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Abstract — Recent discussions between governmental
agencies, engineers, and standards / code making panels
have raised the question of the appropriate type of grounding
system conductor. What type of conductor should be used in
grounding connections? What factors affect the life of
grounding conductors? How should grounding conductors be
sized? How do the current NEC requirements affect the
quality of the ground system? In many cases, the selection of
the appropriate conductor to be used is considered a matter of
preference. However, the proper selection of the conductor
can enhance or degrade system reliability and performance.
This is especially true in critical or high energy applications.
The technical factors that go into selection of a grounding
conductor are discussed. Reliable criteria for selection of the
appropriate  grounding conductor are developed and
presented.

Index Terms — Grounding, bonding, conductor, ground grid,
ground ring, corrosion, stranded, solid, basket weave

L INTRODUCTION

Grounding and bonding are common and necessary
factors in all electrical installations. They are also one of the
most misunderstood areas of electrical system design.

Nearly all electrical engineers are aware of the need for
power system grounding per standards requirements and can
perform the basic table lookup functions for minimum
grounding electrode conductor (GEC) and equipment
grounding conductor (EGC) selection. However, standards
tables merely specify minimum conductor sizing and do not
address all the factors necessary in selection, installation and
maintenance of effective grounding and bonding conductors
for commercial and industrial locations.

The broad reasons for installation of effective grounding
and bonding generally fall under three categories: personnel
safety, equipment protection and fire prevention. Of these, the
most critical, of course, is personnel safety. In general, a
system designed to minimize exposure to personnel from
electrical hazards is one that, de facto, provides reasonable
equipment protection and reduces the risk of fire ignition. [1,2]
Factors in addition to personnel protection must also be
addressed in an effective grounding system.

An effective bonding and grounding system consists of
three areas:

1. An effective, low impedance connection to earth,
comprised of the system ground.

2. An effective, low impedance path from equipment to
be protected (and from protection equipment) to the
system ground.

3. An effective, low impedance bonding path between
metallic equipment to equalize potential.

For each of these three areas, the proper selection of

conductor material, size and construction is crucial.

The goal of an effective bonding and grounding system is
easy to state and nearly as easy to understand: ‘an effective
bonding and grounding system provides a path to equalize the
potential of all metallic surfaces and to dissipate any errant
electrical energy to earth’ The design, selection and
maintenance of an effective system to accomplish this goal,
however, is not nearly as straightforward. The complexity is
particularly true in critical system applications, or in systems
where elevated levels of energy are present.

1. TYPES OF CONDUCTORS

Many varied materials and construction types may be used
for grounding conductors. Each has distinctive characteristics
which make it more or less appropriate for different areas of
grounding and bonding. The use of building materials as part
of the grounding system is out of scope for this treatise.

A. Conductor Materials

The materials most commonly used in grounding and
bonding conductors (including buried conductors) are
depicted in Table 1. Key electrical and mechanical
characteristics are also correlated. A qualitative discussion of
each material follows:

1)  Copper (Cu): Copper is by far the most commonly
used material for grounding and bonding conductors. The
choice is due to copper’s relatively high conductivity and very
low permeability. In addition, Cu has reasonable tensile
strength and resistance to corrosion in most conditions. Cu
should be tin or lead plated in high sulfur environments,
including the presence of H,S. Cost (per kg) may be a
significant factor, as copper can be 3-5 times the cost of
aluminum and 7-10 times the price of galvanized steel.
Copper is approximately equivalent in price (per kg) to most
grades of stainless steel.
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Table 1 — Properties of Conductor Materials

Material Conductivity B Melting Density Tensile Temp coeff of R Relative
(% IACS) Point (°C) (kg/ms) strength (°C'1) Cost
(N/mm?)
Copper 100% 1.0 1084 8940 345 4.29x10” $55$
Aluminum 65% 1.0 660 2712 221 3.8x10° $3
Copper Clad Steel 20-40% 165-720 1084~ 8100-8200 350 - 400 3.8x10° $$$
Stainless Steel 300 1.7-2.5% 14-3 1375 - 1450 | 7480-8000 ~520 ~0.94x10° 5555
Stainless Steel 400 2.4-3.1% 180 —-380 | 1425-1530 | 7480-8000 415 - 655 ~1.0x10° $35$55%
Galvanized Steel ~10% ~100 420 ~7850 ~400 ~5x10 $

* lowest melting point of combined metals

2) Aluminum (Al): Aluminum is often used for bonding
conductors due to its relatively low cost. Al has somewhat
high conductivity and is much lighter weight than copper
(approximately 30% Cu density). Aluminum conductors are
flexible and easy to handle. Aluminum conductors are highly
susceptible to corrosion. As a result, they are not appropriate
for ground grids or areas exposed to ground contact. In fact,
codes and standards prohibit the use of aluminum for these
areas [3,4,5,8,10]. Aluminum also has a very low melting point
compared to other conductor materials. Consequently,
conductors using aluminum must be much larger than those
using other materials to avoid melting under fault conditions.

3) Copper Clad Steel (CCS): CCS is a bimetallic material
which is essentially a steel core with an outer layer of copper.
The steel offers higher tensile strength, while the copper layer
increases the conductivity to between 20% and 40% of Cu.
The copper layer also acts as a corrosion protection layer for
ground contact applications. CCS is less flexible and
somewhat lighter weight than Cu conductors. CCS is most
commonly used in ground grid and ground rod applications as
opposed to bonding or grounding connectors. For application
in high frequency applications, CCS is a reasonable selection
as the skin depth is less than the Cu layer.

Care must be taken when using construction where the Cu
is merely attached to the outside of the steel rather than being
electrically or chemically deposited. Coated type conductors
are easily damaged when bent. CCS is generally less
expensive than Cu, but more expensive than Al conductors.

4) Stainless Steel (SS): Stainless steel encompasses a
very wide range of material compositions. For grounding
conductors, typically 300 series materials are used. This
series is valued in corrosive environments, including ground
contact, because of their high resistance to corrosion
(excluding chloride environments). The major downside to
stainless steel conductors is the very low conductivity of the
material. Care must be taken to consider the increased
permeability of cold worked (drawn) stainless steel conductors
in high frequency applications, such as lightning. The cost of
SS has made the material prohibitive for use as a conductor,
except in the most extreme applications. Generally, the size of
SS conductor must be 5-7 times the size of a CU conductor
for the same ampacity.

Two important cautions must be taken when using SS. The
first is to avoid low-grade stainless steels due to the high
resistance and high permeability, without the benefits of good
corrosion protection. The other is to avoid high grade (400
series) stainless steels due to the very high permeability,
which greatly increases impedance of the path.

5) Galvanized Steel (GS): In some applications,
galvanized steel is used for grounding / bonding conductors in
areas where cost is the ultimate driving factor. Some IEC
standards allow the use of galvanized steel, even for lightning

protection conductors [5]. Despite being allowed by industry
standards, extreme caution must be undertaken when using
GS for grounding and bonding conductors. The relatively low
conductivity and very low melting point of the galvanized layer
make sizing of the conductors difficult. Additionally, the high
permeability must be considered when used in high frequency
environments. Care also must be taken to avoid mechanical
stresses, which can cause the galvanized layer to
mechanically separate from the underlying steel. GS is a very
low-cost solution, with prices (by weight) approximately 10%
of Cu or SS.

In addition to the varied materials available, diverse
conductor construction is used for grounding conductors.
Construction affects such things as (1) ease of installation, (2)
mechanical strength, (3) high frequency impedance and (4)
soil contact area. A brief discussion of the qualitative
characteristics of each of the conductor constructions follows.

B. Solid Conductors (Sol)

Solid conductors, in general, have the highest overall
resistance to mechanical damage. In addition, they have the
highest resistance to corrosive damage, due to the reduced
surface area exposed to the corrosive environment. Two
types of solid conductors are normally used for grounding
applications: round and flat (strap).

The most common solid conductors are round. Vertical
ground rods tend to be round solid conductors. Round rods
can handle being driven and are generally self-supporting in
the soil. Round solid conductors have the lowest flexibility of
all conductor types, making them the most difficult to bend
and install. Due to skin effect issues, solid conductors also
have greater high-frequency impedance, which makes them
less suitable for applications such as lightning protection.

In contrast, flat solid conductors (strap) have very good
flexibility for the size of conductors, at least in one direction.
Because of the thin, wide shape of strap, it has very low
inductance and exhibits lower impact from skin effect,
resulting in very low impedance in high-frequency
applications.

When strap is used in soil, the ribbon has a very high
contact area with the soil, leading to overall lower ground
contact impedance. As an example, a 1-inch copper strap (1”
X 0.022”) has the same soil contact area as a 5/8” driven
ground rod. The downside of copper strap, is that the shape is
more prone to mechanical damage than round conductors.
The contour is also somewhat more prone to corrosion
damage in soil applications.
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C. Stranded Conductors (Str)

The overall category of stranded conductors encompasses
many different configurations. Certain types of stranded
conductors - such as sector, compact and segmented - are
not discussed as they are very rarely applied in grounding
applications. The following paragraphs describe common
types of stranded conductors being used in grounding
applications.

1)  Bunch Lay (BL): conductors have no geometric
consistency. As such, the impedance characteristics of this
type conductor are inconsistent. Similarly, the mechanical
strength and flexibility are incongruous. Consequently, for
critical or high-energy applications, this construction should
generally be avoided. Bunch lay conductors are a less
expensive construction type.

2) Concentric Lay (CL): conductors are the most
common type of stranded conductor. In this construction, a
center strand is surrounded by one (or more) layers of
helically laid wires. This provides a more consistent
impedance and mechanical characteristic than BL.

!

Concentric Lay

Bunch Lay

Rope Lay Basket Weave

Fig. 1 - Cable Types

3) Rope Lay (RL): conductors are used when flexibility
and conductor size (diameter) are critical. RL conductors are
similar to CL, with the addition that each individual helically
laid “wire” is actually a stranded conductor. Multiple filaments
allow much smaller stranding to be used, increasing the
flexibility and reducing the interstices in the conductor. RL
construction has a lower overall impedance than CL for the
same amount of conductor material, particularly at higher
frequencies. The tradeoff is that the small strands of RL
conductors tend to be more prone to mechanical damage,
particularly in uninsulated configurations. RS conductors are
generally used in moveable or mobile type equipment where
flexibility and ease of handling are paramount.

4) Basket Weave (BW): or braided wire is a method of
creating a conductor where individual strands are woven
together. The intent is the conductors cross each other at
higher angles. This reduces the concentration of magnetic
fields caused by parallel conductors, which decreases high
frequency impedance. BW also reduces the parasitic
capacitance losses in the conductor. [21]

Braided conductors are very flexible, and maintain the
flexibility in all directions. Additionally, mechanical movement
of the braided conductor does not cause crimps and damage
as easily as would occur in solid conductors. Braided
conductors are used for bonding of moving equipment, such
as gates or thief hatches on production tanks. Overall, braided
conductors provide the best balance of low impedance,
flexibility and ease of use for high-frequency and high-energy
applications, such as lightning or transient grounding
protection.

D. Conductor Insulation

For most installations, the question of bare vs. insulated
for grounding conductors is less one of technical aspect but
rather convenience. Conventionally, conductors pulled in
raceways are insulated (particularly stranded conductors).
Similarly, solid conductors connecting to ground rods are
bare. Most grounding electrode conductors (GECs) used to
connect equipment to local grounding locations are
constructed of bare stranded conductors. In some situations,
however, insulation on a grounding conductor can affect its
functionality.

1) Isolated Ground: The most common and critical location
for insulated ground conductors is in isolated ground (IG)
systems. IGs are used to eliminate noise for sensitive
electronic systems, and are required in certain hospital
locations. In IG systems, the entire grounding conductor from
the point of use to the isolated grounding electrode system
should be insulated and isolated from all metallic components,
which could provide an unintended path to the system ground.
6]

2) Buried Conductors: Any buried grounding conductor
(with the exclusion of IG conductors) should be bare.
Uninsulated allows for increased soil contact and lower
ground contact impedance. In areas of highly corrosive soil,
practice often allows insulated conductors for static dissipation
or lighting protection system (LPS) bonding. The intent is to
increase the life of the bonding conductors. However, the use
of insulated buried conductors defeats the purpose of the
grounding system by isolating the bonding from earth.
Concerns about conductor life are better addressed by proper
inspection and maintenance.

3) Personnel Safety: In some locations, personnel may be
exposed to hazardous voltages during a fault condition.
Proper sizing of grounding conductors, as discussed below,
can prevent the voltage from rising to dangerous levels.
Locations with metal raceways experience as much as half of
fault current flowing in the raceway, rather than in the
grounding conductor. [14] The raceway is at least as exposed
to personnel as is the grounding conductor. Nevertheless, in
locations where grounding conductors are exposed to
personnel, the use of insulated conductors can provide some
modicum of increased safety without compromising the
functionality of the grounding system.

M. CONDUCTOR SIZING

The selection of grounding conductor size is not a simple
table lookup process! Note that conductor sizes specified in
IEEE 80, the NEC, IEC 62305, NFPA 780 and other
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standards [4,8,10,15] are minimum conductor sizes for a
specific installation and not specified conductor sizes. Several
factors go into the sizing of a grounding conductor. The final
selection should take all the following into account. The
largest conductor size from any of the applicable methods
below should be chosen.

A. Sizing based on Standards

Although standards contain tables for minimum size
lookup, there is always language which states that care must
be taken. Choose the conductor appropriate for the actual
installation, rather than just the minimum. An example is taken
from NFPA 70, the National Electrical Code (NEC).

NEC Table 250.122 lists the “Minimum Size Equipment
Grounding Conductors” based on the size of the overcurrent
device ahead of the equipment. However, the note below the
table states “Where necessary to comply...the equipment
grounding conductor shall be sized larger than given in this
table”. Additionally, Article 250.4(A)(5) addresses functionality.

IEC 62305-4 Table 1 lists the minimum cross-sections for
bonding components in a lightning protection system
governed by this standard. However, Article 5.6 states that
“Material, dimensions and conditions of use shall comply with
IEC 62305-3". IEC 62305-3 lists many more factors which
must go into bonding conductor size. Factors include
mechanical strength, location, corrosion damage, etc. [5] The
selection of minimum size from standards is merely a starting
point.

B. Sizing based on Fusing Temperature

Sizing of grounding conductors for fault conditions has long
been based on the fusing temperature of the conductor and
the anticipated fault current. The general form of the equation
used to calculate the ampacity of a given conductor is shown
in (1). [8,13]

pt-107

y 'SW'Sh‘ll’l Tmax_Tambient+1
%

%‘O +T, ambient

A=4.889-1

where
| Current Amperes RMS
A Conductor cross section ~mm?
t time current is applied seconds
Trmax Max allowable temp °C
Tambient Ambient temp (40) °C
0o Thermal coeff of resistivity oc!
p resistivity of material pQ-cm
Sh specific heat of material  cal/gram/°C
Sw density of material gram/cm®
Equation (1) calculates the absolute minimum size

conductor required to keep the conductor at or below the
fusing temperature. Reasonable safety factors should be
applied depending on the quality of the information known,
specifically regarding fault size and duration. Based on (1),
the minimum size conductor per amp is shown in Table 2.

Included are various conductors assuming a 1 second fault.
Additional tables are contained in Appendix A.

According to IEEE 837, the maximum temperatures for
conductors with connections are dramatically lower than the
fusing temperature of just the material itself. An exception is
exothermically welded, which takes on the properties of the
conductor. Regardless of material, the maximum temperature
for a brazed connection is 450°C and the maximum
temperature for a bolted or crimped connection is 250°C. [7] If
the grounding conductor is insulated, then the maximum
temperature rating of the insulation must also be considered.

Table 2 — mm? per Amp for 1 second fault

Material Conductor Brazed Bolted Insulated
Only Conns Conns (90°C)
100% Cu | 3.41x107 4.47x10° | 5.66x10° | 10.4x107
97% Cu 3.46x10° 4.53x10° | 5.75x10° | 10.6x10°
Aluminum | 5.61x107 6.57x10° | 8.16x10° | 15.2x10°
40% CCS | 5.02x10° 6.63x10° | 8.45x10° | 15.7x10°
20% CCS | 6.86x10° 9.06x10° 11.6x10° | 21.5x10°
300 SS 17.7x10° 28.0x10° | 67.7x10° | 74.7x10°
400 SS 15.5x107 24.7x10° | 33.2x10° | 65.7x10°
GS 13.8x10° 13.8x10° 17.0x10° | 31.0x10°

Application of these tables is simple. Consider a location
with a 20kA fault current and having bonding conductors
comprised of hard drawn Cu (97% conductivity). The
minimum cross-sectional area of the bare conductor, with only
exothermic connectors would be 69mm?(trade size 3/0 AWG
or 95mm2). In contrast, the minimum size for a bare conductor
with bolted or crimped connections would be 115mm2, which
is trade size 250kcmil or 120mm?.

C. Sizing based on Damage Curves

Another method for selecting conductors is similar to, but
more detailed than, the just discussed fusing temperature.
The fusing temperature method described above only
considers the maximum fault current and assumes a clearing
time. The alternative damage curve method considers all
types of faults and the actual settings of the protective
devices. [12,14]

As an example, Hughes et al discuss the case of a 400A
molded case circuit breaker protecting a circuit fed by one 500
kemil conductor per phase. The maximum fault current at the
location is 20kA, which is not atypical for a large commercial
or small industrial location.

According to NEC Table 250-122, the minimum size
conductor for the EGC is #3 AWG Cu. The conductor is
protected against bolted ground type faults (e.g. 20kA).
However, a wide range of fault currents, between ~500A and
2000A, would allow the EGC to be damaged with no
protection pickup. The damage curves are exhibited in Fig. 2.
According to these curves, a 3/0 AWG Cu conductor would be
required to avoid damage. The wire size is multiple times
larger when selected using the damage curve. The use of
damage curves, then, is a valuable tool in evaluating the size
of grounding conductors. This method of sizing also meets the
thermal sizing requirements of IEC 60364[15].
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D. Sizing based on Electric Shock Calculation

|IEC 60364, IEEE 80, and other standards address the
sizing of ground conductors for personnel protection. [8,15]
The standards approach the protective-sizing in different
ways, depending on the application and ground connection of
the system. The methods include (1) calculating maximum
body current, (2) calculating impedance necessary to clear
protective devices in a given time, or (3) a simply stated
maximum touch potential. In general, the touch potential at
any location in the system, and under maximum fault
conditions, cannot exceed 50 VAC at 50-60 Hz conditions.
The application of the other methods is beyond the scope of
this treatise. Nevertheless, under certain conditions, the
required size of the system grounding and bonding
conductors can be impacted by the necessity to keep the
system safe for personnel. Additional reading on these topics
can be found in the standards [3,4,8,10,15] and in
[12,17,18,19].

Amps X 100 Bus1(Nom. kV=0.48, Plot Ref. kV=0.48)

®x = 0 W s

L | \——400A Moided Case CB
w| 30AWG 500MCM
Ampacity Ampacity

Seconds

S00MCM - P

E >:

Flg 2 Slzmg based on Damage‘Curv‘e E'

E. Sizing based on Mechanical Damage

The previous sections largely deal with sizing of grounding
conductors for fault current from the electrical power system.
Sizing grounding conductors for Ilghtnlng protection systems
(LPS) involves more than the I°R based sizing discussed
above. Inductive reactance must be seriously considered.
Reactance is driven by permeability of the conductor material
and conductor construction. In addition, mechanical damage
often comes from the lightning event itself.

‘In many cases, the minimum conductor size specmed in
the standards is not sufficient to withstand a 98" percentile
lightning event of 200 kA. Table 3 summarizes the minimum
size LPS conductors for both IEC and NFPA standards.

Each individual lightning stroke is comprised of three
primary components from the transient curve [11]:

e Component A is a relatively fast (200 uS duration) high
current peak with peak currents up to ~200kA.

e Component B is an ~500 - 2,000 uS component of
reducing current from ~10 kA to ~400 A.

e Component C is follow-on current of ~400 A lasting out

to 0.75 S.

Table 3- Minimum Sizes of LPS Conductors

Standard Type Material Min Size
Conductor mm? (AWG)

IEC 62305-4 Bonding Bars Cu, Fe 0 (1/0)

Downcomers Cu 16 (#4)

Al 25 (#2)

Fe 50 (1/0)

Jumpers Cu 6 (#8)

Al 10 (#6)

Fe 16 (#4)

NFPA 780 Downcomers Cu 29 (#2)
(Class 1) Al 50 (1/0)
Jumpers Cu 13.3 (#6)
Al 20.8 (#4)

A lightning flash generally contains between 4 and 20 of
these individual strokes. Rakov et al have demonstrated that
these strokes will typically have the same attachment point.
[22] Consequently, an LPS conductor must be able to
withstand several intense strokes.

When sizing lightning conductors components B and C
are responsible for the I’R heating of the conductor. An
examination of the tables in the appendix shows that for a
very small 10,000 A current lasting 025 S, the minimum
conductor size Cu conductor is 17.3 mm? (#4). For the 400 A
com;:vonent which lasts 0.5 S, the minimum conductor size is 1

(#16). Thus, the specified down-comers in the standards
are appropriately sized for these current components.

dl/dt=3 X 10'° A/s

200 A
a
/ “
= ; \
< f '
] f
AR
£ | |
=
2 | !
= | |
& / k
-
2 ;‘
f B 400 AMPERES
/ C
0 . :
200 0.75 X 106

TIME, SECONDS X 10
Fig. 3 - Lightning Waveform Components (not to scale) [11]

Component A contributes very little energy to ohmic
heating due to the very short duration of the event. This
component, however, is the primary contributor to mechanical
damage. The Biot-Savart law states that any current flowing
through a conductor generates a magnetic field which,
generally, exerts an electromagnetic force on the conductor.
Skin effect dictates that the current density is very high on the
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outside edges of the conductor and much lower towards the
interior. An unequal distribution of the magnetic field results.

For the very high currents associated with a lightning
stroke, the magnetic force can be substantial enough to cause
compression of the conductor as well as mechanical damage
to the metal. A mechanical failure of an LPS conductor during
a lightning event not only removes protection but also creates
localized arcs and sparks. These can serve as a source of
ignition and create increased risk for personnel. The risk is
particularly high in Classified (Hazardous) locations.

Tobias [11] has demonstrated the effects of the magnetic
force on conductors used for lightning protection. For this
study, various size conductors were exposed to 150 kA — 200
kA artificially generated lightning strokes. The conductors
tested were 13 - 27 mm? (#6 - #3) Cu solid, stranded and
braided wire, 38.5 mm? (#2) Al braid, and 30 mm? (#2) steel
braid.

A summary of the test results is described below.

e In virtually all conductors tested notable reduction in
diameter of the conductor occurred. Even the solid Cu
conductor exhibited some reduction. In at least one
case reduction was enough to cause failure.

e The high resistance and inductance of the steel braid
made testing at full current impossible. Test currents
reached only 75% of desired value.

e Only the 27 mm? (#3) Cu and 30 mm? (#2) steel braid
conductors survived well during the 200 kA series of
tests. However, recall the steel was not able to be
tested at full 200 kA.

e The Al braid conductor, despite having the largest
cross-section, did not survive even a single 150 kA
event.

e Sharp bends in the conductors caused an increase in
inductance and a local concentration of forces. In all
cases except the steel braid, the effect was a
catastrophic failure of the conductor.

The following conclusions can be drawn.

e |EC requirements for both downcomers and jumpers
(Cu and Al) are insufficient for sizing of lightning
conductors. The conductor sizes specified would not
survive a high percentile lightning event.

e NFPA 780 specifications for Cu downcomers were
sufficiently sized to prevent mechanical damage.
Specifications for Cu jumpers are sufficient to survive a
100 kA event. If these jumpers are judiciously placed
so that each will never carry more than 50% of the
lightning current, they are sufficient. In other words, at
least two down-comer paths are necessary.

e Extreme caution must be exercised when using Al
conductors for an LPS conductor. The extremely low
tensile strength of aluminum makes failure during a
lightning event very likely.

e While the tensile strength of steel conductors allows
them to survive the mechanical forces generated, the
leads are not ideal for LPS. The electrical
characteristics makes steel a poor conductor,
especially at higher frequencies.

e Evidence validates that sharp radius turns thwart
proper operation of the lightning protection system.

Iv. LIFE OF GROUNDING SYSTEM

The performance of a grounding system and the related
bonding connections is crucial during an electrical fault or
lighting strike. Transient events occur whether a facility is new
or 30 or 40 years after construction. A properly designed and
maintained system will provide required protection throughout
the entire life of the facility, even if multiple faults occur over
the years. In addition to the electrical criteria of a system, a
thorough design must address the following operational
issues.

o Install to protect and preserve integrity of the system.

e Avoid situations which may cause accelerated

corrosion or component degradation.

e  Conduct periodic inspection and maintenance.

e Upgrade the grounding and bonding to coincide with

facility changes and additions.

A. Grounding Installation Considerations

A grounding system must be installed in a manner such
that all components of the system are protected from physical
damage, including vandals, thieves, traffic, landscaping
equipment or industrial equipment such as forklift traffic.
Conductors which are exposed on the exterior wall of a
structure require means of protection from physical damage,
up to a height of 6’ above grade. [4]

In areas where burglary is a concern, theft-deterrent
conductors are an appropriate choice. CCS conductors are
much more difficult to cut than pure copper conductors and
tend to discourage theft and vandalism. In addition, CCS has
less market value to miscreants. Composite cables are also
available which include steel strands woven with copper or
aluminum to discourage larceny. For example, some electric
utilities use composite steel and tin-plated copper conductors
for exposed grounding conductors on poles.

In some environments, ground enhancement materials are
employed to improve the electrical performance of a
grounding system. Common materials are bentonite clay,
petroleum coke fines and salts. Many of these require periodic
maintenance and replacement. IEC 62561-7 conforming
materials meet conservation requirements, electrical
performance standards and physical strength specifications.
Since IEC 62561-7 materials contain cement and cure to a
hardened state, the products provide long-term electrical
performance, physical protection for conductors and theft-
deterrence. [23]

B. Corrosion Mitigation

The most likely cause of time-induced degradation in
grounding systems is corrosion. Several long-term grounding
studies have been completed. [23,25,26] The studies
considered various applications, diverse materials, soil
conditions and environmental factors. Some of the most
important observations from these studies are noted.

1. Corrosion occurs on metal components whenever

moisture and oxygen are available.

2. Corrosion can be accelerated by stray DC current (or

the DC component of an asymmetrical AC current) in
the surrounding earth from outside sources.
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3. Chlorides and sulfides in the soil increase the corrosion
rates of metals.

4. Microbial activity in the soil can cause corrosion.

5. Contact between dissimilar metals causes
electrochemical corrosion. The effect is most serious in
mechanical connections of metals with large
differentials in electrochemical potential [26, 26].
Mechanical connections are most susceptible because
contamination and moisture can penetrate between the
mating surfaces, allowing an electrolyte to isolate the
conductors.

6. Low resistivity soils promote good electrical
performance of grounding systems but tend to
enhance corrosion rates of the conductors.

Key conclusions of the long-term grounding system studies

are as follows.

1. SS, Cu, CCS and GS conductors are generally suitable
grounding materials. Aluminum is unstable in soil and
must not be used in ground contact.

2. Although SS grounding components provide the best
resistance to corrosion, the cost and electrical
properties (high X and R) of stainless steel dictate the
material would only be used in facilities where
corrosion resistance is paramount.

3. Cu has excellent electrical characteristics and
corrosion resistance in most soils. However, high purity
Cu does not have the tensile strength generally
needed to be used as a driven ground rod.

4. Corrosion is generally most severe near grade level,
where moisture and oxygen are available. Deeply
buried grounding systems have both better electrical
performance and lower rates of corrosion. Deeper
grounding systems also tend to be more stable in
varying environmental and seasonal effects on the soil.

5. CCS, produced by cladding or electroplating, makes a
good ground rod. The strength of the steel allows deep
driving and the copper outer layer provides improved
electrical performance and good corrosion resistance.

6. If joining conductors of dissimilar metals is required,
the connection must be of the following types:

e A molecular bond between the two metals
(exothermic welding, friction welding, etc.),

e A connection in which the conductors made of
dissimilar metals are separated by stainless
steel,

e A connection enclosed or sealed in a manner
that eliminates moisture entering the contact
region.

7. GS conductors are cost effective but provide inferior
service life. The zinc coating provides electrochemical
protection for the core, even in areas where the steel is
exposed. Corrosion will eventually consume the zinc
while the steel is protected until the zinc deteriorates.
At this stage, the steel core becomes unprotected and
will corrode very quickly.

C. Periodic Inspection and Maintenance

The performance of a grounding system can vary
significantly as a result of environmental changes. [26] For
example, soil that exhibits low resistivity during a rainy season
may have significantly higher resistivity during the dry season.

Multiple soil surveys performed at a site before the design of
grounding system begins should reveal worst case conditions.
These surveys should be conducted after any soil import has
concluded. Once the grounding system is designed and
installed, the system performance must be evaluated to
confirm that design criteria are met. The system must also be
evaluated periodically over the life of the facility to ensure that
it has not been subject to excessive corrosion, physical
damage or changes in soil conditions. [26]

Soil electrical properties should be evaluated prior to
system design.[9] The Wenner Four Pole (Probe) Method may
be employed to collect soil data, which is then used to
develop a multilevel soil model. Once the design is
implemented, the Three Pole (Probe) Fall of Potential method
may be applied to evaluate the performance of the grounding
system. System evaluation must be done without a utility
connection to the facility to avoid interference from the utility
connection. Other interference must be considered.[9]

Ground access test wells should be installed at ground rod
connection locations to allow inspection and evaluation.
Electronic hand-held, earth resistance measurement
instruments are available to analyze the performance of a
facility’s grounding system as an on-going basis. These
instruments are convenient, safe and can be used any time,
even when the utility connection to a facility is in place.

When inspecting and maintaining grounding systems, heed
components that are susceptible to physical damage. For
example, temporary ground connections to vehicles during
loading or unloading of hazardous materials are easily
damaged from handling. Bonds for gates and fences are also
easily damaged or fatigued from cyclic motion.

When new catwalks, metal stairs, storage tanks, etc. are
installed, the proper bonding and grounding is often
overlooked, creating hazards during lightning strikes or
electrical fault conditions. Each and all of the structural metal
equipment must be properly grounded and bonded.

D. System Upgrades

A facility typically has significant functional adaptations
over its life. In some cases, facilities will be totally revamped
or repurposed. After any structural, mechanical, or electrical
modifications to the facility, an upgrade to facility grounding
will likely be required.

When upgrading a grounding system, the common
approach is to add ground rods or a ground loop. The
additions must be properly bonded to the existing grounding
system network. Specifically, address the connections
between aged conductors and new conductors. Aged
conductors, especially those buried in the earth, will have
some surface corrosion. When corrosion has materially
reduced the effective cross-sectional area of a conductor, the
conductor must be replaced or augmented.

Aged conductors must be thoroughly cleaned prior to
connection with a new conductor. Exothermic welding is
highly recommended with aged connections. The flow of
molten metal in the welding process tends to penetrate the
base metal and displaces the corrosion byproducts. Ensure
that aged cables are carefully dried before welding, since the
heat generated turns water into rapidly expanding water
vapor.
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Before upgrades, the present system must be thoroughly
evaluated. As noted above, gather data on existing soil
conditions during different seasonal conditions. Evaluation of
the existing grounding system should include electrical tests
and thorough inspections for corrosion, damage and missing
elements of the system. Finally, after implementation, ground
resistance should be tested before commissioning and at
regular intervals afterwards.

V. CONCLUSIONS

The selection of grounding conductors is a more involved
process than simply looking up the minimum conductor size
from tables in Standards and codes. The selection of (1)
materials, (2) construction, (3) insulation and (4) size all
impact the performance of the grounding conductor both in
the short term and over the life of the facility. Mechanical
strength, corrosion resistance, IR heating, conductivity,
inductive reactance and exposure to hazards must all be
considered.

In almost all situations, the minimum size conductor listed
in codes and standards is insufficiently sized for quality or
lightning performance. Aluminum conductors should be used
rarely and only where they are not at risk of ground contact or
other corrosive atmospheres. Stainless steel can be used in
highly corrosive environments, but consider the very high R
and X inherent in the material. Galvanized steel, though
allowed by codes and standards in some situations, is a very
poor choice for conductor and generally should not be used.

Copper provides the best balance between flexibility,
corrosion resistance, conductivity and low reactance. Basket
weave construction reduces inherent reactance and is
generally preferred for all grounding applications. The use of
insulation reduces the ampacity of the conductors, resulting in
larger wire size and reduces the effective ground contact
resistance. The grounding system must be routinely inspected
throughout the life of the facility to ensure continued
performance.

While cost of conductors is a consideration, efforts to
reduce up-front installation costs must not negatively impact
system integrity over the life of the facility.

VI REFERENCES

1.  R. H. Kaufmann, "Important Functions Performed by an
Effective Equipment Grounding System," in I|EEE
Transactions on Industry and General Applications, vol.
IGA-6, no. 6, pp. 545-552, Nov. 1970.

2. D. Kosc and P. S. Hamer, "Grounding practices-a system-
wide systematic approach," in IEEE Transactions on
Industry Applications, vol. 39, no. 5, pp. 1475-1485, Sept.-
Oct. 2003.

3. National Electric Code (NEC), NFPA 70, National Fire
Protection Association, Quincy, MA, 2017.

4. Standard for the Installation of Lightning Protection
Systems, NFPA 780, National Fire Protection Association,
Quincy, MA, 2017.

5. Protection Against Lightning, IEC 62305, International
Electrotechnical Commission, Geneva, Switzerland, 2010.

6. M. O. Durham and R. A. Durham, "Data quality and
grounding considerations in a mixed-use facility," Fifty-First
Annual Conference 2004 Petroleum and Chemical Industry

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

- 26 -

Technical Conference, 2004., 2004, pp. 1-7.

“IEEE Standard for Qualifying Permanent Connections
Used in Substation Grounding," in IEEE Std 837-2014) ,
vol.,, no., pp.1-59, Oct. 14 2014

“IEEE Guide for Safety in AC Substation Grounding," in
IEEE Std 80-2013 (Revision of IEEE Std 80-2000/
Incorporates IEEE Std 80-2013/Cor 1-2015) , vol., no.,
pp.1-226, May 15 2015.

IEEE Guide for Measuring Earth Resistivity, Ground
Impedance, and Earth Surface Potentials of a Grounding
System," in IEEE Std 81-2012 vol., no., pp.1-86, Dec. 28
2012.

IEEE Recommended Practice for Grounding of Industrial
and Commercial Power Systems, in IEEE Std 142-2007
(Revision of IEEE Std 142-1991) , vol., no., pp.1-225, Nov.
30 2007.

J. M. Tobias, "Testing of ground conductors with artificially
generated lightning current," in |[EEE Transactions on
Industry Applications, vol. 32, no. 3, pp. 594-598, May/Jun
1996.

H. Liu, M. Mitolo and F. Shokooh, "Thermal Sizing and
Electric Shock Calculations for Equipment Grounding
Conductors," in IEEE Transactions on Industry
Applications, vol. 49, no. 4, pp. 1720-1725, July-Aug. 2013.
J. G. Sverak, "Sizing of Ground Conductors Against
Fusing," in IEEE Transactions on Power Apparatus and
Systems, vol. PAS-100, no. 1, pp. 51-59, Jan. 1981.

C. D. Hughes and E. C. Strycula, "Sizing equipment
grounding conductors based on thermal damage curves,"
in IEEE Industry Applications Magazine, vol. 6, no. 3, pp.
42-44, May/Jun 2000.

Low-voltage  Electrical  Installations, IEC
International  Electrotechnical Commission,
Switzerland, 2005.

R. B. West, "Equipment Grounding for Reliable Ground-
Fault Protection in Electrical Systems Below 600 V," in
IEEE Transactions on Industry Applications, vol. IA-10, no.
2, pp. 175-189, March 1974.

G. W. Walsh, "A Review of Lightning Protection and
Grounding Practices," in IEEE Transactions on Industry
Applications, vol. 1A-9, no. 2, pp. 133-148, March 1973.

J. P. Nelson, "Grounding power systems above 600 V," in
IEEE Industry Applications Magazine, vol. 12, no. 1, pp.
50-58, Jan.-Feb. 2006.

Grainger, L., Boulton, R., “A Method to Apply IEEE Std 80
Safe Touch and Step Potentials to Relay Coordination”,
Western Protective Relay Conference, Washington State
University, Spokane, WA,2005.

R. B. West, "Grounding for Emergency and Standby Power
Systems," in IEEE Transactions on Industry Applications,
vol. IA-15, no. 2, pp. 124-136, March 1979.

G.W.0. Howe, “The High-Frequency Resistance of
Multiply-Stranded Insulated Wire”, Proceedings of the
Royal Society of London, Royal Society of London,
September 1917.

V.A. Rakov, M.A. Uman, R. Thottappilll ,"Review of

60364,
Geneva,

Lightning Properties from Electric Field and TV
Observations", J. Geophys. Res., 99, 10,745-10,750
(1994)

Requirements for Earthing Enhancements Compounds,
IEC 62561-7, International Electrotechnical Commission,
Geneva, Switzerland, 2011.



24. “Field Testing of Electrical Grounding Rods”, US Naval
Civil Engineering Laboratory, Port Hueneme, CA, 1970.

25. “Electrical Protection Grounding Fundamentals, Bulletin
1751F-802", USDA-REA, Washington, DC, 1994.

26. “National Electrical Grounding Research Project Technical
Report”, NFPA Fire Protection Research Foundation,
Quincy, Mass, August 2007.

27. M. O. Durham and R. A. Durham, "Cathodic protection," in
IEEE Industry Applications Magazine, vol. 11, no. 1, pp.
41-47, Jan-Feb 2005.

VIL. VITAE

Robert A Durham, PhD, PE (Senior Member IEEE) is the
Principal Analyst of THEWAY Corp, Tulsa, OK, an
engineering, management and operations group that conducts
training, develops computer systems, and provides design
and failure analysis of facilities and electrical installations. Dr.
Durham also serves as President of Pedocs Inc., a natural
resources developer.

Dr. Durham is a Senior Member of IEEE and is registered
as a Professional Engineer in numerous states. His work
experience is broad, and encompasses all areas of the power
industry. His technical emphasis has been on all aspects of
power systems from electric generating stations, to EHV
transmission systems, to large-scale distribution systems and
power applications for industrial locations. He is an
internationally recognized author; having received several
awards from technical and professional organizations such as
the IEEE, and has published magazine articles on multiple
occasions. Dr. Durham’s extensive client list includes the a
broad spectrum of forensic, electrical and facilities projects.
He also is involved with the audit of market participants in
competitive utility markets.

Dr. Durham received a B.S. in electrical engineering from
the University of Tulsa and a M.E. in Technology
Management from the University of Tulsa, OK. Dr. Durham
earned a PhD in Engineering Management from Kennedy
Western University.

Dr. Durham is past chair of the Tulsa section of the IEEE,
past chair of the PCIC Production subcommittee and current
Chair of the PCIC Standards subcommittee.

Stephen Szczecinski is President of Joseph Paul and
Associates, a Michigan-based technical services company.
Previously, he served as the Worldwide Application
Engineering Manager for the ERICO brand at Pentair.
Stephen also served as Vice President of Operations at the
Meriam Instrument division of Berkshire Hathaway providing
pressure and flow measurement products and services for the
oil and gas industry.

Mr. Szczecinski graduated from Case Western Reserve
University in 1985 with a degree in Electrical Engineering and
Applied Physics. He has presented papers to Electric Power
Research Institute, Australia “Down to Earth” and numerous
seminars on the subjects of electrical grounding, lightning
protection and surge protection.

Marcus O. Durham, PhD, ThD, PE, is Sr. Principal of
THEWAY Labs, Bixby, OK. The company is comprised of
scientific consultants in electrical-magnetic, mechanical,
petroleum-chemical, coal, hybrid, and natural energy systems.
The group provides failure analysis, research, safety, design

and training support to the energy, legal, and insurance
communities. Dr. Durham is a principal of Pedocs Inc., a
natural resources developer.

Professional recognition includes the following. He is a
Life Fellow, Institute of Electrical & Electronics Engineers; Life
Fellow, American College of Forensic Examiners; Life Senior
Member, Society of Petroleum Engineers; Licensed Electrical
Contractor; Licensed Commercial Radiotelephone; Licensed
Amateur Extra; Certified Fire & Explosion Investigator, NAFI;
Certified Vehicle Fire Investigator, NAFI; Member, Int'l Assoc
of Arson Investigators; Member, IEEE Standards Association;
Professor Emeritus, U of Tulsa.

He has been awarded the IEEE Richard Harold Kaufmann
Medal “for development of theory and practice in the
application of power systems in hostile environments.” He was
recognized with six |IEEE Awards for his Standards
development work. He has been awarded numerous times for
the over 150 technical papers he has co-authored. He has
published fourteen books used in university level classes. He
is acclaimed in Who’s Who of American Teachers and Who's
Who of the Petroleum and Chemical Industry of the IEEE.
Honorary recognition includes Phi Kappa Phi, Tau Beta Pi,
and Eta Kappa Nu.

Dr. Durham received the B.S. in electrical engineering
from Louisiana Tech University, M.E. in engineering systems
from The University of Tulsa, Ph.D. in electrical engineering
from Oklahoma State University, and Ph.D. in theology from
Trinity Southwest University.

-27-



Table A- 1 97% (Hard Drawn) Cu Minimum CSA per Amp

Appendix A
Minimum Cross Sectional Area for Different Conductor Materials and Fault Duration

Time Conductor Brazed Bolted Insulated Conductor Brazed Bolted Insulated
(sec) (cir mils) | (cir mils) | (cir mils) | (Cir mils) (mm?x107%) (mm?*x10%) | (mm?x107%) (mm?x10%)
30 374 49.0 62.1 114.4 18.95 24.82 31.47 57.97
4 13.7 17.9 22.7 41.8 6.92 9.06 11.49 21.17
1 6.8 8.9 11.3 20.9 3.46 4.53 5.75 10.58
0.5 4.8 6.3 8.0 14.8 245 3.20 4.06 7.48
0.25 34 45 5.7 10.4 1.73 227 2.87 5.29
Table A- 2 Aluminum Minimum CSA per Amp
Time Conductor Brazed Bolted Insulated Conductor Brazed Bolted Insulated
(sec) (cir mils) | (cir mils) | (cir mils) | (Cir mils) (mm?®x10°%) (mm?x10%) | (mm*x107%) (mm?®x10°%)
30 60.6 71.0 88.2 163.8 30.73 35.97 44.69 82.98
4 221 25.9 322 59.8 11.22 13.13 16.32 30.30
1 11.1 13.0 16.1 29.9 5.61 6.57 8.16 15.15
0.5 7.8 9.2 11.4 21.1 3.97 4.64 5.77 10.71
0.25 5.5 6.5 8.1 14.9 2.80 3.28 4.08 7.58
Table A- 3 30%CCS Minimum CSA per Amp
Time Conductor Brazed Bolted Insulated Conductor Brazed Bolted Insulated
(sec) (cir mils) | (cir mils) | (cir mils) | (Cir mils) (mm?®x10°%) (mm?x10%) | (mm*x10%) (mm?x10°%)
30 62.0 81.8 104.3 193.7 31.40 41.46 52.86 98.15
4 22.6 29.9 38.1 70.7 11.47 15.14 19.30 35.84
1 11.3 14.9 19.0 354 5.73 7.57 9.65 17.92
0.5 8.0 10.6 13.5 25.0 4.05 5.35 6.82 12.67
0.25 5.7 7.5 9.5 17.7 2.87 3.78 4.83 8.96
Table A- 4 40%CCS Minimum CSA per Amp
Time Conductor Brazed Bolted Insulated Conductor Brazed Bolted Insulated
(sec) (cir mils) | (cir mils) | (cir mils) | (Cir mils) (mm?®x10°%) (mm*x10%) | (mm*x107%) (mm®x10®)
30 54.2 71.6 91.3 169.6 27.49 36.29 46.27 85.91
4 19.8 26.2 33.3 61.9 10.04 13.25 16.90 31.37
1 9.9 13.1 16.7 31.0 5.02 6.63 8.45 15.69
0.5 7.0 9.2 11.8 21.9 3.55 4.69 5.97 11.09
0.25 5.0 6.5 8.3 15.5 2.51 3.31 4.22 7.84
Table A- 5 300 Series SS Minimum CSA per Amp
Time Conductor Brazed Bolted Insulated Conductor Brazed Bolted Insulated
(sec) (cir mils) | (cir mils) | (cir mils) | (Cir mils) (mm?®x10°%) (mm?x10%) | (mm*x107%) (mm?®x10°%)
30 190.9 302.4 407.2 807.4 96.71 153.21 206.33 409.10
4 69.7 110.4 148.7 294.8 35.31 55.95 75.34 149.38
1 34.8 55.2 74.3 147.4 17.66 27.97 37.67 74.69
0.5 24.6 39.0 52.6 104.2 12.49 19.78 26.64 52.81
0.25 17.4 27.6 37.2 73.7 8.83 13.99 18.84 37.35
Table A- 6 Galvanized Steel Minimum CSA per Amp
Time Conductor Brazed Bolted Insulated Conductor Brazed Bolted Insulated
(sec) (cir mils) (cir mils) | (cir mils) | (Cir mils) (mm?x10°%) (mm?x10%) | (mm*x107%) (mm?x10°%)
30 149.6 149.6 183.8 335.1 75.81 75.81 93.15 169.78
4 54.6 54.6 67.1 122.3 27.68 27.68 34.02 61.99
1 27.3 27.3 33.6 61.2 13.84 13.84 17.01 31.00
0.5 19.3 19.3 23.7 43.3 9.79 9.79 12.03 21.92
0.25 13.7 13.7 16.8 30.6 6.92 6.92 8.50 15.50
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