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Design engineering for an underground transmission cable system
has been called a busi-ness of details. No single activity is
especially complex, but long-term, reliable cable oper-ation
requires attention to a number of details at every stage of system
design.

This chapter addresses many of the common design considerations
for designing anunderground cable circuit: cable type selection,
route considerations, surveying require-ments, soil thermal
properties, mechanical considerations, installation modes, and
designcalculations.

Related information may be found in other chapters. Chapter 2
describes cable systemtypes and their common applications. Chapter
11 covers ampacity principles and calcula-tion procedures. Chapter
13 provides detailed descriptions of installation
procedures.Chapter 7 describes special application cables, such as
submarine, gas-insulated transmis-sion line, and superconductors.
Chapter 10 discusses grounding of underground cablesystems and
cathodic protection.

Dennis Johnson is a Senior Project Engineer with POWER
Engineers,Inc. (POWER). He received a BSEE degree from Brigham
Young Uni-versity (1985). He joined Arizona Public Service in 1986,
where he ini-tially was responsible for distribution system design.
He later workedfor Black & Veatch from 1988 to 2001 as a design
and project engineeron numerous substation, overhead, and
underground transmissionprojects at voltages ranging from 69 to 345
kV. Mr. Johnson has workedas a Senior Project Engineer in POWERs
underground transmission

design group since 2001. Mr. Johnson is a Member of the IEEE
Power Engineering Soci-ety and a Voting Member of the IEEE
Insulated Conductors Committee (ICC). He is amember of various ICC
subcommittees that are developing guides and standards
forhigh-voltage underground cable systems. He is a registered
professional engineer in thestates of California, Connecticut,
Iowa, Kansas, Kentucky, Nevada, New York, Pennsyl-vania, Texas,
Vermont, and Virginia.

Deepak Parmar is President of Geotherm Inc. He holds a B.Sc. in
civilengineering from Woolwich Polytechnic (1966, London, U.K.) and
aDiploma in management studies (1972, Slough Polytechnic,
U.K.).During undergraduate studies, Mr. Parmar worked at Soil
MechanicsLtd. in London. From 1973 to 1978, he worked with two
civil engineeringconsulting firms in Canada, specializing in
geotechnical and material test-ing, and instrumentation of tunnels
and shafts. In 1978, Mr. Parmarfounded Geotherm Inc., specializing
in underground cable-related soil

and backfill testing. Under contract with Ontario Hydro Research
for two years, Mr. Par-mar worked on EPRI-funded projects for the
design and development of the Thermal
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Property Analyzer and thermal aspects of soil andbackfills.
Since 1980, Mr. Parmar and Geotherm haveundertaken numerous
research contracts for Canadiangovernment agencies as well as for
electric utilities andcable manufacturers in Canada, North America,
andoverseas. Mr. Parmar and Geotherm have performedmore than 400
route thermal survey projects for under-ground and submarine cable
crossings. Mr. Parmar wasa member of the team of experts retained
to investigatethe cable failures in Auckland, New Zealand, and he
has

conducted numerous seminars and courses on under-ground T&D
cable ampacity. Mr. Parmar is a memberof the IEEE Power Engineering
Society and InsulatedConductors Committee, Canadian Society for
CivilEngineers, Canadian Geotechnical Society,
TunnellingAssociation of Canada, Canadian Electrical Associa-tion,
and CIGR. He has authored and coauthorednumerous papers on the
application of thermal parame-ters of soils and backfills, and was
the principal authorfor the IEEE Guide for Soil Thermal Resistivity
Testing.
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12.1 INTRODUCTION

Design of an underground electric transmission cablesystem
installation involves anticipating a host of issuesrelated to the
systems planning, construction, and oper-ation. While every
installation will inevitably confrontsite-specific issues, there
are, nevertheless, a number ofcommon factors that can be expected
with most systeminstallation designs.

This chapter describes the common challenges of instal-lation
design. It covers three primary areas. Section 12.2reviews typical
design considerationsincluding selec-tion of the cable type,
choosing the best route, surveyingpractices, transitions to
overhead systems, soil thermalproperties, mechanical considerations
during cableinstallation, and monitoring systems.

Section 12.3 describes the main modes of installation,which are
trenching (directly buried or in conduit),trenchless installations,
bridges, and underwater instal-lations.

Section 12.4 briefly explains the series of calculationsthat
must be performed, principally related to cablepulling tension and
sidewall pressure.

12.2 COMMON DESIGN CONSIDERATIONS

12.2.1 Cable-Type Selection

Often the primary procedure in installation design is todecide
on which type of transmission cable system touse. Pipe-type cables
have been the most commonlyused cable system at higher voltages in
North Americauntil recently. Now, with the advances in purity
ofextruded-dielectric cables and the general reluctance toinstall
fluid-filled systems in some parts of the UnitedStates,
extruded-dielectric cable systems are becomingmuch more common at
increasingly higher voltage lev-els and longer circuit lengths.
XLPE-insulated cables arebeing designed and installed at voltages
up to 230 kVand 345 kV in long lengths. Self-contained
fluid-filled(SCFF) cables are generally only used in
specializedextra-high-voltage applications. Conditions on
individ-ual utility systems vary, which results in different
cabletypes being a better choice on one system than
another.Additional discussion on cable system selection is
pro-vided in Chapter 2.

Urban Extruded-dielectric cables installed in duct banks
andpipe-type cables are frequently used in urban environ-ments in
the United States because of their ruggednessand the ability to
install short lengths of pipe or duct at

one time in city streets with trench openings of only300600 ft
(90180 m). The cable is installed in a sepa-rate operation, with
minimal traffic disruption.

Suburban In suburban locations, extruded-dielectric,
pipe-type,and SCFF cable can be used, depending upon the spe-cific
application. Careful route-specific technical analy-sis and costing
are required to determine the best cabletype for the
application.

Rural Rural installations are, by their nature, well-suited
formost cable systems. Low traffic volume and long trenchopenings
allow flexibility for the designer to consider allthe different
types of cable systems.

Special Cases Long underwater crossings often dictate use of
SCFF orextruded-dielectric cables, primarily because it is
diffi-cult to make pipe-type splices underwater. SCFF
orextruded-dielectric cables are generally preferred forbridge
crossings, because the weight and expansioncharacteristics of
pipe-type cable systems require resolu-tion of the bending forces,
which tends to complicate thedesign. Short sections of cable
requiring high powertransfer, such as substation ties, are often
best servedwith compressed-gas-insulated cable systems. For
shortunderground dips, extruded-dielectric cables are bettersuited.
Generally, pipe-type cable systems are not eco-nomical in short
lengths.

12.2.2 Route Considerations

A utility should investigate several alternative routes foran
underground cable. The optimal route can save sub-stantial time and
project cost, and in many U.S. states,the siting commission
requires that at least two routesbe investigated. Overhead routes
are typically not thebest route for an underground cable.

In general, the shortest route is typically the least
expen-sive. In urban and suburban environments, the allowableroutes
are usually limited to existing thoroughfares, andexisting
rights-of-way. Frequently, the cable route may bethe same as the
route determined suitable for an overheadline. Detailed route
considerations are discussed below.

EnvironmentalA primary routing consideration is to avoid
activity,where possible, in or near the following types of
environ-mentally sensitive areas. If an environmentally
sensitivearea cannot be avoided, consideration should be madeto
limit or mitigate the impact.
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WetlandsWetlands provide habitat for many plant and
wildlifespecies in addition to providing a method for replenish-ing
the earths reserve of fresh water. Three characteris-tics define a
wetland: (1) standing water, (2) aquaticvegetation, and (3) hydric
(or hydraulic) soils. If any ofthese three characteristics are
present, a high probabilityexists that this location will be
designated a wetlandarea. In North America, these types of areas
are feder-ally protected and require a special permit for cable
sys-tem crossings.

Wetlands should be avoided if at all possible by choosingan
alternate route. Depending on the type of wetland,open trenching
may be used, but more likely other meth-ods of installation such as
horizontal directional drillingmay need to be considered when
crossing these areas.

AestheticsOne of the main reasons for selecting an
undergroundcable system is the aesthetic benefit. The line is
placedunderground, so the public cannot see the transmissionline
until it exits the ground at the substation or at
anoverhead-to-underground transition structure. Aesthet-ics should
be considered when locating and designingtransition structures.

Archeological/HistoricalConstruction activity in and around
known archeologi-cal sites is typically regulated in the United
States by thestate through a State Historical Preservation
Office(SHPO). If the SHPO knows or suspects that an archeo-logical
site exists at or near the site of the planned facil-ity, further
investigation may be required. Anarcheologist may need to be
engaged to deal with theprocess of working in or around these
sites.

If an area is archeologically sensitive, the best option isto
reroute the line. There are no construction methodsthat will limit
the impact to an archeologically sensi-tive area.

Electromagnetic FieldsElectromagnetic Fields (EMF) may be a
significant fac-tor in the regulatory and environmental process for
siteselection. Even though there is no federal standarddefining
allowable EMF levels, local jurisdictions mayhave restrictions on
EMF levels related to the siting ofpower lines near schools,
daycare centers, childrensplaygrounds, and residential areas.

As with overhead lines, underground lines generatemagnetic
fields. However, because the cable shieldingcontains the electric
field within the cable, no externalelectric field is generated.

Magnetic field readings directly over a cable are gener-ally
higher than directly under an overhead transmis-sion line,
depending on the type of cable system and theoverhead conductor
arrangement, generally because thecables are closer to the
measuring device. However, themagnetic field strength falls off
faster as you move awayfrom the centerline of the cables, as
compared to anoverhead line. Similar to overhead transmission
lines,magnetic fields produced by cables systems can bereduced by
various mitigation methods. Chapter 16 dis-cusses various
mitigation methods.

Land UseWhen routing an underground line, it is important toknow
the type of area that the line will be traversing. Thetype of land
use often determines the amount of ease-ment or right-of-way
available for the underground line.

Underground lines are frequently located in existingroadway
rights-of-way. Typically, no easement isrequired to install the
underground line in public rights-of-way; however, the owner of the
road usually reservesthe right to have the utility relocate the
undergroundline if a future conflict occurs. For this reason,
someutilities prefer to install underground circuits within
adedicated easement adjacent and parallel to the
publicright-of-way, and to accept the added cost.

UrbanUrban areas are becoming more and more congestedwith
traffic and underground utilities. This makes theinstallation of a
new underground transmission line dif-ficult. When choosing routes
in urban areas for new cir-cuits, extreme care is required to
locate the existingunderground facilities. The typical location for
a newunderground circuit in an urban area is within the
roadright-of-way. There is usually very little undevelopedland
available that could be used for installing an under-ground line.
Major thoroughfares should be avoidedbecause of the large amount of
traffic that would haveto be controlled. The designer should be
aware that asignificant cost of installing circuits in urban
locations istraffic control.

SuburbanSuburban areas, like urban areas, are becoming
con-gested with traffic and construction activities.
Schools,churches, and homes will likely be located along theroute
selected through suburban areas, requiring addi-tional safety
considerations during construction. Theseareas should be avoided,
if possible. During construc-tion, the entire road may need to be
closed to providesufficient working space for the installation of
theunderground cable system.
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RuralRural areas are generally easier locations in which
toconstruct underground lines because they usually havefewer
existing underground utilities; however, they alsolend themselves
to overhead transmission lines moreeasily than suburban and urban
areas.

Construction and Maintenance ConsiderationsRegardless of whether
the cable is installed in urban,suburban, or rural locations, the
cable route must bepatrolled routinely, and access maintained for
quickrepairs in the event of a failure. An open space of1520 ft
(4.56 m) is required for vehicle access alongthe route (Blau 1975).
During construction, an addi-tional temporary easement of
approximately 3050 ft(915 m) is needed to provide sufficient space
for theconstruction equipment along the route. Figures 12-1and 12-2
show typical access requirements.

Recently Paved Streets Metropolitan areas frequently have
moratoriums onnew construction within newly paved or
resurfacedroadways. Sometimes it is possible, through
long-rangeplanning and coordination with the local officials,
toinstall cable pipes or ducts in advance of when the cableis
actually needed, prior to repaving activities. Wherethis is not
possible, selection of another route is oftenthe best option.

Obstacles Obstacles such as rivers, major highways, and
railroadsshould be avoided where possible. Crossing these
obsta-cles adds significantly to permitting requirements,
con-struction cost, and installation time. Additionally,crossing
these obstacles usually requires installing the

underground cable deeper underground, which resultsin reduced
ampacity.

Other Utilities In many areas, especially well-established
cities, thereare usually extensive underground utilities already
inplace. Avoiding these utilities can be costly and time-consuming.
In addition, if the cable must frequently dipbeneath other
utilities, pulling lengths between man-holes may need to be
decreased, and ampacity maydecrease because of the greater burial
depth. Althoughit is generally not possible to avoid these
utilities com-pletely, some routes may have fewer subsurface
obstruc-tions than others. Where this cannot be avoided, it maybe
desirable to install the cable system shallower, abovethe existing
utilities.

Heat Sources Routes having other heat sources, such as multiple
dis-tribution circuits or steam mains, should be avoided.These are
usually found in downtown urban locations.The designer should try
to maintain at least 12 ft (3.6 m)clearance from these other heat
sources to avoiddecreasing the cables ampacity or installing a
largerconductor. Thermal barriers and heat pipes have beenused in
special cases, although at a significant addedcost (Iwata et al.
1991). Each situation should be evalu-ated individually.

Traffic Control Traffic control is becoming a significant
considerationfor street construction in all parts of the country.
Mostjurisdictions require that a complete traffic control plan,on a
block-by-block basis, be provided during the per-mitting process.
Busy thoroughfares may require elabo-rate traffic control measures,
including severerestrictions on the hours during which construction
maytake place. Smaller streets usually have fewer restrictionsand
may even allow closure for short periods of time.The selected route
must provide access for constructionmaterial and equipment both
during the installation andafter, should there be a cable
failure.

Permitting Longer underground cable routes frequently
passthrough several different jurisdictions, adding to
thecomplexity of obtaining permits. There are some routes,even in
metropolitan areas, where construction is dis-couraged or
prohibited because of traffic congestion,tourist attractions, etc.
Zoning classifications affect theallowable construction hours and
noise levels, and dif-ferent routes may have varying degrees of
public opposi-tion. Areas with potential archeological and
historicalsignificance should be avoided wherever possible.

Figure 12-1 Typical and minimum access requirements for urban
and suburban areas.

Figure 12-2 Typical and minimum access requirements for unpaved
areas.
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Soil Types Trenching costs vary significantly as a function of
soiltype, amount of pavement, amount of rock, amount offill
material, passage through old landfill areas, andamount of
contaminated soil (e.g., near old gasolinestations with leaky
underground tanks). Some soilsrequire more shoring than others, and
extensive dewa-tering may cause subsidence in some soil
types.Although there may not be many alternatives, thedesigner
should consider avoiding difficult trenchingareas. Detailed
geotechnical evaluation is required inthe early stages of project
design.

Soil Thermal Resistivity Soil thermal resistivity can also vary
widely along differ-ent routes. Initial soil thermal studies should
be made atthe same time as the geotechnical evaluation. The costof
corrective backfill must be considered when evaluat-ing different
routes. A more detailed discussion of thissubject is included in
Section 12.2.6.

12.2.3 Surveying

An accurate route survey, showing both above-gradeand
below-grade structures and features, is a veryimportant design
element. The survey can be eitherland- or aerial-based; however,
land-based surveys gen-erally provide better detail of the surface
features andthe below-grade obstacles that the designer will need
toknow. Aerial-based photography and surveys provide agood overall
picture, but lack the detail and accuracyconsidered necessary for
an underground design.

Level of SurveyFor an underground line survey, it is important
to get themost detailed planimetric and topographical survey
pos-sible. Even though a route centerline may have alreadybeen
determined, it is important to make certain thatsufficient area on
either side of the centerline is surveyedto identify open areas in
case the cable system must bererouted during the detail design and
construction stage.Typically, a distance of about 50 ft (15 m) on
either sideof the route centerline is sufficient for this
purpose.

Pre-Design SurveyThe planimetric and topographical survey
shouldinclude the following information:

All property lines and street/utility rights-of-way. Curb lines,
street lanes, manholes, streetlights, fire

hydrants, traffic lights, driveways, and all pertinentphysical
information.

Location of storm sewer inlets including widths,depths, and
elevations.

All sewer, water, communication, electric, and gasmanholes and
valve covers.

Elevations to water/gas valve nuts or top of pipe, sizeof
pipes.

Culverts and invert elevations on open pipes.

In addition, as part of the planimetric and topographi-cal
survey, the following steps should be taken:

Ground elevations should be shot across the width ofthe surveyed
area to allow a 3-D Triangular IrregularNetwork (TIN) model (file)
to be generated. This willallow the route to be relocated and a new
profile to beeasily developed.

The local underground locating service should benotified to have
all existing underground facilitieslocated prior to the survey
commencing, so this infor-mation can also be documented by the
surveyor.

Efforts should be made to locate other unmapped,abandoned, and
private underground facilities andstructures (fuel tanks, private
lines [gas, electric, com-munication, and water], old foundations,
etc.).

Contact all the local underground utilities and obtaintheir
facility drawings. This is a crucial step in verify-ing the
accuracy of the survey, and identifying datamissing from the
survey.

Underground LocatingIn addition to the field markings, in highly
congestedareas, it may be necessary to field-locate existing
under-ground facilities to determine actual location anddepth. The
American Society of Civil Engineers(ASCE) has developed a guide for
collecting existingsubsurface utility data (ASCE 2003). The ASCE
guidehas established four levels of data to determine theaccuracy
of the underground facility locations. Theselevels are as
follows:

Utility Quality Level APrecise horizontal andvertical location
of utilities by the actual exposureand subsequent measurement of
the existing subsur-face facility.

Utility Quality Level BInformation obtainedthrough the
application of appropriate surface geo-physical methods to
determine the existence of sub-surface utilities. Methods such as
electromagnetic,magnetic, elastic wave, and other high-cost
special-ized methods.

Utility Quality Level CInformation obtained bysurveying and
plotting visible above-ground utilityfeatures.

Utility Quality Level DInformation derived fromexisting records
or oral recollections.
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At a minimum, the designer should develop drawingsusing
information up to Level C for all undergroundprojects. If the
project is in an urban area, or there isevidence of a significant
amount of existing under-ground facilities, it is recommended that
the documen-tation be to Level B or A. If exact location is
needed,Level A is required.

The ASCE guide indicates that the total savings on atypical
underground project using Quality Level B andA data may range from
10 to 15% compared with costsfrom a project using Quality Level C
and D data(ASCE 2003).

Post-Design SurveyOnce the design is completed, it is important
to havethe route resurveyed to determine if any conflicts
exist.This step is usually performed as part of the construc-tion
survey.

12.2.4 Rerouting Existing Lines

Occasionally, an existing underground circuit must berelocated
or rerouted to accommodate new infrastruc-ture or the addition of a
new substation.

GeneralRegardless of the type of cable system installed,
rerout-ing or relocating an existing underground circuit iscostly,
time-consuming, and usually requires anextended outage. If only
small adjustments of a fewinches are needed, it may be possible to
expose theunderground line by excavation and raise or lower thepipe
or ducts, as required. If more than a few inches areneeded, a new
length of cable must be installed. Becausemost utilities do not
have large quantities of transmis-sion cable in stock, they are
unlikely to be able to per-form the relocation quickly. The time
required for therepair is normally based on how quickly a utility
canobtain the required skilled labor and materials. Depend-ing on
the cable type and its location, repairs can takefrom 1 month, if
the materials are on hand, to as muchas 6 months if the cable has
to be manufactured.

In general, the relocation or rerouting process consistsof the
following activities.

Installation of new manholes around the existingcable.

Installation of new pipe or duct between the newmanholes.

Installation of the new cable. Splicing of the new cable to the
existing cable. Removal of old pipe or duct.

Extruded-dielectric CablesDirect-buried extruded-dielectric
cables require that asplice pit be opened at each end of the
relocated area. Atrench is excavated between the two pits, and the
newcable is placed in the trench. The existing cable is cut,and the
new cable is spliced to the existing cable. Some-times manholes are
used in place of a splice pit, but arenot required.

If the cable is installed in a duct bank, the relocationwould
follow the process described above. Special careshould be taken to
protect the existing cable while theduct bank concrete is being
removed.

Pipe-type CablesA gas-filled pipe-type cable system would follow
a simi-lar procedure to the one described above. The main
dif-ference is the need to reduce the gas pressure prior tocutting
into the cable pipe and replacing the gas afterthe cable has been
spliced.

For a fluid-filled pipe-type cable system, the main con-cern is
controlling the flow of the dielectric fluid. If theline length is
relatively short, it may be cost-effective toremove the dielectric
fluid from the pipe. If removing thefluid is not practical, the
most common method of con-trolling the fluid is by freezing the
fluid, thus solidifyingthe fluid. This is commonly known as a pipe
freeze.Chapter 13 discusses the method of installing a pipefreeze.
The pipe freeze is placed on either side of thenew splice points.
Once the freeze is in place, the fluidbetween the freezes can be
removed, and the pipe andcable can be cut. After the new
installation is complete,and prior to releasing the pipe freeze,
the new pipe isfilled with fluid.

SCFF CablesAs with pipe-type cable, the dielectric fluid in an
SCFFcable must be controlled. This is commonly done by thefreezing
method similar to the pipe-type cable system.Otherwise, the
relocation process is similar to the pro-cess associated with
extruded dielectric cable.

12.2.5 Overhead-to-Underground Transition

The connection of an underground circuit directly to anoverhead
line at a transition structure is becoming morecommon. The designer
should give considerable atten-tion to the design of the transition
structure.

GeneralThe two most common ways of making an
overhead-to-underground transition is to use a single-shaft
structure,or a small transition site. When planning for an
under-ground-to-overhead transmission line transition, thedesigner
must consider several issues relating to the sit-
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ing of the structure or station. Some of the issues to
beconsidered are:

Environmental/community impacts, such as wetland,archeological,
land contamination, public lands,noise, aesthetics, and EMF.

Physical site considerations, such as topography, geo-logical,
access, and overall land use.

System requirements, such as switching, outage dura-tion, and
maintenance.

Equipment requirements, such as load-break discon-nect switches,
breakers, and/or reactors.

In general, a complete system study should be per-formed to
determine the effect that the new under-ground line will have on
the overall transmission system.Chapter 16 discusses the effect
that an undergroundcable system can have on a utilitys electrical
system. Inaddition, an analysis should be made on the equipmentto
determine if the switches or breakers are capable ofswitching out
the cables given the anticipated chargingcurrents, and withstanding
the anticipated switchingsurges and overvoltages.

Single-structure DesignDesign of the transition structure must
provide theproper electrical clearances defined in the latest
versionof the National Electric Safety Code (NESC). Theseclearances
address the electrical clearance from the con-ductors, jumper
loops, equipment, and other energizedparts to the surfaces of the
supporting structures and tothe spaces that will be designated for
climbing andworking on the structures. Consideration should bemade
to provide adequate climbing and working spacesfor safely
performing maintenance on energized over-head conductors using
hot-line tools. The need to pro-vide hot-line climbing and working
areas should bereviewed on a project-by-project basis, and the
require-ment waived where line configuration and installedequipment
on the structure would not permit hot-linework or where the
structure will not be climbed ormaintained with the line
energized.

Structures must be designed for the wind, ice, equip-ment,
seismic, and code loads. Structure loads shouldinclude all typical
attachments for the structure withconductors, static wires, and
insulators.

Support arms must be designed for personnel loadingand all
construction/installation loads. The attachmentplate for the
terminations should have an open side toprevent circulating
currents from flowing in the plate.Vertical steel members may be
required below supportarms to provide support to the cable.

As with overhead line structures, various types of struc-tures
have been used for the transition pole, includingthe following:
self-supporting steel, guyed direct-embedded steel, guyed wood, and
guyed laminated. Themost common type of transition pole is
self-supportingsteel. A self-supporting steel structure eliminates
thepotential clearance issue that would exist if the
structureneeded to be guyed. Since steel typically lasts a
longtime, it eliminates the potential problem of needing toreplace
a wood pole after a few years due to normaldeterioration.
Additionally, wood structures dry out andshrink, resulting in loose
hardware fittings and guy wires.

Preferably, the cable should be installed on the outsideof the
structure. There are special instances where thecable may be
required to be installed on the inside of thestructure by local
ordinances. Special design and detail-ing are required for a
structure in which the cables passthrough the base plate and are
installed internal to thestructure.

Transition Site DesignThe layout of a transition site is
determined by theamount of equipment that is needed, such as
disconnectswitches, reactors, breakers, control house, etc.
Thedesign of this site is similar to a small switching station.The
utility should use their normal substation designspecifications and
standards.

Extruded-dielectric CablesTransition structures for voltages up
to 230 kV are usu-ally a single-pole structure, an H-frame
structure, or anA-frame structure. The single-pole structure is
commonon rights-of-way, whereas the other structures are com-monly
found within substations. At voltages higher than230 kV,
extruded-dielectric cables generally transition tooverhead within a
transition station.

Extruded-dielectric cables can be installed on the insideor
outside of the transition structure, and terminationsare placed on
support arms, as shown in Figure 12-3.Most manufacturers recommend
clamping the cable onthe vertical face of the structure at 5- to
6-ft (1.5-1.8 m)intervals. A support channel from the pole to the
baseof the terminator is sometimes installed to provide addi-tional
support to the cable. Most terminations requiretwo cable clamps
immediately beneath the terminatorbase plate. Basket-weave grips
could also be used tosupport the section of cable from the pole to
the sup-port arm. Basket-weave grips may also be used at
inter-mediate points to support long vertical runs of
single-conductor cable.
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Most cable manufacturers and cable installers preferhaving the
cable installed on the outside of the structurebecause of the ease
of the installation.

Pipe-type CablesPipe-type cable systems must have a
pressurization plantat one end of the cable system. If the new
undergroundline is in the middle of the overhead line, a transition
siteis required at one end of the underground line to accom-modate
the pressurization plant. Pipe-type cable termi-nations can be
placed on single-pole structures, but theywould normally
incorporate a small fenced area aroundthe facility. The reason for
this is to provide protectionto the public in the unlikely event of
a riser pipe failure.

Another design consideration when installing a pipe-type cable
on a single-pole structure is to limit themounting height of the
terminations. The terminationsshould be kept as low as possible for
hydraulic reasons.

SCFF CablesMost SCFF cable systems require a transition
sitebecause of their pressurization system requirements. AnSCFF
cable could be placed on a single-pole structure,but would require
the pressurization reservoirs to bemounted on the structure.

12.2.6 Soil Thermal Properties and Special Backfill

ImportanceThe earth portion of the thermal circuit is
responsiblefor the greatest percentage of thermal resistance for
bur-ied cables, often accounting for more than half of thetotal
resistance. The geometric component of resistance,which is depth of
burial, can be accurately determinedduring route surveys. The
intrinsic material component,soil thermal resistivity (commonly
called Thermal Rhoor TR), is the most variable of the components,
chang-ing with both time and distance along the route. Accu-rately
determining soil thermal resistivity permits muchmore accurate
ampacity calculations, and special back-fill allows higher ampacity
of the circuit. Thermal diffu-sivity is a measure of the ability of
soil to undergotemperature change. Thermal diffusivity is
importantfor transient calculations and for calculating the
effectsof daily load cycles as described in other sections
below.

Factors Affecting Thermal Resistivity and DiffusivitySeveral
factors affect soil thermal resistivity and ther-mal diffusivity.
Figure 12-4 shows the effects of two ofthe major determinants, soil
composition (soil type) andmoisture content, for the most common
soil types andfor some corrective thermal backfills. Similarly,

Figure 12-3 Extruded-dielectric cable installed on a steel
transition structure (courtesy POWER Engineers, Inc.).

Figure 12-4 Soil thermal resistivity as a function of soil type
and moisture content (courtesy Geotherm Inc.).
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Figure 12-5 shows the effect of moisture content onthermal
diffusivity for some common soil types.

Moisture ContentEven soils that have poor composition can have
accept-able thermal resistivity if the moisture content is
kepthigh. For most soils, thermal resistivity increases
onlymarginally when moisture decreases from a wet to amoist
condition. If the moisture content drops belowthe critical moisture
content level, the thermal resistivityincreases substantially.
Moisture moves away fromhigher temperatures and tends to migrate
from thecable/soil interface to ambient earth. If the
moisturecontent for material other than clay is above the
criticalvalue (the knee of the curves in Figure 12-4),
moisturemoves back toward the cable by capillary action
quicklyenough to prevent drying. Below the critical
moisturecontent, moisture does not return as rapidly, and thesoil
will continue to dry. If this condition persists, a ther-mal
runaway condition can occur. Thermal runawayhappens when lower
moisture content causes anincrease in thermal resistivity, which
causes a highercable temperature rise, which in turn drives more
mois-ture away, causing further increases in thermal resistiv-ity,
etc. until there is a cable failure. Ambient moisturecontent can be
very low for sands in dry areas, givinghigh thermal resistivities.
Moisture content under pavedsurfaces generally is higher than under
unpaved sur-faces. Clays fall in a special category, since field
mois-ture content is very high, typically 2030%, and claysdry and
rewet at a much slower rate than other soils.Moisture content is
expressed as a percentage of theweight of water to the dry weight
of soil solids, as deter-mined by oven drying at 105C.

Soil Composition and TextureSoil is a composite material
consisting of solid particles,water, and air. Heat flows through
soil primarily by con-duction from particle to particle. In some
cases, it is byconduction and/or convection through the moisture
orair that occupies the pore space between solid particles.Even
highly compacted soil can have up to 30% free vol-ume that is
occupied by moisture and/or air. In a totallydry condition, this
volume is filled with air, which has avery high thermal resistivity
(about 4000 C.cm/watt(40 K.m/W)), and thus the resulting soil
resistivity ishigh. A good thermal backfill is made up of
well-gradedsolid particles that provide more points of
inter-particlecontact for conduction of heat. Two benefits
result:resistivity is low even at low moisture contents,
andmoisture is less likely to migrate away from the
cable/soilinterface. These benefits are attributed to the tight
pack-ing of the particles (high density, low porosity, and
lowhydraulic conductivity). Figure 12-6 shows the mecha-nism of
heat transfer through wet and dry soil.

Specifications for controlled thermal backfill ofteninclude a
sieve analysis to ensure that the material fallswithin specified
limits of gradation characteristics. Fig-ure 12-7 shows an envelope
with upper and lower limitsfor a good thermal backfill. This type
of granular mate-rial is made up of sound (nonporous) fine
aggregate;when installed at its optimum moisture content and at95%
standard Proctor density, it will give low and stablethermal
resistivity. The widespread use of the Thermal

Figure 12-5 Soil thermal diffusivity as a function of soil type
and moisture content (courtesy Geotherm Inc.).
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Property Analyzer (TPA) (EPRI 1981) has reduced thereliance only
on gradation characteristic (sieve analysis),because users can
readily make direct, accurate measure-ments of thermal resistivity
rather than inferring valuesbased only on sieve analysis. Soil
texture refers to soilgrain size, shape, and particle size
gradation. In engi-neering applications, a soil is often
qualitatively catego-rized by a visual description using accepted
adjectives toindicate the fractional amount of each component
(i.e.,gravel, sand, silt, clay, etc.).

The 5% moisture content is a typical dry-season levelfor soils
in many parts of North America. The first fourmaterials listed are
very stable and will not reach zeromoisture content unless heat
flux is very high. Ambientmoisture contents for clays are often
greater than 15%,but if subjected to high heat flux, they can
become ther-mally unstable. The numbers in Table 12-1 are only
rep-resentative. Any backfill material considered for use ona cable
system should be tested thoroughly. Soil particlesoundness
(porosity), mineral type (limestone, granite,basalt, mica, etc.),
and organic content also affect thethermal resistivity to some
degree. Porosity and organiccontent higher than 4% can increase the
dry thermalresistivity by as much as 15%. The user should
evaluatethe cost of changing routes to avoid poor soils such as
cin-ders or organic material, versus installing special backfillin
the trench.

Soil Compaction (Density)Once installed, the density of a
backfill does not change;it is only the moisture content that may
change due tovarious factors. Backfill material must be carefully
com-pacted. Compaction decreases thermal resistivity, espe-cially
at low moisture contents, since the interparticleheat path is
improved. An increase in density of onepound per cubic foot (16
kg/m3), which is approximately1% additional compaction, can give a
23% decrease inresistivity (EPRI 1977). This improvement is
especiallyimportant at low moisture levels. Compaction is
bestcarried out at moisture contents of 812% for
granular,noncohesive soils, and much higher for
fine-grained(silty-clayey) soils. Great care should be taken to
obtaingood compaction along the entire cable route to preventhot
spots.

Figure 12-7 Gradation limits for granular-type thermal backfill
(courtesy of Geotherm, Inc.).
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Table 12-1 Representative Thermal Resistivity Values in
C.cm/watt (K.m/W)

5% Moisture 0% Moisture

Fluidized thermal backfill 40 (0.4) 80100 (0.81.0)

Concrete (no air) 30 (0.3) 70 (0.7)

Stone screenings 40 (0.4) 100 (1.0)

Thermal sand 50 (0.5) 100 (1.0)

Uniform sand 70 (0.7) 200 (2.0)

Clay 100 (1.0) 250 (2.5)

Lake bottom (organic) 100a (1.0)

a. 50% moisture.

>300 (>3.0)

Highly organic soil >300 (>3.0) >600 (>6.0)
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Compaction is commonly specified in percentage ofProctor Density
(ASTM 1978). A Proctor Density of100% gives the highest density
possible for a given mate-rial at the optimum moisture content.
Proctor densitiesof 90 to 95% are commonly specified for backfill
incable trenches. In addition to improving thermal proper-ties,
high compaction reduces the chances of the pave-ment settling. Many
municipalities specify high ProctorDensities to prevent the
settling of road-base material.

Compaction (density) and moisture content of thematerial affect
both thermal resistivity and diffusivity.Care should be taken to
maintain the field (in situ) con-ditions for the laboratory tests.
A utility evaluating con-trolled backfills may have laboratory
tests performed atseveral compaction levels to permit specification
of fieldcompaction (density). Figure 12-8 demonstrates
therelationship between soil density and thermal resistivity.

Factors Affecting Thermal StabilityUnlike thermal resistivity
and diffusivity, soil thermalstability is a system-driven
parameter. In other words,soils can have widely differing thermal
stabilitiesdepending on a number of operating and installed
con-ditions. Two criteria to reduce chances of dryout and
toevaluate thermal stability are discussedsoil interfacetemperature
and heat flux.

Soil Interface TemperatureFor many soils, if the temperature at
the interfacebetween the heat source and the soil is kept
below5060C, a balance will be maintained between mois-ture
migration away from the heat source and capillaryaction, which
returns the moisture. The soil will, there-fore, remain stable.
Published ampacity tables for distri-bution cables list three
values of allowable ampacity:that governed by conductor
temperature, and those(generally lower) governed by 50 and 60C soil
inter-face temperatures (IPCEA 1976). Selection of the
higherinterface temperature may be done only after testing thesoil;
otherwise, the lower value should be used.

Heat FluxMoisture migration actually occurs as a function of
heatflux at the surface of the heat source. Heat flux is
deter-mined by heat input in watts/foot (W/m) and cablediameter in
inches (mm). One approach to evaluatingsoil stability is to
energize a thermal probe using thesame heat input per unit length
as the cable system (e.g.,30 W/ft [98 W/m]) and measure thermal
resistivity as afunction of time (Martin et al. 1981; Hartley and
Black1979). The time at which the slope changes (increase inthermal
resistivity) gives an indication of time to dryout.The
corresponding dryout time for the cable is obtainedfrom Equation
12-1:

(min) 12-1

Where:tc = time for soil near cable to dry, min.tp = time for
soil near probe to dry, min. Dc = diameter of cable/earth
interface, in.Dp = diameter of probe, in.

Figure 12-9 gives typical test results for sandy silt. Adryout
time of 20 minutes for a 157.5-mil (4-mm) probecorresponds to a
dryout time of about 112,500 minutesor 78 days for an 11.81-in.
(300-mm) cable pipe. Calcu-lated dryout times for the cable system
should be severalweeks to ensure stability over the summer season.
Thisapproach can be conservative since cyclic loading andrewetting
due to rainfall serve to extend dryout time.

Soil thermal stability may also be evaluated during fieldthermal
surveys. A thermal probe may be energized at anominal heat input
(typically 10 W/ft [33 W/m], which is3050% of typical cable heat
input). After the slope oftemperature vs. log time has stabilized,
the heat input isincreased tenfold. If a new, constant slope is
achieved,the soil is stable. If the slope continues to increase,
theFigure 12-8 Effect of soil grain size and distribution on

density and thermal resistivity (courtesy Geotherm Inc.).
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soil is not considered stable. Figure 12-10 shows a typi-cal
curve for this test.

Concrete duct bank encasement and controlled backfillboth have
excellent thermal stability. Their use transfersthe interface
temperature and heat flux concern to theinterface with the native
soil. Temperatures and heatflux are low at that interface, and
stability of the nativesoil is not generally a problem.

Laboratory Thermal-Resistivity MeasurementUndisturbed soil
samples retrieved in thin-wall Shelbytubes or bulk soil samples
should be tested for thermaland geotechnical parameters by a
qualified and experi-enced laboratory. The tests should include
natural mois-ture content, density, sieve analysis, compaction,
thermalresistivity, thermal stability, and thermal resistivity
vs.moisture content (dryout tests). Nominal 3-in. (76-mm)diameter
Shelby tubes should be used to retrieve undis-turbed samples. Care
should be taken to maintain thenatural moisture and density of the
samples duringretrieving and transportation. Figure 12-11 shows
vari-ous types of samples being tested in the laboratory forthermal
resistivity using a Thermal Property Analyzer.

A laboratory-type thermal needle, 0.125-in. (3.2-mm)diameter, is
inserted into the test sample and connectedto a Thermal Property
Analyzer (TPA). A series of ther-mal-resistivity measurements is
made for various mois-ture contents by stage-drying the sample.
Enough timeshould be allowed to ensure moisture
redistributionthroughout the sample at the start of each new
stage.When testing disturbs bulk samples or granular soils, atest
mold similar to a Shelby tube can be used to repackthe soil at a
specified density and moisture content. Thecurves shown in Figure
12-4 were developed from theselaboratory tests.

A similar setup can be used to determine the thermaldiffusivity
of the soil. The test sample, either taken as asection from a
Shelby tube or reconstituted in a mold, isallowed to equilibrate at
a constant elevated tempera-ture overnight in an oven. This
temperature should onlybe about 810C above the ambient room
temperature.The warm sample is immediately transferred to a
circu-lating water bath at a constant room temperature, and

Figure 12-9 Soil thermal stability for sandy silt.

Figure 12-10 Typical thermal stability test. Figure 12-11
Various types of samples being tested in the laboratory (courtesy
Geotherm Inc.).
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the temperature of the thermal needle is monitored withtime. The
resultant plot of temperature vs. log time isanalyzed by the theory
of Shannon and Wells (Shannonand Wells 1947) to calculate the
thermal diffusivity. Fig-ure 12-12 shows this setup.

Field Thermal-Resistivity MeasurementIn situ tests provide rapid
and accurate values of soilresistivity along a cable route. The
thermal probe hasbeen used for many years for this purpose. It
consists ofa stainless-steel tube that contains a precisely
woundheater and a temperature sensor of high resolution
andaccuracy. The annular space is filled with a thermalepoxy, and
all components are electrically insulated.Commonly used field
thermal probes are 0.25 in.(6 mm) in diameter and 12 in. (300 mm)
long. Probes oflarger diameter and lengths up to 6.5 ft (2 m) with
multi-ple temperature sensors have also been used successfullyin
special conditions.

The probe head is designed for easy adaptation to con-ventional
soil-drilling equipment. The probe is simplyinserted into the
undisturbed native soil by pushing ordriving it to the desired
depth at a test location. Power isapplied to the probe heater, and
temperature rise ismonitored with time. The slope of temperature
rise vs.log time determines the value of soil thermal
resistivity.Figure 12-13 shows a drill rig setup for in situ
thermalresistivity testing and soil sampling. A TPA powered bya
portable generator or a power inverter is shown in use.

It is important to perform the tests at the expected cabledepth.
Soil thermal resistivity is usually lower at greaterdepths because
of higher soil moisture content.

The TPA (EPRI 1981) was developed in the late 1970sto automate
field thermal-resistivity tests for greateraccuracy, simplicity,
and reproducibility of test results.When a thermal probe is used
with a TPA, a laptop com-puter controls the test input parameters.
Test resultsincluding probe power, time, temperature, and
thermalresistivityare all displayed and stored during a test
run.The TPA also facilitates the thermal-stability measure-ments by
extending the standard test over longer timeperiods or by ramping
the probe power to a higher value.IEEE Standard 422-1981, IEEE
Guide for Soil Ther-mal Resistivity Measurements, (IEEE 1981)
should befollowed for soil thermal-resistivity measurements.

Prior to conducting a field thermal survey, any availablesoil
data along the proposed cable route should bereviewed. Data may be
available from government agen-cies, other utilities, or borehole
logs for existing over-head power line tower foundations. Soil
thermal-resistivity measurements should be made at least twicein
each soil formation, and at least every 0.5 mile(800 m) depending
on the length of the cable route. Atleast two samples of each soil
type should be tested in

Figure 12-12 Shannon and Wells thermal diffusivity test applied
to a Shelby tube sample.

Figure 12-13 In situ thermal resistivity testing and soil
sampling (courtesy Geotherm Inc.).
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the laboratory for thermal stability and resistivity vs.moisture
content. Since thermal-resistivity values areextremely
moisture-dependent, it is best to make fieldmeasurements during the
driest times of the year. Esti-mates of moisture content at other
times of the year canbe used to extrapolate thermal resistivities
based oncurves similar to those shown in Figure 12-4.

Often a soil-testing firm breaks pavement and augers tothe
desired depths where thermal-resistivity measure-ments are to be
taken, and the probe is inserted intoundisturbed soil below the
augured hole. Soil samplesfor laboratory testing are normally
retrieved from thesame borehole, at depths in-between the test
depths. Atlocations where a soil drill-rig cannot be used, in
situthermal testing and soil sampling can be conducted intest pits
dug by a backhoe.

Controlling Thermal ResistivityIt is not generally feasible or
practical to modify thethermal resistivity of native soil
surrounding the cabletrench. Selected materials having good thermal
resistiv-ity and thermal stability can be placed in the
trench,however, to reduce overall thermal resistivity. The
entiretrench width is filled with special backfill to a
heighttypically about 1 ft (300 mm) above the cable. In
someinstances, the trench must be widened or entirely filledwith
special backfill to offset the effects of poornative soil.

Backfill used for this purpose, commonly termed con-trolled
backfill, is made of well-graded crushed stonescreenings or
well-graded sands with some fines that canachieve high densities at
relatively low moisture con-tents. There are several sources of
controlled backfill:

Suitable natural sands having the required
gradationcharacteristics can be found in many parts of thecountry.
The material must be well compacted in thetrench, in layers of 612
in. (150300 mm) or so. A1-ft (300 mm) layer compacts to about 8
in.(200 mm). Standard civil engineering (construction)practice must
be followed where applicable.

In other areas, well-graded crushed limestone screen-ings are
used to give good thermal resistivities.The screenings must also be
well compacted asdescribed above.

Granular backfills of this type should be tested in
thelaboratory to evaluate maximum dry density and opti-mum moisture
content. In situ density of the backfillwhen placed in the trench
should be about 95% of thismaximum dry density and at the optimum
moisturecontent. A quality control/assurance program should
beimplemented for all field applications.

The addition of small quantities of cement to granularmaterials,
such as well-graded sands and screenings, canprovide excellent
thermal resistivity and stability (Sandi-ford 1981). The cement
creates interparticle bondingand lowers thermal resistivity by
reducing contact resis-tance and filling fine air voids. This type
of cement-based mixture must be moisture-conditioned to its
opti-mum value and should be placed by a compactionmethod similar
to that for granular-type backfill.

Fluidized Thermal Backfill (FTB) is a concrete-likematerial that
has been used extensively over the past20+ years. It is a mixture
of natural mineral aggregate,sand, cement, water, and a fluidizer
that is formulatedto meet specific thermal and strength
requirements. Fly-ash is a commonly used fluidizer. However, if
flyash isnot readily available, a water-soluble resin or slag can
beused. FTB can be mixed in a regular concrete truck, andmost
ready-mix concrete suppliers can handle thismaterial without any
problem. FTB is delivered to thesite in a fluid state and can be
poured or pumped intotrenches very easily using conventional
concrete place-ment equipment. FTB is often an ideal choice for
cabletrench backfill application because of the advantagesthat it
offers over granular-type backfill. Figure 12-14shows the
application of FTB on a typical duct bankproject. The process is
the same for pipe-type or directburied applications.

Preliminary work has been done to develop specialadditives that
may be injected into native soils to lowerthermal resistivity and
increase thermal stability (EPRI1977). Soil-interface temperature
and heat-flux valuesare seldom problems if special backfill is
used. A typicalbackfill thermal resistivity requirement is the
range of5070 C-cm/W at 34% moisture content.

Figure 12-14 Fluidized Thermal Backfill (FTB) being applied to a
duct bank (courtesy Geotherm Inc.).
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It is important that the backfill in the immediate vicinityof
the cables is installed at the best possible density inorder to
achieve a low thermal resistivity. Figure 12-15shows that the
temperature drop is inversely propor-tional to the radial distance
from the cable surface.

Calculating Effective Thermal ResistivityPlacing special
backfill in the cable trench lowersthe effective thermal
resistivity compared to native soil.The heterogeneous earth portion
is conveniently han-dled by using Equations 11-58 to 11-75, as
detailed inChapter 11. This treatment is considered
sufficientlyaccurate for ratios of controlled backfill with
longdimensions to short dimensions up to 3/1.

More sophisticated approaches, such as finite elementanalysis
(Soulsby and Donovan 1981), provide greateraccuracy at the expense
of more complicated calculationprocedures.

Thermal Resistivities for Submarine CablesSub-bottom marine
sediments are usually fully satu-rated, so in situ thermal
resistivities are generally low ifthe material is nonorganic.
However, depending uponthe composition of the material (very soft
clay or mud),the thermal stability may be poor. Heat generated
dur-ing normal power cable operation can cause the mois-ture to
migrate from the cable vicinity, creating areas ofvery high thermal
resistivity. The dryout problem isespecially severe when the bottom
sediments are highlyorganic. Fully saturated organic sediments with
highmoisture contents are known to have thermal resistivi-ties
greater than 150 C.cm/watt (1.5 K.m/W). It is verydifficultand in
most cases, impractical or expensiveto install controlled thermal
backfill in submarine appli-cations. Thus, the cable design must
accommodate thebottom conditions with respect to thermal
resistivity.Care must be taken in areas where silting takes
place.One meter of cover today might be four meters of cover

in a few years, with the thermal capability of the
cablesuffering accordingly. Problems associated with cablessinking
in soft sediments should also be addressed.

Special attention must be paid to soil thermal resistivityand
stability measurements for most underwater cross-ings, and
specialized instrumentation approaches arerequired. Reference
(Radhakrishna and Stienmanis1981) provides a good description of
test equipment andprocedures. Figure 12-16 shows a drill rig on a
bargeused for submarine thermal surveys.

Figures 12-17 and 12-18 show a vibra core sampler andits
adaptation to thermal probe for in situ thermal resis-tivity
measurements.

Thermal Resistivities for Cables in HDD (Horizontal
Directionally Drilled) InstallationInstallation of cables or casing
containing power cablesin directionally drilled bores is quite
common when

Figure 12-15 Thermal gradients in a radiant flow field are
inversely proportional to the distance from the heat source
(courtesy Geotherm Inc.).

Figure 12-16 Drill rig on a barge for submarine thermal surveys
(courtesy Geotherm Inc.).

Figure 12-17 Vibra core sampler (courtesy Geotherm Inc.).
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crossing railroads, highways, and rivers. For such
instal-lations, the geotechnical as well as thermal, propertiesof
the soil at the cable/casing elevation must be investi-gated. This
is conducted in the same manner as for shal-low borings using a
conventional soil drill rig. Themajor difference is that, for river
crossings, the cable ele-vation may be below the water table, and
bedrock maybe encountered at other locations.

Below the water level, soil is saturated with water, andthe
thermal resistivity is not of concern unless organicmaterial or
peat is encountered. This is quite common inthe upper soil layers
below the bottom and near the riverbanks. It is impossible to
install corrective backfill atdeep elevations, and therefore,
measurement of ambienttemperature and thermal resistivity is very
important.

Most bedrock has fairly low thermal resistivity rangingbetween
40 and 65 C.cm/W (0.400.65 K.m/W). Theannular space within the
casing and around the cablesor cable conduits must be filled with a
pumpable ther-mal slurry of low thermal resistivity.

Ambient Earth TemperatureFigure 12-19 depicts the variation in
the earth ambienttemperature at depths of up to 10 ft (3 m), as a
functionof the time of year. Air temperature near the
surfacechanges significantly and quickly as a function of
time,whereas the temperature at depths is slow to react tothis
change. Although this data was collected forToronto, Canada at
latitude 40, similar trends holdtrue for other locations. In
southern states, the varia-tions in the upper and lower limits are
smaller, and thedifference between the peaks at different depths
(lagtime) is shorter.

12.2.7 Mechanical Considerations

The principal mechanical considerations for under-ground
transmission cables consist of pulling tensionsand sidewall
pressures during cable installation,as described in Section 12.3.
Other considerationsinclude Thermomechanical Bending (TMB),
propermanhole racking, supports for vertical cable sections,and
vibration.

Thermomechanical Bending Cables expand and contract with load
cycling. Thismotion is usually accommodated by cable snakingwithin
the pipe of a pipe-type cable, or within theduct for single-core
duct systems. However, for largeconductor and cable sizes, it is
critical to make an in-depth investigation into this issue. For
directly buriedsingle-core cables, the earth constrains most
motion,except for the small amount that may occur in man-holes, if
present.

Extruded-dielectric CablesThere have been a number of splice
failures caused byexcessive unrestrained TMB forces within the
manholes.There has been significant discussion on the best way
ofhandling the TMB for large single-core cables. The com-mon
practice for determining the required duct size fora particular
installation is to size the inside diameter ofthe conduit 1.5 times
larger than the outside diameter ofthe cable. For example, if the
cable has an outside diam-eter of 3.5 in. (89 mm), then the
minimum-sized conduitID would need to be 5.25 in. (133 mm),
resulting in a6-in. (166-mm) duct requirement. Historically, no
majorcircuit failures have been caused by thermomechanicalforces
when this practice has been followed. However, ifthis practice is
not followed, a detailed TMB analysisshould be made.

Figure 12-18 Vibra core sampler with thermal probe for testing
(courtesy Geotherm Inc.).

Figure 12-19 Variations in earth temperature at various depths
as a function of time of year (courtesy Geotherm Inc.).
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The following variables affect the overall TMB design,and each
should be considered when determining thebest and most
cost-effective design.

Size of conduit Size of cable Size of the manhole Strength and
number of cable clamps Route geometry Strength and design of the
cable splice Cable restraint and support brackets

There are two common methods for handling the TMBforces
resulting from the cable load cycling: the first isthe
straight-through approach using sufficient clampingto force the
cable expansion back into the duct; the sec-ond is to install an
S-bend within the manhole and allowthe S-bend to flex and absorb
the expansion. With thestraight-through approach, the size of the
conduit playsan important part in the overall
thermomechanicaldesign. When the cable is fully restrained and no
move-ment of the cable is permitted in the manhole, thethermal
expansion or contraction must be accommo-dated in the duct. This
could result in high internal com-pressive and tensile forces. This
design allows themanholes to be shorter.

With the S-bend approach, compressive and tensileforces are not
developed within the cable. However,because the cable is allowed to
flex, special consider-ation must be made to prevent the cable from
exceedingits bending limits. This results in the manhole needing
tobe wider and longer.

Another factor that affects the overall TMB forces isthe number
of vertical and horizontal bends that thecable will go through
between the manholes. If the routehas many bends, then the
resulting forces will be smaller.If the route is flat, the
resulting forces will be signifi-cantly higher.

Pipe-type CablesEarly 345-kV pipe-type cables have experienced
TMB inthe splice area, where the pipe diameter increases in
thejoint casing (Aabo and Moran, Jr. 1988; Moran et al.1984). Early
designs had long unsupported cable lengthsin this area, and the
joints could flex too easily. Theseearly joints were retrofitted
with additional joint sup-ports, and new designs include the proper
supports.

SCFF CablesSCFF joints have experienced mechanical fatigue
inmanholes. Sheaths have cracked at the transition to thejoint
sleeve, and soldered connectors have pulled out

after many years of load cycling. Proper reinforcementof the
sheath/sleeve transition and the use of pressedconnectors have
solved these two problems.

Manhole Racking and SizingManhole racking is only required for
SCFF andextruded-dielectric cable. For pipe-type cables, no
rack-ing is typically needed, because the steel cable
pipe/jointsleeve usually supports itself across the manhole. If
themanhole is too long, the designer may want to providesome type
of support.

Extruded-dielectric CablesAs discussed previously, there are two
common methodsof installing cable in a manhole: the
straight-throughmethod and the S-bend method. The main design
con-cern with manhole racking is to protect the splice
fromexperiencing excessive thermomechanical forces.Regardless of
the installation method, this is accom-plished by placing cable
clamps on either side of thesplice to prevent the cable from moving
near the splice.

When designing the cable supports for the straight-through
method, it is important to calculate theexpected TMB forces and
design the cable clamp andsupport hardware accordingly. This method
allows themanholes to be smaller. Sizing of the manhole is basedon
the splice design. There must be enough space withinthe manhole to
allow the splice sleeve to slide out of theway during splicing
procedures. The typical insidedimensions for a 138-kV manhole are 6
ft wide by 20 ftlong and 7 ft high (1.8 x 6.1 x 2.1 m). Figure
12-20shows a typical manhole clamping arrangement.

For the S-bend design, the manholes must have enoughroom to
allow the cable to move smoothly to accommo-date thermal expansion
and contraction. This can gen-

Figure 12-20 Typical cable clamping arrangement for cables
passing straight through a manhole (courtesy POWER Engineers,
Inc.).
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erally be accomplished by having the cable ducts enterthe center
of the manhole and then train the cables totheir proper position.
The cables form two reversebends, as shown in Figure 12-21, as the
joints are rackedon the manhole sidewall. The typical inside
dimensionsfor a 138-kV manhole with this arrangement are 8 ftwide
by 25 ft long and 7 ft high (2.4 x 7.6 x 2.1 m). Someutilities make
a full 360 loop in the manhole to ensurethat movement is not
concentrated in one location,which would require an even larger
manhole. A straightdistance of at least two cable diameters should
be left ateach end of the reverse bend. Enough straight
distancemust be provided near the joint to allow the joint sleeveto
slide out of the way during splicing procedures.

Pipe-type CablesSince there is typically no support
requirements, the siz-ing of the manhole for a pipe-type cable
system is basedon the joint-casing design. A sufficient straight
distancefrom the face of the reducer to the manhole end wallmust be
provided to allow the joint sleeve to slide out ofthe way during
splicing procedures. The joint casingscan be designed in multiple
telescopic sections. Thisdesign allows the manhole length to
decrease. However,additional welding is required with multiple
sleeveswhile the cable is in the pipe. The recommendation is
tolimit the number of welds, if possible.

Supports for Vertical Cables Special consideration of conductor
stresses andmethods to support cable weight is required for
cablesystems designed to be installed on steep slopes or verti-cal
applications.

Extruded-dielectric CablesExtruded-dielectric cables can be
installed on the insideor outside of single-pole deadend
structures. The cablesare typically clamped to the pole, as shown
inFigure 12-22. Cable clamps or basket-weave grips canbe used at
intermediate points to support long verticalruns of
single-conductor cable. Thermal expansion andcontraction can be
accommodated by cable snakingbetween the clamps.

If an extruded cable is installed along a long steep slope,an
intermediate clamping manhole may be needed toprevent the cable
from ratcheting down the slope.

Pipe-type CablesFor vertical and steep slope designs, a riser
cable designis used for pipe-type cables. Long-lay
stainless-steeltapes are placed under the skid wires. These
ribbonssupport most of the cable weight. Anchor joints areplaced at
the top of the slope, and skid joints are placedat the bottom.
Chapter 8 describes these types of joints.

SCFF CablesThe method for installing SCFF cables would be
similarto the methods described above for
extruded-dielectriccables. However, special consideration should
begiven to the hydraulic issues associated with large eleva-tion
differences.

12.2.8 Monitoring

Monitoring systems can help to ensure long, trouble-free cable
life, and rapidly determine and locate troubleson the cable system.
Monitoring systems that are part ofcable system design are
described below.

Temperature Monitoring For many years utilities have installed
thermocouples oncable pipes several hundred feet (50100 m) on
eitherside of manholes. The thermocouples are terminated inboxes in
the manholes, and can be read as desired. Inthe 1970s, elaborate
temperature monitoring wasapplied as part of early dynamic rating
systems (Pattonet al. 1979). Temperature monitoring is part of
moresophisticated dynamic rating systems designed in theearly 1990s
(Engelhardt and Purnhagen 1991). Distrib-uted fiber-optic
temperature monitoring offers the pos-sibility of monitoring
temperatures along the entire

Figure 12-21 Training cables in a manhole (courtesy POWER
Engineers, Inc.).

Figure 12-22 Cables clamped to a transition pole (courtesy POWER
Engineers, Inc.).
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length of a cable. These systems are suitable for all
cablesystem types.

Distributed Temperature MonitoringA distributed temperature
monitoring system (DTS)consists of installing a fiber optic cable,
which acts as atemperature sensor, along the entire length of a
cableand some type of monitoring. The monitoring systemreads the
temperature of the fiber. The monitoring sys-tem can be permanent
or portable. Whether the moni-toring system is permanent or
temporary should bebased on the needs of the utility. If real-time
monitoringis desired, a permanent installation is necessary. If
onlyhistorical or benchmark information is desired, a porta-ble
unit would be sufficient. With a portable system,multiple systems
could be periodically monitored.

For the most accurate temperature reading, the bestlocation to
install the temperature-sensing fiber is insidethe conductor
itself. This method eliminates outsideinterference and any
misinterpretation of results. How-ever, there is currently no
manufacturer that can accom-plish this type of installation.

The second best choice is to place the temperature-sens-ing
fiber, during cable manufacturing, under the outsidejacket. The
calculation of the conductor temperaturebased on the measured
temperature is straightforward inthis case, since the thermal
characteristics of the cablematerials are well known. When a
temperature-sensingfiber is integrated into the power cable, it may
be part of

the power cable screen, laid close to the screen or situ-ated in
the interstices of a number of cables (e.g., a trefoilarrangement).
The optical fibers may be installed insidea plastic or metal tube.
A disadvantage of this method isthat it requires splicing the fiber
at each manhole.

The most common method in the majority of existingand new cable
installations is to install the temperature-sensing fibers nearby
the cables. This can be accom-plished by either attaching the
optical fibers to the cableusing cable ties or installing the
optical fibers in an adja-cent conduit. If the cable surface is
accessible along theentire length, then the sensor can be fixed to
the outsidesurface of the power cable. This would be the
preferredmethod for direct-buried cables. There will, however,
beuncertainty in knowing what is being measured: the sur-face of
the cable or the layer of air or protection aroundthe fiber in its
vicinity. When a temperature-sensingfiber is attached to a power
cable, it may be installed in aplastic or metal tube, or it may
consist of an opticalfiber cable with additional strength members
which mayinclude metallic parts. If metallic parts are
included,then consideration needs to be given to the possibility
ofinduced circulating currents generating additional heat-ing
effects and causing temperature measurement errors.In addition, the
bonding and grounding of metallicparts needs to be considered. If
the cable with the tem-perature-sensing fiber attached is to be
pulled into aduct, special consideration needs to be given to
theforces that the fiber will encounter during the pulling ofthe
power cable.

Table 12-2 Advantages and Disadvantages of Fiber Optic Cable
Location for Temperature Sensing

Advantages Disadvantages

Integrated into the power cable

Provides a better indication of the conductor core temperature
Manufacture of power cable is more complex

More responsive to current loading Optical splicing at each
cable joint is required and is more complicated

Fiber is protected by the power cable More fiber splices are
needed (determined by power cable drum length), resulting in higher
dB losses.

Well-suited where power cable pulled into ducts May require more
monitoring loops.

Fiber needs to be replaced and respliced in the event of a cable
failure.

Externally attached to the outside of the power cable

Fiber cable can be run in long lengths without splicing,
resulting in lower dB losses

Less responsive to load changes than integrated design

If installed in a tube, fibers can be blown out and new ones
blown in, should a fiber failure occur

Less representative of conductor temperature

Can be easily attached to a conventional cable in an open trench
(before backfilling)

Increases installation work

Can be easily attached to a power cable in a tunnel, or to the
roof or floor of a tunnel

Not suitable for attaching to power cables that will be pulled
through long ducts

In a separate duct or close to the power cable

Relatively easy to install or may already exist Least responsive
method to load changes

Fiber cable can be retrofitted Least representative of conductor
temperature remote from conductor

Can be run in long lengths without splicing, resulting in lower
dB losses

Can use spare fibers in an already installed telecom cable
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In a duct bank, any empty duct can be used to house
thetemperature-sensing fiber. However, the farther the
tem-perature-sensing fiber is from the hottest conductor, themore
uncertainty is introduced in the correlationbetween the measured
temperature and the actual tem-perature of the conductor, and thus
the rating. When asensor fiber is separately installed and
positioned ashort distance from the power cable, the cable
construc-tion can be of various types. The cable may be part of
atelecommunication system and one or two fibers madeavailable for
temperature sensing. However, typically aseparate fiber cable is
installed.

The advantages and disadvantages of using optical fibersensors
in different configurations are given in Table 12-2.

Leak Detection Rapid detection of a fluid leak reduces the
amount offluid loss. Leak detection is especially important
forhigh-pressure fluid-filled (HPFF) cables, because of thelarge
quantities of fluid involved. Fluid loss is alsoimportant in SCFF
cable due to the significantly lowerreserves of dielectric fluid
and the possibility of mois-ture ingress and ultimate failure of
the cable. Asdescribed in Chapter 9, pressurizing plants contain
sim-ple leak detection in the form of fluid-level alarms onthe
storage tanks or frequent-operation alarms onpumps. Cumulative flow
meters add further sophistica-tion and reduce the amount of fluid
loss before detec-tion. More elaborate systems, combining software
thatevaluates expected fluid expansion/contraction as afunction of
cable loading, provide even further sensitiv-ity (Engelhardt and
Purnhagen 1991). Incorporatingthese devices in the cable design and
installations stagesis more effective and less costly than adding
them afterthe line is in service.

Leak Location Once a leak is detected, rapid location minimizes
fluidloss. An EPRI project in the 1980s investigated manyleak
location methods (Williams et al. 1983). Chapter 15addresses the
operating procedures for leak location andrepair. The engineer can
take several steps at the designstage to speed future leak location
efforts.

Probes have been developed that can detect the veryslow fluid
flow in the direction of a leak (Ghafurian etal. 1989). These
probes must be inserted into the cablepipe. Valves can be added at
any time. However, if theyare installed at the top of joint casings
or perhaps on theline pipe in cable manholes before cable
installation, thecost of installing them is lower, and there is no
chance ofdamage to the cable. These valves are also useful forfluid
sampling for dissolved gas analysis.

Leak location cables were developed in the late 1980s(Ghafurian
et al. 1989). These cables are sensitive todielectric fluids, and
may be placed in the trench adja-cent to a cable pipe or an SCFF
cable. They indicatethat a leak has occurred and locate a leak to
withinabout 6 ft (2 m).

12.2.9 Grounding/Cathodic Protection

Another important design consideration is the type ofgrounding
needed to ensure the proper operation of anunderground cable
system. A detailed discussion of thegrounding and cathodic
protection for undergroundcable systems is included in Chapter
10.

12.3 INSTALLATION MODES

12.3.1 Splices: Directly Buried vs. in Manholes

Cable splices are required to join sections of cable.
Thedistance between splices is governed by pulling tensionsor the
length of cable that can fit on a reel, and variesfrom less than
1000 ft (300 m) to more than 7000 ft(2100 m). Splices are described
in detail in Chapter 8.Splices must be made in a clean, dry
environment.Humidity control must be provided for
higher-voltagecables, especially paper-insulated cables. Splicing
isgenerally done in a permanent manhole, although splic-ing
requirements can be met using a temporary man-hole, which is then
backfilled, thus creating a directlyburied splice.

Most pipe-type cable splices are installed in permanentmanholes.
Directly buried splices are often used withdirectly buried SCFF or
extruded-dielectric cables.Some users provide permanent manholes
for easy accessto splices even if the cables themselves are
directly bur-ied. Permanent manholes are almost always used
forcables in duct. Because of the increasing importance ofdissolved
gas analysis, more utilities are installing sam-pling valves on
splice casings for HPFF and SCFFcables (or are using the
evacuating/filling valves that arealready in place), so that
permanent manholes are nec-essary for access to the valves.

A temporary manhole can consist of a precast orpoured concrete
pit, with plywood walls and tarpaulins,or a temporary chamber
placed over the pit to protectthe cables during splicing. Typical
dimensions are610 ft wide x 1520 ft long (1.83.0 x 4.66.1 m).
Afterthe splice is complete and all tests are done, the pit
isfilled with clean sand. Pavement is restored if necessary,and a
marker is placed so the splice can be locatedquickly if repairs are
needed.


	
Chapter 12: Installation Design EPRI Underground Transmission
Systems Reference Book

12-22

Permanent manholes are typically 8 ft wide x 18 ft longx 7 ft
high (2.4 x 5.5 x 2.1 m), although sizes can varydepending upon the
number of circuits, cable type, andvoltage. Manholes can be
precast, which are often lesscostly if facilities exist nearby for
casting and if manymanholes are ordered. Alternatively,
field-poured man-holes may be installed. Field-poured manholes are
espe-cially useful in areas where other utility lines are
nearby,preventing the installing of a precast manhole.

Almost all transmission cable manholes have twoaccesses
(chimneys) to facilitate cable installation. Man-holes include
significant steel reinforcement and the cor-rect grade of concrete
to ensure that there is no problemwith heavy truck traffic, and
reinforcements are pro-vided to permit installing cable-pulling
accessories suchas sheaves. Figure 12-23 shows a precast manhole
beinglowered into place.

12.3.2 Trenching

GeneralThe most common method for constructing an under-ground
cable system is by open-cut trenching. This con-sists of using a
backhoe to remove the concrete, asphaltroad surface, topsoil, and
subgrade material to thedesired depth, as shown in Figure 12-24.
The materialcan be stockpiled near the trench, if acceptable by
thelocal authorities, or removed to an appropriate off-sitelocation
for disposal or used for fill as appropriate. Thepipe/duct is
installed in the trench and the trench back-filled. Fill materials
can be thermal sand and/or a con-crete mix. Depending on the depth,
shoring of thetrench may be required. The U.S. Occupational
Safetyand Health Administration (OSHA) requires any trenchdeeper
than 5 ft (1.5m) to be shored unless a competent

person determines that the soil conditions do notrequire
shoring. Along roadways, shoring may beneeded to maintain the
trench sides and prevent damageto the rest of the roadway.

During the construction of the underground transmis-sion line,
obstacles, such as major roadways, large utili-ties, and railroads
may be encountered that requirealternatives to open trenching. In
cases where opentrenching is not an option, jacking and boring or
hori-zontal directional drilling (HDD) may be used. Discus-sion of
these installation methods are provided later inthis chapter.

Beginning in the mid-1980s, utilities began
installingfiber-optic cables or spare ducts for future
fiber-opticcables. The fiber-optic cables are used for cable
systemcommunication or other utility requirements. In somecases,
the utility may make the fiber-optic cables avail-able for outside
communication company use. Recently,additional ducts were added for
temperature-monitor-ing purposes.

Extruded-dielectric Cables Extruded-dielectric cables can be
installed either directlyburied, as illustrated in Figure 12-25, or
in duct, as illus-trated in Figure 12-26. General practice in North
Amer-ica is to install the cables in ducts to facilitate removaland
replacement in event of cable failure. However,directly buried
cables have 1015% higher ampacitiesthan duct cables because there
is no dead air space toimpede heat transfer to the earth. Reference
(Tarpey et al.1991) describes an extruded-dielectric cable
installation.

The advantages of direct-buried cable systems are thatthey are
significantly less expensive to install than duct

Figure 12-23 Precast manhole being lowered into place (courtesy
POWER Engineers, Inc.).

Figure 12-24 Backhoe excavating a trench (courtesy POWER
Engineers, Inc.).


	
12-23

EPRI Underground Transmission Systems Reference Book Chapter 12:
Installation Design

bank cable systems. Direct-buried cable systems canrequire that
significant lengths of trench be left openuntil the cable is
installed. Repairs to direct-buried cablesystems require the trench
to be opened and the cablesexposed, which in itself may further
damage the cable oreven the adjacent good cables. When the trench
islocated within commercial or residential property, land-owners
can expect significant disruption to their busi-ness or property
due to the excavation required toexpose the cable system. Any type
of cable can be directburied, provided that it is designed
appropriately fordirect-buried applications.

Directly buried cables should be protected from aboveto reduce
the chances of dig-in. Precast or free-pouredconcrete slabs are
typically placed 1 ft (30 cm) or soabove the cables. Trench widths
typically vary from 36to 100 in. (91 to 254 cm), depending upon the
number ofcircuits and spacing among cables, and depths varyfrom 46
to 52 in. (117 to 132 cm). Trenches for directlyburied cables often
have controlled backfill installed toimprove ampacity. Spacing
between adjacent phases isusually 912 in. (2330 cm), and typical
spacingbetween circuits is 24 in. (60 cm) or greater.
Fiber-opticcables can also be installed. In addition, ground
conti-nuity conductors can be installed in the trench to carryfault
currents if required by the bonding scheme.

It is possible to install single-conductor cables in ductusing
the flat configuration shown in Figure 12-25.Ampacity will be
reduced because of the dead air spacein the ducts.

Duct banks designed for the utility industry are fre-quently
located within or near public rights-of-way suchas along roads and
highways, beneath sidewalks, or ingreen spaces within the
rights-of-way that are assessableto the general public. It is
common practice in thesecases to encase the duct system in
high-strength con-crete of at least 3000 psi for protection from
mechanicaldamage. The concrete encasement also provides a mea-sure
of safety for the personnel who may be installinganother facility
in close proximity to the duct system inthe future. The latest
edition of the National ElectricSafety Code should be consulted to
ensure that allapplicable code requirements for minimum burial
depthare met.

In some cases, the municipal authorities may allow
theinstallation of a duct bank system backfilled with a spe-cial
soil or thermal sand instead of high-strength con-crete. In this
instance, the utility should install andmaintain a High-Voltage
Buried Cable warning sys-tem of signs indicating the hazard
potential, and theutility should regularly patrol the cable route,
especiallyin areas where excavation is most likely. A good
practiceto protect the ducts from mechanical damage is to
place4-in.-thick (10-cm) preformed concrete slabs on top ofthe
thermal sand backfill directly over the ducts,
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