10° 10°
2 x 10°
10° 5 x 10° 10°
3 x 10° 5 x 10° 5x 10°
10° 10°
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Table 2-3 (Continued)

Resistivity Values of Earthing Medium (2-5), (2-6), (2-7)

Medium Resistivity
Minimum Average Maximum
(ohm-cm) (ohm-cm) (ohm-cm)
Fills, ashes, cinders, brine, waste 6 x 10° 25 x 10° 7 x 10°
Clay, shale, gumbo, loam 3 x 10° 4 x 10° 2 x 10
Same-with varying proportion of
sand and gravel 10° 15 x 10' 10°
Gravel, sand stones with little clay
or loam, granite 5 x 10' 10° 10°
CONDUCTING
HEMISPHERE EQUIPOTENTIAL SURFACE,
RADIUS =X

Figure 2-4. Current Flow From a Hemisphere in Uniform Earth
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The voltage from the surface of the electrode to the point x is the line integral of e with the lower limit equal
to the sphere's radius, r, and the upper limit equal to the distance, x:

X
x -—
Er -/ex dx (2-5)
r
x
ol [ dx
2n 2

22}
" X
)
oy
ERl]
'-Ht-a' ~
®
|
R
e

As x becomes very large, E is closely approximated as

1
E= {,—, (2-6)

The resistance to the earth of the electrode is the resistance between the electrode and a very distant point;

therefore E
R="T
(2-7)
o
- 2%r
where: E = the voltage drop between the electrode and a point infinitely distant,
| = the current entering the electrode,
p = earth resistivity, and
r = radius of hemisphere.
Rewriting Equation 2-7 as
E
p=2%rR=2wr7 (2-8)

shows that the resistivity can be determined by knowing r, E, and L

2-12
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2.4.2.2 Four-Terminal Method. In the four-terminal method developed by the U.S. Bureau of Standards (2-8),
four electrodes are inserted into the soil in a straight line with equal spacings. A known current is injected into

the soil through the end electrodes and the voltage drop between the two inside electrodes is measured.

Consider four deeply buried spheres placed in a straight line, separated by a distance, a, as shown in Figure 2-5.
Connection is made to the spheres by insulated conductors. Assume that a current, I, is introduced into one of
the outermost spheres (No. 1) and flows out of the earth through the other (No. 4) outermost sphere. The
voltage from the left hand (No. 2) to the right hand (No. 3) inner sphere can be viewed as resulting from a
current flowing to infinity and another returning from infinity. The two resulting components of the voltage
are (2-8)

Ve 87 o (29
where li = input current,
and
vV, = plo
2 Bma » (2-10)
where 1,= output current.
But since l,= 1,
the total potential V is
v=V.,+ V, (2-11)
_ el
" Tra
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If the probe depth, h, is less than the probe separation distance, a, the potential drop measured between the
inner electrodes divided by the current measured into (or out of) one of the outer electrodes is (2-8):

y e 1 2 2
R=T7T =47 a * - ) (2-12)
‘IaZ + 4h? v;ﬂ + 4h2
where: a = distance between four, equally spaced, in-line probes, and
h = depth of burial of probes (insulated leads to surface).
If h << a Equation 2-12 simplifies to
p
R= — (2-13)
27na
or
p = 2naR. (2-14)

Short rods provide an effective approximation to the buried sphere, particularly at distances large with respect
to the depth of insertion.

The typical earth resistance test set contains a hand powered generator which can generate an ac signal at
frequencies of 40 to 100 hertz or so. (Fifty or sixty hertz should not be used because errors may be produced
by stray power currents in the soil. Direct current is not usually used because of polarization effects.) By
adjusting the resistance of an internal double balanced bridge, the instrument provides a direct indication of the
R required in Equation 2-14.

Figure 2-5. ldealized Method of Determining Soil Resistivity
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2.5 TYPES OF EARTH ELECTRODE SUBSYSTEMS.

25.1 General. Earth electrode subsystems can be divided into two general types, the most preferable being a
ring ground with 10-foot (3-meter) minimum length ground rods every 15 feet (4.5 meters). A second and less
preferable type consists of a system of radials or grounds used when soil is rocky or has extremely high
resistivity. At sites where soil resistivity varies from high to very high and frequent electrical storms are
common, a combination of the two is recommended, i.e.,, a ring ground around the building (worst case-grid
under building) extending 2 to 6 feet (0.6 to 1.8 meters) outside the drip line with radials or horizontal
conductors extending to 125 feet (37.5 meters). With either system, resistance to earth and danger of arc over
can be greatly reduced by bonding any large metal objects in the immediate area to the earth electrode
subsystem. These include metal pipes, fuel tanks, grounded metal fences, and well casings.

2.5.2 Ground Rods. Vertically driven ground rods or pipes are the most common type of made electrode.
Rods or pipes are generally used where bedrock is beyond a depth of 3 meters (10 feet). Ground rods are
commercially manufactured in 1.27, 1.59, 1.90 and 2.54 cm (1/2, 5/8, 3/4 and 1 inch) diameters and in lengths
from 1.5 to 12 meters (5 to 40 feet). For most applications, ground rods of 1.90 cm (3/4 inch) diameter, and
length of 3.0 meters (10 feet), are used. Copper-clad steel ground rods are required because the steel core
provides the strength to withstand the driving force and the copper provides corrosion protection and is
compatible with copper or copper-clad interconnecting cables.

2.5.3 Buried Horizontal Conductors. Where bedrock is near the surface of the earth, the use of driven rods is

unpractical. In such cases, horizontal strips of metal, solid wires, or stranded cables buried 0.48 to 0.86 meters
(18 to 36 inches) deep may be used effectively. With long strips, reactance increases as a factor of the length
with a consequent increase in impedance. A low impedance is desirable for minimizing lightning surge voltages.
Therefore, several wires, strips, or cables arranged in a star pattern, with the facility at the center, is
preferable to one long length of conductor.

2.5.4 Grids. Grid systems, consisting of copper cables buried about 15.24 c¢cm (6 inches) in the ground and
forming a network of squares, are used to provide equipotential areas throughout the facility area. Such a
system usually extends over the entire area. The spacing of the conductors, subject to variation according to
requirements of the installation, may normally be 0.6 to 1.2 meters (2 to 4 feet) between cables. The cables
must be bonded together at each crossover.

Grids are generally required only in antenna farms or substation yards and other areas where very high fault
currents are likely to flow into the earth and hazardous step potentials may exist (see Section 2.8.1.2.3) or soil
conditions prohibit installation of other ground systems. Antenna counterpoise systems shall be installed in
accordance with guidance requirements of the manufacturer.

2.5.5 Plates. Rectangular or circular plate electrodes should present a minimum of 0.09 square meters (2
square feet) of surface contact with the soil. Iron or steel plates should be at least 0.64 cm (/4 inch) thick and
nonferrous metals should be at least 0.15 cm (0.06 inches) thick. A buria depth of 1.5 to 2.4 meters (5 to 8
feet) below grade should be maintained. This system is considered very expensive for the value produced and
generally not recoin mended.
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25.6 Metal Frameworks of Buildings. The metal frameworks of buildings may exhibit a resistance to earth of
less than 10 ohms, depending upon the size of the building, the type of footing, and the type of subsoil at a

particular location. Buildings that rest on steel pilings in particular may exhibit a very low resistance
connection to earth. For this low resistance to be used advantageously, it is necessary that all elements of the
framework be bonded together.

2.5.7 Water Pipes. Metal underground pipes have traditionally been relied upon for grounding electrodes. The
resistance to earth provided by piping systems is usually quite low because of the extensive contact made with
soil. Municipal water systems in particular establish contact with the soil over wide areas. For water pipes to
be effective, any possible discontinuities must be bridged with bonding jumpers. The NEC requires that any
water metering equipment and service unions be bypassed with a jumper not less than that required for the

grounding connector.

However, stray or fault currents flowing through the piping network into the earth can present a hazard to
workmen making repairs or modifications to the water system. For example, if the pipes supplying a building
are disconnected from the utility system for any reason, that portion connected to the building can rise to a
hazardous voltage level relative to the rest of the piping system and possibly with respect to the earth. In
particular, if the resistance that is in contact with the soil near the building happens to be high, a break in the
pipe at even some distance from the building may pose a hazardous condition to unsuspecting workmen. Some
water utilities are inserting non-conductive couplings in the water mains at the point of entrance to buildings to
prevent such possibilities. For these reasons, the water system should not be relied upon as a safe and
dependable earth electrode for a facility and should be supplemented with at least one other ground system.

2.5.8 Incidental Metals. There may be a number of incidental, buried, metallic objects in the vicinity of the
earth electrode subsystem. These objects should be connected to the system to reduce the danger of potential
differences during lightning or power fault conditions: their connection will also reduce the resistance to earth
of the earth electrode subsystem. Such additions to the earth electrode subsystem should include the rebar in
concrete footings, buried tanks, and piping.

2.5.9 Well Casings. Well casing can offer a low resistance contact with the earth. In some areas, steel pipe
used for casing in wells can be used as a ground electrode. Where wells are located on or near a site, the
resistance to earth of the casing should be measured and, if below 10 ohms, the well casing can be considered

for use as a ground electrode.
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2.6 RESISTANCE PROPERTIES.

2.6.1 Simple Isolated Electrodes.

2.6.1.1 Driven Rod. The resistance to earth of the vertical rod in homogeneous earth can be developed by
approximating the rod as a series of buried spherical elements (2-3). When the contributions of the elemental
spheres are integrated along the length of rod and its image, the resistance to earth of the vertical rod is

computed to be:
42
(2-15)

p
Ro-mln-—d—

where

d = rod diameter, in cm,

p = earth resistivity in ohm-cm,
% = rod length, in cm.

An inaccuracy in the derived result arises from the assumption that equal incremental currents flow from the
incremental spheres. Actualy, more current per unit length flows into the soil near the earth’s surface than at

the lower end of the rod. It has been found empiricaly that the expression

_ P 32
Ro =3 I 3 (2-16)
_0.159p 3%
T " Ta
0.159p 38

= (2.308) —— log —

_ 0.366p ) 3%
= -———z og 3
is a better approximation to the resistance to ground for a driven vertical rod. The net difference in resistance

as given by Equations 2-15 and 2-16 is about 10 percent.

The resistance of the rod is directly affected by changes in the length of the rod and by the logarithm of the
length. Changes in the diameter only show up as slight changes in the logarithm in Equation 2-15 and 2-16.
Figures 2-6 and 2-7 show the measured changes in resistance that occurs with rod length and rod diameter. It
is evident that effects of rod length do predominate over the effects of rod diameter.
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The earth surrounding the rod can be depicted conveniently as consisting of shells of earth of uniform thickness,
as shown in Figure 2-8. The incremental resistance (in the direction of current flow) of each shell is given by

"3
n
©
&
—
Ple
-

(2-17)
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which is a specia form of Equation 2-1. The soil resistivity is p and dr is the incremental path length in the
direction of current flow. The shell of earth nearest the electrode has the smallest area and thus exhibits the
highest incremental resistance. This fact has two practical ramifications. First, lowest earth resistance is
obtained with electrode configurations which have largest areas in contact with the earth. Second, changes
which occur in the soil adjacent to the conductor have a significant effect on the electrode-to-earth contact
resistance. For example, lightning discharge currents may heat the soil adjacent to the conductors, drying the
soil or converting it to slag and thus increasing the electrode resistance to earth. One reason for providing a
large contact area between the electrode and the earth is to minimize the current density in the soil
immediately adjacent to the electrode, thus reducing the heating of the soil.

The current which flows into the ground rod flows outward through each equipotential shell, and the potential
on the earth's surface at a distance, x, from the rod is (2-3)

2
E = 0.366p1 log [% +4/1 + (’—c-) :I (2-18)

X 2 X

The ratio E/I is equivalent to Rx, that portion of resistance-to-ground of the rod which lies between the point

X and infinity:

E 2
R=l=&_3_6_6£10g[i_+ H(&) } (2-19)

The ratio of R to R,is

2
R log ll + 1 4—(& ]
X _ X X > (2-20)

where ¢, d, and x are in the same units.
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Figure 2-8. Earth Resistance Shells Surrounding a Vertical Earth Electrode

Equation 2-20 permits the area of influence of a single rod to be determined. For example, consider a 10-foot
long, I-inch diameter rod at distance x =%:

Ry log (1 + {2)
R, Tog 360
= 0.15

The ratio of 0.15 indicates that 85 percent of the total resistance to earth of a 10-foot long ground rod is

established within 10 feet of the rod. For a 100-foot rod, 89 percent of the grounding resistance is obtained
within 100 feet of the rod.
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At a distance equal to two ground rod lengths, x = 28

R,y ) log (0.5 + g/1.25)
R b log 360

0.08

Thus 92 percent of the resistance of a 10-foot by I-inch rod is obtained in a 20-foot radius cylinder. Similarly,
94 percent of the resistance of a 100-foot by I-inch rod is obtained in a 200-foot radius cylinder. The
resistance distribution for representative vertical electrodes is tabulated in Table 2-4.

Table 2-4

Resistance Distribution for Vertical Electrodes

Approximate

Type of Rod Electrode Total Resistance Distance from Rod
(W (feet)
3/4-inch pipe, 90 6
driven 3-feet 95 12
deep 98 31
99 61
3/4-inch pipe, 90 9
driven 5-feet 95 18
deep 98 46
99 92
1-1/4-inch  pipe, 90 18
driven 19-feet 95 35
deep 98 88
99 176
2-1/2-inch  pipe, 90 25
driven 20-feet 95 69
deep 98 173
99 345
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2.6.1.2 Other Commonly Used Electrodes. Table 2-5 lists a number of simple isolated earthing electrodes

along with approximate formulas for their resistance to earth. The plate and spherical electrodes are extensive
in area, whereas the vertical rod, the horizontal rod (or wire), the star, and the circle are extensive in length.
The electrodes in Table 2-5 have been ranked after being normalized for equal surface area in contact with the
earth. The order of ranking is such that the lowest resistance-to-earth electrode (the most effective) heads the
list. As an example, a circular plate lying on the earth’s surface is a more effective electrode (has a lower
resistance to earth) than a buried, horizontal rod which has the same area in contact with the earth, assuming
that the rod is buried at a depth less than 40 percent of its length.

The resistance to earth provided by horizonta conductors as a function of length is shown in Figure 2-9 for two
depths of burial. Note that as the length is doubled, the resistance is approximately halved. The curves of
Figure 2-9 assume that the conductors are laid out in a straight line. If the strips are coiled or curved, the
resistance tends to be higher because the cross-sectional area of the soil affected is less.

The resistance of a plate ground is dependent upon the area of the plate. The variation of resistance as a
function of the radius of a circular plate is illustrated in Figure 2-10 for three depths of burial. These curves
are calculated for a plate in soil of uniform resistivity of 10,000 ohm-cm. Similar relationships hold for
rectangular plates; the curves as shown should be considered to indicate the behavior of resistance as a function
of area rather than as a prediction of the resistance of plate of a given area.

2.6.2 Resistance of Multiple Electrodes. The theoretical resistance of an electrode, such as given by Equation
2-16, is obtained only at an infinite distance from the electrode. As shown in Section 2.6.1.1, however, most of

the resistance of a single electrode is obtained within a reasonable distance from the electrode. (For a vertical
rod, better than 90 percent is realized within two rod lengths.) If two or more electrodes are closely spaced,
however, the total effective resistance of neither is realized. This interaction prevents the resistance of N
electrodes connected in parallel from being I/N times the resistance of one of the electrodes. For this reason,
the crowding of multiple vertical rods is not as beneficial in terms of dollar cost per ohm as is achievable with
fewer rods properly spaced. If the electrodes in a multiple electrode installation are separated by adequate
distances, the interactive influence is minimized. The separation between driven vertical ground rods in a
group of rods should not be less than the length or greater than twice the length of an individual rod.

2.6.2.1 Two Vertical Rods in Parallel. Expressions for the resistance of multiple electrodes are more complex

than those for isolated electrodes. To illustrate, consider two rods driven into the earth with their tops flush
with the surface as shown in Figure 2-11. The two rods are electrically in parallel, but the presence of one rod

affects the resistance of the other. The resistance-to-earth of two rods (2-9) is

(2-21)

+ 1n

2 ‘/2
+ 49
p In 28 + \/S +41 ML -1

where s = spacing between rods.
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For the condition of s > &£,

2 4
. P 48 _ P A L2
R= Zmt \'" T 1) Y \* 2 ¥s gt ) e
3s S
For s < 2,
p 4% 49 s s2
~ —_— - — —_— e ————— (2-23)
R ) lnr 2+1ns+22 162,2+"') .
For s = &,
R=-2 [1mn2_o0.18) . (2-24)
%32 r

If a number, N, of equal length vertical ground rods (with tops flush with the surface) are separated equally
along a straight line and connected together by an insulated conductor at the tops of the rods, the resultant
resistance will be somewhat greater than I/N times the resistance of single isolated rod. For N rods of lengthg
at spacing s, the total resistance R,is given by

Llnli_l_1+_2_2_1n2§_ (2'25)
27L r s L

2|

Ry =

where r is the radius of each rod.

2.6.2.2 Square Array of Vertical Rods.

The resistance of a square array of rods is

R = Resistance of ong rod X Resistance ratio, K
Number of rods in array, N

= Rone rod (2-26)
- K

Figure 2-12 shows the value of K for a square array of N equally spaced, equal length rods at spacings up to 10
times a rod length. The distance from a rod to its closest neighbor in the array is s, and the various curves in
Figure 2-12 correspond to values of s, stated as integra multiples of rod length. To illustrate the use of Figure
2-12, consider a 5 by 5 array of 25 rods, each spaced one length from its closest neighbor. From the s =&
curve, it is found that the resistance ratio is 2.8 for a 25-rod group. The parallel resistance of the 25 rods is
therefore 2.8 times one twenty-fifth (I/N) of the resistance that one of the rods would exhibit if isolated.
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2.6.2.3 Horizontal Grid (Mesh). Earth electrode subsystems for electric power stations and substations must
be designed both to provide low resistance to earth and to minimize voltage gradients at the earth’s surface (see
Section 2.8.1). A common electrode design for such applications is a grid, or mesh, of horizontal rods or wires

connected at each crossing. The resistance to earth for a square or a rectangular grid can be calculated from
the following Equation (2-3):

o (7 o) (2-27)

where

earth resistivity,

©
1

Ltot = total length of conductors used,

= A = area covered by grid, and

O
1

. effective diameter of grid.

As an example, consider a square grid that has dimensions of 30.5 m x 30.5 m (100 feet by 100 feet) with
conductors spaced 3.05 m (10 feet) apart. Thus there are 100 meshes with a total conductor length of 670 m
(2200 feet). The area of the array is 929 square meters (10,000 square feet) with an effective diameter of

D = 4_A-
e ‘n

= 113 feet
= 3440 cm
Thus the resistance to earth, by Equation 2-27, is
P p
R= 364400 * &7100 (2-28)

1.45 x 10p+ 0.15 x 107 p

1.6 x 10'pohms
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2.6.2.4 Vertical Rods Connected by a Grid. The resistance of a bed of vertical rods, interconnected with a
wire grid is (2-10)

R(.UR’L'— Ri
- wr o 2-29
Re "R+ R-28 *29
w r m

where
Rw: resistance of wire grid as given by Equation 2-27
Ltot = length of conductors in grid
Rr = resistance of bed of rods, as found from Figure 2-12
Rm= mutual resistance which accounts for interaction
of rods on grid
0 21"tot
v T L pl{log = -1 ], or (2-30)
tot ‘}2 rg
2L
0.7 _
=073 ) o Lot (2-31)
L '3
tot
where
r,= radius of grid wire,
h = depth of grid, if buried, and
& = length of rod, if the grid is near surface.
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2.6.3 Transient Impedance of Electrodes. The expressions given for electrode resistance assume perfect

conductivity for the conductors of an electrode. Such an assumption introduces very little error in the
calculation of the electrode dc resistance, but if the electrode must dissipate the impulsive energy of a
lightning stroke, its impedance as a function of time must be considered. When a single star electrode,
containing 305 meters (1000 feet) of conductor, is subjected to a surge of lightning current, the initial value of
its effective impedance is about ten times the dc resistance (2-11). This initial value is termed the surge
impedance. As the wave of energy propagates through the electrode system, more and more of the wire of the
electrode makes effective contact between the propagating energy and the medium which dissipates the energy.
It is clear that a given length of wire will couple lightning energy more efficiently into the earth if the
electrode is in the form of a star than if it were a single conductor. This is illustrated in Figure 2-13 where it
is indicated that as the energy surges down an electrode (at a velocity in the neighborhood of 100 meters (333
feet) per microsecond), the transient impedance of the electrode decreases and approaches the dc resistance
value.

2.6.4 Effects of Nonhomogeneous (Layered) Earth. The previous derivations assumed homogeneous earth. A

qualitative understanding of the effects of non-uniform earth resistivity can be deduced from Figure 2-14
which illustrates the electric equipotential surfaces and current flow in layered earth when the earthing
electrode is a small hemisphere. The lines radiating outward from the earth electrode indicate the flow of
current. Not surprisingly, if the resistivity of the deeper layer is high, relative to the upper layer, nearly al of

the current is confined to the upper layer of earth.

2.6.4.1 Hemispherical Electrode. An approximate expression (2-3) for the resistance to earth of a small

hemispherical electrode in layered earth is

R="1 40366 21 10g 1 "2 (2-32)
2nr h 201

where

r = hemisphere radius (assumed less than h),

h thickness of superficia layer,

N resistivity of superficial layer,

Po= resigtivity of deep layer.

An interesting example is the case of a superficial layer of low resistivity soil (p = 10°0hm-cm) over granite
(p = 10°0hm-cm):

103 366 1
R= 33 + n log {72+ 500/, (2-33)
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where r and h are measured in centimeters. If h < 6.2 r, the resistance to earth will be greatly influenced by
the resistivity of the granite underlayment; if h > 6.2 r, the resistance approaches that for homogeneous earth
with  resitivity, e

2.6.4.2 Vertical Rod.

When a vertical rod is driven through a high resistivity superficial (upper) layer into a lower resistivity subsoil,
an adjustment can be made to the resistance to earth expression for homogeneous soil by substituting a reduced
“effective length” of the ground rod. Letting &' be the effective length (2-3)

P
!,'=2.—h(1 - _2) (2-34)
1

where

o
1

physical length of rod,

resistivity of upper layer,

Py
Py = resistivity of subsoil, and
h = depth of upper layer.

Note that if Py > Pos the effective length of the rod is reduced to & - h. When the subsoil has a higher
resistivity than the top layer of soil (p, > pl‘), the current discharged through a slender vertical rod with length
equal to the thickness of the superficial layer of soil will tend to remain in the superficial layer of soil. The
“mean path” of the superficial layer current, that is the radial distance at which half the discharge current has
entered the deeper soil, is approximately (2-3)

x= %2y (2-35)
P
If the dimensions of the earth electrode subsystem are large compared to the thickness of the upper stratum,
the upper layer becomes insignificant and the resistance to earth can be computed as through the soil were
homogeneous with resistivity egua to Pys the resistivity of the subsoil.

2.6.4.3 Grids.

A useful approximation for the resistance-to-earth of a horizontally extensive electrode system is given by
Equation 2-27.

If the soil has a superficial layer with resistivity CH and a subsoil with resistivity Py the resistance to earth of
a grid in the superficia layer is given by (2-3)
P2 Py

R = —/— + —
2De Ltot

(2-36)
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2D
e . . . .
when Py > Py (m) , the earthing resistance is approximately

P2

R = D, (2-37)
i X L .
and Whenpl >> Py <'ZLD;> it is approximately
1 (2-38)
~ Ltot

If, for example, the diameter, De, of the grid equals 500 meters, the resistivity, Py of the superficial layer
equals 10,000 ohm-meters, the resistivity, Pon of the subsoil equals zoo ohm-meters, and the length, Ly , of
the conductors in the grid equals 4,000 meters, then

R = 2.7 ohms

Burying the grid within the lower resistivity subsoil would reduce the resistance-to-earth to about 0.4 ohms.
Conversely, if the 0y =10,000 ohm-meters, and Py = 200 ohm-meters, then

R = 10 ohms
regardless of the depth of the grid.

2.7 MEASUREMENT OF RESISTANCE-TO-EARTH OF ELECTRODES.

2.7.1 Introduction. The calculated resistance of a given electrode system is based on a variety of assumptions
and approximations that may or may not be met in the final installation. Because of unexpected and
uncontrolled conditions which may arise during construction, or develop afterward, the resistance of the
installed electrode must be measured to see if the design criteria are met. In an existing facility, the
resistance of the electrode system must be measured to see if modifications or upgrading is necessary. Two
commonly used methods for measuring the resistance to earth of an electrode are the triangulation method and
the fall-of-potential method.

2.7.2 Fall-of-Potential Method. This technique involves the passing of a known current between the

electrode under test and a current probe, C,, as shown in Figure 2-15(a). The drop in voltage between the earth
electrode and the potential electrode, P,, located between the current electrodes is then measured; the ratio of
the voltage drop to the known current gives a measure of the resistance. (By using a voltage measuring
device - a null instrument or one having a high impedance - the contact resistance of the potential electrode
will have no appreciable effect on the accuracy of the measure merit.) Several resistance measurements are
taken by moving the potential probe, P,, from the position of the earth electrode, along a straight line to the
Current probe, C,, which is left in position. The data obtained is then plotted as resistance versus distance
from the earth electrode as illustrated in Figure 2-15(b). This is the test method recoin mended for
measurement of single rod or multi-rod earth electrode subsystems.
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2.7.2.1 Probe Spacing. Current flow into the earth (see Figure 2-8) surrounding an electrode produces shells
of equipotential around the electrode. A family of equipotential shells exists around both the electrode under
test and the current reference probe, C,. The sphere of influence of these shells is proportional to the size of
each respective electrode. (See, for example, Section 2.6.1.1. ) The potentia probe, P,, in Figure 2-15 provides
an indication of the net voltage developed at the earth's surface by the combined effect of these two families
of shells. If the electrode under test and the current reference probe are so close that their equipotential shells
overlap, the surface voltage variation as measured by P,will vary as shown in Figure 2-16(a). Since the current
flowing between the electrodes is constant for each voltage measurement, the resistance curve will have the
same shape as the voltage curve. For close electrode spacings, the continuously varying resistance curve does
not permit an accurate determination of resistance to be made.

By locating the current reference probe, C,, far enough away from the electrode under test to ensure that the
families of equipotentia shells do not overlap, a voltage curve like that shown in Figure 2-16(b) will be obtained
to produce the type of resistance curve shown in Figure 2-15.

When the distance, D, between the electrode under test and the current reference probe is very large compared
to the dimensions of the earth electrode subsystem under test, the latter can be approximated as a hemisphere
and interaction between the two electrodes is negligible. When these assumptions are met, the potential at a
point at distance x from the electrode under test is:

R S (53 :ﬂ(_L- 1) (2-39)
D-x

X 27X z(D—x) 2m\x

where p is the average soil resistivity; the minus sign indicates that the current, I, flows into C,, and out from
C..

Assume that the electrode under test is equivalent to a hemisphere with radius, r. At the surface of this

hemisphere, the potential is found by letting x = r:

[ § 1 1
= -1 = - = 2-40
Uo 27 (r D—r) ( )

V- (U - u) (2-41)
o [e] X
el 1__1,_1,,._1_)
when x = r 2n r D-r X D-x
o
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Figure 2-15. Fall-of-Potential Method for pleasuring the Resistance of Earth Electrodes
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Figure 2-16. Effect of Electrode Spacing on Voltage Measurement
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If the r,is the radius of the hemisphere that is equivalent to the current probe, C,, and r is the equivalent
radius of the electrode under test, it is seen that when x = D - r

2
Vx=ﬂ<l__1__D_1_+~1_) (2.42)
o 27 \r D-r T, r,
If D>>r,orr
y¥ = ot (l + 1 ) (2-43)
o 2 r r
2
But the true value of resistance corresponds to
v = 21 (2-44)
o 27T

which isfound when0<x <D -r ,.

In order for the measurement of Vz to yield the correct value of resistance to earth; it can be seen that the
error term in Equation 2-41 must be zero, i.e,

1 1 _ 1 _ ., (2-45)
D-x X D-r

x(D-r) - (D-r) (D-x) - x (D-x) =0

r r ey =
Dx (1 - 5) - D(D-x) (1 - B)_ x (D-x) 0.

Aganif D >>r

X?+ DX - D’.o (2-46)
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which can be solved as follows:

D 1
= - = = 247
X 2+2 D” + 4D (2-47)

"
N[O
AN
j
|
Pt
N

D

: (2.236 - 1)
=D (1.236)
2 \ . )
= 0.618D

Thus the true value of resistance to earth corresponds to the ratio of the potential difference to the measured
current when x is 62 percent of the distance, D, from the electrode under test to the current probe, C,. It is
important to remember that D is measured from the center of the electrode under test to the center of the
current probe and that D is large relative to the radius of the electrode under test.

Figure 2-17 shows an example of data taken with the fall-of-potential method. The correct resistance of
13 ohms corresponds to the potential probe location of 27.4 meters (90 feet) which is 62 percent of the distance

to the current probe.

Resistance of the electrode under test with respect to infinity (the true definition of the resistance to earth) is

U
- - F 1 _ 1 2.48
R = I 2mn <r D—r) ( )

Thus any value of D less than infinity causes the measured resistance to be in error. The error can be estimated

by observing that
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Figure 2-17. Resistance Variations as Function of Potential Probe Position in Fall-of-Potential Method (2-12)
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IO

Remembering that R

1]
[
=
=1

is the true resistance, it is evident that if D = 5r, the error will be 25 percent, if D = 11r, the error is 10
percent; if D = 26r, the error is 4 percent, etc.

The equivalent radius of a large electrode system can be determined from

(2-49)

where

A = the area covered by the system.

Consider a rectangular grid 10 meters by 10 meters. Its effective radius is

re = = 5.64 meters.

For an accuracy of 90 percent, the probe C,should be positioned at

D=11x 564

= 62 meters or 203 feet away.
A conservative estimate which leads to improved accuracy of the effective radius is that it is equal to one half
the longest diagonal dimension (D,) of the array. Thus for an accuracy of 90 percent, the location for C,should
be

11 x (0.5 D,) or 55 D,,

which is the basis for the frequently quoted rule of thumb of 5 times the longest diagonal of the area of the
electrode under test. Table 2-6 gives the percentage accuracies obtained at probe locations up to 50 times the

longest diagonal.

2.7.2.2 Extensive Electrode Subsystems (2-13). When the earth electrode subsystem is extensive, it is

frequently difficult to locate the current probe at a distance of even five times the largest dimension and
measurements of resistance to earth are subject to large errors. In addition, a connection to the electrical
center of the subsystem may not be possible. Figure 2-18 shows a set of resistance curves for an extensive
earth electrode subsystem obtained at current probe spacings of up to 304 meters (1000 feet). Each curve
corresponds to a particular distance, C,, of the current probe from the point of connection to the earth
electrode subsystem. The potential probe spacing, P, is the independent variable.
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Table 2-6

Resistance Accuracy Versus Probe C,Spacing

Accuracy Probe Spacing
(percent)
90 5 x diagonal under test
95 10 x diagona under test
98 25 x diagonal under test
99 50 x diagona under test

On each curve the points corresponding to 62 percent of the distance to the current probe have been connected.
It is evident that as the current probe location is moved farther out, the 62 percent value is decreasing. The
true value of resistance can be estimated by extrapolating the connecting line to its asymptotic value. Because
none of the curves in Figure 2-18 level out, even the largest spacing of the current probe is evidently too small
for a direct reading of the resistance. Basic assumptions for the fall-of-potential measurement are that (1) the
electrode to be measured can be approximated as a hemisphere and (2) the connection to the earth electrode is
made at its electrical center. Since the location of the electrical center may not be known or may be
inaccessible, the connection is usually made at a convenient point at a distance X (Figure 2-19) from the
electrical center, D. The distance from the true center of the electrode to the current probe (assuming the
measurements are made on a radial from the electrical center) is C,+ X. The use of 62 percent point on the
curves of Figure 2-18 to determine the resistance of the earth electrode should in reality correspond to a
position of the potential probe that is 0.62 (Ck + X) from the true center (D). This means that the distance, P,
from the point of actual connection (0) to the system to the location at which the correct resistance to earth
exists will be

P.= 0.62 (C,’X) X (2-50)

= 0.62 C,-0.38 X

where

P.= Distance of potential probe from point of connection to electrode when the measured
resistance is the true value of resistance-to-earth for the electrode,
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C.= Current probe distance from point of connection, for the kth set of probe measurements,

and

x = Distance from electrical center of electrode system to point of connection to the
electrode system.

0.4
p3 =
ElL
i 1
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0.3 o?/
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Figure 2-18. Earth Resistance Curves for a Large Electrode Subsystem
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To determine the true resistance of the earth electrode, X is allowed to assume convenient increments from
zero to C,. For each C,, the value of measured resistance corresponding to the resultant P,(calculated with
Equation 2-50) is read from the curves of Figure 2-18 and plotted against X. For example, if X and C,both
equal 305 M (1000 feet), considering only the right hand curve in Figure 2-18, the value of P,is 240, and R is
0.08 ohms. Next let X be 244 m (800 feet). The corresponding value of Pis 96 m (316 feet) and r is 0.1 ohms.
In this manner, estimates of the 62 percent values can be taken from Figure 2-18 and replotted as “true”
resistance versus X, as shown in Figure 2-20. At the region of intersection of the curves in Figure 2-20, the
value of X = 122 m (400 feet) corresponds to the electrical center of the electrode, and the corresponding value
of resistance (0.13 ohms) is the true value of resistance-to-earth of the electrode system. It is recommended
that the distance to the current probe, “C”, from the point of connection to the earth electrode, “O", (see
Figure 2-19) be between one and two times the length of the longest side of the electrode system.
Furthermore, failure to obtain a well defined region of intersection of the curves can result if the probe
measurements are not taken on a radial from the electrical center, in that case, new probe directions will be
required.

2.7.2.3 Test Equipments. Test equipments are presently available which will permit the accurate
measurement of ground resistances of earth electrode subsystems from 0.01 to 20,000 ohms and above. Most
equipments used in conducting these measurements are designed to utilize ground test currents other than dc or
60 Hz to avoid or eliminate the effects of stray ac or dc currents in the earth.

I EARTH ELECTRODE

oD o0 O Py 0Cq
" T ['4 [ [ 4
| : |
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I | | !
| | | |
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| 2 1 ]
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Figure 2-19. Earth Resistance Curve Applicable to Large Earth Electrode Subsystems
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2.7.3 Three-Point (Triangulation) Method. In this method, illustrated in Figure 2-21 the resistances of the
electrode under test (Rx) and the auxiliary electrodes (R, R,) are measured two at a time. The unknown

resistance is then computed from the formula

R =
X

(f + R )+ (R; tr) - (R R o

where the terms in the parenthesis are the following measured resistances:
a

\'
R 4+ R = X (2-52)
X a I
X
= voltage drop from test electrode, X, to electrode A, divided by
current entering test electrode, X,
b
X

\Y
= X (2-53)
forn) =

= voltage drop from test electrode to electrode B, divided by
current into test electrode, X,

(2-54)

/;\
o
+
&Fi/
1
H\<
o | o

~ voltage drop from electrode A to electrode B, divided by current
entering electrode A.

For best accuracy, it is important to use auxiliary electrodes with resistances of the same order of magnitude
as the unknown. The series resistances may be measured either with a bridge or with a voltmeter and ammeter.
Either alternating or direct current may be used as the source of test current. For the three-point
measurement, the electrodes must be at some distance from each other; otherwise absurdities such as zero or
even negative resistances may arise in the calculations. In measuring a single 3 meter (10-foot) driven ground
rod, the distance between the three separate ground electrodes should be at least 5 meters (15 feet), with a
preferable spacing of 8 meters (25 feet) or more. For larger area grounds, which are presumable of lower
resistances, spacing on the order of the dimensions of the ground field is required as a minimum. This method is
most effective for measurement of single rods and is not recommended for multi-rod earth electrode

subsystems.
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Figure 2-20. Intersection Curves for Figure 2-18

28 OTHER CONSIDERATIONS.

2.8.1 Surface Voltages Above Earth Electrodes. Very large currents can be conducted into earth electrodes
whenever power line faults or lightning strikes occur. As a result, there is a substantial voltage developed at
the surface of the earth near the electrode; this voltage varies significantly with distance from the electrode
connection point. The voltage difference between two points about three feet apart on the surface is the “step
voltage”, i.e, it is the voltage level between the feet of a person standing or waking on the surface.

2.8.1.1 Step Voltage Safety Limit. The maximum safe step voltage depends upon the duration of the
individual’s exposure to the voltage and upon the resistivity of the earth at the surface. The maximum safe step
voltage for a shock duration of from 0.03 to 3.0 seconds has been expressed (2-3) as

165 + p

‘step (safe) = ~ yt (2-55)
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Figure 2-21. Triangulation Method of Measuring the Resistance of an Earth Electrode
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where
(q == surface earth resistivity, (ohm - meters),
= 10 for a minimum value,
t = duration of shock (see).

For a 30 millisecond or shorter duration, the maximum safe step voltage is 1000 volts, and for durations greater
than 3 seconds, it is 100 volts.

2.8.1.2 Step Voltages for Practical Electrodes. The expressions for step voltage estimates in homogeneous

soil for both flush and buried vertical rod electrodes and for buried grid electrodes are given in the following
paragraphs. It should be noted that step voltages depend upon electrode geometry as well as upon earth
resistivity and current magnitude.

2.8.1.2.1 Flush Vertical Rod. The potential on the earth at a distance x from the top of a single, isolated
flush-driven vertical rod is (2-3)

2
) 0.366 pIO

L L
Vx = ———2‘ log ;( + 1+ 2 ’ (2-56)
x
and the potentia of the rod itself is
) ?.366 DIO 1o 32 . (2-57)
vo '8 g d

The step potential at the ground rod (where p is equal to a pace, or step, length from the rod) is therefore

0.366 pI 2
V-V =—F+—2 10g3—9'—log 41+ & . (2-58)
o p L d P 2
P
0.366 pl
= — 2 log 3 p )
2
d\1+ 2-2“"1
v 2
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When the step length is much less than the rod length, i.e., when p <<%, the step voltage can be approximated
as

0.366 oI
o)

v, - vp * o log (%g) (2-59)

The step potential can be expressed as a fraction of the ground rod potential as follows:

3p

=
‘/L

v - v log d<1+ 2+1

o P _ L

\Y T 3% (2-60)
o log q

The fractional step voltages for ground rods of various length are given in Table 2-7. For this Table, rod
diameter is assumed to be one inch (254 cm) and the pace length is assumed to be three feet (0.91 m).

Table 2-7

Step Voltages for a Buried Vertica Ground Rod

Rod Length Ratio of Step Voltage
(Ft) To Electrode Potential

5 0.75

10 0.68

20 0.61

50 0.53

100 0.48
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The step voltage near the 10-foot by I-inch (3.05 m x 254 cm) rod in 1000 ohm-cm soil is about 68 percent of
the voltage between the rod and a point approaching an infinite distance away. Step voltage near a ground rod
will be between 80 percent of the rod potential (for very short rods) and 50 percent (for very long rods).

The step voltage on the surface of the earth near an isolated 10-foot by I-inch (3.05 m x 2.54 cm) ground rod (p
= 1000 ohm-cm) carrying a lightning current of 20,000 amps could be fatal since the step voltage would be

, _ y = (0.366) (1000) (20,000) (2-61)
o p (10) (12)  (2.54)

-

\
x |log 360 - log 139 +Jl + —]-'8—0)

6 J
_ _7-'-&19—2 [2.556-0.833]
3.05x10

(2.4x10 (1.723)

41,352 volts,

which is 41 times higher than the safe step voltage derived above.

The resistance of the 10-foot by I-inch (3.05 m x 254 cm) rod in 1000 ohm-cm soil is

_ 0.366 p 32 ]
R = . log 3= (2-62)
(0. 366) (10°

(10) (12) (2.54) log 36,

= 1.2 log 360,
= (1.2) (2.556),

= 3.1 ohms.

Higher values of earth resistivity would cause the step voltage near the rod to be even higher than the
calculated 41,400 volts. For a three second duration shock condition, the requirement that the step voltage not
exceed 100 volts means that the single 10-foot by I-inch (3.05 m x 254 cm) rod would produce an unsafe step
voltage with a fault current greater than about 50 amperes, even in low resistivity (1000 ohm-cm) soil.
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2.8.1.2.2 Buried Vertica Rod. If the single isolated vertical rod is driven so that the top of the rod is below
the surface, the maximum step voltage on the surface of the earth is reduced. Figure 2-22 shows the surface
voltage variation for a flush driven rod compared with that for a rod with its top below the surface. Maximum

gradient for the flush driven rod is at the vicinity of the rod. Maxi mum gradient for the rod sunk into the earth
to a depth of h feet occurs at a distance of 3 h to 4 h from the rod (2-3). The step voltage for the rod driven so
that its top is h feet below the surface is:

0.366p1
o

S[J(:+l)2+x2+h+!£lwh2+(x+p)2+h}(
VX— Vx+p = log < ) (2-63)
([J(h+2)2+(x+p)2+h+QJ[Vh2+x2+h]S

For
p = 10ohm-cm,
I,= 20,000 amperes,
2 = 10 feet (3.05 m),
x = 3h feet, and
p = 3 feet (0.91 m)
Mh + 10)2 + (3h)2 + h + 10] [‘/hz + (3h + 3)2 + h]
Vx—— vx+p= 2.4x10410g c - = - — = (2-64)
(w(h +10)° + 3h + 3)° + h + 10th + (3R)° + h J)
If h = 3 feet, the maximum step voltage is approximately

<
|

<
]

4 f(28.81) (15.37)
x” Vaap T 204 %10 108 [(30.69) (12.49)
2.4 x 107 log 1.15

]

(2.4 X 10') 0.063

1504 volts,

instead of 41,400 volts, which was characteristic of the flush-driven
rod.
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2.8.1.2.3 Buried Horizontal Grid. An expression for the resistance to earth for a buried grid was presented in

Section 2.6.2.3. Equations 2-27 and 2-28 are the sum of a resistance of a superficial plate (p/2D,) and a
resistance term representing the per unit diffusion resistance of the earth electrode material (pl/L). A voltage
pl/L which is proportional to the per unit average current flowing from the conductors of the mesh into the
earth represents an approximation of the potential difference between the conductors of the mesh and the
center of the open space with each mesh. The sketch of Figure 2-23 shows the resultant voltage distribution
across a section of a grid. Note that the approximation used here would predict that

%‘le (2-65)

is the minimum voltage (with respect to infinity) at the edge of the grid, so that the grid simply translates the
dangerous voltage gradient to the periphery of the grid (2-3).

If the value of earth resistivity is moderately high--say 104 ohm-cm--and if the lightning current is 2 x 10°
amperes, the grid in the example of Section 2.6.2.4 would exhibit

oI _ (10") (2x10%)
L 6.7 x 10°

(2-66)

3000 volts

over a five-foot (1.5 m) distance. This would exceed the safe step voltage of 1000 volts, developed earlier.

If the grid is made of conductors spaced one foot apart for a total conductor length of 20,200 feet (6157 m)
there would be 10,000 meshes on the 10,000 square foot (929 m®) area. The effective diameter would still be
113 feet (34.4 m), and the computed resistance would be

R = L, .
e Pl2(3640) T (2.02x10%) (12) (2.54)
4

-4
- 10
1.45 x 10 o) +"*6—1'p

(2-67)

n

The maximum step potential difference over the grid of the latter case, again assuming p is 10'is ohm-cm and an
effective lightning current of 20,000 amperes, would be
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pl - (109 (2x10)
(62) (109

= 322 volts

This would be a safe value of step voltage for transients shorter than 30 milliseconds, if the transient, or surge,
Impedance of the line does not greatly exceed its steady state resistance.

2.8.1.3 Minimizing Step Voltage. Table 2-8 lists several design approaches to reducing the potential hazards
of step voltage. The most effective method is the reduction of the resistance to earth of the earth electrode

system to as low a value as is economically feasible.

Table 2-8

Methods of Reducing Step Voltage Hazards

Design Approach Remarks

1. Minimize resistance to earth of electrode Resistance to earth is directly proportional to soil
system. resistivity.

2. Bury earth electrode to reduce maximum Connection to earth electrode must be insulated to
gradient on surface of earth. withstand 5 x 10'R,volts.

3. Bury a grid beneath the earth, surrounding Tends to equalize the surface potential over area of
the earth electrode. grid.

4. Erect barricade so that personnel cannot Fence must be grounded

enter area of danger.
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2.8.2 Heating of Electrodes. It is necessary to use enough material in an earth electrode to prevent excessive

local heating when large currents flow in the electrode.

2.8.2.1 Steady State Current. The presence of fault current in the earth electrode subsystem must be limited

to a value which will not raise the temperature of the soil above the boiling point of water. The tolerable
steady state ac current into an earth electrode is (2-3).

l e
= =4[0.0240AT , (2-68)
Les R\[ e

where
0 = earth resistivity,
= electrode resistance to earth, and
AT = permissible temperature rise (°C).
For AT = 60°C, the permissible steady state current is limited by

1200
ISS < R_ amp

when p = 10°ohm-cm, and by
38 amp

Igs < R

when p = 10° ohm-cm. Since the voltage at the earth electrode is equal to the product | R, the corresponding
voltage limits are

Egs < 1200 volts, p = 108 ohm-cm
and
E_< 38 volts, = 10°ohm-cm

2.8.2.2 Transient Current. The permissible transient current density for a temperature rise that does not

exceed 60°C is found from the transient temperature time expression (2-3):

i:‘/ms AT
ot amp/einé | (2-69)
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Where

t = duration of the transient, in second,

A temperature rise,

soil resistivity, ohm-cm, and
i = transient current density.

Letting 4T = 60°C, one has

I 1
max " m‘/D_t. ampiem?

The current density, i, at the surface of a short ground rod is approximately constant over the lengh of the rod
and is given by

! N
1= gL amp/em< (2-70)

where
d = rod diameter (cm),
3 = rod length (cm), and

input current (amperes).

For a 10- foot by 1-inch rod (3.05 m x 2.54 cm), the peak transient current which can be handled without causing

greater than 60°C temperature rise is:

I = nd+ 1
max max

) 1 )
= (2,54 (304.8) (10) § 7 (2-71)

/

/ \‘ 1
= .48« 1()4 ;o amperes.
A
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2.8.2.3 Minimum Electrode Size. The necessity to hold the surface temperature below boiling temperatures

establishes a minimum amount of electrode material.

The minimum length of a single ground rod is

i0nd cm. (2-72)

The value of I/t is approximately 1000 for both lightning stroke currents and power system fault currents, so
for satisfactory energy dissipation the minimum rod length is specified by

32
vo2 32T (2-73)

If the earth is moist soil with a o of approximately 10°ohm-cm, the limit becomes

3200
L2 == em. (2-74)

In granite with a ¢ of approximately 10°ohm-cm, the limit becomes

32000
gz 22 (2-75)

If 2-cm rods are used, the safe dissipation of heat in granite would require at least 80 rods, each 2 meters long.
For moist earth, only 8 rods, each 2 meters long, would be required for heat dissipation.

2.9 ELECTRODE ENHANCEMENT.

2.9.1 |Introduction. Sites may be encountered where acceptable and practical numbers of driven rods, buried
cables, and other available materials will not achieve the desired low resistance to earth for special
communication systems, i.e., HF transmitters. In such situations, enhancement of the resistivity of the soil
around the electrodes may be necessary to lower the resistance to the desired value. While enhancement of the
resistivity may be required in certain situations, discretion of its use should be exercised due to the reduced life
span of the earth electrode subsystem.

The resistance to earth of an electrode is directly proportional to soil resistivity and inversely proportiona to
the total area of contact established with the soil. For fixed land areas, additional vertical rods or horizontal
cables produce diminishing returns because of increased mutual coupling effects. The most straight forward
enhancement method is to reduce soil resistivity. The parameters which strongly affect soil resistivity are
moisture content, ionizable salt content, and porosity; the latter determining the moisture retention properties
of the soil. Thus two recommended techniques for reducing earth resistivity are water retention and chemical
salting.
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2.9.2 Water Retention. Overdrainage of soil leaches away salts that are necessary for high conductivity and
dries out the deeper layers, thereby increasing their rcsistivity. Planting of appropriate ground covers, such as
legumes, to retard runoff and to enhance the natural production of salts in the soil is useful. Surface drainage
should be channeled so as to keep the earth electrode subsystem moist. Maintaining moist earth over the extent
of the earth electrode subsystem will keep soil salt in solution as conductive ions. Drainage water which is high
in salt content can be useful for continuous salting of the earth electrode.

A porous clay, bentonite (also known as well drillers mud) can absorb water from surrounding soil and has
hydration as well as water retention properties. When placed around ground rods and their interconnecting
cable, it greatly increases the effective area of the rod and cable which in turn reduces the resistance of the
earth electrode subsystem to earth (2-14, 2-15). Bentonite is generaly available in dry (powder) form, must be
saturated with water after initial installation and should be topped with a 12-inch layer of excavated soil.
Caution is urged when using bentonite in areas that will ultimately be paved as it can expand to several times
its dry volume when saturated. This can also prove to be a disadvantage of bentonite since it expands and
contracts so much with moisture content, it can pull away from the ground rod and surrounding soil when
moisture is lost. A much better backfill around ground rods is a mixture of 75 percent gypsum, 20 percent
bentonite clay, and 5 percent sodium sulfate. The gypsum, which is calcium sulfate, absorbs and retains
moisture and adds reactivity and conductivity to the mixture. Since it contracts very little when moisture is
lost, it will not pull away from the ground rod or surrounding earth. The bentonite insures good contact
between ground rod and earth by its expansion, while the sodium sulfate prevents polarization of the rod by
removing the gases formed by current entering the earth through the rod. This mixture is available from
cathodic protection distributors as standard galvanic anode backfill and is relatively inexpensive. The backfill
mixture should be covered with 12 inches of excavated soil. This mixture is superior to chemical salts since it
is much more enduring.

2.9.3 Chemical Salting. Reduction of the resistance of an electrode may also be accomplished by the addition
of ion-producing chemicals to the soil immediately surrounding the electrode. The better known chemicals in
the order of preference are:

a Magnesium sulphate (MgS0,) - epsom salts.

b. Copper sulphate (CuS0,) - blue vitriol.

C. Calcium chloride (CaCl,).

d. Sodium chloride (NaCl) - common salt.

e Potassium nitrate (KNO,) - saltpeter.

Magnesium sulphate (epsom salts), which is the most common material used, combines low cost with high
electrical conductivity and low corrosive effects on a ground electrode or plate. The use of common salt or
saltpeter is not recommended as either will require that greater care be given to the protection against
corrosion. Additionally, metal objects nearby but not related to grounding will also have to be treated to
prevent damage by corrosion. Therefore, salt or saltpeter should only be used where absolutely necessary.
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Large reductions in the resistance to earth of the individual ground electrodes may be expected after chemical
treatment has been applied to the earth. The initial effectiveness of chemical treatment is greatest where the
soil is somewhat porous because the solution permeates a considerable volume of earth and increases the
effective size of the electrode. In compact soils, the chemical treatment is not as immediately effective
because the material tends to remain in its original location for a longer period of time.

The effectiveness of chemical treatment in lowering the resistance of a ground rod is illustrated by Figures
2-24 and 2-25. Chemical treatment achieves a significant initial reduction of resistance and further stabilizes
the resistance variations. It also limits the seasonal variation of resistance and, additionally, lowers the

freezing point of the surrounding soil.
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Figure 2-25. Seasonal Resistance Variations of Treated and Untreated Ground Rods
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Chemical treatment is limited in its effectiveness, however. Consider, for example, a square array of
100 ground rods of length ¢ with spacings of twice the length of a rod. The resistance to earth (using an
extrapolated value of 3 for K) from Figure 2-12 is (see also Equations 2-16 and 2-26)

_ (3) (0.366)p | 3L

R 100 2 log 5
Assuming that
o = 10°ohm-cm (gravel sand stone),
2 = 100 feet (30.5 m) per rod, and
d = 1 inch (2.54 cm),
then
@2 {3) (0.366) (10%) (3.56)

(100) (100) (12) (2.54)

12.81 ohms

The upper bound on the effectiveness of chemical enhancement can be illustrated by determining tile resistance
to earth of a metal electrode which would completely fill the volume of earth (1800 x 1800 x 100 ft., i.e, 550 x
550 x 30 m) occupied by the above array of ground rods. The effective diameter, D, of the equivalent plate
would be 2030 feet (619 m), and its resistance to earth would be (2-3):

~ P
R=%p
€ 6
10 (2-76)

(2 (2030 (12) (254

= 8 ohms
The most that chemical enhancement could reduce the resistance of this large array would be by a factor of

1.58.

2.9.4 Electrode Encasement. The calculations of resistance of earth electrodes invariably assume zero
contact resistance between the electrode elements and the earth. In reality, however, the interface between
the surface of the rod and the earth is far from uniform except when the earth is tamped clay or its equivalent.
Granular earth (gravel, etc.) makes very poor contact. Reduction of this contact resistance should have a
strong effect on reducing the electrode resistance because it is close to the electrode where current density is
high. Encasing the electrode in conductive mastic or conductive concrete is one approach to improving the
contact between the electrode and the earth. Effects of local variations or moisture content will also be
reduced and stabilized, if the encasement material absorbs and holds moisture.
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2.9.5 Salting Methods. The trench method for treating the earth around a driven electrode is illustrated in
Figure 2-26. A circular trench is dug about one foot deep around the electrode. This trench is filled with the
soil treating material and then covered with earth. The material should not actually touch the rod in order to
provide the best distribution of the treating material with the least corrosive effect.

Another method for treating the earth around a driven electrode, using magnesium sulphate and water, is
illustrated in Figure 2-27. A 2-foot length (approximately) of 8-inch diameter tile pipe is buried in the ground
surrounding the ground electrode. This pipe is then filled with magnesium sulphate to within one foot of grade
level and watered thoroughly. The 8-inch tile pipe should have a wooden cover with holes and be located at
ground level.

None of the aforementioned chemical treatments permanently improve earth electrode resistance. The
chemicals are gradually washed away by rainfall and through natural drainage. Depending upon the porosity of
the soil and the amount of rainfall, the period for replacement varies. Forty to ninety pounds of chemica will
initially be required to maintain effectiveness for two or three years. Each replenishment of chemica will
extend the effectiveness for a longer period so that the future treatments have to be done less and less
frequently.

Another method of soil treatment or electrode enhancement involves the use of hollow made electrodes which
are filled with materials/salts which absorb external atmospheric moisture. These electrodes (generally 8-feet
long) must be placed in holes drilled by an earth auger making sure the breather holes at the top are above
grade level. Moisture from the atmosphere is converted to an electrolyte which in turn seeps through holes in
the electrode into the surrounding soil. This keeps the soil moist and thereby reduces the resistance of the
electrode to earth. These electrodes should be checked annually to ensure sufficient quantities of
materials/salts are available and that good continuity exists between the rod and interconnecting cable.

2.10 CATHODIC PROTECTION.

2.10.1 Introduction. When two metals of different types are immersed in wet or damp soil, a basic electrolytic
cell is formed. A voltage equal to the difference of the oxidation potentials of the metals will be developed
between the two electrodes of the cell. If these electrodes are connected together through a low resistance
path, current will flow through the electrolyte with resultant erosion of the anodic member of the pair.
Unfortunately, those factors that aid in the establishment of low resistance to earth also foster corrosion. Low
resistance soils with a high moisture level and a high mineral salt content provide an efficient electrolytic cell
with low internal resistance. Relatively large currents can flow between short-circuited electrodes (such as
copper ground rods connected to steel footings or reinforcing rods in buildings) and quickly erode away the more
active metal (see Section 7.8.1.2) of the cell. In high-resistance cells, the current flow is less and the erosion is
less severe than in low-resistance cells.
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2.10.2 Protection Technigues.

Three basic techniques can be used to lessen the corrosion rate of buried metals. The obvious method is to
Insulate the metals from the soil by the use of protective coatings. This interrupts the current path through the
electrolyte and stops the erosion of the anode. Insulation, however, is not an acceptable corrosion preventive
for earth electrodes. The second technique for reducing galvanic corrosion is avoiding the use of dissimilar
metals at a site. For example, if all metals in contact with the soil are of one type (such as iron, lead or
copper), galvanic corrosion is minimized. Each of these materials, however, has unique properties such as
weight, cost, conductivity, ductility, strength, etc., that makes its use desirable, and thus none can be
summarily dismissed from consideration for underground applications. Copper is a desirable material for the
earth electrode subsystem; apart from its high conductivity, the oxidation potential of copper is such that it is
relatively corrosion resistant. Since copper is cathodic relative to the more common structural metals, its
corrosion resistance is at the expense of other metals. Iron electrodes would, of course, be compatible with
water pipes, sewer lines, reinforcing rods, steel pilings, manhole covers, etc., but iron is subject to corrosion
even in the absence of other metals. In addition, the conductivity of iron is less; however, steel grounding rods
are sometimes used by electric utilities for grounding associated with their transmission lines. Because of the
greater conductivity and corrosion resistance of copper, it is normally used for the grounding of buildings,
substations, and other facilities where large fault or lightning currents may occur and where voltage gradients
must be minimized to ensure personnel protection.

The third technique for combating the corrosion caused by stray direct currents and dissimilar-metal unions is
commonly called cathodic protection. Cathodic protection may be implemented through the use of sacrificial
anodes or the use an an external current supply to counteract the voltage developed by oxidation. Sacrificial
anodes containing magnesium, aluminum, manganese, or other highly active metal can be buried in the earth
nearby and connected to an iron piling, steel conduit, or lead cable shield. The active anodes will oxidize more
readily than the iron or lead and will supply the ions required for current flow. The iron and lead are cathodic
relative to the sacrificial anodes and thus current is supplied to counteract the corrosion of the iron or lead.
The dc current is normally derived from rectified alternating current, but occasionally from photovoltaic cells,
storage batteries, thermoelectric generators, or other dc sources. Since the output voltage is adjustable, any
metal can be used as the anode, but graphite and high silicon iron are most often used because of their low
corrosion rate and economical cost. Cathodic protection is effective on either bare or coated structures. If the
sacrifical anodes are replenished at appropriate intervals, the life of the protected elements is significantly
prolonged.

2.10.3 Sacrificial Anodes. Sacrificial anodes provide protection over limited areas. Impressed current cathodic

protection systems use long lasting anodes of graphite, high silicon cast iron or, to a lesser extent, platinum
coated mobium or titanium. The protection of long cable or conduit runs can be provided by biasing the metal
to approximately -0.7 to -1.2 volts relative to the surrounding soil. The external dc source supplies the
ionization current that would normally be provided by the oxidation of the cable sheath or conduit. This dc
current is normally derived from rectified ac and occasionally from photovoltiac cells, storage batteries,
thermoelectric generators, or other dc sources. A layer of insulation such as neoprene must cover the meta to
prevent direct contact with the surrounding soil. Therefore, the technique is not appropriate for protecting
foundations, manholes, or other structural elements normally in contact with the soil. It is most appropriate for
supplying the leakage current that would normally enter the soil through breaks in the insulation caused by
careless installation, settling, lightning perforation, etc.
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2.10.4 Corrosive Atimospheres. In regions exhibiting low soil resistivity, in corrosive atmospheres such as

might be encountered near seashores, or near sources of large direct currents such as electroplating facilities,
cathodic protection may be necessary to prolong the life of foundations, underground cable facilities, or other
elements of a facility in contact with the soil. For additional information on the galvanic series of common
metals see Table 7-7.

2.11 GROUNDING IN ARCTIC REGIONS.

2.11.1 Soil Resistivity. The problem of electric earth grounding in cold regions is primarily one of making
good contact with high resistivity soils. Where frozen high resistivity materials are encountered, optimum
grounding of power and communication circuits can only be accomplished by special attention to both surface
and subsurface terrain. The fact is that resistance of frozen soils can be ten to a hundred times higher than in
the unfrozen state. Seasonal changes in temperature and moisture will therefore extensively affect the soil
resistance. Table 2-9 provides information on the effect of moisture content on earth resistivity, while Table
2-10 provides the effect of temperature on earth resistivity (2-16, 2-17).

Table 2-9. Effect of Moisture Content on Earth Resistivity

Moisture Content Resistivity, ohm-cm
% By Weight Top Soil Sandy Loam
0 1,000 x 10° 1,000 x 10°
2.5 250,000 150,000
5 165,000 43,000
10 53,000 18,500
15 17,000 10,500
20 12,000 6,300
30 6,400 4,200

Table 2-10. Effect of Temperature on Earth Resistivity *

Temperature Resistivity

°C °F ohm-cm
20 68 7,200
10 50 9,900
0 32 (water) 13,800
0 32 (ice) 30,000
-5 23 79,000
-15 5 330,000

*For sandy loam, 15.2% moisture.

2-66



MIL-HDBK-419A

Permafrost occurs in various degrees throughout much of the arctic and subarctic regions and is defined as that
part of the lithosphere (upper crust of the earth) in which a naturally occurring temperature below 0°C (32°F)
has existed continuously for two or more years. The "annual frost zone" is the zone of annual freezing and
thawing. Where permafrost occurs, the thickness of this surface layer varies from less than afoot in the arctic
to depths in excess of 12 feet in the subarctic. The seasonal thaw zone remains unfrozen only during the short
summer months. During this period, it is possible to recognize terrain features which can be located in the

spring and fall if there is little or no snow cover.

Willow groves or aspen generally point to the absence of permafrost and to the presence of groundwater which
freezes only for a short time. River bottoms and lake bottoms are usually frost-free. Generally, slow moving
rivers and streams freeze from the top down (surface ice). Clear, fast moving rivers and streams usualy freeze
from the bottom up (anchor ice). Mountains, valleys, lake bottoms, streambeds, tree-covered slopes, tundra
plains, swamplands, ice glaciers, silty estuaries, permafrost areas, and seasonably frozen ground, each will be
found to affect soil resistivity. Consequently, it is easily seen how one area versus another might be more
suitable for good grounding. Basic illustrations of variations, layering and asymmetrical contouring can be
found in Figures 2-28, 2-29, and 2-30.

Resistance to ground and configuration of electrodes are further parameters that must be considered. The
conductivity of cables and overhead wire systems are relatively high in comparison to the earth. Without the
presence of minerals, dissolved salts, and moisture, clean dry soil can be classified as an insulator and possesses
the intermediate characteristics of a poor conductor.
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Figure 2-28. Relative Depths of Unconsolidated Materials, Subarctic Alaska
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Seasonal freezing accounts for a reduced conductivity as illustrated in Table 2-10. If frozen soil or earth has a
low conductivity, then providing larger effective electrodes will reduce the ground resistance. In northern
arctic areas generally having very shallow surface thaw layers, horizontal rods or wires might be easier to
install than driven rods and still provide optimum resistance values to earth or ground. Whether to install

multiple electrodes or single deep, driven rods, or horizontal wires, the decision will usually be dependent on

soil types and the economics of placement.
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2.11.2 Improving Electrical Grounding in Frozen Soils. High electrical resistance of grounding sites is

common in areas where the ground freezes. The performance of grounding installations can, however, often be
increased through site selection and various electrode installation schemes. The degree of improvement will
depend on the local existence and accessibility of conductive soils. The most common conductive sites are
associated with thaw zones or clay-rich soils. The greatest grounding problems usually occur where bedrock,
coarse-grained soil, or cold, ice-rich soil is found near the surface.

In temperate regions, small field installations can usually be adequately grounded by driving a simple vertical
electrode into the soil. This technique has been unsuccessful in areas of frozen ground because: (1) driving
electrodes is difficult, (2) frozen materials tend to be electrically resistive, and (3) high contact potentials can
develop between a rod and the frozen soil because a thin ice layer can form around the cold rod.

Installation procedures can be modified in some frozen ground settings to eliminate some of these problems,
permitting order-of-magnitude reductions in the resistance to ground. However, in many regions of the Arctic,
electrical resistivity of the frozen ground is extremely high, and grounding may not be significantly improved by
local modification or treatment of the soil surrounding the electrode. Achieving “low” resistance grounds of
less than several ohms will often require that the site be selected in a zone of conductive material and is
described in paragraph 2.11.1.

Other factors such as accessibility to water, power, roads, real estate, siting requirements, electromagnetic
compatibility, etc, may however require that a site be located in an area of low soil conductivity. This
establishes the rather high probability of not being able to attain a low resistance to ground without
considerable cost and effort. Studies (2-17) conducted to determine methods to obtain low or acceptable
resistances in areas of low soil conductivity in turn raised additional questions:

a What is the influence of ground temperature, material type and associated variations in unfrozen
water content on the performance of an installation?

b. What is the influence of material type and associated differences in permeability and saturation on
sdt solutions added to the soil surrounding an electrode?

c. What is the effectiveness of using more than one electrode for lowering resistance to ground?

d. What is the long-term influence of conductive backfills and what is the suitability of various
materials for backfill around electrodes placed in holes of larger diameter than the electrodes?

The main procedure which can be used to reduce resistances to ground is to place the ground rod or electrode in
open holes having diameters greater than the electrodes thereby making emplacement easier and permitting the
usc of conductive backfill. The holes can be made by drilling or blasting with shaped charges. Another
procedure which may be used in limited situations is to lay or drive an array of horizontal rods into an active
layer.
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2.11.2.1 Electrode Resistance. The resistance of ground, R, of a single vertical electrode of length® in cm,

and radius a in cm, emplaced in homogeneous soil of resistivit p' (ohm - cm) is found from:
P 42
R (ohms) =373 [m = -1] (2-77)

This equation may be used to estimate the penetration depth of conductive salt solutions in the soil adjacent to
the treated backfill. Since the backfill is conductive, the electrode radius therefore is not just that of the
metallic electrode, but initially the diameter of the hole filled with treated backfill. This large composite
electrode is referred to as the effective electrode. For a constant ground temperature, any reduction in
electrode resistance of a frozen saturated soil with time should be related to an increase in effective electrode
diameter, presumably through salt movement. This increase can be determined by the soil resistivity p from
equation 2-77 using the resistance to ground of the test electrode and the effective electrode radius measured
at the time of installation. Periodically, after installation, the resistance to ground should be remeasured and
the effective electrode radius can be calculated using the following form of equation 2-77 and using the soil
resistivity calculated earlier:

42
exp[1+ (2m2 R/p)]

a(em) = (2-78)

2.11.2.2 Installation and Measurement Methods.

2.11.2.2.1 Electrode Installation. Holes can be drilled with augers designed for use in frozen ground with hole
diameters ranging from 3.8 cm (1-1/2 in.) to 91.4 cm (3 ft) and depths seldom greater than 2 m (6 ft). Hand-
held equipment, consisting of an electric drive or a 5-hp gasoline-powered drill can also be used for most of the

shallow, smaller-diameter holes. Both units could be used with a coring auger to drill holes up to 11 cm (4 in.)
in diameter in fine-grained frozen soils. A truck-mounted auger can be used for the larger-diameter vertical
holes drilled in coarse-grained materials. The horizontal electrodes can be hand-pushed and then driven into the
thin seasonally thawed layer.

Military 6.8 kg (M2A3) shaped charges (used only by qualified personnel) can also be employed to produce
vertical holes. Their similar performances in a range of frozen materials, with penetration approaching the
length of standard electrodes, make this charge size ideal for electrode installation. The volume of several of
the drilled holes can aso be expanded by using C-4 block explosives.

2.11.2.2.2 Backfill. Reduction of contact potential is important in establishing a good electrical ground. In
frozen soil, ice can form around the electrode, causing high contact resistance. Ice formation on the rod
surface is likely since the rod is easily chilled by exposure of the upper end to low air temperatures. The
beneficial effect of pouring untreated water around an electrode will only be short-term in cold environments.
Therefore, the use of conductive backfill with a low freezing point becomes paramount to attain good ground or
earth contact.
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The backfill can be prepared by mixing salt and local soil or by saturating the soil backfill with a salt-water
solution as shown in Figure 2-31. Backfill other than soil can also be used because soil is not always easily
recovered from some drilled or blasted holes and because unfrozen material is difficult to find during the
winter. Absorbent paper saturated with a salt solution and compacted in the hole around the electrode can also
be used as a soil substitute.

The amount of salt added to the backfill is determined by preliminary laboratory conductivity measurements of
several salt-soil mixtures. Salt may be added to silt and to a fine sand to obtain mixtures of from 0 to 20% salt
based on the weight of the air-dried soil. Distilled water can be added to the salt-soil mixtures to obtain
several soil moisture levels up to saturation for both materials. The soils should be compacted into a cylindrical
plexiglass ring, which is clamped between electrodes for resistivity measurements at 1 kHz. Figure 2-32 shows
the resistivity for two soils as a function of salt concentration at several volumetric moisture contents. A salt-
soil mixture containing 1% salt results in a dramatic decrease in resistivity, with little effect after 5% salt for
most moisture levels. Therefore, a 5% salt by weight is recommended for backfill as it produces a very
conductive salt-soil mixture with the least amount of salt.

Figure 2-31. Installation of an Electrode During the Process of Backfilling with a Salt-Soil Mixture

bait solution may aso be poured around shallow-driven horizontal electrodes to minimize contact resistance
during freezeback. These salt solutions in general may have concentrations on the order of 50-100%.
Figure 2-33 shows a configuration of such horizontal electrodes placed in a thawed active layer.

Curves showing resistance-to-ground for metallic electrodes having various backfills are shown in Figures 2-34
through 2-38. Large seasonal variations are noted in electrode performance due to variations in unfrozen water
content in both thawed and frozen materials. In some situations the improvement in grounding conditions
during thaw periods can be extended by use of conductive backfill. The lower freezing point of the backfill will
also reduce electrode contact resistance caused by freezing around the metallic electrodes.
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Over a period of time, salt very likely will move into the soil adjacent to the electrode backfill and therefore
will increase the effective area of the ground electrode and in turn reduce the resistance values. The level of
the backfill should be checked annually to insure adequate levels are maintained to replenish this loss due to

seepage.
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CHAPTER 3

LIGHTNING PROTECTION SUBSYSTEM

3.1 THE PHENOMENON OF LIGHTNING.

Cumulonimbus clouds associated with thunderstorms are huge, turbulent air masses extending as high as
15 to 20 kilometers (9 to 12 miles) into the upper atmosphere. Through some means, not clearly understood,
these air masses generate regions of intense static charge. These charged regions develop electric field
gradients of hundreds, or perhaps thousands, of millions of volts between them. When the electric field strength
exceeds the breakdown dielectric of air (= 3 x 10°volts/meter), a lightning flash occurs and the charged areas
are neutralized.

Electric field measurements indicate that the typical thundercloud is charged in the manner illustrated by
Figure 3-1 (3-1). A strong, negatively charged region exists in the lower part of the cloud with a
counterbalancing positive charge region in the upper part of the cloud. In addition to these major charge
centers, a smaller, positively charged region exists near the bottom of the cloud. Due to the strong negative
charge concentration in the lower portion of the cloud, the cloud appears to be negatively charged with respect
to earth -- except in the immediate vicinity underneath the smaller positive charge concentration.

Breakdown can occur between the charged regions within the cloud to produce intracloud lightning. It can also
occur between the charged regions of separate clouds to produce cloud-to-cloud lightning. Intracloud and
cloud-to-cloud discharges do not present a direct threat to personnel or structures on the ground and thus tend
to be ignored in the design and implementation of lightning protection systems. However, calculations of the
voltages which could be induced in cross-country cables by such discharges (3-2) indicate that they present a
definite threat to signal and control equipments, particularly those employing solid state devices.

The cloud-to-ground flash is the one of primary interest to ground-based installations. By definition, such
flashes take place between a charge center in the cloud and a point on the earth. This point on earth can be a
flat plain, body of water, mountain peak, tree, flag pole, power line, residential dwelling, radar or
communications tower, air traffic control tower, or multi-story skyscraper. In a given area, certain structures
or objects are more likely to be struck by lightning than others; however, no object whether man-made or
natural feature, should be assumed to be immune from lightning.

The high currents which flow during the charge equalization process of a lightning flash can melt conductors,
ignite fires through the generation of sparks or the heating of metals, damage or destroy components or
equipments through burning or voltage stressing, and produce voltages well in excess of the lethal limit for
people and animals. The objective of all lightning protection subsystems is to direct these high currents away
from susceptible elements or limit the voltage gradients developed by the high currents to safe levels.
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3.2 DEVELOPMENT OF A LIGHTNING FLASH.

As the charge builds up in a cloud, the electric field in the vicinity of the charge center builds up to the point
where the air starts to ionize. A column of ionized air, called a pilot streamer, begins to extend toward earth
at a velocity of about 160 kilometers per hour (100 miles per hour) (3-3). After the pilot streamer has moved
perhaps about 30 to 45 meters (100 feet to 150 feet), a more intense discharge called a stepped leader takes
place. This discharge lowers additional negative charge into the region around the pilot streamer and allows the
pilot streamer to advance for another 30 to 45 meters (100 to 150 feet) after which the cycle repeats. The
stepped leader progresses towards the earth in a series of steps with a time interval between steps on the order
of 50 microseconds (3-4).

In a cloud-to-ground flash, the pilot streamer does not move in a direct line towards the earth but instead
follows the path through the air that ionizes most readily. Although the general direction is toward the earth,
the specific angle of departure from the tip of the previous streamer that the succeeding pilot streamer takes is
rather unpredictable. Therefore, each 30 to 45 meter (100 to 150 foot) segment of the discharge will likely
approach the earth at a different angle. This changing angle of approach gives the overall flash its
characteristic zig-zag appearance.

Being a highly ionized column, the stepped leader is at essentially the same potential as the charged area from
which it originates. Thus, as the stepped leader approaches the earth, the voltage gradient between the earth
and the tip of the leader increases. The increasing voltage further encourages the air between the two to break
down.

The final step