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PREFACE

This document is an introductory document on the topic of
commonly used materials for reinforcement of concrete. This
primer describes the basic propetties and uses of these mate-
rials. It is targeted at those in the concrete industry not
involved in designing with or specifying these materials. Stu-
dents, craftsman, inspectors, and contractors may find this a
valuable introduction to a complex topic. The document is
not intended to be a state-of-the-art report, user's guide, or a
technical discussion of past and present research findings on
the subject. More detailed information is available in ACI
Committee Reports listed in Chapter 7, References.

CHAPTER 1—INTRODUCTION

Nearly everyone involved in construction knows that rein-
forcement is often used in concrete. However, why it is used
and how it is used are not always well understood.

This bulletin provides some of the information important to
understanding why reinforcement is placed in concrete. Most
concrete used for construction is a combination of concrete
and reinforcement that is called reinforced concrete. Steel is
the most common material used as reinforcement, but other
materials such as fiber-reinforced polymer (FRP) are also
used. The reinforcement must be of the right kind, of the right
amount, and in the right place in order for the concrete struc-
ture to meet its requirements for strength and serviceability.

In this document, frequent references are made to stan-
dards of the American Society for Testing and Materials
(ASTM). These include test methods, definitions, classifica-
tions, and specifications that have been formally adopted by
ASTM. New editions of the ASTM Book of Standards are
issued annually and all references to these standards in this
bulletin refer to the most recent edition. Other agencies
have similar or additional standards that may be applicable.

1.1—Definitions

Certain terms will be used throughout this bulletin with
which familiarity is important. A few of the more common
and most frequently used are listed in this section. Precise
technical definitions may be found in ACI 116R, Cement
and Concrete Terminology.

Bar size number—A number used to designate the bar
size. Reinforcing bars are manufactured in both Interna-
tional System (SI—commonly known as metric—measured
in millimeters), and U.S. customary (in.-Ib) sizes. The bar
number for metric bar sizes denotes the approximate diame-
ter of the bar in millimeters. For example, a No. 13 bar is
about 13 mm in diameter (actually 12.7 mm). U.S. custom-
ary bar sizes No. 3 through No. 8 have similar designations,
the bar number denoting the approximate diameter in

eighths of an inch (for example, a No. 5 bar is about 5/8 in.
in diameter).

Bent bar—A reinforcing bar bent to a prescribed shape,
such as a straight bar with a hooked end.

Compression—A state in which an object is subject to
loads that tend to crush or shorten it.

Compression bar—A reinforcing bar used to resist com-
pression forces.

Compressive strength—A measure of the ability of the
concrete to withstand crushing loads.

Elastic limit—The limit to which a material can be stressed
(stretched or shortened axially) and still return to its original
length when unloaded.. Loads below the elastic limit result in
the material being deformed in proportion to the load. Mate-
rial stretched beyond the elastic limit will continue to deform
under a constant, or even declining, load.

Fibrillated fibers—Synthetic fibers used to reinforce
concrete that are bundled in a mesh resembling a miniature
fish net.

FRP reinforcement—Reinforcing bars, wires or strand
made from fiber-reinforced polymer (FRP). (Originally, the
“p” in FRP stood for “plastic,” but “polymer” is now the
preferred term to avoid confusion.)

Monofilament fibers—Discrete individual fibers used to
reinforce concrete.

Post-tensioning—A method of prestressing in which the
tendons are tensioned after the concrete is hardened.

Prestressed concrete—Structural concrete in which
internal stresses (usually compressive stresses) have been
introduced to reduce potential tensile stresses in the con-
crete resulting from loads. This introduction of internal
stresses is referred to as prestressing and is usually accom-
plished through the use of tendons that are tensioned or
pulled tight prior to being anchored to the concrete.

Pretensioning—A method of prestressing in which the
tendons are tensioned before concrete is hardened.

Rebar—An abbreviated term for reinforcing bar.

Reinforced concrete—Structural concrete with at least a
code-prescribed minimum amount of prestressed or nonpre-
stressed reinforcement. Fiber-reinforced concrete is not
considered reinforced concrete according to this definition.

Secondary reinforcement—Nonstructural reinforcement
such as welded wire fabric, fibers, or bars to minimize crack
widths that are caused by thermal expansion and contraction,
or shrinkage. Secondary reinforcement is reinforcement
used to hold the concrete together after it cracks. Structural
concrete with only secondary reinforcement is not consid-
ered reinforced concrete.

Steel fibers—Carbon or stainless steel fibers used in fi-
ber-reinforced concrete meeting the requirements of ASTM
A 820.

Structural concrete—All concrete used for structural pur-
poses including plain and reinforced concrete.

Tendon—A wire, cable, bat, rod, or strand, or a bundle of
such elements, used to impart prestress to concrete. Tendons
are usually made from high-strength steel, but can also be
made from such materials as FRP.
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Fig. 2.2—Examples of plain and reinforced concrete: plain
curb and gutter (left) and reinforced concrete T-beam
(right).

Tensile strength—A measure of the ability of a material
(for example, concrete or reinforcement) to withstand ten-
sion. Tension in both the concrete and reinforcement results
when reinforced concrete bends under loading.

Tension—A state in which a material is subject to loads
that tend to stretch or lengthen it.

Yield strength—The stress required to stretch a material to
its elastic limit.

CHAPTER 2—STRUCTURAL CONCRETE: PLAIN,
REINFORCED, AND PRESTRESSED
The design and construction of structural concrete, both
plain and reinforced (including nonprestressed and pre-
stressed concrete) is covered by ACI 318, Building Code
Requirements for Structural Concrete, and ACI 301, Stan-
dards Specification for Structural Concrete.

2.1—PIlain concrete
Plain concrete is structural concrete without reinforcement

or with less than the minimum amount required by ACI 318
for reinforced concrete. It is sometimes used in slabs-on-
grade, pavement, basement walls, small foundations, and
curb-and-gutter.

2.2—Reinforced concrete

Plain concrete (Fig. 2.2) has compressive strength—the
ability to resist crushing loads; however, its tensile strength
is only about 10% of its compressive strength. Its tensile
strength is so low that it is nearly disregarded in design of
most concrete structures. Reinforced concrete is a combina-
tion of adequate reinforcement (usually steel bars with
raised lugs called deformations) and concrete designed to
work together to resist applied loads (Fig. 2.2). Properly
placed reinforcement in concrete improves its compressive
and tensile strength.

2.2.1 Bending and bending stresses in reinforced concrete
members—Many structural members are required to carry
loads that cause bending stresses. An example is a simply-
supported beam, in which the top of the member is subjected
to compression lengthwise while the bottom is subjected to
tension lengthwise (Fig. 2.2.1(a)). This is referred to as beam
action and can be illustrated by supporting a board at each
end and breaking it by applying a heavy load to the center. If
the board is loaded at each end and supported in the middle,
as in a cantilevered beam, the top of the board over the sup-
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Fig. 2.2.1(a)—A simple beam loaded in the middle and sup-
ported at the ends will tend to deflect or bend down in the
middle, causing tensile stress in the bottom of the beam and
tending to pull it apart. That is, the bottom of the beam is in
tension. Reinforcing steel near the bottom of the beam will
resist this tension and hold it together.
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Fig. 2.2.1(b)—If the beam is supported in the middle and
the ends are loaded (as in a cantilever beam, such as a bal-
cony), the top of the beam over the support is in tension and

will pull apart or crack if there is no reinforcing steel near
the top of the beam.
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Fig. 2.2.1(c)—Properly placed reinforcement in this cantile-
ver beam will resist tension and control cracking.
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Fig. 2.2.1(d)—lIncorrectly placed or missing reinforcement
is not effective in resisting tension and will allow uncon-
trolled cracking in the beam.

port is in tension and the bottom is in compression (Fig.
2.2.1(b)). Unreinforced concrete structural members have lit-
tle capacity for beam action because concrete’s low tensile
strength provides little resistance to the tensile stress in the
tension side of the member. This is one of the most important
functions of reinforcement in concrete members—to resist
the tension in these members due to beam action (Fig.
2.2.1(c)). Steel is remarkably well- suited for concrete rein-
forcement because it has high tensile strength, and therefore
relatively small amounts are required. Also, concrete bonds
to steel, and both expand and contract to about the same
degree with temperature changes. The good bond between
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concrete and steel allows an effective transfer of stress or load
between the steel and concrete so both materials act together
in resisting beam action. For these reasons, steel is the most
common material used to reinforce concrete. However, other
materials such as FRP are also used for reinforcement.

i -“E*{,\R.%‘%’{ﬁ}? i

Fig. 2.2.2(a)—Reinforcement in a concrete column (cour-
tesy of HDR Engineering, Inc.).

Many structural members must perform like a beam to ful-
fill their function in the structure. Among such concrete struc-
tural members are beams, girders, joists, structural slabs of all
kinds, some columns, walls that must resist lateral loads, and
more complex members such as folded plates, arches, barrels,
and domes. In addition to unintentional omission of part or all
of the reinforcement, improper placement of the reinforce-
ment designed to resist tension is one of the most common
causes of structural concrete failures (Fig. 2.2.1(d)). If the
tensile steel is not properly placed in the tension zone of a
structural member, it will not be effective in resisting tension,
and failure may occur.

2.2.2 Other reinforcement applications—In addition to its
use to resist tension in structural members, reinforcement is
used in concrete construction for other reasons, such as:

* To resist a portion of the compression force in a member.
The compressive strength of steel reinforcement is about
20 times greater than that of normal-strength concrete. In
a column, steel is sometimes used to reduce the size of
the column or to increase the column’s carrying capacity
(Fig. 2.2.2(a)). Compression steel is sometimes used in
beams for the same reasons.

Cf LtT {

Fig. 2.2.2(b)—Stirrups to resist shear in a concrete box girder bridge (courtesy HDR Engineering, Inc.).
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Fig. 2.2.2(c)—Hoop reinforcement in a reinforced concrete
column (courtesy of HDR Engineering, Inc.).

* To resist diagonal tension or shear in beams, walls, and
columns. Reinforcement used to resist shear in beams
is commonly in the form of stirrups (Fig 2.2.2(b)), but
may also consist of longitudinal reinforcement bent up
at an angle near the ends of the beam, or welded wire
fabric. In columns, shear reinforcement is typically in
the form of ties, hoops, or spirals.

« To resist bursting stresses resulting from high compres-
sive loads in columns or similar members, in which spi-
ral steel reinforcement, hoops (Fig. 2.2.2(c)), or ties are
used.

« To resist internal pressures in round structures such as
circular tanks, pipes, and bins.

* To minimize cracking, or more precisely, to promote
numerous small cracks in place of fewer large cracks,
in concrete members and structures.

* To limit widths and control spacing of cracks due to
stresses induced by temperature changes and shrinkage
(shortening of the concrete due to drying over time) in
slabs and pavement.

2.3—Prestressed concrete

Prestressed concrete is structural concrete in which internal
stresses have been introduced to reduce potential tensile
stresses in the concrete resulting from loads. This introduction
of internal stresses is called prestressing and is usually accom-
plished through the use of tendons that are tensioned or pulled
tight prior to being anchored to the concrete. Tendons can con-
sist of strands, wires, cables, bars, rods, or bundles of such ele-
ments. Tendons are usually made from high-strength steel, but
can also be made from other materials such as FRP.

2.3.1 Bending and bending stresses in prestressed concrete
members—As with reinforced concrete members, the most
common type of prestressed members are bending members
ot beams. The tendons in prestressed concrete beams, like the
nonprestressed reinforcement in reinforced concrete beams,
are placed near the top or bottom of the beam where the
applied loads will cause tension. For example, in a beam span-

Unlcaded Beam
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Fig. 2.3.1—In a prestressed simple beam, the prestressing
steel is placed near the bottom of the beam, just like regular
reinforcing steel. But in the prestressed beam, the prestress-
ing causes the unloaded beam to bend upward in the mid-
dle, opposite to the downward bending caused by the
applied load. The combined effect is a beam that bends less,
and therefore cracks less, under load.

ning between two supports carrying a load in the middle, the
load would cause tension at the bottom of the beam, so the
tendons would be placed near the bottom of the beam to resist
this tension (Fig. 2.3.1). Similarly, in a beam supported at the
center and loaded at the ends, the loads would cause tension
on the top part of the beam, so the tendons would be placed
near the top of the beam to resist this tension. The difference
between the reinforced concrete beams and the prestressed
concrete beams in these examples is that, in the nonprestressed
beams, the reinforcement is not subjected to tension until the
beam is loaded, whereas in the prestressed beam, the tendons
are tensioned before the beam is loaded. By tensioning the ten-
dons before loading the beam, the concrete on the side of the
beam with the tendons is squeezed or compressed. When the
beam is loaded, the tension in the concrete caused by the load
is offset by the compression caused by the prestress.

2.3.2 Advantages of prestressed concrete—There are sev-
eral benefits to prestressing concrete:

* Prestressed beams make more efficient use of the best
qualities of the concrete and tendons (that is, the com-
pressive strength of concrete and the tensile strength of
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steel). Therefore, a prestressed beam using a given
amount of concrete can be made stronger than a compa-
rable reinforced concrete beam.

« A prestressed concrete beam can be designed such that
the cracks in the concrete due to applied loads are
smaller than in a comparable reinforced concrete beam,
or can be virtually eliminated. This makes for a more
durable, longer lasting member by preventing water,
chlorides (deicing salt), and other corrosive materials
from coming into contact with the tendons.

* Prestressed beams, particularly pretensioned ones, are
frequently made in a factory and shipped to the con-
struction site. The quality of the formwork and con-
crete, and the placement of the prestressed and
nonprestressed reinforcement, can be better controlled
in a factory setting than at the construction site, result-
ing in a higher-quality structure.

2.3.3 Pretensioned and post-tensioned concrete—Concrete
is prestressed by one of two general methods: pretensioning
and post-tensioning. When concrete is pretensioned, the
tendons are stressed in the form before concrete is placed.
When concrete is post-tensioned, the tendons are stressed
after concrete is hardened.

2.3.3.1 Pretensioned concrete—Pretensioning is usually
performed in a factory (or precasting yard). The tendons are
held in place and tensioned against the ends of the casting
bed before the concrete is placed. Because the tensile force
in the tendons is very high, very strong temporary anchor-
ages are needed; these would be difficult to provide at a con-
struction site. After the concrete has achieved adequate
strength, the temporary anchorages are released, or the ten-
dons are cut outside of the concrete, transferring the pre-
stress force from the ends of the casting bed to the concrete.
In pretensioned beams, the tendons usually consist of seven-
wire strands that, after release of the temporary anchorages,
are anchored by bond to the concrete. Advantages of preten-
sioned concrete are that it does not require the use of perma-
nent anchorages and that the tendons are bonded to the
concrete over their entire length.

2.3.3.2 Post-tensioned concrete—Post-tensioning is usu-
ally performed at the job site. Post-tensioning tendons are
usually internal but can be external. Internal tendons are
placed within plastic or metal ducts embedded in the con-
crete and tensioned against the hardened concrete. Internal
tendons are usually bonded, but can be unbonded. After ten-
sioning, bonded tendon ducts are filled with cement grout to
prevent steel corrosion. Unbonded tendons are not grouted.
External tendons are not necessarily placed in ducts, but are
attached to the concrete only at the anchorages and at
changes in direction (deviators). Post-tensioning requires
special hardware at the ends of each tendon to anchor the
tendon to the concrete. Nonprestressed reinforcement is usu-
ally required in the concrete behind the anchor plates to
resist localized forces in this area, sometimes referred to as
the anchorage zone.

Some of the advantages of post-tensioning are that it does

not require the large temporary anchorages required for pre-
tensioning, it allows exploitation of the flexibility inherent
to cast-in-place concrete construction, and it allows for
larger members than are possible in a precasting plant.

2.4—Other prestressing applications

In addition to its use to resist tension in bending members,
prestressing is used in concrete construction for other func-
tions, such as:

* To resist internal pressures in circular structures such as
circular tanks, pipes, and bins.

* To limit cracking in bridge decks and slabs-on-grade.
« To improve capacity of columns and piles.
* To reduce long-term deflections.

CHAPTER 3—REINFORCING MATERIALS

Various materials are used to reinforce concrete. Round
steel bars with deformations, also known as deformed bars,
are the most common type of reinforcement. Others include
steel welded wire fabric, fibers, and FRP bars. It is impor-
tant to note that not all structural concrete containing rein-
forcement meets the ACI Building Code (ACI 318)
definition of reinforced concrete.

3.1—Steel reinforcement

Steel reinforcement is available in the form of plain steel
bars, deformed steel bars, cold-drawn wire, welded wire
fabric, and deformed welded wire fabric. Reinforcing steel
must conform to applicable ASTM standard specifications.

3.1.1 Deformed steel bars—Deformed bars are round steel
bars with lugs, or deformations, rolled into the surface of
the bar during manufacturing. These deformations create a
mechanical bond between the concrete and steel. Deformed
steel bars (Fig. 3.1.1) are the most common type of rein-
forcement used in structural concrete.

3.1.1.1 Deformed bar sizes—Deformed steel bars are des-

ignated in both SI (metric) and U.S. customary (in.-Ib) sizes,
according to ASTM A 615M/A 615, A 706M/A 706, and A
996M/A 996. In other words, metric bar sizes represent a soft
conversion of U.S. customary bar sizes. Metric bars are
exactly the same size as corresponding U.S. customary bars,
but are given a metric designation (bar number and grade).
The bar number for both metric and U.S. customary bar sizes
denotes the approximate diameter of the bar in millimeters
and eighths of an inch, respectively. (For U.S. customary bar
sizes No. 4 through No. 8, the relationship between bar num-
ber and bar diameter in eighths of an inch is exact—the bar

Fig. 3.1.1—Typical deformed reinforcing bar (courtesy of
Concrete Reinforcing Steel Institute).
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Table 3.1.1.2(a)—ASTM standard reinforcing bars

U.S.
ASTM Metric Metric customary U.S. customary
designation Type grades sizes grades sizes
A 615M/A 615 Billet 300 10-19 40 3-6
420 10- 57 60 3-11,14,18
520 19-57 75 6-11,14,18
A T06M/A 706 Low-alloy 420 10-57 60 3-11,14,18
A 996M/A 996 Rail 350 10-25 50 3-8
420 10-25 60 3-8
A 996M/A 996 Axle 300 10-25 40 3-8
420 10-25 60 3-8
Table 3.1.1.2(b)—Bar marks
Mas Meaning Main Ribs
Symbol or series of Designates producer’s mill
symbols Letter or Symbol
Number Designates bar size for Producing Mill
S, W, “rail symbol” or Designates type of steel
l #2565
“rgil symbol” and R, A S - billet-steel, W - low-alloy steel, “rail H Bat S8 N
gymbol” or R - rail-steel, or A - axle steel) Type Steesl
Blank or number Grade mark (blank for Grade 300/Grade 40 251l /S tor suier (as1sm
Grade 350/Grade 50, otherwise the ! W tor Low-Alloy (ATOSM)
e number). S

number is exactly the number of eighths of an inch in the bar
diameter. However, for U.S. customary bar sizes No. 9
through No. 18, the bar number is the number of eighths of an
inch in the diameter closest to the actual diameter.) For exam-
ple, a No. 13 metric bar is approximately 13 mm in diameter
and is exactly the same size as a No. 4 U.S. customary bar,
which is 4/8 or 1/2 in. in diametet. Similarly, a No. 32 metric
bar is approximately 32 mm in diameter and is exactly the
same size as a No. 10 U.S. customary bar, which is 1.27 in. in
diameter, or approximately 10/8 or 1-1/4 in. There are 11 bar
sizes. The 11 metric sizes are No. 10, 13, 16, 19, 22, 25, 29,
32, 36, 43, and 57. The corresponding U.S. customary sizes
are No. 3 through No. 11, No. 14, and No. 18. Note that the
six metric bar sizes from No. 10 through No. 25 (correspond-
ing to No. 3 through No. 8 U.S. customary bars) are in 3 mm
(1/8 in.) increments and that the designation numbers for
these bars are three times the bar number of their correspond-
ing U.S. customary bar, plus one. Also note that there is a No.
10 bar in both U.S. customary and metric units, but the U.S.
customary No. 10 bar is more than three times as large as the
No. 10 metric bar.
3.1.1.2 Deformed bar grades and availability—
Deformed steel bars are furnished in four metric strength
grades of steel: 300, 350, 420, and 520, having minimum
yield strengths of 300, 350, 420, and 520 MPa, respectively.
The four corresponding U.S. customary grades: Grades 40,
50, 60, and 75, have minimum yield strengths of 40,000,
50,000, 60,000, and 75,000 psi, respectively. They are man-
ufactured from four types of steel: billet-steel (ASTM A
615M/A 615), low-alloy-steel (ASTM A 706M/A 706), and
rail and axle steel (ASTM A 996M/A 996).
Billet-steel bars are available in three metric grades and

three equivalent U.S. customary grades. They are available
in metric bar sizes No. 10 through No. 19 in Grade 300, in

j Grade Mark
Grade Line (One line only)

* nars marked with & 8 and W mest both ASISM and ATOSM

GRADE 420

Main Ribs

Letter or Symbol
for Producing Mill

Bar Size #43

Type Steel
S for Bitet (ASIEM)

Mo ll& [z

Grade Mark

77

Grade Lines (Two lines only)
GRADE 520

Fig. 3.1.1.2—Typical metric reinforcing bar identification
markings (courtesy of Concrete Reinforcing Steel Institute).

all bar sizes in Grade 420, and in bar sizes No. 19 through
No. 57 in Grade 520 (Table 3.1.1.2(a)). Billet-steel bars are
available in U.S. customary bar sizes No. 3 through No. 6 in
Grade 40, in all bar sizes in Grade 60, and in bar sizes No. 6
through No. 18 in Grade 75.

Low-alloy-steel bars are manufactured in all sizes, but in
only one metric grade (420) and one equivalent U.S. cus-
tomary grade (60). Availability of ASTM standard metric
and U.S. customary reinforcing bars is summarized in Table
3.1.1.2(a).

Rail-steel bars are manufactured by rolling used railroad
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Detailing i

Dimension

RECOMMENDED END HOOKS, ALL GRADES OF STEEL
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NOTE: Al dimensions &re in millimeters {mm).

BAR g [ 1B0"HOOKE | 90" HOOKS |
SIZE il AorG J AorG
#10 €0 125 80 150
#13 80 150 105 200
#16 95 175 130 250
L #19 115 200 155
[F:] 135 250 180 ars
25 155 s 205 425
(7] 240 ars 300 475
#32 278 425 335 E50
36 305 4TS5 ars 600
#43 4865 675 550 775
#57 §10 525 725 1050
e = Nominal bar diameter NOTE: All dimensions are in millimeters (mm).
Min. D = 6 dy for 10 through #25 i
Min.. D = 8 do for #29, #32 ar! #36 FoERRs IR N6 <8,
Min. D= 10 d for #43 and #57 For #19,22,25 - 124, g &
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@ b"\
| A
v / I.H
£l g |.§ | g D
Hi 3t g
<]
J '
- 3{, o 90° i 135°
STIRRUP HOOKS (Tie Bends Similar) SEISMIC STIRRUP/ TIE
BAR p J—ee T s 735° SEISMIC HOOK
SIZE AorG AorG H* D AorG H*
"o 40 105 105 65 40 110 B0
"3 50 115 15 80 50 115 80
HE &5 155 140 95 85 140 85
[3E] s | 305 205 15 115 | 205 15
22 135 355 230 135 135 230 135
s 155 410 a7 155 #25 155 270 155
*H dimenslon is e, *H dimension is

approximats,
NOTE: All dimensions are in millimeters (mm}.

Fig. 3.1.1.3—Standard hook details for metric reinforcing bars (courtesy of Concrete
Reinforcing Steel Institute).

Table 3.1.3—Common styles of welded wire fabric

Metric styles As. Weight,  |Equivalent, U.S. customary styles As. Weight,
(MW = plain wire) mm%m kg/m? (W = plain wire) in 2/ 1b/100 f?
102x102 - MWIxMW9 88.9 1.51 4x4 - W1.4xW1.4 0.042 31
102x102 - MW13xMW13 127.0 2,15 4x4 — W2.0xW2.0 0.060 44
102x102 - MWI19xMW19 184.2 3.03 4x4 — W2.9xW2.9 0.087 62
102x102 - MW26xMW26 254.0 430 4x4 — W4.0xW4.0 0.120 88
152x152 - MWI9xMW9 59.3 1.03 6x6—W14xW14 0.028 21
152x152 - MW13xMW13 84.7 1.46 6x6 — W2.0xW2.0 0.040 30
152x152 - MW19xMW19 122.8 2.05 6x6—W2.9xW2.9 0.058 42
152x152 - MW26xMW26 169.4 2.83 6x6 — W4.0xW4.0 0.080 58
102x102 — MW20xMW20 196.9 317 4x4 —W3.1xW3.1 0.093 65
152x152 - MW30xMW30 199.0 332 6x6 — W4.7xW4.7 0.094 68
305x305 - MWe1xMW61 199.0 347 12x12 - W9.4xW9.4 0.094 i
305x305 - MW110xMW110 362.0 6.25 12x12 -W17.1xW17.1 017 128
152x152 - MW52xMW52 3429 5.66 6x6 — WB.1xW3.1 0.162 116
152x152 - MW54xMW54 3514 581 6x6 — W8.3xW8.3 0.166 119
305x305 - MW59xMW359 192.6 8.25 12x12 — W9.1xW9.1 0.091 69
305x305 - MW107xMW 107 3514 9.72 12x12 - W16.6xW16.6 0.166 125
152x152 - MW28xMW28 186.3 322 6x6 — W4.4xW4.4 0.088 63
152x152 - MW52xMW52 338.7 5.61 6ox6 — W8xW8 0.160 115
305x305 - MW57xMW57 186.3 322 12x12 - W8.8xW8.8 0.088 66
305x305 - MW103xMW103 338.7 5.61 12x12 - W16xW16 0.160 120
152x152 — MW27xMW27 1778 3.08 6%6 — Wa.2xW4.2 0.084 60
152x152 - MW48xMW48 3175 552 6x6 —W7.5xW17.5 0.150 108
305x305 - MWS4dxMW54 175.7 308 12x12 — WB.3IxW8B.3 0.083 63
305x305 - MW9TxMW97 317.5 5.52 12x12 - W15xW15 0.150 113
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rails, and are available in two metric grades (350 and 420)
and two equivalent U.S. customary grades (50 and 60).
They are available in metric bar sizes No. 10 through No. 25
and in U.S. customary bar sizes No. 3 through No. 8.

Axle-steel bars are manufactured by rolling used railroad
car axles, and are available in two metric grades and two
equivalent U.S. customary grades. They are available in
metric bar sizes No. 10 through No. 25 in Grades 300 and
420 and in U.S. customary bar sizes No. 3 through No. 8 in
Grades 40 and 60.

All deformed steel bars are required to be marked with
identifying symbols rolled into one side of each bar (Fig.
3.1.1.2). The symbols must consist of the information
shown in Table 3.1.1.2(b), and can be oriented to read verti-
cally or horizontally. As an alternate to rolling the grade
mark number for Grade 420/Grade 60 or Grade 520/Grade
75, the grade can be designated by rolling an additional lon-
gitudinal rib or ribs on the bar (Fig. 3.1.1.2).

3.1.1.3 Cutting, bending, and welding—Reinforcing bars are
cut and bent either in the fabricator’s shop or at the job site,
although it is preferable to do as much of this work as possible
in the fabricator’s shop. Bars should be bent by machine. Bent
bars are then checked to insure that lengths, depths, and radii
are correctly reproduced, as shown on the bending details.
There are many types of bends; the most common ones are
illustrated in Fig. 3.1.1.3. The use of hand bending tools is
limited to making adjustments during placing.

Reinforcing bars are usually cut to length by shearing,
although sawing is required where compressive bars are to
be spliced end-to-end. Cutting by burning with oxyacety-
lene equipment is discouraged. Heating of reinforcing bars
for bending or straightening is permitted only when specifi-
cally approved by the engineer. Heating can change the
characteristics of the steel. This can weaken the bars by
making them brittle and dangerous to handle.

3.1.2 Threaded steel bars—Threaded steel bars are made
by several manufacturers in Grade 420/Grade 60 conforming
to ASTM A 615M/A 615, but are not available in all sizes.
These bars can be spliced with threaded couplers or
anchored through steel plates, while still providing continu-
ous bond between the bar and concrete. They are used as an
alternative to lapping standard deformed bars when long bar
lengths are required and lap splices are impractical, or where
bars need to be anchored close to the edge of a member.

3.1.3 Welded wire fabric—Welded wire fabric reinforcement
(WWF), also known as welded wire reinforcement (Fig.
3.1.3), is a square or rectangular mesh of wires, factory-
welded at all intersections. It is used for many applications
such as to resist temperature and shrinkage cracks in slabs, as
web stirrups in beams, and as tie reinforcement in columns. It
is manufactured with either plain or deformed wire according
to ASTM standards A 184M/A 184 (deformed steel bar mats),
A 185 (plain steel welded wire fabric), A 497 (deformed steel
welded wire fabric) or A 884M/A 884 (epoxy-coated steel
wire and welded wire fabric). Welded wire fabric in which
only the minimum amount of cross wire required for fabrica-
tion and handling is used is called “one-way” fabric. Where an

Fig. 3.1.3—Welded wire reinforcement sheets (courtesy of
Wire Reinforcement Institute).

appreciable amount of wire is provided crosswise (trans-
versely) as well as lengthwise (longitudinally), it is called a
“two-way” fabric. The lighter fabrics are shipped in rolls,
while the heavier fabrics, generally 4.9 mm (No. 6 gage) wire
and heavier, are shipped in flat sheets.

Metric wire fabric is usually designated as follows: WWF
followed by the spacing of longitudinal and transverse wires
in millimeters and then the areas of the individual longitudi-
nal and transverse wires in square millimeters. Each wire
area is preceded by the letters “MW?” for plain wire rein-
forcement (“W” only for U.S. customary units) or “MD” for
deformed wire reinforcement (“D” only for U.S. customary
units). Common styles of both metric and U.S. customary
welded wire reinforcement are listed in Table 3.1.3.

3.2—Fiber-reinforced polymer (FRP) bars

FRP bars are sometimes used as an alternative to steel
deformed bars where corrosion of steel bars is likely or where
sensitive electrical or magnetic equipment might be affected
by a large amount of steel reinforcement. The development of
the various fiber-reinforced polymer composites, or FRPs, has
occurred over a number of decades and the materials continue
to evolve. (Originally, the “p” in FRP stood for “plastic,” but
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“polymer” is now the preferred term to avoid confusion.) FRP
materials are available in many forms, including bars, tapes,
cables, grids, sheets, and plates.

FRP bars have several qualities that make them suitable as
reinforcement for concrete: they thermally expand and con-
tract at a rate very close to that of concrete, they do not rust,
and they have a very high strength-weight ratio. In addition,
FRP is nonmagnetic. The main FRP benefit for the con-
struction industry is durability, as FRP composites do not
rust. As such, bridges and paper and chemical plants have
been the most common applications for FRP bars used to
date. The electrical insulating properties are important in
certain highly specialized applications, the best known
being magnetic resonance imaging (MRI) equipment. Other
benefits of FRP composites include light weight, high
strength and high modulus, electromagnetic permeability,
and impact resistance. Disadvantages of FRP bars include
their brittle nature (they do not stretch as far as steel bars
before breaking), their susceptibility to damage from ultra-
violet light, and the fact that they cannot be field-bent.

3.2.1 FRP materials—FRP bars are most commonly made
using glass, carbon, or aramid fibers. FRP materials are not
as fire-resistant as steel, and some are damaged by exposure
to ultraviolet radiation (UV). Moisture can significantly
reduce both the strength and stiffness of some FRP materi-
als, although some resins are formulated to be moisture-
resistant. Embedding the bar in concrete provides a level of
protection from moisture and can alleviate many of the
long-term durability concerns. In general, the resin in the
FRP is more susceptible to damage than the fiber. Inorganic
polymers can be substituted for organic polymers to provide
better resistance to fire and UV. Carbon fibers are the most
chemical-resistant of the various fibers used.

Bars are the most common form of FRP composites. Bars
may contain only one type of fiber—glass, carbon, or ara-
mid—or may be some combination of these fibers. Individ-
ual bar diameters vary from approximately 3 mm (1/8 in.)
up to about 25 mm (1 in.).

In FRP composites, resins make up between 25 and 50%
by weight of the bar. Resins hold the fibers together (in
bars) and do not have the same physical properties as the
fibers, or support loads as well as the fibers.

In general, the FRPs are about 1/4 the weight of steel. This
can be beneficial for shipping costs and for ease of placing
reinforcement. Glass FRP bars have about the same linear
coefficient of expansion as concrete. Carbon FRP bars are
unaffected by temperature, and aramid FRP bars shrink
slightly rather than expand with temperature increases.

Many projects that use FRP bars are instrumented with
monitoring devices in order to provide feedback on the per-
formance of the structure. This information can be used to
maintain structural safety and may provide long-term data for
research projects. Because FRPs are made of many different
materials by various manufacturers, their properties are more
variable than steel. Steel follows a linear stress-strain curve
until yield, then maintains a constant stress to failure, indicat-
ing ductile behavior. Unlike steel, FRPs are not ductile, and

failure will be brittle once the ultimate tensile strength is
reached. It is therefore important to keep the (sustained) loads
below the ultimate strength by an adequate margin for safety.

FRP bars are designed to be used in tension only, because
their compressive and shear strengths are low. However, the
low shear strength is beneficial in some cases. For instance,
FRPs used for temporary rock bolts in tunneling projects are
cut much more easily than steel.

3.3—Fiber reinforcement
Fiber-reinforced concrete (FRC) is concrete with the addi-

tion of discrete reinforcing fibers made of steel, glass, syn-
thetic (nylon, polyester, and polypropylene), and natural fiber
materials. At appropriate dosages, the addition of fibers may
provide increased resistance to plastic and drying shrinkage
cracking, reduced crack widths, and enhanced energy absorp-
tion and impact resistance. The major benefit derived from
the use of FRC is improved concrete durability.

Common lengths of discrete fibers range from 10 mm (3/8
in.) to a maximum of 75 mm (3 in.). They are normally
added to the concrete during the batching operation but
alternately can be added at the job site. It is important that
sufficient mixing time be provided after fibers are added to
a mixture. (A minimum of 4 minutes may be required with a
transit mixing drum spinning at mixing speed. In precast
and central mixing plants, mixing efficiency is much higher
and mixing time is reduced to as little as 90 seconds.)

Synthetic fibers can be delivered to the mixing system in
preweighed, degradable bags that break down during the
mixing cycle. Steel fibers are introduced to the rotating
mixer via conveyor belt, either at the same time as the
coarse aggregate, or on their own after all the conventional
ingredients have been added.

Placement and finishing operations for FRC are compara-
ble to those used for concrete without fibers.

3.3.1 Applications—The major applications of FRC are
slab-on-grade construction, precast concrete, and shotcrete.
Some examples of slab-on-grade construction are airport
runways, residential, commercial, and industrial floor slabs,
and hydraulic structures. There are a number of precast
applications such as septic tanks and bumper blocks. Fiber-
reinforced shotcrete is used for rock slope stabilization, tun-
nel liners, hydraulic structures, and maintenance of existing
concrete. Fibers are also used in conjunction with steel rein-
forcing bar. FRC is also used in repair applications, such as
repair of bridge decks, piers, and parapets.

3.3.2 Steel fibers—Steel fiber-reinforced concrete (SFRC)
utilizes steel fibers meeting one of the following four gen-
eral types listed in ASTM A 820:

* Type I: Cold-drawn wire
* Type II: Cut sheet

* Type III: Melt-extracted
* Type IV: Other fibers

The steel fibers are either produced from carbon steel or
stainless steel. Carbon steel fibers are most common. Stain-
less steel fibers are used primarily in refractory applications.
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Fig. 3.3.3—TDypical fibrillated, synthetic, polypropylene
fibers magnified many times (courtesy of Fibermesh Inc.).

The configuration of the steel fibers is very important in
terms of mechanical bond with the concrete. Deformed steel
fibers have a better mechanical bond than straight steel
fibers of similar size. Likewise, for fibers of the same diam-
eter, longer fibers provide higher pullout resistance than
shorter ones.

3.3.2.1 Dosage—The typical dosage range for steel fibets
is 12 to 71 kg/m> of concrete (20 to 120 Ib/yd>).

Dosages below 30 kg/m> (50 Ib/yd®) provide secondary
reinforcement. Higher dosages can, depending on the type
and length of steel fibers used, increase to varying degrees
the flexural strength, fatigue strength, toughness, shear
strength, impact resistance, and ductility over that of unrein-
forced concrete. The ability of SFRC to redistribute
moments after microcracking in slabs-on-grade potentially
allows for reduction in the slab thickness. For more infor-
mation, see ACI Committee Reports 302.1R, Guide for
Concrete Floor and Slab Construction; 330R, Guide for
Design and Construction of Concrete Parking Lots; 360R,
Design of Slabs on Grade; 506.1R , Fiber Reinforced Shot-
crete); 544.1, State of the Art Report on Fiber Reinforced
Concrete; 544.2, Measurement of Properties of Fiber Rein-
forced Concrete; 544.3, Guide for Specifying, Proportion-
ing, Mixing, Placing, and Finishing Steel Fiber Reinforced
Concrete; and 544.4, Design Considerations for Steel Fiber
Reinforced Concrete.

Steel fibers should be added to the concrete batch mixer at a
uniform rate to prevent segregation or balling during mixing.

3.3.3 Synthetic fibers—A variety of fiber materials other
than steel, glass, or natural fibers (such as wood or other
plant fibers) have been developed for use in FRC. These
fibers are categorized as synthetic fibers. Concrete made
with synthetic fibers is referred to as synthetic fiber-rein-
forced concrete (SNFRC). Synthetic fibers (Fig. 3.3.3) are
man-made fibers resulting from research and development
in the petrochemical and textile industries. Currently, nylon,
polyester, and polypropylene fibers are the most common
commercially available fibers for use in SNFRC.

Polypropylene is available as a fibrillated tape that looks
like a hair net or fishing net when opened. During concrete
mixing, the original bundles break down into mini-bundles,
where three or four main fibrils are attached by cross fibrils.
This mini-bundle provides excellent bond with the mortar
infiltrating the net. Polypropylene and nylon are both avail-
able as a monofilament, which has a cylindrical cross-sec-
tion of various diameters. The standard dosage range is 0.6
to 1.0 kg/m> (1.0 to 1.6 Ib/yd>) or roughly 0.1% by volume.
At this dosage, synthetic fibers are used to modify plastic
shrinkage and plastic settlement properties of concrete. Less
bleed water is the visually observable result of reduced plas-
tic settlement. Uses include slabs-on-grade, precast con-
crete, and wet-method shotcrete.

Cast-in-place concrete will accommodate up to 0.5% by vol-
ume with mixture proportion modifications required when the
fiber volume is above 0.3%. Wet shotcrete mixtures with up to
0.75% by volume can be used to enhance toughness/residual
strength. The use of 0.2% (1.8 kg/m? [3 Ib/yd>]) of synthetic
fiber in ultra-thin white-topping (a concrete replacement for
hot-mixed asphalt as the wearing surface) has become a stan-
dard based on proven performance.

Adding more than 0.3% by volume of synthetic fibers
requires modification of the concrete mixture proportions to
accommodate the increased surface area of the fiber.
Increasing the sand content while decreasing the coarse
aggregate content is required to have a workable mixture. If
water is added to the mixture, the quantity of cement may
need to be increased to maintain the required compressive
strength, A high-range water-reducing admixture (also
known as a superplasticizer), rather than additional water, is
used to adjust for loss of slump.

3.4—Materials for repair and strengthening of
structural concrete members
Strengthening a structural concrete member after it is built

usually involves removing and replacing concrete, attaching
additional material to the member, or wrapping the member
in another material. Strengthening accomplished by adding
or replacing concrete is beyond the scope of this document.
Strengthening by adding reinforcing bar or prestressing
reinforcement (external to the member) uses materials cov-
ered elsewhere in this document.

3.4.1 External steel reinforcement—Structural steel plates
or structural shapes can be used to externally reinforce con-
crete members. Depending on the application, plates, struc-
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Fig. 3.4.2—Installation of FRP sheets on a reinforced con-
crete beam (courtesy of Hexcel Fyfe Co.).

tural shapes or prestressed steel straps can be attached to the
member with bolts, epoxy, or both. Care must be exercised
when using epoxy to prevent damage by exposure to ultravio-
let light. Bolts can either go through the member or be
secured in drilled holes with epoxy. For beam repairs, plates
or channels are frequently attached to the bottom or both sides
of the beam, or where all sides of the beam are accessible, the
beam can be wrapped and prestressed with steel straps. Both
the bending and shear strength of the beam can be increased
by these methods. For columns, plates are commonly placed
on all sides to form a continuous shell or jacket, increasing the
ductility and/or shear strength of the column. This is particu-
larly common when retrofitting columns to resist earthquake
forces. These jackets can be square, rectangular, round, or
oval shaped. When the shape of the jacket is not identical to
the shape of the column, the annular space—the space
between the steel shell and the concrete column—is usually
filled with a cementitious grout. Cracked walls can be
repaired by attaching steel plates or a series of channels to the
face of the wall, or by “stapling” the crack with a series of C-
shaped reinforcing bars doweled into the face of the wall on
either side of the crack.

3.4.2 FRP plates, sheets, and jackets—Several types of
glass, carbon, or aramid fiber-reinforced polymer (FRP)
composites are used to strengthen concrete members. FRP

sheets come in two forms, precured laminates (that is, rigid
plates) that can only be applied to flat surfaces, and thin
sheets that can either be attached to flat surfaces or wrapped
around columns or beams (Fig. 3.4.2) by in-place impregna-
tion with resin (manual lay-up). In either case, they are typi-
cally attached to the concrete with epoxy. Rigid plates are
most commonly attached to the bottom of beams to increase
flexural capacity, or to reduce deflections. Flexible sheets
can be used to strengthen flexural members. They are also
used for shear strengthening or confinement of round or
rectangular members, particularly columns and beams. In
confinement applications, the sheets are usually continu-
ously wrapped around the member to form a jacket that
increases the strength, ductility, and shear capacity. Sheets
can also be applied to walls and floor slabs to increase bend-
ing strength and in-plane shear capacity, as well as to reduce
deflections. Additional information can be found in ACI
440R, State-of-the-Art Report on Fiber Reinforced Plastic
(FRP) Reinforcement for Concrete Structures.

CHAPTER 4—PRESTRESSING MATERIALS
High-strength steel is the most commonly used material
for prestressing concrete; however, other materials such as
fiber-reinforced polymers (FRP) are also used. For addi-
tional information, ACI 440R, State-of-the-Art Report on
Fiber Reinforced Plastic (FRP) Reinforcement for Concrete
Structures, is recommended.

4.1—Steel

Prestressing steel is available in the form of strand, wire,
and bar used singly or in bundles, and normally conforms to
ASTM standard specifications.

4.1.1 Seven-wire strand—The most commonly used pre-
stressing steel is seven-wire strand (Fig. 4.1.1). Seven-wire
strand comes in two grades, Grade 1725 (250) and Grade
1860 (270) with minimum ultimate tensile strengths
(MUTS)—breaking strengths—of 1725 MPa (250,000 psi)
and 1860 MPa (270,000 psi), respectively. In addition,
seven-wire strands are classified as stress-relieved or low-
relaxation (also known as Lowlax). Low-relaxation strand
has less of a tendency to relax or lose tension after it has
been stretched and is considered the standard type. Stress-
relieved strand is furnished only if specifically ordered.

Grade 1725 (250) strand conforming to ASTM A 416M/A
416 is manufactured in six sizes, designated by their nomi-
nal diameter in millimeters and listed in Table 4.1.1. Grade
1860 (270) strand is manufactured in four sizes similarly
designated by their nominal diameter in millimeters and
listed in Table 4.1.1. Tendons made from seven-wite strands
can have as few as one or more than 50 strands per tendon.
Tendons made from seven-wire strand are tensioned using
hydraulic jacks and then held by steel wedges that fit into
steel anchorages.

4.1.2 Wire—Prestressing wire conforming to ASTM A
421M/A 421 is manufactured in Grades 1620 (235) and
1655 (240) in type BA (used for applications with button
anchors), and in Grades 1620 (235), 1655 (240) and 1725
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Fig. 4.1.1—Typical seven-wire prestressing strand (courtesy

Fig. 4.1.3—High strength threaded bar and anchor plate for
prestressing (courtesy of DYWIDAG Systems International).

of HDR Engineering).
Table 4.1.1—ASTM standard seven-wire Table 4.1.3—ASTM standard prestressing bars
prestressing strand Nominal diameter
Type Nominal diameter mm in,
mm in, Type 1 Bar, plain 19 3/4
Seven-wire strand, 6.35 1/4 (0.250) 22 5/8
Grade 1725 (250) 794 5/16 (0.313) 25 1
9.53 3/8 (0.375) 29 1-1/8
11.11 7/16 (0.438) 32 1-1/4
12.70 1/2 (0.500) 35 1-3/8
1524 6/10 (0.600) Type 11 bar, deformed 15 5/8
Seven-wire strand, 9.53 3/8 (0.375) 20 3/4
Grade 1860 (270) 11.11 7/16 (0.438) 26 1
12.70 1/2 (0.500) 32 1-1/4
1524 6/10 (0.600) 36 1-3/8
40 1-3/4
65 2172

Table 4.1.2—ASTM standard prestressing wire
sizes

Type Nominal diameter
mm in
BA or WA 488 0.192
498 0.196
6.35 0.250
7.01 0.276

(250) in type WA (used for applications with wedge
anchors). Like prestressing strand, prestressing wire is clas-
sified as stress-relieved or low-relaxation. Prestressing wire
is manufactured in four sizes designated by its nominal
diameter. Available sizes of prestressing wire are listed in
Table 4.1.2. Like prestressing strand, prestressing wire can
be used individually or in multi-wire tendons.

4.1.3 Bars—Prestressing bars (Fig. 4.1.3) conforming to
ASTM A 722M/A 722 are manufactured in only one
grade, Grade 1035 (150), with a minimum ultimate tensile
(breaking) strength of 1035 MPa (150,000 psi). They are
manufactured in both plain and deformed bars referred to
as Type I and Type II, respectively. Plain bars, which often
have threads machined onto them, are manufactured in six
sizes designated by their nominal diameter in millimeters
or inches, as listed in Table 4.1.3. The deformations on

deformed bars are usually arranged in a thread-like pat-
tern. Deformed bars are manufactured in several sizes des-
ignated by their nominal diameter in millimeters or inches
and are also listed in Table 4.1.3. Prestressing bars are usu-
ally tensioned using hydraulic jacks and anchored by
threaded nuts and anchor plates.

4.2—FRP

Bars are the basic components from which the prestressing
reinforcement is usually manufactured. For prestressing
applications, single bars or combinations of bars are the
most common form, and are referred to as tendons. Tendons
can be made by braiding small-diameter bars, by twisting
bars or strands, or by bundling strands. Flat strips, tapes, or
rods can also be bundled together (usually 3, 8, or 9) to
make tendons, while cables (ropes) are usually 3, 7, or 19
bars twisted together. Bars as large as 45 mm (1-3/4 in.)
nominal diameter have been fabricated by combining 61
individual strands. FRP prestressing is used in much the
same manner as steel. If tendons are placed in ducts, the
ducts may be ungrouted or they may be filled with grout to
provide added protection to the tendon. Sheet materials are
not used for prestressing,.

FRP prestressing can be either external or internal. Exter-
nal prestressing is usually unbonded, but can be bonded.
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Internal prestressing is usually bonded. Unbonded FRP ten-
dons often do not contain a resin matrix holding the individ-
ual bars together. Instead, the tendons are simply a grouping
of bars. Multistrand tendons made without resin holding the
individual bars together are more flexible than bar group-
ings bonded with resin. Thus, tendons that contain a mini-
mal amount of resin are stronger than an equivalent-
diameter bar made from the same type of fiber. Tendons
must be anchored securely to the concrete, either by
mechanical fasteners or through the use of epoxy.

4.2.1 Strength—Because FRPs are made of many different
materials by various manufacturers, their properties are more
variable than steel. The ultimate strength of FRP tendons is
comparable to that of a steel prestressing strand. The tensile
strength of steel tendons generally ranges between about 1400
and 1900 MPa (200 to 270 ksi); for glass fiber tendons, the
range is from about 1400 to 1700 MPa (200 to 250 ksi); for
carbon fiber tendons, which are among the strongest of the
fibers, the range is from 1650 to 2400 MPa (240 to 350 ksi);
and for aramid fiber tendons, the range is from 1200 to almost
2100 MPa (170 to 300 ksi). FRP carbon tendons are more
commonly used for prestressing than other fiber types because
of their high strength and high modulus.

4.2.2 Applied loads—Tendons are subjected to short-term
loads during construction (prestressing) and to long-term (ser-
vice) loads. Prestressing loads are usually larger than service
loads. Tendons are subjected to anywhere from 30 to 80% of
the rated tensile capacity (MUTS) of the tendon during pre-
stressing operations. The sustained tensile force is limited to
60% of the minimum ultimate tensile strength because of a
phenomenon known as creep rupture that affects all materials,
including FRP tendons and steel prestressing strands. In creep
rupture, tensile members subjected to sustained loads fail sud-
denly after a certain period of time. Creep rupture is not a con-
cern for most FRP reinforced concrete structures, because the
FRP service stress is usually below 60%. However, it is
important for prestressing applications where higher FRP
stresses are more common. Another concern with FRP tension
stress at or above 60% of MUTS is fatigue failure. Fatigue
testing performed on carbon FRP tendons indicates that if the
mean stress is 60% of the ultimate strength or less, fatigue fail-
ure is rare.

CHAPTER 5—CORROSION-RESISTANT
REINFORCEMENT

The high pH and relatively low permeability of concrete
provides passive corrosion protection for steel. However,
this protection is not sufficient in certain wetting and drying
environments or in environments that chemically promote
the corrosion of steel reinforcement. Because steel is sus-
ceptible to rusting when exposed to air and water, reinforc-
ing steel in concrete, which is likely to be frequently wet or
exposed to corrosive chemicals such as deicing salt or sea-
water, often requires protection beyond that provided by the
concrete. Several methods are commonly used to protect
steel reinforcement from rusting. The most common of
these methods is epoxy coating. Galvanized and stainless

crete Reinforcing Steel Institute).

steel reinforcement, cathodic protection systems, and chem-
ical and mineral corrosion protection systems are also used
to protect steel reinforcement, but are less common than
epoxy-coated reinforcement.

5.1—Epoxy coating

Steel reinforcing bars, wire and welded wire fabric, and steel
prestressing strand can be manufactured with a fusion-bonded
epoxy coating (Fig. 5.1) according to ASTM A 775M/A 775
or A 934M/A 934 for reinforcing bars, A 884M/A 884 for
wire and welded wire fabric, and A 882M/A 882 for prestress-
ing strand. The epoxy coating, which can be recognized by its
color (usually green or purple), acts as a barrier preventing the
steel from being exposed to ait, water, and other oxidizing
agents. The epoxy coating can be applied to reinforcing bars
before (ASTM A 775M/A 775) or after (ASTM A 934M/A
934) bending and cutting the bars in the fabricating shop. If
the epoxy coating is applied prior to fabrication, any damage
to the epoxy coating that occurs during fabrication is repaired
prior to shipping the bars to the construction site.

Epoxy-coated reinforcement is common in bridge decks,
parking, and other transportation structures, and structures
in or near salt water.

5.2—Galvanizing
Deformed steel bars and steel prestressing wire can also be

coated with zinc in accordance with ASTM A 767TM/A 767
in a process called galvanizing. The zinc coating, applied by
dipping prepared reinforcing bars into a molten bath of zinc,
provides both a barrier to corrosive attack and a sacrificial
layer that, when damaged, forms a galvanic couple with the
zinc as the anode. Galvanizing is usually applied after fabri-
cation of the bars to prevent damage to the coating from
bending and cutting.

5.3—Stainless steel
Deformed steel bars are also manufactured from stainless

steel according to ASTM A 955M or with a stainless steel
cladding. In addition to having enhanced corrosion resistance,
stainless steel bars have controlled magnetic permeability.
ASTM Specification A 955M covers three grades of stain-
less steel bars—300, 420, and 520—having minimum yield
strengths of 300, 420, and 520 MPa, respectively (40, 60,
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and 75 ksi). Sizes of stainless steel bars are the same as for
standard carbon steel bars (see Section 3.1.1.2).

Another type of stainless steel reinforcement, stainless
steel-clad bars, is emerging. The cladding is a barrier coat-
ing which, like epoxy-coating, prevents corrosive agents
from coming in contact with the core of the bar.

5.4—Chemical and mineral corrosion protection
systems
Chemical and mineral admixtures added to concrete dur-

ing batching can be used to protect embedded reinforcement
by delaying the onset of corrosion. For more information,
see ACI Education Bulletin E4 and Committee Reports
212.3R, Chemical Admixtures for Concrete; 232.1R, Use of
Natural Pozzolans in Concrete; 232.2R, Use of Fly Ash in
Concrete; 233R, Ground Granulated Blast-Furnace Slag as
a Cementitious Constituent in Concrete; and 234R, Guide
for the Use of Silica Fume in Concrete.

CHAPTER 6—STORAGE AND HANDLING

6.1—Uncoated steel reinforcement

Storage conditions should not cause excessive rusting of
the reinforcement or the adherence of dust or soil. On the
job site, reinforcement is usually stored on heavy timbers to
keep it out of mud and water. Before reinforcing steel is
placed, it should be free of coatings that reduce the bond of
steel to concrete, particularly oil, dirt, loose mill scale, and
loose rust. Coatings likely to be found on parts of the rein-
forcement are paint, oil, grease, dried mud, and weak dried
mortar that has been splashed on the bars. Dried loose mor-
tar should be brushed from the bars; mortar that is difficult
to remove is harmless and can remain. Oil and grease
should be removed with a degreaser. Special care must be
taken when applying a release agent to wood or steel form
work to avoid contamination of the reinforcing bar with the
release agent. A thin, adherent film of rust or mill scale is
not objectionable and may even improve the bond between
the bar and surrounding concrete, but loose rust or mill
scale should be removed.

6.2—Epoxy-coated steel reinforcement
All of the precautions noted in Section 6.1 for uncoated

reinforcing bar also apply to bars with epoxy coating. In
addition, epoxy-coated bars should be stored and handled
so that the coating is not damaged prior to concrete place-
ment. Epoxy-coated reinforcement should be handled
only with nonmetallic equipment such as nylon slings or
padded wire rope. Epoxy-coated bars should never be
dragged along the ground or off a truck. Long bundles
should be lifted with power equipment at multiple pick-up
points or with a spreader bar and stored on heavy timber
cribbing spaced closely enough to prevent both sagging
and bar-to-bar abrasion that might damage the epoxy
coating.

Flame cutting should not be permitted. Instead of flame
cutting, bars should be saw-cut or sheared to minimize dam-
age to the coating.

Epoxy-coated bars should always be placed on plastic

coated or epoxy-coated wire bar support. Tie wire should be
coated tie wire. Bars should not be dragged over one
another to get them into position; they should be carried to
their final position and placed carefully. Walking on bars
should be minimized to prevent damaging the coating.

During concrete placement, rubber coated vibrators should
be used to prevent damage to the epoxy coating.

Even when all of the proper precautions are taken, damage
to the epoxy coating can occur in the course of storage, han-
dling, field-cutting and placing coated reinforcement. When
damage does occur, it should be immediately reported to the
inspector so that the damaged coating can be repaired with
an approved epoxy repair material.

6.3—FRP
As with steel reinforcement, nonferrous reinforcement,

such as FRP, should be stored off the ground on heavy tim-
ber cribbing and should be kept free of dirt, oil, loose con-
crete, and any other contaminant that might interfere with
the bond between the reinforcement and concrete. In addi-
tion, FRP reinforcement is susceptible to chemical attack
from oil, grease, or alkaline substances that can reduce its
strength and should therefore have any contaminant
removed promptly. Similarly, extended exposure to sunlight
and its ultraviolet rays should be avoided to prevent degra-
dation of the mechanical properties of FRP reinforcement.

6.4—Fiber reinforcement
Ferrous fibers should be stored and transported in a man-

ner that protects them from moisture, oil, grease, or other
contaminants that would cause them to rust or impair their
bond with concrete. Care of nonferrous fibers is similar, but
they should also be protected against prolonged exposure to
ultraviolet rays from sunlight.

CHAPTER 7—REFERENCES
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