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- PREFACE

The Transmission and Distribution Committee of the Edison Electric Institute
is proud to present to the Electric Power Industry the first revision of the NELA -
Underground Systems Reference Book, originally published in 1931.

Completely rewritten, the book has been prepared for both field and office use.
Reflecting the extensive developments of the past quarter of a century, it is be-
lieved that it presents a comprehensive and practical study of the best practices
in design, construction, operation and maintenance of power cable systems.

This revised edition, which retains only a small portion. of the original histori-
cal information, is about twice as large as the original work. It was prepared by
a staff of 134 over a period of three years. The first edition was four years in
preparation and 45 persons collaborated in its writing. Seven of the contributors
to the original book also contributed to the present revision. They are Messrs.
D. XK. Blake, H. S. Davis, W. A. Del Mar, C. W. Franklin, H. "Halperin,
C. C. Knox and L. G. Kraft. .

In its preparation, every effort was made to have the text non-regional in char-
acter. Engineers from widely separated localities were appointed to each chapter
staff and the material submitted was reviewed by men from still other sections of
the country. Standards, specifications and instructions were solicited from 34
utility companies having the largest underground systems and were distributed
to the interested chapter editors. Questionnaires were circulated to collect infor-
mation not adequately covered by individual company standard practices.

Practices and descriptions of equipment common to both underground and
overhead construction have been included to give complete coverage of certain
subjects. All widely used practices known to the editors have been described
without prejudice to the end that the reader may select the practices best adapted
to his particular conditions.

For certain subjects, such as economic studies, it was not feasible to provide
full treatment, but references to pertinent material published elsewhere have
been included. Tables, statistics and general data readily available in standard
reference books have been omitted.

We take this occasion to thank the many well-known and busy engineers who
have contributed the time and effort for the preparation of this volume. A small
part of their work may have been-done during office hours, but the bulk was ac-
complished outside of the regular working day. We are also deeply indebted to
the many utility companies and manufacturers who supported the project by
generous contributions of both -technical and non-technical- manpower, as well
as service and material necessary for the completion of this reference book. We
are also grateful to AIEE, IPCEA, AEIC and other associations and publishers
for their contribution of material which has been reproduced in the reference book
and for their sympathetic cooperation with the entire underfaking. A considerable
amount of ‘work was done by men who were not members of the Editorial Staff.
Our sincere thanks are extended to ‘all of these unknown soldiers. We are also
grateful for the help of other committees of Edison Electric Institute.

We have found the work of preparation a most enjoyable assignment. Members
of the staff and other contributors have been most gracious in resolving differ-
ences of opinion and have been both prompt and thorough in completing their
assignments. .

During the three years of work on the book we have lost one member of the
staff. Mr. E. W. Davis, then President'of IPCEA, died in 1955 after his Chapter 2
was basically’ complete. He was one of our most enthusiastic workers and we
deeply regret that he was not destined to see the finished product.

James A. Pursrorp, Editor-in-Chief
Carros C. Knox, Associate Editor-in-Chief
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This book is divided into chapters, each chapter having
its own sequence of page numbers. For instance, 4-9
indicates Chapter 4, page 9.

Superior numerals in the text of a chapter indicate the
numbers of references cited in the Bibliography appear-
ing at the end of that chapter.



The power distribution function basic-
ally includes all of the facilities and serv-
ices associated with the delivery to con-
sumers, of power made available at some
central generating or receiving point.

For convenience it has become cus-
tomary on ofcasion to refer to various
components of the distribution system as
transmission, subtransmission, primary
distribution and secondary distribution
facilities, although each contributes its
part to the over-all distribution function.
With the passage of time and accompany-
ing increases in load density, together with
advances in the art, circuits having volt-
ages originally-considered so high as to be
suitable only for transmitting scheduled
blocks of power from one place to another,
have long since been used extensively as
distribution eircuits, for power delivery to
consumers whose momentarily changing
defands alone determine the loads on the
circuits.

By this process of evolution some, if
not all, present-day transmission voltages
will become future distribution voltages.
Hence, considerable confusion can be
avoided by accepting the fact that the
transmission or “send across” function

basically applies only to facilities used for

scheduled bulk -power transfers between
stations which have been interconnected
for reasons usually associated with écon-
omy in fuel and generating capacity costs.
All other facilities essentially perform the
distribution function.

Overhead and underground distribution
gystems both perform the same basie func-
tion, although their design and operation
involve quite different techniques. Both
systems include various types of lateral,
branch and radial eircuits, some of which
will operate in ‘parallel after a fashion
commonly referred to as a “network.” As
the title of this reference book implies, it
has to do almost exclusively with the
particular group of specialties, skills and
techniques of designing, constructing, op~
erating and maintaining underground sys-
tems.

One significant difference between open-
wire and cable cireuits lies in the fact that
(cable conductors must be covered by an
insulating material throughout their en-
tire length for the full operating voltage
of the circuit, whereas open-wire circuits
are insulated by air, except at terminations
and at intermediate points of support.
Hence, the chgllenges to be met by the
designer of underground systems have
centered largely about this problem of
conductor insulation. Aerial cable installa~
tions are so similar to underground cables
that they bave been treated in this book.
There are also many other problems as-
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sociated with corrosion, heat dissipation,

safety and providing needed accessibility
for maintenance or replacement. Of course
it will be understood that other distribu-
tion equipment, as well as cables and their
accessories, must all be designed to permit
satisfactory installation and maintenance.

The responsibilities of the engineer in-
clude, among other things, the practice of
sound stewardship in making designs
which provide the required quality of
gervice at the lowest total cost. Since
underground construction is an expensive
alternative for overhead installation, it
follows naturally that an underground sys-
tem should be specified only in those areas
where considerations of public welfare,
safety, very high load density or architec-
tural environment are unquestionably suf-

ficient to warrant the greater cost. Con--

sequently, very few power distribution
Systems are installed wholly underground.
Even in areas served predominantly by
aerial systems, however, it is often neces-
gary to avoid intolerable overhead conges-
tion by the underground installation of
high-capacity feeders, particularly in the
vicinity of major distribution centers.
With each passing year, therefore, sys-
tems baving had little previous experience
with underground construction are finding
themselves confronted with the inescap-
able necessity of entering a new field of
specialized practice in which a tremendous
amount of talent-and effort has brought
about almost revolutionary development
during the quarter century since publica-
tion of the last Underground Systems
Reference Book. The great strides which
have been made toward developing pack-
age equipment, which can be installed with
a minimum of field labor, have had little
effect upon reducing the amount of ex-
tremely specialized skill and care required
for the field installation of cable, joints
and terminals in enviromnents where the
procedures required to avoid contamina-
tion seem almost impossible of attainment.
The integrity of an underground cable
system, therefore, continues to be extra-
ordinarily dependent upon excellence of
workmanship in the field installation.

HISTORICAL DEVELOPMENT

Distribution of electricity by under-
ground systems was started by the early
telegraphers, among  them Ronalds,
Wheatstone and Morse. Insulated wires
buried in the. ground and wires drawn
into conduits were tried with varying suc-
cess. Francis Ronalds, in 1816, used bare
copper wires drawn into glass tubes placed
in a buried wooden trough. W. F. Cooke
and Charles Wheatstone, in 1837, placed
insulated wires in grooves in buried tim-
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ber. In 1844 8. F. B. Morse buried some
miles of lead sheathed cable between
Washington and Baltimore but abandoned
it in favor of an overhead line. None of
these early lines proved to be successful
due to the hygroscopic nature of the only
insulations then available. The best of
these was gutta-percha, but it was too
prone to oxidation in the absence of ade-
quate protection from the air.

Very little was done in the way of
underground distribution from ‘the early
days of the telegraph until the advent of
Edison’s electric lighting, a period of
nearly 40 years. )

Are lighting by Jablochkoff, Brush and
others, in the 1870’s, used overhead wires
at about 2000 v, the lamps being con-
nected in series. :

Lighting by incandescence was princi-
pally the result of the work of Edison
who developed a complete system of light-
ing by this method in 1879, in which the
lights were designed to operate in parallel.

Edison planned his first installation for
New York City and decided that an under-
ground system of distribution would be
necessary. This took the form of an elec-
trically interconnected: network of low-
voltage distribution mains supplied by
feeders radiating from a centrally located
d-c generating station to various feeding
points in the network. :

"Edison designed a rigid buried system
consisting of copper rods insulated with
a wrapping of jute. Two or three insulated
rods were drawn-into iron pipes and a
heavy bituminous compound forced in
around them. They were laid in 20-ft
sections and joined together with specially
designed tube joints from which taps
could be taken if desired. The Edison
tube gave remarkably satisfactory per-
formance for this class of service.

The low-voltage, heavy-current charac-
teristic of dc distribution limited the
area that could be supplied from one
source, if the voltage regulation were to
be kept within reasonable bounds. More-
over,- the high first cost and the heavy
losses have made such systems uneco-
nomical for general distribution. There-
fore, they developed in limited areas of
high load density, such as the business
districts of the larger cities, and even in
these areas, subsequent load growth has
largely compelled replacement by a-¢ sys-
tems.

The now almost universally employed
a-¢ system of distribution was developed
largely as the result of the work of L.
Gaulard and J. ‘D._ GibYs, who in 1882
designed a cruile alternating-current sys-
tem using induction coils as transformers.
The primary coils at first were connected
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in series for high-voltage transmission.
Satisfactory performance could not be
obtained because the reactance of the
transformers was not taken into account,
but they were able to distribute electric
energy at a voltage considerably higher
than that required for lighting, and %o

demonstrate the economies attending its -

use. The system was introduced into the
United States in 1885 by George Westing-
house. An experimental installation went
into service at Great Barrington, Mass.,
early in 1886. The first large scale com-
mercial installation was made at Buffalo,
N. Y., the same year.

The early a-c installations operated at
1000 v. Overhead construction was con-
sidered essential for their satisfactory per-
formance and almost universally em-
ployed.

In the course of a few years the installa-
tions of overhead wires forstelegraphs,
telephones, street lighting, etc., led to
congestion and unsightliness which empha-
sized the need for considering underground
construction. In 1888 the situation was
summarized in a paper before the Na-
tional - Flectric Light Association as fol-
lows:

No arc wires had been placed underground
in either New York or Brooklyh. The ex-
perience in Washington led to the state-
ment that no insulation could be found
that would operate two years at 2000 v. In
Chicago all installations failed with the ex-
ception of lead-covered cables which ap-
peared {o be operating successfully. In
Milwaukee three different systems had been
tried and abandonmed. In Detroit a cable
had been installed in Dorsett conduit but
later abandoned. In many larger cities low-
voltage cables were operating satisfactorily
and in Pittsburgh, Denver, and Springfield,
Massachusetts, some 1000-v circuits were
in operation.

After studying the available data the
New York Subway Commission decided
to adopt rubber-insulated, lead-covered
cable installed in ducts for the street
lighting circuits. This general type of sys-
tem became standardized throughout the
country, although paper-insulated cables
later became the preferred design.

The advantages to be obtained from
the use of conduits into which insulated
conductors could be drawn or removed
without disturbing the surface of the
street became apparent when many of the
earlier cable installations had to be com-
pletely replaced soon after their installa-
tion.

The first rubber insulation was unvul-
canized and had very short life. An im-
provement was made by mixing the rub-
ber with vulcanized vegetable oil, known
as factice, and, although Goodyear had
patented vulcanized rubber in 1844, it was
not untjl 1860, however, that vulcanized
rubber insulation came into general. use

=

on telegraph systems aiid not until the
late 1880's for electric lighting cables.

During this interval, a successful insula- -

tion containing rubber was developed
under the trade name of Kerite, which
became the forerunner of today’s high-
voltage rubber-base insulations.

The Cataract Power and Conduit Co,,
of Buffalo, N. Y., still doubtful about
paper, adopted- Dr. Habirshaw’s rubber
insulation for its 11,000-v lines in 1897.
The last of these cables was removed in
1928.

This was followed in 1900 by Henry
Floy’s 25,000-v rubber-insulated cable at
St. Paul and Minneapnlis, but, thereafter,
rubber was used on few high-voltage un-
derground systems.

A paper-wrapped wire that developed
into the. present-day cable was made
about 1872 by a paper manufacturer of
Richmond, Va., named John H. Worten-
dyke, who used it for an electric bell sys-
tem in his home. Wortendyke made a
erude taping machine for this purpose but
apparently made no attempt to commer-
cialize his wire. About 1883 Wortendyke
had in his employ one Edwin D. McCrac-
ken, who made further developments in
the taping machine and applied for a
patent in February, 1884, which was
granted as Number 304,539, September
2, 1884. This patent covered: “An electric

wire having a covering consisting of a

spirally wound and lapping strip or strips
of paper composed of pure vegetable fiber
and applied in its unchanged fibrous con-
dition to the wire, the paper forming, of
itself, the insulating covering for the wire.”

McCracken and his associates organized
and reorganized a series of unsuccessful
companies to promote his patent: First,
the Norwich Insulated Wire Co., of Nor-
wich, N. Y., and finally of Harrison, N. J.

The first impregnated-paper cable hav-
ing helically applied paper tapes, oil im-
pregnation and a lead sheath extruded
over the core was a telephone cable de-
signed by John A. Barrett, of the Ameri-
can Telephone and Telegraph Co.

The impregnatfon of, this cable was ef-
fected by mere immersion in hot oil in
the expectation that the heat would drive
out the moisture by evaporation and the
air by expansion, It was J. T. Jaques, of
Boston, Mass., then associated with the
Faraday Electric Cable Co., who patented
in 1885 a process combining vacuum dry-
ing with hot impregnation under pressure.

The Norwich Wire Co. began to sell the
product of its Harrison plant in 1887,
acquired a lead press in 1890 and sold out
to the National Conduit and Cable -Co.
in 1891. ‘

While flexible cables insulated with
paper tapes and impregnated with oil
were being developed for low voltages in
America, Ferranti, in England in 1890,
following the Edison example of using
rigid mains, took the daring step at Dept-
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ford of using paper for the hitherto un-

thought of voltage of 10,000 v, single
phas.e. These mains, made in 20-ft lengths,
consisted of two concentric tubes of copper

-insulated by single wide sheets of brown

paper steeped in Ozokerite, both between
the tubes and over the outer tube, the
whole enclosed in an iron pipe. The
pipe was drawn down through a die plate
until it fitted tightly over the insulation.
These main;, were buried under the streets
and joints were provided befween the 20-
ft lengths. They remained in service, at
least in part, until 1933. !

The success of Ferranti’s daring Dept-
ford mains installation fortunately helped
the cause of cables more than that of rigid
tubes. McCracken’s .patent on wire in-
svlated with paper tape, which was six
years old at the time of this installation,
came to be noticed .and people began to
ask whether taped cable might not be
good for 3000 v or even 6600 v, if rigid
conductors insulated with wide sheets were
good for 10,000 v.

The year 1895 marks the practical be-
ginning of impregnated-paper calBle.
Shortly afterward several companies
started its manufacture. The first 13,-
000-v paper-insulated cable was made by
the National Conduit and Cable Co. in
1897, and installed at Minneapolis and
St. Paul, Minn. This American develop-
ment represented a significant departure
from the rigid construction previously

employed by Ferranti at Deptford. There- .

after, developments in Europe closely
paralleled those in America.

Progress was rapid between 1895 and
1898, for on December 30, 1898, we find
Alex. Dow writing as follows in Engineer-
ing News: “Electric light practice today
is about evenly divided between paper-
insulated cables and rubber-insulated ca-
bles, both lead covered.”

That the uncertainty about paper per-
sisted to 1899, when a 25000-v system
was. projected for St. Paul and Minneapo-
lis, is shown by the fact that both rubber
and paper cables of that voltage were in-
stalled- on that system in 1900. It is of

interest to note that the paper cable re-

mained in use until the line was redesigned
in 1928:

By 1902 paper insulation was fully es-
tablished and, substantially unchanged
from its ofiginal type, proved adequate to
all needs until the time of World War I,
when the use of electricity increased with
unprecedented rapidity and introduced
new loading conditions.

The early cables were impregnated with
2 mixture of rosin oil, known as London
0Oil, and wood rosin. This gas superseded
shortly after World War I by -a mixture
of petrolatum and rosin and finally, in the
middle 1920, by a viscous fluid mineral oil
with or without refined rosin or polyiso-
butylene.

The necessity for transferring large

-
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block§ of power over tie lines created a
much greater need than formerly for ca-

bles capable of being operated at trans -

mission voltages. This increased demand
for high-tension cables resulted in a wide-
spread interest in the subject and was met
by a number of important developmerts
in cable manufacture.

The first steps to accompllsh these ends
included the use of higher vacua to dry
and degasify the insulation and -obtain
more thorough impregnation, an aim
which was also assisted by careful temper-
ature and pressure controls, all of which
involved the development and installation
of improved equipment. These develop-
ments led both to 'greater reliability of
operation and to increased carrying capac-
ity due to increased dielectric strength and

. reduced dielectric loss.

Shielded ca.ble, patented «by Martin
Hochstadter in 1916, came to the fore in
the middle 1920’s for multiple-conductor
construction for 15,000 v and above and,
at about the same time, engineers became
conscious of the formagion of vecids due'to
the expansion and contraction of the im-
pregnant and resorted to the oil-filled ca-
ble system of Luigi Emanueli for the
higher voltages. This system, using a very
fluid oil and reservoirs to accommodate its
thermal expansiony enabled transmission
voltages to be raised from 69,000 .to 138,-
000 in. America and to 220,000 in Europe.

A patent by H. W. Fisher and R. W.
Atkinson, in 1927, revealed that the di-
electric str_ngth of impregnated-paper in-
sulation could be greatly increased by
maintaining it under pressure. This
principle was not put to practical use
until 1932, when a comiercial installation
of cable operating at 200 psi was built in
London. In the same year an experi-
mental line was mstalled near Philadel-
phia. In both of these systems, the cables
were installed in steel pipes, the English
using nitrogen gas as the pressure medium
and tMe Americans, oil.

Following the first commercial installa-
tion of pipe cable in America in 1934, pipe
cables using either type of pressure me-
dium have become accepted and since
1946 have come into extensive use for the
higher voltages.

Varnished cambric is a tape insulation
introduced shortly before World War 1,
consisting of cotton cloth covered on both
sides with varnish, with oil or grease
known &s “slipper” applied between tapes.
It is much more water absorbent thaf
rubber and, unless protected by a water-
proof sheath, is not suitable for use in
damp locations. Its use in underground

systems is very limited and it is seldom

used for voltages over 15,000.
MODERN UNDERGROUND- SYS-
TEM DESIGN

American practice generally has favored
the “drawn-in” type of system in which
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cables are installed in one or more con-
duits which are buried in .z trench, with
manholes provided at intervals determined
usually by the practical pulling lengths.
European practice on the other hand has
traditionally favored burying suitably
armored cables directly in earth, without

. the use of conduit. Direct burial in this

country has been limited essentially to
street lighting, customers’ service and local
Cistribution cable circuits in parkways and
residential areas where relatively unen-
cumbered surface conditions permit suffi-
cient access for maintenance without need
for additional investment in conduits.
Where there are numerous cables n a
given trench, a properly designed drawn-
in system affords a measure of protection
against communicating faults between ca-
bles and against mechanical damage by
hand excavating tools.

Natural exposures of underground cable
installations to corrosive attack, damp en-
vironment and the risk of mechanical dam-
age require that these factors be taken
into account. The present extensive use
of heavy-duty excavating tools and equip-
ment, however, has greatly reduced the
protection against mechanical damage pre-
viously afforded by conduit - structures.
Protection against corrosive environments
is achieved by choosing cable construe-
tions which avoid the use of metallic
sheaths, or provide a protective covering
over any metal which is required. Cath-
odic protection for pipe and metallic
sheaths may be necessary in case of fail-
ure of the coating, but-has to be carefully
engineered because of its possible effects
upon the rorrosion of neighboring strue-
tures.

The increased use of pipe-type cable
systems in this country has led to #n in-
tensive re-examination of the heat dissi-
pating characteristics of earth. This in
turn has led to a better understanding of
heat dissipation from cables in other

drawn-in and buried systems as well. It

is already known that some grades of
sand have extremely favorable heat dis-
sipating characteristics and can be used
to advantagg as backfill when circum-
stances requffe. KEarth is a very poor
heat dissipating medium, so that cable
losses in the order of 30 w per trench ft

. are about the maximum that can be per--

mitted without risk of overheating, par-
ticularly at high load factors. For this
reason conductor sizes are much larger

-for underground than overhead circuits

having identical load ratings.

It is expected that research now under
way will lead to a better understanding
of these problems and some practical in-
creases in load ratings. Where other
things are equal, however, the superior
heat dissipating properties of the atmos-
phere above the earth strongly favor the
overhead installation of suitably modified
cables. - In the last analysis, the conductor
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and dielectric components of a cable are
unaffected by considerations of whether
the cable will be installed in underground
conduit, buried directly in earth or in-
stalled overhead 'The intended environ-
ment determines only the nature of the
protection needed to preserve the insulat-
ing properties of the dielectric components.
Armor of some sort may be added, par-
ticularly in submarine cables, to aﬁord
some additional measure of protection
against mechanicsl damage.

Cables, however, represent only the con-
ductor component of the underground dis-
tribution system which includes .trans-
formers, sectionalizing and protective
equipment arid numerous accessories. Be-
cause of the very high ’.ad densities
which usually characterize underground
distribution areas, the underground sys-
tem generally takes the form. of a low-
voltage network supplied through trans-
formers connected ~ to diverse feeders
which operate electrically in parallel
through the low-voltage network in such
a way that the outage of a’feeder simply
results in a redistribution of load between
the feeders remaining in service, without
resulting in any interruption of service to
consumers.

In American practice, the distinction
between network and radial circuits is
used primarily to differentiate between
those circuits which do and those which
do not. operate electrically interconnected.
In common parlance, however, the term
“network” almost universally applies to
a system of interconnected low-voltage
circuits, as in the 120/208-v systems
most commonly used for combined light
and power distribution. The networking

-of circuits involves considerations of nor-

mal and emergency load division, fault
clearing, etc., which require the provision
of additional facilities and techniques, but

“in all other respects the problems are

quite similar for both network and radial
systems.

The first low-voltage a-c network is re-
ported to have been installed in Memphis
about 1907. Its solid grid of secondary
mains wag supplied by primary feeders
through primary cutouts and transformer
banks which were connected to the grid
through fuses. In 1921 an improvement
was made by the Puget Sound Power Co.
in Seattle, when the first use was made of

" reverse-power tripped, manually reclosed,
low-voltage circuit breakers for the isola-*

tion of network transformer or primary
faults.

Further 1mprovement was incorporated
in the low-voltage a-¢c network system
which was installed in New York City by
the United Electric Light & Power Co.
in 1922. In this system a number of radial
primary feeders supplied a solid grid of
low-voltage mains, with the transformers
connected to the grid through network
protectors. Transformer or primary faults

L



are cleared by reverse-power tripping of
the network protector breakers, so as to
disconnect from the network all trans-
formers being supplied by the feeder asso-
ciated with the fault. The network pro-
tector breakers automatically remain open
until the necessary repairs have been com-
pleted and the primary feeder is re-ener-
gized, whereupon service is restored by
automatic reclosing of the network pro-
tector breakers. The first use of supply
feeders at 13-kv generator voltage for such
a network was madé in New Orleans in
1923. " '

By 1926 another type of network system
had been developed and installed in Phila-
delphia, in which sectionalized primary
feeder loops were used instead of radial
feeders. A transformer or primary fault in
this system causes current unbalance in a
differential protection control circuit which
automaticaily opens the immediately adja-
cent primary circuit sectionalizing break-
ers and isolation of the fault is completed
by the operation of fuses in the low-volt-
age leads of the one transformer affected,
thus making it unnecessary to provide for
any automatic reclosing features.

Acceptance of a-¢ network systems was
initially characterized by caution, as cer-
tain weaknesses became apparent and were
being eliminated. Nevertheless, there were
ix of these networks operating with a
total load of 27,500 kva in 1925, when
the 120/208-v 3-phase system for supply-

" ing combined. light and power service had
become generally accepted. Increased con-
fidence led to rapid growth thereafter, so
that some 53 companies operated 152 net-
works having a total load of 783,000 kva
in 1931, when the first edition of this book
was published. By 1952 eighty-two com-
panies operated 414 mnetworks covering
nearly 150 miles of area and having a total
load of about 4,500,000 kva. During the
development of the network systems, the
secondary voltages in some instances have
been increased to 265/460 v and the pri-
mary supply voltage as high as 39,000 in
order to economically provide for load
demands.

With increasing load density, maximum
network transformer sizes have increased
from 100 kva for single-phase units of the
early networks to 1000-kva 3-phase units
for present 120/208-v systems and
2000-kva 3-phase units for 265/460-v serv-
jce. Modern transformers are, physically

™ emaller than predecessors of equal rating,

which is important because increasing sub-
surface eongestion requires developing the
most compact designs practical. Vaults
under sidewalks are genesally preferred,
with a maximum of free area provided for
venting their losses to outside atmosphere.

_ Important space-saving features have
included the elimination of external cool-
ing tubes from the transformer and mount-

ing the network protector with other acces- .

sory equipment on the transformer tank in

.

N

a package requiring a minimum number of
cable connections conveniently located on
top. Recent development of suspension-
type mountings also holds promise of ap-
preciable construction and maintenance
economies by reducing the vault size and
avoiding ‘the more corrosive environment
near manhole floors. The use of all-welded
construction and solder-sealed bushings to
eliminate- any need for gaskets has con-
siderably simplified maintenance. Askarel-

filled and dry types of transformers are

available when desired to avoid the use
of oil-filled units in buildings. ‘Trans-
former noise level is important in residen-
tial areas and should be kept within ae-
ceptable limits.

The modern network protector and as-
sociated protection facilities have under-
gone many changes in mechanical detail,
but the basic requirements have remained
unchanged since 1922. Back-up protec-
tion against failure of the protector to
onen is now provided by fuses coordinated
with limiters in the cable connections te
the street mains or network bus. The
limiters are desigred to coordinate with
the load-temperature-time curves of the
cables which they respectively protect
against damage that might otherwise re-
sult from sustained secondary faults. The
need for an adequate fault return path
requires special consideration which has
been emphasized by the trend toward a
greater use of nonleaded cable. The use
of precast manholes, vaults, etc., has per-
mitted substantial construction economies
in some areas by expediting field work
and has reduced street trafiic inconven-
iences. ;

There are many things which need to
be considered in the design of a modern
underground network system, a number
of which apply with equal force to radial

. systems as well. The mains, transformers

and: feeder systems must have adequate
capacity to supply thé load under both
normal and emergency conditions. A

usual minimum requirement is that pro- -

visions be made for having one of the
feeders out of service at any time without
risk of low voltage or excessive overload.
In some cases, particularly in important
network areas, sufficient flexibility must
be provided so that the foregoing require-
ment is satisfied for the remaining feeders
when one of the feeders-is out of service
for scheduled work, Feeder Iayouts, there-
fore, should provide for a diversity of
_loads, feeder supply buses and routes, to
minimize distress associated with feedef
or bus section outages, or loss of all feed-
ers in a common cable route. Also, the

station design should be such as to pre-’

vent the phase angle between metwork
feeder supply buses from exceeding toler-
able limits.
Network designs should also include pro-
visions for a complete shut-down in the
. event of major system.trouble and for
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restarting afterward, without damdge to
the system. In general, this requires pro-
visions for re-energizing most of the feed-
ers involved simultaneously in order to
avoid possible extensive and annoying
overload operations of network protector
fuses and limiters. The total load in a
given network, therefore, should not ex-
ceed a ‘value which can be successfully
restarted.

TREND TO HIGHER VOLTAGES

“ The nature of the power distribution
system is such that the kva of load which
can be distributed from a given distribu-
tion center depends upon a number of
pertinent factors. Among these is the fact
that the number of underground cable
circuits which can be routed to and from
a given substation site usually limits the
maximum coincident load which can be
distributed from that site to a value in
the order of 5000 to 10,000 amp, per
phase, at any voltage. Hence, the pressure
for efficient load distribution at the con-
tinually increasing load densities has been
accompanied naturally by a trend toward
higher distribution voltages. This has been
accomplished primarily by superimposing
higher voltage supply circuits on existing ,
systems, but also in part by increasing
the voltage levels of circuite which supply
distribution transformers.

When one considers that the term “dis-
tribution system” in its broader sense in-
cludes all of the circuits operating at the
various voltage levels as necessary to
connect the power sources and the con-
sumers’ meters, it will be understood that
the trend toward higher voltages applies
with equal emphasis to so-called “sub-
transmission” and “transmission” circuits
and is naturally related to the accompany-
ing trend toward larger unit sizes of trans-
formers, generators, ete.

The corollary effect upon underground
cable systems has been one of incfeasipg
pressure for ‘higher load ratings which
has been met in part by increasing con-
ductor sizes to the extent permitted by
practical conduit sizes and a-¢ loss con-
siderations, but principally by resort to
the use of higher voltage circuits. Genera-
tor sizes already exceed the 200,000 kva
maximum practical load rating of present
underground csble ecircuits. Overhead
rights-of-way are becoming increasingly
difficult to obtain. Such has been the path
of progress from Edison’s day when his
250-kva, 1000-amp circuit was altogether
sufficient. :

CONDUCTORS

Economics largely determine the selec-
tion of conductor materigl, taking into
consideration initial and operating. costs,
salvage value, availability, conduit occu-
pancy. jointing and terminating facilities
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and, in some applications, physical and
chemical properties.

Annealed copper generally has continued
to be used for insulated wires and cables
because of its high conductivity, ready
workability and ease of handling. Consid-
erations of availability and cost have led
to increased use of aluminum where the
larger conductor size is not a handicap.
For comparable load ratings up to 2/0
AWG copper size, aluminum conductors
are two AWG sizes larger and above 2/0
equivalent have correspondingly greater
cross-sectional area.

The resistance of a conductor is greater
when carrying alternating than direct cur-
rent because of skin, proximity and mag-
netic effects (see Chapter 2). A-c/d-c
resistance ratios have been established for
various conductor constructions in single-
and multi-conductor cables installed in
both magnetic and nonmagnetic environ-
ments.

To reduce the a-c resistance of large
gize (1000 MCM and larger) single-con-
ductor cables, it is common practice to
use*segmental conductors, a development
which practically has replaced annular
conductors. However, this conservation
of space is obtaincd at some sacrifice of
current-carrying capacity, since cables
having the smaller diameter segmental
conductors have slightly less heat dissipat-
ing capacity. “

The flexibility of a concentrically
stranded conductor generally is dependent
upon the number of component wires, al-

though this effect is largely masked by the

stiffness of the associated cable insulation
and sheaths. Ordinarily, ASTM Classes
B, C and D are used for insulated conduc-
tors. For effective use of limited conduit
sizes, however, practically all 4/0 AWG
and larger 3- and 4-conductor solid-type
paper-lead cables are manufactured with
less flexible compact sestor conductors.

CABLE INSULATION

World War II led to the production of
several types of synthetic rubber-like ma-
terials which, either because of their spe-
cific properties, availakility or economy,
have largely replaced natural rubber for
insulating compounds. These are known
as Buna-N or GR-S, Butyl rubber or
GR-I and Neoprene or GR-M, the last

being in extensive use for outside jackets.

of cables. GR-S and natural rubber with
mineral fillers afe used for low-voltage
cables and, with vulcanized vegetable oil,
for higher voltages. Butyl rubber, with
mineral fillers, is a more recent develop-
ment which, likg the oil-base compounds,
is commonly used for voltages up to 15,-
000, although some cables of both types
are operating at 25,000 v.

Two types of thermoplastic insulations
are used for power wires.and cgbles, the
vinyls and polyethylene. There are several

.

INTRODUCTION

polyvinyl chloride compounds, generally
known as PVC, the first of which ap-
pesred in 1935, which differ in behavior at
high and low temperatures and in other
characteristics. Polyethylene, which was
introduced during World War II, has ex-
cellent electrical properties, the lowest
moisture absorption and best low temper-
ature flexibility of any of the insulations
available for power cables. It suffers from
a rather low softening point and suscep-
tibility to <onization if not carefully
shielded. It is used for aerial, under-
ground and submarine cables up to 15,
000 v.

Except for a small increasq in its
permissible operating temperature, var-
nished-cambric insulation has not greatly
improved in recent years. For high ter-
perature work, especially in power sta-
tioms, it is being displaced by insulation
composed of glass fabric filled with either
silicone rubber or a silicone resin.

Impregnated paper remains the princi-
pal cable insulation for voltages above
5000. The type commonly used for volt-
ages up to 15,000, and occasionally up to
35,000, is the so-called “Solid Type” which
has a viscous impregnant and is usually
sheathed in lead; but aluminum sheaths
are riow used to some extent. Oil-filled
cable of the original low-pressure Pirelli
type provided a means for accommodating
thermal expansion effects which .has
earned it a reputation for reliability at

i:ltages from 69,000 to 138,000 v, and is
tirely practical for 230,000 v. By ap-
plying a pressure of 100 psi and reinfore-
ing the sheath, the voltage limit of oil-
filled cable has been raised to 425,000 for
very short lengths of cable in vertical
ghafts, as used in Sweden. At the higher
voltages some useful gain in electric
strength has been effected by using thin-
ner tapes near the conductor. Two simi-
lar types of impregnated-paper-insulated
cables uzsing the pressure principle are the
low- and medium-pressure gas-filled cables
in which surplus oil has been drained out
and replaced by nitrogen gas under a
pressure of 15 psi for voltages up to 46,-
000 and under a pressure of 40 psi for
voltages up to 69,000. In the latter case,
lead sheaths have to be either reinforced
or replaced by aluminum sheaths.

The majority of recent cables for volt-
ages from 69,000 to 230,000, in America,
have been of the “Pipe Type” in which
three paper-insulated single-conductor ca-
bles are placed in a steel pipe with either
oil or nitrogen gas as the pressure medium
at 200 psi. There are four types, in two
of which the insulation is pervious to the
pressure medium, be it oil or gas, and two
in which the insulation is made either
wholly or partially impervious by provid-
ing the cables with polyethylene sheaths.

For the future, there must. be advances
in the reduction of dielectric loss, reduc-
tion of charging current, improvement of
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dielectric strength and improved heat dis-
sipation in order that long “extra-high-
voltage underground cables may have the
carrying capacity required. ’

CABLE SHEATHS AND COVER-
INGS

The developments which have taken
place during the past 25 years in the pro-
tective coverings over insulation, although
not as spectacular as the improvements
in insulation, have, nevertheless, contrib-
uted to the successful transmission and -
distribution of powei. -Utility engineers
have paid careful attention to the opera-
‘tion of power cables by making a de-
tailed analysis promptly to determine the
cause of each failure. The failure may be
due to such causes as deterioration of the
insulation by overheating, deterioration of
the covering (such as a braid) and corro-
sion, abrasion, splitting or fatigue of the
lead sheath. .

The resulting better knowledge of cable
operation has led to improvements in -the
types of coverings. For example, in the
1920’s a saturated cotton braid over rub-
ber insulation was the usual practice. In
dry locations this is a satisfacfory protec-
tive covering, vut in wet locations it will
be completely destroyed within a few
years. About 1940, braids were sup-
planted by neoprene coveringd, which are
giving satisfactory operation for rubber-
insulated cables in ducts and wet loca-
tions. Also, they are highly resistant to_
sunlight and weather, as well as chemicals
likely to be encountered in service. Ther-
moplastic coverings, such as polyvinyl
chloride and polyethylene have also come
into usage in place of fibrous braid cov-
erings to provide a more permanent pro-
tective covering for insulation. )

Experience with commerecial lead sheath-
ing has shown that cable movement in
ducts and manholes, caused by cyclic tem-
perature changes, may in some. situations
result in early intercrystalline fatigue
cracks in the sheath. Certain alloys of
lead containing arsenic have superior
bending fatigue resistance. Tellurium is
also being used in addition to arsenic. In-
vestigations of permissible cyclic strains
have established criteria for manholes and
cable training, which also have permitted
obtaining greatly increased sheath life
where thermal movement is a limiting fae-,
tor.

A recent improvement in manufacturing
Pprocesses is the elimination of press-stops
by the use of the continuous lead press
which extrudes commercial lead in any
desired length. .

Aluminum - sheathing has considerable
promise for the future, but problems of
manufacture and jointing severely limit
present use. The high strength and creep
resistance of aluminum as compared to
lead should favor its use for oil-filled or
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gas-filled cables having high internal pres-
sures. Laboratory tests have indicated
that the bending fauigue resistance of
presently available aluminum “sheaths is’
essentially the same as that of alloyed.
lead sheaths at cyclic strains not in excess
of 0.15 per cent. The specific gravity of
aluminum is about 23 per cent of that of
lead and should be very helpful in reduc-
ing the weight of cables. Adequate cor-
rosion protection for underground instal-
lations, however, requires the use of some
covering, such as neoprene or polyethylene.

Due to its higher electrical conductivity
the losses in aluminum sheaths are higher
than for lead sheaths and result in a
higher a-c/d-c resistance ratio. Both of
these factors result in some reduction in
the current-carrying capacity. Bright
aluminum surfaces have lower emissivity
than lead, but the effect is of minor im-
portance because it vanishes when protec-
‘tive coverings are, used and probably is
offset by weatherng in other cases.

" There have been no changes in the flat-
tape or round-wire types of cable armor,
except that there have been a few cases
where aluminum wire armor has been used
to reduce the sheath losses of single-con-
ductor submarine cables.

For industrial plant installations, the
use of interlocked cable armor is gaining
favor over previous drawn-in installations.
. The corrdsion ‘of lead sheaths in ducts
has become quite an important cause of
cable failures. This is due in many cases

" to the abandonment of electric trolley sys-
tems, which previously afforded a measure
of cathodic protection. Certain soil waters
are also detrimental to lead. The use of
neoprene and polyethylene coverings over
the lead sheath has been quite successful
in such exposures.

Since pipe-type cable systems are bur-
ied directly in the ground, the steel is sub-
ject to corrosion unless protected, usually
with an asphalt-mastic covering compound
of sand, asphalt and asbestos. Asphalt and
coal-tar enamels wrapped with inorganic
materials have also been used.

CABLE TESTING

The past 25 years have been noted for
the greater attention paid to the testing
of the material entering into cables used
in the electric power industry, the finished
product and later during its operation.
Specifications are now available which
cover acceptance tests pertaining to both
the physical and electrical properties of a
cable. These include requirements for di-
mensions and materials, factory ‘accept-
ance tests, design tests, accelerated aging
tests as well as tests on installation and
during its life.

At the cable manufacturer’s plant there
are the usual routine tests for conductor
resistance, insulation resistance and proof
voltage on each shipping length of cable.”

In addition, there are specific tests
applicable to each type of insulation. For
example, for rubber-insulated cabler. the.

‘insulation is tested for its physical prop-

crties, i.e., tensile strength, elongation and
heat-aging characteristics. For high-volt-
age rubber cables, the imsulation is
checked for its ozone-resistant properties
and for exposure to corona discharges.
Moisture absorption of rubber is an im-
portant factor, so there are tests to de-
termine the amount of water that may be
absorbed gravimetrically or its effect on
the dielectric constant and power factor.

Impregnated-paper-insulated cables are
given a careful inspection of the quality
of .manufacture as indicated in the uni-
formity of taping, freedom from wrinkles
and large gap spaces, the degree of saturi-
tion and the firmness of the insulation.
Every shipping reel length for cables rated
8 kv and over is given an ionization test
and a sample is required to pass a high-
voltage test for at least six hours. Dielec-
tric loss power factor versus temperature
tests are required on some samples.

The coverings of the insulation are also
tested for such properties as: for braids, .
their uniformity of weave, degree of satu-
ration, flame resistance and moisture re-
sistance; for lead sheath, its chemical com-
position, bending to fracture and tensile
strength and elongation; for jackets, such
as neoprene and polyethylene, their physi-
cal properties, aging under heat and re-
sistance to fluids. 4

Although a-¢ voltages are normally used
in the testing of cables in the factory,
many cable manufacturers of rubber-ip-
sulated cables, in addition, will test their
cables after the a-c¢ voltage test with d-c
voltage at values up to three times the a-c
voltage as a further check to eliminate
any weak spots in the insulation. Ancther
test on rubber-insulated cables now being
given considerable attention is a corona-
voltage test to pick out voids in the insu-
lation. d

Utilities are requesting longer shipping
lengths of cable in order to reduce the
number of manholes, which are costly.
Greater interest is being shown in sub-
marine crossings, so we find the cable
manufacturers equipping themselves to
handle very long lengths, as high as 25000
ft of cable in one length. High kva test
set capacities are required for a-c voltage
testing of these cables because of the high
charging current, although this require-
ment can be reduced by the use of suitable
shunt reactors.

Field testing has greatly increased and
broadened in the past 25 years as a fur-
ther aid to improving service. Voltage
acceptance tests, mostly with d-c voltages,.
have become standard with periodic test-
ing from time to time by many utilities.
Better knowledge of the extent of corro-
sion and its effects has emphasized the
need for electrolysis surveys of drawn-in
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and buried cables. Such surveys are now
coramonly used to determine what is the
best method for mitigating the corrosion.
Methods for fault location on cables in-
clude the use of d-c voltages, 60-cycle
power, audio frequency and impulse
charges on the cable. Methods also have
been developed to check the efficacy of
the coverings over pipes at the time of
installation and later during operation.

STANDARDS AND SPECIFICA-
TIONS -

Except for underground transformers,
cables and cable accessories, no industry
specifications have been published for
other components of an underground sys-
tem, such as ecutouts, disconnects, oil
switches, network protectors, cable racks’
and oil reservoirs. Some of the large users
of this equipment, however, have their
own specifications:. There has been con-
siderable progress, however, since the 1931
edition of this book, which noted in its
Introduction, “There is a rather surprising
lack of standardization in many phases
of underground practice. The thickness
of insulation to be used for any type of
cable, . . . and many other important
questions are still matters of opin-
ion, and may vary between wide limits.”

When one considers the number of na-
tional organizations which have been
actively working in this field during the
past 25 years, it is understandable that
the newcomer may be bewildered by the
many governing standards and specifica-
tions which have been developed for vari-
ous items comprising the underground
distribution system and related engineer-
ing practices. The organizations presently
engaged in standardization work are:

AEIC ... Association of Edison Illumi-

nating Companies

AIEE ... American Institute of Electri-
cal Engineers

ASA .... American Standards Associa-

- tion, Inc.

ASTM .. American Society for Testing
Materials

CAA Civil Aeronautics Administra-
tion,, Department of Com-
merce

EEI .. ... Edison Electric Institute

IMSA ... International Municipal Signal
Association, Inc.

IPCEA .. Insulated Power Cable Engi-
neers Association

NEMA .. National Electrical Manufac-
turers Association

UL ..... Underwriters Laboratories,

Inec.

These .organizations pwblish numerous
standards and specifications for the’ de-
sign, marufacture, testing and application
of many components of an underground
system. Recommended engineering prac-
tices also. are available. For reference,
Table I presents a summary of the items



for which standards are now available,
together with the identity of the one or
more organizations publishing some stand-
ard affecting the item.

For solid-type paper cable, the first
specifications were prepared by a Joint
Subcommittee of the Underground Sys-
tems Committee, NELA, and the Trans-
mission and Distribution - Committee,
AIEE, “in Conference with Representa-
tives of (9) American Mamufacturers of
Paper-Insulated Lead-Covered = Cable.”
They- were pﬁblished in the 1920 Report
of the Underground Systems Committee
(NELA Publication T4-20); revised in
April, 1927 (NELA Publicatiorr No. 267-
25); and withdrawn by the Committee on
January 22, 1930, in faver of the specifi-
cations prepared by AEIC.

The first AEIC specifications were pre-
pared “under the auspices of the Lamp
Committeée in cooperation with the Elec-
trical Testing Laboratories and represent-
atives of (7) Operating Companies and
(5) Manufacturers.” They were printed
on November 1, 1924,-and were revisedy
in 1926, 1928, 1930, 1931, 1934, 1937, 1939,
1945, 1946 and 1949, with the 9th and
most recent edition having been published
in April, 1954.

A “Simplified Practice Schedule,” deve]-
oped in July, 1941, was a heroic but ill-
fated attempt to achieve the ultimate in
standardization by the publication of a
schedule or a limited number of conductor
sizes and voltage ratings with related in-
sulation thickness. It was adopted by
only a few members of AEIC.

For oil-filled cable, the first spécifica+
tions were prepared by the High-Tension
Cable Committee, AEIC, in consultation
with four cable manufacturers and issued
as “Appendix A,” dated September, 1931,
to the 4th (July, 1930) edition of the
specifications for solid-type cable. These
were revised in 1934, 1938, 1939, 1945,
1946 and in 1951 when the current 5th
edition was issued.

For low-pressure gas-filled cable, the
first specifications, prepared by the Power
Distribution Committee, AEIC, were
printed in January, 1948, and are cur-
rently effective.

The first and presently effective speci--
fications for high-pressure pipe-type cable
were prepared by the Power Distribution
Committee, AEIC, in consultation with
manufacturers of such cables and printed
in September,#1951.

OPERATION

Improvements in manufacturing tech-
niques and quality control have now
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TAaBLE I-PUBLISHED STANDARDS AND SPECIFICATIONS

Items

AY
Sponsors

Conductors, prior to insulating. .

Rubber- and ther: moplaatxc—msulated cables.
Varnished-cambric-insulated cabies
Asbestos-insulated cables
Pa.per-msulated cables (solld oit-filled, plpe)
Service cables.

Signal cables.

Alrporthghtmgcablee

Metallic coverings for insulated cables. .
Nonmetallic sheaths for insulated cables .
Lead, for sheathing. . R
Steel wire and tape, for m moung
Cable-reel dimensions and eapacntles
Connectors. ........... e
Wiping solder.

Filling and treatmg compounds (tostmg)
Potheads (electrical quuxrements)
Limiters (under preparation). .

Trans.c mers.

DPﬁmtlonsandgpnpnl %tandu”dc

Recommended shielding practice

C‘olorcodeforcontmlmb]e.............'::::".”HH-”'

Test voltages for insulated cables (factory, installation accept—

ance and proof, service proof)

Recommended pulling tensions for leaded cables. .
Minimum bending radii for permanent mstalla.tlon
Current-carrying capacities of insulated cables. .

A-c/d-¢ resistance ratios..

Relation between load arfl Toss Tactors. . .o v oo

Thermal resistivities of insulations and covermgs

Emissivities of protective coverings.

Thermal resistance of conduit. .. ........ o
Conduit greup factors for horizontal and vertical banks... ...

ASA, ASTM

ASA, ASTM, IPCEA. UL
ASA, TIPCEA, NEMA, UL
ASA, IPCEA, NEMA, UL
AEIC, ASA

UL-

IMSA, IPCEA

CAA

ASA, IPCEA

ASTM, IPCEA, UL
ASTM

ASA, ASTM, IPCEA
IPCEA

EEI, UL

ASTM

ASTM

AIEE

AIEE

EEI, NEMA

AIEE ASA

AEIC, IPCEA

IPCEA, NEMA, UL

AEIC, ASTM, IPCEA UL
IPCEA

IPCEA

IPCEA, NEC*

IPCEA’

NELA**

IPCEA, NEMA

NEMA

IPCEA

IPCEA

*NEC—National Electrical Code

**NELA—National Electric Light Association

reached the point where operating trou--

bles due to initially defective cable have
been reduced to a level which now repre-
sents less than 2 per cent of the over-all
trouble rates for cable and joints. Me-
chanical damage and joint troubles are
almost equal contributors to 60 per cent
of all cable and joint troubles and it is
thought that perhaps one-half of these are
related to the movement or strain associ-
ated with cyclic loads and températures.
Lead sheath corrosion accounts for an ad-
ditional 17 per cent of the troubles. It is
thus seen that more than three-quarters of
all cable operating troubles are attributa-
ble to mechanical damage, jointing and
corrosion problems such as are primarily
associated with the engincering and con-
struction techniques employed in makmg
each particular installation.

Two valuable statistical reports having
to do with underground operations have
been published for a number of years and
include much useful reference data. The
EEI-AEIC series of Annual Reports en-
titled “Cable Operation,” include a de-
tailed analysis of the performance of
paper-lead cable and accessories operating

at voltages abave 7500 v, in systems hav-
ing 200 miles or more of such cable. The
triennial series of EEI Transmission and
Distribution Committee reports entitled
“A-C Network Operations” give compara-
ble information concerning the operation
of underground network systems.
Techniques which have been proved by
years of experience in the construction,

. operation and maintenance of under-

ground systems are carefully presented in
this new Underground Systems Reference
Book, including among other things much
useful material concerning loading, corro-
sion, field testing, safety procédures, ete.
If on occasion the reader is tempted to
conclude that some details are unessential,
he should promptly remind himself that a
little extra thoroughness now can avoid a
let of future grief. Perhaps the most im-
portant general conclusion which has been
reached by those familiar with under-
ground systems is’ that the only effective
way to avoid futuie operatmrf problems
lies in the consistent exercise of persist-
ence in giving careful attention to details
even though some of them may seem un-
important to the uninitiated.
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