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Preface to the sixth edition

We are proud that this book now appears in its sixth edition; it exists also in six translations,
the most recent being the Japanese (2003) and the Chinese (2008). This new edition is updared
and expanded.

The changes from the fifth edition have been guided by developments in knowledge as well as
by reviews and comments of teachers, students, and designers who have been using the earlier
editions. There are added chapters and sections, an additional appendix, revisions to existing
chapters, and more examples and problems. The answers to all problems are given at the end
of the book. Throughout the book, great attention 1s given to the analysis ot three-dimensional
spatial strucrures.

The book starts with a chapter on structural analysis modeling by idealizing a structure as a
beam, a plane or a space frame, and a plane or a space truss, a plane grid, or as an assemblage of
finite elements. There are new sections on the strut-and-tie models for the analysis of reinforced
structures after cracking. There is a discussion of the suitability of these models, torces, and
deformations, sketching detlected shapes, and bending moment diagrams, and a comparison of
internal forces and deflections in beams, arches and trusses.

The chapter on modeling is followed by a chapter on the analysis of statically determinate
structures, intended to provide a better preparation for students. To encourage early use of
computers, five of the computer programs described in Appendix L, available from a web site,
are mentioned in Chapter 1. These are for the linear analysis of plane and space trusses, plane and
space frames, and plane grids. Simple matrix algebra programs, which can perform frequently
needed matrix operations, can also be downloaded trom the web site. The web site address is:

bttp:/lwww.routledge.com/books/Structural-Analysis-isbn9780415774338

In Chapters 3 to 6 we introduce two distinct general approaches of analysis: the force method
and the displacement method. Both methods involve the solution of linear simultaneous equa-
tions relating forces ro displacements. The emphasis in these four chapters is on the basic ideas
in the two methods, without obscuring the procedure by the details of derivation of the coet-
ficients needed to form the equations. Instead, use is made of Appendices B, C, and D, which
give, respectively, displacements due to applied unit forces, forces corresponding to unit displace-
ments, and hxed-end forces in straight members due to various loadings. The consideration of
the details of the methods of displacement calculation 1s thus delayed to Chaprers 7 to 10,
by which time the need for this material in the analysis of statically indeterminate structures is
clear. This sequence of presentation of material is particularly suitable when the reader is already
acquainted with some of the methods for calculating the deflection of beams. If, however, 1t 1s
thought preferable first to deal with methods of calculation of displacements, Chapters 7 to 10
should be studied before Chapters 4 to 65 this will not disturb the continuity.

The material presented is both elementary and advanced, covering the whole field of strucrural
analysis. The classical and modern methods of structural analysis are combined in a unified
presentation, but some of the techniques not widely used in modern practice have been omitted.
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However, the classical methods of column analogy and moment distribution, suitable tor hand
calculations, continue to be useful for preliminary calculation and for checking computer results;
these are presented in Chapter 11. To provide space for new topics needed in modern pracuice,
the coverage of the two methods is shorter compared to the fifth edition. The no-shear moment
distribution technique, suitable for frames having many joint translations, has been removed
because computers are now commonly employed for such frames.

The methods for obtaining the influence lines for beams, frames, grids and trusses are com-
bined in Chapter 12, which is shorter than the sum of the two chapters i the hfth edition. In
Chapter 13, the effects of axial forces on the stiffness characteristics of members of tframed struc-
tures are discussed and applied in the determination of the critical buckling loads of continuous
frames.

Chapter 14 deals with the analysis of shear walls, commonly used in modern buildings. The
chapter summarizes the present knowledge, states the simplifying assumprions usually involved,
and presents a method of analysis that can be applied in most practical cases.

The provision of outriggers is an eftective means of reducing the drift and the bending moments
due to lateral loads in high-rise buildings. The analysis of outrigger-braced buildings and the
location of the outriggers for optimum effectiveness are discussed in new sections in Chaprer 14.
The analysis 1s demonstrated in a solved example of a 50-storey building.

The finite-difference method and, to an even larger extent, the finite-element method are
powerful tools, which involve a large amount of computation. Chapter 15 deals with the use
of finite ditferences in the analysis of structures composed of beam elements and extends the
procedure to axisymmetrical shells of revolution. The finite-difference method is also used in
the analysis of plates. Chapters 16 and 17 are concerned with two- and three-dimensional fnite
elements. Chapters 21, 22, 16, and 17 can be used, in that order, in a graduate course on the
fundamentals of the finite-element method.

Modern design of structures is based on both the elastic and plastic analyses. The plastic
analysis cannot replace the elastic analysis but supplements it by giving useful information about
the collapse load and the mode of collapse. Chapters 18 and 19 deal with the plastic analysis of
framed structures and slabs respectively.

An introduction to structural dynamics is presented in Chapter 20. This 1s a study of the
response of structures to dynamic loading produced by machinery, gusts ot wind, blast, or
earthquakes. First, free and forced vibrations of a system with one degree of freedom are
discussed. This is then extended to multi-degree-of-freedom systems. Several new sections discuss
the dynamic analysis of structures subjected to earthquakes.

Some structures, such as cable nets and tabrics, trusses, and frames with slender members,
may have large deformations, so that it is necessary to consider equilibrium in the real deformed
configurations. This requires the geometric nonlinear analysis treated in Chapter 23, in which
the Newton-Raphson’s iterative technique is employed. The same chapter also introduces the
material-nonlinearity analysis, in which the stress—strain relation of the materal used in the
structure 1s nonlinear.

Chapter 24, based on the probability theory, is new in this edition. This chapter represents
a practical introductory tool for the reliability analysis of structures. The objective is to
provide a measure for the reliability or the probability of satisfactory performance of new or
existing structures. The most important probability aspects used in Chaprer 24 are presented in
Appendix M; previous knowledge of probability and statistics is not required. Chapter 24 and
Appendix M were written in collaboration with Professor Andrzej S. Nowak of the University of
Nebraska, Lincoln, USA. Professor Marc Maes was the first to include reliability of structures in
an undergraduate course on structural analysis at the University of Calgary, Canada; the authors
are grateful to him for making his lecture notes available.

The techniques of analysis, which are introduced, are illustrated by many solved examples
and a large number of problems ar the ends of chapters, with answers given at the end of the
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book. In this edition, with new solved examples and problems added, there are more than 140
worked examples and more than 400 problems with answers.

No specific system of units is used in most of the examples and problems. However, there
1s a small number of examples and problems where it was thought advantageous to use actual
dimensions of the structure and to specify the magnitude of forces. These problems are set in
the so-called Imperial or British units (still common in the USA) as well as in the SI units. Each
problem in which Imperial units are used is followed by a version of the same problem in 51 units,
so that the reader may choose the system of units he or she prefers.

Data frequently used are presented in the appendices, with Appendix A offering a review
of matrix operations usually needed in structural analysis. Matrix notation is extensively used
in this book because this makes it possible to present equations in a compact form, helping
the reader to concentrate on the overall operations without being distracted by algebraic or
arithmetical details.

Several computer programs are briefly described in Appendix L. These include the computer
programs available from the web site mentioned above and four nonlinear analysis programs.
An order form at the end of the book can be used to obtain the nonlinear analvsis programs. The
computer programs can be employed in structural engineering practice and also to aid the study
of structural analysis. However, understanding the book does not depend upon the availability
of these programs.

The text has been developed by the first and principal author in teaching, over a number
of years, undergraduate and graduate courses at the University of Calgary, Canada. The third
author, who joined in the fifth edition, has also been teaching the subject at Calgary. Teaching
and understanding the needs of the students have helped in preparing a better edition, believed
to be easier to study.

Chapters 1 to 13, 18, and 19 contain basic material which should be covered in the frst
courses. From the remainder of the book, a suitable choice can be made to form a more advanced
course. The contents have been selected to make the book suitable not only for the student burt
also for the pracrticing engineer who wishes to obrain guidance on the most convenient methods
of analysis for a variety of types of structures.

Dr. Ramez Gayed, research associate at the University of Calgary, has checked the new
material, the solution of the examples, and some of the answers of the problems, and provided
the figures for the sixth edition.

Calgary, Alberta, Canada A. Ghali
London, England A. M. Neville
Calgary, Alberta, Canada T. G. Brown
April 2008



Notation

The following is a list of symbols which are common in the various chapters of the text; other
symbols are used in individual chapters. All symbols are defined in the text when they first
appear.

A Any action, which may be a reaction or a stress resultant. A stress
resultant at a section of a framed structure is an internal force: bending
moment, shearing force or axial force.

a Cross-sectional area.

D; or D; Displacement (rotational or translational) at coordinate /. When a
second subscript j is provided it indicates the coordinate at which the
force causing the displacement acts.

E Modulus of elasticity.

El Flexural ngidity.

F A generalized force: a couple or a concentrated load.

FEM Fixed-end moment.

e Element of flexibility martrix.

G Modulus of elasticity in shear.

[ Moment of inertia or second moment of area.

i, [, Rk, m, m, p,r Integers.

] Torsion constant (length?), equal to the polar moment of inertia for a
circular cross section.

[ Length.

M Bending moment at a section, e.g. M,, = bending moment at sections. In

beams and grids, a bending moment is positive when it causes tension in
bottom fibers.

Mg Moment at end A of member AB. In plane structures, an end-moment is
positive when clockwise. In general, an end-moment i1s positive when it
can be represented by a vector in the positive direction of the axes x, vy,
or z.

N Axial force at a section or in a member of a truss.

P, O Concentrated loads.

q Load intensity.

R Reaction.

S; Element of stiffness matrix.

s Used as a subscript, indicates a statically determinate action.

T Twisting moment at a section.

" Used as a subscript, indicates the effect of unit forces or unit
displacements.
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Shearing force at a section.,

Work of the external applied forces.

Strain.

Influence ordinate.

Poisson’s ratio,

Stress.

Shearing stress.

Braces indicate a vector, 1.e. a matrix of one column. To save space, the elements
of a vector are sometimes listed in a row between two braces.

Brackets indicate a rectangular or square matrix.

Superscript T indicates matrix transpose. n x m indicates the order of the
matrix which is to be transposed resulting in an m x n marrix.

Double-headed arrow indicates a couple or a rotation: its direction is that of the
rotation of a right-hand screw progressing in the direction of the arrow.
Single-headed arrow indicates a load or a translational displacement.

Axes: the positive direction of the z axis points away from the reader.



The S| system of units of measurement

[ength meter m
millimeter = 10" m mm
Area square meter m?
square millimeter = 107 m- mm?
Volume cubic meter m’
Frequency hertz = 1 cycle per second Hz
Mass kilogram kg
Density kilogram per cubic meter kg/m’
Force newton N

= a force which applied to a mass of one kilogram
gives it an acceleration of one meter per second, 1.e¢.

IN=1 l(grn,-"ﬁ'T

. 1
Stress newton per square meter N/m~
& ; = 7
newton per square millimeter N/mm-
Temperature interval degree Celsius deg C; °C

Nomenclature for multiplication factors
10 giga G
10 mega M
10*  kilo k
107 mili  m
107 micro pu
107 nano n
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