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1. Overview 
 
1.1 Scope  
 
This guide is primarily concerned with outdoor ac substations, either conventional or gas-insulated. 
Distribution, transmission, and generating plant substations are included. With proper caution, the methods 
described herein are also applicable to indoor portions of such substations, or to substations that are wholly  
indoors.1 
 
No attempt is made to cover the grounding problems peculiar to dc substations. A quantitative analysis of 
the effects of lightning surges is also beyond the scope of this guide. 
 
1.2 Purpose 
 
The intent of this guide is to provide guidance and information pertinent to safe grounding practices in ac 
substation design. 
 
The specific purposes of this guide are to 
 
a) Establish, as a basis for design, the safe limits of potential differences that can exist in a substation 
under fault conditions between points that can be contacted by the human body. 
 
b) Review substation grounding practices with special reference to safety, and develop criteria for a 
safe design. 
 
c) Provide a procedure for the design of practical grounding systems, based on these criteria.  
 
d) Develop analytical methods as an aid in the understanding and solution of typical gradient problems. 
 
1 
Obviously, the same ground gradient problems that exist in a substation yard should not be present within a 
building. This will be true provided the floor surface either assures an effective insulation from earth 
potentials, or else is effectively equivalent to a conductive plate or close mesh grid that is always at 
substation ground potential, including the building structure and fixtures. 
 
Therefore, even in a wholly indoor substation it may be essential to consider some of the possible hazards 
from perimeter gradients (at building entrances) and from transferred potentials described in Clause 8. 
Furthermore, in the case of indoor gas-insulated facilities, the effect of circulating enclosure currents may 
be of concern, as discussed in Clause 10. 
 
 
The concept and use of safety criteria are described in Clause 1 through Clause 8, practical aspects of 
designing a grounding system are covered in Clause 9 through Clause 13, and procedures and evaluation 
techniques for the grounding system assessment (in terms of safety criteria) are described in Clause 14 
through Clause 20. Supporting material is organized in Annex A through Annex G. 
 
This guide is primarily concerned with safe grounding practices for power frequencies in the range of 50–
60 Hz. The problems peculiar to dc substations and the effects of lightning surges are beyond the scope of 
this guide. A grounding system designed as described herein will, nonetheless, provide some degree of 
protection against steep wave front surges entering the substation and passing to earth through its ground 
electrodes.2 Other references should be consulted for more information about these subjects. 
 
1.3 Relation to other standards  
 
The following standards provide information on specific aspects of grounding: 



 

 

— IEEE Std 81-19833 and IEEE Std 81.2-1991 provide procedures for measuring the earth resistivity, the 
resistance of the installed grounding system, the surface gradients, and the continuity of the grid 
conductors. 
 
— IEEE Std 142-1991, also known as the IEEE Green Book, covers some of the practical aspects of 
grounding, such as equipment grounding, cable routing to avoid induced ground currents, cable sheath 
grounding, static and lightning protection, indoor installations, etc. 
 
— IEEE Std 367-1996 provides a detailed explanation of the asymmetrical current phenomenon and of the 
fault current division, which to a large degree parallels that given herein. Of course, the reader should be 
aware that the ground potential rise calculated for the purpose of telecommunication protection and 
relaying applications is based on a somewhat different set of assumptions concerning the maximum grid 
current, in comparison with those used for the purposes of this guide. 
 
— IEEE Std 665-1995 provides a detailed explanation of generating station grounding practices.  
 
— IEEE Std 837-1989 provides tests and criteria to select connections to be used in the grounding system 
that will meet the concerns described in Clause 11. 
 
2. References 
 
This guide should be used in conjunction with the following publications. When the following standards 
are superseded by an approved revision, the revision shall apply. 
 
Accredited Standards Committee C2-1997, National Electrical Safety Code ® (NESC®).4    

 

IEEE Std 81-1983, IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth Surface 
Potentials of a Ground System (Part 1).5 

 

IEEE Std 81.2-1992, IEEE Guide for Measurement of Impedance and Safety Characteristics of Large, 
Extended or Interconnected Grounding Systems (Part 2).  

 
2The greater impedance offered to steep front surges will somewhat increase the voltage drop in ground 
leads to the grid system, and decrease the effectiveness of the more distant parts of the grid. Offsetting this 
in large degree is the fact that the human body apparently can tolerate far greater current magnitudes in the 
case of lightning surges than in the case of 50 Hz or 60 Hz currents. 
3Information on references can be found in Clause 2.  

4The NESC is available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. 
Box 1331, Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/). 
5IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, 
P.O. Box 1331, Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/). 
 
IEEE Std 142-1991, IEEE Recommended Practice for Grounding of Industrial and Commercial Power 
Systems (IEEE Green Book). 
 
IEEE Std 367-1996, IEEE Recommended Practice for Determining the Electric Power Substation Ground 
Potential Rise and Induced Voltage from a Power Fault. 
 
IEEE Std 487-1992, IEEE Recommended Practice for the Protection of Wire -Line and Communication 
Facilities Serving Electric Power Stations. 
 
IEEE Std 525-1992 (Reaff 1999), IEEE Guide for the Design and Installation of Cable Systems in 
Substations. 
 
IEEE Std 665-1995, IEEE Guide for Generating Station Grounding. 
 



 

 

IEEE Std 837-1989 (Reaff 1996), IEEE Standard for Qualifying Permanent Connections Used in 
Substation Grounding. 
 
IEEE Std 1100-1999, IEEE Recommended Practice for Powering and Grounding Electronic Equipment 
(IEEE Emerald Book). 
 
IEEE Std C37.122-1993, IEEE Standard for Gas-Insulated Substations. 
 
IEEE Std C37.122.1-1993, IEEE Guide for Gas-Insulated Substations. 
 
3. Definitions  
 
Most of the definitions given herein pertain solely to the application of this guide. No further references 
will be made to any of the definitions stated below, unless necessary for clarity. All other definitions are 
placed within the text of individual clauses. For additional definitions refer to The IEEE Standard 
Dictionary of Electrical and Electronics Terms[B86].6 

 
3.1 auxiliary ground electrode: A ground electrode with certain design or operating constraints. Its 
primary function may be other than conducting the ground fault current into the earth. 
 
3.2 continuous enclosure: A bus enclosure in which the consecutive sections of the housing along the 
same phase conductor are bonded together to provide an electrically continuous current path throughout the 
entire enclosure length. Cross-bondings, connecting the other phase enclosures, are made only at the 
extremities of the installation and at a few selected intermediate points. 
 
3.3 dc offset: Difference between the symmetrical current wave and the actual current wave during a power 
system transient condition. Mathematically, the actual fault current can be broken into two parts, a 
symmetrical alternating component and a unidirectional (dc) component. The unidirectional component can 
be of either polarity, but will not change polarity, and will decrease at some predetermined rate. 
 
3.4 decrement factor: An adjustment factor used in conjunction with the symmetrical ground fault current 
parameter in safety-oriented grounding calculations. It determines the rms equivalent of the asymmetrical 
current wave for a given fault duration, tf , accounting for the effect of initial dc offset and its attenuation 
during the fault. 
 
 
6The numbers in brackets correspond to those of the bibliography in Annex A. 
 
3.5 effective asymmetrical fault current: The rms value of asymmetrical current wave, integrated over 
the interval of fault duration (see Figure 1).  
 
IF = Df ×?I f                                                                                                                                                       (1) 
 
where  
 
IF is the effective asymmetrical fault current in A 
If is the rms symmetrical ground fault current in A  
Df is the decrement factor 
 
 
 
 
 
 
 
 



 

 

 
 
 
Figure 1—Relationship between actual values of fault current and values of IF, If  , and Df  
for fault duration tf  
 
3.6 enclosure currents: Currents that result from the voltages induced in the metallic enclosure by the 
current(s) flowing in the enclosed conductor(s). 
 
3.7 fault current division factor: A factor representing the inverse of a ratio of the symmetrical fault 
current to that portion of the current that flows between the grounding grid and surrounding earth. 
 
S f = Ig / 3I0 
                                                                                                                                                                       (2) 
 
where  
 
Sf is the fault current division factor 
Ig is the rms symmetrical grid current in A  



 

 

I0 is the zero-sequence fault current in A  
 
NOTE—In reality, the current division factor would change during the fault duration, based on the varying 
decay rates of the fault contributions and the sequence of interrupting device operations. However, for the 
purposes of calculating the design value of maximum grid current and symmetrical grid current per 
definitions of symmetrical grid current and maximum grid current, the ratio is assumed constant during the 
entire duration of a given fault. 
 
3.8 gas-insulated substation:A compact, multicomponent assembly, enclosed in a grounded metallic 
housing in which the primary insulating medium is a gas, and that normally consists of buses, switchgear, 
and associated equipment (subassemblies). 
 
3.9 ground:A conducting connection, whether intentional or accidental, by which an electric circuit or 
equipment is connected to the earth or to some conducting body of relatively large extent that serves in 
place of the earth. 
 
3.10 grounded:A system, circuit, or apparatus provided with a ground(s) for the purposes of establishing a 
ground return circuit and for maintaining its potential at approximately the potential of earth. 
 
3.11 ground current: A current flowing into or out of the earth or its equivalent serving as a ground. 
 
3.12 ground electrode:A conductor imbedded in the earth and used for collecting ground current from or 
dissipating ground current into the earth. 
 
3.13 ground mat: A solid metallic plate or a system of closely spaced bare conductors that are connected 
to and often placed in shallow depths above a ground grid or elsewhere at the earth’s surface, in order to 
obtain an extra protective measure minimizing the danger of the exposure to high step or touch voltages in 
a critical operating area or places that are frequently used by people. Grounded metal gratings, placed on or 
above the soil surface, or wire mesh placed directly under the surface material, are common forms of a 
ground mat. 
 
3.14 ground potential rise (GPR):The maximum electrical potential that a substation grounding grid may 
attain relative to a distant grounding point assumed to be at the potential of remote earth. This voltage, 
GPR,is equal to the maximum grid current times the grid resistance. 
 
NOTE—Under normal conditions, the grounded electrical equipment operates at near zero ground 
potential. That is, the potential of a grounded neutral conductor is nearly identical to the potential of remote 
earth. During a ground fault the portion of fault current that is conducted by a substation grounding grid 
into the earth causes the rise of the grid potential with respect to remote earth. 
 
3.15 ground return circuit: A circuit in which the earth or an equivalent conducting body is utilized to 
complete the circuit and allow current circulation from or to its current source. 
 
3.16 grounding grid:  A system of horizontal ground electrodes that consists of a number of 
interconnected, bare conductors buried in the earth, providing a common ground for electrical devices or 
metallic structures, usually in one specific location. 
 
NOTE—Grids buried horizontally near the earth’s surface are also effective in controlling the surface 
potential gradients. A typical grid usually is supplemented by a number of ground rods and may be further 
connected to auxiliary ground electrodes to lower its resistance with respect to remote earth. 
 
3.17 grounding system:  Comprises all interconnected grounding facilities in a specific area.  
 
3.18 main ground bus: A conductor or system of conductors provided for connecting all designated 
metallic components of the gas -insulation substation (GIS) to a substation grounding system. 
 



 

 

3.19 maximum grid current:A design value of the maximum grid current, defined as follows: 
 
IG = Df × Ig                                                                                                                                                    (3) 
 
where  
 
IG is the maximum grid current in A 
Df  is the decrement factor for the entire duration of fault  tf, given in s 
Ig is the rms symmetrical grid current in A 
 
3.20 mesh voltage: The maximum touch voltage within a mesh of a ground grid. 
 
3.21 metal-to-metal touch voltage: The difference in potential between metallic objects or structures 
within the substation site that may be bridged by direct hand-to-hand or hand-to-feet contact. 
 
NOTE—The metal-to-metal touch voltage between metallic objects or structures bonded to the ground grid 
is assumed to be negligible in conventional substations. However, the metal-to-metal touch voltage 
between metallic objects or structures bonded to the ground grid and metallic objects internal to the 
substation site, such as an isolated fence, but not bonded to the ground grid may be substantial. In the case 
of a gas -insulated substation (GIS), the metal-to-metal touch voltage between metallic objects or structures 
bonded to the ground grid may be substantial because of internal faults or induced currents in the 
enclosures. 
 
In a conventional substation, the worst touch voltage is usually found to be the potential difference between 
a hand and the feet at a point of maximum reach distance. However, in the case of a metal-to-metal contact 
from hand-to-hand or from hand-to-feet, both situations should be investigated for the possible worst reach 
conditions. Figure 12 and Figure 13 illustrate these situations for air-insulated substations, and Figure 14 
illustrates these situations in GIS. 
 
3.22 noncontinuous enclosure: A bus enclosure with the consecutive sections of the housing of the same 
phase conductor electrically isolated (or insulated from each other), so that no current can flow beyond 
each enclosure section. 
 
3.23 primary ground electrode: A ground electrode specifically designed or adapted for discharging the 
ground fault current into the ground, often in a specific discharge pattern, as required (or implicitly called 
for) by the grounding system design. 
 
3.24 step voltage: The difference in surface potential experienced by a person bridging a distance of 1 m 
with the feet without contacting any grounded object. 
 
3.25 subtransient reactance: Reactance of a generator at the initiation of a fault. This reactance is used in 
calculations of the initial symmetrical fault current. The current continuously decreases, but it is assumed to 
be steady at this value as a first step, lasting approximately 0.05 s after an applied fault. 
 
3.26 surface material: A material installed over the soil consisting of, but not limited to, rock or crushed 
stone, asphalt, or man-made materials. The surfacing material, depending on the resistivity of the material,  
may significantly impact the body current for touch and step voltages involving the person’s feet. 
 
3.27 symmetrical grid current: That portion of the symmetrical ground fault current that flows between 
the grounding grid and surrounding earth. It may be expressed as 
 
Ig = S f ×?I f                                                                                                                                                      (4) 
 
Where 
 
Ig is the rms symmetrical grid current in A  



 

 

If is the rms symmetrical ground fault current in A  
Sf is the fault current division factor 
 
3.28 symmetrical ground fault current: The maximum rms value of symmetrical fault current after the 
instant of a ground fault initiation. As such, it represents the rms value of the symmetrical component in the 
first half-cycle of a current wave that develops after the instant of fault at time zero. For phase-to-ground 
faults 
 
 I f (0+) = 3I0 ?                                                                                                                                                (5) 
 
Where 
 
I f(0+) is the initial rms symmetrical ground fault current 
 
I0 ? is the rms value of zero-sequence symmetrical current that develops immediately after the instant of 
fault initiation, reflecting the subtransient reactances of rotating machines contributing to the fault 
 
This rms symmetrical fault current is shown in an abbreviated notation as If  or is  referred to only as 3I0. 
The underlying reason for the latter notation is that, for purposes of this guide, the initial symmetrical fault 
current is assumed to remain constant for the entire duration of the fault. 
 
3.29 touch voltage: The potential difference between the ground potential rise (GPR) and the surface 
potential at the point where a person is standing while at the same time having a hand in contact with a 
grounded structure. 
 
3.30 transferred voltage: A special case of the touch voltage where a voltage is transferred into or out of 
the substation from or to a remote point external to the substation site. 
 
3.31 transient enclosure voltage (TEV): Very fast transient phenomena, which are found on the grounded 
enclosure of GIS systems. Typically, ground leads are too long (inductive) at the frequencies of interest to 
effectively prevent the occurrence of TEV. The phenomenon is also known as transient ground rise (TGR) 
or transient ground potential rise (TGPR). 
 
3.32 very fast transient (VFT): A class of transients generated internally within a gas-insulated substation 
(GIS) characterized by short duration and very high frequency. VFT is generated by the rapid collapse of 
voltage during breakdown of the insulating gas, either across the contacts of a switching device or line-to 
ground during a fault. These transients can have rise times in the order of nanoseconds implying a 
frequency content extending to about 100 MHz. However, dominant oscillation frequencies, which are 
related to physical lengths of GIS bus, are usually in the 20–40 MHz range.  
 
3.33 very fast transients overvoltage (VFTO): System overvoltages that result from generation of VFT. 
While VFT is one of the main constituents of VFTO, some lower frequency (̃ 1 MHz) component may be 
present as a result of the discharge of lumped capacitance (voltage transformers). Typically, VFTO will not 
exceed 2.0 per unit, though higher magnitudes are possible in specific instances. 
 
3.34 X/R ratio:Ratio of the system reactance to resistance. It is indicative of the rate of decay of any dc 
offset. A large X/R ratio corresponds to a large time constant and a slow rate of decay. 
 
 
4. Safety in grounding  
 
4.1 Basic problem 
 
In principle, a safe grounding design has the following two objectives: 
 
— To provide means to carry electric currents into the earth under normal and fault conditions without 



 

 

      exceeding any operating and equipment limits or adversely affecting continuity of service. 
— To assure that a person in the vicinity of grounded facilities is not exposed to the danger of critical 
      electric shock. 
 
A practical approach to safe grounding thus concerns and strives for controlling the interaction of two 
grounding systems, as follows: 
 
— The intentional ground, consisting of ground electrodes buried at some depth below the earth’s 
      surface. 
— The accidental ground, temporarily established by a person exposed to a potential gradient in the 
     vicinity of a grounded facility. 
 
People often assume that any grounded object can be safely touched. A low substation ground resistance is 
not, in itself, a guarantee of safety. There is no simple relation between the resistance of the ground system 
as a whole and the maximum shock current to which a person might be exposed. Therefore, a substation of 
relatively low ground resistance may be dangerous, while another substation with very high resistance may 
be safe or can be made safe by careful design. For instance, if a substation is supplied from an overhead 
line with no shield or neutral wire, a low grid resistance is important. Most or all of the total ground fault 
current enters the earth causing an often steep rise of the local ground potential [see Figure 2(a)]. If a shield 
wire, neutral wire, gas-insulated bus, or underground cable feeder, etc., is used, a part of the fault current 
returns through this metallic path directly to the source. Since this metallic link provides a low impedance 
parallel path to the return circuit, the rise of local ground potential is ultimately of lesser magnitude [see 
Figure 2(b)]. In either case, the effect of that portion of fault current that enters the earth within the 
substation area should be further analyzed. If the geometry, location of ground electrodes, local soil 
characteristics, and other factors contribute to an excessive potential gradient at the earth’s surface, the 
grounding system may be inadequate despite its capacity to carry the fault current in magnitudes and 
durations permitted by protective relays. 
 
Clause 5 through Clause 8 detail those principal assumptions and criteria that enable the evaluation of all  
necessary factors in protecting human life, the most precious element of the accidental circuit. 
 
 
 
 
4.2 Conditions of danger 
 
During typical ground fault conditions, the flow of current to earth will produce potential gradients within 
and around a substation. Figure 3 shows this effect for a substation with a simple rectangular grounding 
grid in homogeneous soil.  
 



 

 

 
 
Figure 2—Equipotential contours of a typical grounding grid with and without ground rods  
 
 



 

 

 
 
Figure 3—Equipotential contours if a typical grounding grid with and without ground rods  
 
Unless proper precautions are taken in design, the maximum potential gradients along the earth’s surface 
may be of sufficient magnitude during ground fault conditions to endanger a person in the area. Moreover, 
dangerous voltages may develop between grounded structures or equipment frames and the nearby earth. 
 
The circumstances that make electric shock accidents possible are as follows: 
 
a) Relatively high fault current to ground in relation to the area of ground system and its resistance to 
remote earth. 
 
b) Soil resistivity and distribution of ground currents such that high potential gradients may occur at points 
at the earth’s surface. 
 
c) Presence of an individual at such a point, time, and position that the body is bridging two points of high 
potential difference. 
 
d) Absence of sufficient contact resistance or other series resistance to limit current through the body to a 
safe value under circumstances a) through c). 
 
e) Duration of the fault and body contact, and hence, of the flow of current through a human body for a 
sufficient time to cause harm at the given current intensity. 
 
The relative infrequency of accidents is  due largely to the low probability of coincidence of all the 
unfavorable conditions listed above. 
 
5. Range of tolerable current 
 



 

 

Effects of an electric current passing through the vital parts of a human body depend on the duration, 
magnitude, and frequency of this current. The most dangerous consequence of such an exposure is a heart 
condition known as ventricular fibrillation, resulting in immediate arrest of blood circulation. 
 
5.1 Effect of frequency 
 
Humans are very vulnerable to the effects of electric current at frequencies of 50 Hz or 60 Hz. Currents of 
approximately 0.1 A can be lethal. Research indicates that the human body can tolerate a slightly higher 25 
Hz current and approximately five times higher direct current. At frequencies of 3000–10 000 Hz, even 
higher currents can be tolerated (Dalziel and Mansfield [B33]; Dalziel, Ogden, and Abbott [B36]). In some 
cases the human body is able to tolerate very high currents due to lightning surges. The International 
Electrotechnical Commission provides curves for the tolerable body current as a function of frequency and 
for capacitive discharge currents [IEC 60479-2 (1987-03) [B83])]. Other studies of the effects of both 
direct and oscillatory impulse currents are reported in Dalziel [B25][B27]. 
 
Information regarding special problems of dc grounding is contained in the 1957 report of the AIEE 
Substations Committee [B21]. The hazards of an electric shock produced by the electrostatic effects of 
overhead transmission lines are reviewed in Part 1 of the 1972 report of the General Systems Subcommittee 
[B88]. Additional information on the electrostatic effects of overhead transmission lines can be found in 
Chapter 8 of the EPRI Transmission Line Reference Book 345 kV and Above [B57]. 
5.2 Effect of magnitude and duration 
 
The most common physiological effects of electric current on the body, stated in order of increasing current 
magnitude, are threshold perception, muscular contraction, unconsciousness, fibrillation of the heart, 
respiratory nerve blockage, and burning (Geddes and Baker [B74]; IEC 60479-1 (1994-09) [B82]). 
 
Current of 1 mA is generally recognized as the threshold of perception; that is, the current magnitude at 
which a person is just able to detect a slight tingling sensation in his hands or fingertips caused by the 
passing current (Dalziel [B27]). 
 
Currents of 1–6 mA, often termed let-go currents, though unpleasant to sustain, generally do not impair the 
ability of a person holding an energized object to control his muscles and release it. Dalziel’s classic 
experiment with 28 women and 134 men provides data indicating an average let-go current of 10.5 mA for 
women and 16 mA for men, and 6 mA and 9 mA as the respective threshold values (Dalziel and Massogilia 
[B34]). 
 
In the 9–25 mA range, currents may be painful and can make it difficult or impossible to release energized 
objects grasped by the hand. For still higher currents muscular contractions could make breathing difficult. 
These effects are not permanent and disappear when the current is interrupted, unless the contraction is 
very severe and breathing is stopped for minutes rather than seconds. Yet even such cases often respond to 
resuscitation (Dalziel [B29]). 
 
It is not until current magnitudes in the range of 60–100 mA are reached that ventricular fibrillation, 
stoppage of the heart, or inhibition of respiration might occur and cause injury or death. A person trained in 
cardiopulmonary resuscitation (CPR) should administer CPR until the victim can be treated at a medical 
facility (Dalziel [B30]; Dalziel and Lee [B31]). 
 
Hence, this guide emphasizes the importance of the fibrillation threshold. If shock currents can be kept 
below this value by a carefully designed grounding system, injury or death may be avoided. 
 
As shown by Dalziel and others (Dalziel, Lagen, and Thurston [B35]; Dalziel and Massogilia [B34]), the 
nonfibrillating current of magnitude IB at durations ranging from 0.03–3.0 s is related to the energy 
absorbed by the body as described by the following equation: 
 
SB = (IB) 2× ts                                                                                                                                                 (6) 
 



 

 

Where 
 

IB  is the rms magnitude of the current through the body in A 
ts  is the duration of the current exposure in s 
SB  is the empirical constant related to the electric shock energy tolerated by a certain percent 

of a given population 
 

A more detailed discussion of Equation (6) is provided in Clause 6.  
 
5.3 Importance of high-speed fault clearing 
 
Considering the significance of fault duration both in terms of Equation (6) and implicitly as an accident 
exposure factor, high-speed clearing of ground faults is advantageous for two reasons 
 

a) The probability of exposure to electric shock is greatly reduced by fast fault clearing time, in            
     contrast to situations in which fault currents could persist for several minutes or possibly hours. 
b) Tests and experience show that the chance of severe injury or death is greatly reduced if the          
     duration of a current flow through the body is very brief.  
 

The allowed current value may, therefore, be based on the clearing time of primary protective devices, or 
that of the backup protection. A good case could be made for using the primary clearing time  because of 
the low combined probability that relay malfunctions will coincide with all other adverse factors necessary 
for an accident, as described in Clause 4. It is more conservative to choose the backup relay clearing times 
in Equation (6), because they assure greater safety margin. 
 
An additional incentive to use switching times less than 0.5 s results from the research done by Biegelmeier 
and Lee [B9]. Their research provides evidence that a human heart becomes increasingly susceptible to 
ventricular fibrillation when the time of exposure to current is approaching the heartbeat period, but that the 
danger is much smaller if the time of exposure to current is in the region of 0.06–0.3 s. 
 
In reality, high ground gradients from faults are usually infrequent, and shocks from high ground gradients 
are even more infrequent. Further, both events are often of very short duration. Thus, it would not be 
practical to design against shocks that are merely painful and do not cause serious injury; that is, for 
currents  below the fibrillation threshold. 
 
6. Tolerable body current limit 
 
The magnitude and duration of the current conducted through a human body at 50 Hz or 60 Hz should be 
less than the value that can cause ventricular fibrillation of the heart. 
 
6.1 Duration formula 
 
The duration for which a 50 Hz or 60 Hz current can be tolerated by most people is related to its magnitude 
in accordance with Equation (6). Based on the results of Dalziel’s studies (Dalziel [B26]; Dalziel and Lee 
[B32]), it is assumed that 99.5% of all persons can safely withstand, without ventricular fibrillation, the 
passage of a current with magnitude and duration determined by the following formula: 
 
IB = k/vt2          (7) 
 
where, in addition to the terms previously defined for Equation (6) 
 
k = v SB 
 
Dalziel found that the shock energy that can be survived by 99.5% of persons weighing approximately 50 
kg (110 lb) results in a value of SB of 0.0135. Thus, k50 = 0.116 and the formula for the allowable body 
current becomes  



 

 

 
IB = 0.116 / vts   for 50 kg body weight        (8) 
 
Equation (8) results in values of 116 mA for ts = 1 s and 367 mA for ts = 0.1 s. 
 
Because Equation (7) is based on tests limited to a range of between 0.03 s and 3.0 s, it obviously is not 
valid for very short or long durations. 
 
Over the years, other researchers have suggested other values for IB. In 1936 Ferris et al. [B66] suggested 
100 mA as the fibrillation threshold. The value of 100 mA was derived from extensive experiments at 
Columbia University. In the experiments, animals having body and heart weights comparable to humans 
were subjected to maximum shock durations of 3 s. Some of the more recent experiments suggest the 
existence of two distinct thresholds: one where the shock duration is shorter than one heartbeat period and 
another one for the current duration longer than one heartbeat. For a 50 kg (110 lb) adult, Biegelmeier 
[B7][B8] proposed the threshold values at 500 mA and 50 mA, respectively. Other studies on this subject 
were carried out by Lee and Kouwenhoven [B31][B95][B99]. The equation for tolerable body current 
developed by Dalziel is the basis for the derivation of tolerable voltages used in this guide. 
 
 
6.2 Alternative assumptions 
 
Fibrillation current is assumed to be a function of individual body weight, as illustrated in Figure 4. The 
figure shows the relationship between the critical current and body weight for several species of animals  
(calves, dogs, sheep, and pigs), and a 0.5% common threshold region for mammals. 
 
In the 1961 edition of this guide, constants SB and k in Equation (6) and Equation (7), were given as 0.0272 
and 0.165, respectively, and had been assumed valid for 99.5% of all people weighing approximately 70 kg 
(155 lb). Further studies by Dalziel [B28][B32], on which Equation (7) is based, lead to the alternate value 
of k = 0.157 and SB = 0.0246 as being applicable to persons weighing 70 kg (155 lb). Thus 
 
 



 

 

 
 

Figure 4—Fibrillating current versus body weight for various animals 
based on a three-second duration of the electrical shock  

 
IB = 0.157 / v ts for 70 kg body weight                                                                                                            (9) 
 
Users of this guide may select k = 0.157 provided that the average population weight can be expected to be 
at least 70 kg.7 

 
Equation (7) indicates that much higher body currents can be allowed where fast-operating protective 
devices can be relied upon to limit the fault duration. A judgment decision is needed as to whether to use 
the clearing time of primary high-speed relays, or that of the back-up protection, as the basis for 
calculation. 
 
6.3 Comparison of Dalziel’s equations and Biegelmeier’s curve  
 
The comparison of Equation (8), Equation (9), and the Z-shaped curve of body current versus time  
developed by Biegelmeier that was published by Biegelmeier and Lee [B9] is shown in Figure 5. The Z 
curve has a 500 mA limit for short times up to 0.2 s, then decreases to 50 mA at 2.0 s and beyond. 
 
7Typically, these conditions can be met in places that are not accessible to the public, such as in 
switchyards protected by fences or walls, etc. Depending on specific circumstances, an assessment should 
be made if a 50 kg criterion Equation (8) ought to be used for areas outside the fence. 
 
 
 



 

 

 
 

Figure 5—Body current versus time  
 
 
 
Using Equation (8), the tolerable body current will be less than Biegelmeier’s Z curve for times from 0.06 s 
to 0.7 s. 
 
6.4 Note on reclosing 
 
Reclosure after a ground fault is common in modern operating practice. In such circumstances, a person 
might be subjected to the first shock without permanent injury. Next, a single instantaneous automatic 
reclosure could result in a second shock, initiated within less than 0.33 s from the start of the first. It is this 
second shock, occurring after a relatively short interval of time before the person has recovered, that might 
cause a serious accident. With manual reclosure, the possibility of exposure to a second shock is reduced 
because the reclosing time interval may be substantially greater.  
 
The cumulative effect of two or more closely spaced shocks has not been thoroughly evaluated, but a 
reasonable allowance can be made by using the sum of individual shock durations as the time of a single  
exposure. 
 
7. Accidental ground circuit 
 
7.1 Resistance of the human body 
 
For dc and 50 Hz or 60 Hz ac currents, the human body can be approximated by a resistance. The current 
path typically considered is from one hand to both feet, or from one foot to the other one. The internal 
resistance of the body is approximately 300 O, whereas values of body resistance including skin range from 



 

 

500 O to 3000 O, as suggested in Daziel [B26], Geddes and Baker [B74], Gieiges [B75], Kiselev [B94], 
and Osypka [B118]. The human body resistance is decreased by damage or puncture of the skin at the point  
of contact. 
 
As mentioned in 5.2, Dalziel [B34] conducted extensive tests using saltwater to wet hands and feet to 
determine safe let-go currents, with hands and feet wet. Values obtained using 60 Hz for men were as 
follows: the current was 9.0 mA; corresponding voltages were 21.0 V for hand-to-hand and 10.2 V for 
hand-to-feet. Hence, the ac resistance for a hand-to-hand contact is equal to 21.0/0.009 or 2330 O??and the 
hand-to-feet resistance equals 10.2/0.009 or 1130 O, based on this experiment. 
 
Thus, for the purposes of this guide, the following resistances, in series with the body resistance, are 
assumed as follows: 
 
a) Hand and foot contact resistances are equal to zero. 
b) Glove and shoe resistances are equal to zero. 
 
A value of 1000 O in Equation (10), which represents the resistance of a human body from hand-to-feet 
and also from hand-to-hand, or from one foot to the other foot, will be used throughout this guide. 
 
RB = 1000 O           (10) 
 
7.2 Current paths through the body 
 
It should be remembered that the choice of a 1000 O  resistance value relates to paths such as those between 
the hand and one foot or both feet, where a major part of the current passes through parts of the body 
containing vital organs, including the heart. It is generally agreed that current flowing from one foot to the 
other is far less dangerous. Referring to tests done in Germany, Loucks [B100] mentioned that much higher 
foot-to-foot than hand-to-foot currents had to be used to produce the same current in the heart region. He  
stated that the ratio is as high as 25:1. 
 
Based on these conclusions, resistance values greater than 1000 O could possibly be allowed, where a path 
from one foot to the other foot is concerned. However, the following factors should be considered: 
 

a) A voltage between the two feet, painful but not fatal, might result in a fall that could cause a  
larger current flow through the chest area. The degree of this hazard would further depend on 
the fault duration and the possibility of another successive shock, perhaps on reclosure. 
 

b) A person might be working or resting in a prone position when a fault occurs. 
 
It is apparent that the dangers from foot-to-foot contact are far less than from the other type. However, 
since deaths have occurred from case a) above, it is a danger that should not be ignored (Bodier [B14];  
Langer [B96]). 
 
7.3 Accidental circuit equivalents 
 
Using the value of tolerable body current established by either Equation (8) or Equation (9) and the 
appropriate circuit constants, it is possible to determine the tolerable voltage between any two points of 
contact. 
 
The following notations are used for the accidental circuit equivalent shown in Figure 6: 
 

Ib is the body current (body is part of the accidental circuit) in A  
RA is the total effective resistance of the accidental circuit in O  
VA is the total effective voltage of the accidental circuit (touch or step voltage) in V 

 
 



 

 

 

 
 

Figure 6—Exposure to touch voltage 
 

 
The tolerable body current, IB, defined by Equation (8) or Equation (9), is used to define the tolerable total 
effective voltage of the accidental circuit (touch or step voltage): the tolerable total effective voltage of the 
accidental circuit is that voltage that will cause the flow of a body current, Ib, equal to the tolerable body 
current, IB. 
 
Figure 6 shows the fault current If being discharged to the ground by the grounding system of the substation 
and a person touching a grounded metallic structure at H. Various impedances in the circuit are shown in 
Figure 7. Terminal H is a point in the system at the same potential as the grid into which the fault current 
flows and terminal F is the small area on the surface of the earth that is in contact with the person’s two 
feet. The current, Ib, flows from H through the body of the person to the ground at F. The Thevenin 
theorem allows us to represent this two terminal (H, F) network of Figure 7 by the circuit shown in Figure 8 
(Dawalibi, Southey, and Baishiki [B49]; Dawalibi, Xiong, and Ma [B50]).  
 
The Thevenin voltage VTh is the voltage between terminals H and F when the person is not present. The 
Thevenin impedance ZTh is the impedance of the system as seen from points H and F with voltage sources 
of the system short circuited. The current Ib through the body of a person coming in contact with H and F is  
given by 
 
Ib = VTh /( ZTh + RB)                                                                                                                                       (11) 
 

 
 
Figure 7—Impedances to touch voltage circuit 
 
 



 

 

 
 
Figure 8—Touch voltage circuit 
 
 
 
 
 
Where 
 

RB is the resistance of the human body in O 
 

Figure 9 shows the fault current If being discharged to the ground by the grounding system of the 
substation. The current, Ib, flows from one foot F1 through the body of the person to the other foot, F2.  
Terminals F1 and F2 are the areas on the surface of the earth that are in contact with the two feet, 
respectively. The Thevenin theorem allows us to represent this two-terminal (F1, F2) network in Figure 10. 
The Thevenin voltage VTh is  the voltage between terminals F1 and F2 when the person is not present. The 
Thevenin impedance ZTh is the impedance of the system as seen from the terminals F1 and F2 with the 
voltage sources of the system short  circuited. The current Ib through the body of a person is given by 
Equation (11). 
 
The Thevenin equivalent impedance, ZTh, is computable with a number of methods (Dawalibi, Southey, 
and Baishiki [B49]; Dawalibi, Xiong, and Ma [B50]; ERPI EL-2699 [B60]; Thapar, Gerez, and Kejriwal 
[B143]; 
 

 
 
Figure 9—Exposure to step voltage 
 



 

 

 

 
 
Figure 10—Step voltage circuit 
 
 
 
 
 
Laurent [B97]). In this guide, the following conservative formulas for the Thevenin equivalent impedance 
are used. 
 
For touch voltage accidental circuit  
 
ZTh = Rf  / 2                                                                                                                                                   (12) 
 
And for the step voltage accidental circuit  
 
ZTh = 2Rf                                                                                                                                                                                                                                   (13) 
 
Where 
 
Rf is the ground resistance of one foot (with presence of the substation grounding system ignored) in O  
 
For the purpose of circuit analysis, the human foot is usually represented as a conducting metallic disc and 
the contact resistance of shoes, socks, etc., is neglected. The ground resistance in ohms of a metallic disc of 
radius b (m) on the surface of a homogeneous earth of resistivity ? (O·m) is given by Laurent [B97] 
 
Rf = ?/4b                                                                                                                                                        (14) 
 
Traditionally, the metallic disc representing the foot is taken as a circular plate with a radius of 0.08 m.  
With only slight approximation, equations for ZTh can be obtained in numerical form and expressed in 
terms of ? as follows. 
 
For touch voltage accidental circuit  
 
ZTh = 1.5?                                                                                                                                                   (15) 
 
And for step voltage accidental circuit  
ZTh = 6.0?                                                                                                                                                   (16) 
 



 

 

Based on investigation reported in Dawalibi, Xiong, and Ma [B50]; Meliopoulos, Xia, Joy, and Cokkonides 
[B107]; and Thapar, Gerez, and Kejriwal [B143], Equation (15) and Equation (16) are conservative in the 
sense that they underestimate the Thevenin equivalent impedance and, therefore, will result in higher body 
currents. 
 
The permissible total equivalent voltage (i.e., tolerable touch and step voltage), using Equation (15) and 
Equation (16), is  
 
Etouch = IB(?RB + 1.5??)                                                                                                                               (17) 
 
And 
 
Estep = IB(?RB + 6.0?)                                                                                                                                  (18) 
 
7.4 Effect of a thin layer of surface material  
 
Equation (14) is based on the assumption of uniform soil resistivity. However, a 0.08–0.15 m (3–6 in) layer 
of high resistivity material, such as gravel, is often spread on the earth’s surface above the ground grid to 
increase the contact resistance between the soil and the feet of persons in the substation. The relatively 
shallow depth of the surface material, as compared to the equivalent radius of the foot, precludes the 
assumption of uniform resistivity in the vertical direction when computing the ground resistance of the feet. 
However, for a person in the substation area, the surface material can be assumed to be of infinite extent in 
the lateral direction. 
 
If the underlying soil has a lower resistivity than the surface material, only some grid current will go 
upward into the thin layer of the surface material, and the surface voltage will be very nearly the same as 
that without the surface material. The current through the body will be lowered considerably with the 
addition of the surface material because of the greater contact resistance between the earth and the feet. 
However, this resistance may be considerably less than that of a surface layer thick enough to assume 
uniform resistivity in all directions. The reduction depends on the relative values of the soil and the surface 
material resistivities, and on the thickness of the surface material.  
The converse of the derating principle is also true. If the underlying soil has a higher resistivity than the  
surface material, a substantial portion of the grid current will go upward into the thin layer of surface 
material. However, unlike the case described in the preceding paragraph, the surface potentials will be 
altered substantially due to the concentration of current near the surface. Thus, the effective resistivity of 
the surface material should not be upgraded without taking into account this change in surface potential. 
This problem can best be solved by using multilayer soil analysis (see Clause 13).  
 
An analytical expression for the ground resistance of the foot on a thin layer of surface material can be 
obtained with the use of the method of images (Sunde [B130]; Thapar, Gerez, and Emmanuel [B142]; 
Thapar, Gerez, and Kejriwal [B143]).8 
 
Equation (19) through Equation (21) give the ground resistance of the foot on the surface material (Thapar, 
Gerez, and Kejriwal [B143]). 
 
Rf = [?s  / 4b]          (19) 
 
Cs = 1 + 16b/ ?s ?  (20) 
 
(21) 
 
Where 
 

Cs  is the surface layer derating factor 
K  is the reflection factor between different material resistivities 
?s  is the surface material resistivity in O·m 



 

 

?  is the resistivity of the earth beneath the surface material in O·m 
hs  is the thickness of the surface material in m 
b  is the radius of the circular metallic disc representing the foot in m 
Rm(2nhs) is the mutual ground resistance between the two similar, parallel, coaxial plates,  
 separated by a distance (2nhs), in an infinite medium of resistivity, ?s, in O·m 
 

For the determination of Rm(2nhs), consider a thin circular plate, D1, in the x-y plane with the z axis  
passing through its center. The radius of the plate is b and it discharges a current I in an infinite uniform 
medium of resistivity, ?s. Using cylindrical coordinates, the potential at any point (r,z) is given by the 
following equations (Jackson [B89]): 
 
(22) 
 
(23) 
 
(24) 
 
8Expressions for the ground resistance of the foot given in Equation (16) through Equation (19) of the 1986 
version of this guide were based on the simple procedure for hemispheric electrodes. This simplification 
gave lower value of the ground resistance of the foot. The error was significant for low values of the depth 
of the surface layer. The new revised expressions for the ground resistance of the foot given in this standard 
are based on the circular plate representation of the foot. 
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Consider another similar plate, D2, placed parallel and coaxial to the circular plate, D1, and at a distance 
(2nh) from it. The potential produced on D2 can be determined by evaluating the average potential over the 
surface of the plate. It is given by 
 
(25) 
 
The mutual ground resistance, Rm(2nhs) , between the two plates is given by 
 
(26) 



 

 

 
Comparing Equation (14) and Equation (19), Cs can be considered as a corrective factor to compute the 
effective foot resistance in the presence of a finite thickness of surface material. Because the quantity Cs is 
rather tedious to evaluate without the use of a computer, these values have been precalculated for b = 0.08 
m and are given in the form of graphs in Figure 11.  
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Figure 11—Cs versus hs 
 
Computer models have also been used to determine the value of Cs (Dawalibi, Xiong, and Ma [B50]; 
Meliopoulos, Xia, Joy, and Cokkonides [B107]). There is a close match in the values obtained from these 
computer models with the values given in Figure 11. 
 
The following empirical equation gives the value of Cs. The values of Cs obtained using Equation (27) are  
within 5% of the values obtained with the analytical method (Thapar, Gerez, and Kejriwal [B143]).  
 
(27) 



 

 

 
8. Criteria of tolerable voltage 
 
8.1 Definitions 
NOTE—The following definitions are also listed in Clause 3, but repeated here for the convenience of the 
reader. 
 
8.1.1 ground potential rise (GPR): The maximum electrical potential that a substation grounding grid 
may attain relative to a distant grounding point assumed to be at the potential of remote earth. This voltage, 
GPR, is equal to the maximum grid current times the grid resistance. 
 
NOTE—Under normal conditions, the grounded electrical equipment operates at near zero ground 
potential. That is, the potential of a grounded neutral conductor is nearly identical to the potential of remote 
earth. During a ground fault the portion of fault current that is conducted by a substation grounding grid 
into the earth causes the rise of the grid potential with respect to remote earth. 
 
8.1.2 mesh voltage: The maximum touch voltage within a mesh of a ground grid. 
 
8.1.3 metal-to-metal touch voltage: The difference in potential between metallic objects or structures 
within the substation site that may be bridged by direct hand-to-hand or hand-to-feet contact. 
 
NOTE—The metal-to-metal touch voltage between metallic objects or structures bonded to the ground grid 
is assumed to be negligible in conventional substations. However, the metal-to-metal touch voltage 
between metallic objects or structures bonded to the ground grid and metallic objects internal to the 
substation site, such as an isolated fence, but not bonded to the ground grid may be substantial. In the case 
of a gas -insulated substation (GIS), the metal-to-metal touch voltage between metallic objects or structures 
bonded to the ground grid may be substantial because of internal faults or induced currents in the 
enclosures. 
 
In a conventional substation, the worst touch voltage is usually found to be the potential difference between 
a hand and the feet at a point of maximum reach distance. However, in the case of a metal-to-metal contact 
from hand-to-hand or from hand-to-feet, both situations should be investigated for the possible worst reach 
conditions. Figure 12 and Figure 13 illustrate these situations for air-insulated substations, and Figure 14 
illustrates these situations in GIS. 
 
8.1.4 step voltage: The difference in surface potential experienced by a person bridging a distance of 1 m 
with the feet without contacting any other grounded object. 
 
8.1.5 touch voltage: The potential difference between the ground potential rise (GPR) and the surface 
potential at the point where a person is standing while at the same time having a hand in contact with a 
grounded structure. 
 
8.1.6 transferred voltage: A special case of the touch voltage where a voltage is transferred into or out of 
the substation from or to a remote point external to the substation site. 
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8.2 Typical shock situations 
 
Figure 12 and Figure 13 show five basic situations involving a person and grounded facilities during a 
fault. For a foot-to-foot contact, the accidental circuit equivalent is that of Figure 9, and its driving voltage 
U is  equal to Es (step voltage). For the three examples of hand-to-feet contact Figure 12 applies, and U is  
equal to Et (touch voltage), Em (mesh voltage), or Etrrd (transferred voltage), respectively. The accidental 



 

 

circuit involving metal-to-metal contact, either hand-to-hand or hand-to-feet, is shown in Figure 14 where  
U is  equal to the metal-to-metal touch voltage, Emm. 
 
During a fault, the earth conducts currents that emanate from the grid and other permanent ground 
electrodes buried below the earth’s surface. The resulting potential gradients have a primary effect on the 
value of U. 
 
In the case of conventional substations, the typical case of metal-to-metal touch voltage occurs when 
metallic objects or structures within the substation site are not bonded to the ground grid. Objects such as 
pipes, rails, or fences that are located within or near the substation ground grid area, and not bonded to the 
ground grid, meet this criteria. Substantial metal-to-metal touch voltages may be present when a person 
standing on or touching a grounded object or structure comes into contact with a metallic object or structure 
within the substation site that is not bonded to the ground grid. Calculation of the actual metal-to-metal 
touch voltage is  complex. In practice, hazards resulting from metal-to-metal contact may best be avoided 
by bonding potential danger points to the substation grid. 
 
Typically, the case of transferred voltage occurs when a person standing within the substation area touches 
a conductor grounded at a remote point, or a person standing at a remote point touches a conductor 
connected to the substation grounding grid. During fault conditions, the resulting potential to ground may 
equal or exceed the full GPR of a grounding grid discharging the fault current, rather than the fraction of 
this total voltage encountered in the ordinary touch contact situations (see Figure 13). In fact, as discussed 
in Clause 17, the transferred voltage may exceed the sum of the GPRs of both substations, due to induced 
voltages  on communication circuits, static or neutral wires, pipes, etc. It is impractical, and often 
impossible, to design a ground grid based on the touch voltage caused by the external transferred voltages. 
Hazards from these external transferred voltages are best avoided by using isolating or neutralizing devices 
and by treating and clearly labeling these circuits, pipes, etc., as being equivalent to energized lines. 
 

 
 
Figure 14—Typical metal-to-metal touch situation in GIS  
 
8.3 Step and touch voltage criteria 
 
The safety of a person depends on preventing the critical amount of shock energy from being absorbed 
before the fault is cleared and the system de-energized. The maximum driving voltage of any accidental 
circuit should not exceed the limits defined as follows. For step voltage the limit is  
 
(28) 
 
for body weight of 50 kg  



 

 

 
(29) 
 
for body weight of 70 kg  
 
(30) 
 
Similarly, the touch voltage limit is  
 
(31) 
 
for body weight of 50 kg  
 
(32) 
 
for body weight of 70 kg  
 
(33) 
 
Where 
 
Estep  s the step voltage in V 
Etouch is the touch voltage in V 
Cs is determined from Figure 11 or Equation (27) 
Rs is the resistivity of the surface material in O ·m 
Ts is the duration of shock current in seconds 
 
If no protective surface layer is used, then Cs =1 and ?s = ?. 
 
The metal-to-metal touch voltage limits are derived from the touch voltage equations, Equation (32) and 
Equation (33). Metal-to-metal contact, both hand-to-hand and hand-to-feet, will result in ?s = 0. Therefore, 
the total resistance of the accidental circuit is equal to the body resistance, RB. 
 
With the substitution of ?s = 0 in the foot resistance terms of Equation (32) and Equation (33), the metal-to-
metal touch voltage limit is  
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for body weight of 50 kg  
 
(34) 
 
for body weight of 70 kg  
 
(35) 
 
Where 
 
Emm is the metal-to-metal touch voltage in V 
 
The actual step voltage, touch voltage, or metal-to-metal touch voltage should be less than the respective 
maximum allowable voltage limits to ensure safety. Hazards from external transferred voltages are best 
avoided by isolation or neutralizing devices and labeling these danger points as being equivalent to live 
lines. 
 
8.4 Typical shock situations for gas-insulated substations 
 
In the grounding analysis of GIS, the touch voltage considerations present several unique problems. Unlike  
conventional facilities, the GIS equipment features a metal sheath enclosing gas-insulated switchgear and 
inner high-voltage buses. Each bus is completely contained within its enclosure and the enclosures are 
grounded. Because a voltage is induced in the outer sheath whenever a current flows in the coaxial busbar, 
certain parts of the enclosure might be at different potentials with respect to the substation ground. To 
evaluate the maximum voltage occurring on the bus enclosure during a fault, it is necessary to determine 
the inductance of the outer sheath to ground, the inductance of the inner conductor, and the mutual 
inductances  for a given phase configuration of individual buses. 
 
A person touching the outer sheath of a GIS might be exposed to voltages resulting from two basic fault 
conditions 
 

a) An internal fault within the gas-insulated bus system, such as a flashover between the bus  
conductor and the inner wall of the enclosure. 

b) A fault external to the GIS in which a fault current flows through the GIS bus and induces     
       currents in the enclosures. 
 

Because the person may stand on a grounded metal grating and the accidental circuit may involve a hand-
to-hand and hand-to-feet current path, the analysis of GIS grounding necessitates consideration of metal-to-
metal touch voltage (see Figure 14). 
 
Most GIS manufacturers consider the enclosure properly designed and adequately grounded if the potential 
difference between individual enclosures, and the potential difference between an enclosure and other 
grounded structures, does not exceed 65–130 V during a fault. The metal-to-metal touch voltage equations, 
Equation (34) and Equation (35), reveal that this  voltage range corresponds to fault times ranging from 0.8s 
to 3.2 s if a 50 kg criterion is used, and ranging from 1.46 s to 5.8 s for the assumption of a 70 kg body. 
This  relationship is, however, better perceived in the graphical form of Figure 15, which also helps to grasp 
the related problem of sufficient safety margins. 
 
The fault conditions and the corresponding circuit equivalents for determining or verifying the critical 
safety design parameters of GIS grounding is detailed in Clause 10. 
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8.5 Effect of sustained ground currents  
 
After the safe step and touch voltage limits are established, the grounding system can then be designed 
based on the available fault current and overall clearing time. The designer should also consider sustained 
low level (below setting of protective relays) fault magnitudes that may be above the let-go current 
threshold. Some sustained faults above the let-go current, but below the fibrillation threshold, may cause 
asphyxiation from prolonged contraction of the chest muscles. However, it would not be practical to design 
against lesser shocks that are painful, but cause no permanent injury. 
 
9. Principal design considerations 
 
9.1 Definitions 
 
NOTE—The following definitions are also listed in Clause 3, but repeated here for the convenience of the 
reader. 
 
9.1.1 auxiliary ground electrode: A ground electrode with certain design or operating constraints. Its 
primary function may be other than conducting the ground fault current into the earth. 
 
9.1.2 ground electrode: A conductor imbedded in the earth and used for collecting ground current from or 
dissipating ground current into the earth. 
 
9.1.3 ground mat: A solid metallic plate or a system of closely spaced bare conductors that are connected 
to and often placed in shallow depths above a ground grid or elsewhere at the earth surface, in order to 
obtain an extra protective measure minimizing the danger of the exposure to high step or touch voltages in 
a critical operating area or places that are frequently used by people. Grounded metal gratings, placed on or 
above the soil surface, or wire mesh placed directly under the surface material, are common forms of a 
ground mat. 
 

 
 
Figure 15—Touch voltage limits for metal-to-metal contact and a typical range of enclosure voltages 
to ground 
 



 

 

9.1.4 grounding grid: A system of horizontal ground electrodes that consists of a number of  
interconnected, bare conductors buried in the earth, providing a common ground for electrical devices or  
metallic structures, usually in one specific location. 
 
NOTE—Grids buried horizontally near the earth’s surface are also effective in controlling the surface 
potential gradients. A typical grid usually is supplemented by a number of ground rods and may be further 
connected to auxiliary ground electrodes, to lower its resistance with respect to remote earth. 
 
9.1.5 grounding system: Comprises all interconnected grounding facilities in a specific area. 
 
9.1.6 primary ground electrode: A ground electrode specifically designed or adapted for discharging the 
ground fault current into the ground, often in a specific discharge pattern, as required (or implicitly called 
for) by the grounding system design. 
 
9.2 General concept 
 
A grounding system should be installed in a manner that will limit the effect of ground potential gradients 
to such voltage and current levels that will not endanger the safety of people or equipment under normal 
and fault conditions. The system should also ensure continuity of service. 
 
In the discussion that follows, it is assumed that the system of ground electrodes has the form of a grid of 
horizontally buried conductors, supplemented by a number of vertical ground rods connected to the grid. 
Based on two surveys, the first reported in an AIEE application guide in 1954 [B3], and the second  
published in 1980 (Dawalibi, Bauchard, and Mukhedkar [B45]), this concept represents the prevailing 
practice of most utilities both in the United States and in other countries. 
 
Some of the reasons for using the combined system of vertical rods and horizontal conductors are as 
follows: 
 
a) In substations a single electrode is, by itself, inadequate in providing a safe grounding system. In turn, 
when several electrodes, such as ground rods, are connected to each other and to all equipment neutrals, 
frames, and structures that are to be grounded, the result is essentially a grid arrangement of ground 
electrodes, regardless of the original objective. If the connecting links happen to be buried in a soil having 
good conductivity, this network alone may represent an excellent grounding system. Partly for this reason, 
some utilities depend on the use of a grid alone. However, ground rods are of a particular value, as 
explained in item b). 
 
b) If the magnitude of current dissipated into the earth is high, it seldom is possible to install a grid with 
resistance so low as to assure that the rise of a ground potential will not generate surface gradients  unsafe 
for human contact. Then, the hazard can be eliminated only by control of local potentials  through the entire 
area. A system that combines a horizontal grid and a number of vertical ground rods penetrating lower soils 
has the following advantages: 

1) While horizontal (grid) conductors are most effective in reducing the danger of high step and 
touch voltages on the earth’s surface, provided that the grid is installed in a shallow depth [usually 
0.3–0.5 m (12–18 in) below grade], sufficiently long ground rods will stabilize the performance of 
such a combined system. For many installations this is important because freezing or drying of 
upper soil layers could vary the soil resistivity with seasons, while the resistivity of lower soil 
layers remains nearly constant. 
 
2) Rods penetrating the lower resistivity soil are far more effective in dissipating fault currents 
whenever a two-layer or multilayer soil is encountered and the upper soil layer has higher 
resistivity than the lower layers. For many GIS and other space-limited installations, this  condition 
becomes in fact the most desirable one to occur, or to be achieved by the appropriate design means 
(extra -long ground rods, grounding wells, etc.).  
 



 

 

3) If the rods are installed predominately along the grid perimeter in high-to-low or uniform soil  
conditions, the rods will considerably moderate the steep increase of the surface gradient near the 
peripheral meshes. See Clause 16 for details of this arrangement. These details are pertinent to the 
use of simplified methods in determining the voltage gradient at the earth’s surface. 
 

9.3 Primary and auxiliary ground electrodes 
 
In general, most grounding systems utilize two groups of ground electrodes. Primary ground electrodes are 
specifically designed for grounding purposes. Auxiliary ground electrodes are electrodes that comprise 
various underground metal structures installed for purposes other than grounding. Typical primary 
electrodes include such things as grounding grids, counterpoise conductors, ground rods, and ground wells. 
Typical auxiliary electrodes include underground metal structures and reinforcing bars encased in concrete, 
if connected to the grounding grid. Auxiliary ground electrodes may have a limited current carrying 
capability. 
 
9.4 Basic aspects of grid design 
 
Conceptual analysis of a grid system usually starts with inspection of the substation layout plan, showing 
all major equipment and structures. To establish the basic ideas and concepts, the following points may 
serve as guidelines for starting a typical grounding grid design: 
 
a) A continuous conductor loop should surround the perimeter to enclose as much area as practical. This 
measure helps to avoid high current concentration and, hence, high gradients both in the grid area and near 
the projecting cable ends. Enclosing more area also reduces the resistance of the grounding grid. 
 
b) Within the loop, conductors are typically laid in parallel lines and, where practical, along the structures 
or rows of equipment to provide for short ground connections. 
 
c) A typical grid system for a substation may include 4/0 bare copper conductors buried 0.3–0.5 m (12–18 
in) below grade, spaced 3–7 m (10–20 ft) apart, in a grid pattern. At cross-connections, the conductors 
would be securely bonded together. Ground rods may be at the grid corners and at junction points along the 
perimeter. Ground rods may also be installed at major equipment, especially near surge arresters. In 
multilayer or high resistivity soils, it might be useful to use longer rods or rods installed at additional  
junction points. 
 
d) This  grid system would be extended over the entire substation switchyard and often beyond the fence 
line. Multiple ground leads or larger sized conductors would be used where high concentrations of current 
may occur, such as at a neutral-to-ground connection of generators, capacitor banks, or transformers. 
 
e) The ratio of the sides of the grid meshes usually is from 1:1 to 1:3, unless a precise (computer-aided) 
analysis warrants more extreme values. Frequent cross-connections have a relatively small effect on 
lowering the resistance of a grid. Their primary role is to assure adequate control of the surface potentials. 
The cross-connections are also useful in securing multiple paths for the fault current, minimizing the 
voltage drop in the grid itself, and providing a certain measure of redundancy in the case of a conductor  
failure. 
 
9.5 Design in difficult conditions 
 
In areas where the soil resistivity is rather high or the substation space is at a premium, it may not be 
possible to obtain a low impedance grounding system by spreading the grid electrodes over a large area, as  
is  done in more favorable conditions. Such a situation is typical of many GIS installations and industrial 
substations, occupying only a fraction of the land area normally used for conventional equipment. This  
often makes the control of surface gradients difficult. Some of the solutions include 
 
a) Connection(s) of remote ground grid(s) and adjacent grounding facilities, a combined system utilizing 
separate installations in buildings, underground vaults, etc. A predominant use of remote ground electrodes 



 

 

requires careful consideration of transferred potentials, surge arrester locations, and other critical points. A 
significant voltage drop may develop between the local and remote grounding facilities, especially for high-
frequency surges (lightning). 
 
b) Use of deep-driven ground rods and drilled ground wells. 
 
c) Various additives and soil treatments used in conjunction with ground rods and interconnecting 
conductors are more fully described in 14.5. 
 
d) Use of wire mats. It is feasible to combine both a surface material and fabricated mats made of wire  
mesh to equalize the gradient field near the surface. A typical wire mat might consist of copper-clad steel 
wires of No. 6 AWG, arranged in a 0.6 m ? ?0.6 m (24 in ? ?24 in) grid pattern, installed on the earth’s 
surface and below the surface material, and bonded to the main grounding grid at multiple  locations. 
 
e) Where feasible, controlled use of other available means to lower the overall resistance of a ground 
system, such as connecting static wires and neutrals to the ground (see 15.3). Typical is the use of metallic 
objects on the site that qualify for and can serve as auxiliary ground electrodes, or as ground ties to other 
systems. Consequences of such applications, of course, have to be carefully evaluated. 
 
f) Wherever practical, a nearby deposit of low resistivity material of sufficient volume can be used to install 
an extra (satellite) grid. This satellite grid, when sufficiently connected to the main grid, will lower the 
overall resistance and, thus, the ground potential rise of the grounding grid. The nearby low resistivity 
material may be a clay deposit or it may be a part of some large structure, such as the concrete mass of a 
hydroelectric dam (Verma, Merand, and Barbeau [B148]). 
 
9.6 Connections to grid 
 
Conductors of adequate ampacity and mechanical strength (see Clause 11) should be used for the 
connections between 
 
a) All ground electrodes, such as grounding grids, rodbeds, ground wells, and, where applicable, metal, 
water, or gas pipes, water well casings, etc. 
 
b) All above-ground conductive metal parts that might accidentally become energized, such as metal 
structures, machine frames, metal housings of conventional or gas -insulated switchgear, transformer tanks, 
guards, etc. Also, conductive metal parts that might be at a different potential relative to other metal parts 
that have become energized should be bonded together, usually via the ground grid. 
 
c) All fault current sources such as surge arresters, capacitor banks or coupling capacitors, transformers, 
and, where appropriate, machine neutrals and lighting and power circuits. 
 
Copper cables or straps are usually employed for these ground connections. However, transformer tanks are  
sometimes used as part of a ground path for surge arresters. Similarly, most steel or aluminum structures 
may be used for the ground path if it can be established that their conductance, including that of any 
connections, is and can be maintained as equivalent to that of the conductor that would normally be 
installed. Where this practice is followed, any paint films that might otherwise introduce a highly resistive 
connection should be removed, and a suitable joint compound should be applied, or other effective means, 
such as jumpers across the connections, should be taken to prevent subsequent deterioration of the 
connection. In the case of GIS installations, extra attention should be paid to the possibility of unwanted 
circulation of induced currents. Clause 10 covers the subject in more detail. 
 
Equal division of currents between multiple ground leads at cross-connections or similar junction points 
should not be assumed. 
 



 

 

All accessible ground leads should be inspected on a periodic basis. Exothermic weld, brazed, or pressure-
type connectors can be used for underground connections (see 11.4). Soldered connections should be 
avoided because of the possibility of failure under high fault currents. 
 
Open circuits, even in exposed locations, can escape detection, and it obviously is impractical to inspect 
buried portions of the grounding network once it is installed. More detailed discussion of test methods used 
to determine the continuity of buried grounding systems is included in 19.4. Those facilities that are most 
likely to supply or carry a high current, such as transformer and circuit breaker tanks, switch frames, and 
arrester pads, should be connected to the grid with more than one ground lead. The leads should preferably 
be run in opposite directions to eliminate common mode failure.9 

 
10. Special considerations for GIS  
 
10.1 Definitions 
 
NOTE—The following definitions are also listed in Clause 3, but repeated here for the convenience of the 
reader. 
 
10.1.1 continuous enclosure: A bus enclosure in which the consecutive sections of the housing along the 
same phase conductor are bonded together to provide an electrically continuous current path throughout the 
entire enclosure length. Cross-bondings, connecting the other phase enclosures, are made only at the 
extremities of the installation and at a few selected intermediate points. 
 
10.1.2 enclosure currents: Currents that result from the voltages induced in the metallic enclosure by the 
current(s) flowing in the enclosed conductor(s). 
 
10.1.3 gas -insulated substation: A compact, multicomponent assembly, enclosed in a grounded metallic  
housing in which the primary insulating medium is a compressed gas, and that normally consists of buses, 
switchgear, and associated equipment (subassemblies). 
 
10.1.4 main ground bus: A conductor or system of conductors provided for connecting all designated 
metallic components of the GIS to a substation grounding system.  
10.1.5 noncontinuous enclosure: A bus enclosure with the consecutive sections of the housing of the same 
phase conductor electrically isolated (or insulated from each other), so that no current can flow beyond 
each enclosure section. 
 
10.1.6 transient enclosure voltage (TEV): Very fast transient phenomena, which are found on the 
grounded enclosure of GIS systems. Typically, ground leads are too long (inductive) at the frequencies of 
interest to effectively prevent the occurrence of TEV. The phenomenon is also known as transient ground 
rise (TGR) or transient ground potential rise (TGPR). 
 
10.1.7 very fast transient (VFT): A class of transients generated internally within GIS characterized by 
short duration and very high frequency. VFT is generated by the rapid collapse of voltage during 
breakdown of the insulating gas, either across the contacts of a switching device or line-to-ground during a 
fault. These transients can have rise times in the order of nanoseconds implying a frequency content 
extending to about 100 MHz. However, dominant oscillation frequencies, which are related to physical 
lengths of GIS bus, are usually in the 20–40 MHz range.  
 
9One possible exception is grounding of the secondaries of potential and current transformers. The 
grounding of such devices usually must be restricted to a single point to avoid any parallel path that could 
cause undesirable circulation of currents affecting the performance of relays and metering devices. 
 
10.1.8 very fast transients overvoltage (VFTO): System overvoltages that result from generation of VFT. 
While VFT is one of the main constituents of VFTO, some lower frequency (?  1 MHz) component may be 
present as a result of the discharge of lumped capacitance (voltage transformers). Typically, VFTO will not 
exceed 2.0 per unit, though higher magnitudes are possible in specific instances. 



 

 

 
10.2 GIS characteristics 
 
GIS are subjected to the same magnitude of ground fault current and require the same low-impedance 
grounding as conventional substations. 
 
Typically, the GIS installation necessitates 10–25% of the land area required for conventional equipment. 
Because of this smaller area, it may be difficult to obtain adequate grounding solely by conventional 
methods. Particular attention should be given to the bonding of the metallic enclosures of the GIS 
assembly, as these enclosures carry induced currents of significant magnitude, which must be confined to 
specific paths. In this respect, grounding recommendations by the manufacturer of a given GIS usually 
need to be strictly followed. 
 
As a result of the compact nature of GIS and its short distances, electrical breakdown in the insulating gas, 
either across the contacts of a switching device during operation or in a fault that generates very high 
frequency transients that can couple onto the grounding system. In some cases, these transients may have to 
be considered in the overall grounding design. These transients may cause high magnitude, short duration 
ground rises and are also the source of electromagnetic interference (EMI) in the GIS. While EMI is  
beyond the scope of this document, the EMI mitigation techniques often involve special considerations in 
the grounding design (Harvey [B79]).  
 
10.3 Enclosures and circulating currents 
 
The shielding effectiveness of the bus enclosure is determined by its impedance, which governs the 
circulation of induced currents. 
 
With separate enclosures for each phase, the magnitude and direction of the enclosure current is influenced 
by the size of the enclosure and the phase spacing between the buses, as well as by the method of 
interconnecting the enclosures. 
 
In a continuous enclosure design, a voltage is induced in an enclosure by the current in the conductor that it  
surrounds, producing a longitudinal current flow in the enclosure. When a continuity of all phase 
enclosures  is maintained through short connections at both ends, the enclosure current is only slightly less 
than that flowing in the inner bus in the opposite direction. This current returns through the housing 
(enclosures) of adjacent phases when the load is equalized between phases. The magnetizing current lags 
the enclosure current by approximately 90?. The flux is mainly contained within the enclosure. 
 
In a noncontinuous enclosure design, there are no external return paths for enclosure currents. Thus the 
voltage induced in a noncontinuous enclosure by the current of an inner bus(es) that it surrounds cannot 
produce any longitudinal current flow. Also, voltages might be induced in each enclosure by the currents in 
the conductors not enclosed by it. Nonuniform voltages result, causing local current flows in each isolated 
enclosure section, with the currents flowing in nonuniform patterns. Because of these properties, the 
noncontinuous design is generally considered less advantageous than that of the continuous type. As such, 
it is not currently used by the industry. 
 
10.4 Grounding of enclosures 
 
Normally, the continuous-type enclosures provide a return path for induced currents so that the conductor 
and enclosure form a concentric pair with effective external shielding of the field internal to the enclosure. 
However, under asymmetrical faults, the dc component is not shielded and causes an external voltage drop 
due to enclosure resistance. 
 
Frequent bonding and grounding of GIS enclosures is the best solution to minimize hazardous touch and 
step voltages within the GIS area. Additional measures10 include the use of conductive platforms (ground 
mats) that are connected to GIS structures and grounded. 
 



 

 

To limit the undesirable effects caused by circulating currents, the following requirements should be met: 
 
a) All metallic enclosures should normally operate at ground voltage level.  
 
b) When grounded at the designated points, the bus enclosure design should ensure that no significant 
voltage differences exist between individual enclosure sections and that neither the supporting structures 
nor any part of the grounding systems is adversely influenced by the flow of induced currents. 
 
c) To avoid the circulation of enclosure currents beyond regular return path within the GIS assembly, 
power cable sheath grounds should be tied to the grounding system via connections that are separated from 
the GIS enclosures. To facilitate this isolation, the design of cable terminations should be such that an 
isolating air gap or proper insulation elements are provided. Very fast transients generated by switching or 
by faults in the GIS may cause these insulation elements to flashover. In such cases, the consequences of 
such flashovers on current distribution within the grounding system should be considered (Fujimoto, 
Croall, and Foty [B68]).  
 
d) Enclosure return currents also cannot be permitted to flow through any mounted current transformers. 
 
10.5 Cooperation between GIS manufacturer and user 
 
Usually it is the GIS manufacturer who defines clearly what constitutes the main ground bus of the GIS and 
specifies what is required of the user for connecting the GIS assembly to the substation ground. Ample 
documentation is necessary to assure that none of the proposed connections from the main ground bus to 
the grounding grid will interfere with the required enclosure current path or any other operational feature of  
the GIS design. That may be especially pertinent if the main ground bus consists of a system of  
interconnections between the GIS components and structures, and no separate busbar (continuous common 
ground bus loop) is furnished. 
 
Usually the GIS manufacturer also provides, or is responsible for 
 
a) Providing the subassembly-to-subassembly bonding to assure safe voltage gradients between all 
intentionally grounded parts of the GIS assembly and between those parts and the main ground bus of the 
GIS. 
 
b) Furnishing readily accessible connectors of sufficient mechanical strength to withstand electromagnetic 
forces and normal abuse, and that are capable of carrying the anticipated maximum fault  current in that 
portion of the circuit without overheating. 
 
c) Providing ground pads or connectors, or both, allowing, at least, for two paths to ground from the main 
ground bus, or from each metallic enclosure and auxiliary piece of GIS equipment designated  
 
10Despite all measures described, the presence of circulating currents can cause different parts of the GIS 
metal housing to have a slightly different potential to ground. Although the resulting voltage differences are 
small and generally of no concern to a shock hazard, accidental metallic bridging of adjacent enclosures 
can cause annoying sparks. 
 
for a connection to the substation ground if the main ground bus of the GIS assembly does not actually 
exist. 
 
d) Recommending proper procedures for connections between dissimilar metals, typically between a 
copper cable or a similar ground conductor and aluminum enclosures. 
 
The user usually provides information on the sources of fault current and the expected magnitudes and 
durations that should be considered. Moreover, the user should assist the GIS manufacturer in reviewing all  
proposed grounding provisions to assure proper interfacing of 
 



 

 

a) Connections for the neutral current of grounded equipment or apparatus and for dissipating surges 
caused by lightning and switching within the GIS. 
 
b) Devices for dissipating lightning and switching surge currents external to the GIS assembly. 
 
c) Requirements of protective relaying, and satisfying the provisions necessary for telephone and 
communication facilities. 
 
d) Ground connections to all GIS supporting frames and structures, metallic sheaths, and installation of 
shielding for cable terminations where applicable. 
 
e) Connections to all pads or connectors furnished by the GIS manufacturer.  
 
f) Safe voltage for step and touch, under both normal and abnormal operating conditions external to the 
GIS assembly. 
 
g) Compliance with the grounding specifications, related to correct grounding practices, as mutually agreed 
to by the GIS manufacturer and the user. 
 
10.6 Other special aspects of GIS groundi ng  
 
Precautions should be taken to prevent excessive currents from being induced into adjacent frames, 
structures, or reinforcing steel, and to avoid establishment of current loops via other substation equipment, 
such as transformers or separate switchgear. If there is the possibility of undesirable current loops via 
ground connections, or if any sustained current path might partially close or pass through grounded 
structures, the substation grounding scheme and the physical layout should be carefully reviewed with the 
GIS manufacturer. 
 
Equal care is needed in the proximity of discontinuities in enclosure grounding paths at the transformer  
connections to GIS and at the interface points to conventional switchgear to prevent circulating currents in 
the circuit breaker and transformer tank steel.  
 
Where applicable, all isolating elements should be able to withstand the full potential difference that may 
occur between the locally grounded system and that external to the GIS. In many cases, the very fast 
transients  generated by switching or by faults in the GIS may cause very high transient voltages to appear  
at these points. For instance, the isolation of high-pressure oil pipe cables from the GIS grounding system 
often involves difficulties. Although the individual HV or EHV terminators may provide adequate 
separation from the external grounds (by the virtue of a design that usually includes the use of base plate 
insulators made of high-voltage rated porcelain or fiberglass), problems sometimes arise if the same level 
of insulation is also expected at other interface points. One typical problem area is the auxiliary piping 
between the oil chamber of individual GIS terminators and the oil diffusion chamber at the end of a pipe 
cable that frequently branches to a variety of oil pressure monitoring instruments and alarm devices 
(Graybill, Koehler, Nadkarni, and Nicholas [B77]). There the isolation of metal parts is often achieved by 
the means of ceramic or plastic inserts. Adequate creepage distance should be ensured where possible. To 
protect against transient voltages, other precautions might be necessary (Dick, Fujimoto, Ford, and Harvey 
[B52]; Ford and Geddes [B67]; Fujimoto, Croall, and Foty [B68]). 
 
In these and similar circumstances,11 a close cooperation with the GIS manufacturer in the early stages of 
the design is very important. 
 
10.7 Notes on grounding of GIS foundations 
 
Since the earth path of ground currents is strongly affected by the relative position of conductive objects 
that are in the ground, more attention should be paid to those portions of the GIS grounding system that 
include discontinuities, or where the design requires an abrupt change in the pattern of ground electrodes. 
The following circumstances are of concern. 



 

 

 
In the limited space of GIS substations, a substantial part of the substation area is often occupied by 
concrete foundations, which may cause irregularities in a current discharge path. In this respect, a simple 
monolithic concrete steel reinforced slab is advantageous both as an auxiliary grounding device and for 
seismic reasons. 
 
If a continuous floor slab is used, a good adjunct measure is to tie its reinforcing steel mesh to the common 
ground bus (main ground bus) so that both the GIS enclosures and the structural steel in and above the 
foundation will be approximately the same potential level. The assumption is that this measure should 
produce a better ground and the reinforcing bars, being considerably closer together than the wires of a 
typical ground grid, should produce more even potentials within the floor and at the surface.12 

 
GIS foundations, which include reinforcing bars and other metals, can act as auxiliary ground electrodes 
and may be so used provided that under no circumstances the discharge of current would result in a damage 
of concrete because of local overheating or a gradual erosion of the concrete-steel bonds. For further 
details, refer to 14.6. 
 
10.8 Touch voltage criteria for GIS  
 
Although the GIS manufacturer generally designs the equipment to meet the already mentioned 
requirements for safe operation and usually performs most, if not all, calculations that are necessary for 
determining the sheath voltages and currents during faults, there still are circumstances when the user has 
to ascertain that the entire installation is safe. Having this possibility in mind, some of the critical aspects of 
interconnecting the GIS with a grounding system are briefly discussed next. 
 
A certain paradox, inherent to the GIS design, may occur when one tries to determine the best concept of 
GIS grounding. In contrast to the general wisdom that a large ground connection necessarily equals a good 
grounding practice, the circulating currents generated in the GIS enclosures during a fault should also be 
taken into account. To be considered are: 1) where these currents will circulate, and 2) where and to what 
degree the design engineer or GIS manufacturer, or both, prefer these currents to circulate.  
 
Typically in a continuous enclosure design, the path of enclosure currents includes some structural 
members of the GIS frame and the enclosures themselves. With each phase enclosure tied to the enclosures 
of adjacent phases at both ends, several loops are formed. Because a cross section of the mentioned 
structural members is usually much smaller than that of the enclosure and comparable to that of the 
grounding straps that connect the GIS assembly to a ground grid (and for that matter, also to the reinforcing 
bars of the concrete foundation), several questions need to be asked 
 
11The direct effect of transmitted enclosure voltage (TEV) on humans may not be fatal, but its secondary 
effect on personnel should be of concern to the design engineer and the manufacturer. In addition, TEV 
might necessitate that more stringent electromagnetic compatibility requirements be considered for 
auxiliary equipment. 
12It might be argued that the concrete slab, being a fairly good conductor itself, could produce a more  
uniform voltage at the floor level if no current would flow into the reinforcing bars from the ground system.  
If the bars are connected, the electrical field in the earth between the bars of the slab and the underlying 
grid would be zero. (As both mats are at the same potential, hardly any current would flow out of the bars 
into the concrete and toward the ground grid.) Therefore, the concrete with reinforcing bars will produce a 
substantially uniform potential field across the floor surface. 
 
a) If the currents divide and flow via all available metallic paths, what ratio is to be expected between the 
currents circulating within the GIS assembly and those circulating via a ground connection? 
 
b) How much current circulating via a ground connection loop is too much? 
 
c) Should the GIS be designed to be safe if no circulating current would (at least for an external fault) 
circulate via ground connections? 



 

 

 
d) And finally, how much grounding is needed for the best balance between operational and safety-related 
requirements? 
 
Presently, there are no clear-cut answers and solutions to the questions lis ted above. Some manufacturers 
prefer to supply a special ground bus (main ground bus) as a part of the GIS package, with clearly 
designated ground connection points. Others do not use any main ground bus at all, but simply designate 
certain points on the enclosure as grounding pads and let the utility complete the grounding. 
 
In either case, it becomes necessary to limit the body current to some value in a milliampere range, while 
the fault currents that are of concern range from hundreds to thousands of amperes. Thus, one can safely 
assume that the full potential difference existing prior to a contact would not change while forcing the 
current through an alternate path including the body. Then the case of a person touching the GIS sheath 
metal can be reduced to the problem of finding the voltage drop between two points of contact along one or 
between two enclosures and a common ground. For the hand-to-feet contact made by a person standing on 
a nonmetallic  surface (for instance, a concrete slab or the soil layer above the grounding grid), only a minor 
modification of the application criterion of Equation (32) and Equation (33) is required in order to take into 
account the maximum inductive voltage drop occurring within the GIS assembly. 
 
The touch voltage criterion for GIS is  
 
(36) 
 
Where 
 
Et   is the maximum touch voltage, as determined for the point underneath a person’s feet 
E ' to max  is the (predominantly inductive) maximum value of metal-to-metal voltage difference on 

and between GIS enclosures, or between these enclosures and the supporting structures, 
including any horizontal or vertical members for which the GIS assembly is designed 

 
In practical situations, as shown in Figure 16, a multiplicity of return paths and considerable cross-coupling 
occurs. This makes the calculation of longitudinally induced currents difficult and for some remote external 
faults often outright unpractical, as too many parameters remain undefined. As a rule, because of a great 
variety in possible physical arrangements of the GIS assembly, the GIS manufacturers perform detailed 
calculations for determining the basic design parameters, such as spacing and location of bonds. 
 
10.9 Recommendations 
 
The following recommendations should be considered for GIS installations: 
 
a) When applying the touch voltage criterion Equation (36), the following facts should be considered. The 
case of an internal fault with ground return requires the addition of the resistive and inductive voltage drop 
to the resistive drop representing the difference of potentials between the substation ground and the point 
beneath a person’s feet. This generally is not necessary for faults external to the GIS. For an external line-
to-ground fault, the voltages induced on the sheath should be checked for a hand-to-hand metal-to-metal 
contact, but the calculation of step and touch voltages at the earth’s surface is the same as that for 
conventional installations [i.e., the inductive term E' to max in Equation (36) is zero]. 
 
Et 
2 Eto max 
' ??? 
2 
+ ? ?Etouch 
 



 

 

b) In evaluating the magnitude of induced voltages caused by faults external to the GIS, only the case of a 
close-in fault [case (B) in Figure 16] needs to be analyzed because remote external faults will cause less of 
a problem.  
 
11. Selection of conductors and connections 
 
In assessing which conductor material and what conductor size or what maximum allowable temperature 
limit needs to be applied in individual design situations, the final choice should always reflect the 
considerations outlined in 11.1–11.4. 
 
11.1 Basic requirements 
 
Each element of the grounding system, including grid conductors, connections, connecting leads, and all 
primary electrodes, should be so designed that for the expected design life of the installation, the element 
will 
 
a) Have sufficient conductivity, so that it will not contribute substantially to local voltage differences. 
 
b) Resist fusing and mechanical deterioration under the most adverse combination of a fault magnitude and 
duration. 
 
c) Be mechanically reliable and rugged to a high degree. 
 
d) Be able to maintain its function even when exposed to corrosion or physical abuse. 
 

 
 
Figure 16—Typical faults in GIS  
 
 
11.2 Choice of material for conductors and related corrosion problems  
 
11.2.1 Copper 
 
Copper is a common material used for grounding. Copper conductors, in addition to their high 
conductivity, have the advantage of being resistant to most underground corrosion because copper is  
cathodic with respect to most other metals that are likely to be buried in the vicinity. 
 
11.2.2 Copper-clad steel 
 



 

 

Copper-clad steel is usually used for underground rods and occasionally for grounding grids, especially 
where theft is a problem. Use of copper, or to a lesser degree copper-clad steel, therefore assures that the 
integrity of an underground network will be maintained for years, so long as the conductors are of an 
adequate size and not damaged and the soil conditions are not corrosive to the material used. 
 
11.2.3 Aluminum 
 
Aluminum is used for ground grids less frequently. Although at first glance the use of aluminum would be 
a natural choice for GIS equipment with enclosures made of aluminum or aluminum alloys, there are the 
following disadvantages to consider: 
 
a) Aluminum itself may corrode in certain soils. The layer of corroded aluminum material is nonconductive 
for all practical grounding purposes. 
 
b) Gradual corrosion caused by alternating currents may also be a problem under certain conditions. 
 
Thus, aluminum should be used only after full investigation of all circumstances, despite the fact that, like  
steel, it would alleviate the problem of contributing to the corrosion of other buried objects. However,  
aluminum is anodic to many other metals, including steel and, if interconnected to one of these metals in 
the presence of an electrolyte, the aluminum will sacrifice itself to protect the other metal. If aluminum is 
used, the high purity electric conductor grades are recommended as being more suitable than most alloys. 
 
11.2.4 Steel 
 
Steel may be used for ground grid conductors and rods. Of course, such a design requires that attention is 
paid to the corrosion of the steel. Use of a galvanized or corrosion resistant steel, in combination with 
cathodic protection, is typical for steel grounding systems (Mahonar and Nagar [B101]).  
 
11.2.5 Other considerations 
 
A grid of copper or copper-clad steel forms a galvanic cell with buried steel structures, pipes, and any of 
the lead-based alloys that might be present in cable sheaths. This galvanic cell may hasten corrosion of the 
latter. Tinning the copper has been tried by some of the utilities. That reduces the cell potential with respect 
to steel and zinc by about 50% and practically eliminates this potential with respect to lead (tin being 
slightly sacrificial to lead). The disadvantage of using a tinned copper conductor is that it accelerates and 
concentrates the natural corrosion, caused by the chemicals in the soil, of the copper in any small bare area. 
Other often-used methods are 
 
a) Insulation of the sacrificial metal surfaces with a coating such as plastic tape, asphalt compound, or both. 
 
b) Routing of buried metal elements so that any copper-based conductor will cross water pipe lines or 
similar objects made of other uncoated metals as nearly as possible at right angles, and then applying an 
insulated coating to one metal or the other where they are in proximity. The insulated coating is usually 
applied to the pipe. 
 
c) Cathodic protection using sacrificial anodes or impressed current systems. 
d) Use of nonmetallic pipes and conduits. 
 
In GIS, the use of cathodic protection may also be required for other reasons. Cathodic protection is 
commonly used to protect facilities that are external to the GIS, such as pressurized pipe-type cables, lead 
shielded cables, etc. Because of the complexity of GIS installations, it is essential to consider all aspects of 
corrosion prevention before designing the grounding system. Specific guidelines are difficult to establish 
because substation conditions may be different due to location and application in the electric power system.  
 



 

 

The subject of underground corrosion and cathodic protection is complex. Many studies have been made 
and much has been published on this subject. A detailed discussion of these phenomena is beyond the 
scope of this guide. 
 
11.3 Conductor sizing factors 
 
11.3.1 Symmetrical currents 
 
The short time temperature rise in a ground conductor, or the required conductor size as a function of 
conductor current, can be obtained from Equation (37) through Equation (42), which are taken from the 
derivation by Sverak [B133]. These equations are also included as Appendix B in IEEE Std 837-1989. 
These equations evaluate the ampacity of any conductor for which the material constants are known, or can 
be determined by calculation. Material constants of the commonly used grounding materials are listed in 
Table 1. Equation (37) through Equation (42) are derived for symmetrical currents (with no dc offset).  
 
(37) 
 
Where 
 
I   is the rms current in kA  
Amm2   is the conductor cross section in mm2  
Tm   is the maximum allowable temperature in ? C 
Ta   is the ambient temperature in ? C 
Tr   is the reference temperature for material constants in ? C 
? o   is the thermal coefficient of resistivity at 0 ? C in 1/? C 
? r   is the thermal coefficient of resistivity at reference temperature Tr in 1/? C 
?r   is the resistivity of the ground conductor at reference temperature Tr in ? O-cm 
Ko   1/ao or (1/ar) – Tr in ? C 
Tc   is the duration of current in s 
TCAP   is the thermal capacity per unit volume from Table 1, in J/(cm3·? C) (further defined in  
                              11.3.1.1) 
 
It should be noted that ar and ?r are both to be found at the same reference temperature of Tr ? C. Table 1 
provides data for ar and ?r at 20 ? C. 
 
If the conductor size is given in kcmils (mm2 ? ?1.974 = kcmils), Equation (37) becomes 
 
(38) 
Table 1—Material constants  
Description 
 

Material  
conductivity 
(%) 
 

ar factor  
at 20 ? C 
(1/? C) 
 

Ko at 0 ? C 
(0 ? C) 
 

Fusinga 
temperature 
Tm 
(? C) 
 

?r 20 ? C 
(? O·cm) 
 

TCAP 
thermal  
capacity 
[J/(cm3·? C)] 
 

Copper, 
annealed 
soft-drawn 

 
100.0  
 
 
 

0.003 93 234 1083 1.72 3.42 

Copper, 
commercial 
hard-drawn 
 

97.0    
 

0.003 81 242 1084 1.78 3.42 

Copper-clad 
steel wire     
 

40.0 0.003 78 245 1084 4.40 3.85 



 

 

Copper-clad 
steel wire    

30.0 0.003 78 245 1084 5.86 3.85 

Copper-clad  
steel rodb    
 

20.0 0.003 78 245 1084 8.62 3.85 

Aluminum,  
EC grade    
 

61.0 0.004 03 228 657 2.86 2.56 

Aluminum,  
5005 alloy     
 

53.5 0.003 53 263 652 3.22 2.60 

Aluminum,  
6201 alloy    
 

52.5 0.003 47 268 654 3.28 2.60 

Aluminum-
clad 
steel wire    
 

20.3 0.003 60 258 657 8.48 3.58 

Steel, 1020    
 

10.8 0.001 60 605 1510 15.90 3.28 

Stainless-
clad 
steel rodc    

9.8 0.001 60 605 1400 17.50 4.44 

Zinc-coated 
steel rod   
 

8.6 0.003 20 293 419 20.10 3.93 

Stainless 
steel, 304    
 

2.4 0.001 30 749 1400 72.00 4.03 

aFrom ASTM standards. 
bCopper-clad steel rods based on 0.254 mm (0.010 in) copper thickness. 
cStainless-clad steel rod based on 0.508 mm (0.020 in) No. 304 stainless steel thickness over No. 1020 steel 
core. 
 
I A 
mm2 
TCAP 10–4 ·  
tcar?r 
------------------------------- 
?  ?  
?  ? ln 
Ko + Tm 
Ko + Ta  
------------------- 
?  ?  
= ?  ?  
I 5.07 10 –3Akcmil 
TCAP 
tcar?r 
--------------- 
?  ?  
?  ? ln 
Ko + Tm 
Ko + Ta  
------------------- 



 

 

?  ?  
= ·  ?  ?  
 
Equation (37) and Equation (38), in conjunction with Equation (39) (which defines TCAP), reflect two 
basic assumptions 
 
a) That all heat will be retained in the conductor (adiabatic process). 
 
b) That the product of specific heat (SH) and specific weight (SW), TCAP , is approximately constant 
because SH increases and SW decreases at about the same rate. For most metals, these premises are 
applicable over a reasonably wide temperature range, as long as the fault duration is within a few seconds. 
 
11.3.1.1 Alternate formulations 
 
TCAP can be calculated for materials not listed in Table 1 from the specific heat and specific weight. 
Specific heat, SH, in cal/(grams ? ??C) and specific weight, SW, in gram/cm3 are related to the thermal 
capacity per unit volume in J/(cm3 ? ?? C) as follows: 
 
4.184 J = 1 calorie  
 
Therefore, TCAP is defined by; 
 

TCAP [cal/(cm3 · ? ? C)] = SH [cal/(gram · ? C)] · SW (gram/cm3) 
 

or  
 
TCAP [J/(cm3 ·? C)] = 4.184 (J/cal) · SH [(cal/(gram · ? C)] · SW (gram/cm3)                                     (39) 
 
Once TCAP is determined, Equation (37) and Equation (38) can be used to determine the ampacity of the 
conductor. 
 
Equation (37) and Equation (38) can be arranged to give the required conductor size as a function of 
conductor current. 
 
(40) 
 
(41) 
 
Example: A tabulation can be made, using Equation (41) and Table 1, to get data for 30% and 40%  
copperclad steel, and for 100% and 97% copper conductors. For instance, to calculate the 1 s size of a 30% 
copperclad steel conductor, one gets 
 
tc = 1.0, a 20 = 0.003 78, ?20 = 5.86, TCAP = 3.85, Tm = 1084, Ta = 40, K0 = 245 
 
Thus, for I = 1 kA and using Equation (41) 
 
11.3.1.2 Formula simplification 
 
The formula in English units can be simplified to the following: 
 
(42) 
 
where  
 
Akcmil  is the area of conductor in kcmil 
I  is the rms fault current in kA 



 

 

 
A 
mm2 I 
1 
TCAP 10–4 ·  
tcar?r 
------------------------------ 
?  ?  
?  ? ln 
Ko + Tm 
Ko + Ta  
------------------- 
?  ?  
?  ?  
= ----------------------------------------------------------------------- 
Akcmil I 
197.4 
TCAP 
tcar?r 
--------------- 
?  ?  
?  ? ln 
Ko + Tm 
Ko + Ta  
------------------- 
?  ?  
?  ?  
= -------------------------------------------------------- 
Akcmil 
197.4 
267.61 
=--------------------=12.06 k cmil or 12.06 kcmil/kA 
Akcmil = I· Kf tc  
 
tc  is the current duration in s  
Kf is the constant from Table 2 for the material at various values of Tm(fusing temperature or limited 

conductor temperature based on 11.3.3) and using ambient temperature (Ta) of 40? C 
 

Table 2—Material constants 
 
Material  Conductivity (%) 

 
Tma (°C) 
 

Kf 
 

Copper, annealed soft-
drawn   

100.0 1083 7.00 

Copper, commercial 
hard-drawn   

97.0 1084 7.06 

Copper, commercial 
hard-drawn   

97.0 250 11.78 

Copper-clad steel wire   40.0 1084 10.45 
Copper-clad steel wire   30.0 1084 12.06 
Copper-clad steel rod   20.0 1084 14.64 
Aluminum EC Grade   61.0 657 12.12 
Aluminum 5005 Alloy   53.5 652 12.41 
Aluminum 6201 Alloy   52.5 654 12.47 
Aluminum-clad steel 20.3 657 17.20 



 

 

wire   
Steel 1020    10.8 1510 15.95 
Stainless clad steel rod   9.8 1400 14.72 
Zinc-coated steel rod  8.6 419 28.96 
Stainless steel 304   2.4 1400 30.05 
aSee 11.3.3 for comments concerning material selection. 
 
 
Examples: Using Equation (42) for a 20 kA, 3 s fault  
 
(a) For soft drawn copper 
 

Akcmil = 20 × 7.00 v3 
= 242.5 kcmil 
  
use 250 kcmil 
 

b)          For 40% conductivity copper-clad steel conductor 
 

Akcmil = 20 × 10.45v3 
           = 362.0 kcmil 
           
          use 19/#7 conductor 
 
c) For steel conductor 
 

Akcmi = 20 × v 3  
 
          = 552.5 kcmil 
       
         use 7/8 inch diameter conductor 
 

One can also compare the fusing currents of a stated conductor size for various durations of time. Using 4/0 
AWG (211.6 kcmil) soft drawn copper as an example  
 

If tc= 0.5 s; I = 211.6 / (7.00 ) = 42.7 kA  
 
If tc= 1.0 s; I= 211.6 / (7.00 ) = 30.2 kA 
 
If tc= 3.0 s; I = 211.6 / (7.00 ) = 17.5 kA  
 

The conductor size actually selected is usually larger than that based on fusing because of factors such as 
 
a) The conductor should have the strength to withstand any expected mechanical and corrosive abuse 
during the design life of the grounding installation. 
 
b) The conductor should have a high enough conductance to prevent any possible dangerous voltage drop 
during a fault, for the life of the grounding installation. 
 
c) The need to limit the conductor temperature (see 11.3.3). 
 
d) A factor of safety should be applied to the grounding system as with other electrical components. 
 
11.3.2 Asymmetrical currents 
 
11.3.2.1 Using decrement factor  



 

 

 
In cases where accounting for a possible dc offset component in the fault current is desired, an equivalent 
value of the symmetrical current, IF, representing the effective value of an asymmetrical current integrated 
over the entire fault duration, tc, can be determined as a function of X/R by using the decrement factor Df 
Equation (79) in 15.10, prior to the application of Equation (37) through Equation (42).  
 
IF  = I f ×?Df            (43) 
The resulting value of IF is always larger than If because the decrement factor is based o n a very 
conservative assumption that the ac component does not decay with time but remains constant at its initial 
subtransient value. 
 
11.3.2.2 Using asymmetrical current tables 
 
Because the dc offset in the fault current will cause the conductor to reach a higher temperature for the 
same fault conditions (fault current duration and magnitude), Equation (43) determines an equivalent value 
of the symmetrical current in the presence of dc offset. In addition, if present, dc offset will result in 
mechanical forces and absorbed energy being almost four times the value than for an equivalent symmetric  
current case. However, the effect of dc offsets can be neglected if the duration of the current is greater than 
or equal to 1 s or the X/R ratio at the fault location is less than 5. 
 
Fusing characteristics for various sizes of copper conductor with various degree of dc offset are presented 
in Table 3 through Table 6. These fusing characteristics have been derived theoretically, and then 
extensively verified experimentally (Reichman, Vainberg, and Kuffel [B122]).  
 

Table 3—Ultimate current carrying capabilities of copper grounding cables; 
currents are RMS values, for frequency of 60 Hz, X/R = 40; current in kiloamperes 

 
Cable 
size, 
AWG 
 

Nominal  
cross 
section, 
mm2  
 

6 cycles 
(100 ms) 
 

15 cycles 
(250 ms) 
 

30 cycles 
(500 ms) 
 

45 cycles 
(750 ms) 
 

60 cycles 
(1 s) 
 

180 cycles 
(3 s) 
 

#2  #233.63  22  16  12  10  9 5 
#1  42.41  28  21  16  13  11  7 
1/0   53.48   36   26     20   17   14    8 
2/0  67.42  45  33  25  21  18 11 
3/0  85.03  57  42  32  27  23  14 
4/0  107.20  72  53  40  34  30  17 
250 kcmil  126.65  85  62  47  40  35  21 
350 kcmil  177.36  119  87  67  56  49  29 
 

Table 4—Ultimate current carrying capabilities of copper grounding cables; currents are RMS 
values, for frequency of 60 Hz, X/R = 20; current in kiloamperes 

 
Cable 
size, 
AWG 
 

Nominal  
cross 
section, 
mm2  
 

6 cycles 
(100 ms) 
 

15 cycles 
(250 ms) 
 

30 cycles 
(500 ms) 
 

45 cycles 
(750 ms) 
 

60 cycles 
(1 s) 
 

180 cycles 
(3 s) 
 

#2  33.63  25  18  13  11  9  5 
#1  42.41  32  22  16  13  12  7 
1/0  53.48  40  28  21  17  15  9 
2/0  67.42  51  36  36  26  22  11 
3/0  85.03  64  45  33  27  24  14 
4/0  107.20  81  57  42  35  30  18 



 

 

250 kcmil  126.65  95  67  50  41  36  21 
350 kcmil  177.36  134  94  70  58  50  29 
 
 
 
 

Table 5—Ultimate current carrying capabilities of copper grounding cables; currents are RMS  
values, for frequency of 60 Hz, X/R = 10; current in kiloamperes 

 
Cable 
size, 
AWG 
 

Nominal  
cross 
section, 
mm2  
 

6 cycles 
(100 ms) 
 

15 cycles 
(250 ms) 
 

30 cycles 
(500 ms) 
 

45 cycles 
(750 ms) 
 

60 cycles 
(1 s) 
 

180 cycles 
(3 s) 
 

#2  33.63 27 19  13 11   9  5 
#1  42.41  35 23 17 14 12 7 
1/0  53.48  44 30 21 17 15 9 
2/0  67.42  56 38 27 22 19 11 
3/0  85.03  70 48 34 28 24 14 
4/0  107.20  89 60 43 36 31 18 
250 kcmil  126.65  105 71 51 42 36 21 
350 kcmil  177.36  147 99 72 59 51 30 

 
Table 6—Ultimate current carrying capabilities of copper grounding cables; currents are RMS  

values, for frequency of 60 Hz, X/R = 0; current in kiloamperes 
 
Cable 
size, 
AWG 
 

Nominal  
cross 
section, 
mm2  
 

6 cycles 
(100 ms) 
 

15 cycles 
(250 ms) 
 

30 cycles 
(500 ms) 
 

45 cycles 
(750 ms) 
 

60 cycles 
(1 s) 
 

180 cycles 
(3 s) 
 

#2  33.63 31 19 14 11 9 5 
#1  42.41  39 24 17 14 12 7 
1/0  53.48  49 31 22 18 15 9 
2/0  67.42  62 39 28 22 19 11 
3/0  85.03  79 50 35 28 25 14 
4/0  107.20  99 63 44 36 31 18 
250 kcmil  126.65  117 74 52 43 37 21 
350 kcmil  177.36  165 104 73 60 52 30 
 
 
 
 
NOTES 
 
1—The current values in Table 3 through Table 6 were computed from the computer program RTGC 
(Reichman, Vainberg, and Kuffel [B122]). This computer program can be used directly to determine the 
grounding cable size requirements for known X/R ratio and fault clearing time. 
 
2—Current is computed for maximum dc offset (see 15.10). 
 
3—Initial conductor temperature = 40 °C; final conductor temperature = 1083 °C. 
 
4—Metric values are soft conversions. Soft conversion is a direct area calculation, in metric units, from the 
AWG size. 



 

 

 
11.3.3 Additional conductor sizing factors 
 
The designer should take precautions to ensure that the temperature of any conductor and connection in the 
grounding installation does not pose a danger to the safe operation of the substation. For instance 
 
a) Typically, conductors and connections near flammable materials should be subject to more stringent 
temperature limitations. 
 
b) If the strength of hard drawn copper is required for mechanical reasons, then it may be prudent not to 
exceed 250? C to prevent annealing of the conductors. 
 
The possible exposure to a corrosive environment should be carefully examined. Even when the correct 
conductor size and the selected joining (connecting) method have satisfied all the IEEE Std 837-1989 test 
requirements, it may be prudent to choose a larger conductor size to compensate for some gradual reduction 
in the conductor cross-section during the design life of the installation where the soil environment tends to 
promote corrosion. 
 
The down leads from the equipment to the grid may be subjected to the total fault current into the grid, 
while the grid divides this current so that each conductor segment in the grid is only subjected to some 
fraction of the total fault current. Thus, the down leads may have to be larger than the grid conductors or 
may have to be multiples from the equipment to the grid to have sufficient ampacity for the total fault 
current. 
 
Ground lead conductors conducting lightning current seldom require further consideration. The size of the 
conductor, which is selected according to its fault current requirements, usually is also adequate for 
carrying short time surges caused by lightning (Bellaschi [B6]). 
 
In practice, the requirements on mechanical reliability will set the minimu m conductor size. While it might 
seem proper for the designer to establish minimum sizes in light of local conditions, the need for 
conservatism deserves consideration. Some of the specific reasons are 
 
a) Relay malfunctions can result in fault duration in excess of primary clearing times. The backup clearing 
time is usually adequate for sizing the conductor. For smaller substations, this may approach 3 s or longer. 
However, because large substations usually have complex or redundant protection schemes, the fault will 
generally be cleared in 1 s or less. 
 
b) The ultimate value of current used to determine the conductor size should take into account the 
possibility of future growth. It is less costly to include an adequate margin in conductor size during the 
initial design than to try to reinforce a number of ground leads at a later date. 
 
 
 
 
11.4 Selection of connections 
 
All connections made in a grounding network above and below ground should be evaluated to meet the 
same general requirements of the conductor used; namely, electrical conductivity, corrosion resistance, 
current carrying capacity, and mechanical strength. These connections should be massive enough to 
maintain a temperature rise below that of the conductor and to withstand the effect of heating. The 
connections should also be strong enough to withstand the mechanical forces caused by the electromagnetic 
forces of maximum expected fault currents and be able to resist corrosion for the intended life of the 
installation. 
 
IEEE Std 837-1989 provides detailed information on the application and testing of permanent connections 
for use in substation grounding. Grounding connections that pass IEEE Std 837-1989 for a particular 



 

 

conductor size range and material should satisfy all the criteria—electrical conductivity, corrosion 
resistance, current carrying capacity, and mechanical strength—for that same conductor size range and 
material. 
 
12. Soil characteristics 
 
12.1 Soil as a grounding medium 
 
The behavior of a ground electrode buried in soil can be analyzed by means of the circuit in Figure 17. As 
shown, most soils behave both as a conductor of resistance, r, and as a dielectric. Except for high-frequency 
and steep-front waves penetrating a very resistive soil material, the charging current is negligible in 
comparison to the leakage current, and the earth can be represented by a pure resistance. 
 
 

 
 

Figure 17—Soil model 
 
 
12.2 Effect of voltage gradient 
 
The soil resistivity is not affected by a voltage gradient unless the latter exceeds a certain critical value. The 
value somewhat varies with the soil material, but it usually has the magnitude of several kilovolts per 
centimeter. Once exceeded, arcs would develop at the electrode surface and progress into the earth so as to 
increase the effective size of the electrode, until gradients are reduced to values that the soil material can 
withstand. This condition is illustrated by the presence of gaps in Figure 17. Because the substation 
grounding system normally is designed to comply with far more stringent criteria of step and touch voltage 
limits, the gradient can always be assumed to be below the critical range.  
 
12.3 Effect of current magnitude 
 
Soil resistivity in the vicinity of ground electrodes may be affected by current flowing from the electrodes 
into the surrounding soil. The thermal characteristics and the moisture content of the soil will determine if a 
current of a given magnitude and duration will cause significant drying and thus increase the effective soil 
resistivity. A conservative value of cur-rent density, as given by Armstrong [B4], is not to exceed 200 
A/m2  for 1 s. 
 
12.4 Effect of moisture, temperature, and chemical content 
 
Electrical conduction in soils is essentially electrolytic. For this reason the resistivity of most soils rises 
abruptly whenever the moisture content accounts for less than 15% of the soil weight. The amount of 
moisture further depends upon the grain size, compactness, and variability of the grain sizes. However, as 
shown in curve 2 of Figure 18, the resistivity is little affected once the moisture content exceeds 
approximately 22%, as shown in IEEE Std 142-1991. 
 
The effect of temperature on soil resistivity is nearly negligible for temperatures above the freezing point. 
At 0 ? C, the water in the soil starts to freeze and the resistivity increases rapidly. Curve 3 shows this 
typical variation for a sandy loam soil containing 15.2% of moisture by weight. 



 

 

 
 

 
 

Figure 18—Effects of moisture, temperature, and salt upon soil resistivity 
 
The composition and the amount of soluble salts, acids, or alkali present in the soil may considerably affect 
its resistivity. Curve 1 of Figure 18 illustrates a typical effect of salt (sodium chloride) on the resistivity of a 
soil containing 30% moisture by weight (Towne [B147]). 
 
Figure 18 should not be used for calculation purposes. To determine the actual soil resistivity, tests such as 
those described in IEEE Std 81-1983 should be performed at the site. 
 
12.5 Use of surface material layer 
 
Gravel or surface material coverings, usually about 0.08–0.15 m (3–6 in) in depth, are very useful in 
retarding the evaporation of moisture and, thus, in limiting the drying of topsoil layers during prolonged 
dry weather periods. Also, as discussed in 7.4, covering the surface with a material of high resistivity is 
very valuable in reducing shock currents. The value of this layer in reducing shock currents is not always 
fully realized. Tests by Bodier [B14] at a substation in France showed that the river gravel used as yard 
surfacing when moistened had a resistivity of 5000 O·m. A layer 0.1–0.15 m (4–6 in) thick decreased the 
danger factor (ratio of body to short-circuit current) by a ratio of 10:1, as compared to the natural moist 
ground. Tests by Langer [B96] in Germany compared body currents when touching a hydrant while  
standing on wet coarse gravel of 6000 O·m resistivity with body currents while standing on dry sod. The 
current in the case of dry sod was of the order of 20 times the value for wet coarse gravel. Tests reported by 
others provide further confirmation of these benefits (Elek [B54]; EPRI TR-100863 [B64]). 
 
In basing calculations on the use of a layer of clean surface material or gravel, consideration should be 
given to the possibility that insulation may become impaired in part through filling of voids by comp ression 
of the lowest ballast layers into the soil beneath by material from subsequent excavations, if not carefully 
removed, and in some areas by settlement of airborne dust. 
 



 

 

The range of resistivity values for the surface material layer depends on many factors, some of which are  
kinds of stone, size, condition of stone (that is, clean or with fines), amount and type of moisture content, 
atmospheric contamination, etc. Table 7 indicates that the resistivity of the water with which the rock is wet 
has considerable influence on the measured resistivity of the surface material layer. Thus, surface material 
subjected to sea spray may have substantially lower resistivity than surface material utilized in arid 
environments. As indicated by Table 7, local conditions, size, and type of stone, etc., may affect the value 
of resistivity. Thus, it is important that the resistivity of rock samples typical of the type being used in a 
given area be measured. 
 
Table 7 gives typical resistivity values for different types of surface material measured by several different 
parties in different regions of the United States (Abledu and Laird [B2]; EPRI TR-100863 [B64]; ammond 
and Robson [B78]; Thompson [B145][B146]). These values are not valid for all types and sizes of stone in 
any given region. Tests should be performed to determine the resistivity of the stone typically purchased by 
the utility. 
 
 
13. Soil structure and selection of soil model 
 
13.1 Investigation of soil structure 
 
Resistivity investigations of a substation site are essential for determining both the general soil composition 
and degree of homogeneity. Boring test samples and other geological investigations often provide useful 
information on the presence of various layers and the nature of soil material, leading at least to some ideas 
as to the range of resistivity at the site. 
 

Table 7—Typical surface material resistivities 
 

Number 
 

Description of 
surface material  

(U.S. state where found)  

Resistivity of sample O·m 
 

Dry Wet 
 

1  
 

Crusher run granite with fines 
(N.C.) 

140 ? ?106 1300 (ground water, 45 
O·m)  
 

2  
 

1.5 in (0.04 m) crusher run 
granite (Ga.) with fines 

4000 1200 (rain water, 100 W) 
 

3  
 

0.75–1 in (0.02–0.025 m)  
granite (Calif.) with fines 

—  
 

6513 (10 min after 45 O·m 
water drained) 

4  
 

#4 (1 -2 in) (0.025-0.05 m) 
washed granite (Ga.) 

1.5 ? ?106 to 4.5 ? ?106 5000 (rain water, 100 O·m) 
 

5  
 

#3 (2–4 in) (0.05-0.1 m) washed 
granite (Ga.) 

2.6 ? ?106 to 3 ? ?106 10 000 (Rain water, 100 
O·m)  
 

6 
 

Size unknown, washed 
limestone (Mich.) 

7 ? ?106  
 

2000–3000 (ground water,  
45 O·m) 

7  
 

Washed granite, similar to 
0.75 in (0.02 m) gravel 

2 ? ?106 10 000 
 

8  
 

Washed granite, similar to pea 
gravel 

40 ? ?106 5000 
 

9  
 

#57 (0.75 in) (0.02 m) washed 
granite (N.C.) 

190 ? ?106 8000 (ground water, 45 
O·m)  
 

10   
 

Asphalt 2 ? ?106 to 30 ? ?106 10 000 to 6 ? ?106 

11  Concrete 1 ? ?106 to 1 ? ?109 a 21 to 100 



 

 

 
aOven dried concrete (Hammond and Robson [B78]). Values for air-cured concrete can be much lower due 
to moisture content. 
 
13.2 Classification of soils and range of resistivity 
 
A number of tables exist in the literature showing the ranges of resistivity for various soils and rocks. The 
tabulation from Rüdenberg [B125] has the advantage of extreme simplicity. More detailed data are 
available in engineering handbooks and publications (for instance, Sunde [B130] and Wenner [B150]). See 
Table 8. 
 
13.3 Resistivity measurements  
 
Estimates based on soil classification yield only a rough approximation of the resistivity. Actual resistivity 
tests therefore are imperative. These should be made at a number of places within the site. Substation sites 
where the soil may possess uniform resistivity throughout the entire area and to a considerable depth are 
seldom found. Typically, there are several layers, each having a different resistivity. Often, lateral changes 
also occur, but in comparison to the vertical ones, these changes usually are more gradual. Soil resistivity 
tests  should be made to determine if there are any important variations of resistivity with depth. The 
number of such readings taken should be greater where the variations are large, especially if some readings 
are so high as to suggest a possible safety problem. 
 

Table 8—Range of earth resistivity 
 
Type of earth  
 

Average resistivity 
(O·m)  

Wet organic soil 10 
 

Moist soil  102 
 

Dry soil  103 
 

Bedrock 104 
 

 
 
 
If the resistivity varies appreciably with depth, it is often desirable to use an increased range of probe 
spacing in order to obtain an estimate of the resistivity of deeper layers. This is possible because, as the 
probe spacing is increased, the test source current penetrates more and more distant areas, in both vertical 
and horizontal directions, regardless of how much the current path is distorted due to the varying soil 
conditions (Manual on Ground Resistance Testing [B102]). 
 
A number of measuring techniques are described in detail in IEEE Std 81-1983. The Wenner four-pin 
method, as shown in Figure 19, is the most commonly used technique. In brief, four probes are driven into 
the earth along a straight line, at equal distances a apart, driven to a depth b. The voltage between the two 
inner (potential) electrodes is then measured and divided by the current between the two outer (current) 
electrodes to give a value of resistance R. 
 
 
 



 

 

 
 

Figure 19—Wenner four-pin method 
 
?a 
4paR 
1 2a 
a2 4b2 + 
------------------------ a  
a2 b2 + 
+ – -------------------- 
= ------------------------------------------------------------- 
 
If b is small compared to a, as is the case of probes penetrating the ground only a short distance, Equation 
(44) can be reduced to 
 
(45) 
 
The current tends to flow near the surface for the small probe spacing, whereas more of the current 
penetrates deeper soils for large spacing. Thus, it is usually a reasonable approximation to assume that the 
resistivity measured for a given probe spacing a represents the apparent resistivity of the soil to a depth of a 
when soil layer resistivity contrasts are not excessive. Equation (44) and Equation (45) thus can be used to 
determine the apparent resistivity ?a at a depth a. 
 
Schlumburger-Palmer [B119] is a modified version of the Wenner method. This method gives greater 
sensitivity for large probe spacing, as described in IEEE Std 81-1983. 
 
Another method of measuring soil resistivity, as shown in Figure 20 and described in IEEE Std 81-1983, is  
the driven-rod method based on the three-pin or fall-of-potential method (Blattner [B11][B12]; Purdy 
[B121]). In this method, the depth Lr of the driven-rod located in the soil to be tested is varied. The other 
two rods, known as reference rods, are driven to a shallow depth in a straight line. The location of the 
voltage rod is varied between the test rod and the current rod. Alternately, the voltage rod may be placed on 
the side opposite the current rod. The apparent resistivity is given by 
 
?a = 2paR 
?a 
2pLrR 
ln 
8Lr 
d 
-------- 
?  ?  
?  ? – 1 
= ---------------------------- 
 (46) 
 



 

 

Where 
 
Lr is the length of the rod in m 
d is the diameter of the rod in m 
 
A plot of the measured apparent resistivity value ?a versus the rod length Lr provides a visual aid for 
determining earth resistivity variations with depth. 
 
Tests conducted by Ohio State University [B62] demonstrated that either the Wenner four-pin method or 
the driven-rod three-pin method can provide the information needed to develop a soil model.  
 
The Wenner four-pin method is the most popular method in use. There are a number of reasons for this 
popularity. The four-pin method obtains the soil resistivity data for deeper layers without driving the test 
pins to those layers. No heavy equipment is needed to perform the four-pin test. The results are not greatly 
affected by the resistance of the test pins or the holes created in driving the test pins into the soil. 
 
An advantage of the driven-rod method, although not related necessarily to the measurements, is the ability 
to determine to what depth the ground rods can be driven. Knowing if and how deep rods can be driven into 
the earth can save the need to redesign the ground grid. Often, because of hard layers in the soil such as 
rock, hard clay, etc., it becomes practically impossible to drive the test rod any further resulting in 
insufficient data. A technique for the prediction of the soil resistivity to a depth 10 times the depth of 
known resistivity value has been developed by Blattner [B11]. This technique can be effectively used in 
cases where the test rod cannot be driven deep. However, the user is advised to review practical limitations 
of this technique before using it. A disadvantage of the driven-rod method is that when the test rod is driven 
deep in the ground, it usually loses contact with the soil due to the vibration and the larger diameter 
couplers resulting in higher measured resistance values. A ground grid designed with these higher soil 
resistivity values may be unnecessarily conservative. The driven-rod method presents an uncertainty in the 
resistance value. The 62% rule is valid only for large electrode separation and uniform soil. In nonuniform 
soils, this assumption may 

 
 
Figure 20—Circuit diagram for three-pin or driven-ground rod method 
 
affect the outcome of the readings. If the flat portion of the curve is used to determine the test rod 
resistance, this flat portion may not give the correct resistance in nonuniform soil, and the flat portion may 
not even be obtained unless the test and current rod separation is very large (Dawalibi and Mukhedkar 
[B39][B44]). 
 



 

 

Resistivity measurement records should include temperature data and information on the moisture content 
of the soil at the time of measurement. All data available on known buried conductive objects in the area 
studied should also be recorded. 
 
Buried conductive objects in contact with the soil can invalidate readings made by the methods described if 
they are close enough to alter the test current flow pattern. This is particularly true for large or long objects. 
For this reason, the soil resistivity measurements are likely to be significantly distorted in an area where 
grid conductors have already been installed, except for shallow-depth measurements in or near the center of 
a very large mesh rectangle. In such cases, a few approximate readings might be taken in a short distance 
outside the grid, with the probes so placed as to minimize the effect of the grid on the current flow pattern. 
Though not conclusive as to conditions inside the grid, such readings may be used for approximation, 
especially if there is reason to believe that the soil in the entire area is reasonably homogeneous. 
 
13.4 Interpretation of soil resistivity measurements 
 
Interpretation of apparent resistivity obtained in the field is perhaps the most difficult part of the 
measurement program. The basic objective is to derive a soil model that is a good approximation of the 
actual soil. Soil resistivity varies laterally and with respect to depth, depending on the soil stratification. 
Seasonal variations may occur in soil resistivity due to varying weather conditions as described in EPRITR-
100863 [B64]. It must be recognized that the soil model is only an approximation of the actual soil  
conditions and that a perfect match is unlikely. 
 
The most commonly used soil resistivity models are the uniform soil model and the two-layer soil 
model.Two -layer soil models are often a good approximation of many soil structures while multilayer soil 
models  may be used for more complex soil conditions. Interpretation of the soil resistivity measurements 
may be accomplished either manually or by use of computer analysis techniques described in Blattner and 
Dawalibi [B13]; Blattner [B11][B12]; Endrenyi [B56]; EPRI TR-100622 [B63]; EPRI EL-3982 [B62]; 
EPRI EL-2699 [B60]; Lazzara and Barbeito [B98]; Meliopoulos, Papelexopoulos, Webb, and Blattner 
[B105]; Meliopoulos and Papelexopoulos [B103]; Moore [B110]; Nahman and Salamon [B112]; Roman 
[B123]; and Tagg [B135]. 
 
A uniform soil model should be used only when there is a moderate variation in apparent resistivity. In 
homogeneous soil conditions, which rarely occur in practice, the uniform soil model may be reasonably 
accurate. If there is a large variation in measured apparent resistivity, the uniform soil model is unlikely to 
yield accurate results. 
 
A more accurate representation of the actual soil conditions can be obtained by use of a two-layer model. 
The two-layer model consists of an upper layer of finite depth and with different resistivity than a lower 
layer of infinite thickness. There are several techniques to determine an equivalent two-layer model from 
apparent resistivity obtained from field tests. In some instances a two-layer model can be approximated by 
visual inspection of a plot of the apparent resistivity versus depth from driven rod measurements or 
apparent resistivity versus probe spacing from Wenner four-pin measurements (Blattner [B10][B12]; IEEE 
Tutorial Course 86 [B87]). 
 
Computer programs available to the industry may also be used to derive a two-layer soil model and 
multilayer soil models (Dawalibi and Barbeito [B38]; EPRI TR-100622 [B63]; EPRI EL-2699 [B60]; 
Orellara and Mooney [B117]).  
 
In some instances the variation in soil resistivity may exhibit minimums and maximums such that an 
equivalent two-layer model may not yield an accurate model. In such instances a different soil model, such 
as a multilayer model, may be required as described in Dawalibi, Ma, and Southey [B46] and Dawalibi and  
Barbeito [B38]. 
 
13.4.1 Uniform soil assumption 
 
A uniform soil model can be used instead of the multilayer soil model whenever the two-layer or multilayer 



 

 

computation tools are not available. Unfortunately, an upper bound of the error on all relevant grounding 
parameters is difficult to estimate in general, but when the contrast between the various layer resistivities is 
moderate, an average soil resistivity value may be used as a first approximation or to establish order of 
magnitudes. The approximate uniform soil resistivity may be obtained by taking an arithmetic average of  
the measured apparent resistivity data as shown in Equation (47).  
 
?a?av1? 
?a?1???a?2???a?3??? ??a?n??+ + + + 
n 
= ----------------------------------------------------------------------------- 
?a?1???a?2???a?3??? ??a?n??+ + + + 
 (47) 
 
where  
 
are the measured apparent resistivity data obtained at different 
spacings in the four-pin method or at different depths in the driven 
ground rod method in O·m 
n is total number of measurements 
 
A majority of the soils will not meet the criteria of Equation (47). It is difficult to develop a uniform soil  
model when the resistivity of a soil varies significantly. Because the step and touch voltage equations of 
this  guide are based on uniform soil models, an attempt was made to develop a guideline to approximate a 
nonuniform soil to a uniform soil. Apparent soil resistivity data were obtained using the four pin method 
from several different geographical locations. The soil data from each location were approximated with 
three different equivalent soil models. These approximate models consisted of one computer-generated 
(EPRI TR-100622 [B63]) two-layer model and two uniform soil models. The uniform soil models were 
determined from measured apparent resistivity data using Equation (47) and Equation (48). In the next step, 
the grid resistance and step/touch voltages for a 76.2 m ? ?76.2 m (250 ft ? ?250 ft) grid with a total of 64 
uniformly distributed ground rods were computed using a computer program (EPRI TR-100622 [B63]). 
The depth of the ground rods was dependent on the soil model used. For example, in the case of the two 
layer model, the ground rods penetrated the lower layer. Refer to Annex E for more details of this 
investigation. Finally, the grounding parameters computed for the two-layer model were compared with 
that computed using the uniform soil models. The grounding parameters computed using the uniform soil 
model of Equation (50) compared well with that computed using the two layer model. 
 
(48) 
 
Where 
 
?a(max) is the maximum apparent resistivity value (from measured data) in O·m.  
?a(min) is the minimum apparent resistivity value (from measured data) in O·m. 
 
There are a number of assumptions made in the above study. As a result, the Equation (48) should be used 
with caution. For example, use of Equation (48) is not recommended for a ground grid without ground rods 
(Dawalibi, Ma, and Southey [B47]). In addition, if the uniform soil resistivity determined using Equation 
(48) is employed to design a ground grid, the ground rods should at least reach the depth where the 
measured resistivity corresponds to the computed value of ?a(av2). 
 
There are several methods suggested by different authors to approximate a nonuniform soil with a uniform 
soil model. One of these methods includes using the average of upper layer apparent resistivity for the 
touch and step voltage calculations and the average of lower layer apparent resistivity for the grounding 
system resistance calculation. Dawalibi, Ma, and Southey [B46]; Dawalibi and Barbeito [B38]; EPRI TR-
100622 [B63]; Fujimoto, Dick, Boggs, and Ford [B69]; and Thapar and Gerez [B140] may provide 
additional information about interpretation of the measured soil data and the influence of multilayer, two-
layer, and uniform soil models on grounding parameters. 



 

 

13.4.2 Nonuniform soil assumptions 
 
Another approach to situations where resistivity varies markedly with depth is suggested by Sunde [B130], 
and in some of the books on geophysical prospecting to which he refers. For example, it is often possible 
from field readings taken with a wide range of probe spacing to deduce a stratification of the earth into two 
or more layers of appropriate thickness that will account for the actual test variations (Moore [B110]). 
 
13.4.2.1 Two-layer soil model (general) 
 
A two-layer soil model can be represented by an upper layer soil of a finite depth above a lower layer of  
infinite depth. The abrupt change in resistivity at the boundaries of each soil layer can be described by 
means ofa reflection factor. The reflection factor, K , is defined by Equation (49).  
 
?a?max???a?min??+ 
2 
= --------------------------------------- 
K 
?2 – ?1 
?1 + ?2 
= ----------------- 
 (49) 
 
Where 
 
?1 is the upper layer soil resistivity, in O·m 
?2 is the lower layer soil resistivity, in O·m 
?2?av2? 
 
While the most accurate representation of a grounding system should certainly be based on the actual 
variations of soil resistivity present at the substation site, it will rarely be economically justifiable or 
technically feasible to model all these variations. However, in most cases, the representation of a ground 
electrode based on an equivalent two-layer earth model is sufficient for designing a safe grounding system.  
 
IEEE Std 81-1983 provides methods for determining the equivalent resistivities of the upper and lower 
layer of soil and the height of the upper layer for such a model.  
 
There are other methods suggested by authors that include determining a two-layer model and using the 
upper layer resistivity for touch and step calculations and the lower resistivity for resistance and methods 
that modify the equations presented in the guide to be used in two-layer soil models. These papers may 
provide the designer with more information about the interpretation of soils and the impact of multilayer,  
two-layer, and uniform models (Dawalibi, Ma, and Southey [B46]; Dawalibi and Barbeito [B38]; Thapar 
and Gerez [B140]).  
 
13.4.2.2 Two-layer soil model by graphical method 
 
A two-layer soil model can be approximated by using graphical methods described in Blattner and 
Dawalibi [B13]; Endrenyi [B56]; Tagg [B136]; Roman [B123]; and Sunde [B130]. Sunde’s graphical 
method is  described in the following paragraphs. 
 
In Sunde’s method, the graph shown in Figure 21 is used to approximate a two-layer soil model. The graph 
in Figure 21, which is based on the Wenner four-pin test data, is reproduced from figure 2.6 of Sunde 
[B130], with notations revised to match the symbols used in this guide. 
 
Parameters ?1 and ?2 are obtained by inspection of resistivity measurements (see the example in Figure 
22). Only h is obtained by Sunde’s graphical method, as follows: 
 



 

 

a) Plot a graph of apparent resistivity ?a on y-axis vs. pin spacing on x-axis. 
 
b) Estimate ?1 and ?2 from the graph plotted in a). ?a corresponding to a smaller spacing is ?1 and for a  
larger spacing is ?2. Extend the apparent resistivity graph at both ends to obtain these extreme  resistivity 
values if the field data are insufficient. 
 
c) Determine ?2/?1 and select a curve on the Sunde graph in Figure 21, which matches closely, or 
interpolate and draw a new curve on the graph. 
 
d) Select the value on the y-axis of ?a/?1 within the sloped region of the appropriate ?2/?1 curve of Figure 
21. 
 
e) Read the corresponding value of a/h on the x-axis. 
 
f) Compute ?a by multiplying the selected value, ?a/?1, in (d) by ?1.  
 
g) Read the corresponding probe spacing from the apparent resistivity graph plotted in a).  
 
h) Compute h, the depth of the upper level, using the appropriate probe separation, a.  
 
Using the soil data from soil type 1 in Table E.2 in Annex E, a plot of resistivity vs. spacing can be drawn. 
See figure Figure 22. Both ?1 and ?2 can be determined by visual inspection. Assuming ?1 =100 O·m and 
?2 = 300 O·m, the following example illustrates Sunde’s graphical method: 
 
a) Plot Figure 22. 
b) Choose ?1 =100 O ·m, ?2 = 300 O ·m 
c) ?2/?1 = 300/100 = 3. Draw curve on Figure 21. See Figure 23 for an example.  
d) Select ?a/?1 = 2. 
e) Read a/h = 2.7 from figure Figure 23 for ?a/?1 = 2. 
f) Compute ?a: ?a = 2?1 = 2(100) = 200. 
g) Read a = 19 on the apparent resistivity curve of Figure 24 for ?a = 200. 
h) Compute h; h = 19/2.7 = 7.0 m or 23 ft. 
 
This compares favorably with the 6.1 m (20 ft) using EPRI TR-100622 [B63]. 
a 
a/h 
--------- 
 



 

 

 
 
Figure 21—Sunde’s graphical method 
 



 

 

 
 
 
 



 

 

 
 
Figure 23—Example of Sunde’s graphical method 
 



 

 

 
 
 
13.4.2.3 Comparison of uniform and two-layer soil model on grounding systems  
 
The two-layer model approach has been found to be much more accurate than the uniform soil model. A 
grounding system in a two-layer soil environment behaves differently in comparison with the same system 
in uniform soil. 
 
Generally, for a grounding system in uniform soil or in two-layer soil with ?1 less than ?2 (upper layer soil 
resistivity less than lower layer soil resistivity, a positive reflection factor), the current density is higher in 
the conductors at the outer edges of the grounding grid. In two-layer soil with ?1 greater than ?2 (the soil in 
the upper layer is more resistive than the lower layer soil, a negative reflection factor), the current density is  



 

 

more uniform over all the conductors of the grounding system. This is caused by the tendency of the grid 
current to go downward into the layer of lower resistivity, rather than up and outward to the more resistive 
upper layer. Studies by Thapar and Gross [B141] and Dawalibi et al. [B41][B43][B48] provide a wealth of 
information on this subject. 
 
a) Variations in soil resistivity have considerable influence on the performance of most grounding systems, 
affecting both the value of ground resistance and ground potential rise, and the step and touch surface 
voltages. In general, for negative values of K (upper layer more resistive than lower layer), the resistance is 
less than that of the same grounding system in uniform soil with resistivity ?1. In contrast, for positive 
values of K, the resistance is generally higher than that in uniform soil and resistivity ?1. A similar 
relationship exists for the step and touch voltages produced on the surface of a two-layer earth versus that 
on the surface of uniform soil. For negative values of K, the step and touch voltages are generally lower 
than the voltages for the same grounding system in uniform soil of resistivity ?1. Also, for positive values 
of K, the step and touch voltages are generally higher than in uniform soil.13 
 
b) Other parameters, such as the upper layer height h, also affect the differences in the performance of 
ground electrodes in a two-layer environment and in uniform soil conditions. The general rule is that when 
the upper layer height h becomes significantly larger than the electrode’s own dimensions, the performance 
of the electrode approaches the performance of the same electrode in uniform soil of resistivity ?1. 
 
c) Also, it must be recognized that the above characteristics are based on the premise of a constant fault 
current source. The actual currents in the grounding system will change from case to case as a function of 
?1 and ?2, reflecting the local changes relative to all other ground fault current paths predetermined by the 
fault location. This current division is discussed in Clause 15. Therefore, in certain cases some of the 
assumptions given above may not always hold true.  
 
For design applications involving relatively simple grounding arrangements of electrodes buried in a 
reasonably uniform soil, the approximate methods provided elsewhere in the guide will be suitable for 
obtaining a realistic design with adequate safety margins. However, for designs involving a large grounded 
area, oddshaped grids, etc., or where the resistivity of soil is clearly very nonuniform, the engineer 
responsible for the design should decide if more sophisticated methods are needed (Zaborszky [B152]).  
 
Annex F provides a para metric analysis of various grid configurations in uniform and two-layer soil 
models. 
 
13.4.2.4 Multilayer soil model 
 
Highly nonuniform soil conditions may be encountered. Such soil conditions may require the use of  
multilayer modeling techniques if an equivalent two-layer soil model is not feasible. A multilayer soil 
model may 
 
13As discussed in 12.5, it is a common practice to have a thin layer of surface material overlaying the grounded area of a substation. It 
could appear that such a high resistivity layer, having the layer height h, much less than the depth of the grounding system, might 
worsen both the step and touch voltage. However, this is not the case. The surface material is used to increase the contact resistance 
between a person’s foot and the earth surface. Thus, for a given maximum allowable body current, considerably higher step and touch 
voltages can be allowed if a high resistivity surface material is present. 
 
 
 
 
 
 
 
 
 
 



 

 

include several horizontal layers or vertical layers. Techniques to interpret highly nonuniform soil 
resistivity require the use of computer programs or graphical methods (Dawalibi, Ma, and Southey [B46]; 
Dawalibi and Barbeito [B38]; EPRI TR-100622 [B63]; EPRI EL-2699 [B60]; Orellara and Mooney 
[B117]). 
 
The equations that govern the performance of a grounding system buried in multilayer soil can be obtained 
by solving Laplace’s equations for a point current source, or by the method of images, which gives 
identical results. The use of either method in determining the earth potential caused by a point current 
source results in an infinite series of terms representing the contributions of each consequent image of the 
point current source. Exact formulation of the equations that include these effects is given in Dawalibi and 
Mukhedkar [B42]; Heppe [B80]; and Sunde [B130]. 
 
14. Evaluation of ground resistance 
 
14.1 Usual requirements 
 
A good grounding system provides a low resistance to remote earth in order to minimize the GPR. For most 
transmission and other large substations, the ground resistance is usually about 1 O or less. In smaller 
distribution substations, the usually acceptable range is from 1 O  to 5 O , depending on the local conditions. 
 
14.2 Simplified calculations 
 
Estimation of the total resistance to remote earth is one of the first steps in determining the size and basic 
layout of a grounding system. The resistance depends primarily on the area to be occupied by the 
grounding system, which is usually known in the early design stage. As a first approximation, a minimum 
value of the substation grounding system resistance in uniform soil can be estimated by means of the 
formula of a circular metal plate at zero depth 
 
(50) 
 
Where 
 
Rg is the substation ground resistance in O 
? is the soil resistivity in O·m 
A is the area occupied by the ground grid in m2 
 
Next, an upper limit of the substation ground resistance can be obtained by adding a second term to the 
above formula, as proposed by Laurent [B97] and Niemann [B115] 
 
(51) 
 
Where 
 
LT  is the total buried length of conductors in m 
 
In the case of a grid rod combination in uniform soil, a combined length of horizontal conductors and 
ground rods will yield a slightly conservative estimate of LT, because ground rods usually are more 
effective on a per unit length basis. 
 
The second term recognizes the fact that the resistance of any actual grounding system that consists of a 
number of conductors is higher than that of a solid metallic plate. The difference will decrease with the 
increasing length of buried conductors and will approach 0 for infinite LT, when the condition of a solid 
plate is reached. 
 
Sverak [B132] expanded Equation (51) to take into account the effect of grid depth 
 



 

 

(52) 
 
Where 
 
h is the depth of the grid in m 
 
For grids without ground rods, this formula has been tested to yield results that are practically identical to 
those obtained with Equation (56) of Schwarz [B128], described in 14.3. 
 
The following tabulation from Kinyon [B93] offers some idea of how the calculated and actual measured 
resistance for five different substations compare. Equation (51) was used to compute the grid resistance. 
See Table 9. 

Table 9—Typical grid resistances 
 

Parameter soil 
texture 
 

Sub 1 
sand and 
gravel  

Sub 2 
sandy loam 
 

Sub 3 
sand and clay 
 

Sub 4 
sand and 
gravel 
 

Sub 5 
soil and clay 
 

Resistivity 
(O·m)  

2000  800  200  1300  28.0 

Grid area (ft2)  
 

15 159  60 939  18 849  15 759  61 479 

Buried length 
(ft)  
 

3120  9500  1775  3820  3000 

Rg (calculated 
O)  
 

25.7  4.97  2.55  16.15  0.19 

Rg (measured 
O)  
 

39.0  4.10  3.65  18.20  0.21 

 
An average value of all measured resistivity values is frequently substituted for the uniform soil resistivity 
in Equation (51). If this average resistivity is used, Equation (51) usually produces a resistance that is 
higher than the value that would result from a direct resistance measurement. The calculated and measured 
resistance values shown in table Table 9 not reflect this trend, because Kinyon [B93] based his calculations 
on the “... lowest average value of resistivity measured on the site.” Readers are referred to Kinyon [B93] 
for further discussion on his choice of resistivity values used in Table 9.  
 
14.3 Schwarz’s equations 
 
Schwarz [B128] developed the following set of equations to determine the total resistance of a grounding 
system in a homogeneous soil consisting of horizontal (grid) and vertical (rods) electrodes. Schwarz’s 
equations extended accepted equations for a straight horizontal wire to represent the ground resistance, R1, 
of a grid consisting of crisscrossing conductors, and a sphere embedded in the earth to represent ground 
rods, R2. He also introduced an equation for the mutual ground resistance Rm between the grid and rod bed. 
Schwarz used the following equation introduced by Sunde [B130] and Rüdenberg [B127] to combine the 
resistance of the grid, rods, and mutual ground resistance to calculate the total system resistance, Rg. 
 
(53) 
 
Where 
 
R1 ground resistance of grid conductors in O 
R2 ground resistance of all ground rods in O 
Rm mutual ground resistance between the group of grid conductors, R1, and group of ground rods, R2 in O. 



 

 

Ground resistance of the grid 
 
(54) 
 
Where 
 
?  is the soil resistivity in O·m 
Lc  is the total length of all connected grid conductors in m 
a'  is for conductors buried at depth h in m, or 
a'  is a for conductor on earth surface in m 
2a  is the diameter of conductor in m 
A  is the area covered by conductors in m2 
k1, k2 are the coefficients [see Figure 25(a) and (b)] 
 
Ground resistance of the rod bed 
 
(55) 
 
Where 
 
Lr is the length of each rod in m 
2b is the diameter of rod in m 
nR number of rods placed in area A  
 
Mutual ground resistance between the grid and the rod bed 
 
(56) 
 
The combined ground resistance of the grid and the rod bed will be lower than the ground resistance of 
either component alone, but still higher than that of a parallel combination. 
 
Schwarz compared the results of his equations to previously published theoretical work and to model tests 
to verify the accuracy of his equations. Since they were published in 1954, Schwarz’s equations have been 
modified by Kercel [B92] to provide equations for constants k1 and k2 and further expanded to include the 
use of equations in two-layer soil (Naham and Salamon [B113][B114]).  
 



 

 

 
 
Figure 25—Coefficients k1 and k2 of Schwarz’s formula: 
(a) coefficient k1, (b) coefficient k2 
 
 
14.4 Note on ground resistance of primary electrodes 
 
In general, the ground resistance of any primary electrode depends on the soil resistivity and the size and 
type of arrangement of all individual conductors comprising the ground electrode. In more complex 
arrangements involving crisscrossed wires and a large number of rods in the same area, the mutual 
resistance between individual elements plays an important role. 



 

 

14.5 Soil treatment to lower resistivity 
 
It is often impossible to achieve the desired reduction in ground resistance by adding more grid conductors 
or ground rods. An alternate solution is to effectively increase the diameter of the electrode by modifying 
the soil surrounding the electrode. The inner shell of soil closest to the electrode normally comprises the 
bulk of the electrode ground resistance to remote earth. This phenomenon is often utilized to an advantage, 
as follows: 
 
a) Use of sodium chloride, magnesium, and copper sulfates, or calcium chloride, to increase the 
conductivity of the soil immediately surrounding an electrode. State or federal authorities may not permit 
using this method because of possible leaching to surrounding areas. Further, the salt treatment must be 
renewed periodically. 
 
b) Use of bentonite, a natural clay containing the mineral montmorillionite, which was formed by volcanic 
action years ago. It is noncorrosive, stable, and has a resistivity of 2.5 O·m at 300% moisture. The low 
resistivity results mainly from an electrolytic process between water, Na2O (soda), K2O (potash), CaO 
(lime), MgO (magnesia), and other mineral salts that ionize forming a strong electrolyte with pH ranging 
from 8 to 10. This electrolyte will not gradually leach out, as it is part of the clay itself. Provided with a 
sufficient amount of water, it swells up to 13 times its dry volume and will adhere to nearly any surface it 
touches. Due to its hygroscopic nature, it acts as a drying agent drawing any available moisture from the 
surrounding environment. Bentonite needs water to obtain and maintain its beneficial characteristics. Its 
initial moisture content is obtained at installation when the slurry is prepared. Once installed, bentonite 
relies on the presence of ground moisture to maintain its characteristics. Most soils have sufficient ground 
moisture so that drying out is not a concern. The hygroscopic nature of bentonite will take advantage of the 
available water to maintain its as installed condition. If exposed to direct sunlight, it tends to seal itself off, 
preventing the drying process from penetrating deeper. It may not function well in a very dry environment, 
because it may shrink away from the electrode, increasing the electrode resistance (Jones [B90]).  
 
c) Chemical-type electrodes consist of a copper tube filled with a salt. Holes in the tube allow moisture to 
enter, dissolve the salts, and allow the salt solution to leach into the ground. These electrodes are installed 
in an augured hole and typically back-filled with soil treatment. 
 
d) Ground enhancement materials, some with a resistivity of less than 0.12 O·m (about 5% of the resistivity 
of bentonite), are typically placed around the rod in an augured hole or around grounding conductors in a 
trench, in either a dry form or premixed in a slurry. Some of these enhancement materials are permanent 
and will not leach any chemicals into the ground. Other available ground enhancement materials are mixed 
with local soil in varying amounts and will slowly leach into the surrounding soil, lowering the earth 
resistivity. 
 
14.6 Concrete-encased electrodes 
 
Concrete, being hygroscopic, attracts moisture. Buried in soil, a concrete block behaves as a 
semiconducting medium with a resistivity of 30–90 O·m. This is of particular interest in medium and 
highly resistive soils  because a wire or metallic rod encased in concrete has lower resistance than a similar 
electrode buried directly in the earth. This encasement reduces the resistivity of the most critical portion of 
material surrounding the metal element in much the same manner as a chemical treatment of soils. 
However, this phenomenon may often be both a design advantage and disadvantage. Some of the reasons 
are as follows: 
 
a) On the one hand, it is impractical to build foundations for structures where the inner steel (reinforcing 
bars) is not electrically connected to the metal of the structure. Even if extreme care were taken with the 
anchor bolt placement in order to prevent any direct metal-to-metal contact, the semiconductive nature of 
concrete would provide an electrical connection. 
 



 

 

b) On the other hand, the presence of a small dc current can cause corrosion of rebar material. Although ac 
current as such does not produce corrosion, approximately 0.01% of the ac current becomes rectified at the 
interface of the steel bar and concrete (Rosa, McCollum, and Peters [B124]). 
 
c) Splitting of concrete may occur either due to the above phenomenon because corroded steel occupies 
approximately 2.2 times its original volume, producing pressures approaching 35 MPa or the passage of a 
very high current, which would vaporize the moisture in the concrete.  
 
Fortunately, there is a certain threshold potential for dc corrosion, approximately 60 V dc, below which no 
corrosion will occur. A number of field tests concerning the maximum current loading is reported in 
Bogajewski, Dawalibi, Gervais, and Mukhedkar [B16]; Dick and Holliday [B53]; and Miller, Hart, and 
Brown [B107]). The short-time current loading capacity, ICE, of concrete-encased electrodes can be 
estimated by means of Ollendorff’s formula14 for an indefinitely sustainable current I8 , adjusted by a 1.4 
multiplying factor, or directly from Figure 26. 
 
(57) 
 
Where 
 
?g is the thermal conductivity of the earth in W/(m °C) 
Rz is the ground resistance of the concrete-encased electrode in O  
? is the soil resistivity in O·m 
Ta is the ambient temperature in °C 
Tv is the maximum allowable temperature to prevent sudden evaporation of moisture in °C 
I8  is the indefinitely sustainable current in A 
 
The applicability of this formula has been verified in Bogajewski, Dawalibi, Gervais, and Mukhedkar  
B16], which reports on the results of extensive field testing of concrete poles. In general, if damage is to be 
prevented, the actual current should be less than the value of ICE determined by Equation (57). A 20–25% 
safety margin is reasonable for most practical applications. 
 
Thus, with proper precautions, the concrete-encased electrodes may be used as auxiliary ground electrodes. 
 
Fagan and Lee [B65] use the following equation for obtaining the ground resistance, RCE–rod, of a vertical 
rod encased in concrete: 
 
(58) 
 
Where 
 
?c is the resistivity of the concrete in O·m 
 
14Ollendorff [B116] neglects the cooling effect of evaporated moisture in calculating I8 . 
 
 



 

 

 
 
 
? is the resistivity of the soil in O·m 
Lr is the length of the ground rod in m 
d is the diameter of the ground rod in m 
DC is the diameter of the concrete shell in m 
 
Equation (58) can be related to the commonly used formula for a ground rod of length Lr and diameter d, as 
follows: 
 
Rrod 
? 



 

 

2pLr 
= ------------? ln?8Lr / d?– 1?  
RCE – rod 
1 
2pLr 
= ------------? ?? ln?8Lr / DC?– 1? +  ?c? ln?8Lr / d?– 1? – ?c? ln?8Lr / DC?– 1? ?  
RSM = F???SO?G? 
RDM = F??c?SO?G?+ F???Si?G?– F??c?Si?G? 
 (59) 
 
then Equation (58) can be resolved into 
 
(60) 
 
representing a combination of two resistances in series: 
 
a) Ground resistance calculated by Equation (59) of a concrete cylinder of diameter DC, directly buried in 
soil ?  
 
b) Ground resistance of the inner segment of diameter DC, containing a metal rod of diameter d  
 
Obviously, the latter term is obtained as a difference of the hypothetical resistance values for a rod in 
concrete, if d and DC are entered into the single-medium formula Equation (59), and ? is replaced by ?c.  
 
Such an approach is generally valid for any other electrode having a different shape. Noting, for 
convenience 
 
(61) 
 
(62) 
 
where, in addition to the symbols already mentioned, 
 
RSM is the electrode resistance in single medium in O  
RDM is the electrode resistance in dual medium in O  
So is the surface area of a given electrode in m2 
Si is the area of interface in m2 
G is a geometrical factor characterizing the particular shape of a given electrode 
 
This form is adaptable to a variety of electrodes, buried in soil, and assumed to be surrounded by a 
concentric shell of a material that has different resistivity than the soil. One possible model of this type, for 
which Schwarz’s formula for a rod bed can easily be modified, is shown in Figure 27. 
 
The following recommendations should be considered when using concrete-encased electrodes: 
 
a) Connect anchor bolt and angle stubs to the reinforcing steel for a reliable metal-to-metal contact. 
b) Reduce the current duty and dc leakage to allowable levels by making sure that enough primary 
ground electrodes (grounding grid and ground rods) will conduct most of the fault current. 
c) Ground enhancement material may be used in the areas of a high soil resistivity to reduce the resistance 
of primary grounding. Augering a 100–250 mm (4–10 in) hole and backfilling it with a soil enhancement 
material around a ground rod is a useful method to prevent the predominance of auxiliary electrodes in 
dissipating the fault current. 
 
 
 
 



 

 

15. Determination of maximum grid current 
 
15.1 Definitions 
 
NOTE—The following definitions are also listed in Clause 3, but repeated here for the convenience of the 
reader. 
 
15.1.1 dc offset: Difference between the symmetrical current wave and the actual current wave during a 
power system transient condition. Mathematically, the actual fault current can be broken into two parts, a 
symmetrical alternating component and a unidirectional (dc) component. The unidirectional component can 
be of either polarity, but will not change polarity, and will decrease at some predetermined rate. 
 
15.1.2 decrement factor: An adjustment factor used in conjunction with the symmetrical ground fault 
current parameter in safety-oriented grounding calculations. It determines the rms equivalent of the 
asymmetrical current wave for a given fault duration, tf, accounting for the effect of initial dc offset and its  
attenuation during the fault.  
 
15.1.3 fault current division factor: A factor representing the inverse of a ratio of the symmetrical fault  
current to that portion of the current that flows between the grounding grid and surrounding earth. 
 
(63) 
 
Where 
 
Sf is the fault current division factor 
Ig is the rms symmetrical grid current in A 
I0 is the zero-sequence fault current in A 
 
NOTE—In reality, the current division factor would change during the fault duration, based on the varying 
decay rates of the fault contributions and the sequence of interrupting device operations. However, for the 
purposes of calculating the design value of maximum grid current and symmetrical grid current per 
definitions of symmetrical grid current and maximum grid current, the ratio is assumed constant during the 
entire duration of a given fault. 
 
15.1.4 maximum grid current: A design value of the maximum grid current, defined as follows: 
 

 
 
Figure 27—Grid with encased vertical electrodes 
 
S f 
Ig 
3I0 
= ------- 
 
IG = Df ? ?Ig 
Ig = S f ? ?I f 
 (64) 



 

 

 
where  
IG is the maximum grid current in A  
Df is the decrement factor for the entire duration of fault t f, given in s 
Ig is the rms symmetrical grid current in A 
 
15.1.5 subtransient reactance: Reactance of a generator at the initiation of a fault. This reactance is used 
in calculations of the initial symmetrical fault current. The current continuously decreases, but it is assumed 
to be steady at this value as a first step, lasting approximately 0.05 s after a suddenly applied fault. 
 
15.1.6 symmetrical grid current: That portion of the symmetrical ground fault current that flows between 
the grounding grid and surrounding earth. It may be expressed as 
 
(65) 
 
Where 
 
Ig is the rms symmetrical grid current in A 
If is the rms value of symmetrical ground fault current in A  
Sf is the fault current division factor 
 
15.1.7 synchronous reactance: Steady-state reactance of a generator during fault conditions used to 
calculate the steady-state fault current. The current so calculated excludes the effect of the automatic 
voltage regulator or governor. 
 
15.1.8 transient reactance: Reactance of a generator between the subtransient and synchronous states. 
This  reactance is used for the calculation of the symmetrical fault current during the period between the 
subtransient and steady states. The current decreases continuously during this period, but is assumed to be 
steady at this value for approximately 0.25 s. 
 
15.1.9 X/R ratio: Ratio of the system inductive reactance to resistance. It is indicative of the rate of decay 
of any dc offset. A large X/R ratio corresponds to a large time constant and a slow rate of decay. 
 
15.2 Procedure 
 
In most cases, the largest value of grid current will result in the most hazardous condition. For these cases, 
the following steps are involved in determining the correct design value of maximum grid current IG for 
use in substation grounding calculations: 
 
a) Assess the type and location of those ground faults that are likely to produce the greatest flow of current 
between the grounding grid and surrounding earth, and hence the greatest GPR and largest local surface 
potential gradients in the substation area (see 15.8).  
 
b) Determine, by computation, the fault current division factor Sf for the faults selected in a), and establish 
the corresponding values of symmetrical grid current Ig (see 15.9). 
 
c) For each fault, based on its duration time, tf, determine the value of decrement factor Df to allow for the 
effects of asymmetry of the fault current wave (see 15.10).  
 
d) Select the largest product Df ? ?Ig, and hence the worst fault condition (see 15.11). 
 
15.3 Types of ground faults 
 
Many different types of faults may occur in the system. Unfortunately, it may be difficult to determine 
which fault type and location will result in the greatest flow of current between the ground grid and 



 

 

surrounding earth because no simple rule applies. Figure 28 through Figure 31 show maximum grid current 
IG for various fault locations and system configurations. 
 
In determining the applicable fault types, consideration should be given to the probability of occurrence of 
the fault. Multiple simultaneous faults, even though they may result in higher ground current, need not be 
considered if their probability of occurrence is negligible. It is thus recommended, for practical reasons, 
that investigation be confined to single-line-to-ground and line-to-line-to-ground faults. 
 
In the case of a line-to-line-to-ground fault, the zero sequence fault current is  
 
I0 
E· ?R2 + jX2? 
?R1 + jX1?· ? R0+R2+3Rf+j?X0 + X2?? +?R2 + jX2?· ?R0+3Rf+jX0? 
= -------------------------------------------------------------------------------------------------------------------------------
------------------------------------------------------- 
I0 
E 
3Rf+R1+R2+R0+j?X1+X2+X0? 
= --------------------------------------------------------------------------------------------- 
I0 
E· X2 
X1 · ?X0 + X2?+?X2 + X0? 
= ----------------------------------------------------------------- 
I0 
E 
X1+X2+X0 
= ------------------------------- 
 (66) 
 
Where 
 
I0 is the symmetrical rms value of zero sequence fault current in A 
E is the phase-to-neutral voltage in V 
Rf is the estimated resistance of the fault in O (normally it is assumed Rf = 0) 
R1 is the positive sequence equivalent system resistance in O 
R2 is the negative sequence equivalent system resistance in O  
R0 is the zero sequence equivalent system resistance in O 
X1 is the positive sequence equivalent system reactance (subtransient) in O 
X2 is the negative sequence15 equivalent system reactance in O  
X0 is the zero sequence equivalent system reactance in O  
 
The values R1, R2, R0, X1, X2, and X0 are computed looking into the system from the point of fault. 
 
In the case of a single-line-to-ground fault, the zero sequence fault current is  
 
(67) 
 
In many cases, however, the effect of the resistance terms in Equation (67) is negligible. For practical 
purposes, the following simplified equations are sufficiently accurate and more convenient. 
 
Zero sequence current for line-to-line-to-ground fault: 
 
(68) 
 
Zero sequence current for line-to-ground fault: 
 



 

 

(69) 
 
15In most calculations it is usually permissible to assume a ration of X2/X1 equal to unity, and, hence, X1 = 
X2, especially if an appreciable percentage of the positive-sequence reactance to the point of fault is that of 
static apparatus and transmission lines. 
 
 



 

 

 
 
 
 
 
 
 



 

 

 
Figure 31—Typical current division for a fault on high side of distribution substation 
 
 
15.4 Effect of substation ground resistance 
 
In most cases it is sufficient to derive the maximum grid current IG, as described in 15.2 and 15.3, by 
neglecting the system resistance, the substation ground resistance, and the resistance at the fault. The error 
thus introduced is usually small, and is always on the side of safety. However, there may be unusual cases 
where the predicted substation ground resistance is so large, in relation to system reactance, that it is 
worthwhile to take the resistance into account by including it into the more exact Equation (66) or Equation 
(67). This poses a problem because the substation ground system is  not yet designed and its resistance is 
not known. However, the resistance can be estimated by the use of the approximate formulas of 14.2 or 
14.3. This estimated resistance generally gives sufficient accuracy for determining the current Ig, and hence 
IG. 
 
15.5 Effect of fault resistance 
 
If the fault is an insulation breakdown within the local substation, the only safe assumption is that the 
resistance of the fault be assumed zero (see Figure 28 through Figure 31).  
 
In the case of a fault outside of the local substation area, on a line connected to the substation bus (Figure 
31), it is permissible, if a conservative (minimum) value of fault resistance Rf can be assigned, to use this in 
the ground fault current calculations. This is done by multiplying Rf by three and adding it to the other 
resistance terms as indicated in the denominator of Equation (66) and Equation (67). If, however, the actual 
fault resistance does not maintain a value at least as great as the value of Rf used in the calculations, then 
the fault resistance should be neglected. Any error from neglecting Rf will, of course, be on the side of 
safety. 
 
15.6 Effect of overhead ground wires and neutral conductors 
 
Where transmission line overhead ground wires or neutral conductors are connected to the substation 
ground, a substantial portion of the ground fault current is diverted away from the substation ground grid. 
Where this situation exists, the overhead ground wires or neutral conductors should be taken into 
consideration in the design of the ground grid. 
 
 
 



 

 

Connecting the substation ground to overhead ground wires or neutral conductors, or both, and through 
them to transmission line structures or distribution poles, will usually have the overall effect of increasing 
the GPR at tower bases, while lessening it at the substation. This is because each of the nearby towers will 
share in each voltage rise of the substation ground mat, whatever the cause, instead of being affected only 
by a local insulation failure or flashover at one of the towers. Conversely, when such a tower fault does 
occur, the effect of the connected substation ground system should decrease the magnitude of gradients 
near the tower bases. 
 
15.7 Effect of direct buried pipes and cables 
 
Buried cables with their sheaths or armo r in effective contact with the ground, and buried metallic pipes 
will have a somewhat similar effect when they are bonded to the substation ground system, but extend 
beyond its perimeter. 
 
Buried cables with their sheaths or armor in effective contact with the earth, and buried metallic pipes 
bonded to the substation ground system and extending beyond its perimeter will have an effect similar to 
that of overhead ground wires and neutrals. By conducting part of the ground fault current away from the 
substation, the potential rise of the grid during the fault, and the local gradients in the substation will be 
somewhat lessened. As discussed in Clause 17, external hazards may sometimes be introduced (Bodier 
[B15]; Rüdenberg [B125]). 
 
Because of the complexities and uncertainties in the pattern of current flow, the effect is often difficult to 
calculate. Some guidelines to the computation of the input impedance of such current paths leaving the 
substation are supplied by Rüdenberg [B125] and Laurent [B97]. A more recent study of this problem is 
presented in EPRI EL-904 [B59], which provides methods for computing the impedance of both above-
ground and buried pipes. From these values an approximate calculation can determine the division of 
ground current between these paths, the substation ground system, and any overhead ground wires that are 
present and connected. 
 
15.8 Worst fault type and location 
 
The worst fault type for a given grounding system is usually the one resulting in the highest value of the 
maximum grid current IG. Because this current is proportional to the zero sequence or ground fault current 
and the current division factor, and because the current division is almost independent of the fault type, the 
worst fault type can be defined as the one resulting in the highest zero sequence or ground fault current 
flow into the earth, 3I0. In a given location, a single-line-to-ground fault will be the worst fault type if Z1 
Z0 > Z2 2 at the point of fault, and a line-to-line-to-ground fault will be the worst type if Z1 Z0 < Z2 2. In 
the usual case where Z2 is assumed equal to Z1, the above comparisons reduce to Z0 > Z1, and Z0 < Z2, 
respectively. 
 
Z1, Z2, Z0 are defined as 
 
Z1 = R1 + jX1         (70) 
Z2 = R2 + jX2         (71) 
Z0 = R0 + jX0         (72) 
 
  
  
The question of the fault location producing the maximum grid current IG involves several considerations. 
The worst fault location may be either on the high voltage side or on the low voltage side, and in either case 
may be either inside the substation or outside on a line, at a certain distance from the substation. A fault is 
classified as inside the substation if it is related to a metallic structure that is electrically connected to the 
substation grounding grid via negligible impedance. There are no universal rules for the determination of 
the worst fault location. The following discussion relates to some, but by no means all, possibilities. 
 
For distribution substations with the transformer grounded only on the distribution side, the maximum grid 



 

 

current IG usually occurs for a ground fault on the high-side terminals of the transformer. However, if the 
source of ground fault current on the high side is weak, or if a parallel operation of several transformers 
results in a strong ground fault current source on the low side, the maximum grid current may occur for a 
ground fault somewhere on the distribution circuit. 
 
For ground faults on the low-side terminals of such a secondary grounded transformer, the transformer’s 
contribution to the fault circulates in the substation grid conductor with negligible leakage current into the 
earth and, thus, has no effect on the substation GPR, as shown in Figure 28.  
 
For ground faults outside the substation on a distribution feeder (far enough to be at remote earth with 
respect to the ground grid), a large portion of the fault current will return to its source (the transformer 
neutral) via the substation grid, thus contributing to the substation GPR. 
 
In transmission substations with three-winding transformers or autotransformers, the problem is more  
complex. The maximum grid current IG may occur for a ground fault on either the high or low side of the 
transformer; both locations should be checked. In either case, it can be assumed that the worst fault location 
is at the terminals of the transformer inside the substation, if the system contribution to the fault current is 
larger than that of the transformers in the substation. Conversely, the worst fault location may be outside 
the substation on a transmission line, if the transformer contribution dominates. 
 
Exceptions to the above generalities exist. Therefore, for a specific system, several fault location candidates 
for the maximum grid current should be considered. For each candidate, the applicable value of zero 
sequence current I0 (ground fault current) should be established in this step. 
 
In a few cases, a further complication arises. The duration of the fault depends on the type of protection 
scheme used, the location of the fault, and the choice of using primary or back-up clearing times for the 
fault (shock) duration. The fault duration not only affects the decrement factor, Df, but also the tolerable 
voltages, as discussed in Clause 8. If the fault clearing time for a particular fault is relatively long, the 
corresponding tolerable voltages may be reduced to values that make this fault condition the worst case, 
even though the grid current for this case is not the maximum value. This situation generally occurs where 
a delta-wye grounded transformer is fed from a relatively weak source of fault current and the fault occurs 
some distance down a rural distribution feeder. In this case, the high (delta) side fault current may be 
relatively low, and the low (wye grounded) side feeder faults are determined primarily by the transformer 
and feeder impedances. If backup clearing is considered, a feeder fault several kilometers down the feeder, 
depending on the high side clearing device to back-up the failure of the feeder breaker, could take several 
seconds to clear. The tolerable voltage for this case may be significantly lower than that for a high side 
fault, making the low side feeder fault the worst case for the grid design. Thus, the worst fault type and 
location must take into consideration not only the maximum value of grid current IG, but also the tolerable 
voltages based on the fault clearing time. 
 
15.9 Computation of current division 
 
For the assumption of a sustained flow of the initial ground fault current, the symmetrical grid current can 
be expressed as 
 
Ig = S f  x (?3I0)?           (73) 

 
To determine Ig, the current division factor Sf must be computed. 
 
The process of computing consists of deriving an equivalent representation of the overhead ground wires, 
neutrals, etc., connected to the grid and then solving the equivalent to determine what fraction of the total 
fault current flows between the grid and earth, and what fraction flows through the ground wires or 
neutrals. Sf is dependent on many parameters, some of which are  
 
a) Location of the fault, as described in 15.8. 
b) Magnitude of substation ground grid impedance, as discussed in Clause 4.  



 

 

c) Buried pipes and cables in the vicinity of or directly connected to the substation ground system, as 
discussed in 15.7. 
d) Overhead ground wires, neutrals, or other ground return paths, as discussed in 15.6.  
 
Because of Sf, the symmetrical grid current Ig, and therefore also IG, are closely related to the location of 
the fault. If the additional ground paths of items c) and d) above are neglected, the current division ratio 
(based on remote versus local current contributions) can be computed using traditional symmetrical 
components. However, the current Ig, computed using such a method may be overly pessimistic, even if the 
future system expansion is taken into consideration. 
 
The remaining discussion refers only to overhead ground wires and neutral conductors, although the 
principles involved also apply to buried pipes, cables, or any other conducting path connected to the grid. 
High-voltage transmission lines are commonly provided with overhead static wires, either throughout their 
length or for short distances from each substation. They may be grounded at each tower along the line or 
they may be insulated from the towers and used for communication purposes. There are many sources that 
provide assistance in determining the effective impedance of a static wire as seen from the fault point (see, 
for instance, Carson [B17]; Clem [B19]; EEI and Bell Telephone Systems [B20]; CCITT Study Group V 
[B24]; Desieno, Marchenko, and Vassel [B51]; Laurent [B97]; Patel [B120]; and Verma and Mukhedkar 
[B149]). Many of these methods may, however, be difficult to apply by the design engineer. Because it is  
beyond the scope of this guide to discuss in detail the applicability of each method to all possible system 
configurations, only a brief description of some of the more recent methods will be given. 
 
Endrenyi [B57][B55] presents an approach in which, for a series of identical spans, the tower impedances 
and overhead ground wires or neutrals are reduced to an equivalent lumped impedance. Except for 
estimating purposes, Endrenyi recommends including the mutuals between multiple ground conductors and 
introduces a coupling factor to account for the mutual impedance between the neutral conductors and the 
phase conductors. This technique is developed further by Verma and Mukhedkar [B149].  
 
In the cascaded matrix method of Sebo [B129], an impedance matrix is derived for each span of the line,  
and the individual span matrices are cascaded into a resulting matrix representing the entire line. This 
technique allows a person to take into account all self and mutual impedances (except between the tower 
footing grounds), and the location and type of fault. A correction for the end effects of the line is suggested, 
using a modified screening factor.  
 
With some limitations in applicability and accuracy, the span-by-span calculation technique can be 
considerably simplified. A typical approach, in which all mutual couplings between the neutral conductor 
and phase conductors and between neutral conductors are ignored, has been described by Garrett [B70]. In 
this  technique, each neutral conductor is modeled by the impedance of each span and the equivalent ground 
impedance of each tower to form a network resembling a ladder. This ladder network is then reduced, using 
simple network reduction techniques, to an input impedance as seen from the fault point. The input 
impedance of each circuit is combined with the grid resistance and three times this resulting value is 
included in the zero-sequence equivalent fault impedance. The current division factor Sf is computed by 
applying Kirchoff’s current law to obtain the current division between the grid resistance and the input 
impedance of each circuit. Although this, or similar approximate approaches, is limited in applicability and 
accuracy, in many cases it may provide a reasonable estimate of the influence of overhead ground wires 
and neutrals on both the resistance of the grounding system and the current division ratio. 
 
Dawalibi [B37] provides algorithms for deriving simple equations to solve for the currents in the grid and 
in each tower. These equations are obtained from one or both ends of each line and do not require the large 
computer storage requirements of the techniques that model each span individually. Dawalibi also 
addresses  the effects of the soil structure (that is, multilayer earth resistivities) on the self and mutual 
impedances of the conductors and on the current division ratio. 
 
Meliopoulos et al. [B104] introduced an equivalent conductor to represent the effects of earth using 
Carson’s formula. Every span in each line is modeled and the resulting network is solved for current flows. 



 

 

From this  solution, the current division ratio is computed. The number of lines and substations modeled are 
limited only by the computer used to solve the network (EPRI TR-100622 [B63]). 
 
Garrett and Patel [B73] used the method of Meliopoulos [B104] to perform a parametric analysis of the 
parameters affecting Sf, and to develop a set of curves of Sf vs. grid resistance for some of the most critical 
parameters. This provides a quick and simple method to estimate the current division that avoids the need 
for some of the simplifying assumptions of the other approximate methods, though the results are still only 
approximate. These curves, along with a few new curves and an impedance table added for this guide, are 
included in Annex C. Refer to Annex C for limitations on this method. 
 
Obviously, the techniques that model the static wires, phase conductors, towers, etc., in detail will give the 
best evaluation of the current division factor Sf. However, the approximate methods discussed above have 
been compared with the detailed methods and found to give comparable answers for many simple 
examples. Thus, the choice of the method used to determine Sf will depend on the complexity of the system 
connected to the substation and the desired degree of accuracy. A simple example follows, showing the 
results of four of the methods described in the preceding paragraphs. In the following example, the 
approximate methods of Endrenyi and Garrett and Patel are compared with the results of Dawalibi’s and 
Meliopoulos’ more accurate methods. 
 
As an example, Figure 32 shows a one-feeder distribution substation fed by single transmission line 
connecting the substation to a remote equivalent source (next adjacent substation). The transmission line is 
20 km long and the distance between tower grounds is 0.5 km. The feeder is 4 km long and the distance 
between pole grounds is 0.122 km. The soil is assumed to be uniform with a resistivity of 200 O ·m. 
Carson’s equations are used to compute the self impedances of the phase conductors and overhead static 
wire, and the mutual impedance between these (transmission line only) for use with Endrenyi’s formula 
and Garrett and Patel’s split-factor curves. Annex C shows the equations used to calculate the line 
impedances necessary for the current split computations. The various impedances for each line section 
tower footing resistance, remote terminal ground resistance, and substation grid resistance are 
 
Rtg = 10.0 + j0.0 O/section 
Rdg = 25.0 + j0.0 O/section 
Rs = 3.0 + j0.0 O  
Rg = 2.5 + j0.0 O  
Z1 = 3.82 + j9.21 O for the 115 kV line 
Z0(a) = 7.37 + j35.86 O  for the 115 kV line 
Z0(g) = 148.24 + j66.44 O for the 115 kV line 
Z0(ag) = 3.56 + j33.34 O for the 115 kV line 
Z0 = 12.54 + j39.72 O for the 115 kV line 
Zs–l = 1.24 + j0.55 O/span for the 115 kV overhead static wire 
Zs–f = 0.11 + j0.11 O/span for the 12.47 kV feeder neutral 
 
Where 
 
Rtg is the impedance to remote earth of each transmission ground electrode in O 
Rdg is the impedance to remote earth of each distribution ground electrode in O 
Rs is the remote terminal ground impedance (equivalent) in O  
Rg is the station ground impedance to remote earth in O  
Z1 is the equivalent positive sequence impedance for the 115 kV line in O  
Z0(a) is the zero sequence self impedance for the 115 kV phase conductors in O 
Z0(g) is the zero sequence self impedance for the 115 kV ground wire in O  
Z0(ag) is the zero sequence mutual impedance between phase and ground conductors for the 115 kV line 
in O  
Z0 is the equivalent zero sequence impedance for the 115 kV line in O  
Zs–l is the self impedance of the 115 kV overhead static wire in O/span 
Zs–f is the self impedance of the 12.47 kV feeder neutral in O/span 



 

 

Adding the 115 kV line impedances to the source impedances gives the following equivalent fault  
impedance at the 115 kV bus: 
 
Z1?eq??= 3.82 + j19.01O 
Z0?eq??= 12.54 + j46.32O 
 
Thus, for a 115 kV single -line-to-ground fault  
 
3I0 
3 ·  115??000 / 3 
2?3.82 + j19.01?+?12.54 + j46.32? 
=----------------------------------------------------------------------------------------=534.5 – j2238.8 = 2297A 
 
As shown in the figure, a single-line-to-ground fault occurs at the substation from the phase conductor bus 
to the substation neutral. 
 
Using Endrenyi’s [B57] method, the equivalent impedance of the overhead static wire (as seen from the 
fault point and ignoring the effects of coupling) is  
 
Zeq – 1 = 0.5 · ?1.24 + j0.55?+ 10 · ?1.24 + j0.55?= 4.22 + j1.04O 
 
The equivalent impedance of the feeder neutral (as seen from the substation) is  
 
Zeq – f = 0.5 · ?0.11 + j0.11?+ 25 · ?0.11 + j0.11?= 1.88 + j0.89O 
 
The resulting equivalent of the overhead static wire and feeder neutral is found by paralleling the above 
equivalent impedances: 

 
 
Figure 32—Example system for computation of current division factor Sf 
Zeq 
1 
1 
Zeq – 1 



 

 

-------------- 1 
Zeq – f 
+ -------------- 
=-----------------------------------=1.31 + j0.52O 
 
The current division factor, Sf, is  
S f Zeq 
Zeq + Rg 
-------------------- 1.31 + j0.52 
?1.31 + j0.52?+ 2.5 
= = ------------------------------------------------ = 0.37 
 
and the resulting grid current Ig is  
Ig = S f ·  3I0 = 0.37 ·  2297 = 850 A 
 
Using Garrett and Patel’s table of split factor equivalents (Annex C), the equivalent of the overhead static 
wire and feeder neutral is  
 
Zeq = 0.91 + j0.485O 
 
and the split factor is  
S f 
Zeq 
Zeq + Rg 
-------------------- 0.91 + j0.485 
?0.91 + j0.485?+ 2.5 
= = --------------------------------------------------- = 0.30 
 
Thus, the grid current is  
 
 
Using Garret and Patel’s split factor curves (Figure C.3 in Annex C), the approximate split factor 
 
Thus, the grid current is  
Using EPRI TR-100622 [B63], the total fault current 3 I 0 is 2472 A . Approximately 34% (Ig= 836 A) of 
the fault current flows through grid to remote earth, so the current division factor equals 0.34. Similar 
results are obtained using Dawalibi [B37].  
 
As shown above, the approximate and detailed methods are in close agreement for this example. However, 
for more complex systems, with both local and remote ground sources and with dissimilar lines and 
sources, the results may not be in close agreement (see Annex C). 
 
15.10 Effect of asymmetry 
 
The design of a grounding grid must consider the asymmetrical current. A decrement factor, Df , will be 
derived to take into account the effect of dc current offset. In general, the asymmetrical fault current 
includes the subtransient, transient and steady-state ac components, and the dc offset current component. 
Both the subtransient and transient ac components and the dc offset decay exponentially, each having a 
different attenuation rate. 
 
However, in typical applications of this guide, it is assumed that the ac component does not decay with 
time, but remains at its initial value. Thus, as a periodic function of time, t, the asymmetrical fault current 
may be expressed as 
 
i f?t??2 E Yac sin?? t +a–???e 
–t/Ta 



 

 

= ·  · ? ?– ·  sin?a–???  
 (74) 
 
Where 
 
if(t) is the asymmetrical fault current, in A, at any instant t,t in s 
Eis the prefault rms voltage, line-to-neutral V 
?  is the system frequency in radians/s 
a  is the voltage angle at current initiation in radians 
? is the circuit phase angle in radians 
Y acis the equivalent ac system admittance in mhos 
Ta is the dc offset time constant in s [Ta= X/(? R), for 60 Hz, Ta= X/(120pR)] 
 
The X/R ratio to be used here is the system X/R ratio at the fault location for a given fault type. The X and R 
components of the system subtransient fault impedance should be used to determine the X/R ratio. 
 
In reality, faults occur at random with respect to the voltage wave. However, the shock contact may exist at 
the moment the fault is initiated. Hence, to allow for the most severe condition, it is necessary to assume 
that the maximum possible dc offset will be present at the moment of an accidental shock contact. 
 
Maximum dc offset occurs when: (a–?) = –p/2 
 
Then Equation (74) becomes 
 
Ig = S f ·  3I0 = 0.30 ·  2297 = 689 A 
Ig = S f ·  3I0 = 0.28 ·  2297 = 643 A 
 
Because the experimental data in the fibrillation threshold are based on the energy content of a symmetrical 
sine wave of constant amplitude, it is necessary to establish an equivalent rms value of the asymmetrical 
current wave for the maximum time of possible shock exposure. This value, in accordance with the 
definition of the effective asymmetrical fault current IF, can be d e termined by integration of Equation 
(75) squared over the entire duration of fault  tfin s. 
 
 
Where 
 
IF is the effective rms value of approximate asymmetrical current for the entire duration of a fault in A  
tf is the time duration of fault in s  
t is the time (variable) after the initiation of fault in s 
 
Evaluating the integral of Equation (76) in terms of Equation (75), it follows that 
 
i f?t??2E Yac e  
–t/Ta 
= ·  ? ?– cos?? t??  
IF 
1 
t f 
---- ? i f?t?? 2 dt  
0 
t f 
= ? 
IF I f 
2 
t f 
---- ? i f?t?? 2 dt  



 

 

0 
t f 
= ·  ? 
Df 
IF 
I f 
= ----- 
Df 1 
Ta 
t f 
----- 1 e 
–2t f 
Ta 
---------- 
– 
?  ?  
?  ?  
?  ?  
= + 
 (77) 
 
Therefore, the decrement factor Dfis determined by the ratio IF/If, yielding 
 
(78) 
 
(79) 
 
Equation (79) can be used to compute the decrement factor for specific  X/R ratios and fault 
durations.Typical values of the decrement factor for various fault durations and X/R ratios are shown in 
Table 10. 
 
For relatively long fault durations, the effect of the dc offset current can be assumed to be more than 
compensated by the decay of the subtransient component of ac current. A decrement factor of 1.0 can be 
used for fault durations of 30 cycles or more. 
 
For closely spaced successive shocks (possibly from reclosures), early editions of this guide suggested a 
decrement factor computed using the shortest single fault duration, even if the time, ts, used elsewhere in 
the calculations is based on the sum of the individual shock durations. However, the preceding discussion 
of the asymmetrical fault current decrement factor suggests that the use of the shortest fault duration in 
conjunction with the longest shock duration, or sum of the shock durations, may result in an overdesigned 
grounding system. This is especially true for faults of intermediate duration (that is, 6–30 cycles), where the 
decrement factor is relatively large and the ac component of current is assumed to remain at its subtransient 
value. Crawford and Griffith [B22] suggest that the shock duration and fault duration be assumed identical,  
which will result in sufficient grid design for cases involving no automatic reclosures or successive (high-
speed) shocks. However, because little or no testing has been done on the effects of repetitive shocks 
separated by only a few cycles, the design engineer should judge whether or not to use the longes t shock 
duration for time ts elsewhere in the calculations and the shortest fault duration for the time tf in computing 
the decrement factor with Equation (79). 
 
It is important that the values of the decrement factor given in Table 10 not be confused with the 
multiplying factors given by IEEE C37.010-1979 [B84]. The decrement factor is  D f , and is used to 
determine the effective current during a given time interval after inception of a fault, whereas the 
multiplying factors given by IEEE C37.010-1979 [B84] are used to determine the rms current at the end of 
this interval. Because of the decay of ac and dc transient components with time, the decrement factors 
determined by Equation (79) are slightly higher than the factors given by IEEE C37.010-1979 [B84] for 
short fault and shock durations. 



 

 

Table 10—Typical values of Df 
Fault duration, tf Decrement factor, Df 

Seconds Hz  
 

Cycles at 60 X/R = 10 X/R = 20 X/R = 30 X/R = 40 

0.008 33 0.5 1.576 1.648 1.675 1.688 
 

0.05 3 1.232 1.378 1.462 1.515 
 

0.10 6 1.125  
 

1.232  1.316  1.378 

0.20  
 

12  1.064  1.125  1.181  1.232 

0.30  
 

18  1.043  1.085  1.125  1.163 

0.40  
 

24  1.033  1.064  1.095  1.125 

0.50  
 

30  1.026  1.052  1.077  1.101 

0.75  
 

45  1.018  1.035  1.052  1.068 

1.00  
 

60  1.013  1.026  1.039  1.052 

 
15.11 Effect of future changes 
 
It is a common experience for maximum fault currents at a given location to increase as system capacity is 
added or new connections are made to the grid. While an increase in system capacity will increase the 
maximum expected fault current IF, new connections may increase or decrease the maximum grid current 
IG. One case in which the grid current may decrease with new connections is when new transmission lines 
are added with ground or neutral wires, or both. In general, if no margin for increase in IG is included in 
the original ground system design, the design may become unsafe. Also, subsequent additions will usually 
be much less convenient and more expensive to install. It has been a widely accepted practice to assume the 
total fault current, IF, between the grid and surrounding earth (that is, ignoring any current division) in an 
attempt to allow for system growth. While this assumption would be overly pessimistic for present-year 
conditions, it may not exceed the current IG computed considering current division and system growth. If 
the system growth is taken into account and current division is ignored, the resulting grid will be 
overdesigned. An estimate of the future system conditions can be obtained by including all system 
additions forecasted. Caution should be exercised when future changes involve such design changes as 
disconnection of overhead ground wires coming into the substations. Such changes may have an effect on 
ground fault currents and may result in an inadequate grounding system. However, future changes such as 
additions of incoming overhead ground wires, may decrease the current division ratio, resulting in the 
existing ground system being overdesigned. 
 
16. Design of grounding system 
 
16.1 Design criteria 
 
As stated in 4.1, there are two main design goals to be achieved by any substation ground system under 
normal as well as fault conditions. These goals are 
 
a) To provide means to dissipate electric currents into the earth without exceeding any operating and 
equipment limits. 
 
b) To assure that a person in the vicinity of grounded facilities is not exposed to the danger of critical 
electric shock. 



 

 

The design procedures described in the following subclauses are aimed at achieving safety from dangerous 
step and touch voltages within a substation. It is pointed out in 8.2 that it is possible for transferred 
potentials  to exceed the GPR of the substation during fault conditions. Clause 17 discusses some of the 
methods used to protect personnel and equipment fro m these transferred potentials. Thus, the design 
procedure described here is based on assuring safety from dangerous step and touch voltages within, and 
immediately outside, the substation fenced area. Because the mesh voltage is usually the worst possible 
touch voltage inside the substation (excluding transferred potentials), the mesh voltage will be used as the 
basis of this design procedure. 
 
Step voltages are inherently less dangerous than mesh voltages. If, however, safety within the grounded 
area is achieved with the assistance of a high resistivity surface layer (surface material), which does not 
extend outside the fence, then step voltages may be dangerous. In any event, the computed step voltages 
should be compared with the permissible step voltage after a grid has been designed that satisfies the touch 
voltage criterion. 
 
For equally spaced ground grids, the mesh voltage will increase along meshes from the center to the corner 
of the grid. The rate of this increase will depend on the size of the grid, number and location of ground 
rods, spacing of parallel conductors, diameter and depth of the conductors, and the resistivity profile of the 
soil. In a computer study of three typical grounding grids in uniform soil resistivity, the data shown in 
Table 11 were obtained. These grids were all symmetrically shaped square grids with no ground rods and 
equal parallel conductor spacing. The corner Em was computed at the center of the corner mesh. The actual 
worst case Em occurs slightly off-center (toward the corner of the grid), but is only slightly higher than the 
Em at the center of the mesh. 
 
As indicated in Table 11, the corner mesh voltage is generally much higher than that in the center mesh. 
This  will be true unless the grid is unsymmetrical (has projections, is L-shaped, etc.), has ground rods 
located on or near the perimeter, or has extremely nonuniform conductor spacings. Thus, in the equations 
for the mesh voltage Em given in 16.5, only the mesh voltage at the center of the corner mesh is used as the 
basis of the design procedure. Analysis based on computer programs, described in 16.8, may use this 
approximate corner mesh voltage, the actual corner mesh voltage, or the actual worst-case touch voltage 
found anywhere within the grounded area as the basis of the design procedure. In either case, the initial 
criterion for a safe design is  to limit the computed mesh or touch voltage to below the tolerable touch 
voltage from Equation (32) or Equation (33). 
 
Unless otherwise specified, the remainder of the guide will use the term mesh voltage (Em) to mean the 
touch voltage at the center of the corner mesh. However, the mesh voltage may not be the worst-case touch 
voltage if ground rods are located near the perimeter, or if the mesh spacing near the perimeter is small. In 
these cases, the touch voltage at the corner of the grid may exceed the corner mesh voltage. 
 
Table 11—Typical ratio of corner-to-corner mesh voltage  

Grid number  Number of meshes  Em corner/center  
1  
 

10 x ?10  2.71 

2  
 

20 x ?20  5.55 

3  
 

30 x ?30  8.85 

 
16.2 Critical parameters 
 
The following site-dependent parameters have been found to have substantial impact on the grid design: 
maximum grid current IG, fault duration tf, shock duration ts, soil resistivity ?, surface material resistivity 
(?s), and grid geometry. Several parameters define the geometry of the grid, but the area of the grounding 
system, the conductor spacing, and the depth of the ground grid have the most impact on the mesh voltage, 
while parameters such as the conductor diameter and the thickness of the surfacing material have less 
impact (AIEE Working Group [B3]; Dawalibi, Bauchard, and Mukhedkar [B45]; Dawalibi and Mukhedkar 



 

 

[B43]; EPRI EL-3099 [B61]). A brief discussion or review of the critical parameters is given in 16.2.1–
16.2.5. 
 
16.2.1 Maximum grid current (IG) 
 
The evaluation of the maximum design value of ground fault current that flows through the substation 
grounding grid into the earth, IG, has been described in Clause 15. In determining the maximum current IG, 
by means of Equation (64), consideration should be given to the resistance of the ground grid, division of 
the ground fault current between the alternate return paths and the grid, and the decrement factor.  
 
16.2.2 Fault duration (tf) and shock duration (ts) 
 
The fault duration and shock duration are normally assumed equal, unless the fault duration is the sum of 
successive shocks, such as from reclosures. The selection of tf should reflect fast clearing time for 
transmission substations and slow clearing times for distribution and industrial substations. The choices tf 
and tsshould result in the most pessimistic combination of fault current decrement factor and allowable 
body current. Typical values for tf and ts range from 0.25 s to 1.0 s. More detailed information is given in 
5.2–6.4 and 15.10 on the selection of tf and ts. 
 
16.2.3 Soil resistivity (?) 
 
The grid resistance and the voltage gradients within a substation are directly dependent on the soil 
resistivity. Because in reality soil resistivity will vary horizontally as well as vertically, sufficient data must 
be gathered for a substation yard. The Wenner method described in 13.3 is widely used (James J. Biddle 
Co. [B102]; Wenner [B150]).  
 
Because the equations for Em and Es given in 16.5 assume uniform soil resistivity, the equations can 
employ only a single value for the resistivity. Refer to 13.4.1 for guidance in determining an approximate 
uniform soil resistivity. 
 
16.2.4 Resistivity of surface layer (?s) 
 
A layer of surface material helps in limiting the body current by adding resistance to the equivalent body 
resistance. Refer to 7.4 and 12.5 for more details on the application of this parameter. 
 
16.2.5 Grid geometry 
 
In general, the limitation on the physical parameters of a ground grid are based on economics and the 
physical limitations of the installation of the grid. The economic limitation is obvious. It is impractical to 
install a copper plate grounding system. Clause 18 describes some of the limitations encountered in the 
installation of a grid. For example, the digging of the trenches into which the conductor material is laid 
limits the conductor spacing to approximately 2 m or more. Typical conductor spacings range from 3 m to 
15 m, while typical grid depths range from 0.5 m to 1.5 m. For the typical conductors ranging from 2/0 
AWG (67 mm2) to 500 kcmil (253 mm2), the conductor diameter has negligible effect on the mesh 
voltage. The area of the grounding system is the single most important geometrical factor in determining 
the resistance of the grid. The larger the area grounded, the lower the grid resistance and, thus, the lower 
the GPR. 
 
16.3 Index of design parameters 
 
Table 12 contains a summary of the design parameters used in the design procedure. 
 
16.4 Design procedure 
 
The block diagram of Figure 33 illustrates the sequences of steps to design the ground grid. The parameters 



 

 

shown in the block diagram are identified in the index presented in Table 12. The following describes each 
step of the procedure: 
 

— Step 1: The property map and general location plan of the substation should provide good 
estimates of the area to be grounded. A soil resistivity test, described in Clause 13, will determine 
the soil resistivity profile and the soil model needed (that is, uniform or two-layer model). 

—  Step 2: The conductor size is determined by equations given in 11.3. The fault current 3I0 should 
be the maximum expected future fault current that will be conducted by any conductor in the 
grounding system, and the time, tc, should reflect the maximum possible clearing time (including 
backup). 

—  Step 3: The tolerable touch and step voltages are determined by equations given in 8.3 and 8.4. 
The choice of time, ts, is based on the judgment of the design engineer, with guidance from 5.2–
6.3. 

—  Step 4: The preliminary design should include a conductor loop surrounding the entire grounded 
area, plus adequate cross conductors to provide convenient access for equipment grounds, etc. The 
initial estimates of conductor spacing and ground rod locations should be based on the current IG 
and the area being grounded. 

— Step 5: Estimates of the preliminary resistance of the grounding system in uniform soil can be 
determined by the equations given in 14.2 and 14.3. For the final design, more accurate estimates 
of the resistance may be desired. Computer analysis based on modeling the components of the 
grounding system in detail can compute the resistance with a high degree of accuracy, assuming 
the soil model is chosen correctly. 

— Step 6: The current IG is determined by the equations given in Clause 15. To prevent overdesign 
of the grounding system, only that portion of the total fault current, 3I0, that flows through the 
grid to remote earth should be used in designing the grid. The current IG should, however, reflect 
the worst fault type and location, the decrement factor, and any future system expansion. 

—  Step 7: If the GPR of the preliminary design is below the tolerable touch voltage, no further 
analysis  is necessary. Only additional conductor required to provide access to equipment grounds 
is necessary. 

—  Step 8: The calculation of the mesh and step voltages for the grid as designed can be done by the 
approximate analysis techniques described in 16.5 for uniform soil, or by the more accurate 
computer analysis techniques, as demonstrated in 16.8. Further discussion of the calculations are 
reserved for those sections. 

—  Step 9: If the computed mesh voltage is below the tolerable touch voltage, the design may be 
complete (see Step 10). If the computed mesh voltage is greater than the tolerable touch voltage, 
the preliminary design should be revised (see Step 11).  

—  Step 10: If both the computed touch and step voltages are below the tolerable voltages, the design 
needs only the refinements required to provide access to equipment grounds. If not, the 

preliminary design must be revised (see Step 11). 
— Step 11: If either the step or touch tolerable limits are exceeded, revision of the grid design is   

required. These revisions may include smaller conductor spacings, additional ground rods, etc.       
More discussion on the revision of the grid design to satisfy the step and touch voltage limits is 
given in 16.6.  

— Step 12: After satisfying the step and touch voltage requirements, additional grid and ground rods         
        may be required. The additional grid conductors may be required if the grid design does not              
        include conductors near equipment to be grounded. Additional ground rods may be required at the     

base of surge arresters, transformer neutrals, etc. The final design should also be reviewed to  
eliminate hazards due to transferred potential and hazards associated with special areas of concern. 
See Clause 17. 

 
 
 
 
 
 
 



 

 

Table 12—Index of design parameters 
Symbol  
 

Description Clause number 

?  
 

Soil resistivity, O·m  Clause 13  

?s  
 

Surface layer resistivity, O·m  7.4, 12.5 

3I0 
 

Symmetrical fault current in 
substation for conductor sizing, A  

15.3 
 

A  
 

Total area enclosed by ground 
grid, m2  

14.2 

Cs  
 

Surface layer derating factor  7.4 

d  
 

Diameter of grid conductor, m  16.5 

D  
 

Spacing between parallel 
conductors, m  

16.5 

Df  
 

Decrement factor for determining 
IG  

15.1.4, 15.10 

Dm 
 

Maximum distance between any 
two points on the grid, m 

16.5 
 

Em 
 

Mesh voltage at the center of the 
corner mesh for the simplified 
method, V 

16.5 
 

Es 
 

Step voltage between a point 
above the outer corner of the grid 
and a point 1 m diagonally 
outside the grid for the simplified 
method, V 
 

16.5 
 

Estep50 
 

Tolerable step voltage for human 
with 50 kg body weight, V 

8.3 
 

Estep70 
 

Tolerable step voltage for human 
with 70 kg body weight, V 

8.3 
 

Etouch50 
 

Tolerable touch voltage for 
human with 50 kg body weight, 
V 

8.3 
 

Etouch70 
 

Tolerable touch voltage for 
human with 70 kg body weight, 
V 

8.3 
 

h   
 

Depth of ground grid conductors, 
m 

14.2 
 

hs Surface layer thickness, m 7.4 
 

IG 
 

Maximum grid current that flows 
between ground grid and 
surrounding earth (including dc 
offset), A  

15.1.4 
 

Ig  
 

Symmetrical grid current, A  15.1.6 
 

K 
 

Reflection factor between 
different resistivities  

7.4 
 

Kh 
 

Corrective weighting factor that 
emphasizes the effects of grid 
depth, simplified method 

16.5 
 



 

 

 
Ki Correction factor for grid 

geometry, simplified method  
 

16.5 
 

Kii 
 

Corrective weighting factor that 
adjusts for the effects of inner 
conductors on the corner mesh, 
simplified method 

16.5 
 

Km 
 

Spacing factor for mesh voltage, 
simplified method 

16.5 
 

Ks 
 

Spacing factor for step voltage, 
simplified method 

16.5 
 

Lc Total length of grid conductor, m 14.3 
 

LM 
 

Effective length of Lc + LR for 
mesh voltage, m 

16.5 
 

LR  
 

Total length of ground rods, m 16.5 
 

Lr 
 

Length of ground rod at each 
location, m 

14.3, 16.5 
 

LS 
 

Effective length of Lc + LR for 
step voltage, m 

16.5 

LT 
 

Total effective length of 
grounding system conductor, 
including grid and ground rods, m 
 

14.2 
 

Lx 
 

Maximum length of grid 
conductor in x direction, m 

16.5 
 

Ly 
 

Maximum length of grid 
conductors in y direction, m 

16.5 
 

n 
 

Geometric factor composed of 
factors na, nb, nc, and nd 
 

16.5 
 

nR  
 

Number of rods placed in area A  14.3 

Rg  
 

Resistance of grounding system, 
O  

14.1–14.4 

Sf 
 

Fault current division factor (split  
factor)  
 

15.1.3 

tc 
 

Duration of fault current for 
sizing ground conductor, s  
 

11.3 

tf 
 

Duration of fault current for 
determining decrement factor, s  
 

15.10 

ts 
 

Duration of shock for 
determining allowable body 
current, s  

5.2–6. 3 
 

 
16.5 Calculation of maximum step and mesh voltages 
 
Computer algorithms for determining the grid resistance and the mesh and step voltages have been 
developed in EPRI TR-100622 [B63]; Dawalibi and Mukhedkar [B42]; Garrett and Holley [B71]; Heppe 



 

 

[B81]; and Joy, Meliopoulos, and Webb [B91]. These algorithms required considerable storage capability 
and were relatively expensive to execute, but improvements in the solution algorithms and the proliferation 
of powerful desktop computers have alleviated most of these concerns.  
 
In some cases, it is not economically justifiable to use these computer algorithms, or the designer may not 
have access to a computer with the required capabilities. This subclause, in conjunction with Annex D, 
describes approximate equations for determining the design parameters and establishing corresponding 
values of Em and Es without the necessity of using a computer. 
 
16.5.1 Mesh voltage (Em) 
 
The mesh voltage values are obtained as a product of the geometrical factor, Km; a corrective factor, Ki, 
which accounts for some of the error introduced by the assumptions made in deriving Km; the soil 
resistivity, ?; and the average current per unit of effective buried length of the grounding system conductor 
(IG/LM). 
 
(80) 
 
Em = ?· Km· Ki· IG / LM  
 
 



 

 

 
 
Figure 33—Design procedure block diagram 
 
The geometrical factor Km (Sverak [B132]), is as follows: 
 
(81) 
 
For grids with ground rods along the perimeter, or for grids with ground rods in the grid corners, as well as 
both along the perimeter and throughout the grid area 
 
Kii = 1 



 

 

For grids with no ground rods or grids with only a few ground rods, none located in the corners or on the 
perimeter. 
 
(82) 
 

ho = 1m (grid reference depth)      (83) 
 
Using four grid shape components developed in Thapar, Gerez, Balakrishnan, and Blank [B144], the 
effective number of parallel conductors in a given grid, n, can be made applicable to rectangular or 
irregularly shaped grids that represent the number of parallel conductors of an equivalent rectangular grid. 
 
(84) 
 
Where 
 
(85) 
 
nb = 1 for square grids 
nc = 1 for square and rectangular grids 
nd = 1 for square, rectangular and L-shaped grids 
 
Otherwise 
 
(86) 
(87) 
(88) 
 
LC is the total length of the conductor in the horizontal grid in m 
Lp is the peripheral length of the grid in m 
A is the area of the grid in m2 
Lx is the maximum length of the grid in the x direction in m 
Ly is the maximum length of the grid in the y direction in m 
Dm is the maximum distance between any two points on the grid in m 
 
and D, h, and d are defined in Table 12. 
 
The irregularity factor, Ki, used in conjunction with the above defined n is 
 
(89) 
 
For grids with no ground rods, or grids with only a few ground rods scattered throughout the grid, but none 
located in the corners or along the perimeter of the grid, the effective buried length, LM, is  
 
(90) 
 
Where 
 
LR is the total length of all ground rods in m 
 
For grids with ground rods in the corners, as well as along the perimeter and throughout the grid, the 
effective buried length, LM, is  
 
(91) 
 
Where 
 



 

 

Lr is the length of each ground rod in m 
 
16.5.2 Step voltage (Es) 
 
The step voltage values are obtained as a product of the geometrical factor, Ks; the corrective factor, Ki; the 
soil resistivity, ?; and the average current per unit of buried length of grounding system conductor (IG/LS). 
 
(92) 
 
For grids with or without ground rods, the effective buried conductor length, LS, is  
 
(93) 
 
The maximum step voltage is assumed to occur over a distance of 1 m, beginning at and extending outside 
of the perimeter conductor at the angle bisecting the most extreme corner of the grid. For the usual burial 
depth of 0.25 m < h < 2.5 m (Sverak [B132]), Ks is  
 
(94) 
 
16.6 Refinement of preliminary design 
 
If calculations based on the preliminary design indicate that dangerous potential differences can exist 
within the substation, the following possible remedies should be studied and applied where appropriate: 
 
a) Decrease total grid resistance: A decrease in total grid resistance will decrease the maximum GPR and, 
hence, the maximum transferred voltage. The most effective way to decrease ground grid resistance is by 
increasing the area occupied by the grid. Deep driven rods or wells may be used if the available area is 
limited and the rods penetrate lower resistivity layers. A decrease in substation resistance may or may not 
decrease appreciably the local gradients, depending on the method used. 
 
b) Closer grid spacings: By employing closer spacing of grid conductors, the condition of the continuous 
plate can be approached more closely. Dangerous potentials within the substation can thus be eliminated at 
a cost. The problem at the perimeter may be more difficult, especially at a small substation when resistivity 
is high. However, it is usually possible, by burying the grid ground conductor outside the fence line, to 
ensure that the steeper gradients immediately outside this grid perimeter do not contribute to the more 
dangerous touch contacts. Another effective and economical way to control gradients is to increase the 
density of ground rods at the perimeter. This density may be decreased toward the center of the grid. 
Another approach to controlling perimeter gradients and step potentials is to bury two or more parallel 
conductors around the perimeter at successively greater depth as distance from the substation is increased. 
Another approach is to vary the grid conductor spacing with closer conductors near the perimeter of the 
grid (AIEE Working Group [B3]; Biegelmeier and Rotter [B8]; Laurent [B97]; Sverak [B131]).  
 
c) Diverting a greater part of the fault current to other paths: By connecting overhead ground wires of 
transmission lines or by decreasing the tower footing resistances in the vicinity of the substation, part of the 
fault current will be diverted from the grid. In connection with the latter, however, the effect on fault 
gradients near tower footings should be weighed. 
 
d) Limiting total fault current: If feasible, limiting the total fault current will decrease the GPR and all 
gradients in proportion. Other factors, however, will usually make this impractical. Moreover, if 
accomplished at the expense of greater fault clearing time, the danger may be increased rather than 
diminished. 
 
e) Barring access to limited areas: Barring access to certain areas, where practical, will reduce the 
probability of hazards to personnel. 
 
 



 

 

16.7 Application of equations for Em and Es  
 
Several simplifying assumptions are made in deriving the equations for Em and Es. The equations were 
compared with more accurate computer results from cases with various grid shapes, mesh sizes, numbers of 
ground rods, and lengths of ground rods, and found to be consistently better than the previous equations. 
These cases included square, rectangular, triangular, T-shaped, and L-shaped grids. Cases were run with 
and without ground rods. The total ground rod length was varied with different numbers of ground rod 
locations and different ground rod lengths. The area of the grids was varied from 6.25 m2 to 10 000 m2. 
The number of meshes along a side was varied from 1 to 40. The mesh size was varied from 2.5 m to 22.5 
m. All cases assumed a uniform soil model and uniform conductor spacing. Most practical examples of grid 
design were considered. The comparisons found the equations to track the computer results with acceptable 
accuracy. 
 
16.8 Use of computer analysis in grid design 
 
Dawalibi and Mukhedkar [B42]; EPRI TR-100622 [B63]; and Heppe [B80] describe computer algorithms  
for modeling grounding systems. In general, these algorithms are based on 
 
a) Modeling the individual components comprising the grounding system (grid conductors, ground rods, 
etc.). 
 
b) Forming a set of equations describing the interaction of these components. 
 
c) Solving for the ground-fault current flowing from each component into the earth. 
 
d) Computing the potential at any desired surface point due to all the individual components. 
 
The accuracy of the computer algorithm is dependent on how well the soil model and physical layout 
reflect actual field conditions. 
 
There are several reasons that justify the use of more accurate computer algorithms in designing the 
grounding system. These reasons include 
 
a) Parameters exceed the limitations of the equations.  
 
b) A two-layer or multilayer soil model is preferred due to significant variations in soil resistivity.  
 
c) Uneven grid conductor or ground rod spacings cannot be analyzed using the approximate methods of 
16.5. 
 
d) More flexibility in determining local danger points may be desired. 
 
e) Presence of buried metallic structures or conductor not connected to the grounding system, which 
introduces complexity to the system.  
 
17.  Special areas of concern 
 
Before the final grounding grid design calculations are completed, there still remains the important task of 
investigating possible special areas of concern in the substation grounding network. This includes an 
investigation of grounding techniques for substation fence, switch operating shafts, rails, pipelines, and 
cable sheaths. The effects of transferred potentials should also be considered. 
 
17.1 Service areas 
 



 

 

The problems associated with step and touch voltage exposure to persons outside a substation fence are 
much the same as those to persons within fenced substation areas. 
 
Occasionally, a fence will be installed to enclose a much larger area than initially utilized in a substation 
and a grounding grid will be constructed only in the utilized area and along the substation fence. The 
remaining unprotected areas within the fenced area are often used as storage, staging, or general service 
areas. Step and touch potentials should be checked to determine if additional grounds are needed in these 
areas. 
 
A reduced substation grid, which does not include the service area, has both initial cost advantages and 
future savings resulting from not having the problems associated with “working around” a previously 
installed total area grid system when future expansion is required into the service area. However, a reduced 
grid provides less personnel protection compared to a complete substation grid, which includes the service 
area. Also, because of the smaller area and less conductor length, a service area grid and reduced substation 
grid will have a higher overall resistance compared to a complete substation grid, which includes the 
service area. 
 
17.2 Switch shaft and operating handle grounding  
 
Operating handles of switches represent a significant concern if the handles are not adequately grounded. 
Because the manual operation of a switch requires the presence of an operator near a grounded structure, 
several things could occur that may result in a fault to the structure, thus subjecting the operator to an 
electrical shock. This includes the opening of an energized circuit, mechanical failure, electrical breakdown 
of a switch insulator, or attempting to interrupt a greater value of line-charging current or transformer 
magnetizing current than the switch can safely interrupt. 
 
It is relatively easy to protect against these hazards when the operating handle is within a reasonably 
extensive substation ground grid area. If the grounding system has been designed in accordance with this  
standard, touch and step voltages near the operating handle should be within safe limits. However, quite 
often additional means are taken to provide a greater safety factor for the operator. For example, the switch 
operating shaft can be connected to a ground mat (as discussed in 9.1.3) on which the operator stands when 
operating the switch. The ground mat is connected directly to the ground grid and the switch operating 
shaft. 
 
This technique provides a direct bypass to ground across the person operating the switch. The grounding 
path from the switch shaft to the ground grid must be adequately sized to carry the ground fault current for 
the required duration. Refer to Figure 34 for a typical switch shaft grounding practice. 
 
The practices for grounding switch operating shafts are varied. The results of a questionnaire issued in 1985 
indicated that 78 out of 79 utilities that responded required grounding of substation air switch operating 
shafts to the grounding grid. The methodology for accomplishing this grounding was almost equally 
divided among those responding to the questionnaire. Approximately half of the utilities provided a direct 
jumper between the switch shaft and the ground mat, while the other half provided a jumper from the 
switch shaft to the adjacent grounded structural steel. The steel is used as part of the conducting path. 
 
Approximately 90% of the utilities utilized a braid for grounding the switch shaft. The remaining 10% 
utilized a braidless grounding device. A typical braided ground is shown in Figure 35 and a braidless 
grounding device is shown in Figure 36. 
 

 



 

 

 
 

Figure 34—Typical switch shaft grounding  
 

 
 

Figure 35—Typical braided ground 



 

 

 
 

Figure 36—Typical braidless grounding device 
 
17.3 Grounding of substation fence
 
Fence grounding is of major importance because the fence is usually accessible to the general public. The 
substation grounding design should be such that the touch potential on the fence is within the calculated 
tolerable limit of touch potential. Step potential is usually not a concern at the fence perimeter, but should 
be checked to verify that a problem does not exist. 
 
Several philosophies exist with regard to grounding of substation fence. The National Electrical Safety 
Code® (NESC®) (Accredited Standards Committee C2-1997) requires grounding metal fences used to 
enclose electric supply substations having energized electrical conductors or equipment. This metal fence 
grounding requirement may be accomplished by bonding the fence to the substation grounding grid or to a 
separate underground conductor below or near the fence line using the methods described in the NESC. 
The various fence grounding practices are that the 
 

- Fence is within the ground grid area and is connected to the substation ground grid. 
- Fence is outside of ground grid area and is connected to the substation ground grid. 
- Fence is outside of ground grid area, but is not connected to the substation ground grid. The fence 

is connected to a separate grounding conductor. 
- Fence is outside of ground grid area, but is not connected to the substation ground grid. The fence 

is not connected to a separate grounding conductor. The contact of the fence post through the 
fence post concrete to earth is relied on for an effective ground. 

 
If the latter two practices on fence grounding are to be followed, i.e., if the fence and its associated grounds 
are not to be coupled in any way to the main ground grid (except through the soil), then three factors 
require consideration: 
 
Is the falling of an energized line on the fence a danger that must be considered? 
 



 

 

Construction of transmission lines over private fences is common and reliable. The numb er of lines 
crossing a substation fence may be greater, but the spans are often shorter and dead-ended at one or both 
ends. Hence, the danger of a line falling on a fence is usually not of great concern. If one is to design 
against this danger, then very close coupling of the fence to adjacent ground throughout its length is 
necessary. Touch and step potentials on both sides of the fence must be within the acceptable limit for a 
fault current of essentially the same maximum value as for the substation. This  is somewhat impractical 
because the fence is not tied to the main ground grid in the substation and the adjacent earth would be 
required to dissipate the fault current through the local fence grounding system.  
 
May hazardous potentials exist at the fence during other types of faults because the fence line crosses the 
normal equipotential contours? 
 
Fences do not follow the normal equipotential lines on the surface of the earth which result from fault 
current flowing to and from the substation grounding grid. If coupling of the fence to ground is based solely 
on the contact between the fence posts and the surrounding earth, the fence might, under a fault condition, 
attain the potential of the ground where the coupling was relatively good, and thereby attain a high voltage 
in relation to the adjacent ground surface at locations where the coupling was not as good. The current 
flowing in the earth and fence, and the subsequent touch voltage on the fence are less than would result 
from an energized line falling on the fence; however, the touch voltage may exceed the allowable value and 
would, hence, be unsafe. 
 
In practice, can complete metallic isolation of the fence and substation ground grid be assured at all times? 
 
It may be somewhat impractical to expect complete metallic isolation of the fence and the substation 
ground grid. The chance of an inadvertent electrical connection between the grid and the fence areas may 
exist. This  inadvertent electrical connection may be from metallic conduits, water pipes, etc. These metallic 
items could transfer main grid potential to the fence and hence dangerous local potential differences could 
exist on the fence during a fault. If the fence is not closely coupled to the nearby ground by its own 
adequate ground system then any such inadvertent connections to the main grid could create a hazard along 
the entire fence length under a fault condition. This hazard could be only partially negated by utilizing 
insulated joints in the fence at regular intervals. However, this does not appear to be a practical solution to 
the possible hazard. 
 
Several different practices are followed by various companies in regard to fence grounding. Some 
companies ground only the fence posts, using various types of connectors as described elsewhere in this 
guide. Other companies ground the fence posts, fabric and barbed wire. The grounding grid should extend 
to cover the swing of all substation gates. The gate posts should be securely bonded to the adjacent fence 
post utilizing a flexible connection. 
 
To illustrate the effect of various fence grounding practices on fence touch potential, five fence grounding 
examples were analyzed using computer analysis. The fence grounding techniques analyzed were  
 

- Case 1: Inclusion of fence within the ground grid area. The outer ground wire is 0.91 m outside of 
the fence perimeter. The fence is connected to the ground grid. Refer to Figure 37 and Figure 38 
for grid layout. 

 
- Case 2: Ground grid and fence perimeter approximately coincide. The outer ground wire is 

directly alongside the fence perimeter. The fence is connected to the ground grid. Refer to Figure 
39 and Figure 40 for grid layout. 

 
- Case 3: The outer ground grid wire is 0.91 m inside the fence perimeter. The fence is connected to 

the ground grid. Refer to Figure 41 and Figure 42 for grid layout. 
 

- Case 4: Ground grid is inside of fence area. The outer ground grid wire is 6.7 m inside the fence 
perimeter. The fence is connected to the ground grid. Refer to Figure 43 and Figure 44 for grid 
layout. 



 

 

 
- Case 5: Ground grid is inside of fence area. The outer ground grid wire is 6.7 m inside the fence 

perimeter. The fence is locally grounded but not connected to the ground grid. Refer to Figure 45 
and Figure 46 for grid layout. 

 
The fenced area for each case is a square having sides of 43.9 m. The test calculations are based on the 
following parameters:  
 

? = 60 O·m 
IG = 5000 A  
hs = 0.076 m 
rs = 3000 O·m, extending 0.91 m beyond the fence 
Rg = 0.66 W for cases 1–4 
Rg = 0.98 W for case 5 
ts = 0.5 s 
Df = 1.0 

 
The factor Cs for derating the nominal value of surface layer resistivity is dependent on the thickness and 
resistivity of the surface material and the soil resistivity, and is computed using Equation (29) and Figure 
11: 
 

K = 
s

s

??
??

?
?

 

 
 

 
 

Figure 37—Case 1, plot 1  



 

 

 
 

Figure 38—Case 1, plot 2  
 

 
 

Figure 39—Case 2, plot 1  
 



 

 

 
 

Figure 40—Case 2, plot 2  
 

 
 

Figure 41—Case 3, plot 1  
 



 

 

 
 

Figure 42—Case 3, plot 2  
 

 
 

Figure 43—Case 4, plot 1  
 



 

 

 
 

Figure 44—Case 4, plot 2  
 

 
 

Figure 45—Case 5, plot 1  
 



 

 

 
 

Figure 46—Case 5, plot 2  
 

 K = 
300060
300060

?
?

 = 0.961 

 
 Cs = 0.62 
 
The allowable step and touch voltages are calculated using Equation (29) and Equation (32). For test cases 
1–5: 
 

 Estep50 = (1000 + 6Cs · ?s) 0.116/ st  = 1995 V 

 

 Etouch50 = (1000 + 1.5Cs · ?s) 0.116 / st  = 622 V  

 
The actual step voltage Es and actual mesh voltage Em are calculated as a function of the GPR in percent, 
using the following equations: 
 

 Es = Rg · Ig 
? ?

f
g D

E

100

%
 

 

 Em = Rg · Ig 
? ?

f
m D

E
100

%
 

 
where  
 

Es (%) is the step potential in terms of percent of GPR 
Em (%) is the mesh potentials in terms of percent of GPR 

 



 

 

Equating the actual step and mesh voltage equations to the tolerable step and touch voltage values (Estep = 
Es and Etouch = Em) and solving for Es(%) and Em(%), the equations become 
 

Es (%) = 
? ?

fgg

step

DIR

E

??

100
 

 

Em (%) = 
? ?

fgg

touch

DIR
E

??
100

 

 
Substituting the assumed parameters for these test cases yields the following: 
 
For cases 1–4 
 

Es (%) = 60.5 
 
Em (%) = 18.8 

 
For case 5 
 

Es(%) = 40.7 
 
Em(%) = 12.7 

 
The actual step and mesh voltages as a percent of GPR must be less than 60.5% and 18.8%, respectively, 
for cases 1–4 and less than 40.7% and 12.7%, respectively, for case 5. 
 
For each test case, two voltage profiles were computed at the following locations: 
 

- A line parallel to and 0.91 m (3 ft) outside of fence. 
 

- A line through the grid from one side to the other, parallel to the grid wires. 
 
 
17.4  Results of voltage profiles for fence grounding
 
The results of the voltage profiles along the surface of the earth for test case 1 are shown in Figure 37 and 
Figure 38. The results for both profiles indicate that the touch potential on the fence for a person standing 
0.91 m from the fence (approximately one arm’s length) is less than the tolerable touch voltage and hence 
safe. The voltage profiles illustrate how the voltage above remote earth decreases rapidly as one leaves  the 
substation grounding grid area. As seen in Figure 37, the step voltage is no greater than 3–4% and is far 
below the tolerable step voltage percent of 60.5% of GPR. Because step voltage is usually not the concern 
in regard to fence grounding, it will not be analyzed in the remaining test cases. 
 
The results of the voltage profiles for test case 2 are shown in Figure 39 and Figure 40. The voltage profile 
in Figure 40 for a line through the grid from one side to the other indicates that the touch potential 0.91 m 
outside of the fence is very nearly equal to the allowable touch voltage. However, as seen in Figure 39 for a 
voltage profile along the fence and 0.91 m away from it, it is clear that the touch voltages on certain areas 
of the fence are not safe for a person to contact. By comparing Figure 37 and Figure 39, one can clearly see 
the effect of having a ground grid wire 0.91 m outside of the fence and around the fence perimeter. 
 
The results of the voltage profiles for test case 3 are shown in Figure 41 and Figure 42. These results are 
very similar to those of test case 2 and illustrate that the touch potential on the fence is generally not safe in 
several areas for a person to contact. 



 

 

 
The results of the voltage profiles for test case 4 are shown in Figure 43 and Figure 44. These results again 
illustrate that the touch potential on the fence during a fault condition is not safe to contact. It can be seen 
by comparing Figure 37, Figure 39, Figure 41, and Figure 43 that the touch potential along the length of the 
fence increases as the outer ground grid wire is moved inward toward the substation. 
 
The results of the voltage profiles for test case 5 are shown in Figure 45 and Figure 46. The tolerable touch 
voltage has decreased from 18.8% to 12.7% because of an increase in the substation grid resistance. The 
grid resistance increase is a result of less wire and reduced area in the grid for test case 5. According to the 
computer program results, the potential rise on the isolated, separately grounded fence during a ground 
fault condition is 43.7% of GPR, which is shown as a horizontal line on the graphs. The potential rise on 
the fence is caused by the coupling through the earth from the ground grid to the fence. As shown in Figure 
45, the potential rise on the earth 0.91 m beyond the fence corner caused by a ground fault condition is 
30.5% of GPR. The largest difference in voltage between the fence and the earth occurs at the corner and is 
13.2% of GPR, which is 0.5% greater than the allowable touch voltage of 12.7%. It is also important to 
note that if the fence should ever inadvertently become metallically connected to the ground grid, the 
potential on the fence could reach 100% of GPR and the results would be similar to those shown in case 4 
(Figure 43 and Figure 44). 
 
Test cases studied for an isolated ungrounded fence yield very similar results as the test cases run for an 
isolated, separately grounded fence shown in Figure 45 and Figure 46. 
 
17.5  Control cable sheath grounding
 
Metallic cable sheaths, unless effectively grounded, may attain dangerous voltages with respect to ground. 
These voltages may result from insulation failure, charges due to electrostatic induction, and flow of 
currents in the sheath, or from the voltage rise during faults discharging to the substation ground system to 
which the sheaths are connected. All grounding connections should be made to the shield in such a way as 
to provide a permanent low-resistance bond. The wire or strap used to connect the cable shield ground 
connection to the permanent ground must be sized to carry the available fault current. 
 
Sheath currents on single-conductor cables can be reduced by grounding one end of the sheaths only, when 
the cable length is not excessive. For long cables, the sheath should be grounded at both ends and at each 
splice. Refer to IEEE Std 525-1992. 
 
The sheaths of shielded control cables should be grounded at both ends to eliminate induced potentials. If  
the control cable sheath is grounded at widely separated points, large potential gradients in the ground grid 
during faults may cause excessive sheath currents to flow. One solution is to run a separate conductor in 
parallel with the control cable connected to the two sheath ground points. The current will then be diverted 
away from the sheath. This separate conductor (usually bare copper) is typically routed along the top of the 
inside wall of the cable trench or above direct-buried conductors. 
 
Nonshielded cables are subject to transient induced voltage magnitudes of 190% or more than the induced 
voltages on shielded cables (Mitani [B109]). Induced voltages in nonshielded cables can be reduced by as 
much as 60% by grounding both ends of an unused wire. The effects of fault currents on the conditions to 
be encountered with any of these grounding arrangements can only be determined by careful analysis of 
each specific case. 
 
17.6  GIS bus extensions
 
A number of unique problems are encountered in the grounding of a GIS vis -a-vis conventional 
substations. The grounded metal enclosure of GIS equipment can be a source of dangerous touch voltages 
during fault conditions. Refer to Clause 10 for techniques of evaluating touch voltages in GIS. 
 



 

 

17.7  Surge arrester grounding
 
Surge arresters should always be provided with a reliable low-resistance ground connection. Arresters 
should be connected as close as possible to the terminals of the apparatus to be protected and have as short 
and direct a path to the grounding system as practical. While many utilities provide separate ground leads 
from arresters mounted on metal structures, other utilities use the arrester mounting structures as the surge 
arrester ground path because the large cross section of the steel members provides a lower resistance path 
than a copper cable of the usual size. In these cases it is important to ensure adequate electric connections 
from the structure to both arrester ground lead and ground grid; and also to be sure that the steel 
crosssectional area is adequate for conductivity, and that no high resistance is introduced into joints from 
paint films, rust, etc. 
 
17.8  Separate grounds
 
The practice of having separate grounds within a substation area is rarely used for the following reasons: 
 

a) Higher resistances for separate safety and system grounds are produced than would be the case for 
a single uniform ground system. 

 
b) In the event of insulation failures in the substation, high currents could still flow in the safety 

ground. 
 

c) Because of a high degree of coupling between separate electrodes in the same area, the safety 
objective of keeping the GPR of the safety grounds low for line faults would not be accomp lished. 

 
d) Often dangerous potentials would be possible between nearby grounded points because 

decoupling of the separate grounds is possible, at least to some extent. 
 
17.9  Transferred potentials
 
A serious hazard may result during a ground fault from the transfer of potential between the substation 
ground grid area and outside locations. This transferred potential may be transmitted by communication 
circuits, conduit, pipes, metallic fences, low-voltage neutral wires, etc. The danger is usually from contact 
of the touch type. A transferred potential problem generally occurs when a person standing at a remote 
location away from the substation area touches a conductor connected to the substation grounding grid. The 
importance of the problem results from the very high magnitude of potential difference, which is often 
possible. This potential difference may equal or exceed (due to induced voltage on unshielded 
communication circuits, pipes, etc.) the GPR of the substation during a fault condition. The basic shock 
situation for transferred potential is shown in Figure 12. 
 
An investigation into possible transferred potential hazards is essential in the design of a safe substation 
grounding network. Various means can be taken to protect against the danger of transferred potentials. The 
following subclauses offer a brief discussion of the various transferred potential hazards and means to 
eliminate the hazard. 
 
17.9.1  Communication circuits 
 
For communications circuits, methods have been developed involving protective devices and isolating and 
neutralizing transformers to safeguard personnel and communications terminal equipment. These will not 
be discussed here except to emphasize the importance of adequate insulation and isolation from accidental 
contact of any of these devices and their wiring, which may reach a high voltage with respect to local 
ground. The introduction of fiber optics to isolate the substation communications terminal from the remote 
terminal can eliminate the transfer of high potentials. Fiber optics should be considered when potentials 
cannot be easily controlled by more conventional means. Refer to IEEE Std 487-1992 for more detailed 
information. 



 

 

 
17.9.2  Rails 
 
Rails entering the substation can create a hazard at a remote point by transferring all or a portion of the 
GPR from the substation to a remote point during a ground fault. Similarly, if grounded remotely, a hazard 
can be introduced into the substation area by transferring remote earth potential to within the substation. 
These hazards can be eliminated by removing the track sections into the substation after initial use, or by 
using removable track sections where the rails leave the ground grid area. However, insulating flanges, as 
discussed in the following paragraphs, should also be utilized to provide as much protection as possible 
when the railroad track is intact for use. 
 
Insulating splices or flanges are manufactured by a variety of vendors. The general practice is to install two 
or three sets of these devices such that a rail car would not shunt a single set. Investigation of these 
insulating splices has shown that they are primarily designed for electrical isolation of one track from 
another for signal scheme purposes. The typical insulated joint consists of a section of track made from an 
insulated material called an end post, installed between rail ends. The side members bolting the joint are 
also insulated from the rail sections. The breakdown voltage of the insulating joints should be considered in 
each application. The insulating joints must be capable of withstanding the potential difference between 
remote earth and the potential transferred to the joint. 
 
It should be noted, however, that insulating flanges are not recommended as the primary means of 
protection, as they may create their own hazardous situations (Garrett and Wallace [B72]). If the track 
sections outside the substation and beyond the insulating flange are in contact with the soil, a hazardous 
voltage may exist between that rail section and a rail section or perimeter fence grounded to the substation 
grid during a fault. If the rails are not bonded to the substation grid, a hazardous voltage may exist between 
the rails and grounded structures within the substation during a fault. Other situations are discussed in 
Garret and Wallace [B72] that may result in hazardous voltages. Thus, removal of rail sections at the 
perimeter of the grounding system is recommended. 
 
17.9.3 Low-voltage neutral wires 
 
Hazards are possible where low-voltage feeders or secondary circuits, serving points outside the substation 
area, have their neutrals connected to the substation ground. When the potential of the substation ground 
grid rises as the result of ground-fault current flow, all or a large part of this potential rise may then appear 
at remote points as a dangerous voltage between this “grounded” neutral wire and the adjacent earth; 
moreover, where other connections to earth are also provided, the flow of fault current through these may, 
under unfavorable conditions, create gradient hazards at points remote from the substation. 
 
To avoid these difficulties, the low voltage neutral may be isolated from ground at the substation itself;  
always provided, however, that this does not result in slowing down the clearing time for low voltage faults 
to the point where the total hazard is increased rather than diminished. If the low-voltage neutral is isolated 
from that substation ground, it then becomes necessary to avoid hazards at the substation due to the 
introduction, via the neutral wire, of remote earth potential. This implies that this neutral, in and near the 
substation, should be treated as a “live” conductor. It should be insulated from the substation ground 
system by insulation adequate to withstand the GPR; and it should be located so as to minimize the danger 
of being contacted by personnel. 
 
17.9.4 Portable equipment and tools supplied from substation 
 
Similar hazards need to be considered in the case of portable mining, excavating, or material handling 
equipment, or portable tools, which are supplied electrically from the substation and are used outside of the 
area of the grid where the mesh potential is held within safe limits. Such loads are often supplied by 
temporary pole lines or long portable cables. An example is often seen when an addition to an existing 
substation is  being constructed. 
 



 

 

A hazardous transferred potential might appear between equipment and the nearby earth during a fault, if 
the neutral or grounding wire to the equipment is also connected to the substation ground. In cases such as 
these, it is common to isolate the supply circuits from the substation ground; to ground the neutrals and 
equipment to earth at the site of the work; and to make sure that the maximum fault current to the local 
ground is limited to a low value that will not itself cause gradient hazards. 
 
17.9.5  Piping  
 
Pipelines and metallic conduits should always be connected to the substation grounding system to avoid 
hazards within the substation area. Transferred potentials may be reduced or stopped at the substation 
boundary by inserting insulating sections of sufficient length to avoid shunting by the adjacent soil. The 
insulating sections must be capable of withstanding the potential difference between remote earth and the 
substation. 
 
17.9.6  Auxiliary buildings 
 
Auxiliary buildings can be treated as part of the substation for grounding purposes, or as separate 
installations, depending on circumstances. If the buildings and substation are relatively close, and 
especially if the buildings are lin ked directly to the substation by water pipes, cable sheaths, phone lines, 
etc., it is appropriate to treat such buildings and their immediate area as part of the substation. As such, the 
buildings should be grounded using the same safety criteria as the substation. If the buildings are not as 
close, and if such conducting links are lacking, it may be decided to treat such buildings as separate units 
with their own local safety grounds. If served electrically from the substation, they should have their own 
distribution transformers of a type to provide adequate insulation against transfer of the substation GPR. 
Secondary neutrals  would, in this case, be connected to the local ground at the auxiliary buildings only. 
 
17.9.7 Fences  
 
Substation fences have been extended to other areas of a site at some locations. This also presents a 
possible transferred potential hazard if the fence is connected to the substation grounding grid. 
 
To lessen this hazard, the substation fence should be insulated from the fence leaving the substation area. It 
is recommended that insulating sections be installed to prevent the transfer of potential through the soil and 
large enough to prevent someone from bridging the insulating section. 
 
An example of the potential profile of a fence connected to a substation grounding grid and leaving the 
substation area is shown in Figure 47. As can be seen, the touch potential on the fence after it leaves the 
substation grid area of influence is not safe to contact. 
 



 

 

 
 
Figure 47—Transfer potential on a fence 
 



 

 

18.  Construction of a grounding system 
 
The method of construction, or combination of methods chosen, will depend on a number of factors, such 
as size of a grid, type of soil, size of conductor, depth of burial, availability of equipment, cost of labor, and 
any physical or safety restrictions due to nearby existing structures or energized equipment. 
 
There are two commonly employed methods to install the ground grid. These are the trench method and the 
cable plowing method. Both of these methods employ machines. Where these machines are not employed 
due to lack of space to move them or small size of the job site, the ground grid is installed by hand digging. 
 
18.1  Ground grid construction—trench method
 
Flags are staked on the perimeter along two sides to identify the spacing between parallel conductors. 
These markers also serve as a guide for the trenching machine. The trenches are dug using a trenching 
machine usually along the side having the larger number of parallel conductors. These trenches are dug to 
the specified depth (usually about 0.5 m). Conductors are installed in these ditches and ground rods are 
driven and connected to the conductors. Pigtails for equipment grounds may also be placed at this time. 
These initial ditches are then backfilled with dirt up to the location of the cross connections. 
 
The next step is to dig cross-conductor ditches (often to a shallower depth), once again using markers as a 
guide. Care must be taken when digging these ditches to avoid snagging the conductor laid in the backfilled 
ditches at cross points. The conductors are installed in the ditches and any remaining ground rods are 
driven and connected to the conductors. Remaining pigtails are also connected to these conductors. Cross-
type connections are made between perpendicular conductor runs. The ditches are then backfilled with dirt. 
 
An alternative method consists of confining the work to a small section of the total yard and completing 
this  section entirely before moving to a new area. In this event, the trenches are all dug at the same depth 
prior to any conductor being placed. Installation of conductors and ground rods are the same as described in 
the preceding paragraphs. 
 
18.2  Ground grid construction—conductor plowing method
 
Another procedure for the installation of ground conductors, which may prove economical and quick when 
conditions are favorable and proper equipment is available, is to plow the conductors in. A special narrow 
plow is used, which may be either attached to, or drawn by, a tractor or four-wheel drive truck, if there is  
sufficient maneuvering room. The plow may also be drawn by a winch placed at the edge of the yard. The 
conductor may be laid on the ground in front of the plow, or a reel of conductor may be mounted on the 
tractor or truck, or on a sled pulled ahead of the plow. The conductor is then fed into the ground along the 
blade of the plow to the bottom of the cut. Another method is to attach the end of the conductor to the 
bottom of the plow blade, and pull it along the bottom of the cut as the plow progresses. In this case, care 
should be taken to ensure that the conductor does not work its way upward through the loosened soil.  
 
The cross conductors are plowed in at slightly less depth to avoid damage to previously laid conductors. 
The points of crossing, or points where ground rods are to be installed, are then uncovered, and connections 
are made as described in 18.3. 
 
With adequate equipment, and the absence of heavy rock, this method is suitable for all of the conductor 
sizes and burial depths normally used. The reader can find additional information in IEEE Std 590-1992 
[B85]. 
 
18.3  Installation of connections, pigtails, and ground rods
 
Once the conductors are placed in their trenches, the required connections are then made. Generally, the 
points of crossing require a cross-type connection, while tee connections are used for taps to a straight 



 

 

conductor run located along the perimeter. Types of connections are many and varied and depend on the 
joint, the material being joined, and the standard practice of the utility concerned (see 11.4).  
 
Pigtails are left at appropriate locations for grounding connections to structures or equipment. These 
pigtails  may be the same cable size as the underground grid or a different size depending on the number of 
grounds per device, the magnitude of the ground fault current, and the design practices of the utility 
concerned. The pigtails are then readily accessible after backfilling to make above-grade connections. 
 
The installation of the ground rods is usually accomplished by using a hydraulic hammer, air hammer, or 
other mechanical device. The joining of two ground rods is done either by using the exothermic method or 
a threaded or threadless coupler. The connection between the ground rod and grid conductor can be made 
using various methods. 
 
18.4  Construction sequence consideration for ground grid installation
 
A ground grid is normally installed after the yard is graded, foundations are poured, and deeper 
underground pipes and conduits are installed and backfilled. The security fence may be installed before or 
after the ground grid installation. In cases where deeper underground pipes and conduits are not installed 
before ground grid installation, an attempt should be made to coordinate the trenching procedure in a 
logical manner.  
 
18.5  Safety considerations during subsequent excavations
 
As shown in 7.4, the insulating value of a layer of clean surface material or gravel is an aid to safety under 
ground fault conditions. Therefore, when an excavation is necessary after a rock surfacing has been 
applied, care should be taken to avoid mixing the lower resistivity soil from the excavation with the 
surrounding rock surfacing material.  
 
During subsequent excavations there are more chances to snag the ground conductor. In such a case a 
check should be made to determine if there is a break in the conductor and joints. A break in the conductor 
or joints, or both, must be immediately repaired. A temporary ground connection should be placed around 
the break before it is repaired. The temporary ground connection should be suitable for the application and 
installed according to safe grounding practices, because a voltage may exist between the two ground 
conductor ends. 
 

19.  Field measurements of a constructed grounding system 
 
19.1  Measurements of grounding system impedance
 
As has already been indicated, only approximate results can usually be expected from a precalculation of 
substation ground impedance. A careful measurement of the impedance of the installation as constructed is 
therefore desirable, though not always practical if the grid is connected to or influenced by other buried 
metallic structures. 
 
In this clause only general methods are discussed. For more detailed information refer to IEEE Std 81-
1983. Several important points of this guide have been used here, where applicable. While in this clause the 
ohmic value is referred to as resistance, it should be remembered that there is a reactive component that 
should be taken into consideration when the ohmic value of the ground under test is less than 0.5 O, and the 
area is  relatively large. This reactive component has little effect on grounds with an impedance higher than 
0.5 O. 
 
19.1.1 Two-point method 
 



 

 

This method measures the total resistance of the grounding system and an auxiliary ground. The measured 
value in ohms is then expressed as the resistance of the grounding system because the resistance of the 
auxiliary ground is presumed to be negligible. 
 
This method is subject to large errors for a low value of the grounding system resistance or when grounds 
are close to each other, but it may be useful if a “go or no go” type of test is all that is needed. 
 
19.1.2 Three-point method 
 
This method involves the use of two test electrodes with their resistances designated as r2 and r3 and with 
the electrode to be measured designated as r1. The resistance between each pair of electrodes is measured 
and designated as r12, r13, and r23, where r12 = r1 + r2, etc. Solving the simultaneous equations, it follows 
that  
 

r1 = 
? ? ? ? ? ?

2
231312 rrr ??

        (95) 

 
Therefore, by measuring the resistance of each pair of ground electrodes in series and substituting these 
values in Equation (95), the value of r1 can be determined. 
 
If the two test electrodes have substantially higher resistances than the electrode under test, the errors of the 
individual measurements will be greatly magnified in the final results. In addition, this method can give 
erroneous values, such as zero or negative resistance, if the electrodes are not separated by a sufficiently 
large distance. Consequently, this method becomes difficult for large substations. 
 
19.1.3  Ratio method 
 
This method compares the resistance of the electrode under test to that of a known resistance, generally by 
the same electrode configuration as in the fall-of-potential method described in 19.1.5. Being a comparison 
method, the ohmic readings are independent of the test current magnitude provided that the test current is  
high enough to give adequate sensitivity. 
 
19.1.4  Staged-fault tests 
 
It may be necessary to stage a high-current test where specific information is desired for a particular 
grounding design. This test would also give quantities from which the ground impedance could readily be 
determined. 
 
This type of test would require the use of an oscilloscope that would record the voltage between selected 
points. However, the magnitude of the voltage may be quite large and require a potential transformer to 
step down the voltage to a manageable level. The maximum voltage and potential transformer ratio should 
be determined in advance of the staged-fault test so that no test equipment is overstressed. The fall-of-
potential test can be used to determine the expected voltage of a staged-fault test. 
 
The location of the actual points to be measured is, of course, dependent on the information desired; but in 
all cases due allowance should be made for coupling between test circuits. 
 
19.1.5  Fall-of-potential method 
 
This method has several variations and is applicable to all types of ground resistance measurements (see 
Figure 48). Basically, the ground resistance measurement consists of measuring the resistance of the 
grounding system with respect to a remote ground electrode. The remote electrode is theoretically at an 
infinite distance from the grounding system where the earth current density approaches zero. Although the 
fall-of-potential method is universally used, it presents many difficulties and sources of error when used to 



 

 

measure the resistance of large grounding systems usually encountered in practice. These difficulties occur 
mainly because of the size and configuration of the grounding system and soil heterogeneity. 
 

 

 
 

Figure 48-(a) Fall of potential method and (b) Earth surface potentials for various spacings "X" 
 
If the distance D is large enough with respect to the grounding system, the center part of the fall-of-
potential curve tends to be nearly horizontal, but it may appear to do so also because of lack of sensitivity 
of the instruments used. It is usually accepted, although not always correctly, that the nearly horizontal 
section of the curve gives the resistance Rg. For large grounding systems, large distances D may not be 
practical or even possible and as a result, the nearly horizontal section of the curve will not exist. In this 
case, accurate measurements will not be obtained unless one has already a good idea of the exact probe 
position P. 
 
For measuring resistance, the current source is connected between the substation ground mat E and a 
current electrode located at a distance of several hundred meters from the substation. The potential-
measuring circuit is then connected between the substation mat E and a potential electrode P, with 
measurements being made at various locations of the electrode outside the substation. This potential 
electrode may be moved toward the current electrode in equal increments of distance, starting near the 
substation, and the resistance readings obtained at the various locations may be plotted against distance 
from the substation. The resulting graph should resemble curve EPC of Figure 48(b). From E to P, the 
voltage per ampere of test current rises, but the voltage gradient decreases reaching a minimum at P. 
Continuing toward C, the effect of current converging on the current test probe becomes apparent and a 
rising voltage gradient is observed as the current probe is approached. The slowly rising, nearly horizontal 
portion of the graph, if any, represents a zone where the interaction of the tested and return electrodes is 
small. When the return electrode is placed at a finite distance from the grounding system and the potential 
probe is driven at a specific location, then an accurate measurement of the resistance is obtained. 
Unfortunately, the exact location of the potential electrode is well defined only for some ideal cases such as 
hemispherical or very small electrodes buried in uniform or two layer soils (Dawalibi and Mukhedkar 
[B39][B44]). The case of a large grounding system buried in uniform soil assuming uniform current density 



 

 

distribution in the conductors has been analyzed by Curdts and Tagg [B23][B137][B138][B139]. In 
practice, however, grounding systems consist of a complex arrangement of vertical ground rods and 
horizontal conductors, usually buried in nonuniform soils.  
 
For large grounding grids the spacings required may not be practical or even possible, especially where the 
transmission line overhead ground wires and feeder neutrals connected to substation ground effectively 
extend the area of influence. Consequently, the so-called flat portion of the curve will not be obtained and 
other methods of interpretation must be used. Previous work has shown that when soil is not uniform and 
separation is not large compared to ground system dimensions, the 61.8% rule, which corresponds to the so 
called flat portion of the curve, may no longer apply (Dawalibi and Mukhedkar [B39][B44]). Locations 
varying from 10% to 90% were found to be quite possible. These methods are discussed in IEEE Std 81-
1983. 
 
It should be noted that placement of the potential probe P at the opposite side with respect to electrode C 
(that is, at P2) will always result in a measured apparent resistance smaller than the actual resistance. In 
addition, when P is located on the same side as electrode C (that is, at P1), there is a particular location that 
gives the actual resistance. 
 
The primary advantage of the fall-o f-potential method is that the potential and current electrodes may have 
substantially higher resistance than the ground system being tested without significantly affecting the 
accuracy of the measurements. 
 
19.2  Field survey of potential contours and touch and step voltages
 
The best assurance that a substation is safe would come from actual field tests of step and touch voltages 
with a heavy current load on the ground mat. Because of the expense, few utilities are likely to make these 
tests as a routine practice. If, however, large discrepancies between calculated and measured resistance or 
known anomalies in the ground resistivities throw doubt on the calculated step and touch voltages, then 
such tests may be considered. This is especially true when the computed values are close to tolerable limits, 
and further improvement of the ground to provide a larger safety factor would be difficult or costly. 
 
In such situations, it may be worthwhile to load the grounding system with a test current (preferably in the 
order of about 100 A) and actually take measurements of potential gradients at selected locations 
throughout the substation and around its perimeter. An EPRI project (EPRI TR-100622 [B63]) included 
such a field test. The project included comparisons of the field test results with a computer solution. The 
method of measurement was found to be quite feasible and gives good results (EPRI TR-100622 [B63]; 
Patel [B120]; Meliopoulos, Patel, and Cokkonides [B106])  
 
The basic method for such gradient measurements involves passing a test current through the substation 
ground via a remote current electrode, as in substation ground resistance measurements, and measuring the 
resulting touch and step voltages. To obtain the potentials existing under actual fault conditions, the test 
values are multiplied by the ratio of actual ground-fault current to test current. 
 
Since the potentials of interest are those existing at the surface of the earth, the potential probe used is of a 
type that makes a surface contact. 
 
The relatively high contact resistances involved generally rule out the use of instruments designed for 
ground resistance measurements since they operate over a limited range of potential probe resistance. To 
use a voltmeter-ammeter method, it is usually necessary to have a high-impedance voltmeter, and use test 
currents high enough to overcome the effects of residual ground currents. 
 
Several methods of measuring and recording voltages may be used. Using a high-impedance voltmeter, 
profiles and contours of open-circuit contact voltages may be plotted for the entire substation. By assuming 
suitably conservative values of body-and-foot-to-ground resistances, and safe body current, the maximum 
safe value to open-circuit contact voltage can be determined and hazardous touch and step voltages can be 
located on the potential map. 



 

 

 
Langer [B96] and Bodier [B15] have described measurement techniques in which the effect of actual 
contact and body resistances are simulated. The operator wears rubber gloves and rubber-soled boots 
equipped with metallic-mesh contact surfaces. Voltages between these metal contact surfaces are measured 
by a vacuum tube voltmeter shunted by a resistance equal to an assumed value of body resistance and 
current is measured by a milliammeter. The ratio of shock current to total ground current is thus 
determined. More recent test and results are described in EPRI TR-100863 [B64]. 
 
By including foot-to-earth contact resistances as a part of the test procedure, the effect of variations in 
surface conductivity is taken into account. Thus, the additional safety factor provided by surface coverings 
of surface material, pavement, etc., is included in the test results. 
 
Additional information on making field measurements of potentials is available in IEEE Std 81-1983. 
 
19.3  Assessment of field measurements for safe design
 
With the figure for measured resistance available, the maximum GPR can be recalculated. If substantially 
different from that based on the computed resistance, the precautions taken against transferred potentials 
may need review. 
 
The measured resistance does not provide a direct means of rechecking the computed step and touch 
potentials, as these are derived from the resistivity. However, if the difference between the computed and 
measured substation grid resistance is very large, the resistance or resistivity figures may come under 
suspicion, the latter being, in general, less reliable. Each case will have to be judged on its merits to 
determine whether the discrepancy is such as to warrant further investigation or additional measurement of 
the resistivities, employment of larger safety factors, or direct measurement of danger potentials or shock 
currents as described in 19.2. 
 
19.4  Ground grid integrity test
 
Many times, solid-state relays, telephone equipment, event recorder circuits, or power supply units in the 
control house get damaged due to a lightning surge or a fault if the substation has a poor grounding system. 
Typically, the ground grid integrity test is performed following such an event. Evaluation of older ground 
grids using this test is also common in the utility industry. Sometimes, following an installation of a large 
ground grid, this test is performed to ensure the integrity before the substation is approved for operation. 
The integrity test is a necessity to detect any open circuit or isolated structure or equipment in a substation. 
 
A typical test set is comprised of a variable voltage source (0–35 V, 0–300 A), voltage and current 
measuring devices, and two test leads. One of the two test leads is connected to a reference ground riser, 
generally a transformer case ground. The other test lead then connects to the ground riser to be tested. The 
test consists  of flowing 300 A (typically) between the connected risers and measuring the voltage drop 
across the ground circuit including the test leads. The measurement of the current division at the ris er being 
tested using a clamp-on ammeter provides additional data to evaluate the ground path. Keeping the 
reference riser connected, the second test lead is moved around to test risers at other equipment and 
structures until the entire substation ground grid is tested. Often, a cable tracer is employed to locate the 
unknown or broken ground conductor. The cable tracer detects the magnetic field produced by the test 
current and generates an equivalent noise, which can be heard through headphones. Absence of the noise is 
indicative of a broken ground wire or open connection. 
 
It is necessary to determine the voltage drop of the test leads. This is done by shorting the leads across the 
test set and measuring the voltage drop by flowing 300 A in the loop. This one-time measurement yields 
the series impedance of the test leads. To obtain a correct impedance value, the test lead impedance is 
subtracted from the measured impedance between the risers. Though the integrity test is the most practical 
and convenient test to perform, its results can only be analyzed subjectively. One way to evaluate a ground 
grid is  to compare the impedance values with each other and determine the test risers, which have 



 

 

abnormally high impedance values. One can also evaluate a ground grid by comparing the voltage drop 
with a known reference value (typically 1.5 V/50 ft between test risers) and determining the weak ties 
between the risers. Measured current divisions can indicate if there is a high impedance or open path in 
either direction. More information on this method can be found in Gill [B76].  
 
19.5  Periodic checks of installed grounding system
 
Some utilities recheck substation ground resistance periodically after completion of construction. It is also 
well advised to review the ground system from time to time for possible changes in system conditions that 
may affect the maximum value of ground current, as well as extensions to the substation itself that may 
affect the maximum current, the substation ground resistance, or local potential differences. 
 
20.  Physical scale models 
 
It often is difficult to draw valid conclusions concerning a general grounding problem solely from actual 
field data. The lack of consistent results caused by the inability to control the test, such as weather 
conditions, and other variables affecting the condition of the soil, and difficulties in data collecting, all 
hamper the ability to run and duplicate tests. Because it is helpful to have verification of theoretical 
assumptions or computer techniques, or both, scale models have been used to bridge the gap. The use of 
small models can be used to determine the resistance and potential profiles of ground grid arrangements. 
 
The early scale model tests used water to represent uniform soil. The use of small models in large tanks 
gave consistent results and enabled various models and conditions to be tested and the effects of different 
parameters to be observed. 
 
In the late 1960s, a two-layer laboratory model was developed at École Polytechnique to verify computer 
techniques. This method used concrete blocks to represent the lower layer of soil (Mukhedkar, Gervais, and 
Dejean [B111]). A technique later developed by Ohio State University used agar, a gelatin-like substance 
frequently used in biological studies, to simulate the lower levels of soil. In this project, accurate uniform 
and two-layer soil models were used to study the effects of many parameters on resistance and surface 
potentials (EPRI EL-3099 [B61]). 
 
The results of model tests have shown that scale models can be effectively used for parametric studies for 
grounding grid design and for verifying computer simulations of ground grid parameters (Sverak, Booream,  
and Kasten [B134]). 
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Annex B 
(informative) 
 
Sample calculations  
 
This annex illustrates the application of equations, tables, and graphs for designing a substation grounding 
system. The specific objectives are as follows: 
 

a) To show the application of principal equations of this guide for several refinements of the design 
concept toward a satisfactory final design solution. 

 
b) b) To illustrate the typical differences to be expected between results obtained using the simplified 

calculations of this guide and the more rigorous computer solutions. 
 

c) c) To illustrate such design conditions for which the use of simplified calculations of this guide 
would not be appropriate for a safe design, as some of the equations may only be used with 
caution. 

 
In view of these objectives, the following series of examples (B.1–B.4) neither represents, nor is intended 
to be, the best or most efficient way to design a grounding system.  
 
A computer-based grounding program described in EPRI TR-100622 [B63] was used to model the grids in 
these examples. 
 
For the series of examples (B.1–B.4), the design data are as follows: 
 

Fault duration tf = 0.5 s 
 
Positive sequence equivalent system impedance Z1 = 4.0 + j10.0 O (115 kV side) 
 
Zero sequence equivalent system impedance Z0 = 10.0 + j40.0 O (115 kV side) 
 
Current division factor Sf = 0.6 
 
Line-to-line voltage at worst-fault location = 115,000 V 
 
Soil resistivity ? = 400 O·m 
 
Crushed rock resistivity (wet) ?s = 2500 O·m 
 
Thickness of crushed rock surfacing hs = 0.102 m (4 in) 
 
Depth of grid burial h = 0.5 m 
 
Available grounding area A = 63 m ? ?84 m 
 
Transformer impedance, (Z1 and Z0) = 0.034 + j1.014 O (13 kV) 
(Z = 9% at 15 MVA, 115/13 kV) 

 
The crushed-rock resistivity is assumed to be a conservative estimate based on actual measurements of 
typical rock samples. The equivalent system fault impedances and current division factor Sf are determined 
for the worst-fault type and location, including any conceivable system additions over the next 25 years. 
Thus, no additional safety factor for system growth is added. In addition, it is assumed that the substation 
will not be cleared by circuit breakers with an automatic reclosing scheme. Thus, the fault duration and 
shock duration are equal. 



 

 

 
B.1  Square grid without ground rods—Example 1
 
Using the step-by-step procedure as described in 16.4 and illustrated in Figure 33, the following design 
evaluations can be made. 
 
Step 1: Field data. Although the substation grounding grid is to be located within a rectangle of 63 m x ?84 
m (5292 m2 ), for the initial design assessment it may be expedient to assume a square 70 m x ?70 m grid 
with no ground rods. Consequently, the area occupied by such a grid is A = 4900 m2. An average soil 
resistivity of 400 O·m is assumed, based on soil resistivity measurements. 
 
Step 2: Conductor size. Ignoring the station resistance, the symmetrical ground fault current If ˜  3I0, is 
computed using Equation (67) 
 

I0 = ? ? ? ?0210213 XXXjRRRR
E

f ???????
    (B.1) 

 
For the 115 kV bus fault  
 

 3I0 = 
? ?? ?

? ? ? ? ? ?0.400.100.100.100.40.403
3/000,1153

?????? j
 

 
and, hence 
 
|3I0| = 3180 A, and the X/R ratio = 3.33 
 
For the 13 kV bus fault, the 115 kV equivalent fault impedances must be transferred to the 13 kV side of 
the transformer. It should be noted that, due to the delta-wye connection of the transformer, only the 
positive sequence 115 kV fault impedance is transferred. Thus 
 

Z1 = 
2

115
13

?
?
?

?
?
?

(4.0 + j10.0) + 0.034 + j1.014 = 0.085 + j1.142 

 
Z0 = 0.034 + j1.014 
 

3I0 = 
? ?? ?

? ? ? ? ? ?014.1142.1142.1034.0085.0085.003
3/000,133

?????? j
  

 
and, hence 
 

|3I0| = 6814 A, and the X/R ratio is 16.2 
 
The 13 kV bus fault value of 6814 A should be used to size the grounding conductor. 
 
Using Table 10 for a fault duration of 0.5 s, the decrement factor Df is approximately 1.0; thus, the rms  
asymmetrical fault current is also 6814 A. This current magnitude will be used to determine the minimum 
diameter of ground conductors. 
 
Assuming the use of copper wire and an ambient temperature of 40 °C, Equation (42) and Table 2 are used 
to obtain the required conductor cross-sectional area. For 0.5 s and a melting temperature of 1084 °C for 
hard-drawn copper, the required cross-sectional area in circular mils is  



 

 

 

Akcmil = I · Kf ct         (B.2) 

 

Akcmil = 6.814 · 7.06 5.0 = 34.02kcmil 
 
34.02 kcmil = 17.2 mm2  

 
Because Amm2 = pd2/4, the conductor diameter is approximately 4.7 mm, or 0.0047 m if it is solid 
conductor. 
 
Based on this computation, a copper wire as small as size #4 AWG could be used, but due to the 
mechanical strength and ruggedness requirements, a larger 2/0 AWG stranded conductor with diameter d = 
0.0105 m (0.414 in) is usually preferred as a minimum. 
 
Consequently, at this stage, the designer may opt to check if, alternately, the use of a less conductive (30%) 
copper-clad steel wire and the imposition of a more conservative maximum temperature limit of 700 oC 
will still permit the use of a conductor with diameter d = 0.01 m. 
 
Using Equation (41) and Table 1 gives 
 

Akcmil = I

??
?

?
??
?

?
?
?

??
?

?
??
?

?

ao

mo

rrc TK
TK

t
TCAP

ln

4.197

??

       (B.3) 

 
In this case, d min = 6.5 mm, or 0.0065 m solid conductor, which is less than d = 0.01 m desired. Hence, a 
30% copper-clad steel wire of approximately 2/0 AWG size is a viable alternative for grid wires, even if a 
conservative maximum temperature limit of 700 oC is imposed. 
 
Step 3: Touch and step criteria. For a 0.102 m (4 in) layer of crushed rock surfacing, with resistivity of 
2500 O·m, and for an earth with resistivity of 400 O·m, the reflection factor K is computed using Equation 
(21) 
 

K = 
s

s

??
??

?
?

         (B.4) 

 

K = 
2500400
2500400

?
?

 = -0.72 

 
Figure 11 indicates for K = –0.72 the resistivity of crushed rock is to be derated by a reduction factor Cs 
˜  0.74. The reduction factor Cs can also be approximated using Equation (27) 
 

Cs = 1 - 
09.02

109.0

?

??
?

?
??
?

?
?

s

s

h

?
?

         (B.5) 

 



 

 

Cs = 1 - ? ? 09.0102.02
2500
400

109.0

?

?
?
?

?
?
? ?

   

 
Assuming that for the particular station the location of grounded facilities within the fenced property17 is 
such that the person’s weight can be expected to be at least 70 kg, Equation (30) and Equation (33) may be 
used to compute the tolerable step and touch voltages, respectively, as follows: 
 

Estep70 = (1000 + 6Cs?s) 0.157/ st        (B.6) 

 

Estep70 = [(1000 + 6(0.74)2500)] 0.157/ 5.0  = 2686.6 V       
 

Estep70 = (1000 + 1.5Cs?s) 0.157/ st        (B.7) 

 

Estep70 = [(1000 + 1.5(0.74)2500)] 0.157/ 5.0  = 838.2 V 
 
Step 4: Initial design. Assume a preliminary layout of 70 m x 70 m grid with equally spaced conductors, 
as shown in Figure B.1, with spacing D = 7 m, grid burial depth h = 0.5 m, and no ground rods. The total 
length of buried conductor, LT , is 2 x 11 x 70 m = 1540 m. 
 

 
 

Figure B.1—Square grid without ground rods  
 
Step 5: Determination of grid resistance. Using Equation (52) for L = 1540 m, and grid area A = 4900 
m2, the resistance is  
 
 
 

                                                 
17 That is, not accessible to the general public. 
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Rg = 400
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1
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490020
1
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1

 = 2.78 O 

 
Step 6: Maximum grid current IG. Per the procedure and definitions of 15.1, the maximum grid current IG 
is determined by combining Equation (63) and Equation (64). Referring to Step 2, for Df = 1.0, and the 
given current division factor Sf = 0.6, 
 

Sf = 
03 I

I g

?
         (B.9) 

 
and 
 

IG = Df · Ig         (B.10) 
 
Though the 13 kV bus fault value of 6814 A is greater than the 115 kV bus fault value of 3180 A, it is  
recalled from Clause 15 that the wye-grounded 13 kV transformer winding is a “local” source of fault 
current and does not contribute to the GPR. Thus, the maximum grid current is based on 3180 A. 
 

IG = Df · Sf · 3 · I0        (B.11) 
 
IG = (1)(0.6)(3180) = 1908 A 

 
Step 7: GPR. Now it is necessary to compare the product of IG and Rg, or GPR, to the tolerable touch 
voltage, Etouch70 
 

GPR = IG · Rg         (B.12) 
 
GPR = 1908 · 2.78 = 5304 V 

 
which far exceeds 838 V, determined in Step 3 as the safe value of E touch70 . Therefore, further design 
evaluations are necessary. 
 
Step 8: Mesh voltage. Using Equation (81) through Equation (83), K m is computed 
 

Km = 
? ?

? ? ?
?
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?
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   (B.13) 

 
where  
 

Kii = 

? ?nn
2

2

1

?
          (B.14) 

 



 

 

Kii = 
? ? 112112

1

?
 = 0.57  

 
and 
 

Kh = 
0

1
h
h

?          (B.15) 

 

Kh = 
0.1
5.0
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The factor Ki is computed using Equation (84) through Equation (89) 
 

Ki = 0.644 + 0.148 · n        (B.16) 
 
where  
 

n = na · nb · nc · nd        (B.17) 
 

na = 
P

C

L
L?2

         (B.18) 

 

na = 
280
15402?

 

 
nb = 1 for square grid  
 
nc = 1 for square grid 
 
nd = 1 for square grid  

 
and 
 
 n = 11 · 1 · 1 · 1 = 11 
 
 Ki = 0.644 + 0.148 · 11 = 2.272 
 
Finally, Em is computed using Equation (80) and Equation (90) 
 

Em = 
RC

imG

LL
KKI

?
????

        (B.19) 

 

Em = 
1540

272.289.01908400 ???
 = 1002.1 V 



 

 

 
Step 9: Em vs. E touch. The mesh voltage is higher than the tolerable touch voltage (that is, 1002.1 V versus 
838.2 V). The grid design must be modified. 
 
For comparison, the EPRI TR-100622 [B63] computer program resulted in 2.67 O and 984.3 V for the grid 
resistance and touch voltage, respectively, for this example. 
 
B.2  Square grid with ground rods—Example 2
 
In the previous example, B.1, Step 10 of the design procedure has not been reached due to the failure to 
meet the criterion of Step 9. Generally, there are two approaches to modifying the grid design to meet the 
tolerable touch voltage requirements 
 
a) Reduce the GPR to a value below the tolerable touch voltage or to a value low enough to result in a 
value of Em below the tolerable touch voltage. 
 
b) Reduce the available ground fault current. 
 
Usually reduction of the available ground fault current is difficult or impractical to achieve, so the grid is  
modified by changing any or all of the following: grid conductor spacing, total conductor length, grid 
depth, addition of ground rods, etc. In this example, the preliminary design will be modified to include 20 
ground rods, each 7.5 m long, around the perimeter of the grid, as shown in Figure B.2. 
 

 
 
Figure B.2—Square grid with 20 7.5 m rods  
 
Step 5. Using Equation (52) for LT = 1540 + 20 · 7.5 = 1690 m, and A = 4900 m2 yields the following value 
of grid resistance Rg: 
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?
?
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Rg = 400 
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490020
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 = 2.75 O  

 
Steps 6 and 7. The revised GPR is (1908)(2.75) = 5247 V, which is still much greater than 838.2 V. 
 
Step 8. Using Equation (81) and Equation (83), Km is computed  
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where  
 

Kii = 1.0 with rods 
 
And 
 

Kh = 
oh
h

?1          (B.22) 
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This time, Em is computed using Equation (80) and Equation (91) 
 

 Em = 

R

xx

r
C

imG

L
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L
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Em = 

150
7070

5.7
22.155.11540

272.277.01908400

?
?
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???
 = 747.4 V 

 
Because the step voltage has not been calculated yet, Equation (89) and Equation (92) through Equation 
(94) are used to compute Ki, Es, LS, and Ks, respectively. Note that the value for Ki is still 2.272 (same as for 
mesh voltage).  
 



 

 

Ks = ? ??
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Ks = ? ??
?

?
?
?

?
??

?
?

?
? 2115.01

7
1
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1

5.02
11

?
 = 0.406 

 
Then 
 

Es = 
RC

isG

LL
KKI

???
???
85.075.0

?
       (B.25) 

 

Es = 
15085.0154075.0
272.2406.01908400

???
???

 = 548.9 V 

 
Step 9: Em vs. Etouch. Now the calculated corner mesh voltage is lower than the tolerable touch voltage 
(747.4 V versus 838.2 V), and we are ready to proceed to Step 10. 
 
Step 10: Es vs. Estep. The computed Es is well below the tolerable step voltage determined in Step 3 of 
Example 1. That is, 548.9 V is much less than 2686.6 V. 
 
Step 11: Modify design. Not necessary for this example.  
 
Step 12: Detailed design. A safe design has been obtained. At this point, all equipment pigtails, additional 
ground rods for surge arresters, etc., should be added to complete the grid design details. 
 
For comparison, the computer program of EPRI TR-100622 [B63] resulted in 2.52 O, 756.2 V and 459.1 V 
for the grid resistance, touch voltage and step voltage, respectively, for this example. 
 
B.3  Rectangular grid with ground rods—Example 3
 
In this example the preliminary grid design will be reconciled in terms of the actual shape of the grounding 
area as an alternative design. Realizing that the full grounding area is only about 8% larger than that used in 
the previous calculations, most of the conclusions from Example 2 can be used for arriving at a suitable 
final design solution. 
 
Choosing, again, spacing D = 7 m, for a rectangular 63 m x 84 m grid, the grid wire pattern is 10 x 13, and 
the grid conductor combined length is 13 x 63 m + 10 x 84 m = 1659 m. Assume the use of 38 ground rods, 
each 10 m long, as shown in Figure B.3. 
 



 

 

 
 
Figure B.3—Rectangular grid with thirty-eight 10 m ground rods  
 
Step 5. Again, using Equation (52), but for LT = 1659 m + (38)(10 m) = 2039 m and A = 63 m x 84 m = 
5292 m2, gives 
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Steps 6 and 7. Using IG = 1908 A as before, and Rg = 2.62 O, the GPR = (1908)(2.62) = 4998.96 V, which 
is much greater than 838.2 V. 
 
Step 8. For the particular design arrangement shown in Figure B.3, the equations of 16.5.1 can again be 
used to estimate the corner mesh voltage. However, because the grid is rectangular, the value of n to be 
used in the mesh voltage computation will be different, based on the factors determined using Equation 
(84) through Equation (88). 
 

n = na · nb · nc · nd        (B.27) 
 

na = 
p

C

L
L?2

        (B.28) 

 

na = 
p

C

L
L?2

 = 11.29 

nb = 
A

Lp

?4
         (B.29) 

 



 

 

nb  = 
52924
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?

 = 1.005 

 
nc = 1 for rectangular grid 
 
nd = 1 for rectangular grid  
 
n  = 11.29 · 1.005 · 1 · 1 = 11.35 

 
Now Km is computed using Equation (81) and Equation (83) 
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where  
 

Kii = 1 for a grid with ground rods 
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Equation (89) is used to compute Ki 
 

Ki = 0.644 + 0.148 · n        (B.31) 
 
Ki = 0.644 + 0.148 · 11.35 = 2.324 

 
Finally, Em is computed using Equation (80) and Equation (91) 
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Em = 
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8463
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324.277.01908400
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Step 9. This calculated mesh voltage is well below the Etouch70 limit of 838.2, but uses 119 m of additional 
conductor and 230 m of additional ground rods, as compared with the previous example. Thus, the mesh 
spacing could be reduced, the number and/or length of ground rods could be reduced, or both to achieve the 
same margin of safety as example 2. 
 



 

 

The remaining steps are the same as demonstrated in example 2 and will not be repeated here. 
 
For comparison, the computer program of EPRI TR-100622 [B63] resulted in 2.28 O, 519.4 V and 349.7 V 
for the grid resistance, touch voltage, and step voltage, respectively, for this example.  
 
B.4  L-shaped grid with ground rods—Example 4
 
In this example the design of Example 2 is modified to illustrate the use of the equations for an L-shaped 
grid with ground rods. The total area and mesh spacing are the same as that of Example 2, and the ground 
rods are located only around the perimeter of the grid, as shown in Figure B.4. All other parameters are the 
same as Example 2, except the number of rods (24). Thus, Steps 1–4 are the same as example 2, and this  
example begins with Step 5. 
 
Step 5. Using Equation (52) for LT  = 1575 m + (24)(7.5 m0.) = 1755 m and A = 4900 m2, gives 
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Steps 6 and 7. The revised GPR is (1908)(2.74) = 5228 V, which is much greater than the tolerable touch 
voltage of 838.2 V. 
 
Step 8. Using Equation (84) through Equation (88), and Equation (81) and Equation (89), n, Km, and Ki are 
computed 
 

n = na = nb · nc · nd        (B.34) 
 
 

 



 

 

 
 
Figure B.4—L-shaped grid with twenty-four 7.5 m ground rods  
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nd = 1 for L-shaped grid 

 
n = (9)(1.12)(1.21)(1) = 12.2 

 



 

 

Now Km is computed using Equation (81) and Equation (83) 
 

Kii = 1 
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Equation (89) is used to compute Ki 
 

Ki = 0.644 + 0.148 · n        (B.39) 
 
Ki = 0.644 + 0.148(12.2) = 2.45 

 
Finally, Em is comp uted using Equation (81) and Equation (91) 
 

Em = 

R
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Em = 

180
10570

5.7
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 = 761.1 V   

 
Equation (92) through Equation (94) are used to compute Es, Ls and Ks, respectively. It should be noted that 
the value for Ki is  still 2.45 (same as for mesh voltage). 
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Then 
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Es = 
)180(85.0)1575(75.0
)45.2)(41.0)(1908)(400(

?
 = 574.6 V  

 
Step 9. Note that this is close to the results of Example 2, and is lower than the tolerable Etouch70 limit of 
838.2 V. Proceed to Step 10. 
 
Step 10. The computed Es is well below the tolerable step voltage determined in Step 3 of example 1. That 
is, 574.6 V is much less than 2686.6 V. 
 
Step 11. Not required for this example. 
 
Step 12. A safe design has been obtained and final details can now be added to the design. 
 
For comparison, a computer program of EPRI TR-100622 [B63] gives results of 2.34 O , 742.9 V and 441.8 
V for the grid resistance, touch voltage, and step voltage, respectively, for this example.  
 
B.5  Equally spaced grid with ground rods in two-layer soil—
 
Using the computer program of EPRI TR-100622 [B63], an equally spaced grid in two-layer soil was 
modeled. 
 
As shown in Figure B.5, the 61 m x 61 m grid consisted of four meshes per side, and had nine ground rods, 
each 9.2 m long. The diameter of ground rods was 0.0127 m. The grid consisted of four meshes per side, 
formed by wires of a 0.01 m diameter, buried 0.5 m below the earth’s  surface. The depth of the upper layer 
300 O ·m soil was 4.6 m; the lower soil had resistivity of 100 O·m. 
 
The computer-calculated values of resistance, corner mesh voltage, and maximum step voltage, are as 
follows: 
 
Rg = 1.353 O  Em = 49.66% of GPR Es = 18.33% of GPR 
 
As can be determined from Figure B.6, the mesh voltage coordinates were X = –75.00 ft, and Y= –75.00 ft, 
that is, near the center of the corner mesh. The maximum step voltage (not shown) was calculated outside 
the grid, between the grid corner (X, Y = –100 ft) and the point at X, Y = –102.12 ft, that is, approximately 
over 1 m distance in a diagonal direction away from the grid corner.  
 
B.6  Unequally spaced grid with ground rods in uniform soil—
 
Using the computer program of EPRI TR-100622 [B63], a square grid with unequally spaced conductors 
was modeled as shown in Figure B.7. 
 
The computer output included the grid resistance, a surface voltage profile, the step voltage, and the corner 
mesh voltage. 
 
As shown in Figure B.8, the corner mesh voltage is only 9.29% of the GPR, while the maximum touch 
voltage, occurring above the largest interior mesh, is 17.08% of the GPR. 
 
The maximum touch voltage, thus, did not occur in the corner mesh. For other choices of conductor 
spacings, the maximum touch voltage may occur above some other meshes. Therefore, for unequal 
spacings, the touch voltages must be investigated over the entire grid, and the simplified criterion for 
checking the corner mesh voltage alone is not sufficient. On the other hand, the resistance Rg is not too 
dependent on the exact configuration of grid conductors and ground rods. For instance, were Rg estimated 
by equation (54) for a combined length of grid conductors and ground rods LT = 18 x 91.44 m + 25 x 9.2 m 



 

 

= 1876 m, the calculated value of 1.61 O would be less than 14% higher than the value of 1.416 O  
calculated by the computer program of EPRI TR-100622 [B63]. 
 

 
 
Figure B.5—Equally spaced square grid with nine rods in two-layer soil 
 

 
 
Figure B.6—Diagonal voltage profile for the grid of Figure B.5 in two-layer soil  
 



 

 

 
 
Figure B.7—Unequally spaced square grid with twenty-five 9.2 m rods  
 

 
 
Figure B.8—Diagonal voltage profile for an unequally spaced grid of Figure B.7  
 
 



 

 

Annex C 
(informative) 
 
Graphical and approximate analysis of current division 
 
C.1  Introduction
 
A graphical method for determining the maximum grid current, based on results obtained using a computer 
program of EPRI TR-100622 [B63] has been developed. This method attempts to correlate the substation 
zero sequence fault obtained from a standard short circuit study to the actual current flowing between the 
grounding system and surrounding earth. The original presentation of this concept was published in Garret, 
Myers, and Patel [B73]. That paper describes the parametric analysis performed and the resulting basis for 
the assumptions used to develop the curves. Additional curves have since been developed to address other 
system configurations. The following is an explanation of the use of the graphs shown in Figure C.1 
through Figure C.22. 
 
The graphs are divided into the following four categories: 
 

- Category A: 100% remote and 0% local fault current contribution, representing typical distribution 
substations with delta-wye transformer, with X transmission lines and Y feeders (Figure C.1 
through Figure C.16) 

 
- Category B: 75% remote and 25% local ground fault current contribution (Figure C.17 and Figure 

C.18) 
 

- Category C: 50% remote and 50% local ground fault current contribution (Figure C.19 and Figure 
C.20) 

 
- Category D: 25% remote and 75% local ground fault current contribution (Figure C.21 and Figure 

C.22) 
 
Categories B–D represent typical transmission substations or generating plants with X transmission lines 
(feeders are considered to be transmission lines in these cases), and with local sources of zero sequence 
current, such as auto transformers, three winding transformers, generators (grounded-wye GSUs), etc. 
Category A works well for practical cases. Categories B–D are rough approximations, and the accuracy 
depends on several system parameters (particularly the source of the local ground fault current).  
 
The following assumptions were used to obtain the graphs: 
 

a) Transmission line length of 37.82 km and a distance between grounds of 152 m. 
 
b) Transmission tower footing resistance of 15 or 100 O. 
 
c) Transmission line structure single pole with 1–7#10 alumoweld shield wire and 336.4 kcmil, 26/7 
ACSR conductor. 
 
d) Distribution line length of 4 km and a distance between grounds of 122 m. 
 
e) Distribution pole footing resistance of 25 O or 200 O. 
 
f) Distribution pole three-phase triangular layout, with one 336.4 kcmil, 26/7 ACSR phase and 1/0 
ACSR neutral conductor.  
 
g) Soil resistivity of 100 O·m. 
 



 

 

h) Substation grounding system resistances of 0.1 O, 0.5 O , 1.0 O, 5.0 O , 10.0 O?, and 25.0 O . 
 
i) Number of transmission lines varied from 0, 1, 2, 4, 8, 12, and 16. 
 
j) Number of distribution lines varied from 0, 1, 2, 4, 8, 12, and 16. 
 
k) One remote source for each two transmission lines. 

 
C.2  How to use the graphs and equivalent impedance table
 
Referring to Figure C.1 through Figure C.22, a family of curves is plotted, with each curve representing a 
different number of transmission lines or distribution feeders. The abscissa is a range of grounding system 
resistances from 0.1 O to 25.0 O. The ordinate is the percent of the total zero sequence substation bus 
ground fault current which flows between the grounding system and surrounding earth (i.e., the grid current 
Ig). 
 
When using Category A curves and Table C.1, only the delta-connected bus fault current should be used as 
the multiplier of the split factor, because this fault current is the one that is from remote sources and is the 
basis of these curves. When using Category B–D curves, the fault current and contributions should be 
determined for all transmission voltage levels and the case resulting in the highest grid current should be 
used. 
 
Table C.1 shows the equivalent transmission and distribution ground system impedance at 1 O for 100%  
remote contribution with X transmission lines and Y distribution feeders. The first column of impedances is 
for transmission line ground electrode resistance Rtg of 15 O and distribution feeder ground electrode 
resistance Rdg of 25 O. The second column of impedances is for Rtg of 100 O and Rdg of 200 O. To 
determine the GPR with current splits, parallel the grid resistance with the appropriate impedance from the 
table and multiply this value by the total fault current. For example, a substation with one transmission line 
and two distribution feeders has a ground grid resistance of 5 O, a total fault current of 1600 A, Rtg of 15 O, 
and Rdg of 25 W. From Table C.1, the equivalent impedance of the transmission and distribution ground 
system is  0.54 + j0.33 O. The magnitude of the equivalent total ground impedance is   
 

|Zg| = 
33.054.00.5

)33.054.0)(0.5(
j
j

??
?

 = 0.75 O  

 
and the GPR is   
 

GPR = (0.57)(1600) = 912 V 
 

To calculate the grid current, divide the GPR by the ground grid resistance. 
 

Ig = 
5

912
 = 182 A 

 
The grid current may also be computed directly by current division. 
 

|Ig| = 1600 · 
33.054.00.5
)33.054.0(

j
j
??

?
 = 182 O 

 
C.3 
 



 

 

To illustrate the use of the graphical analysis, consider a substation with two transmission lines and three 
distribution feeders, and a ground grid resistance of 1 O, as shown in Figure C.23. Using EPRI TR-100622 
[B63], the maximum grid current is 2354.6 A, with the total bus ground fault is 9148.7 A. The system in 
question has two transmission lines with Rtg of 15 O and Rdg of 25 O. Figure C.3 shows curves for two 
lines/two feeders and two lines/four feeders. Thus, interpolation is necessary for this example. From Figure 
C.3, we see that the approximate split factor Sf is (32+23)/2 or 27.5%. The maximum grid current is  
 

Ig = (9148.7)(0.275) = 2516 A 
 
Using Table C.1, the equivalent impedance of the transmission and distribution ground system for two lines 
and two distribution feeders is 0.455 + j0.241 W, and for two lines and four distribution feeders is 0.27 + 
j0.165 O. The average of the split factors for these two cases will be used. 
 

Sf = 
241.0455.00.1

241.0455.0
j

j
??

?
 = 0.349 

 

Sf = 
165.027.00.1

165.027.0
j

j
??

?
 = 0.247 

 
Thus, Sf = (0.349 +0.247)/2 = 0.298 or 29.8%  
 
The resulting grid current using this method is  
 
 Ig = (9148.7)(0.298) = 2726 
 
Both methods compare favorably with the value of 2354.6 A or 26% of 3I0 from the computer program,  
though the equivalent impedance method is generally more conservative. 
 
Next consider the more complex system shown in Figure C.24. This example is similar to the first, except 
that the distribution substation is replaced with a local source of generation, such as a cogeneration plant. 
For this example, there is both local and remote sources of ground fault current, so the percent of local vs. 
remote ground fault current contribution must be computed. The computer program of EPRI TR-100622 
[B63] computed a total fault current of 19 269.6 A at the 115kV bus, with 48.7% contributed by the local 
source and 51.3% contributed by the remote sources. The closest curves are for 50/50 split (Figure C.19).  
For a grid resistance of 0.9 O , the split factor is determined from the curve for two lines and no feeders – Sf 
= 29%. The maximum grid current is   
 

Ig = (19 269.7)(0.29) = 5588 A  
 
For this case, the computer program results in a value of 4034.8 A, or 21% of 3 I0. This does not compare 
as well as the case with 100% remote contribution, but is still closer than using the total fault current, or 
even the remote or local contribution. The equivalent impedance method (Table C.1) does not work as well 
for cases other than 100% remote contribution, and is not included in Table C.1.  
 
C.4 Equations for computing line impedances
 
The following equations are found in the ABB T&D Reference Book, Fourth Edition [B1]. The definitions 
of the terms used in the equations are 
 

GMD is the geometric mean distance between the phase conductors in ft  
GMR  is the geometric mean radius of the conductor in ft  
dab is the distance between conductors a and b in ft  
ra is the ac resistance of the conductor at frequency f 



 

 

xa is the inductive reactance of the conductor to one foot spacing at frequency f 
f is the frequency in Hz 
De is the equivalent depth of earth return in ft  
r is the soil resistivity in O·m 

 
The positive sequence impedance, Z1, of a transmission line (with earth return), ignoring the effects of 
overhead shield wires, is  
 

Z1 = ra + jxa + jxd O/mi       (C.1) 
 
Where 
 

xa = 0.2794 · log10
GMR

1
 

 
and 
 

GMD = 0.2794 · 
60
f

· log10
3

cabcab ddd ??  

 
The zero sequence self impedance, Z0(a), of the transmission line (with earth return), with no overhead 
shield wires is  
 

Z0(a) = ra + re + jxa + jxe – 2 · xd O/mi      (C.2) 
 
where  
 

re = 0.00477 · f 
 
and 
 

xe = 0.006985 · f · log10 ??
?

?
??
?

?
??
f
?6106655.4   

 
and ra, xa, and xd are as defined above using characte ristics of the phase conductors. 
 
The zero sequence self impedance, Z0(g), of one overhead shield wire (with earth return) is  
 

Z0(g) = 3 · ra + re  + j3 · xa + jxe  O/mi      (C.3) 
 
where ra and xa are as defined above using characteristics of the overhead shield wire, and re and xe are as 
defined above. 
 
The zero sequence self impedance, Z0(g), of two overhead shield wires (with earth return) is  
 

Z0(g) = 3 · ra + re  + j3 · xa + jxe  O/mi      (C.4) 
 
Where 
 

 xd = 0.2794 · 
60
f

· log10dxy 

 



 

 

dxy is the distance between the two overhead shield wires, ra and xa are as defined above using 
characteristics of the overhead shield wire, and re and xe are as defined above. 
 
The zero sequence mutual impedance, Z0(ag) between one circuit and n shield wires (with earth return) is  
 

Z0(ag) = re + jxe – j3 · xd  O/mi       (C.5) 
 
where  
 

xd = 0.2794 · 
60
f

· log10? ?n
cgnbgnagnbgag ddddd? ???3

11 ...  

 
dag1 is the distance between phase a and the first overhead shield wire, etc., and re and xe are as defined 
above. 
 
Then, the zero sequence impedance of one circuit with n shield wires (and earth return) is  
 

Z0 = Z0(a) - 
)(0

2
)(0

g

ag

Z

Z
 O/mi         (C.6) 

 
These equations for Z1 and Z0 are used, along with appropriate impedances for transformers, generators, 
etc., to compute the equivalent fault impedance. 
 
To compute the impedance of an overhead shield wire or feeder neutral for use in Endrenyi’s formula, the 
simple self impedance (with earth return) of the conductor is used. 
 

Zs = rc + 
3
er  + jxa + 

3
ex

j  O/mi        (C.7) 

 
where  
 
ra and xa are as defined above using characteristics of the overhead shield wire or feeder neutral, and re and 
xe are as defined above. 



 

 

Table C.1—Approximate equivalent impedances of transmission line overhead shield wires and 
distribution feeder neutrals 

Number of 
transmission lines 

Number of distribution 
neutrals 

Rtg = 15; Rdg = 25; 
R + jx (O ) 

Rtg = 15; Rdg = 25; 
R + jx (O ) 

1 1 0.91 + j.485 3.27 + j.652 
1 2 0.54 + j0.33 2.18 + j.412 
1 4 0.295 + j0.20 1.32 + j.244 
1 8 0.15 + j0.11 0.732 + j.133 
1 12 0.10 + j.076 0.507 + j.091 
1 16 0.079 + j.057 0.387 + j.069 
2 1 0.685 + j.302 2.18 + j.442 
2 2 0.455 + j.241 1.63 + j.324 
2 4 0.27 + j.165 1.09 + j.208 
2 8 0.15 + j0.10 0.685 + j.122 
2 12 0.10 + j0.07 0.47 + j.087 
2 16 0.08 + j.055 0.366 + j.067 
4 1 0.45 + j0.16 1.30 + j.273 
4 2 0.34 + j0.15 1.09 + j0.22 
4 4 0.23 + j0.12 0.817 + j0.16 
4 8 0.134 + j.083 0.546 + j.103 
4 12 0.095 + j.061 0.41 + j.077 
4 16 0.073 + j0.05 0.329 + j0.06 
8 1 0.27 + j0.08 0.72 + j.152 
8 2 0.23 + j0.08 0.65 + j.134 
8 4 0.17 + j.076 0.543 + j0.11 
8 8 0.114 + j.061 0.408 + j.079 
8 12 0.085 + j.049 0.327 + j.064 
8 16 0.067 + j.041 0.273 + j.052 
12 1 0.191 + j.054 0.498 + j.106 
12 2 0.17 + j.055 0.462 + j.097 
12 4 0.14 + j.053 0.406 + j.083 
12 8 0.098 + j.047 0.326 + j.066 
12 12 0.077 + j.041 0.272 + j.053 
12 16 0.062 + j.035 0.234 + j.046 
16 1 0.148 + j0.04 0.380 + j.082 
16 2 0.135 + j.041 0.360 + j.076 
16 4 0.113 + j.041 0.325 + j.067 
16 8 0.086 + j.038 0.272 + j.055 
16 12 0.068 + j.034 0.233 + j.047 
16 16 0.057 + j0.03 0.203 + j.040 
1 0 2.64 + j0.60 6.44 + j1.37 
2 0 1.30 + j0.29 3.23 + j0.70 
4 0 0.65 + j.15 1.61 + j.348 
8 0 0.327 + j.074 0.808 + j.175 
12 0 0.22 + j.049 0.539 + j.117 
16 0 0.163 + j.037 0.403 + j.087 
0 1 1.29 + j.967 6.57 + j1.17 
0 2 0.643 + j.484 3.29 + j0.58 
0 4 0.322 + j.242 1.65 + j.291 
0 8 0.161 + j.121 0.826 + j.148 
0 12 0.108 + j.081 0.549 + j.099 
0 16 0.080 + j.061 0.412 + j.074 



 

 

 

 
 
Figure C.1—Curves to approximate split factor S f 
 

 
 
Figure C.2—Curves to approximate split factor S f 



 

 

 
 
Figure C.3—Curves to approximate split factor S f 
 

 
 
Figure C.4—Curves to approximate split factor S f 
 



 

 

 
 
Figure C.5—Curves to approximate split factor S f 
 

 
 
Figure C.6—Curves to approximate split factor S f 
 



 

 

 
 
Figure C.7—Curves to approximate split factor S f 
 

 
 
Figure C.8—Curves to approximate split factor S f 
 



 

 

 
 
Figure C.9—Curves to approximate split factor S f 
 

 
 
Figure C.10—Curves to approximate split factor S f  
 



 

 

 
 
Figure C.11—Curves to approximate split factor S f  
 

 
 
Figure C.12—Curves to approximate split factor S f  
 



 

 

 
 
Figure C.13—Curves to approximate split factor S f  
 

 
 
Figure C.14—Curves to approximate split factor S f  
 



 

 

 
 
 
 



 

 

 
 
 
 
 



 

 

 
 
Figure C.19—Curves to approximate split factor S f  
 

 
 
Figure C.20—Curves to approximate split factor S f  
 



 

 

 
 
Figure C.21—Curves to approximate split factor S f  
 

 
 
Figure C.22—Curves to approximate split factor S f  
 



 

 

 
 
Figure C.23—System and configuration data for example 1 of C.3  
 

 
 
Figure C.24—System and configuration data for example 2 of C.3  
 



 

 

Annex D 
(informative) 
 
Simplified step and mesh equations  
 
In the previous editions of this guide, the following equation was provided for determining the value of a 
mesh voltage (in volts) on the earth’s surface above the center of a corner mesh (assuming an equally 
spaced rectangular grid, which is buried at depth h in a homogeneous soil of uniform resistivity). This grid 
may consist of n parallel conductors spaced D apart, and of an undetermined number of cross connections. 
All grid wires are assumed to be of diameter d. The spacing of parallel conductors D, as well as d and h, are 
in meters. 
 

Em = 
M

Gim

L
IKK ????

        (D.1) 

 
Where 
 

Em   is the mesh voltage in V 
?  is the average soil resistivity in O·m 
IG  is the maximum rms current flowing between ground grid and earth in A 
LM  is the total length of buried conductors, including cross connections, and (optionally) the 

combined length of ground rods in m 
Ki  is the corrective factor for current irregularity 
Km  is the mesh factor defined for n parallel conductors 

 
The AIEE Working Group on Substation Grounding Practices [B3] derived the factors Km and Ki to account 
for the geometry of the grounding system. The relationship between Km and Em depends largely on the 
current density in the perimeter conductors versus the current density in the inner conductors. To reflect 
this  effect of current density and to correct some of the deficiencies in the equation for Km, Sverak [B132] 
added the weighting terms, Kii and Kh into the equation for Km. The resulting equation for Km was more 
accurate and versatile than previous forms of the equation 
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For grids with ground rods along the perimeter, or for grids with ground rods in the grid corners, as well as 
both along the perimeter and throughout the grid area  
 

Kii = 1 
 
For grids with no ground rods or grids with only a few ground rods, none located in the corners or on the 
perimeter. 
 

Kii = 

? ?nn
2

2

1

?
           (D.3) 

 

Kh = 
0

1
h
h

?   h0 = 1 (grid reference depth)      (D.4) 

 



 

 

Because of assumptions made in the derivation of Km, a corrective factor Ki is needed to compensate for the 
fact that the subject mathematical model of n parallel conductors cannot fully account for the effects of  a 
grid geometry; that is, for two sets of parallel conductors that are perpendicular to each other and 
interconnected at the cross connection points. For a large number of square and rectangular grids, the mesh 
voltage was obtained using a computer. From this computer generated data, a new expression for Ki was 
found to better fit in the mesh voltage equation (Thapar, Gerez, Balakrishnan, and Blank [B144]). This 
factor is  
 

Ki = 0.644 + 0.148 · n        (D.5) 
 
The simplified Em equation used in the previous edition of the guide has been limited to square and 
rectangular grids with square meshes. In practice, a large number of grounding grids have shapes other than 
square or rectangular. While the specific formula for Km has remained the same as the 1986 edition of the 
guide, a new value of n based on the geometry of the grid and the geometry of the meshes was developed in 
Thapar, Gerez, Balakrishnan, and Blank [B144] to allow Equation (D.2), Equation (D.3), and Equation 
(D5) to be effective for a variety of grid shapes, including symmetrical T-shaped, triangular, and L-shaped 
grids. 
 

n = na · nb · nc · nd        (D.6) 
 
where  
 

na = 
p

C

L
L?2

         (D.7) 

 
nb = 1 for square grids 
 
nc = 1 for square and rectangular grids 
 
nd = 1 for square, rectangular, and L-shaped grids 

 
Otherwise 
 

nb = 
A

Lp

?4
          (D.8) 

 

nc= 
yx LL
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         (D.9) 

 

nd = 
22
yx

m

LL

D

?
        (D.10) 

 
where  
 

Lc is the total length of the conductor in the horizontal grid in m 
Lp is the peripheral length of the grid in m 
A is the area of the grid in m2 
Lx is the maximum length of the grid in the x direction in m 
Ly is the maximum length of the grid in the y direction in m 
Dm is the maximum distance between any two points on the grid in m 



 

 

 
While these changes to the equations did expand their use to include a variety of practical ground grid 
shapes, they did not include the use of ground rods. An attempt was made to expand these equation to 
include the use of ground rods. If LC  represents the total grid conductor length, LR represents the total 
length of all ground rods, and Lr represents the average length of each ground rod, then for grids with 
ground rods in the corners, as well as along the perimeter and throughout the grid. 
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The multiplier for LR is an empirical function that reflects the fact that the current density is higher in the 
ground rods than in the horizontal grid conductors for uniform soil.  
 
In the previous editions of this guide, the following equation was provided for determining the value of the 
worst case step voltage (in volts):  
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where  
 

Es  is the step voltage in V 
?  is the average soil resistivity in O·m 
IG  is the maximum rms current flowing between ground grid and earth in A 
LS  is the total length of buried conductors, including cross connections, and (optionally) the 

total effective length of ground rods in m 
Ki  is the corrective factor for current irregularity 
Ks  is the mesh factor defined for n parallel conductors 

 
Sverak [B132] derived a factor Ks, based on the geometry of a ground grid with no ground rods. As with 
the mesh voltage, this Ks is proportional to the step voltage Es. Again, computer simulations were used to 
derive empirical factors to improve the accuracy of previous versions of ES, specifically the factor n. 
(Thapar, Gerez, Balakrishnan, and Blank [B144]) 
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where n, D, and h are defined above. 
 
While these changes to the equations did expand their use to include a variety of practical ground grid 
shapes, they did not include the use of ground rods. An attempt was made to expand these equations to 
include the use of ground rods. If LC represents the total grid conductor length and LR represents the total 
length of all ground rods, then for grids with or without ground rods 
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These new simplified equations were compared to computer solutions for hundreds of different ground 
grids and the results compared favorably. 



 

 

Annex E 
(informative) 
 
Equivalent uniform soil model for nonuniform soils 
 
In the interest of simplicity, several assumptions have been made in developing the ground grid design 
equations of this  guide. One such assumption is that these equations are only valid for a uniform soil 
resistivity model regardless of the soil under consideration. A survey indicated the need to provide a 
guideline for representing a soil regardless of its type by a uniform equivalent and, thus, remove this 
limitation in the use of the design equations. 
 
A typical soil has several layers, each having a different resistivity. Most often lateral changes also occur, 
but in comparison to the vertical layers, these changes usually are more gradual. Station sites where the soil 
may possess uniform resistivity throughout the area and to a considerable depth are seldom found. A 
uniform soil interpretation of apparent resistivities obtained in the field, under these circumstances, is the 
most difficult task to perform even with the help of computers. Accordingly, it must be recognized that the 
soil model is  only an approximation of the actual soil conditions and that a perfect match is unlikely. 
However, it has been recognized that the two-layer representation of a soil is closer to the actual soil 
conditions compared to its  uniform equivalent. 
 
Sometimes, in a multilayer soil, the variation in apparent soil resistivity ?a with respect to depth or pin 
spacing is not too great. Such a soil can be represented as a uniform soil with a single soil resistivity value. 
Although it is difficult to draw a clear line to indicate whether the soil is uniform or not, the approach taken 
here consisted of defining the uniform soil based on the two-layer equivalents of several field measured 
resistivity profiles. The computer program of EPRI TR-100622 [B63] was used to compute an equivalent 
two-layer soil model. The computer values indicated that a soil can be represented as a uniform soil if the 
diffe rence between two extreme values of apparent resistivity is moderate. After it is determined that the 
soil can be approximated as uniform, the average apparent resistivity value computed from Equation (E.1) 
represents that soil in the design equations. 
 

?a(av1) = 
n

naaaa )()3()2()1( ... ???? ???
      (E.1) 

 
Where ?a(1), ?a(2), ?a(3)... ?a(n) are the apparent resistivity measurements obtained at n different spacings in 
four-pin method or at n different depths in driven ground rod method in O·m. 
 
A majority of the soils will not meet the above criteria for the uniform soil. To determine uniform soil 
models  to represent nonuniform soils, a similar approach was taken. The measured apparent resistivity data 
from several sites were used to obtain three different soil models: a two-layer soil model computed with 
EPRI TR-100622 [B63], and two different uniform soil models using Equation (E.1) and Equation (E.2).  
 

?a(av2) = 
2

(min)(max) aa ?? ?
        (E.2) 

 
where  
 

?a(max)  is the maximum apparent resistivity value (from measured data), O·m.  

?a(min)  is the minimum apparent resistivity value (from measured data), O·m.  

 
The next step was to compute the ground grid resistance Rg, the corner mesh voltage Emesh, and the corner 
step voltage Estep for a typical ground grid using EPRI TR-100622 [B63]. A 76.2 m x 76.2 m ground grid 
with 64 meshes and uniformly distributed ground rods was selected for this investigation. The length of the 
ground rods varied with the soil model. For a given soil model, this length was determined so as to reach 



 

 

the depth (or pin spacing) where ?a(av1) or ?a(av2) occurred in the measured apparent resistivity profile. Figure 
E.1 illustrates the modeled ground grid including the locations for computed step and touch voltages. 
 
 

 
 

Figure E.1 – The ground grid modeled for computing grounding parameters 
 
Following the computations, the grounding parameters computed with the two layer model were compared 
with those computed using the uniform soil models. This comparison indicated that the mesh and step 
voltages  computed with the soil model represented by ?a(av2) yielded values comparable to those computed 
with the two-layer model for the soils investigated. 
 
Table E.1 presents the comparison of grounding parameters computed using the two-layer soil model with 
those computed using the uniform soil model represented by ?a(av2) for two typical soils. The soil resistivity 
values shown in Table E.2 were mathematically derived from assumed two-layer soil models. 
 
Table E.1—Ground parameters computed with two-layer soil compared with those computed with 
equivalent uniform soil model 
 

Soil 
type  

Computed grounding parameters with two-
layer soil model  

Computed grounding parameters with 
uniform soil model 

?1, ?2, h 
O·m, O·m 

Rg 
O·m 

Em (V)  Es (V) ?(av2) 
O·m 

Rg 
O 

Em (V)  Es (V) 

1 100, 300, 6.1 1.28 126 85 158 0.89 151 86 

2 300, 100, 6.1 0.72 187 92 193 1.09 185 106 

 



 

 

Table E.2—Calculated resistance and apparent resistivity data for  soil type 1 and type 2 of Table E.1, 
based on the four-pin method 
 

Probe separation  Soil type 1 Soil type 2  

(ft) (m)  Resistance 
O 

Apparent resistivity 
?a O·m 

Resistance 
O 

Apparent resistivity 
?a O·m 

1 0.305 29.73 56.94 89.13 170.74 

3 0.915 15.33 88.07 45.85 263.46 

5 1.524 9.97 95.48 29.55 283.06 

15 4.573 3.85 110.71 9.39 269.67 

20 6.098 3.15 120.76 6.46 247.57 

30 9.146 2.49 143.10 3.52 202.12 

50 15.244 1.90 181.70 1.50 144.05 

70 21.341 1.56 208.78 0.90 120.28 

90 27.439 1.32 227.75 0.64 110.68 

110 33.537 1.15 241.48 0.51 106.41 

130 39.634 1.01 251.77 0.42 104.34 

150 45.731 0.90 259.76 0.36 103.16 
 



 

 

Annex F 
(informative) 
 
Parametric analysis of grounding systems  
 
(This Annex is taken from Dawalibi, F., and Mukhedkar, D., “Parametric analysis of grounding systems,” 
IEEE Transactions on Power Apparatus and Systems, vol. PAS-98, no. 5, pp. 1659–1668, Sept./Oct. 1979; 
and Dawalibi, F., and Mukhedkar, D., “Influence of ground rods on grounding systems,” IEEE 
Transactions on Power Apparatus and Systems, vol. PAS-98, no. 6, pp. 2089–2098, Nov./ Dec. 1979.) 
 
To efficiently design a safe grounding system it is necessary to have knowledge of how various parameters 
affect the performance of the grounding system. Some of these parameters include grid conductor spacing 
and arrangement, number of ground rods, location and length, and soil resistivity parameters (that is, 
homogeneous or multilayered with various surface layer thickness and values of K, the reflection factor 
coefficient). 
 
This annex gives a brief discussion of how the above parameters affect the behavior of grounding systems 
for uniform soil resistivity and for two-layer soil resistivity. There are many other parameters that may 
affect the performance of the grounding system, but it is not within the scope of this annex to discuss these 
parameters. 
 
F.1  Uniform soil
 
F.1.1  Current density—grid only 
 
For a grounding system consisting only of grid conductors, the current along any one of the conductors is  
discharged into the earth in a fairly uniform manner. However, a larger portion of the current is discharged 
into the soil from the outer grid conductors rather than from the conductors at or near the center of the grid 
(refer to Figure F.1 and Figure F.2). An effective way of making the current density more uniform between 
the inside and periphery conductors is to employ a nonuniform conductor spacing, with the conductor 
spacing larger at the center of the grid and smaller toward the perimeter. However, analysis of grids with 
this type of spacing cannot be accomplished using the simplified methods of this guide, but must be done 
using techniques  similar to those described in the references. 
 
F.1.2  Resistance—grid only 
 
For a given area to be grounded, the effect on resistance of increasing the number of meshes in a grid-only 
system becomes minimal. That is, as the number of meshes increases from one, the resistance of the grid 
decreases. However, this decrease quickly becomes negligible for large numbers of meshes (or small 
parallel conductor spacing). See Figure F.3 and Figure F.4.  
 
As shown in Figure F.5, the resistance also shows a gradual decrease with burial depth, until it approaches 
one half its resistance value at the surface as the depth increases to infinity. But for typical variations of 
burial depth found within the industry (that is, approximately 0.5–1.5 m), this change in resistance with 
depth is negligible for uniform soil. 
 



 

 

 
 
Figure F.1—One mesh grid current density 
 

 
 
Figure F.2—Sixteen mesh grid current density 
 



 

 

 
 
Figure F.3—Four mesh grid resistance 
 

 
 
Figure F.4—Sixteen mesh grid resistance 
 



 

 

 
 
Figure F.5—Grid resistance versus grid depth 
 
F.1.3  Step and touch voltages—grid only 
 
Since most of the current in a uniformly spaced grid is discharged into the earth from the outer conductors, 
the worst touch and step voltages occur in the outer meshes, especially in the corner meshes. Increasing the 
number of meshes (decreasing the conductor spacing) tends to reduce the touch and step voltages until a 
saturation limit is reached. Beyond this number of meshes, reducing the conductor spacing has minimal 
effect on reducing the voltages (refer to Figure F.6 through Figure F.9). This saturation limit is the vertical 
component of voltage caused by the depth of burial of the grid, and is changed only with a change in depth 
of the grid. 
 
The grid burial depth also influences the step and touch voltages significantly as shown in Figure F.10 and 
Figure F.11. For moderate increases in depth, the touch voltage decreases, due mainly to the reduced grid 
resistance and corresponding reduction in the grid potential rise. However, for very large increases in 
depth, the touch voltage may actually increase. The reduction in grid potential rise reduces to a limit of 
approximately half its value at the surface as the depth of the grid approaches infinity, while the earth 
surface potential approaches zero at infinite depths. Therefore, depending on the initial depth, an increase 
in grid burial depth may either increase or decrease the touch voltage, while the step voltage is always 
reduced for increased depths. 
 
F.1.4  Ground rods only 
 
For systems consisting only of ground rods, the current has been found to discharge into the earth at a fairly 
uniform rate along the length of the rod with a gradual increase with depth and with slightly higher 
increases in current density near the ends (refer to Figure F.12). As in the case of the grid conductors, the 
current density is greater in the rods near the periphery of the grounding system than for those in the center 
(refer to Figure F.13 and Figure F.14). Thus, the step and touch voltages are higher near the outer ground 
rods. 
 
Increasing the length of the rods is effective in reducing the resistance of the system, and therefore, 
reducing the step and touch voltages. Increasing the number of rods also reduces the resistance until the 
grounded area is saturated, and is even more effective in reducing the step and touch voltages as shown in 
Table F.1. This is true because in addition to the lower resistance and lower ground potential rise, the 
spacing between the rods is reduced, which tends to make the earth surface potential more uniform. The 
comments above on the effects of grid burial depth also apply to the effects of the top-of-the-rod depths. 



 

 

 

 
 
Figure F.6—Four mesh grid touch voltages 
 

 
 
Figure F.7—Sixteen mesh grid touch voltages 
 



 

 

 
 
Figure F.8—Four mesh grid step voltages 
 

 
 
Figure F.9—Sixteen mesh grid step voltages 
 



 

 

 
 
Figure F.10—Touch voltage versus grid depth 
 

 
 
Figure F.11—Step voltage versus grid depth 
 



 

 

 
 
Figure F.12—Single rod current density 
 

 
 
Figure F.13—Multiple driven rod current density in uniform soil 
 



 

 

 
 

Figure F.14—Current density in multiple driven rods in two-layer soil  
 
F.1.5  Grid and ground rod combinations 
 
When a combination of grid conductors and ground rods are used in a grounding system, the number and 
length of ground rods may have a great influence on the performance of the grounding system. For a given 
length of grid conductor or ground rod, the ground rod discharges much more current into the earth than 
does the grid conductor, as shown in Figure F.15 through Figure F.18. This current in the ground rod is also 
discharged mainly in the lower portion of the rod. Therefore, the touch and step voltages are reduced 
significantly compared to that of grid alone. 
 
F.1.6  Conclusions 
 
In general, a uniformly spaced grounding system consisting of a grid and ground rods is superior to a 
uniformly spaced grounding system consisting only of a grid with the same total conductor length. The 
variable spacing technique discussed earlier might be used to design a grounding system consisting of a 
grid only, with lower step and touch voltages than a uniformly spaced grid and ground rod design of equal 
length. 
 
However, this variable spacing technique might also be used to design a better grounding system using 
nonuniformly spaced grid conductors and ground rods. It shall be emphasized that this type of design shall 
be analyzed using the detailed analysis techniques in the references. 
 
 
 
 
 



 

 

 
 
Figure F.15—Grid current density—rods and grid in uniform soil  
 

 
 
Figure F.16—Rod current density—rods and grids in uniform soil 
 



 

 

 
 
Figure F.17—Rod and grid current density—nine rodsand grid in two-layer soil  
 

 
 
Figure F.18—Rod and grid current density—nine rods and grid in two-layer soil 
 
F.2  Two
 
The performance of a grounding system in multilayered earth can differ greatly from the same system in 
uniform soil. In addition to other parameters, the performance is affected by the resistivity and thicknesses 
of the soil layers and the burial depth of the grounding system. The following discussion will consider only 



 

 

two-layer earth models, due to the complexity and numerous combinations possible for additional layers. 
For an explanation of two-layer earth analysis of grounding systems, refer to 13.4.2 of this guide. 
 
For brevity of the discussion, the following variables are defined: 
 

?1 = resistivity of upper layer of soil  
?2 = resistivity of lower layer of soil  

K = reflection factor coefficient 
12

12

??
??

?
?

 

h = height of upper layer of soil  
 
F.2.1  Current density—grid only 
 
For grounding systems consisting only of grid conductors, the current density is highly dependent on both 
K and h, as shown in Figure F.1 and Figure F.2. For negative values of K (?1 > ?2), the current density is 
fairly uniform over the entire grid with slightly higher densities in the conductor between intersection 
points on the grid, and is slightly higher for outer conductors than for conductors near the center of the grid. 
As the height of the top layer increases, this higher current density in the outer conductors becomes more 
dominant. This  can be explained as follows. For small values of h, most of the current discharged from the 
grid goes downward into the low resistivity soil, while for large values of h most of the current remains in 
the high resistivity layer of soil, assuming that the grid is in this upper layer. As h increases, the model 
approaches that of uniform soil with a resistivity equal to that of the upper layer. Therefore, as in the case 
of the uniform soil  model discussed in F.1, the outer grid conductors discharge a larger portion of the 
current into the earth than do the center conductors. 
 
For positive values of K (?1 < ?2), the current has a much higher tendency to remain in the low resistivity 
soil, even for moderately small values of h. As h increases, the current density rapidly approaches that of a 
uniform soil, with higher current densities in the periphery conductors. 
 
F.2.2  Resistance—grid only 
 
The resistance of a grid-only system may vary greatly as a function of K and h and, thus, may be higher or 
lower than the same grid in a uniform soil, as shown in Figure F.3 and Figure F.4. In general, the resistance 
of a grid is lowest if it is in the most conductive layer of soil. As h increases the resistance of the grid 
approaches that of a grid in uniform soil of the same resistivity as the upper layer. Assuming that the grid is  
located in the upper soil layer with resistivity equal to ?1, the following can be generalized: 
 
a) For negative values of K (?1 > ?2), the resistance of the grid will be higher than that of an identical grid in 
uniform soil with resistivity ?1. 
 
b) For positive values of K (?1 < ?2), the resistance grid will be lower than that of an identical grid in 
uniform soil resistivity ?2. 
 
F.2.3  Step and touch voltages—grid only 
 
The step, touch voltages, and mesh voltages may also vary significantly with K, h, and grid depth. They 
may be very much higher or lower than a corresponding uniform soil model. See Figure F.6 through Figure 
F.9. 
 
For grids buried near the surface of the earth, increasing the number of meshes is an effective means of 
reducing the mesh voltages. However, as the grid depth increases, the effectiveness of this method of 
reducing the mesh voltages decreases until at some characteristic grid depth, the mesh voltages begin to 
increase. 
 



 

 

The reasons for this phenomenon are identical to those described previously for uniform soil. For a very 
large number of meshes (that is, small spacing between parallel conductors), the touch voltages are 
relatively unaffected by h and K. 
 
For negative values of K (?1 > ?2), the highest touch potential occurs when h is slightly greater than the grid 
depth. For positive values of K (?1 < ?2), the highest touch potentials occur when h is less than the grid 
depth, or when h is much greater than the grid depth. 
 
One way of reducing the touch voltage without increasing the total amount of conductor is to omit the 
cross-connecting conductors (except at the ends) and reduce the spacing between the remaining parallel 
conductors. It must be noted, however, that while the touch voltage is reduced, the step voltage is increased 
when this design is used. 
 
F.2.4  Ground rods only 
 
The behavior of a grounding system consisting only of ground rods may vary greatly from that in uniform 
soil. The major differences are because the current density in each rod can be much higher in the portion of 
the rod located in the lower resistivity layer, depending on the value of K. As the absolute value of K 
increases, so does the percentage of the current discharged from the portion of the rod located in the lower 
resistivity layer of soil, as shown in Figure F.12. 
 
Assuming that the rod extends through the top layer into the bottom layer of soil, the current density in the 
portion of the rod in either layer is essentially uniform with a slight increase near the boundary of that 
layer. There is an abrupt change in current density, however, at the surface layer depth h. For rods that are 
mainly in the low resistivity layer, there is an appreciably higher current density in the outer rods as 
compared to rods near the center of the design, but for rods mainly in the high resistivity layer the 
difference in the current density of the outside and inside rods is much less (see Figure F.14).  
 
As in the case of the grid, positive values of K(?1 < ?2) generally give a higher resistance and negative 
values of K(?1 > ?2) give a lower resistance for a system of ground rods as compared to the identical 
grounding system in uniform soil with a resistivity of ?1. However, as the surface layer height increases, the 
resistance of the rods for all values of K approaches that of the uniform model (see Table F.1).  
 
F.2.5  Grid and ground rod combinations 
 
Depending on the values of K and h, adding ground rods to a system of grid conductors can have a 
tremendous effect on the performance of the grounding system. For negative values of K (?1 > ?2) and for 
values of h limited so that the rods extend into more conductive soil, the majority of the current is 
discharged through the rods into the lower layer of soil. Even for large values of h where none of the rod 
extends into the more conductive soil, the current density is higher in the ground rods than in the grid 
conductors, as shown in Figure F.17 and Figure F.18. 
 
If K is positive (?1 < ?2), the current density for the portion of the ground rods in the upper layer is still  
higher than that of the grid conductors. For positive values of K, the effects of the ground rods become 
largely dependent on h, or on the length of the rods in the more conductive layer. Depending on the 
magnitude of K and h, the lengths of the rods are effectively shortened so that they may not contribute 
significantly to the control of step and touch voltages. However, for moderate positive K values and large h 
values, the ground rods can be used to effectively improve the step and touch voltages. 
 



 

 

Table F.1—Touch voltages for multiple driven rods  
 

 
 
If K is negative (?1 > ?2), the step and touch voltages are reduced significantly with the addition of ground 
rods to a system of grid conductors. For small to medium values of h, relatively all of the current is 
discharged into the lower soil layer, thereby reducing the step and touch potentials. As h increases, the 
performance of the grounding system approaches that of an identical system in uniform soil of resistivity 
?1. 
 
F.3  
 
The two-layer parameters h and K discussed above can have considerable influence on the performance of 
the grounding system. A system designed using the uniform soil techniques can give results for step and 
touch potentials and station resistance ranging from highly pessimistic to highly optimistic, depending on 
the specific values of various parameters. Table F.2 summarizes the effects of a two-layer soil environment 
on touch voltage of adding a ground rod to a grid, and on the touch voltage for a grid -rod combination. 
 



 

 

Table F.2—Touch voltages for grid and ground rod combinations in two-layer soil  
 

 
 
 
 



 

 

Annex G 
(informative) 

 
Grounding methods for high-voltage stations with grounded neutrals 
 
(Erdungsmassnahmen fur Hochstspannungsanlagen mit Geerdetem Sternpunkt) 
 
Walter Koch,20 Electrotechnische Zeitschrift, vol. 71, no. 4, pp. 89-91, Feb. 1950. 
 
It is not economically feasible to provide grounding in high-voltage stations with grounded neutral, which 
will limit contact potentials to ground electrodes and the connected apparatus to less than 125 V. One has to 
deal with a multiplicity of potentials which may be established between the plant and the surroundings 
under short-circuit conditions. 
 
Experiments with models show that by making the ground system in the form of a grid, areas within the 
system can be produced which will be safe. Means for safe entry into the grounding area will be given. 
 
With a directly grounded neutral point there flows into the system at the fault point the so-called 
groundfault  current instead of the total single-phase short-circuit ground current (ungrounded system). This 
groundfault  current depends upon the generating capacity of the power plants in the area and on the 
impedance of the ground circuit. The grounding systems of a solidly grounded network will carry a portion 
of the groundfault current which may be a minimum for faults a great distance from the station and may be 
a maximum, namely the total ground-fault current, for a fault in the station. 
 
While the grounding systems may be adjusted to eliminate dangerous contact potentials by suppression of 
ground short-circuit currents, this is not usually demanded of solidly grounded neutral systems because it  
does not appear to be practicable. For ground-fault currents above 1000 A, grounding systems of vast 
dimensions must be installed in order to meet the usual 125 V contact potential requirement. A numerical 
example  will show this. The surface area of an outdoor substation may be 250 m x ?250 m. Here one has the 
possibility of placing a ground plate of 62 500 m2 under the station. With an average ground resistivity of 
100 O ·m and the equivalent circular plate diameter of 280 m the ground resistance is   
 

R = 
D2

?
 

 
or 
 

R = 
000282

00010
?

 = 0.18O  

 
With such a ground, a ground-fault current of 5000 A will produce a 900 V potential above the more-
distant surroundings which is many times the potential allowed by VDE. In spite of this, it has the 
indisputable advantage that the entire station on this metal plate will have no potentials between parts 
within itself that are worth mentioning. For persons inside the station there will not be the slightest danger 
from undue contact potentials at such a high current. There would be danger only if at the moment of fault 
one were to enter or leave the plant or touch it from the outside. It is not practical to construct such a 
ground plate. However, in order not to endanger the personnel of an electrical plant, ways must be sought 
to fulfill this requirement. 
 
 

                                                 
20 English translation by T. W. Stringfield. Some portions on Petersen coil systems and German (VDE) 
regulations omitted. 



 

 

Besides the dangers to personnel, there will be some to the material of the control and communications 
equipment if it is not provided against. The sheaths of the control cables provide a connection between the 
controlled apparatus in the high-voltage bays and the control point. Thereby, a fault to ground in the station 
can cause a very large current to flow through the sheath and melt it. Communication cables which leave 
the plant will also conduct ground currents away since intentionally or unintentionally they come into 
contact with building construction parts. Thereby, the sheaths acquire the high potential of the station in 
their vicinity while the conductors approximate the potential of the mo re-distant surroundings, so that 
insulation failures may occur. So likewise the cables of the low-voltage plant and the windings of control 
motors among others may be endangered by large potential differences. Indeed, for these reasons it is not 
permissible to rely only on a sufficient interconnection of all apparatus such as circuit breakers, transformer 
cases, frame parts, etc. To this all cable sheaths within the plant must also be connected; so likewise the 
control mechanisms in the switching station to which the control cables are connected. Basically the entire 
plant should be provided with a built-up ground mat for the ground-fault current, to which all equipment 
parts in the plant are connected. So likewise, the existing neutral conductors of independent low-voltage 
systems  should be tied to the ground mat. By this method there will be the least worry that significant 
potential differences will arise between the accessible metallic parts of the plant and the plant equipment so 
protected will be safe from failure. 
 
Now, it is certain that considerable and therefore dangerous potentials can arise between the soil, the floors 
of buildings on one side, and the metallic parts of the plant during the time of faults. Therefore one must 
also consider the safety of operating personnel who in the course of their work must touch such metal parts. 
For this purpose the operating position may be provided either with an insulated floor capable of 
withstanding the high potential or with a metallic grid in the floor and tied to the ground mat or provided 
with both. Such metallic foot grids have been previously used for protection in Siemens-Schuckert plants 
with ungrounded star neutral. They consisted of small meshed wire netting cemented into the floor and tied 
to the grounding system, and provided absolute protection to persons standing thereon and grasping 
operating controls in that a highly conducting shunt path was provided between hands and feet. 
 
As mentioned in the introduction, a large metallic plate is a suitable protection against all step potentials 
and contact potentials within the plant. Since such a metallic plate installation is not realizable, the question 
arises on how far one can go in substituting a network of ground straps and the necessary mesh spacing in 
order to obtain tolerable potential differences. 
 
The investigation of the potential distribution of complicated ground electrode arrangements, which such a 
ground mat is, is not possible by computation, since one can derive formulae only for simple electrode 
shapes and even simple combinations of these electrode shapes are not amenable to calculation. For 
meshtype electrode arrangements with irregular depth of burial which is the way they are used for the 
purpose of potential control and other complicated grounding structures, one is led to the use of models. 
For this purpose such model measurements using an electrolytic tank were undertaken. A metal container 
filled with a conducting solution served as the semi -infinite space for the current diffusion. Figure G.1 
shows the circuit of the test arrangement. The potential distribution for model M can be obtained by a null 
method using the electrode S, the calibrated potentiometer P and telephone receiver T. In order to reduce 
the electrolytic effect of the chopped direct current supply on the model, a slowly rotating switch U was 
placed in the direct current supply leads. 
 
The model of the ground mat consisted of a copper wire 0.2 mm in diameter arranged in a square with 120 
mm sides and set on the surface. For the usual ground straps with a cross-section of 30 mm x ?3 mm 
corresponding to an equivalent diameter of 23 mm this model represented a replica of a ground system with 
a length of 
 

2.0
20

 · 120 = 13 800 mm 

 



 

 

 
 

Figure G.1—Circuit for obtaining potential distribution  
 
or 13.8 m on a side. After obtaining the potential distribution, the square was subdivided to contain four 
squares by the addition of a wire cross, the four subsquares were similarly subdivided until 64 subsquares 
were attained and in each case the potential inside the square was measured. As the mesh becomes finer the 
effect approaches a plate electrode. In Figure G.2 through Figure G.5, the potential at the center point of 
each square is given in percent of the potential of the ground mat. The potential differences which 
characterize the step potentials and thereby the hazard are according to these figures for fine-mesh 
electrodes 11–20% of the total potential. The mesh spacing of the mat with 64 meshes is, according to the 
above-mentioned model scale, 13.8/8 = 1.7 m. The potential distributions in cross-sections through the 
mats at A-B, C-D, E-F and G-H of Figure G.2 through Figure G.5 are shown in Figure G.6. To determine 
the effect of only a partial fine mesh inside the outer edge, the arrangement shown in Figure G.7 was 
investigated and as shown in Figure G.8 with further subdivision of a single mesh. From this it follows that 
in the area of a fine mesh the same relations (proportions) hold as in the complete meshing of the total 
grounding area. The still finer subdivision of a single mesh results in a further raising of the potential inside 
the mesh, that is, a corresponding decrease of the potential differences and thereby the step potential.  
 
The measurements show, as might be expected, that by using a fine mesh a considerable reduction in 
potential differences within the mat area can be obtained. Further, it is apparent that small protected areas 
can be produced by partial matting without completely matting the entire grounding area. Practical 
application of such finer meshing can be found principally in outdoor stations in the neighborhood of 
accessible equipment where the hazard is greatest. 
 
A reduction of the effect, which will not completely eliminate potential differences, can be arrived at by a 
fill of coarse grit (gravel) to a depth of about 1 cm over such a ground grid. With this, everything practical 
has been done in order to minimize the hazard, if not to eliminate it entirely. 
 
To be sure, there remain the locations of the passageways to the protected areas which remain a hazard 
when traveling over them during the time of a fault. Figure G.6 shows the high potential drops at the edges 
of the wide meshed areas, where step potentials of about 45% of the total potential to the ground electrode 
can be encountered. If one must obtain absolute safety, then on the passageways one must resort to the so-
called potential ramps in order to obtain a small, and as far as possible, uniform potential drop. Wooden 
passageways have likewise already been used in the Siemens-Schuckert works in 200 kV stations. 
 
The means of potential control through grounding straps buried at progressively deeper depths is shown in 
principle in Figure G.9, the effectiveness of which was proved by the leveling off of the potential surface in 
a model. Figure G.10 shows the application of potential control around the footing of a tower when one 
does  not desire to, or is not able to, employ a fence.  
 
The magnitude of the expected step potential for a ground mat depends upon the ground resistance, the 
short-circuit current and the mesh density. If one takes the area of an outdoor substation 250 m square, then 
a ground strap around the periphery will be 1000 m long. Without regard to the cross connections and 



 

 

matted grounds, the ground resistance of this strap is  R = ?/pL ln (2L/d); where ? is the ground resistivity 
(generally  100 O·m), L is the length of the strap in centimeters, and d is the equivalent diameter of the strap 
as a conductor with a semicircular cross-section (for the usual ground-strap d = 2.3 cm). With these figures 
R = 0.36 O. The resistance is thus only twice as great as for a solid plate 250 x 250 m. The reactance will 
be reduced by the cross-connections which are required for tying in the apparatus to be grounded. 
 
With a short-circuit current of, for example, 5000 A, the voltage to the ground system will be about 1800 
V. With a ground rating as shown in Figure G.5, the greatest step potential to be expected will be about 11–
12% of this value, or 200 V, the effect of which on persons can be reduced effectively by using gravel fill.  
According to Figure G.8, with a mesh spacing of 0.85 m the potential inside the mesh is 7% of the ground 
mat potential and for a ground mat potential of 1800 V the step potential can thereby be reduced below 125 
V if necessary. 
 
The systematic application of the protective measures described makes the separation of the operating 
ground from the protective ground superfluous. The separation of operating and protective grounds gives 
no protection for faults inside the station and from experience these must be considered. The installation of 
a separated star neutral ground system requires a tremendous amount of land outside the station. There is 
no advantage worth mentioning for this since a protective ground is still required inside the station. It 
therefore can only be recommended that the star-neutral point be connected to a suitable ground system as 
described in the foregoing or otherwise for a separate grounding system to employ the requisite materials 
for an ample  development of the protective ground system. 
 
Tying together both systems (protective and operating) has the noteworthy advantage that for a ground fault  
within the station the ground-fault current component of the faulted station need not be carried by the 
ground mat but is conducted directly over the grounding conductors which are tied to the star neutral point. 
Also, one has only to reckon with the difference between the total ground-fault current and the station 
component, whereby there is a considerable reduction in ground mat potential and step potential.  
 
The overhead ground wire of the outgoing station transmission lines may be advantageously connected to 
the station ground, and effectively reduce the total ground resistance; this is especially so where the ground 
wire which appears to be necessary for star neutral grounded systems with high ground-fault currents is of 
ample design. 
 
Summary 
 
Large contact and step potentials under fault conditions must be considered in high-voltage stations using 
grounded star neutral point. Potential differences which may endanger cable insulation and low-voltage 
apparatus and facilities (for example, windings of control motors) may be eliminated by metallic 
interconnection of equipment housing, sheaths of control and service cables and their neutral conductors, 
and the construction parts in the control house. For protection of personnel at the danger points, narrow 
meshed ground mats with mesh spacing of about 1 m will serve. The potential distribution of such ground 
mats may be investigated by means of electrolytic tanks. A separate operating ground for the star neutral 
point is not recommended, since connection of the latter to a general ground system designed according to 
the viewpoint outlined herein, has advantages over separation. Approaches to parts of the ground system 
which have potential control can be made safe by the so-called potential ramps. 
 



 

 

 
 

Figure G.2—Measured potential distribution for various ground mats 
 

 
 

Figure G.3—Measured potential distribution for various ground mats 
 

 
 

Figure G.4—Measured potential distribution for various ground mats 
 



 

 

 
 

Figure G.5—Measured potential distribution for various ground mats 
 

 
 

Figure G.6—Potential distribution for a ground mat with various mesh densities; ground mat 
potential = 100% 

 

 
 

Figure G.7—Potential distribution for ground mats with fine meshes in portions 
 



 

 

 
 

Figure G.8—Potential distribution for ground mats with fine meshes in portions 
 

 
 

Figure G.9—Potential distribution in a ground mat with ramp (Curve 1) 
and without ramp (Curve 2) 

 



 

 

 
 

Figure G.10—Potential distribution around a mast footing in the direction A-B for a mast 
with ramp (Curve b) and without ramp (Curve a)  

 


