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Foreword

I am honored and thankful to be asked to write the foreword to this timely textbook,
Design of Electrical Transmission Lines – Structures and Foundations. As an industry,
we find ourselves at a crossroads. Many industry professionals are nearing retirement
as part of the large ‘baby boom’ generation. They will take decades of knowledge and
experience with them. Engineering curricula typically do not include electric utility
design courses. We learn the basic engineering principles and then, over time, learn
how to apply these facts to our industry.

As this transition occurs, many of us are concerned about the need for effective and
timely knowledge transfer. How can we pass on this critical knowledge to the next
generation?

Design of electrical transmission structures requires proper application of
fundamental theories of strength of materials, engineering mechanics, structures, soil
mechanics and electrical engineering. Knowledge of applicable industry codes and
standards is also necessary as they govern the design process. Traditionally, engineers
learn the design process on the job, from their mentors, colleagues, at seminars and
workshops, and from utility proprietary manuals and other tools. In the absence of a
specific reference book that contains this guidance, the learning process can take years.

I am encouraged that Sriram Kalaga and Prasad Yenumula have created this textbook
in an attempt to bridge that gap. They have taken their many combined years of
experience and put them into a single location for the benefit of the rest of us. Design
of Electrical Transmission Lines – Structures and Foundations will provide industry
professionals a valuable resource from which to learn. The detailed overview and
design instruction, along with references to applicable standards, will help younger
industry professionals more quickly understand the basic design principles. I also
believe readers will benefit from the many detailed sample problems, design tables,
hardware information and line design illustrations.

I trust that you will find value in spending time in this book. It will prove to be a
valuable resource in your electric utility career!

Marlon W. Vogt, PE, F. SEI.
Account Executive, Ulteig Engineers Inc.

Cedar Rapids, Iowa
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Foreword

The authors of “Design of Electrical Transmission Lines – Structures and Foundations’’
have created a unique engineering book for utility engineers. The subject is presented
from the viewpoint of civil engineers; however their presentation can greatly benefit
anyone involved with engineering of transmission lines.

The main purpose of this book is to assist utility engineers in understanding basic
design of transmission line structures and foundations. For young engineers it is a
great resource for learning, understanding, and applying the engineering principles
required to successfully design transmission line structures and foundations. While for
the mature engineer the book becomes a quick reference which can be used to refresh
their knowledge of a particular subject.

Many of the theories and methods in the book have sample problems to aid in their
understanding. These sample problems also provide excellent “blueprints’’ for applying
these theories and methods in real life applications. Illustrations, photos, charts, and
graphs are also effectively used throughout the book to define the subject matter.

It has been an honor to write a foreword to this book written by Sriram Kalaga
and Prasad Yenumula. The book’s comprehensive engineering approach reflects their
combined knowledge and experience of transmission lines.

May this book prove enjoyable and valuable to utility engineers for many years!

James A. Robinson, Jr, PE
Principal Engineer

Duke Energy
Charlotte, North Carolina  
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Preface

Electrical power is now an indispensable requirement for the comfort, safety and
welfare of mankind in the 21st century. No matter what the source of power generation
is, its final destination is the abode of the individual consumer – a person, industry,
machine or organization. This book deals with the how, what and where the many
engineering disciplines collaborate to make that journey happen.

The design of overhead electrical transmission lines is a unique activity which
involves direct or indirect contributions of many other disciplines, both engineering
and others. The word “electrical’’ just implies that the main focus is transmittal of
electrical power or energy from one point to another. But that movement of power
also requires conductors, insulators, supporting structures (or pylons), connecting
hardware, good anchorage into ground while satisfying myriad technical rules,
governmental regulations and guidelines aimed at safety and reliability. This calls for
the involvement of civil engineers (structural and geotechnical), electrical engineers,
surveyors (analog and digital), drafters (CAD) and finally construction contractors
who build what we design. Since transmission lines often begin and end at substations,
specialists in substation design and protection and control are also involved.

In most areas of the world, the term “transmission structures’’ usually means steel
lattice towers. In the West, they however encompass a bewildering range of structural
systems and configurations, materials, hardware and construction practices. The
industry now employs steel (both tubular as well as lattice), prestressed concrete, wood
(natural and laminated) and composites as primary materials. Polymer insulators often
replace traditional porcelain and glass units; high temperature low sag (HTLS) and
vibration-resistant conductors with superior sag-tension characteristics are available
for longer spans. Fiber optic ground wires now serve a dual purpose: shielding
against lightning strikes as well as communication. The advent of powerful digital
computers enabled modeling and analysis of not only individual structures comprising
a transmission line but also the entire line in one session.

However, the knowledge related to the activity is scattered mostly in design guides,
standards and manuals and not available in a form amenable for larger public
utilization. Though the basic principles of transmission line design are more or less
the same all over the world, different regions impose different rules and regulations,
mostly associated with safety and reliability. As of now, there is no single reference
book which covered these topics. We hope to fill that gap with this book.

  



xvi Preface

The present book is organized into 6 chapters.

Chapter 1 presents a brief introduction of the history of transmission line structures
through the years and the current state of the art.

Chapter 2 provides an overview of the general design criteria – Electrical, Structural and
Geotechnical – associated with transmission structures. Also discussed are computer
programs, various codes and standards and specifications governing both material as
well as construction of such structures.

Chapter 3 deals with modeling, structural analysis and design of various types
of transmission structures. The importance of form, function and purpose of the
structural configuration are discussed in detail as well as material type influencing
such selection. Structures of wood, steel (lattice and polygonal poles), concrete and
fiber-reinforced polymer (FRP) are covered.

Chapter 4 deals with geotechnical aspects of foundation analysis and design for various
types of transmission structures. The importance of soil data, function and purpose of
the foundation are discussed as well as popular computer programs used in foundation
analysis and design. Various types of anchors used in guying are also reviewed.

Chapter 5 provides an overview of design deliverables – from the engineer to the
utility – which form the core of the design documentation.

Chapter 6 presents a brief review of current research of direct relevance to transmission
lines and structures.

Worked out design examples and problems are provided in each chapter, where
necessary. Calculations for all problems cover both the English and SI units. Appendices
containing various tables of data on transmission materials (poles, conductors, shield
wires, insulators, guy wires etc.) are given. Although the focus of this book is U.S.
design procedures and standards, relevant information on codes of other countries is
given in Appendix 15.

A comprehensive design of a small transmission line is illustrated in Appendix 1.
Most analysis procedures discussed in this book are basically non-linear in nature;

however, a discussion of these methods is beyond the scope of the book. It is expected
that students and engineers perusing the book possess some basic knowledge of
mechanics of materials, structural engineering (steel, concrete and wood design), basics
of soil mechanics and foundation design.

This book is an undertaking to bring about the merger of the authors’ individual
association with the world of high-voltage transmission lines, structures and
foundations in North America. It is also aimed at presenting the material in a form
useful as a textbook for educators at universities. We hope the book will be a useful
reference for everyone involved with transmission structures.

We are indebted to many of our colleagues, mentors and students, who, with their
helpful suggestions and encouragement, have provided critical input for this work.

  



Preface xvii

Although we have spared no effort to eliminate typos and errors, we recognize that
any work of this magnitude cannot weed out all; the authors wish to thank in advance
all readers and users who will be kind enough to draw attention to any inadvertent
errors.

Sriram Kalaga
St. Paul, Minnesota

Prasad Yenumula
Raleigh, North Carolina
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Notice to the reader

The information contained in this book has been reviewed and prepared in accordance
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kind, express or implied, with regard to the material contained in this book nor shall
they, or their respective employers, be liable for any special or consequential damages
resulting, in whole or in part, from the reader’s or user’s reliance upon this material.
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Conversion factors

1 Pa = 1 N/mm2

1 kPa = 1 kN/mm2

1 MPa = 1000 kN/mm2

Length
1 inch = 25.4 mm
1 foot = 30.48 cm or 0.3048 m
1 mile = 1.609 kilometers

Area
1 sq. inch = 6.452 sq. cm
1 sq. foot = 929.03 sq. cm
1 sq. foot = 0.0929 sq. m
1 sq. yard = 0.836 sq. m
1 sq. mile = 2.59 sq. km

Volume
1 cu. in. = 16.39 cu. cm
1 cu. ft. = 0.0283 cu. m
1 cu. yd. = 0.764 cu. m

Moment of Inertia
1 in4 = 41.623 cm4

Section Modulus
1 in3 = 16.387 cm3

Force
1 lb. = 4.45 N
1 lb. = 0.4536 kg
1 kip = 1000 lb. = 4.45 kN
1 lb./ft (plf) = 14.594 N/m
1 lb./in = 175.13 N/m

  



xlii Conversion factors

Pressure
1 psi = 6.895 kPa
1 psf. = 47.88 Pa
1 ksf. = 47.88 kPa
1 ksi. = 6.895 MPa

Moment
1 lb.-in = 0.113 N-m
1 lb.-ft. = 1.356 N-m
1 kip-ft. = 1.356 kN-m

Density
1 lb./in3 = 271.45 kN/m3

1 lb./ft3 = 0.157 kN/m3

1 lb./ft3 = 16.02 kg/m3

Speed
1 foot/sec = 0.375 meters/sec
1 mph = 1.609 kmph
1 mph = 0.447 meters/sec

Temperature
1 deg. C = (5/9)(F − 32)
1 deg. F = 1.8C + 32
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Chapter 1

Introduction

The design of overhead electrical transmission lines is an activity which involves contri-
butions of many disciplines, both engineering and others. Movement of electric power
requires supporting structures, conductors to carry the current, insulators to pro-
vide safe distance of charged conductors from supporting structures and appropriate
connecting hardware all meeting standards for safety and reliability. Although trans-
mission lines are primarily conduits of electrical energy, the design of those supporting
structures calls for the involvement of civil engineers – structural and geotechnical.

This chapter takes a brief look at the origins of electrical transmission, the early
structural systems used and the 100-year journey from those humble beginnings to the
current world defined by technological advances and computers.

1.1 HISTORY OF ELECTRICAL TRANSMISSION

Count Alessandro Volta (1745−1827), the Italian physicist and inventor of the battery,
was the first person to suggest the idea of a transmission line by writing in 1777
“… the igniting spark could be transported from Como to Milan with barbed wire
supported by wooden poles planted here and there …’’ The structures in use those
days for telegraph poles were wooden poles with zinc iron barbed wire supported by
porcelain insulators fixed to the pole with screws and bolt hooks (TERNA, 2013).

The first industrial transmission line ran somewhere between Tivoli and Rome
in 1882. The line carried a 5.1 kV single-phase circuit supported by metal fixtures
made of double beams, concrete bases and insulators mounted on bolt hooks with
wires made of copper. On September 16, 1882, Miesbach in Germany became the
starting point for the first long distance transmission of electric power in the world.
A 2.4-kilovolt direct current (DC) power transmission line transferred electricity from
Miesbach over a distance of 31 miles (50 km) to Munich. However, the first long
distance transmission of electrical energy occurred in 1884 during the Turin Expo.
A 3 kV single phase current was sent over a 26-mile (42 km) line from Como to Lanzo,
Italy. The supports were wooden poles and bell insulators with bronze wires were
used.

The construction of the first three-phase 12 kV alternating current (AC) overhead
transmission line took place in 1891 between Lauffen and Frankfurt, about 112 miles
(180 km), coinciding with the International Electricity Exhibition in Frankfurt. Back in
Italy, the Tivoli-Rome line was followed in 1898 with a 20-mile (32 km) line between
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Paderno and Milan: the first 3-phase circuit with metal pylons and delta-type multiple
bell insulators with copper wires.

In the United States, the first power transmission line operated at 4 kV. It went into
operation in June 1889 between Willamette Falls and downtown Portland in Oregon,
running about 13 miles (21 km). In 1912, the first 110 kV overhead transmission line
was constructed between Croton and Grand Rapids, Michigan. The year 1913 saw
the construction of the biggest and longest high-voltage line – the 150 kV Big Creek
Line in California – which spanned 250 miles (402 km).

The following years witnessed technical advances and rapid developments every-
where. The first 220 kV lines were constructed in Germany and Italy in 1928; by 1936,
a 287 kV line was built between Hoover Dam in Nevada and Los Angeles, California.
Sweden built the world’s first 380 kV line from Harsprannget to Stockholm, running
596 miles (959 km), in 1953. At the same time, American Electric Power (AEP) con-
structed the first 345 kV transmission line. In most cases, the average design spans
between structures ranged from 1000 to 1500 ft (305 to 457 m); almost all lines used
aluminum-steel conductors, bell insulators and latticed steel towers.

Hydro-Quebec in 1965 built Canada’s first 735 kV overhead line; soon, Russia and
USA built overhead lines at 765 kV – then the largest voltage in the world. A 1200 kV
line was commissioned in the Soviet Union (now Russia) in 1982.

1.2 TRANSMISSION STRUCTURES

Historically, the term “transmission structures’’ usually implied iron or steel latticed
towers. The early “pylons’’ dating back to 1829 were iron structures; the basic shape
of later pylons was mostly inspired by the famous Eiffel Tower. Figure 1.1 shows some
of the early shapes and forms of transmission structures.

1905 1911 1929

Figure 1.1 Early Forms of Transmission Structures (Source: 130 years of History for Electricity
Transmission, TERNA, Rome, Italy, 2013).
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Single wood poles directly-embedded into the ground formed the bulk of the trans-
mission structures family for a greater part of the 20th century. France in the late 1900s
and later Belgium in 1924 began producing concrete poles. The first steel tubular
transmission pole in USA was erected in 1958.

Wood H-frames and lattice steel towers became popular later on, dictated mostly
by height, availability, strength and urban convenience. Prestressed concrete poles
are also used in various places. The world record for the largest transmission struc-
ture is now held by China’s 500 kV Yangtze River Crossing double-circuit tower,
1152 ft (351 m) tall, supporting a maximum span of 7667 ft (2337 m) and weighing
8.4 million lbs (3.81 million kgs).

Little historical information is available on how foundations were designed for
transmission structures in the early days. It is conceivable that some rule of thumb and
field tests were used while determining how much a pole needs to be embedded into
the ground. One of the earliest discussions on soil behavior in wood H-frames can
be traced to 1943 (Hughes Brothers, 1943). Figure 1.2 illustrates the earth pressures
below the ground on the legs of an H-frame.

1.3 CURRENT STATE OF THE ART

The present state of technology encompasses a wide range of structural systems and
configurations, materials, hardware and construction practices. The utility indus-
try now uses wood poles (Figures 1.3a and b), tubular steel poles (Figures 1.4a,
b and c) as well as steel lattice towers (Figure 1.5), spun prestressed concrete
poles (Figure 1.6), laminated wood poles (Figure 1.7) and composite poles (Figures
1.8a and b) as primary structural elements. Fiberglass cross arms and braces are
increasingly used on under-build distribution circuits on transmission poles. Helical
screw anchors, easy to install in a variety of soils, are becoming very common in guying
applications.

Figure 1.4d shows a typical reinforced concrete drilled shaft foundation for a steel
pole. The main components of the foundation include a base plate welded to the pole
bottom, anchor bolts connecting the base plate to the concrete pier and longitudinal
and transverse (ties or spirals) reinforcement in the pier. (See Chapter 4 for more details
on the analysis, design and construction of drilled shafts).

Polymer insulators have often replaced conventional porcelain and glass units.
High-temperature, low sag, vibration-resistant conductors with superior sag-tension
characteristics are available for longer spans. Fiber optic ground wires now serve a
dual purpose: protecting against lightning strikes and providing communication chan-
nels. The advent of powerful digital computers and software such as PLS-CADDTM,
PLS-POLETM and TOWERTM enabled accurate modeling and analysis of not only
individual structures comprising a transmission line but also the entire line in a single
modeling session. The programs also perform foundation capacity checks. Plan and
Profile drawings can now be digitally processed, printed and saved in various formats
and sizes.

Although direct embedment as well as concrete drilled shafts are commonly
used as foundations, micropiles are also becoming popular in situations where
conventional foundations are difficult to build. Powerful computer programs such
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Figure 1.2 Earth Pressures in H-Frames.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-005.jpg&w=335&h=512
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Figure 1.3a Wood H-Frame.

as CAISSONTM, MFADTM and LPILETM are enabling accurate analysis of trans-
mission foundations in complex soil profiles. Helical screw anchors can now be
analyzed with HeliCAPTM. LPILE also facilitates design of concrete piers with steel
casings when required to handle large lateral loads under deflection and rotation
constraints.

1.4 DESIGN PROCESSES

The process of designing an overhead transmission line involves various phases or
sub-processes. From a Project Management (PM) perspective, there are five (5) main
sequential phases as shown in Figure 1.9. This book is concerned with Detailed
Engineering Design, which includes structures and foundations.

The basic contents of each of the sub-processes are shown in Figures 1.10, 1.11
and 1.12. The other sub-processes will be discussed in the companion volume. For

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-006.jpg&w=319&h=320
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Figure 1.3b Wood Pole with Steel Davit Arms.

small projects, a PM-based process is not necessary; however, for large, time- and
cost-constrained projects, where several entities and stakeholders interact, a formal
PM-based approach is warranted. In such situations, project managers coordinate
the design with engineers and serve to optimize costs, schedules and finally quality
assurance and control.

A brief description of each component of Detailed Engineering Design block is
given below.

Structure Locations: Before any design takes place, the engineer must finalize
the alignment or route of the transmission line taking into consideration the various
constraining criteria. These criteria include Right of Way (property boundary) and
landowner issues, soil conditions, road and other clearances, cost and regulatory issues
and construction access. Potential structure locations are identified and structures are
“spotted’’ or placed at these points. Survey coordinates of the points when input to

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-007.jpg&w=322&h=340
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Figure 1.4a Steel Pole with V-String Insulators.

PLS-CADDTM will generate a 3-Dimensional Terrain to facilitate graphical assessment
of the line.

Wire Sags and Tensions: This step involves determining the design tensions of the
conductors and ground wires selected. Selection of optimum wire tensions is the most
important activity of a transmission line design; the chosen tensions impact structure
loads at line angles, sags under various weather situations, which in turn affect clear-
ances, vibrations and forces in guy wires and anchors. Appropriate conductor tensions
are also important at locations of line crossings where one line crosses another directly
above or below. The sag of the wires and the mandated clearances will govern the
eventual heights of the structures.

Structure Design: Transmission structural design basically involves ensuring safety
and integrity of the system when subjected to various wire and climactic loads. This

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-008.jpg&w=270&h=340


8 Design of electrical transmission lines

Figure 1.4b Steel Pole Deadend – Tangent and 90 degrees.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-009.jpg&w=359&h=484
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Figure 1.4c Steel Pole – Deadend Tangent.

process must adhere to and satisfy various code and industry regulations defining the
performance of the structure. Structural materials may differ but the underlying design
concepts are the same.

Foundation Design: Each structure must be securely embedded or anchored
into the ground and facilitate safe transfer of structure loads to the ground strata
below. To determine foundation requirements, the engineer must first evaluate
the nature and condition of the soil in the vicinity of the structure as well as
the variation of soil with depth and along the alignment. The choice of eventual
foundation type will further depend on structure material and configuration and
loads.

Design Drawings: The framing drawings show the full geometry of the structure,
insulator and wire attachment points and heights. Individual hardware units and their

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-010.jpg&w=269&h=344
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Figure 1.4d Drilled Shaft Foundation for a Steel Transmission Pole.

Figure 1.5 Lattice Tower.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-011.jpg&w=294&h=203
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-012.jpg&w=340&h=255


Introduction 11

Figure 1.6 Prestressed Concrete Pole.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-013.jpg&w=311&h=517
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Figure 1.7 Laminated Wood Pole.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-014.jpg&w=311&h=519
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Figure 1.8a Composite Pole with Cross Arms.

sub-components are shown in the assembly drawings. Finally, the Plan and Profile
(P & P) drawings constitute the view of the entire line – plan and elevation – and
showing all significant features defining the terrain.

1.5 SCOPE OF THIS BOOK

The knowledge related to the transmission line design is available in different design
guides and manuals and not available in a simple form (i.e.) single source reference.
The authors intend to fill that gap with this book, which will serve as a reference for
information on lines, structures and foundations and are presented in a form useful
as a textbook for students and educators at universities as well as practicing utility
engineers.

As stated earlier, the sub-processes of design are shown in Figures 1.10, 1.11 and
1.12. These components define the scope of this book.

Transmission line and structure design in United States is governed by IEEE’s
National Electrical Safety Code (hereinafter called NESC); therefore, unless otherwise
stated, all material in this book implicitly refers to NESC. The other important

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-015.jpg&w=343&h=258
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Figure 1.8b Composite H-Frame (Courtesy: RS Technologies).

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-016.jpg&w=304&h=434
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Figure 1.9 Transmission Line Design Process.

Figure 1.10 Transmission Line Design Process. (cont’d)

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-017.jpg&w=367&h=202
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Figure 1.11 Transmission Line Design Process. (cont’d)

Figure 1.12 Transmission Line Design Process. (cont’d)

reference is the Rural Utilities Service (RUS)’s Bulletin 200 titled Design Manual for
High Voltage Transmission Lines, which supplements NESC in various ways. Together,
these two main references (along with many others as noted in the text) constitute the
sources of design guidelines discussed in this textbook.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-019.jpg&w=360&h=292
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-2&iName=master.img-020.jpg&w=283&h=91


Chapter 2

General design criteria

The primary operation of overhead transmission lines involves transmittal of electrical
current through the conductors, safely and reliably, through various terrains, climactic,
environmental and ground conditions. This calls for satisfying design criteria related to
both electrical components of the transmission system as well as the mechanical support
system which includes steel and wood poles, frames, lattice towers and foundations.
The design of transmission line structures requires involvement of civil, mechanical
engineers and electrical engineers.

The basic design philosophy of all transmission lines anywhere in the world is
the same: all structures and their associated foundations must safely withstand the
imposed electrical and mechanical loads without excessive stresses and deformations.
The conductors must also function safely without excessive sags and lateral movement.
Although performance of a line is judged on the basis of electrical and structural
behavior, other elements such as maintenance, inspection and repair also constitute an
important segment of the overall line criteria.

In the United States, NESC, RUS Bulletin 1724E-200, IEEE-1724 and many others
provide guidelines on the various parameters that are considered in design. Addi-
tionally, guidelines are specified by other organizations such as American Society
of Civil Engineers (ASCE), Institute of Electrical and Electronics Engineers (IEEE),
American Society for Testing of Materials (ASTM), American Concrete Institute (ACI)
and American National Standards Institute (ANSI) through various standards. The
scope, nature and application of the various guidelines vary from region to region
within the country depending on climactic conditions. Additionally, local rules and
federal regulations may also be applicable for a specific transmission line. However,
the underlying intent is the same: to ensure reliable and safe transmittal of electrical
current.

Table 2.1 summarizes the major design criteria associated with a typical high
voltage overhead transmission line. This chapter takes a closer look at each of those
criteria.

2.1 CLIMATE

The design criteria for a transmission line project should accurately reflect the vari-
ous climatological conditions in the area. Regulatory codes often give weather-related
loads in terms of temperature, ice, wind and a combination of ice and wind. Utilities,
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Table 2.1 Typical Design Criteria for a Transmission Line.

Climate Electrical Structural Analysis and Design Constructability

Extreme Wind Regulatory Codes Structure Spotting Construction
Considerations

Ice Right-Of-Way Ruling Spans Environmental
Constraints

Combined Ice and
Wind

Clearances Sags and Tensions
– Galloping
– Wire Tension Limits

Regulatory Issues

Extreme Ice with
Concurrent Wind

Insulator Swing Public Acceptance

High Intensity
Winds

Shielding

Pollution Lightning Performance
and Grounding

Insulators

Temperature Insulation Requirements Hardware
Conductor Operating
Temperature

Guy Wires and Anchors

Corona and Field Effects Structural Analysis
– Computer Programs
– Loads and Strength Criteria
– Grades of Construction
– Structural Design Criteria
– Weather Cases
– Load Cases

EMF and Noise
Galloping
Ampacity

Foundation Design Criteria

Note: Unless otherwise specified, all voltages in the following sections refer to phase to phase nominal alternating
current (AC) voltage.

based on their own experiences and analysis, will often adopt a higher value of wind
speed or ice thickness than the NESC minimums. The idea of considering climato-
logical entities is based on the intent to determine a realistic set of weather cases for
design. ASCE Manual 74 (2010) is one of the many sources of information pertaining to
structural design of transmission lines. Climatological considerations also include inci-
dence of lightning, temperature, humidity, pollution and corrosion-causing elements in
the area.

2.1.1 Extreme wind

Wind in an area is defined in terms of the maximum “3-second gust’’ and must consider
both the magnitude and frequency of wind speeds. Current American standards refer
to a 50-year minimum return period (RP) which roughly translates to 2% probability
of occurrence in any year. Transmission lines requiring higher reliability (example:
extra high voltage (EHV) lines 345 kV and above) may use a 100 year return period
which halves the probability of occurrence. Standards such as NESC, ASCE-7 (2010),
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Table 2.2 Velocity Pressure Exposure Coefficients and Gust Response Factors for Wires.

Velocity
Pressure Gust Response Factor GRF forVarious Span Lengths in feet (meters)

Height ofWire Exposure
at Structure Coefficient 251–500 501–750 751–1000 1001–1500
In feet (meters) kz (76.5 to 152.4) (152.7 to 228.6) (229 to 305) (305.1 to 457.2)

Up to 33 1.00 0.86 0.79 0.75 0.73
(10.0)
34–50 1.10 0.82 0.76 0.72 0.70
(10.4 to 15.2)
51–80 1.20 0.80 0.75 0.71 0.69
(15.5 to 24.4)
81–115 1.30 0.78 0.73 0.70 0.68
(24.7 to 35.1)
116–165 1.40 0.77 0.72 0.69 0.67
(35.4 to 49.5)

(Source: RUS/USDA)

ASCE-74 and RUS Bulletin 200 provide wind speed maps for the U.S. The extreme
wind loading specified in NESC is also known as Rule 250C.

The equation used for computing wind pressure in psf corresponding to a given
wind speed is:

p = 0.00256 ∗ V2kzGRFCdI (2.1a)

where:
V = Basic wind speed in miles per hour, 3-second gust measured at 33 ft above ground
kz = Velocity Pressure Exposure Coefficient
GRF = Gust Response Factor
Cd = Shape Factor (1.0 for round objects, 1.6 for flat surfaces)
I = Importance Factor

The wind pressure parameters in NESC are based on Exposure Category C which
is open terrain with scattered obstructions.

If SI units are used:

p = 0.613 ∗ V2kzGRFCdI (2.1b)

where:
p = wind pressure in Pa (N/m2)
V = Basic wind speed in meters per second, 3-second gust measured at 10 m above
ground

Table 2.2 and 2.3 shows the values of kz and GRF for various spans and structure
heights. For spans and heights outside of these ranges, formulae given in the NESC or
RUS Bulletin 200 can be used. Shape Factors for shapes other than round and flat are:

Square or Rectangular Shapes 1.6
Hexagonal or Octagonal Poles 1.4
Dodecagonal (12-sided) Poles 1.0
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Table 2.3 Velocity Pressure Exposure Coefficients and Gust Response Factors for Structures.

Height of Structure
In feet (meters)

Velocity Pressure Exposure
Coefficient
kz

Gust Response Factor
GRF

Up to 33
(10.0)

0.92 1.02

34–50
(10.4 to 15.2)

1.00 0.97

51–80
(15.5 to 24.4)

1.10 0.93

81–115
(24.7 to 35.1)

1.20 0.89

116–165
(35.4 to 50.3)

1.30 0.86

(Source: RUS/USDA)

Table 2.4a Adjustment Factors for Wind for Various Return Periods.

Load Return Period RP (years) Relative Reliability Factor Wind Load Adjustment Factor

25 0.50 0.85
50 1.0 1.00
100 2.0 1.15
200 4.0 1.30
400 8.0 1.45

(With permission from ASCE)

Table 2.4b Adjustment Factors for Ice and Concurrent Wind for Various Return Periods.

Load Return Period
RP (years)

Relative Reliability
Factor

IceThickness
Adjustment Factor

Concurrent Wind
Load Factor

25 0.50 0.80 1.00
50 1.0 1.00 1.00
100 2.0 1.25 1.00
200 4.0 1.50 1.00
400 8.0 1.85 1.00

(With permission from ASCE)

The Importance Factor is generally taken as 1.00 for utility structures.
In the US, it is common to use a basic wind speed of 90 mph to 110 mph (145 kmph

to 177 kmph) as a typical design load case for extreme wind loading. Coastal winds
often reach 150 mph (241 kmph). The minimum 50-year return period is considered
as a baseline or reference; ASCE-74 provides adjustment factors in case other RP’s for
wind and ice are considered (Tables 2.4a and 2.4b).
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Table 2.4c Ice, Wind, Temperature and Constants.

Design Radial Ice Wind
Temperature Thickness Loading Constants

NESC Loading (◦F) (in) (psf) (lbs/ft)

Loading District Heavy 0 0.50 4 0.30
Medium 15 0.25 4 0.20
Light 30 0 9 0.05
Warm Islands
(SL – 9000 ft)

50 0 9 0.05

Warm Islands
(above 9000 ft)

15 0.25 4 0.20

Extreme Wind 60 0 Variable∗ N/A
Extreme Ice with 15 Variable∗ Variable∗ N/A
Concurrent Wind

(Source: RUS/USDA)
SL = Sea Level
∗based on ASCE uniform ice thickness maps
Note: 1 psf = 47.88 Pa, 1 in = 25.4 mm, 1 ft = 0.3048 m, 1 lbs/ft = 14.594 N/m, deg C = (5/9)(deg F-32).

2.1.2 Combined ice and wind district loading

This is an empirical load case which was developed based on experience and expert
judgement. The NESC categorizes areas in USA into loading “districts’’ based on spec-
ified thickness of glaze ice accumulation and wind pressure: Heavy, Medium, Light
and Warm Islands. The design parameters applicable to these four zones are shown in
Table 2.4c. The district loading specified in NESC is also known as Rule 250B.

2.1.3 Extreme ice with concurrent wind

This refers to the situation where ice build-up on a transmission wire is accompanied
by small wind. The radial ice increases the projected area of the wire and thereby
the transverse load due to wind. Current American design practices include a con-
current ice and wind load case with typical ice thickness varying from ¼ inch to
1 inch (6.35 mm to 25.4 mm) and a wind speed of 30 mph to 60 mph (48 kmph to
96.5 kmph), equivalent to a wind pressure of 2.3 psf to 9.2 psf (110 Pa to 440 Pa).
The extreme ice with concurrent wind loading specified in NESC is also known as
Rule 250D.

Again, the 50-year return period is considered as a baseline or reference. Table 2.4b
provides adjustment factors in case other RP’s are considered.

Extreme ice

Some areas experience heavy icing than required by NESC and utilities often develop
in-house design standards for such cases with ice alone. This load case is known as
Extreme Ice. The load case is used only with ice and no wind is considered. Some US
utilities use 1 inch to 1½ inches of ice as their internal standard. A design temperature
of 32◦F is generally used for this load case.
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2.1.4 High intensity winds

High Intensity Winds (HIW) such as tornadoes, downbursts and microbursts are local-
ized events defined by very high wind velocity and are confined to a limited area.
The frequency and magnitude of microbursts are not well understood to develop an
acceptable design process referring to overhead transmission line structures. Research
(ASCE-74) indicates 86% of tornadoes in USA are between F0 and F2 on the Fujita
scale (wind speeds ranging from 40 mph to 157 mph) and with a maximum path width
of 530 ft (161.5 m). It is not practical to design a transmission line to resist all torna-
does; however, economical designs can still be produced with existing wind criteria
per ASCE-74 (Refer to Chapter 6 for a detailed discussion on this topic).

2.1.5 Pollution

Insulator contamination in salty environments in coastal or industrial areas should be
considered while selecting insulators for a transmission line. The required insulation
level for a specific transmission line must be calibrated with reference to anticipated
pollution in the area. RUS Bulletin 200 provides guidance in this matter.

2.1.6 Temperature

Temperature is an important design parameter for transmission lines. All NESC
loadings, wire sags and clearances refer to specific design temperatures.

2.2 ELECTRICAL DESIGN

Overhead transmission lines are designed to satisfy a wide range of local and regu-
latory requirements. While the demands of these requirements vary from location to
location and are often line-specific, the underlying principle is one of legality, safety
and reliability.

2.2.1 Regulatory codes

These relate to the local and national standards pertaining to both electrical opera-
tions as well as other land use considerations. For example, in areas close to runways
in airports, U.S. Federal Aviation Administration (FAA) has laws limiting the height of
a transmission structure to 200 feet (61 m). Protected lands such as wetlands do not
permit or severely limit construction activities. In some areas, operating high-voltage
transmission lines can be hazardous to raptors (eagles, hawks, falcons and other pro-
tected species of birds) and in such areas avian protection guidelines are specified. Other
land use restrictions include wild life habitats and environmentally-sensitive locations.

From a design perspective, regulations refer to the NESC to which all designs
adhere to. The other code is the RUS Bulletin 200 which is applicable to all rural high-
voltage lines funded by the government. Most states in the USA have adopted NESC as
governing code without any changes; but some states require supplemental standards
via their administrative codes. In California and Hawaii, for example, electrical design
is usually governed by GO-95 (2016) and GO-6 (1969), respectively. Supporting these
codes are the various material and structural codes, design manuals and design guides
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Figure 2.1 Right of Way Clearing Guide (Source: RUS/USDA).

(steel, concrete, lattice, foundations etc.). Many individual utilities in the US have
their own in-house design standards which meet or exceed the NESC standards. Other
international codes, standards and manuals will be briefly discussed in Section 2.7.

Another special situation is when transmission lines of one utility cross those of
another or when transmission lines cross distribution circuits. Wire clearances in these
cases must satisfy the applicable regulatory code. Lastly, overhead lines near highway
or railroad crossings and underground pipelines in the vicinity of transmission lines
are regulated by various state or local laws with special permitting and clearance
requirements.

2.2.2 Right of way

The transmission line must be designed with adequate right-of-way (ROW) width to
provide legal access to line repair and maintenance crews, vegetation management and
to facilitate adequate distance from objects nearby. The actual width of line alignment
depends on the voltage, number of circuits, type of structure adopted for the line and
clearance from various objects required. Figure 2.1 shows the concept of ROW and
how it relates to insulator swing and clearance to objects. Right of Way needs (referring
to H-Frame type structures and various voltages) are shown in Table 2.5.

RUS Bulletin 200 provides a formula for calculating the required ROW width W
for a typical pole structure given the required distance from conductors to a nearby
object or such as building and other installation under moderate wind conditions.
Referring to Figure 2.2:

W = A + 2(Li + Sf )sin ∅ + 2δ + 2C (2.2)

where:
A = Horizontal Separation between the two suspension insulators
Li = Length of the insulator string

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-3&iName=master.img-000.jpg&w=359&h=166
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Table 2.5 Typical Right of Way Widths in feet (meters).

Nominal
Phase-to-
Phase
Voltage 69 kV 115 kV 138 kV 161 kV 230 kV 345 kV 500 kV

Single
Circuit
ROW

75 to 100
(22.9 to
30.5)

100
(30.5)

100 to 150
(30.5 to
45.7)

100 to 150
(30.5 to
45.7)

125 to 200
(38.1 to
61)

170 to 200
(52 to 61)∗

200 to 300
(61 to 91.4)∗

(Source: RUS/USDA)
∗Commonly used values

Figure 2.2 ROW Width Calculation for Single Pole Structures.

Sf = Conductor final sag at 60◦F at 6 psf (290 Pa) wind
C = Required horizontal clearance between conductors and nearby objects
∅ = conductor/insulator swing angle under 6 psf (290 Pa) wind
δ = pole deflection under 6 psf (290 Pa) wind

In some cases the structure deflection is very small and negligible, especially for
braced H-Frames. In such a case, the equation simplifies to:

W = A + 2(Li + Sf )sin ∅ + 2C (2.3)

It must be noted that weather conditions other than moderate 6 psf wind are also often
considered. The required horizontal clearance C for objects such as buildings and other
installations is provided by NESC. Without wind (i.e.) conductor at rest, the required
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C values are higher; and therefore, one has to check the ROW for conductor at rest
condition also. Note that some utilities allow a buffer of 2 ft (0.61 m) to be added to
the required horizontal clearance.

Additionally, ROW width is also required to satisfy the horizontal and radial
clearances to adjacent vegetation to prevent flashover between conductors and
vegetation.

Example 2.1 A 69 kV line is planned on an available strip W = 75 ft (22.9 m) wide
by an electric utility. The following data is given:

Horizontal distance between outermost insulators = A = 9 ft (2.74 m)
Suspension Insulator with 4 bells, Length = Li = 2 ft-6 in (0.76 m)
Conductor Sag at 60◦F with 6 psf wind = Sf = 5 ft (1.52 m)
The swing angle of the insulator under moderate 6 psf wind at 60◦F = ∅ = 38◦
The required C per internal standards = 10 ft (3.05 m) away. Neglect pole deflections.
Determine if the strip provides adequate ROW for the line based on Equation 2.3.

Solution:

See Figure 2.2. From Eqn. 2.3, we have the required ROW width as

W = 9 + (2)(2.5 + 5)(sin 38◦) + (2)(10) = 38.23 ft (11.7 m)

The 75 ft strip is adequate for ROW.

2.2.3 Clearances

Design clearances are one of the primary parameters of a transmission line design
process. Clearances are primarily provided to safeguard public for activities reasonably
anticipated in the vicinity of a transmission line. In general, the typical clearances
required for a transmission line design are:

(a) Vertical Clearances of energized conductors above ground and other surfaces
(b) Clearance between Wires – Underbuild
(c) Clearance to Nearby Objects
(d) Clearance to Structure Surface
(e) Clearances between Wires – Phase and Ground Wires

Figure 2.3 shows the typical situations in which clearances are identified.
The NESC and RUS Bulletin 200 provide tables and formulas for minimum

recommended clearances in each of the above categories.
One of the parameters influencing clearance calculations is the Maximum Phase-

to-Ground Operating Voltage (MOVPG) which is a function of Maximum Phase-to-
Phase Operating Voltage (MOVPP). In general:

MOVPP = 1.05 Nominal Phase-to-Phase Voltage up to 230 kV,

345 kV and 765 kV
(2.3a)

MOVPP = 1.10 Nominal Phase-to-Phase Voltage kV for 500 kV (2.3b)

MOVPG = MOVPP/sqrt(3) or = MOVPP/1.732 (2.3c)
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Figure 2.3 Definitions of Various Clearances.
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Clearances for voltages above 230 kV are more complex to evaluate considering
the influence of several extra variables such as switching surge factors and electrostatic
effects. For more information on electrostatic effects, the reader is referred to RUS
Bulletin 62-4 (1976).

Several clearance tables are provided below. In these tables, the voltages are AC and
nominal phase-to-phase unless specified otherwise. Altitude correction is not applied
to these clearances. Additional buffers are mandatory over the minimum provided in
these tables.

Vertical clearance of energized conductors to ground
and other surfaces

The most important of all clearances is the vertical clearance of an energized conductor
from the ground which governs structure heights. For voltages exceeding 98 kV AC
to ground, Rule 232D of NESC also provides an alternative procedure for calculating
vertical clearances of energized conductors above ground and other surfaces. The clear-
ance is defined basically as a sum of a reference height and an electrical component
accounting for maximum switching surge factor, non-standard atmospheric condi-
tions and a margin of safety. This procedure also uses the Maximum Crest-to-Ground
Operating Voltage (MOVCG) which is defined as:

MOVCG = Sqrt(2) ∗ MOVPG (2.3d)

Tables 2.6a-1 and 2.6a-2 show the typical ground and other vertical clearances rec-
ommended by NESC and adopted in the US using Rule 232B and Rule 232C. For
comparison, Table 2.6a-3 shows typical ground and other vertical clearances for EHV
Lines computed per the alternative procedure (Rule 232D) using switching surge fac-
tors shown in the table. Utilities themselves also have their own in-house clearance
standards, including buffers (adders), based on experience and consideration of var-
ious design and construction uncertainties. These standards meet and often exceed
NESC values.

Clearance between wires – under-build

Dual-use structures (Figure 2.3b) often contain a distribution under-build or commu-
nication wires below the transmission circuits. The clearances between wires of the
transmission circuit and those of the under-build are very important in determining
the relative heights of the structures. Table 2.6b-1 shows these clearances. This table
refers to clearances both at the structure as well as in mid-span and is a modified
form of clearances from RUS Bulletin 200. The vertical clearances at structure apply
regardless of horizontal separation between transmission and under-build conductors.

Minimum recommended vertical clearances within span apply to one of the fol-
lowing conditions which yields the least separation between the upper and lower
conductors:

a. Upper conductor final sag at 32◦F (0◦C) with no wind and with radial ice thickness
as applicable for the particular loading district;

b. Upper conductor final sag at 167◦F (75◦C)
c. Upper conductor final sag at maximum design temperature with no wind (usually

212◦F or 100◦C for ACSR conductors)

 



Table 2.6a-1 Typical Conductor Vertical Clearances∗ to Ground, Roadways, Rails or Water Surface in
feet (meters) (U.S.).

Nominal Phase-to-PhaseTransmissionVoltage (kV)

Object Crossed 34.5 to 46 69 115 138 161 230

Maximum Operating
Voltage
(Phase-To-Phase)

– 72.5 120.8 144.9 169.1 241.5

Maximum Operating
Voltage
(Phase-To-Ground)

– 41.8 69.7 83.7 97.6 139.4

Roads, streets subject
to truck traffic;Alleys,
parking lots, driveways;
other lands cultivated
traversed by vehicles

18.7 (5.7) 19.2 (5.9) 20.1 (6.1) 20.6 (6.3) 21.0 (6.4) 22.4 (6.8)

Railroad Tracks 26.7 (8.1) 27.2 (8.3) 28.1 (8.6) 28.6 (8.7) 29.0 (8.8) 30.4 (9.3)
Spaces and ways
accessible to
pedestrians only

14.7 (4.5) 15.2 (4.6) 16.1 (4.9) 16.6 (5.1) 17.0 (5.2) 18.4 (5.6)

Water Areas – No Sail
Boating

17.2 (5.2) 17.7 (5.4) 18.6 (5.7) 19.1 (5.8) 19.5 (6.0) 20.9 (6.4)

Water Areas – Sail
Boating Suitable
(Less than 20 acres)

20.7 (6.3) 21.2 (6.5) 22.1 (6.7) 22.6 (6.9) 23.0 (7.0) 24.4 (7.4)

Water Areas – Sail
Boating Suitable
(Over 2000 acres)

40.7 (12.4) 41.2 (12.6) 42.1 (12.8) 42.6 (13.0) 43.0 (13.1) 44.4 (13.5)

(Source: RUS/USDA)
∗Does not include any buffer or adder.

Table 2.6a-2 Typical Conductor Vertical Clearances∗ to Ground, Roadways, Rails or Water Surface in
feet (meters) (U.S.) – EHV Lines.

Nominal Phase-to-Phase EHV TransmissionVoltage (kV)

Object Crossed 345 500 765

Maximum OperatingVoltage
(Phase-To-Phase)

362 550 803

Maximum OperatingVoltage
(Phase-To-Ground)

209.0 317.6 463.6

Roads, streets subject to truck traffic;
Alleys, parking lots, driveways;
other lands cultivated traversed
by vehicles

24.7 (7.5) 28.4 (8.7) 33.2 (10.1)

Railroad Tracks 32.7 (10.0) 36.4 (11.1) 41.2 (12.6)
Spaces and ways accessible to
pedestrians only

20.7 (6.3) 24.4 (7.4) 29.2 (8.9)

Water Areas – No Sail Boating 23.2 (7.1) 26.9 (8.2) 31.7 (9.7)
Water Areas – Sail Boating Suitable
(Less than 20 acres)

26.7 (8.1) 30.4 (9.3) 35.2 (10.7)

Water Areas – Sail Boating Suitable
(Over 2000 acres)

46.7 (14.2) 50.4 (15.4) 55.2 (16.8)

∗Does not include any buffer or adder.

 



Table 2.6a-3 Typical Conductor Vertical Clearances∗ to Ground, Roadways,
Rails or Water Surface in feet (meters) (U.S.) – EHV Lines by NESC Alternative
Procedure∗∗.

Nominal Phase-to-Phase EHV TransmissionVoltage (kV)

Object Crossed 345 500 765

Maximum OperatingVoltage
(Phase-To-Phase)

362 550 803

Maximum OperatingVoltage
(Phase-To-Ground)

209.0 317.6 463.6

Maximum OperatingVoltage
(Crest-To-Ground)

295.7 449.1 655.9

Roads, streets subject to truck traffic;
Alleys, parking lots, driveways;
other lands cultivated traversed
by vehicles

25.6 (7.8) 30.0 (9.1) 36.3 (11.1)

Railroad Tracks 33.6 (10.2) 38.0 (11.6) 44.3 (13.5)
Spaces and ways accessible to
pedestrians only

21.6 (6.6) 26.0 (7.9) 32.3 (9.8)

Water Areas – No Sail Boating 24.1 (7.3) 28.5 (8.7) 34.8 (10.6)
Water Areas – Sail Boating Suitable
(Less than 20 acres)

27.6 (8.4) 32.0 (9.8) 38.3 (11.7)

Water Areas – Sail Boating
Suitable (Over 2000 acres)

47.6 (14.5) 52.0 (15.9) 58.3 (17.8)

∗Does not include any buffer or adder.
∗∗Used Switching Surge Factors: 345 kV – 2.37, 500 kV – 2.08, 765 kV – 1.85 (based on NESC Alternate Method).

Table 2.6b-1 Typical Conductor Vertical Clearances to Distribution Underbuild Conductors in feet
(meters) (U.S.)∗.

Upper Level Conductors

Nominal Phase to PhaseTransmissionVoltage (kV)

Object Crossed 34.5 46 69 115 138 161 230

Maximum Operating
Voltage
(Phase-To-Phase)

36.2 48.3 72.5 120.8 144.9 169.1 241.5

Maximum Operating
Voltage
(Phase-To-Ground)

20.2 27.9 41.6 69.7 83.7 97.6 139.4

Clearance at Support

25 kV and Below∗∗ 4.2 (1.28) 4.5 (1.37) 4.9 (1.5) 5.9 (1.8) 6.3 (1.92) 6.8 (2.07) 8.2 (2.50)
34.5 kV 4.4 (1.35) 4.7 (1.45) 5.1 (1.55) 6.0 (1.83) 6.5 (2.0) 7.0 (2.13) 8.4 (2.56)

Clearance within Span

25 kV and Below∗∗ 3.2 (0.97) 3.3 (1.0) 3.7 (1.13) 4.7 (1.45) 5.1 (1.55) 5.6 (1.71) 7.0 (2.13)
34.5 kV 3.3 (1.0) 3.5 (1.1) 3.8 (1.16) 4.9 (1.5) 5.3 (1.65) 5.8 (1.77) 7.2 (2.2)

(Source: RUS/USDA)
∗Does not include any buffer or adder.
∗∗ includes communication conductors.
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The sag of the under-build conductor to be used is the final sag, measured at the
same ambient temperature as the upper conductor without electrical and ice loading.

Clearance between wires on different supporting structures

Transmission lines often cross another, usually a higher voltage (upper) line cross-
ing a lower voltage line. The clearances between wires of the upper level circuit and
those of the lower level are very important in determining the relative heights of the
structures for the upper line. Table 2.6b-2 shows these clearances. This table refers
to the situation where higher voltage wires cross lower voltage wires and where the

Table 2.6b-2 Typical Conductor Vertical Clearances to Crossing Conductors in feet (meters)
(U.S.)∗, ++, ∗∗.

Upper Level Conductors

Nominal
Phase-to-Phase
EHV Transmission

Nominal Phase-to-PhaseTransmissionVoltage (kV) Voltage (kV)∗∗∗

Object Crossed 34.5 to 46 69 115 138 161 230 345 500

Maximum Operating
Voltage
(Phase-To-Phase)

– 72.5 120.8 144.9 169.1 241.5 362 550

Maximum Operating
Voltage
(Phase-To-Ground)

– 41.6 69.7 83.7 97.6 139.4 209.0 317.6

Lower Level Conductors

Communication 5.2 5.7 6.6 7.1 7.5 8.9 N/A N/A
(1.6) (1.7) (2.0) (2.2) (2.3) (2.7)

500 kV 22.0
(6.7)

345 kV 16.0 19.1
(4.9) (5.8)

230 kV 9.8 13.7 16.8
(3.0) (4.2) (5.1)

161 kV 7.0 8.4 12.3 15.4
(2.1) (2.6) (3.7) (4.7)

138 kV 6.1 6.6 8.0 11.8 14.9
(1.9) (2.0) (2.4) (3.6) (4.5)

115 kV 5.2 5.6 6.1 7.5 11.3 14.4
(1.6) (1.7) (1.9) (2.3) (3.4) (4.4)

69 kV 3.3 4.1 4.7 5.2 6.6 10.5 13.5
(1.0) (1.2) (1.4) (1.6) (2.0) (3.2) (4.1)

46 kV and Below 2.3 2.8 3.7 4.2 4.7 6.1 9.8 12.8
(0.7) (0.9) (1.1) (1.3) (1.4) (1.9) (3.0) (3.9)

(Source: RUS/USDA)
∗Does not include any buffer or adder.
++HigherVoltage should cross LowerVoltage.
∗∗Applies only to lines with ground fault relaying.
∗∗∗Based on commonly adopted industry values.
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wires are on different supporting structures. Lower voltage wires crossing over higher
voltage wires, though theoretically possible, is not operationally recommended. Note
that Table 2.6b-2 is a modified form of RUS clearances from Bulletin 200.

Clearance to nearby objects

Horizontal clearances to various objects are given in Tables 2.6c-1 (modified RUS)
and 2.6c-2. The tables provide clearances required for wires at rest and when wires are
displaced under 6 psf (290 Pa) wind at 60 deg. F temperature. The horizontal clearance

Table 2.6c-1 Typical Conductor Horizontal Clearances to Objects in feet (meters) (U.S.)∗.

Nominal Phase-to-PhaseTransmissionVoltage (kV)

34.5 to 46 69 115 138 161 230

Maximum OperatingVoltage
(Phase-To-Phase)

– 72.5 120.8 144.9 169.1 241.5

Maximum OperatingVoltage
(Phase-To-Ground)

– 41.6 69.7 83.7 97.6 139.4

Object

From buildings, walls, projections,
guarded windows, areas accessible
to pedestrians – At Rest

7.7 (2.3) 8.2 (2.5) 9.1 (2.8) 9.6 (2.9) 10.0 (3.0) 11.4 (3.5)

From buildings, walls, projections,
guarded windows, areas accessible
to pedestrians – Displaced by
Wind++

4.7 (1.4) 5.2 (1.6) 6.1 (1.9) 6.6 (2.0) 7.0 (2.1) 8.4 (2.6)

From lighting support,
traffic signal support or
supporting structure of another
line – At Rest

5.0 (1.5) 5.0 (1.5) 5.7 (1.7) 6.1 (1.9) 6.6 (2.0) 8.0 (2.4)

From lighting support, traffic signal
support or supporting structure of
another line – Displaced by Wind++

4.7 (1.4) 5.2 (1.6) 6.1 (1.9) 6.6 (2.0) 7.0 (2.1) 8.4 (2.6)

From signs, chimneys, billboards,
radio and TV antennas, tanks and
other installations – At Rest

7.7 (2.3) 8.2 (2.5) 9.1 (2.8) 9.6 (2.9) 10.0 (3.0) 11.4 (3.5)

From signs, chimneys, billboards,
radio and TV antennas, tanks and
other installations – Displaced by
Wind++

4.7 (1.4) 5.2 (1.6) 6.1 (1.9) 6.6 (2.0) 7.0 (2.1) 8.4 (2.6)

From portions of bridges which
are readily accessible and supporting
structures not attached – At Rest

7.7 (2.3) 8.2 (2.5) 9.1 (2.8) 9.6 (2.9) 10.0 (3.0) 11.4 (3.5)

From portions of bridges which
are readily accessible and supporting
structures not attached –
Displaced by Wind++

4.7 (1.4) 5.2 (1.6) 6.1 (1.9) 6.6 (2.0) 7.0 (2.1) 8.4 (2.6)

From railroad cars (only to 12.1 12.1 13.1 13.6 14.0 15.5
lines parallel to tracks) (3.7) (3.7) (4.0) (4.1) (4.3) (4.7)

(Source: RUS/USDA).
∗Does not include any buffer or adder.
++Wind refers to 6 psf (290 Pa) at 60 deg. F.
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Table 2.6c-2 Typical Conductor Horizontal Clearances to Objects in feet (meters) (U.S.) – EHV Lines∗.

Nominal Phase-to-Phase EHV Transmission
Voltage (kV)∗∗

345 500

Maximum OperatingVoltage
(Phase-To-Phase)

362 550

Maximum OperatingVoltage
(Phase-To-Ground)

209.0 317.6

Object

From buildings, walls, projections, guarded windows,
areas accessible to pedestrians – At Rest

14.0 (4.27) 17.7 (5.39)

From buildings, walls, projections, guarded windows,
areas accessible to pedestrians – Displaced by Wind++

11.0 (3.35) 14.7 (4.48)

From lighting support, traffic signal support or supporting
structure of another line – At Rest

10.5 (3.20) 14.2 (4.33)

From lighting support, traffic signal support or supporting
structure of another line – Displaced by Wind++

10.0 (3.05) 13.7 (4.18)

From signs, chimneys, billboards, radio and TV antennas,
tanks and other installations – At Rest

14.0 (4.27) 17.7 (5.39)

From signs, chimneys, billboards, radio and TV antennas,
tanks and other installations – Displaced by Wind++

11.0 (3.35) 14.7 (4.48)

From portions of bridges which are readily accessible and
supporting structures not attached – At Rest

14.0 (4.27) 17.7 (5.39)

From portions of bridges which are readily accessible
and supporting structures not attached – Displaced by
Wind++

11.0 (3.35) 14.7 (4.48)

From railroad cars (only to lines parallel to tracks) 18.0 (5.50) 21.0 (6.40)

∗Does not include any buffer or adder.
∗∗Based on commonly adopted industry values.
++Wind refers to 6 psf. (290 Pa) at 60 deg. F.

covers what is commonly known as conductor displacement due to wind. However,
the clearances do not cover the blow-out of the conductor (determined with a com-
puter program such as PIS-CADDTM). Vertical clearances to various objects are given
in Tables 2.6d-1 (modified RUS) and 2.6d-2.

Buffers of 2.0 ft (0.61 m) to 5.0 ft (1.52 m) can be added to various clearances to
provide additional safety. These adders are not absolute but are based on the judgement
of the engineer. Some utilities in the US are known to use clearance buffers ranging up
to 10.0 ft (3.05 m) on EHV lines.

Codes in various other countries more or less adopt similar clearances, quantita-
tively and qualitatively. Operating voltages often differ widely between the North
American continent, Europe and Asia; so, any attempt to compare and contrast
clearances can only be nominal at an informational level.

Clearances between wires – phase and ground wires

The separation between energized conductors of the same circuit and between conduc-
tors and ground wires should be adequate to prevent swinging contact or flashovers.
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Table 2.6d-1 Typical ConductorVertical Clearances to Objects in feet (meters) (U.S.)∗.

Nominal Phase-to-PhaseTransmissionVoltage (kV)

34.5 to 46 69 115 138 161 230

Maximum Operating
Voltage (Phase-To-Phase)

– 72.5 120.8 144.9 169.1 241.5

Maximum Operating
Voltage (Phase-To-Ground)

– 41.6 69.7 83.7 97.6 139.4

Nature of Object UnderneathWires

Buildings not accessible
to pedestrians

12.7 (3.9) 13.2 (4.0) 14.1 (4.3) 14.6 (4.5) 15.0 (4.6) 16.4 (5.0)

Buildings accessible to
pedestrians and vehicles
but not truck traffic

13.7 (4.2) 14.2 (4.3) 15.1 (4.6) 15.6 (4.8) 16.0 (4.9) 17.4 (5.3)

Lighting support, traffic
signal support or
supporting structure of a
second line

5.5 (1.7) 5.5 (1.7) 6.2 (1.9) 6.6 (2.0) 7.1 (2.2) 8.8 (2.7)

Signs, chimneys, billboards,
radio and TV antennas,
tanks and other
installations

8.2 (2.5) 8.7 (2.7) 9.6 (2.9) 10.1 (3.1) 10.5 (3.2) 11.9 (3.6)

Bridges – conductors
not attached

12.7 (3.9) 13.2 (4.0) 14.1 (4.3) 14.6 (4.5) 15.0 (4.6) 16.4 (5.0)

(Source: RUS/USDA.)
∗Does not include any buffer or adder.

Table 2.6d-2 Typical ConductorVertical Clearances to Objects in feet (meters) (U.S.) – EHV Lines∗.

Nominal Phase-to-Phase EHV Transmission
Voltage (kV)∗∗

345 500

Maximum OperatingVoltage
(Phase-To-Phase)

362 550

Maximum OperatingVoltage
(Phase-To-Ground)

209.0 317.6

Nature of Object UnderneathWires

Buildings not accessible to pedestrians 19.0 (5.79) 22.0 (6.71)
Buildings accessible to pedestrians and
vehicles but not truck traffic

20.0 (6.10) 23.0 (7.01)

Lighting support, traffic signal support or
supporting structure of a second line

11.0 (3.35) 14.0 (4.27)

Signs, chimneys, billboards, radio and TV
antennas, tanks and other installations

14.5 (4.42) 17.5 (5.33)

Bridges – Conductors not attached 19.0 (5.79) 22.0 (6.71)

∗Does not include any buffer or adder.
∗∗Based on commonly adopted industry values, some values rounded to nearest half foot.
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Table 2.7 Typical Phase Separation at Structure∗.

Nominal Phase-to-PhaseTransmissionVoltage (kV)

34.5 to 46 69 115 138 161 230

Spacing between … MinimumVertical Separation Required in feet (meters)1,2

Phase Wires of
Same Circuit

2.7 (0.82) 3.5 (1.07) 5.1 (1.55) 5.9 (1.80) 6.7 (2.04) 9.1 (2.77)

Phase Wires and
Overhead Ground
Wires (OHGW)

2.0 (0.61) 2.4 (0.73) 3.4 (1.04) 3.8 (1.16) 4.3 (1.31) 5.9 (1.80)

(Source: RUS/USDA.)
∗Does not include any buffer or adder.
1An additional 2.0 ft (0.61 m) should be added to the above clearances in areas of severe icing.
2Applicable for Standard RUS Structures only.

Table 2.8 Typical Phase Separation at Structure – EHV Lines∗.

Nominal Phase-to-Phase EHV TransmissionVoltage (kV)

345 500 765

Spacing between … Minimum Vertical Separation Required in feet (meters)1,2

Phase Wires of Same Circuit 15.0 (4.6) 22.0 (6.7) 32.0 (9.8)
Phase Wires and Overhead
Ground Wires (OHGW)

8.0 (2.4) 12.0 (3.7) 19.0 (5.7)

∗Does not include any buffer or adder.
1An additional 2 ft to 5 ft (0.61 to 1.52 m) should be added to the above clearances in areas of
severe icing.
2Based on values adopted by various utilities per industry standards.

NESC provides guidelines to determine the minimum required phase separation, both
at the structure as well as mid-span. Tables 2.7 (modified RUS) and 2.8 show com-
monly used phase separation on structures. Clearances for circuits 345 kV and above
included in Table 2.8 are based on data from actual lines built at those voltages. These
values serve only as a guideline; the actual required clearances are a function of sev-
eral variables including type of structure adopted, span lengths, voltage, terrain and
possibility of Aeolian vibration and galloping. Longer spans are often associated with
galloping and require larger separation between phase wires and between phase wires
and overhead ground wires.

2.2.3.1 Insulator swing

Suspension insulator strings are usually free to swing about their points of attachment
to the structure. It is, therefore, necessary to ensure that when the insulator strings do
swing, minimum clearances are maintained to structure surfaces and guy wires. The
amount of swing is a function of conductor tension, wind velocity, insulator weight,
line angle etc. The RUS Bulletin 200 provides guidelines for determining minimum
swing clearances (i.e.) separation from the structure, both in terms of distance as well
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Table 2.9a Typical Wire Clearance from Structure Surface and Guy Wires.

Nominal TransmissionVoltage, Phase-to-Phase (kV)

34.5 46 69 115 138 161 230

Weather Condition Minimum Clearance Required in inches (meters)

No Wind
Structure or Guy

19 (0.48) 19 (0.48) 25 (0.64) 42 (1.07) 48 (1.22) 60 (1.52) 71 (1.80)

Moderate Wind
6 psf (290 Pa)1

to Structure

9 (0.23) 11 (0.28) 16 (0.41) 26 (0.66) 30 (0.76) 35 (0.86) 50 (1.27)

Moderate Wind
6 psf (290 Pa)1

to Guy Wires

13 (0.33) 16 (0.41) 22 (0.56) 34 (0.86) 40 (1.02) 46 (1.17) 64 (1.63)

High Wind
Structure or Guy+

3 (0.076) 3 (0.076) 5 (0.13) 10 (0.25) 12 (0.30) 14 (0.36) 20 (0.51)

(Source: RUS/USDA.)
1At 60 deg. F, final sag.
+Not NESC Requirement.

as maximum allowed swing angles. These clearances are generally evaluated at the
three weather conditions shown below and are derived from the NESC for conditions
(a) and (b).

(a) No Wind
(b) Light or Moderate Wind (6 psf minimum)
(c) High Wind

Swing clearance is aimed towards minimizing the possibility of a structure flashover
during switching operations. Additionally, it helps protect electrical maintenance
workers by providing safety clearances while working on the transmission struc-
tures. Table 2.9a shows safe clearances suggested by RUS for voltages up to 230 kV;
Table 2.9b gives safe clearances suggested for EHV voltages of 345 and 500 kV. The
values also indicate safe distance of energized conductors from guy wires (air gap).

The RUS Bulletin 200 also specifies the required horizontal separation between
various wires on a transmission structure. This separation is mandated to prevent
swinging contacts or flashovers between phases of the same or different circuit.

H = (0.025) ∗ V + Fc

√
Sf + Li sin ∅ (2.4)

where:
H = Horizontal Separation between the two conductors in feet
V = Maximum Phase-to-Phase voltage in kilovolts (1.05 times the nominal voltage)
Li = Length of the insulator string (zero for post insulators), in feet
Sf = Conductor final sag at 60◦F, no load, in feet (Note the difference in definition of
Sf compared to Eqn. 2.2)
Fc = Experience Factor (1.15 to 1.25, depending on ice and wind loading intensity)
∅ = Insulator swing angle under 6 psf at 60◦F, (290 Pa) wind
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Table 2.9b Typical Wire Clearance from Structure Surface and Guy
Wires – EHV Lines.

Nominal TransmissionVoltage Phase-to-Phase (kV)

345 500

Weather Condition Minimum Separation Required in feet (meters)1,2

No Wind
Structure or Guy

9.00 (2.74) 13.00 (3.96)

Moderate Wind
6 psf (290 Pa)3 to
Structure

6.10 (1.86) 9.30 (2.83)

Moderate Wind
6 psf (290 Pa)3 to Guy
Wires

8.40 (2.56) 12.30 (3.75)

High Wind
Structure or Guy

2.50 (0.76) 3.60 (1.10)

1Clearances are based on commonly adopted industry values.
2For 765 kV, a clearance of 14 ft to 18 ft (4.3 m to 5.5 m) is adopted by some US
utilities for the No Wind case.
3At 60 deg. F, final sag.

Elevation effect

The various clearances discussed so far are applicable for line locations at altitudes of
3300 ft or less. For locations at a higher altitude, NESC recommends altitude correc-
tions to be added to the given clearances. These corrections include adding a specified
amount of clearance for each 1000 ft in excess of 3300 ft.

Example 2.2 For the same data/line of the previous example E2.1, determine hori-
zontal separation required between conductors. Assume Fc = 1.20, Sf = 4.0 ft (1.22 m).

Solution:

From Eqn. 2.4, we have:

H = (0.025)(1.05)(69) + (1.20)(sqrt(4.0)) + (2.50)(sin 38◦) = 5.75 ft (1.75 m)

Note: This Sf is defined differently than in Example 2.1.

2.2.4 Shielding

When lightning strikes a transmission line, it may hit either the overhead ground wire
or a phase conductor. If a conductor is hit, there will certainly be a flashover of the
insulation. To prevent and minimize such an occurrence, the overhead ground wire
is used to intercept the lightning strike, “shielding’’ the conductors. To optimize this
shielding, the shielding angle (see Figure 2.4) must be 30◦ or less. If a location is known
to have an unusually high exposure to lightning strikes, and structure heights are over
90 ft (27.4 m), even smaller shielding angles should be used. Table 2.10 shows typical
shielding angles relative to structure height as well as voltage. Note that for situations
where the height and voltage give two different shielding angles, the smaller value shall
be adopted.
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Figure 2.4 Shielding Angle (Source: RUS/USDA).

Table 2.10 Typical Shielding Angles.

Structure Height in feet (meters) Shielding Angle (degrees)

92 (28.0) 30
99 (30.2) 26
116 (35.4) 21

LineVoltage in kV Phase-to-Phase Shielding Angle (degrees)∗

69 to 138 30
161 to 230 25
345 20
500 15
765 10 to 12

(Courtesy: RUS/USDA.)
∗common industry values.

For voltages exceeding 230 kV, the shielding angle often controls the required verti-
cal and horizontal separation between the ground wire and conductor. For areas with a
history of lightning strikes, the clearance between the overhead ground wire (OHGW)
and the conductor shall be determined with specific reference to the Isokeraunic levels.

2.2.5 Lightning performance and grounding

Design criteria should include the line’s target Isokeraunic Level of the area. This level
is usually given in terms of number of thunderstorms in the area per year. An overhead
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ground wire (OHGW) should be provided at all places where the Isokeraunic Level
is over 20 per RUS Bulletin 200. This wire should be grounded at every structure by
way of the structure ground wire. For H-Frame structures with two (2) ground wires,
the OHGW must each be connected to the structure ground wire and to one another.
This will be beneficial in the event that if one structure ground wire breaks, both
overhead ground wires will still remain grounded. RUS Bulletin 200 recommends that
lightning outages of 1 to 4 per 100 miles per year is acceptable for lines in the 161 to
230 kV range.

All circuits must be adequately grounded to facilitate protection against lightning
strikes. RUS recommends that individual transmission structures should have a footing
resistance of less than 25 ohms, measured in dry soil conditions, especially within
½ mile (0.8 km) of a substation in high Isokeraunic areas. Outside of this distance, a
resistance of less than 40 ohms is allowed by some utilities at voltages upto 230 kV.
Ground rods or counterpoise wires may be used to obtain a footing resistance below
the maximum allowable value.

A map of Isokeraunic levels at various locations in the US is given in RUS
Bulletin 200.

2.2.6 Insulation requirements

Insulators are needed to provide both a mechanical means to hold the line conduc-
tors as well as electrical isolation required to withstand impulse voltage events such as
lightning impulses and switching impulses. Insulators are basically a physical means
of providing an “air gap’’ between an energized conductor and the grounded (earthed)
portion of the structure. Toughened glass, porcelain and non-ceramic (polymer) insu-
lators are commonly used on overhead lines. Recommended insulation levels are
generally in terms of number of “bells’’ (porcelain) or “sheds’’ (polymer) in an insulator
string. The number of bells or sheds also determines the so-called “leakage distance’’
or “dry-arcing distance’’ – the distance measured along the insulating surface from the
ground point to energized point.

Tables 2.11, 2.12 and 2.13 provide guidelines for suggested minimum insula-
tion levels in suspension and horizontal post insulators (See also Appendix 11 for
more insulator data). Additional insulation may be warranted when required due to
higher altitudes, contamination and high soil resistance. Other insulation considera-
tions include critical impulse flashover, switching surge factor flashover and strength
requirements. For deadends, where the insulator string is in line with the conductor,
two extra bells should be provided relative to the tangent string.

It must be noted that for voltages up to 230 kV, the most severe stress on insulators
is generally due to lightning strikes; therefore, the most important characteristic is the
impulse flashover. RUS Bulletin 200 recommendations for insulation levels include
both positive and negative flashover values.

2.2.7 Conductor operating temperature

Clearances from energized conductors to ground are generally evaluated at the wire’s
specified Maximum Operating Temperature (MOT). ACSR (Aluminum Conductor
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Table 2.11 Minimum Insulation Levels Needed for Suspension Insulators∗,∗∗.

Nominal Voltage (between phases) (kV) Rated Dry FlashoverVoltage (kV)

34.5 100
46 125
69 175
115 315
138 390
161 445
230 640
345 830
500 965
765 1145

∗Based on ANSI C29.
∗∗NESC.
(Courtesy: IEEE NESC ®C2-2012)
National Electrical Safety Code.
Reprinted With Permission from IEEE.
Copyright IEEE 2012.
All Rights Reserved.

Table 2.12 Recommended Insulation Levels for Suspension Insulators at Sea Level∗,∗∗,∗∗∗.

60 Hz Low Freq.
Nominal Flashover kV Impulse Flashover kV Total
Line-to-Line Leakage
Voltage kV Dry Wet Positive Negative No. of Bells∗∗ Distance, ft (m)

34.5 to 46 215 130 355 340 3 2.88 (0.88)
69 270 170 440 415 4 3.83 (1.17)
115 435 295 695 670 7 6.71 (2.05)
138 485 335 780 760 8 7.66 (2.33)
161 590 415 945 930 10 9.58 (2.92)
230 690 490 1105 1105 12 11.5 (3.51)

Note: 1 in = 25.4 mm, 1 ft = 0.3048 m
∗Based on RUS Bulletin 200.
∗∗5-3/4 in × 10 in bells.
∗∗∗Wood Tangent or small angle structures.

Table 2.13 Recommended Insulation Levels for Horizontal Post Insulators at Sea Level∗,∗∗.

60 Hz Low Freq.
Nominal Flashover kV Impulse Flashover kV Total
Line-to-Line Leakage
Voltage kV Dry Wet Positive Negative Distance, ft (m)

34.5 100 70 210 260 1.83 (0.56)
46 125 95 255 344 2.42 (0.74)
69 180 150 330 425 4.42 (1.35)
115 380 330 610 760 8.33 (2.54)
138 430 390 690 870 9.17 (2.80)

∗Based on RUS Bulletin 200.
∗∗Tangent or small angle structures.
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Steel Reinforced) wires function well even at an elevated temperature of 100◦C (212◦F)
without any significant loss of strength. High performance wires such as ACSS (Alu-
minum Conductors Steel Supported) can sustain temperatures up to 200◦C (392◦F).
ACCR (Aluminum Conductor Composite Reinforced) conductors often used in long
span crossings can withstand temperatures over 200◦C (392◦F).

Nominal wire clearances to ground are usually given on P & P (Plan and Profile)
drawings in terms of MOT. This in turn will help determine the required structure
heights for that location. Conductor operating temperature also influences line ratings
(see Ampacity subsection below).

2.2.8 Corona and field effects

Corona is the ionization of the air that occurs at the surface of the conductor and
hardware due to high electric field strength at the surface of the metal. Field effects are
the secondary voltages and currents that may be induced in nearby objects. Corona
is a function of the voltage of the line, conductor diameter and the condition of the
conductor and may also result in radio and television interference, light and ozone
production.

2.2.9 EMF and noise

Operation of power lines produce electric and magnetic fields commonly referred to
as EMF. Noise on transmission lines is also due to the effect of corona. The EMF
produced by alternating current in the USA has a frequency of 60 Hz. Electric field
strength is directly proportional to the line’s voltage; the higher the voltage, the stronger
the electric field. But this field is also inversely proportional to the distance from
the conductors. That is, the electric field strength decreases as the distance from the
conductor increases.

2.2.10 Galloping

Galloping is a phenomenon where transmission conductors vibrate with large ampli-
tudes and usually occurs when steady, moderate wind blows over a conductor covered
with ice. Ice build-up makes the conductor slightly out-of-round irregular in shape
leading to aerodynamic lift and conductor movement. Such movement of conductors
results in:

(a) contact between phase conductors or between phase conductors and ground
wires resulting in electrical short circuits

(b) conductor failure at support point due to violent dynamic stress caused by
galloping

During galloping, conductors oscillate elliptically at frequencies of 1 Hz or less. Shorter
spans, usually less than 600 ft (183 m), are anticipated to gallop in a single loop con-
figuration; longer spans are expected to gallop in double loops. Overlapping of these
ellipses means possible conductor contact which must be avoided. Therefore, adequate
clearance must be maintained between phase wires and between phase and ground
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wires, to prevent loop contact. Another way to address galloping problems is to adjust
the wire tensions to an optimum level so that sag and lateral movement are minimal.
Shorter line spans or advanced conductors such as T2 (Twisted Pair) may also help
in reducing galloping effects. Anti-galloping devices are also used on existing lines to
mitigate galloping issues.

2.2.11 Ampacity

Ampacity of a conductor is the maximum current in amperes the wire can carry at its
maximum design temperature. This rating is a measure of the conductor’s electrical
performance and thermal capability. The maximum conductor design temperature
for sags and clearances is also the line’s maximum operating temperature (MOT) for
Ampacity. Although the MOT is the primary criteria governing these ratings, wind,
ambient temperature and sun (solar heating) conditions are also considered in the
calculation of Ampacity. IEEE Standard 738 (2013) provides excellent guidance for
determining Ampacity Ratings for conductors.

For example, according to RUS Bulletin 200, the Ampacity ratings for Drake
ACSR conductor (795 kcmil 26/7), which is very popular in North America, are:
972 Amps (summer) and 1257 Amps (winter), both calculated at an MOT of 212◦F
(100◦C) and with a wind speed of 2 fps (0.61 meters/sec) and at ambient temperatures
of 104◦F (summer) and 32◦F (winter).

2.3 STRUCTURAL DESIGN OF TRANSMISSION LINES

2.3.1 Structure spotting

Prior to any design, the engineer must establish the alignment of the transmission line
taking into consideration the various criteria. These criteria include property boundary
issues, soil conditions, road and other clearances, regulatory issues, environmental con-
cerns, costs, impact on public property, aesthetics and construction access. Potential
structure locations are identified along the chosen alignment using structure spotting
process. Structure spotting is the design process which determines the height, location
and type of consecutive structures on the Plan and Profile (P & P) sheets. The potential
points are identified based on terrain, expected access issues and land use. However,
structure’s height and strength requirements are not considered as primary criteria.
Survey coordinates of the points will be input into computer programs such as PLS-
CADDTM (2012) to generate the terrain showing graphical view of the transmission
line. Structures with known strength ratings (i.e.) maximum allowable span for a given
configuration and height are used alternatively to ‘spot’ structures to make best use of
their height and strength.

Among the key factors that impact structure spotting are vertical and horizontal
clearances, structure capacity, insulator swing, conductor separation, galloping and
uplift. Both manual and computerized spotting processes are available. In the case
of manual spotting, structure strength is expressed in terms of maximum allowable
Weight and Wind Spans.

The weight span (also called vertical span) is the horizontal distance between
lowest points on the sag curve of two adjacent spans. The wind span (sometimes
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Figure 2.5 Definition of Wind and Weight Spans (Source: RUS/USDA).

called horizontal span) is the horizontal distance between the geometrical midpoints
of the adjacent spans. Figure 2.5 shows the definitions of wind and weight spans.

2.3.2 Ruling spans

The concept of Ruling Span (RS) is used in the design and construction of a trans-
mission line to provide a uniform span length representative of the various lengths of
spans within a tension section (i.e.) between deadends. A ruling span is an assumed
design span which approximates the mechanical performance of given tension section.
This span allows sags and tensions to be defined for structure spotting and conductor
stringing.

Mathematically, the Ruling Span is defined as:

RS =
√

[L3
1 + L3

2 + L3
3 + · · · + L3

n]/
√

L1 + L2 + L3 + · · · + Ln (2.5)

where:
L1, L2, L3, . . . , Ln = lengths of different spans in the tension section.
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Example 2.3 A tension section between two deadends of a 161 kV transmission line
contains the following spans: 920 ft (280.4 m), 1060 ft (323.1 m), 1010 ft (307.8 m)
and 870 ft (265.2 m). Determine the Ruling Span.

Solution:

RS = {[9203 + 10603 + 10103 + 8703]/[920 + 1060 + 1010 + 870]}0.5

= 973.55 ft (296.7 m)

2.3.3 Sags and tensions

Sags and tensions of wires are interdependent. Sags depend on the span length, tension,
loading condition, type of wire (conductor, overhead ground wire or optical ground
wire) and tensions in turn depend on history of stressing and wire temperature rel-
ative to a given weather condition. Long-term stress behavior includes creep which
in turn affects tension. Aeolian vibrations of wires induce dynamic stresses. Extreme
operating temperatures soften the conductor and induce higher sags. Therefore, the
determination of conductor and ground wire sags and corresponding tensions – as a
function of temperature and loading – is of fundamental importance in transmission
line design. Wire stringing charts showing these sags and tensions are critical to field
technicians during installation process.

Wire sags and tensions are generally determined using well known computer pro-
gram SAG10TM from Southwire (2014). Alternatively, wire sags and tensions can also
be calculated within PLS-CADDTM.

The maximum anticipated sag of a conductor – usually at its highest operating
temperature or heavy ice loads also helps determine the required height of a pole or
structure at a location to satisfy mandated ground clearance.

Example 2.4 The maximum sag of a conductor at a particular level span in a 230
kV transmission line is calculated as 13 ft (4 m). Determine the nominal height above
ground of a pole required for that location. If 11% of the total pole is embedded into
ground, what is the total pole length needed? Assume a ground clearance buffer of
2.5 ft (0.76 m).

Solution:

This problem serves to illustrate the use of clearance tables discussed in Section 2.2.3.
From Table 2.7 – Minimum phase-to-phase separation for a 230 kV line = 9.1 ft

(2.77 m)
Minimum separation between OHGW and phase wire = 5.9 ft

(1.80 m)
From Table 2.6a-1 – Minimum Ground Clearance required = 22.4 ft (6.8 m)
With buffer: Design Ground Clearance = 22.4 + 2.5 = 24.9 ft or 25 ft (7.62 m)
Height of pole required = 5.9 + (2)(9.1) + 13 + 25 = 62.1 ft (18.93 m).
Total Length of the Pole needed = 62.1/(1.00 – 0.11) = 69.8 or 70 ft (21.34 m)
Use 70 ft (21.34 m)
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Additionally, the following Sag-Tension relationships will be useful in many situations:

SS

SR
= L2

S

L2
R

(2.6)

where:
SS = Sag of a specific span
SR = Sag of ruling span
Ls = Specific Span
LR = Ruling Span

For a level span:

TH = wL2
s

8Sm
(2.7)

where:
Sm = Sag at mid-span
TH = Horizontal wire tension at support, at constant temperature
w = Weight of wire, including wind, or wire per foot

Vertical separation of phase wires is a function of sags which in turn are related to
spans. RUS Bulletin 200 provides an equation relating vertical separation at mid-span
to maximum allowable span.

Lmcs = LR ∗ √
(VR − VS)/

√
(SL − SU) (2.8)

where:
LR = ruling span in feet
Lmcs = maximum possible span limited by conductor separation in feet
VR = required vertical separation at mid-span in feet
VS = vertical separation at support in feet
SL = ruling span sag of lower conductor without ice in feet
SU = ruling span sag of upper conductor with ice in feet

The requirement of using iced upper and un-iced lower conductors is related to the
issue of differential ice accumulation. Ice on overhead ground wires is unlikely to melt
whereas ice on phase wires is prone for melting given the heat generated by passing of
current. This unbalanced ice is also a condition to check separation between ground
wires and energized phase wires.

Equations 2.4 and 2.6 can be combined to determine maximum allowable hori-
zontal spans for tangent structures based on horizontal separation of conductors. The
example below illustrates the process for an H-frame.

Example 2.5 The following data apply to a 69 kV line with a ruling span of 800 ft
(243.8 m). The suspension insulators each carry 4 bells for a string length of 2.5 ft
(0.76 m). Experience Factor is taken as 1.00.
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Determine the maximum horizontal span limited by conductor horizontal separation.

H = Horizontal separation of phase wires = 10.5 ft (3.2 m)

Ruling Span Sag = 20.4 ft (6.22 m) at 60◦F final

φ = Swing angle under 6 psf (290 Pa) wind = 59.4 deg. (sin φ = 0.861)

Solution:

Substituting these values in Equation 2.4:

10.5 = (0.025)(1.05)(69) + (1)(
√

Sf ) + (2.5)(0.861) or Sf = 42.72 ft (13.02 m)

Using this value in Equation 2.6:
(Lmax/800)2 = (42.72/20.4) = 2.09 or Lmax = 1157 ft (352.9 m)

Example 2.6 Given a 138 kV structure with a phase separation at pole of 9.64 ft
(2.94 m), a ruling span of 800 ft (243.8 m) with the following additional data:

Sag of lower conductor at without ice = 18.7 ft (5.7 m)
Sag of upper conductor at with ice = 22.4 ft (6.83 m)
Required separation at mid-span = 5.7 ft (1.74 m)

Determine maximum span limited by conductor vertical separation.

Solution:

From Equation 2.8:

Lmcs = (800)(sqrt[(5.7–9.64)/(18.7–22.4)]) = 825.5 ft (251.6 m)

2.3.3.1 Galloping

The issue of galloping was discussed in Section 2.2.10 where wire tension control is
noted as one of the methods of controlling galloping vibrations. Usually, for long spans
in excess of 600 ft (183 m), the optimum wire tension is often governed by galloping
movement defined by double loop ellipses. This tension is determined in a trial-and-
error procedure by adjusting the tension so that the ellipses do not touch each other.
At angles and deadends, a factored value of this wire tension is used to design the
structure itself; therefore, it is important to evaluate the impact of galloping while
designing transmission lines with large spans.

2.3.3.2 Tension limits

Throughout the life of a transmission line, conductors are subject to a variety of
mechanical and climactic loading situations including wind, ice, snow and temperature
variations. NESC and RUS Bulletin 200 therefore specify tension limits for conductors
and shield wires which refer to state of loading, temperature and climactic parameters.
Table 2.14 shows these combined limits.

These limits generally refer to ACSR conductors. For other types of conductors,
manufacturer’s guidelines must be followed.
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Table 2.14 Recommended Wire Tension Limits.

Tension Limit (% of Breaking Strength)

Overhead Overhead
Ground Ground

Tension Condition Conductors Wires (HS) Wires (EHS) Notes

1. Maximum Initial
Unloaded

33.31 25 20 Must be met at the
design temperature
specified for the
loading district

2. Maximum Final
Unloaded

25 25 20

3. Standard Loaded (usually
NESC District Loads with a
load factor of 1.0)

502 502 502

4. Maximum
Extreme Wind

703,4 80 80 Usually taken as
60◦F

5. Maximum
Extreme Ice

704 80 80 Usually taken as
15◦F

6. Extreme Ice with
Concurrent Wind

703,4 80 80 Usually taken as
15◦F

(Courtesy: RUS/USDA).
135% per NESC
260% per NESC
380% per NESC
4For ACSR conductors only.

Initial Unloaded Tension refers to the conductor as it is strung initially before any
ice or wind is applied.

Final Unloaded Tension refers to the state of the wire after it has experienced ice
and wind loads, long term creep and permanent inelastic deformation.

Standard Loaded situation refers to the conductor state when it is loaded with
simultaneous ice and wind per NESC loading districts as defined in Section 2.1.2.

Extreme Wind Tension is the tension when wind is acting on the conductor as
defined in Section 2.1.1. No ice is allowed on the wire for this condition.

Extreme Ice Tension is the tension when the conductor is loaded with specified
amount of radial ice as defined in Section 2.1.3. No wind is allowed on the wire for
this condition. This load case is outside of NESC requirements.

Extreme Ice with Concurrent Wind refers to the situation where extreme ice on
the wire is accompanied by a moderate amount of wind as defined in Section 2.1.3.

Tension in the wires is also a criterion to determine whether vibration dampers are
needed or not (see Section 5.1.1.12 for details).

2.3.4 Insulators

Insulators are an integral component of the mechanical system defining a transmission
structure and are employed in several basic configurations: post or suspension, angle
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and deadend. All insulators specified for a structure must consider both mechanical
strength as well as electrical characteristics.

Post insulators are used where insulator swing is not permitted and are usually
subject to cantilever forces. Suspension (and angle) insulators are subject to vertical
loads due to wire weight and tensile loads due to line angles and are rated by their
tensile strength. Deadend insulators carry direct wire tensions and are selected on the
basis of tensile strength. NESC recommends the following allowable percentages of
strength ratings for line post insulators:

Cantilever 40% (Ceramic and Toughened glass) & 50% (Non Ceremic)
Tension 50%
Compression 50%

For suspension type insulators, NESC recommends allowable strength rating of 50%
of combined mechanical and electrical strength in case of ceramic and toughened glass
insulators. For non-ceramic insulators such as polymer insulators, it is 50% of the
specified mechanical load. This recommendation applies only for the case of combined
ice and wind district loading (Rule 250B) with load factors of unity.

These percentages are applied to the insulator manufacturer ratings which are dif-
ferent for ceramic and non-ceramic insulators. For post and braced post insulators,
manufacturers also provide interaction strength diagrams showing combined effects of
simultaneous application of vertical, transverse and longitudinal loads. For porcelain
or glass suspension insulators, the ultimate strength rating is usually denoted as “Com-
bined Mechanical and Electrical’’ whereas for polymer insulators the terms “Specified
Mechanical/Cantilever/Tensile Load’’ are used, as appropriate.

2.3.5 Hardware

All components defining a transmission structure also contain various connecting hard-
ware and must meet or match the strength ratings of the main connected part. For
example, the anchor shackles and/or yoke plates used to connect deadend insulator
strings to the structure must withstand the loads imposed via the insulator string. This
also applies to all other associated accessories such as conductor and ground wire
splices, suspension and deadend clamps and other hardware.

2.3.6 Guy wires and anchors

The design of guyed structures involves both guy wires as well as anchors that transfer
wire load into the ground. Guy wires are generally galvanized steel (often the same
stranding and rating as the overhead ground wire) or aluminum-clad steel. Strength
ratings apart, corrosion resistance is also often considered while selecting a guy wire.
A wide variety of anchoring systems are available to choose from: log anchors, plate
anchors, rock anchors, helical screw anchors etc., each with a specific set of usage
and design criteria. The nature of soil/rock at the location plays an important role in
anchor design.
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As with insulators, limits are placed on allowable loads on guy wires and anchors.
Typical allowable percentages of strength ratings for guys and anchors are:

Guy Wire 90% (NESC)
Anchor 100% (NESC)
Guy Wire and Anchor 65% (RUS)

In situations where the guy wire may be in close proximity to energized conductors,
a guy insulator is often used on the guy wire to provide additional protection. For
visual safety, the bottom portion of all guy wires are typically enclosed in colored PVC
markers, usually yellow, to render them visible during night time.

2.4 STRUCTURAL ANALYSIS

The utility industry now uses tubular steel poles as well as steel lattice towers, spun pre-
stressed concrete poles, wood poles and composite poles. Simple suspension (tangent)
and small-angle single pole structures can be quickly analyzed using spreadsheets. The
advent of powerful digital computers and software such as PLS-POLETM, TOWERTM

and PLS-CADDTM, now enables accurate modeling and analysis of not only individ-
ual structures of a transmission line but also the entire transmission line in a single
modeling session. POLE and TOWER also have provisions for input of foundation
capacities to facilitate fuller representation of the structure. Plan and Profile drawings
can now be digitally processed, printed and saved in various formats and sizes.

2.4.1 PLS-POLE™

PLS-POLETM is a powerful structural analysis and design program for transmission
structures. The program is capable of handling wood, laminated wood, steel, concrete
and composite structures and performs design checks of structures under specified
loads. It can also calculate maximum allowable wind and weight spans to aid in struc-
ture spotting. Virtually any transmission, substation or communications structure can
be modeled, including single poles, H-Frames and A-Frames. These models can be
rapidly built from components such as pole shafts, davit arms, cross arms, guy wires,
X- and V-braces and all types of insulator configurations.

Pole shaft databases for standard classes of steel poles from various suppliers are
built into the program and cover both galvanized and weathering steel poles. The
component databases that are used with PLS-POLETM include various steel shapes
(round and multi-sided pole shafts), wood, laminated wood, concrete and composite
poles of various classes, guy wires and insulators etc. Custom elements can be added
by the user as needed.

PLS-POLETM is capable of performing both linear and nonlinear analyses. Non-
linear analysis allows 2nd order or P-Delta effects, helps to detect instabilities and to
perform accurate buckling checks. The program can perform steel pole design checks
based on ASCE 48-11 or other specified codes. The current version of the program
has built-in checks for various international codes. For poles used as communication
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Figure 2.6a PLS-POLE Model of a Braced H-Frame.

structures carrying antennae, the program also has a design check option using ANSI
TIA-222 (2006) standards.

Structures assembled in PLS-POLETM can be exported to PLS-CADDTM and
installed in the line’s 3-dimensional model. Figures 2.6a, 6b and 6c show renderings
of typical structure models developed with PLS-POLETM.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-3&iName=master.img-005.jpg&w=107&h=439
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Figure 2.6b PLS-POLE Model of a 3-Pole Deadend.

2.4.2 TOWER™

TOWERTM is a powerful structural analysis and design program from Power Line
Systems (PLS) for lattice steel transmission towers based on a 3-dimensional finite
element analysis scheme for axially-loaded trusses. Both self-supported and guyed
towers can be modeled. The program performs design checks of structures under user
specified loads. For a given lattice tower structure, it can also calculate maximum
allowable wind and weight spans and interaction diagrams between different ratios of
allowable wind and weight spans.

The program is capable of performing both linear and non-linear analysis and
facilitates detailed input (angle members, bolts, bolt configurations, member slender-
ness ratios, connection eccentricity and restraint etc.) It calculates the forces in the
members and components and compares them against calculated capacities for the
selected code or standard. Overstressed members easily identified graphically and in
the TOWERTM output reports.

TOWERTM is capable of performing design checks based on various world
standards: ASCE Standard 10-15, ANSI/TIA-222, Canadian Standard CSA S37,
ECCS, CENELEC, AS 3995, BS 8100 and others.

The component databases that are used with TOWERTM include various steel
angles (equal and unequal legs, single and double angles), tower bolts of various speci-
fications and insulators etc. Unique shapes (flat bars, channels, T-sections for example)

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-3&iName=master.img-006.jpg&w=354&h=238
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Figure 2.6c PLS-POLE Model of a Steel Pole.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-3&iName=master.img-007.jpg&w=118&h=510
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Figure 2.7 TOWER Model of a Lattice Tower.

can be created where necessary. Structures assembled in TOWERTM can be exported
to PLS-CADDTM and installed in the line’s 3-dimensional model.

Figure 2.7 shows rendering of a double-circuit deadend tower developed with
TOWERTM.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-3&iName=master.img-008.jpg&w=164&h=459
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Figure 2.8 PLS-CADD Model of a Transmission Line.

2.4.3 PLS-CADD™

PLS-CADDTM is a line modeling, analysis and design program for transmission lines
and structures. This program in integrated with its sister modules PLS-POLE and
TOWER. A typical 3-dimensional view of a line segment showing single poles with
braced post insulators is shown in Figure 2.8. A Plan and Profile drawing generated
using the software is shown in Figure 2.9.

2.4.4 Load and strength criteria

The fundamental design philosophy behind current transmission structure design is
that all structures shall be designed and detailed in such a way so as to sustain imposed
factored design loads without excessive deformations and stresses. The objective is to
design a structure with resistance exceeding the maximum anticipated load during its
lifetime and to produce a structure with an acceptable level of safety and reliability.
Mathematically,

(∅)(R) ≥ (γ )(P) (2.9)

where:
∅ = Strength Factor (SF)
R = Strength Rating of Component
γ = Load Factor (LF) for specified load
P = Applied Load

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-3&iName=master.img-009.jpg&w=359&h=205
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Figure 2.9 Typical Plan and Profile of a Transmission Line.

The strength factor ‘∅’ limits the resistance ‘R’ and accounts for the variability of
the resistance property. The load factor LF accounts for the uncertainty of the given
load and/or simplifying assumptions made in the analysis.

This concept is similar to the LRFD (Load and Resistance Factor Design) used in
general structural design where the erstwhile deterministic approach is replaced with
a more robust probabilistic approach, matching strengths with loads of various types
and incorporating statistical variations associated with different load categories and
strength of components.

Strength and Load factors suggested by RUS and NESC are shown in Tables 2.15a,
2.15b and 2.15c. All values refer to new, Grade B Construction which is the highest
grade associated with safety and reliability per NESC. Both NESC and RUS also pro-
vide guidelines for strength factors for replaced or rehabilitated structures. The strength
factors of RUS are somewhat conservative and are often adopted by utilities in rural
areas and whose lines and structures are designed and built according to RUS/USDA
guidelines.

Grades of construction

NESC defines three grades of construction, namely, Grades B, C and N. Grade B is
the highest or the type of construction with stringent strength standards while N is
the lowest grade. Grade B standards are typically used by US utilities for transmission
lines.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-3&iName=master.img-010.jpg&w=359&h=236


Table 2.15a RUS Strength and Load Factors (Grade B New Construction).

Structure or Component with Rule 250B Strength Factor (φ) (Note 3)

Steel and Prestressed Concrete Structures 1.00
Wood and Reinforced Concrete Poles (Note 4) 0.65
Wood Crossarms and Cross Braces (Note 4) 0.50
Fiber-Reinforced Polymer Poles, Cross Arms and Braces 1.00
Guy Wire Assemblies (Note 1) 0.65
Guy Anchors and Foundations 0.65
Guy Attachment Assemblies (Note 2) 0.65
Conductor Support Hardware (Note 6) 1.00

Structure or Component with Rule 250C and 250D Strength Factor (φ) (Note 3)

Steel and Prestressed Concrete Structures 1.00
Wood and Reinforced Concrete Poles (Note 4) 0.75
Wood Crossarms and Cross Braces (Note 4) 0.65
Fiber-Reinforced Polymer Poles, Cross Arms and Braces 1.00
Guy Wire Assemblies (Note 1) 0.65
Guy Anchors and Foundations 0.65
Guy Attachment Assemblies (Note 2) 0.65
Conductor Support Hardware (Note 6) 0.80

Loading Component with Rule 250B Load Factor (LF)

Vertical Loads 1.50
Transverse Loads

Wind 2.50
Wire Tension 1.65

Longitudinal Loads @ Crossings and Elsewhere
General 1.33
Deadends 1.65

Loading Component with Rule 250C and 250D Load Factor (LF)

Vertical Loads 1.10
Transverse Loads

Wind 1.10
Wire Tension 1.00

Longitudinal Loads @ Crossings and Elsewhere
General 1.00
Deadends 1.10

Note: Rule 250B refers to NESC District Loading (Light, Medium, Heavy or Warm Islands)
Rule 250C refers to NESC Extreme Wind Loading
Rule 250D refers to NESC Extreme Ice and Concurrent Wind Loading
1. A value different than 0.65 may be used, but should not exceed 0.90.
2. This strength factor of 0.65 may be increased for steel and prestressed concrete poles.
3. It is recognized that structures will experience some level of deterioration after installation. These strength
factors are for new construction.
4. For wood structures, when the deterioration reduces the structure strength to 2/3 of that required when
installed, the wood structure should be replaced or rehabilitated. If the structure or structure component is
replaced, the structure or structure component needs to meet the strength for the original grade of construction.
The rehabilitated portions of the structures have to be greater than 2/3 of that required when installed for the life
of the line.
5. When calculating the additional moment due to deflection, deflections should be calculated using loads prior to
application of the load factor.
6. Conductor Support Hardware is any hardware not a part of the structure, guy assembly, or guy attachment.
Conductor support hardware may be splices,extension links, insulator string yokes,y-clevis balls,ball hooks,deadend
clamps, etc.
(Source: RUS/USDA Bulletin 200).
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Table 2.15b NESC Load Factors1 (Grade B New Construction).

Loading Component with Rule 250B Load Factor (LF)

Vertical Loads2 1.50
Transverse Loads

Wind 2.50
Wire Tension 1.651

Longitudinal Loads
In General 1.10
At Deadends 1.651

Loading Component with Rule 250C and 250D Load Factor (LF)

250C Wind Loads 1.00
All Other Loads 1.00

250D All Loads 1.00

Note: Rule 250B refers to NESC District Loading (Light, Medium, Heavy or Warm Islands)
Rule 250C refers to NESC Extreme Wind Loading
Rule 250D refers to NESC Extreme Ice and Concurrent Wind Loading
1For guys and anchors associated with structures supporting communication conductors and cables only, this factor
may be reduced to 1.33.
2Where vertical loads significantly reduce stress in a structure member, a vertical load factor of 1.00 should be used
for the design of such member. Such member shall be designed for the worst case loading.
(Courtesy: IEEE NESC ®C2-2012) National Electrical Safety Code
Reprinted With Permission from IEEE, Copyright IEEE 2012
All Rights Reserved.

2.4.4.1 Structural design criteria

Overhead transmission lines are continuous structural systems with supporting
elements (poles, towers, frames) and cable elements (conductors and shield wires).
To ensure safe and reliable service, these are typically designed by considering the
various load conditions listed in Table 2.16.

2.4.4.2 Weather cases

A comprehensive analysis and design of a transmission line involves various weather
cases related to both the performance of the line itself (conductors and insulators)
as well as the supporting structures (poles, frames and towers). A collection of these
weather cases is called “Criteria File’’ which is a critical input to line design software
PLS-CADDTM. Tables 2.17a and 2.17b show the full list of weather cases that are
typically considered in transmission design in the United States. Several parameters
such as wind pressures and ice thickness magnitudes vary from utility to utility and
the numbers provided in the table are for illustration purpose only. The case labeled
Warm Islands is applicable only for islands located from 0 to 25 degrees latitude, north
or south. This zone covers Hawaii, Guam, Puerto Rico, Virgin Islands and American
Samoa. The ‘k’ factor is explained below.

2.4.4.3 Load cases

Table 2.18 gives a typical list of load cases needed for transmission structure analysis
and design. These loads are applied on the structures, supported wires, hardware,
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Table 2.15c NESC Strength Factors (Grade B New Construction).

Structure1 or Component with Rule 250B Strength Factor (φ)

Metal and Prestressed Concrete Structures, Crossarms and Braces6 1.00
Wood and Reinforced Concrete Structures, Crossarms and Braces2,4 0.65
Fiber-reinforced Polymer Structures, Crossarms and Braces6 1.00
Support Hardware 1.00
Guy Wire5,6 0.90
Guy Anchors and Foundation6 1.00

Structure1or Component with Rule 250C and 250D Strength Factor (φ)

Metal and Prestressed Concrete Structures, Crossarms and Braces6 1.00
Wood and Reinforced Concrete Structures, Crossarms and Braces3,4 0.75
Fiber-reinforced Polymer Structures, Crossarms and Braces6 1.00
Support Hardware 1.00
Guy Wire5,6 0.90
Guy Anchors and Foundation6 1.00

Note: Rule 250B refers to NESC District Loading (Light, Medium, Heavy or Warm Islands)
Rule 250C refers to NESC Extreme Wind Loading
Rule 250D refers to NESC Extreme Ice and Concurrent Wind Loading
1Includes Pole
2Wood and reinforced structures shall be replaced or rehabilitated when deterioration reduces structure strength
to 2/3 of that required when installed. When new or changed facilities modify loads on existing structures, the
required strength shall be based on revised loadings. If a structure of component is replaced, it shall meet the
strength required by this table. If a structure or component is rehabilitated, the rehabilitated portions of the struc-
ture shall have strength greater than 2/3 of that required when installed.
3Wood and reinforced structures shall be replaced or rehabilitated when deterioration reduces structure strength
to 3/4 of that required when installed. When new or changed facilities modify loads on existing structures, the
required strength shall be based on revised loadings. If a structure of component is replaced, it shall meet
the strength required by this table. If a structure or component is rehabilitated, the rehabilitated portions of
the structure shall have strength greater than 3/4 of that required when installed.
4Where a wood or reinforced concrete structure is built for temporary service, the structure strength may be
reduced to values as low as those permitted by footnotes 2 and 3 provided the structure strength does not decrease
below the minimum required during the planned life of the structure.
5For guy insulator requirements, see Rule 279 of NESC.
6Deterioration during service shall not reduce strength capability below required strength.
(Courtesy: IEEE NESC ®C2-2012) National Electrical Safety Code
Reprinted With Permission from IEEE, Copyright IEEE 2012
All Rights Reserved.

insulators and other equipment. The philosophy behind each of the load cases is
explained below. The reader must note the additional NESC Factor ‘k’ applied for
the NESC district load cases only. This is an arbitrary factor added to the resultant of
the vertical and horizontal loads as shown in the figure at the bottom of the Table 2.18.

NESC district loadings

These 4 cases – also called District Loadings – are included to meet the requirements
of Rule 250B of NESC and include the mandated climactic and load factors. The ‘k’
factor is an additional load item applied to the resultant of the conductor vertical and
wind load components while determining the sag and tension of the wire. Only the
structural design of angle and deadend structures and tangent structures located on
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Table 2.16 Load Conditions Considered in Design of a Transmission Line.

No. Type of Loads Load Case Description

1 Weather Extreme Wind in Any Direction
2 Extreme Ice Combined with Reduced Wind
3 Unbalanced Ice without Wind
4 Reduced Ice Combined with Substantial Wind
5 Failure Containment Broken Conductors or Ground Wires
6 Construction and Maintenance Stringing of Wires
7 Structure Erection
8 Legislated NESC-mandated Cases

(with permission from ASCE)

Table 2.17a Weather Cases for a Typical PLS Criteria File.

Ice
Wire Wind Pressure Thickness Constant

No. Description Temp. (◦F) (psf ) (in) k (lb/ft) Remarks

1a NESC Heavy
with k

0 4 ½ 0.30 Basic Load
Cases for

1b NESC Medium
with k

15 4 ¼ 0.20 Structure
Design

1c NESC Light 30 9 0 0.05
1d NESC Warm

Islands
50 9 0 0.05

1e 15 4 ¼ 0.20
2 NESC Extreme

Wind1
60 20.72 (for 90 mph) 0 0

3 Extreme Ice 32 0 1 0
4 NESC Extreme

Ice with Concur-
rent Wind

15 4 1 0

5a Insulator Swing –
No wind

60 0 0 0 Weather Cases
for Insulator

5b Insulator Swing –
Moderate Wind

0 6 0 0 Swing

5c Insulator Swing –
High Wind

60 20.7 0 0

6 Galloping (Swing) 32 2 ½ 0 Weather Cases
7 Galloping (Sag) 32 0 ½ 0 for Galloping

Checks

Note: 1 psf = 47.88 Pa, 1 inch = 25.4 mm, 1 mph = 1.609 kmph, 1 lb/ft = 14.594 N/m, deg C = (5/9)(deg F-32)
1All structures, including those below 18 m (60 ft) in height, shall be checked for Extreme Wind condition without
any conductors with wind acting in any direction.
2Wind pressure must be calculated using Equation 2.1a and including all applicable parameters.
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Table 2.17b Weather Cases for a Typical PLS Criteria File (cont’d).

Wire Wind Ice Constant
Temp. Pressure Thickness k

No. Description (◦F) (psf) (in) (lb/ft) Remarks

8 Low Temp –10 0 0 0 Uplift Cases
9 Low Temp –20 0 0 0
10 T-0 0 0 0 0

11 T-32 32 0 ½ 0 Conductor Separation;
Differential Ice Loading

12 T-50 50 0 0 0 Various Wire
13 T-60 60 0 0 0 Installation
14 T-70 70 0 0 0 Temperatures
15 T-80 80 0 0 0
16 T-90 90 0 0 0
17 T-100 100 0 0 0
18 T-120 120 0 0 0

19 T-167 167 0 0 0 High Temp.
20 T-212 212 0 0 0 Transmission Sag
21 T-392 392 0 0 0 (Clearance Purposes)

Note: 1 psf = 47.88 Pa, 1 in = 25.4 mm, 1 mph = 1.609 kmph, 1 lb/ft = 14.594 N/m, deg C = (5/9)(deg F-32)

the line angle are impacted by the ‘k’ factor because the tension of the wire is affected
by the factor.

The designations of Heavy, Medium, Light and Warm Islands are based on ice and
wind expected in those areas. The user may refer to NESC for geographic boundaries
of these 4 zones. For a given transmission line, only one of the four zones is applicable
unless the line crosses more than one zone.

Extreme wind

The purpose of this NESC load is to ensure that the structure is capable of withstanding
high winds that may occur within the geographic territory. As mentioned earlier, the
wind force used is based on the fastest 3-second gust at 33 ft (10 m) above ground. Per
NESC, this load is currently applied to structures over 60 ft (18 m) in height. However,
RUS Bulletin 200 recommends all structures be checked for Extreme Wind regardless
of height. Maps showing design wind speeds are provided by NESC as well as RUS
Bulletin 200. NESC also requires all structures (irrespective of height) to be checked
for extreme wind applied in any direction on the structure without conductors.

Extreme ice

This load case considers the possibility of extreme ice storm or a storm that develops
icing conditions. Usually this case is defined by accumulation of radial ice of 1 in
(25.4 mm) thickness on conductors; but often utilities located in icing regions adopt a
higher value of 1.5 in (38.1 mm) or more.

 



60 Design of electrical transmission lines

Table 2.18 Typical Load Cases for Analysis and Design.

NESC
Wind Wind Constant Ice
Speed, mph Pressure, psf ‘k’ Temperature Thickness,

Load Case (kmph) (Pa) (lb/ft) (◦F) Inches (mm)

NESC Heavy 40 (64) 4 (190) 0.30 0 ½ (12.5)
NESC Medium 40 (64) 4 (190) 0.20 15 ¼ (6.5)
NESC Light 60 (96) 9 (430) 0.05 30 0
NESC Warm Islands 60 (96) 9 (430) 0.05 50 0

40 (64) 4 (190) 0.20 15 ¼ (6.5)
NESC Extreme Wind 90 (144)1 20.7 (991)1 0 60 0
Extreme Ice 0 0 0 32 1.0 (25)
NESC Extreme ice with 40 (64) 4 (190) 0 15 1.0′′ (25)
Concurrent Wind
Construction 28 (44.8) 2 (96) 0 60 0
Broken Wires 40 (64) 4 (190) 0 0 ½ (12.5)
Failure Containment2 40 (64) 4 (190) 0 0 ½ (12.5)
Uplift 0 0 0 –10 to –203 0
Deflection 28 (44.8) 2 (96) 0 60 0

1Values shown are typical. For other wind speeds, use appropriate values.
2 All wires are cut on one side of the structure.
3 Cold curve.

Definition of NESC Constant ‘k’.

Extreme ice with concurrent wind

The intent of this NESC load case is to design a structure for extreme ice accompanied
by wind. Per NESC, this load is currently applied to structures over 60 feet (18 m)
in height. Since ice can stay on conductors for 4 to 5 days and may see subsequent
wind, a 40 mph (64 kmph) wind at 4 psf (190 Pa) wind is shown in Table 2.18; this
is used to satisfy ASCE Manual 74 requirement that wind supplementing ice must be
equal to about 40% of extreme wind case. Maps showing uniform ice thickness with
concurrent wind speeds are provided in NESC as well as RUS Bulletin 200. These
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maps show uniform ice thickness typically ranging from ¼ inch (6.35 mm) to 1 inch
(25.4 mm) and concurrent wind speeds ranging from 30 mph (48.3 kmph) to 60 mph
(96.5 kmph), equivalent to a wind pressure of 2.3 psf to 9.2 psf (110 Pa to 440 Pa).

In all NESC load cases in which wind is included, the horizontal wind pressure
is applied at right angles to the direction of the line, except where wind is applied
in all directions without wires. Also, NESC does not consider ice on structures and
wind-exposed surface areas.

Construction

This load case is to ensure the structural integrity of not only the main structure but
also the arm or steel vang supporting the insulator/stringing block and arm strength
during wire tensioning. This is because one of the worst loadings that a given arm or
conductor attachment point will endure is during the stringing of the conductors. A
small wind is also considered in this case. This load is applied as additional vertical
and horizontal loads to the phase that induces the highest structural stresses with all
conductors installed and stringing in the last conductor. A typical example will be
tensioning at the structure tensioner down slope (1:1).

Broken wires

The idea behind including this case is to ensure that in the event any phase wire or
overhead ground wire fails, the failure does not cause any additional damage to the
structure or lead to a cascading type of line failure. Another motivation is related to the
cost and availability of replacement structures and the long lead times for fabrication.
Designing a structure for potential broken wire cases and the slight cost associated with
it is well worth considering that removal of a line from service, even temporarily, is
avoided. This is critical for lattice transmission towers carrying HV and EHV circuits.

Broken wire loads are generally applied at selected wire location (conductor or
shield wire) that induces the greatest stress in the structure. More than one load case
may be needed if the highest stress location is not readily apparent. ASCE Manual 74
provides more information on design longitudinal loading on structures, historically
called everyday wire tension or broken wire load.

Failure containment

This load case is designed to reduce potential for catastrophic failures. Severe climactic
conditions often produce a cascading type of failure where one structure fails and
collapses completely. This subjects adjoining structures with severe unbalanced loads –
much more than what they were designed for – upon which they collapse in a domino-
like sequence. Deadends and heavy angles, and in some cases tangent structures too,
are subjected to such a load criteria. Containment loading is characterized by the
absence of ALL wires on one side of the structure. The conditions that define this load
case are usually set by the utility based on their judgment.

ASCE Manual 74 also provides guidelines for longitudinal loading on structures
including a procedure based on Residual Static Load (RSL), which is a final effective
static tension in a wire after all the dynamic effects of a wire breakage have subsided.
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Figure 2.10 Uplift Condition (Source: RUS/USDA).

Uplift

Uplift is defined as negative vertical span. Figure 2.10 depicts the situation where uplift
occurs in a transmission line. On steeply inclined spans in hilly terrains, when the cold
sag curve shows the low point to be above the lower support structure, the conduc-
tors in the uphill span exert upward forces on the lower structure. The magnitude of
this force at each attachment point is related to the weight of the loaded conductor
from the lower support to the low point of sag. This uplift force is more pronounced
at colder sub-zero temperatures. Uplift must be avoided for suspension, pin-type
and post insulators. A quick check for uplift can be made using a sag template (see
Chapter 5).

Deflection

In addition to the above loading cases, designers also often check situations such as
Deflection Loading where tangent poles and frames are designed to limit the pole top
deflection to a specified level, usually to 1% to 2% pole height above ground for a given
loading. This ensures adequate stiffness of the structure to limit flexural deformations
and thereby help keep insulators plumb and clearances intact. The climactic conditions
for this load case usually include the average annual ambient temperature for the
structure geographical location.

 



General design criteria 63

2.5 FOUNDATION DESIGN CRITERIA

Each structure must be securely embedded or anchored into the ground and facil-
itate safe transfer of structure loads to the ground strata below. To determine
foundation requirements, the engineer must first evaluate the nature and condi-
tion of the soil in the vicinity of the structure. The choice of eventual foundation
type will further depend on geotechnical characteristics of strata underneath, struc-
ture material, configuration, loads, constructability and economy. A majority of
tangent poles are directly-embedded into ground; but systems defined by large lat-
eral forces and moments require concrete drilled shafts whose design is a bit more
labor-intensive.

Design criteria for foundations depend on type of soil and loads imposed. Design
loads are usually factored reactions obtained from structural analysis from com-
puter programs. In lattice towers, the loads transmitted are primarily compression
and uplift loads. For single pole structures, the loads transmitted are overturning
moment, shear (lateral) and axial loads. Where moment foundations such as drilled
shafts are required, it is important to specify allowable deflection or rotation criteria,
both elastic and non-recoverable. Chapter 4 will contain more information on this
issue.

As with structures, foundations are also designed for given Strength Factors shown
in Tables 2.15a and c. However, unlike structures, guidance in the area of foundation
design is not well laid out by the codes and standards. Therefore it is common practice
to use internal design criteria for foundations. These criteria vary from utility to utility.
The structural design of all reinforced concrete systems is in general governed by the
ACI 318 (2011). For drilled shafts with a diameter greater than 30 in (0.76 m), ACI-
336-3R (1998) is recommended.

Computer programs such as CAISSONTM (2011), LPILETM (2015) or MFADTM

(2015) are used to quickly size a drilled shaft or directly-embedded pole under moment
loads. Drilled shafts under moment loads are primarily designed as laterally-loaded
piles. Guyed systems require anchors to transmit guy wire loads to the ground. Anchor
types range from classical (log) to grouted (rock) to helical (screw) with widely-varying
holding strengths depending on site-specific soils. If soil data is available, helical
anchors are evaluated using HeliCAPTM (2007).

Geotechnical properties of ground strata are an integral part of the design crite-
ria. In general, properties such as allowable bearing capacity, unit weight (dry, moist
and submerged), friction angle, cohesion, subgrade modulus and others are required.
Chapter 4 will discuss these issues in greater detail.

2.6 CONSTRUCTABILITY

Constructability refers to the “readiness to be built’’ and to the process of review-
ing and ensuring that a particular transmission line project can be actually built as
designed, given the numerous technical and non-technical parameters that control the
construction phase. This “review’’ looks at the construction constraints, environmental
barriers, political issues, risks and acceptance to local community.
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2.6.1 Construction considerations

The primary construction-related issue is availability of access roads, both temporary
and permanent. These roads are used to move crew, vehicles, materials and equipment
in and out of the construction site. Their secondary purpose is to provide maintenance
access to the structures for repair and to the ROW in general. Access needs also vary
depending upon the type of structure (pole, frame or lattice tower), function (tangent,
angle or deadend) and foundation (grillage, direct embedment, concrete shafts or guy
anchors). These considerations in turn will dictate the type and number of vehicles
and equipment that must reach the work site. Use of cranes and helicopters for heavy
construction impose additional challenges.

The work areas for conductor pulling and tensioning equipment must be inte-
grated into access road plans. However, these activities are performed only during
construction and therefore the access is temporary.

Constructability assessment also involves evaluating the process of hauling poles
to the site. Concrete poles are about four to five times heavier than steel structures are
difficult to handle and move. Lattice steel towers, which are typically set on concrete
shaft foundations, require the most concrete at each tower site. If unguyed poles are
used at line angles, this mandates drilled shafts due to large base forces.

Most utilities will have in-house procedures for inspection, assessment and main-
tenance and these are likely to dictate their choice of a structure type for a specific line.
Steel or concrete structures require minimal maintenance while wood systems need
frequent inspections and condition monitoring.

Because of difficulty procuring ROW or easements, and obtaining permits for new
lines, many utilities strive to improve their future options by selecting structure types
for current projects that will permit easy upgrading or uprating initiatives.

2.6.2 Environmental constraints

Topographic characteristics of the terrain often provide the most difficult construc-
tion challenges. Areas with steep slopes, erodible soils, sensitive streams, wetlands,
restricted lands and habitats impose constraints on the process. Construction activities
in the neighborhood of federally-protected lands and wildlife refuges require a wide
range of government permits and adherence to agency-imposed work schedules.

2.6.3 Regulatory issues

Any potential crossing of public (state and federal) lands invariably leads to regulatory
requirements, consultations and approvals. Prior to construction, the project may
require several permits at various levels. For example, road and highway departments
require permits for transmission line construction where the line crosses a highway
or expressway. Areas attached to sensitive natural resources and recreational usage
demand additional regulatory compliances.

2.6.4 Public acceptance

Any project involving transmission line construction must take into account its impact
on the residents of the area it covers and possible public opposition to the presence
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Table 2.19 Selected World Design Codes, Standards and Manuals.

Title Published By∗ Country

ASCE Manual 74 Guidelines for Electrical Transmission
Line Structural Loading

ASCE USA

National Electrical Safety Code ANSI C2 IEEE/ANSI
Standard 738 for Calculating the Current-Temperature
Relationship of Bare Overhead Conductors

IEEE

ASCE Standard 48-11 (previously 72) Design of Steel
Transmission Pole Structures

ASCE

ANSI O5.1 Specifications and Dimensions for Wood Poles ANSI
ASCE Standard 10-15 Design of Latticed Steel Transmission
Structures

ASCE

ASCE Manual 123 Prestressed Concrete Transmission
Pole Structures

ASCE

Manual of Steel Construction – Allowable Stress Design AISC
Bulletin 1724E-200 Design Manual for HighVoltage
Transmission Lines

RUS/USDA

ASCE Manual 91 Design of Guyed ElectricalTransmission Structures ASCE
Standard 691 Guide forTransmission Structure Foundation Design
and Testing

IEEE

Standard 524 Guide to the Installation of Overhead Transmission
Line Conductors

IEEE

ECCS Recommendation for Angles in Lattice Transmission Towers ECCS Europe
EN 10025 European Structural Steel Standard CCI UK
BS EN 50341 Overhead Electrical Lines exceeding AC
1 kV – Part 1 General Requirements, Common Specifications

ECES UK

Eurocode 3 – Design of Steel Structures ECCS Europe
CIGRE Technical Brochure 207 Thermal Behaviour of
Overhead Conductors

CIGRE France

British Standard 8100 – LatticeTowers and Masts Code of Practice
for Strength Assessment of Members of Lattice Towers and Masts

BS UK

AS 3995 Design of Steel Lattice Towers and Masts SA Australia
AS/NZS 7000 Overhead Line Design – Detailed Procedures SNZ New Zealand
ESAA C(b) 1 Guidelines for Design and Maintenance of Overhead
Distributions and Transmission Lines

ESAA Australia

ENATS 43-125 Design Guide and Technical Specification for
Overhead Lines Above 45 kV

ENA UK

Technical Specifications 43-8, Overhead Line Clearances UK
TC-07 Electricity Transmission Code ESCSA Australia
TP.DL 12.01 Transmission Line Loading Code TP New Zealand
IEC 60826 Design Criteria of Overhead Transmission Lines IEC Switzerland
IEC 61284 Overhead Lines – Requirements and Tests for Fittings IEC Switzerland
PN-90 B-03200 Konstrukcje Stalowe Obliczenia Statyczne I
Projektowanie (Steel Structures Design Rules)

PS Poland

CSA S37 Antennas,Towers and Antenna-Supporting Structures CSA Canada
CSA C22.3 1-15 Overhead Systems
IS 802 Use of Structural Steel in Overhead Transmission Line
Towers – Code of Practice

Bureau of INS India

IS 800 Code of Practice for General Construction in Steel
IS 4091 Code of Practice for Design and Construction of
Foundations for Transmission Line Towers and Poles
IS 398 Aluminum Conductor for Overhead Transmission
Purposes – Specification

∗See List of Abbreviations.
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of large structures, noisy construction equipment as well as potential disruption to
regular community activities. Most utilities conduct meetings to inform the public of
their intended projects and seek their input and cooperation.

2.7 CODES AND STANDARDS FOR LINE DESIGN

The design of transmission line structures involves both analysis of the structural
system – wires, supports and foundations – as well as design checks ensuring com-
pliance with established norms and guidelines. Worldwide, most countries have
institutions and standards devoted to design, construction and safe operation of utility
structures. These standards or codes cover a variety of parameters such as loading,
conductors, materials (steel, wood and concrete), hardware, clearances, performance
and other issues relevant to the system. Table 2.19 shows a selected, partial listing
of some of the codes, manuals and design standards used in various countries. As
mentioned in the Preface, the basic principles of transmission line structural analysis
are more or less the same all over the world; but different regions impose different
rules and regulations, mostly associated with their local experience, climate, economy
and safety and reliability requirements. Despite that, these codes and standards have a
universal purpose: to ensure that transmission structures and foundations are designed
for safe and reliable operation during their lifetime.

As mentioned in the previous chapter, transmission line and structure design in
United States is primarily governed by the NESC supported by RUS Bulletin 200 in
various ways. It must be noted that the NESC is primarily a safety code which is not
intended as a design specification or an instruction manual. Along with many other
standards noted in the text at various locations, the above two references constitute
the main sources of design guidelines discussed in this book.

PROBLEMS

P2.1 Determine adequate ROW for a 230 kV line for the following data.
Horizontal distance between insulators = 28 ft (8.53 m)
Suspension Insulator Length = 8 ft (2.44 m)
Sag at 60◦F at 6 psf (290 Pa) wind = 10 ft (3.05 m)
The swing angle of the insulator under 6 psf wind = 45◦
The required C per internal standards = 13 ft (3.96 m) away. Neglect pole
deflections.

P2.2 Re-do the problem in P 2.1 assuming horizontal post insulators. Use A = 14 ft
(4.27 m). What is the basic difference between the two cases? Discuss.

P2.3 A tension section of the above 230 kV transmission line contains the follow-
ing spans: 1020 ft (310.9 m), 1090 ft (332.2 m), 1130 ft (344.4 m) and 1070 ft
(326.1 m). Determine the Ruling Span.

P2.4 For a tangent structure in a 138 kV line, assuming maximum conductor sag of
9 ft (2.74 m), determine the minimum height of a pole required if 13% of the
total length is used for ground embedment. Assume a ground clearance buffer
of 3.5 ft (1.06 m).
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P2.5 Re-do the problem in Example E2.5 assuming horizontal phase separation of
12.5 ft (3.81 m). What is your basic inference from the two cases? Discuss.

P2.6 Re-do the problem in Example E2.5 assuming a 161 kV H-frame structure
with a horizontal phase separation of 15.5 ft (4.72 m). Assume ruling span of
1150 ft (350.5 m) and corresponding sag of 31.6 ft (9.63 m). Insulator string
has 10 bells with a total length of 5.33 ft (1.62 m).

P2.7 Repeat Example E2.6 for a 69 kV structure. Use VR = 3.3 ft (1.0 m) and
VS = 7.6 ft (2.32 m). Ruling span is 800 ft (243.8 m) but sags are now as follows:
lower wire’s 20.4 ft (6.22 m) and upper wire’s 24.7 ft (7.53 m).
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Chapter 3

Structural analysis and design

Transmission structures, whether wood, steel, lattice, concrete or composite, are one
of the most visible elements of an electrical power transmission system. Regardless of
material, they serve a single purpose: supporting the insulators, wires and equipment.
The choice of a particular type of structure – material and configuration – for a trans-
mission line, however, depends on several factors such as electrical, spatial, structural
and economy.

Electrical factors include voltage, number of circuits (single or multiple, includ-
ing distribution under-build), conductor bundles (single or multiple), communica-
tion cables or optical ground wires (OPGW), insulation, lightning protection and
grounding.

Spatial constraints involve allowable spans, ROW (Right-of-Way) issues as well
as vertical and horizontal clearances mandated by codes for the project. ROW is a
function of voltage; so are the clearances required for wires above ground and above
other specified wires. The adopted conductor configuration – horizontal, vertical or
Delta – influences the nature of clearances. Conductor separation also plays a critical
part in determining phase spacing and therefore, pole or structure height.

Structural factors involve strength and stiffness of the structure, its components
and foundations in resisting the loads applied on them without excessive stress and
deformation. Structure strength is traditionally indicated by horizontal and vertical
span (HS and VS) limits, which are in turn dependent on strength of pole material,
knee braces, cross braces, cross arms and uplift. Additionally, the ratio of HS/VS is
limited by insulator swing (for tangent structures with suspension insulators). Finally,
majority of transmission structures in USA must, as a minimum, be designed to the
applicable NESC (National Electrical Safety Code) or RUS (Rural Utilities Service)
loading guidelines (or utility-specified norms exceeding NESC) and these include cli-
mactic loads due to ice, wind and temperature. Some utilities are also specifying special
HIW (High Intensity Wind) loading for lattice towers in areas of hurricanes, tornadoes
and downbursts.

Economy is associated with the issues of constructability, erection techniques,
inspection, assessment and maintenance. As discussed in Chapter 2, accessibility for
construction must be considered while deciding on structure types. Mountainous or
swampy terrains make access difficult for construction vehicles and use of specialized
equipment or a helicopter may be required. Guyed structures also create construc-
tion difficulties since a wider area must be accessed to install guys and anchors often
impacting the ROW and land use restrictions.
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This chapter looks at various types and configurations of structural systems
adopted for transmission lines in North America, materials, computer modeling,
analysis and design, hardware and development of design drawings. Also discussed
are the processes of selecting structural components and compliance with different
code regulations for ensuring safety, integrity and strength of structures.

3.1 STRUCTURE MATERIALS

This section covers the structural and material properties of various elements that
comprise a typical transmission structure. The three basic construction materials for
transmission structures are wood, steel and concrete, although fiber glass (composite)
poles and cross arms are being increasingly used for both transmission and distribution
lines. Composite cross arms are also becoming popular for distribution under-build
circuits on transmission poles given the ease of installation and structural strength.

Structure costs usually account for 30% to 40% of the total cost of a transmission
line. Therefore, selecting an optimum structure and material becomes an important
part of a cost-effective design. A structure study is usually performed to determine
the most suitable structure configuration and material based on cost, construc-
tion and maintenance considerations, along with electric and magnetic field effects.
Indirect considerations include material availability, environmental issues and
other local constraints.

Key factors to consider when evaluating structure configuration:

• Depending on voltage and other factors, a horizontal phase configuration often
gives the lowest structure cost.

• If ROW costs are high or if the width of ROW is limited, a vertical configuration
may give a lower line cost.

• Horizontal configurations, however, may require more tree clearing.
• Vertical configurations may have a narrower ROW but structures are generally

taller and may have aesthetic objections from public. Also, foundations may be
costlier.

• From electric and magnetic field perspectives, a vertical configuration will have
lower field strengths at the edge of ROW than horizontal configurations. Delta
circuits will have lowest single-circuit field strengths.

• If H-Frames are considered as an option, both single and double X-braced config-
urations must be evaluated as they sustain larger spans and thus help reduce the
number of structures per mile of line.

Key factors to consider when evaluating material choice:

• Pole type structures (wood, concrete, composite or steel) are generally used for
voltages less than 230 kV; steel poles and lattice towers are preferred for higher
voltages.

• For relatively smaller spans and lower voltages, wood structures are economical.
• In areas subject to severe climactic loads or on lines with bundled conductors, wood

and concrete are uneconomical; steel structures provide a cost-effective option.
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• If large, unbalanced longitudinal loads are specified as part of the loading scheme,
guyed pole systems or lattice towers are better suited for this application.

• For voltages under 230 kV, wood H-Frames will usually give the lowest initial
installed cost when larger level spans (up to 1000 ft or 300 m) are used.

The choice of a particular structure material often depends on the design spans of
the line. Figure 3.1 shows the relationship between common transmission structure
materials and design spans. It must be noted that the word ‘poles’ includes both single
poles as well as multiple-pole systems such as H-Frames.

Figures 3.2, 3.3 and 3.4 show the classifications of structure types based on materi-
als, function and support configuration. The advantages and disadvantages of various
materials and structure types are shown in Table 3.1.

3.1.1 Wood

Wood poles used for transmission purposes are generally made of Douglas Fir or
Southern Yellow Pine material with a designated fiber (bending) strength or Modulus
of Rupture (MOR) of 8000 psi (55.2 MPa). They are directly embedded into the ground
to a specified depth. In single poles, design is governed by bending at ground line and
setting depth needed to resist lateral overturning forces. For wood cross arms, bending
stress is generally limited to 7400 psi (51 MPa). Modulus of Elasticity ‘E’ usually varies

Figure 3.1 Span Lengths and Structure Materials.
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Figure 3.2 Structure Types – Based on Material.

Figure 3.3 Structure Types – Based on Function.

from 1,800 ksi for Southern Yellow Pine to 1,920 ksi for Douglas Fir (12.40 GPa to
13.23 GPa).

Wood poles are used in single-pole, two-pole (H-Frames) and three-pole (angles
and deadends) configurations, in both guyed and unguyed applications. Common
transmission voltage range is 69 kV to 230 kV although they have been also used in
345 kV systems.
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Figure 3.4 Structure Types – Based on Configuration.

Table 3.1 Structure Type Comparison.

StructureType Advantages Disadvantages

Steel Lattice Towers MostVersatile, Most Economical† Aesthetic objections,
needs large base area

Steel Pole Structures Minimum Ground Area, Angle poles must be
Aesthetically Appealing often guyed or will be very

heavy with large foundations
Wood Pole Structures Low Initial Cost, Short Life, High Maintenance,

Flexible Application Limited in Strength
Concrete Pole Structures Low Maintenance, Non-Corrosive Very Heavy, Difficult

to transport over large distances
Composite Structures Low Maintenance, Non-Corrosive, Higher Initial Cost**

Light Weight, Easy to Install
Guyed Structures* Most economical, particularly Conflicts with edge of ROW

for higher voltages

∗Guying can occur in wood, steel, concrete pole structures as well as lattice towers.
∗∗Relatively new; long-term performance not yet known.
†At extra high voltage.

Structurally, ANSI O5.1 (2015) categorizes wood poles into various classes in
terms of a single lateral load applied 2 ft. (61 cm) below the top of the pole (See
Table A2.1, Appendix 2). These standards cover 15 pole classes and lengths up to
125 ft. (38.1 m). Class 2 and higher (H-1, H-2 etc.) wood poles with tapered circular
cross section are currently being used for small (30 ft. or 9.14 m) to large heights
(100 ft. or 30.5 m). Wood pole dimensions based on class and height are also shown
in Table A2.4 of Appendix 2. Note that the table refers to Douglas Fir and Southern
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Yellow Pine poles. The diameters at pole top and 6 ft. (1.83 m) from the bottom are
shown and diameters at GL (ground line) can be interpolated from these values.

The NESC (2012), in addition to specifying design loadings, also requires all
utility structures to satisfy other strength-related norms. RUS Bulletins 200 (2015)
and 700 (2011) also stipulate guidelines for wood pole preservative treatment and
coatings. Since wood is a bio-degradable material, it degrades and deteriorates with
time. Chemical treatment of poles with preservative coatings will increase durability;
treated wood poles typically last up to 40 years. From a structural perspective, strength
factors are normally used in design to account for this variation and decrease in wood
strength. Special care is taken with protective coatings of the embedded or buried
portion of the wood poles since soil contains corrosive elements which eat away the pole
material. Woodpeckers are also known to attack wood poles by punching holes and
many utilities are known to specify a protective nylon mesh wrap around transmission
poles. In warmer climates, termites are also a problem.

For guyed wood poles, buckling under vertical loads must be checked as well as
need for special bearing pads below pole butt to distribute large axial loads over the
soil layer.

The performance of wood poles as a structural material is also dependent on
various other issues such as moisture content, knots, decay, time in service etc. For
more information on biological characteristics of wood, the reader is referred to ANSI
O5.1, textbooks on wood structures, AITC Standard 109 (2007) and RUS Bulletins
700, 701 and 702 (2011).

3.1.1.1 Laminated wood

Laminated wood poles are manufactured using ¾ in. (19 mm) to 1 in. (25.4 mm) thick
laminations of Douglas Fir or Southern Pine, glued using a high strength adhesive
and cured in controlled atmospheric conditions. The pole can be tapered in both the
transverse and longitudinal directions but usually the taper is provided in one direction
only. All poles have a rectangular cross section. All design and preservation standards
that apply to regular wood systems also apply to laminated wood; however, ANSI O5.2
(2012), RUS Bulletin 701 (2011) and AITC Standards 109, 110 and 111 (2007, 2001
and 2005) etc. are also additionally specified. Engineered laminated (E-Lam) wood
poles are currently available in size from 30 ft. to 135 ft. (9.1 m to 41.1 m) and in
various classes (Laminated Wood Systems, 2012). E-Lam poles have been successfully
installed on transmission and distribution lines in single pole, H-Frame, tangent, angle,
deadend, guyed and unguyed configurations.

Foundations for E-Lam poles can be direct-embedded with aggregate backfill,
expansive foam or concrete. In soft soils and soils with low ground water table, a
corrugated steel culvert with standard backfill is used. Foundation reinforcing systems
include steel bearing angles affixed to the E-Lam pole in the embedded portion to
provide added lateral resistance.

3.1.2 Steel

Tapered steel poles with various cross sections (round, 8-sided or 12-sided) are cur-
rently being used for moderate to large heights 50 ft. to 150 ft. (15 m to 45.7 m).
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The poles are generally made of ASTM A572 Grade 65 (galvanized) or ASTM A871
Grade 65 (weathering) steel material with a stress rating of 65,000 psi (448.2 MPa).
They are generally attached to concrete pier foundations via a base plate or directly
embedded into the ground to a specified depth. As with wood poles, design is gov-
erned by bending at ground line and setting depth needed to resist lateral overturning
forces. Since steel is not a biodegradable material and statistical strength variation is
much less than wood, no strength reduction is required. Therefore, a strength fac-
tor of 1.00 is used. For multi-sided poles, local buckling must be checked in terms
of the applicable flat width-to-thickness ratios. For round poles, local buckling is
referred to the diameter-to-thickness ratio D/t, where ‘D’ is the average diameter of the
pole shaft.

The length of steel pole shafts is generally limited by several parameters such as
handling size at the manufacturing facility, length of the galvanizing tank, length of
the flat-bed truck required for transport and other local constraints including weight
limits on highway bridges. The average piece length is about 50 ft. to 60 ft. (15.24 m to
18.3 m). Taller poles are assembled by piecing together pole sections of various lengths
either by means of splices (circumferential welds or overlap) or flange plates. The
overlap length in case of a slip joint is generally about 1.5 times the bottom diameter
of the upper piece. If flanges are used, these flange plates are welded to the pole segment
and bolted using high strength structural bolts.

An important component of a steel pole is the weld connecting the pole shaft to
the flange or base plate. For strength and structural integrity, these welds are gen-
erally recommended to be full penetration welds. Specifications for steel poles and
structures are given in RUS Bulletins 204 (2008), 224 (2007) and ASCE Standard
48-11 (2011). Tables A3.1 (a and b), A3.2 and A3.3 of Appendix 3 shows vari-
ous steel types and fasteners used in USA and elsewhere. Table A3.4 depicts the
shapes used for transmission structures along with their geometric properties useful for
design checks.

Tangent poles are directly embedded into the ground with a butt plate or shoe to
help transfer axial load over a larger area and thereby minimize soil stress. Large angle
and deadend poles are generally attached to concrete foundations by means of base
plates and anchor bolts. Typical arrangements are shown in Chapter 4. The design
basically involves verifying if the depth of embedment (setting depth) is adequate for
resisting the ground line moments, and shears, in case of self-supported single poles. For
concrete piers, soil data is needed to check pier ground line rotations and deflections,
resistance to lateral loads and skin (side) friction resistance for resisting uplift and
compressive loads.

Anchor bolts transfer tensile, compressive and shear loads from the structure to the
concrete shaft. Threaded re-bars are the most common type of anchor bolt material.
Table A3.13 of Appendix 3 gives material data for various anchor bolt steels. Bolt
diameters range from 5/8’’ (16 mm) to 1¾’’ (44.5 mm); for larger piers, #18J rebar
(2¼’’ or 57.2 mm diameter) meeting ASTM A615 Grade 75 is used. Current standard
for anchor bolts is unified under ASTM F1554, with three grades, namely, 36, 55 and
105. The tensile strength of these threaded rods range from 60 ksi to 125 ksi (414 MPa
to 862 MPa). Common diameters specified for transmission-level poles are 1½’’ to 2¼’’
(38 mm to 57.2 mm). The minimum embedment (development) length of anchor bolts
into concrete is discussed in Section 3.5.1.2.
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3.1.2.1 Wood equivalent steel poles

Manufacturers offer steel poles which are structurally ‘equivalent’ to wood poles – and
referring to a given equivalency ratio – to enable designers specify quick replacements
for damaged wood poles. These WES (wood-equivalent-steel) poles are available in
both round and 12-sided shapes as well as light and heavy duty applications. However,
caution should be exercised in using and specifying such ‘equivalent’ poles since it is
impossible to equate the steel pole and wood pole at all points along the length. Also,
the differences in material and section properties will result in differences in buckling
capacity, deflections, secondary moments etc. (RUS Bulletin 214, 2009).

ANSI O5.1 (2015) defines wood pole classes with reference to tip load applied
at 2 ft from pole tip. Steel pole equivalencies with ANSI wood poles are based on the
“Equivalency Factor’’ (EF) which is defined as:

EF = WSF/SSF (3.1)

where:
SSF = Steel Strength Factor (usually 1.0)
WSF = Wood Strength Factor (usually 0.65 to 0.75)
For NESC District (Rule 250B) Transverse Wind loading: EF = 0.65/1.0 = 0.65
For NESC Extreme Wind (Rule 250C) loading: EF = 0.75/1.0 = 0.75
(Note that the equivalency is valid since NESC load factors are the same for both wood
and steel poles).

The WES poles originally developed by steel pole manufacturers are based on the
ratio of overload factors for wood and steel used in the older versions of NESC. For
Rule 250B loading, for example, the overload factors are 2.50 (wood) and 4.0 (steel).
The equivalency factor is therefore 2.50/4.0 = 0.625. The associated strength factor is
1.0 for both wood and steel.

Standard class steel poles by RUS

The classification of standard steel poles based on the Equivalency Factor is shown
in Table A3.5. These classes are defined per RUS Bulletin 214 in terms of a single
lateral load applied 2 ft. (61 cm) below the tip of the pole. This strength requirement
of RUS steel poles also includes a specified moment capacity that must be available 5 ft.
(1.52 m) from the top. Additionally, RUS assumes that the point of fixity is located
at a distance of 7% of pole length measured from the bottom; the pole must develop
ultimate moment capacity at this location.

Tables A3.6 to A3.12 give various design data for these standard steel poles. These
poles, when specified, reduce lead times involved in bidding, design, drawing prepa-
ration and ordering of material. The reader must keep in mind that the dimensions
of standard class steel poles vary slightly from manufacturer to manufacturer; values
shown in the above tables are typical to the referenced fabricator.

Example 3.1 Determine the RUS Standard Class designation for a Class H1 wood
pole for (a) Transverse wind load and (b) Extreme wind load.
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Solution:

Class H1 wood pole is defined as a pole rated for a horizontal lateral load of 5,400 lbs.
(24.03 kN) applied at 2 ft from pole tip.

(a) Equivalency Factor for transverse wind = 0.65
Required horizontal load capacity of steel pole = 0.65 * 5,400 = 3,510 lbs.
(15.62 kN)
Referring to Table A3.5, the pole class that is closest to this load is S-03.5
(3,510 lbs.).

(b) Equivalency Factor for extreme wind = 0.75
Required horizontal load capacity of steel pole = 0.75 * 5,400 = 4,050 lbs.
(18.02 kN)
Referring to Table A3.5, the pole class that is closest to this load is S-04.2
(4,160 lbs.).

It must be noted that absolute point-to-point wood-to-steel equivalency does not exist
and the engineer is cautioned to exercise sound judgment while determining equiva-
lency. The reader is also referred to RUS Bulletin 214 and ASCE 48-11 which explain
the issues and limitations related to various equivalencies in detail. ANSI O5.1 also
limits the maximum wood pole class to H6; however, several manufacturers developed
WES poles even for higher classes of H7 to H10.

For higher voltages and heavier loads, standard class poles are often not adequate;
in such cases, steel poles are custom-designed with larger diameters and thicknesses
(See Example in Appendix 1).

3.1.3 Concrete

Spun, prestressed, high strength concrete poles are currently used as transmission poles
for heights ranging from 50 ft. to 120 ft. (15.2 m to 36.6 m). Square sections are typi-
cally used for distribution lines and street lighting poles; circular sections are preferred
for transmission structures. The nominal taper of the concrete pole shall not exceed
0.216 in/ft. (1.8 cm/m). Pole dimensions vary from manufacturer to manufacturer, but
typical size ranges are as follows:

Top outside diameter 7 in. to 16 in. (17.8 cm to 40.6 cm)
Bottom outside diameter 18 in. to 42 in. (45.7 cm to 106.7 cm)

These hollow poles are usually directly embedded into the ground to a specified depth.
For single poles, design is governed by bending at ground line and setting depth needed
to resist lateral overturning forces (bending and shear) without cracking of concrete
or excessive bearing pressure on soil below the pole due to pole weight. Specifications
for concrete poles and structures are given in RUS Bulletins 206 (2008), 216 (2009),
226 (2007) and ASCE Manual 123 (2012).

Concrete poles are also classified into various classes in terms of a single lateral
load applied 2 ft. (61 cm) below the top of the pole. Table A4.1 of Appendix 4 shows
various standard concrete pole classes per RUS Bulletin 216 as well as data on common
prestressing steels (Table A4.2). RUS strength requirements for concrete poles include
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a minimum ultimate moment capacity at 5 ft. (1.52 m) from the pole top to ensure
adequate bending strength at locations of high stress. Additionally, RUS assumes that
the point of fixity is located at a distance of 7% of pole length measured from the
bottom; the pole must develop ultimate moment capacity at this location.

Commercial manufacturer catalogs such as StressCrete (2009) also provide impor-
tant information on the geometry and sizes of spun concrete poles. Special situations
demand custom-designed poles of larger heights and diameters.

The suggested minimum concrete cover for steel is ¾ in. (19 mm). The 28-day
compressive strength of concrete shall not be less than f ′

c = 8500 psi (58.6 MPa). The
range of concrete strengths employed in transmission pole manufacture is 8500 psi to
12000 psi (58.6 to 82.7 MPa).

The Modulus of Elasticity (in psi) of concrete as computed from ACI 318 (2014)
is 57000

√
f ′
c for 3 ksi (20.7 MPa) ≤ f ′

c ≤ 12 ksi (82.8 MPa). Since cracking is a design
issue, two moduli are generally defined: cracked and un-cracked. Nominal values often
used are 6000 ksi (41.4 GPa) for un-cracked and 2000 ksi (13.78 GPa) for cracked
concrete. The modulus of rupture fr is defined as 7.5

√
f ′
c (in psi).

Prestressing steel strands are generally 3/8 in. to ½ in. dia. high-strength galvanized
wires, Grade 250 ksi to Grade 270 ksi (1722 MPa to 1860 MPa), with tensile capacity
ranging from 20 kips (89 kN) to 41 kips (182 kN). For other information, the reader
is referred to ASCE-PCI Guides for Concrete Poles 257 and 412 (1987 and 1997).
Confinement is provided by spiral wire sizes ranging from No. 5 to No. 11 ( 1

4 in. to 3
8

in. dia.) and minimum spacing between spirals is 1 in. (25.4 mm). Spacing should not
exceed 4 in. (10.2 cm) under any circumstances. Closer spacing may be required at the
pole tip and butt segments where large radial stresses occur during load transfer from
strands to concrete.

3.1.4 Lattice towers

Lattice Transmission Towers with steel angle members are commonly used as line
support structures for heights ranging from 50 ft. to 300 ft. (15.2 m to 91.4 m) and for
spans up to 3,500 ft. (1,067 m) and more. These towers can be self-supporting or guyed,
usually with square bases. The towers are generally made of ASTM A36 or A572 Grade
50 steel members, connected by bolts (via gusset plate or direct member-to-member) or
rivets. Angle sizes and geometrical properties are listed in AISC Manuals, ASD (1989)
or LRFD (1995) or the latest combined version of the steel manual (2013).

The types of structural steel generally used on lattice towers and bolts used in
tower joints are shown in Tables A3.1a and A3.2 in Appendix 3. The commonly used
fastener specifications for latticed steel towers are ASTM A394 for bolts and A563 for
nuts (See Appendix 13). The value of “E’’, the Modulus of Elasticity of steel, is taken
as 29,000 ksi (200 GPa) for all steels. All tower bolts come with a washer, nut and a
lock nut.

In contrast to wood or steel pole design, lattice tower design is governed by
individual member behavior, often involving buckling (compression) and yielding (ten-
sion) or connection failures. Member slenderness ratios play an important role in lattice
tower analyses along with amount of restraint offered at member ends which depends
on the number of bolts (or rivets) used in the joint. Given the 3-dimensional nature of a
lattice tower, structural stability is a critical issue checked during computer modeling.
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End restraints are difficult to quantify and idealize; but are critical in defining the
slenderness ratio of the angles idealized as beam-columns. This issue will be discussed
in greater detail in Section 3.4.5.

3.1.5 Composite

Although fiberglass composite poles are becoming increasingly popular for a variety
of reasons, one product that is now increasingly used are the composite cross arms
in both transmission and distribution structures. Composite cross arms are widely
used on distribution structures, both in tangent as well as deadend applications. The
components are also integrated into PLS-POLETM library for ready use.

Composite materials in general are non-isotropic and their elastic properties vary
based on the direction and orientation of the constituent fibers with reference to applied
loads. They are also dependent on type of epoxy bonding materials used in construc-
tion. This requires that the non-isotropic nature be considered in structural analysis.
To facilitate easier analysis, some simplifications are made. One such simplification
is the use of “bulk’’ material properties which represent the global response of the
structure to a given loading. These bulk properties are determined through testing and
theoretical calculations.

Appendix A14 contains information on composite poles as well as material proper-
ties useful for computer modeling. Care must be used in adopting values for computer
models.

3.2 STRUCTURE FAMILIES

All transmission lines consist of structures mostly of the same material but of different
sizes, insulator, line angle and loading configurations. These can be grouped into a
“family’’ of structures specific for the project. Once the basic structure type (usually
tangent) has been established, the “family’’ can be set up by adding systems of other
configurations, specifically angle and deadend structures. In other words, the structure
family basically contains tangent, angle (small, medium, large) and deadend structures.

For example, if a single wood pole with horizontal post insulators is chosen as
the primary tangent structure for a specific voltage, then the extended “family’’ would
consist of the following guyed structures to complement the tangent system:

1. Small Angle Structure for line angles 0◦ to 20◦
2. Medium Angle Structure for line angles 21◦ to 45◦
3. Large Angle/Deadend Structures for line angles 46◦ to 90◦

Similarly, if a wood H-Frame with suspension insulators is chosen as the primary
tangent structure, then the extended “family’’ would consist of the following guyed
structures which complement the tangent system:

1. 3-Pole Small Angle Structure for line angles 0◦ to 20◦
2. 3-Pole Medium Angle Structure for line angles 21◦ to 45◦
3. 3-Pole Large Angle/Deadend Structures for line angles 46◦ to 90◦
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Figure 3.5 Structure Families – Based on Usage and Wire Configuration (Tangent).

PLS-POLETM contains a library of standard RUS structure families and models for
ready use. These families cover single pole systems, H-Frames and 3-pole systems for
various voltages. The structures refer to RUS/USDA Bulletin 810 (1998) up to 69 kV
and Bulletin 811 (1998) up to 230 kV. The user can also adopt a particular RUS model
as a base and modify it to suit the requirements of the project, for voltages above
230 kV.

Structure families based on usage and wire configuration are shown in Figures 3.5
and 3.6 while Figure 3.7 depicts a typical family of H-Frames wood structures designed
for various voltages up to 345 kV. Note that the footprint of the structure (i.e.) width of
ROW needed, increases with increasing voltage. Figure 3.8 shows two- and three-pole
guyed structures employed at running angles and deadends.

3.2.1 Structure models

In the US, most transmission structures are currently modeled on PLS family of pro-
grams. Models can be created to the level of detail required by the engineer. Where
available, assembly units can be directly incorporated into the model (example: stan-
dard cross arms, pole top angle, davit arms etc.). For realistic representation, the nature
of the connection of the unit to the pole must be correctly modeled. For instance, cross
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Figure 3.6 Structure Families – Based on Usage and Wire Configuration (Angle/DE).

arms are affixed to the poles of an H-Frame with through bolts, which offers partial
fixity.

If the PLS Family of programs are used, models can be created on PLS-POLETM

or TOWERTM for analysis as a single independent structure or for future export to the
PLS-CADDTM program. For the latter option, the set and phase numbers assigned to
each wire/insulator must be clearly defined.

3.2.1.1 Insulator attachment to structure

The attachment of insulators to various structures depends on the structure configura-
tion as well as material. Hardware associated with insulator connections is a function
of pole material. Also, the end fittings of the insulators depend on what type of attach-
ment is being sought. As mentioned earlier in Chapter 2, the effective length of the
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Figure 3.7 Structure Families Involving H-Frames (Courtesy Hughes Brothers).

insulator string is critical in determining the sag-clearance in the span as well as the
swing. This in turn will affect the required height of the pole/structure.

Attachment to Steel Structure: Suspension insulators are usually attached to the
structure via steel tubular davit arms (tapered) or horizontal posts. In steel H-Frames,
the insulators are typically attached via vertical vangs welded to the steel cross arm.
In sub-station structures, tubular steel cross arms are generally used to support the
deadend/terminal wire loads, in which case the vangs are horizontal. Angle and strain
insulators are attached to the pole via welded vang plates. Where moderate line angles
pose a challenge along with narrow ROW, the insulators are attached to the davit arms
via swing brackets. Horizontal posts are attached to the pole via support brackets, flat
base or gain base.

Attachment to Wood Structure: Suspension insulators are attached to the structure
via davit arms or horizontal posts. In H-Frames, the insulators are attached via proper
end fittings to the wood cross arm. Angle and strain insulators are attached to the pole
directly via eye bolts or guying tees. Where moderate line angles pose a challenge along
with a narrow ROW, the insulators are attached to the davit arms via swing brackets.
Horizontal posts are attached to the pole via support brackets, flat base or gain base.
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Small Angle

Small-Medium Angle

Medium Angle

Large Angle &
Deadend

Figure 3.8 Typical 2- and 3-Pole Guyed Structures (Courtesy: Hughes brothers).

Figures 3.9a, b and c show various insulator attachments (braced line post, cross
arm and davit arms).

Attachment to Concrete Structure: Insulator attachment to concrete is a bit more
complex than other structures since the poles are prestressed (i.e.) contain stressed ten-
dons inside the core wall. Holes to attach insulator hardware are pre-drilled carefully.
For example, insulators are usually attached to the structure via steel brackets sup-
porting horizontal posts (Figure 3.10). Angle and strain insulators are attached to the
pole via bolted tees. Where moderate line angles pose a challenge along with narrow
ROW, the insulators are attached to the davit arms via swing brackets. Horizontal
posts are attached to the pole via support brackets, usually with a gain base inclined
at 12 degree angle.

Attachment to Lattice Towers: Suspension insulators are usually attached to the
structure via proper end fittings at the ends of the lattice arms. To control insulator
swing and to maintain wire-structure surface clearances, 2-part insulators are often
used. Angle and strain insulators are attached to the tower via vangs welded at the end
of the lattice arms.
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Figure 3.9a Insulator Attachment to Structure – Braced Line Post Insulators.

Figure 3.9b Insulator Attachment to Structure – Suspension Insulators on Cross Arms.
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Figure 3.9c Insulator Attachment to Structure – Suspension Insulators on Steel Davit Arms.

Figure 3.10 Insulator Attachment to Concrete (Source: Georgia Transmission).
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The engineer is referred to various manufacturer catalogs (Ohio Brass, NGK
Locke, MacLean, Hubbell etc.) for more information on insulators, end fittings and
hardware.

Figures 3.11 to 3.13 show insulator attachment in typical structural systems.
Another situation where insulator attachment pattern is important is at locations

where the wires transition from a vertical to a horizontal configuration or vice-versa.
One example is from a vertical angle or deadend to a H-Frame. Figure 3.14 indicates
a preferred way of connecting the phases so that potential for short circuiting (phase
wire contact) is minimized.

3.2.2 Structure types

Transmission structures are divided into 4 functional categories for defining strength
requirements and based on the manner in which the wire loads are resisted
(See Figure 3.3).

Suspension or Tangent Structure: where all wires are attached to the structure
using suspension insulators and clamps not capable of resisting tension on the wires.

Strain Structure: primarily used at running angles where all wires are attached
to the structure using suspension or strain insulators and clamps where the transverse
forces resulting from wire tensions are resisted by guy wires and anchors (or an unguyed
system if steel poles are used).

Figure 3.11 Insulator Attachment to Lattice Tower.
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Figure 3.12 Insulator Attachment to H-Frame with Double Cross Arms.

Figure 3.13 Insulator Attachment to Steel Pole.
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Figure 3.14 Phasing Arrangement forVertical to Horizontal Construction.

Deadend Structure: primarily used at large angles and deadends where all wires
are attached to the structure using strain insulators and botted deadend clamps (or
compression deadend connectors) where the structure must have the ability to safely
resist a situation where all wires are broken on one side, in addition to loading from
intact wires.

Terminal Structure: where all wires are attached to the structure using strain insu-
lators on one side only. This situation usually occurs at substation frames where wires
are installed at a reduced tension on the spans coming into the substation.
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Configuration-wise, the most basic structure type is the single pole system which
is extensively employed for tangent, angle and deadend applications, in wood, steel,
concrete and composite. Apart from lattice-type systems, the only other unique
configuration popularly used is the 2-Pole H-Frame.

3.2.2.1 H-Frames

H-Frame structures are commonly used in 69 kV to 230 kV (and above) single or
double-circuit high voltage transmission lines. They are often used in situations where
spans are relatively moderate and ROW adequate. Design with H-Frames is generally
performed in terms of “Allowable Spans’’ where the maximum allowable horizontal
(and vertical) spans are determined as a function of several variables. Spans are often
limited by X-brace and cross arm strengths, insulator swings or uplift. Design is often
governed by the setting depth needed to resist lateral overturning forces in case of
unbraced structures. Wood is the predominant material in most H-Frames although
steel and composites are also being increasingly employed. Since asymmetrical bending
is often involved, factors like backfill material often control the overturning resistance
of the structure at ground line. Also, if the ratio of Vertical Span/Horizontal Span is
less than 1.0 (excessive elevation difference), then the effects of the vee/knee braces
also become predominant.

Cross Arms connect the two (or three) poles of the H-Frame and provide locations
for attaching insulators. A double cross arm is often used to resist large vertical loads
due to large spans or when the frame is a tangent deadend. Cross arm lengths range
from 12 ft. to 40 ft. (3.7 m to 12.2 m) depending on voltage, phase separation etc.

X-bracing in H-Frames helps increase the allowable horizontal spans by increasing
the structure strength. They also help in enhancing the lateral stiffness of the structure
to resist transverse deflections. Design strength of typical RUS braces ranges from
20,000 lbs to 40,000 lbs (89 kN to 178 kN) in either tension/compression. All wood
cross arms and braces used in RUS standard H-Frames are typical RUS units, defined
by the following pole separations:

69 kV − 10½ ft. (3.2 m)
115 kV − 12½ ft. (3.8 m)
161 kV − 15½ ft. (4.7 m)
230 kV − 19½ ft. (6.0 m)

The reader is referred to Example 3.6 showing situations where various H-Frame types
are chosen.

For 3-pole systems, the arm lengths vary from 25 ft. to 35 ft. (7.6 m to 10.7 m). For
other pole spacing, the axial capacity of the X-braces or minimum brace size can be
found using the catalogs from various manufacturers such as Hughes Brothers (2012).

3.2.2.2 Guyed structures

Wood structures at running angles and deadends are characterized by strain insulators
and guy wires linked to an anchor. In case of single poles (vertical angles), the guys
are usually “bi-sector’’ guys (i.e.) they are oriented along a line bisecting the line angle.
For larger 3-pole angle systems, the guys and anchors are located on either side of
the structure. Anchors can be individual (one anchor per guy wire) or combined (one
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anchor for two guy wires). At line locations where there is a change in wire tension,
in-line guying is adopted.

For poles stabilized by guy wires, the wires are considered an integral part of the
structural system. Design specifications include guy type, size, modulus of elasticity,
rated tensile strength (RTS), allowable load (often as a % of RTS), installation tension
(usually as a % of RTS) and location of attachment on pole and anchor on ground (guy
slope or angle). The recommended guy angle to pole is 45◦. Utilities specify several
sizes of storm guys for wood poles, namely, 3/8 in., 7/16 in., ½ in. etc. up to ¾ in.
(9, 11, 13 mm up to 19 mm) with ultimate tensile strengths from 10.8 kips to 58 kips
(48 kN to 258 kN), respectively.

Anchors come in a variety of sizes and configurations (single log, double log,
plate), helical screw and rock anchors. Virtually all guy-anchor systems provide means
for grounding the overhead ground wire by connecting it to the anchor and therefore
embedded in the ground.

At locations where guying at a pole is prevented for various reasons (lack of space,
for instance), the system is guyed by means of a stub pole usually installed across the
street or road. The guying here includes overhead wires from pole to stub pole and
then the anchor guys from the stub pole to the ground.

From analysis perspectives, any structural system with a cable element (i.e.) a guy
wire is predominantly a non-linear system. Therefore, such systems when analyzed on
any computer program (such as PLS-POLETM) must use the non-linear option.

3.3 STRUCTURE LOADS

Determination of analysis loads on transmission structures involves the following:

1. Wire Loads – vertical, transverse and longitudinal loads on wires due to ice, wind,
temperature

2. Structure Loads – vertical, transverse and longitudinal loads on structure due to
wires, attachments and hardware

Secondary loads include those due to P-Delta (2nd Order) effects which will be
discussed below.

3.3.1 Load cases and parameters

The weather conditions considered for structural design were discussed earlier in
Chapter 2 in Sections 2.1 and 2.4. Also, Table 2.16, Table 2.17 (a, b) and Table 2.18
contain the required load case information. Though climate-related loading parameters
were covered in Chapter 2, they are briefly summarized here.

Wind: Wind pressure on transmission structures is defined as force resulting from
exposure of structure surface to wind. These surfaces include both the surface of the
wires as well as structural system (steel or wood or concrete poles or lattice towers).

Radial Ice: This is the thickness of ice applied about the circumference of con-
ductors and ground wires. In routine transmission line design, ice is only applied to
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conductors and ground wires but not to the surface of the structure, insulators and
other hardware.

Temperature: This is a design parameter needed for calculating conductor and
static wire sags and tensions. For example: Maximum sags (and corresponding clear-
ances) are often evaluated at a conductor temperature of 100◦C (212◦F) for ACSR
wires. Uplift situations are generally referred to a “cold weather case’’ for low
temperatures in the range of 0◦F to –20◦F.

3.3.2 Load and strength factors

The Load and Strength (Reduction) Factors – from both NESC and RUS – are given
earlier in Chapter 2 in Section 2.4.4 and in Tables 2.15a, 2.15b, and 2.15c.

3.3.3 Point loads

Transverse Load: This load is defined as force or pressure acting perpendicular to
the direction of the line. For tangent structures, wind forces are usually applied as
transverse loads on the structures. In angle structures and deadends located in angles,
the transverse direction is parallel to the bi-sector of the line angle and the component
of the wire tension acts in the transverse direction. All transverse loads are usually
factored (i.e.) contain applicable Load Factors.

Vertical Load: This load is defined as force acting vertically due to gravity. For
all structures, vertical forces usually include factored weight of wires (iced and non-
iced), insulators and hardware, along with the weight of various components defining
the system. All vertical loads are multiplied by a specified load factor to obtain the
design load. Uplift loads, which occur due to uneven terrain and cold temperatures,
are another form of vertical loads, acting against gravity.

Longitudinal Load: This load is defined as force or pressure acting parallel to the
direction of the line. In angle structures and deadends located in angles, the longitudinal
direction is perpendicular to the bi-sector of the line angle and the component of the
wire tension acts in the longitudinal direction. For deadends located in zero line angles,
with wires on one side, this load is simply the wire tension with the appropriate tension
load factor.

Figure 3.15 shows the wire scheme used to illustrate the calculation of point loads
V, T and L for various line angles. The loads are computed with the equations given
below:

Total Vertical V (lbs.) = {[(2 ∗ tri + dw)2 − d2
w] ∗ 0.3109 + wbw} ∗ LFv ∗ Swt (3.2a)

Total Transverse T (lbs.) = (2 ∗ tri + dw) ∗ Swd ∗
(

pw

12

)
∗ LFt + 2 sin

(
θ

2

)
∗ Tw ∗ LFwt

(3.2b)

Longitudinal L (lbs.) = cos
(

θ

2

)
∗ Tw ∗ LFwt + cos

(
θ

2

)
∗ (−Tw) ∗ LFwt (3.2c)

where:
tri = thickness of radial ice on wire (in)
dw = diameter of bare wire (in)
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Figure 3.15 Calculation of Wire Loads.

wbw = weight of bare wire (no ice) (plf.)
LFv = load factor for vertical load
LFt = load factor for transverse load (wind)
LFwt = load factor for wire tension
Swt = weight or vertical span (ft.)
Swd = wind or horizontal span (ft.)
Tw = wire Tension for the load case (lbs.)
θ = line angle (deg.)
pw = wind pressure on wire (psf.)

Note that the equation for vertical loads includes weight of glazed ice at 57 pcf
(8.95 kN/m3). For a case where line angle is zero, the equations reduce to the situation
of a perfect tangent structure. The values obtained from these formulae depend on
the parameters related to that specific load case. For example, for extreme wind case,
all load factors are usually 1.0. Also, some utilities add the weight of workers to the
vertical load component to account for construction-related loads.
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The following Examples 3.2 and 3.2a illustrate the process of calculating point
loads and ground line moments for an unguyed deadend pole.

Example 3.2

For the 2-span system, determine the point loads due to conductor for a line angle
of 20◦ for the following situations:

(a) All Load Factors = 1.00
(b) Vertical LF = 1.50, Wind LF = 2.50 and Wire Tension LF = 1.65
(c) Determine the force in the guy wire supporting the transverse load for Case ‘b’

for a 45◦ guy angle.

Assume level ground and the following data:

Conductor tension Tw = 5,000 lbs. (22.25 kN)
Conductor diameter = 1 in. (2.54 cm)
Conductor weight = 1.0 plf. (14.59 N/m)
Wind pressure = 21 psf. (1.01 kPa)
No ice on wires. Guying is bi-sector type.

Solution:

For level ground span, with attachment points at the same elevation:

Wind span = Weight span = Average span
Average span = (500 + 600)/2 = 550 ft. (167.6 m).
Use Equations 3.2a and b.

(a) Vertical load V = (550) (1) (1) = 550 lbs. (2.45 kN)
Transverse load T = component due to wind + component due to wire tension

= (21) (550) (1/12) + (2) (Sin (10◦)) (5000)
= 2,699 lbs. (12.01 kN)
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Since the conductor tension is same in both spans, net longitudinal load L is zero.

(b) For the given load factors:
Vertical load V = (550) (1.50) = 825 lbs. (3.67 kN)
Transverse load T = component due to wind + component due to wire tension

= (2.5) (21) (550) (1/12) + (1.65) (2) (Sin (10◦)) (5000)
= 5,271 lbs. (23.46 kN)

Since the conductor tension is same in both spans, net longitudinal load L is zero.

(c) Guy force = (5271) [1/Cos (45◦)] = 5271/0.7071 = 7,455 lbs. (33.17 kN)

Example 3.2a Consider the 90◦, unguyed, single circuit, deadend transmission pole
in the figure. Wire tensions for various weather cases and their load factors have been
determined as follows (consider only cable tensions; neglect wind forces on wires and
pole):

Conductor Load Load Load
Weather/ Tension ShieldWire Factor Factor Factor
Load Case TC (lbs.) TSW (lbs.) LFV LFT LFWT

NESC Heavy 4000 3000 1.50 2.50 1.65
NESC Extreme Wind 3420 2170 1.10 1.10 1.10
Extreme Ice 7160 5170 1.10 1.10 1.10
NESC Ext. 5450 3960 1.10 1.10 1.10
Ice w/Conc. Wind
Broken Wires 4000 3000 1.10 1.10 1.10

Determine the maximum ground line moment for the pole assuming 10% moment due
to P − � effects. The span in each direction is 330 ft. (100.6 m).
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Solution:

The design ground line moment (GLM) will be determined using the factored tensions
of the wires for each load case.

Factored Factored
Conductor Shield
Tension Wire Design

Weather/Load Case TC (lbs.) TensionTSW (lbs.)

NESC Heavy 4000 × 1.65 = 6600 3000 × 1.65 = 4950
NESC Extreme Wind 3420 × 1.10 = 3760 2170 × 1.10 = 2390
Extreme Ice 7160 × 1.10 = 7880 5170 × 1.10 = 5690
NESC Ext. Ice w/ Conc. Wind 5450 × 1.10 = 6000 3960 × 1.10 = 4360
Broken Wires 4000 × 1.10 = 4400 3000 × 1.10 = 3300

Resultant tensions for various load cases:
The first four (4) are cases where all wires are intact. The last one has all wires cut on
one side of the pole.

NESC Heavy TRC = √
(66002 + 66002) = 9,333 lbs. (41.5 kN) (see Note 1)

TRSW = √
(49502 + 49502) = 7,000 lbs. (31.2 kN)

NESC Ext Wind TRC = √
(37602 + 37602) = 5,317 lbs. (23.7 kN)

TRSW = √
(23902 + 23902) = 3,380 lbs. (15.0 kN)

Extreme ice TRC = √
(78802 + 78802) = 11,145 lbs. (49.6 kN) ← CONTROLS

TRSW = √
(56902 + 56902) = 8,047 lbs. (35.8 kN) ← CONTROLS

NESC Ext. Ice TRC = √
(60002 + 60002) = 8,485 lbs. (37.8 kN)

w/Conc. Wind TRSW = √
(43602 + 43602) = 6,166 lbs. (27.4 kN)

Broken Wires TRC = √
(44002 + 02) = 4,400 lbs. (19.6 kN)

TRSW = √
(33002 + 02) = 3,300 lbs. (31.2 kN)

Extreme Ice load case governs. This case is associated with no wind, either on wires
or poles (see Table 2.17a).

Bending Moment at ground line due to resultant controlling design wire tensions is:

M = [(8,047) (70) + (11,145) (42 + 52 + 62)]/1000 = 2301.9 kip-ft. (3121.4 kN-m)
Wind on wires = 0
Wind on pole = 0
P − � Moment = (0.10) (2301.9) = 230.2 kip-ft. (312.1 kN-m)
Total GLM = 2301.9 + 230.2 = 2532 kip-ft. (3433.5 kN-m) (see Note 2)

Note 1: In Equation (3.2b), if we neglect the first component due to wind pressure,
the equation simplifies to 2 sin (90/2)(4000)(1.65) = 9,333 lbs. (41.5 kN).
Note 2: The wire tensions contribute a major component of the load on the deadend
poles. However, in real life, the reader must consider moment due to wind on wires
and wind on pole in addition to the moments associated with wire tensions.

3.3.4 Loading schedules

The various loads applied on transmission structures are specified to the manufacturers/
vendors by means of Loading Schedules (also known as Loading Trees). Here the wire
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loads – vertical, transverse and longitudinal, associated with different weather cases
and determined by various methods – are listed in a tabular form. An outline of the
structure and the insulator attachment points are also shown.

Loading Schedules (also called Loading Trees) can be determined by several means:

1. Spreadsheets (usually for tangent and angle structures on level terrains).
2. PLS-CADDTM or PLS-CADD/LITETM (for deadend and large angle structures on

uneven, rolling terrains).

These Loading Trees constitute the most important communication between the engi-
neer and the steel fabricator. Figures 3.16, 3.17 show commonly-used format of
loading schedules for tangent lattice towers and H-Frames. Figure 3.18 refers to an
angle/deadend steel pole; the loading table is left blank as an exercise for students. Only
critical load cases are generally shown on these loading schedules; other additional
cases (example: uplift case at sub-zero temperature) can be added at the discretion
of the engineer. For angles and deadends, the loads generally refer to the bi-sector
orientation (see below).

For strain and deadend structures, loading schedules often contain separate loads
for the ‘back’ and ‘ahead’ spans if requested by the fabricator. If a full PLS-CADDTM

model of a transmission line is available with all structures spotted and all wires strung,
then the load trees for each structure can be extracted in print form from the line
model in the required coordinate system. For greater control over design data, it is
often preferred to use PLS-CADD/LITETM to model each individual structure using
a bi-sector model (by importing the structure file from the project’s structure family
library). Briefly, in the bi-sector format, the transverse axis is aligned with the line
bisecting the line angle; the longitudinal axis is orthogonal to this transverse axis.
These loads thus obtained are later converted to tabular form to be inserted onto the
load schedule sheet.

With reference to Figures 3.16, 3.17 and 3.18, the loading trees include:

(a) NESC loading: Heavy (or Medium or Light), Extreme Wind, Extreme Ice with
Concurrent Wind

(b) Others: Extreme Ice, Construction
(c) Broken Wire loading: wires cut, deadends

Broken Wire cases for angle/deadend structures usually consist of broken conductor(s),
broken ground wire(s) or both, simulating a condition of unbalanced tension. For pure
deadends or failure containment structures, this implies ALL wires cut on one side.
Some utilities use a NESC Heavy weather condition for broken wires but with all load
factors equal to 1.0.

Loads due to snapped conductors

ASCE Manual 74 (2010) recommends a procedure based on Residual Static Load (RSL)
which is a final effective static tension in a wire after all the dynamic effects of a wire
breakage have subsided. This RSL is a function of Span/Sag ratio and Span/Insulator
ratio and is an unbalanced longitudinal load that acts on a support structure in a
direction away from the initiating failure event. It is applied in one direction only and
for lattice towers is given by RSL = Wire Tension ∗ Longitudinal Load Factor.
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Figure 3.16 Loading Schedule – Lattice Tower.

Figure 3.17 Loading Schedule – H-Frame.
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Figure 3.18 Loading Schedule – Angle Deadend.

RSL is generally calculated for bare wire (i.e.) no ice, no wind loading condition
at an average temperature. Effects of wind are not considered when using RSL. Some
utilities specify NESC Heavy weather condition for tensions; however, the longitudinal
load factors are generally taken as 1.0.

For a single circuit structures, unbalanced longitudinal loads can be applied at any
single conductor phase or any one ground wire support. For double circuit structures,
unbalanced longitudinal loads could be applied to any two conductor phases or one
or two ground wire supports or one conductor and one ground wire support.

3.3.5 Deflection limits

Limits on free-standing pole/structure deflections are often prescribed for various rea-
sons which include aesthetics, reducing P − � effects (see below), maintaining the
require phase clearances, maintaining conductor separation from structure surface
and other objects. Some utilities also take into account the impact of structure deflec-
tion on vertical clearance to ground, typically in case of angle structures. These limits
are defined by RUS for steel and concrete poles. Appendix 5 discusses these limitations
in detail. For routine steel pole designs, engineers often limit the pole top movement to
1% to 2% of the pole heights for normal operating conditions. Specifying low deflec-
tion limits will result in a large, stiffer and more expensive structure. In a majority
of the cases, the issue is left to the decision of the utilities and conveyed to structure
designers at the fabricator. Some utilities request the manufacturer to camber the steel
poles at angle locations so that the poles become straight and plumb after installation.
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For concrete poles, the effects of deflections are more critical than steel; but owing
to the difference in material behavior, the limits are different. ASCE Manual 123 (2012)
requires appropriate concrete modulus be used in determining elastic (pre-cracking)
and inelastic (post-crack) deflections.

For composite poles, tip deflection is a function of the materials used and the
pole geometry. FRP (fiber-reinforced polymer) materials have a very high strength-to-
stiffness ratio and often transmission poles made from such materials can be designed to
be flexible. ASCE Manual 104 (2003) provides guidance with reference to deflections
permitted in composite poles.

3.3.6 P-Delta analysis

This refers to the secondary bending effects on a transmission pole due to lateral
deflection ‘�’ of the pole due to wind or other load actions. The movement of the
vertical load application points produces small additional bending moments on the pole
to add to those produced by wire and wind loads. Computer programs for transmission
structure analysis include these effects. The exact magnitude of the secondary moments
varies from structure to structure and can be determined only as a function of the
geometry of the system. For quick manual calculations for preliminary pole sizing, it
is sometimes assumed that P-Delta (�) moments are approximately 10% of the total
moment on the pole.

ASCE Manual 111 (2006) uses the Gere-Carter Method for estimating these
P − � loads for tapered poles. This method, in general, is conservative than other
sophisticated methods such as the finite element analysis approach.

3.4 STRUCTURAL ANALYSIS

This section deals with the theoretical basis for analysis procedures for various trans-
mission structure forms and types. Computer programs such as PLS-POLETM and
TOWERTM are generally employed by most utilities; some utilities also have their own
in-house programs for structural analysis, in addition to general purpose finite element
programs. However, it is important to understand the underlying basis and limitations
of these programs. The basics of analysis of various systems will be illustrated below.
Equations governing design checks will be covered in Section 3.5.

3.4.1 Single tangent poles

The analysis of single, unguyed poles is governed by bending. The controlling flexural
stress in the tangent pole is a result of the effects of factored transverse and vertical
loading on the structure.

Selection of the appropriate wood, concrete, steel or composite pole for a given
design bending situation is also possible in other ways:

(a) Specifying the ultimate lateral load that can be applied 2 ft. below the pole tip
(b) Specifying the loading tree and load cases from which the manufacturer can

deduce the size of pole needed (concrete, composite and steel only)
(c) Specifying the maximum horizontal wire span the pole can resist for a given

conductor/ground wire/loading configuration (Allowable Spans)
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3.4.2 H-Frames

Section 13.5 of the RUS Bulletin 200 (2015) gives the governing design formulae for
various wood H-Frame configurations. The equations are based on critical points of
flexure at specified pole locations. Structure strength, expressed in allowable spans,
refers to these points. The most general H-Frame assembly often encountered in prac-
tice is the braced frame shown below. The labels are self-explanatory; C is at the
location of point of contraflexure (point where bending moment changes its sign) and
G is the ground line.

Governing Equations for Analysis.

The point of contraflexure is calculated using the following equation:

x0/x = CG (2 CG + CD)/2 (C2
G + CGCD + C2

D) (3.3a)

where:
x0 = distance of C to ground line
x = distance from ground line to D
CG = circumference of pole at ground line
CD = circumference of pole at brace location

For general H-Frame assemblies, the ratio of x0/x varies from 0.55 to 0.70.
Equations for limiting horizontal spans (HS) are as shown below:

Horizontal Span: Limited by Pole Strength at ‘B’

HSB = {[ϕMB] − [LF ∗ q ∗ y2
1 ∗ (2dt + dB)/6]}/(LF ∗ pg ∗ y1) (3.3b)

Horizontal Span: Limited by Pole Strength at ‘E’

HSE = {[ϕME] − [LF ∗ q ∗ y2 ∗ (2dt + dE)/6]}/½(LF ∗ pt ∗ y0) (3.3c)

Horizontal Span: Limited by Pole Strength at ‘D’

HSD = {[ϕMD] − [LF ∗ q ∗ (h − x0) ∗ (x1) ∗ (dt + dC)/2]}/½(LF ∗ pt ∗ x1) (3.3d)

Horizontal Span: Limited by Pole Strength at ‘G’

HSG = {[ϕMG] − [LF ∗ q ∗ (h − x0) ∗ (x0) ∗ (dt + dC)/2]}/½(LF ∗ pt ∗ x0) (3.3e)

Horizontal Span: Limited by X-Brace Strength

HSX = {[ϕ ∗ XBS ∗ b] − [2 ∗ LF ∗ q ∗ (h − x0)2 ∗ (2dt + dC)/6]}/(LF ∗ pt ∗ h2)

(3.3f)

Horizontal Span: Limited by Uplift

HS pt h2 − VS wgb − 1.5 VS wcb = W1b + Wpb + X − Y (3.3g)

Horizontal Span: Limited by Bearing

HS pt h2 + VS wgb + 1.5 VS wcb = W2b − Wpb + X − Y + W1b (3.3h)

where:
ϕ = Strength Factor
Mn = Bending Moment at Location “n’’, n = B,E,D,G (lb-ft.)
W1 = π Fsf De dave/FS (lbs.)
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W2 = (1/4)πd2
bt(Qu)/FS (lbs.)

Wp = Weight of Pole (lbs.)
Qu = Ultimate Bearing Resistance of Soil (psf.)
b = pole spacing (ft.)
pt = Total Horizontal Force per unit length due to

Wind on Conductors and Ground Wire (plf.) (plf.)
pt = 3pc + 2pg or 3pc + pg + pf (plf.)
Pt = (HS) (3pc + 2pg) or (HS) (3pc + pg + pf ) (lbs.)
X = q(h − x0)(dt + dC)x0

Y = 2qh2(2dt + dG)/6
Fsf = Ultimate Skin Friction Resistance of Soil (psf.)
De = Depth of Embedment of Pole (ft.)
dave = Average Pole Diameter below ground level (ft.)
pc = Wind Load per foot of Conductors (plf.)
pg = Wind Load per foot of Overhead Ground wire (plf.)
wc = Weight per foot of Conductor (plf.)
Wg = Weight per foot of Overhead Ground Wire (plf.)
pf = Wind Load per foot of Fiber Optic Wires (plf.)
q = Wind Pressure (psf.)
h = Height of Structure above ground (ft.)
h1 = Height to load Pt from ground (ft.)
h2 = Height to load Pt from point C (ft.)
dt = Pole Diameter at Top (ft.)
dbt = Pole Diameter at Butt (ft.)
dG = Pole Diameter at Ground Line (ft.)
dn = Pole Diameter at Location “n’’, n = B,E,D,C,G (ft.)
FS = Factor of Safety
LF = Load Factor
x1 = distance between C and D (ft.)
y0 = Distance from E to Pt (ft.)
y1 = Distance from pole top to cross arm (ft.)
y = Distance of point E from pole top (ft.)
XBS = Strength of X-Brace in compression (lbs.)
HS = Horizontal Span (ft.)
VS = Vertical Span (ft.)

For definitions of various items, refer to Figure 3.19.

3.4.3 Angle structures

The behavior of single-pole and three-pole guyed running angle structures is basically
governed by interaction of guys and anchors and the design tensions transferred to
the guy wires due to the line angles. For systems with multiple guy wires, it is also
required to check buckling of the poles since the vertical component of the guy forces
act on the poles axially. A typical guying guide is shown in later in Chapter 5 (see
Figure 5.7); spreadsheets can be developed to calculate the allowable spans of a given
pole-wire-guy-anchor system.
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Figure 3.19 H-Frame Parameters (Source: RUS/USDA).

3.4.4 Deadends

The behavior of single-pole guyed angle/deadend structures is also governed by inter-
action of guys and anchors and the line design tensions transferred to the guy wires
due to the line angles. One additional load is the component of the guy force trans-
ferred to the pole axially. Therefore, for systems with multiple guy wires, it is also
required to check buckling of the poles.

If the structure has more wire (conductor + shieldwire) attachments than guy
wires, and the highest guy wire attachment is below the lower-most wire, then the
pole needs to be analyzed and checked for both bending and buckling. However, if the
structure has the same number of wires and guy wires, and the wire and guy wire attach-
ments are more or less at the same elevation, then the pole just need to be checked for
buckling.

3.4.4.1 Wood pole buckling

Guyed angle and deadend poles, in addition to conductor and equipment weights, also
carry vertical (axial) components of guy tensions. This axial force is directly dependent
on the number of guy wires supporting the pole. Unlike concrete poles, wood poles are
not strong in compression and are susceptible for buckling. Therefore, the buckling
strength of guyed wood poles must be checked.

The RUS Bulletin 153 (2001) provides an equation for the critical vertical column
load Pcr (in pounds) that can be imposed on a wood pole. The equation is derived from
the theory of tapered columns.

Pcr = π EA2/Fv Ka(Ku ∗ Hgb)2 (3.4)
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where:
E = modulus of elasticity of wood (psi)
A = cross sectional area of the pole at 2/3 of the distance from the ground line to the

bottom-most guy attachment (in2)
= ( 0.25

π

) ∗ [{(Cb − Ct)(Hp − 0.667 ∗ Hgb)/(Lp − Lb)} + Ct]2

Ka = conversion constant (576/ft2)
Hgb = Height of bottom-most guy attachment from ground (ft.)
Ku = un-braced length coefficient (0.7 for bisector guying and 2.0 for deadend guying)
Fv = Factor of Safety = 1.50 (minimum)
Cb = Circumference of Pole at 6 ft. from the butt (in.)
Ct = Circumference of Pole at top (in.)
Hp = Pole height above ground (ft.)
Lb = ANSI point to Bottom of Pole (6 ft.)
Lp = Total Pole Length (ft.)

The most common wood pole buckling equation is however the one proposed by
Gere and Carter (1962).

Pcr = PA P∗ (3.5a)

P∗ = (dg/da)α (3.5b)

where:
Pcr = critical load for a tapered column with circular cross section (lbs)
PA = π2EIA/4L2 for Fixed-Free Column with α = 2.7

= 2π2EIA/L2 for Fixed-Pinned Column with α = 2.0
= π2EIA/L2 for Pinned-Pinned Column with α = 2.0

P∗ = a multiplier depending on end conditions
E = modulus of elasticity (psi)
IA = moment of Inertia at guy attachment (in4)
dg = diameter at ground line (in.)
da = diameter at point of guy attachment (in.)
L = distance from ground line to point of guy attachment (in.)

When using the Gere-Carter formula for NESC District loads with load factors,
strength factors between 0.50 and 0.65 are recommended. This gives a net safety
factor of 3.3 to 2.5. For extreme wind loads, strength factors between 0.50 and 0.65
are suggested giving a net safety factor of 2.0 to 1.50. For full deadends, a much lower
strength factor is recommended. Programs such as PLS-POLETM conduct buckling
checks automatically while performing a non-linear structural analysis.

3.4.5 Lattice towers

Utilities impose rigorous design requirements on lattice towers for bigger safety margins
under severe structural and environmental loadings. The goal is to see that no tower
member suffers permanent, inelastic deformation and that foundations are capable of
sustaining imposed compressive and uplift forces. While suspension (tangent) towers
are relatively easier to design, towers used at angles and deadends demand higher
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strength. At deadends, one of the design conditions is the broken wire case (i.e.) all
wires cut on one side of the tower, creating a highly imbalanced loading situation.

Lattice towers are generally analyzed as 3-dimensional space trusses made up of
steel angle members connected by bolts. The members carry compressive or tensile
loads; therefore effective slenderness ratio kL/r governs design in most cases. The fol-
lowing slenderness limits are usually adopted for towers:

Legs ≤ 150
Others ≤ 200
Redundant ≤ 250
Tension only ≤ 500

where:
L = length of the member
k = slenderness factor depending on restraint at the ends
r = radius of gyration of angle member about one of the axes

3.4.5.1 End restraints

The primary consideration in the design of individual members in a lattice tower is
the amount and type of restraint offered by the bolted connections at the member
ends. Increasing the number of bolts at an end will always increase the amount of
rotational restraint; and increasing restraint will lessen the effects of load eccentricity.
The relationship between end restraint and eccentricity is qualitatively understood; but
it is very difficult to mathematically quantify the actual joint stiffness in 3-dimensional
space.

Some simple assumptions may be used in routine designs without sacrificing accu-
racy. A single bolt is considered as a hinge not offering any restraint; 2 bolts offer partial
restraint and any joint with 3 bolts and above approaches full fixity. This idealization
can help determine the appropriate slenderness ratios of members. The other consider-
ation is whether the angle member is connected by one leg or both legs. Obviously, an
angle bolted on both the legs is doubly restrained against rotation and thereby negate
the effects of eccentricity of load. Main leg members of a tower are a good example of
this situation.

To ensure integrity of connections and prevent tear-outs, minimum end and edge
distance – along and perpendicular to the line of force in an angle – must be maintained.
Figure 3.20 shows the definitions of end, edge and gauge distances (e, f, g1 and g2,
respectively) and bolt spacing ‘s’ associated with typical lattice tower angles.

3.4.5.2 Crossing diagonals

Almost all transmission towers contain crossing diagonals – X-type members – with
a bolt in the middle. Structurally, these diagonals are part of a tension-compression
system where a crossing tension member provides out-of-plane bracing support for the
compression member. This support helps in reducing the effective buckling length for
the compression member but is dependent on the load level in the tension diagonal.
Programs such as TOWERTM contain various provisions to define such diagonals.
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Figure 3.20 End, Edge, Gage Distance and Bolt Spacing.
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3.4.6 Substation structures

Outdoor electrical substations and switchyards are a collection of various equipment,
structures and components where electrical energy (typically high voltage) is modified.
These substation structures support above grade items such as switches, circuit break-
ers, insulators, arresters, rigid bus and transformers. In the USA, analysis and design
of substation systems is governed by ASCE Substation Structure Design Guide 113
(2008), RUS Bulletin 300 (2001) for rural systems and IEEE Standard 693 (2005).

Substation structures are essentially classified into three types, based on function:

Line Support Structures (LSS) – These are also called take-off or strain structures,
deadend or line termination structures and internal strain bus. These can be single or
multi-bay, truss or steel pole type. Major forces sustained are conductor and ground
wire tensions (full or slack) and wind. LSS are critical components of a substation
and are designed to withstand large stresses although on a non-catastrophic failure
basis.

Equipment Support Structures (ESS) – These are switch stands, bus support stands,
lightning arrestor stands, and line trap stands etc. ESS are designed mainly as ver-
tical cantilever beams for short circuit forces and wind. Stresses rarely control but
deflections must be checked.

Distribution Structures – Intended for low voltage applications, these are mostly com-
prised of steel beams and columns (truss or tube), may have multiple bays but are
usually one-bay wide. They support switches and other equipment and are designed
for rigidity at equipment location.

Structural profile configurations in substations basically fall under three types: Lat-
tice, Solid and Semi-Solid. Lattice-type systems consist of steel angles framing into
a box truss, both vertically and horizontally. Solid-type systems are made of wide
flange shapes, pipes, round or tapered poles or rectangular tubes. Connections are
either bolted or welded. Solid- type configurations are widely used for LSS, in either
an A-Frame setup or single pole. Cross arms may be square or rectangular tubes or
round/tapered polygonal members. Semi-solid types are made from wide-flange shapes
or pipes as main members and use steel angles as braces in-between.

Design loads depend on whether they are intended for LSS or ESS. All LSS and
their components, however, must withstand stresses induced by factored loads. For
LSS, design loading is similar to that of a transmission line structures. Load Factors
(LF) are specified for vertical (V), wind (W) and wire tension (T) forces. For ESS, design
loading includes all applicable wind, ice, short circuit and dead loads; wind plus short
circuit loads, however, produce maximum stresses. Ice is not expected to control design.
Since all loads contain load factors, Ultimate Strength Design (or USD) is appropriate
for LSS. Stiffness is an important requirement for ESS and the goal is to limit deflection
under wind. Sections a bit larger than necessary are usually specified. Allowable Stress
Design (ASD) is appropriate for ESS, while conforming to NEMA-SG6 (2006) rules,
per RUS Bulletin 300.

3.4.6.1 Seismic considerations

Seismic analysis may be necessary at places with high earthquake risk. Seismic loads are
generally considered as environmental load situations and are not combined with ice
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or wind loads, but may be combined with short circuit loading or operational loading.
Substation structures are divided into four types with references to seismic loading:

ST1 Single- or Multi-bay Rack (not supporting equipment)
ST2 Single- or Multi-bay Rack (supporting equipment and conductors)
ST3 Rigid Isolated Support (supporting equipment)
ST4 Flexible Isolated Support (supporting equipment)

ST3 and ST4, in voltage classes higher than 121 kV, and within seismic zones 3 and 4,
should be designed as per IEEE 693. For other types of structures and situations, design
procedures are outlined in ASCE Substation Guide 113.

3.4.6.2 Deflection considerations

In addition to stresses, deflection limitations are imposed on ESS. Excessive movement
or rotation of substation structures and components can affect mechanical/electrical
operation of the equipment, reduce clearances, induce stresses in insulators/connectors
etc. Disconnect switches are highly sensitive to deflections but overhead line dead-
ends are not. Lattice-type systems, and A-Frames with solid sections, do not present
any deflection problems. ASCE Guide 113 defines the following classes of substation
structures for deflection purposes:

Class A – support equipment with mechanical mechanisms where structure
deflection could impair or prevent proper operation.
Examples: group switches, vertical switches, ground switches, circuit breaker
supports and circuit interrupters.

Class B – support equipment without mechanical components but where excessive
structure deflection could result in compromised phase-to-phase or phase-to-
ground clearances, stresses in equipment, fittings or bus.
Examples: support structures for rigid bus, surge arresters, metering devices,
power transformers, hot-stick switches and fuses.

Class C – support equipment relatively insensitive to deflection or stand-alone
structures that do not carry any equipment.
Examples: support structures for flexible bus, masts for lightning shielding, dead-
end structures for incoming transmission lines. SG-6 does not give any specific
limits but deflections here refer to limiting P − � stresses.

Multiple Class – Combination of any above classes

Tables 3.2, 3.3 and 3.4 show the basic load conditions, load cases for ultimate strength
design (USD) and deflection limits for substation structures. Figure 3.21 from ASCE
Guide 113 defines various structure classes and spans graphically for determining
deflections.

Substation structures have a wide range of ground line reactions due to applied
forces and therefore a wide variety of foundation types. These include drilled shafts,
spread footings and slabs on grade, among others. Drilled shafts are typically used
for LSS and steel poles while spread footings are used for circuit breakers and small
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Table 3.2 Basic Loading Conditions – Substation Structures.

Wire Loaded Switch and Other
Loading Substation Interruption Rigid Bus Equipment
Condition Structures Supports Supports Supports

NESC* YES NO NO NO
Extreme Wind YES YES YES YES
Combined Ice and Wind YES YES YES YES
Earthquake YES YES YES YES
Short Circuit NO YES YES NO**
Construction YES YES YES YES
and Maintenance
Equipment Operation NO YES NO YES
Deflection YES YES YES YES

(with permission from ASCE).
∗Local Codes, such as GO-95, may also be applicable.
∗∗Engineer shall determine if this load effect is significant.

Table 3.3 Ultimate Strength Design Cases and Load Factors – Substation Structure.

Load Case Load Factors and Combinations

1 1.1 D + 1.2 W IFW + 0.75 SC + 1.1 TW
2 1.1 D + 1.2 IW IFI

∗ + 1.2 WI IFIW
∗∗ + 0.75 SC + 1.1 TW

3 1.1 D + 1.0 SC + 1.1 TW
4 1.1 D + 1.25 E (or EFS) IFE + 0.75 SC + 1.1 TW

(with permission from ASCE).
∗The importance factor for ice is applied to the thickness.
∗∗The importance factor for wind with ice IFIW is 1.0.

D = structure and wire dead load
W = extreme wind load
WI = wind load in combination with ice
IW = ice load in combination with wind
E = earthquake load, FE (without IFW)
EFS = earthquake load reactions from first support imposed on the rest of the structure (without IFW)
TW = horizontal wire tension
SC = short circuit load
IF = importance factors
IFW,IFI = importance factors for wind and ice loads
Earthquake Load FE = (Sa/R) Wd (IFE) (IMV) applied at center of gravity of structure
R = structure response modification factor, a function of structural system

(e.g.: cantilever = 2.0)
IFE = importance factor for earthquake loads
Wd = dead load
Sa = spectral response acceleration
IMV = 1.0 for single mode behavior

= 1.5 for multiple vibration modes

transformers. Heavy oil-filled transformers need slab-on-grade footings which are gen-
erally designed not to exceed the allowable bearing pressure at site as determined by
the Geotechnical engineer.

If frost is present at substation location, then spread footings must be seated below
frost depth or a minimum of 12 in. (30.5 cm), whichever is maximum. Design loads
on most footings include axial compression, uplift, bending and shear. Most utilities
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Table 3.4 Deflection Limitations.

Maximum Structure Deflection as Ratio of Span Length

Structure Class

Member Direction of Deflection Class A Class B Class C

Horizontal* Vertical 1/200 1/200 1/100
Horizontal* Horizontal 1/200 1/100 1/100
Vertical** Horizontal 1/100 1/100 1/50

(with permission from ASCE).
∗Spans for horizontal members should be clear span between vertical supports; for cantilever beams, the distance to the
nearest vertical support.
∗∗Spans for vertical members should be vertical distance from foundation to point under consideration.

adopt the Ultimate Strength Design philosophy for structural design of foundations,
often nominally increasing the ultimate reactions by 10% or so for additional margin
of safety.

RUS recommends that soil borings be taken at critical locations (i.e.) deadend
structures and heavy transformers. Bearing capacity, ground water level and other soil
parameters must be determined. Possibility of differential settlement in silts and silty
sands must be checked.

3.4.7 Special structures

Special situations in transmission lines arise at locations such as river crossings, storm
structures and air break switches. These are discussed briefly below.

3.4.7.1 Anti-cascade structures

Overhead Transmission Lines often face extreme events such as severe ice or wind
loads, which damage line sections and affect power supply to customers. Even when
the best design criteria are employed, there is always a risk to overhead lines when
extreme wind or ice storms exceed the design criteria. This damage can occur in poles
or supporting structures, insulators or guy wires, depending on the weakest point.
Utilities must therefore consider the possibilities of severe wind storms and icing while
planning for High Voltage Lines.

Some approaches to limiting the impact of ice and wind loads on overhead lines
include:

a) Better forecasting of maximum wind and ice loads
b) Careful design approaches to minimize the risk of failures, while simultaneously

reducing the potential consequences of such events

One preferred way of reducing the chance of several miles of cascading line collapse
(domino effect) is to install an in-line or tangent deadend or storm structure at chosen
locations. Mitigation approaches also include strengthening existing deadends at crit-
ical locations by adding or using stronger guy wires and strain insulators along with
better hardware.
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Figure 3.21 Substation Structures – Classes for Deflections (with permission from ASCE).
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Figure 3.22 Anti-Cascade Structures.

Storm or damage mitigation structures are typically installed every 4 to 5 miles
of a transmission line. Theoretical structure configuration is that of a guyed in-line
deadend. This means, even if one section of the line is damaged, the other remains
intact. The structure introduced in the line to prevent cascading failures is known as
“Anti-Cascade Structure’’ or ACS. Figure 3.22 shows typical anti-cascade structure
locations on a transmission line.

3.4.7.2 Long span systems

Figure 3.23 shows typical river crossing structures in a transmission line. Long span
designs are very rare and make complex demands on various design-related items such
as loadings, wire strengths and foundations as well as regulatory and environmental
impacts. The design criteria fall outside the normal scope used on other routine cases;
long spans mean much larger loads, larger tensions, increased scope for Aeolian vibra-
tion and larger foundation loads, not to mention custom design and installation of
dampers on all wires. Galloping checks are therefore an important means of accepting
a particular conductor or ground wire.

Not all conductors are amenable to a long span situation and special wires may
be needed in the span. Special wires in turn demand special attachment hardware
and handling. It is also difficult to choose an optimum optical ground wire given the
demand for large tensions. The structures themselves at each end of the river (long)
span are much taller than the others, requiring transition structures to gradually reduce
the height to normal levels. It is common to design these transition structures as a full
deadend capable of resisting either large tensions from the special wires or unbalanced
tensions due to wire changes at the transition points.
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Figure 3.23 Long Span River Crossing Structures.

Constructability, including access to large construction vehicles, is a very impor-
tant issue after design. Communities living within the vicinity of such large structures
often are known to express public opposition, mostly based on aesthetics. Other
impediments include special markers, lighting beacons and height constraints if located
within the proximity of an airport.

3.4.7.3 Air-break switches

Two-way and three-way phase-over-phase (vertical) and low-profile horizontal phase
configuration switches are designed specifically for switching applications on transmis-
sion lines. They provide economical sectionalizing, and tap and tie switching points for
circuit control. These phase-over-phase switches can be mounted on a single pole, min-
imizing ROW requirements. Installation on a single pole significantly reduces costs of
land and equipment that a conventional switching substation requires. Switches rated
69 kV and below can be mounted on any suitable structure; for 115 kV and above,
they need laminated wood, steel or concrete poles. For side-break style switches, the
operating effort to open and close the switch is minimal even at high voltages.

Figure 3.24 shows a steel pole- mounted three-way air break switch (the framing
drawing of a 161 kV switch structure is shown later in Section 3.5.3.5). Analysis and
design of switch structures is a specialized process. Briefly, the structures are designed as
3-way deadends with the third wire usually a slack span into another line or substation.
Deflection is one of the design criteria and guying is often used for laminated wood
poles, especially in the slack span plane.
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Figure 3.24 Air Break Switch.

3.4.7.4 Line crossings

Figure 3.25 shows a situation where one line crosses another. Crossing clearances are
defined on the assumption that the upper circuit is of higher voltage. In most cases, the
lower line is a distribution (or another transmission) circuit. Depending on the voltages
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Figure 3.25 Line Crossings.

involved, this situation demands taller structures due to extra clearance required. A
special case arises when the two lines are owned by different utilities. Both the RUS
Bulletin 200 and NESC provide guidance for wire and structure clearances for all these
cases.

3.5 STRUCTURE DESIGN

The actual design of a transmission structure not only involves checking the strength
and suitability of various components, but also ensuring that all materials and com-
ponents meet the requirements of the governing standards or codes. Important items
such as grounding are also a part of final structure design configuration and are briefly
reviewed.

3.5.1 Strength checks

The following sections cover code-mandated design checks for wood poles, steel poles,
lattice towers, concrete and composite poles. Formulae given in this section refer mostly
to U.S. codes. Comparable equations from other codes are listed in Appendix 15.

3.5.1.1 Wood poles

The behavior of wood poles used as transmission structures is more complex than steel
poles. The basic difference is in the material: wood is orthotropic with low flexural
strength. Wood poles are generally sized for normal stresses due to bending and axial
loads. A variety of other factors including moisture content, effect of bolt holes, defects
and environmental deterioration etc. are also often considered.
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The equations for computing the pole section moment capacity at a given
elevation are:

Ultimate Moment Capacity Mu = S ∗ MOR (3.6a)

Allowable Moment Capacity Ma = ϕ ∗ S ∗ MOR (3.6b)

Structure Strength Usage (fa + fb)/(MOR ∗ ϕ) (3.6c)

where:
ϕ = Strength Factor
S = Section Modulus = πd3/32
d = diameter of pole
fa = axial stress in pole
fb = bending stress in pole
MOR = Designated Fiber Stress or Modulus of Rupture (psi)

If the pole is checked per ANSI O5.1, then pole usage must also be calculated at
each segment along the pole length with the MOR adjusted for height.

Wood pole grounding

The grounding of a wood pole begins at the pole top where the copper grounding wire
is attached to the overhead ground or shield wire with a clamp. From that location, the
grounding wire continues down the length of the pole, with down lead clamps every
12 in. (30.5 cm) intervals, and to a ground rod that is installed at a given distance from
the pole. The grounding wire is run 18 in. (45.7 cm) below the ground and clamped to
the rod. RUS Specifications 810 and 811 (1998) provides another way of grounding
wood poles by using a butt wrap where the grounding wire from the pole top travels
all the way down the pole and is wrapped in 3 or 4 rounds near the butt of the pole.
For H-Frame type wood structures, the same grounding process is applied at both the
poles. For additional information on several other methods of H-Frame grounding,
the reader is referred to the above mentioned RUS Bulletins.

The grounding of a guyed wood pole depends on whether the shield wire is guyed
or unguyed. If it is unguyed, then the procedure for a regular wood pole is adopted.
If the shield wire is guyed, the grounding wire is clamped to the shield wire, and then
bonded to the guy wire. The guy at the shield wire location then becomes the ground
wire and the anchor acts as a ground rod. For additional information on other methods
of guyed pole grounding, the reader is referred to the above mentioned RUS Bulletins.

The detail drawings given at the end of this Chapter shows several grounding
techniques for wood poles.

Examples 3.3, 3.4, 3.5, 3.6, 3.7 and 3.8 given below illustrate various concepts
associated with wood pole design, namely, selection of pole class, buckling, selection
of H-Frames and allowable spans for H-Frames and single poles.

Example 3.3 A 55 ft. (16.76 m) Class 1 Douglas Fir (DF) wood pole shown below is
subject to transverse loads from a 4-wire distribution circuit (3 phases and 1 neutral).
Each load is 500 lbs. (2.23 kN). Assume 18 psf. (Extreme Wind) and neglect moments
due to vertical loads. Assume P-Delta effects of 10% and that center of gravity of pole
at half the height above ground. RUS Standards apply. Is Class 1 adequate?
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Solution:

The pole stands 47.5 ft. (14.48 m) above the ground and embedded 7.5 ft. (2.29 m)
into the ground.

Properties of Class 1 DF pole from pole tables:

dt = 8.6 in. (21.6 cm) (Table A2.4)
dGL = 14.6 in. (37.1 cm)
Moment due to wire loads = (4) (500)*(47.5 − 5)/1000 = 85 kip-ft. (115.26 kN-m)
Moment due to wind on pole = (18) (47.5) [(8.6 + 14.6)/(2)(12)](47.5/2)/1000 =

19.63 kip-ft. (26.6 kN-m)
(with pole CG assumed approximately at half pole height above ground. Exact value
can be computed using a trapezium shape for the pole).
Total Moment applied at GL = 85 + 19.63 = 104.63 kip-ft. (141.88 kN-m)
Add 10% second order effects: 104.63 + 10.46 = 115.1 kip-ft. (156.1 kN-m)
Ultimate capacity of a Class 1 DF pole can be calculated using pole classes,

Appendix 2, Table A2.1 as: (47.5−2) (4500)/1000 = 204.75 kip-ft. (277.6 kN-m)
Strength Reduction factor = 0.75 (for Extreme Wind; Table 2.15a and Load

Factor of 1.0)
Available Capacity = (0.75) (204.75) = 153.6 kip-ft. (208.2 kN-m) > 115.1 kip-ft.
Therefore Pole is adequate.

Note: Extreme Wind load case is not required for poles shorter than 60 ft. (18.3 m)
above ground per NESC. However, RUS requires all poles be checked for this load
case regardless of height.

Example 3.4 Consider the following pole situation. Assume an Extreme Wind pres-
sure of 21 psf. (1.0 kPa) and 8% second order effects. Determine the most suitable
wood pole class. Note the incline (gain base) at the horizontal post insulators. Use
Strength Factor for High Wind = 0.75 and Load Factor of 1.0.
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Solution:

The pole is 47.5 ft. above ground.
Moment due to vertical loads MVL = [(300) (½) + (3)(1000) (3)]/1000 = 9.15 kip-ft.

(12.41 kN-m)
Moment due to horizontal loads MHL = (500) (47.5/1000) + (2000)([(41.5 + 1) +

(33.5 + 1) + (25.5 + 1)])/1000 = 230.75 kip-ft. (312.9 kN-m)
Pole size not given; so assume Class H2 Douglas Fir (DF) pole
Pole diameter at top = 9.9 in. (25.1 cm)
Pole diameter at GL = 16.35 in. (41.5 cm)
Average diameter from GL to top = (9.9 + 16.35)/2 = 13.1 in. (33.3 cm)
Moment due to wind on pole MWP = (21) (47.5) (13.1/12) (47.5/2) (1/1000) =

25.9 kip-ft. (35.1 kN-m)
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(with pole CG assumed approximately at half pole height above ground. Exact value
can be computed using a trapezium shape for the pole).

Total moment due to wire and wind loads = 9.15 + 230.75 + 25.9 = 265.8 kip-ft.
(360.4 kN-m)

P-Delta secondary effects = 8% of total moment = (0.08) (265.8) = 21.3 kip-ft.
(28.8 kN-m)

Total applied moment = 265.8 + 21.3 = 287.1 kip-ft. (389.3 kN-m)
Strength Factor = 0.75
Required lateral load capacity for determining pole class = (287.1) (1000/[(47.5-2)

(0.75)] = 8,413 lbs. (37.4 kN)
Lateral Load rating for Class H4 = 8,700 lbs. (Appendix 2, Table A2.1)
USE 55 ft. Class H4.
(The student should re-check pole strength with the revised pole diameter of a H4 pole).

Note: Extreme Wind load case is not required for poles shorter than 60 ft. (18.3 m)
above ground per NESC. However, RUS requires all poles be checked for this load
case regardless of height.

Example 3.5 Determine the ultimate buckling capacity of the multi-guyed wood
pole system for the 90 deg. DDE (double deadend) guying configuration. Use the
Gere-Carter formula. The pole is guyed in both planes and all guys are inclined to the
pole at 45◦ angle. Other data is as follows:

E = 1800 ksi (12.4 GPa)
Spacing between phase wires = 10 ft. (3.05 m)
Distance from lowest phase to ground L = 46 ft. (14 m)
Pole top diameter = 8.6 in. (21.84 cm)
Pole diameter at ground line = 16.8 in. (42.9 cm)

Solution:

The largest unsupported column is the 46 ft. segment between the ground and the low-
est guy. Therefore, using the Gere-Carter formula (Equation 3.5) for this segment and
assuming fixed-pinned end conditions:
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Pcr = 2π2EIa/L2 ∗ (dg/da)2

Pole taper = (16.8 − 8.6)/(46) = 8.2/46 = 0.187 in./ft.
Pole diameter at lowest guy = 8.6 + (30) (0.187) = 14.21 in. (36.1 cm) = da

IA = moment of inertia at the location of the lowest guy = (3.1416) (14.214/64) =
2001.5 in4 (83307.1 cm4)

Pcr = [(2) (3.14162) (1800) (2001.5)/[(46) (12)]2] (16.8/14.21)2 = 326.2 kips
(1451.7 kN)

Use a factor of safety of 3.0 since this is a DDE.
Design buckling capacity = 326.2/3 = 108.7 kips (483.9 kN)

Example 3.6 Discuss the various situations where you would recommend the below
H-Frame systems.

Solution:
(a) Preferred at small to moderate spans on flat terrains. Lateral soil pressure more

important for foundation checks given absence of X-bracing.
(b) Used at moderate to large horizontal (wind) spans where transverse loads due

to wind control design. Bearing and uplift are more dominant than lateral soil
pressure.

(c) This design is used for larger vertical (weight) spans on uneven and hilly terrains.
(d) Preferred choice for large wind and weight spans and higher voltages. A double

cross arm can be adopted for large weight spans; an extra X-Brace can help
reduce frame bending.

Example 3.7 For the 69 kV braced wood H-Frame shown below, with three (3)
phase conductors and two (2) overhead ground wires, determine the maximum allow-
able wind and weight spans, for Extreme Wind load case, based on the strength of
X-Braces. Use 10% reduction in span to account for P-Delta effects and a vertical span
to horizontal span ratio of 1.15 to account for uneven terrain.

The following data applies to the problem:

Poles 55 ft. Class 1 DF; Embedment = 7.5 ft. (2.29 m)
Height of pole above ground = h = 55 − 7.5 = 47.5 ft. (14.48 m)
Pole spacing = b = 10.5 ft. (3.20 m)
Pole diameter at top = dt = 8.6 in. (21.84 cm) or 0.716 ft. (See Table A2.4)
Pole diameter at ground line G = dG = 14.6 in. (37.1 cm) or 1.216 ft.
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Pole diameter at B = dB = 9.48 in. (24.1 cm) or 0.790 ft.
Pole diameter at E = dE = 10.37 in. (26.3 cm) or 0.864 ft.
Pole diameter at D = dD = 11.7 in. (29.7 cm) or 0.975 ft.
Pole diameter at C = dC = 12.93 in. (32.8 cm) or 1.078 ft.
Moment capacity at ground line = MG = 204.75 kip-ft. (277.6 kN-m) (See Example
E3.3)
Distance of OHGW from pole top = g = 6 in. (0.15 m)
Distance of Cross Arm from pole top = y1 = 7 ft. (2.13 m)
Distance of X-Brace from pole top = y = 14 ft. (4.27 m)
x = h − y − b = 47.5 − 14 − 10.5 = 23 ft. (7.01 m)
Load Factor LF = 1.00 (Extreme Wind)
Wind pressure q = 21 psf. (1 kPa) (Extreme Wind)
Weight of bare conductor per unit length = wc = 1.10 plf. (16.06 N/m)
Weight of bare ground wire per unit length = wg = 0.40 plf. (5.84 N/m)
Wind load per unit length on conductor = pc = 1.75 plf. (25.55 N/m)
Wind load per unit length on ground wire = pg = 0.70 plf. (10.22 N/m)
(Wind loads refer to Extreme Wind case, bare wire with no ice).
XBS = Strength of X-Braces = 28, 300 lbs. (125.94 kN)

Solution:

Determine location of pt:
pt = total horizontal force per unit length = (2)(pg) + (3)(pc) = (2)(0.70) + (3) (1.75) =
6.65 plf. (97.1 N/m)
To determine location of pt, use moment equilibrium about pole top.
(pt)(distance of pt from pole top, z) = (2)(pg)(g) + (3)(pc)(y1)
From which, distance of pt from pole top, z = [(2)(pg)(6/12) + (3)(pc)(7)]/pt

= [(2) (0.70)(0.5) + (3)(1.75)(7)]/6.65 = 5.63 ft. (1.72 m)
h1 = h − z = 47.5 − 5.63 = 41.9 ft. (12.76 m)

Determine xo:
dD = 11.7 in. → CD = πdD = 36.76 in. (93.36 cm) or 3.063 ft.
dG = 14.6 in. → CG = πdG = 45.87 in. (116.51 cm) or 3.822 ft.

From Equation 3.3a:
x0/x = CG(2CG + CD)/2(C2

G + CGCD + C2
D) = 0.573

xo = (0.573)(x) = (0.573)(23) = 13.18 ft. (4.02 m)
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h2 = h1 − xo = 41.9 − 13.18 = 28.72 ft. (8.75 m)

Strength Factor ϕ = 0.75 (Extreme Wind)
Maximum Horizontal Span (HS) based on X-Brace strength is given by Equation 3.3f.
HSX = {[ϕ ∗ XBS ∗ b] − [2 ∗ LF ∗ q ∗ (h − x0)2 ∗ (2dt + dC)/6}/(LF ∗ pt ∗ h2)

= {[(0.75)(28300)(10.5)] − [(2)(1.0)(21)(47.5 − 13.18)2((2)(0.716) + 1.078)]}/6
/ [(1.0)(6.65)(28.72)]

= (222, 862.5 − 20964.2)/190.988 = 1, 058.5 ft. (322.64 m)
Reduce 10% due to P-Delta effects.
HSX = (0.90) (1058.5) = 952.65 ft. (290.4 m)
Maximum Vertical Span (VS) for VS/HS ratio 1.15:
VS = (1.15) (952.65) = 1,095.55 ft. (333.9 m)

Example 3.8

(a) Determine the allowable horizontal span for the tangent pole with post insulators
shown below for the case of Extreme Wind at 21 psf (1005 Pa). The pole is a 75 ft
(22.86 m) Class 1 Douglas-Fir wood pole with a ground line bending moment
capacity of 283.5 kip-ft (384.4 kN-m). Other data is as follows:

Load Factor for Vertical Load, LFv = 1.0
Load Factor for Wind Load, LFt = 1.0
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Strength Factor for Wood Pole SF = 0.75 for Extreme Wind
The overhead ground wire is 3/8’’ EHS and conductors are 477 ACSR 18/1,
Pelican. Insulators are horizontal posts as shown. Assume level terrain and ignore
deflection effects. Also assume wind span = weight span.

(b) Determine the effects of using LFv = LFt = 1.10
(c) Determine the allowable span if bundled conductors are used (2 wires per

insulator).

Solution:
(a) Let the allowable horizontal span be H.

From wire tables in RUS Bulletin 200, the following data on the ground wire and
conductor are obtained.
Diameter ground wire = 0.360 in. (9.1 mm)

conductor = 0.814 in. (20.7mm)
Vertical wgw = 0.273 plf (3.98 N/m)

wcon = 0.518 plf (7.56 N/m)

Compute unit loads due to wind on wires.

Wind pgw = (21)(0.36)(1/12) = 0.630 plf (9.19 N/m)
pcon = (21)(0.814)(1/12) = 1.425 plf (20.8 N/m)

Compute vertical and transverse (wind) loads on the pole for a span of H.

Vertical Loads
Due to ground wire weight = (wgw)(H)(LFv)
Due to conductor weight = (wcon)(H)(LFv)
Wind Loads
Due to wind on ground wire = (pgw)(H)(LFt)
Due to wind on conductor = (pcon)(H)(LFt)

Compute bending moment at ground line due to above loads for LFv = LFt = 1.0.
Moment due to vertical load at ground wire = wgw H LFv (6/12) = 0.5 wgw H
Moment due to vertical load at conductor = wcon H LFv(2)(3 wires) =

6 wcon H
Moment due to wind load at ground wire = pgw H LTt (75 − 9.5 − 0.5) =

65 pgw H
Moment due to wind load at conductor = pcon H WLF (49.5 + 55.5 + 61.5) =

166.5 pcon H

Pole Data pole top diameter = 8.6 in. 21.8 cm)
ground line diameter = 16.3 in. (41.4 cm)
average diameter = (8.6 + 16.3)/2 = 12.45 in. (31.6 cm)
pole height above ground = 65.5 ft. (19.96 m)

Moment due to wind on pole = (21) (12.45/12)(0.5)(65.52)/1000 = 46.74 kip-ft.
(63.4 kN-m)

Total Applied Moment =
MA = 0.5 wgw H + 6 wcon H + 65 pgw H + 166.5 pcon H + (46.74) (1000)

= [0.5 wgw + 6 wcon + 65 pgw + 166.5 pcon] H + 46,740
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= [(0.5) (0.273) + (6) (0.518) + (65) (0.63) + (166.5) (1.425)] (H) + 46, 740
= (281.46) (H) + 46, 740 lb-ft

MA ≤ (SF) (Mcap) ≤ (0.75) (283.5) (1000) lb-ft
281.46 H ≤ 212,625 − 46,740 = 165,885 lb-ft
H = 589.4 ft. (179.6 m)

(b) For load factors of 1.10, the allowable horizontal span will be
H = 589.4/1.10 = 535.8 ft. (163.3 m)
That is, increasing the load factors to 1.10 resulted in a 9% reduction in allowable
span.

(c) For bundled conductors, the parameters affected will be the weight and wind
load at conductor points.
wcon = (2) (0.518) = 1.036 plf (15.12 N/m)
pcon = (2) (1.425) = 2.850 plf (41.6 N/m)
MA = [(0.5) (0.273) + (6) (1.036) + (65) (0.63) + (166.5) (2.85)] (H) + 46, 470 ≤

(0.75)(283,500)
521.83 H ≤ 165,885
H = 317.9 ft. (96.9 m)
That is, bundling the conductors resulted in almost half the allowable span.

(Note: In a 2-wire horizontal bundle, one conductor shields the other; but this shielding
is ignored for conservative purposes).

3.5.1.2 Steel poles

Steel poles are sized for bending, axial and shear stresses, supplemented by local buck-
ling checks given the width-to-thickness ratios and stress interaction. The equations
for computing the pole section moment capacity at a given elevation are the same as
wood except that geometrical properties are a function of shaft thickness and diameter
and are given in Appendix A3.

The overall usage of a tubular steel pole is determined with reference to the most
highly stressed quadrant of the cross section. This is given by the ASCE interaction
equation shown in PLS-POLETM:

Structure Strength Usage
√

[(fa + fb)2 + 3(fv + ft)2]/(Fa ∗ ϕ) (3.7)

where:
ϕ = Strength Factor = 1.00
fa = normal stress due to axial load
fb = normal stress due to bending
fv = shear stress due to shear force
ft = shear stress due to torsion
Fa = Allowable or permissible combined stress per ASCE 48-11

The allowable combined stress Fa is based on D/t (diameter-to-thickness ratio) for
round poles and w/t (flat width-to-thickness ratio) for multi-sided polygonal poles.
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Section properties for various steel pole cross sections are given in Appendix 3. Other
design checks per ASCE 48-11 are as follows:

Permissible Compressive Stress: Rectangular, Hexagonal and Octagonal Members

Fa = Fy when
w
t

≤ 260	√
Fy

(3.8a)

Fa = 1.42Fy

[
1 −

(
0.00114

	

) √
Fy

(w
t

)]
when

260	√
Fy

<
w
t

≤ 351	√
Fy

(3.8b)

Fa = 104,980
(w
t

)2 when
w
t

>
351	√

Fy
(3.8c)

Note: If the axial stress is greater than 1 ksi (6.9 MPa), Equations 3.9 of Dodecagonal
members shall be used for rectangular members.

Permissible Compressive Stress: Dodecagonal Members

Fa = Fy when
w
t

≤ 240	√
Fy

(3.9a)

Fa = 1.45Fy

[
1 −

(
0.00129

	

) √
Fy

(w
t

)]
when

240	√
Fy

<
w
t

≤ 374	√
Fy

(3.9b)

Fa = 104, 980
(w
t

)2 when
w
t

>
374	√

Fy
(3.9c)

Permissible Compressive Stress: Hexdecagonal Members

Fa = Fy when
w
t

≤ 215	√
Fy

(3.10a)

Fa = 1.42Fy

[
1 −

(
0.00137

	

) √
Fy

(w
t

)]
when

215 	√
Fy

<
w
t

≤ 412	√
Fy

(3.10b)

Fa = 104, 980
(w
t

)2 when
w
t

>
412	√

Fy
(3.10c)

where:
Fa = compressive stress permitted
Fy = specified minimum yield stress
w = flat width of a side
t = wall thickness
	 = 1.0 for stress in ksi; 2.62 for stress in MPa

 = 1.0 for stress in ksi; 6.90 for stress in MPa

Stress Interaction – Round Members

fa

Fa
+ fb

Fb
≤ 1.0 (3.11)
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where:
fa = compressive stress due to axial loads
Fa = compressive stress permitted
fb = compressive stress due to bending moment
Fb = bending stress permitted

Fa = Fy when Do/t ≤ 3800 
/Fy (3.12a)

Fa = 0.75 Fy + 950
t/Do when 3800
/Fy < Do/t ≤ 12000 
/Fy (3.12b)

Fb = Fy when Do/t ≤ 6000 
/Fy (3.12c)

Fb = 0.70 Fy + 1800
t/Do when 6000
/Fy < Do/t ≤ 12000 
/Fy (3.12d)

Do = outside diameter of the tubular section
t = wall thickness

 = 1.0 for stress in ksi; 6.90 for stress in MPa

Shear Stress Interaction

VQ
Ib

+ Tc
J

≤ Fv where Fv = 0.58 Fy (3.13)

where:
Fv = shear stress permitted
V = shear force
Q = moment of section about neutral axis (NA)
I = moment of inertia
T = torsional moment
J = torsional constant of cross section
c = distance of NA to extreme fiber
b = 2*wall thickness, t

Bending Stresses

Mc/I ≤ Ft or Mc/I ≤ Fa (3.14)

where:
M = bending moment
Ft = tensile stress permitted
Fa = compressive stress permitted

Stress Interaction – Combined Stresses

Polygonal Members

{
[(P/A) + (Mxcy/Ix) + (Mycx/Iy)]2 + 3

[
VQ
It

+ Tc
J

]2
}0.5

≤ Ft or Fa (3.15a)
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Round Members{
[(P/A) + (Mxcy/Ix) + (Mycx/Iy)]2 + 3

[
VQ
It

+ Tc
J

]2
}0.5

≤ Ft or Fb (3.15b)

where:
Ft = tensile stress permitted = P/Ag or P/An

Fa = compressive stress permitted
Fb = bending stress permitted
Mx = bending moment about X-axis
My = bending moment about Y-axis
Ix = moment of inertia about X-axis
Iy = moment of inertia about Y-axis
cx = distance of point from Y-axis
cy = distance of point from X-axis
t = wall thickness
P = axial force on member
A = cross-sectional area
V = total resultant shear force
Q = moment of section about neutral axis
T = torsional moment
J = torsional constant of cross section

Tensile Stresses

P/Ag ≤ Ft when Ft = Fy (3.15c)

P/An ≤ Ft when Ft = 0.83Fu (3.15d)

where:
Fu = specified minimum tensile stress
Ag = gross cross sectional area
An = net cross sectional area

Anchor Bolts (per ASCE-48-11)

Minimum development length in concrete Ld = ldαβγ (3.16a)

ld = basic development length defined for various bolt sizes

For bars up to and including # 11 (i.e.) 1
3
8

in. diameter : ld = 1.27�AgFy/

√
f ′
c (3.16b)

or ld = 0.400
dFy (use larger)

For bars # 14 (i.e.) 1¾ in. diameter: ld = 2.69Fy/

√
f ′
c (3.16c)

For bars # 18J (i.e.) 2¼ in. diameter: ld = 3.52Fy/

√
f ′
c (3.16d)

where:
Ag = gross area of anchor bolt
Asr = required tensile stress area of anchor bolt
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Fy = specified minimum yield stress of bolt material
f ′
c = compressive strength of concrete

d = anchor bolt diameter
� = 1.00 for stress in ksi and area in in2; 0.015 for stress in MPa and area in mm2


 = 1.00 for stress in ksi and diameter in inches; 0.145 for stress in MPa and diameter
in mm

 = 1.00 for stress in ksi; 9.67 for stress in MPa
α = 1.0 if Fy is 60 ksi and 1.2 if Fy is 75 ksi
β = 0.8 if bolt spacing ≥ 6 in. (15.2 cm); 1.0 if spacing is less than 6 in.

(spacing measured center-to-center of anchor bolt)
γ = Asr/Ag

ASCE 48-11 (2011) recommends that the absolute minimum length of an anchor bolt
using deformed rebars shall not be less than 25 times the bar diameter. This requirement
is to prevent the usage of unusually short bars.

Steel davit arms

The most common structures with davit arms are tangent (suspension) and light angle
poles. Longer davit arms facilitate greater phase separation without increase in struc-
ture height. Upswept davit arms are often used for aesthetic reasons with the upsweep
ranging from 6 in. (15.2 cm) to 18 in. (45.7 cm). The length and vertical spacing of
davit arms depend on required phase separation for that particular voltage, clearances
for insulator swing, galloping conditions etc. Arms are also employed for shield wires
to reduce the shielding angle and improve lightning protection. Such arm lengths are
determined solely by the required shielding angle.

Other than some nominal guidance offered in ASCE 48-11, there is no standard-
ized design method for steel davit arms. Designs are generally based on empirical
approaches, finite element analysis as well as inferences from full-scale testing. Davit
arms with suspension or light angle insulators are usually designed as a cantilever sub-
ject to vertical and transverse loads. Stress checks for steel davit arms are similar to
those of steel pole shafts described in the previous section. If PLS-POLETM program
can be used for design, then axial, shear, bending and torsional stresses produced by
each load case are checked.

Connections to the steel pole usually involve brackets with pin-type bolts trans-
ferring flexure and shear effects. For double circuit structures, where davit arms are
needed on both sides of the pole, the connection involves brackets with through plates.
In a majority of cases, the pole maker or fabricator designs, fabricates and details the
davit arms. Wind-induced vibration of unloaded davit arms is a big concern during
construction; weights are often suspended from the arm tips to provide some damping.
Another means of reducing vibration effects is to tie the arm tips with a cable to the pole.

Items such as vangs welded to steel poles for installing running angle or strain
insulators are designed for full tension effects. Vangs are fabricated and welded to the
pole shaft prior to galvanizing.

Base plates

Currently only one design guide is available – AISC (2006) – to provide guidance for
analysis and design of base plates for tubular steel poles supported by concrete piers.
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Pole fabricators also have in-house and proprietary design processes which vary widely
from one manufacturer to another. However, ASCE 48-11 outlines a procedure based
on effective bend lines and a 45◦ bend-line limitation. The manual also gives equations
to calculate effective anchor bolt loads, base plate stresses and plate thickness.

Steel pole grounding

Steel transmission poles are usually provided with a metal grounding pad welded to
the side of the pole about 12 in. (30.5 cm) to 18 in. (45.7 cm) above the ground or
base plate. The shield wire is bonded to the steel pole near the pole top with a copper
(grounding) wire and a stainless steel nut. Grounding rods, if used, are usually installed
about 3 ft. (0.9 m) from the pole connected to the ground pad.

Examples 3.9, 3.10 and 3.11 given below illustrate some concepts associated
with steel pole design, namely, thickness requirement and determination of number
of anchor bolts for a pole transferring moment to the base plate and concrete pier.

Example 3.9 An 80 ft. (24.4 m) steel pole has been rated for a GL moment capacity
of 280 kip-ft. (379.7 kN-m). The pole diameters are 8.7 in. (22.1 cm) at the top and
20.4 in. (51.8 cm) at the butt. These are mean diameters measured to the midpoint
of the thickness across the flats. Assume 12-sided cross section, uni-axial bending
about X-axis, a material yield stress of 65 ksi (448.2 MPa) and standard embedment
of 10% + 2 ft. Neglect axial, shear and torsional stresses. Determine the approximate
pole shaft thickness required. Verify if thickness satisfies local buckling criteria.

Solution:

Assume w/t criterion is satisfied so that Fa = Ft = Fy

MGL = 280 kip-ft. = 3,360 kip-in = Mx and My = 0; P = V = T = 0
80 ft. pole implies 70 ft. above ground and 10 ft. embedment.
Pole taper = (20.4 − 8.7) /80 = 0.146 in. /ft.
Pole diameter at GL = 8.7 + (0.146) (70) = 18.9 in. (48.1 cm)
From Equation 3.15a:
(Mx Cy)/Ix ≤ Ft where Ix is the Moment of Inertia.
Use Table A3.4 for cross sectional geometric properties.
Assume maximum moment occurs at a location defined by α = 90 deg.
Cy = 0.518 (D + t) Sin (α) = 0.518 (D + t) (1.0) = 0.518 (D + t)
Moment of Inertia of a 12-sided pole = Ix = 0.411 D3 t
Ix/Cy = 0.411 D3 t/[0.518 (D + t)]
Therefore 3360 = 0.411 D3t/[0.518 (D + t)] (65)
Solving for “t’’, we have t = 0.184 in or 3/16 in. (4.76 mm)

Local Buckling Checks:
For a 12-sided pole, the flat width is given by w = 0.268 (D − t − 2 BR) per

Appendix A3.4
Assuming bend radius BR is approximately equal to 4 times t, we have:
w = 0.268 (18.9 − (3/16) − (8)(3/16)) = 4.61 in. (11.72 cm)
Width-to-thickness ratio = w/t = 4.61/0.1875 = 24.58
Limiting w/t ratio for 12-sided sections = 240/(65)0.5 = 29.76 (Equation 3.9a with

	 = 1.0)
24.58 < 29.76 OK
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Therefore our assumption about width-to-thickness ratio is valid.
(See Table A3.8 to verify this analysis).

Example 3.10 For the dual use pole system shown below, determine the required
pole height. The transmission circuit is 3-phase 161 kV and the under-build distribu-
tion is 34.5 kV. Assume sag of the transmission and distribution conductors as 8.0 ft.
(2.44 m) and 6.0 ft. (1.83 m), respectively. Use Tables 2.6a-1, 2.6b-1 and 2.7. Assume
a buffer of 2.0 ft. (0.61 m) for ground clearance.

Solution:

The process basically involves determining the various wire spacing associated with
the system. From Table 2.6a-1:

Required ground clearance for 34.5 kV = 18.7 ft. (5.7 m)
From Table 2.7:
S = shield wire to phase separation = 4.3 ft. (1.31 m)
P = phase to phase clearance = 6.7 ft. (2.04 m)
Sag of transmission conductor = 8.0 ft. (2.44 m)
C1 = clearance from sagged 161 kV wire to 34.5 kV wire = 7.0 ft. (2.13 m)

(Table 2.6b-1)

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-035.jpg&w=82&h=318
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Sag of distribution conductor = 6.0 ft. (1.83 m)
Therefore required height of the pole above ground is:
H = 4.3 + 6.7 + 6.7 + 8.0 + 7.0 + 6.0 + 18.7 + 2.0 = 59.4 ft. (18.11 m)
Consider a 70 ft. (21.34 m) pole with 9 ft. (2.74 m) embedment De giving 61 ft.

(18.6 m) above ground.
70 ft. Pole is adequate.

Example 3.11 Determine the approximate number of anchor bolts required for the
following situation:

Pole GL diameter = 48 in. (121.9 cm)
Moment transmitted from pole loads = 4800 kip-ft. (6509 kN-m)
Use ASTM A615 # 14 anchor bolts (1.75 in. diameter) with a ultimate tensile strength

of 100 ksi. (689 MPa). Assume 5 threads per inch. Consider bending effects only.

Solution:

(The aim of this problem is to illustrate a quick approximate method for determining
the preliminary number of anchor bolts needed for a steel pole with a base plate. The
exact number must be determined either by a detailed analysis per ASCE 48-11 or via
the PLS-POLETM program.)

The relationship between pole shaft, base plate, anchor bolt circle and pier is
shown below. For the 48 in. diameter pole shaft, the approximate size of the anchor
bolt circle is 54 in (see Figure 5.9 in Chapter 5). Assume all anchor bolts arranged in
a circular fashion.

Distance to the nearest anchor bolt from shaft center = 54/2 = 27 in. (76.2 cm)
From ASCE 48-11, cross sectional stress area of an anchor bolt A = (π/4)

[d − (0.9743/n)]2
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Where ‘n’ is the number of threads per unit length.
A = (3.1416/4) [1.75 − (0.9743/5)]2 = 1.90 in2 (1225.5 mm2)
(Area reduction due to bolt threads is often considered during such calculations).
Permitted tensile stress in anchor bolt = 0.75 Fu

Capacity of a single anchor bolt = (1.90) (100)(0.75) = 142.5 kips (634.1 kN)
Number of anchor bolts required = Moment/(bolt capacity)(lever arm)

= (4800)(12)/(142.5)(27) = 14.9 or 15 per half circle
Use 30 anchor bolts for the whole pole, arranged in a circular fashion.

3.5.1.3 Lattice towers

Design checks given below for angle members in steel lattice towers refer to ASCE
10-15 (2015) and include allowable slenderness ratios and associated tensile and com-
pressive stresses in steel angles. TOWER™ program also determines the usage level of
each member group based on ASCE. Connection checks include bolt shear, bearing,
block shear capacity and tensile rupture.

Compression Capacity is the minimum of:
(a) Member compressive strength based on slenderness ratio, kL/r
(b) Connection shear capacity
(c) Connection bearing capacity

Tension Capacity is the minimum of:
(a) Member tensile strength based on net section
(b) Connection rupture
(c) Connection shear capacity
(d) Connection bearing capacity

Angles in Compression:

Design compressive stress Fa = [1 − 0.5(η2/Cc
2)]Fy when η ≤ Cc (3.17a)

= π2E/η2 when η > Cc (3.17b)

where:
η = kL/r = slenderness ratio
k = effective length coefficient
r = radius of gyration
L = unbraced length
Fy = minimum guaranteed yield stress of steel
Cc = π

√
2E/Fy

E = modulus of elasticity

Maximum permitted angle flat width-to-thickness ratio (w/t) = 25
If the w/t ratio exceeds the limit given by

(w
t

)
lim = 80ψ√

Fy
(3.18)
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Then the revised design compressive stress (Fa) is obtained by replacing Fy in Equation
3.17a, and in Cc, with Fcr given below.

Fcr =
[

1.677 −
(

0.677
(w

t

)
(w

t

)
lim

)]
Fy when

(w
t

)
lim

≤
(w

t

)
≤ 144ψ√

Fy
(3.19a)

= 0.0332π2E(w
t

)2 when
(w

t

)
>

144ψ√
Fy

(3.19b)

In all equations above, ψ = 1 for stress in ksi and 2.62 if stress is in MPa.
Compressive capacity of the angle member is given by the design compressive stress

from above equations times the gross cross sectional area.

Effective Lengths of Angle Members

For leg members bolted in both faces:

kL/r = L/r for 0 ≤ L/r ≤ 150 (3.20a)

Unsupported panels

For other compression members with concentric load at both ends:

kL/r = L/r for 0 ≤ L/r ≤ 120 (3.20b)

For other compression members with concentric load at one end and normal framing
eccentricity (NFE) at the other:

kL/r = 30 + 0.75L/r for 0 ≤ L/r ≤ 120 (3.20c)

For other compression members with NFE at both ends:

kL/r = 60 + 0.50L/r for 0 ≤ L/r ≤ 120 (3.20d)

For other compression members unrestrained against rotation at both ends:

kL/r = L/r for 120 ≤ L/r ≤ 200 (3.20e)

For other compression members partially restrained against rotation at one end:

kL/r = 28.6 + 0.762L/r for 120 ≤ L/r ≤ 225 (3.20f)

For other compression members partially restrained against rotation at both ends:

kL/r = 46.2 + 0.615L/r for 120 ≤ L/r ≤ 250 (3.20g)

NFE is the Normal Framing Eccentricity which is defined as the condition when the
centroid of the bolt pattern is located between the heel of the angle and the centerline
of the connected leg. NFE may cause a reduction of up to 20% in the axial capacity
of short, stocky, single angle struts.
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Angles in Tension:

For angle members connected by one leg:

Design tensile stress on net cross-sectional area = Ft = 0.90 Fy (3.21a)

Net Section Capacity Ncap = AnetFt (3.21b)

(For angle members connected in both legs, the 0.90 factor is replaced by 1.0 (i.e.)
Ft = Fy).

Ncap is the strength based on tearing of a member across its net area Anet which is
defined as:

Anet = Ag − (d)(t)(nh) (3.21c)

where:
Ag = gross cross-sectional area of the angle section
d = bolt hole diameter (generally 1/16 in. or 1.6 mm more than bolt diameter)
nh = number of holes
t = thickness of angle

If there is a chain of holes in a zigzag fashion in an equal leg angle, then the net
width of an element hn and the net area Anet must be determined as follows:

hn = [2h − (nh)(d) + ng(s2/4g)] (3.22a)

Anet = (hn)(t) (3.22b)

where:
h = width of angle leg
nh = number of bolt holes in the chain
ng = number of gauge spaces in the chain
s = bolt spacing or pitch along the line of force
g = gauge length or transverse spacing of the bolts

If the centroid of the bolt pattern on the connected leg is outside the center of gravity
of the angle, then all connections must be checked for block shear or rupture using
Equation 3.23:

RBSH = 0.60AvFu + AtFy (3.23)

where:
Av = minimum net area in shear along a line of transmitted force for a single

angle = (t) {a + (nb − 1)(b)}
t = angle thickness
a = effective end distance = e − d/2 (See Figure 3.20)
b = s − d (See Figure 3.20)
s = bolt spacing, center to center
Fu = specified minimum tensile strength of the angle steel
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Fy = specified minimum yield stress of the angle steel
At = (t)(c)
c = effective edge distance = f − d/2 (See Figure 3.20)
d = bolt hole diameter
e, f = as shown in Figure 3.20
nb = number of bolt holes

Connection rupture often occurs due to insufficient edge and end distances as well
as bolt spacing. ASCE 10-15 therefore specifies the following minimum values for the
parameters.

Minimum end and edge distances

The minimum end distance ‘e’ (inches) shall be the largest value of:

e = 1.2 P/tFu or (3.24a)

= 1.3 d or (3.24b)

= t + (d/2) (3.24c)

P = force transmitted by bolt
d = nominal bolt hole diameter

Minimum edge distance ‘f’ (inches) shall not be less than:

(a) 0.85 emin for a rolled edge
(b) 0.85 emin + 0.0625 in. for a sheared or mechanically-cut edge where emin is the

largest value determined from Equations 3.24a, 3.24b and 3.24c.

Bolt spacing

The center-to-center distance between bolt holes shall not be less than:

smin = 1.2 P/tFu + 0.6 d (3.24d)

Tower grounding

The process discussed for steel poles is also applicable to steel towers, except that
grounding must be facilitated at a minimum of 2 tower legs. In situations where ground
resistance is not optimum, all 4 legs can be grounded.

Examples 3.12, 3.13, 3.14 and 3.15 given below illustrate various concepts asso-
ciated with tower design, namely, crossing diagonals, allowable compressive stress,
net section areas and block shear determination.

Example 3.12 Determine the effective buckling lengths of the crossing diagonals of
the tower panel shown below.

b = 11.7 ft. (3.57 m)
v = 13.25 ft. (4.04 m)
k = 1.483 ft. (0.452 m)
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Solution:

The AISC Steel Manual’s cross bracing equations were used to estimate the lengths of
the main diagonals. The diagonals usually have a bolt at the meeting point which helps
with reducing effective buckling lengths.

m =
√

(b + k)2 + v2

=
√

(11.7 + 1.483)2 + 13.252

= 18.69 ft.(5.70 m) (full diagonal)
a = 0.5mb/(b + k)

= (0.5)(18.69)(11.7)/(11.7 + 1.483)
= 8.294 ft. (2.53 m) (shorter portion of diagonal)

a′ = longer portion of diagonal = m − a = 18.69 − 8.294 = 10.40 ft. (3.17 m)
The maximum unbraced length of the diagonal for buckling is 10.4 ft.
Length ratios:
Ratio a/m = 8.294/18.69 = 0.444
Ratio a′/m = 10.40/18.69 = 0.556 ← controls for buckling

Example 3.13 For the 10 ft. (3.05 m) tower angle member shown, determine the
design compressive stress Fa. Assume Fy = 50 ksi (344.8 MPa) and E = 29,000 ksi
(200 GPa).
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Solution:

For the 3’’ × 3’’ × ¼’’ angle:
Cross Sectional Area = 1.44 in2 (929 mm2)
Slenderness Ratios:
rx = 0.93 in. (23.6 mm)
ry = 0.93 in. (23.6 mm)
rz = 0.59 in. (15 mm)

The presence of two bolts at each end and the member framing into other members
at the joints provides for partial restraint. Assume normal framing eccentricity at both
ends. Using Equation 3.20g:
kL/r = 46.2 + 0.615 L/r = 46.2 + (0.615) ((10)(12)/r) = 46.2 + 73.8/r
About X- and Y-axes: kL/rx = kL/ry = 46.2 + 73.8/0.93 = 125.6
About Z-axis: kL/rz = 46.2 + 73.8/0.59 = 171.3 − controls
The width-to-thickness ratio of the member is w/t = 3/0.25 = 12

Limiting w/t ratios:
(w/t)lim1 = 80/

√
Fy = 80/7.071 = 11.3

(w/t)lim2 = 144/
√

Fy = 144/7.071 = 20.4
11.3 < 12 < 20.4
(w/t)lim1< (w/t) < (w/t)lim2

Therefore, from Equation 3.19a:
Fcr = [1.677 − (0.677) (12/11.3)] (50) = 47.93 ksi (330.24 MPa)
Cc = π

√
(2)(29000)/47.93 = (3.1416) (34.78) = 109.3

kL/r > Cc

Design compressive stress using Equation 3.17b:
Fa = π2E/(kL/r)2 = (3.14162)(29000)/171.32 = 9.8 ksi (67.6 kPa)
Corresponding design compressive force = (1.44) (9.8) = 14.1 kips (62.8 kN)

Note: The above value is only from slenderness point of view. The connection’s shear
and bearing capacity must also be evaluated to determine which one controls.

Example 3.14 For the 5’’ × 5’’ × ½’’ steel angle shown, determine:

(a) Net area
(b) Net section capacity in tension
(c) If the end and edge distances shown are adequate. (assume force transmitted as

20 kips). Assume a rolled edge.

All bolts are ¾ in. (19 mm) diameter. Fy = 36 ksi (248 MPa) and Fu = 58 ksi (400 MPa).

Solution:

Angle properties: Area Ag = 4.75 in2 (30.65 cm2)
Bolt hole diameter = ¾ + 1/16 = 13/16 in. (2.06 cm)
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Tensile failure can occur along any of the two paths shown – abcd or abef.
s = pitch = 3 in. (76.2 mm)
g = gauge = 2 in. (50.8 mm)

(a) Net Area on abcd = (½) [(2)(5) − (2)(13/16)] = 4.1875 in2 (2701.6 mm2) − controls
Net Width on abef = [(2)(5) − (2)(13/16)] + [(32)/(4)(2)] = 9.5 in. (241.3 mm)
Net Area on abef = (½) (9.5) = 4.75 in2 (3064.5 mm2)

(b) Net Section capacity = (Anet) (0.9) (Fy) = (4.1875)(0.90)(36) = 135.68 kips
(603.8 kN)

(c) Minimum end distance is the largest of:
t + d/2 = 0.50 + 0.75/2 = 0.875 in. (22.2 mm)
1.30d = (1.30) (0.75) = 0.975 in. (24.77 mm) − controls
(1.20)(20)/(58)(0.5) = 0.8275 in. (21 mm)
The end distance provided is 1.25 in. (31.75 mm) and is adequate.
Minimum edge distance is 0.85 emin = (0.85) (0.975) = 0.83 in. (21 mm)
The edge distance provided in 1 in. (25.4 mm) and is adequate.

Example 3.15 Determine the block shear capacity of the above the 3’’ × 3’’ × ¼’’
steel angle. All bolts are ¾ in. (19 mm) diameter. Fy = 36 ksi (248 MPa) and Fu = 58 ksi
(400 MPa).

Solution:

Bolt hole diameter = ¾ + 1/16 = 13/16 in. (2.06 cm)

From steel tables, the CG of the angle section is at a distance of 0.842 in. (21.4 mm)
from the heel. The bolt pattern line is outside the CG. Equation 3.23 applies.
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Force to cause rupture of the joint is given by P = (0.60)(Av) (Fu) + (At) (Fy)
Av = (0.25) [(1 − (0.5) (13/16) + (2) (2 − 13/16)] = 0.742 in2 (478.8 mm2)
At = (0.25) [(1 − (0.5)(13/16))] = 0.148 in2 (95.76 mm2)
P = (0.60) (0.742) (58) + (0.148) (36) = 31.15 kips (138.6 kN)

3.5.1.4 Concrete poles

The behavior of reinforced concrete poles used as transmission structures is more
complex than steel given the basic difference in material – while steel is a uniform
and isotropic material, concrete is anisotropic, non-linear with low tensile strength
(i.e.) susceptible to cracking at even moderate bending. Concrete poles are therefore
evaluated not only in terms of the ultimate moment (factored loads), but also the initial
cracking moment at service loads and zero tension moment (no cracking). The initial
cracking strength will be roughly 40% to 55% of the ultimate strength while zero
tension strength is about 70% to 85% of the initial cracking strength. Element usage
is determined only as a function of bending moment. Derivations of various equations
are available in ASCE Manual 123 (2012).

The behavior of concrete poles subject to axial and flexural loads is an explicit
function of f ′

c , the concrete 28-day strength which in turn controls the Modulus of
Elasticity, Ec, and thereby, the pole’s bending resistance. Figures 3.26 and 3.27 show
the assumed stress distribution used in deriving the relevant moment expressions. The
equations for computing pole cross section moment capacity are based on section
equilibrium and at a given elevation are as follows:

Ultimate moment capacity

ϕMu = �eiApsi fsei + c Cc(1 − K) i = 1 to n (3.25a)

where:
ϕ = Capacity reduction factor for axial loads and flexure
Apsi = Area of the ‘i’-th strand (in2 or mm2)
fsei = Stress in the ‘i’-th strand (psi or kPa) = εu Estrand

Cc = 0.85 f ′
cAa

Aa = Area of concrete annulus in compressive stress block of depth β1c = 0.85c
(in2 or mm2) for f ′

c ≤ 4000 psi
(Value of β1 is a function of concrete compressive strength; see ASCE Manual 123)
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Figure 3.26 Assumed Concrete Stress Distribution (with permission from ASCE).

Figure 3.27 Stress Distribution – Cracking and Zero Tension (with permission from ASCE).

c = Depth of stress block (NA to extreme compressive fiber) (in. or mm)
ei = di − c (di is the distance of the ‘i’-th strand from extreme compression fiber)

(in. or mm)
K = Factor relating centroid of force Cc to Neutral Axis (NA)

Initial Cracking Strength Mic = (fr Ig/yt) + (PIg/Agyt) (3.25b)

where:
fr = Modulus of Rupture of concrete = 7.5

√
f ′
c (psi) for normal weight concrete

Ag = Gross area of the cross section (in2 or mm2)
Ig = Gross moment of Inertia of the cross section (in4 or mm4)
yt = Distance of extreme tensile fiber from centroidal axis (in or mm)
P = Effective Prestress Force (lbs. or N)
Mic is approximately equal to 40% to 55% of Mu.

Zero Tension Capacity Mzt = (PIg/Agyt) (3.25c)

Mzt is approximately equal to 70% to 85% of Mic or 28% to 47% of Mu.
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The usage of concrete poles is determined for each of the above three definitions of
bending moments with the appropriate strength factor, as specified for the design. For
square concrete poles, the procedures are the same except that the bending moment
M is replaced by the larger of the two moments about the principal axes, X and Y.

Example 3.16 Determine the cracking moment, zero tension moment and approxi-
mate ultimate moment capacity for the prestressed concrete pole with hollow circular
section described below.

Outside diameter do = 24 in. (61 cm)
Inside diameter di = 18 in. (45.7 cm)
Concrete strength = f ′

c = 10,000 psi. (68.9 MPa)
Modulus of rupture = fr = 7.5

√
f ′
c = 750 psi. (5.17 MPa)

Ultimate compressive strain = 0.003
Steel strands = 20 no’s of ½ in. (12.7 mm) diameter 7-wire 270 ksi strands (1.86 GPa)
Initial prestress = 0.50(fpu)
fpu = Specified tensile strength of prestressing tendons
Concrete cover = ¾ in. (19 mm)
Effective prestress loss = 25%

Solution:

(a) Cracking Moment
Ig = gross moment of inertia of cross section = (π)(d4

o − d4
i )/64 = 11,133 in4

(4.634 E5 cm4)
Ag = gross area of cross section = (π)(d2

o − d2
i )/4 = 198 in2 (1.276 E3 cm4)

yt = distance to extreme fiber = 12 in. (30.5 cm)
Area of each tendon = 0.153 in2 (98.7 mm2)
P = total effective prestress force

= (1 − 0.25)(20)(0.50)(270,000)(0.153) = 309, 825 lbs. (1378.7 kN)
Mic = (fr Ig/yt) + (PIg/Agyt) (Equation 3.25b)

= (750)(11,133)/12 + (309,825)(11133)/(198*12)
= 2,147,530 lb-in or 179 kip-ft. (242.7 kN-m)

(b) Zero Tension Moment
This is the second term of the above equation for cracking moment.
Mzt = (309,825)(11133)/(198)(12)= 1,451,717.9 lb-in. or 120.97 kip-ft.

(164 kN-m)
(c) Ultimate Moment

This involves using Equation 3.25a and the associated procedure.
Depth of the neutral axis ‘c’ must be determined from a trial-and-error approach

using reinforced concrete design fundamentals. The procedure is too tedious to be
reproduced here but is left to the student as an exercise.

For this problem, a computer analysis determined ‘c’ to be 8.5 in (21.6 cm). β1 is 0.65
for 10,000 psi.

Corresponding Cc is found to be 329,953 lbs. (1468.3 kN)
Nominal ultimate moment capacity Mn = 490 kip-ft. (664.4 kN-m)
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Figure 3.28 Concrete Pole Foundations (with permission from ASCE).

ACI Capacity Reduction Factor = 0.90
Ultimate moment capacity Mu = (0.90)(490) = 441 kip-ft. (598 kN-m)
Mic/Mu = 179/441 = 0.406
The initial cracking moment is generally about 40% of the ultimate moment.

Embedment

Concrete poles can be embedded into the ground in a manner similar to wood
poles. Cast-in-place foundations can also be used. Typical arrangements are shown
in Figures 3.28a and 3.28b.

Concrete pole grounding

The grounding of concrete poles can be external, internal or both. For external ground,
threaded inserts can be embedded in the pole for clamping the grounding wire to the
pole’s surface. Internal grounds can be embedded in the concrete or pulled through
the central hollow section of the pole with grounding pads. In areas known for light-
ning strikes or high ground resistance (over 25 ohms), all hardware is bonded to the
grounding system. Additionally, manufacturers provide an electrical bond between the
pole steel reinforcing cage and the pole ground.
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3.5.1.5 Composite poles

The design of composite poles is governed by both strength (flexural capacity) and
stiffness (deflections). The most common way of selecting a composite pole is by using
the design charts provided by the manufacturer – in terms of wood pole equivalency –
and then check if the pole geometry is adequate for a given limiting deflection. RS
Technologies (2012), for example, provides a design guide with various pole modules
and lengths, and lateral load capacities (load applied 2 ft. from pole top) accompanied
by tip deflections.

Composite pole grounding

Most composite poles can be grounded in the same manner as wood poles, with the
ground wire affixed to the outer surface of the pole using wire clips and screws. Another
option is to have the ground wire run internally through the pole, exiting to the ground
rod through a hole in the base module.

3.5.2 Assemblies and parts

The size and quantity needed of each material/component of a transmission structure is
tabulated on the primary assembly and sub-assembly drawings. This list can be linked
to PLS-POLETM, TOWERTM and PLS-CADDTM modules. PLS-CADDTM contains a
powerful material management system that allows import of parts and assemblies from
existing databases, generate material lists and costs for both construction as well as
structural and line optimization. The Parts Editor helps store data related to structure
parts (stock number, description, unit price, manufacturer and supplier). These parts
can be used to build ‘assemblies’ and/or ‘sub-assemblies’.

Once the parts and assemblies library is developed in PLS-CADDTM, the asso-
ciated assemblies and/or parts can be linked to its structure model. If optimization
capabilities of PLS-CADDTM are utilized, the total cost of each structure is automati-
cally calculated. Finally, once the structures are spotted, PLS-CADDTM can provide a
listing of material and parts (and labor, if needed) in several formats.

Figures 3.29 and 3.30 show the concept behind developing assembly drawings for
various sub-assemblies and parts. These are typical schemes and can be adjusted based
on the requirements of the utility, project, type of structure and material.

3.5.3 Framing drawings

The term “Structure Framing’’ refers to the general location and arrangement of var-
ious components in a transmission structure to meet specific loading, geographical,
right-of-way and construction preferences of the project under consideration. All trans-
mission line structure designs are accompanied by drawings showing the framing of the
assemblies – cross arms, X-braces, guying attachments, OHGW attachments, end fit-
tings on the cross arms, fastener holes, washers, grounding assemblies etc. The framing
requirements vary by structure and material configuration; but they must all satisfy
the design criteria established for that particular project.

In the case of wood structures, the framing drawings indicate the heights of the
wood poles, cross arms or davit arms and x-braces (for H-Frames) and OHGW/OPGW
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Figure 3.29 Assemblies and Parts – Wood H-Frame.
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Figure 3.30 Assemblies and Parts – Guyed Wood Pole Deadend.
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attachment details etc. The depth of embedment (for tangent poles) is also sometimes
shown. Framing guidelines for most RUS-standard structures can be found in relevant
RUS Bulletins. Hole drilling can be performed on-site for most wood poles.

In the case of steel structures, the framing drawings indicate the sizes of the tubular
shafts, joints (splices or bolted flanges), insulator brackets, welded components, ladder
clips, grounding nuts, davit arms, cross arms and x-braces (for H-Frames) and base
plates/anchor bolt assemblies etc. The size of the concrete shaft foundation (or depth
of embedment for tangent poles) is also often shown.

For concrete transmission structures, framing is more complex and time-
consuming. This is because the prestressed concrete poles contain stressed tendons
inside and hole-drilling must be performed carefully. In most cases, the engineer will
specify the insulator and ground wire attachment locations, line angles and structure
orientation to the manufacturer; the drilling will be performed during fabrication.

For lattice steel towers, structure framing is usually more complex and exten-
sive. Assembly drawings show each angle member individually, their bolt patterns and
location in the tower. Leg members are more carefully highlighted.

All data relevant to the structure, components and hardware will be listed on fram-
ing and assembly drawings. The high level of detail shown on these drawings depends
upon various factors such as structure configuration, vendor/fabricator requirements,
owner’s inventory stock numbers and manufacturer catalog numbers etc. Most of this
information is reflected in the PLS parts and assembly databases so that a utility can
track these items as part of their asset management process.

In the following sections, the component assembly drawings related to several
structure families at various voltages will be discussed. The figures accompanying the
discussion serve to illustrate the wide variation in the content of the drawings as a
function of structural material and usage. These are only examples of typical framing
drawings and a format used by RUS/USDA for structural systems.

3.5.3.1 69 kV family

Figures 3.31a to 3.31 g shows the assembly drawings for a family of wood structures
for 69 kV applications. The first two refer to tangent poles but with different insulators
(post and suspension mounted on braced cross arms) while the third sketch (Figure
3.31c) shows a popular configuration of an H-Frame system. The angle structure of
the fourth drawing (Figure 3.31d) is similar to the tangent system of Figure 3.31b but
uses swinging brackets to facilitate small line angles.

Figures 3.31e and 3.31f show single pole angle system and deadend. Note the use
of a horizontal post insulator with jumpers for Type-1 deadend. The last sketch Figure
3.31g is a common form of a 3-pole angle deadend used at substations at the beginning
(and end) of a line; one side is strung at full-tension while the other, going into the
substation, is strung at reduced tensions. The number of anchors required for these
deadends is a function of down guy tensions; for slack or low-tension spans, two down
guys can share an anchor (see Figure 3.6a).

3.5.3.2 161 kV structures

Figures 3.32a to 3.32i shows the assembly drawings for a family of structures for
161 kV applications. The first four sketches show the drawings for insulators supported
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Figure 3.31a 69 kV Tangent Structure with Horizontal Posts.
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Figure 3.31b 69 kV Tangent Single Pole Suspension.
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Figure 3.31c 69 kV Tangent H-Frame.
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Figure 3.31d 69 kV Tangent Single Pole Suspension with Brackets.
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Figure 3.31e 69 kV Medium and LargeVertical Angles.
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Figure 3.31f 69 kVVertical Double Deadend.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-051.jpg&w=318&h=510


152 Design of electrical transmission lines

Figure 3.31g 69 kV Large Angle Deadend Structure.

on steel upswept davit arms in various forms, single and double circuit applications
including unequal voltages.

Figures 3.32e and 3.32f show structures with braced line post insulators, for stan-
dard use as well as long span use (with greater phase separation). A medium angle
3-pole configuration with swing brackets is shown in Figure 3.32g. This system can
also be used for 138 kV applications. Note that as the voltage is increased from 138 kV
to 161 kV, the pole spacing increased by 1.5 ft. (0.46 m).
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Figure 3.32a 161 kV Single Circuit Tangent Structure with Steel Upswept Arms.
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Figure 3.32b 161 kV Single Circuit Tangent Structure with Steel Upswept Arms.
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Figure 3.32c 161 kV Double Circuit Tangent Structure with Steel Upswept Arms.
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Figure 3.32d 69 kV–161 kV Double Circuit Tangent Structure with Steel Upswept Arms.
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Figure 3.32e 161 kV Tangent Structure with Braced Line Posts.
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Figure 3.32f 161 kV Long Span Tangent Structure with Braced Line Posts.
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Figure 3.32g 161 kV Medium Angle Structure.
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Figure 3.32h 161 kV Tangent Deadend Structure.
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Figure 3.32i 161 kV Two-Part Conductor Support Assemblies.
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The drawing in Figure 3.32h depicts what is known as a tangent-deadend with
horizontal posts. Here the lines are strung with either same or different tensions on
both sides, needing in-line guying to hold the tension differential. Note the large pole
spacing which translates to larger ROW width. A special 2-part V-string insulator
is shown on the last drawing, Figure 3.32i; this suspension system is often used on
H-Frames or lattice towers (middle phase) where long spans and bundled conductors
are supported.

3.5.3.3 345 kV structures

Figures 3.33a to 3.33g shows the assembly drawings for a full family of steel 345 kV
structures with bundled conductors (two per phase). These drawings also illustrate
the use of various special insulators handling multiple conductors. Note the use of
three poles, large pole spacing, braced line posts (and yoke plates) for small angle
locations and heavy-duty guying tees for medium angle structures. X-Braces for
H-Frames are often custom-made since the large pole spacing requires longer brace
lengths and therefore bulkier braces. Hughes Brothers (1953, 2000), for example, are
one of the suppliers of specialty X-braces for large H-Frame systems; these heavy-duty
braces are often made of steel tubular sections or laminated wood for higher buckling
strength (see Figure 3.36c).

Figures 3.33d to 3.33g show several insulator assemblies that can be used for
a typical bundled conductor application. The one visible difference between these
assemblies and others is the presence of a corona ring which is generally used for
all voltages above 115 kV. The last drawing (Figure 3.33g) also shows the use of a
wire spacer yoke plate to maintain an 18 in. (45.7 cm) separation between wires for a
bundled conductor application. This particular example shows a long (15 ft. or 4.57 m)
strain string containing an extension link.

3.5.3.4 Distribution structures

Figures 3.34a to 3.34c show three distribution poles with post, pin and suspension
strings with swing brackets. At lower voltages, say less than 14 kV, a neutral conductor
is also employed with pin insulators. The spans of these lines are generally less than
300 ft. (91.4 m) with smaller conductors. Most framing drawings for distribution-
level structures are available in RUS Bulletin 803 (1998) and Bulletin 804 (2005)
supplemented Bulletins 150, 152 and 153 (all 2003).

3.5.3.5 Special structures

Figures 3.35 shows the framing details of a 3-way air break switch built with a
laminated wood pole. Note the large phase spacing of 22 ft. (6.7 m).

3.5.3.6 Hardware

The eleven (11) drawings of Figures 3.36a to 3.36 k show various hardware items used
in transmission line structures. These range from insulator strings, optical ground wire
assemblies, X-braces for H-Frames, medium and heavy duty guying tees, swing brack-
ets, davit arms, fiber optic deadend assemblies and grounding units. These drawings
are only a representative sample of the type of hardware items used on transmission
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Figure 3.33a Typical 345 kV Tangent Structure. [Source:Allgeier Martin and Associates] [Modified]
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Figure 3.33b Typical 345 kV Transmission Structure (Small Angle). [Source: Allgeier Martin and
Associates] [Modified]
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Figure 3.33c Typical 345 kV Transmission Line Structure (Medium Angle). [Source:Allgeier Martin and
Associates] [Modified]

Figure 3.33d Typical 345 kV Twin Conductor Support Assembly. [Source: Allgeier Martin and Asso-
ciates] [Modified]
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Figure 3.33e Typical 345 kV Twin Conductor Post Insulator Assembly.
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Figure 3.33f Typical 345 kV Twin Conductor Support Assembly for Medium to Large Angles. [Source:
Allgeier Martin and Associates] [Modified]
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Figure 3.33g Typical 345 kVTwin Conductor Deadend Support Assembly. [Source:Allgeier Martin and
Associates] [Modified]
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Figure 3.34a MediumVoltage Sub-Transmission Structure with Post Insulators.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-069.jpg&w=354&h=509


170 Design of electrical transmission lines

Figure 3.34b Typical Distribution Structure with Pin Insulators (7.2 kV to 12.5 kV).
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Figure 3.34c Medium Running Angle Guyed Structure (7.2 kV to 12.5 kV).
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Figure 3.35 Air-Break Switch 3-Way – 161 kV for 125 ft. Wood Pole. [Source: Allgeier Martin and
Associates]
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Figure 3.36a Insulator Strings.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-073.jpg&w=347&h=510


Figure 3.36b Wood X-Braces.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-074.jpg&w=510&h=333
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Figure 3.36c Typical 345 kV X-Brace Assembly. [Source:Allgeier Martin and Associates] [Modified]

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-075.jpg&w=334&h=426


Figure 3.36d Typical Heavy Duty Guying Tees. 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-076.jpg&w=481&h=307


Figure 3.36e Typical Medium Duty Guying Tees.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-077.jpg&w=481&h=329
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Figure 3.36f Bracket and Guy Attachment.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-078.jpg&w=343&h=422
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Figure 3.36g Steel Suspension Arm Assembly. [Source:Allgeier Martin and Associates]

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-079.jpg&w=311&h=368


Figure 3.36h Optical Ground Wire Assembly – Cushioned Suspension Clamp.

Figure 3.36i Fiber Optic Deadend Assembly – At Splice Box.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-080.jpg&w=323&h=272
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-081.jpg&w=280&h=261
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Figure 3.36j Fiber Optic Deadend Assembly. [Source:Allgeier Martin and Associates] [Modified]

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-082.jpg&w=357&h=477
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Figure 3.36k H-Frame Grounding.

lines. While some details vary from manufacturer to manufacturer, the basic intent of
all these items remains the same: to support the main components that comprise the
structure carrying the conductors and ground wires.

Steel poles and lattice towers are often provided with climbing devices or ladders
to facilitate worker movement during routine maintenance and repair operations. Steel
poles usually contain step bolts while towers carry ladders. The responsibility for the
fabrication and installation of these climbing provisions lies with the fabricator.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-4&iName=master.img-083.jpg&w=359&h=426
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PROBLEMS

P3.1 Determine the RUS steel class designation for a Class H3 wood pole for
(a) District Transverse Wind Load (b) Extreme Wind Load.

P3.2 Determine the maximum unbraced length of the crossing tower diagonals for
the following data:
b = 7.5 ft. (2.29 m)
v = 12 ft. (3.66 m)
k = 2 ft. (0.61 m)

P3.3 Re-do Example 3.3 with each lateral wind load increased to 1000 lbs.
(4.45 kN). All other data remains the same. RUS Standards apply.

P3.4 Re-do Example 3.9 for a 75 ft. (22.86 m) pole with a GL moment capacity of
184 kip-ft. (249.5 kN-m). Use pole top diameter of 8.7 in. (22.1 cm) and butt
diameter of 16.9 in. (42.9 cm).

P3.5 For the pole shown in Example 3.4, use one-half the loads shown and
determine the appropriate pole class. All other data remains the same.

P3.6 For the configuration in Example 3.2, determine the wire loads due to a line
angle of 10◦ for the three situations shown.

P3.7 For the dual-use pole of Example 3.10 what will be the required pole height
if the transmission circuit is for 230 kV instead of 161 kV? All other data
remains the same.

P3.8 What is the design compressive force in the angle of Example 3.13 if it is 12 ft.
(3.66 m) long?

P3.9 Re-do the problem of Example 3.14 assuming 5/8 in. (15.9 mm) diameter
bolts.

P3.10 Re-do Example 3.15 assuming a 5/8 in. (15.9 mm) diameter bolts. All other
data remains the same.

P3.11 Determine the design buckling capacity of the guyed wood pole of Example
3.5 if the phase spacing is 7 ft. (2.13 m) and if the lowest phase is 31 ft. (9.45 m)
above the ground. All other data remains the same except the pole diameter
at GL which is now 15 in. (38.1 cm).

P3.12 If the concrete strength in Example 3.16 is reduced to f ′
c = 8000 psi

(55.16 MPa), determine the cracking moment of the section.
P3.13 Determine the number of anchor bolts required in Example 3.11 if the pole

diameter at ground line is 60 in. (152.4 cm). All other data remains the same.
P3.14 Re-do Example 3.8 if the pole is 55 ft. (16.76 m) of Douglas-Fir Class 1 with a

GL moment capacity of 204.75 kip-ft. (277.6 kN-m). All other data remains
the same. Compare results with that of Example 3.16. Assume RUS Standards
apply.
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Chapter 4

Foundation design

Prior to performing detailed foundation design, the engineer must finalize the align-
ment or route of the transmission line taking into consideration several constraining
criteria, including the soil conditions at structure locations. The objective of detailed
foundation design is to ensure that every structure is securely embedded or anchored
into the ground, and the structure loads are effectively transferred to the ground strata
below. To determine foundation requirements, the engineer must evaluate the nature
and condition of the soil in the vicinity of the structure. The choice of foundation type
also will depend on structure type, material, configuration, structure loads and the
installation cost of the foundation.

This chapter discusses the design criteria for transmission structure foundations
and presents numerical examples of detailed foundation designs.

4.1 GEOTECHNICAL DATA

From an engineering design perspective, soils are classified into two major groups:
coarse-grained soils and fine-grained soils. Coarse-grained soils are also known as
granular soils or cohesionless soils. Fine-grained soils are also known as cohesive soils.

While several geotechnical parameters influence the design of transmission struc-
ture foundations, the most important aspects are:

• Geotechnical properties of soil
• Soil classification
• Shear strength of the soils
• Geotechnical investigations

4.1.1 Geotechnical properties of soils

4.1.1.1 Index properties

The soil mass is a three phase system consisting of solid particles, water and air. The
void space between the solid particles is occupied by water and air. When all the voids
in a soil mass are filled with water, the soil is said to be saturated. When all the voids are
filled only with air, the soil is called dry soil. Saturated soil and dry soil are examples
of a two-phase system.



186 Design of electrical transmission lines

Geotechnical properties of soils are broadly categorized into two groups: Index
Properties and Engineering Properties. The properties that are helpful in assessing the
engineering behavior of soil and in determining its classification are termed index prop-
erties. Most index properties are determined by testing soil samples in the laboratory.
Some index properties are listed below:

• Unit Weight
• Relative Density
• Consistency (Atterberg Limits)
• Soil Color
• Particle Size
• Void Ratio
• Specific Gravity
• Water Content
• Degree of Saturation
• Particle Size Distribution

Unit weight of soil

The ratio of total weight of soil to its total volume is termed bulk unit weight (γ). When
the soil mass is completely saturated, then bulk unit weight becomes the saturated unit
weight (γsat). The dry unit weight (γd) of soil mass is the ratio of the weight of soil
solids to the total volume. Typical value of saturated unit weight of soil ranges between
100 to 130 lb/ft3 (15.72 to 20.44 kN/m3). For comparison, unit weight is water (γw)
is 62.4 lb/ft3 (9.81 kN/m3) and unit weight of concrete is 150 lb/ft3 (23.58 kN/m3).

When the soil mass is submerged, its unit weight is termed submerged unit weight.
The submerged unit weight (γsub) of a soil is the difference between the saturated unit
weight and unit weight of water.

Relative density of cohesionless soils

The relative density is a very useful parameter for describing the strength and deforma-
tion behavior of cohesionless soils. A larger relative density indicates a higher strength
and lower compressibility. The relative density (Dr) in % is given by the following the
equation:

Dr = 100
[

γd − γd-min

γd-max − γd-min

] [
γd-max

γd

]
(4.1)

where:
γd = in-situ dry unit weight
γd-max = dry unit weight of soil in the densest state
γd-min = dry unit weight of soil in the loosest state

The relative density ranges of cohesionless soils are summarized in Table 4.1.

Consistency

Consistency is a term used to indicate the degree of firmness of cohesive soils such
as clays. The consistency of cohesive soils is expressed qualitatively by terms ranging
from very soft state to hard state.
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Table 4.1 Relative Density of Cohesionless Soils.

Description Relative Density (Dr) in %

Very Loose 0 to 15
Loose 15 to 35
Medium 35 to 65
Dense 65 to 80
Very Dense 80 to 100

Table 4.2 Liquidity Index of Cohesive Soils.

Description Liquidity Index

Liquid State >1
Very Soft State 1
Very Stiff State 0
Semisolid State or Solid State <0 (negative)

Moisture present in a cohesive soil impacts its strength. The moisture content or
water content in a soil sample is given by the ratio of weight of water to the weight
of solids. As the moisture content in dry cohesive soil is gradually increased the soil
transitions successively from solid state to semi-solid, plastic and finally to liquid states.
The moisture content at which soil changes from the liquid state to plastic state is called
liquid limit (wl) and the moisture content at which soil changes from the plastic state
to semi-solid state is called plastic limit (wp). When soil is close to its liquid state, it is
very soft in consistency. In this state, it has low shear strength. However, when the soil
is in its semisolid or solid state, it is very stiff and possesses high shear strength. One
of the terms used to indicate consistency of soil is liquidity index (Il) which is given by,

Il = wn − wp

wl − wp
(4.2)

where:
wn = natural moisture content of soil in undisturbed state
wl = liquid limit
wp = plastic limit

The qualitative relationship between consistency and liquidity index of cohesive
soil is shown in Table 4.2. By determining the natural moisture content, liquid limit
and plastic limit of a cohesive soil, one can indirectly assess its shear strength.

4.1.1.2 Engineering properties

The properties which directly determine the actual engineering behavior of soil are
termed engineering properties. The most important engineering properties are:

• Shear strength
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• Compressibility (popularly known as consolidation characteristics for cohesive
soils)

• Permeability

Testing for engineering properties is generally time-consuming and expensive. For
transmission line foundation design, the shear strength and compressibility properties
are normally required.

4.1.2 Soil classification

Soil classification is the arrangement of soils into groups. Soils in a particular group
exhibit similar properties and behavior. The two popular classification systems are:

• Unified Soil Classification System
• AASHTO System

The Unified Soil Classification System (Appendix 12) specified by ASTM D2487
(Appendix 13) is commonly used in transmission line structure foundation designs
in the U.S. Highlights of this classification system are briefly described here. Gravels
(G) and sands (S) fall into the category of coarse-grained soils. Inorganic silts (M), inor-
ganic clays (C) and, organic silts and clays (O) fall into the category of fine-grained
soils. In addition, peat, muck, and other highly organic soils (Pt) are considered in the
Unified Soil classification.

Gravel size particles pass through a 3-in (75 mm) sieve and are retained on a No. 4
(4.75 mm) U.S. standard sieve. Sand size particles pass through a No. 4 (4.75 mm)
U.S. standard sieve and are retained on a No. 200 (0.075 mm) U.S. standard sieve.
Silts and clay size particles are called fines. Fines pass through No. 200 (0.075 mm)
U.S. standard sieve. Soil particles finer than 2 microns (0.002 mm) are called clay size
particles.

Coarse-grained soils are further classified into different groups. Group symbols
are assigned based on gradation of particle size (W-well graded; P-poorly graded) and
using plasticity chart. In case of fine-grained soils, the plasticity chart is used to classify
the soils into different groups. The liquid limit of soil is represented on the X-axis and
plasticity index (liquid limit-plastic limit) is represented on the Y-axis in the Plasticity
chart. The A-line of the chart separates clays and silts. The liquid limit is used to
indicate plasticity of fine-grained soils. Soils with liquid limit less than 50 are designed
as low plastic (L) soils, whereas soils with liquid limit greater than 50 are designated
as high plastic (H) soils.

As an example, well-graded sands and well-graded sands with gravel are designated
by the group symbol SW. For the detailed list of group symbols, group names and
complete classification procedure, the reader is referred to ASTM Standard D2487 or
any Geotechnical Engineering text book.

4.1.3 Shear strength of soils

Foundations of transmission structures induce significant shear stresses in the
ground. Failure occurs if the induced shear stresses exceed the shear strength of
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the soil. The Mohr-Coulomb failure criterion for shear strength of soils (τ) is
expressed as,

τ = c + σ tan φ (4.3)

where:
τ = shear strength of soil
c = cohesion intercept
φ = angle of internal friction
σ = normal stress on the shear surface

Effective stress analyses

The portion of the total stress (σ) that is carried by the soil solids is the effective stress
(σ′). In three phases of soil system, the shear strength in soil is primarily borne by the
soil solids. The other two phases, water and air offer no shear resistance. Therefore,
the shear strength is evaluated using effective stress σ ′.

τ = c′ + σ ′ tan φ′ (4.4)

where:
τ = shear strength of soil
c′ = effective cohesion
φ′ = effective friction angle
σ ′ = effective normal stress on the shear surface

In both cohesionless and cohesive soils, typically, c′ is zero. The non-zero c′ occurs
in heavily overconsolidated clays, cemented soils and partially saturated soils.

Total stress analyses

The total stress analysis is used when it is difficult to determine the effective stress
directly.

τ = cT + σ tan φT (4.5)

where:
τ = shear strength of soil
cT = total cohesion
φT = total friction angle
σ = total normal stress on the shear surface

For saturated clayey soils under undrained conditions, φT = 0. The shear strength
of soil in this case is equal to cT . It is also called undrained shear strength and is denoted
by cu or su. Here τ = cT = cu = su. This analysis is widely used in saturated cohesive
soils and it is known as “φ = 0 analysis’’.

The shear strength parameters needed to design foundations depend on the rate and
duration of loading and the rate of pore water pressure dissipation. When a saturated
soil mass is subjected to additional stresses from foundation loads, excess pore water
pressures build up and the pore pressures dissipate with time as the water drains out
of voids. Drainage of water is a function of the permeability of soil. The coefficient of
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permeability of cohesionless soils such as gravels and sands is about a million times
that of cohesive soils such as clays. If the rate of drainage is faster relative to rate of
loading, then the pore water pressures dissipates in no time. Such conditions are known
as drained conditions. Shear strength parameters should be determined simulating
the drainage conditions occurring in the field under the applied load. Drained shear
strength parameters are appropriate when the permeability of soil is relatively high or
the rate of loading is relatively slow. Such an analysis is called effective stress analysis.

4.1.3.1 Sands and gravels

Effective stress analysis is common for coarse-grained/cohesionless soils such as sands
and gravels. Both steady-state (long-term) and transient (short-duration, except earth-
quake) loads normally result in drained behavior. Since excess pore pressures dissipate
rapidly in cohesionless soils, the pore water pressures in these soils equal hydrostatic
pressures, and are easy to compute. Effective stresses, and therefore the shear strength
can be accurately estimated in these soils. In this analysis, the shear strength param-
eters used are c′ (effective cohesion) and φ′ (effective angle of internal friction). The
effective stress on the shear surface, used in the equation of shear strength, is σ ′ which is
calculated with effective unit weight γ sat – γw in saturated soils, where γ sat is saturated
unit weight of soil and γw is unit weight of water.

In clean sands and gravels, it is a good practice to use c′ = 0. Therefore, for pure
sands and gravels, the shear strength is expressed in terms of angle of internal friction
(φ′). In the rest of this book, the angle of internal friction is denoted by φ instead of φ′.
However, it must be noted that it is an effective angle of internal friction determined
under drained conditions. Laboratory tests such as triaxial tests (e.g.: consolidated,
drained triaxial strength test) or direct shear tests can be used to determine the friction
angle. This strength parameter can be also determined using correlations with N values
determined from Standard Penetration Test (SPT).

4.1.3.2 Clays and silts

In case of saturated fine-grained soils such as clays and silts, transient or short-duration
loads result in an undrained response. Due to low permeability, excess pore pressures
develop during and immediately after transient loading. For effective stress analysis,
determining the excess pore water pressures developed under undrained conditions is
a difficult task. Therefore, for transient loads in cohesive soils, a total stress analysis is
performed using undrained shear strength parameters. The shear strength parameters
in this case are cT (total cohesion) and φT (total angle of internal friction).

For saturated clays under undrained conditions, the shear strength is just equal
to cT and φT = 0. In this case, the shear strength determined is called undrained shear
strength. In this textbook, the undrained shear strength determined under total stress
approach for saturated clays is denoted by su, with φ = 0 condition. Some geotechnical
engineering textbooks commonly use cu in place of su.

Typically, undrained shear strength governs the design of foundations in cohesive
soils with transient loading conditions. The extreme wind loads used in the design of
transmission line structures in the US are short-term loads (3-second gust winds) and
are thus considered transient loads. Even the extreme ice loading that typically lasts
3–5 days can be considered as a transient load for design purposes.
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Table 4.3 Loading Conditions and Shear Strength Parameters.

Drained/Undrained
Soil Type Behavior Loading Condition Shear Strength Parameter

Coarse-grained Soils
(Sands, Gravels)

Drained Behavior Both Steady State
and Transient Loads

Angle of Internal Friction (φ)
for pure sands and gravels
(Effective Friction Angle)

Fine-grained Soils
(Clays, Silts)

Undrained Behavior Transient Loads Undrained Shear Strength su
with φ = 0 for pure clays

Drained Behavior Steady State Loads Effective Shear Strength
Parameters∗

∗Steady state or long-term loads can control foundation design in some situations.

The steady-state loads result in drained behavior in cohesive soils and drained
shear strength parameters have to be used in these situations. For example, the long-
term (drained or effective strength) uplift capacity of a shallow footing is less than
the short-term (undrained) uplift capacity and it can be as low as 50% of short-term
capacity. At the same time, the ratio of wire tensions on angle/pure deadend transmis-
sion line structure resulting from every day loads to transient loads (e.g. extreme wind)
is typically less than 50%. Therefore, the drained behavior may not govern foundation
design in this situation.

However, for spread foundations such as grillages installed in fissured clays
with relatively low embedment depths, drained conditions under long-term load-
ings can control foundation design. Similarly, in case of overconsolidated stiff clays,
drained/effective shear strength parameters under sustained long-term loads can con-
trol size of drilled shafts used for self-supporting steel poles at angle and pure deadend
locations. A summary of the controlling states for coarse and fine grained soils is
presented in Table 4.3.

4.1.4 Geotechnical investigations

Subsurface exploration is the process of identifying soil strata and the characteristics
of the strata underneath a proposed transmission structure. Geotechnical studies are
routinely performed along the alignment of the transmission line to determine the
types of soils and variation in the soil profile at a given location. Exploration of the
line route includes several steps such as collection of preliminary information, field
reconnaissance and detailed design investigation.

During the first step of gathering preliminary information, the data collected
includes site geology and existing geotechnical information. Various sources such as
topographic and geologic maps, aerial photos, soil reports, manuals published by
Agricultural and Highway departments, previous construction and soil boring infor-
mation along the line route provide useful preliminary information. During the field
reconnaissance stage, visual inspection of line route is performed by the geotechnical
engineer or the engineering geologist. The number of soil borings required along the
line route can be minimized using the information gathered during the first two stages.
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Table 4.4 Classification of Soils Based on Simple Field Tests – Cohesive Soils.

Term FieldTest

Very soft Squeezes between fingers when fist is closed
Soft Easily molded by fingers
Firm Molded by strong pressure of fingers
Stiff Dented by strong pressure of fingers
Very Stiff Dented only slightly by finger pressure
Hard Dented only slightly by pencil point

(Source: RUS/USDA.)

Table 4.5 Classification of Soils Based on Simple Field Tests – Cohesionless Soils.

Term FieldTest

Loose Easily penetrated with a 1/2 in (13 mm) reinforcing rod pushed by hand
Firm Easily penetrated with a 1/2 in (13 mm) reinforcing rod driven with a 5 lb (22 N)

hammer
Dense Penetrated 1 ft with a 1/2 in (13 mm) reinforcing rod with a 5 lb (22 N) Hammer
Very Dense Penetrated only a few inches with a 1/2 in (13 mm) reinforcing rod driven with a 5 lb

(22 N) hammer

(Source: RUS/USDA.)

A few simple field tests to classify the soils for wood transmission lines are given in
Tables 4.4 and 4.5.

During the detailed design stage, site specific information needed for the design
and construction of foundations for line structures are collected. Various tasks such
as drilling soil borings, collecting soil samples, field testing (including geophysical
surveys), and laboratory testing are performed. Soil borings are obtained by using
different methods such as auger boring, wash boring, rotary drilling and percussion
drilling. Both rotary and percussion drilling can be used in rocky strata.

The number of borings required for a transmission line depends on the volt-
age of the line, data collected during preliminary stages, variability of geotechnical
data along line route, foundation and structure type. In general, higher voltage lines
require relatively more borings. Drilled shaft foundations typically require more site
specific borings than direct embedment foundations. More borings are required if the
geotechnical data varies along a line.

It is also a common practice to perform soil borings at each angle and deadend
structure locations especially in case of drilled shaft foundations. Some utilities perform
one or two borings per mile for tangent structures; other utilities perform a soil boring
at each structure location. Locations with poor soil conditions require soil borings due
to the risk associated with foundation failure. Locations with variable rocky strata
below ground level require soil borings so that an economical foundation type and
foundation depth can be determined. For locations with high water table and unstable
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soil conditions, the information from soil borings can help the engineer select proper
construction equipment. Ultimately, the number of borings performed for a given
transmission line should be based on balancing cost and risk.

4.1.4.1 Field tests

During the detailed design stage, different types of field tests are conducted. The com-
mon in-situ tests include Standard Penetration Test (SPT), Cone Penetration Test (CPT),
Vane Shear Test (VST), and Pressuremeter Test (PMT).

Standard Penetration Test (SPT) is very routinely performed to characterize the
subsurface to aid in transmission line foundation design. This test is performed in
a bore hole using a split spoon sampler. The sampler is penetrated into soil by a
total depth of 18 inches (450 mm) using standard hammer weight and drop and the
blow counts for each 6-inch (150 mm) increment are recorded. The number of blows
required for the last 12 inches (300 mm) of penetration is recorded as the SPT resistance
value, N. The units of N are number of blows per foot.

Per Peck et al. (1974), the correlation between SPT “N’’ value and the effec-
tive triaxial compression friction angle for cohesionless soils is shown in Table 4.6.
An approximate correlation between SPT N value and undrained shear strength of
cohesive soil per Terzaghi and Peck (1967) is presented in Table 4.7.

Table 4.6 Empirical Relationship Between SPT NValue and Friction Angle of Cohesionless Soils.

Approximate FrictionAngle,φ
N value Relative Density (degrees)

0 to 4 Very Loose <28
4 to 10 Loose 28 to 30
10 to 30 Medium 30 to 36
30 to 50 Dense 36 to 41
>50 Very Dense >41

(With permission from EPRI, Report EL-6800, 1990.)

Table 4.7 Empirical Relationship Between SPT N Value and Undrained Shear Strength of Cohesive
Soils.

Approximate Undrained Shear
N value Consistency Strength, su in ksf (kPa)

0 to 2 Very Soft <0.25 (<12)
2 to 4 Soft 0.25 to 0.5 (12 to 25)
4 to 8 Medium 0.5 to 1.0 (25 to 50)
8 to 15 Stiff 1.0 to 2.0 (50 to 100)
15 to 30 Very Stiff 2.0 to 4.0 (100 to 200)
>30 Hard >4.0 (>200)

(With permission from EPRI, Report EL-6800, 1990.)
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The Cone Penetration Test (CPT) is a simple test that provides data for continuous
soil strata. A hole is not bored in a CPT Test. In a cone test, the cone is penetrated
in to the ground at a steady rate and the resistance to penetration is measured. Both
the end resistance to cone and frictional resistance along the sleeve are measured.
Soil properties obtain from established correlations. The Vane Shear Test (VST) is
another test which is very useful for determining the in-situ undrained shear strength
of cohesive soils.

The Pressuremeter Test is used for determining the pressuremeter modulus, an
important parameter for calculating the deflection and rotation behavior of laterally-
loaded drilled shaft foundations and direct embedment foundations under moment
loads. Table 4.8 shows a brief summary of different methods used for determination
of soil parameters for transmission foundation design.

4.1.4.2 Strength and deformation parameters of rock

Rock core samples are collected for rocky soils to establish the soundness of rock
and to perform unconfined and high-pressure triaxial tests in the laboratory. If rock
is encountered at shallow depths, it is imperative to determine if it is bed rock or a
suspended boulder. Geological knowledge of rock formations is very helpful in deter-
mining the extent of rock. The Rock Quality Designation (RQD) is one of the metrics
used to determine quality of a rock mass. The RQD is the ratio of the lengths of intact
pieces of core greater than 4 inches (100 mm) over length of core advance. The higher
the RQD value, the better is the quality of rock. If the RQD value is close to 100%,
rock quality is considered excellent. If the RQD value is less than 25%, the rock is
considered poor quality rock (Peck et al., 1974).

The most important rock parameters that quantify the strength of rock are the
effective stress friction angle, the effective stress cohesion, and the modulus of defor-
mation of the rock mass. The Rock Mass Rating (RMR76) is one of the most popular
classification systems for rocks and is an excellent metric that is used to quantify both

Table 4.8 Design Parameters and Methods.

Method Used

Design Parameter Direct Measurement Correlation withTests/Indexes

Friction Angle for Cohesionless
Soil

Triaxial Compression Test Soil Relative Density
Direct Shear Test Standard Penetration Test

Cone Penetration Test
Undrained Shear Strength for
Cohesive Soil

Unconsolidated Undrained
Triaxial Compression Test

Soil Liquidity Index
Standard Penetration Test

Unconfined Compression Test
Unit Weight of Soil Undisturbed Soil Sample

Direct Measurement
Standard Penetration Test

Deformation Characteristics of
Soil

Pressuremeter Test Standard Penetration Test
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strength and deformation parameters of rock. The RMR76 is one of the systems used
by transmission line design engineers in the design of rock-socketed drilled shafts as
well as in directly embedded pole foundations.

The RMR76 is derived from Geomechanics Classification System developed by
Bieniawski (1973, 1976). The system considers five parameters in classifying a rock
mass: Strength of the intact rock material, Rock Quality Designation (RQD), Spacing
of joints, Condition of joints and Groundwater. A numerical value is assigned for
each of the parameters and the values are then summed to result in the RMR76. An
adjustment for joint orientations is applied. The RMR76 of a rock layer can vary
range from 0 to100. The higher the RMR76 value, the better is the rock in terms of
strength and deformation behavior. Detailed discussions on correlation of strength
and deformation parameters with RMR76, and application to design rock-socketed
transmission foundations under moment loads, are found in research performed by
Rose et al. (2001).

4.1.4.3 Geotechnical report

A standard Geotechnical Report for transmission lines will feature:

• Project Description – brief overview of the type and nature of construction (wood,
steel or concrete); magnitude of loads expected and equipment supported by line
structures

• Site Description – brief overview of site conditions, topography, slopes, regional
geology and presence of water bodies

• Field Exploration – details of sub-surface explorations, location of bore holes,
depths of investigation, soil types encountered

• Laboratory Testing – index and engineering properties of soil samples
• Boring Logs – details of information gathered from each borehole in a graphical

form which includes the soil types, index properties such as water content, liquid
limit, plastic limit, SPT N values, and water table location.

• Geotechnical Recommendations – design data for shallow and deep foundations,
site preparation, excavations, structural fill

• Earthquake and Seismic Design – USGS NEHERP ground motion values for
the area

4.1.5 ASTM standards

ASTM Standards are commonly used as a Quality Control tool for soil investigations
and laboratory tests performed for foundation design. Governing ASTM Standards
for soil analysis and testing are furnished in Appendix 13.

4.2 DESIGN PHILOSOPHY

The optimization techniques for transmission line structure foundations differ signifi-
cantly from foundations of other structures such as buildings and bridges. Transmission
line structures and their foundations are constructed over a route spanning several
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miles. Subsurface soil conditions change from location to location along the route.
It is impractical to investigate every structure location for geotechnical parameters. A
few standard foundation types, especially for tangent structures, are designed for the
worst soil conditions and these designs are used at other locations. Therefore, optimiza-
tion of geotechnical investigations and foundation designs for families of structures will
have a significant impact on cost.

Geotechnical investigations for transmission line structures tend to be less sophis-
ticated compared to those of buildings or bridges. Human occupancy is not involved
for transmission lines, and therefore, the serviceability requirements are less stringent.
Allowable criteria for settlement calculations under compressive loads, upward foun-
dation movement under uplift loads and deflections and rotations under moment loads
vary widely among utilities.

4.2.1 Basic types of foundations

The types of foundations used for the transmission line structures are summarized
in Table 4.9. The types of foundations include direct embedment, concrete drilled
shafts, steel grillages, pile foundations, concrete spread footings and anchors. In poor
soils, special foundations (i.e.) culverts, helical piles and vibratory caissons are used.
Recently, the foundations such as micropiles are getting popular in challenging site
conditions.

Direct embedment foundations are commonly used on wood pole tangent, guyed
angle and deadend structures. Direct embedment of steel tangent poles is also common.
If the soil conditions are poor and the design loads are significant, a concrete pier
foundation may be used for single tangent steel poles. Concrete pier foundations are
commonly required for self-supported angle and deadend single steel pole structures.
Grillages, concrete drilled shafts and spread footings are commonly used on lattice
towers.

Table 4.9 Types of Foundations for Transmission Line Structures.

Type of Foundation Application

Concrete Drilled Shaft
Foundation

Single poles (heavy angle/deadend structure)
Tangents and Heavily-loaded guyed structures
Lattice towers

Directly Embedded Pole
Foundation

Single poles and H-frame structures (Tangent/Lightly-loaded structure)
Guyed structures
Culverts for single pole foundations in poor soils

Steel Grillage Foundation Lattice towers
Anchor Foundation Guyed structures
Pile Foundation Single poles and H-frame structures in poor soil conditions

Vibratory caissons in poor soils (driven piles)
Helical piles for lattice towers and pole structures
Micropiles in special situations for lattice towers and pole structures

Concrete Spread Footing Lattice towers
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4.2.2 Foundation design loads

In general, the two major classes of loadings encountered by transmission structures
and foundations are steady state loads and transient loads. Loads that are sustained on
transmission line structures for a longer duration are called steady state or long-term
loads. Examples of steady-state loads include:

1 Vertical loads (dead weight of the structure, conductors/shield wire/OPGW,
insulators and hardware)

2 Transverse loads (transverse pull due to line angle on angle structures)
3 Longitudinal loads (differential line tension in adjacent spans)

Terminal structures at substation ends (or deadends with slack tension spans) are sub-
jected to sustained loading due to differential wire tensions. The foundations on these
structures are subjected to steady state loads.

Loads that act on a structure for a short time period are known as transient loads.
Examples of these loads include:

1 Vertical loads (ice on conductors, shield wires and structure, broken insulator
string of a suspension structure)

2 Transverse loads (extreme wind loads on conductors, shield wires, and the
structure with/without ice)

3 Longitudinal loads (broken wire loads and stringing loads caused by conductor
jam in stringing blocs during conductor stringing)

Depending on the type of structure, different types of forces act on typical trans-
mission line structures as shown in Figure 4.1. Controlling forces for different types
of structure foundations are summarized in Table 4.10. These guidelines are general
in nature and can vary depending on the type of structure configuration.

4.2.3 Structure and foundation reliability

The design of a transmission line is often broken up into the design of constituent ele-
ments such as structures, foundation, conductor, hardware, etc. The weakest element
governs the failure of the line. The reliability desired for different components is care-
fully predetermined during design. It is generally preferable to design the foundation
to be stronger (or in other words more reliable) than the structure. If a structure fails
during an overload in an extreme event, it can be quickly replaced on the existing
foundation (example: steel pole supported on a drilled shaft). However, if the foun-
dation fails, it causes the structure to fail subsequently. The cost of replacing both the
foundation and the structure is more compared to just replacing the structure.

An exception to this philosophy is made for directly buried pole foundations. For
low voltage lines, some designers prefer the direct buried foundation to be weaker
than the structure. The failure of the soil may cause a pole to lean over in an extreme
event, and relieves load on the pole. After the extreme event, pole may be re-plumbed
depending on the severity of deflection/rotations of the pole.
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Figure 4.1 Design Loads and Reactions for Transmission Line Structures.
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Table 4.10 Forces Acting onVarious Types of Transmission Structure Foundations.

Type of Structure Foundation Reactions Controlling Force (General)

Single Pole Structure
(Self-Supported/Unguyed)

Vertical (Compression)
Horizontal (Shear)
Torsional loads
Overturning Moments

Overturning Moment

H-frame Structure Vertical (Uplift and Compression)
Horizontal (Shear)
Overturning Moments

Vertical (Uplift/Compression) for
H-frames with X-braces

Lattice Tower Vertical (Uplift and Compression)
Horizontal (Shear)
Overturning Moments

Vertical (Uplift)

Guyed Structure Vertical (Compression)
Horizontal (Shear, at pole base)
Pullout Force (Guys)

Vertical (Compression) at base
Pullout Force (Guys)

Figure 4.2 Bearing Capacity Failure in a Shallow Foundation.

4.2.4 Foundation design models

Foundations for transmission line structures are subjected to three predominant modes
of loading as summarized in Table 4.10 and Figure 4.1.

• Compression
• Uplift
• Moment and/or Shear

The resistance offered by the soil under compression is known as the bearing
capacity. Figure 4.2 illustrates a typical bearing failure of a shallow foundation. In
case of a deep foundation, the compression load is resisted both by the skin friction
and end bearing as illustrated in Figure 4.3.

The typical failure mechanism of shallow foundations under uplift loads is shown
in Figure 4.4. The resistance offered by the soil is known as uplift capacity.

The uplift load is resisted by the skin friction and self-weight in deep foundations
as shown in Figure 4.5.
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Figure 4.3 Deep Foundation Under Compression Load.

Figure 4.4 Uplift Failure in a Shallow Foundation.

Moment and shear loads are resisted by the lateral resistance of the soil in con-
crete drilled shafts and direct embedment pole foundations. Figure 4.6 shows a typical
pattern of lateral soil resistance along a concrete drilled shaft.

Anchor foundations of guyed structures are subjected to pullout forces. The
resistance to pullout is known as pullout capacity.
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Figure 4.5 Deep Foundation Under Uplift Load.

Figure 4.6 Concrete Drilled Shaft Foundation Under Moment and Shear Loads.
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Table 4.11 Foundation Design Loads and Concepts.

Predominant Load Type of Foundation Geotechnical Concept Section

Moment/Shear Concrete Drilled Shaft Ultimate Moment/Shear
Capacities

4.4.1

Moment/Shear Direct Embedment Pole
Foundation

Ultimate Moment/Shear
Capacities

4.4.2

Compression/
Moment

Spread Foundation Ultimate Bearing Capacity
(Shallow Foundations)

4.4.3

Uplift Spread Foundation Ultimate Uplift Capacity
(Shallow Foundations)

4.4.4

Uplift Concrete Drilled Shaft
Foundations

Ultimate Uplift Capacity
(Deep Foundations)

4.4.5

Uplift Direct Embedment Pole
Foundation

Ultimate Uplift Capacity
(Deep Foundations)

4.4.5.1

Pullout Force Anchor Foundation Ultimate Pullout Capacity 4.4.6

Table 4.11 provides organization of different subsections of this chapter which
provide basic design concepts and associated theories.

4.2.5 Structural and geotechnical designs

Foundation design typically involves two general stages: geotechnical design and struc-
tural design. Under geotechnical design, the foundation is designed to ensure safety
against soil failure and deformations. The soil deformation leads to settlement or
upward movement or deflection/rotation of foundation depending on the type of foun-
dation and mode of loading. Based on soil data, the depth and plan dimensions of the
foundation are calculated. In the structural design phase, which is commonly called
material design phase, the foundation materials such as steel, concrete and wood are
designed structurally to withstand the applied loads.

For example, in the case of design of a concrete spread footing for a lattice tower,
the base dimensions and depth of the footing are determined in the geotechnical phase
based on the bearing and uplift capacities of the soil. In the structural design phase,
the shear and bending moments developed in the concrete pad are used to compute
the thickness of the pad and the steel reinforcement required. Similarly, for a drilled
shaft foundation of a steel pole, the depth and diameter of the pier are estimated
under geotechnical design; the amount of steel, both longitudinal and transverse, is
determined under structural design.

4.2.6 Deterministic and reliability-based designs

The allowable stress design is very commonly employed for designing transmission
foundations. In this deterministic approach, foundation loads and capacities are
assumed to be constant values; variability in loads and capacities is ignored. To account
for the uncertainty in loads and capacities, a factor of safety is used. In the U.S., foun-
dation design loads at the ground line are calculated from the factored forces acting on
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the structure and wires using the load cases from the National Electric Safety Code and
internal utility standards. Foundation design capacities are calculated using theoretical
geotechnical models. The factor of safety adopted by the US electric utilities depends
on the experience and professional judgment of the engineer. In general, the factor of
safety used for transmission line foundations is smaller than the factor of safety used
in building and bridge foundations.

Although Reliability-Based Design (RBD) approaches are promising, they are not
widely used in transmission structure foundation design. RBD design has recently
been incorporated in FAD Tools (refer Section 4.5.2) using the Load and Resistance
Factor Design (LRFD). In the RBD approach, both the load (Q) and resistance (R) are
assumed to be random variables with their respective probability distributions. The
strength factor times the foundation nominal resistance should be greater than or equal
to the sum of the factored foundation design loads. The advantage of the RBD over the
allowable stress is that the probability of failure and, hence, the reliability of foundation
can be estimated. The strength factors used in the FAD tools for different foundation
loading modes are calibrated using actual test data with 95% confidence (5% Lower
Exclusion Limit). For example, the strength factor used on ultimate moment capacity
of concrete drilled shafts is 0.63.

4.3 FOUNDATION TYPES

Foundations for transmission line structures can vary widely depending on the type
of structural system, the soil profile and the cost of installation. In this section, the
different types of foundations used for transmission line structures are discussed. These
foundations include those supporting the main structure as well as anchors transmitting
guy wire tensions to the ground.

4.3.1 Drilled shafts

Also known as pier foundations, concrete drilled shafts are ideal foundations for single
pole structures. When the ground line moments and shears are small, direct embedment
foundations are adequate. Poles subjected to large bending moments, shear and axial
forces usually require a concrete drilled shaft. When a drilled shaft foundation is used,
the steel pole is attached to the concrete drilled shaft by means of a base plate and
anchor bolts as shown in Figure 4.7a, b and c.

Figure 4.7a and 4.7b show drilled shafts for round and square steel poles.
Figure 4.7c shows a combination of a shaft and a mat footing, which is very common
in situations where hard rock is encountered at shallow depths.

Drilled shaft foundations are also used for steel H-Frames and lattice towers.
Transmission towers are normally anchored to the foundation by means of anchor
bolt – base plate assemblies or by stub angles. In either case, the minimum diameter
or dimension of the pier will be that required to accommodate the anchor bolt system
or crimped stub angle. For steel pole structures, the diameter of the anchor bolt circle
frequently controls the foundation shaft diameter. Accounting for the space required
for vertical steel reinforcement bars, lateral ties and the concrete cover, a minimum
required pier diameter will be established.
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Figure 4.7a Round Steel Pole with a Drilled Shaft.

For construction of drilled shaft foundations, three different methods are used
(1) The dry method (2) The casing method and (3) The wet method. In case of non-
caving stable soils such as stiff clay, cemented granular soils and rock above the water
table, the dry hole construction method is used. This is a quick and least expensive

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-5&iName=master.img-007.jpg&w=310&h=457


Foundation design 205

Figure 4.7b Square Steel Pole with a Drilled Shaft.

method. However, in case of caving soils, casing method is used to provide stability
during the excavation of drilled hole. The wet method is normally used in granular
soil areas and unstable cohesive soil formations with high ground water level. In this
method, during entire operation of drilling the hole, placement of reinforcement and
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Figure 4.7c Short Shaft on a Mat Footing.

concreting, the excavated hole is kept filled with a drilling fluid with or without casing.
The prepared slurry made with mineral bentonite or synthetic polymers are used as
drilling fluids to maintain stability to the excavated hole. The seepage pressure exerted
by the drilling fluid on the borehole wall provides stability to the excavated sidewall
when the elevation of the slurry is above the elevation of the ground water level in
the soil. In some stable excavations, water head alone can be used to prevent soil
run-in at the bottom of the shaft. In many cases, depending on subsurface conditions,
combinations of above three methods are employed.
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Typical diameters of drilled shafts in transmission applications vary from 4 ft to
12 ft (1.2 m to 3.7 m). The depth of the piers vary anywhere from 15 ft to 70 ft (4.6 m
to 21.3 m). The depth-to-diameter ratio ranges from 2 to 10 and typically is between
3 and 6.

The geotechnical design for a drilled shaft involves:

• Computing the required depth of the shaft for resisting the applied moment loads
and verifying that the lateral deflection and rotation at the pier top are within
acceptable limits for single pole structures

• Computing the required depth of the shaft for vertical/axial loads through bearing
and/or skin friction for lattice towers and H-Frame structures.

The structural design includes determining the longitudinal and shear reinforcement;
and the number, size and arrangement of anchor bolts. Most drilled shafts have 6
inches to 12 inches (15 cm to 30 cm) reveal or projection above ground. In high flood
areas, a larger reveal is used.

Computer software programs such as MFAD™ (2014) require specifying what
portion of the allowable deflection and rotation is permanent (inelastic) and recover-
able (elastic). In cases where excessive lateral movement of the shaft is observed under
large shears and moments, the shaft is often enclosed in a ½ inch to 1 inch (12.5 mm
to 25 mm) thick steel casing to provide additional stiffness.

Base plate and anchor bolts

Structural members (pole or tower leg) supported on drilled shafts are often connected
to the pier by means of a steel base plate and anchor bolts. Procedures for computing
the thickness of the base plate are spelled out in ASCE 48-11 (2011), Design of Steel
Transmission Pole Structures. Many steel manufacturers use internal design procedures
to determine the thickness of the base plate. Standard anchor bolt material data is
shown in Table A3.13 of Appendix 3. All anchor bolts are supplied with nuts and
washers, and conform to ASTM Standards.

The length of embedment of anchor bolt is a function of several variables including
the yield strength of the rod, the ultimate concrete strength, the diameter of the rod,
and the number of threads per inch (for a threaded bolt). PLS-POLE™ (2012) is a
commonly used computer program that is used for steel pole design. The program
contains a provision for modeling base plates with specified anchor bolt patterns and
arrangements; with this input, the program computes the minimum required thickness
of the base plate.

4.3.2 Spread foundations

Spread foundations are used for lattice transmission towers. The common types of
spread foundations are concrete foundations and steel grillages. Design of spread foun-
dations is based on maximum vertical loads – both compression and uplift – and the
associated shears. Uplift normally plays a critical role in determining the depth and
the size of spread footings. Lattice towers can tolerate substantial foundation dis-
placements under load; however, the possibility of excessive differential settlements of
spread foundations in poor soils must be investigated by appropriate means.
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Figure 4.8a Concrete Foundations.

4.3.2.1 Concrete foundations

Concrete foundations are either cast-in-place or precast. The foundation consists of
a base mat or pad and a square/cylindrical/stepped pier. The base pad is generally
square or rectangular in plan. The base slab thickness for standard lattice towers
ranges from 1.5 ft to 3 ft (45 cm to 90 cm). The maximum depth of these foundations
is approximately 15 ft (4.57 m) and the ratio of depth to base pad width varies from
1 to 2.5. The slab must be of sufficient thickness to be able to accommodate the
reinforcing bars and must provide for proper cover to the reinforcement. As shown
in Figure 4.8a, the tower stub angle is bent and the directly embedded in the pier.
The pier is centered on the base pad. A configuration that uses anchor bolts is shown
in Figure 4.8b. A grillage encased in a concrete box is shown in Figure 4.8c; this
configuration is commonly used for angle and deadend towers that sustain large uplift
and compressive forces.

In situations where surface rock is present, the tower stub angle is directly embed-
ded in the concrete as shown in the Figure 4.9. The base pad is not required in this
situation.

4.3.2.2 Steel grillages

Grillage foundations consist of a tower stub leg that is connected to a horizontal
grillage. The horizontal grillage is made up of standard structural steel sections below
the ground line. The stub leg continues at the same slope as the lattice tower leg. The
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Figure 4.8b Concrete Foundations. (cont’d)

horizontal grillage is usually made of rolled steel sections such as I beams, channels
and angles. The structural sections aid in transferring the compression forces to the soil
below and uplift forces to soil above the base. In a pyramidal arrangement, the main
leg stub is connected to the four smaller stub members, which in turn are connected
to the horizontal grillage base. All the connections in the grillage foundations are
bolted.

Some of the advantages of grillage foundations are:

• Foundations are made steel angle members which eliminates the need for heavy
equipment such as concrete trucks which is a great advantage in remote and highly
inaccessible areas

• The steel members can be carried in pieces to the remote areas and assemble at site
• Unless the excavated soil is poor such as peat or muck, the excavated mate-

rial can be used for backfilling and thus eliminates the need for barrow
backfill

• In case of single stub arrangement, it is easy to adjust the assembly which is a great
advantage in a rolling terrain. However, in case of multi-legged arrangement, it is
difficult.
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Figure 4.8c Grillage Foundation.

A grillage foundation is difficult to install and experienced crews are required
for setting and leveling. Moreover, corrosion of steel members is a concern in
aggressive corrosive environments. The following measures are adopted to prevent
corrosion:
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Figure 4.9 Foundation in Rock.

• Steel members are galvanized and further coated with coal-tar
• Grillage is encased in concrete
• Cathodic protections

4.3.3 Direct embedment

Direct embedment foundations are common for single poles as well as H-Frame struc-
tures. The pole is placed in a borehole with a diameter larger than the pole and the
annular space is filled using either the excavated soil or select backfill material. The
quality of the backfill, method of placement and degree of compaction greatly affect
the strength and performance of the embedded pole foundation.

Wood, steel, concrete or composite poles in tangent structures are generally embed-
ded directly into the ground. In these poles, the foundation (i.e.) the embedded
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portion of the pole, resists lateral forces consisting of ground line shears and over-
turning bending moments, in addition to the axial loads. The required embedment
depth is determined from soil lateral resistance for single pole structures subjected
to moment/shear forces. Vertical compressive loads are resisted by end bearing
and skin friction. Vertical uplift loads are resisted by skin friction and self-weight
of the foundation. Axial loads can control foundation depth for braced H-Frame
structures.

Figure 4.10 show various configurations of directly embedded poles in wood. The
concept is similar for concrete poles. In situations where uplift forces are encountered,
wood poles are fitted with base shoes or bearing plates as shown in the figure. A con-
crete pad (precast or cast-in-situ) is often used at the bottom of poles to distribute large
axial loads. The butt plate welded to the bottom of the steel pole helps distribute the
axial load over a larger area. It also helps in generating uplift resistance by developing a
frictional resistance over a larger surface area.

4.3.4 Pile foundations

Pile foundations are used in situations where the foundation must resist large loads
in poor soils. Piles are long, slender members made of steel, concrete or wood. When
poor soils are present in the top layers of the soil strata, these foundations are used to
transmit large loads to underlying stronger soils or to bedrock. In case of expansive
soils, pile foundations are extended beyond the active zone of swelling/ shrinkage to
stable substrata. The disadvantage of pile foundations is that they are generally costly
due to large equipment mobilizations costs. The engineer must explore the possibility
of other alternatives before specifying a pile foundation for a project.

Pile foundations are very effective in resisting compression, uplift and lateral forces.
They may be used in single or in group configurations with vertical and/or batter piles.
When piles are installed at an angle to the vertical, they are called batter piles. Batter
piles are very effective in resisting lateral loads. When grouped together, they can resist
vertical loads as well.

Depending on the mode of installation, pile foundations are broadly classified into
driven piles and cast-in-situ piles. Driven piles are made of steel, concrete or timber
whereas the cast-in-situ piles are made of concrete. Cast-in-situ foundations eliminate
vibration issues associated with the driven piles and are installed in a manner similar
to drilled shaft foundations. Common types of driven piles are open ended steel and
H- and I-shaped steel sections.

In poor soils such as wetlands and organic soil deposits, thin-walled, open-
ended steel casings are installed using vibratory hammers. These foundations are also
known as vibratory caissons. They are very effective and economical in poor soils.
Typical diameters of these foundations vary from 3 ft to 5 ft (90 cm to 150 cm). Vibra-
tory caissons are connected to the steel pole structures using flange, slip and socket
connection.

In case of hard strata, the installation of these foundations is difficult and these
foundations can be damaged during the installation. Therefore, the information of
soil strata is very essential. Corrosion resisting measures such as coatings and cathodic
protections are required for these foundations.

 



Figure 4.10 Wood Pole Embedment Configurations.
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4.3.5 Micropiles

Micropiles are small-diameter, drilled and cement-grouted piles, usually less than
12 inches (30 cm) in diameter. Micropiles utilize steel reinforcing bar located at the
center to transfer structural loads to a suitable soil or rock stratum. A schematic of a
micropile is shown in Figure 4.11. As is shown in the figure, a permanent steel casing
is typically used in the top portion of the micropile to enhance stiffness against lateral
loading. AASHTO (2010) classifies micropiles into five different types A, B, C, D, E
based on the grouting sequence.

Micropiles develop their axial capacity primarily through the bond between the
grout body and soil or rock in the pile-bonded zone. This allows them to provide
both tension and compression resistance. In case of larger loads, these piles are used
in groups and tied together with a cap made of steel or concrete.

Micropiles can be installed using much of the same drilling and grouting equipment
that is used for grouted rock anchors. They offer an ideal solution for transmission line
foundation support in difficult subsurface conditions and at locations where access is
restricted. They are also used in, in environmentally-sensitive areas and places where
elevated groundwater is present. Due to their small size and type of materials used,
micropiles do not require heavy construction equipment and can be constructed even in
hard stratum. They can be used to provide additional foundation support for existing
structures at times of retrofit.

Figure 4.11 Micropile Foundation.
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4.3.6 Anchors

Anchor foundations are mainly used for resisting the pullout force imposed by the
guywire loads. Angle and deadend transmission structures are often guyed and their
stability depends heavily on the proper design and construction of anchor foundations.
The pullout of an anchor or a significantly displaced anchor under extreme events can
lead to the failure of the structure.

Some anchors routinely used in guyed transmission line structures are listed below:

• Wooden log anchor
• Plate anchor
• Grouted soil anchor
• Grouted rock anchor
• Helical anchor

RUS log anchors are popular in the Midwestern US. Single rod and double rod
modified log anchors are shown in Figures 4.12 and 4.13 respectively. As shown in
these figures, a vertical trench is excavated and the log anchor is inserted and back-
filled. Typical log anchors are 5 ft or 8 ft (1.5 m and 2.4 m) long and are 12 inches
(30 cm) in diameter. Ultimate capacities vary from 16,000 to 50,000 lbs (71 to 222 kN),
depending on the size of the rod and class of soil (see Appendix 12). Anchor rods are
usually galvanized and vary from 5/8 inch to 1 inch (15.9 mm to 25 mm) in diameter,
with rod strengths ranging from 16,000 lbs (5/8 inch rod) to 50,000 lbs (1 inch high
strength rod).

A typical RUS steel cross plate anchor and relevant design data is shown in
Figure 4.14.

In grouted soil anchors, a steel bar or steel cable is placed into a predrilled hole
and the hole is filled with cement grout under pressure. Depending on the diameter
of the bar, grouted soil anchors are classified into two major groups: large diameter
and small diameter grouted anchors. Typical large diameter grouted soil anchors are
shown in Figure 4.15.

Grouted soil anchors resist pullout forces by frictional resistance at the soil-grout
interface. When a bell is used, it offers end bearing resistance. The diameter of the bell
is typically larger than that of the initial drilled shaft. Different types of grouted soil
anchors and soils in which they are typically used are shown in Tables 4.12 and 4.13.

Grouted rock anchors are employed where the guying wires must be anchored in
rock. High strength grout is used to fill the hole. The most common grout used is pure
cement-water mix in the ratio of 2.5:1 by weight, with an approved expansion agent
added per the manufacturer’s instructions.

While installing grouted rock anchors, the required diameters and lengths are
determined by the strength of the rod, shear bond between the rod and grout and shear
bond between grout and rock. Normally, anchor rods are high-strength reinforcing
steel bars or threaded bars. The hole size for rock anchors is usually 1.5 to 3 times the
diameter of the rod. Core drilling should be performed to explore rock quality and
core testing must be performed to determine rock strength. A pull-out test may also
be performed to confirm anchor capacity.

Helical anchors consist of a square or round steel shaft fitted with one or more
helically deformed plates. The number of plates typically varies from one to four.
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Figure 4.12 Single Rod Log Anchor (Source: RUS/USDA).

Helical anchors are installed using a truck-mounted power auger by the simultaneous
application of both torque and axial load. They offer pullout resistance through the
bearing of each helical plate on soil. If the plates are closely spaced, a cylindrical failure
surface will form along the periphery of top and bottom plates. The frictional resistance
along this failure surface contributes to pullout resistance. End bearing resistance is
obtained at the top plate. In the US, helical anchors are very common types of anchors
for transmission applications. Besides guy applications, helical foundations are also
used for pole and tower foundations. These are normally called helical piles. Depending
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Figure 4.13 Double Rod Log Anchor (Source: RUS/USDA).
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Figure 4.14 Steel Cross Plate Anchor (Source: RUS/USDA).

on structure type, these foundations can be single or grouped. These foundations work
well in wetlands where disturbance needs to be minimized.

4.4 DESIGN MODELS

The prerequisite for efficient foundation design for transmission structures is the under-
standing of how line and structure loadings, along with soil data, influence foundation
performance and reliability. Interpretation of soil data is critical as soil properties
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Figure 4.15 Typical Large Diameter Grouted Soil Anchors (with permission from ASCE).

vary significantly along a transmission line. Construction variables such as installation
techniques and backfill compaction also influence overall foundation performance.
Several other factors that influence the selection of a foundation type are rotation
and deflection limitations, equipment availability, site accessibility and environmental
concerns.

Analysis and design models of transmission line foundations are discussed in var-
ious books, reports and manuals. Conventional design models used by utilities are
discussed in detail in several subsections.

4.4.1 Drilled shafts under moment and shear

A concrete drilled shaft/pier foundation of a self-supported steel pole structure is sub-
jected to significant moment loads in addition to the horizontal (shear) and vertical
(axial) loads. Therefore, utility engineers need to estimate the ultimate moment carry-
ing capacity as well as the ground line deflection and rotation of the shaft. The effect
of applied loads on the foundation shafts must be less than the ultimate capacity of the
soil. Deflections and rotations of the foundation must be within the permissible limits.

Computation of the ultimate lateral resistance of a shaft and deflection of a shaft
as the load reaches its ultimate value is very complex and involves a study of the
interaction between a semi-rigid structural element and the soil. Theories originally
developed for pile foundations are extended to the drilled shaft foundations subjected
to moment loads. Some of the original concepts developed for pile foundations under
lateral loads are briefly discussed below.

4.4.1.1 Classification of laterally loaded piles

A pile can be classified as rigid (short) pile or flexible (long) pile based on its embedment
depth. If the ratio of the embedment depth to the diameter of the pile is less than 10
to 12, the pile can be classified as rigid (Broms, 1964). The stiffness factor (Broms,
1964) and relative stiffness factor (Poulos and Davis, 1980) are more scientific ways
of classifying short and long piles.
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Table 4.12 Low Pressure Grouted Anchor Types.

Diameter of Size of Bell, in inches Grout Pressure in Suitable Soils for LoadTransfer
Type of Anchor Shaft in inches (cm) (cm) Gravity Concrete psi (kPa) Anchorage Mechanism

Straight Shaft
Friction
(Solid Stem Auger)

12 to 24
(30 to 60)

Not Applicable Applicable Not Applicable Very StiffTo Hard Clays,
Dense Sands

Friction

Straight Shaft
Friction
(Hollow-Stem Auger)

6 to 18
(15 to 45)

Not Applicable Not Applicable 30 to 150
(200 to 1035)

Very StiffTo Hard Clays,
Dense Sands, Loose To
Dense Sands

Friction

Underreamed
Single Bell At
Bottom

12 to 18
(30 to 45)

30 to 42
(75 To 105)

Applicable Not Applicable Very StiffTo Hard Clays,
Dense Sands, Soft Rock

Friction and
Bearing

Underreamed
Multi-Bell

4 to 8
(10 to 20)

8 to 24
(20 to 60)

Applicable Not Applicable Very StiffTo Hard Clays,
Dense Sands, Soft Rock

Friction and
Bearing

Source: IEEE 691-2001, IEEE Guide for Transmission Structure Foundation Design and Testing.
Reprinted with permission from IEEE.
Copyright IEEE 2001. All rights reserved.

 



Table 4.13 High Pressure – Small Diameter Grouted Soil Anchors.

Diameter of Shaft in Size Of Bell in Grout Pressure in Suitable Soils For LoadTransfer
Type of Anchor inches (cm) inches (cm) Gravity Concrete psi (kPa) Anchorage Mechanism

Not Regroutable1 3 to 8 (7.5 to 20) Not Applicable Not Applicable 150 (1035) Hard Clays, Sands,
Sand-Gravel Formation,
Glacial Till or Hard Pan

Friction or Friction
and Bearing in
Permeable Soils

Regroutable2 3 to 8 (7.5 to 20) Applicable Not Applicable 200 to 500 (1380 to
3450)

Same Soils as Above and
Stiff ToVery Stiff. Clay
Varied and Difficult Soils

Friction and Bearing

1Friction from compacted zone having locked in stress. Mass penetration of grout in highly pervious sand/gravel forms bulb anchor.
2Local penetration of grout form bulbs which act in bearing or increase effective diameter.
Source: IEEE Std 691-2001, IEEE Guide for Transmission Structure Foundation Design and Testing.
Reprinted with permission from IEEE.
Copyright IEEE 2001. All rights reserved.
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The failure mode of a rigid pile, with free head conditions, under a lateral load,
applied at an eccentricity above the ground level, is shown in Figure 4.16.

A short rigid pile unrestrained at the top tends to rotate and causes passive soil
resistance to develop in the soil. Eventually the rigid pile will fail by rotation when
the passive resistance of the soil at the head and toe are exceeded. The failure is
accompanied by a lot of movement to enable the passive resistance to develop fully. In
many transmission applications, drilled shaft foundations are idealized to behave like
a rigid pile.

4.4.1.2 Ultimate capacity models

Several theories are proposed for estimating lateral and moment capacities of piles and
drilled shafts.

a) Broms’ Method
b) Hansen’s Method
c) MFAD™ Model
d) Prasad & Chari Method

Figure 4.16 Rigid Pile Under Lateral Load – Cohesionless Soil (with permission from ASCE).
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These methods are based on the theory of earth pressure on a rigid retaining wall.
The theories are extended to rigid pile foundations with appropriate modifications.

Basics of Lateral Capacity of Rigid Pile Foundation
The passive pressure on the rigid wall at any depth, z in granular soils is given by:

pz Wall = kpγZ (4.6)

where:
kp = passive earth pressure coefficient = tan2(45 + φ

2 )
γ = unit weight of soil and
φ = angle of internal friction

The ultimate lateral resistance per unit width of a rigid pile is greater than that
of a corresponding wall, because of the shearing resistance on the vertical sides of the
failure wedges in the soil. Using the same distribution of earth pressure at failure of
the pile as was assumed for the wall, the three-dimensional effect for a pile can be,
approximately, determined by multiplying the net earth pressure on the wall by a shape
factor.

Therefore, the passive earth pressure at any depth, z, on a rigid pile in granular
soils is given by,

pz Pile = SFkpγZ (4.7)

where:
SF = shape factor to account for the three dimensional effect of soil resistance.

Different investigators assumed different values of the shape factors in their rigid
pile theories. Broms (1964) assumed a constant shape factor of 3.0 which is indepen-
dent of the embedment ratio and angle of internal friction of the soil. Petrasovits and
Award (1972) assumed a value of 3.7. Meyerhof et al. (1981) suggested different val-
ues of the shape factors ranging from 1 to 10, depending on both the angle of internal
friction of the soil and the embedment ratio of the pile.

Broms’ method

Broms (1965) proposed a theory for determining the embedment depth by assuming a
soil pressure distribution as shown in Figure 4.16 for cohesionless soils under drained
conditions. For such soils, the maximum lateral earth pressure at the base of the shaft
is three times the Rankine’s ultimate passive pressure. The high magnitude of passive
pressure developed behind the tip is approximated by concentrated force acting at the
tip of the pile. According to this method, the ultimate lateral capacity, Hu is given by:

Hu = 0.5γD3KpB
(e + D)

(4.8)

where:
γ = unit weight of the soil
D = depth of drilled shaft
Kp = Rankine’s earth pressure coefficient = tan2(45+φ

2 )
φ = angle of internal friction of the soil
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e = eccentricity of horizontal load
B = diameter of the drilled shaft

Broms’ theory for cohesive soils is presented in the Figure 4.17. As shown in the
figure, the theory neglects the soil resistance in the top region up to a depth of 1.5 times
the diameter of pile. The soil resistance is given by 9suB where su is the undrained shear
strength of cohesive soil.

The total shaft depth using Broms’ theory is given by the following equation.

D = 1.5B + k + g (4.9)

The k and g are as shown in the figure and they are determined using following two
equations.

k = Hu

9suB
(4.10)

Hu(e + 1.5B + 0.5k) = 2.25suBg2 (4.11)

Example 4.1 A self-supported angle steel pole is installed on a concrete drilled shaft
foundation. Determine the ultimate lateral and moment capacity of foundation using
Broms’ theory and compare them to loads acting on the foundation using following
data:

Figure 4.17 Rigid Pile Under Lateral Load – Cohesive Soil (With permission from ASCE).
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Drilled shaft dimensions:
Diameter = B = 7 ft (2.13 m)
Depth = D = 20 ft (6.1 m)

Ground line loads:
Moment = M = 5000 kip-ft (6779.66 kN-m)
Horizontal load = H = 60 kips (266.91 kN)
Vertical load = V = 8 kips (35.59 kN)

Soil Properties:
γ = unit weight of in-situ soil = 110 pcf (17.293 kN/m3)
φ = Angle of internal friction = 35◦

Solution:

According to Broms’ theory in cohesionless soil, the ultimate lateral capacity, Hu is
given by:

Hu = 0.5γD3KpB
(e + D)

γ = 110 pcf
B = 7 ft
D = 20 ft
Kp = tan2(45 + φ/2) = tan2(45 + 35/2) = 3.69

e = M
H

= 5000
60

= 83.3 ft (25.39 m)

Hu = 0.5(110)(203)(3.69)(7)
(83.3 + 20)

= 110022 lbs = 110 kips (489.32 kN)

Mu = Hue = 110 (83.3) = 9163 kip-ft (12424.41 kN-m)
Ultimate lateral capacity = 110 kips (489.32 kN)
Lateral load on foundation = 60 kips (266.91 kN) OK
Ultimate moment capacity = 9163 kip-ft (12424.41 kN-m)
Moment on foundation = 5000 kip-ft (6779.66 kN-m) OK

Example 4.2 A drilled shaft foundation is used for a self-supported single steel pole
deadend in uniform clayey soil. The shaft diameter is 7.5 ft (2.286 m). The unit weight
of in-situ soil is 100 pcf (15.721 kN/m3) and the undrained shear strength = 1 ksf
(47.88 kN/m2). Determine depth of shaft required for a lateral resistance of 90 kips
(400.36 kN) and moment resistance of 7500 kip-ft (10169.49 kN-m).

Solution:

k = Hu

9suB

Hu = 90 kips
su = 1 ksf
B = 7.5 ft
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k = 90
9(1)(7.5)

= 1.33 ft (0.4054 m)

e = 7500/90 = 83.3 ft (25.39 m)

Solving for g using the following equation yields, g = 22.54 ft (6.87 m)

Hu(e + 1.5B + 0.5k) = 2.25suBg2

90(83.3 + 1.5(7.5) + 0.5(1.33)) = 2.25(1)(7.5)g2

Therefore, g = 22.54 ft

Total foundation depth = D is given by,
D = 1.5B + k + g = 1.5(7.5) + 1.33 + 22.54 = 35.12 ft (10.705 m)

Use 36 ft (11 m)

Hansen’s method

Hansen’s (1961) method can be used to calculate the ultimate lateral and moment
capacity of rigid shafts. The advantage of this method is that it can be applied to
layered soils in addition to uniform soils. In this method, the ultimate unit lateral
resistance of an element (pz) of at a depth Z below the ground surface is given by

pz = qKz
q + cKz

c (4.12)

where:
q = effective overburden pressure at depth Z
Kz

q = earth pressure coefficient for overburden pressure at depth Z
Kz

c = earth pressure coefficient for cohesion at depth Z
c = cohesion at depth Z

The equations for calculating Kq and Kc are provided in the RUS Bulletin 205
(1995). For cohesive soils under undrained conditions (φ = 0), Kq = 0. The equation
then simplifies to:

pz = suKz
c (4.13)

where su is undrained shear strength of soil.
Using the unit pressure, the total lateral resistance at a given depth can be cal-

culated and the lateral soil resistance distribution can be established over the entire
length. Using the lateral soil resistance distribution, the ultimate lateral capacity can
be determined using the horizontal force and moment equilibrium criteria for a rigid
body. In this analysis, the point of rotation below the ground is established by the
process of trial and error.

MFADTM model

MFAD™ is an acronym for Moment Foundation Analysis and Design software
developed by the Electric Power Research Institute (EPRI). This software uses the semi-
empirical theoretical model for ultimate capacity and the non-linear load deflection
response of drilled shaft foundations originally developed by Davidson (1981).
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For pile foundations subject to lateral load and moment, the lateral resistance
offered by the soil is the main component considered in the theoretical models. In the
case of a drilled shaft whose diameter is much larger compared to a pile foundation,
the contributions of various other forces such as vertical side resistance (friction), shear
force acting on the base of the shaft, and the base normal force are significant enough to
be included in the moment capacity calculation. MFAD™ software uses a “four-spring’’
nonlinear subgrade modulus model, where the continuous nature of the soil medium is
idealized by four different types of non-linear springs. The four springs represent lateral
resistance, vertical side shear, base shear and base normal force/moment. Hansen’s
theory discussed in the previous section is used in the calculation of ultimate lateral
resistance in this model. The work done by Ivey (1968) is also incorporated in the
four-spring ultimate capacity model.

DiGioia (1985) provides a summary of the four-spring theoretical model used for
drilled shafts. DiGioia et al. (1989) also performed statistical analysis by comparing
several theoretical model predictions with full scale load test data. MFAD™ predictions
compared very well with test data of several drilled shafts.

Prasad and Chari method

Most of the ultimate capacity models are based on the assumption that the interaction
between the pile and the soil can be characterized by net lateral soil pressures acting
on the pile. The variation among these available theoretical methods is due to the
assumptions made in the pressure distribution pattern on the pile at its ultimate load.
An extensive review of assumed pressure distributions in cohesionless soils by different
investigators is presented by Prasad and Chari (1999). Laboratory tests were conducted
on fully instrumented scaled rigid pile model 4 ft (1.22 m) long and 4 inches diameter
(10.2 cm). The theoretical model developed for cohesionless soils and the shape of the
pressure distribution assumed is shown in the Figure 4.18.

The value of p0.6x is given by the following equation:

p0.6x = (10(1.3 tan φ+0.3)γ(0.6x)) (4.14)

where:
p0.6x = lateral resistance of soil at a depth of 0.6x
x = depth of point of rotation (point where the rigid pier rotates below the ground).

A factor of 0.8 is applied on the peak pressure to account for the non-uniform
pressure distribution across the pile section. From force and moment equilibrium, the
following equations were developed.

Hu =
∫ D

0
0.80pzBdz (4.15)

Hue =
∫ D

0
0.80pzBZdz (4.16)

where pz = lateral resistance of soil at a depth of Z.
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Figure 4.18 Pressure Distribution Under Lateral Load.

Knowing the drilled shaft diameter and soil properties, the point of rotation x and
the ultimate load Hu can be determined using the following equations.

x =
[

−(0.567D + 2.7e) + (5.307D2 + 7.29e2 + 10.541eL)0.5

2.1996

]
(4.17)

Hu = 0.24(10(1.3 tan φ+0.3))γxB(2.7x − 1.7D) (4.18)

The measured pressure distributions and model and field test capacities are compared
with several existing theories. The proposed method predicts pressure distribution and
ultimate lateral capacities better compared to other theories.

Example 4.3 A self-supported angle steel pole is installed on a concrete drilled shaft
foundation. Determine the ultimate lateral and moment capacity of foundation using
Prasad and Chari Method and compare them to loads acting on the foundation using
following data:

Drilled shaft dimensions:
Diameter = B = 7 ft (2.134 m)
Depth = D = 20 ft (6.096 m)
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Ground line loads:
Moment = M = 4000 kip-ft (5423.73 kN-m)
Horizontal load = H = 48 kips (213.52 kN)
Vertical load = V = 6 kips (26.69 kN)

Soil Properties:
γ = unit weight of in-situ soil = 125 pcf (19.651 kN/m3)
φ = Angle of internal friction = 40◦

Solution:

The depth of point of rotation is calculated using the following equation.

x =
[

−(0.567D + 2.7e) + (5.307D2 + 7.29e2 + 10.541eD)0.5

2.1996

]

D = 20 ft

e = M
H

= 4000
48

= 83.3 ft (25.39 m)

x =
[

−(0.567D + 2.7e) + (5.307D2 + 7.29e2 + 10.541eD)0.5

2.1996

]

x =
[

−(0.567(20) + 2.7(83.3)) + (5.307(20)2 + 7.29(83.3)2 + 10.541(83.3)(20))0.5

2.1996

]

= 13.1 ft (3.993 m)

Hu = 0.24(10(1.3 tan φ+0.3))γxB(2.7x − 1.7D)

γ = 125 pcf

B = 7 ft

φ = 40◦

x = 13.1 ft

Hu = 0.24(10(1.3 tan 40+0.3))(125)(13.1)(7)(2.7(13.1) − 1.7(20))

= 92691.664 lbs = 92.692 kips (412.33 kN)

Mu = Hue = 92.692(83.3) = 7721.2 kip-ft (10469.424 kN-m)

Ultimate lateral capacity = 92.69 kips (412.33 kN)
Lateral load on foundation = 48 kips (213.52 kN) OK
Ultimate moment capacity = 7721.2 kip-ft (10469.42 kN-m)
Moment on foundation = 4000 kip-ft (5423.73 kN-m) OK

The above methods show the basis behind various theoretical approaches for deter-
mining the ultimate lateral/moment capacities. Uniform soil conditions are assumed
in the design problems to explain the concepts. Calculations using uniform soil
conditions are not useful for stratified soils. In reality, stratified soils are a very
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common occurrence and, computer programs must be used for the analysis and design
of drilled shaft foundations. Popular software programs used in US utility industry for
design of drilled shafts include MFAD™, CAISSON™ and LPILE™.

4.4.1.3 Design aspects of drilled shafts

Drilled Shaft Diameter
The minimum diameter of the drilled shaft depends on the steel pole base diameter.
Minimum shaft diameter,

B = ABCo + 2sc + 2db + 2dtb + 2cc (4.19)

where:
ABCo = Anchor bolt circle outside diameter
sc = clear spacing between the anchor bolt and vertical or longitudinal reinforcement
cage
db = vertical or longitudinal reinforcement bar diameter
dtb = tie bar diameter
cc = concrete clear cover

Anchor bolt circle diameter is given by the steel pole supplier and is determined by
the steel pole base diameter. # 18 bar (2.25 in or 57.15 mm diameter) is commonly used
for anchor bolts in the U.S. utility industry. The clear spacing between the anchor bolt
cage and vertical or longitudinal reinforcement cage shall be more than aggregate size;
a minimum spacing of 2 in to 3 in (50 mm to 75 mm) clear spacing is recommended.
The typical concrete clear cover is 3 in to 4 in (75 mm to 100 mm).

The number of vertical steel bars depends on diameter of bar and loading on pier.
Typical bar sizes range from # 8 (1 in or 25.4 mm) to # 11 (1.41 in or 35.81 mm),
although larger bars are occasionally used. Tie bar size depends on the diameter of the
longitudinal bar. Typically, # 3 (0.375 in or 9.52 mm) to # 5 (0.625 in or 15.87 mm)
are used.

Factors impacting drilled shaft capacity

Several variables impact the lateral/moment capacity of drilled shaft foundations in
granular soils. These include:

• diameter
• depth
• unit weight of soil
• friction angle of soil

The parameters that influence the capacity of the drilled shaft when Broms’ theory is
used in cohesionless soils are shown in Table 4.14.

Effect of diameter of shaft

Keeping all other parameters in the Table 4.14 constant, the diameter of shaft is
increased from 5 ft (1.52 m) to 7.5 ft (2.29 m) and then to 10 ft (3.05 m). The capacity
doubled when the diameter is doubled as shown in Table 4.15. The capacity linearly
increased with the diameter as expected from Equation 4.8.
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Table 4.14 Variables in Parameter Study.

Variable Unit Value

D feet (meters) 25 (7.62)
φ degrees 30
kp Non-dimensional 3
e feet (meters) 60 (18.29)
φ lbs/ft3 (kN/m3) 120 (18.85)
B feet (meters) 5 (1.52)
Hu kips (kN) 165.4 (735.70)
Mu kip-ft (kN-m) 9926.5 (13458.53)

Table 4.15 Effect of Pier Diameter.

B in feet (meters) Mu in kip-ft (kN-m)

5.0 (1.52) 9926.5 (13458.53)
7.5 (2.29) 14889.7 (20187.72)
10.0 (3.05) 19852.9 (26916.92)

Table 4.16 Effect of Pier Length.

D in feet (meters) Mu in kip-ft (kN-m)

25 (7.62) 9926.5 (13458.53)
30 (9.14) 16200.0 (21964.25)
40 (12.19) 34560.0 (46857.07)
50 (15.24) 61363.6 (83197.87)

Effect of depth of shaft

The capacity increased almost six times when the depth is doubled (see Table 4.16)
from 25 ft to 50 ft (7.62 m to 15.24 m). The depth of the drilled shaft has a larger
impact on the moment capacity than the diameter of shaft. This aspect has practical
implications in steel pole – drilled shaft optimization.

Effect of unit weight of soil

Keeping all other parameters in the Table 4.14 constant, the unit weight of
soil increased from 120 to 140 lbs/ft3 (18.87 to 22.01 kN/m3). The capacity lin-
early increased in proportion to unit weight of soil as expected from the Equa-
tion 4.8. The effect of water table also has a significant impact on capacity of
drilled shafts in cohesionless soils; it can reduce the capacity by almost 50% (see
Table 4.17).
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Table 4.17 Effect of Unit Weight of Soil.

γ in lbs/ft3 (kN/m3) Mu in kip-ft (kN-m)

120 (18.85) 9926.5 (13458.53)
130 (20.42) 10753.7 (14580.06)
140 (21.99 11580.9 (15701.59)
57.6 (9.05) 4764.7 (6460.07)

Table 4.18 Effect of Friction Angle of Soil.

φ in degrees Mu in kip-ft (kN-m)

30 9926.5 (13458.53)
35 12209.6 (16553.99)
40 15220.6 (20636.36)
45 19290.4 (26154.27)

Effect of friction angle of soil

The capacity linearly increased in proportion to Rankine’s earth pressure coefficient,
kp. The capacity almost doubled when the soil changed from loose sand (φ = 30 deg)
to very dense sand (φ = 45 deg) as shown in Table 4.18.

Depth versus diameter of drilled shaft

During design stage, optimization of shaft size is an important consideration and can
significantly impact the project cost. The engineer has a choice of adjusting either
the diameter, B or the depth, D of the shaft. From the above parametric study in
cohesionless soils, it can be seen that the depth of pier will have a larger impact on the
moment capacity compared to the diameter. Another consideration to be taken into
account is the volume of concrete in a drilled shaft.

V = π

4
B2D (4.20)

The volume of concrete increases as a function of the square of diameter compared to
a linear increase with depth. We can thus conclude that compared with the diameter,
the pier depth increases capacity significantly while minimizing the concrete volume.
Assuming no adverse soil conditions and no extra costs for going deeper, increasing
the depth of the shaft provides a more economical solution relative to increasing the
diameter.

The shaft diameter depends on steel pole design as discussed previously. Larger
diameter steel poles require larger diameter drilled shafts. For a given set of loading
conditions, steel pole manufacturers balance the diameter of pole and the thickness
of steel. In general larger diameter steel pole gives a lighter and hence an economical
steel pole. Therefore, from steel pole manufacturer perspective, larger diameter pole
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Figure 4.19 Deflection and Rotation of a Pole Foundation.

is preferable. However, this leads to a larger diameter shaft which is not economical
from foundation perspective. The cost of steel pole and drilled shaft foundation work
in opposite direction. The total cost (steel pole and drilled shaft) should be reviewed
together to decide the cheapest pole and shaft options.

4.4.1.4 Deflection and rotations

For pole structures, even a small angular rotation at ground level can induce large dis-
placements at the top of the pole (see Figure 4.19). The increased displacement in turn
leads to reduced horizontal and vertical clearances. Further, the deflections will induce
additional pole stresses due to what is known as the P-Delta (P-�) effect. Additionally,
deflections may affect aesthetics of the structure. Despite this significance, few utilities
ignore deflection and rotation limits in the design of drilled shaft foundations.

There are no universal standards for deflection and rotation limits of pole foun-
dations. The total rotation and deflection at ground line include both recoverable
(elastic) and non-recoverable (inelastic) components. The total rotation varies from
1 to 3 degrees and a 2 degree design requirement is commonly used. It is must be
noted that the original EPRI research observed 2 degrees of rotation at the top of shaft
to correspond approximately with the ultimate moment capacity (Davidson, 1981).
The non-recoverable rotations vary from 0.5 degrees to 1.5 degrees. The total ground
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line deflection varies from 2 inches to 6 inches (50.8 mm to 152.4 mm). The non-
recoverable portion varies from 1 inch to 3 inches (25.4 mm to 76.2 mm). These
deflection and rotation limits are important design considerations for angle and dead-
end transmission structures for which drilled shaft foundations are commonly used.
Since these structures are more critical than tangent structures, their foundations must
be designed for higher reliability levels.

In the recent study on performance criteria for short drilled shaft foundations,
Kandaris et al. (2012) recommended more stringent rotation/deflection limits. During
the initial iteration of design phase, the total rotation recommended by this study is
1 degree and the corresponding total deflection is 4% of shaft diameter. The one degree
total rotation will generally keep rigid shaft movement within the elastic deformation
range. Drilled shafts typically move towards more plastic behavior of soil above this
level. Due to smaller values of limits, typically, these performance criteria may control
the drilled shaft foundation design over the ultimate moment capacity.

Several methods are available to calculate the deflections and rotations of drilled
shaft foundations. Some of these methods include Broms (1964), Poulos and Davis
(1980), p-y curves (Reese and Matlock, 1956), Bhushan et al. (1981), MFAD™ and
Prasad (1997). These methods use either the subgrade reaction approach or the con-
tinuum approach. In the subgrade reaction approach, the continuous nature of the soil
medium is ignored and the shaft reaction at any point is considered to be directly pro-
portional to deflection at that point. To include nonlinearity in the subgrade reaction
approach, an iterative procedure is normally used. The iterative procedure incorpo-
rates nonlinear soil p-y curves for various depths in the computational approach. In
the continuum approach, soil medium is treated as a continuous elastic medium. In
the US, MFAD™ and LPILE™ software programs incorporate p-y curve concepts to
calculate deflections and rotations of concrete shafts subjected to lateral loads and
moments.

4.4.2 Direct embedment foundations

A single pole structure foundation is usually subjected to large moment loads along
with relatively small vertical and shear loads. To resist vertical loads, the base of a
direct buried steel pole is welded to a wider plate that increases the bearing area. In
case of wood poles, bearing shoes are affixed near the bottom of the pole to transfer
vertical loads safely to the soil while reducing bearing pressure. General principles of
bearing capacity can be applied to these foundations. It must be noted that for unguyed
single poles, moment loading usually controls the foundation design.

4.4.2.1 Failure modes

In general, three modes of failure may occur in directly embedded pole foundations.

(i) Flexural failure of pole – The pole may fail due to bending above or below the
ground line. Failure due to insufficient flexural strength is common in wood
poles.

(ii) Functional failure of transmission pole – The pole may fail due to excessive rota-
tion and deflection at the ground level. This type of failure depends to a great
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extent on the deformation characteristics of the soil. If the pole deflects signifi-
cantly, it will reduce electrical clearances as well as adversely impact aesthetics
of the structure.

(iii) Collapse of pole due plastic failure of soil – Complete collapse of the pole can
occur when the soil becomes sufficiently plastic. The capacity of the pole at this
condition is known as ultimate moment capacity. In that situation, the rear end
of the pole loses contact with the soil and a big gap forms behind the pole.

4.4.2.2 Calculation methods for embedment

Some of the methods and theories currently used to determine pole embedment are:

• Rule of Thumb Method
• RUS Method
• Broms’ Method
• Hansen’s Method
• CEA Method
• MFAD Method

Rule of thumb method

This widely used empirical approach is popularly known as the 10% + 2′ rule. If the
length of the pole is L (feet), the required depth of embedment (De) in feet is given as:

De = 0.10 ∗ L + 2 (4.21)

This equation implies that the depth of embedment of the pole is solely a function of
length of the pole. The obvious drawback of this method is that it yields the same depth
of embedment for both poor and good soils. This method was originally suggested for
good soil conditions; but is being used routinely on all types of soils.

Limitations

Keshavarzian (2002) analyzed various classes of wood poles in different soil condi-
tions and presented an excellent discussion on limitations of 10% + 2′ rule. Additional
embedment depths over 10% + 2′ were recommended by the RUS Bulletin 200 for the
following conditions:

• Low areas near streams, rivers, or other bodies of water where a high water table
or a fluctuating water table is likely. Poles in a sandy soil with a high water table
may “kick’’ out.

• Areas where the soil consists of soft clay, poorly compacted sand, pliable soil, or
soil that is highly organic in nature.

• Locations where higher safety is desired. Typical locations include unguyed small
angle structures where a portion of the load is relatively permanent in nature, and
structures at river, line, or road crossings.

• Locations where poles are set adjacent to or on steep grades.
• Locations where more heavily loaded poles are used.
• Locations where underground utilities such as water or sewer will be located next

to the pole.
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Internal standards of some utilities recommend the above rule of thumb, with an
adder different than 2′ (0.61 m). Depending on the soil conditions, voltage level, type
of structure (single pole or H-Frame), the adder could vary from 1.5 ft (0.46 m) to 10 ft
(3.05 m).

Example 4.4 A transmission pole 80 feet (24.4 m) long is to be installed in homo-
geneous soil deposits of (a) loose sand (φ = 30◦) and (b) dense sand (φ = 40◦) using
direct embedment foundation. Determine the depth of embedment using the ‘Rule of
Thumb’ method.

Solution:
(a) For loose sand

De = 0.10(80) + 2 = 10 ft (3.05 m)

(b) For dense sand

De = 0.10(80) + 2 = 10 ft (3.05 m)

Observe there is no difference in foundation setting depths for the loose and dense
sand conditions.

RUS method

This method has been suggested for wood pole structures in RUS Bulletin 200.
According to this method:

H = SeD3.75
e

(L − 2 − 0.662De)
(4.22)

where:
H = horizontal force in pounds applied 2 ft (0.61 m) from the pole top
De = embedment depth of pole in feet
L = total length of the pole in feet
Se = Soil Constant, 140 for good soils, 70 for average soils, 35 for poor soils

Good soils: Very dense, well graded sand and gravel, hard clay, dense, well graded,
fine and coarse sand.

Average soils: Firm clay, firm sand and gravel, compact sandy loam.
Poor soils: Soft clay, poorly compacted sands (loose, coarse, or fine sand), wet clays

and soft clayey silt

The RUS Bulletin provides graphs for calculating the embedment depths using the
above method with the following observations.

• The rule of thumb of “10 percent + 2 ft’’ is adequate for most wood pole structures
in good soil and not subjected to heavy loadings.

• For Class 2 and larger class poles and poles of heights less than 60 ft, pole embed-
ment depths should be increased 2 ft or more in poor soil (single pole structures).

• For Class 2 and larger class poles and poles of heights less than 40 ft, pole embed-
ment depths should be increased 1–2 ft in average soil (single pole structures).

• For H-Frame wood structures, “10 percent + 2 ft’’ seems to be adequate for lateral
strengths. Embedment depths are often controlled by pullout resistance.
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This method is an improvement over 10% + 2′ rule because it takes into account to
some extent the strength of the soil and loads acting on the pole. However, it does not
consider interaction between the backfill and the in-situ soil.

Broms’ method

From considerations of soil-pole interaction, a directly embedded pole is equivalent to
a rigid pile carrying a large bending moment but relatively small vertical and lateral
loads at the top. However, the effects of the backfill annulus between the pole and the
surrounding soil must be considered in the analysis. For the case where the annulus
backfill has shear strength and deformation characteristics equal to those of the sur-
rounding in-situ soil, the performance of the foundation will be relatively unaffected by
the annulus. Theoretical models developed for short rigid pile foundations can be used
to predict the behavior of this foundation. However, in most situations, the backfill
may be either stronger or weaker compared to the surrounding in-situ soil. In such a
case, theoretical models for rigid piles are modified by using the strength and stiffness
differences between the backfill and surrounding soil.

As discussed above, the basic difference between conventional rigid pile and
directly embedded pole foundation is that the backfill is absent in rigid pile applications.
Therefore to apply rigid pile theories to directly embedded pole foundations, certain
assumptions can be made to simplify the design calculations as recommended in one
of the CEA research reports (Haldar et al., 1997) on direct embedment foundations.
Some of the assumptions are as follows:

Case (i): If the diameter of the backfill hole is very narrow and the backfill is stronger
than or equivalent to surrounding in-situ soil, it can be assumed that the lateral soil
failure occurs in the surrounding in-situ soil. For this condition, the thickness of the
backfill annulus should be typically less than 0.5 to 1 foot (0.15 m to 0.30 m). The
ultimate capacity can then be calculated using the pole diameter and the surrounding
in-situ soil conditions.

Case (ii): If the diameter of the backfill hole is narrow and the backfill is much stronger
than the in-situ soil (eg: concrete backfill), it can be assumed that the pole and back-
fill act as a single unit and failure occurs in surrounding in-situ soil. The ultimate
capacity can be calculated using the diameter of the backfill hole as equivalent to
the pole diameter and surrounding in-situ soil conditions.

Case (iii): If the diameter of the backfill hole is very wide, it can be assumed that
the failure occurs in the backfill and effect of in-situ soil can be neglected. If the
in-situ soils are granular type with high percentage of boulders and cobblestones,
a backhoe type of equipment is used for excavations and the backfill annulus size
may be much larger. This type of failure mechanism is suggested for a backfill hole
size of 4 to 5 times the pole diameter. The ultimate capacity can be estimated using
the diameter of the pole and the backfill soil conditions.

The rigid pile method is simple and easy to use. However, it should be cautiously
used since it fails to consider the true engineering properties of the backfill and sur-
rounding soil as well as the moment capacity contributions from skin friction and end
bearing resistance which are usually ignored in conventional rigid pile theories.

Broms’ method is one of the widely used methods by the utility industry to predict
ultimate lateral capacity because of its simplicity. Broms (1964) proposed a rigid pile
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method for determining embedment by assuming a soil pressure distribution as shown
in Figure 4.16. For cohesionless soils, the maximum lateral earth pressure at the base
of the pile is equal to three times the Rankine’s ultimate passive pressure. According
to this method, the ultimate lateral capacity, Hu is given by:

Hu = 0.5γD3
e kpB

(e + De)
(4.23)

where:
γ = unit weight of the soil
De = the embedded length of the pole
kp = Rankine’s earth pressure coefficient = tan2(45+φ

2 )
φ = angle of internal friction of the soil
e = eccentricity of horizontal load
B = diameter of the pole

Example 4.5 A transmission pole structure 80 feet (24.38 m) long is to be installed
in homogeneous soil deposits of (a) loose sand (φ = 30◦) and (b) dense sand (φ = 40◦)
using direct embedment foundation. Determine the depth of embedment per Broms’
rigid pile method. Water table is about 40 ft (12.19 m) below the ground level. The
thickness of the backfill annulus = 0.75 ft (0.23 m). Use the data provided in Table 4.19
for the analysis.

The average diameter of the pole below the ground level is (a) 1.5 ft (0.46 m), (b)
2.5 ft (0.76 m). If the depth of foundation (De) is determined to be 10 ft (3.05 m) based
on Rule of Thumb, determine if the design is sufficient.

The moment at the ground level is 250 kip-ft (339 kN-m) under extreme wind
load case. A minimum factor of safety of 1.25 is required against lateral soil failure
per internal utility standard. The resultant wind load (due to loads on wire and load
on pole itself) acts at 10 ft (3.05 m) from the top of the pole.

Solution:

Since the hole is narrow and the backfill strength is higher than surrounding soil,
conservatively apply case (i) discussed above for rigid piles, and assume that the failure
occurs in the surrounding in-situ soil. The pole diameter governs the calculation. The
problem is now simplified to that of a rigid pile under lateral load.

e = distance between the ground line and the resultanthorizontal load
= total length of the pole – embedment depth – distance from top of the pole to

resultant force
= (80 − 10 − 10) = 60 ft (18.29 m)

Table 4.19 Design Data for Example E4.5.

Surrounding In-Situ Soil

Property Backfill (Crushed Stone) Loose Sand Dense Sand

Unit Weight in lb/ft3 (kN/m3) 135 (21.21) 100 (15.71) 120 (18.85)
Drained Friction Angle φ in deg. 45 30 40
kp = Rankine’s Coefficient 5.82 3.0 4.6
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According to Broms’ method, the ultimate lateral capacity, Hu is given by,

Hu = 0.5γD3
e KpB

(e + De)

Case (1) Loose Sand, B = 1.5 ft (0.46 m)

γ = Unit Weight of in-situ soil = 100 pcf (15.72 kN/m3)
De = Depth of embedment of pole = 10 ft (3.05 m)
kp = Rankine’s earth pressure coefficient = tan2(45+φ

2 ) = tan2(45+ 30o

2 ) = 3.0
B = diameter of the pole = 1.5 ft (0.46 m)

Substituting above values,

Hu = 0.5(100)(103)(3.0)(1.5)
(60 + 10)

= 3214.3 lb = 3.21 kips (14.3 kN)

Moment Capacity = Mu = Hue = (3.21)(60) = 192.6 kip-ft (261.15 kN-m)

Case (2) Loose Sand, B = 2.5 ft (0.76 m)

γ = 100 pcf (15.72 kN/m3)
De = 10 ft (3.05 m)
Kp = 3.0
B = 2.5 ft (0.76 m)

Substituting above values,

Hu = 0.5(100)(103)(3.0)(2.5)
(60 + 10)

= 5357 lb = 5.36 kips (23.84 kN)

Moment Capacity = Mu = Hue = (5.36)(60) = 321.6 kip-ft (436.07 kN-m)

Case (3) Dense Sand, B = 1.5 ft (0.46 m)

γ = 120 pcf (18.86 kN/m3)
De = 10 ft (3.05 m)
Kp = tan2(45+φ

2 ) = tan2(45+ 40o

2 ) = 4.60
B = 1.5 ft (0.46 m)

Substituting above values,

Hu = 0.5(120)(103)(4.6)(1.5)
(60 + 10)

= 5914.3 lb = 5.91 kips (26.29 kN)

Moment Capacity = Mu = Hue = (5.91)(60) = 354.60 kip-ft (480.81 kN-m)

Case (4) Dense Sand, B = 2.5 ft (0.76 m)

γ = 120 pcf (18.86 kN/m3)
De = 10 ft (3.05 m)
Kp = 4.60
B = 2.5 ft (0.76 m)
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Substituting above values,

Hu = 0.5(120)(103)(4.6)(2.5)
(60 + 10)

= 9857.1 lb = 9.86 kips (43.86 kN)

Moment Capacity = Mu = Hue = (9.86)(60) = 591.6 kip-ft (802.17 kN-m)

Table 4.20 summarizes the results of the calculations. In this table, the factor of
safety is the ratio of the moment capacity of the foundation and the applied ground
line moment.

The table shows that the Rule of Thumb method may not always provide safe
designs since it does not take into account the variations in soil, changes in pole
diameter and loads on the pole.

Example 4.6 Re-design the pole for Case (1) of Example E4.5 in which factor of
safety is found to be less than unity. The minimum factor of safety required is 1.25
against lateral soil failure.

Solution:

Of all the soil and pole parameters in Broms’ equation, an increase in embedment
depth of pole significantly improves foundation capacity. So, let the embedment depth
of foundation be increased to 12 ft (3.66 m).

e = (80 − 12 − 10) = 58 ft (17.68 m)

Case (1) Loose Sand, B = 1.5 ft (0.46 m)

γ = Unit Weight of in-situ soil = 100 pcf (15.72 kN/m3)
De = Depth of embedment of pole = 12 ft (3.66 m)

kp = Rankine’s earth pressure coefficient = tan2

(
45 + φ

2

)
= tan2

(
45 + 30◦

2

)
= 3.0

B = diameter of the pole = 1.5 ft (0.46 m)

Table 4.20 Calculation Summary.

Case

Moment Capacity of
Foundation In kip-ft
(kN-m)

Applied Ground
Line Moment in
kip-ft (kN-m)

Factor of
Safety (FS) Comments

1. Loose Sand,
B = 1.5 ft (0.46 m)
2. Loose Sand,
B = 2.5 ft (0.76 m)
3. Dense Sand,
B = 1.5 ft (0.46 m)
4. Dense Sand,
B = 2.5 ft (0.76 m)

192.6 (261.13)

321.6 (436.03)

354.6 (480.77)

591.6 (802.10)

250.0 (338.96)

250.0 (338.96)

250.0 (338.96)

250.0 (338.96)

0.77

1.30

1.41

2.37

Not OK (FS < 1.25)

OK (FS > 1.25)

OK (FS > 1.25)

OK (FS > 1.25)
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Substituting above values,

Hu = 0.5(100)(123)(3.0)(1.5)
(58 + 12)

= 5554.29 lb = 5.55 kips (24.71 kN)

Moment Capacity = Mu = Hue = (5.55)(58) = 321.9 kip-ft (436.48 kN-m)
Factor of safety = 321.9/250.0 = 1.29 > 1.25, Design is OK

Hansen’s method

Hansen’s (1961) method is used to calculate the ultimate lateral and moment capacity
of rigid piles and is described in Section 4.4.1.2. The main advantage of this method is
that it can be applied to layered soils in addition to uniform soils. Based on Hansen’s
theory, RUS Bulletin 205 gives a series of graphs for determining the direct embedment
depths for tangent poles in nine (9) different uniform soils. The parameters associated
with the nine charts are given in Table 4.21 along with the charts (Figures 4.20 to 4.28).

The required setting depth for a pole can be determined from the ground line diam-
eter and the ultimate moment. In these calculations, the effect of backfill is neglected.
Important facts related to these charts are listed below.

• The diameters of poles range from 1 ft (0.305 m) to 4 ft (1.219 m).
• Ultimate moments considered at groundline range from 0 to 3500 kip-ft

(4745.76 kN-m).
• Recommended range for embedment depth/diameter ratio range from 3 to 10
• For multi-layered soils, the predominant soil type should be considered for

selecting the embedment depth.
• For horizontal loads greater than 40 kips (177.94 kN-m) or for stratified soils, use

of actual equations is recommended.

Example 4.7 A transmission pole structure 80 feet long (24.38 m) is to be installed
in homogeneous soil deposit of loose dry sand using a direct embedment foundation.

Table 4.21 Parameters Considered in the Design Charts.

Chart Soil/Type & Description
Unit weight in
lbs/ft3 (kN/m3)

su for clay in
kip/ft2 (kPa)

φ for sand
in degrees

Typical Blow
CountValues,
SPT ‘N’

1 Dense Dry Sand 140 (21.99) 0 41 >30
2 Dense Submerged Sand 85 (13.36) 0 41 >30
3 Medium Dry Sand 120 (18.85) 0 33 10–30
4 Medium Submerged Sand 65 (10.21) 0 33 10–30
5 Loose Dry Sand 95 (14.93) 0 28 0–10
6 Loose Submerged Sand 55 (8.64) 0 28 0–10
7 Stiff Saturated Clay 140 (21.99) 2.0 (95.76) 0 >8
8 Medium Saturated Clay 120 (18.85) 0.75 (35.91) 0 4–8
9 Soft Saturated Clay 100 (15.71) 0.25 (11.97) 0 0–4

(Courtesy: RUS/USDA.)

 



Figure 4.20 Embedment Depth for Dense Dry Sand (Source: RUS/USDA).

Figure 4.21 Embedment Depth for Dense Submerged Sand (Source: RUS/USDA).
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Figure 4.22 Embedment Depth for Medium Dry Sand (Source: RUS/USDA).

Figure 4.23 Embedment Depth for Medium Submerged Sand (Source: RUS/USDA).
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Figure 4.24 Embedment Depth for Loose Dry Sand (Source: RUS/USDA).

Figure 4.25 Embedment Depth for Loose Submerged Sand (Source: RUS/USDA).

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-5&iName=master.img-028.jpg&w=347&h=279
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-5&iName=master.img-029.jpg&w=347&h=278


Figure 4.26 Embedment Depth for Stiff Saturated Clay (Source: RUS/USDA).

Figure 4.27 Embedment Depth for Medium Saturated Clay (Source: RUS/USDA).
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Figure 4.28 Embedment Depth for Soft Saturated Clay (Source: RUS/USDA).

Calculate the embedment depth of pole using the charts provided by RUS Bulletin
205. The average diameter of the pole below the ground is 2.5ft (0.76 m). The required
moment capacity of foundation is 1000 kip-ft (1355.9 kN-m). What will be embedment
depth if the pole diameter increases to 4 ft (1.22 m)?

Solution:

Using the chart provided for loose dry sand (Figure 4.24):

Embedment depth = 19.5 ft (5.94 m) when the pole diameter is 2.5 ft (0.76 m).
Embedment depth = 17.3 ft (5.27 m) when the pole diameter is increased to 4 ft

(1.22 m).
The embedment depths in both the cases are more than the minimum embedment

depth of 3 times the diameter.

Example 4.8 A transmission pole structure 80 ft (24.38 m) long is to be installed in
a homogeneous soil deposit of stiff saturated clay using a direct embedment founda-
tion. Calculate embedment depth of the pole foundation using the charts from RUS
Bulletin 205. The average diameter of the pole below the ground is 2.0 ft (0.61 m).
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Figure 4.29 Pressure Distribution Under Lateral Load (with permission from CEATI International, Inc).

The required moment capacity of foundation is 1500 kip-ft (2033.90 kN-m). What
will be embedment depth required if the pole diameter increases to 4 ft (1.22 m)?

Solution:

Using the chart provided for stiff saturated clay (Figure 4.26):

Embedment depth = 17 ft (5.18 m) when the embedded pole diameter is 2 ft (0.61 m).
Embedment depth = 13 ft (3.96 m) when the embedded pole diameter is increased to

4 ft (1.22 m).
The embedment depths in both the cases are more than the minimum embedment

depth of 3 times the diameter.

CEA method

This method by Haldar et al. (1997) is developed from the first principles of earth
pressure theory and considers both backfill and in-situ soil characteristics to estimate
the capacity of directly buried pole foundations in cohesionless soils. This theory was
a part of a major research project of the Canadian Electricity Association (CEA).
The passive earth pressure theory is extended to rigid piles using shape factors and
the pressure distribution shape recommended by Petrasovits and Award (1972). The
pressure distribution of this theory is shown in the Figure 4.29. This theory is not
valid when the backfill is very loose compared to the surrounding in-situ soil. The soil
resistance at any depth z is given by:

pz = 3.7KpmγZ (4.24)
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In the above equation, Kpm is the combined passive coefficient for backfill and
the surrounding soil and considers friction angles of the backfill and the in-situ soil,
and the thickness of the backfill. The average of unit weights of the backfill and the
surrounding in-situ soils will be used as γ in the equation above.

Kpm = 2n tan
(

45 + φ1

2

)
− n2 + tan2

(
45 + φ2

2

)
tan2

(
45 + φ1

2

)[
tan

(
45 + φ1

2

)
− n

]2

(4.25)

where:
φ1 = friction angle of backfill
φ2 = friction angle of in-situ native soil
n = thickness of annular space/embedment depth of pole

According to this method, the ultimate lateral capacity, Hu is given by:

Hu = 3.7KpmγBD2
e (2R2 − 1)

2
(4.26)

Mu = Hue (4.27)

where:
Kpm = combined passive coefficient for backfill and surrounding soils
e = eccentricity of loading
De = embedment depth of pole
γ = average of unit weights of backfill and surrounding in-situ soils
R = ratio of depth of point rotation to total embedment depth of pole

The value R is 0.707 for pure bending moment and 0.794 for pure horizontal
load. For a given combined moment and horizontal load, R can be calculated using
the equation below.

(2R2 − 1) = (1 − 2R3)2De

3e
(4.28)

Example 4.9 A transmission pole structure 80 ft (24.38 m) long is to be installed
in a homogeneous soil deposit of loose sand with a unit weight γ of 100 lb/ft3

(15.72 kN/m3) and φ = 30◦ using a direct embedment foundation. Calculate the ulti-
mate moment capacity of the embedded pole foundation using the CEA method. The
average diameter of the pole is 2.5 ft (0.76 m) and it is embedded to a depth of 12 ft
(3.66 m). Water table is about 40 ft (12.19 m) below the ground level. The thickness
of the backfill annulus is 0.75 ft (0.23 m). The backfill is crushed rock with a unit
weight of γ = 135 lb/ft3(21.22 kN/m3) and φ = 45◦. The resultant of the load acts at
60 ft (18.29 m) above the groundline.

Solution:

The value of R is determined using the following equation.

(
2R2 − 1

) = (1 − 2R3)2De

3e
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De = 12 ft (3.66 m)
e = 60 ft (18.29 m)

Calculated R = 0.719

Kpm = 2n tan
(

45 + φ1

2

)
− n2 + tan2

(
45 + φ2

2

)
tan2

(
45 + φ1

2

)[
tan

(
45 + φ1

2

)
− n

]2

n = thickness of annular space/embedment depth of pole = 0.75/12 = 0.0625
φ1 = friction angle of backfill = 45◦
φ2 = friction angle of in-situ native soil = 30◦

Kpm = 2(0.0625) tan
(

45 + 45
2

)
− (0.0625)2

+ tan2
(
45 + 30

2

)
tan2

(
45 + 45

2

)[
tan

(
45 + 45

2

)
− 0.0625

]2

= 3.14

γ = (135 + 100)
2

= 117.5 lb/ft3 (18.47 kN/m3)

Hu = 3.7KpmγBD2
e (2R2 − 1)

2

Hu = 3.7(3.14)(117.5)(2.5)(12)2(2(0.719)2 − 1)
2

= 8335.3 lb = 8.335 kips (37.08 kN)

Mu = Hue = 8.335(60) = 500.1 kip-ft (678.10 kN-m)

MFADTM method

The details of the MFAD™ program for drilled shafts are discussed in Section 4.4.1.2.
Bragg et al. (1988) modified the four-spring subgrade modulus model to account for
the backfill in directly buried pole foundations as well as the effect of relatively smaller
base area of directly buried poles compared to concrete drilled shafts. Several prototype
tests have been conducted to validate the theoretical model developed.

4.4.2.3 Rock-socketed foundations

Rock socketed pole foundations are installed fully or partially in rock. DiGioia and
Rojas-Gonzalez (1994) reported a testing program on rock socketed pole foundations.
Several prototype drilled shaft and direct embedment foundations were tested in dif-
ferent subsurface conditions to provide an initial database of tests that could be used
to verify and/or modify existing geotechnical design models. Based on the results of
the full scale load tests, a provisional design guideline was proposed.

4.4.2.4 Special techniques to enhance capacity

There are several ways to enhance the capacity of a direct embedment pole foundation.
A few methods are listed below.
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Use of Special Backfills: Crushed stone backfill is commonly recommended. Special
backfills such as lean concrete mix or flowable backfill made of fly ash increase the
capacity significantly (Haldar et al., 2000).

Use of a Baseplate: Addition of a baseplate can help increase capacity. Baseplate
usage is more common for pole structures to increase bearing capacity under compres-
sion load; however investigations (Prasad & Chari, 1996; Haldar et al., 2000) have
shown that a baseplate also increases the moment capacity.

Use of Culverts: Culvert foundations are sometimes used to increase the stabil-
ity of directly buried pole foundations. The pole is inserted in to a hollow metallic
pipe and the annulus between the pole and metallic pipe is filled with crushed
rock/gravel/concrete backfill.

Other techniques include the use of railroad ties or cribbing devices to brace a
direct buried pole. Concrete thrust blocks are also occasionally used.

4.4.2.5 Deflections and rotations

A discussion on acceptable limits of deflections and rotations of drilled shaft founda-
tions in presented in Section 4.4.1.4. Typically, the allowable deflection and rotation
limits for direct embedment pole foundations are equal or greater than those of drilled
shafts. Some of the theoretical models developed for predicting deflection/rotation
behavior of drilled shaft foundations can be used for direct embedment foundations.
However, these models need to consider the impact of backfill in addition to the in-situ
soils. MFAD™ software considers strength and stiffness of both the backfill and
in-situ soils to compute deflections and rotations. The CEA method by Haldar et al.
(1997) used Bhushan et al. (1981)’s model for predicting deflection and rotation
behavior of direct embedment foundations.

RUS Bulletin 205 used Davisson and Prakash (1963) model for predicting deflec-
tion and rotation of direct embedment pole foundations. The Bulletin gives formulae
for calculating rotations and deflections at ground line for poles embedded in sands
and clays; however, the equations are applicable only for loads which are 1/3 to 1/2 of
ultimate loads (i.e.) within a serviceability range. At higher load levels, the relationship
between load and deflection becomes non-linear. Broms (1964) indicated that the rigid
pile deflections at groundline at the ultimate load are in the range of 20% of diameter
of the pile.

The formulae for computing ground line deflections and rotations of embedded
poles – both steel and concrete – in sand and clay are as follows:

For clay soils

yg =
{
(2.15P) Dr

De

}
KDe

{
(1.87) Dr

De
− 1

} (4.29)

Dr

De
=

{
M

PDe
+ 0.683

}
{

1.87M
PDe

+ 1
} (4.30)
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Table 4.22 Horizontal Subgrade Modulus for Granular Soils.

Soil Type nh Values in Dry Soil in lb/in3 (kN/m3) nh Values in Submerged Soil in lb/in3 (kN/m3)

Loose 9.4 (2551.60) 5.3 (1438.67)
Medium 28.0 (7600.52) 19.0 (5157.49)
Dense 75.0 (20358.53) 45.0 (12215.11)

(Source: RUS/USDA.)

Table 4.23 Modulus of Lateral Subgrade Reaction for Clays.

Cohesion in lb/ft2 (kN/m2) K values in psi (kN/m2)

1000–2000 (47.87–95.74) 700 (4826.50)
2000–4000 (95.74–191.48) 1400 (9653.00)
>4000 (>191.48) 2800 (19306.00)

(Source: RUS/USDA.)

For granular soils

yg =
{
(3.0P) Dr

De

}
nhD2

e

{
1.5Dr

De
− 1

} (4.31)

Dr

De
=

{
M

PDe
+ 0.75

}
{

1.5M
PDe

+ 1
} (4.32)

where:
De = total depth of embedment
Dr = total depth of point of rotation
M = moment at groundline
P = shear force at groundline
yg = deflection at groundline
nh = coefficient of modulus variation (see Table 4.22)
K = modulus of lateral subgrade reaction (see Table 4.23)

4.4.3 Spread foundations under compression/moment

There are several situations where foundations of transmission structures are subjected
to compressive loads that are large enough to control foundation design. The ability
of a soil to sustain a foundation compression load without undergoing shear failure is
called bearing capacity of the soil. Spread foundations such as concrete footings and
grillage foundations of lattice transmission towers carry significant compressive loads.
These foundations typically fall under the category of shallow foundations. Relevant
theories for analysis and design are discussed in this section.
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The foundations of H-Frame structures with X-braces and guyed single poles also
carry compressive loads, but, these foundations typically fall under the category of deep
foundations. Compressive loads do not generally govern the design of these founda-
tions. In guyed pole structures, axial loads are significant since the pole carries the
vertical components of the guy forces. In single concrete poles, compressive loads are
significant due to the self-weight of the pole. To prevent these poles from sinking into
the ground, the butt of the pole should have sufficient cross sectional area. Therefore,
it is a common practice to increase the bearing area of pole butt by using concrete
pads, crushed rock bed or pole anchors and base plates.

4.4.3.1 Bearing capacity theories

Three types of bearing failures are considered in soil analysis.

• General shear failure
• Local shear failure
• Punching shear failure

General shear failure takes place in soils that are relatively incompressible and
reasonably strong. Punching shear failure takes place in very loose sand and in a thin
layer of strong soil underneath by a very weak soil. Local shear failure is an intermediate
case. Bearing capacity failure types in cohesionless and cohesive soils are provided in
Tables 4.24 and 4.25, respectively.

Several theories have been developed over time to calculate the bearing capacity
of shallow foundations. Some of the most widely used theories have been proposed by
Terzaghi (1943), Meyerhof (1963), Hansen (1970) and Vesic (1973).

Terzaghi’s theory

Terzaghi’s theory (1943) is developed for continuous footings. Therefore it is simplified
to a two-dimensional problem. Based on model test data, the theory was extended to

Table 4.24 Bearing Failure Capacity Modes in Cohesionless Soils.

Type of Bearing Capacity Failure Relative Density in %

General >65%
Local 30% to 65%
Punching <30%

Table 4.25 Bearing Failure Capacity Modes in Cohesive Soils.

Type of Bearing Capacity Failure Consistency

General Very Stiff to Hard
Local Medium to Stiff
Punching Soft toVery Soft
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square and round foundations using empirical coefficients. This theory includes the
following major assumptions:

• Depth of the foundation is less than width (D ≤ B)
• Foundation base is rough. Sliding does not occur at the base of the foundation
• Soil beneath the foundation is a homogeneous, semi-infinite mass
• Soil shear strength above base of the foundation is ignored and replaced with the

surcharge load
• General shear failure is assumed. Factors are added to account for local shear

failure

The failure mechanism assumed by Terzaghi is shown in Figure 4.30. Ultimate bearing
capacity (qu) for a strip footing under general shear failure is given by:

qu = cNc + qNq + 1
2

γBNγ (4.33)

where:
c = cohesion of soil
γ = unit weight of soil
q = γD
D = depth of foundation
Nc, Nq, Nγ = bearing capacity factors (function of φ)

Nc = cot φ

(
a2

2 cos2
(
45 + φ

2

) − 1

)
(4.34)

Nq = a2

2 cos2
(
45 + φ

2

) (4.35)

Nγ = 1
2

tan φ

(
Kpγ

cos2φ
− 1

)
(4.36)

Figure 4.30 Bearing Capacity Failure.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-5&iName=master.img-034.jpg&w=293&h=94
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where Kpγ = coefficient of passive pressure and

a = e
(

3π
4 − φ

2

)
tan φ (4.37)

In the bearing capacity equation above, the contribution of the cohesive shear
strength of the soil located below the foundation is calculated by the first term cNc. If
the soil below the foundation base is cohesionless, c = 0; then the contribution of the
first term is zero.

The overburden pressure at the foundation base is quantified by the second term,
qNq. The q value is equal to γD, where γ is the total unit weight of soil located above
the bottom of the footing. The second term indicates that the deeper the foundation,
the greater is the ultimate bearing capacity due to the surcharge.

The third term 1
2γBNγ accounts for the frictional shear strength of the soil located

below the base of the footing. The γ in this term represents the unit weight of soil
located below the footing within a depth “B’’. The values of bearing capacity factors
are summarized in Table 4.26 for different φ values in five degree intervals.

Effect of shape:

When square or circular footings are used, Terzaghi’s equations are modified as below:

For square foundations with size B × B,

qu = 1.3cNc + qNq + 0.4γBNγ (4.38)

For circular foundations with diameter B,

qu = 1.3cNc + qNq + 0.3γBNγ (4.39)

Corrections for Local Shear Failure

The above equations are applicable to relatively incompressible soil types where general
shear failure is the predominant failure mode. In case of loose sands, a considerable
amount of footing movement takes place prior to mobilization of full resistance. This

Table 4.26 Terzaghi’s Bearing Capacity Factors.

φ in degrees Nc Nq Nγ

0
5
10
15
20
25
30
35
40
45
50

5.7
7.3
9.6

12.9
17.7
25.1
37.2
57.8
95.7

172.3
347.5

1.0
1.6
2.7
4.4
7.4

12.7
22.5
41.4
81.3

173.3
415.1

0.0
0.5
1.2
2.5
5.0
9.7

19.7
42.4

100.4
297.5

1153.2
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mode of failure is known as local shear failure. Terzaghi (1943) suggested following
empirical correction factors to the soil parameters in loose sands.

ccorrected =
(

2
3

)
c (4.40)

φcorrected = tan−1
(

2
3

tan φ

)
(4.41)

The ccorrected and φcorrected values shall be used instead of c and φ in the above equations
when local shear failure predominates.

Effect of water table on bearing capacity

Figure 4.31 shows different locations of the water table. The unit weight of the soil
needs to be corrected to correspond to the conditions. The submerged unit weight of
soil, γsub is given by the following equation:

γsub = γsat − γw (4.42)

where:
γsat = saturated unit weight of soil and
γw = unit weight of water = 62.4 lb/ft3

In Equation 4.33 for the ultimate bearing capacity, γ is not factored in the first
term; however, the second and third terms are impacted by the decrease in unit weight
or in other words, decrease in the effective stress.

Condition (a): 0 ≤ Dwt ≤ D
Water table depth is Dwt below the ground line as shown in the Figure 4.31. In this
situation, both the second and third terms needs to be modified.

Figure 4.31 Water Table Conditions for Bearing Capacity.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-5&iName=master.img-035.jpg&w=318&h=171
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In the second term, the value q has to be calculated using the following equation:

q = γDwt + (γsat − γw)(D − Dwt) (4.43)

In the third term, the γ should be replaced by γsub.

Condition (b): D ≤ Dwt ≤ D + B

Water table depth is Dwt below the ground line as shown in the Figure 4.31. In this
situation, only the third term needs to be modified.

In the third term, the value γ should be replaced by γmod

γmod = γsub + (γ − γsub)
(Dwt − D)

(B)
(4.44)

Condition (c): Dwt > D + B
In this case, there is no need to correct any of the terms in bearing capacity equation.

Ultimate bearing capacity in saturated clays

In transmission line design, extreme wind loads and extreme ice loads are classified as
transient loads because they are applied for relatively short periods. The magnitude of
the loads resulting from extreme events is much higher than the everyday loads acting
on the structure foundations. Transmission tower footings located in saturated clays
create positive excess pore pressures in the soil medium when they are subjected to
transient compressive loads. Due to low permeability, the excess pore pressures do not
dissipate for a while. Thus, undrained conditions develop when transient loads are
applied relatively rapidly to fine-grained soils such as clays. The most probable time
for a bearing capacity failure is immediately after these extreme loads are applied. The
shear strength is normally expressed by undrained shear strength (su) and φ = 0 under
these conditions.

Drained conditions also develop in fine-grained soils such as clays under long-
term sustained loading conditions with c = 0. However, for lattice tower foundations,
the long-term sustained loadings for a typical tangent lattice tower consist primarily
of the self-weight of the tower and wires. These loads are not as significant as the
loads associated with the extreme load cases; therefore, typically, undrained conditions
control foundation design in saturated clays.

For footings supported by saturated sands and gravels, excess pore pressures are
very small and dissipate rapidly. Thus, drained conditions develop under most loadings
in coarse-grained soils such as sands.

In case of saturated clays under undrained conditions (φ = 0), the ultimate bearing
capacity Equation 4.33 for general shear failure can be simplified as follows.

(a) c = su where is su is undrained shear strength
(b) From Table 4.26, Nc = 5.7, Nq = 1.0, Nγ = 0

For strip footings with a width of B,

qu = 5.7su + q (4.45)
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For square foundations with size B × B,

qu = 7.41su + q (4.46)

and for circular foundations with diameter B,

qu = 7.41su + q (4.47)

Example 4.10 A lattice tower is supported on a square concrete footing. The footing
is installed in a sandy soil at a depth of 6 ft (1.83 m). The base dimensions of the
foundation are 7 ft × 7 ft (2.13 m × 2.13 m). The unit weight of soil shall be assumed
as 120 lb/ft3 (18.87 kN/m3). The friction angle of sandy soil is 35 degrees (c = 0).
Calculate the ultimate bearing capacity and ultimate compressive load that can be
carried by the foundation using Terzaghi’s theory for general shear failure. The water
table is 14 ft (4.27 m) below the ground level.

Solution:

qu = 1.3cNc + qNq + 0.4γBNγ

B = 7 ft (2.13 m)
D = 6 ft (1.83 m)
Dwt = 14 ft (4.27 m)
D + B = 6 + 7 = 13 ft (3.96 m)
Dwt > D + B, therefore water table has no impact on bearing capacity and is ignored.
c = 0
q = γD = (120)(6) = 720 lb/ft2 (34.48 kN/m2)

For φ = 35 degrees, from Table 4.26:

Nc = 57.8
Nq = 41.4
Nγ = 42.4
qu = (1.3)(0)(57.8) + (720)(41.4) + (0.4)(120)(7)(42.4)

= 0 + 29808 + 14246.4 = 44054.4 lb/ft2 (2109.38 kN/m2)

Ultimate compressive capacity of the foundation
= (qu)B2 = (44054.4)(72) = 2158665.6 lbs = 2158.67 kips (9602.63 kN)

Example 4.11 For the data given in Example E4.10, recalculate the ultimate bearing
capacity and ultimate compressive load that can be carried by the foundation using
Terzaghi’s theory for general shear failure with the following changes:

• Water table is at the ground line
• Assume saturated unit weight of soil = 120 lb/ft3 (18.87 kN/m3)

Solution:
Condition (a): 0 ≤ Dwt ≤ D is applicable in this problem.
In the second term, the value q has to be calculated using the following equation.

q = γDwt + (γsat − γw)(D − Dwt)
Dwt = 0

q = 0 + (120 − 62.4)(6) = 345.6 lb/ft2 (16.55 kN/m2)
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In the third term, the γ should be replaced by γsub

γsub = 120 − 62.4 = 57.6 lb/ft3 (9.06 kN/m3)

qu = (1.3)(0)(57.8) + (345.6)(41.4) + (0.4)(57.6)(7)(42.4)

= 0 + 14307.8 + 6838.3 = 21146 lb/ft2 (1012.5 kN/m2)

Ultimate compressive load capacity of the foundation
= (qu)B2 = (21146)(72) = 1036154 lb = 1036.2 kips (4609.4 kN)

Note: The impact of water table is very significant in cohesionless soils. It can reduce
ultimate bearing capacity by as much as 50%.

Example 4.12 A lattice tower is supported on a square concrete footing. The footing
is installed in a saturated clayey soil at a depth of 6 ft (1.83 m). The base dimensions
of the foundation are 7 ft × 7 ft (2.13 m × 2.13 m). The unit weight of soil may be
assumed as 110 lb/ft3 (17.29 kN/m3). The undrained shear strength of soil is 1500 psf
(71.82 kN/m3). Calculate the ultimate bearing capacity and ultimate compressive load
that can be carried by the foundation using Terzaghi’s theory for general shear failure.
The water table is at 14 ft below the ground level.

Solution:

In saturated clays, for square foundations with size B × B, Equation 4.46 can be used.

qu = 7.41su + q

q = γD = (120)(6) = 720 lb/ft2 (34.48 kN/m2)

qu = (7.41)(1500) + 720 = 11835 lb/ft2 (556.67 kN/m2)

Ultimate compressive load capacity of the foundation
= (qu) B2 = (11835)(72) = 579915 lb = 579.92 kips (2579.69 kN)

Meyerhof’s theory

Terzaghi’s theory does not address rectangular footings which are also used for trans-
mission towers. Meyerhof’s (1963) theory can be used to calculate the bearing capacity
of rectangular footings. The theory assumes logarithmic failure surface ending at the
ground surface, and accounts for the additional soil resistance above the footing base,
which was not factored in Terzaghi’s theory. Meyerhof’s theory is more comprehensive
in nature and provides shape factors (sc, sq, sγ ), depth factors (dc, dq, dγ ) and inclined
load factors (ic, iq, iγ ).

qu = cNcscdcic + qNqsqdqiq + 1
2

γBNγsγdγ iγ (4.48)

where:
q = effective stress at the bottom level of the foundation
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Table 4.27 Meyerhof’s Bearing Capacity Factors.

φ in degrees Nc Nq Nγ

0
5
10
15
20
25
30
35
40
45
50

5.14
6.5
8.3

11.0
14.8
20.7
30.1
46.1
75.3

133.9
266.9

1.0
1.6
2.5
3.9
6.4

10.7
18.4
33.3
64.2

134.9
319.0

0.0
0.1
0.4
1.1
2.9
6.8

15.7
37.1
93.7

262.7
873.7

Source: George Geoffrey Meyerhof; Some Recent Research on the Bearing Capacity of
Foundations; Canadian Geotechnical Journal, 1963, 1(1): 16–26.
Courtesy of “© Canadian Science Publishing or its licensors’’.

Nc, Nq, Nγ = bearing capacity factors (function of φ) – (see equations below and
Table 4.27)

Nq = eπ tan φNφ (4.49)

Nc = (
Nq − 1

)
cot φ (4.50)

Nγ = (
Nq − 1

)
tan(1.4φ) (4.51)

Nφ = tan2
(

45 + φ

2

)
(4.52)

Shape Factors
For φ = 0

sc = 1 + 0.2
(

B
L

)
(4.53a)

sq = 1 (4.53b)

sγ = 1 (4.53c)

For φ ≥ 10◦

sc = 1 + 0.2
(

B
L

)
Nφ (4.54a)

sq = sγ = 1 + 0.1
(

B
L

)
Nφ (4.54b)
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Depth Factors
For φ ≥ 0

dc = 1 + 0.2
(

D
B

)
(4.55a)

dq = 1 (4.55b)

dγ = 1 (4.55c)

For φ ≥ 10◦

dc = 1 + 0.2
(

D
B

) √
Nφ (4.56a)

dq = dγ = 1 + 0.1
(

D
B

) √
Nφ (4.56b)

Inclination Factors

ic = iq =
(
1 − α

90

)2
(4.57a)

iγ =
(

1 − α

φ

)2

(4.57b)

iγ = 0 for φ = 0 (4.57c)

where:
B = width of square/rectangular foundation or diameter of circular foundation
L = length of rectangular foundation
α = inclination of the load on the foundation from vertical axis in degrees

Nφ = tan2
(

45 + φ

2

)
(4.58)

Example 4.13 A transmission tower is supported on a rectangular concrete footing
and is installed in a sandy soil at a depth of 6.5 ft (1.98 m). The base dimensions of
the foundation are 5 ft × 8 ft (1.52 m × 2.44 m). The unit weight of soil is 120 lb/ft3

(18.87 kN/m3). The friction angle of soil is 35 degrees. Calculate the ultimate bearing
capacity and ultimate compressive load that can be carried by the foundation using
Meyerhof’s theory. Assume that the load is vertical. The water table is located a deeper
depth and its effect may be neglected.
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Solution:

With c = 0 in Equation 4.48:

qu = qNqsqdqiq + 1
2

γBNγsγdγ iγ

B = 5 ft (1.52 m)
L = 8 ft (2.44 m)
D = 6.5 ft (1.98 m)
q = γD = (120)(6.5) = 780 lb/ft2 (37.35 kN/m2)

For φ = 35 degrees, from Table 4.27,

Nq = 33.3
Nγ = 37.1

Shape factors

sq = sγ = 1 + 0.1
(

B
L

)
Nφ

B
L

= 5
8

= 0.625

Nφ = tan2
(

45 + 35
2

)
= 3.69

sq = sγ = 1 + 0.1 (0.625)(3.69) = 1.23

Depth Factors
For φ ≥ 10◦

dq = dγ = 1 + 0.1
(

D
B

) √
Nφ

D
B

= 6.5
5

= 1.3

dq = dγ = 1 + 0.1(1.3)
√

3.69 = 1.25

Inclination Factors

iq =
(
1 − α

90

)2

iγ =
(

1 − α

φ

)2

For vertical load, α = 0, therefore the inclination factors are unity.

qu = qNqsqdqiq + 1
2

γBNγsγdγ iγ
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qu = 780(33.3)(1.23)(1.25)(1) + 0.5(120)(5)(37.1)(1.23)(1.25)(1)

= 39935 + 17112 = 57047 lb/ft2 (2731.48 kN/m2)

Ultimate compressive load that can be carried by the foundation
= (qu)(L × B) = (57047)(8 × 5) = 2281880 lb = 2281.88 kips (10150.71 kN).

4.4.3.2 Foundations subjected to eccentric loads

Figure 4.32 shows a footing is subjected to vertical concentric load that is applied at
the center of gravity (CG) of the footing. In this case the distribution of pressure on
the soil is uniform. When the base of the foundation is subjected to a moment loads in
addition to a vertical load, the distribution of pressure over base of the foundation will

Figure 4.32 Foundation Subject to Concentric Load.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-5&iName=master.img-036.jpg&w=198&h=362
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not be uniform. The bearing pressure on one side of the footing is higher than on the
other side. The maximum pressure is denoted by qmax and the minimum pressure by
qmin. Assuming the foundation is rigid the distribution of soil pressure varies linearly
as shown in Figure 4.33.

qmax = V
BL

+ 6M
B2L

(4.59)

qmin = V
BL

− 6M
B2L

(4.60)

where:
V = total vertical load
M = total moment

The moment can be represented by a vertical load V offset at a certain distance
‘e’ from the center of gravity of the footing. This offset is known as eccentricity. The
eccentricity of load ‘e’ is given by the following equation.

e = M
V

(4.61)

Equations 4.59 and 4.60 above can be written in terms of ‘e’ as follows:

qmax = V
BL

+ 6M
B2L

= V
BL

(
1 + 6

M
BV

)
= V

BL

(
1 + 6

e
B

)
(4.62)

Figure 4.33 Foundation Subject to Eccentric Load.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-5&iName=master.img-037.jpg&w=340&h=243
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qmin = V
BL

− 6M
B2L

= V
BL

(
1 − 6

M
BV

)
= V

BL

(
1 − 6

e
B

)
(4.63)

In the above equations, when e = B/6, qmin will become zero. For any value of ‘e’ higher
than B/6, qmin will become negative. As soil cannot take any tension, the footing will
separate from the soil underneath. In this situation, the value of qmax is

qmax = 4V
3L(B − 2e)

(4.64)

It is therefore a good practice to keep the eccentricity of load within the middle third
of the footing dimension to avoid separation of footing from the soil underneath. This
ensures that the entire plan area of the footing base remains in compression.

The footing should be designed so that the maximum pressure (qmax) does not
exceed the computed bearing capacity. Meyerhof (1953) suggested an effective area
method for calculating the ultimate bearing capacity of eccentrically-loaded founda-
tions. This is a simplified approach for eccentrically loaded footings. The effective
dimensions of the foundation should be used in calculations. For a footing subjected
to two moments in ‘x’ and ‘y’ directions shown in Figure 4.34a, the effective width B′
and effective length L′ are given in the equations below.

B′ = B − 2eB (4.65)

Figure 4.34a Equivalent Area Concept – Biaxial Bending.
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L′ = L − 2eL (4.66)

eB = MB

V
(4.67)

eL = ML

V
(4.68)

Equation 4.48 can be used with the following changes:

q′
u = cNcscdcic + qNqsqdqiq + 1

2
γB′Nγsγdγ iγ (4.69)

In the above equation, B′ is the lowest of B′ and L′. The shape factor calculation should
use the reduced dimensions of the foundation.

The total ultimate load capacity the foundation is calculated by multiplying q′
u with

effective area (B′ × L′). It can be noticed from the above equations that eccentricity of
loading decreases the bearing capacity of a foundation.

Grillage bases of lattice towers are usually subjected to moments about either axis
of the footing base in addition to the axial load. In Figure 4.34b, the equivalent area
concept for a foundation subjected to moment in one direction is shown.

Example 4.14 A transmission tower grillage base is installed in a saturated
clayey soil at a depth of 8 ft (2.44 m). The base dimensions of the foundation
are B = 7 ft (2.13 m) and L = 10 ft (3.05 m). The unit weight of soil is assumed as
115 lb/ft3 (18.08 kN/m3). The undrained shear strength (φ = 0) of soil is 3000 psf
(143.64 kN/m2).

Calculate the ultimate bearing capacity and ultimate compressive load capacity of
the foundation using Meyerhof’s theory and the following additional data:

The backfill is crushed rock with a unit weight of 120 lb/ft3 (18.87 kN/m3).
The forces acting at the geometric centroid of grillage base are given below.
Vertical force including the foundation weight at the grillage base = V = 350 kips

(1556.94 kN)
Moment at the grillage base acting along the width = MB = 50 kip-ft (67.80 kN-m)
Moment at the grillage base along the length = ML = 60 kip-ft (81.36 kN-m)
Load inclination acting along the main leg member = α = 30 degrees

Solution:

eB = MB

V
= 50

350
= 0.143 ft (0.044 m) <

B
6

= 7
6

= 1.167 ft (0.36 m)

eL = dML
V = 60

350
= 0.171 ft (0.052 m) <

L
6

= 10
6

= 1.667 ft (0.51 m)

No tension develops on both sides of the grillage foundation base.

B′ = B − 2eB = 7 − 2 (0.143) = 6.714 ft (2.05 m)
L′ = L − 2eL = 10 − 2 (0.171) = 9.658 ft (2.94 m)

q′
u = cNcscdcic + qNqsqdqiq + 1

2
γB′Nγsγdγ iγ
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Figure 4.34b Equivalent Area Concept – Uniaxial Bending.
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Undrained shear strength of soil, su = 3000 psf (143.64 kN/m2)
For (φ = 0), Nc = 5.14, Nq = 1.0, Nγ = 0 from Table 4.27.

Substituting bearing capacity factors in Equation 4.48

q′
u = cNcscdcic + qsqdqiq

c = su = 3000 psf (143.64 kN/m2)
q = γD = (120)(8) = 960 lb/ft2 (45.97 kN/m2)

For φ = 0

sc = 1 + 0.2
(

B′

L′

)
= 1 + 0.2

(
6.714
9.658

)
= 1.139

sq = 1

dc = 1 + 0.2
(

D
B′

)
= 1 + 0.2

(
8

6.714

)
= 1.238

dq = 1

ic = iq =
(
1 − α

90

)2 =
(

1 − 30
90

)2

= 0.444

q′
u = cNcscdcic + qsqdqiq

q′
u = (3000) (5.14) (1.139) (1.238) (0.444) + (960)(1)(1)(0.444)

= 9654.098 + 426.24

= 10080.34 lbs/ft2(482.66 kN/m2)

Ultimate compressive load that can be carried by the foundation
= (qu)(L′ × B′) = (10080.34)(9.658 × 6.714)
= 653647.672 lb = 653.65 kips (2907.7 kN).

4.4.3.3 Practical aspects

Soil strength parameters for bearing capacity calculations

As discussed in section 4.4.3.1, selecting the type of drained conditions is very critical in
determining the bearing capacity of soils. For cohesive soils such as clays, undrained
soil conditions are considered while for cohesionless soils such as sands and grav-
els, drained soil conditions are used. Since silts are partially drained, undrained soil
conditions are used as a conservative approach.

Soils are not always found saturated during field investigations. However, it is
generally a good practice to conservatively assume that any dry soil will be saturated
at least once during the life of the structure. Saturated soil samples are used for testing
in the laboratory for the same reason. Bearing capacity is very sensitive to soil type
and the location of the water table. Rather than the actual water table location found
during investigations, the highest potential water table location (e.g.: flood plain levels
near rivers) should be used in design.
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Table 4.28 Presumptive Allowable Bearing Capacities in ksf (kPa).

Soil Descriptive Chicago 1966 Atlanta, 1950
Uniform Building
Code 1964

Clay, very soft 0.5 (23.94) 2.0 (95.76) 1.5 (71.82)
Clay, soft 1.5 (71.82) 2.0 (95.76) 1.5 (71.82)
Clay, ordinary 2.5 (119.70) 4.0 (191.52)
Clay, medium stiff 3.5 (167.58) 2.5 (119.70)
Clay, stiff 4.5 (215.46) 4.0 (191.52)
Clay, hard 6.0 (287.28) 8.0 (383.04)
Sand, compact and clean 5.0 (239.40)
Sand, compact and silty 3.0 (143.64)
Inorganic silt, compact 2.5 (119.70) 1.5 (71.82)
Sand, loose and fine 1.5 (71.82)
Sand, loose and coarse, or sand-gravel
mixture, or compact and fine

2.5 (119.70)

Gravel, loose, and compact coarse sand 8.0 (383.04) 8.0 (383.04)
Sand-gravel, compact 12.0 (574.56) 8.0 (383.04)
Hardpan, cemented sand,
cemented gravel

12.0 (574.56) 20.0 (957.61)

Soft rock Sedimentary layered rock
(hard shale, sandstone, siltstone)

30.0 (1436.41)

Bedrock 200.0 (9576.05) 200.0 (9576.05)

(Source: RUS/USDA.)

Presumptive bearing capacity values

Generally, soil data is needed for calculating bearing capacity values. However, there
may be situations in which it is necessary to perform a transmission structure foun-
dation design when soil data is either not known or is not available. RUS Bulletin
200 provides guidance for checking the bearing resistance of guyed pole bases in the
absence of detailed soil information.

A summary of presumptive allowable bearing capacity values is provided in
Table 4.28. These values are obtained from local building codes of Chicago, Atlanta
and the Uniform Building Code. The allowable bearing capacity values recommended
by these codes are very conservative since they consider the effects of differential set-
tlement in buildings. It must be noted that the impact of settlement is not as critical as
in a building when a pole settles in soil. Additionally, the Bulletin provides guidance
on approximate ranges of ultimate bearing capacity values for different types of soils
as shown in Table 4.29. These ultimate values are three times the allowable values.

4.4.4 Spread foundations under uplift

Spread foundations are constructed by excavating a trench and then backfilling the
hole with excavated soil or barrowed backfill.
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Table 4.29 Suggested Ranges of Presumptive Ultimate Bearing Capacities in psf (kPa).

Specific Description (Dry) Ultimate Bearing Capacity

Clay, soft 2000–6000 (95.76–287.28)
Clay, ordinary 6000–9000 (287.28–430.92)
Clay, stiff 12000 (574.56)
Clay, hard 15000 (718.20)
Sand, loose 4500 (215.46)
Sand, compact and silty 9000 (430.92)
Sand, compact and clean 15000 (718.20)
Hardpan 40000 (1915.21)
General Description (Dry)
Poor Soil 1500–4000 (71.82–191.52)
Average Soil 5000–9000 (239.40–430.92)
Good soil 12000–18000 (574.56–861.84)

(Source: RUS/USDA.)

Figure 4.35 Shallow Foundation Under Uplift.

As shown in the Figure 4.35, when a shallow foundation is subjected to uplift
load, the failure surface extends to the ground. The components contributing to uplift
resistance are the weight of the foundation including soil weight (where applicable)
and the shearing resistance of soil along the failure surface.

Various theories are available for calculating the uplift capacity of shallow spread
foundations. The main difference among these theories is the assumed shape of
the failure surface and how different components contributing to the capacity are
accounted.
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Figure 4.36 20 deg Cone Method.

4.4.4.1 Theoretical models

The following theories are discussed here:

• The 20 degree Cone Method
• Meyerhof and Adams Theory
• Shearing or Friction Method

a. Twenty Degree Cone Method

This simple method assumes a 20 degree failure plane. As shown in Figure 4.36, the
uplift capacity of the foundation is based on the weight of the soil in the assumed 20
degree failure zone. Shear forces along the failure plane are ignored when calculat-
ing the uplift capacity. Soil strength parameters are, consequently, not required for
computing uplift capacities.

The uplift capacity can be computed as below

Qu = Ws + Wf (4.70)

where:
Ws = weight of soil in the 20 degree cone of earth
Wf = weight of foundation

Design Standard No. 10 (1965) of the US Department of the Interior Bureau
of Reclamation provides equations for calculating uplift capacities for different cone
angles. A minimum factor of safety of 1.5 is recommended against the ultimate uplift
capacities calculated from equations above.

If a rectangular foundation with plan dimensions L × B (B = width, L = length) is
embedded to a depth D, the soil weight, Ws is given by the following equation for the
20 degree cone angle.

Ws = 13.88D3 + 100BLD + 36.4D2(B + L) (4.71)
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The equation above assumes that the unit weight of soil is 100 lbs/ft3 (15.72 kN/m3).
The dimensions of foundation B, L and D are in feet. If the unit weight of soil is
different, the value of Ws calculated using the Equation 4.71 must be scaled by a ratio
of actual unit weight/100.

For a square foundation, the width and length are equal. By substituting B for L,
the soil weight, Ws reduces to the following equation.

Ws = 13.88D3 + 100B2D + 72.8BD2 (4.72)

Other design practices assume cone angles between zero and thirty degrees. A cone
angle of zero provides a very conservative design. The weight of soil in any cone angle
greater than zero indirectly accounts for the soil strength contribution.

Example 4.15 A transmission tower grillage foundation is installed in a sandy
soil at a depth of 5 ft (1.52 m). The base dimensions of the grillage are 5 ft × 5 ft
(1.52 m × 1.52 m). The unit weight of soil is 110 lb/ft3 (17.29 kN/m3). The weight
of the grillage foundation is 3500 lb (15.57 kN). Calculate the ultimate uplift capacity
of grillage foundation using the 20 degree cone method. The water table is at 30 ft
(9.14 m) below the ground level and its effect can be neglected.

Solution:

Ws = 13.88D3 + 100BLD + 36.4D2(B + L)

= 13.88(5)3 + 100(5)(5)(5) + 36.4(5)2(5 + 5)

= 1735 + 12500 + 9100 = 23335 lb (103.8 kN)

Correction for unit weight = (110/100)(23335) = 25669 lb = 25.67 kips (114.19 kN)

Qu = Ws + Wf

= 25.67 + 3.50 = 29.17 kips (129.76 kN)

b. Meyerhof and Adams Theory

Meyerhof and Adams (1968) theory for uplift capacity considers the following:

• Curved failure surface
• Circular, rectangular and square footings
• Shallow and deep footings

Circular footings

Shallow Footings (D ≤ H)

Qu = πBDc + sf

(π

2

)
BγD2Ku tan φ + Wf + Ws (4.73)

where:
B = diameter of foundation
D = depth of foundation

 



272 Design of electrical transmission lines

H = limiting depth which separates shallow foundations to deep foundations
(see Table 4.30)
Sf = Shape factor
Ku = nominal uplift coefficient of earth pressure on the vertical rupture surface
Wf = weight of foundation
Ws = weight of soil contained in a cylinder of length D

Deep Footings (D > H)

Qu = πBHc + sf

(π

2

)
Bγ (2D − H) HKu tan φ + Wf + Ws (4.74)

Ws = weight of soil contained in a cylinder of length H
In the above equations, the value of Ku is around 0.95 for soil friction angles

between 30 to 48 degrees.
The shape factor is approximately given by the following equation.

Sf = 1 + m
D
B

(4.75)

For deep footings, the value of Sf is limited by the maximum value given below

Sf Max = 1 + m
H
B

(4.76)

The values of liming H/B, m and Sf Max for different friction angles are summarized in
Table 4.30 below.

Rectangular footings

For rectangular footings of width B and length L, the uplift capacity is given by the
following equations.

Shallow Footings (D ≤ H),

Qu = 2 (B + L) Dc + γD2(2Sf B + L − B)Ku tan φ + Wf + Ws (4.77)

Deep Footings (D > H),

Qu = 2 (B + L) Hc + γH(2D − H)(2Sf B + L − B)Ku tan φ + Wf + Ws (4.78)

Table 4.30 Design Parameters for Meyerhof-Adams Theory.

φ in degrees 20 25 30 35 40 45 48

Limiting H/B 2.5 3.0 4.0 5.0 7.0 9.0 11.0
m 0.05 0.10 0.15 0.25 0.35 0.50 0.60
Sf Max 1.12 1.30 1.60 2.25 3.45 5.50 7.60

Source: G. G. Meyerhof, J. I. Adams;The Ultimate Uplift Capacity of Foundations; Canadian Geotechnical Journal,
1968, 5(4): 225–244.
Courtesy of “© Canadian Science Publishing or its licensors’’.
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Square footings

For square footings with base dimensions of B × B, use B in place of L in the above
equations.

For cohesionless soils, the value of c = 0 in the equations above. Based on tests,
Meyerhof and Adams (1968) suggested using the equations above for long-term capac-
ity of shallow foundations in clays. Drained soil parameters must be determined from
laboratory testing and appropriate soil strength parameters c and φ should be used in
calculations.

There is an upper limit to the capacities calculated above. The uplift capacity
should not be more than the bearing capacity of soil above the foundation, computed
with the contribution from Nγ neglected.

Example 4.16 A concrete circular footing has a diameter of 5 ft (1.52 m). The base
of the footing is located at a depth of 6 ft (1.83 m) in a cohesionless soil with a φ = 30
degrees. The unit weight of soil is 110 pcf (17.29 kN/m3). Calculate the ultimate uplift
capacity using Meyerhof and Adam’s theory. The weight of the footing base is 6 kips
(26.69 kN).

Solution:

D = 6 ft (1.83 m)
B = 5 ft (1.52 m)
Wf = 6 kips (26.69 kN)
D/B = 6/5 = 1.2
This implies a shallow footing because the maximum limit for D/B (or H/B) is 4 for

φ = 30 degrees from Table 4.30. The first term of Equation 4.73 is neglected because
c = 0. The value of m = 0.15 for φ = 30 degrees and Ku = 0.95.

Sf = 1 + m
D
B

= 1 + 0.15(1.2) = 1.18

Ws = π

4
(5)2(6)(110) = 12959 lb (57.65 kN)

Substituting the values,

Qu = sf

(π

2

)
BγD2Ku tan φ + Wf + Ws

= 1.18(π/2)(5)(110)(62)(0.95) tan 30◦ + 6000 + 12959

= 20129 + 6000 + 12959 = 39088 lb (173.88 kN)
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Table 4.31 Variation of Nu with D/B.

D/B 1 2 3 4

Nu 2 4 6 8

Source: G. G. Meyerhof, J. I. Adams; The Ultimate Uplift Capacity of
Foundations; Canadian Geotechnical Journal, 1968, 5(4): 225–244.
Courtesy of “© Canadian Science Publishing or its licensors’’.

Empirical equations for short-term loading

The equations listed below can be used to calculate short-term capacity of shallow foot-
ings in saturated cohesive soils under undrained conditions (φ = 0) with an undrained
shear strength of su. Here, Af is the area of the footing in plan view.

Qu = Af (suNu) + Wf + Ws (4.79)

The value of Nu is given in Table 4.31 and its maximum value is limited to 9.
In case of saturated clayey soils, the soil above the foundation will be compressed

under the applied load, but at the same time, the soil below the foundation will be
relieved of some stress. Because of this pore water pressure below the foundation
decreases and at the same time, pore water pressure above the foundation will increase.
This differential pore pressure will create a suction force and it increases the uplift
capacity of foundation. However, this force is usually neglected in the design on a
conservative side.

c. Shearing or Friction Method

As shown in Figure 4.37, the failure surface is assumed to extend vertically upward
to the ground surface for shallow foundations. The ultimate uplift capacity is equal to
sum of the shearing or friction along the failure surface (Ts), the weight of soil inside
the failure surface (Ws) and the weight of foundation (Wf ).

For a footing with a depth of D, the shear resistance along the failure surface (Ts)
can be calculated as shown below:

For cohesionless soils

Ts = (
area of failure surface

) 1
2

γDK tan φ (4.80)

Circular footings (B = diameter)
Substituting surface area of cylinder = (πB)D in Equation 4.80:

Ts = (πBD)
1
2

γDK tan φ =
(π

2

)
γBD2K tan φ (4.81)

Rectangular footings (B = Width and L = Length)
Substituting surface area of failure surface = 2 (B + L)D:

Ts = 2(B + L)D
1
2

γDK tan φ = (B + L)γD2K tan φ (4.82)
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Figure 4.37 Shearing or Friction Method.

Square footings (B = width)
Substituting surface area of failure surface = 4BD:

Ts = 4BD
1
2

γDK tan φ = 2BγD2K tan φ (4.83)

The value of K is typically considered to be equal to coefficient of lateral earth
pressure at rest. In the absence of test data, it can be conservatively estimated as
K = K0 = 1 − sin φ.

Ireland (1963) suggested a value of K = 0.5 for a cohesionless soil with a friction
angle of 30 degrees.

For saturated cohesive soils under undrained conditions (φ = 0) with an undrained
shear strength of su, the equations are as shown below.

Ts = (area of failure surface)su (4.84)

Circular footings

Substituting surface area of cylinder = (πB) D in Equation 4.84:

Ts = (πBD)su (4.85)

Rectangular footings

Substituting surface area of failure surface = 2 (B + L)D:

Ts = 2(B + L)Dsu (4.86)

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-5&iName=master.img-042.jpg&w=311&h=200


276 Design of electrical transmission lines

Square footings
Substituting surface area of failure surface = 4BD:

Ts = 4BDsu (4.87)

4.4.4.2 Practical considerations

Concrete spread footings and grillage foundations are constructed by excavating the
native soil, constructing/placing the foundation and then backfilling the excavation
with compacted native soil or borrow backfill. The interaction between the backfill and
surrounding in-situ native soil is very complex and the uplift capacity depends on back-
fill compaction, and the size and shape of the excavation. The failure surface is more
complex; failure surfaces can be cone or wedge or combination of cylinder/rectangle
and cone/wedges. Extensive testing and follow up analyses have led to very sophisti-
cated uplift capacity models (Kulhawy, 1985; Stas & Kulhawy, 1984; Kulhawy et al.,
1983) for shallow foundations.

1 The theories described above provide a good estimate of uplift capacity only when
the backfill is in a medium to dense condition.

2 In case of excavations such as those shown in Figure 4.38a, the soil properties of
both native soil and backfill must be considered in the analysis and the lesser of
the two should be used for design under drained loading.

3 In case of excavations such as those shown in Figure 4.38b, the properties of
backfill soil must be considered for design under drained loading.

4 The evaluation of K in the theories above is more involved. Some in-situ techniques
such as pressuremeters can be used for accurate predictions. For a long transmis-
sion line, a few full scale pilot tests can be performed to calibrate the theoretical
models for more reliable/economical foundations.

4.4.4.3 Foundation movements

Movement of foundations under applied loads can impact tension in the conduc-
tors and ground wires. In practice, the structure-foundation interaction is typically
ignored in line design. Complete fixity is assumed at the base. The movement of founda-
tions in guyed structures may slacken guy wires and impact the stability of the structure.
In case of lattice towers, the foundations should be idealized with appropriate spring
stiffness reflecting the load-displacement behavior and the analysis should include the
effect of soil-structure interaction. Excessive differential movements may create addi-
tional loads within the structure which can impact structural stability. Based on limited
analysis of four representative structures, the EPRI Report EL-2870 (Kulhawy et al.,
1983) indicates that differential foundation movements even as small as 1 in (25 mm)
may prove critical.

The current practice in the industry considers ultimate capacity in design, but,
neglects the effect of foundation movement. Trautmann and Kulhawy (1988) proposed
the following generalized load-displacement relationship for estimating the vertical
displacement of a foundation under uplift load.

Q
Qu

=
z
D

0.013 + 0.67
( z

D

) (4.88)
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Figure 4.38 Practical Considerations in Uplift Capacity Calculations.

where:
Qu = ultimate uplift capacity
Q = applied uplift load
z = foundation displacement
D = foundation depth

The above relationship reflects full-scale pullout tests on 75 individual founda-
tions. The foundations tested included grillage and spread footings in granular and
cohesive soils. The equation predicts the displacement with 95% confidence level.
Prasad and Haldar (2001) also suggested following equation for grillage foundations
backfilled with well-compacted granular materials.

Q
Qu

=
z
D

0.0056 + 0.8279
( z

D

) (4.89)

4.4.5 Drilled shafts under uplift

Drilled shaft foundations used for lattice towers and H-Frame structures with X-braces
are typically controlled by uplift load. In this section, the traditional cylindrical shear
model in cohesive and cohesionless soils is discussed. The failure surface is assumed to
be along the shaft-soil interface.

As shown in Figure 4.39, the uplift capacity of drilled shaft is given by the following
equation:

Qu = Qs + Wf (4.90)
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Figure 4.39 Concrete Drilled Shaft Foundation Under Uplift.

where:
Qs = shaft side resistance
Wf = weight of concrete drilled shaft

Uplift Capacity in Cohesionless Soils
The Qs over an elemental length �D of shaft with a diameter B is given by:

Qs =
∑

(πB)�Df (4.91)

where f = unit skin resistance
Unit skin resistance in cohesionless soils is given by:

f = Kσ′ tan δ (4.92)

where:
K = coefficient of horizontal soil stress
σ ′ = effective vertical stress at the depth under consideration
δ = soil-foundation material friction angle

Both IEEE 691 (2001) and EPRI EL-2870 (Kulhawy et al., 1983) provide guidance
for K and δ values. For drilled shafts, the value of K equals 0.666 to 1.0 times the at-
rest coefficient of horizontal soil stress (K0). A value of 0.666 is generally used for
slurry construction and 1.0 is used for dry construction. The value of K0 = 1 − sin φ

is often commonly used; however, it is too conservative for soil layers located near the
surface. For drilled shaft construction, the value of δ equals φ for dry construction.
For smooth concrete (slurry) construction, the value of δ ranges from 0.8φ to φ. For
sand/steel surfaces, δ varies from 0.7φ to 0.9φ (rough steel) and 0.5φ to 0.7φ (smooth
steel). For sand/timber construction, the value of δ is between 0.8φ to 0.9φ.
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Example 4.17 Determine the ultimate uplift capacity of a drilled concrete shaft
installed in a two-layered granular soil formation for the data given below. Assume
unit weight of concrete = 150 lb/ft3 (23.58 kN/m3) and slurry construction.

Drilled shaft diameter = B = 5 ft (1.52 m)
Drilled shaft depth = D = 20 ft (6.10 m)

Layer 1: Loose sand – 0 ft to 6 ft (0 m to 1.83 m)
Unit weight of soil = 100 lb/ft3 (15.72 kN/m3)

Friction angle of soil = φ = 28◦
Layer 2: Medium dense sand – 6 ft to 20 ft (1.83 m to 6.10 m)
Unit weight of soil = 120 lb/ft3 (18.87 kN/m3)
Friction angle of soil = 35◦
Water table is located at the interface of Layer 1 and Layer 2 (i.e.) at a depth of 6 ft

(1.83 m) from ground level.

Solution:

Layer 1

f = Kσ ′tan δ

For slurry construction,

K =
(

2
3

)
K0 =

(
2
3

)
(1 − sin φ) =

(
2
3

) (
1 − sin 28◦) = 0.354

Effective vertical stress at ground surface = 0
Effective vertical stress at the bottom of Layer 1 = (100)(6) = 600 lb/ft2

(28.73 kN/m2)

δ = 0.8φ = 0.8(28◦) = 22.4◦

The unit skin friction (f) is given by,

f = Kσ ′tan δ

= (0.354)
(

0 + 600
2

)
(tan 22.4◦)

= 43.77 lb/ft2 (2.10 kN/m2)

Qs1 = shaft side resistance for Layer 1 (0 – 6 ft, �D = 6 ft)

Qs1 = (πB)�Df

= (π)(5)(6)(43.77)

= 4125.22 lb (18.35 kN/m2)
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Layer 2

f = Kσ ′tan δ

For slurry construction,

K =
(

2
3

)
K0 =

(
2
3

)
(1 − sin φ) =

(
2
3

) (
1 − sin 35◦) = 0.284

Effective vertical stress at the top of layer 2 = (100)(6) = 600 lb/ft2 (28.73 kN/m2)
Effective vertical stress at the bottom of layer 2 = (100)(6) + (120 − 62.4)(20 − 6) =

1406.4 lb/ft2 (67.34 kN/m2)

δ = 0.8φ = 0.8(35◦) = 28◦

The unit skin friction (f ) is given by,

f = Kσ ′tan δ

= (0.284)
(

600 + 1406.4
2

)
(tan 28◦)

= 151.49 lb/ft2 (7.25 kN/m2)

Qs2 = shaft side resistance for layer 2 (6 − 20 ft, �D = 14 ft)

Qs2 = (πB)�Df

= (π)(5)(14)(151.49)

= 33314.39 lb (148.20 kN)

Qs =
∑

(πB)�Df

= Qs1 + Qs2

= 4125.22 + 33314.39

= 37439.61 lb = 37.44 kips (166.55 kN)

Wf = (
π
4

)
(5)2(6)(150) + (

π
4

)
(5)2(14)(150 − 62.4) = 41751.8 lb = 41.75 kips

(185.73 kN)
The ultimate uplift capacity, Qu is

Qu = Qs + Wf

= 37.44 + 41.75 = 79.19 kips (352.27 kN)
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Uplift capacity in cohesive soils

The method described here is called the Alpha (α) Method. The α is known as the empir-
ical adhesion factor and is typically determined from the lab and field tests. It takes
into account the shear resistance between the foundation material and surrounding
soil. The unit friction resistance, f is given by the following equation:

f = αsu (4.93)

where su is the undrained shear strength of the soil.

Das and Seeley (1982) recommended the following equations for α:
For cast-in-situ concrete piles which include drilled shaft foundations, α is calculated as:

For su ≤ 80 kN/m2 (1.67 ksf)

α = 0.9 − 0.00625su (4.94a)

For su > 80 kN/m2 (1.67 ksf)

α = 0.4 (4.94b)

For pipe piles, the equations for α are given below and are used in the uplift calculations
in Section 4.4.5.1.

For su ≤ 27 kN/m2 (0.56 ksf)

α = 0.715 − 0.0191su (4.95a)

For su > 27 kN/m2 (0.56 ksf)

α = 0.2 (4.95b)

In the above equations for determining the value of α, su should be in kPa or kN/m2

(1 kN/m2 = 20.885 lb/ft2).

Example 4.18 Determine the ultimate uplift capacity of a drilled concrete shaft
installed in a uniform stiff clay soil for the data given below. Assume unit weight of
concrete = 150 lb/ft3 (23.58 kN/m3). The water table depth is 25 ft (7.62 m) below the
ground surface.

Drilled shaft diameter = B = 5 ft (1.52 m)
Drilled shaft depth = D = 20 ft (6.10 m)
Undrained shear strength = su = 1.5 ksf (71.82 kN/m2)

Solution:

Using the Equation 4.94a, the α is given by,

α = 0.9 − 0.00625s

= 0.9 − 0.00625(71.82) = 0.45
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f = αsu

= (0.45)(1.5) = 0.675 ksf (32.32 kN/m2)

Qs =
∑

(πB)�Df

= (π)(5)(20)(0.675) = 212.06 kips (943.33 kN)

Wf = (
π
4

)
(5)2(20)(150) = 58904.9 lb = 58.91 kips (262.06 kN)

The ultimate uplift capacity, Qu is

Qu = Qs + Wf

= 212.06 + 58.91 = 270.97 kips (1205.38 kN)

4.4.5.1 Application to direct embedment poles

Direct embedment foundations used for cross-braced H-Frame structures experience
significant uplift loads. The traditional cylindrical shear model for straight sided drilled
shafts discussed above can be extended to direct embedment pole foundations. How-
ever, the analysis is complicated due to the presence of two soil types: backfill and
in-situ soil. The failure surface can occur at either the interface of pole/backfill interface
or the backfill/in-situ soil interface.

The following steps shall be considered for conservative estimate of uplift capacity:

1 Using the pole diameter and backfill properties, calculate the ultimate uplift
capacity according to the procedure described in Section 4.4.5.

2 Using the pole diameter and in-situ soil properties, calculate the ultimate uplift
capacity according to the procedure described in Section 4.4.5.

3 The smaller value from 1 and 2 is the ultimate uplift capacity of direct embedment
pole foundation.

Use the values of α recommended in Equations 4.95 for pipe piles in cohesive
soils.

Skin friction values for preliminary designs

The RUS Bulletin 200 provides some guidance for ultimate skin friction values for
various soils. These values are summarized in Table 4-32a. The RUS recommends
using pole “bearing’’ shoes typically for double X-braced H-Frame structures. Per
RUS, the increase in uplift capacity is 2.0 to 2.5 times in a dry hole with natural
backfill. If native backfill is good, then the use of aggregate backfill and bearing
shoes is usually not necessary. Table 4.32b gives skin friction values of some common
soils. A Factor of Safety of 2.0 is usually recommended while calculating allowable
capacities.
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Table 4.32a Ultimate Skin FrictionValues.

Conditions Ultimate Skin Friction in psf (kPa)

Soils which are wet or soils which are susceptible
to frequent wettings

Not greater than 100 (4.79)

Native soil is used as backfill and soil is not subject
to frequent wettings

100 and 500 (4.79–23.94)

Aggregate backfill is used 250 and 1000 (11.97–47.87)

(Source: RUS/USDA.)

Table 4.32b Skin FrictionValues of Various Soils.

Soil Type Ultimate Skin Friction in psf (kPa)

Soft Clay and Silt 200–600 (9.58–28.73)
Sandy Silt 400–1000 (19.16–47.88)
Stiff Clay 800–2000 (38.32–95.76)
Very Stiff Clay 1000–4000 (19.16–191.52)
Loose Sand 250–700 (11.97–33.52)
Dense Sand 700–1400 (11.97–67.03)

(Source:Terzaghi and Peck, 1948.)

Table 4.33 Holding Strength of Typical Screw
Anchors (Single Helix).

Holding Strength in kips (kN)

Anchor size in inch (cm) Poor soil Average soil

8 (20) 6.0 (27) 15 (67)
11-5/16 (29) 9.5 (42) 15 (67)

4.4.6 Anchors under pullout loads

Anchors have been discussed in detail in Section 4.3.6. In this section, models for
predicting pullout capacity of two common types of anchors, helical anchors for use
in soil and rock anchors for use in rock are briefly discussed.

4.4.6.1 Helical anchors

Helical anchors consist of a square steel shaft fitted with one or more helically deformed
plates. One to four plates are used for most common applications. Typical capacities of
single helical anchor with plate sizes 8 inches (20 cm) to 12 inches (86 cm) are shown
in Table 4.33. The values provided are for illustration purposes only and they need to
be verified with the manufacturer.
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The design of helical anchors includes both field methods and theoretical models.
Some of the field methods include measurement of twist of the shaft, installation torque
and pull testing of anchors. Of these, the installation torque method is popular due
to its simplicity and relative accuracy. One method proposed by Hoyt and Clemence
(1989) is given below:

Ultimate capacity in kips = (KT ) × Installation Torque in kip-ft (4.96)

Figure 4.40 Twin Helix Screw Anchor Assembly.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-5&iName=master.img-045.jpg&w=326&h=419
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The recommended value of KT = 10 ft−1 for all square (or circular) – shaft anchors
with shaft size less than 3.5 inches (89 mm). For example, as shown in Figure-4.40,
the holding capacity of a 2-helix anchor which is installed to a torque of 2500 lb-ft
(3389.83 N-m) is given by 10 ft−1 (2500 ft-lbs) = 25000 lbs or 25 kips (111.21 kN).
In this case, the square shaft size is 1.5 inches (38.1 mm) and the diameter of the top
and bottom helical plates are 10 inches (25.4 cm) and 8 inches (20.3 cm), respectively.
A power digger or anchor installing machine equipped with dial torque indicator or cal-
ibrated hydraulic pressure gauges are used for continuous measurement of installation
torque. The installation torque must be maintained for the last few feet of installation,
and at a minimum, for the distance between the top and bottom plate for multi-helix
anchors. During installation, the anchor must be in line with guy wire. Any misalign-
ment introduces additional bending moments and decrease the pullout capacity of
helical anchor. Typically, the strength of an anchor is governed by the geotechnical
capacity than the structural capacity.

Several theoretical models are available to estimate the pull out capacity of helical
anchors. As shown in the Figure 4.41, uplift capacity of multi-helix, deep helical anchor
(minimum depth/diameter ration of top plate is 5.0) in cohesive soils is given by the
sum of following components:

• R1, Resistance of soil along the truncated pyramid between the top and bottom
helical plates

• R2, Bearing resistance on top helical plate
• R3, Adhesion/frictional resistance along the shaft above the top helical plate

Figure 4.41 Failure Mechanisms for Helical Anchor in Tension.
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The resistance of the soil along the truncated pyramid between the top and bottom
helical plates is given by the product of surface area around the truncated pyramid and
undrained shear strength (cu) of soil. For cylindrical failure to occur between top and
bottom helical plates, the spacing between consecutive helical plates should not be
more than of 2 to 3 times the average diameter.

The bearing resistance on top helical plate is given by the area of the top plate
times 9cu. The adhesion resistance along the shaft above the top helical plate is given
by the surface area of the shaft times αcu. The value of α (adhesion factor) is unity for
soft clays and is 0.4 for stiff clays.

Example 4.19 A deep square shaft helical anchor with 3 plates is installed in
homogeneous clayey soil with an undrained cohesion of 1.5 ksf (71.82 kN/m2).

Average diameter of 3 helical plates = 10 inches (25.4 cm)
Distance between top and bottom plate = 40 inches (101.6 cm)
Diameter of top plate = 12 inches (30.48 cm)
Side of square shaft = 1 inch (25.4 mm)
Depth of top plate from GL = 10 ft (3.05 m)
Determine the ultimate pullout capacity of the anchor.

Solution:

Resistance of soil along truncated pyramid between the top and bottom helical
plates = R1

R1 = (Surface area around the truncated pyramid)(undrained cohesion of soil)
= π

( 10
12

)( 40
12

)
(1.5) = 13.1 kips (58.27 kN)

Bearing resistance on top helical plate = R2

R2 = (Area of top plate)(9)(undrained cohesion of soil)
= (

π
4

)( 12
12

)2
(9)(1.5) = 10.60 kips (47.15 kN)

Adhesion resistance along the shaft above the top helical plate = R3

R3 = (surface area of the shaft)(α)(cu)
=(4)

( 1
12

)
(10)(0.7)(1.5) = 3.5 kips (15.57 kN)

Assumed medium stiff clay with α = 0.7 in the above equation.
Ultimate Pullout Capacity = R1 + R2 + R3 = 13.1 + 10.6 + 3.5 = 27.2 kips (120.99 kN)

Figures 4.42a and 4.42b show typical ultimate holding capacities of various multi-
helix anchors in clay and sand. The charts are based on a soil unit weight of 125 lbs/ft3

(19.63 kN/m3) and the top-most helix at 15 ft (4.57 m) below the ground. Ground
water table is assumed to be below the tip of the anchor. The charts can only be used
for preliminary sizing of anchors; actual subsurface and loading conditions must be
verified before establishing the true strength of the anchor.

4.4.6.2 Grouted rock anchors

A typical grouted rock anchor is shown in Figure 4.43. In this case, ¾ inch (19.05 mm)
anchor rod is used and the diameter of the grouted hole is 2 inches (50.8 mm).
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Figure 4.42a Helical Anchor in Cohesionless Soil (Source:AB Chance Co.).

When a grouted rock anchor is subjected to pullout, the following modes of failures
can occur:

• Pullout failure of the rock mass
• Failure of the grout-rock bond
• Failure of the grout-steel bond
• Failure of steel tendon and associated hardware connections (steel wire/

cable/bar)

In rock mass failure, the failure is assumed to be a cone with a certain apex angle
at the anchorage extending to the top surface. The resistance to pullout is calculated
as the sum of the weight of rock mass within the cone and the shear resistance along
the failure plane. The designer should have a proper understanding of in-situ rock
characteristics before applying this method. One such important property is RQD of
rock mass.

The in-situ quality of rock is designated by Rock Quality Designation (RQD) and
is measured using the recovered core samples. It is defined as the ratio of total length
of intact hard and sound pieces of core of length greater than 4 inches (100 mm) to
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Figure 4.42b Helical Anchor in Cohesive Soil (Source:AB Chance Co.).

total length of drilling. The higher the RQD value, the better is the quality of rock.
Typically, if RQD is close to 100%, the rock quality is excellent where as if the RQD
is less than 25%, it is very poor rock (Peck et al., 1974).

Another important failure mode is the separation of grout-rock interface. The
equation used to quantify the strength of the rock-grout connection is given below:

Pu = πBLTs (4.97)

where:
Pu = ultimate pullout capacity
B = diameter of the anchor shaft
L = length of anchor shaft
Ts = average ultimate bond stress along the shaft length between the rock and the grout
plug

Typical values of Ts are provided in Table 4.34.
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Figure 4.43 Typical Rock Anchor.

Table 4.34 Typical Ultimate Bond Stress between Grout Plug and Rock.

RockType Ultimate Bond Stress in psi (kPa)

Granite and Basalt 250–450 (1700–3100)
Dolomite Limestone 200–300 (1400–2100)
Soft Limestone 150–220 (1000–1500)
Slates and Hard Shales 120–200 (800–1400)
Soft Shales 30–120 (210–800)
Sandstone 120–250 (800–1700)
Concrete 200–400 (1400–2800)

(with permission from ASCE).

In addition to the above, it is also necessary to check the grout-steel bond. It is
necessary to install a deformed steel bar to at least the minimum development length.
The steel tendon yield strength should be checked against the pull out load applied. All
hardware used should have sufficient mechanical strength to resist the tensile forces.
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Example 4.20 Assuming grout-rock interface failure as the controlling mode, cal-
culate the ultimate pullout capacity of a grouted rock anchor in a sand stone formation
with the following data:

Diameter of anchor rod = 2.257 inches (57.33 mm)
Diameter of grouted shaft = B = 5 inches (127 mm)
Average ultimate bond stress along the shaft between rock and grout plug = Ts = 120 psi

(827.59 kN/m2)
Length of the anchor shaft = 6 ft (1.83 m)

Solution:

Pu = πBLTs = π(5)(6)(12)(120) = 135717 lbs = 135.7 kips (603.65 kN)

4.5 COMPUTER PROGRAMS

4.5.1 CAISSON

This program is a part of the PLS suite of software. CAISSON™ is a Microsoft Windows
program for the design of concrete drilled shaft foundations and directly embedded
pole foundations subjected to moment and shear loads. CAISSON™ uses ultimate
strength design concepts for both geotechnical and structural design.

The program is based on Broms’ Theory modified to layered soils. The software
does not have the capabilities to estimate deflections and rotations of drilled shaft
foundations or direct embedment foundations, but, only checks the ultimate lateral
resistance of the soil for moment and shear loads. Its use is limited to unguyed single
pole foundations. Despite these limitations, it produces fast designs, easy to use and
have user friendly features.

Soil parameters can be input as either sand or clay for each soil layer. The typical
output contains the required depth of the pier shaft and the suggested reinforcement,
along with moment and shear distribution along the length of the pier and the bearing
(axial) stress under the pier. In case of direct embedment foundations, depth of direct
embedment pole is calculated.

4.5.2 FAD

FAD™ stands for Foundation Analysis and Design and it is part of EPRI’s (Elec-
tric Power Research Institute) TLWorkstation™. FAD™ has essentially two modules:
MFAD™ (Moment Foundation Analysis and Design) and CUFAD™ (Compres-
sion/Uplift Foundation Analysis and Design). MFAD™ is for design of foundations
governed by moment loads and CUFAD™ is for the design of foundations subjected
compressions and uplift.

As discussed in earlier section 4.4.1.2, MFAD™ software uses the semi-empirical
theoretical model for ultimate capacity and non-linear load deflection response of
drilled shaft foundations which was originally developed by Davidson (1981). Using
this model, a computer program PADLL (Pier Analysis and Design for Lateral Loads)
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was originally developed. Later, this program was upgraded to MFAD™ which uses
Hansen’s (1961) theory for predicting ultimate lateral capacity of the foundation.

Design capabilities of MFAD™ include:

• Analysis and design of drilled shafts in soil and rock
• Concrete design for drilled shafts
• Analysis and design of direct embedment foundations in soils with backfills
• Design of both drilled shaft and direct embedment foundations to match or exceed

limits of rotation and deflection required at the ground line (including total and
non-recoverable components).

In addition to the strength parameters, this program requires the pressuremeter
modulus for calculating rotations and deflections.

Recently, the MFAD™ program incorporated the LRFD design by including a
strength factor for geotechnical design. In addition, LRFD design concepts are included
in the HFAD™ (H-Frame Foundation Analysis and Design) and TFAD™ (Tower Foun-
dation Analysis and Design). HFAD™ is developed for the analysis and design of
H-Frame foundations and it can be used for drilled shaft foundations and direct embed-
ment pole foundations. TFAD™ is developed for the analysis and design of Tower
foundations. These three latest programs are also commercially available under the
name of FAD Tools.

4.5.3 LPILE

This program is a part of the Ensoft, Inc. suite of software. LPILE™ is a powerful
special-purpose program for analyzing and designing piles and drilled shafts. LPILE™

uses the non-linear p-y method to compute moment capacities. A variety of soil types
such as soft clay, stiff clay, sand, silt, liquefied sand, rocks and elastic sub-grades can
be defined in the input section. The soil-resistance (p-y) curves are generated internally
in LPILE™ and adjusted for soil layering effects. The program calculates deflection,
bending moment, shear force and soil response over the length of the pile. Although,
the program was originally developed for offshore foundation design, it is used by US
utility engineers for foundation designs.

4.5.4 SHAFT

SHAFT™ (2012) is a computer program used to evaluate the axial capacity and short-
term load-settlement of drilled shafts or bored piles in different types of soil and rock.
The models used in the SHAFT™ program are based on the Federal Highway Adminis-
tration (FHWA) Manual. For models in soil, SHAFT™ produces a single graph showing
the upper-bound, lower-bound and the average load versus settlement curves. It also
computes side, end-bearing and total resistance for every foot of embedment and pre-
dicts load-settlement pattern of the pier top and bottom. There is also a provision to
model shafts with a bell at the bottom. The latest version of this program incorporates
LRFD concepts.
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4.5.5 Heli-Cap

The Heli-Cap™(2012) software was developed by Chance-Hubbell Power Systems to
facilitate analysis and design of helical anchors in cohesive and granular soils. Both
vertical and inclined anchors can be analyzed. Input is simple and consists of soil data
including the soil type, SPT blow count, density, friction angle and/or cohesion of
each layer of soil. The program computes capacities of anchors in both tension and
compression along with the installation torque needed.

The HeliCap™ database contains a family of helical anchors ranging from 6 inches
to 14 inches (15.2 cm to 35.6 cm) plate diameter with square rods ranging from 1½
inches to 2¼ inches (38 mm to 57 mm). Graphical output consists of a sectional profile
of the anchor system showing each soil layer and the anchor.

PROBLEMS

P4.1 Rework Example E4.1 if the depth of drilled shaft is reduced to 16 ft (4.88 m).
What is the ultimate moment capacity? What is factor of safety for the
moment capacity of foundation?

P4.2 Rework Example E4.2 if the undrained shear strength of soil increased to
2 ksf (95.76 kN/m2)?

P4.3 Rework Example E4.3 if the angle of internal friction of soil is reduced to
30 degrees.

P4.4 Rework Example E4.4 if the pole length increased to 100 feet (30.48 m)?
P4.5 A transmission pole structure 80 feet (24.38 m) long is to be installed in a

homogeneous soil deposit of loose sand with γ = 100 lb/ft3 (15.71 kN/m2)
and φ = 30◦ using a direct embedment foundation. Determine the depth of
embedment per Broms’ rigid pile method. Water table is about 40 ft (12.19 m)
below the ground level. The thickness of the backfill annulus = 0.75 ft
(0.23 m). The backfill is concrete.

The average diameter of the pole below the ground level is 1.5 ft (0.46 m).
If the depth of foundation (De) is determined to be 10 ft (3.05 m) based on
Rule of Thumb, determine design is safe.

The moment at the ground level is 250 kip-ft (339 kN-m) under extreme
wind load case. A minimum factor of safety of 1.25 is required against lateral
soil failure per a utility’s internal standard. The resultant wind load (due to
loads on wire and load on pole itself) acts at 10 ft (3.05 m) from the top of
the pole.

P4.6 Rework P 4.5 if the average diameter of the pole below the ground is increased
to 2.5 ft (0.76 m).

P4.7 Rework E4.7 if the soil type is loose submerged sand.
P4.8 Rework E4.8 if the soil type is medium saturated clay.
P4.9 Rework E4.9 if the average diameter of the pole increased to 3.0 ft (0.91 m).

P4.10 Rework E4.10 if the unit weight of the soil is increased to 125 lb/ft3

(18.87 kN/m3) and the friction angle of sandy soil is increased to 40 degrees
(c = 0).

P4.11 Rework E4.11 if the unit weight of soil increased to 125 lb/ft3 (18.87 kN/m3)
and the friction angle of sandy soil increased to 40 degrees (c = 0).
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P4.12 Rework E4.12 if the unit weight of soil is increased to 120 lb/ft3

(18.87 kN/m3) and the undrained shear strength of soil is increased to
3000 psf (143.64 kN/m2).

P4.13 Rework E4.13 if the friction angle of sandy soil is increased to 40 degrees
(c = 0).

P4.14 Rework E4.14 if the undrained shear strength of soil is decreased to 1500 psf
(71.82 kN/m2).

P4.15 Rework E4.15 if the unit weight of soil is increased to 125 lb/ft3

(18.87 kN/m3).
P4.16 Rework E4.18 if the diameter of the drilled shaft is increased to 6 ft (1.83 m).
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Chapter 5

Design deliverables

The design activity for overhead transmission lines comprises of several phases, each
of which produces a specific output or a by-product. These are the Design Deliverables
which constitute the contents of the project’s permanent design record and involves
contributions of many disciplines.

The following definitions apply to the contents of this Chapter per ASCE 48-11
and refer to the situation where design is performed by an external consultant hired
by the Owner.

Owner – Utility owning the transmission line or their designated representative
Engineer – Party responsible for the design of the structure; may be an agent of the
Owner or Fabricator
(Note that some utilities also have in-house divisions performing all required
designs).

Deliverables are the responsibility of the Engineer and are submitted to the Owner at
the start, during and at the end of a project. These deliverables cover every issue
critical to the project: assumptions made, standards adopted, design and analysis
types, clearances, load and weather cases, materials and hardware used, structural
and foundation drawings etc. They also cover electrical issues as well, namely
conductor selection, ampacity needs, insulation design, EMF studies etc. The format of
deliverables can vary; Engineering consulting firms in the United States usually provide
both print and electronic forms of design records to the Owner. During construction
process, on-site construction contractors generally request full-size paper drawings
which are easily readable.

This chapter discusses the various types of deliverables, their content and scope
with particular reference to the standards established by Rural Utilities Service (RUS)
of United States Department of Agriculture (USDA). This will be followed by a brief
discussion on the type of numerical calculations that comprise typical Engineering
design of a transmission structure. Various types of drawings are considered next;
these include Plan and Profile drawings, Structure Framing drawings, Assembly and
Sub-Assembly drawings, Foundation drawings and As-Built records (after construction
is completed). This is only an example of a template for deliverables and any
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utility can develop their own system on this basis by adding sections relevant to their
particular project.

5.1 DESIGN REPORTS

Prior to any design, the criteria adopted for structural, electrical and geotechnical
aspects of the line are communicated by the Engineer to the Owner for their
assessment. These preliminary guidelines take into account the various material and
design requirements mandated by the Owner. For example, most utilities indicate
the type of conductors and ground wires (or optical ground wires) they preferred
to be used on the line as well as structural material. Owners often stipulate that
wood poles less than Class 2 shall not be used on their transmission structures
or that all insulators shall be polymer insulators. Others indicate a particular
manufacturer of hardware or site-specific weather or load conditions that must be
checked.

For projects on transmission lines in rural areas owned by electric cooperatives,
financed and coordinated with RUS/USDA, guidelines stipulated by RUS are
followed.

5.1.1 Preliminary design data book

The Rural Utilities Service (RUS) of United States Department of Agriculture
requires a preliminary design data book prepared for all transmission line projects
constructed according to RUS standards. The contents of the book vary from
project to project depending on voltage, location and design preferences. The
book is prepared during the early planning stages of a project and contains the
following:

(a) Route Map
(b) Design Summary
(c) Clearance Tables
(d) Right of Way Width
(e) Sag and Tension Data
(f) Structure Strength
(g) Conductor Separation
(h) Insulator Swing Limits
(i) Guying Calculations
(j) Anchor Checks
(k) Foundation Loads
(l) Vibration Dampers

(m) Framing and Assembly Drawings

5.1.1.1 Route map

This is a map showing the general location of the project, including starting and
ending substations, districts or counties covered and important topographical and
environmental features shown.
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5.1.1.2 Design summary

Figure 5.1 shows a typical summary outline in RUS format taken from Bulletin
200 (2015). This is a two-page document summarizing the most important design
features of the project, including line, wire, structure, insulator, environmental and
meteorological data. The most important feature in this design summary is the span
limits. These limits are useful in performing structure spotting (i.e.) determining
the locations of tangent structures as a function of structure strength, conductor
separation, under-build (if any) and galloping.

5.1.1.3 Clearance tables

Vertical and horizontal wire clearances applicable to the project are generally shown
in tabular form. RUS requires the following clearances listed:

a. conductor clearances to ground
b. conductor clearances to other wires and objects
c. conductor clearance from structure (insulator swing)
d. vertical separation between wires of different circuits
e. clearance to crossing wires

Item ‘c’ will be discussed later in Subsection 5.1.1.8.

5.1.1.4 Right of way width

Equation 2.2 from Chapter 2 governs Right-of-Way width calculations. For a given
set of data relevant to Figure 2.2, the required width is computed and compared with
recommended corridor width for that voltage (Table 2.5).

5.1.1.5 Sag and tension data

This contains the sag and tension values for each wire used on the line. Figure 5.2a
shows a typical sag table computed using Alcoa SAG10TM program. Note that the
values are compiled in terms of a given ruling span (RS) and for each weather case
relevant to the project. Both initial and final wire tensions and sags are shown.
Programs such as Southwire SAG10TM as well as PLS-CADDTM are also used for the
purpose. The tables can be customized to include an extra column showing tensions as
a percentage of wire breaking strength to enable checking compliance with established
limits (Table 2.14).

Stringing charts are needed for on-site construction purposes. These charts show
the sags and tensions for various incremental spans and temperatures, and are
very useful for field Engineers to assess sags during installation and stringing of a
new line. Figure 5.2b shows the stringing chart for the same conductor shown in
Figure 5.2a.

Sag templates are often used to verify potential for uplift at a location on a hilly,
uneven terrain. These templates are developed for the same vertical and horizontal
scales as those of plan and profile drawings. They are useful in situations where
uplift possibility needs to be quickly assessed without recourse to digital computers.
A typical sag template is shown in Figure 5.3. This template is a combined curve for
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Figure 5.1 Transmission Line Project Summary.
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Figure 5.1 Transmission Line Project Summary. (cont’d)
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Figure 5.2a Typical Sag-Tension Chart.

both the conductor and the optical ground wire (OPGW). Uplift is usually checked for
a very cold temperature. In the United States, this temperature is typically −20 deg. F;
hence this curve is often called “cold curve’’. Utilities also employ the sag template for
structure spotting purposes.

5.1.1.6 Structure strength

For transmission structures, structure strength is usually expressed in terms of
allowable spans. For a given structure type, pole material and specific design
criteria (such as weather cases, load and strength factors and wire configuration),
various allowable spans can be computed using design spreadsheets, PLS-POLETM

or any structural finite element analysis program. Often specific criteria such
as conductor separation and additional under-build wires (Distribution circuits,
telephone and/or other communication cables) also affect the maximum possible spans.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-6&iName=master.img-002.jpg&w=354&h=330


Design deliverables 301

Figure 5.2b Typical Stringing Chart.

Knowledge of such span limits helps in determining structure locations along the
alignment.

Figures 5.4 and 5.5 show typical allowable horizontal spans computed for 69 kV
single poles and braced H-frames. These spans are determined for a governing load
case and for a given set of wires, load and strength factors. Although the examples
shown in the figures refer to a few NESC weather cases, other weather conditions may
also govern, depending on the structure type, climate and location.

Poles in H-Frames are subject to shear, moment and axial loads. Transverse (wind)
loads on the frame cause one leg to resist compression while the other goes into uplift
in case of X-braced H-Frame structure. The uplift capacity of a pole is usually less than
the compression capacity; therefore it is a limiting factor taken into consideration while
determining allowable spans. Uplift capacity is also a function of depth of embedment
in soil. But soil data is often not readily available; in such cases it is customary to
assume reasonable values for skin friction to compute foundation uplift capacity (600
psf. in Figure 5.5).

Additionally, allowable spans for H-frames can also be limited by axial loads,
flexure, brace location and strength and horizontal spacing between conductors.

5.1.1.7 Conductor separation

This contains the spacing between conductors and between conductors and overhead
ground wires (OHGW). For systems designed per RUS standards, Bulletin 200 provides
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Figure 5.3 Sag Template.
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Figure 5.4 Allowable Spans for Single Wood Poles.

specific guidelines with reference to required separation between OHGW and phase
wires. Mid-span wire separation requirements are assuredly satisfied if the OHGW (or
OPGW) sag is less than or equal to 80% of the conductor sag under the same weather
conditions.

5.1.1.8 Insulator swing limits

Insulator swing under moderate and high winds affects the required clearance of a
conductor from the structure surface (see Tables 2.9a and 2.9b for distances to be
maintained from the structure under various weather situations). Figures 5.6a and
5.6b show an example of the geometrical aspects of these clearances and how swing
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Figure 5.5 Allowable Spans for H-Frames.
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Figure 5.6a Insulator Swing – H-Frame.

limits are computed. The length of insulator strings is voltage-dependent; which in
turn requires increased distance to be maintained from the structure surface. It is also
important to consider swing in both the directions – wind from right and left – to
determine effects of insulator swing.
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Figure 5.6b Insulator Swing – Angle Structure.
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5.1.1.9 Guying calculations

Currently calculations involving guy wires and anchors are internally performed by
powerful programs such as PLS-POLETM. However, in situations where such programs
are not readily available, guying guides assist in such checks. These guides generally
show standard guy-anchor systems and their design capacities for a given set of wire
tensions. Figure 5.7 shows a typical guying guide for a double deadend pole, guyed in
both the directions, full tension on one side and slack tension of the other. Note that
the anchors and configurations of guy wires shown are RUS types.

5.1.1.10 Anchor checks

Anchors are usually checked in tandem with guy wires. For RUS-type anchors, their
strengths are readily known (for example: TA-2L is rated at 16,000 lbs.) If helical types
of anchors are used, then programs such as HeliCAPTM (2007) can be used to check
for anchor holding capacity by inputting exact soil layer information.

5.1.1.11 Foundation loads

For guyed structures, vertical loads on pole resulting from guy wire tension components
need to be computed and checked against allowable bearing capacity of soil at that
location. These axial loads also include the weight of the pole, iced conductors
and hardware with appropriate load factors. For large foundation loads, it may be
necessary to install a concrete bearing pad below the pole butt to distribute bearing
pressure on a larger area (Refer to Chapter 4 for details).

5.1.1.12 Vibration dampers

Vibration dampers are installed on conductors, shield wires and optical ground wires to
assist in reducing wire damage due to Aeolian vibration. RUS Bulletin 200 recommends
dampers if the initial unloaded design tension (see Section 2.3.3.2) for a bare wire (no
ice, no wind) measured at 0◦ F (also called the Average Annual Minimum Temperature)
exceeds 20% of the wire’s rated breaking strength. The requirement (number and
type) and location of dampers is usually determined by the manufacturer. Dogbone
and other types of dampers are typical for conductors and overhead ground wires
while spiral dampers are recommended for optical ground wires. The arrangement of
dampers along the span depends on the span length, diameter, weight and tension in
the wire.

However, one rule of thumb adopted by several utilities in the mid-western United
States is to install one damper at each end of the span for all spans up to 600 ft.
(183 m) and two dampers at each end for spans exceeding 600 ft. and up to 1200 ft.
(366 m). For special situations, such as river crossings, wire manufacturers will provide
custom damper recommendations based on the wire type, diameter, governing tension
and span.

5.1.1.13 Framing and assembly drawings

The final feature of a typical preliminary design data book is the individual structure
framing drawings and the associated detail drawings of all component assemblies
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Figure 5.7 Guying Guide.
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that comprise the system. Table 5.1 shows a typical construction drawing index
for a 69 kV transmission line built per RUS guidelines and RUS standard framing
assemblies of Bulletin 810 (1998). The set covers all structure types: tangent, light
angle, medium angle, large angle and deadends (single poles and H-frames) as
well as insulators and associated hardware, OHGW, foundations, grounding, cross
arms, braces, guy and anchor assemblies etc. A given transmission line may use
only selected components of this listing per design requirements and not all of
them.

For all RUS-standard structures, these framing and assembly details can be found in
Bulletins 810 and 811 for transmission structures and in Bulletins 803 (1998) and 804
(2005) for distribution structures along with the design manual for HV transmission
lines, Bulletin 200. Drilling details for wood poles and cross arms can also be found
in these Bulletins.

5.2 ENGINEERING CALCULATIONS

A transmission structure analysis involves both input design variables as well as
interpretation of the computer output to assess structure response. This section
discusses various forms of input and how output summaries can be examined to modify
and strengthen the structure.

5.2.1 Structural analysis input

Input data covers a wide range of items from geometry to weather cases to hardware.
These generally include:

a. Structure geometry
b. Load cases, load and strength factors, design wind loads parameters, criteria file

etc.
c. Point loads due to wind and ice on wires only
d. Compatible hardware such as insulators, clamps, yoke plates, anchor shackles

etc.
e. Direct Embedment depths
f. Foundation capacities
g. Baseplate geometry

The geometrical configuration of the structure is the primary input for any structural
analysis. The basic geometry shows height of the structure above ground, component
and insulator attachment points etc.

If the Engineer wants to quickly analyze a stand-alone structure, simple
spreadsheets can be used to determine wire loads due to various weather conditions.
Figures 5.8a, b and c show spreadsheets for calculating loads due to wires for a single
tangent pole with both transmission and distribution circuits. Figure 5.8a gives basic
system information such as wires, gust factors, wind speed calculations etc. while
Figures 5.8b and 5.8c show calculation of loads for two specific load cases, namely,
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Table 5.1 Typical Construction Drawing Index.

Drawing Number Description

LA-1 Large Angle Three-Pole Deadend
TH-1G Tangent H-Frame
TH-2G Tangent H-Frame Double Cross Arm
TH-3G Medium Angle Three-Pole
TH-4G Large Angle Three-Pole
TH-5 or 5G Large Angle Deadend Three-Pole
TH-7G Two-Pole Double Deadend
TH-9G Tangent H-Frame with Swing Brackets
TP-69G Single Pole Tangent with Post Insulators
TS-1,TSS-1 Single Pole Tangent
TS-3G,TS-4G Small and Medium Angle Single Poles
TS-5G Vertical Double Deadend Pole
TM-1 Insulator Assembly with Suspension Clamps
TM-2 Insulator Assembly with Cushioned Suspension
TM-3P Polymer Line Post
TM-4 OHGW Assemblies
TM-6 OHGW Support Assemblies
TM-9 Pole Grounding Assemblies
TM-9 S-1, S-2 Multiple Pole Grounding Assemblies
TM-16C H-Frame Grounding Assemblies
TM-16R Single Pole Grounding Assemblies
TM-55 Woodpecker Protection Assembly
TM-101, 102, 103 Foundation Units
TM-110A, 110B, 110C X-Braces
TM-F6 Concrete Foundation Pads
TM-D-C Vibration Damper – Conductor
TM-D-GW Vibration Damper – Overhead Ground Wire
OPT-D, 2D Vibration Damper – Optical Ground Wire
TMF-4∗ OPGW Tangent Assemblies
TMF-112T, 112TD∗ OPGW Deadend Assemblies
TM-124T, 124TD, 124TDS∗ OPGW Line Splicing Assemblies
TM-N Structure Numbering Assembly
TA-2, 3 Single Road Screw Anchor
TA-2P, 3P Single Rod Plate Anchor
TA-2L, 3L Single Rod Log Anchor
TA-4L, 5L Double Rod Log Anchor
TG-1G PVC Guy Guard
TG-1, 2, 3 Guying Assemblies
TG-11, 21, 31 Guying Assemblies
TG-35 Heavy Duty Guy Attachments
TG-25 Medium Duty Guy Attachments
TG-15 Light Duty Guy Attachments
TD-92 Guy Link Assemblies
TD-4, 5 Cross Arm to Pole Details
TD-9 Miscellaneous Details
TCD-20 Cross Arms
TCD-91 Cross Arms

∗Assemblies adapted from TM-4 to OPGW (Reference: Bulletin 810, RUS/USDA).
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Figure 5.8a Basic Structure Data and Wind Pressure.
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Figure 5.8b Typical Wire Loads by Spreadsheet – NESC Heavy.
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Figure 5.8c Typical Wire Loads by Spreadsheet – Extreme Wind.
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NESC Heavy and Extreme Wind. Others can be developed in a similar manner. The
equations used in the spreadsheet are from Section 3.3.3 of Chapter 3.

Tensile strength is usually a controlling factor for most line hardware. Therefore
wire tensions (i.e.) sag and tension data is critical in ascertaining the maximum
tension expected on an insulator and thereby on attachment hardware. In the case
of suspension clamps used for conductors, the wire diameter and clamp strength is
the governing factor in selecting an appropriate clamp. As discussed in Section 2.3.4,
insulators are also rated by their strength relative to their configuration: cantilever,
suspension, angle and deadend etc.

Computer programs such as PLS-POLETM require pole embedment depths
specified in input to calculate the pole height above ground. The default value is
the rule-of-thumb depth (i.e.) 10% of pole length plus 2 ft. If various foundation
capacities (compression, uplift) of an embedded pole are known, including them in the
input facilitates an evaluation of their adequacy. For guy anchors, pull out strength of
an anchor is generally input.

Spreadsheets can also be used to quickly determine the approximate geometry of a
base plate and concrete pier for steel poles supported on drilled shafts. Figure 5.9 shows
an example spreadsheet used for the purpose. Note that these values are intended only
for quick guidance but can be useful in quickly modeling a base plate in PLS-POLETM

or checking a pier in CAISSON. (For more details on exact sizing of baseplates and
drilled shafts, see Equation 4.19 of Chapter 4).

5.2.2 Structural analysis output

The objective of a transmission structure analysis is often to identify the areas of
maximum and minimum usage and use the information to achieve a balanced design.
Some utilities require usage levels of components included as a part of the Design
Report. To this end, output from PLS-POLETM, TOWERTM and PLS-CADDTM

provide level of usage of various components of a transmission structure. This
assists the Engineer to identify and modify areas of overstress of these components.
For tower angle members, the output contains usage in both tension as well as
compression and connection usages in tension, shear and bearing. Steel poles are
usually checked for stress interaction (i.e.) combined flexural, shear, torsion and
axial stress. Any overstress is basically due to insufficient moment of inertia (pole
diameter and/or thickness). If deflection limits are input, the usage summaries also
contain warnings if deflections are excessive. Again, this assists the design Engineer
to stiffen the pole by increasing the diameter or thickness or both. Similarly, for
wood and concrete poles, use of a pole of a higher class can assist in preventing
overstress.

In addition to structural elements (angle members, cross arms and pole shafts),
both TOWERTM and PLS-POLETM provide insulator usage data in their output.
Suspension strings, clamps and strain insulators are checked for overstress. It is
important for the design Engineer to specify the correct strength rating for insulators
and the corresponding strength factor (SF).

For Engineered steel poles supported on concrete piers, PLS-POLETM assists
in determining the required base plate thickness or check adequacy of a given
thickness.
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Figure 5.9 Example Template for Base Plate Geometry.

The output summaries also contain ground reactions needed for designing
foundations. Reactions at the pole ground line or tower legs are generally listed for
each load case. If guy anchors are present, then vertical and shear forces at anchorage
points are shown. If foundation strength (uplift, compression or anchor) is input,
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PLS-POLETM or TOWERTM will provide relevant usage levels. These usage data can
help to upgrade, modify or strengthen the required element to meet established design
criteria.

Wire usages are generally determined in PLS-CADDTM with reference to tension
limits imposed on various wires. This helps in ensuring that no wire exceeds the limiting
tension specified for any weather case.

5.3 PLAN AND PROFILE DRAWINGS

Plan and Profile (P & P) drawings comprise the most critical part of a transmission
line design process and are the primary documents used by construction contractors
in building the line. In general, all P & P drawings must, as a minimum, show the
following:

a. Scale (generally drawn to V:H scale of 40:400)
b. Survey Station
c. Wire tensions of all wires for governing weather case
d. Sag of the lowest conductor at the maximum operating temperature (MOT) for

the wire
e. Line angle at all running angle locations
f. Ground clearance at various line locations

(usually at a selected level ground span, location of steep elevation change,
highways and railroad tracks)

g. Wire clearance from other objects and line crossings
h. North direction arrow
i. Structure numbers, height and type listed above each structure
j. Span length between structures

5.4 STRUCTURE LOADING

Structure loading is discussed in Chapter 3 at length. As mentioned there, “deliver-
ables’’ for steel structures (pole and lattice) and concrete poles consist of the loading
schedules usually specified by the Loading Trees or Load and Design sheets (L&D).
These sheets constitute an important communication between the design Engineer and
the steel fabricator. Basic load cases are shown on these loading schedules; additional
cases (example: uplift case at sub-zero temperature) can be added at the discretion of
the design Engineer or as requested by the Owner.

5.5 STRUCTURE FRAMING DRAWINGS

Pole and structure framing drawings are discussed in Chapter 3 and Section 5.1.1.13,
respectively. These framing drawings usually show important attachment points along
the pole or structure along with drilling details. For steel and concrete poles, the
fabricators usually generate drilling or welding detail drawings based on the pole
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framing outline. A typical RUS framing drawing of a 69 kV H-Frame is shown
in Figure 3.31c. For lattice towers, member details show bolt holes and general
connections to other members or gusset plates.

5.6 ASSEMBLY DRAWINGS

Assembly drawings constitute a subset of framing drawings and show details of various
units that comprise the main assembly. For example, Fig. 3.33a shows the framing
drawing of a 345 kV structure with bundled conductor support. The details of this
conductor support assembly are shown in Figure 3.33d where all hardware items are
listed. Similarly assembly details of a post insulator shown on Figure 3.33b are listed
in Figure 3.33e.

Assembly units and drawings are discussed in Chapter 3 and Section 5.1.1.13,
respectively. For project-specific non-standard assemblies, related drawings can be
generated by modifying standard ones or obtaining them from the manufacturer.

Most utilities in the United States have databases of component assembly units
with inventory numbers which are shown on the framing and assembly drawings.
This assists in generating material lists required for a single structure or a complete
line.

5.7 FOUNDATION DRAWINGS

General foundation design is discussed in Chapter 4. For standard RUS structures,
foundation generally implies direct embedment of poles, with or without bearing pads
and pole base shoes. In the case of steel structures, foundations cover direct embedment
as well as other forms such as drilled shafts, isolated footings and grillages, depending
on structural configuration. In all cases, these drawings show depth, size, rebar, base
plates, anchor bolts (where required) and grounding details along with governing
reactions and material data.

5.8 AS-BUILT RECORDS

These records refer to the final set of post-construction documents, mostly Plan and
Profile and other construction documents, after all field activities are completed. The
As-Built records are meant to highlight differences, if any, between what was designed
and what was actually built. Plan and Profile drawings are marked up with the actual
built information to update the actual design documents and PLS-CADDTM model. For
example: structures are spotted a few feet away from their original intended survey
location or the soil profile at a location necessitated a larger embedment (and therefore
larger pole) or land use issues required minor adjustments in alignment etc. From a
Project Management perspective, these records also defined as the Close Out stage of
the project.
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Chapter 6

Advanced topics

Over the past few decades, the advent of powerful digital computers, advances in
numerical modeling of various climactic phenomena and newer materials have been
facilitating accurate and rational analysis of transmission lines, structures and foun-
dations. Programs such as PLS-CADD™ are enabling modeling and design of long,
multi-circuit transmission lines with hundreds of structures (poles, frames and tow-
ers), miles of conductors and dozens of combinations of load cases. On the theoretical
side, significant research is being conducted into the mathematical modeling of poles,
cables, foundations, complex loading situations including seismic and high intensity
wind events. Strong and durable composite materials were developed to provide a
viable alternative to wood and steel along with special-purpose conductors to meet
specific performance needs.

This chapter focuses on several advanced topics related to transmission line design
not only from a design perspective but also from a research and development point of
view. The state-of-the-art of current technology will be briefly discussed with specific
reference to analysis methods, materials and response to extreme climatic events. Also
discussed will be the process of Emergency Restoration of transmission lines after a
catastrophic weather event and LRFD (Load and Resistant Factor Design) approaches
to design of foundations.

6.1 ANALYSIS

Over the past decade, significant studies were conducted in several areas such as solid
modeling, wind loading, broken wires and nonlinear behavior of both structures as
well as wire systems.

Ashraf et al. (2005) analyzed steel transmission poles using a nonlinear finite
element (NLFE) method which included geometric nonlinearities. Tapered thin-shell
beam elements were used. This study compared results from a NLFE analysis to
those from general purpose FE programs. The inference is that a thin shell ele-
ment is the most accurate way to represent tapered steel poles, both multi-sided and
circular.

Banik et al. (2010) evaluated code-mandated factored wind loads on lattice towers
on the basis of wind speed, load and gust response factors and by using nonlinear
static pushover and incremental dynamic analysis techniques. The major inference
from the study is that for short duration high-intensity wind loads, consideration
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of material ductility could lead to an economic design while ensuring safety. Global
capacities of towers were found to be 30% higher than the factored (calculated) design
capacity indicating significant reserve strength in the structure that needs to be taken
advantage of.

Der Kiureghian and Sackman (2005) studied the nonlinear behavior of inclined
cables by formulating a procedure for determining the exact geometric stiffness of the
cable with reference to the movement of the wire’s supports, inclination and for cases
involving slack tension.

Eidinger and Kempner (2012) presented reliability models of 230 kV, 345 kV and
500 kV lattice towers subject to extreme wind and ice loading. The models are used
to help forecast failures. Two key findings of the study include the importance of
tower-specific topographic factors (mountainous terrain, for example) and site-specific
conditions (foundations).

Jayachandran et al. (2006) discussed the effects of snapped conductors on trans-
mission structures and evaluated the subsequent dynamic response. A design proposal
based on using dynamic load amplification factors (DLF) instead of residual static
loads is proposed. It is recommended that a DLF of 1.40 be used to determine the
dynamic effects due to broken conductors.

Lei and Chien (2005) presented a comprehensive modeling technique for seismic
response of a series of lattice towers in a transmission line by considering both material
and geometric nonlinearities. Tower members were modeled by 3-D beam-column
elements instead of truss-type elements.

Stengel and Mehdianpour (2014) described development of a FE model of a single
span overhead transmission line using cable elements with nonlinear characteristics and
considering aerodynamic damping. A major inference drawn is that the first natural
frequency of most long-span cables lies well below 1 Hz.

6.2 MATERIALS

Composite materials (i.e.) fiber-reinforced polymers are rapidly becoming a popular
material in transmission and distribution lines. Special conductors with high tensile
strength and superior sag performance are being developed for custom long-span
applications such as river crossings with spans as high as 3000 ft (914 m) or more.
Conductors coated with hydrophobic coatings are being specified in many locations to
combat ice accumulations on HV lines. Optical ground wires can now carry more than
144 fibers, each fiber capable of transmitting thousands of channels of information
and data, while possessing high tensile strengths for long-span applications.

6.2.1 Composites

Section 3.1.5 of Chapter 3 had earlier discussed composite transmission struc-
tures. Companies such as PUPI (2011), Shakespeare (2008) and RS Technologies
(2012) are pioneering the use of fiber glass poles and cross arms, in lines rang-
ing from 15 kV to 230 kV. Composite cross arms, both in tangent and deadend
applications, now range in length up to 12 ft (3.7 m) and can be installed on the
pole with minimum equipment. H-frames can be built up to a height of over
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100 ft (30.5 m) and using modular poles, heights up to 155 ft. (47.2 m) can be
obtained. The most recent advance in composite technology is the Iso-Truss sys-
tem (2002) which contain structural forms fabricated with fiber-reinforced composite
(FRC) – resin interwoven matrix of triangles and pyramids to distribute loads
synergistically.

6.2.2 Special conductors

HTLS (High Temperature Low Sag) conductors are special HV conductors developed
specifically for long span applications (see Section 3.4.7.2) where the design require-
ments include a wire capable of sustaining extremely large tensions but with superior
sag-tension performance under all climatic conditions. They are also used on normal
spans on existing lines to transmit more current (amperes). These conductors are rated
to function even at extremely high operating temperatures of over 200oC (392oF)
without losing mechanical strength. Research is underway to test the performance of
various HTLS wires with compositions that include polymer matrix composites, metal
matrix composites etc.

HTLS conductors such as ACCR™ (Aluminum Conductor Composite Reinforced)
conductors offer a special-purpose wire for custom situations such as high ampac-
ity demand, long span crossings, high corrosion areas and ability to withstand
temperatures over 200oC (392oF).

6.3 EXTREME EVENTS

Transmission lines are subject to a wide variety of natural phenomena which include
ice and snow storms, high intensity winds, earthquakes, tornadoes, downbursts and
flooding. Though most design procedures contain provisions to resist climactic events
(notably ice, wind and combined ice with wind), the uncertainty of nature means there
is always a probability of severe events occurring during the life time of the line. This
section focuses on four such situations: hurricanes, tornadoes, earthquakes and ice
storms.

6.3.1 Hurricanes

A hurricane is a type of intense tropical weather system with a well-defined circulation
and wind speeds exceeding 74 mph (119 kmph). For sustained speeds between 39 to
73 mph (63 to 118 kmph), the system is called a tropical storm. Hurricanes are catego-
rized according to Saffir-Simpson scale from C1 (minimal damage) to C5 (catastrophic
damage).

Dempsey (1996) discussed the damage potential of high intensity winds (HIWs)
with specific focus on hurricanes and tornadoes. One major observation was that
these winds put significantly larger loads on the structures and smaller loads on the
supporting wires. Some utilities in the US, Australia, South Africa, Argentina and
Canada have adopted specific HIW loads for towers in the 400 kV to 500 kV range.

Watson (2007) discussed the effects of oblique wind on transmission structures
and suggested that oblique incidence of wind (including longitudinal wind) may pose
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a problem for H-frames in the 100 mph to 150 mph (161 kmph to 241 kmph) hurricane
range.

6.3.2 Tornadoes

Tornadoes are short-lived, high intensity wind events characterized by extremely fast
rotating winds ranging in speeds from 40 mph to 318 mph (64 kmph to 512 kmph),
inward and upward winds and localized occurrence. Tornadoes are classified according
to the Fujita (or Modified Fujita) scale from F0 (light damage) to F5 (incredible dam-
age). The speeds associated with these scales are 40 to 72 mph (64 kmph to 116 kmph)
for the F0 scale and 207 to 260 mph (333 kmph to 418 kmph) for the F4 scale. Speeds
above 261 mph (420 kmph) are rated as F5. The recent tornado in Joplin, Missouri
(2013) was measured at F5, created a 7-mile (11.3 km) long damage path, destroyed
over 5000 buildings and caused over $1.3 billion in losses and over 150 deaths.

According to ASCE Manual 74 (2010), 86% of tornadoes in the U.S. are associ-
ated with Fujita-Pearson scales F0 to F2 (i.e.) wind speeds up to 157 mph (253 kmph),
about 530 ft (162 m) wide and travel a few miles (maximum 10 miles or 16 km) before
dissipating. Most design codes provide guidelines for extreme wind loads on wires and
structures, concurrently. However, some utilities recommend and use a special tornado
load on the structure alone (no wires) for a wind speed of 160 mph (258 kmph). Wire
spans are considered to be significantly affected by tornado winds since the average
width of the tornado path is more or less the same as that of an average wire span. For
lattice towers, the effect of such a special load is the increase in shear bracing within
the body of the tower.

Given the potential for damage to transmission lines under tornadoes, several
recent studies focused on examining the performance of both transmission lines as
well as structures for tornado-induced wind loads. The studies also considered the
effects of downbursts and microbursts on transmission lines. As opposed to a tornado,
a downburst is a strong downward current of air with straight line winds, directed
upward and outward from a surface landing point. Downbursts create vertical wind
shear. A microburst is a downburst on a very small scale.

Li (1999) proposed a stochastic model to accurately predict wind loads gener-
ated by thunderstorm downbursts for the design of transmission lines. The model is
calibrated with existing meteorological records and includes consideration of the size
effect of the downbursts.

Ahmad and Ansari (2009) derived mathematical expressions for tornado wind
loads on a lattice tower and performed a time-history analysis of the tower for mode
shapes and displacements. Chay et al. (2006) used an analytical/stochastic method
of simulating downburst winds to explore quasi-static loading conditions that occur
during downbursts. The results are interpreted with reference to several existing trans-
mission tower design codes and with specific focus of structural adequacy. Ishac and
White (1995) studied the effects of tornado loads on transmission lines to propose a
design basis tornado loading for towers which also included additional shear bracing.

Matsui and Tamura (2009) discussed the development of a tornado flow simulator
to examine the characteristics of flow fields in a tornado.

Ragan et al. (2014) studied the effects of tornado wind forces on H-frames and
other pole structures. The focus of the study was to determine the force coefficients for
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smooth, cylindrical structures. A major observation was that the force coefficients are
similar to those published in ASCE 7 (2010) for straight-line winds on smooth, round
surfaces.

Savory et al. (2001) describe models for wind velocity time histories of transient
tornado and microburst events and the resulting loading on a 168 ft (51.2 m)-tall
double circuit transmission tower. The tower was analyzed for two HIW events includ-
ing an F3 tornado and a microburst. Failure patterns clearly indicated the need and
importance of shear bracing at lower levels of the tower.

Shehata et al. (2005) described a numerical model to predict the structural per-
formance of a transmission tower subject to downbursts. Wind velocity data is scaled
and transformed into forces applied to the tower. 3-dimensional elastic frame elements
were used to model the tower members; 2-dimensional curved beam elements with
geometric nonlinearity were employed to model the conductors and ground wires.
The study asserted the importance of considering special HIW load cases for lattice
towers in addition to code-mandated high wind cases.

6.3.3 Earthquakes

Earthquakes and subsequent ground motions usually do not govern the design of
transmission lines; loads due to broken wires and wind/ice combinations are larger
than earthquake loads (ASCE Manual 74). The one instance where failures occur is
when soil liquefaction occurs and cause foundations to fail. The design shear capacity
of foundations is generally adequate to handle any transverse motions. But substa-
tion structures must be designed to withstand seismic forces since deflections are
more critical (ASCE Manual 113, 2008). Researchers, however, studied the effects
of earthquakes on transmission lines and structures.

Long (1973) presented one of the earliest studies on seismic behavior of transmis-
sion structures. His main conclusion was that forces due to structure acceleration are
small and forces on insulator supports are well within the structure capability when
designed per NESC guidelines.

Dai and Chen (2008) studied the dynamic behavior of direct embedded concrete
transmission poles with specific reference to influence of soil-structure interaction
on pole vibration modes. Investigations included both numerical modeling and full
scale tests. Soil effects were simulated by means of springs in the FE model. One
important inference from the study is that the usual fixed-end assumption made for
direct-embedded (cantilever) poles is not fully applicable when the surrounding soil
is soft.

Ghoborah et al. (1996) investigated the effects of multiple support movement on
the seismic response of transmission lines. Towers are modeled with space truss ele-
ments and conductors with nonlinear straight 2-node elements. The effects of wave
propagation velocity and in-coherency of seismic waves are studied. Results indicate
that all tower supports may not have the same uniform ground motion and larger
internal forces and displacements can result from differential support movement. It is
also inferred that wave propagation velocity has a significant effect on the lateral
displacement of the tower. Mazda et al. (2010) also presented results similar results
from an analytical study on transmission towers subject to differential support settle-
ment. Vibration modes of 4-point and 3-point support towers were compared showing
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that as one support is weakened, it significantly affects the seismic performance of the
structural system as a whole.

Tian et al. (2010) studied the behavior of transmission tower-line systems subjected
to spatially-varying support excitations. Seismic input waves for vertical and horizontal
ground motions were considered. Towers were modeled with beam elements while
nonlinear cable elements were used for the wires. Results again showed that assuming
uniform ground motion is unrealistic and does not provide the most critical case for
response calculations.

Koser and Arora (1999 and 2002) formulated the design of a transmission towers
and poles as discrete value optimization problems which included normal operating
loads as well as seismic loads. Time-dependent design constraints are considered in the
solution process. For the H-frames, structural nonlinearity is modeled but stresses
were constrained to be elastic. Two cost functions – material and initial – were
defined.

McClure and Lapointe (2003) discussed a macroscopic modeling approach to
dynamic analysis of transmission lines with emphasis on propagation of unbalanced
shock loads in a line due to wire rupture. The general purpose FE software program
ADINA is employed to model the tower-cable-insulator system. As a means of valida-
tion, the model is applied to known tower failures in the Quebec region of Canada.
Results indicate that large torsional moments are possible in the tower section with an
increasing likelihood of plastic hinge formation and buckling.

Components of substation equipment, especially porcelain insulators, are gener-
ally considered weak links in the behavior of electrical systems during earthquakes.
Nishenko et al. (2012) studied the structural adequacy of standard porcelain insula-
tors under cyclic loading. Fujisaki (2009) discussed the seismic performance of electric
transmission systems in the Bay Area region of San Francisco, California, during two
specific earthquakes in 1983 and 1984. Observations from this study included dam-
age to live tank breakers, disconnect switches, transformers, poles, rigid buses and
connectors in switches.

6.3.4 Ice storms

The NESC extreme ice design weather condition with concurrent wind is generally
defined in terms of 0 to 1¼ in (31.8 mm) of radial ice due to freezing rain which rep-
resents the standard 50-year return period for ice and is adequate for design. Some
utilities use 1½ in (38 mm) radial ice thickness governed by local climatological expe-
rience. However, there were instances where larger radial ice thicknesses were recorded
during failures. For example, the Midwest ice storm of January 2007 was associated
with a radial ice of over 2½ in (64 mm) while 3 in to 4 in (76 mm to 102 mm) ice was
recorded during the well-known Quebec snow storm of 1998. While it is impractical
to design all lines and structures to such large ice accumulations, it still is an issue
of much debate in North America. The local utility industry is approaching the issue
from a line reliability perspective (i.e.) maintaining the safety of the line and ensuring
reliable power transmission and exploring alternative ways of minimizing the danger
of excess ice. Canadian utilities have employed a variety of ice melting methods to
reduce the probability of line failures due to ice on wires or due to Aeolian vibration
of iced wires.
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6.4 EMERGENCY RESTORATION PLANS

Transmission lines and structures often suffer extensive damage and failures during
extreme climatological events such as hurricanes, tornadoes and ice storms. In such
situations, quick repair of the line and restoration of electric power supply to consumers
is the responsibility of major utilities everywhere. In the USA, government agencies
such as RUS/USDA, which finance the construction and maintenance of rural electrical
transmission lines through small utility cooperatives, require them to submit a well-
defined emergency restoration plan prior to approving funding.

An Emergency Restoration Plan (ERP) is a written, validated document that serves
as a guideline for rapid restorative action in emergency situations. In case of a trans-
mission line or grid failure under climactic and other catastrophic events, a good ERP
guarantees quick installation of replacement structures, conductors and hardware and
thereby quick restoration of power. Restoration plans usually consider standard round
wood poles or steel poles as needed for a specific location. Line restoration involving
high voltage lattice towers is more complex than that of wood or steel poles; the process
becomes challenging if hilly or rolling terrain is encountered.

Brief descriptions of key components of an ERP are given below.

ERP Team – The composition and reporting structure (hierarchy) of the ERP Team
must be clearly established to enable assignment of responsibilities. This team consists
of personnel from engineering, operations and maintenance divisions of the utility and
must undergo special training in emergency response procedures and communications.

Analysis of Hazards and Capabilities – The success of an ERP depends on basic
understanding of the anticipated hazards in the area and the capabilities of the team
responding to the emergency. This includes a complete database of previous events,
challenges faced, equipment and personnel mobilized and the duration of the restora-
tion process. The most important derivative of this analysis is the knowledge of the
pattern and type of structure failures (i.e.) where and what kind of structure is statis-
tically most likely to fail. This will help in maintaining stock of poles of a certain class
which can be quickly used in any line restoration event.

Communications Plan – A clearly defined communications plan must be in place
with important stakeholders identified along with channels and media of communica-
tion. All members of the ERP Team must participate in the communications plan. The
plan should also include appropriate local, state and federal officials.

Restoration Kits – The primary goal of an ERP is rapid mobilization of assets and
restoration of downed poles and lines. A restoration kit is an important tool of the
process. A typical “restoration kit’’ contains the following:

(a) A list of damaged structures on the line and recommended replacements
(b) Framing and assembly drawings of all replacement structures
(c) Bill of Materials for the select group of structures

Restoration kits are normally customized for each line as a function of voltage
and structural type. Often kits referring to voltages of 115, 138 and 161 kV can be
combined into a single category for easier processing. The other technical issues that
govern the kit structures are strength, clearances, embedment and insulators. Logistical
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parameters such as right of way, location, access, equipment mobilization, storage and
transport are also critical importance.

Bledsoe et al. (2013) describe in detail the severe damage to a 500 kV line from
a tornado and the steps comprising the emergency restoration of the structures and
circuits. The reader is also referred to the advanced restoration techniques adopted
by agencies such as Lindsey Manufacturing Company of Azusa, California, USA.
Their emergency restoration system (ERS) employs a welded modular lightweight alu-
minum lattice structure which can be used as a basic module for various configurations:
tangent, running angle and deadends, single or double circuit. These ERS’s do not
require any special foundations and can be erected in a relatively short time.

6.5 FOUNDATION STRENGTH

The existing NESC (2012) does not offer a clear definition of the strength factors
used for foundations. Table 2.15c of Chapter 2 shows that all foundations have
been assigned a Strength Factor of 1. There is no differentiation between structural
component of a foundation and the soil component. Since geotechnical capacity is
what typically controls the eventual strength of a foundation, whether it is a direct
embedment or drilled shaft or an anchor, there is recognition that strength fac-
tors for foundations must be defined with specific reference to soil. As discussed in
Section 4.5.2, FAD Tools adopted LRFD and incorporated strength factors for geotech-
nical capacity of foundations under moment, compression and uplift modes of failures.
However, codes such as NESC are yet to provide guidance in this area.

 



Answers to problems

2.1 79.5 ft (24.2 m)
2.2 40 ft (12.2 m); Swing is negligible for HP insulators facilitating shorter ROW.
2.3 1079. 68 ft (329.1 m)
2.4 60 ft (18.3 m); De = 7.8 ft (2.38 m)
2.5 1512 ft (460.9 m); even a small increase in horizontal separation leads to a

large increase in allowable horizontal span.
2.6 1367.5 ft (416.8 m)
2.7 800 ft (243.8 m)
3.1 (a) Class S-4.9 (4,875 lbs)

(b) Class S-5.7 (5,625 lbs)
3.2 9.26 ft (2.82 m)
3.3 NO, Not Adequate
3.4 3/16 (0.1875) in. (4.76 mm), Satisfies local buckling criteria
3.5 55-Class H2
3.6 (a) 1,834 lbs (8.16 kN)

(b) 3,844 lbs (17.1 kN)
(c) Guy Force = 5,436 lbs (24.2 kN)

3.7 80 ft (24.4 m) pole (70 ft above ground, 10 ft embedment)
3.8 180.7 kips (47.6 kN)
3.9 (a) 4.31 in2 (2782 mm2)

(b) 139.7 kips (621.8 kN)
(c) Yes, both end, edge distances are adequate

3.10 34.44 kips (153.1 kN)
3.11 118.3 kips (526 kN)
3.12 172.9 kip-ft (234.4 kN-m)
3.13 26 bolts
3.14 (a) 700.4 ft (213.5 m)

(b) 637.4 ft (194.1 m)
(c) 380.4 ft (115.9 m)
A one step increase in pole class led to a 20.7% increase in allowable spans.

4.1 4881.4 kip-ft (6618.8 kN-m); 0.98
4.2 27.16 ft, rounded to 28 ft (8.53 m)
4.3 3527.1 kip-ft (4782.51 kN-m)
4.4 (a) 12 ft (3.66m)

(b) 12 ft (3.66m)
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4.5 385.2 kip-ft (522.31 kN-m)
4.6 514.2 kip-ft (697.22 kN-m)
4.7 23.5 ft (7.16m); 21 ft (6.40 m)
4.8 28 ft (8.53m); 21 ft (6.40 m)
4.9 600 kip-ft (813.56 kN-m)
4.10 96115 lb/ft2 (4602 kN/m2); 4709.64 kips (20950.36 kN)
4.11 48134.4 lb/ft2 (2304.69 kN/m2); 2358.6 kips (10491.99 kN)
4.12 22950 lb/ft2 (1098.85 kN/m2); 1124.55 kips (5002.45 kN)
4.13 128800.5 lb/ft2 (6167 kN/m2); 5152 kips (22918.15 kN)
4.14 5253.29 lb/ft2 (251.53 kN/m2); 340.64 kips (1515.30 kN)
4.15 29.17 kips (129.76 kN)
4.16 313.38 kips (1394.04 kN)

 



Appendix 1

Analysis and design of
a transmission line

This section illustrates the complete structural analysis and design of a High-Voltage
Transmission Line using two different structural materials:

1. All Steel Structures (galvanized)
2. All Wood Structures (treated)

The model of the line serves to demonstrate several structural configurations, namely:

a. TAN Tangent (line angle less than 3◦)
b. SA Small Angle (up to 15◦)
c. LA Large Angle (45◦ and above)
d. DDE Full (Double) Deadends (line angle variable)
e. Substation Frames (not designed here; nominally shown only for illustration

purposes. Substation structure design is outside the scope of this book).

All steel poles are either directly embedded (a and b) or supported on concrete piers
(c, d and e). Configurations b, c and d (wood) are guyed poles with anchors.

The analysis and design process covers the following issues:

1. Structural performance of the entire system – strengths and usage
2. Conductor and OHGW performance – sags and clearances, galloping
3. Foundation Adequacy – direct embedment, piers, anchors

The line is modeled in PLS-CADDTM, structures in PLS-PoleTM and foundations in
CAISSONTM. Load and Strength Factors conform to NESC Standards.

System data

Voltage 230 kV AC
Conductor 954 ACSR 54/7 Cardinal

Dia. = 1.196 in (30.4 mm), Area = 0.846 in2 (545.8 mm2),
Weight = 1.229 plf (17.94 N/m),
Rated Tensile Strength = 33,800 lbs (150.4 kN)
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OHGW 3/8 in EHS
Dia. = 0.36 in (9.14 mm), Area = 0.0792 in2 (51.1 mm2),
Weight = 0.273 plf (3.98 N/m),
Rated Tensile Strength = 15,400 lbs (68.5 kN)

Guy Wires 9/16 in EHS
Dia. = 0.563 in (14.29 mm), Area = 0.248 in2 (160.3 mm2)
Rated Tensile Strength = 35,000 lbs (155.75 kN)
Strength Factor = 0.9
Usable Tensile Strength = 0.9 ∗ 35.0 = 31.5 kips (140.2 kN)

Insulator data

Horizontal Post Cantilever Rating 10,000 lbs (44.5 kN)
Strain/Suspension Specified Rating 25,000 lbs (111.3 kN)

Soil data

30 ft (9.14 m): Medium Dense Coarse Sand with Gravel, Blow Count N = 15
(Soil is approximately Type 5)
Friction angle 30◦
Unit Weight = 100 pcf (15.7 kN/m3)
Ultimate Bearing Capacity = 10,000 psf. (478.9 kPa)
Factor of Safety for Bearing = 3.0
Allowable Bearing Pressure = 10,000/3 = 3333.3 psf. (159.6 kPa)

Anchors

Helical Screw Anchors: 3-helix (8 in-10 in-12 in)
Maximum Holding Capacity in Type 5 Soil = 39,000 lbs (173.6 kN)
Strength Factor = 0.9
Usable Holding Capacity = 0.9 ∗ 39.0 = 35.1 kips (156.2 kN)

Structural material
Steel Poles ASTM A572-65 Yield Strength = 65 ksi (448 MPa) 12-sided

polygons
Base Plates ASTM A572-50 Yield Strength = 50 ksi (345 MPa)
Substation Beams ASTM A572-50 Yield Strength = 50 ksi (345 MPa)
Wood Poles Southern Yellow Pine (SYP)

Maximum Flexural Strength = 8000 psi (55.2 MPa)
Anchor Bolts ASTM A615 Grade 75

2¼ in (57.2 mm) diameter

Conductor tensions

Design Tension for 954 ACSR = 11,840 lbs (52.6 kN) at NESC Heavy Loading level)
Design Tension for 3/8 in EHS = 5,390 lbs (24 kN) at NESC Heavy Loading level)
Tensions in Slack Spans = 10% Rated Tensile Strength
Slack Tension for 954 ACSR = 3,380 lbs (15 kN)
Slack Tension for 3/8 in EHS = 1,540 lbs (6.9 kN)
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Maximum tensions (as % of rated tensile strength)

Initial Unloaded = 35% (conductor), 25% (OHGW)
NESC Heavy = 50%
Extreme Wind = 70% (conductor), 80% (OHGW)
Extreme Ice = 70% (conductor), 80% (OHGW)
Extreme Ice with Concurrent Wind = 70% (conductor), 80% (OHGW)

Clearances

Maximum Operating Temperature (MOT) of Conductor = 212◦F (100◦C)
Required conductor ground clearance at MOT = 22.4 ft (6.83 m) without any buffer

System geometry

The layout of the transmission line selected for modeling is shown in Figure A1.1. The
line runs from Substation 1 to Substation 2 and consists of two (2) double deadend
structures DDE1 and DDE2, one large angle structure LA, one tangent structure TAN
and one small angle structure SA. The two end spans are slack spans (i.e.) wires with
reduced tension into the substations. The computed ruling span between DDE1 and
DDE2 is about 518 ft (157.9 m). Right of Way is 150 ft (45.7 m). Tables A1.1 and A1.2

Figure A1.1 Layout of Design Transmission Line.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-10&iName=master.img-000.jpg&w=354&h=263
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show details of the wood and steel structures considered for the line. The profile of
the transmission line, as obtained from PLS-CADDTM, is shown in Figure A1.2. The
dotted line is the ground clearance line at 22.4 ft (6.83 m) height.

Table A1.1 Wood Structures Details.

Pole Height (ft)

No. Name HAG DE Total
Pole
Class Material

dtop
(in)

dbutt
(in)

MGL
(kip-
ft)

Number
of
Guys

Number
of
Anchors

Weight
Pole
(lbs)

1 SUB1* 55 N/A 55 N/A 65/50** 9 36 1285 – – 8,390
2 DDE 1 83.5 11.5 95 H2 SYP 9.875 21.25 514 8 8 7,860
3 LA 70 10 80 H2 SYP 9.875 19.875 422 4 4 6,000
4 TAN 65.25 14.75 80 H3 SYP 10.5 21 454 N/A N/A 6,740
5 SA 70 10 80 H1 SYP 9.25 18.5 361 4 4 5,370
6 DDE 2 88 12 100 H2 SYP 9.875 21.5 536 8 8 8,450
7 SUB2* 55 N/A 55 N/A 65/50** 9 36 1285 – – 8,390

1 ft = 0.3048 m, 1 in = 25.4 mm, 1 lb = 4.45 N, 1 kip-ft = 1.356 kN-m.
HAG = Height,Above Ground.
DE = Embedment Depth.
dtop = Pole Diameter at Top
dbutt = Pole Diameter at Bottom.
MGL = Ground Line Moment Capacity.
* = Steel Substation Deadend.
** = beam material is 50 ksi.

Table A1.2 Steel Structures Details.

Pole MGL Structure
Pole Height (ft) dtop dbutt Material Thickness1 (kip- Base Weight

No. Name HAG DE Total (in) (in) (ksi) (in) ft) Plate Remarks (lbs)

1 SUB 1∗∗ 55 N/A 55 9 36 65/50∗ ¼′′ 1285 Yes Beam
8 × 8 × 3/8

8,390

2 DDE 1 83.5 N/A 83.5 9 48 65 ¾′′
(bottom)
½′′ (top)

7350 Yes Lap 3¾ ft 20,440

3 LA 70 N/A 70 9 48 65 ½′′
(bottom)
3/8

′′ (top)

4978 Yes Lap 2½ ft 12,110

4 TAN 65.25 14.75 80 9 24 65 ¼′′ 481 No Lap 2½ ft 3,655
5 SA 70 17 87 9 36 65 ¼′′ 1015 No Lap 2½ ft 5,460
6 DDE 2 88 N/A 88 9 48 65 ¾′′

(bottom)
½′′ (top)

7350 Yes Lap 3¾ ft 20,740

7 SUB 2∗∗ 55 N/A 55 9 36 65/50∗ ¼′′ 1285 Yes Beam
8x8x3/8

8,390

1 ft = 0.3048 m, 1 inch = 25.4 mm, 1 lb = 4.45 N, 1 kip-ft = 1.356 kN-m, 1 ksi = 6.89 MPa.
HAG = Height, Above Ground.
DE = Embedment Depth.
N/A implies pole is supported by a concrete drilled shaft.
∗= beam material is 50 ksi. ∗∗ = shown here only for illustration purposes.
Lap is the overlap between the two pole shaft sections.
dtop = Pole Diameter at Top.
dbutt = Pole Diameter at Bottom.
MGL = Ground Line Moment Capacity.
112-sided pole.
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Geometrical configurations of all steel structures modeled are shown in
Figures A1.5a to A1.5g and those of wood in Figures A1.6a to A1.6e. For illustrative
purposes, guying for DDE wood poles is assumed to be identical in both directions;
however, it can be often economical to use a single anchor on the slack tension
side accepting all 4 guy wires. Bisector guying is used for small and large angle
poles. For optimal guying performance, all guy wires are inclined to the pole at
about 45◦.

Analysis

The systems were analyzed for the following primary load cases:

a. NESC Heavy
b. Extreme Wind (wind speed of 90 mph)
c. Extreme Ice (1 in radial ice)
d. Extreme Ice with Concurrent Wind (1 in radial ice with 40 mph wind)

All analyses were performed using the nonlinear option of PLS-POLETM. A trial-and-
error method with wire tensions was employed to determine optimum tensions which
satisfy tension limits, clearances (sags) as well as galloping. A similar approach was
used with wood and steel poles to ensure they meet the strength requirements (i.e.)
keeping structural usage below 100%. For steel poles with base plates, the PLS-
POLETM program was used to determine base plate size and thickness compatible
with the chosen ground line pole diameter. For guyed wood poles, the anchor
locations were checked to see they fall within the available ROW. The non-linear
option of PLS-POLETM analysis process also includes built-in buckling checks for

Figure A1.2 Profile of the Transmission Line.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-10&iName=master.img-001.jpg&w=340&h=189
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Figure A1.3 Sag-Tension Data for Conductor.

Figure A1.4 Sag-Tension Data for OHGW.
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Figure A1.5a Substation Line End Frame 1.

all poles, especially guyed wood poles. Therefore, the buckling checks are not
shown here.

For all poles, the bearing stress at the bottom of the poles was checked to determine
the need for bearing pads to help distribute axial loads to the soil below.

Design

Tables A1.3 and A1.4 shows the results of the analyses for wood and steel options
respectively. The usage values refer to the combined stress interaction check including
axial and flexural stresses. Note that guyed wood poles are provided a concrete
bearing pads to distribute the large resultant axial loads from the pole and guy tension

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-10&iName=master.img-004.jpg&w=297&h=359
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Figure A1.5b Tangent Steel Pole.

components. These pads were sized using the bearing strength of the soil. For the steel
poles with pier foundations, only the length of the shaft needed is computed from
CAISSONTM.

For the steel poles where concrete piers were used, base plates were nominally
sized for both diameter and thickness. (See Chapter 4 and 5 for guidelines for base
plate and pier geometry). A trial-and-error process was used to arrive at an optimum
plate thickness for the given loading.

The usage levels of all poles, guy wires, anchors, insulators and other items are
within prescribed stress limits. Other checks (ground line deflections and rotations,
skin friction resistance) were left to the user as an exercise.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-10&iName=master.img-005.jpg&w=108&h=327
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Figure A1.5c Double Deadend Steel Pole 1.

Discussion

The demand to resist large bending moments at line angles without any guying support
resulted in heavy steel poles as can be seen in their dimensions. Note that by varying
the pole diameters and thicknesses, a more optimal design can be possibly obtained
(as an exercise to the user). Ground line pole diameters also affect the sizes of base
plates and in turn the concrete pier diameter. In case of steel poles, a major portion
of project cost is that of steel; so, even saving a few hundred pounds (kilos) off the
material weight can lead to significant cost savings. For example, the total weight of
all steel poles in this example is about 77,870 lbs (35,275 kgs) and any effort to reduce
this further leads to a more economical design.

Wood poles, on the other hand, are lighter but involve large amounts of other
material and associated labor. Guy wires and anchors add to costs and need extra
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Figure A1.5d Large Angle Steel Pole.

installation labor. Since wood is a degradable material, maintenance is important.
The classes of wood poles used in this example is assumed to be optimal; however,
other combinations can also be tried (H1 or lower instead of H2 at large angles and
deadends) if they can safely resist the applied loads.

Deflections are not evaluated qualitatively in this example. The user can re-work
this example by assuming limitations placed on steel pole top deflections which may
require stiffer poles (i.e.) thicker material and larger diameters.

Substation frames are usually checked for deflections which control design. The
user may check the two frames of this example with reference to guidelines of ASCE
Manual 113.
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Figure A1.5e Double Deadend Steel Pole 2.
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Figure A1.5f Small Angle Steel Pole.
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Figure A1.5g Substation Line End Frame 2.
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Figure A1.6a Tangent Wood Pole.
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Figure A1.6b Double Deadend Guyed Wood Pole 1.

Figure A1.6c Double Deadend Guyed Wood Pole 2.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-10&iName=master.img-012.jpg&w=325&h=230
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315755687-10&iName=master.img-013.jpg&w=325&h=221


360 Analysis and design of a transmission line

Figure A1.6d Large Angle Guyed Wood Pole.

Figure A1.6e Small Angle Guyed Wood Pole.
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Table A1.3 Results for Wood Structures.

Maximum Ground
Line Reactions

No. Name
Moment
(kip-ft)

Shear
(kips)

Axial
(kips) Foundation

Overall
Structure
Usage∗

Maximum
Guy
Usage

Maximum
Anchor
Usage∗∗

1 DDE 1 39.7 <1 107 Direct Embedment
11.5 ft
+3½ ft Dia. Pad

54.9% 96.5% 86.6%

2 LA 43.5 1.1 64.8 Direct Embedment
10 ft
+3 ft Dia. Pad

41% 76.3% 68.4%

3 TAN 220.2 5.1 11.6 Direct Embedment
14.75 ft
+2 ft Dia. Pad

75.5% N/A N/A

4 SA 12.4 <1 29.5 Direct Embedment
10 ft
+2½ ft Dia. Pad

15.2% 26.9% 24.1%

5 DDE 2 186.5 1.8 100.3 Direct Embedment
12 ft
+3½ ft Dia. Pad

54.6% 86.9% 78.0%

1 ft = 0.3048 m, 1 kip = 4.45 kN, 1 kip-ft = 1.356 kN-m.
∗based on stress interaction (axial and bending).
∗∗ = force in guy wire/allowable anchor capacity.

Table A1.4 Results for Steel Structures.

Maximum Ground
Line Reactions

No. Name
Moment
(kip-ft)

Shear
(kips)

Axial
(kips) Foundation∗

Overall
Structure
Usage∗∗∗

Base
Plate
(in)

1 SUB 1 631 16.6 6.5 — ∗∗ 50.8% — ∗∗
2 DDE 1 4631 74.7 38 Concrete Pier

6 ft Dia. x 24 ft
81.9% 3¾’’

3 LA 2742 55.2 21.3 Concrete Pier
6 ft Dia. x 20.5 ft

57.7% 23/8’’

4 TAN 197 3.8 9.8 Direct Embedment
14.75 ft

42.3% N/A

5 SA 835 16.9 9.2 Direct Embedment
17 ft

82.9% N/A

6 DDE 2 4336 65.3 39.7 Concrete Pier
6 ft Dia. x 23 ft

77.1% 3¾’’

7 SUB 2 469 11 6.5 — ∗∗ 37.8% — ∗∗

1 ft = 0.3048 m, 1 inch = 25.4 mm, 1 kip = 4.45 kN, 1 kip-ft = 1.356 kN-m.
∗all concrete piers have 20 anchor bolts, 5 per quadrant; pier diameter rounded to the nearest foot.
∗∗not computed; left as an exercise to student.
∗∗∗based on stress interaction (axial, bending, shear etc.)
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Appendix 2

Wood pole data

Table A2.1 Wood Pole Classes.

Class Lateral Load atTip (lbs)∗∗

H6 11,400
H5 10,000
H4 8,700
H3 7,500
H2 6,400
H1 5,400
1 4,500
2 3,700
3 3,000
4 2,400
5 1,900
6 1,500
7 1,200
9 740
10 370

∗Per ANSI O5-1.
∗∗Applied 2 ft. from the tip of the pole.
(Courtesy: RUS/USDA).
1 ft = 30.48 cm, 1 lb = 4.45 N.

Table A2.2 Typical Cross Arms Used in Wood H-Frames.

RUSType Dimensions TypicalWeight (lbs)∗

37 5¾′′ × 7¾′′ × 20 ft 286
41 5¾′′ × 7¾′′ × 22 ft 315
54 5¾′′ × 7¾′′ × 26 ft 372
60 5¾′′ × 7¾′′ × 27.5 ft 394
71 5¾′′ × 7¾′′ × 32 ft 458
82 5¾′′ × 7¾′′ × 40 ft 573

1 in = 25.4 mm, 1 ft = 0.3048 m, 1 lb = 4.45 N, 1 pcf = 0.157 kN/m3.
∗for Douglas-Fir, density taken as 50 pcf.
(Dimensions – Courtesy: RUS/USDA).



364 Wood pole data

Table A2.3 Typical X-Braces Used on Wood H-Frames.

Nominal
Typical Pole Compressive
Line Spacing Cross Section Brace Length Capacity

RUSType Voltage (ft) Dimensions L1 (ft) r (in) kL/2r∗ (lbs)∗∗

TM-110A 69 kV to 230 kV 10½ 3-3/8′′ × 4-3/8′′ 13.43 0.974 82.8 38,300
12½ 3-3/8′′ × 4-3/8′′ 16.26 0.974 100.1 26,100
14 3-3/8′′ × 4-3/8′′ 18.38 0.974 113.2 21,000

TM-110B 15½ 3-3/8′′ × 5-3/8′′ 20.51 0.974 126.3 20,200
TM-110C 19½ 3-5/8′′ × 7-1/2′′ 26.16 1.046 150.1 21,600

1 in = 25.4 mm, 1 ft = 30.48 cm, 1 lb = 4.45 N, 1 psi = 6.895 kPa.
∗Mid-length clamp reduces effective length to ½ L.
∗∗Using E = 1.8 × 106 psi.
1Brace length L includes allowance of 12 in (30.48 cm) for pole diameter.
(Partial Courtesy: RUS/USDA).

 



Table A2.4 Wood Pole Dimensions.*

Class 4 3 2 1 H1 H2 H3 H4 H5 H6

Top Dia. (in) 6.7 7.3 8.0 8.6 9.2 9.9 10.5 11.1 11.8 12.4

Length L (ft) Min. De (ft) Minimum Diameter (in) at 6 ft from Pole Bottom

20 4 8.0 8.6 9.2 9.9
25 4.5 8.8 9.4 10.0 10.7
30 5 9.4 10.2 10.8 11.6
35 5.5 10.0 10.8 11.6 12.4 13.2 13.9
40 6 10.7 11.5 12.3 13.1 13.9 14.6 15.4 16.2
45 6.5 11.1 11.9 12.9 13.7 14.5 15.4 16.2 17.0 17.8 18.6
50 7 11.6 12.4 13.4 14.3 15.1 16.1 16.9 17.7 18.6 19.4
55 7.5 12.1 12.9 13.9 14.8 15.8 16.6 17.5 18.5 19.3 20.2
60 8 12.4 13.4 14.3 15.3 16.2 17.2 18.1 18.9 19.9 20.9
65 8.5 12.9 13.9 14.8 15.8 16.7 17.7 18.6 19.6 20.6 21.5
70 9 13.2 14.3 15.3 16.2 17.2 18.1 19.3 20.2 21.2 22.0
75 9.5 14.6 15.6 16.7 17.7 18.8 19.7 20.7 21.7 22.6
80 10 15.0 16.1 17.2 18.1 19.1 20.2 21.2 22.1 23.1
85 10.5 15.3 16.4 17.5 18.6 19.6 20.7 21.7 22.8 23.7
90 11 15.6 16.9 17.8 18.9 20.1 21.2 22.1 23.2 24.2
95 11.5 17.2 18.1 19.4 20.5 21.5 22.6 23.7 24.7
100 12 17.5 18.6 19.7 20.9 21.9 23.1 24.2 25.2
105 12.5 17.8 18.9 20.1 21.3 22.4 23.6 24.5 25.6
110 13 18.1 19.3 20.5 21.7 22.8 23.9 25.0 26.1
115 13.5 18.5 19.6 20.9 22.0 23.1 24.4 25.5 26.6
120 14 18.8 19.9 21.2 2.3 23.6 24.7 25.8 27.1
125 14.5 18.9 20.2 21.5 22.6 23.9 25.0 26.3 27.4

Class 4 3 2 1 H1 H2 H3 H4 H5 H6

(Values rounded off to the nearest decimal).
1 in = 25.4 mm, 1 ft = 30.48 cm, De = Embedment Depth = 10% L + 2′.
* Douglas Fir & SouthernYellow Pine.
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Steel pole data

Table A3.1a Structural Steels Used in Transmission Structures (U.S.).

Material Yield Stress (ksi) Ultimate Stress (ksi)

A-7 33 55
A-36 36 58
A-500 (42) Grade B 42 58
A-500 (46) Grade B 46 58
A-572 (50) 50 65
A-572 (60) 60 75
A-572 (65) 65 80
A-588 (50) 50 70
A-871 (65) 65 80

1 ksi = 6.895 MPa.
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Table A3.1b Structural Steels Used in Other Countries.

Yield Stress
Material (MPa or kg/mm2) Yield Stress (ksi) Country

S-235 235 MPa 34.1 UK, Europe
For thicknesses less
than 40 mm
(1.57 inches)
(Available in Type N, M,
W, Q etc.)

S-275 275 MPa 40.0
S-355 355 MPa 51.5
S-450 440 MPa 63.8
Grade 300 300 MPa 43.5 Canada

(Available in Type G,W,
WT, R, A etc.)

Grade 350 350 MPa 50.8
Grade 400 400 MPa 58.0
Mild Steel (6 mm
to 40 mm thick)

23 to 26 kg/mm2 32.7 to 37.0 India
(Available in mild and
high-strength types)

High Tensile Steel
(6 mm to 63 mm thick)

30 to 36 kg/mm2 42.6 to 51.1

AS-250 250 MPa 36.0 Australia
(Grades shown are
equivalent to American
steel grades A36,
A572-50 and A572-65)

AS-350 350 MPa 50.0
AS-450 450 MPa 65.0

Table A3.2 Commonly Used Bolts on Lattice Towers.

Bolt Type Diameter (in)

Typical Ultimate Shear
Strength –Through
Threads (kips)∗

Typical Ultimate Shear
Strength –Through Shaft
(kips)∗

A394 Type ‘O’ 1/2 6.95 9.00
5/8 11.15 14.10
3/4 16.65 20.25
7/8 23.15 27.60
1 30.4 36.05

A307 Grade A 5/8 8.28 11.04
3/4 11.92 15.90
7/8 16.23 21.65

1 in = 25.4 mm, 1 kip = 4.45 kN.
∗In Single Shear.
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Table A3.3 High Strength Bolts Used on Steel Transmission Structures.

Bolt Type Diameter (in)

Nominal Ultimate
Tensile Strength
(kips)∗

Typical Ultimate Shear
Strength –Through
Shaft (kips)∗∗

A325 1/2 17.67 11.70
5/8 27.63 18.40
3/4 39.73 26.50
7/8 54.11 36.10
1 70.67 47.00

A490 1/2 22.20 14.70
5/8 34.67 23.10
3/4 49.87 33.20
7/8 68.00 45.10
1 88.80 58.90

1 in = 25.4 mm, 1 kip = 4.45 kN, 1 ksi = 6.895 MPa.
∗Nominal Tensile Stress:A325-90 ksi,A490-113 ksi.
∗∗In Single Shear.

 



Table A3.4 Steel Shapes and Geometric Properties.

Shape

Cross
Section
Area, A

Moment
of
Inertia, I

Radius
of
Gyration, r Angle α η

Maximum
Q/It Maximum C/J

Approx. Flat
Width of Face, w*

3.14 D t 0.393 D3 t 0.354 D N/A 0.500 0.637/D t 0.637 (D + t)/D3t N/A

4.00 D t 0.666 D3 t 0.408 D 45◦ 0.707 0.563/D t 0.5 (D + t)/D 3t D–9 t

3.46 D t 0.481 D3 t 0.373 D 30◦ 0.577 0.606/D t 0.577 (D + t)/D3 t 0.577 (D–9t)

3.32 D t 0.438 D3 t 0.364 D 22.5◦ 0.541 0.618/D t 0.603 (D + t)/D3 t 0.414 (D–9t)

3.22 D t 0.411 D3 t 0.358 D 15◦ 0.518 0.631/D t 0.622 (D + t)/D3 t 0.268 (D–9t)

3.19 D t 0.403 D3 t 0.356 D 11¼◦ 0.510 0.634/D t 0.628 (D + t)/D3 t 0.199 (D–9t)

(With permission from ASCE).
D = mean diameter, Do- t; Do = outside diameter, across flats (for polygonal sections); t = thickness.
α = angle between x-axis and corner of the polygon, Cx and Cy = distance from y and x axes to point.
J = polar moment of inertia; Q/It = value for determining maximum flexural shear stress.
C/J = value for determining maximum torsional shear stress.
Cx = η (D + t) cos(α) Cy = η (D + t) sin(α).
∗Bending Radius assumed as 4t.
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Table A3.5 Typical Standard RUS Steel Pole Classes.

Steel Class
Designation

Minimum Ultimate
Moment Capacity 5 ft
from PoleTop (kip-ft) Lateral Load atTip (lbs)∗

S-12.0 96 12,000
S-11.0 88 11,000
S-10.0 80 10,000
S-09.0 72 9,000
S-08.0 64 8,000
S-07.4 57 7,410
S-06.5 50 6,500
S-05.7 44 5,655
S-04.9 38 4,875
S-04.2 32 4,160
S-03.5 27 3,510
S-02.9 23 2,925
S-02.4 19 2,405
S-02.0 15 1,950

∗Applied 2 ft from the tip of the pole.
(Courtesy: RUS/USDA).
1 ft = 30.48 cm, 1 lb = 4.45 N, 1 kip-ft = 1.356 kN-m.

Table A3.6 Typical Standard Class Steel Poles – Class 1.

Total Pole
Length (ft)

Base Diameter
at Bearing
Plate (in)

Ground Line
Moment
Capacity (ft-kips)

Estimated
PoleWeight (lbs)

40 13.34 93 959
45 13.92 106 1101
50 14.50 119 1248
55 14.59 132 1427
60 15.17 145 1580
65 15.74 158 1763
70 16.32 171 1929
75 16.90 184 2102
80 17.48 197 2280
85 18.06 210 2463
90 18.64 223 2653
95 19.23 236 2848
100 19.31 248 3106
105 19.89 261 3310
110 20.48 274 3520
115 21.06 287 3734
120 21.64 299 3955

(Courtesy:Trinity-Meyer Utility Structures, LLC. 2015).
GL is defined by embedment of 10% of Pole Length plus 2 ft
1 inch = 25.4 mm, 1 ft = 30.48 cm, 1 lb. = 4.45 N, 1 ksi = 6.895 MPa, 1 kip-ft = 1.356 kN-m.
Pole Taper = 0.116104 in/ft
Pole Top Diameter = 8.69 in
Thickness = 3/16 in
SteelYield Strength = 65 ksi.
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Table A3.7 Typical Standard Class Steel Poles – Class H1.

Total Pole
Length (ft)

Base Diameter
at Bearing
Plate (in)

Ground Line
Moment
Capacity (ft-kips)

Estimated
PoleWeight (lbs)

40 13.99 112 990
45 14.64 127 1139
50 15.31 143 1293
55 15.47 159 1485
60 16.14 174 1648
65 16.80 190 1843
70 17.46 205 2021
75 18.12 221 2205
80 18.79 236 2396
85 19.44 252 2595
90 20.11 267 2800
95 20.77 283 3012
100 20.93 298 3299
105 21.60 313 3520
110 22.25 329 3748
115 22.92 344 3980
120 23.58 359 4222

(Courtesy:Trinity-Meyer Utility Structures, LLC. 2015).
GL is defined by embedment of 10% of Pole Length plus 2 ft
1 inch = 25.4 mm, 1 ft = 30.48 cm, 1 lb. = 4.45 N, 1 ksi = 6.895 MPa, 1 kip-ft = 1.356 kN-m.
Pole Taper = 0.132332 in/ft
Pole Top Diameter = 8.69 in
Thickness = 3/16 in
SteelYield Strength = 65 ksi.

Table A3.8 Typical Standard Class Steel Poles – Class H2.

Total Pole
Length (ft)

Base Diameter
at Bearing
Plate (in)

Ground Line
Moment
Capacity (ft-kips)

Estimated Pole
Weight (lbs)

40 14.80 132 1027
45 15.56 151 1185
50 16.32 170 1351
55 16.59 188 1557
60 17.36 207 1732
65 18.12 225 1947
70 18.88 244 2139
75 19.65 262 2340
80 20.41 280 2549
85 21.17 299 2764
90 21.94 317 2988
95 22.70 335 3220
100 22.96 354 3543
105 23.72 372 3786
110 24.49 390 4037
115 25.25 408 4296
120 263.01 426 4560

(Courtesy:Trinity-Meyer Utility Structures, LLC. 2015).
GL is defined by embedment of 10% of Pole Length plus 2 ft
1 inch = 25.4 mm, 1 ft = 30.48 cm, 1 lb. = 4.45 N, 1 ksi = 6.895 MPa, 1 kip-ft = 1.356 kN-m.
Pole Taper = 0.152616 in/ft
Pole Top Diameter = 8.69 in
Thickness = 3/16 in
SteelYield Strength = 65 ksi.
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Table A3.9 Typical Standard Class Steel Poles – Class H3.

Total Pole
Length (ft)

Base Diameter
at Bearing
Plate (in)

Ground Line
Moment
Capacity (ft-kips)

Estimated Pole
Weight (lbs)

40 15.76 155 1072
45 16.65 177 1242
50 17.53 199 1421
55 17.92 222 1642
60 18.81 242 1833
65 19.69 264 2072
70 20.57 286 2283
75 21.45 307 2502
80 22.34 329 2730
85 23.22 350 2968
90 24.11 372 3213
95 24.99 393 3469
100 25.37 415 3840
105 26.26 436 4108
110 27.14 458 4387
115 28.03 479 4675
120 28.91 501 4969

(Courtesy:Trinity-Meyer Utility Structures, LLC. 2015).
GL is defined by embedment of 10% of Pole Length plus 2 ft
1 inch = 25.4 mm, 1 ft = 30.48 cm, 1 lb. = 4.45 N, 1 ksi = 6.895 MPa, 1 kip-ft = 1.356 kN-m.
Pole Taper = 0.176764 in/ft
Pole Top Diameter = 8.6 in
Thickness = 3/16 in
SteelYield Strength = 65 ksi.

Table A3.10 Typical Standard Class Steel Poles – Class H4.

Total Pole
Length (ft)

Base Diameter
at Bearing
Plate (in)

Ground Line
Moment
Capacity (ft-kips)

Estimated Pole
Weight (lbs)

40 17.20 180 1180
45 18.15 206 1364
50 19.09 231 1559
55 19.54 256 1809
60 20.48 281 2019
65 21.42 307 2278
70 22.37 332 2507
75 23.31 357 2745
80 24.25 382 2994
85 25.20 407 3252
90 26.14 432 3520
95 27.08 457 3797
100 27.53 482 4211
105 28.48 507 4503
110 29.42 532 4819
115 30.36 557 5131
120 31.31 582 5453

(Courtesy:Trinity-Meyer Utility Structures, LLC. 2015).
GL is defined by embedment of 10% of Pole Length plus 2 ft
1 inch = 25.4 mm, 1 ft = 30.48 cm, 1 lb. = 4.45 N, 1 ksi = 6.895 MPa, 1 kip-ft = 1.356 kN-m.
Pole Taper = 0.188645 in/ft
Pole Top Diameter = 9.66 in
Thickness = 3/16 in
SteelYield Strength = 65 ksi.
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Table A3.11 Typical Standard Class Steel Poles – Class H5.

Total Pole
Length (ft)

Base Diameter
at Bearing
Plate (in)

Ground Line
Moment
Capacity (ft-kips)

Estimated Pole
Weight (lbs)

40 18.31 207 1231
45 19.40 236 1430
50 20.48 265 1640
55 21.07 294 1910
60 22.15 323 2136
65 23.23 353 2423
70 24.31 382 2672
75 25.39 410 2932
80 26.48 439 3202
85 27.56 468 3485
90 28.64 497 3779
95 29.72 526 4097
100 30.30 555 4574
105 31.38 584 4897
110 32.46 613 5884
115 33.55 642 6340
120 34.63 671 6812

(Courtesy:Trinity-Meyer Utility Structures, LLC. 2015).
GL is defined by embedment of 10% of Pole Length plus 2 ft
1 inch = 25.4 mm, 1 ft = 30.48 cm, 1 lb. = 4.45 N, 1 ksi = 6.895 MPa, 1 kip-ft = 1.356 kN-m.
Pole Taper = 0.216367 in/ft
Pole Top Diameter = 9.66 in
Thickness = 3/16 in
SteelYield Strength = 65 ksi.

Table A3.12 Typical Standard Class Steel Poles – Class H6.

Total Pole
Length (ft)

Base Diameter
at Bearing
Plate (in)

Ground Line
Moment
Capacity (ft-kips)

Estimated Pole
Weight (lbs)

40 17.08 236 1539
45 17.98 270 1781
50 18.88 303 2035
55 19.16 336 2352
60 20.07 369 2623
65 20.97 402 2964
70 21.88 435 3260
75 22.78 468 3568
80 23.68 501 3888
85 24.58 533 4221
90 25.49 566 4566
95 26.39 599 4924
100 26.67 632 5445
105 27.58 664 5819
110 28.48 697 6207
115 29.38 730 6620
120 30.28 762 7032

(Courtesy:Trinity-Meyer Utility Structures, LLC. 2015).
GL is defined by embedment of 10% of Pole Length plus 2 ft
1 inch = 25.4 mm, 1 ft = 30.48 cm, 1 lb. = 4.45 N, 1 ksi = 6.895 MPa, 1 kip-ft = 1.356 kN-m.
Pole Taper = 0.180628 in/ft
Pole Top Diameter = 9.85 in
Thickness = 0.25 in
SteelYield Strength = 65 ksi.
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Table A3.13 Anchor BoltTypes Used for Drilled Shaft Foundations.

Bolt Type Yield Strength (ksi) Tensile Strength (ksi)

A36 36 58
A307 36 60
A325 92 120
A490 120 150
A615 Grade 75 75 100
F1554 Grade 36 36 58
F1554 Grade 55 55 75
F1554 Grade 105 105 125

1 ksi = 6.89 MPa.
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Appendix 4

Concrete pole data

Table A4.1 Standard Spun Concrete Pole Classes of RUS/USDA.

Concrete Class
Designation

Minimum Ultimate Moment Capacity
at 5 feet from PoleTip (kip-ft)

Lateral Load atTip
(lbs)∗

C-12.0 96 12,000
C-11.0 88 11,000
C-10.0 80 10,000
C-09.0 72 9,000
C-08.0 64 8,000
C-07.4 57 7,410
C-06.5 50 6,500
C-05.7 44 5,655
C-04.9 38 4,875
C-04.2 32 4,160
C-03.5 27 3,510
C-02.9 23 2,925
C-02.4 19 2,405
C-02.0 15 1,950

(Courtesy: RUS/USDA).
1 kip-ft = 1.356 kN-m, 1 lb = 4.45 N, 1 ft = 30.48 cm.
∗Applied 2 ft from the tip of the pole.

Table A4.2 Characteristics of Prestressing Steel.

Nominal Strand Nominal Steel Minimum Breaking Minimum Load at 1%
Diameter (in) Area (in2) Steel Grade (ksi) Load (lbs) Extension (lbs)

3/8 0.080 250 20,000 17,000
7/16 0.108 250 27,000 23,000
1/2 0.144 250 36,000 30,600
1/2 0.153 270 41,300 35,100

(with permission from ASCE).
1 in = 25.4 mm, 1 lb = 4.45 N, 1 ksi = 6.89 MPa.
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Appendix 5

Pole deflection limitations

A5.1 CONCRETE POLE DEFLECTIONS (RUS BULLETIN
1724E-216)

Although significant horizontal pole deflection limitations are considered to be beyond
the scope of the standard class concrete pole specification, some allowances can be
made for these effects. They should be considered during the analysis of the actual
loading conditions applied to the concrete pole. Typically, this type of analysis should
be accomplished by nonlinear structural analysis techniques. Since the electrical clear-
ances must be assured in the operation of transmission lines, deflections must remain
within an acceptable range.

RUS Bulletin 216 limits the allowable pole deflection to 15% of the pole height
above the point of fixity when the tip load specified in Bulletin Section 4.1.2 is applied
under a horizontal testing procedure under short term loading conditions. Long term
loading will cause continued deflection due to the plastic deformation of the concrete.

The owner should recognize that the actual pole deflection for an application will
be less than the specified deflection limit of 15% of the pole height. With the standard
class pole, all of the loading is applied near the pole tip. In a typical transmission
line application, the actual horizontal loading will be some distance from the pole
tip. As such, the actual deflection at the conductor under short term ultimate loading
conditions can be expected to be less than 10% of the height above ground.

The specification also limits the allowable pole deflection to 5% of the pole height
above the point of fixity when 40% of the tip load specified in Bulletin Section 4.1.2 is
applied under a horizontal testing procedure under long term loading conditions. This
40% loading approximates the un-factored NESC loading conditions as is discussed
in the commentary on cracking strength.

The NESC requires that electrical clearances be maintained under a wind loading
of 6 psf. It is expected that the deflection of a standard class pole under this 6 psf
loading condition will be less than 3% of the height above ground.

For situations where the owner wishes to know the deflection for a standard class
pole, they should use a suitable structural analysis computer program in which the
actual design loading conditions and concrete pole properties are input into the pro-
gram. Another option would be to ask the pole manufacturer to provide the analysis.
If the project has special deflection limitations, it is recommended that RUS Bulletin
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206 be utilized instead of this specification. In doing so, there will be little doubt as to
what the actual pole deflections will be under all loading conditions.

A5.2 STEEL POLE DEFLECTIONS (RUS BULLETIN 1724E-214)

Although significant horizontal pole deflection limitations are considered to be beyond
the scope of the standard class steel pole specification, some allowances can be made for
these effects. They should be considered during the analysis of the actual loading con-
ditions applied to the pole. Typically, this type of analysis should be accomplished by
nonlinear structural analysis techniques. Since the electrical clearances must be assured
in the operation of transmission lines, deflections must remain within an acceptable
range.

This specification limits the allowable pole deflection to 15% of the pole height
above the point of fixity when the tip load specified in Bulletin Table 1, Section 5.1
is applied under a horizontal testing procedure under short term loading conditions.
The testing procedure is also discussed in ASCE Steel Pole Manual 48-11.

The owner should recognize that the actual pole deflection for an application will
be less than the specified deflection limit of 15% of the pole height. With the standard
class pole, all of the loading is applied near the pole tip. In a typical transmission
line application, the actual horizontal loading will be some distance from the pole
tip. As such, the actual deflection at the conductor under short-term ultimate loading
conditions can be expected to be less than 10% of the height above ground.

The NESC requires that electrical clearances be maintained under a wind loading
of 6 psf. It is expected that the deflection of a standard class pole under this 6 psf
loading condition will be less than 3% of the height above ground.

For situations where the owner wishes to know the deflection for a standard class
pole, the owner should use a suitable structural analysis computer program, in which
the actual design loading conditions and steel pole properties are input. Or, the owner
should ask the pole manufacturer to provide the analysis.

Note: Please see Chapter 2 for more information on deflection criteria.
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Conductor data

Table A6.1 Commonly Used Transmission Conductors.

Size/ConductorType/ UltimateTensile
# Label Stranding Diameter (in) Weight (lb/ft) Capacity (lbs)

1 Penguin 266.8 ACSR 6/1 0.563 0.2911 8,350
2 Linnet 336.4 ACSR 26/7 0.721 0.4630 14,100
3 Pelican 477 ACSR 18/1 0.814 0.5180 11,800
4 Hawk 477 ACSR 26/7 0.858 0.6570 19,500
5 Dove 556.5 ACSR 26/7 0.927 0.7660 22,600
6 Orchid 636 AAC 37 0.918 0.5970 11,400
7 Drake 795 ACSR 26/7 1.108 1.0940 31,500
8 Tern 795 ACSR 45/7 1.063 0.8960 22,100
9 Rail 954 – 45/7 ACSR 1.165 1.0750 25,900
10 Cardinal 954 ACSR 54/7 1.196 1.2290 33,800
11 Bittern 1272 ACSR 45/7 1.345 1.4340 34,100
12 Falcon 1590 ACSR 54/19 1.545 2.0440 54,500
13 Kiwi 2167 ACSR 72/7 1.735 2.3005 49,800
14 Bluebird 2156 ACSR 84/19 1.762 2.5110 60,300
15 Drake 795 ACSS 26/7 1.108 1.0934 25,900 (Std)
16 Cardinal 954 ACSS 54/7 1.196 1.2270 26,000 (Std)

Note: 1 in = 25.4 mm, 1 lb/ft = 14.6 N/m, 1 lb = 4.45 N, 1 ft = 0.3048 m.
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Appendix 7

Shield wire data

Table A7.1 Common Overhead Ground Wires.

# Label Material Diameter (in) Area (in2) Weight (lb/ft) UltimateTensile Capacity (lbs)

1 3 # 6 AW Alumoweld 0.35 0.077 0.178 10,280
2 7 # 8 AW Alumoweld 0.385 0.091 0.262 15,930
3 7 # 9 AW Alumoweld 0.343 0.072 0.208 12,630
4 3/8 HS Steel 0.36 0.079 0.273 10,800
5 3/8 EHS Steel 0.36 0.079 0.273 15,400
6 7/16 HS Steel 0.435 0.149 0.399 14,500
7 7/16 EHS Steel 0.435 0.149 0.399 20,800

Note: 1 inch = 25.4 mm, 1 lb/ft = 14.6 N/m, 1 lb = 4.45 N, 1 ft. = 0.3048 m.
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Appendix 8

Optical ground wire data

Table A8.1 Typical Optical Ground Wires.

UltimateTensile
# Label Maker No. of Fibers Diameter (in) Weight (lb/ft) Capacity (lbs)

1 DNO-9551 AFL 12 0.403 0.238 12,474
2 DNO-4629 AFL 24 0.587 0.446 23,050
3 49AY84ACS BRUGG 24 0.587 0.450 24,075
4 DNO-6071 AFL 36 0.555 0.383 18,960
5 59AY101ACS BRUGG 48 0.646 0.517 24,621
6 AC-129/724 AFL 48 0.724 0.706 35,034
7 AC-86/646 AFL 48 0.646 0.509 25,098
8 AC-102/691 AFL 72 0.691 0.582 29,555
9 SC-193/102 AFL 96 0.917 0.845 36,143
10 AC-125/726 AFL 144 0.726 0.692 34,882
11 SC-207/110 AFL 144 0.953 0.910 39,652

Note: 1 inch = 25.4 mm, 1 lb/ft = 14.6 N/m, 1 lb. = 4.45 N, 1 ft. = 0.3048 m.
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Appendix 9

Guy wire data

Table A9.1 Database of Common Guy Wires

# Label Diameter (in) Area (in2) UnitWeight (lb/ft) UltimateTensile Capacity (lbs)

1 3/16 EHS 0.1875 0.028 0.08 4,000
2 3/8 HS 0.375 0.091 0.273 10,800
3 3/8 EHS 0.375 0.094 0.273 15,400
4 7/16 HS 0.435 0.132 0.39 14,500
5 7/16 EHS 0.435 0.137 0.39 20,800
6 9/16 HS 0.5625 0.258 0.652 24,500
7 9/16 EHS 0.5625 0.258 0.652 35,000
6 ½ EHS 0.50 0.177 0.517 26,900
7 19 #8 AWG 0.642 0.257 0.714 43,200
8 20M AW 0.444 0.1204 0.347 20,000

Note: 1 inch = 25.4 mm, 1 lb/ft = 14.6 N/m, 1 lb = 4.45 N
HS = High Strength EHS = Extra High Strength
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Appendix 10

Guy anchor data

Table A10.1 Common Transmission Guy Anchors∗,∗∗.

# RUS Label Description
Ultimate Holding
Capacity (lbs)

Minimum Soil Class for
Ultimate Capacity

Log Anchors

1 TA-2L 8′′ × 5′ Log
3/4′′ × 8′ Rod

16,000 5

2 TA-4L 8′′ × 8′ Log
3/4′′ × 8′ Rod

32,000 5

Helical Screw Anchors

3 TA-2H Double Helix Variable∗∗∗ See Manufacturer
Specifications

4 TA-3H Triple Helix Variable∗∗∗ See Manufacturer
Specifications

5 TA-4H Quadruple
Helix

Variable∗∗∗ See Manufacturer
Specifications

Plate Anchors

6 TA-2P Plate Anchor
3/4′′ × 8′ Rod

16,000 5

7 TA-3P Plate Anchor
1′′ × 8′ Rod

24,000 4

∗Reference: RUS Bulletins 1724F-810,811.
∗∗Rock anchors are used in rocky soils. Holding power depends on type of rock, installation procedures and grout
used.
∗∗∗Based on size and location of helices per manufacturer specifications.
Note: 1 in = 25.4 mm, 1 in2 = 6.452 cm2, 1 ft = 30.48 cm, 1 lb = 4.45 N.
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Table A10.2 Common Distribution Guy Anchors∗.

# RUS Label Description
Ultimate Holding
Capacity (lbs)

Minimum Soil Class
for Ultimate Capacity

1 F1.10 Expanding Anchor Min. Area 120 in2 10,000 5
2 F1.12 Expanding Anchor Min. Area 135 in2 12,000 5
3 F3.8 Plate Anchor 5/8′′ Min. Area 100 in2 8,000 5
4 F3.10 Plate Anchor 3/4′′ Min. Area 120 in2 10,000 5
5 F3.12 Plate Anchor 3/4′′ Min. Area 135 in2 12,000 5
6 F4.1 Expanding Type Service Anchor 2,500 Sandy Soil
7 F4.2 Screw Type Service Anchor 2,500 Sandy Soil

∗Reference: RUS Bulletin 1724E-153 and 1728F-803 and 804.
Note: 1 in = 25.4 mm, 1 in2 = 6.452 cm2, 1 ft = 30.48 cm, 1 lb = 4.45 N.

 



Appendix 11

Insulator data

Table A11.1a Typical Polymer Insulators.

# Type
Voltage
(kV) Maker No. of Sheds L (in)

Weight
(lbs.)

Specified
Mechanical
Load (lbs.)

1 Suspension 69 OB 16 35 5 25,000
2 115 OB 20 41 6 25,000
3 138 OB 28 53 7 25,000
4 161 OB 36 65 9 25,000
5 230 OB 44 77 10.4 25,000
6 345 NGK 86 112 29 25,000
7 500 NGK 117 151 38 30,000
8 765 NGK 153 194 49 30,000
9 Strain 69 OB 16 35 5 30,000
10 115 OB 20 41 6 30,000
11 138 OB 28 53 7 30,000
12 161 OB 36 65 9 30,000
13 230 OB 44 77 10.4 30,000
14 345 NGK 86 110 29 30,000
15 500 NGK 117 153 49 50,000
16 765 NGK 153 196 63 50,000

Note: 1 inch = 25.4 mm, 1 lb. = 4.45 N OB = Ohio Brass, NGK = NGK Locke.
Specified Mechanical Load (SML) – is the ultimate tension that the insulator can withstand. For design, recommended
working load or Rated Mechanical Load (RML) is used. RML is usually 40% to 50% of SML, depending on type of
material and loading.
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Table A11.1b Approximate Weights and Lengths of Suspension Insulators.

Number
of Insulators∗

Length
of String∗∗
(includes
Suspension
Hardware) (ft.)

Weight
of String
(includes
Suspension
Hardware) (lbs.)

Maximum
Voltage for the
Number
of Insulators (kV)

3 2.00 45 34.5 kV, 46 kV
4 2.50 58 69 kV
5 3.00 71
6 3.50 84
7 3.92 96 115 kV
8 4.42 109
9 4.92 122
10 5.33 135 161 kV
11 5.83 147
12 6.33 160 230 kV
13 6.83 173
14 7.25 186
15 7.75 198
16 8.25 211

Note: 1 in. = 25.4 mm, 1 ft. = 0.3048 m, 1 lb. = 4.45 N.
(Source: RUS/USDA).
∗5-3/4 in. x 10 in. Standard Suspension Bells with a Ball Hook.
∗∗Exact length and weight will vary depending on the conductor suspension hardware used.
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Table A11.2 Typical Polymer Horizontal Post and Braced Horizontal Post Insulators.

Type

Nominal
Voltage
(kV) Maker

Approximate
Cantilever
Length (in)

Approximate
Brace
Length (in.)

Rated
Cantilever
Load
or Design
Load (lbs.)

Horizontal 69 OB 34 – 2,500
Post 115 OB 44 – 2,135

138 OB 55 – 1,650
161 OB 65 – 1,350
230 OB 75 – 1,140
345 NGK 115 – 1,790
500 NGK 128 – 1,595

Braced 69 MP 35 42 10,200∗
Horizontal
Post∗∗

115 NGK 58 70 V 10,000, L 1,530
T 7,500, C 7,500

138 NGK 64 78 V 10,000, L 1,375
T 7,500, C 7,500

161 NGK 74 92 V 10,000, L 1,165
T 7,500, C 7,500

230 NGK 96 122 V 8,450, L 880
T 7,500, C 7,500

345 MP 134 210 V 19,500, L 600
T 12,000 C 10,000

Note: 1 inch = 25.4 mm, 1 lb. = 4.45 N V =Vertical, L = Longitudinal, T =Tension, C = Compression,
OB = Ohio Brass, NGK = NGK Locke, MP = MacLean Power.
Rated Cantilever Load (RCL) – is the maximum continuous vertical load that the insulator can withstand. RCL is
usually 40% to 50% of the ultimate cantilever load, depending on type of material and loading.
∗Maximum Design Cantilever Load; check interaction curves for effect of longitudinal loads.
∗∗For BHP insulators, the load rating is also dependent on the effects of longitudinal wire load, if any. Most
manufacturers give interaction diagrams for braced horizontal posts as a function of longitudinal load.
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Appendix 12

Soil classification

Table A12.1 Simplified Soil Classification.

Soil Class Description Geological Classification
Typical Blow
Count ‘N’

0 Sound hard rock, un-weathered Granite, Basalt, Massive Limestone n/a
1 Very dense and/or cemented

sands; coarse gravel and cobbles
Caliche (Nitrate-bearing gravel/rock) 60 to 100+

2 Dense fine sand; very hard silts
and clays (may be preloaded)

Basal till, boulder clay, caliche,
weathered laminated rock

45 to 60

3 Dense sands and gravel; hard
silts and clays

Glacial till, weathered shales, schist,
gneiss, siltstone

35 to 50

4 Medium dense sand and gravel,
very stiff to hard silts and clays

Glacial till, hardpan, marls 24 to 40

5 Medium dense coarse sand and
sandy gravels; stiff to very stiff
silts and clays

Saprolites, residual soils 14 to 25

6 Loose to medium dense fine to
coarse sand; to stiff clays and silts

Dense hydraulic fill, compacted fill,
residual soils

7 to 14

7 Loose fine sands;Alluvium; loess;
medium to stiff and varied clays;
fill

Flood Plains soils, lake clays, adobe,
gumbo, fill

4 to 8

8 Peat, organic silts, inundated silts,
fly ash, very loose sands, very
soft to soft clays

Miscellaneous fill, swamp marsh 0 to 5

(Courtesy: Hubbell Power Systems).
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Table A12.2 ASTM Unified Soil Classification System.

Group
Major Divisions Symbols Typical Descriptions

Coarse-Grained
Soils – more than
50% retained on #
200 sieve∗

Gravels – 50% or
more of coarse
fraction retained on
# 4 sieve

Clean
Gravels

GW

GP

Well-graded gravels and gravel-
sand mixtures. Little or no fines
Poorly-graded gravels and gravel-
sand mixtures. Little or no fines

Gravels
with
Fines

GM

GC

Silty gravels. Gravel-sand-silt
mixtures
Clayey gravels. Gravel-sand-clay
mixtures

Sands – 50% or
more of coarse
fraction passes # 4
sieve

Clean
Sands

SW

SP

Well-graded sands and gravelly
sands. Little or no fines
Poorly-graded sands and gravelly
sands. Little or no fines

Sands
with
Fines

SM
SC

Silty Sands. Sand-silt mixtures
Clayey sands. Sand-clay mixtures

Fine-Grained
Soils – 50% or
more passes # 200
sieve∗

Silts and Clays –
Liquid Limit less than 50

ML

CL

Inorganic silts, very fine sands,
rock flour, silty or clayey fine
sands
Inorganic clays of low to medium
plasticity, gravelly clays, sandy
clays, silty clays, lean clays

OL Organic Silts and organic silty
clays of low plasticity

Silts and Clays –
Liquid Limit 50 or more

MH Inorganic silts, micaceous or
diatomaceous fine sands or silts,
elastic silts

CH Inorganic clays of high plasticity,
fat clays

OH Organic clays of medium to high
plasticity

Highly Organic Soils Pt Peat, muck and other highly
organic soils

*Based on the material passing the 3′′ (76 mm) sieve.
(Courtesy: Hubbell Power Systems).
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ASTM and other standards

SELECTED STANDARDS

American Society for Testing and Materials (ASTM) Specifications

A6 Standard Specification for General Requirements for Rolled Steel Bars, Plates,
Shapes and Sheet Piling

A7 Standard Specification for Steel for Bridges and Buildings
A36 Standard Specification for Carbon Structural Steel
A123 Standard Specification for Zinc (Hot-Dip Galvanized) Coatings on Iron and

Steel Products
A143 Standard Practice for Safeguarding Against Embrittlement of Hot-Dip Galva-

nized Structural Steel Products and Procedure for Detecting Embrittlement
A153 Standard Specification for Zinc Coatings (Hot-Dip) on Iron and Steel

Hardware
A242 Standard Specification for High Strength Low Alloy Structural Steel
A283 Standard Specification for Low & Intermediate Tensile Strength Carbon-Steel

Plates of Structural Quality
A307 Standard Specification for Carbon Steel Bolts and studs ranging from ¼′′ to 4′′

diameter
A325 Standard Specification for Structural Bolts, Steel, Heat Treated, 120/105 ksi

Minimum Tensile Strength
A354 Standard Specification for Quenched and Tempered Alloy Steel Bolts, Studs,

and Other Externally Threaded Fasteners
A370 Standard Testing Methods and Definitions for Mechanical Testing of Steel

Products
A385 Standard Practice for Providing High-Quality Zinc Coatings (Hot-Dip)
A394 Standard Specification for Steel Transmission Tower Bolts Zinc-Coated

and Bare
A416 Standard Specification for Steel Strand, Uncoated Seven-Wire for Prestressed

Concrete
A449 Standard Specification for Hex Cap Screws, Bolts and Studs, Steel, Heat

Treated, 120/105/90 ksi Minimum Tensile Strength, General Use
A475 Standard Specification for Zinc-Coated Steel Wire Strand
A490 Standard Specification for Structural Bolts, Alloy Steel, Heat Treated, 150 ksi

Minimum Tensile Strength
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A529 Standard Specification for High Strength Carbon Manganese Steel of Struc-
tural Quality

A563 Standard Specification for Carbon and Alloy Steel Nuts
A572 Standard Specification for High-Strength Low-Alloy Columbium-Vanadium

Structural Steel
A588 Standard Specification for High-Strength Low-Alloy Structural Steel with

50 ksi [345 MPa] Min. Yield Point with Atmospheric Corrosion Resistance
A615 Standard Specification for Deformed and Plain Carbon Steel Bars for Concrete

Reinforcement
A633 Standard Specification for Normalized High-Strength Low Alloy Structural

Steel Plates
A673 Standard Specification for Sampling Procedure for Impact Testing of

Structural Steel
A871 Standard Specification for High-Strength Low-Alloy Structural Steel Plate

with Atmospheric Corrosion Resistance
B695 Standard Specification for Coatings of Zinc Mechanically Deposited on Iron

and Steel
C31 Standard Practice for Making and Curing Concrete Test Specimens in the Field
C33 Standard Specification for Concrete Aggregates
C39 Standard Test Method for Compressive Strength of Cylindrical Concrete

Specimens
C94 Standard Specification for Ready-Mixed Concrete
C143 Standard Test Method for Slump of Hydraulic Cement Concrete
C150 Standard Specification for Portland Cement
C172 Standard Practice for Sampling Freshly Mixed Concrete
C231 Standard Test Method for Air Content of Freshly Mixed Concrete by the

Pressure Method
C260 Standard Specification for Air-Entraining Admixtures for Concrete
C494 Standard Specification for Chemical Admixtures for Concrete
C595 Standard Specification for Blended Hydraulic Cements
C618 Standard Specification for Coal Fly Ash and Raw or Calcined Natural

Pozzolan for Use in Concrete
C935 Specification for General Requirements for Prestressed Concrete Poles

Statically Cast
C1089 Standard Specification for Spun Cast Prestressed Concrete Poles
D422 Standard Test Method for Particle-Size Analysis of Soils
D1586 Standard Test Method for Penetration Test (SPT) and Split-Barrel Sampling

of Soils
D1587 Standard Practice for Thin-Walled Tube Sampling of Fine-grained Soils for

Geotechnical Purposes
D1883 Standard Test Method for California Bearing Ratio of Laboratory Compacted

Soils
D2113 Standard Practice for Rock Core Drilling and Sampling of Rock for Site

Exploration
D2166 Standard Test Method for Unconfined Compressive Strength of Cohesive Soil
D2216 Standard Test Methods for Laboratory Determination of Water (Moisture)

Content of Soil and Rock by Mass
D2435 Standard Test Methods for One-Dimensional Consolidation Properties of

Soils Using Incremental Loading
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D2487 Standard Practice for Classification of Soils for Engineering Purposes (Unified
Soil Classification System)

D2488 Standard Practice for Description and Identification of Soils (Visual-Manual
Procedure)

D2573 Standard Test Method for Field Vane Shear Test in Saturated Fine-Grained
Soils

D2850 Standard Test Method for Unconsolidated-Un-drained Tri-axial Compression
Test on Cohesive Soils

D3080 Standard Test Method for Direct Shear Test of Soils Under Consolidated
Drained Conditions

D4318 Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index
of Soils

D4546 Standard Test Methods for One-Dimensional Swell or Collapse of Soils
D7012 Standard Test Methods for Compressive Strength and Elastic Moduli of Intact

Rock Core Specimens under Varying States of Stress and Temperatures
E165 Standard Practice for Liquid Penetrant Examination
E709 Standard Guide for Magnetic Particle Testing
F436 Standard Specifications for Hardened Steel Washers
F1554 Standard Specification for Anchor Bolts, Steel, 36, 55 and 105 ksi Yield

Strength

American National Standards Institute (ANSI)

ANSI O5.1 Specifications and Dimensions for Wood Poles
NEMA TT 1-1983 Tapered Tubular Steel Structures

American Wood Preservers Association (AWPA)

AWPA C1-91 Standards for Preservative Treatment by Pressure Processes

American Welding Society (AWS)

D1.0 Specifications for Design Stress and Joint Design for Welding
D1.1 Structural Welding Code-Steel

Steel Structures Painting Council (SSPC)

SSPC-PA 1 Shop, Field, and Maintenance Painting of Steel
SSPC-SPCOM Surface Preparation Specifications: Surface Preparation,

Commentary for Steel and Concrete Substrates
SSSPC-CS-23.00 (I) Interim Specification for the Application of Thermal Spray

Coatings (Metallizing) of Aluminum, Zinc, and Their Alloys and
Composites for the Corrosion Protection of Steel

SSPC-PS Guide 8.00 Guide to Top-coating Zinc-Rich Primers
SSPC-PS Guide 12.00 Guide to Zinc-Rich Coating Systems
IFI Industrial Fasteners Institute Fastener Standards
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Appendix 14

Composite pole data

Table A14.1 Wood and Composite Pole Classes.

Lateral Load (lbs)*

ANSIWood Pole Class ANSIWood Pole Grade B Composite Pole**

H6 11,400 7,410
H5 10,000 6,500
H4 8,700 5,655
H3 7,500 4,875
H2 6,400 4,160
H1 5,400 3,510
1 4,500 2,925
2 3,700 2,405
3 3,000 1,950
4 2,400 1,560
5 1,900 1,235

(Courtesy: RS Technologies).
*Applied 2 ft from the tip of the pole.
**Factored by the SF ratio of 1.0 / 0.65.
1 ft = 30.48 cm, 1 lb = 4.45 N.

Table A14.2 Typical Material Properties of Composite Cross Arms.

Bending Bending Modulus of
Shear Tensile Bearing WallStress – Stress – Elasticity
Modulus G∗ Stress∗ Stress∗ Thickness∗∗Beam Tangent∗ Deadend∗ E∗
(ksi) (ksi) (ksi) (in)Series1,2 (ksi) (ksi) (ksi)

A 37.3 49.6 4900 281 86.1 52.2 0.18, 0.20
B 50.0 64.9 3600 219 64.9 52.7 0.24, 0.27
C 67.0 74.5 5200 233 92.3 54.1 0.24, 0.27
D 94.0 104.0 5500 252 104.0 56.7 0.32, 0.35

1 Cross Section dimensions of all beams: 3.625 in x 4.625 in.
2 Poisson’s Ratio = 0.32.
∗Average values determined from a series of tests.
∗∗The two thickness values represent the thickness along long and short sides.
1 in = 25.4 mm, 1 ksi = 6.89 MPa.
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Appendix 15

Design checks by other codes

This section gives the design check formulae for steel transmission tower angles in
Europe, Canada, Australia, UK and India.

Note: Rupture is used here to define the various ways in which a connection can fail
under member tension (excluding net section failure) or the occurrence of inadequate
end, edge and bolt hole spacing. Rupture failures can be longitudinal wedge tearing
at the end of the member, cracks between holes and edge of the member, block shear,
insufficient bearing strength of bolts etc.

1 ECCS – European Convention for Constructional Steel Work

Compression Capacity based on L/r

The effect of cross section slenderness is accounted for by calculating a stress
Fcr as:

Fcr = Fy if (b/t) = (b/t)lim1
Fcr = {2 − (b/t)/(b/t)lim1} Fy if (b/t)lim1 < b/t < (b/t)lim2

Fcr = π2E/
(
(5.1)

(
b
t

))2
if b/t > (b/t)lim2

where

(b/t)lim1 = 0.567(E/Fy)1/2

(b/t)lim2 = 1.333(b/t)lim1
b/t = longest leg width to thickness ratio (will become a/t if angle is connected by short

leg of width ‘a’)
Fy = steel yield stress

The three member slenderness ratios (L/r for each of the three angle axes) are first
normalized as:

Normalized Slenderness Ratios, � = (L/r)/{π (E/Fcr)1/2}

The three � values are adjusted to new values �eff to account for selected member
end conditions. The angle is considered ‘long’ if any � (about a given axis) is larger than
1.414. In this case, the capacity relative to a particular axis is based on the Restraint
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Code. If � about a given axis is less than or equal to 1.414, the member is considered
as ‘short’ and the capacity relative to that particular axis is based on Eccentricity Code.

If � about a given axis is less than or equal to 1.414, the member is considered as
‘short’ and the effective slenderness �eff is calculated as follows:

When Eccentricity Code C1 = 1 No Eccentricity

�eff = � All Axes

When Eccentricity Code C1 = 2 Eccentricity only at One End

�eff = 0.25 + 0.8232� Z − axis
�eff = 0.50 + 0.6464� X or Y axes

When Eccentricity Code C1 = 3 Eccentricity at Both Ends

�eff = 0.50 + 0.6464� Z − axis
�eff = 0.707 + 0.6464� X or Y axes

If � about a given axis is larger than 1.414, the member is considered as ‘long’
and the effective slenderness �eff is calculated as follows:

When Restraint Code C2 = 4 Continuous at Both Ends

�eff = 0.50 + 0.6464� Z − axis
�eff = � X or Y axes

When Restraint Code C2 = 5 Continuous at One End/One Bolt at
the Other

�eff = � All axes

When Restraint Code C2 = 6 Continuous at One End/Two or
More Bolts at the Other

�eff = 0.50 + 0.6464� All axes

When Restraint Code C2 = 7 One Bolt at Each End

�eff = � Z − axis
�eff = 0.40 + 0.8635� X or Y axes

When Restraint Code C2 = 8 Two or More Bolts at Each End

�eff = 0.50 + 0.6464� Z − axis
�eff = 0.707 + 0.6464� X or Y axes

Maximum Effective Slenderness

(�eff )max = 3 for all members

Design Compressive Stress

If �eff ≤ 0.20 Fa = Fcr

If �eff > 0.20 Fa = Fcr/
{
ϕ + sqrt

[
ϕ2 − �2

eff

]}
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where:

ϕ =
{
1 + 0.125

(
�eff − 0.2

) + �2
eff

}
2

Tension Capacity based on Net Section

A member tension capacity based on tearing of the member across its net area Anet is
calculated as:

NCAP = (Ft) (Anet)
Ft = design tensile stress as defined
Anet is often defined as
Anet = Ag − (d)(t)(nh)

where:

Ag = gross area of the angle section
d = bolt hole diameter
nh = number of holes
t = thickness of angle

If nh ≥ 0, use the above equations with:

Ft = Fy

Aeff = Ag if Both legs are connected
Aeff = Ag − (a/2)(t)(na) if Long leg is connected
Aeff = Ag − (b/2)(t)(na) if Short leg is connected ‘
na = number of angles

Connection Bearing Capacity

BCAP = (Fb)(d)(t)(nb)(nbear)

where:

Fb = design bearing stress = 2 Fy

nbear = na if number of angles na = 1 or 2
= na/2 if number of angles na = 4

The above equations assume that minimum edge, end and spacing distances for bolt
holes are satisfied.

Connection Rupture Capacity

Use equations given under Section 2 − CENELEC without any partial safety
factor.
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Connection Shear Capacity

SCAP = S1bolt (ns)(nb)

where:

S1bolt = Shear strength of a single bolt
ns = number of shear planes
nb = number of bolts

2 CENELEC – EN 50341-1

Compression Capacity based on L/r

The effect of cross section slenderness is accounted for by calculating a stress
Fcr as:

Fcr = βaFy

where βa the reduction factor is calculated as:

βa = Aeff

A
Aeff = A − (1 − ρ) btna} if CL = Long Only or Short Only
Aeff = A − 2 (1 − ρ) btna} if CL = Both

where:

ρ = 1 if µr ≤ 0.91
ρ = 2 − (µr/0.91) if 0.91 < µr < 1.213
ρ = 0.98/µ2

r if µr > 1.213

µr =

(
b
t

)
(b/t)lim1

(b/t)lim1 = 0.623(E/Fy)1/2

(b/t)lim1 = longest leg width to thickness ratio

Fy = steel yield stress

The three member slenderness ratios (L/r for each of the three angle axes) are nor-
malized as:

Normalized overall slenderness � = (L/r)/{π (E/Fcr)1/2}

The three � values are adjusted to new values �eff to account for selected member
end conditions. The angle is considered ‘long’ if any � (about a given axis) is larger than
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1.414. In this case, the capacity relative to a particular axis is based on the Restraint
Code. If � about a given axis is less than or equal to 1.414, the member is consid-
ered as ‘short’ and the capacity relative to that particular axis is based on Eccentricity
Code.

If � about a given axis is less than or equal to 1.414, the member is considered as
‘short’ and the effective slenderness �eff is calculated as follows:

When Eccentricity Code C1 = 1 No Eccentricity

�eff = EXP [−1.98 + 1.747�] All axes if � < 1.035
�eff = −0.287 + 1.091� All axes � > 1.035

When Eccentricity Code C1 = 2 Eccentricity only at One End

�eff = 0.02 + 0.88� Z − axis
�eff = 0.30 + 0.68� X or Y axes

When Eccentricity Code C1 = 3 Eccentricity at Both Ends

�eff = 0.30 + 0.68� Z − axis
�eff = 0.52 + 0.68� X or Y axes

If � about a given axis is larger than 1.414, the member is considered as ‘long’
and the effective slenderness �eff is calculated as follows:

When Restraint Code C2 = 4 Continuous at Both Ends

�eff = −0.287 + 1.091� All axes

When Restraint Code C2 = 5 Continuous at One End/One Bolt at
the Other

�eff = −0.287 + 1.091� All axes

When Restraint Code C2 = 6 Continuous at One End/Two or More
Bolts at the Other

�eff = 0.30 + 0.68� All axes

When Restraint Code C2 = 7 One Bolt at Each End

�eff = −0.287 + 1.091� Z − axis
�eff = 0.16 + 0.94� X or Y axes

When Restraint Code C2 = 8 Two or More Bolts at Each End

�eff = 0.30 + 0.68� Z − axis
�eff = 0.52 + 0.68� X or Y axes

Maximum Effective Slenderness

(λeff ) max = 120 for Leg members
(λeff ) max = 200 for Other members
(λeff ) max = 240 for Redundant members
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Design Compressive Stress

If �eff ≤ 0.20 Fa = Fcr

If �eff > 0.20 Fa = Fcr/
{
ϕ + sqrt

[
ϕ2 − �2

eff

]}
where:

ϕ =
{
1+0.34

(
�eff −0.2

)+ �2
eff

}
2

CENELEC also provides an additional conservative equation if �eff is always equal
to �. For this, the above equations for eccentricity and restraint are ignored and the
following substitution is made for the design compressive stress:

ϕ =
{
1+0.49

(
�eff −0.2

)+ �2
eff

}
2

Tension Capacity based on Net Section

NCAP = (Ft) (Anet)

If nh = 0, use the above equation with Ft = Fu and Anet calculated as follows:

If connected by Long leg only:

nb = 1 Anet = (b−d)(t)(na)
nb > 1 g = 0 Anet = (b + ½a − d)(t)(na)

g > 0 Anet = Min [Anet1, Anet2]
Anet1 = (b + ½a − d)(t)(na)
Anet2 = {b + ½a − 2d + s2/16/(g − f )}(t)(na)

nb = number of bolts
s = bolt spacing or pitch
g = gauge length or transverse spacing of bolt holes
f = edge distance

If connected by Short leg only:

Use same equations as above for Long leg only except that ‘b’ is replaced by ‘a’ and
‘a’ is replaced by ‘b’.

If connected by Both Legs (assumes bolts are in adjacent parallel lines):

g = 0 Anet = (0.9) Min [Anet1, Anet2]
Anet1 = A − (h)(t)(na)
Anet2 = A − {2h − s2/16/(a + b − 2f − t)}(t)(na)
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g > 0 Anet = (0.9) Min [Anet1, Anet2, Anet3]
Anet1 = A − (2h)(t)(na)
Anet2 = A − {3h − s2/16/(g − f )}(t)(na)
Anet3 = A − {4h − 2s2/16/(g − f )}(t)(na)

If nh = 0, use the basic equation NCAP = (Ft) (Anet) with Ft and Aeff calculated as
follows:

Ft = 0.9 Fu if Both legs are connected
Ft = Fu if Long or Short only are connected
nb = 1
Aeff = A if Both legs are connected
Aeff = A − (a − t)(t)(na) if Long leg is connected
Aeff = A − (b − t)(t)(na) if Short leg is connected
na = number of angles
nb > 1
Aeff = A if Both legs are connected
Aeff = A − (a/2)(t)(na) if Long leg is connected
Aeff = A − (b/2)(t)(na) if Short leg is connected

Connection Bearing Capacity

BCAP = (Fb)(d)(t)(nb)(nbear)

where:

Fb = design bearing stress = 1.5 Fu

nbear = na if number of angles na = 1 or 2
= na/2 if number of angles na = 4

The above equations assume that minimum edge, end and spacing distances for bolt
holes are satisfied.

Connection Rupture Capacity

RCAP = (Fb)(d)(t)(nb)(nbear)

where:

Fb = design bearing stress = α Fu

nbear = na if number of angles na = 1 or 2
= na/2 if number of angles na = 4

α = adjustment factor used to account for the checking of edge, end and bolt hole
spacing.
α = Minimum [α1, α2, α3, α4]
α1 = 1.2 (e/h)
α2 = 1.85 (e/h − 0.5)
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α3 = 2.3 (f /h − 0.5)
α4 = α1

= 0.96 (s/h − 0.5) if NOT connected by Both legs and g = 0, nb > 1
if NOT connected by Both legs and g > 0, nb > 2
if connected by Both legs and g = 0, nb > 3
if connected by Both legs and g > 0, nb > 4

Connection Shear Capacity

SCAP = S1bolt (ns)(nb)

where:

S1bolt = Shear strength of a single bolt
ns = number of shear planes
nb = number of bolts

3 Canada CSA – S37

Compression Capacity based on L/r

The design equations are similar to those shown per ASCE 10-15 except that the limits
on width-to-thickness ratios are defined as:(w

t

)
lim1

= 200/
√

Fy

(w
t

)
lim2

= 380/
√

Fy

where Fy is in MPa units.

In all cases the w/t ratio shall not exceed 25.

Tension Capacity based on Net Section

NCAP = (Ft) (Anet)
Anet = Ag − (d)(t)(nh)

If nh > 0, use the above equations with:

Ft = 0.765 Fu

Aeff = A if connected by Both Legs
Anet = 0.70 [A − (d)(t)(nh)] if connected by Long or Short

The net section capacity shall not exceed Ncap−max = 0.9 Fy Ag
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Connection Bearing Capacity

BCAP = (Fb)(d)(t)(nb)(nbear)

where:

Fb = design bearing stress = 1.92 Fu

nbear = na if number of angles na = 1 or 2
= na/2 if number of angles na = 4

The above equations assume that minimum edge, end and spacing distances for bolt
holes are satisfied.

Connection Rupture Capacity

RCAP = Minimum [0.80 RDIS, 0.75 RBSH]
RDIS = Fu [dist1 + dist2 (nb − 1)](t)(nbear)

where:

dist1 = Minimum [1.2 (e − ½h + ¼d), 2.4 d]
dist2 = Minimum [1.2 (s − h + ¼d), 2.4 d]

RBSH = Connection Block Shear Capacity, checked only for members connected by one
leg (Long only or Short only) and calculated as follows:

If (Fu)(At) ≥ 0.60 (Fu)(Av):
RBSH = (Fy)(0.6)(Agv) + (Fu)(At)

If 0.6 (Fu)(Av) = 0.60 (Fu)(At):
RBSH = (Fu)(0.6)(Av) + (Fy)(Agt)

In all cases, RBSH should not exceed (Fu)(0.6)(Av) + (Fu)(At).
The other parameters are defined as follows:

Av = Minimum net area in shear along a line of transmitted force
= (e − ½h)(t)(na) for nb = 1
= {(e − ½h)+(s − h)(nb − 1)}(t)(na) for nb > 1

Agv = Gross area in shear along a line of transmitted force
= (e)(t)(na) for nb = 1
= {e + (s)(nb − 1)}(t)(na) for nb > 1

At = Minimum net area in tension from the hole to the toe of the angle perpendicular
to the line of force

= (f − ½h)(t)(na)
Agt = Gross area in tension from the centerline of the bolt to the toe of the angle

perpendicular to the line of force
= (f)(t)(na)
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Connection Shear Capacity

SCAP = 0.80 V (ns)(nb) with adjustment factor of 0.80

where:

V = Shear strength of a single bolt
ns = number of shear planes
nb = number of bolts

4 Australia – AS 3995

Compression Capacity based on L/r

The equations are identical to those of ASCE 10-15 with one difference: the allowable
compressive stress Fa (Equation 3.17a) is reduced by a factor of 0.90.

Tension Capacity based on Net Section

NCAP = (Ft) (Anet)
Anet = Ag − (d)(t)(nh)

NCAP is the smallest of [(0.9)(Ag)(Fy), (0.9)(Anet)(0.85)(Kt)(Fu)] where Kt is a con-
stant depending on the Leg Connect Code:

Kt = 0.75 if connected by Short leg only or None
= 0.85 if connected by Long leg only
= 1.00 if connected by Both Legs

Connection Bearing Capacity

BCAP = (Fb)(d)(t)(nb)(nbear)

where:

Fb = design bearing stress = 2.025 Fy

nbear = na if number of angles na = 1 or 2
= na/2 if number of angles na = 4

The above equations assume that minimum edge, end and spacing distances for bolt
holes are satisfied.

Connection Rupture Capacity

No specific checks available. Use Equation (3.23) of Chapter 3.

Connection Shear Capacity

SCAP = 0.90 V (ns)(nb) with adjustment factor of 0.90
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where:

V = Shear strength of a single bolt
ns = number of shear planes
nb = number of bolts

5 UK – BS 8100

Compression Capacity based on L/r

The equations for the British designs are identical to those of ECCS shown above with
some minor differences. The effect of cross section slenderness is accounted for by
compressive stress Fcr as:

Fcr = Fy if (b/t) = (b/t)lim1
Fcr = {2 − (b/t)/(b/t)lim1}Fy if (b/t)lim1 < b/t < (b/t)lim2
Fcr = π2E/(5.1 ∗ b/t)2 if b/t > (b/t)lim2

where

(b/t)lim1 = 0.567 (E/Fy)1/2

(b/t)lim2 = 1.333(b/t)lim1
b/t = longest leg width to thickness ratio (will become a/t if angle is connected by short

leg of width ‘a’)
Fy = Yield Stress

Normalized slenderness ratio

The three member slenderness ratios (L/r for each of the three angle axes) are normal-
ized as:

� = (L/r)/{π (E/Fy)1/2}

The three � values are adjusted to new values �eff to account for the structural con-
figuration of the member (leg, bracing, end conditions etc.) These adjustments are
implemented by choosing a numerical value for the Restraint Code. It must be noted
that the effects of these Restraint Codes in BS-8100 on member capacities are com-
pletely different from Restraint Codes used by other standards.

Effective slenderness is defined as �eff = kL where the parameter ‘k’ depends on the
input Restraint Code.

When Restraint Code C2 = 10 or blank

k = 1 All Axes

When Restraint Code C2 = 11
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k = 0.80 + 0.10 � Z − axis, but 0.90 ≤ k ≤ 1.0
k = 1.0 X or Y axes (symmetrical bracing)

When Restraint Code C2 = 12

k = 0.80 + 0.10 � Z − axis, but 0.90 ≤ k ≤ 1.0
k = 0.80 + 0.10 � X or Y axes (staggered bracing)

When Restraint Code C2 = 13

k = 1.20 (0.80 + 0.10 �) All Axes but 1.08 ≤ k ≤ 1.2

(This is a check with asymmetrical bracing)

When Restraint Code C2 = 14

k = 0.75 + 0.35/� All Axes

When Restraint Code C2 = 15

k = 0.70 + 0.40/� All Axes

When Restraint Code C2 = 16

k = 0.70 + 0.58 /� All Axes

When Restraint Code C2 = 17

k = 0.80 All Axes

When Restraint Code C2 = 18

k = 0.85 All Axes

When Restraint Code C2 = 19

k = 0.90 All Axes

When Restraint Code C2 = 20

k = 0.95 All Axes

The Effective Slenderness �eff shall not exceed the limits shown below:

(�eff )max = 120
{√

E/Fy
}

for Leg members
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(�eff )max = 180
{√

E/Fy
}

for Other members

(�eff )max = 350
{√

E/Fy
}

for Tension − Only members

The design compressive stress is calculated as:

If �eff ≤ 0.20 Fa = J Fcr

If �eff > 0.20 Fa = J Fcr/
{
ϕ + sqrt

[
ϕ2 − �2

eff

]}

where:

ϕ =
{
1+0.34 (�eff −0.2)+ �2

eff

}
2

J = adjustment factor based on Eccentricity Codes shown below:

When Eccentricity Code C1 = 21 or blank J = 1
When Eccentricity Code C1 = 22 J = 0.9
When Eccentricity Code C1 = 23 J = 0.8

Tension Capacity based on Net Section

Same as in Section 1 − ECCS

Connection Bearing Capacity

Same as in Section 2 − CENELEC, except for the following definitions:
α = Minimum [α1, α2, α3, α4]
α1 = 1.33 (e/h)
α2 = 2.00 (e/h − 0.5)
α3 = 2.67 (f/h − 0.5)
α4 = α1

= (s/h − 0.5) if NOT connected by Both legs and g = 0, nb > 1
if NOT connected by Both legs and g > 0, nb > 2
if connected by Both legs and g = 0, nb > 3
if connected by Both legs and g > 0, nb > 4

The equations assume that minimum edge, end and spacing distances for bolt holes
are satisfied.

Connection Shear Capacity

SCAP = S1bolt (ns)(nb)
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where:

S1bolt = Shear strength of a single bolt
ns = number of shear planes
nb = number of bolts

6 India – IS 802

Compression Capacity based on L/r

The equations for India are identical to those of ASCE 10-15 with one difference: the
maximum slenderness ratio for Legs is 120 instead of 150.

Tension Capacity based on Net Section

If nh = 0, use the basic equation NCAP = (Ft) (Anet) with Ft and Aeff calculated as follows:

Ft = Fy if Both legs are connected
Ft = Fy if Long or Short leg only are connected
Aeff = A if Both legs are connected
Aeff = A − [b/(3a+b)](b)(t)(na) if Short leg is connected
Aeff = A − [b/(3b+a)](a)(t)(na) if Long leg is connected
na = number of angles

If nh = 0, use the basic equation NCAP = (Ft) (Anet) with Ft = Fy and:
Long or Short Legs only are connected -

Anet = A1 + (A2)(k)
k = 3A1/(3A1 + A2)

A1 is the effective sectional area of the connected leg calculated as follows:

If Long leg only is connected -

nb = 1 A1 = (b − (0.5t) − h) (t)(na)
nb > 1 g = 0 A1 = (b − (0.5t) − h) (t)(na)
g > 0 A1 is Minimum of [A11, A12]

A11 = (b − (0.5t) − h) (t)(na)
A12 = [b − (0.5t) − 2h + s2/16/(g-f)](t)(na)]

If Short leg only is connected -
Use the same equations for Long leg only is connected, except that ‘b’ is replaced by ‘a’.
A2 is the gross sectional area of the unconnected leg calculated as follows:

A2 = (a − (0.5t) − h) (t)(na) if Long leg only is connected
A2 = (b − (0.5t) − h) (t)(na) if Short leg only is connected
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If Both legs are connected -

g = 0 Anet = Minimum [Anet1, Anet2]
Anet1 = A − (h)(t)(na)
Anet2 = A − [2h − s2/16/(a + b − 2f − t)](t)(na)

g > 0 Anet = Minimum [Anet1, Anet2, Anet3]
Anet1 = A − (2h)(t)(na)
Anet2 = A − [3h − s2/16/(g − f)](t)(na)
Anet3 = A − [4h − 2s2/16/(g − f)](t)(na)

Connection Bearing Capacity

BCAP = (Fb)(d)(t)(nb)(nbear)

where:

Fb = design bearing stress = 1.5Fu

nbear = na if number of angles na = 1 or 2
= na/2 if number of angles na = 4

The above equations assume that minimum edge, end and spacing distances for bolt
holes are satisfied.

Connection Rupture Capacity

Use Equation (3.23) of Chapter 3.

Connection Shear Capacity

SCAP = S1bolt (ns)(nb)

where:

S1bolt = Shear strength of a single bolt
ns = number of shear planes
nb = number of bolts
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