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Preface

AUDIENCE
This textbook presents an introduction to reinforced concrete design. We authors hope the
material is written in such a manner as to interest students in the subject and to encourage
them to continue its study in the years to come. The text was prepared with an introduc-
tory three-credit course in mind, but sufficient material is included for an additional three-
credit course. "

NEW TO THIS EDITION

Updated Code

With this the seventh edition of this text the contents have been updated to conform to the
2005 building code of the American Concrete Institute (ACI 318-05). This edition of the
code includes numerous changes in notations and section numbers. In addition a slight
change in the expressions for strength reduction or ¢ factors for flexural members whose
tensile steel strains fall in the transition range between tension-controlled and compres-
sion-controlled sections was made.

INSTRUCTOR AND STUDENT RESOURCES

The website for the book is located at www.wiley.com/college/mccormac and contains
the following resources.

For Instructors

Solutions Manual. A password-protected Solutions Manual is available for download,
which contains complete solutions for all homework problems in the text.

Figures in PPT format. Also available are the figures from the text in PowerPoint for-
mat, for easy creation of lecture slides.

Visit the Instructor Companion Site portion of the book’s website at www.wiley.
com/college/mccormac to register for a password. These resources are available for in-
structors who have adopted the book for their course.

For Students and Instructors

SABLE32 and SAP2000 Software. The first program, SABLE32, was originally pre-
pared for solving structural analysis problems but has now been expanded to include the

A4



vl Preface

design of reinforced concrete members. The many uses of this program are illustrated
throughout the text. The second program is a student version of a nationally used com-
mercial program entitled SAP2000, which is introduced in Chapter 21. In this chapter, we
switch from the design of individual building components (as described i1n the first 20
chapters) to the design of entire building systems. We hope this material will be particu-
larly useful to students and faculty in their capstone classes.

Visit the Student Companion Site portion of the book’s website at www.wiley.com/
college/mccormac to download this software.
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Introduction

1.1 CONCRETE AND REINFORCED CONCRETE

Concrete is a mixture of sand, gravel, crushed rock, or other aggregates held together in a
rocklike mass with a paste of cement and water. Sometimes one or more admixtures are
added to change certain characteristics of the concrete such as its workability, durability,
and time of hardening.

As with most rocklike substances, concrete has a high compressive strength and a
very low tensile strength. Reinforced concrete is a combination of concrete and steel
wherein the steel reinforcement provides the tensile strength lacking in the concrete. Steel
reinforcing is also capable of resisting compression forces and is used in columns as well
as in other situations to be described later.

1.2 ADVANTAGES OF REINFORCED CONCRETE
AS A STRUCTURAL MATERIAL

Reinforced concrete may be the most important material available for construction. It is
used in one form or another for almost all structures, great or small—buildings, bridges,
pavements, dams, retaining walls, tunnels, drainage and irrigation facilities, tanks, and
SO On.

The tremendous success of this universal construction material can be understood
quite easily if its numerous advantages are considered. These include the following:

1. It has considerable compressive strength as compared to most other materials.

2. Reinforced concrete has great resistance to the actions of fire and water and, in
fact, is the best structural material available for situations where water is present.
During fires of average intensity, members with a satisfactory cover of concrete
over the reinforcing bars suffer only surface damage without failure.

3. Reinforced concrete structures are very rigid.
4. It is a low-maintenance material.

5. As compared with other materials, it has a very long service life. Under proper
conditions, reinforced concrete structures can be used indefinitely without reduc-
tion of their load-carrying abilities. This can be explained by the fact that the
strength of concrete does not decrease with time but actually increases over a very
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The 71 story, 723-ft-high Peachtree Center Plaza Hotel in Atlanta, Georgia. (Courtesy of Symons
Corporation.)

long period, measured in years, due to the lengthy process of the solidification of
the cement paste.

6. It is usually the only economical material available for footings, basement walls,
piers, and similar applications.

7. A special feature of concrete is its ability to be cast into an extraordinary variety
of shapes from simple slabs, beams, and columns to great arches and shells.

8. In most areas, concrete takes advantage of inexpensive local materials (sand,
gravel, and water) and requires relatively small amounts of cement and rein-
forcing steel, which may have to be shipped in from other parts of the country.

9. A lower grade of skilled labor is required for erection as compared to other mate-
rials such as structural steel.
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The 320-ft-high Pyramid Sports Arena, Memphis, Tennessee. (Courtesy of EFCO Corp.)

13 DISADVANTAGES OF REINFORCED CONCRETE
AS A STRUCTURAL MATERIAL

To use concrete successfully, the designer must be completely familiar with its weak
points as well as its strong ones. Among its disadvantages are the following:

1.
2.

Concrete has a very low tensile strength, requiring the use of tensile reinforcing.

Forms are required to hold the concrete in place until 1t hardens sufficiently. In ad-
dition, falsework or shoring may be necessary to keep the forms in place for roofs,
walls, and similar structures until the concrete members gain sufficient strength to
support themselves. Formwork 1s very expensive. In the United States its costs run
from one-third to two-thirds of the total cost of a reinforced concrete structure,
with average values of about 50%. It should be obvious that when efforts are
made to improve the economy of reinforced concrete structures the major empha-
sis is on reducing formwork costs.

The low strength per unit of weight of concrete leads to heavy members. This be-
comes an increasingly important matter for long-span structures where concrete’s
large dead weight has a great effect on bending moments.

Similarly, the low strength per unit of volume of concrete means members will be rel-
atively large, an important consideration for tall buildings and long-span structures.

The properties of concrete vary widely due to variations in its proportioning and mix-
ing. Furthermore, the placing and curing of concrete is not as carefully controlled as
is the production of other materials such as structural steel and laminated wood.

Two other characteristics that can cause problems are concrete’s shrinkage and creep.
These characteristics are discussed in Section 1.11 of this chapter.
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Introduction

1.4 HISTORICAL BACKGROUND

Most people believe that concrete has been in common use for many centuries, but this is
not the case. The Romans did make use of a cement called pozzolana before the birth of
Christ. They found large deposits of a sandy volcanic ash near Mt. Vesuvius and in other
places in Italy. When they mixed this material with quicklime and water as well as sand
and gravel, it hardened into a rocklike substance and was used as a building material. One
might expect that a relatively poor grade of concrete would result, as compared with
today’s standards, but some Roman concrete structures are still in existence today. One
example is the Pantheon (a building dedicated to all gods) which 1s located in Rome and
was completed in A.D. 126.

The art of making pozzolanic concrete was lost during the Dark Ages and was not re-
vived until the eighteenth and nineteenth centuries. A deposit of natural cement rock was
discovered in England in 1796 and was sold as “Roman cement.” Various other deposits
of natural cement were discovered in both Europe and America and were used for several
decades.

The real breakthrough for concrete occurred in 1824 when an English bricklayer
named Joseph Aspdin, after long and laborious experiments, obtained a patent for a ce-
ment which he called portland cement because its color was quite similar to that of the
stone quarried on the Isle of Portland off the English coast. He made his cement by taking
certain quantities of clay and limestone, pulverizing them, burning them in his kitchen
stove, and grinding the resulting clinker into a fine powder. During the early years after its
development, his cement was used primarily in stuccos.! This wonderful product was
adopted very slowly by the building industry and was not even introduced into the United
States until 1868; the first portland cement was not manufactured in the United States
until the 1870s.

The first uses of concrete are not very well known. Much of the early work was done
by the Frenchmen Francois Le Brun, Joseph Lambot, and Joseph Monier. In 1832 Le
Brun built a concrete house and followed it with the construction of a school and a church
with the same material. In about 1850, Lambot built a concrete boat reinforced with a net-
work of parallel wires or bars. Credit is usually given to Monier, however, for the inven-
tion of reinforced concrete. In 1867 he received a patent for the construction of concrete
basins or tubs and reservoirs reinforced with a mesh of iron wire. His stated goal in work-
ing with this material was to obtain lightness without sacrificing strength.”

From 1867 to 1881 Monier received patents for reinforced concrete railroad ties,
floor slabs, arches, footbridges, buildings, and other items in both France and Germany.
Another Frenchman, Francois Coignet, built simple reinforced concrete structures and de-
veloped basic methods of design. In 1861 he published a book in which he presented quite
a few applications. He was the first person to realize that the addition of too much water in
the mix greatly reduced concrete strength. Other Europeans who were early experi-

Kirby, R. S., and Laurson, P. G., 1932, The Early Years of Modern Civil Engineering (New Haven: Yale
University Press), p. 266. |

’Kirby, R. S., and Laurson, P. G., 1932, The Early Years of Modern Civil Engineering (New Haven: Yale
University Press), pp. 273-275.
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Two reinforced concrete hollow cylinders each 65 ft in diameter and 185 ft high being towed to
North Sea location as part of oil drilling platform. (Courtesy of United Nations, J. Moss.)

menters with reinforced concrete included the Englishmen William Fairbairn and William
B. Wilkinson, the German G. A. Wayss, and another Frenchman, Francois Hennebique.>*

William E. Ward built the first reinforced concrete building in the United States in Port
Chester, New York, in 1875. In 1883 he presented a paper before the American Society of
Mechanical Engineers in which he claimed that he got the idea of reinforced concrete by
watching English laborers in 1867 trying to remove hardened cement from their iron tools.”

Thaddeus Hyatt, an American, was probably the first person to correctly analyze the
stresses 1n a reinforced concrete beam, and in 1877 he published a 28-page book on the
subject, entitled An Account of Some Experiments with Portland Cement Concrete, Com-
bined with Iron as a Building Material. In this book he praised the use of reinforced con-
crete and said that “rolled beams (steel) have to be taken largely on faith.” Hyatt put a
great deal of emphasis on the high fire resistance of concrete.®

E. L. Ransome of San Francisco reportedly used reinforced concrete in the early 1870s
and was the originator of deformed (or twisted) bars, for which he received a patent in
1884. These bars, which were square in cross section, were cold-twisted with one complete

*Straub, H., 1964, A History of Civil Engineering (Cambridge: MIT Press), pp. 205-215. Translated from the
German Die Geschichte der Bauingenieurkunst (Basel: Verlag Birkhauser), 1949

*Kirby, R. S., and Laurson, P. G., 1932, The Early Years of Modern Civil Engineering (New Haven: Yale
University Press), pp. 273-275.

"Ward, W. E., 1883, “Béton in Combination with Iron as a Building Material,” Transactions ASME, 4, pp. 388—403.

%Kirby, R. S., and Laurson, P. G., 1932, The Early Years of Modern Civil Engineering (New Haven: Yale
University Press), p. 275.
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turn in a length of not more than 12 times the bar diameter.” (The purpose of the twisting
was to provide better bonding or adhesion of the concrete and the steel.) In 1890 in San
Francisco, Ransome built the Leland Stanford Jr. Museum. It 1s a reinforced concrete
building 312 feet long and two stories high in which discarded wire rope from a cable-car
system was used as tensile reinforcing. This building experienced little damage in the 1906
earthquake and the fire that ensued. The limited damage to this building and other concrete
structures that withstood the great 1906 fire led to the widespread acceptance of this form
of construction on the West Coast. Since 1900-1910, the development and use of rein-
forced concrete in the United States has been very rapid.>’

1.5 COMPARISON OF REINFORCED CONCRETE AND
STRUCTURAL STEEL FOR BUILDINGS AND BRIDGES

When a particular type of structure is being considered, the student may be puzzled by the
question, “Should reinforced concrete or structural steel be used?” There is much joking
on this point, with the proponents of reinforced concrete referring to steel as that material
which rusts and those favoring structural steel referring to concrete as that material which
‘when overstressed tends to return to its natural state—that is, sand and gravel.

There is no simple answer to this question, inasmuch as both of these materials have
many excellent characteristics that can be utilized successfully for so many types of struc-
tures. In fact, they are often used together in the same structures with wonderful results.

The selection of the structural material to be used for a particular building depends on
the height and span of the structure, the material market, foundation conditions, local
building codes, and architectural considerations. For buildings of less than 4 stories, rein-
forced concrete, structural steel, and wall-bearing construction are competitive. From 4 to
about 20 stories, reinforced concrete and structural steel are economically competitive,
with steel having taken most of the jobs above 20 stories in the past. Today, however, re-
inforced concrete i1s becoming increasingly competitive above 20 stories, and there are a
number of reinforced concrete buildings of greater height around the world. The 74 story
859-ft-high Water Tower Place in Chicago is the tallest reinforced concrete building in
the world. The 1465-ft CN tower (not a building) in Toronto, Canada, is the tallest rein-
forced concrete structure in the world.

Although we would all like to be involved in the design of tall prestigious reinforced
concrete buildings, there are just not enough of them to go around. As a result, nearly all
of our work involves much smaller structures. Perhaps 9 out of 10 buildings in the United
States are 3 stories or less in height, and more than two-thirds of them contain 15,000 sq ft
or less of floor space.

Foundation conditions can often affect the selection of the material to be used for the
structural frame. If foundation conditions are poor, a lighter structural steel frame may be
desirable. The building code in a particular city may be favorable to one material over the
other. For instance, many cities have fire zones in which only fireproof structures can be

"American Society for Testin;g Materials, 1911, Proceedings, 11, pp. 66-68.
*Wang, C. K., and Salmon, C. G., 1998, Reinforced Concrete Design, 6th ed. (New York: HarperCollins), pp. 3-5.
*“The Story of Cement, Concrete and Reinforced Concrete,” Civil Engineering, November 1977, pp. 63-65.
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erected—a very favorable situation for reinforced concrete. Finally, the time element fa-
vors structural steel frames, as they can be erected more quickly than reinforced concrete
ones. The time advantage, however, 1s not as great as it might seem at first because if the
structure is to have any type of fire rating, the builder will have to cover the steel with
some kind of fireproofing material after it is erected. -

To make decisions about using concrete or steel for a bridge will involve several fac-
tors, such as span, foundation conditions, loads, architectural considerations, and others. In
general, concrete is an excellent compression material and normally will be favored for
short-span bridges and for cases where rigidity is required (as, perhaps, for railway bridges).

1.6 COMPATIBILITY OF CONCRETE AND STEEL

Concrete and steel reinforcing work together beautifully in reinforced concrete structures.
The advantages of each material seem to compensate for the disadvantages of the other.
For instance, the great shortcoming of concrete is its lack of tensile strength; but tensile
strength is one of the great advantages of steel. Reinforcing bars have tensile strengths
equal to approximately 100 times that of the usual concretes used.

~ The two materials bond together very well so there is little chance of slippage be-
tween the two, and thus they will act together as a unit in resisting forces. The excellent
bond obtained is due to the chemical adhesion between the two materials, the natural
roughness of the bars, and the closely spaced rib-shaped deformations rolled on the bar
surfaces.

Reinforcing bars are subject to corrosion, but the concrete surrounding them provides
them with excellent protection. The strength of exposed steel subject to the temperatures
reached in fires of ordinary intensity is nil, but the enclosure of the reinforcement in con-
crete produces very satisfactory fire ratings. Finally, concrete and steel work well together
in relation to temperature changes because their coefficients of thermal expansion are
quite close to each other. For steel the coefficient is 0.0000065 per unit length per degree
Fahrenheit, while it varies for concrete from about 0.000004 to 0.000007 (average value
0.0000055).

1.7 DESIGN CODES

The most important code in the United States for reinforced concrete design is the American
Concrete Institute’s Building Code Requirements for Structural Concrete (ACI 318-05)."
This code, which 1s used primarily for the design of buildings, is followed for the majority
of the numerical examples given in this text. Frequent references are made to this document,
and section numbers are provided. Design requirements for various types of reinforced con-
crete members are presented in the Code along with a “Commentary” on those require-
ments. The Commentary provides explanations, suggestions, and additional information
concerning the design requirements. As a result, users will obtain a better background and
understanding of the Code.

1® American Concrete Institute, 2005, Building Code Requirements for Structural Concrete (ACI 318-05),
Farmington Hills, Michigan.
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The ACI Code 1s not in itself a legally enforceable document. It 1s merely a statement
of current good practice in reinforced concrete design. It is, however, written in the form
of a code or law so that various public bodies such as city councils can easily vote it into
their local building codes, and as such it becomes legally enforceable in that area. In this
manner the ACI Code has been incorporated into law by countless government organiza-
tions throughout the United States. It is also widely accepted in Canada and Mexico and
has had tremendous influence on the concrete codes of all countries throughout the world.

As more knowledge is obtained pertaining to the behavior of reinforced concrete, the
ACI revises its code. The present objective is to make yearly changes in the code in the
form of supplements and to provide major revisions of the entire code every few years.

Other well-known reinforced concrete specifications are those of the American Asso-
ciation of State Highway and Transportation Officials (AASHTO) and the American Rail-
way Engineering Association (AREA).

1.8 SI UNITS AND SHADED AREAS

1.9 TYPES OF PORTLAND CEMENT

Concretes made with normal portland cement require about two weeks to achieve a suffi-
_cient strength to permit the removal of forms and the application of moderate loads. Such
concretes reach their design strengths after about 28 days and continue to gain strength at
a slower rate thereafter.

On many occasions it is desirable to speed up construction by using high-early-
strength cements, which, though more expensive, enable us to obtain desired strengths in
3 to 7 days rather than the normal 28 days. These cements are particularly useful for the
fabrication of precast members in which the concrete 1s placed in forms where it quickly
gains desired strengths and is then removed from the forms and the forms are used to pro-
duce more members. Obviously, the quicker the desired strength is obtained, the more ef-

"' American Concrete Institute, 2003, Building Code Requirements for Structural Concrete (ACI 318M-05),
Farmington Hills, Michigan. |
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ficient the operation. A similar case can be made for the forming of concrete buildings
floor by floor. High-early-strength cements can also be used advantageously for emer-
gency repairs of concrete and for shotcreting (where a mortar or concrete is blown
through a hose at a high velocity onto a prepared surface).

There are other special types of portland cements available. The chemical process
that occurs during the setting or hardening of concrete produces heat. For very massive
concrete structures such as dams and piers, the heat will dissipate very slowly and can
cause serious problems. It will cause the concrete to expand during hydration. When cool-
ing, the concrete will shrink and severe cracking will often occur.

Concrete may be used where it is exposed to various chlorides and/or sulfates. Such
situations occur in seawater construction and for structures exposed to various types of
soil. Some portland cements are manufactured that have lower heat of hydration, and oth-
ers are manufactured with greater resistance to attack by chlorides and sulfates.

In the United States, the American Society for Testing and Materials (ASTM) recog-
nizes five types of portland cement. These different cements are manufactured from just
about the same raw materials, but their properties are changed by using various blends of
those materials. Type I cement is the normal cement used for most construction, but four
other types are useful for special situations in which high early strength or low heat or sul-
fate resistance 1s needed:

Type I—the common all-purpose cement used for general construction work.

Type II—a modified cement that has a lower heat of hydration than does Type I ce-
ment and that can withstand some exposure to sulfate attack.

Type III—a high-early-strength cement that will produce in the first 24 hours a con-
crete with a strength about twice that of Type I cement. This cement does have a
much higher heat of hydration.

Type IV—a low-heat cement that produces a concrete which dissipates heat very
slowly. It 1s used for very large concrete structures.

Type V—a cement used for concretes that are to be exposed to high concentrations of
sulfate.

Should the desired type of cement not be available, various admixtures may be pur-
chased with which the properties of Type I cement can be modified to produce the desired
effect.

1.10 ADMIXTURES

Materials added to concrete during or before mixing are referred to as admixtures. They
are used to improve the performance of concrete in certain situations as well as to lower
its cost. There is a rather well-known saying regarding admixtures, to the effect that “they
are to concrete as beauty aids are to the populace.” Several of the most common types of
admixtures are listed and briefly described here.

1. Air-entraining admixtures, conforming to the requirements of ASTM C260 and
C618, are used primarily to increase concrete’s resistance to freezing and thawing
and provide better resistance to the deteriorating action of de-icing salts. The air-
entraining agents cause the mixing water to foam, with the result that billions of
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closely spaced air bubbles are incorporated into the concrete. When concrete
freezes, water moves into the air bubbles, relieving the pressure in the concrete.
When the concrete thaws, the water can move out of the bubbles, with the result
that there 1s less cracking than if air-entrainment had not been used.

2. The addition of accelerating admixtures such as calcium chloride to concrete will
accelerate its early-strength development. The results of such additions (particularly
useful 1n cold climates) are reduced times required for curing and protection of the
concrete and the earlier removal of forms. (Section 3.6.3 of the ACI Code states that
because of corrosion problems, calcium chloride may not be added to concretes with
embedded aluminum, concretes cast against stay-in-place galvanized steel forms, or
prestressed concretes.) Other accelerating admixtures that may be used include vari-
ous soluble salts as well as some other organic compounds.

3. Retarding admixtures are used to slow the setting of the concrete and to retard
temperature increases. They consist of various acids or sugars or sugar deriva-
tives. Some concrete truck drivers keep sacks of sugar on hand to throw into the
concrete in case they get caught in traffic jams or are otherwise delayed. Retarding
admixtures -are particularly useful for large pours where significant temperature
increases may occur. They also prolong the plasticity of the concrete, enabling
better blending or bonding together of successive pours.

4. Superplasticizers are admixtures made from organic sulfonates. Their use enables
engineers to reduce the water content in concretes substantially while at the same
time increasing their slumps. Although superplasticizers can also be used to keep
constant water—cement ratios while using less cement, they are more commonly
used to produce workable concretes with considerably higher strengths while
using the same amount of cement. (See Section 1.13.)

5. Usually, waterproofing materials are applied to hardened concrete surfaces, but
they may be added to concrete mixes. These admixtures generally consist of some
type of soap or petroleum products, as perhaps asphalt emulsions. They may help
retard the penetration of water into porous concretes but probably don’t help
dense, well-cured concretes very much.

1.11 PROPERTIES OF REINFORCED CONCRETE

A thorough knowledge of the properties of concrete is necessary for the student before he
or she begins to design reinforced concrete structures. An introduction to several of these
properties 1s presented in this section.

Compressive Strength

The compressive strength of concrete (f.) is determined by testing to failure 28-day-old
6-in. by 12-1n. concrete cylinders at a specified rate of loading. For the 28-day period the
cylinders are usually kept under water or in a room with constant temperature and 100%
humidity. Although concretes are available with 28-day ultimate strengths from 2500 psi
up to as high as 10,000 to 20,000 psi, most of the concretes used fall into the 3000- to
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7000-ps1 range. For ordinary applications, 3000- and 4000-psi concretes are used, whereas
for prestressed construction, 5000- and 6000-psi strengths are common. For some applica-
tions, such as for the columns of the lower stories of high-rise buildings, concretes with
strengths up to 9000 or 10,000 psi have been used and can be furnished by ready-mix com-
panies. As a result, the use of such high-strength concretes is becoming increasingly com-
mon. At Two Union Square in Seattle, concrete with strengths up to 19,000 psi was used.

The values obtained for the compressive strength of concretes as determined by test-
ing are to a considerable degree dependent on the sizes and shapes of the test units and the
manner in which they are loaded. In many countries the test specimens are cubes 200 mm
(7.87 1n.) on each side. For the same batches of concrete, the testing of 6-in. by 12-in.
cylinders provides compressive strengths only equal to about 80% of the values in psi de-
termined with the cubes.

It 1s quite feasible to move from 3000-psi concrete to 5000-psi concrete without re-
quiring excessive amounts of labor or cement. The approximate increase in material cost
for such a strength increase is 15% to 20%. To move above 5000- or 6000-psi concrete,
however, requires very careful mix designs and considerable attention to such details as
mixing, placing, and curing. These requirements cause relatively larger increases in cost.

Several comments are made throughout the text regarding the relative economy of
using different strength concretes for different applications, such as for beams, columns,
footings, and prestressed members. |

It will be noted that field conditions are not the same as those in the curing room, and
the 28-day strengths described here cannot be achieved in the field unless almost perfect
proportioning, mixture, vibration, and moisture conditions are present. The result is that
the same strength probably will not be obtained in the field with the same mixes. As a re-
sult, Section 5.3 of the ACI Code requires that the concrete compressive strengths used as
a basis for selecting the concrete proportions must exceed the specified 28-day strengths
by fairly large values. For concrete production facilities that have sufficient field strength
test records to enable them to calculate satisfactory standard deviations (as described in
ACI Section 5.3.1.1), a set of required average compressive strengths ( f,,) to be used as
the basis for selecting concrete properties 1s specified in ACI Table 5.3.2.1. For facilities
that do not have sufficient records to calculate satisfactory standard deviations, ACI Table
5.3.2.2 provides increases in required average design compressive strength (£.,) of 1000
psi for specified concrete strength (f.) of less than 3000 psi and appreciably higher in-
creases for higher f. concretes.

The stress—strain curves of Figure 1.1 represent the results obtained from compres-
sion tests of sets of 28-day-old standard cylinders of varying strengths. You should care-
fully study these curves because they bring out several significant points:

(a) The curves are roughly straight while the load 1s increased from zero to about
one-third to one-half the concrete’s ultimate strength.

(b) Beyond this range the behavior of concrete is nonlinear. This lack of linearity of
concrete stress—strain curves at higher stresses causes some problems in the
structural analysis of concrete structures because their behavior is also nonlinear
at higher stresses.

(¢) Of particular importance is the fact that regardless of strengths, all the concretes
reach their ultimate strengths at strains of about 0.002.
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Figure 1.1 Typical concrete stress—strain curve, with short-term loading,.

(d) Concrete does not have a definite yield strength; rather, the curves run smoothly on
to the point of rupture at strains of from 0.003 to 0.004. It will be assumed for the
purpose of future calculations in this text that concrete fails at 0.003. The reader
should note that this value, which is conservative for normal-strength concretes, may
not be conservative for higher-strength concretes in the 8000-psi-and-above range.

(e) Many tests have clearly shown that stress—strain curves of concrete cylinders are
almost identical to those for the compression sides of beams.

(f) It should be further noticed that the weaker grades of concrete are less brittle than
the stronger ones—that is, they will take larger strains before breaking.

Static Modulus of Elasticity

Concrete has no clear-cut modulus of elasticity. Its value varies with different concrete
strengths, concrete age, type of loading, and the characteristics and proportions of the ce-
ment and aggregates. Furthermore, there are several different definitions of the modulus:

(a) The initial modulus 1s the slope of the stress—strain diagram at the origin of the
curve.

(b) The tangent modulus is the slope of a tangent to the curve at some point along
the curve—tor instance, at 50% of the ultimate strength of the concrete.

(¢) The slope of a line drawn from the origin to a point on the curve somewhere be-
tween 25 and 50% of its ultimate compressive strength is referred to as a secant
modulus.

(d) Another modulus, called the apparent modulus or the long-term modulus, is de-
termined by using the stresses and strains obtained after the load has been ap-
plied for a certain length of time.
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Section 8.5.1 of the ACI Code states that the following expression can be used for
calculating the modulus of elasticity of concretes weighing from 90 to 155 Ib/ft’:

E. = w33Vf,

In this expression, E, is the modulus of elasticity in psi, w, is the weight of the concrete in
pounds per cubic foot, and f, is its 28-day compressive strength in psi. This is actually a
secant modulus with the line (whose slope equals the modulus) drawn from the origin to a
point on the stress—strain curve corresponding approximately to the stress (0.45 f,) that
would occur under the estimated dead and live loads the structure must support.

For normal-weight concrete weighing approximately 145 1b/ft®, the ACI Code states
that the following simplified version of the previous expression may be used to determine
the modulus: |

E = 57,000V,

Table A.1 (see the Appendix at the end of the book) shows values of E, for different
strength concretes. These values were calculated with the first of the preceding formulas
assuming 145 Ib/ft’ concrete.

 crete (with a mass

Reinforced concrete bandshell in Portage, Michigan. (Courtesy of Veneklasen Concrete
Construction Co.)
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Concretes with strength above 6000 psi are referred to as high-strength concretes.
Tests have indicated that the usual ACI equations for E, when applied to high-strength
concretes result in values that are too large. Based on studies at Cornell University, the
expression to follow has been recommended for normal-weight concretes with f. values
greater than 6000 psi and up to 12,000 psi and for lightweight concretes with f. greater
than 6000 psi and up to 9000 psi.'>"

145

1.5
E. (psi) = [40,000VF. + 106]( e )

Dynamic Modulus of Elasticity

The dynamic modulus of elasticity, which corresponds to very small instantaneous
strains, is usually obtained by sonic tests. It is generally 20 to 40% higher than the static
modulus and is approximately equal to the initial modulus. When structures are being an-
alyzed for seismic or impact loads, the use of the dynamic modulus seems appropriate.

Poisson’s Ratio

As a concrete cylinder is subjected to compressive loads, it not only shortens in length but
also expands laterally. The ratio of this lateral expansion to the longitudinal shortening is
referred to as Poisson’s ratio. Its value varies from about 0.11 for the higher-strength con-
cretes to as high as 0.21 for the weaker-grade concretes, with average values of about
0.16. There does not seem to be any direct relationship between the value of the ratio and
the values of items such as the water—cement ratio, amount of curing, aggregate size, and
SO on.

For most reinforced concrete designs, no consideration is given to the so-called Pois-
son effect. It may very well have to be considered, however, in the analysis and design of
arch dams, tunnels, and some other statically indeterminate structures.

"“Nawy, E. G., 2000, Prestressed Concrete: A Fundamental Approach, 3rd ed. (Upper Saddle River, NJ:
Prentice-Hall), p. 38.

“Carrasquillol, R., Nilson, A., and Slate, F., 1981, “Properties of High-strength Concrete Subject to Short-term
Loads.” J. ACI Proceedings, 78(3), May-June.
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When the materials for concrete are mixed together, the paste consisting of cement and
water fills the voids between the aggregate and bonds the aggregate together. This mixture
needs to be sufficiently workable or fluid so that it can be made to flow in between the re-
inforcing bars and all through the forms. To achieve this desired workability, consider-
ably more water (perhaps twice as much) is used than 1s necessary for the cement and
water to react together (called hydration).

After the concrete has been cured and begins to dry, the extra mixing water that was
used begins to work its way out of the concrete to the surface, where it evaporates. As a
result, the concrete shrinks and cracks. The resulting cracks may reduce the shear strength
of the members and be detrimental to the appearance of the structure. In addition, the
cracks may permit the reinforcing to be exposed to the atmosphere, thereby increasing the
possibility of corrosion. Shrinkage continues for many years, but under ordinary condi-
tions probably about 90% of it occurs during the first year. The amount of moisture that is
lost varies with the distance from the surface. Furthermore, the larger the surface area of a
member in proportion to its volume, the larger the rate of shrinkage; that is, members with
small cross sections shrink more proportionately than do those with large ones.

The amount of slfrinkage is heavily dependent on the type of exposure. For instance,
if concrete is subjected to a considerable amount of wind during curing, its shrinkage will
be greater. In a related fashion a humid atmosphere means less shrinkage, whereas a dry
one means more. '

It should also be realized that it is desirable to use low absorptive aggregates such as
those from granite and many limestones. When certain absorptive slates and sandstone ag-
gregates are used, the result may be 1; or even 2 times the shrinkage with other aggregates.

To minimize shrinkage it is desirable to: (1) keep the amount of mixing water to a
minimum; (2) cure the concrete well; (3) place the concrete for walls, floors, and other
large items 1n small sections (thus allowing some of the shrinkage to take place before the
next section is placed); (4) use construction joints to control the position of cracks; (5) use
shrinkage reinforcement; and (6) use appropriate dense and nonporous aggregates.'*

Under sustained compressive loads, concrete will continue to deform for long periods of
time. After the initial deformation occurs, the additional deformation is called creep, or
plastic flow. If a compressive load is applied to a concrete member, an immediate or in-
stantaneous or elastic shortening occurs. If the load is left in place for a long time, the
member will continue to shorten over a period of several years and the final deformation
will usually be two to three times the initial deformation. We will find in Chapter 6 that
this means that long-term deflections may also be as much as two or three times initial de-
flections. Perhaps 75% of the total creep will occur during the first year.

Should the long-term load be removed, the member will recover most of its elastic
strain and a little of its creep strain. If the load is replaced, both the elastic and creep
strains will again be developed.

MLeet, K., 1991, Reinforced Concrete Design, 2nd ed. (New York: McGraw-Hill), p. 35.
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The amount of creep is largely dependent on the amount of stress. It is almost directly
proportional to stress as long as the sustained stress is not greater than about one-half of
f.. Beyond this level, creep will increase rapidly.

Long-term loads not only cause creep but also can adversely affect the strength of the
concrete. For loads maintained on concentrically loaded specimens for a year or longer,
there may be a strength reduction of perhaps 15 to 25%. Thus a member loaded with a
sustained load of, say, 85% of its ultimate compression strength, T., may very well be sat-
isfactory for a while, but may fail later."”

Several other items affecting the amount of creep are as follows.

1. The longer the concrete cures before loads are applied, the smaller will be the
creep. Steam curing, which causes quicker strengthening, will also reduce creep.

2. Higher-strength concretes have less creep than do lower-strength concretes
stressed at the same values. However, applied stresses for higher-strength con-
cretes are in all probability higher than those for lower-strength concretes, and this
fact tends to cause increasing creep.

3. Creep increases with higher temperatures. It 1s highest when the concrete 1s at
about 150° to 160°F.

4. The higher the humidity, the smaller will be the free pore water which can escape
from the concrete. Creep 1s almost twice as large at 50% humdity than at 100%
humidity. It is obviously quite difficult to distinguish between shrinkage and creep.

5. Concretes with the highest percentage of cement—water paste have the highest
creep because the paste, not the aggregate, does the creeping. This 1s particularly
true 1f a limestone aggregate is used.

6. Obviously, the addition of reinforcing to the compression areas of concrete will
greatly reduce creep because steel exhibits very little creep at ordinary stresses.
As creep tends to occur in the concrete, the reinforcing will block it and pick up
more and more of the load.

7. Large concrete members (that is, those with large volume-to-surface area ratios)
will creep proportionately less than smaller thin members where the free water has
smaller distances to travel to escape.

Tensile Strength

. The tensile strength of concrete varies from about 8 to 15% of its compressive strength.
A major reason for this small strength is the fact that concrete is filled with fine cracks.
-The cracks have little effect when concrete is subjected to compression loads because the
loads cause the cracks to close and permit compression transfer. Obviously, this is not
the case for tensile loads.
Although tensile strength is normally neglected in design calculations, it is neverthe-
less an important property that affects the sizes and extent of the cracks that occur. Fur-
thermore, the tensile strength of concrete members has a definite reduction effect on their

BRiisch, H., 1960, “Researchels Toward a General Flexure Theory for Structural Concrete,” Journal ACI, 57(1),
pp. 1-28.
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deflections. (Due to the small tensile strength of concrete, little effort has been made to
determine its tensile modulus of elasticity. Based on this limited information, however, it
seems that its value is equal to its compression modulus.)

You might wonder why concrete is not assumed to resist a portion of the tension in a
flexural member and the steel the remainder. The reason is that concrete cracks at such small
tensile strains that the low stresses in the steel up to that time would make its use uneconomi-
cal. Once tensile cracking has occurred concrete has no more tensile strength remaining.

The tensile strength of concrete doesn’t vary in direct proportion to its ultimate com-
pression strength f.. It does, however, vary approximately in proportion to the square root
of f.. This strength is quite difficult to measure with direct axial tension loads because of
problems in gripping test specimens so as to avoid stress concentrations and because of
difficulties in aligning the loads. As a result of these problems, two rather indirect tests
have been developed to measure concrete’s tensile strength. These are the modulus of rup-
ture and the split-cylinder tests.

The tensile strength of concrete 1n flexure is quite important when considering beam
cracks and deflections. For these considerations the tensile strengths obtained with the mod-
ulus of rupture test have long been used. The modulus of rupture (which is defined as the
flexural tensile strength of concrete) is usually measured by loading a 6-in. X 6-in. X 30-in.
plain (i.e., unreinforced) rectangular beam (with simple supports placed 24 in. on center) to
failure with equal concentrated loads at its one-third points as per ASTM C496-96.'° The
load 1s increased until failure occurs by cracking on the tensile face of the beam. The modu-
lus of rupture f, i1s then determined from the flexure formula. In the following expressions, b
is the beam width, 4 its depth, and M is the maximum computed moment:

£ = Mc _ M@3)
' ! “l“lgth

f, = modulus of rupture = oM
bh’

The stress determined 1n this manner is not very accurate because in using the flexure
formula we are assuming the concrete i1s pertectly elastic, with stresses varying in direct
proportion to distances from the neutral axis. These assumptions are not very good.

Based on hundreds of tests, the Code (Section 9.5.2.3) provides a modulus of rupture
f.equal to 7.5\/f_:., where £, is in psi. *This same ACI section provides modifications of £,
for lightweight concretes.

The tensile strength of concrete may also be measured with the split-cylinder test.'” A
cylinder 1s placed on its side in the testing machine, and a compressive load 1s applied uni-
formly along the length of the cylinder, with support supplied along the bottom for the
cylinder’s full length (see Figure 1.2). The cylinder will split in half from end to end when

' American Society for Testing and Materials, 1982, Standard Test Method for Flexural Strength of Concrete
(Using Simple Beam with Third-Point Loading) (ASTM C78-75) (reapproved 1982), Philadelphia.

' American Society for Testing and Materials, 1986, Standard Method of Test for Splitting Tensile Strength of
Cylindrical Concrete Specimens (ASTM C496-86), Philadelphia.
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Figure 1.2 Split-cylinder test.

its tensile strength 1s reached. The tensile strength at which splitting occurs is referred to as
the split-cylinder strength and can be calculated with the following expression, in which P
1s the maximum compressive force, L is the length, and D 1s the diameter of the cylinder:

_ 2P
ff—ﬂLD

Even though pads are used under the loads, some local stress concentrations occur
during the tests. In addition, some stresses develop at right angles to the tension stresses.
As aresult, the tensile strengths obtained are not very accurate.

Shear Strength

It 1s extremely difficult in testing to obtain pure shear failures unatfected by other stresses.
As a result, the tests of concrete shearing strengths through the years have yielded values all
the way from one-third to four-fifths of the ultimate compressive strengths. You will learn in
Chapter 8 that you do not have to worry about these inconsistent shear strength tests because
design approaches are based on such very conservative assumptions of that strength.

1.12 AGGREGATES

The aggregates used in concrete occupy about three-fourths of the concrete volume. Since
they are less expensive than the cement, it is desirable to use as much of them as possible.
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Both fine aggregates (usually sand) and coarse aggregates (usually gravel or crushed
stone) are used. Any aggregate that passes a No. 4 sieve (which has wires spaced ; in. on
centers in each direction) is said to be fine aggregate. Material of a larger size is coarse
aggregate.

The maximum-size aggregates that can be used in reinforced concrete are specified in
Section 3.3.2 of the ACI Code. These limiting values are as follows: one-fifth of the nar-
rowest dimensions between the sides of the forms, one-third of the depth of slabs, or
three-quarters of the minimum clear spacing between reinforcing. Larger sizes may be
used if, in the judgment of the engineer, the workability of the concrete and its method of
consolidation are such that the aggregate used will not cause the development of honey-
comb or voids.

Aggregates must be strong, durable, and clean. Should dust or other particles be pres-
ent, they may interfere with the bond between the cement paste and the aggregate. The
strength of the aggregate has an important effect on the strength of the concrete, and the
aggregate properties greatly affect the concrete’s durability.

Concretes that have 28-day strengths equal to or greater than 2500 ps1 and air dry
weights equal to or less than 115 Ib/ft’ are said to be structural lightweight concretes. The
aggregates used for these concretes are made from expanded shales of volcanic origin,
fired clays, or slag. When lightweight aggregates are used for both fine and coarse aggre-
gate, the result is called all-lightweight concrete. If sand is used for fine aggregate and if
the coarse aggregate 1s replaced with lightweight aggregate, the result is referred to as
sand-lightweight concrete. Concretes made with lightweight aggregates may not be as
durable or tough as those made with normal-weight aggregates.

113 HIGH-STRENGTH CONCRETES

Concretes with compression strengths exceeding 6000 psi are referred to as high-
strength concretes. Another name sometimes given to them 1s high-performance con-
cretes because they have other excellent characteristics besides just high strengths. For
instance, the low permeability of such concretes causes them to be quite durable as re-
gards the various physical and chemical agents acting on them that may cause the mate-
rial to deteriorate.

Up until a few decades ago, structural designers felt that ready-mix companies
could not deliver concretes with compressive strengths much higher than 4000 or 5000
psi. This situation, however, 1s no longer the case as these same companies can today
deliver concretes with compressive strengths up to at least 9000 psi. Even stronger
concretes than these have been used. At Two Union Square in Seattle 19,000 psi con-
crete was obtained using ready-mix concrete delivered to the site. Furthermore, con-
cretes have been produced in laboratories with strengths higher than 20,000 psi.
Perhaps these latter concretes should be called super-high-strength concretes or super-
high-performance concretes.

If we are going to use a very high-strength cement paste, we must not forget to use a
coarse aggregate that is equally as strong. If the planned concrete strength 1s, say, 15,000
to 20,000 psi, equally strong aggregate must be used, and such aggregate may very well
not be available within reasonable distances. In addition to the strengths needed for the
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coarse aggregate, their sizes should be well graded, and their surfaces should be rough so
that better bonding to the cement paste will be obtained. The rough surfaces of aggre-
gates, however, may decrease the concrete’s workability.

From an economical standpoint you should realize that though concretes with 12,000
to 15,000 pst strengths cost approximately three times as much to produce as do 3000-psi
concretes, their compressive strengths are four to five times as large.

High-strength concretes are sometimes used for both precast and prestressed mem-
bers. They are particularly useful in the precast industry where their strength enables us to
produce smaller and lighter members, with consequent savings in storage, handling, ship-
ping, and erection costs. In addition, they have sometimes been used for offshore struc-
tures, but their common use has been for columns of tall reinforced concrete buildings,
probably over 25 to 30 stories in height where the column loads are very large, say, 1000
kips or more. Actually, for such buildings the columns for the upper floors, where the
loads are relatively small, are probably constructed with conventional 4000- or 5000-psi
concretes, while high-strength concretes are used for the lower heavily loaded columns. If
conventional concretes were used for these lower columns, the columns could very well
become so large that they would occupy excessive amounts of rentable floor space. High-
strength concretes: are also of advantage in constructing shear walls. (Shear walls are dis-
cussed in Chapter 18.)

To produce concretes with strengths above 6000 psi it is first necessary to use more
stringent quality control of the work and to exercise special care in the selection of the
materials to be used. Strength increases can be made by using lower water—cement ratios,
adding admixtures, and selecting good clean and solid aggregates. The actual concrete
strengths used by the designer for a particular job will depend on the size of the loads and
the quality of the aggregate available.

In recent years appreciable improvements have been made in the placing, vibrating,
and finishing of concrete. These improvements have resulted in lower water—cement ra-
tios and thus higher strengths. The most important factor affecting the strength of concrete
1s its porosity, which is controlled primarily by the water—cement ratio. This ratio should
be kept as small as possible as long as adequate workability is maintained. In this regard
there are various water-reducing admixtures with which the ratios can be appreciably re-
duced while at the same time maintaining suitable workability.

Concretes with strengths from 6000 to 10,000 or 12,000 psi can easily be obtained if
admixtures such as silica fume and superplasticizers are used. Silica fume, which is more
than 90% silicon dioxide, is an extraordinarily fine powder that varies in color from light

.to dark gray and can even be blue-green-gray. It is obtained from electric arc furnaces as a

byproduct during the production of metallic silicon and various other silicon alloys. It is
available in both powder and liquid form. The amount of silica fume used in a mix varies
from 5 to 30% of the weight of the cement.

Silica fume particles have diameters approximately 100 times smaller than the aver-
age cement particle, and their surface areas per unit of weight are roughly 40 to 60 times
those of portland cement. As a result, they hold more water. (By the way, this increase of
surface area causes the generation of more heat of hydration.) The water—cement ratios
are smaller, and strengths are higher. Silica fume is a pozzolan: a siliceous material that
by itself has no cementing quality, but when used in concrete mixes its extraordinarily
fine particles react with the calcium hydroxide in the cement to produce a cementious
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compound. Quite a few pozzolans are available that can be used satisfactorily in con-
crete. Two of the most common ones are fly ash and silica fume. Here only silica fume is
discussed.

When silica fume is used, it causes increases in the density and strength of the con-
crete. These improvements are due to the fact that the ultrafine silica fume particles are
dispersed between the cement particles. Unfortunately, this causes a reduction in the
workability of the concrete, and it 1s necessary to add superplasticizers to the mix. Super-
plasticizers, also called high-range water reducers, are added to concretes to increase
their workability. They are made by treating formaldehyde or napthaline with sulphuric
acid. Such materials used as admixtures lower the viscosity or resistance to flow of the
concrete. As a result, less water can be used, thus yielding lower water—cement ratios and
higher strengths.

The addition of organic polymers can be used to replace a part of the cement as the
binder. An organic polymer is composed of molecules that have been formed by the
union of thousands of molecules. The most commonly used polymers in concrete are
latexes. Such additives improve concrete’s strength, durability, and adhesion. In addi-
tion, the resulting concretes have excellent resistance to abrasion, freezing, thawing
and impact.

Another procedure that can increase the strength of concrete is consolidation. When
precast concrete products are consolidated, excess water and air are squeezed out, thus
producing concretes with optimum air contents. In a similar manner, the centrifugal
forces caused by the spinning of concrete pipes during their manufacture consolidate the
concrete and reduce the water and air contents. Not much work has been done in the con-
solidation area for cast-in-place concrete due to the difficulty of applying the squeezing
forces. To squeeze such concretes it is necessary to apply pressure to the forms. You can
see that one major difficulty in doing this is that very special care must be used to prevent
distortion of the wet concrete members.

1.14 FIBER-REINFORCED CONCRETES

In recent years a great deal of interest has been shown in fiber-reinforced concrete, and
today there is much ongoing research on the subject. The fibers used are made from steel,
plastics, glass, and other materials. Various experiments have shown that the addition of
such fibers in convenient quantities (normally up to about 1 or 2% by volume) to conven-
tional concretes can appreciably improve their characteristics.

The strengths of fiber-reinforced concretes are not significantly greater than they
would be if the same mixes were used without the fibers. The resulting concretes, how-
ever, are substantially tougher and have greater resistance to cracking and higher impact
resistance. The use of fibers has increased the versatility of concrete by reducing its brit-
tleness. The reader should note that a reinforcing bar provides reinforcing only in the di-
rection of the bar, while randomly distributed fibers provide additional strength in all
directions.

Steel 1s the most commonly used material for the fibers. The resulting concretes seem
to be quite durable, at least as long as the fibers are covered and protected by the cement
mortar. Concretes reinforced with steel fibers are most often used in pavements, thin
shells, and precast products as well as in various patches and overlays. Glass fibers are
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more often used for spray-on applications as in shotcrete. It is necessary to realize that
ordinary glass will deteriorate when in contact with cement paste. As a result, alkali-
resistant glass fibers are necessary.

The fibers used vary in length from about 3 in. up to about 3 in. while their diameters
run from approximately 0.01 in. up to 0.03 in. For improving the bond with the cement
paste the fibers may be hooked or crimped. In addition, the surface characteristics of the
fibers may be chemically modified in order to increase bonding.

The improvement obtained in the toughness of the concrete (the total energy ab-
sorbed in breaking a member in flexure) by adding fibers 1s dependent on the fibers’ as-
pect ratio (length/diameter). Typically the aspect ratios used vary from about 25 up to as
much as 150, with 100 being about an average value. Other factors affecting toughness
are the shape and texture of the fibers.

When a.crack opens up in a fiber-reinforced concrete member, the few fibers
bridging the crack do not appreciably increase the strength of the concrete. They will,
however, provide resistance to the opening up of the crack because of the considerable
work that would be necessary to pull them out. As a result, the ductility and toughness
of the concrete is increased. The use of fibers has been shown to increase the fatigue
life of beams and lessen the widths of cracks when members are subject to fatigue
loadings.

The use of fibers does significantly increase costs. It is probably for this reason
that fiber-reinforced concretes have been used for overlays as for highway pavements
and airport runways rather than for whole concrete projects. Actually in the long run,
if the increased service lives of fiber-reinforced concretes are considered, they may
very well prove to be quite cost-effective. For instance, many residential contractors
use fiber-reinforced concrete to construct driveways instead of regular reinforced
concrete.

Some people have the feeling that the addition of fibers to concrete reduces its
slump and workability as well as its strength. Apparently, they feel this way because
the concrete looks stiffer to them. Actually, the fibers do not reduce the slump unless
the quantity is too great—that 1s, much above about 1 pound per cubic yard. The fibers
only appear to cause a reduction in workability, but as a result concrete finishers will
often add more water so that water/cement ratios are increased and strengths
decreased.

1.15 REINFORCING STEEL

The reinforcing used for concrete structures may be in the form of bars or welded wire
fabric. Reinforcing bars are referred to as plain or deformed. The deformed bars, which
have ribbed projections rolled onto their surfaces (patterns differing with different manu-
facturers) to provide better bonding between the concrete and the steel, are used for al-
most all applications. Instead of rolled-on deformations, deformed wire has indentations
pressed into it. Plain bars are not used very often except for wrapping around longitudinal
bars, primarily in columns.

Plain round bars are indicated by their diameters in fractions of an inch as % ¢, 5 ¢,
and ¥ ¢. Deformed bars are round and vary in sizes from #3 to #11, with two very large
sizes, #14 and #18, also available. For bars up to and including #8, the number of the bar
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Round forms for grandstand support
columns at The Texas Motor
Speedway, Fort Worth, Texas.
(Courtesy of EFCO Corp.)

coincides with the bar diameter in eighths of an inch. Bars were formerly manufactured in
both round and square cross sections, but today all bars are round.

The #9, #10, and #11 bars have diameters that provide areas equal to the areas of the
old 1-in. X 1-in. square bars, 1z-in. X 1g-in. square bars, and 13-in. X 13-in. square bars,
respectively. Similarly, the #14 and #18 bars correspond to the old 13-in. X 13-in. square
bars and 2-in. X 2-in. square bars, respectively. Table A.2 (see Appendix) provides details
as to areas, diameters, and weights of reinforcing bars. Although #14 and #18 bars are
shown in this table, the designer should check his or her suppliers to see if they have these
very large sizes in stock. Reinforcing bars may be purchased in lengths up to 60 ft. Longer
bars have to be specially ordered. Normally they are too flexible and difficult to handle.

Welded wire fabric is also frequently used for reinforcing slabs, pavements and
shells, and places where there 1s normally not sufficient room for providing the necessary
concrete cover required for regular reinforcing bars. The mesh is made of cold-drawn
wires running in both directions and welded together at the points of intersection. The
sizes and spacings of the wire may be the same in both directions or may be different, de-
pending on design requirements. Wire mesh is easily placed, has excellent bond with the
concrete, and the spacing of the wires is well controlled.
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Table A.3(A) in the Appendix provides information concerning certain styles of
welded wire fabric that have been recommended by the Wire Reinforcement Institute as
common stock styles (normally carried in stock at the mills or at warehousing points and
thus usually immediately available). Table A.3(B) in the Appendix provides detailed in-
formation as to diameters, areas, weights, and spacings of quite a few wire sizes normally
used to manufacture welded wire fabric. Smooth and deformed wire fabric is made from
wires whose diameters range from 0.134 in. up to 0.628 in. for plain wire and from 0.225
in. up to 0.628 in. for deformed wires.

Smooth wire is denoted by the letter W followed by a number that equals the cross-
sectional area of the wire in hundredths of a square inch. Deformed wire is denoted by the
letter D followed by a number giving the area. For instance, a D4 wire is a deformed wire
with a cross-sectional area equal to 0.04 in. Smooth wire fabric is actually included within
the ACI Code’s definition of deformed reinforcement because of its mechanical bonding
to the concrete caused by the wire intersections. Wire fabric that actually has deforma-
tions on the wire surfaces bonds even more to the concrete because of the deformations as
well as the wire intersections.

The fabric is usually indicated on drawings by the letters WWF followed by the spac-
ings of the longitudinal wires and the transverse wires and then the total wire areas in
hundredths of a square inch per foot of length. For instance, WWF6 X 12-W16 X 8 rep-
resents smooth welded wire fabric with a 6-in. longitudinal and a 12-in. transverse spac-
ing with cross-sectional areas of 0.32 in.%/ft and 0.08 in.*/ft, respectively.

1.16 GRADES OF REINFORCING STEEL

Reinforcing bars may be rolled from billet steel, axle steel, or rail steel. Only occasion-
ally, however, are they rolled from old train rails or locomotive axles. These latter steels
have been cold-worked for many years and are not as ductile as the billet steels.

There are several types of reinforcing bars, designated by the ASTM, which are listed
after this paragraph. These steels are available in different grades as Grade 50, Grade 60,
and so on, where Grade 50 means the steel has a specified yield point of 50,000 psi, Grade
60 means 60,000 ps1, and so on.

1. ASTM A615: Deformed and plain billet steel bars. These bars, which must be
marked with the letter S (for type of steel), are the most widely used reinforcing

bars 1n the United States.

2. ASTM A706: Low alloy deformed and plain bars. These bars, which must be
marked with the letter W (for type of steel), are to be used where controlled ten-
sile properties and/or specially controlled chemical composition is required for
welding purposes.

3. ASTM A996: Deformed rail steel or axle steel bars. They must be marked with
the letter R (for type of steel).

4. When deformed bars are produced to meet both the A615 and A706 specifica-
tions, they must be marked with both the letters S and W.

Designers in almost all parts of the United States will probably never encounter
rail or axle steel bars (A996) because they are available in such limited areas of the
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country. Of the 23 U.S. manufacturers of reinforcing bars listed by the Concrete Rein-
forcing Steel Institute,'® only 5 manufacture rail steel bars and not one manufactures
axle bars.

Almost all reinforcing bars conform to the A615 specification, and a large proportion
of the material used to make them is not new steel but 1s melted reclaimed steel, such as
from old car bodies. Bars conforming to the A706 specification are intended for certain
uses when welding and/or bending are of particular importance. Bars conforming to this
specification may not always be available from local suppliers.

There 1s only a small difference between the prices of reinforcing steel with yield
strengths of 40 ksi and 60 ksi. As a result, the 60-ksi bars are the most commonly used in
reinforced concrete design.

When bars are made from steels with yield stresses higher than 60 ksi, the ACI (Sec-
tion 3.5.3.2) states that the specified yield strength must be the stress corresponding to a
strain of 0.35%. The ACI (Section 9.4) has established an upper limit of 80 ksi on yield
strengths permitted for reinforced concrete. If the ACI were to permit the use of steels
with yield strengths greater than 80 ksi, it would have to provide other design restrictions,
since the yield strain of 80 ksi steel is almost equal to the ultimate concrete strain in com-
pression. (This last sentence will make sense to the reader after he or she has studied
Chapter 2.)

There has been gradually increasing demand through the years for Grade 75 steel,
particularly for use in high-rise buildings where it is used in combination with high-
strength concretes. The results are smaller columns, more rentable floor space, and
smaller foundations for the lighter buildings that result.

Grade 75 steel is an appreciably higher cost steel, and the #14 and #18 bars are
often unavailable from stock and will probably have to be specially ordered from the
steel mills. This means that there may have to be a special rolling to supply the steel.
As a result, its use may not be economically justified unless at least 50 or 60 tons are
ordered. |
Yield stresses above 60 ksi are also available in welded wire fabric, but the specified
stresses must correspond to strains of 0.35%. Smooth fabric must conform to ASTM
A185, whereas deformed fabric cannot be smaller than size D4 and must conform to
ASTM A496.

The modulus of elasticity for nonprestressed steels is considered to be equal to 29 X
10° psi. For prestressed steels it varies somewhat from manufacturer to manufacturer,
with a value of 27 X 10° psi being fairly common.

1.17 SI BAR SIZES AND MATERIAL STRENGTHS

‘bars as those made for designs using
sions are merely soft conversions (that is, al

8Concrete Reinforcing Steel Institute, 2001, Manual of Standard Practice, 27th ed., Chicago. Appendix A, pp.
A-1-A-5.
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In 1997 the producers of steel reinforcing bars in the United States began to produce
soft metric bars. These are the same bars we have long called standard inch-pound bars,

Table 1.1 Reinforcing Bar Numbers

Standard inch-
pound bars

#3
#4
#5

#6
#7
#8

#9
#10
#11

#14
#18
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but they are marked with metric units. Today the large proportion of metric bars manufac-
tured in the United States are soft metric. By producing the exact same bars, the industry
does not have to keep two different inventories (one set of inch-pound bar sizes and an-
other set of different bar sizes in metric units). Table 1.1 shows the bar sizes given in both
sets of units.

1.18§ CORROSIVE ENVIRONMENTS

When reinforced concrete 1s subjected to de-icing salts, seawater, or spray from these sub-
stances, it 1s necessary to provide special corrosion protection for the reinforcing. The
structures usually involved are bridge decks, parking garages, wastewater treatment
plants, and various coastal structures. We must also consider structures subjected to occa-
sional chemical spills that involve chlorides.

Should the reinforcement be insufficiently protected, it will corrode; as it corrodes,
the resulting oxides occupy a volume far greater than that of the original metal. The re-
sults are large outward pressures that cause severe cracking and spalling of the concrete.
This reduces the concrete protection or cover for the steel and corrosion accelerates. Also,
the bond or sticking of the concrete to the steel is reduced. The result of all of these fac-
tors 1s a decidéd reduction in the life of the structure.

Section 7.7.5 of the Code requires that for corrosive environments, more concrete
cover must be provided for the reinforcing; it also requires that special concrete propor-
tions or mixes be used. AR | .

The lives of such structures can be greatly increased if epoxy-coated reinforcing bars
are used. Such bars need to be handled very carefully so as not to break off any of the
coating. Furthermore, they do not bond as well to the concrete, and their lengths will have
to be increased somewhat for that reason, as we will learn in Chapter 7.

119 IDENTIFYING MARKS ON REINFORCING BARS

It is essential for people in the shop and the field to be able to identify at a glance the sizes
and grades of reinforcing bars. If they are not able to do this, smaller and lower grade bars
other than those intended by the designer may be used. To prevent such mistakes, de-
formed bars have rolled-in identification markings on their surfaces. These markings are
described below and are illustrated in Figure 1.3.

1. The producing company is identified with a letter.

2. The bar size number (3 to 18) is given next.

3. Another letter is shown to identify the type of steel (S for billet, R in addition to a
rail sign for rail steel, A for axle, and W for low alloy).

4. Finally, the grade of the bars is shown either with numbers or with continuous
lines. A Grade 60 bar has either the number 60 on it or a continuous longitudinal
line 1n addition to its main ribs. A Grade 75 bar will have the number 75 on it or
two continuous lines in addition to the main ribs.
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Main ribs

Letter or symbol
/ for producing mill
4 Bar size #11 H
H / Type steel* \ ==
7
1

u\/.A
1 S for billet-steel (A615)
L for rail-steel (A996)

__

S R for rail-steel (A996) L=
- A for axle-steel (A996) 60
'E. [ W for low-alloy steel (A706) £ %

/

Grade mark
Grade line (one line only)

*¥*Bars marked with an S and W meet both A615 and A706

- - GRADE 60

Main ribs

Letter or symbol
/ for producing mill
Bar size #14

@ / Type steel \s_:,l;l//

S for billet-steel (PLGIS) “—“/
ﬁ§ \ S
"f

Grade mark
Grade line (two lines only)

GRADE 75
Main rib
Letter or symbol
for producing mill
H Bar size #6
/ Type steel
L6
A S for billet-steel (A615)
M L for rail-steel (A996)
R for rail-steel (A996)
8 A for axle-steel (A996)

GRADES 40 and 50

Figure 1.3 Identification marks for ASTM standard bars. (Courtesy of Concrete Reinforcing Steel
Institute.)
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1.20 INTRODUCTION TO LOADS

Perhaps the most important and most difficult task faced by the structural designer is the
accurate estimation of the loads that may be applied to a structure during its life. No loads
that may reasonably be expected to occur may be overlooked. After loads are estimated,
the next problem is to decide the worst possible combinations of these loads that might
occur at one time. For instance, would a highway bridge completely covered with ice and
snow be simultaneously subjected to fast moving lines of heavily loaded trailer trucks in
every lane and to a 90-mile lateral wind, or is some lesser combination of these loads
more reasonable?

The next few sections of this chapter provide a brief introduction to the types of loads
with which the structural designer must be familiar. The purpose of these sections 1s not
to discuss loads in great detail but rather to give the reader a “feel” for the subject. As will
be seen, loads are classed as being dead, live, or environmental.

121 DEAD LOADS

Dead loads are loads of constant magnitude that remain in one position. They include the
weight of the structure under consideration, as well as any fixtures that are permanently
attached to it. For a reinforced concrete building, some dead loads are the frames, walls,
floors, ceilings, stairways, roofs, and plumbing.

To design a structure, it is necessary for the weights or dead loads of the various parts
to be estimated for use in the analysis. The exact sizes and weights of the parts are not
known until the structural analysis 1s made and the members of the structure selected. The
weights, as determined from the actual design, must be compared with the estimated
weights. It large discrepancies are present, it will be necessary to repeat the analysis and
design using better estimated weights.

Reasonable estimates of structure weights may be obtained by referring to similar
structures or to various formulas and tables available in most civil engineering hand-
books. An experienced designer can estimate very closely the weights of most structures
and will spend little time repeating designs because of poor estimates.

The approximate welghts of some common materials used for floors, walls, roofs,
and the like are given in Table 1.2.

Table 1.2 Weights of Some Common Building Materials

Reinforced concrete—12 in. 150 pst 2 X 12 @ 16-1n. double wood floor 7 pst
Acoustical ceiling tile 1 pst Linoleum or asphalt tile 1 psf
Suspended ceiling 2 pst Hardwood flooring (3-in.) 4 pst
Plaster on concrete 5 psf 1-in. cement on stone-concrete fill 32 pst
Asphalt shingles 2 pst Movable steel partitions 4 psf
3-ply ready roofing 1 pst Wood studs w/3-in. gypsum 8 psf

Mechanical duct allowance 4 psf Clay brick wythes—4 in. 39 pst
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1.22 LIVE LOADS

Live loads are loads that can change in magnitude and position. They include occupancy
loads, warehouse materials, construction loads, overhead service cranes, equipment oper-
ating loads, and many others. In general, they are induced by gravity. |

Some typical floor live loads that act on building structures are presented in Table
1.3. These loads, which are taken from Table 4—1 in ASCE 7-02,'” act downward and are
distributed uniformly over an entire floor. By contrast, roof live loads are 20 psf maxi-
mum distributed uniformly over the entire roof.

Among the many other types of live loads are:

Traffic loads for bridges. Bridges are subjected to series of concentrated loads of

varying magnitude caused by groups of truck or train wheels.

Impact loads. Impact loads are caused by the vibration of moving or movable loads.

It is obvious that a crate dropped on the floor of a warehouse or a truck bouncing
on uneven pavement of a bridge causes greater forces than would occur if the loads
were applied gently and gradually. Impact loads are equal to the difference be-
tween the magnitude of the loads actually caused and the magnitude of the loads
had they been dead loads.

Longitudinal loads. Longitudinal loads also need to be considered in designing

some structures. Stopping a train on a railroad bridge or a truck on a highway
bridge causes longitudinal forces to be applied. It is not difficult to imagine the
tremendous longitudinal force developed when the driver of a 40-ton trailer truck
traveling at 60 mph suddenly has to apply the brakes while crossing a highway
bridge. There are other longitudinal load situations, such as ships running into
docks and the movement of traveling cranes that are supported by building
frames.

Miscellaneous loads. Among the other types of live loads with which the structural

designer will have to contend are soil pressures (such as the exertion of lateral
earth pressures on walls or upward pressures on foundations), hydrostatic pres-
sures (as water pressure on dams, inertia forces of large bodies of water during
earthquakes, and uplift pressures on tanks and basement structures), blast loads

Table 1.3 Some Typical Uniformly Distributed Live Loads

Lobbies of assembly areas 100 pst Classrooms in schools 40 pst
Dance hall and ballrooms 100 psf Upper-floor corridors in schools 80 pst
Library reading rooms 60 psf Stairs and exitways 100 pst
Library stack rooms 150 pst Heavy storage warehouse 250 pst
Light manufacturing 125 psf Retail stores—first floor 100 pst
Offices in office buildings 50 psf Retail stores—upper floors 75 psi
Residential dwelling areas 40 pst Walkways and elevated platforms 60 pst

19 American Slociety of Civil Engineers, 2002, Minimum Design Loads for Buildings and Other Structures,
ASCE 7-02 (Reston, VA: American Society of Civil Engineers), pp. 12-15.
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Sewage treatment plant,
Redwood City, California.
(Courtesy of The Burke
Company.)

(caused by explosions, sonic booms, and military weapons), and centrifugal forces
(such as those caused on curved bridges by trucks and trains or similar effects on
roller coasters).

1.23 ENVIRONMENTAL LOADS

Environmental loads are loads caused by the environment in which the structure 1s located.
For buildings, they are caused by rain, snow, wind, temperature change, and earthquake.
Strictly speaking, these are also live loads, but they are the result of the environment in
which the structure is located. Although they do vary with time, they are not all caused by
gravity or operating conditions, as is typical with other live loads. In the next few para-
graphs a few comments are made about the various kinds of environmental loads.

1. Snow and ice. In the colder states, snow and ice loads are often quite important.
One inch of snow is equivalent to approximately 0.5 psf (pounds per square foot),
but it may be higher at lower elevations where snow is denser. For roof designs,
snow loads of from 10 to 40 psf are used, the magnitude depending primarily on
the slope of the roof and to a lesser degrée on the character of the roof surface.
The larger values are used for flat roofs, the smaller ones tor sloped roofs. Snow
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tends to slide off sloped roofs, particularly those with metal or slate surfaces. A
load of approximately 10 psf might be used for 45° slopes, and a 40-psf load
might be used for flat roofs. Studies of snowfall records in areas with severe win-
ters may indicate the occurrence of snow loads much greater than 40 psf, with val-
ues as high as 80 psf in northern Maine. |

Snow is a variable load, which may cover an entire roof or only part of it.
There may be drifts against walls or buildup in valleys or between parapets. Snow
may slide off one roof and onto a lower one. The wind may blow it off one side of
a sloping roof, or the snow may crust over and remain in position even during
very heavy winds. The snow loads that are applied to a structure are dependent
upon many factors, including geographic location, the pitch of the roof, sheltering,
and the shape of the roof.

2. Rain. Although snow loads aré a more severe problem than rain loads for the

usual roof, the situation may be reversed for flat roofs—particularly those in
warmer climates. If water on a flat roof accumulates faster than it runs off, the re-
sult 1s called ponding because the increased load causes the roof to deflect into a
dish shape that can hold more water, which causes greater deflections, and so on.
This process continues until equilibrium is reached or until collapse occurs. Pond-
ing 1s a serious matter, as illustrated by the large number of flat-roof failures that
occur due to ponding every year in the United States. It has been claimed that al-
most 50% of the lawsuits faced by building designers are concerned with roofing
systems.”’ Ponding is one of the common subjects of such litigation.

Wind. A survey of engineering literature for the past 150 years reveals many refer-
ences to structural failures caused by wind. Perhaps the most infamous of these
have been bridge failures such as those of the Tay Bridge in Scotland in 1879
(which caused the deaths of 75 persons) and the Tacoma Narrows Bridge
(Tacoma, Washington) in 1940. But there have also been some disastrous building
failures due to wind during the same period, such as that of the Union Carbide
Building in Toronto in 19358. It 1s important to realize that a large percentage of
building failures due to wind have occurred during their erection.”!

A great deal of research has been conducted in recent years on the subject of
wind loads. Nevertheless, a great deal more study is needed as the estimation of
wind forces can by no means be classified as an exact science. The magnitude and
duration of wind loads vary with geographical locations, the heights of structures
above ground, the types of terrain around the structures, the proximity of other
buildings, and the character of the wind itself.

Section 6 of the ASCE 7-02 specification provides a rather lengthy procedure
for estimating the wind pressures applied to buildings. The procedure involves
several factors with which we attempt to account for the terrain around the build-
ing, the importance of the building regarding human life and welfare, and of
course the wind speed at the building site. Although use of the equations is rather

“*Van Ryzin, Gary, 1980, “Roof Design: Avoid Ponding by Sloping to Drain,” Civil Engineering (New York:
ASCE, January), pp. 77-81.

2lTask Committee on Wind Forces, Committee on Loads and Stresses, Structural Division, ASCE, 1961, “Wind
Forces on Structures,” Final Report, Transactions ASCE 126, Part 11, pp. 1124-1125.
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complex, the work can be greatly simplified with the tables presented in the speci-
fication. The reader is cautioned, however, that the tables presented are for build-
ings of regular shapes. If a building having an irregular or unusual geometry is
being considered, wind tunnel studies may be necessary.

The basic form of the equation presented in the specification is:

p=qCG

In this equation p is the estimated wind load (in psf) acting on the structure. This
wind load will vary with height above the ground and with the location on the
structure. The quantity g is the reference velocity pressure. It varies with height
and with exposure to the wind. The aerodynamic shape factor C is dependent
upon the shape and orientation of the building with respect to the direction from
which the wind is blowing. Lastly, the gust response factor G is dependent upon
the nature of the wind and the location of the building.

4. Seismic loads. Many areas of the world are in “earthquake territory,” and in those
areas 1t 1s necessary to consider seismic forces in design for all types of structures.
Through the centuries there have been catastrophic failures of buildings, bridges,
and other structures during earthquakes. It has been estimated that as many as
50,000 people lost their lives in the 1988 earthquake in Armenia.** The 1989
Loma Prieta and 1994 Northridge earthquakes in California caused many billions
of dollars of property' damage as well as considerable loss of life.

Recent earthquakes have clearly shown that the average building or bridge that has
not been designed for earthquake forces can be destroyed by an earthquake that is not
particularly severe. Most structures can be economically designed and constructed to
withstand the forces caused during most earthquakes. On the other hand, the cost of pro-
viding seismic resistance to existing structures (called retrofitting) can be extremely high.

Some engineers seem to think that the seismic loads to be used in design are merely
percentage increases of the wind loads. This assumption is incorrect, however, as seismic
loads are different in their action and are not proportional to the exposed area of the build-
ing, but rather are proportional to the distribution of the mass of the building above the
particular level being considered.

Another factor to be considered in seismic design is the soil condition. Almost all of
the structural damage and loss of life in the L.oma Prieta earthquake occurred in areas that
have soft clay soils. Apparently these soils amplified the motions of the underlying rock.*

It is well to understand that earthquakes load structures in an indirect fashion. The
ground is displaced, and because the structures are connected to the ground, they are also
displaced and vibrated. As a result, various deformations and stresses are caused through-
out the structures. |

From the above information you can understand that no external forces are applied
above ground by earthquakes to structures. Procedures for estimating seismic forces such
as the ones presented in Section 9 of ASCE 7-02 are very complicated. As a result, they
usually are addressed in advanced structural analysis courses such as structural dynamics
or earthquake resistance design courses.

“Fairweather, V., 1990, “The Next Earthquake,” Civil Engineering (New York: ASCE, March), pp. 54-57.
237
Ibid.
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1.24 SELECTION OF DESIGN LOADS

To assist the designer in estimating the magnitudes of live loads with which he or she should
proportion structures, various records have been assembled through the years im the form of
building codes and specifications. These publications provide conservative estimates of live-
load magnitudes for various situations. One of the most widely used design-load specifica-
tions for buildings is that published by the American Society of Civil Engineers (ASCE).**

The designer is usually fairly well controlled in the design of live loads by the build-
ing code requirements in his or her particular area. The values given in these various
codes unfortunately vary from city to city, and the designer must be sure to meet the re-
quirements of a particular locality. In the absence of a governing code, the ASCE code is
an excellent one to follow.

Some other commonly used specifications are:

1. For railroad bridges, American Railway Engineering Association (AREA).*

2. For highway bridges, American Association of State Highway and Transportation
Officials (AASHTO).%¢

3. For buildings, the International Building Code (IBC).*’

Croke Park Stadium, Dublin, Ireland. (Courtesy of EFCO Corp.)

* American Society of Civil Engineers, 2002, Minimum Design Loads for Buildings and Other Structures,
ASCE 7-02, (Reston, VA: American Society of Civil Engineers), 376 pp.

“American Railway Engineering Association (AREA), 2003, Manual for Railway Engineering (Chicago, IL).

“Standard Specifications for Highway Bridges, 2002, 17th ed. (Washington, DC: American Association of
State Highway and Transportation Officials [AASHTQO]).

“'International Building Code, 2003, International Code Council, Inc.
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These specifications will on many occasions clearly prescribe the loads for which
structures are to be designed. Despite the availability of this information, the designer’s
ingenuity and knowledge of the situation are often needed to predict what loads a particu-
lar structure will have to support in years to come. Over the past several decades, insuffi-
cient estimates of future traffic loads by bridge designers have resulted in a great amount
of replacement with wider and stronger structures.

125 CALCULATION ACCURACY

A most important point, which many students with their amazing computers and pocket
calculators have difficulty in understanding, is that reinforced concrete design is not an
exact science for which answers can be confidently calculated to six or eight places. The
reasons for this statement should be quite obvious: The analysis of structures is based on
partly true assumptions; the strengths of materials used vary widely; and maximum load-
ings can only be approximated. With respect to this last sentence, how many users of this
book could estimate to within 10% the maximum live load in pounds per square foot that
will ever occur on the building floor they are now occupying? Calculations to more than
two significant figure$ are obviously of little value and may actually be dangerous be-
cause they may mislead students into a false sense of accuracy.

126 IMPACT OF COMPUTERS ON REINFORCED
CONCRETE DESIGN

The availability of personal computers has drastically changed the way in which rein-
forced concrete structures are analyzed and designed. In nearly every engineering school
and office, computers are routinely used to handle structural design problems.

Many calculations are involved in reinforced concrete design, and many of these cal-
culations are quite time consuming. With a computer, the designer can reduce the time re-
quired for these calculations tremendously and thus supposedly have time to consider
alternative designs.

Although computers do increase design productivity, they do undoubtedly tend at the
same time to reduce the designer’s “teel” for structures. This can be a special problem for
young engineers with little previous design experience. Unless designers have this “feel,”
computer usage, though expediting the work and reducing many errors, may occasionally
result in large mistakes.

It is interesting to note that up to the present time, the feeling at most engineering
schools has been that the best way to teach reinforced concrete design is with chalk and
blackboard, supplemented with some computer examples.

Accompanying this text 1s a computer design program SABLE32, prepared by the au-
thors, which is initially discussed in Section 2.6. This program is frequently referred to
and illustrated in the text. In addition a student version of a nationally used commercial
program, SAP2000, 1s included. Its application is illustrated in Chapter 21. As described
in the preface and on the back cover of the book these programs are available for down-
load from the book’s website at:

www.wiley.com/college/mccormac
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PROBLEMS

1.1 Name several of the admixtures that are used in con-
crete mixes. What is the purpose of each?

1.2 What is Poisson’s ratio, and where can it be of signifi-
cance 1n concrete work?

1.3 What factors influence the creep of concrete?

1.4 What steps can be taken to reduce creep?

1.5 What is the effect of creep in reinforced concrete
columns that are subjected to axial compression loads?

1.6 Why is silica fume used in high-strength concrete?
What does 1t do?

1.7 Why do the surfaces of reinforcing bars have rolled-
on deformations?

1.8 What are ““soft metric” reinforcing bars?



Flexural Analysis of Beams

2.1 INTRODUCTION

In this section it is assumed that a small transverse load is placed on a concrete beam with
tensile reinforcing and that the load is gradually increased in magnitude until the beam
fails. As this takes place we will find that the beam will go through three distinct stages
before collapse occurs. These are: (1) the uncracked concrete stage, (2) the concrete
cracked—elastic stresses stage, and (3) the ultimate-strength stage. A relatively long beam
is considered for this discussion so that shear will not have a large effect on its behavior.

Uncracked Concrete Stage

At small loads when the tensile stresses are less than the modulus of rupture (the bending
tensile stress at which the concrete begins to crack), the entire cross section of the beam
resists bending, with compression on one side and tension on the other. Figure 2.1 shows
the variation of stresses and strains for these small loads; a numerical example of this type
1s presented in Section 2.2.

Concrete Cracked-Elastic Stresses Stage

As the load is increased after the modulus of rupture of the concrete is exceeded, cracks
begin to develop in the bottom of the beam. The moment at which these cracks begin to
form—that 1s, when the tensile stress in the bottom of the beam equals the modulus of
rupture—is referred to as the cracking moment, M .,. As the load is further increased, these
cracks quickly spread up to the vicinity of the neutral axis, and then the neutral axis be-
gins to move upward. The cracks occur at those places along the beam where the actual
moment is greater than the cracking moment, as shown in Figure 2.2(a).

Now that the bottom has cracked, another stage is present because the concrete in the
cracked zone obviously cannot resist tensile stresses—the steel must do it. This stage will
continue as long as the compression stress in the top fibers is less than about one-half of the
concrete’s compression strength £, and as long as the steel stress is less than its yield stress.
The stresses and strains for this range are shown in Figure 2.2(b). In this stage the compres-
sive stresses vary linearly with the distance from the neutral axis or as a straight line.

The straight-line stress—strain variation normally occurs in reinforced concrete beams
under normal service-load conditions because at those loads the stresses are generally less
than 0.50f.. To compute the concrete and steel stresses in this range, the transformed-area
method (to be presented in Section 2.3) 1s used. The service or working loads are the loads
that are assumed to actually occur when a structure is in use or service. Under these loads,

37
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€, In compression /. in compression

fs (this term is defined
"

€ for steel in tension in Section 2.3)

€. in-tension f, tension in concrete
strains stresses

Figure 2.1 Uncracked concrete stage.

moments develop which are considerably larger than the cracking moments. Obviously
the tensile side of the beam will be cracked. We will learn to estimate crack widths and
methods of limiting their widths in Chapter 6.

Beam Failure—Ultimate-Strength Stage

As the load is increased further so that the compressive stresses are greater than one-half
of f., the tensile cracks move further upward, as does the neutral axis, and the concret
compression stresses begin to change appreciably from a straight line. For this initial dis-
cussion it is assumed that the reinforcing bars have yielded. The stress variation is much
like that shown in Figure 2.3. You should relate the information shown in this figure with
that given in Figure 1.1 as to the changing ratio of stress to strain at different stress levels.

Construction of Kingdome, Seattle, Washington. (Courtesy of EFCO Corp.)
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Figure 2.2 Concrete cracked—elastic stresses stage.
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A
Failure
M yicrd
N Reinforcing bars yield
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M ervice ——____Approximate service or
working load range
M Tensile concrete cracks
cr

—p- Curvature, 0

Figure 2.4 Moment—curvature diagram for reinforced concrete beam with tensile reinforcing only.

To further illustrate the three stages of beam behavior which have just been de-
scribed, a moment—curvature diagram is shown in Figure 2.4.! For this diagram, @ is de-
fined as the angle change of the beam section over a certain length and is computed by the
following expression in which € is the strain in a beam fiber at some distance y from the
neutral axis of the beam:

€
9=y

The first stage of the diagram is for small moments less than the cracking moment
M, where the entire beam cross section is available to resist bending. In this range the
strains are small, and the diagram is nearly vertical and very close to a straight line.

When the moment is increased beyond the cracking moment, the slope of the
curve will decrease a little because the beam is not quite as stiff as it was in the 1nitial
stage before the concrete cracked. The diagram will follow almost a straight line from
M., to the point where the reinforcing is stressed to its yield point. Until the steel
yields, a fairly large additional load is required to appreciably increase the beam’s
deflection.

After the steel yields, the beam has very little additional moment capacity, and only a
small additional load is required to substantially increase rotations as well as deflections.
The slope of the diagram 1s now very flat.

lMacGregor, J. G., 1997, Reinforced Concrete Mechanics and Design, 3rd ed. (Upper Saddle River, NJ:
Prentice-Hall), p. 90.
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22 CRACKING MOMENT

EXAMPLE 2.1

SOLUTION

The area of reinforcing as a percentage of the total cross-sectional area of a beam is quite
small (usually 2% or less), and its effect on the beam properties is almost negligible as
long as the beam is uncracked. Therefore an approximate calculation of the bending
stresses in such a beam can be obtained based on the gross properties of the beam’s cross
section. The stress in the concrete at any point a distance y from the neutral axis of the
cross section can be determined from the following flexure formula in which M is the
bending moment, which is equal to or less than the cracking moment of the section, and /,
is the gross moment of inertia of the cross section:

_ My

1,

Section 9.5.2.3 of the ACI Code states that the cracking moment of a section may be
determined with ACI Equation 9-9, in which f, is the modulus of rupture of the concrete
and y, is the distance from the centroidal axis of the section to its extreme fiber in tension.
In this section, with its equation 9-10, the Code states that f. may be taken equal to 7.5\/];2
for normal weight concrete with £, in psi.

Other values are provided in the same code section for all-lightweight and sand-
lightweight concretes. The cracking moment is as follows:

_ I

M, (ACI Equation 9-9)

Y

Example 2.1 presents calculations for a reinforced concrete beam where tensile
stresses are less than its modulus of rupture. As a result, no tensile cracks are assumed to
be present, and the stresses are similar to those occurring in a beam constructed with a ho-
mogeneous material.

(a) Assuming the concrete 1s uncracked, compute the bending stresses in the extreme fibers of the
beam of Figure 2.5 for a bending moment of 25 ft-k. The concrete has an f. of 4000 psi and a mod-
ulus of rupture f, = 7.5V 4000 = 474 psi.

(b) Determine the cracking moment of the section.

(a) Bending stresses:

I, = 75 b with b = 12in. and & = 18 in,

I, = (%)(12)(18)3 — 5832 in.*

M
f == with M = 25 ft-k = 25,000 ft-1b

g
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3 #9 bars
(A, = 3.0 in.z)\

12—

Figure 2.5

Then multiply the 25,000 by 12 to obtain in.-lbs as shown below:

(12 X 25,000%(9.00)
f= 5832

= 463 psi

Since this stress is less than the tensile strength or modulus of rupture of the concrete of 474 psi, the
section 1s assumed not to have cracked.

(b) Cracking moment:

Iy Ll (474)(5832)
Y 9.00

= 307,152 in.-1b = 25.6 ft-k

2.3 ELASTIC STRESSES—CONCRETE CRACKED

When the bending moment is sufficiently large to cause the tensile stress in the extreme
fibers to be greater than the modulus of rupture, it is assumed that all of the concrete on
the tensile side of the beam 1s cracked and must be neglected in the flexure calculations.

The cracking moment of a beam is normally quite small compared to the service load
moment. Thus when the service loads are applied, the bottom of the beam cracks. The
cracking of the beam does not necessarily mean that the beam is going to fail. The reinforc-
ing bars on the tensile side begin to pick up the tension caused by the applied moment.

On the tensile side of the beam an assumption of perfect bond is made between the
reinforcing bars and the concrete. Thus the strain in the concrete and in the steel will be
equal at equal distances from the neutral axis. But if the strains in the two materials at a
particular point are the same, their stresses cannot be the same since they have different
moduli of elasticity. Thus their stresses are in proportion to the ratio of their moduli of
elasticity. The ratio of the steel modulus to the concrete modulus is called the modular
ratio n:

If the modular ratio for a particular beam 1s 10, the stress in the steel will be 10 times
the stress in the concrete at the same distance from the neutral axis. Another way of say-
ing this is that when n = 10, one sq. in. of steel will carry the same total force as 10 in.? of
concrete.
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N.A.

® o o nA, L

Figure 2.6

For the beam of Figure 2.6, the steel bars are replaced with an equivalent area of ficti-
tious concrete (nA,), which supposedly can resist tension. This area is referred to as the
transformed area. The resulting revised cross section or transformed section is handled by
the usual methods for elastic homogeneous beams. Also shown 1n the figure i1s a diagram
showing the stress variation in the beam. On the tensile side a dashed line 1s shown be-

Bridge piers and deck. (PhotoDisc,
Inc./Getty Images.)
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EXAMPLE 2.2

SOLUTION

cause the diagram is discontinuous. There the concrete is assumed to be cracked and un-
able to resist tension. The value shown opposite the steel is the fictitious stress in the con-
crete if it could carry tension. This value is shown as f,/n because it must be multiplied by
n to give the steel stress f..

Examples 2.2, 2.3, and 2.4 are transformed-area problems that illustrate the calcula-
tions necessary for determining the stresses and resisting moments for reinforced concrete
beams. The first step to be taken in each of these problems is to locate the neutral axis,
which is assumed to be located a distance x from the compression surface of the beam. The
first moment of the compression area of the beam cross section about the neutral axis must
equal the first moment of the tensile area about the neutral axis. The resulting quadratic
equation can be solved by completing the squares or by using the quadratic formula.

After the neutral axis is located, the moment of inertia of the transformed section 1s cal-
culated, and the stresses in the concrete and the steel are computed with the flexure formula.

Calculate the bending stresses in the becam shown in Figure 2.7 by using the transformed area
method: n = 9 and M = 70 {t-k.

Taking Moments about Neutral Axis (Referring to Figure 2.8)

(12x)(§) = (9)(3.00)(17 — x)
6x* = 459 — 27.00x
Solving by Completing the Square

6x° + 27.00x = 459
x> + 4.50x = 76.5
(x + 2.25)(x + 2.25) = 76.5 + (2.25)°
x 4+ 2.25 = V76.5 + (2.25)* = 9.03"
x = 6.78"

Moment of Inertia

= 3)(12)(6.78)° + (9)(3.00)(10.22)* = 4067 in.*

‘ ﬁ l 12" 'l
—
17" 207 X
3 #9 bars 5 N.A. __ Y ,
(4 = 3.00in.%) ¢ 17
© o o —1—3” (7
Y ndg =27 in.”
f—r—] | — —

Figure 2.7 Figure 2.8
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Bending Stresses
_ My (12)(70,000)(6.78) ,
fe = 7 - 1067 = 1400 psi
My  (12)(70,000)(10.22) ,
fi=n 7 9) 1067 = 18,998 psi

EXAMPLE 2.3

Determine the allowable resisting moment of the beam of Example 2.2 if the allowable stresses are
f. = 1350 psi and f, = 20,000 psi.

I 4067
SOLUTION M. =Z§7— = (1352)7(806 ) = 809,800 in.-1b = 67.5 ft-k «
_ I (20,000)(4067) o
M, = Y O%1020) 884,323 in.-1b = 73.7 ft-k
Discussion

For a given beam, the concrete and steel will not usually reach their maximum allowable
stresses at exactly the same bending moments. Such is the case for this example beam,
where the concrete reaches its maximum permissible stress at 67.5 ft-k, while the steel
does not reach its maximum value until 73.7 ft-k is applied. The resisting moment of the
section is 67.5 ft-k because if that value 1s exceeded, the concrete becomes overstressed
even though the steel stress is less than its allowable stress.

EXAMPLE 2.4

Compute the bending stresses in the beam shown in Figure 2.9 by using the transformed-area
method; n = 8 and M = 110 ft-k.

SOLUTION Locating Neutral Axis (Assuming Neutral Axis below Hole)

(18x)(§) — (6)(6)(x — 3) = (8)(5.06)(23 — x)

0x? — 36x + 108 = 931 — 40.48x
Ox? + 4.48x = 823
2+ 0.50x = 91.44
(x + 0.25)(x + 0.25) = 91.44 + (0.25)* = 91.50
x = 0.25 = V91.50 = 9.57

x=932">6" .. N.A. below hole as
assumed

Moment of Inertia

I = (4)6)9.32%2) + ()(6)(3.32) + (8)(5.06)(13.68)2 = 10.887 in.*
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|_‘_ 6""-""‘_6"*}‘—6"‘1
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6"
2

N.A.

F - 18 >‘ T Figure 2.9

Computing Stresses

~(12)(110,000)(9.32) :
= 10.887 = 1130 psi

_ (12)(110,000)(13.68) .
f.=(8 10.887 = 13,269 psi

Example 2.5 illustrates the analysis of a doubly reinforced concrete beam—that 1s,
one that has compression steel as well as tensile steel. Compression steel is generally
thought to be uneconomical, but occasionally its use 1s quite advantageous.

Compression steel will permit the use of appreciably smaller beams than those that
make use of tensile steel only. Reduced sizes can be very important where space or archi-
tectural requirements limit the sizes of beams. Compression steel is quite helpful in reduc-
ing long-term deflections, and such steel i1s useful for positioning stirrups or shear
reinforcing, a subject to be discussed in Chapter 8. A detailed discussion of doubly rein-
forced beams is presented in Chapter 3. |

The creep or plastic flow of concrete was described 1in Section 1.11. Should the com-
pression side of a beam be reinforced, the long-term stresses in that reinforcing will be
greatly affected by the creep in the concrete. As time goes by, the compression concrete
will compact more tightly, leaving the reinforcing bars (which themselves have negligible
creep) to carry more and more of the load.

As a consequence of this creep in the concrete, the stresses in the compression bars com-
puted by the transformed-area method are assumed to double as time goes by. In Example 2.5
the transformed area of the compression bars is assumed to equal 2n times their area A, .

On the subject of “hair splitting,” it will be noted 1n the example that the compression
steel area is really multiplied by 2n — 1. The transformed area of the compression side
equals the gross compression area of the concrete plus 2nA; minus the area of the holes in
the concrete (1A)), which theoretically should not have been included in the concrete part.
This equals the compression concrete area plus (2n — 1)A,. Similarly, 2n — 1 is used in
the moment of inertia calculations. The stresses in the compression bars are determined
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by multiplying 2n times the stresses in the concrete located at the same distance from the
neutral axis. |

EXAMPLE 2.5

Compute the bending stresses in the beam shown in Figure 2.10; n = 10 and M = 118 ft-k.
SOLUTION Locating Neutral Axis

(14x)(%) + (20 — 1D(2.00)(x — 2.5) = (10)(4.00)(17.5 — x)

7x* + 38x — 95 = 700 — 40x
Tx* + 78x = 795
x* + 11.14x = 113.57
x+5.57 = V113.57 + (5.57)* = 12.02
x = 6.45 1n.

Moment of Inertia
I = (5)(14)(6.45)° + (20 — 1)(2.00)(3.95)* + (10)(4.00)(11.05)* = 6729 in.*

Bending Stresses

. (12)(118,000)(6.45) o _
= 6729 = 1357 psi
- @ _ (12)(118,000)(3.95) _ i
f, =2n 7 - (2)(10) 6779 = 16,624 psi
B (12)(118,000)(11.05) ,
f. = (10) 756 = 23,253 psi
" (2n-1A"
23
; -« 4" ——»
T +
o 9 49 @ —
(A,=2.00in.%)
- - 207
17.5 —x 4 #9 L3
. 2
A, =4.00in.
._i__ (. ® .ln .) ___i_ -l——nAS
Y
———
23
(a) Actual section (b) Transformed section

Figure 2.10
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24

ULTIMATE OR NOMINAL FLEXURAL MOMENTS

In this section a very brief introduction to the calculation of the ultimate or nominal
flexural strength of beams is presented. This topic is continued at considerable length
in the next chapter, where formulas, limitations, designs, and other matters are pre-
sented. For this discussion it is assumed that the tensile reinforcing bars are stressed to
their yield point before the concrete on the compressive side of the beam crushes. We
will learn in Chapter 3 that the ACI Code requires all our beam designs to fall into this
category.

After the concrete compression stresses exceed about 0.50f., they no longer vary di-
rectly as the distance from the neutral axis or as a straight line. Rather, they vary much as
shown in Figure 2.11(b). It is assumed for the purpose of this discussion that the curved
compression diagram is replaced with a rectangular one with an average stress of 0.85f,,
as shown 1n part (c) of the figure. The rectangular diagram of depth a 1s assumed to have
the same c.g. (center of gravity) and total magnitude as the curved diagram. (In Section
3.4 of Chapter 3 of this text we will learn that this distance a is set equal to 8,c, where 3,
is a value determined by testing.) These assumptions will enable us easily to calculate the
theoretical or nominal flexural strength of reinforced concrete beams. Experimental tests
show that with the assumptions used here, accurate flexural strengths are determined.

To.obtain the nominal or theoretical moment strength of a beam, the simple steps to
follow are used as 1s illustrated in Example 2.6.

1. Compute total tensile force T = A,

2. Equate total compression force C = 0.85f, ab to Af, and solve for a. In this ex-
pression ab is the assumed area stressed in compression at 0.85f.. The compres-
sion force C and the tensile force T must be equal to maintain equilibrium at the
section.

3. Calculate the distance between the centers of gravity of T and C. (For a rectangu-
lar section 1t equals d — a/2.)

4. Determine M,, which equals 7 or C times the distance between their centers of
gravity.

0.85f"
- f’ e
? ¢ lc Bic=a 1 —— <—T——('=0.85fcab
d
d-3

—_I_——lnb T:Asf:v

(a) Beam (b) Actual compression (¢) Assumed compression
stress variation stress variation

Figure 2.11 Compression and tension couple at nominal moment.
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SOLUTION
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0.85f,
b 1 ]
al [T TC
-
d=21" _a
24" 73
3 #9
(A, =3.00in2) |
Y T

|~—b = 14”—--| 1

Figure 2.12

Determine M, the nominal or theoretical ultimate moment strength of the beam section shown in
Figure 2.12 if f, = 60,000 psi and f. = 3000 psi.
Computing Tensile and Compressive Forces T and C

T = Af, = (3.00)(60) = 180 k
C = 0.85f.ab = (0.85)(3)(a)(14) = 35.7a

Equating 7 and C and Solving for a

T = C for equilibrium

180 = 35.7a
= 5.04 1n.
Computing d — —;— and M,
a9y 204 _ -
d > 21 > 18.48 in.

M, = (180)(18.48) = 33264 in.-k = 277.2 ft-k

In Example 2.7, the nominal moment capacity of another beam is determined much
as it was for Example 2.6. The only difference is that the cross section of the compres-
sion area (A_) stressed at 0.85f, is not rectangular. As a result, once this area is deter-
mined we need to locate its center of gravity. The c.g. for the beam of Figure 2.13 is
shown as being a distance y from the top of the beam in Figure 2.14. Then the lever arm
from C to T is equal to d — y (which corresponds to d — a/2 in Example 2.6) and M,
equals A f,(d — y). |

With this very simple procedure, values of M, can be computed for tensilely rein-
forced beams of any cross section.
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Figure 2.13

EXAMPLE 2.7

Calculate the nominal or theoretical ultimate moment strength of the beam section shown in Figure

2.13 1f f, = 60,000 psi and f. = 3000 psi. The 6-in.-wide ledges on top are needed for the support

of precast concrete slabs.
SOLUTION , T = A,f, = (4.00)(60) = 240k

C = (0.85f)(area of concrete A, stressed to 0.85f;)
= 0.85f.A,

Equating 7 and C and solving for A,

_ T _ 240
©0.85f, (0.85)(3)

A =94.12 in.?

Finger piers for U.S. Coast Guard base, Boston. (Courtesy of EFCO Corp.)
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c.g. of
compression
area A,

' ' 18 ' l " Figure 2.14

The top 94.12 in.” of the beam of Figure 2.14 is stressed in compression to 0.85f.. This area
can be shown to extend 9.23 in. down from the top of the beam. Its center of gravity (c.g.) is located
by taking moments at the top of the beam as follows:

(36)(3) + (58.12)(6 + 152-3-)
5 = 505 — 5.85in.
d—3=21—-585=1515in.
M, = (240)(15.15) = 3636 in.-k = 303 fi-k
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2.6 SABLE32

In this section the reader is introduced to a computer program, SABLE32, which was
originally prepared for the solution of structural analysis problems but which has now
been expanded to include the design of reinforced concrete members. The program was
written for use with IBM and IBM-compatible personal computers. A copy of the pro-
gram 1s available on the internet at www.wiley.com/college/mccormac.

SABLE32 was developed as a tool for students and not for the practicing engineer.
Nevertheless, in many situations it may be useful in actual practice. It 1s a Windows®-
based program designed to operate with the Windows 98®, Windows NT 4.0%®, or Win-
dows 2000® operating systems. The minimum system requirements include a VGA
monitor, a keyboard, a mouse, 5 Mbytes of disk space, and a printer.

To start SABLE32, the user clicks on the Start Menu. A description of the program,
including the assumptions and limitations of the procedures used, can be obtained by
clicking the HELP button. The different reinforced concrete problems that can be solved
with the program are shown on the menu bar once the software is started. The notation
used is as consistent as possible with the ACI 2005 Code. Almost all of the checks re-
quired by that code for complete designs are included.

The moment capacity of a singly rei