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Preface

The primary objective of Reinforced Concrete Design, 4th edition, is to furnish the
reader with a basic understanding of the strength and behavior of reinforced con-
crete members and simple concrete structural systems.

With relevant reinforced concrete research and literature increasing at an expo-
nential rate, it is the intent of this book to translate this vast amount of information
and data into an integrated source that reflects the latest information available. It
is not intended to be a comprehensive theoretical treatise of the subject, because it
is our belief that such a document could easily obscure the fundamentals that we
strive to emphasize in the engineering technology programs. In addition, we are of
the opinion that adequate comprehensive books on reinforced concrete design do
exist for those who seek the theoretical background, the research studies, and more
rigorous applications.

This fourth edition has been prepared with the primary objective of updating its
contents to conform to the latest Building Code Requirements for Structural Con-
crete (ACI 318-95) of the American Concrete Institute. Since the ACI Code serves
as a design standard in the United States, we strongly recommend that the code be
used as a companion publication to this book.

In addition to the necessary changes to conform to the new code, many sections
have been rewritten and new homework problems have been added. Answers to
selected problems are furnished at the back of the text.

Throughout the four editions, the text content has remained primarily an ele-
mentary, noncalculus, practical approach to the design and analysis of reinforced
concrete structural members using numerous examples and a step-by-step solu-
tion format. In addition, chapters use a conceptual approach on such topics as
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Preface

prestressed concrete and detailing of reinforced concrete structures. The metric sys-
tem (SI), the use of which is gradually gaining momentum in the reinforced con-
crete design and construction field in the United States, is introduced in a separate
appendix with several example problems.

Since form design is an important consideration in most structural design prob-
lems involving concrete members, the chapter on the design of job-built forms
(which was introduced in the second edition) has been updated to conform to the
latest applicable codes, standards, and guides.

This book has been thoroughly tested over the years in our engineering tech-
nology programs and should serve as a valuable design guide and source for tech-
nologists, technicians, and engineering and architectural students. In addition, it will
aid engineers and architects preparing for state licensing examinations for profes-
sional registration.

We extend our thanks to the reviewers of this edition for their help and con-
structive suggestions: Dr. Mark H. Hasso, Wentworth Institute of Technology;
Joseph Murphy, Penn College; and Paresh S. Shettigar, Hawkeye Community Col-
lege.

As in the past, we are indebted to our students and colleagues who have pro-
vided constructive comments and input for this edition.

Leonard Spiegel
George F. Limbrunner
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Chap. 1 Materials and Mechanics of Bending

1-2

CONCRETE

Concrete consists primarily of a mixture of cement and fine and coarse aggregates
(sand, gravel, crushed rock, and/or other materials) to which water has been added
as a necessary ingredient for the chemical reaction of curing. The bulk of the mix-
ture consists of the fine and coarse aggregates. The resulting concrete strength and
durability are a function of the proportions of the mix as well as other factors, such
as the concrete placing, finishing, and curing history.

The compressive strength of concrete is relatively high. Yet it is a relatively brit-
tle material, the tensile strength of which is small compared with its compressive
strength. Hence steel reinforcing rods (which have high tensile and compressive
strength) are used in combination with the concrete; the steel will resist the tension
and the concrete the compression. Reinforced concrete is the result of this combi-
nation of steel and concrete. In many instances, steel and concrete are positioned in
members so that they both resist compression.

1-3

THE ACI BUILDING CODE

The design and construction of reinforced concrete buildings is controlled by the
“Building Code Requirements for Structural Concrete” (ACI 318-95) of the Amer-
ican Concrete Institute (ACI) [1). The use of the term code in this text refers to the
ACI Code unless otherwise stipulated. The code is revised, updated, and reissued
on an approximate 6-year cycle. (The previous edition, ACI 318-89, was published
in 1989.) The code itself has no legal status. It has been incorporated into the build-
ing codes of almost all states and municipalities throughout the United States, how-
ever. When so incorporated, it has official sanction, becomes a legal document, and
is part of the law controlling reinforced concrete design and construction in a par-
ticular area.

CEMENT AND WATER

Structural concrete uses, almost exclusively, hydraulic cement. With this cement,
water is necessary for the chemical reaction of hydration. In the process of hydra-
tion, the cement sets and bonds the fresh concrete into one mass. Portland cement,
which originated in England, is undoubtedly the most common form of cement.
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Portland cement consists chiefly of calcium and aluminum silicates. The raw mate-
rials are limestones, which provide calcium oxide (CaQ), and clays or shales, which
furnish silicon dioxide (SiO;) and aluminum oxide (Al,O3). Following processing,
cement is marketed in bulk or in 94 1b (1 ft’) bags.

In fresh concrete, the ratio of the amount of water to the amount of cement, by
weight, is termed the water/cement ratio. This ratio can also be expressed in terms
of gallons of water per bag of cement. For complete hydration of the cement in a
mix, a water/cement ratio of 0.35 to 0.40 (4 to 4% gal/bag) is required. To increase
the workability of the concrete (the ease with which it can be mixed, handled, and
placed), higher water/cement ratios are normally used.

—
AGGREGATES

In ordinary structural concretes the aggregates occupy approximately 70% to 75%
of the volume of the hardened mass. Gradation of aggregate size to produce close
packing is desirable because, in general, the more densely the aggregate can be
packed, the better are the strength and durability.

Aggregates are classified as fine or coarse. Fine aggregate is generally sand and
may be categorized as consisting of particles that will pass a No. 4 sieve (four open-
ings per linear inch). Coarse aggregate consists of particles that would be retained on
a No. 4 sieve. The maximum size of course aggregate in reinforced concrete is gov-
erned by various ACI Code requirements. These requirements are established pri-
marily to ensure that the concrete can be placed with ease into the forms without any
danger of jam-up between adjacent bars or between bars and the sides of the forms.

1-5
—

CONCRETE IN COMPRESSION

The theory and techniques relative to the design and proportioning of concrete
mixes, as well as the placing, finishing, and curing of concrete, are outside the scope
of this book and are adequately discussed in many other publications [2-5). Field
testing, quality control, and inspection are also adequately covered elsewhere. This
is not to imply that these are of less importance in overall concrete construction
technology but only to reiterate that the objective of this book is to deal with the
design and analysis of reinforced concrete members.

We are concerned primarily with how a reinforced concrete member behaves
when subjected to load. It is generally accepted that the behavior of a reinforced
concrete member under load depends on the stress-strain relationship of the mate-
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rials, as well as the type of stress to which it is subjected. With concrete used prin-
cipally in compression, the compressive stress-strain curve is of primary interest.

The compressive strength of concrete is denoted f: and is assigned the units
pounds per square inch (psi). For calculations, f/is frequently used with the units
kips per square inch (ksi).

A test that has been standardized by the American Society for Testing and Materi-
als (ASTM) [6] is used to determine the compressive strength (f7) of concrete. The test
involves compression loading to failure of a specimen cylinder of concrete. The com-
pressive strength so determined is the highest compressive stress to which the speci-
men is subjected. Note in Figure 1-1 that f/ is not the stress that exists in the specimen
at failure but that which occurs at a strain of about 0.002. Currently, 28-day concrete
strengths (f7) range from 2500 to 9000 psi, with 3000 to 4000 psi being common for
reinforced concrete structures and 5000 to 6000 psi being common for prestressed
concrete members. Concretes of much higher strengths have been achieved under
laboratory conditions. The curves shown in Figure 1-1 represent the result of com-
pression tests on 28-day standard cylinders for varying design mixes.

A review of the stress-strain curves for different-strength concretes reveals that the
maximum compressive strength is generally achieved at a unit strain of approximately
0.002 in./in. Stress then decreases, accompanied by additional strain. Higher-strength
concretes are more brittle and will fracture at a lower maximum strain than the
lower-strength concretes will. The initial slope of the curve varies, unlike that of steel,
and only approximates a straight line. For steel, where stresses are below the yield
point and the material behaves elastically, the stress-strain plot will be a straight line.
The slope of the straight line is the modulus of elasticity. For concrete, however, we
observe that the straight-line portion of the plot is very short, if it exists at all. There-

£ = 6000 psi

Stress (psi X 1000)

I

1 i
Q 0.001 0.002 0.003 0.004
Strain (in./in.)

FIGURE 1-1 Typical stress-strain curves for concrete.



Sec. 1-5 Concrete in Compression 5

fore, there exists no constant value of modulus of elasticity for a given concrete since
the stress-strain ratio is not constant. It may also be observed that the slope of the ini-
tial portion of the curve (if it approximates a straight line) varies with concretes of dif-
ferent strengths. Even if we assume a straight-line portion, the modulus of elasticity is
different for concretes of different strengths. At low and moderate stresses (up to
about 0.5f7), concrete is commonly assumed to behave elastically.

The ACI Code, Section 8.5.1, provides the accepted empirical expression for
modulus of elasticity:

E =w33VFf,
where
E. = modulus of elasticity of concrete in compression (psi)
w, = unit weight of concrete (Ib/ft’)

fi= compressive strength of concrete (psi)

This expression is valid for concretes having w, between 90 and 155 Ib/ft>. For
normal-weight concrete, w, may be taken as 145 Ib/ft*, and

E.=57000Vf  (see Table A-6 for values of E,)

It should also be noted that the stress-strain curve for the same-strength con-
crete may be of different shapes if the condition of loading varies appreciably. With
different rates of strain (loading), we will have different-shape curves. Generally,
the maximum strength of a given concrete is smaller at slower rates of strain.

Concrete strength varies with time, and the specified concrete strength is usually
that strength that occurs 28 days after the placing of concrete. A typical strength-
time curve for normal stone concrete is shown in Figure 1-2. Generally, concrete

§ &8 E

g

Compressive strength, . (psi)

g

o

Time

FIGURE 1-2 Strength-time relationship for concrete.
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attains approximately 70% of its 28-day strength in 7 days and approximately 85%
to 90% in 14 days.

Concrete, under load, exhibits a phenomenon termed creep. This is the property
by which concrete continues to deform (or strain) over long periods of time while
under constant load. Creep occurs at a decreasing rate over a period of time and
may cease after several years. Generally, high-strength concretes exhibit less creep
than do lower-strength concretes. The magnitude of the creep deformations is pro-
portional to the magnitude of the applied load as well as to the length of time of
load application.

I
CONCRETE IN TENSION

The tensile and compressive strengths of concrete are not proportional, and an
increase in compressive strength is accompanied by an appreciably smaller per-
centage increase in tensile strength. According to the ACI Code Commentary, the
tensile strength of normal-weight concrete in flexure is about 10% to 15% of the
compressive strength.

The true tensile strength of concrete is difficult to determine. One common
approach has been to use the modulus of rupture f, (which is the maximum tensile
bending stress in a plain concrete test beam at failure) as a measure of tensile
strength. The ACI Code recommends that the modulus of rupture f, be taken as 7.5
V. for normal-weight concrete (with f7 in psi). The moment that produces a ten-
sile stress just equal to the modulus of rupture is termed the cracking moment Mcg
and may be calculated using methods discussed in Section 1-8.

The split-cylinder test has also been used to determine the tensile strength of
concrete and is generally accepted as a good measure of the true tensile strength.
The split-cylinder test uses a standard 6-in.-diameter, 12-in.-long cylinder placed on
its side in a testing machine. A compressive line-load is applied uniformly along the
length of the cylinder, with support furnished along the full length of the bottom of
the cylinder. The compressive load produces a transverse tensile stress, and the
cylinder will split in half along a diameter when its tensile strength is reached. The
tensile stress at which splitting occurs is referred to as the splitting tensile strength
f. and may be calculated by the following expression derived from the theory of
elasticity:

2P
Ja=ID
where
f.. = splitting tensile strength (psi)

P = applied load at splitting (Ib)




