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1.1 Structural Analysis and Design

The application of loads to a structure causes the structure to deform. Due to the deformation, var-
ious forces are produced in the components that comprise the structure. Calculating the magnitude
of these forces and the deformations that caused them is referred to as structural analysis, which
is an extremely important topic to society. Indeed, almost every branch of technology becomes
involved at some time or another with questions concerning the strength and deformation of struc-
tural systems.
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FIGURE 1.1 Ancient

Coliseum in Rome, Italy.

Structural design includes the arrangement and proportioning of structures and their parts
so they will satisfactorily support the loads to which they may be subjected. More specifically,
structural design involves the following:

1. General layout of the structural system

2. Studies of alternative structural configurations that may provide feasible solutions

3. Consideration of loading conditions

4. Preliminary structural analyses and design of the possible solutions

5. Selection of a solution

6. Final structural analysis and design of the structure

7. Preparation of design drawings

QU I CK NOT E
The design of structures need not be
restricted to the design of new
structures. Rather, many structural
engineers find themselves upgrading
and retrofitting existing buildings
and/or bridges. Such activities
generally require a thorough analysis
of the existing structure before any
changes are formulated.

This book is devoted to structural analysis with only occasional remarks concerning the other
phases of structural design. Structural analysis can be so interesting to engineers that they become
completely attached to it and have the feeling that they want to become 100% involved in the sub-
ject. Although analyzing and predicting the behavior of structures and their parts is an extremely
important part of structural design, it is only one of several important and interrelated steps. Con-
sequently, it is rather unusual for an engineer to be employed solely as a structural analyst. An
engineer, in almost all probability, will be involved in several or all phases of structural design.

It is said that Robert Louis Stevenson studied structural engineering for a time, but he appar-
ently found the “science of stresses and strains” too dull for his lively imagination. He went on
to study law for a while before devoting the rest of his life to writing prose and poetry.1 Most of
us who have read Treasure Island, Kidnapped, or his other works would agree that the world is
a better place because of his decision. Nevertheless, there are a great number of us who regard
structural analysis and design to be extremely interesting topics. In fact, some of us have found it
so interesting that we have gone on to practice in the field of structural engineering. The authors
hope that this book will inspire more engineers to do the same.

1.2 History of Structural Analysis

Structural analysis as we know it today evolved over several thousand years. During this time,
many types of structures such as beams, arches, trusses, and frames were used in construction
for hundreds or even thousands of years before satisfactory methods of analysis were developed

1Proceedings of the First United States Conference on Prestressed Concrete (Cambridge, MA: Massachusetts Institute of Tech-
nology, 1951), 1.
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for them. Though ancient engineers showed some understanding of structural behavior (as evi-
denced by their successful construction of great bridges, cathedrals, sailing vessels, and so on),
real progress with the theory of structural analysis occurred only within the last 200 years.

The Egyptians and other ancient builders surely had some kinds of empirical rules drawnOF INTEREST
The Egyptian Imhotep who built the
great step pyramid of Sakkara in about
3000 B.C.E. sometimes is referred to
as the world’s first structural engineer.

from previous experiences for determining the sizes of structural members. There is, however, no
evidence that they had developed any theory of structural analysis.

Although the Greeks built some magnificent structures, their contributions to structural theory
were few and far between. Pythagoras (about 582–500 B.C.E.), who is said to have originated the
word mathematics, is famous for the right angle theorem that bears his name. This theorem actu-
ally was known by the Sumerians in about 2000 B.C.E. Further, Archimedes (287–212 B.C.E.)
developed some fundamental principles of statics and introduced the term center of gravity.

The Romans were excellent builders and very competent in using certain structural forms such
as semicircular masonry arches. But, as did the Greeks, they too had little knowledge of structural
analysis and made even less scientific progress in structural theory. They probably designed most
of their beautiful buildings from an artistic viewpoint. Perhaps their great bridges and aqueducts
were proportioned with some rules of thumb; however if these methods of design resulted in
proportions that were insufficient, the structures collapsed and no historical records were kept.
Only their successes endured.

Before real advances could be made with structural analysis, it was necessary for the scienceC. NAVIER
Published a textbook in 1826 in which
the strengths and deflections of beams,
columns, arches, suspension bridges,
and other structures was discussed.

of mechanics of materials to be developed. By the middle of the 19th century, much progress had
been made in this area. French physicist Charles Augustin de Coloumb (1736–1806) and French
engineer-mathematician Claude Louis Marie Henri Navier (1785–1836), building upon the work
of numerous other investigations over hundreds of years, are said to have founded the science of
mechanics of materials.

Andrea Palladio (1508–1580), an Italian architect, is thought to have been the first person
DID YOU KNOW?
Squire Whipple’s analysis of trusses
often is said to have signaled the
beginning of modern structural
analysis.

to use modern trusses. He may have revived some ancient types of Roman structures and their
empirical rules for proportioning them. It was actually 1847, however, before the first rational
method of analyzing jointed trusses was introduced by Squire Whipple (1804–1888). His was
the first significant American contribution to structural theory. Since that time, there has been an
almost continuous series of important developments in the subject.

Several excellent methods for calculating deflections were published in the 1860s and 1870s,
which further accelerated the development of structural analysis. Among the important inves-
tigators and their accomplishments were James Clerk Maxwell (1831–1879) of Scotland, for
the reciprocal deflection theorem in 1864; Otto Mohr (1835–1918) of Germany, for the method
of elastic weights presented in 1870; Carlo Alberto Castigliano (1847–1884) of Italy, for the
least-work theorem in 1873; and Charles E. Greene (1842–1903) of the United States, for the
moment-area theorems in 1873.

The advent of railroads gave a great deal of impetus to the development of structural analysis. It
was suddenly necessary to build long-span bridges capable of carrying very heavy moving loads.
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FIGURE 1.3 Roller coaster at

Cedar Point in Sandusky, OH.

As a result, the computation of stresses and strains became increasingly important—as did the
need to analyze statically indeterminate structures.

One method for analyzing continuous statically indeterminate beams—the three-moment
theorem—was introduced in 1857 by the Frenchman B. P. E. Clapeyron (1799–1864) and was
used for analyzing many railroad bridges. In the decades that followed, many other advances
were made in indeterminate structural analysis that were based upon the recently developed
deflection methods.

In the United States, two great developments in statically indeterminate structure analysis were

OTTO MOHR
A German engineer who worked with
railroads and is said to have reworked
into practical, usable forms many of
the theoretical developments up to his
time. Particularly notable in this regard
was his 1874 publication of the method
of consistent distortions for analyzing
statically indeterminate structures.

made by G. A. Maney (1888–1947) and Hardy Cross (1885–1959). In 1915, Maney presented
the slope deflection method, whereas Cross introduced moment distribution in 1924, which is
discussed in Chapters 13 and 14 of this text.

In the first half of the 20th century, many complex structural problems were expressed in
mathematical form, but sufficient computing power was not available for practically solving the
resulting equations. This situation continued into the 1940s, when much work was done with
matrices for analyzing aircraft structures. Fortunately, the development of digital computers made
the use of matrices practical for these and many other types of complex structures, including
high-rise buildings.

Some particularly important historical references on the development of structural analysis
include those by Kinney,2 Timoshenko,3 and Westergaard.4 They document the slow but steady
development of the fundamental principles involved. It seems ironic that the college student of
today can learn in a few months the theories and principles of structural analysis that took many
scholars several thousand years to develop.

2J. S. Kinney, Indeterminate Structural Analysis (Reading, MA.: Addison-Wesley, 1957), 1–16.
3S. P. Timoshenko, History of Strength of Materials (New York: McGraw-Hill, 1953), 1–439.
4H. M. Westergaard, “One Hundred Fifty Years Advance in Structural Analysis” (ASCE-94, 1930), 226–240.
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1.3 Basic Principles of Structural Analysis

DID YOU KNOW?
Plans have long been considered
to build a bridge connecting Sicily
to mainland Italy over the Strait of
Messina. Its suspended main span
is projected to be an almost
unbelievable 2.05 miles.

Structural engineering embraces an extensive variety of structural systems. When speaking of
structures, people typically think of buildings and bridges. There are, however, many other types
of systems with which structural engineers deal, including sports and entertainment stadiums,
radio and television towers, arches, storage tanks, aircraft and space structures, concrete pave-
ments, and fabric air-filled structures. These structures can vary in size from a single member—as
is the case of a light pole—to buildings or bridges of tremendous size. The Willis Tower in
Chicago is over 1450 ft tall, while the Taipei 101 building in Taiwan has a height of 1670 ft.
Among the world’s great bridges are the Humber Estuary Bridge in England, which has a sus-
pended span of over 4626 ft, and the Akashi-Kaikyo bridge in Japan with its main suspended
clear span of 6530 ft.

To be able to analyze this wide range of sizes and types of structures, a structural engineer
must have a solid understanding of the basic principles that apply to all structural systems. It is
unwise to learn how to analyze a particular structure or even a few different types of structures.
Rather, it is more important to learn the fundamental principles that apply to all structural systems,
regardless of their type or use. One never knows what types of problems the future holds or what
type of structural system may be conceived for a particular application, but a firm understanding
of basic principles helps us to analyze new structures with confidence.

The fundamental principles used in structural analysis are Sir Isaac Newtons laws of inertia
and motion, which are:

1. A body will exist in a state of rest or in a state of uniform motion in a straight line unless it
is forced to change that state by forces imposed on it.

2. The rate of change of momentum of a body is equal to the net applied force.

3. For every action there is an equal and opposite reaction.

These laws of motion can be expressed by the equation

∑
F = ma

In this equation,
∑
F is the summation of all the forces that are acting on the body, m is the

mass of the body, and a is its acceleration.
In this textbook, we will be dealing with a particular type of equilibrium called static equilib-

rium, in which the system is not accelerating. The equation of equilibrium thus becomes

∑
F = 0

STRUCTURAL RESPONSE
This refers to the displacement of the
system and the forces that occur in
each component of the structural
system.

These structures either are not moving, as is the case for most civil engineering structures, or
are moving with constant velocity, such as space vehicles in orbit. Using the principle of static
equilibrium, we will study the forces that act on structures and methods to determine the response
of structures to these forces. This emphasis should provide readers with a solid foundation for
advanced study, and hopefully convince them that structural theory is not difficult and that it is
not necessary to memorize special cases.

1.4 Structural Components and Systems

All structural systems are composed of components. The following are considered to be the pri-
mary components in a structure:

Ties Those members that are subjected to axial tension forces only. Load is applied to ties only
at the ends. Ties cannot resist flexural forces.

Struts Those members that are subjected to axial compression forces only. Like ties, struts can
be loaded only at their ends and cannot resist flexural forces.
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FIGURE 1.4 A typical building

frame.

BeamsandGirders Those members that are primarily subjected to flexural forces. They usually
are thought of as being horizontal members that are primarily subjected to gravity forces;
but there are frequent exceptions (e.g., inclined rafters).

Columns Those members that are primarily subjected to axial compression forces. A column
may be subjected to flexural forces also. Columns usually are thought of as being vertical
members, but they may be inclined.

Diaphragms Structural components that are flat plates. Diaphragms generally have very high
in-plane stiffness. They are commonly used for floors and shear-resisting walls. Diaphragms
usually span between beams or columns. They may be stiffened with ribs to better resist
out-of-plane forces.

QU I CK NOT E
There are other types of structural
systems. These include fabric
structures (e.g., tents and outdoor
arenas) and curved shell structures
(e.g., dams or sports arenas). The
analysis of these types of structures
requires advanced principles of
structural mechanics and is beyond
the scope of this book.

Structural components are assembled to form structural systems. In this textbook, we will be
dealing with typical framed structures. A building frame is shown in Figure 1.4. In this figure, a
girder is considered to be a large beam that supports smaller beams.

A truss is a special type of structural frame. It is composed entirely of struts and ties. That is
to say, all of its components are connected in such a manner that they are subjected only to axial
forces. All of the external loads acting on trusses are assumed to act at the joints and not directly
on the components, where they might cause bending in the truss members. An older type of bridge
structure consisting of two trusses is shown in Figure 1.5. In this figure, the top and bottom chords
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components of a railroad bridge
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and the diagonals are the primary load carrying components of trusses. Floor beams are used to
support the roadway. They are placed under the roadway and perpendicular to the trusses.

1.5 Structural Forces

A structural system is acted upon by forces. Under the influence of these forces, the entire struc-
ture is assumed to be in a state of static equilibrium, and as a consequence, each component of
the structure also is in a state of static equilibrium. The forces that act on a structure include the
applied loads and the resulting reaction forces.

QU I CK NOT E
The loads that are applied to
structures come from many sources.
Such sources include gravity, wind,
earthquake, soil, impact, etc. A more
complete introduction to such loads
is presented in Chapter 2.

The applied loads are the known loads that act on a structure. They can be the result of the struc-
ture’s own weight, occupancy loads, environmental loads, and so on. The reactions are the forces
that the supports exert on a structure. They are considered to be part of the external forces applied
and are in equilibrium with the other external loads on the structure.

To introduce loads and reactions, three simple structures are shown in Figure 1.7. The beam
shown in part (a) of the figure is supporting a uniformly distributed gravity load and is itself sup-
ported by upward reactions at its ends. The barge in part (b) of the figure is carrying a group of
containers on its deck. It is in turn supported by a uniformly distributed hydrostatic pressure pro-
vided by the water beneath. Part (c) shows a building frame subjected to a lateral wind load. This
load tends to overturn the structure, thus requiring an upward reaction at the right-hand support
and a downward one at the left-hand support. These forces create a couple that offsets the effect of
the wind force. A detailed discussion of reactions and their computation is presented in Chapter 5.

1.6 Calculation Accuracy

A most important point that many students with their superb pocket calculators and personal
computers have difficulty understanding is that structural analysis is not an exact science for
which answers can be confidently calculated to eight or more significant digits. Computations
to only three places probably are far more accurate than the estimates of material strengths and
magnitudes of loads used for structural analysis and design. The common materials dealt with
in structures (wood, steel, concrete, and a few others) have ultimate strengths that only can be
estimated. The loads applied to structures may be known within a few hundred pounds or no
better than a few thousand pounds. It therefore seems inconsistent to require force computations
to more than three or four significant figures.

DID YOU KNOW?
The loads that a structural engineer
uses are only an estimate. The
analysis that the engineer performs
is approximate at best. Poor
engineering judgment results from
an engineer not understanding
these two truths. This does not
eliminate the need for the engineer
to be exact and methodical in their
approach to the analysis, but it
does negate the need for a lot of
significant digits in the answers.

Several partly true assumptions can be made about the construction of trusses, such as: Truss
members are connected with frictionless pins, the deformation of truss members under load is so
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FIGURE 1.7 Loads and

reactions for three simple

structures.

slight as to cause no effect on member forces, and so on. These deviations from actual conditions
emphasize that it is of little advantage to carry the results of structural analysis to many significant
figures. Furthermore, calculations to more than three or four significant figures may be misleading
in that they may give you a false sense of precision.

1.7 Checks on Problems

A definite advantage of structural analysis is the possibility of making either mathematical checks
on the analysis by some method other than the one initially used or by the same method from some
other position on the structure. You should be able, in nearly every situation, to determine if your
work has been done correctly.
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All of us, unfortunately, have the weakness of making exasperating mistakes, and the best
that can be done is to keep them to an absolute minimum. The application of simple arithmetic
checks suggested in the following chapters will eliminate many of these costly blunders. The best
structural designer is not necessarily the one who makes the fewest mistakes initially but probably
is the one who discovers the largest percentage of his or her mistakes and corrects them.

1.8 Using Computers for Structural Analysis

The availability of personal computers has drastically changed the way structures are analyzed and
designed. In nearly every engineering school and office, computers are used to address structural
engineering problems. Within an engineering office, computers are used to increase efficiency.
While in school, computers are used to teach concepts and aid in the understanding of structural
behavior.

Many structural engineering professors feel that students should first learn the theories
involved in structural analysis and the solution of problems with their pocket calculators before
computer applications are introduced. As a result, the authors have placed computer applications
at the end of many chapters so that they can either be used at that time, skipped, or temporarily
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bypassed until a later date. However, the authors believe that computer applications can help
students to more readily gain an understanding of structural behavior and may be used in a
supplementary fashion as the theories are taught.

Use of the structural analysis computer program, SAP2000, has been incorporated into

QU I CK NOT E
Most commercial structural analysis
programs are very similar in structure
and operation. While this textbook
uses one such program, the lessons
learned using it can be readily
extended to alternate software
packages.

this textbook. This is a widely used, commercially available analysis software. A student
version of this software is available on the textbook website at www.wiley.com/go/nielson/
structuralanalysis2e. Also available on this website is a Powerpoint presentation and accompany-
ing video that provide an essential introduction to this software package. Many chapters within
the text contain a section specific to modeling structures within the SAP2000 software. Within
these sections, some guidance is provided, but the material within the text cannot stand alone.
Instead, these sections are written with the expectation that the software introduction video is
viewed first.

The sections titled SAP2000 Exercises, located at the end of many chapters, are designed to

BEWARE
Most commercial structural analysis
packages provide nice renderings of
the structure being modeled. However,
a “pretty picture” does not guarantee
that the structure was modeled
correctly. The modeler must be aware
of details associated with the behavior
they desire to capture.

explore the behavior of structures while learning to utilize the software. The use of the computer
allows a student to explore the impact and influence of many structural parameters without the
tedium. Many of the classical techniques taught in a structural analysis course can be time con-
suming and as such make it difficult for a student to explore the influence that any particular
structural parameter has on the behavior of a structure.

1.9 Overview of this Textbook

The composition of this textbook is intended to serve a couple of key purposes to the structural
engineering student. The first purpose is to teach the fundamental theories behind the analysis
of structures—including the calculations of reaction forces, internal forces, and deflections. The
second purpose is to help the student understand the behavior of structures that are subjected to
different loads and are of different configurations.

To help with the understanding of theory and behavior, the use of margin notes is used exten-
sively throughout the text. These notes (e.g., “Quick Note”, “Did You Know?”, etc.) are intended
to highlight key ideas. Of particular interest are the margin notes titled “Common Mistake.” The
wise reader will pay particular attention to these and will try to avoid these common pitfalls.

Another resource made available with this text is a set of video-based examples associated
with most chapters. The intent is to allow the reader the opportunity to follow along as a relevant
example is worked and discussed, similar to what would be done in a classroom. These videos
may be found on the textbook website at www.wiley.com/go/nielson/structuralanalysis2e.

DID YOU KNOW?
Within the practice of structural
engineering, one quickly finds out
that not every design or analysis
situation encountered is prescribed
by building codes or textbooks. At
times like this, the engineer must
apply judgment based upon sound
principles. Good engineering
judgment comes from being able
to describe general structural
behavior without ever performing a
calculation. During the learning
phase it is wise to always ask “Why
does it do that?” and “What
happens if I modify that
parameter?”

Finally, the content presented in this text first focuses on basic background knowledge of
loads and load paths presented in Chapters 2 through 4. The next part deals with the analysis
of determinate structures followed by a part dealing with the analysis of indeterminate structures.
Both of these parts omit some of the classical techniques presented in traditional textbooks (e.g.,
moment-area, conjugate beam, and slope-deflection). This is done to allow the student to focus
on fewer methods, learn those well, and still allow space and time for exploring structural behav-
ior using SAP2000. However, due to requests, information on some of these classical topics is
provided on the textbook website at www.wiley.com/go/nielson/structuralanalysis2e.

The next part deals specifically with the notion of influence lines. This is placed toward the
back of the text to avoid the common confusion students experience when dealing with influ-
ence lines immediately after learning about shear and moment diagrams. The last part of the text
introduces matrix methods, which are the basis for the computerization of structural analysis.

The authors hope you enjoy learning structural analysis through the use of this text and its
accompanying resources. Remember that it is always a beautiful day for studying structures.
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