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MANUALS AND REPORTS
ON ENGINEERING PRACTICE

(As developed by the ASCE Technical Procedures Committee, July 1930,
and revised March 1935, February 1962, and April 1982)

A manual or report in this series consists of an orderly presentation of
facts on a particular subject, supplemented by an analysis of limitations
and applications of these facts. It contains information useful to the
average engineer in his or her everyday work, rather than findings that
may be useful only occasionally or rarely. Itisnotin any sense a “standard,”
however; nor is it so elementary or so conclusive as to provide a “rule of
thumb” for nonengineers.

Furthermore, material in this series, in distinction from a paper (which
expresses only one person’s observations or opinions), is the work of a
committee or group selected to assemble and express information on a
specific topic. As often as practicable, the committee is under the direction
of one or more of the Technical Divisions and Councils, and the product
evolved has been subjected to review by the Executive Committee of the
Division or Council. As a step in the process of this review, proposed
manuscripts are often brought before the members of the Technical
Divisions and Councils for comment, which may serve as the basis for
improvement. When published, each work shows the names of the
committees by which it was compiled and indicates clearly the several
processes through which it has passed in review, in order that its merit
may be definitely understood.

In February 1962 (and revised in April 1982) the Board of Direction
voted to establish a series entitled “Manuals and Reports on Engineering
Practice,” to include the Manuals published and authorized to date, future
Manuals of Professional Practice, and Reports on Engineering Practice.
All such Manual or Report material of the Society would have been
refereed in a manner approved by the Board Committee on Publications
and would be bound, with applicable discussion, in books similar to past
Manuals. Numbering would be consecutive and would be a continuation
of present Manual numbers. In some cases of reports of joint committees,
bypassing of Journal publications may be authorized.
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PREFACE

The Subcommittee on the Design of Substation Structures of the
Committee on Electrical Transmission Structures of the Structural
Engineering Institute of ASCE developed this manual. The subcommittee
membership represented utilities, manufacturers, consulting firms,
academia, research, and general interest. The combined expertise of the
subcommittee members contributed to make this a valuable substation
structure design guide for the utility industry.

The primary purpose of this manual is to document electrical substation
structural engineering practice and to give guidance and recommendations
for the design of outdoor electrical substation structures. The guide
presents a review of structure types and typical electrical equipment.
Guidelines for analysis methods, structure loads, deflection criteria,
member and connection design, structure testing, quality control, quality
assurance, connections used in foundations, detailing, fabrication,
construction, and maintenance issues are presented. The recommendations
presented herein are based on the professional experience of the
subcommittee members, and although the subject matter of this manual
has been thoroughly researched, its application should be based on sound
engineering judgment.

The subcommittee wishes to thank the Peer Review Committee for
their assistance and contributions to this document.

Peer Review Committee

Henry Ho, Pacific Gas & Electric

Duane Alston, Bonneville Power Administration
Kamran Khan, Trench Limited

William Mills, FWT, Inc.
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X PREFACE

Hay Yin Yu, San Diego Gas & Electric

Hanna Abdallah, Arizona Public Service
Michael Brown, Allgeier, Martin and Associates
Otto Lynch, Power Line Systems

Jerry Tang, Florida Power & Light (retired)

The subcommittee thanks all the individuals who have contributed to
the completion of this manual. Without their contributions, guidance, and
dedication, this manual would not have been published. The following
individuals have contributed to this manual, either as past subcommittee
members or as corresponding members:

David Ackermann Michael F. Banat Dale Beason
Richard Byrne Patrick A. Calizar Bing C. Chan

J. R. Clayton Warren Crossman Jean-Bernard Dastous
Gary Engmann Gertrud P. Germann  Steven Groom
William J. Hamilton Husein Hasan Don G. Heald

Curt Hinkel R. N. Hutcherson David Insinger
Mircea lordanescu Magdi F. Ishac James T. Kennedy
M. Kescharvarzian Alan J. King Brian C. Koch
Michael E. Kozlowski Jake Kramer Donald Laird

Don Lott Peter Moskal Hank Page

Al Peabody Raphael O. Peters Alain Peyrot

Larry (Long) Shan Joe Shepard M. P. Singh

T. S. Spangenberg, Jr Lon C. Spencer Tom Teevin
Elwood Treadwell Gary C. Violette A.]. Vorderbruggen

This edition of the manual is dedicated to Richard Byrne, James
Kennedy, and Jake Kramer. These individuals were instrumental in
initiating, contributing, and mentoring this subcommittee’s activity.
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CHAPTER 1
INTRODUCTION

The purpose of this manual is to provide a comprehensive resource
document for the structural design of outdoor electrical substation structures.
The recommendations herein apply to substation structures that support
electrical equipment and rigid bus and other conductors. The electrical
equipment can be of significant weight and have attachments of porcelain
or composite components. Knowledge of the operational requirements
of the equipment being supported is required and discussed. Deflection
limits for operability can control the design of a substation structure.

Specific guidelines for structural loads, deflection limits, analysis,
design, fabrication, maintenance, and construction of substation structures
are recommended. Guidelines for the design of the structure connections
to their foundations are presented. This manual addresses steel, concrete,
wood, and aluminum used for the design of substation structures. Design
equations are provided when references to existing structural design
standards and codes (e.g., American Concrete Institute, American Institute
of Steel Construction, American Institute of Timber Construction, and
ASCE) are not appropriate or convenient. Some figures (i.e., maps and
graphs) are shown for information; the user of these figures can consult
the reference for more detail.

The utility industry uses both the allowable stress design (ASD) and
ultimate strength design (USD) methods. Allowable stress design is a method
of proportioning structural members such that elastically computed
stresses produced in the members by nominal loads do not exceed specified
allowable stresses (also called working stress design). Ultimate strength
design is a method of proportioning structural members such that the
computed forces produced in the members by the factored loads do not
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exceed the member design strength (also called load and resistance
factored design, LRFD).

A significant issue discussed during the development of this manual
was the direction it should take with respect to design of substation
structures using either ASD or USD concepts. Because of the diversity in
the utility industry with respect to the use of these two concepts, it was
decided that both ASD and USD would be addressed. USD is the preferred
method for substation structures.

Guidelines for the development of substation structure loads for wind,
ice, seismic, short circuit, line tensions, equipment reactions, construction,
maintenance, and regulatory codes (e.g., National Electric Safety Code
(NESC 2007), General Order 95 (2006), and ASCE) are recommended. The
specific recommendations are based on structure type, such as dead-end
structures, disconnect switch supports, and bus supports. Recommended
load factors and load combinations are presented.

The seismic load section complements IEEE 693 (2005). IEEE 693 (2005)
addresses electrical equipment and its first support requirements. First
support could be a pedestal for a current transformer (CT) or a support
beam for a capacitor bank. This manual will reference IEEE 693 (2005)
and provide seismic requirements for structures not covered by that
reference.

Substation structures and the electrical equipment they support should
be considered as a system. Excessive structure movement could cause
the electrical equipment to experience mechanical damage, operational
difficulties, and electrical faults. Recommended deflection limits and
structure classes are defined in Chapter 4 of this manual.

Analysis techniques and structural modeling concepts as they relate to
substation structures are discussed in Chapter 5. Both static and dynamic
analyses are covered. Guidelines are given for selecting the appropriate
analysis method for different structural behavior, such as large versus
small displacements.

This manual references other appropriate design documents for design
equations and in general notes only exceptions to the referenced
documents.

Recommendations on when it is appropriate to test a unique substation
structure design concept or perform individual component testing are
given. Requirements for seismic testing are covered in IEEE 693 (2005).

Guidelines for quality control and quality assurance programs for
substation structures are presented in Chapter 8. References are given to
the appropriate industry documents that address steel, aluminum,
concrete, and wood structures.

Foundation design is not presented in this manual. However, the
following information should be considered for substation structure
foundation design. A variety of structure types are used in electrical
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substations, and these structures have a wide range of ground line
reactions. Typical substation structure foundation types can be slabs on
grade, spread footings, drilled shafts, and piling with and without pile
caps. Substation foundations should be designed such that they do not
adversely affect the deflection criteria recommended herein. The effects of
soil-structure interaction from earthquakes are important and do exist,
especially for large loads, such as that caused by power transformers.
Foundation design should, where applicable, consider the effect of ground
frost heave and the effect of buoyancy of the groundwater table.
Foundations in substations should be designed according to accepted
practice, the same as foundations designed for other structures. IEEE 691
(2001) is one source of information regarding the design of utility-type
structure foundations.

The design of substation structure anchorage to the foundation is
presented in Chapter 7. Many different types of anchorages are used to
connect substation structures to their foundations. The most common
anchorage is anchor bolts cast in concrete. This manual gives design
recommendations for this type of anchorage. Special design considerations
for seismic anchorage are covered.

The application of this manual is limited to the structural design and
analysis of new electrical substation facilities. Any modification to existing
structures that results in structural load variation or structural response
behavior alteration should be in compliance with (a) the code or standard
that was in effect at the time of the original installation, or (b) the code or
standard in effect in a subsequent modification to which the structure has
been previously brought into compliance, or (c) the recommendations of
this manual.
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