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PREFACE

Prestressed concrete is a widely used material in construction. Hence, graduates of every civil
engineering program must have, as a minimum requirement, a basic understanding of the
fundamentals of linear and circular prestressed concrete. The high technology advancements in the
science of materials have made it possible to construct and assemble large-span systems such as
cable-stayed bridges, segmental bridges, nuclear reactor vessels, and offshore oil drilling
platforms—work impossible to undertake in the past.

Reinforced concrete’ s tensile strength is limited, while its compressive strength is extensive.
Consequently, prestressing becomes essential in many applications in order to fully utilize that
compressive strength and, through proper design, to eliminate or control cracking and deflection.
Additionally, design of the members of a total structure is achieved only by trial and adjustment .
assuming a section and then analyzing it. Hence, design and analysis are combined in this work in
order to make it simpler for the student first introduced to the subject of prestressed concrete design.

This edition of the book revises the previous text so as to conform to the new ACI 318-05 Code
and the International Building Code, IBC 2000-2003, for seismic design, stressing the strain limits
approach, sometimes termed as the “unified method” in the code.

The text is the outgrowth of the author’s lecture notes developed in teaching the subject at
Rutgers University over the past 45 years and the experience accumulated over the years in teaching
and research in the areas of reinforced and prestressed concrete inclusive of the Ph. D. level, and
the consulting engineering and forensic work that the author has been engaged in over the years.
The material is presented in such a manner that the student can become familiarized with the
properties of plain concrete, both normal and high strength, and its components prior to embarking
on the study of structural behavior. The book is uniquely different from other textbooks on the
subject in that the major topics of material behavior, prestress loss, flexure, shear, and torsion are
selfcontained and can be covered in one semester at the senior level and the graduate level. The in-
depth discussions of these topics permit the advanced undergraduate and graduate student, as well as
the design engineer to develop with minimum effort a profound understanding of fundamentals of
prestressed concrete structural behavior and performance.

The concise discussion presented in Chapters ! through 3 on basic principles, the historical
development of prestressed concrete, the properties of constituent materials, the long-term basic
behavior of such materials, and the evaluation of prestress losses should give an adequate
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introduction to the subject of prestressed concrete. They should also aid in developing fundamental
knowledge regarding the reliability of performance of prestressed structures, a concept to which
every engineering student should be exposed today.

Chapters 4 and 5 on flexure, shear, and torsion, with the step-by-step logic of trial and
adjustment as well as the flowcharts shown, give the student and the engineer a basic understanding
of both the service load and the limit state of load at failure, using the new ACI 318-05 Code
requirements for ultimate load design, thereby producing a good feel for the reserve strength and
safety factors inherent in the design expressions. Chapter 4 in this edition contains the latest design
procedure with numerical examples for the design of end anchorages of post-tensioned members as
required by the latest ACI and AASHTO codes.

An extensive Chapter 5 presents, with design examples, the provisions on torsion combined
with shear and bending, which include a unified approach to the topic of torsion in reinforced and
prestressed concrete members. SI Units examples are included in the text in addition to having
equivalent SI conversions for the major steps of examples throughout the book. Additionally, a
detailed theoretical discussion is presented on the mechanisms of shear and torsion, the various
approaches to the torsional problem and the plastic concepts of the shear equilibrium and torsional
equilibrium theories and their interaction. A totally new section is added on the strut-and-tie
modeling of forces in deep beams and corbels, with detailed design examples as required by the
latest ACI Code provisions.

Furthermore , inclusion in this edition of design examples is SI Units and a listing of the
relevant equations in SI format extends the scope of the text to cover wider applications by the
profession. In this manner, the student as well as the practicing engineer can avail themselves with
the tools for using either the Ib-in. (PI) system or the international (SI) system.

Chapter 6 on indeterminate prestressed concrete structures covers in detail continuous
prestressed beams as well as portal frames, consistent with the increased use of continuous members
in bridge structures. Numerous detailed examples illustrate the use of the basic concepts method,
the C-line method and the balancing method presented in Chapter 1. Chapter 7 discusses in detail
the design for camber, deflection, and crack control, considering both short- and long-term effects
using three different approaches: the PCI multipliers method, the detailed incremental time steps
method, and the approximate time steps method. A state-of-the-art discussion is presented, based
on the author’s work, of the evaluation and control of flexural cracking in partially prestressed
beams. Several design examples are included in the discussion. Chapter 8 covers the proportioning
of prestressed compression and tension members, including the buckling behavior and design of
prestressed columns and piles and the P-A effect in the design of slender columns.

Chapter 9 presents a thorough analysis of the service load behavior and yield-line behavior of
two-way action prestressed slabs and plates. The service load behavior utilizes, with extensive
examples, the equivalent frame method of flexural design (analysis) and deflection evaluation. A
detailed discussion is presented on the shear-moment transfer at column support section in two-way
action prestressed concrete plates, and on deflection of two-way plates. Extensive coverage is
presented of the yield-line failure mechanisms of all the usual combinations of loads on floor slabs
and boundary conditions, including the design expressions for these various conditions. Chapter 10
on connections for prestressed concrete elements covers the design of connections for dapped-end
beams, ledge beams, and bearing, in addition to the design of the beams and corbels presented in
Chapter 5 on shear and torsion. It is revised to accommodate the new load and strength reduction
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factors required in the ACI 318-05 Code.

This book is also unique in that Chapter 11 gives a detailed account of the analysis and design
of prestressed concrete tanks and their shell roofs. Presented are the basics of the membrane and
bending theories of cylindrical shells for use in the design of prestressed concrete tanks for the
various wall boundary conditions of fixed, semi-fixed, hinged, and sliding wall bases, as well as
the incorporation of vertical prestressing, using wrapped wires as well as tendons. Chapter 11 also
discusses the theory of axisymmetrical shells and domes that are used in the design of domed roofs
for circular tanks.

The extensive Chapter 12 added to the previous edition, has been updated to accommodate the
latest LRFD and Standard AASHTO 2003 specifications for the design of prestressed bridge deck
girders for flexure, shear, torsion and serviceability, including the design of anchorage blocks.
Extensive several examples are given using bulb-tees and box girder sections. It also includes the
AASHTO requirements for truck and lane loadings and load combinations as stipulated both by the
LRFD and the Standard specifications.

Chapter 13, dealing with the seismic design of prestressed precast structures in high seismicity
zones has been updated based on the new ACI 318-05 and the International Building Code, IBC
2000-2003, on seismic design of reinforced and prestressed concrete structures. It contains several
design examples and a detailed discussion of ductile moment-resistant connections in high-rise
buildings and parking garages in high seismicity zones. A unique approach for the design of such
ductile connections in precast beamcolumn joints in high-rise building structures was extended and
updated to conform to the new load and strength reduction factors. It also contains examples of the
design of shear walls and hybrid connections—all based on the state of the art in this field.

Selected photographs involving various areas of the structural behavior of concrete elements at
failure are included in all the chapters. They are taken from research work conducted and published
by the author with many of his M. S. and Ph. D. students at Rutgers University over the past four
decades. Additionally, photographs of some major prestressed concrete “landmark” structures, are
included throughout the book to illustrate the versatility of design in pretensioned and post-tensioned
prestressed concrete. Appendices have also been included, with monograms and tables on standard
properties, sections and charts of flexural and shear evaluation of sections, as well as representative
tables for selecting sections such as PCI double-tees, PCI/AASHTO bulb tees, box girder and
AASHTO standard sections for bridge decks. Conversion to SI metric units are included in the
examples throughout most chapters of the book.

The topics of the book have been presented in as concise a manner as possible without
sacrificing the need for instructional details. The major portions of the text can be used without
difficulty in an advanced senior-level course as well as at the graduate level for any student who has
had a prior course in reinforced concrete. The contents should also serves as a valuable guideline for
the practicing engineer who has to keep abreast of the state-of-the-art in prestressed concrete and the
latest provisions of the ACI 318-05 Building Code and PCI Standards , AASHTO 2003 Standards,
and the International Building Code (IBC 2000-2003) , as well as the designer who seeks a concise
treatment of the fundamentals of linear and circular prestressing.
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BASIC CONCEPTS

1.1 INTRODUCTION

Concrete is strong in compression, but weak in tension: its tensile strength varies from 8 to 14
percent of its compressive strength. Due to such a low tensile capacity, flexural cracks develop at
early stages of loading. In order to reduce or prevent such cracks from developing, a concentric or
eccentric force is imposed in the longitudinal direction of the structural element. This force prevents
the cracks from developing by eliminating or considerably reducing the tensile stresses at the critical
midspan and support sections at service load, thereby raising the bending, shear, and torsional
capacities of the sections. The sections are then able to behave elastically, and almost the full
capacity of the concrete in compression can be efficiently utilized across the entire depth of the
concrete sections when all loads act on the structure.

Such an imposed longitudinal force is called a prestressing force, i.e., a compressive force
that prestresses the sections along the span of the structural element prior to the application of the
transverse gravity dead and live loads or transient horizontal live loads. The type of prestressing
force involved, together with its magnitude, are determined mainly on the basis of the type of
system to be constructed and the span length and slenderness desired. Since the prestressing force is
applied longitudinally along or parallel to the axis of the member, the prestressing principle involved
is commonly known as linear prestressing.

Circular prestressing, used in liquid containment tanks, pipes, and pressure reactor vessels,
essentially follows the same basic principles as does linear prestressing. The circumferential hoop,
or “hugging” stress on the cylindrical or spherical structure, neutralizes the tensile stresses at the
outer fibers of the curvilinear surface caused by the internal contained pressure.

Figure 1.1 illustrates, in a basic fashion, the prestressing action in both types of structural
systems and the resulting stress response. In (a), the individual concrete blocks act together as a
beam due to the large compressive prestressing force P. Although it might appear that the blocks
will slip and vertically simulate shear slip failure, in fact they will not because of the longitudinal
force P. Similarly , the wooden staves in (¢) might appear to be capable of separating as a result of
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Figure 1.1 Prestressing principle in linear and circular prestressing. (a) Linear prestressing
of a series of blocks to form a beam. (b) Compressive stress on midspan section C and end
section A or B. (c) Circular prestressing of a wooden barrel by tensioning the metal bands.
(d) Circular hoop prestress on one wooden stave. (e) Tensile force F on half of metal band
due to internal pressure, to be balanced by circular hoop prestress.

the high internal radial pressure exerted on them. But again, because of the compressive prestress
imposed by the metal bands as a form of circular prestressing, they will remain in place.

1.1.1 Comparison with Reinforced Concrete

From the preceding discussion, it is plain that permanent stresses in the prestressed structural
member are created before the full dead and live loads are applied, in order to eliminate or
considerably reduce the net tensile stresses caused by these loads. With reinforced concrete, it is
assumed that the tensile strength of the concrete is negligible and disregarded. This is because the
tensile forces resulting from the bending moments are resisted by the bond created in the
reinforcement process. Cracking and deflection are therefore essentially irrecoverable in reinforced
concrete once the member has reached its limit state at service load.

The reinforcement in the reinforced concrete member does not exert any force of its own on the
member, contrary to the action of prestressing steel. The steel required to produce the prestressing
force in the prestressed member actively preloads the member, permitting a relatively high
controlled recovery of cracking and deflection. Once the flexural tensile strength of the concrete is
exceeded, the prestressed member starts to act like a reinforced concrete element.

By controlling the amount of prestress, a structural system can be made either flexible or rigid



