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Fiber-reinforced polymer (FRP) materials have emerged as an alternative
material for producing reinforcing bars for concrete structures. FRP
reinforcing bars offer advantages over steel reinforcement in that FRP bars
are noncorrosive, and some FRP bars are nonconductive. Due to other
differences in the physical and mechanical behavior of FRP materials versus
steel, unique guidance on the engineering and construction of concrete
structures reinforced with FRP bars is needed. Other countries, such as Japan
and Canada, have established design and construction guidelines specifically
for the use of FRP bars as concrete reinforcement. This guide offers general
information on the history and use of FRP reinforcement, a description of the
unique material properties of FRP, and guidelines for the construction and
design of structural concrete members reinforced with FRP bars. This guide
is based on the knowledge gained from worldwide experimental research,
analytical work, and field applications of FRP reinforcement.
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ACI Committee Reports, Guides, and Commentaries are
intended for guidance in planning, designing, executing, and
ingpecting construction. This document isintended for the use
of individuals who are competent to evaluate the significance
and limitations of its content and recommendations and who
will accept responsibility for the application of the material it
contains. The American Concrete Institute disclaims any and
all responsibility for the stated principles. The Ingtitute shall
not be ligble for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by the
Architect/Engineer to be apart of the contract documents, they
shall be restated in mandatory language for incorporation by
the Architect/Engineer.
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CHAPTER 1—INTRODUCTION
This is the third revision of the design and construction

guide on fiber-reinforced polymer (FRP) reinforcement for
concrete structures. Many successful applications world-
wide using FRP composite reinforcing bars during the past
decade have demonstrated that it can be used successfully
and practically. The professional using this technology
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should exercise judgment as to the appropriate application of
FRP reinforcement and be aware of its limitations as
discussed in this guide. Currently, areas where there is
limited knowledge of the performance of FRP reinforcement
include fire resistance, durability in outdoor or severe exposure
conditions, bond fatigue, and bond lengths for lap splices.
Further research is needed to provide additional information
in these areas.

Conventional concrete structures are reinforced with
nonprestressed and prestressed steel. The stedl is initialy
protected against corrosion by the alkalinity of the concrete,
usually resulting in durable and serviceabl e construction. For
many structures subjected to aggressive environments, such
as marine structures, bridges, and parking garages exposed
to deicing salts, combinations of moisture, temperature, and
chlorides reduce the akalinity of the concrete and result in
the corrosion of reinforcing steel. The corrosion process
ultimately causes concrete deterioration and loss of service-
ability. To address corrosion problems, professionals have
started using alternatives to bare stedl bars, such as epoxy-
coated steel bars and specialty concrete admixtures. While
effective in some situations, such remedies may not be able
to completely eliminate the problems of steel corrosion in
reinforced concrete structures (Keesler and Powers 1988).

Recently, composite materials made of fibers embedded in
a polymeric resin, aso known as FRPs, have become an
aternative to steel reinforcement for concrete structures.
Because FRP materials are nonmagnetic and noncorrosive, the
problems of eectromagnetic interference and stedl corrosion
can be avoided with FRP reinforcement. Additionally,
FRP materials exhibit several properties, such ashigh tensile
strength, that make them suitable for use as structural
reinforcement (ACI 440R; Benmokrane and Rahman 1998;
Burgoyne 2001; Cosenza et al. 2001; Dolan et al. 1999;
El-Badry 1996; Figueiras et al. 2001; Humar and Razagpur
2000; lyer and Sen 1991; Japan Society of Civil Engineers
[JSCE] 1992; JSCE 1997a; Nanni 1993a; Nanni and Dolan
1993; Neale and Labossiere 1992; Saadatmanesh and Ehsani
1998; Taerwe 1995; Teng 2001; White 1992).

The mechanical behavior of FRP reinforcement differs
from the behavior of conventional steel reinforcement.
Accordingly, a change in the traditional design philosophy
of concrete structuresis needed for FRP reinforcement. FRP
materials are anisotropic and are characterized by high
tensile strength only in the direction of thereinforcing fibers.
This anisotropic behavior affects the shear strength and
dowel action of FRP bars as well as the bond performance.
Furthermore, FRP materials do not yield; rather, they are
elastic until failure. Design procedures must account for a
lack of ductility in structural concrete members reinforced
with FRP bars.

Other countries, such as Japan (JSCE 1997b) and Canada
(Canadian Standards Association [CSA] 2000 and 2002),
have established design procedures specifically for the use of
FRP reinforcement for concrete structures. The analytical
and experimental phases for FRP congtruction are sufficiently
complete; therefore, this document establishes recommendations
for the design of structural concrete reinforced with FRP bars.
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1.1—Scope

This document provides recommendations for the design
and construction of FRP-reinforced concrete structures. The
document only addresses nonprestressed FRP reinforcement
(concrete structures prestressed with FRP tendons are
covered in ACI 440.4R). The basis for this document is the
knowledge gained from worldwide experimental research,
analytical research work, and field applications of FRP
reinforcement. The recommendations in this document are
intended to be conservative.

Design recommendations are based on the current
knowledge and intended to supplement existing codes and
guidelines for conventionally reinforced concrete structures
and to provide engineers and building officias with assistance
in the specification, design, and construction of structural
concrete reinforced with FRP bars.

ACI 440.3R provides acomprehensive list of test methods
and material specifications to support design and construction
guidelines.

The use of FRP reinforcement in combination with steel
reinforcement for structural concrete is not addressed in this
document.

1.2—Definitions
The following definitions clarify terms pertaining to FRP
that are not commonly used in concrete practice.

A

AFRP—aramid fiber-reinforced polymer.

aging—the effects of time on the properties of material
exposed to different environments.

alkalinity—the condition of having or containing
hydroxyl (OH-) ions; containing akaline substances. In
concrete, the alkaline environment has a pH above 12.

B

balanced FRP reinforcement ratio—an amount and
distribution of reinforcement in aflexural member such that
in strength design, the tensile FRP reinforcement reaches its
ultimate design strain simultaneously with the concrete in
compression reaching its assumed ultimate strain of 0.003.

bar, FRP—a composite material formed into along, dender
structural shape suitable for the interna reinforcement of
concrete and consisting of primarily longitudinal unidirectional
fibersbound and shaped by arigid polymer resin material. The
bar may have a cross section of variable shape (commonly
circular or rectangular) and may have adeformed or roughened
surface to enhance bonding with concrete.

braiding—a process whereby two or more systems of yarns
are intertwined in the bias direction to form an integrated
structure. Braided material differs from woven and knitted
fabricsin the method of yarn introduction into the fabric and
the manner by which the yarns are interlaced.

C
CFRP—carbon fiber-reinforced polymer.
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composite—a combination of one or more materials
differing in form or composition on amacroscale. Note: The
constituents retain their identities; that is, they do not
dissolve or merge completely into one another, although they
act in concert. Normally, the components can be physicaly
identified and exhibit an interface between one another.

cross-link—a chemica bond between polymer molecules.
Note: An increased number of cross-links per polymer
molecul e increases strength and modulus at the expense of
ductility.

curing of FRP bars—a process that irreversibly changes
the properties of athermosetting resin by chemical reaction,
such as condensation, ring closure, or addition. Note: Curing
can be accomplished by the addition of cross-linking
(curing) agents with or without heat and pressure.

D

deformability factor—the ratio of energy absorption
(areaunder the moment-curvature curve) at ultimate strength
of the section to the energy absorption at service level.

degradation—a deleterious change in the chemical struc-
ture, physical properties, or appearance of an FRP composite.

design modulus of elasticity—the modulus of elasticity
of FRP (E;) to be used in any design calculation and defined
as the mean modulus of a sample of test specimens (E; =
Ef,ave)-

design ruptur e strain—the ultimate tensile strain of FRP
(ef,) to be used in any design calculation and defined as the
guaranteed tensile rupture strain multiplied by the environ-
mental reduction factor (Cg &f,).

design tensile strength—the tensile strength of FRP (ff,)
to be used in any design calculation and defined as the guar-
anteed tensile strength multiplied by the environmental
reduction factor (Cg fr, ).

E

E-glass—a family of glass with a calcium alumina boro-
silicate composition and a maximum alkali content of 2.0%.
A general-purpose fiber that is used in reinforced polymers.

endur ance limit—the number of cycles of deformation or
load that causes a material, test specimen, or structural
member to fail.

F

fatigue strength—the greatest stress that can be sustained
for agiven number of load cycles without failure.

fiber—any fine thread-like natural or synthetic object of
mineral or organic origin. Note: Thisterm is generally used
for materials whose length is at least 100 times its diameter.

fiber, aramid—highly oriented organic fiber derived from
polyamide incorporating into an aromatic ring structure.

fiber, carbon—fiber produced by heating organic
precursor materials containing a substantial amount of
carbon, such asrayon, polyacrylonitrile (PAN), or pitchinan
inert environment.

fiber, glass—fiber drawn from an inorganic product of
fusion that has cooled without crystallizing.
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fiber content—the amount of fiber present in acomposite.
Note: Thisusualy isexpressed as apercentage volumefraction
or weight fraction of the composite.

fiber-reinforced polymer (FRP)—composite material
consisting of continuous fibers impregnated with a fiber-
binding polymer then molded and hardened in the intended
shape.

fiber volume fraction—the ratio of the volume of fibers
to the volume of the composite.

fiber weight fraction—the ratio of the weight of fibersto
the weight of the composite.

G

GFRP—qglass fiber-reinforced polymer.

grid—a two-dimensiona (planar) or three-dimensional
(spatial) rigid array of interconnected FRP bars that form a
contiguous lattice that can be used to reinforce concrete. The
| attice can be manufactured with integrally connected bars or
made of mechanically connected individual bars.

H

hybrid—a combination of two or more different fibers, such
as carbon and glass or carbon and aramid, into astructure.

impregnate—in fiber-reinforced polymers, to saturate the
fibers with resin.

M

matrix—in the case of fiber-reinforced polymers, the
materials that serve to bind the fibers together, transfer 1oad
to the fibers, and protect them against environmental attack
and damage due to handling.

P

pitch—ablack residue from the distillation of petroleum.

polymer—a high-molecular-weight organic compound,
natural or synthetic, containing repeating units.

precur sor—for carbon or graphite fiber, the rayon, PAN
or pitch fibers from which carbon and graphite fibers are
derived.

pultrusion—a continuous process for manufacturing
composites that have a uniform cross-sectional shape. The
process consists of pulling a fiber-reinforcing material
through aresin impregnation bath then through a shaping die
where the resin is subsequently cured.

R
resin—polymeric materia that is rigid or semirigid at
room temperature, usually with amelting point or glasstran-
sition temperature above room temperature.

S

stress concentration—the magnification of the local
stresses in the region of a bend, notch, void, hole, or inclusion,
in comparison to the stresses predicted by the ordinary formulas
of mechanicswithout consideration of such irregularities.
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sustained stress—stress caused by unfactored sustained
loads, including dead loads and the sustained portion of the
liveload.

T

ther moplastic—class of resin capable of being repeatedly
softened by an increase of temperature and hardened by a
decrease in temperature.

ther moset—class of resin that, when cured by application
of heat or chemical means, changes into a substantialy
infusible and insoluble material.

\Y

vinyl esters—a class of thermosetting resins containing
ester of acrylic, methacrylic acids, or both, many of which
have been made from epoxy resin.

wW

weaving—a multidirectional arrangement of fibers. For
example, polar weaves have reinforcement yarns in the
circumferential, radial, and axial (longitudinal) directions;
orthogonal weaves have reinforcement yarns arranged in the
orthogonal (Cartesian) geometry, with all yarns intersecting
at 90 degrees.

1.3—Notation

A = areaof FRP reinforcement, in.2 (mm?)

Atper = areaof one FRP bar, in.2 (mm?)

At min = minimum areaof FRP reinforcement needed to

' prevent failure of flexura members upon

cracking, in.2 (mm@)

Arqy = areaof shrinkage and temperature FRP rein-

’ forcement per linear foot, in.2 (mmz)

Ay = amount of FRP shear reinforcement within
spacing s, in.2 (mmz)

Apymin = Mminimum amount of FRP shear reinforcement
within spacing s, in.2 (mm?)

A = areaof tension steel reinforcement, in.2 (mm?)

a = depthof equivaent rectangular stressblock, in.
(mm)

b = width of rectangular cross section, in. (mm)

by = perimeter of critical section for slabs and
footings, in. (mm)

by = width of theweb, in. (mm)

C = spacing or cover dimension, in. (mm)

Ce = environmental reduction factor for various
fiber type and exposure conditions, given in
Table 7.1

c = distancefrom extreme compression fiber to the
neutral axis, in. (mm)

Ch = distance from extreme compression fiber to
neutral axis at balanced strain condition, in.
(mm)

d = distance from extreme compression fiber to

centroid of tension reinforcement, in. (mm)
diameter of reinforcing bar, in. (mm)
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thickness of concrete cover measured from
extreme tension fiber to center of bar or wire
location closest thereto, in. (mm)

modulus of elasticity of concrete, psi (MPa)
design or guaranteed modulus of elasticity of
FRP defined as mean modul us of sample of test
specimens (¢ = E a,0), PSi (MPa)

average modulus of elasticity of FRP, psi
(MPa)

modulus of elasticity of stedl, psi (MPa)
specified compressive strength of concrete, psi
(MPe)

sguare root of specified compressive strength
of concrete, psi (MPa)

stress in FRP reinforcement in tension, psi
(MPa)

strength of bent portion of FRP bar, psi (MPa)
bar stressthat can be devel oped for embedment
length ¢, psi (MPa)

required bar stress, psi (MPa)

stresslevel induced in FRP by sustained |oads,
psi (MPa)

design tensile strength of FRP, considering
reductions for service environment, psi (MPa)
guaranteed tensile strength of FRP bar, defined
as mean tensile strength of sample of test spec-
im*ens minus three times standard deviation
(fty =fryave—30), ps (MPa)

tensile strength of FRP for shear design, taken
as smallest of design tensile strength fy,
strength of bent portion of FRP stirrups fg,, or
stress corresponding to 0.004E;, psi (MPa)
alowable stress in steel reinforcement, psi
(MPe)

mean tensile strength of sample of test speci-
mens, psi (MPa)

specified yield stress of nonprestressed steel
reinforcement, psi (MPa)

overall height of flexural member, in. (mm)
moment of inertia, in.* (mm4)

moment of inertia of transformed cracked
section, in.* (mm?%)

effective moment of inertia, in.* (mm?)

gross moment of inertia, in.* (mm?)

parameter accounting for boundary conditions
(Eq. (8-10))

ratio of depth of neutral axis to reinforcement
depth

bond-dependent coefficient

distance between jointsin aslab on grade, ft (m)
span length of member, ft (m)

additional embedment length at support or at
point of inflection, in. (mm)

basic development length of FRP standard
hook in tension, in. (mm)

development length, in. (mm)

embedded length of reinforcing bar, in. (mm)
length of tail beyond hook in FRP bar, in. (mm)

Ma

S5 Q
&

c

S R

oL

aT

B1

€uave
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maximum moment in member at stage deflection
is computed, Ib-in. (N-mm)

cracking moment, Ib-in. (N-mm)

nominal moment capacity, Ib-in. (N-mm)
moment due to sustained load, Ib-in. (N-mm)
factored moment at section, Ib-in. (N-mm)
ratio of modulus of elasticity of FRP bars to
modulus of elasticity of concrete

internal radius of bend in FRP reinforcement,
in. (mm)

stirrup spacing or pitch of continuous spirals,
and longitudinal FRP bar spacing, in. (mm)
glass transition temperature, °F (°C)

average bond stress acting on the surface of
FRP bar, psi (MPa)

nominal shear strength provided by concrete,
Ib (N)

shear resistance provided by FRP stirrups, Ib (N)
nominal shear strength at section, 1b (N)

shear resistance provided by sted stirrups, [b (N)
factored shear force at section, Ib (N)
maximum crack width, in. (mm)

angle of inclination of stirrups or spirals
(Chapter 9), top bar modification factor
(Chapter 11)

ratio of average stress of equivaent rectan-
gular stress block to f¢

longitudinal coefficient of thermal expansion,
V°F (1/°C)

transverse coefficient of therma expansion, 1/°F
(1°C)

ratio of distance from neutral axis to extreme
tension fiber to distance from neutral axis to
center of tensile reinforcement (Section 8.3.1)
factor taken as 0.85 for concrete strength f{ up
to and including 4000 psi (28 MPa). For
strength above 4000 psi (28 MPa), thisfactor is
reduced continuoudly at arate of 0.05 per each
1000 psi (7 MPa) of strengthin excess of 4000 psi
(28 MPa), but is not taken less than 0.65
reduction coefficient used in calculating
deflection (Section 8.3.2)

additional deflection due to creep and
shrinkage under sustained loads, in. (mm)
immediate deflection due to sustained loads,
in. (mm)

limiting deflection-span ratio (Chapter 8)
strain in concrete

ultimate strain in concrete

strain in FRP reinforcement

design rupture strain of FRP reinforcement
guaranteed rupture strain of FRP reinforcement
defined as the mean tensile strain at failure of
sample of test specimens minus three times
standard deviation (ef, = &y ave — 30), inin.
(mm/mm)

mean tensile strain at rupture of sample of test
specimens
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Table 1.1—Advantages and disadvantages of FRP

reinforcement

Advantages of FRP reinforcement

Disadvantages of FRP reinforcement

High longitudinal tensile strength
(varies with sign and direction of
loading relative to fibers)

No yielding before brittle rupture

Corrosion resistance (not dependent
on a coating)

Low transverse strength (varies with
sign and direction of loading relative
to fibers)

Nonmagnetic

Low modulus of elasticity (varies
with type of reinforcing fiber)

High fatigue endurance (varieswith
type of reinforcing fiber)

Susceptibility of damage to polymeric
resins and fibers under ultraviolet
radiation exposure

Lightweight (about 1/5 to 1/4 the
density of steel)

Low durability of glassfibersina
moist environment

Low thermal and electric conductivity
(for glass and aramid fibers)

Low durability of someglassand aramid
fibersin an alkaline environment

High coefficient of thermal expansion
perpendicular to the fibers, relative to
concrete

May be susceptible to fire depending
on matrix type and concrete cover
thickness

n = ratioof distance from extreme compression fiber
to centroid of tension reinforcement (d) to
overdl height of flexural member (h) (Chapter 8)

A = multiplier for additional long-term deflection

u = coefficient of subgrade friction for calculation
of shrinkage and temperature reinforcement

& = time-dependent factor for sustained |oad

p’ = ratio of steel compression reinforcement, p’ =
As/bd

Pb = sted reinforcement ratio producing balanced
strain conditions

Pt = FRPreinforcement ratio

pf = ratio of FRP compression reinforcement

Ptb = FRP reinforcement ratio producing balanced
strain conditions

Pty = ratio of FRP shear reinforcement

Pfts = reinforcement ratio for temperature and
shrinkage FRP reinforcement

Pmin = Minimum reinforcement ratio for steel

c = standard deviation

[0} = strength reduction factor

1.4—Applications and use
The material characteristics of FRP reinforcement need to

be considered when determining whether FRP reinforcement
issuitable or necessary in aparticular structure. The material
characteristics are described in detail in Chapter 3. Table 1.1
lists some of the advantages and disadvantages of FRP
reinforcement for concrete structures when compared with
conventional, steel reinforcement.

The corrosion resistance of FRP reinforcement isasignif-
icant benefit for structuresin highly corrosive environments
such as seawalls and other marine structures, bridge decks
and superstructures exposed to deicing salts, and pavements
treated with deicing salts. In structures supporting magnetic
resonance imaging (MRI) units or other equipment sensitive
to electromagnetic fields, the nonmagnetic properties of FRP

reinforcement are unrivaled. FRP reinforcement has a
nonductile behavior that is partially compensated by its high
tensile strength. The use of FRP reinforcement should be
limited to structuresthat will significantly benefit from other
properties such as the noncorrosive or nonconductive
behavior of itsmaterials. Dueto lack of experienceinitsuse,
FRP reinforcement is not recommended for moment frames
or zones where moment redistribution is required.

FRP reinforcement should not be relied on to resist
compression. Available data indicate that the compressive
modulus of FRP barsislower than its tensile modulus (refer
todiscussionin Section 3.2.2). Dueto the combined effect of
this behavior and the relatively lower modulus of FRP
compared with stedl, the maximum contribution of compression
FRP reinforcement calculated at crushing of concrete (typicaly
at g5, = 0.003) issmall. Therefore, FRP reinforcement should
neither be used as reinforcement in columns nor other in
compression members, nor as compression reinforcement in
flexural members. It isacceptable for FRPtension reinforcement
to experience compression due to moment reversals or
changes in load pattern. The compressive strength of the
FRP reinforcement should not, however, be neglected.
Further research is needed in this area.

CHAPTER 2—BACKGROUND INFORMATION
2.1—Historical development

The development of FRP reinforcement can be traced to
the expanded use of composites after World War 1I. The
aerospace industry had long recognized the advantages of
the high strength and light weight of composite materials,
and during the Cold War, the advancements in the aerospace
and defense industry increased the use of composites.
Furthermore, the rapidly expanding economy of the U.S.
demanded inexpensive materials to meet consumer demands.
Pultrusion offered afast and economical method of forming
constant profile parts, and pultruded composites were being
used to make golf clubs and fishing poles. It was not until the
1960s, however, that these materials were serioudy considered
for use as reinforcement in concrete.

The expansion of the national highway systemsin the 1950s
increased the need to provide year-round maintenance. It
became common to apply deicing salts on highway bridges. As
aresult, reinforcing steel in these structures and those subject to
marine salt experienced extensive corrosion, and thus became a
major concern. Various solutions were investigated, including
galvanized coatings, electro-static-spray fusion-bonded
(powder resin) coatings, polymer-impregnated concrete, epoxy
coatings, and glass FRP (GFRP) reinforcing bars (ACl 440R).
Of these options, epoxy-coated steel reinforcement appeared to
be the best solution, and was implemented in aggressive
corrosion environments. The FRP reinforcing bar was not
considered a viable solution and was not commercially
available until the late 1970s. In 1983, the first project
funded by the U.S. Department of Transportation (USDOT)
was on “Transfer of Composite Technology to Design and
Construction of Bridges’ (Plecnik and Ahmad 1988).

Marshall-Vega Inc. led the initial development of GFRP
reinforcing bars in the U.S. Initialy, GFRP bars were
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Fig. 2.1—Commercially available GFRP reinforcing bars.

considered a viable alternative to steel as reinforcement for
polymer concrete due to the incompatibility of thermal
expansion characteristics between polymer concrete and
stedl. Inthelate 1970s, International Grating Inc. entered the
North American FRP reinforcement market. Marshall-Vega
and International Grating led the research and development
of FRP reinforcing bars into the 1980s.

The 1980s market demanded nonmetallic reinforcement
for specific advanced technology. The largest demand for
electrically nonconductive reinforcement wasin facilitiesfor
MRI medical equipment. FRP reinforcement became the
standard in thistype of construction. Other uses developed as
the advantages of FRP reinforcement became better known
and desired, specifically in seawall construction, substation
reactor bases, airport runways, and electronics laboratories
(Brown and Bartholomew 1996).

The concern for the deterioration of bridges dueto chloride-
ion-induced corrosion dates back to the 1970s, and its effects
on aging bridges in the U.S. has become apparent (Boyle and
Karbhari 1994). Additionally, detection of corrosion in the
commonly used epoxy-coated reinforcing bars increased
interest in aternative methods of avoiding corrosion. Once
again, FRP reinforcement began to be considered as a
general solution to address problems of corrosion in bridge
decks and other structures (Benmokrane et al. 1996).

2.2—Commercially available FRP reinforcing bars
Commercialy available FRP reinforcing materials are

made of continuous aramid FRP (AFRP), carbon FRP (CFRP),
or GFRP fibers embedded in a resin matrix (ACl 440R).
Typica FRP reinforcement products are grids, bars, fabrics,
and ropes. The bars have various types of cross-sectional
shapes (square, round, solid, and hollow) and deformation
systems (exterior wound fibers, sand coatings, and separately
formed deformations). A sample of five distinctly different
GFRP reinforcing barsisshownin Fig. 2.1.

2.3—History of use
Up to the mid-1990s, the Japanese had the most FRP

reinforcement applications, with more than 100 demonstration
or commercial projects. FRP design provisions were included
in the design and construction recommendations of the JSCE
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Fig. 2.2—GFRP bars installed during the construction of the
Crowchild Bridge deck in Calgary, Alberta, Canada, in 1997.

(1997b). In Asia, China has recently become the largest user
of composite reinforcement for new construction in applica-
tions that span from bridge decks to underground works (Ye
et al. 2003).

The use of FRP reinforcement in Europe began in
Germany with the construction of a prestressed FRP
highway bridgein 1986 (Meier 1992). Sincethe construction
of this bridge, programs have been implemented to increase
the research and use of FRP reinforcement in Europe. The
European BRITE/EURAM Project, “ Fibre Composite Elements
and Techniques as Nonmetallic Reinforcement,” conducted
extensive testing and analysis of the FRP materials from 1991
to 1996 (Taerwe 1997). More recently, EUROCRETE has
headed the European effort with research and demonstration
projects.

Canadian civil engineers have devel oped provisionsfor FRP
reinforcement in the Canadian Highway Bridge Design Code
and have constructed a number of demonstration projects. The
Headingley Bridge in Manitoba included both CFRP and
GFRP reinforcement (Rizkalla 1997). Additionally, the Kent
County Road No. 10 Bridge used CFRP grids to reinforce the
negative moment regions (Tadros et a. 1998). The Joffre
Bridge, located over the St.-Frangois River in Sherbrooke,
Quebec, included CFRP grids in its deck dab and GFRP
reinforcing barsin thetraffic barrier and sidewalk. The bridge,
which was opened to traffic in December 1997, included fiber-
optic sensors that were structuraly integrated into the FRP
reinforcement for remotely monitoring strains (Benmokrane et
al. 2004). Photographs of two applications (bridge and
building) are shown in Fig. 2.2 and 2.3. Canada continues to
remain a leader in the application of FRP reinforcement in
bridge deck construction (Benmokrane et al. 2004).

Inthe U.S,, typical uses of FRP reinforcement have been
previously reported (ACI 440R). Figure 2.4 through 2.6
show applications in bridge deck construction. The use of
GFRP bars in MRI hospital room additions is becoming
commonplace. Other applications, such as waterfront
construction, top mat reinforcing for bridge decks, various
precast applications, and ornamental and architectura
concrete, are also becoming more frequent. Some of the
largest projects include the Gonda Building at the Mayo



Fig. 2.3—GFRP bars used in a winery in British Columbia
in 1998.

Fig. 25—GFRP bars used in the redecking of Dayton,
Ohio’s Salem Avenue Bridge in 1999.

Clinic in Rochester, Minn. and the Nationa Institute of
Health in Bethesda, Md. for MRI applications, and the
bridge on RM 1061 at Sierrita de la Cruz Creek in Potter
County, Tex. and the bridge at 53rd Ave. in Bettendorf, lowa
for deck reinforcement applications (Nanni 2001).

Tunnel works where GFRP reinforcement is used in the
portion of the concrete wall to be excavated by the tunnel-
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Fig. 2.6—Transverse view of GFRP bars in Serrita de la
Cruz Creek Bridge deck near Amarillo, Tex., in 2000.

boring machine (TBM) called soft-eye have become
common in many major metropolitan areas of the world,
including Asia (for example, Bangkok, Hong Kong, and
New Delhi) and Europe (for example, London and Berlin).

CHAPTER 3—MATERIAL CHARACTERISTICS

This chapter presents physical and mechanical properties
of FRP reinforcing bars to provide a fundamental under-
standing of the behavior of these bars and the properties that
affect their usein concrete structures. Furthermore, the effects
of factors, such as loading history and duration, temperature,
and moisture, on the properties of FRP bars are discussed.

FRP bars are anisotropic in nature and can be manufactured
using a variety of techniques such as pultrusion, braiding, and
weaving (Bank 1993; Bakis 1993). Factors such as fiber
volume, type of fiber, type of resin, fiber orientation,
dimensional effects, and quality control during manufacturing
all play amajor rolein defining the characteristics of an FRP
bar. The material characteristics described in this chapter
should be considered as generalizations, and may not apply
to all products commercially available.

Several standards development organizations have
devel oped consensus-based test methods for FRP reinforcement
for usein structural concrete (ACI 440.3R; JSCE 1997b). In
addition, International Standards Organization (1SO)
Committee I1SO/TC71, Subcommittee 6 (ISO/TC71/SC6)
(Non Traditional Reinforcing Materials for Concrete) is
developing two documents. Thefirst draft document is* Test
Methods for FRP Bars and Grids,” and the second draft
document is“ Test Methods for FRP Sheets.”

3.1—Physical properties

3.1.1 Density—FRP bars have a density ranging from 77.8
to 131.3 Ib/ft3 (1.25 to 2.1 g/cm3), one-sixth to one-fourth that
of steel (Table 3.1). Reduced weight lowers transportation
costs and may ease handling of the bars on the project site.

3.1.2 Cosfficient of thermal expansion—The coefficients of
thermal expansion of FRP bars vary in the longitudinal and
transverse directions depending on the types of fiber, resin,
and volume fraction of fiber. The longitudinal coefficient of
thermal expansion is dominated by the properties of the
fibers, whilethe transverse coefficient is dominated by theresin
(Bank 1993). Table 3.2 lists the longitudina and transverse
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coefficients of therma expansion for typical FRP and stel bars.
Note that a negative coefficient of thermal expansion indicates
that the materia contracts with increased temperature and
expands with decreased temperature. For reference, concrete
has a coefficient of thermal expansion that variesfrom 4 x 1076
to 6 x 10°9°F (7.2 x 107 t0 10.8 x 10°5/°C) and is usually
assumed to beisotropic (Mindess et a. 2003).

3.2—Mechanical properties and behavior

3.2.1 Tensile behavior—When loaded in tension, FRP
bars do not exhibit any plastic behavior (yielding) before
rupture. The tensile behavior of FRP bars consisting of one
type of fiber material is characterized by alinearly elastic
stress-strain relationship until failure. The tensile properties
of some commonly used FRP barsare summarized in Table 3.3.

Thetensile strength and stiffness of an FRP bar are dependent
on several factors. Because the fibers in an FRP bar are the
main load-carrying constituent, the ratio of the volume of
fiber to the overall volume of the FRP (fiber-volume fraction)
significantly affects the tensile properties of an FRP bar.
Strength and stiffness variations will occur in bars with
various fiber-volume fractions, even in bars with the same
diameter, appearance, and congtituents. The rate of curing, the
manufacturing process, and the manufacturing quality control
also affect the mechanical characteristics of the bar (Wu 1990).

Unlike steel, the unit tensile strength of an FRP bar can
vary with diameter. For example, GFRP bars from three
different manufacturers show tensile strength reductions of
up to 40% as the diameter increases proportionally from
0.375 to 0.875 in. (9.5 to 22.2 mm) (Faza and GangaRao
1993b). On the other hand, similar cross section changes do
not seem to affect the strength of twisted CFRP strands
(Santoh 1993). The sensitivity of AFRP barsto cross section
size has been shown to vary from one commercial product to
another. For example, in braided AFRP bars, thereis aless
than 2% strength reduction as barsincrease in diameter from
0.28 to 0.58 in. (7.3 to 14.7 mm) (Tamura 1993). The
strength reduction in a unidirectionally pultruded AFRP bar
with added aramid fiber surface wraps is approximately 7%
for diameters increasing from 0.12 to 0.32 in. (3 to 8 mm)
(Noritake et a. 1993). The FRP bar manufacturer should be
contacted for particular strength values of differently sized
FRP bars.

Determination of FRP bar strength by testing is complicated
because stress concentrations in and around anchorage points
on the test specimen can lead to premature failure. An adequate
testing grip should allow failure to occur in the middle of the
test specimen. Proposed test methods for determining the
tensile strength and stiffness of FRP bars are available in
ACI 440.3R.+

The tensile properties of a particular FRP bar should be
obtained from the bar manufacturer. Usually, a normal
(Gaussian) distribution is assumed to represent the strength
of a population of bar specimens (Kocaoz et al. 2005).
Manufacturers should report a guaranteed tensile strength
ff’[J , defined by this guide as the mean tensile strength of a
sample of test specimens minus three times the standard
deviation (fr, = f,, ave — 30), and similarly report a guaranteed
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Table 3.1—Typical densities of reinforcing bars,
Ib/t3 (g/cm?)

Steel GFRP CFRP AFRP
493.00 77.810131.00 | 93.310100.00 | 77.80t088.10
(7.90) (1.25t02.10) | (1.50t01.60) | (1.25t01.40)

Table 3.2—Typical coefficients of thermal
expansion for reinforcing bars”

CTE, x 10°%°F (x 107%/°C)

Direction Sted GFRP CFRP AFRP
i 331056 | 401000 |-33t0-11
Longitudinal, o | 65(117) | (601010.0) | (-90100.0) | (-6t0-2)

117t012.8 | 41t058 |33.3t044.4
(21.0 to 23.0)|(74.0 to 104.0)|(60.0 to 80.0)

*Typi cal valuesfor fiber volume fraction ranging from 0.5to 0.7.

Transverse, ot | 6.5(11.7)

Table 3.3—Usual tensile properties of reinforcing
bars”

Stee! GFRP CFRP AFRP
Nominal yield | 40to 75
stress, ks (MPa) [(276 to517)| /A N/A N/A
Tensilestrength, | 7010100 | 70t0230 | 87t0535 2?1075%3;?)8
ksi (MPa) | (483 to 690) (483 to 1600)( (600 10 3690)  (LL20)
Elastic modulus, 29.0 51to7.4 l?lQZE)OOS?ciO 6((31 5.001%2
«10°ks (GPe) | (200.0) [(350105L0) (0] 1250)
Yiddstrain, % | 0.14100.25|  N/A N/A N/A
RUPLIESTAN. | 6010120 | 121031 | 05t017 | 19t044

*Typical values for fiber volume fractions ranging from 0.5 to 0.7.

rupture strain, eg, (ery = &y ave — 30) and a specified tensile
modulus, E¢(Ef = Efaye). These guaranteed values of
strength and strain provide a 99.87% probability that the
indicated values are exceeded by similar FRP bars, provided
that at least 25 specimens are tested (Dally and Riley 1991,
Mutsuyoshi et al. 1990). If fewer specimens are tested or a
different distribution is used, texts and manual s on statistical
analysis should be consulted to determine the confidence
level of the distribution parameters (MIL-17 1999). In any
case, the manufacturer should provide a description of the
method used to obtain the reported tensile properties.

An FRP bar cannot be bent once it has been manufactured
(an exception to this would be an FRP bar with a thermo-
plastic resin that could be reshaped with the addition of heat
and pressure). FRP bars, however, can be fabricated with
bends. In FRP bars produced with bends, a strength reduction
of 40 to 50% compared with the tensile strength of a straight
bar can occur in the bend portion due to fiber bending and
stress concentrations (Nanni et al. 1998).

3.2.2 Compressive behavior—While it is not recom-
mended to rely on FRP bars to resist compressive stresses,
the following section is presented to fully characterize the
behavior of FRP bars.

Tests on FRP barswith alength-diameter ratio from 1:1 to
2:1 have shown that the compressive strength is lower than
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the tensile strength (Wu 1990). The mode of failure for FRP
bars subjected to longitudinal compression can include
transverse tensile failure, fiber microbuckling, or shear
failure. The mode of failure depends on the type of fiber, the
fiber-volume fraction, and the type of resin. Compressive
strengths of 55, 78, and 20% of the tensile strength have been
reported for GFRP, CFRP, and AFRP, respectively (Mallick
1988; Wu 1990). In general, compressive strengths are
higher for bars with higher tensile strengths, except in the
case of AFRP, where the fibers exhibit nonlinear behavior in
compression at arelatively low level of stress.

The compressive modulus of elasticity of FRP reinforcing
bars appears to be smaller than its tensile modulus of dasticity.
Test reports on samples containing 55 to 60% volume fraction
of continuous E-glass fibers in a matrix of vinyl ester or
isophthalic polyester resin indicate a compressive modulus
of elasticity of 5000 to 7000 ksi (35 to 48 GPa) (Wu 1990).
According to reports, the compressive modulus of elasticity
is approximately 80% for GFRP, 85% for CFRP, and 100%
for AFRP of the tensile modulus of elasticity for the same
product (Mallick 1988; Ehsani 1993). The dlightly lower
values of modulus of elagticity in the reports may be attributed
to the premature failure in the test resulting from end
brooming and internal fiber microbuckling under
compressive loading.

Standard test methods are not yet established to characterize
the compressive behavior of FRP bars. If the compressive
propertiesof aparticular FRP bar are needed, these should be
obtained from the bar manufacturer. The manufacturer
should provide a description of the test method used to
obtain the reported compression properties.

3.2.3 Shear behavior—Most FRP bar composites are
relatively weak in interlaminar shear where layers of
unreinforced resin lie between layers of fibers. Because there
isusually no reinforcement acrosslayers, theinterlaminar shear
strength is governed by the relatively weak polymer matrix.
Orientation of the fibers in an off-axis direction across the
layers of fiber will increase the shear resistance, depending
upon the degree of offset. For FRP bars, this can be accom-
plished by braiding or winding fibers transverse to the main
fibers. Off-axis fibers can also be placed in the pultrusion
process by introducing acontinuous strand mat in the roving/
mat creel. Standard test methods are not yet established to
characterize the shear behavior of FRP bars. If the shear
properties of aparticular FRP bar are needed, these should be
obtained from the bar manufacturer. The manufacturer
should provide a description of the test method used to
obtain the reported shear values.

3.2.4 Bond behavior—Bond performance of an FRP bar is
dependent on the design, manufacturing process, mechanical
properties of the bar itself, and the environmental conditions
(Al-Dulaijan et a. 1996; Nanni et a. 1997; Bakis et al. 1998b;
Bank et al. 1998; Freimanis et al. 1998). When anchoring a
reinforcing bar in concrete, the bond force can betransferred by:
e Adhesion resistance of the interface, also known as

chemical bond;
e Frictional resistance of the interface against slip; and
e Mechanica interlock dueto irregularity of the interface.
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In FRP bars, it is postulated that bond force is transferred
through the resin to the reinforcement fibers, and a bond-
shear failure in the resin is also possible. When a bonded
deformed bar is subjected to increasing tension, the adhesion
between the bar and the surrounding concrete breaks down,
and deformations on the surface of the bar cause inclined
contact forces between the bar and the surrounding concrete.
The stress at the surface of the bar resulting from the force
component in the direction of the bar can be considered the
bond stress between the bar and the concrete.

The bond properties of FRP bars have been extensively
investigated by numerous researchersthrough different types
of tests, such as pullout tests, splicetests, and cantilever beams,
to determine an empirical equation for embedment length
(Faza and GangaRao 1990; Ehsani et a. 1996a,b;
Benmokrane 1997; Shield et a. 1999; Mosley 2002;
Wambeke and Shield 2006; Tighiouart et al. 1999).

3.3—Time-dependent behavior

3.3.1 Creep rupture—FRP reinforcing bars subjected to a
constant load over time can suddenly fail after atime period
called the endurance time. This phenomenon is known as
creep rupture (or static fatigue). Creep ruptureisnot an issue
with steel bars in reinforced concrete except in extremely
high temperatures, such asthose encounteredin afire. Asthe
ratio of the sustained tensile stress to the short-term strength
of the FRP bar increases, endurance time decreases. The
creep rupture endurance time can also irreversibly decrease
under sufficiently adverse environmental conditions such as
high temperature, ultraviolet radiation exposure, high dkalinity,
wet and dry cycles, or freezing-and-thawing cycles. Literature
on the effects of such environments exists, athough the
extraction of generalized design criteriais hindered by alack
of standard creep test methods and reporting and the diversity
of constituents and processes used to make proprietary FRP
products. In addition, little data are currently available for
endurance times beyond 100 hours. These factors have
resulted in design criteria judged to be conservative until
more research has been done on this subject. Several
representative examples of endurance times for bar and bar-
like materials follow. No creep strain data are available in
these cases.

In general, carbon fibers are the least susceptible to creep
rupture, whereas aramid fibers are moderately susceptible,
and glass fibers are the most susceptible. A comprehensive
series of creep rupture tests was conducted on 0.25 in. (6 mm)
diameter smooth FRP barsreinforced with glass, aramid, and
carbon fibers (Y amaguchi et al. 1997). The bars were tested
at different load levels at room temperature in laboratory
conditions using split conical anchors. Results indicated that
a linear relationship exists between creep rupture strength
and the logarithm of time for times up to nearly 100 hours.
Theratios of stresslevel at creep ruptureto theinitial strength
of the GFRP, AFRP, and CFRP bars after 500,000 hours (more
than 50 years) were linearly extrapolated to be 0.29, 0.47,
and 0.93, respectively.

In another extensive investigation, endurance times were
determined for braided AFRP bars and twisted CFRP bars,
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both using epoxy resin as the matrix material (Ando et al.
1997). These commercial bars were tested at room tempera-
ture in laboratory conditions and were anchored with an
expansive cementitious grout inside of friction-type grips.
Bar diameters ranged from 0.26 to 0.6 in. (5 to 15 mm), but
were not found to affect the results. The percentage of stress
a creep rupture versus the initial strength after 50 years
calculated using a linear relationship extrapolated from data
available to 100 hours was found to be 79% for CFRP, and
66% for AFRP.

An investigation of creep rupture in GFRP bars in room-
temperature laboratory conditionswas reported by Seki et al.
(1997). The molded E-glass/vinyl ester bars had a small
(0.0068 in.? [4.4 mm?]) rectangular cross section and integral
GFRPtabs. The percentage of initial tensile strength retained
followed alinear relationship with logarithmic time, reaching
avalue of 55% at an extrapolated 50-year endurance time.

Creep rupture data characteristics of a 0.5 in. (12.5 mm)
diameter commercial CFRP twisted strand in an indoor envi-
ronment is available from the manufacturer (Tokyo Rope
2000). The rupture strength at a projected 100-year endur-
ancetimeis reported to be 85% of theinitial strength.

An extensiveinvestigation of creep deformation (not rupture)
in one commercial AFRP and two commercid CFRP bars
tested to 3000 hours has been reported (Saadatmanesh and
Tannous 1999a,b). The bars weretested in laboratory air and
in room-temperature solutions with a pH equal to 3 and 12.
Thebarshad diameters between 0.313t0 0.375in. (8to 10 mm),
and the applied stress was fixed at 40% of initial strength.
Theresultsindicated aslight trend toward higher creep strain
in the larger-diameter bars and in the bars immersed in the
acidic solution. Barstested in air had the lowest creep strains
of the three environments. Considering all environments and
materials, the range of strains recorded after 3000 hours was
0.002 to 0.037%. Creep strains were dlightly higher in the
AFRP bar than in the CFRP bars.

For experimental characterization of creep rupture, the
designer can refer to the test method proposed by a
committee of JSCE (1997b), the with the specific title of
“Test Method on Tensile Creep-Rupture of Fiber Reinforced
Materials, JISCE-E533-1995.” Creep characteristics of FRP
bars can also be determined from pullout test methods cited
in ACI 440.3R. Recommendations on sustained stress limits
imposed to avoid creep rupture are provided in the design
section of this guide.

3.3.2 Fatigue—A substantial amount of data for fatigue
behavior and life prediction of stand-alone FRP materials
has been generated in the last 30 years (National Research
Council 1991). During most of thistime period, the focus of
research investigations was on materials suitable for aero-
space applications. Some general observations on the fatigue
behavior of FRP materials can be made, even though the
bulk of the datais obtained from FRP specimensintended for
aerospace applications rather than construction. Unless
stated otherwise, the cases that follow are based on flat,
unidirectional coupons with approximately 60% fiber-volume
fraction and subjected to tension-tension sinusoidal cyclic
loading at:
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» A frequency low enough not to cause self-heating;

»  Ambient laboratory environments;

A dtress ratio (ratio of minimum applied stress to
maximum applied stress) of 0.1; and

e Adirection parallel to the principal fiber alignment.

Test conditions that raise the temperature and moisture
content of FRP materials generally degrade the ambient
environment fatigue behavior.

Of all types of current FRP composites for infrastructure
applications, CFRP is generally thought to be theleast prone
to fatigue failure. On aplot of stress versus the logarithm of
the number of cycles at failure (SN curve), the average
downward slope of CFRP data is usually about 5 to 8% of
initial static strength per decade of logarithmiclife. At 1 million
cycles, the fatigue strength is generally between 50 and 70%
of initia static strength and is relatively unaffected by readlistic
moisture and temperature exposures of concrete structures
unless the resin or fiber/resin interface is substantialy
degraded by the environment. Some specific reports of data
to 10 million cycles indicated a continued downward trend
of 5to 8% decade in the S-N curve (Curtis 1989).

Individual glass fibers, such as E-glass and S-glass, are
generally not proneto fatigue failure. Individual glassfibers,
however, have demonstrated delayed rupture caused by the
stress corrosion induced by the growth of surface flawsinthe
presence of even minute quantities of moisture in ambient
laboratory environment tests (Mandell and Meier 1983).
When many glass fibers are embedded into a matrix to form
an FRP composite, a cyclic tensile fatigue effect of approxi-
mately 10% loss in the initial static capacity per decade of
logarithmic lifetime has been observed (Mandell 1982). This
fatigue effect is thought to be due to fiber-fiber interactions
and not is dependent on the stress corrosion mechanism
described for individual fibers. No clear fatigue limit can
usually be defined. Environmental factors play an important
role in the fatigue behavior of glass fibers due to their
susceptibility to moisture, alkaline, and acidic solutions.

Aramid fibers, for which substantial durability data are
available, appear to behave similarly to carbon and glass
fibersin fatigue. The tension-tension fatigue behavior of an
impregnated aramid fiber bar isexcdlent. Strength degradation
per decade of logarithmic lifetime is approximately 5 to 6%
(Roylance and Roylance 1981). While no distinct endurance
limit is known for AFRP, 2-million-cycle fatigue strengths
of commercial AFRP bars for concrete applications have
been reported in the range of 54 to 73% of initia bar
strengths (Odagiri et a. 1997). Based on these findings,
Odagiri et al. suggested that the maximum stress be set at 54
to 73% of theinitial tensile strength. Because the slope of the
applied stress versus logarithmic creep-rupture time of
AFRP issimilar to the slope of the stress versus logarithmic
cyclic lifetime data, the individual fibers appear to fail by a
strain-limited creep-rupture process. This failure condition
in commercial AFRP bars was noted to be accelerated by
exposure to moisture and elevated temperature (Roylance
and Roylance 1981; Rostasy 1997).

Although the influence of moisture on the fatigue behavior
of unidirectional FRP materials is generally thought to be
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detrimental if the resin or fiber/matrix interface is degraded,
research findings are inconclusive because the performance
depends on fiber and matrix types, preconditioning methods,
solution content, and the environmental condition during
fatigue (Hayes et al. 1998; Rahman et a. 1997). In addition,
factors such as gripping and presence of concrete surrounding
the bar during the fatigue test need to be considered.

Fatigue strength of CFRP bars encased in concrete has
been observed to decrease when the environmental tempera-
ture increases from 68 to 104 °F (20 to 40 °C) (Adimi et .
1998). In this same investigation, the endurance limit was
found to be inversely proportional to the loading frequency.
It was also found that higher cyclic loading frequencies in
the 0.5 to 8 Hz range corresponded to higher bar tempera-
tures dueto sliding friction. Thus, an endurancelimit at 1 Hz
could be more than 10 times higher than that at 5 Hz. In the
cited investigation, astressratio (minimum stress divided by
maximum stress) of 0.1 and a maximum stress of 50% of
initial strength resulted in runouts of greater than 400,000
cycleswhen the loading frequency was 0.5 Hz. These runout
specimens had no loss of residual tensile strength.

It has been found with CFRP bars that the endurance limit
also depends on the mean stress and the ratio of maximum-
to-minimum cyclic stress. Higher mean stress or a lower
stress ratio (minimum divided by maximum) will cause a
reduction in the endurance limit (Rahman and Kingsley
1996; Saadatmanesh and Tannous 1999a).

Even though GFRP is weaker than steel in shear, fatigue
tests on specimens with unbonded GFRP dowel bars have
shown fatigue behavior similar to that of steel dowel barsfor
cyclic transverse shear loading of up to 10 million cycles.
The test results and the stiffness calculations have shown
that an equivalent performance can be achieved between
FRP and steel bars subjected to transverse shear by changing
some of the parameters, such as diameter, spacing, or both
(Porter et al. 1993; Hughes and Porter 1996).

The addition of ribs, wraps, and other types of deformations
improve the bond behavior of FRP bars. Such deformations,
however, have been showntoinducelocal stress concentrations
that significantly affect the performance of a GFRP bar
under fatigue loading situations (Katz 1998). Local stress
concentrations degrade fatigue performance by imposing
multiaxial stresses that serve to increase matrix-dominated
damage mechanisms normally suppressed in fiber-dominated
composite materials. Additional fiber-dominated damage
mechanisms can be also activated near deformations,
depending on the construction of the bar.

The effect of fatigue on the bond of deformed GFRP bars
embedded in concrete has been investigated in detail using
specialized bond tests (Sippel and Mayer 1996; Bakis et .
1998a; Katz 2000). Different GFRP materials, environments,
and test methods were followed in each cited case, and the
results indicated that bond strength can either increase,
decrease, or remain the same following cyclic loading. Bond
fatigue behavior has not been sufficiently investigated to date,
and conservative design criteria based on specific materias
and experimental conditions are recommended.

ACI COMMITTEE REPORT

Design limitations on fatigue stress ranges for FRP bars
ultimately depend on the manufacturing process of the FRP
bar, environmental conditions, and the type of fatigue load
being applied. Given the ongoing development in the manu-
facturing process of FRP bars, conservative design criteria
should be used for al commercialy available FRP bars.
Design criteriaare given in Section 8.4.2.

With regard to the fatigue characteristics of FRP bars, the
designer isreferred to the provisional standard test methods
cited in ACI 440.3R. The designer should always consult
with the bar manufacturer for fatigue response properties.

3.4—Effects of high temperatures and fire

The use of FRP reinforcement is not recommended for
structures in which fire resistance is essential to maintain
structural integrity. Because FRP reinforcement is embedded
in concrete, the reinforcement cannot burn due to a lack of
oxygen; however, the polymerswill soften due to the excessive
heat. The temperature at which a polymer will soften is
known asthe glass-transition temperature Ty. Beyond the T,
the elastic modulus of a polymer is significantly reduced due
to changes in its molecular structure. The value of Ty
depends on the type of resin, but is normally in the region of
150 to 250 °F (65 to 120 °C) (Bootle et a. 2001). In a
composite material, the fibers, which exhibit better thermal
properties than the resin, can continue to support some load
in the longitudinal direction; however, the tensile properties
of the overall composite are reduced due to a reduction in
force transfer between fibers through bond to the resin. Test
results have indicated that temperatures of 480 °F (250 °C),
much higher than the Tg, will reduce the tensile strength of
GFRP and CFRP bars in excess of 20% (Kumahara et al.
1993). Other properties more directly affected by the shear
transfer through the resin, such as shear and bending
strength, are reduced significantly at temperatures above the
Ty (Wang and Evans 1995). For purposes of design, some
researchers recommended that materialshavea T at least 54 °F
(30 °C) above the maximum expected temperature (Kollar
and Springer et a. 2003).

For FRP-reinforced concrete, the properties of the
polymer at the surface of the bar are essential in maintaining
bond between FRP and concrete. At a temperature close to
its T, however, the mechanical properties of the polymer are
significantly reduced, and the polymer is not able to transfer
stresses from the concrete to the fibers. One study carried out
with bars having a T of 140 to 255 °F (60 to 124 °C) reports
a reduction in pullout (bond) strength of 20 to 40% at a
temperature of approximately 210 °F (100 °C), and areduction
of 80 to 90% at atemperature of 390 °F (200 °C) (Katz et al.
1998, 1999). In a study on flexural behavior of beams with
partial pretensioning with AFRP tendons and reinforcement
with either AFRP or CFRP bars, beams were subjected to
elevated temperatures under a sustained load. Failure of the
beams occurred when the temperature of the reinforcement
reached approximately 390 and 572 °F (200 and 300 °C) in the
carbon and aramid bars, respectively (Okamoto et al. 1993).
Another study involving FRP-reinforced beams reported
reinforcement tensile faillures when the reinforcement
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reached temperatures of 480 to 660 °F (250 to 350 °C)
(Sakashita et al. 1997). Structural collapse can occur if
anchorage is lost due to softening of the polymer and also
when the temperature rises above the temperature threshold
of fibers: 1600 °F (880 °C) for glass fibers, 360 °F (180 °C)
for aramid fibers, and 2900 °F (1600 °C) for carbon fibers
(Wallenberger et a. 2001; Chang 2001; Walsh 2001). For
carbon fibers, elevated temperatures cause higher oxidizing
rates when there is oxygen in the atmosphere. While thereis
no sharp threshold that can be called a safe temperature for
infinite life, a recommended upper-use temperature in the
presence of air would be roughly 900 °F (500 °C). To be
conservative, thistemperature should be used as the limiting
temperature for carbon fibers even if they might be partialy
isolated from oxygen by uncracked concrete and charred
polymer (Lamouroux et al. 1999).

Localy, such behavior can result in increased crack
widths and deflections. Structural collapse can be avoided if
high temperatures are not experienced at the end regions of
FRP bars, alowing anchorage to be maintained. Structural
collapse can occur if al anchorage islost due to softening of
the polymer or if the temperature rises above the temperature
threshold of the fibers themselves. The latter can occur at
temperatures near 1800 °F (980 °C) for glass fibers and 350 °F
(175 °C) for aramid fibers. Carbon fibers are capable of
resisting temperatures in excess of 3000 °F (1600 °C). The
behavior and endurance of FRP-reinforced concrete structures
under exposure to fire and high heat is still not well under-
stood, and further research in thisareaisrequired. ACI 216R
may be used for an estimation of temperatures at various
depths of a concrete section.

CHAPTER 4—DURABILITY

FRP bars are susceptible to varying amounts of strength
and dtiffness changes in the presence of environments
before, during, and after construction. These environments
can include water, ultraviolet exposure, elevated temperature,
akaline or acidic solutions, and saline solutions. Strength and
stiffness may increase, decrease, or remain the same,
depending on the particular material and exposure conditions.
Tensile and bond properties of FRP bars are the primary
parameters of interest for reinforced concrete construction.

The environmental condition that has attracted the most
interest by investigators concerned with FRP bars is the
highly alkaline pore water found in outdoor concrete structures
(Gerritse 1992; Takewaka and Khin 1996; Rostasy 1997;
and Yamaguchi et a. 1997). Methods for systematically
accelerating the strength degradation of bare, unstressed,
glass filaments in concrete using temperature have been
successful (Litherland et al. 1981), and have also often been
applied to GFRP materials to predict long-term performance
in akaline solutions. There is no substantiation to date,
however, that accelerated methods for bare glass (where
only one chemical reaction controls degradation) apply to
GFRP composites (where multiple reactions and degradation
mechanisms may be activated at once or sequentially).
Furthermore, the effect of applied stress during exposure
needs to be factored into the situation as well. Due to

440.1R-13

insufficient data on combined weathering and applied stress,
the discussions of weathering, creep, and fatigue are kept
separate in this document. Hence, while short-term experi-
ments using aggressive environments certainly enable quick
comparisons of materials, extrapolation of theresultstofield
conditions and expected lifetimes are not possible in the
absence of rea-time data (Gentry et a. 1998; Clarke and
Sheard 1998). In most cases available to date, bare bars were
subjected to the aggressive environment under no load. The
relationships between data on bare bars and data on bars
embedded in concrete are affected by additional variables,
such as the degree of protection offered to the bars by the
concrete (Clarke and Sheard 1998; Scheibe and Rostasy 1998;
Sen et d. 1998a,b). Test timesincluded in this review are typi-
caly in the 10- to 30-month range. Due to the large
amount of literature on the subject (Benmokrane and
Rahman 1998) and the limited space herein, some generali-
zations must be made at the expense of presenting particular
quantitative results. With these cautions in mind, representa-
tive experimental results for arange of FRP bar materials and
test conditions are reviewed in the balance of this section.
Conservatism is advised in applying these results in design
until additiona long-term durability data are available.

Aqueous solutions with high values of pH varying from
11.5 to 13.0 are known to degrade the tensile strength and
stiffness of GFRP bars (Porter and Barnes 1998), although
particular results vary significantly according to differences
in test methods that, in addition to pH, include composition
of the chemical solution, temperature, and presence of load.
Higher temperatures and longer exposure times exacerbate
the problem. M ost data have been generated using temperatures
as low as dlightly subfreezing and as high as a few degrees
below the Ty of the resin. The degree to which the resin
protects the glass fibers from the diffusion of deleterious
hydroxyl (OH-) ionsfigures prominently in the alkali resistance
of GFRP bars (Bank and Puterman 1997; Coomarasamy and
Goodman 1997; GangaRao and Vijay 1997b; Porter et al.
1997; Bakis et al. 1998b; Tannous and Saadatmanesh 1999;
Uomoto 2000). Most researchers believe that vinyl ester
resins have superior resistance to moisture ingress compared
with other commodity resins. The type of glass fiber aso
appears to be an important factor in the alkali resistance of
GFRP bars (Devdapuraet d. 1996). Tensile strength reductions
in GFRP bars ranging from 0 to 75% of initial values have
been reported in the cited literature. Tensile stiffness reductions
in stressed and unstressed GFRP bars range between 0 and
20% in many cases. Tensile strength and stiffness of AFRP
rods in el evated-temperature alkaline solutions either with or
without tensile stress applied have been reported to decrease
between 10 and 50% and O and 20% of initial values,
respectively (Takewakaand Khin 1996; Rostasy 1997; Sen at
al. 1998b). In the case of unstressed CFRP, strength and tiff-
ness have been reported to each decrease between 0 and 20%
(Takewaka and Khin 1996).

Exposure of FRP bars to ultraviolet rays and moisture
before their placement in concrete could adversely affect
their tensile strength due to degradation of the polymer
constituents, including aramid fibers and al resins. Proper
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construction practices and resin additives can ameliorate this
type of weathering problem significantly. It ishighly recom-
mended that, before placement in concrete, FRP bars are
protected from direct exposure to sunlight and moisture. Some
results from combined ultraviolet and moisture exposure tests
with and without applied stress applied to the bars have shown
tensile strength reductions of 0 to 20% of initial values in
CFRP, 0 to 30% in AFRP, and 0 to 40% in GFRP (Sasaki et
a. 1997; Uomoto 2000). An extensive study of GFRP, AFRP,
and CFRP bars kept outdoors in arack by the ocean showed
no significant change of tensile strength or modulus of any of
the bars (Tomosowa and Nakatsuji 1996, 1997).

It has been shown (Rahman et al. 1996) that the addition
of varioustypes of saltsto the solution in which FRP barsare
immersed does not necessarily make a significant difference
in the strength and stiffness of many FRP bars when
compared with those in a solution without salt. Most studies,
however, do not separate the effects of water and salt added
to water. One study found a 0 to 20% reduction of initial
tensile strength in GFRP bars subjected to a saline solution
a room temperature and cyclic freezing-and-thawing
temperatures (Vijay and GangaRao 1999), and another
found a 15% reduction in the strength of AFRP bars in a
marine environment (Sen et al. 1998b).

Studies of the durability of bond between FRP and
concrete have been mostly concerned with the moigt, akaine
environment found in concrete. The bond of FRP reinforcement
relies on the transfer of shear and transverse forces at the
interface between bar and concrete, and between individual
fiberswithin the bar. These resin-dominated mechanismsare
in contrast to the fiber-dominated mechanisms that control
properties such aslongitudinal strength and stiffness of FRP
bars. Environments that degrade the polymer resin or fiber/
resin interface are thus also likely to degrade the bond
strength of an FRP bar.

Numerous bond test methods (that is, pullout tests, tension
tests, and beam-end tests) have been proposed for FRP bars,
although the direct pullout test has been the most popular
due to its simplicity and low cost despite its inability to
represent the concrete stress state in most of the practical
stuations (Nanni et a. 1995; Tepfers 2002). Pullout specimens
with CFRP and GFRP bars have been subjected to natural
environmental exposures, and have not indicated significant
decreases in bond strength over periods of time between 1
and 2 years (Clarke and Sheard 1998; Sen et al. 1998a).
Positive and negative trends in pullout strength with respect
to shorter periods of time have been obtained with GFRP
bars subjected to wet elevated-temperature environments
in concrete, with or without artificially added alkalinity
(Al-Dulaijan et al. 1996; Bakis et a. 1998b; Bank et d. 1998;
Porter and Barnes 1998). Similar observations on such pullout
tests using specimens subjected to accelerated environmental
exposure carry over to AFRP and CFRP bars (Conrad et al.
1998). Longitudinal cracking in the concrete cover can
seriously degrade the bond capability of FRP bars, and
sufficient measures must be taken to prevent such cracking
in laboratory tests and field applications (Sen et a. 1998a).
The ability of chemical agents to pass through the concrete
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to the FRP bar is another important factor thought to affect
bond strength (Porter and Barnes 1998). Specific recommen-
dations on bond-related parameters, such as development
and splice lengths, are provided in Chapter 11.

With regard to the durability characterization of FRP bars,
refer to the test method cited in ACI 440.3R. The designer
should always consult with the bar manufacturer to obtain
durability factors.

CHAPTER 5—MATERIAL REQUIREMENTS
AND TESTING

FRP bars made of continuousfibers (aramid, carbon, glass,
or any combination) should conform to quality standards as
described in Section 5.1. FRP bars are anisotropic, with the
longitudinal axis being the major axis. Their mechanical
properties vary significantly from one manufacturer to
another. Factors, such as volume fraction and type of fiber,
resin, fiber orientation, dimensional effects, quality control,
and manufacturing process, have a significant effect on the
physical and mechanical characteristics of the FRP bars.

FRP bars should be designated with different grades
according to their engineering characteristics (such astensile
strength and modulus of elasticity). Bar designation should
correspond to tensile properties, which should be uniquely
marked so that the proper FRP bar is used.

5.1—Strength and modulus grades of FRP bars

FRP reinforcing bars are available in different grades of
tensile strength and modulus of elasticity. The tensile
strength grades are based on the tensile strength of the bar,
with the lowest grade being 60,000 psi (414 MPa). Finite
strength increments of 10,000 psi (69 MPa) are recognized
according to the following strength-grade designation:

e Grade F60: corresponds to 60,000 psi (414 MPa) <
fr, < 70,000 psi (483 MPa);

e Grade F70: corresponds to 70,000 psi (483 MPa) <
fr, < 80,000 psi (552 MPa);

*  Grade F290: corresponds to 290,000 psi (1999 MPa) <
fr, < 300,000 psi (2069 MPa).

For design purposes, the engineer should select any FRP
strength grade between F60 and F290 without having to
choose a specific commercial FRP bar type.

Themodulus of elasticity gradesfor different types of FRP
bars are summarized in Table 5.1. For al of these FRP bars,
the rupture strain should not be less than 0.005 in./in.

A modulus of elasticity grade is established similar to the
strength grade. For the modulus of elasticity grade, the
minimum value is prescribed depending on the fiber type.
For design purposes, the engineer should select the
minimum modulus of elasticity grade that correspondsto the
chosen fiber type for the member or project. For example, an
FRP bar specified with a modulus grade of E5.7 indicates
that the modulus of the bar should be at least 5700 ksi
(39.3 GPa). Manufacturers producing FRP bars with a
modulus of elasticity in excess of the minimum specified
will have superior FRP bars that can result in savings on the
amount of FRP reinforcement used for a particular application.
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Fig. 5.1—Surface deformation patterns for commercially
available FRP bars: (a) ribbed; (b) sand-coated; and
(c) wrapped and sand-coated.

5.2—Surface geometry
FRP reinforcing bars are produced through a variety of

manufacturing processes. Each manufacturing method
produces a different surface condition. The physical charac-
terigtics of the surface of the FRP bar is an important property
for mechanical bond with concrete. Three types of surface
deformation patterns for FRP bars that are commercially
available are shownin Fig. 5.1.

Presently, thereisno standardized classification of surface
deformation patterns. Research is in progress to produce a
bond grade similar to the strength and modulus grades.

5.3—Bar sizes
FRP bar sizes are designated by a number corresponding

to the approximate nominal diameter in eighths of an inch,
similar to standard ASTM stedl reinforcing bars. There are
10 standard sizes, as illustrated in Table 5.2, which aso
includes the corresponding metric conversion.

Thenominal diameter of adeformed FRP bar isequivalent
to that of a plain round bar having the same area as the
deformed bar. When the FRP bar is not of the conventional
solid round shape (that is, rectangular or hollow), the outside
diameter of the bar or the maximum outside dimension of the
bar will be provided in addition to the equivalent nominal
diameter. The nominal diameter of these unconventional
bars would be equivalent to that of a solid plain round bar
having the same area.

5.4—Bar identification
With the various grades, sizes, and types of FRP bars

available, it is necessary to provide some means of easy

identification. Each bar producer should label the bars,

container/packaging, or both, with the following information:

e A symbol to identify the producer;

e A letter to indicate the type of fiber (that is, “G” for
glass, “C” for carbon, “A” for aramid, or “H" for a
hybrid) followed by the number corresponding to the
nominal bar size designation according to the ASTM
standard;

« A marking to designate the strength grade;

* A marking to designate the modulus of elasticity of
the bar in thousands of ksi; and
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Table 5.1—Minimum modulus of elasticity, by fiber
type, for reinforcing bars

Modulus grade, x 10% ksi (GPa)
GFRP bars E5.7 (39.3)
AFRP bars E10.0 (68.9)
CFRPbars E16.0 (110.3)

Table 5.2—ASTM standard reinforcing bars

Bar size designation Nominal
Standard  |Metric corversion| diameter, in. (mm) | Area, in.2 (mm?)

No. 2 No. 6 0.250 (6.4) 0.05 (31.6)
No. 3 No. 10 0.375 (9.5) 0.11(71)

No. 4 No. 13 0.500 (12.7) 0.20 (129)
No. 5 No. 16 0.625 (15.9) 031 (199)
No. 6 No. 19 0.750 (19.1) 0.44 (284)
No. 7 No. 22 0.875 (22.2) 0.60 (387)
No. 8 No. 25 1,000 (25.4) 0.79 (510)
No. 9 No. 29 1.128(28.7) 1.00 (645)
No. 10 No. 32 1.270(32.3) 1.27 (819)
No. 11 No. 36 1410(35.8) 1.56 (1006)

* Inthe case of an unconventiona bar (a bar with a cross
section that is not uniformly circular or solid), the
outside diameter or the maximum outside dimension.

A bond gradewill be added when aclassificationisavailable.

An example of identification symbolsis

XXX - G#4 - F100 - E6.0

where

XXX manufacturer’s symbol or name;

G#4 = glass FRP bar No. 4 (nominal diameter of /2 in.
[12 mm]);

F100 = strength grade of at least 100 ksi (f, > 100 ksi
[689 MPa]); and

E6.0 modulus grade of at least 6,000,000 psi (41 GPa).

In the case of ahollow or unconventionally shaped bar, an

extra identification should be added to the identification

symbol, shown asfollows. This number, appended to the end

of the label, refersto the maximum outside dimension of the

bar and isintended for quality control and assurance only, as

the engineer would specify the special shapein the design

XXX - G#4 - F100 - E6.0 - 0.63

where
0.63 = maximum outside dimension of the bar is 5/8 in.
(16 mm).
Markings should be used at the construction site to verify
that the specified type, grades, and bar sizes and shapes are
being used.

5.5—Straight bars
Straight bars are cut to aspecified length from longer stock
lengths in a fabricator’s shop or at the manufacturing plant.



440.1R-16

5.6—Bent bars

Bending FRP bars made of thermoset resin should be
carried out beforetheresinisfully cured. After the barshave
cured, bending or alteration is not possible due to the inflex-
ibility or rigid nature of acured FRP bar. Because thermoset
polymers are highly cross-linked, heating the bar is not
alowed asit would lead to adecomposition of theresin, thus
creating aloss of strength in the FRP.

The strength of bent bars varies greatly for the same type
of fiber, depending on the bending technique and type of
resin used. Therefore, the strength of the bent portion should
generally be determined based on suitabl e tests performed in
accordance with the recommended test method cited in ACI
440.3R. Bars in which the resin has not yet fully cured can
be bent, but only according to the manufacturer’ s specifications
and with a gradual transition, avoiding sharp angles that
damage the fibers.

CHAPTER 6—CONSTRUCTION PRACTICES
FRP reinforcing bars are ordered for specific parts of a
structure and are delivered to a job site storage area
Construction operations should be performed in a manner
designed to minimize damage to the bars. Similarly to epoxy-
coated steel bars, FRP bars should be handled, stored, and
placed more carefully than uncoated steel reinforcing bars.

6.1—Handling and storage of materials
FRP reinforcing bars are susceptible to surface damage.

Puncturing their surface can significantly reduce the strength

of the FRP bars. In the case of GFRP bars, the surface

damage can cause a loss of durability due to infiltration of

akalis. Thefollowing handling guidelines are recommended

to minimize damage to the bars and injury to the bar handlers:

e FRP reinforcing bars should be handled with work
gloves to avoid personal injuries from either exposed
fibers or sharp edges;

¢ FRP bars should not be stored on the ground. Pallets
should be placed under the bars to keep them clean
and to provide easy handling;

e High temperatures, ultraviolet rays, and chemical
substances (for example, solvents and gasoline)
should be avoided because they can damage FRP bars;

e Occasionally, bars become contaminated with form-
releasing agents or other substances. Substances that
decrease bond should be removed by wiping the bars
with solvents before placing FRP bars in concrete
form. Caution on solvent selection and advice from
the manufacturer are needed, as there are commercialy
available solvents known to damage FRP such as
MEK, carbondisulfide, carbontetrachloride, gasoline
(for some polymers), and even distilled water;

¢ It may be necessary to use a spreader bar so that the FRP
bars can be hoisted without excessive bending; and

e When necessary, cutting should be performed with a
high-speed grinding cutter (minimum no-load speed
of 600 rpm) or a fine-blade saw. FRP bars should
never be sheared. Dust masks, gloves, and glasses for
eye protection are recommended when cutting. There
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is insufficient research available to make any recom-
mendation on treatment of saw-cut bar ends.

6.2—Placement and assembly of materials

In general, placing FRP barsis similar to placing steel bars,
and common practices and tolerances for construction and
materias (refer to ACI 117) should apply with some exceptions
for the specifications prepared by the engineer as noted:

* FRP reinforcement should be placed and supported
using chairs that are consistent with the intended use
of the reinforcement (for example, non-corrosive and
non-magnetic properties) unless specific project
conditions justify the use of conventional bar
supports. The requirements for support chairs should
be included in the project specifications;

* FRP reinforcement should be secured against
displacement while the concrete is being placed.
Coated tie wire, plastic or nylon ties, and plastic snap
ties can be used in tying the bars. The requirement for
ties should be included in the project specifications;

e Bending of cured thermoset FRP bars on site should not
be permitted. For other FRP systems, manufacturer's
specifications should be followed; and

*  Whenever reinforcement continuity is required,
lapped splices should be used. The length of lap
splices varies with concrete strength, type of concrete,
bar grades, size, surface geometry, spacing, and
concrete cover. Details of lapped splices should be in
accordance with Chapter 11 of this guide. Mechanical
connections are not yet available.

6.3—Quality control and inspection
Quality control should be carried out by lot testing of FRP

bars. The manufacturer should supply lot or production run
traceability. Tests conducted by the manufacturer or athird-
party independent testing agency can be used.

All tests should be performed using the recommended test
methods cited in ACI 440.3R. Material characterization tests
that provide the following properties should be performed at
least once before and after any change in manufacturing
process, procedure, or materials:

» Tensile strength, tensile modulus of elasticity, and
ultimate strain;

*  Fatigue strength;

e Bond strength;

»  Coefficient of thermal expansion; and

e Durability in alkaline environment.

Toassessquality control of anindividua lot of FRPbars, itis
recommended to determine tensile strength, tensile modul us of
eladticity, and ultimate strain. The manufacturer should furnish,
upon request, a certificate of conformance for any given lot of
FRP bars with a description of the test protocal.

CHAPTER 7—GENERAL DESIGN
CONSIDERATIONS
The general design recommendationsfor flexural concrete
elements reinforced with FRP bars are presented in this
chapter. The recommendations presented are based on
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principles of equilibrium and compatibility and the congtitutive
laws of the materials. Furthermore, the brittle behavior of
both FRP reinforcement and concrete alows consideration
to be given to either FRP rupture or concrete crushing asthe
mechanisms that control failure. Detrimental effects of high
temperature and fire on FRP-reinforced structures are
discussed in Section 3.4.

7.1—Design philosophy

Both strength and working stress design approaches were
considered by this committee. The committee opted for the
strength design approach of reinforced concrete members
reinforced with FRP bars to ensure consistency with other
ACI documents. In particular, this guide makes reference to
provisions of ACI 318-05, “Building Code Requirementsfor
Structural Concrete and Commentary.” These design recom-
mendations are based on limit state design principlesin that
an FRP-reinforced concrete member is designed based on its
required strength and then checked for fatigue endurance,
creep rupture endurance, and serviceability criteria. In many
instances, serviceability criteria or fatigue and creep rupture
endurance limits may control the design of concrete
members reinforced for flexure with FRP bars (especially
AFRP and GFRP that exhibit low stiffness).

The load factors given in ACI 318-05 are used to determine
the required strength of a concrete member reinforced
with FRP.

7.2—Design material properties

The material properties provided by the manufacturer, such
as the guaranteed tensile strength, should be considered as
initial properties that do not include the effects of long-term
exposure to the environment. Because long-term exposure to
various types of environments can reduce the tensile strength
and creep rupture and fatigue endurance of FRP bars, the
material properties used in design equations should be reduced
based on the type and level of environmental exposure.

Equation (7-1) through (7-3) give the tensile properties
that should be used in al design equations. The design
tensile strength should be determined by

fiu = Cefry (7-1)
where
fiy, = desgntenslestrength of FRP, considering reductions
for service environment, psi (MPa);
Ce = environmental reduction factor, given in Table 7.1
for various fiber type and exposure conditions; and
fff, = guaranteed tensile strength of an FRP bar defined as

the mean tensile strength of a sample of test speci-
mens minus three times the standard deviation
(fry = fuave—30), psi (MPa).

The design rupture strain should be determined as

ey = Cg gf*u (7-2)

where
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Table 7.1—Environmental reduction factor for
various fibers and exposure conditions

Environmental
Exposure condition Fiber type reduction factor Cg
Carbon 10
Concrete not exposed to earth
and wesather Glass 08
Aramid 0.9
Carbon 0.9
Concrete exposed to earth and
weather Glass 0.7
Aramid 0.8
ey = design rupture strain of FRP reinforcement; and
ef, = Quaranteed rupture strain of FRP reinforcement

defined as the mean tensile strain at failure of a
sample of test specimens minus three times the
standard deviation (gf, = &y aye —30).

The design modulus of elasticity will be the same as the
value reported by the manufacturer as the mean elastic
modulus (guaranteed value) of a sample of test specimens
(Ef = Et ave)-

Theenvironmental reduction factorsgiveninTable7.1are
conservative estimates, depending on the durability of each
fiber type, and are based on the consensus of AClI Committee
440. Temperature effects areincluded in the Cg values. FRP
bars, however, should not be used in environments with a
service temperature higher than the Ty of the resin used for
their manufacturing. It is expected that with continued
research, these values will become more reflective of actual
effects of environment. The methodology regarding the use
of these factors, however, is not expected to change.

7.2.1 Tensile strength of FRP bars at bends—The design
tensile strength of FRP bars at a bend can be determined as

fr, = (005 ;—Z+ 03)fy,<f;, (7-3)
where
fiy, = design tensile strength of the bend of FRP bar, psi
(MPa);
r, = radiusof thebend, in. (mm);
d, = diameter of reinforcing bar, in. (mm); and
fiy, = designtensilestrength of FRP, considering reductions

for service environment, psi (MPa).

Equation (7-3) is adapted from design recommendations
by the Japan Society of Civil Engineers (1997b). Limited
research on FRP hooks (Ehsani et al. 1995) indicates that the
tensile force developed by the bent portion of a GFRP bar is
mainly influenced by the ratio of the bend radius to the bar
diameter ry/dp, the tail length, and, to a lesser extent, the
concrete strength.

For an alternative determination of the reduction in tensile
strength due to bending, manufacturers of bent bars may
provide test results based on test methodol ogies cited in ACI
440.3R.
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CHAPTER 8—FLEXURE

The design of FRP-reinforced concrete members for
flexure is analogous to the design of stedl-reinforced concrete
members. Experimental data on concrete members reinforced
with FRP bars show that flexural capacity can be calculated
based on assumptions similar to those made for members
reinforced with steel bars (Fazaand GangaRao 1993a; Nanni
1993b; GangaRao and Vijay 1997a). The design of members
reinforced with FRP bars should take into account the
uniaxial stress-strain relationship of FRP materials.

8.1—General considerations

This chapter specifically references rectangular sections
with asingle layer of onetype of tensile FRP reinforcement,
as the experimental work has almost exclusively considered
members with this cross-sectional shape and reinforcement
layout. The concepts described herein, however, can also be
applied to the analysis and design of memberswith different
geometry and multiple types, multiple layers, or both, of FRP
reinforcement. Although there is no evidence that the flexural
theory, as developed herein, does not apply equaly well to
nonrectangular sections, the behavior of nonrectangular
sections has yet to be confirmed by experimental results.

8.1.1 Flexural design philosophy—Steel-reinforced
concrete sections are commonly under-reinforced to ensure
yielding of steel before the crushing of concrete. Theyielding
of the stedl provides ductility and awarning of failure of the
member. The nonductile behavior of FRP reinforcement
necessitates a reconsideration of this approach.

If FRP reinforcement ruptures, failure of the member is
sudden and catastrophic (Nanni 1993b; Jaeger et a. 1997;
GangaRao and Vijay 1997a; Theriault and Benmokrane
1998); however, there would be limited warning of
impending failure in the form of extensive cracking and
large deflection due to the significant elongation that FRP
reinforcement experiences before rupture. In any case, the
member would not exhibit ductility as is commonly
observed for under-reinforced concrete beams reinforced
with steel reinforcing bars.

The concrete crushing failure mode is marginally more
desirable for flexura members reinforced with FRP bars
(Nanni 1993b). By experiencing concrete crushing, aflexura
member does exhibit some plastic behavior before failure.

In conclusion, both failure modes (FRP rupture and
concrete crushing) are acceptable in governing the design of
flexural members reinforced with FRP bars provided that
strength and servicesability criteria are satisfied. To compensate
for the lack of ductility, the member should possess a higher
reserve of strength. The margin of safety suggested by this
guide against failure is therefore higher than that used in
traditional steel-reinforced concrete design.

The use of high-strength concrete allows for better use of
the high-strength properties of FRP bars and can increase the
stiffness of the cracked section, but the brittleness of high-
strength concrete, as compared with normal-strength
concrete, can reduce the overall deformability of the flexural
member (GangaRao and Vijay 1997a).
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Fig. 8.1—Theoretical moment-curvature relationships for
reinforced concrete sections using steel and FRP bars
(¢ factors of 0.9, 0.65, 0.55, and 0.65, respectively).

Figure 8.1 shows a comparison of the theoretical moment-
curvature behavior of beam cross sections designed for the
same strength ¢M,, following the principles of ultimate
strength design described in this chapter (including the recom-
mended strength reduction factors according to ACI 318-05).
Three cases are presented in addition to the steel-reinforced
cross section: two sections reinforced with GFRP bars, and
onereinforced with CFRP bars. For the section experiencing
GFRP bars' rupture, the concrete dimensions are larger than
for the other beams to attain the same design capacity.

8.1.2 Assumptions—Computations of the strength of cross
sections should be performed based on the following
assumptions:

e Strain in the concrete and the FRP reinforcement is
proportional to the distance from the neutral axis (that
is, a plane section before loading remains plane after
loading);

e The maximum usable compressive strain in the
concrete is assumed to be 0.003;

» Thetensile strength of concreteisignored,;

* The tensile behavior of the FRP reinforcement is
linearly elastic until failure; and

o Perfect bond exists between concrete and FRP
reinforcement.

8.2—Flexural strength

The strength design philosophy statesthat the design flexural
strength at a section of a member must exceed the factored
moment (Eq. (8-1)). Design flexural strength refers to the
nominal flexural strength of the member multiplied by a
strength reduction factor (¢, discussed in Section 8.2.3). The
factored moment refers to the moments cal culated by the use
of factored loads as prescribed in ACI 318-05 (for example,
12D +16L +..)

M= M, (8-1)

The nominal flexural strength of an FRP-reinforced concrete
member can be determined based on strain compatibility,
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Table 8.1—Typical values for balanced
reinforcement ratio for a rectangular
section with f/ = 5000 psi (34.5 MPa)

Yield strength f, or tensile Modulus of
Bar type strength fqy, ksi (MPa) | elasticity, ksi (GPa) | Pb OF Pib
Steel 60 (414) 29,000 (200) | 0.0335
GFRP 80 (552) 6000 (41.4) 0.0078
AFRP 170 (1172) 12,000 (82.7) 0.0035
CFRP 300 (2070) 22,000 (152) | 0.0020

internal force equilibrium, and the controlling mode of
failure. Figure 8.2 illustrates the stress, strain, and internal
forces for the three possible cases of a rectangular section
reinforced with FRP bars.

8.2.1 Failure mode—The flexural capacity of an FRP-
reinforced flexural member is dependent on whether the
failureisgoverned by concrete crushing or FRP rupture. The
failure mode can be determined by comparing the FRP
reinforcement ratio to the balanced reinforcement ratio (that
is, a ratio where concrete crushing and FRP rupture occur
simultaneously). Because FRP does not yield, the balanced
ratio of FRP reinforcement is computed using its design
tensile strength. The FRP reinforcement ratio can be
computed from Eq. (8-2), and the balanced FRP reinforcement
ratio can be computed from Eq. (8-3)

A
= — 8-2
Pt bd (82
' Ee
Py = 0_85[31_____& (8-3)

If the reinforcement ratio is less than the balanced ratio (pf <
pip), FRP rupture failure mode governs. Otherwise, (ps> pp)
concrete crushing governs.

Table 8.1 reports some typical values for the balanced
reinforcement ratio, showing that the balanced ratio for FRP
reinforcement pyg, ismuch lower than the balanced ratio for steel
reinforcement py. In fact, the balanced ratio for FRP
reinforcement can be even lower than the minimum
reinforcement ratio for steel (pin, = 0.0035 for Grade 60
steel and f¢ = 5000 psi [35 MP4]).

8.2.2 Nominal flexural strength—When p; > pyg,, the
failure of the member isinitiated by crushing of the concrete,
and the stress distribution in the concrete can be approximated
with the ACI rectangular stress block. Based on the equilibrium
of forces and strain compatibility (shown in Fig. 8.2), the
following can be derived

My = Arfy(d-2) (8-49)
Af ff

=t 8-4b

0.85f, b (8-40)
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Fig. 8.2—Srain and stress distribution at ultimate conditions.

Bd—a

]j’ = EfscuT

(8-4c)

Substituting a from Eg. (8-4b) into Eq. (8-4c) and solving for
f; gives

Ece,) 0.85B,f!
fi = [J( f:c“) + p[jl CE/-SCM—O.SEfacuj <f;, (8-4d)

The nominal flexural strength can be determined from
Eq. (8-4a), (8-4b), and (8-4d). FRP reinforcement islinearly
elastic at concrete crushing failure mode, so the stress level
in the FRP can be found from Eq. (8-4c) because it is less
than ffu-

Alternatively, the nominal flexural strength at a section
can be expressed in terms of the FRP reinforcement ratio as
given in Eq. (8-5) to replace Eq. (8-44).

My = prfy(1 —0.59"ff—,ff) bd? (85)

c

When p; < pyp,, the failure of the member is initiated by
rupture of FRP bar, and the ACI stressblock isnot applicable
because the maximum concrete strain (0.003) may not be



440.1R-20
0
I
0.55 :
Failure Failure by
by FRP Concrete Crushing
Rupture

pﬂz 1 '4p1b pf

Fig. 8.3—Strength reduction factor as a function of the
reinforcement ratio.

attained. In this case, an equivalent stress block would need
to be used that approximates the stress distribution in the
concrete at the particular strain level reached.

The analysis incorporates two unknowns. the concrete
compressive strain at failure g; and the depth to the neutral
axis c. In addition, the rectangular stress block factors, a4
and B4, areunknown. Thefactor a; istheratio of the average
concrete stress to the concrete strength. Factor 3, istheratio
of the depth of the equivalent rectangular stress block to the
depth of the neutral axis. The analysis involving al these
unknowns becomes complex. Nominal flexural strength at a
section can be computed as shown in Eg. (8-64)

M, = Afy,(d-E29) (8-62)

For agiven section, the product of B4c in Eq. (8-6a) varies
depending on material properties and FRP reinforcement
ratio. The maximum value for this product is equal to ¢y,
and is achieved when the maximum concrete strain (0.003)
is attained. A simplified and conservative calculation of the
nominal flexural strength of the member can be based on
Eq. (8-6b) and (8-6¢) asfollows

B1C
M, = Aty (d- 17b) (8-6h)
—_ 8CU
C, = d 8-6¢
® (gcu + gfu) ( )

8.2.3 Srength reduction factor for flexure—Because FRP
members do not exhibit ductile behavior, a conservative
strength reduction factor should be adopted to provide a
higher reserve of strength in the member. The Japanese
recommendations for design of flexural members using FRP
suggest a strength reduction factor equal to 0.77 (JSCE
1997b). Other researchers (Benmokrane et a. 1996a) suggest
avalue of 0.75 determined based on probabilistic concepts.

Based on ACI 318-05, the ¢ factor for compression
controlled failure is 0.65, with a target reliability index
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between 3.5 to 4.0 (Szerszen and Nowak 2003). A reliability
analysis on FRP-reinforced beams in flexure using Load
Combination 2 from ACI 318-05 for live to dead load ratios
between 1 and 3 indicated reliability indexes between 3.5
and 4.0 when the ¢ factor was set to 0.65 for concrete
crushing failure, and 0.55 for FRP reinforcing bar rupture
failure using Eq. (8-6b) (Gulbrandsen 2005). A nonlinear
sectional analysis of curvatures at failure showed that the
curvatures of typical FRP-reinforced beams at failure varied
between 0.0138/d and 0.0176/d for tension-controlled fail-
ures, and between 0.0089/d and 0.012/d for compression-
controlled failures (Gulbrandsen 2005).

ACI 318-05 considers a failure tension-controlled when-
ever the curvature is greater than 0.008/d (corresponding to
astrain in the steel of 0.005). This indicates that due to the
low modulus of dasticity of the reinforcement, FRP-reinforced
beams will have large deflections at ultimate, and that FRP-
reinforced beams that fail by FRP reinforcing bar rupture
will have larger deflections at ultimate than those that fail by
concrete crushing. Even though the curvature values of FRP-
reinforced beams are larger than those of equivalent steel-
reinforced beams, the committee recommends a ¢ factor of
0.55 for tension-controlled failure to maintain a minimum
reliability index of 3.5.

While a concrete crushing failure mode can be predicted
based on calculations, the member as constructed may not
fail accordingly. For example, if the concrete strength is
higher than specified, the member can fail due to FRP
rupture. For thisreason and to establish atransition between
thetwo values of ¢, asection controlled by concrete crushing
is defined as a section in which ps > 1.4pg,, and a section
controlled by FRP rupture is defined as onein which ps < pg,.

The strength reduction factor for flexure can be computed
by Eq. (8-7). This equation is represented graphically by
Fig. 8.3, and gives afactor of 0.65 for sections controlled by
concrete crushing, 0.55 for sections controlled by FRP
rupture, and provides alinear transition between the two.

0.55 for p; < pyy

¢ = 103+0252L for p, < p, < Ldpy, (8-7)
Ptb

0.65 for p; > 1.4p¢,

8.2.4 Minimum FRP reinforcement—f a member is
designed to fail by FRP rupture ps < pg,, @ minimum amount
of reinforcement should be provided to prevent failure upon
concrete cracking (that is, ¢M,, = M, where M, is the
cracking moment). The provisions in ACI 318-05 for
minimum reinforcement are based on this concept and, with
modifications, are applicable to FRP-reinforced members.
The modifications result from a different strength reduction
factor (that is, 0.55 for tension-controlled sections, instead of
0.9). The minimum reinforcement area for FRP-reinforced
membersis obtained by multiplying the existing ACI 318-05
equation for steel reinforcement by 1.64 (1.64 = 0.90/0.55).
Thisresultsin Eq. (8-8)
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4.9, /f!
Af, min = A/E bwd 2 @bwd (8'8)
ffu ffu

If failure of a member is not controlled by FRP rupture
Pt > Py, the minimum amount of reinforcement to prevent
failure upon cracking is automatically achieved. Therefore,
Eq. (8-8) isrequired as acheck only if p; < pgy.

8.2.5 Special considerations

8.2.5.1 Multiple layers of reinforcement and combinations
of different FRP types—In a tension-controlled section, all
steel tension reinforcement is assumed to yield at ultimate
when using the strength design method to calculate the
nominal flexural strength of members with steel reinforcement
arranged in multiple layers. Therefore, the tension force is
assumed to act at the centroid of the reinforcement with a
magnitude equal to the area of tension reinforcement times
the yield strength of steel. Because FRP materials have no
plastic region, the stress in each reinforcement layer will
vary depending on its distance from the neutral axis. Similarly,
if different types of FRP bars are used to reinforce the same
member, the variation in the stress level in each bar type
should be considered when calculating the flexural capacity.
In these cases, failure of the outermost layer controls overall
reinforcement failure, and the analysis of the flexural capacity
should be based on a strain-compatibility approach.

8.2.5.2 Moment redistribution—The failure mechanism
of FRP-reinforced flexural members should not be based on
the formation of plastic hinges, because FRP materias
demonstrate a linear-elastic behavior up to failure. Moment
redistribution in continuous beams or other statically indeter-
minate structures should not be considered for FRP-reinforced
concrete.

8.2.5.3 Compression reinforcement—FRP reinforcement
has a significantly lower compressive strength than tensile
strength, and is subject to significant variation (Kobayashi
and Fujisaki 1995; JSCE 1997b). Therefore, the strength of
any FRP bar in compression should be ignored in design
calculations (Almusalam et al. 1997).

This guide does not recommend using FRP bars as
longitudinal reinforcement in columns or as compression
reinforcement in flexural members. Placing FRP barsin the
compression zone of flexural members, however, cannot be
avoided in some cases. Examples include the supports of
continuous beams or where bars secure the stirrupsin place.
In these cases, confinement should be considered for the
FRP bars in compression regions to prevent their instability
and to minimize the effect of the relatively high transverse
expansion of some types of FRP bars. The transverse FRP
reinforcement in the form of ties should have a spacing
smaller than the member width or 16 longitudinal bar diameters
or 48 tie bar diameters.

8.3—Serviceability

FRP-reinforced concrete members have arelatively small
stiffness after cracking. Consequently, permissible deflections
under service loads can control the design. In general,
designing FRP-reinforced cross sectionsfor concrete crushing

440.1R-21

failure satisfies serviceability criteria for deflection and

crack width (Nanni 1993a; GangaRao and Vijay 1997a;

Theriault and Benmokrane 1998).

Serviceahility can be defined as satisfactory performance
under service load conditions. This, in turn, can be described
in terms of two parameters:

*  Cracking—Excessive crack width is undesirable for
aesthetic and other reasons (for example, to prevent
water leakage) that can damage or deteriorate the
structural concrete; and

» Deflection—Deflections should be within acceptable
limits imposed by the use of the structure (for
example, supporting attached nonstructural elements
without damage).

The serviceability provisionsgivenin ACl 318-05 need to
be modified for FRP-reinforced members due to differences
in properties of steel and FRP, such as lower stiffness, bond
strength, and corrosion resistance. The substitution of FRP
for steel on an equal-areabasis, for example, would typically
result in larger deflections and wider crack widths (Gao et al.
1998a; Tighiouart et al. 1998).

8.3.1 Cracking—FRP bars are corrosion resistant; therefore,
the maximum crack width limitation can be relaxed when
corrosion of reinforcement isthe primary reason for crack width
limitations. Other considerations with regard to acceptable
crack width limitsinclude aesthetics and shear effects.

The Japan Society of Civil Engineers (1997b) only
considers aesthetics in setting a maximum allowable crack
width of 0.020 in. (0.5 mm). CAN/CSA S806-02, “Design
and Construction of Building Components with Fibre-
Reinforced Polymers,” (Canadian Standards Association
2002) implicitly allows crack widths of 0.020 in. (0.5 mm)
for exterior exposure and 0.028 in. (0.7 mm) for interior
exposure when FRP reinforcement is used. The ACI 318-05
provisions do not address FRP reinforcement. For comparison
purposes, however, the crack control provisions for steel
reinforcement correspond to a maximum crack width of
approximately 0.016 in. (0.4 mm). The committee recommends
that the Canadian Standards Association (2002) limits be used
for most cases. These limitations may not be sufficiently
restrictive for structures exposed to aggressive environments
or designed to be watertight. Therefore, additional cautionis
recommended for such cases. Conversely, for structureswith
short life-cycle requirements or those for which aestheticsis
not a concern, crack width requirements can be disregarded
unless steel reinforcement is also present.

The maximum reinforcement spacing provisions of ACI
318-05 for the control of cracking are derived from a crack
width formulation based on a physical model, rather than
being empirically derived (Frosch 1999). This formula is
independent of the type of reinforcement (steel or FRP)
except that it should be modified by a bond quality coefficient
Ky Therefore, the maximum probable crack width for FRP-
reinforced members may be calculated from Eq. (8-9)

_f 2, (s\?
w = Effﬁkb /dc+(§) (89)
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Table 8.2—Recommended minimum thickness of
nonprestressed beams or one-way slabs

Minimum thickness h

Simply Oneend | Bothends
supported | continuous | continuous | Cantilever

Solid one-way slabs ¢/13 o7 e22 ¢/5.5
Beams ¢/10 e12 ¢/16 ua

in which w = maximum crack width, in. or mm; f; =
reinforcement stress, psi or MPa; E; = reinforcement
modulus of elasticity, psi or MPa; B = ratio of distance
between neutral axis and tension face to distance between
neutral axis and centroid of reinforcement; d. = thickness of
cover from tension face to center of closest bar, in. or mm;
and s = bar spacing, in. or mm.

The ky, term is a coefficient that accounts for the degree of
bond between FRP bar and surrounding concrete. For FRP
bars having bond behavior similar to uncoated steel bars, the
bond coefficient ky, is assumed equal to 1. For FRP bars
having bond behavior inferior to steel, k, is larger than 1.0,
and for FRP bars having bond behavior superior to stedl, k
is smaller than 1.0. Gao et al. (1998a) introduced a similar
formulabased on test results that indicated that bond charac-
teristics of GFRP bars can vary from those of steel bars.
Bakis and Boothby (2004) found that crack widthsin GFRP-
reinforced concrete beams under sustained loads increased
beyond initial values by approximately 40% in an indoor
environment and by approximately 60% in an outdoor
environment over a period of 3 years. Further research is
needed to verify the effect of surface characteristics of FRP
bars on the bond behavior and on crack widths. Data should
be obtained for commercially available FRP bars. For an
analysis of crack width data performed by members of this
committee on a variety of concrete cross sections and FRP
bar manufacturers, fiber types, resin formulations, and
surface treatments, average k,, values ranged from 0.60 to
1.72, with a mean of 1.10. Data for rough sand-coated FRP
bar surface treatments trended toward the lower end of this
range. The consensus of the committee, for the case whereky,
is not known from experimental data, is that a conservative
value of 1.4 should be assumed. Smooth bars and grids are
specifically excluded from this recommendation. Data
should be obtained for commercially available FRP smooth
barsand grids. Further analysisis needed before acommittee
consensus can be reached on ky, for such reinforcement.

8.3.2 Deflections—In general, ACI 318-05 provisions for
deflection control are concerned with deflections that occur
at service levels under immediate and sustained static loads,
and do not apply to dynamic loads such as earthquakes,
transient winds, or vibration of machinery. Two methods are
presently given in ACI 318-05 for control of deflections of
one-way flexural members:

e Theindirect method of mandating the minimum thickness
of the member (Table 9.5(a) in ACI 318-05); and

e The direct method of limiting computed deflections
(Table 9.5(b) in ACI 318-05).

Because of the variable stiffness, brittle-elastic nature, and
particular bond features of FRP reinforcement, deflections of
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FRP-reinforced concrete members are more sensitive to the
variables affecting deflection than steel-reinforced members
of identical size and reinforcement layout. Deflections in
members with FRP reinforcement also tend to be greater in
magnitude because of the lower stiffness associated with
commercialy available FRP reinforcement. This guide there-
forerequiresthe use of adirect method of deflection control,
as outlined in Sections 8.3.2.2 and 8.3.2.3. Recommended
minimum thicknesses for FRP-reinforced members are
provided in Section 8.3.2.1 for convenience in establishing
member proportions for design only.

8.3.21 Recommended minimum thicknesses for
design—Recommended minimum thicknesses for design of
one-way slabs and beams are provided in Table 8.2. The
table isintended to only provide guidance for initial design,
and use of these recommended minimum thicknesses does
not guarantee that al deflection considerations will be satisfied
for aparticular project.

Valuesin Table 8.2 are based on ageneric maximum span-
depth ratio limitation (Ospina et a. 2001) corresponding to
the limiting curvature associated with a target deflection-
span ratio (Eg. (8-10)). The procedure can be applied to any
type of reinforcement

- R0

max

(8-10)

AN I

In Eq. (8-10), n = d/h; kisasdefined in Eqg. (8-12); and
(A/€) e isthe limiting service load deflection-span ratio. K4
isaparameter that accounts for boundary conditions. It may
betakenas 1.0, 0.8, 0.6, and 2.4 for uniformly loaded simply-
supported, one end continuous, both ends continuous, and
cantilevered spans, respectively. The term g;is the strain in
the FRP reinforcement under service loads, evaluated at
midspan except for cantilevered spans. For cantilevers, g
shall be evaluated at the support.

Equation (8-10) assumes no tensile contribution from
concrete between cracks, also referred to as tension stiffening.
To consider the effects of tension stiffening in developing
Table 8.2, the values resulting from Eqg. (8-10) were modified
by theratio of effective and fully cracked moments of inertia
computed using Eq. (8-13a) and (8-11), respectively. Tabulated
values are based on an assumed service deflection limit of
¢/240 under total service load, and assumed reinforcement
ratios of 2.0p¢, and 3.0py, for slabs and beams, respectively.

8.3.2.2 Effective moment of inertia—When a section is
uncracked, its moment of inertia is equal to the gross
moment of inertia | 4. When the applied moment M, exceeds
the cracking moment M, cracking occurs, which causes a
reduction in the stiffness; the moment of inertiais based on
the cracked section |. For a rectangular section, the gross
moment of inertiais calculated as |, = bh®/12, while I, can
be calculated using an elastic analysis. The elastic analysis
for FRP-reinforced concrete is similar to the analysis used
for stedl-reinforced concrete (that is, concrete in tension is
neglected) and is given by Eq. (8-11) and (8-12) with n; asthe
modular ratio between the FRP reinforcement and the concrete
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3
I, = %ks+anfd2(l—k)2 (8-11)
k= 2o+ (pe)® = pyy (8-12)

Theoverall flexural stiffness El of aflexural member that
has experienced cracking at service varies between E¢lg and
E.lr, depending on the magnitude of the applied moment.
Branson (1977) derived an equation to express the transition
from 4 to I . Branson’s equation was adopted by ACI 318-05
as the following expression for the effective moment of
inertialg

M\ 3 Mg\ 3
o= () o (155 st

a a

Branson's equation reflects two different phenomena: the
variation of El stiffness along the member and the effect of
concrete tension stiffening.

This equation was based on the behavior of stedl-reinforced
beams at serviceload |levels. Research on deflection of FRP-
reinforced beams (Benmokrane et a. 1996a; Brown and
Bartholomew 1996; Zhao et al. 1997; Yost et al. 2003;
Rasheed et al. 2004) indicates that on a plot of |oad-versus-
deflection of simply supported beams, the experimental
curves are roughly parallel to those predicted by Branson's
equation. Branson’s equation, however, has been found to
overestimate the effective moment of inertia of FRP-reinforced
beams, especially for lightly reinforced beams, implying a
lesser degree of tension stiffening than in comparable steel-
reinforced beams (Nawy and Neuwerth 1977; Benmokrane
et a. 1996a; Toutanji and Saafi 2000). This reduced tension
gtiffening may be attributed to the lower modulus of dasticity
and different bond stresslevelsfor the FRP reinforcement as
compared with those of steel.

Gao et al. (19984a) concluded that to account for reduced
tension stiffening in FRP-reinforced members, a modified
expression for the effective moment of inertia is required.
Thisexpression is recommended and is given by Eq. (8-134)

M3 M3
= (M_:) Bd'“[l_(m_j) Jiee=1,

The factor By is a reduction coefficient related to the
reduced tension stiffening exhibited by FRP-reinforced
members. Research has demonstrated that the degree of
tension stiffening is affected by the amount and stiffness of
the flexural reinforcement and by the relative reinforcement
ratio (ratio of ps to pg,) (Toutanji and Saafi 2000; Y ost et al.
2003). Based on an evaluation of experimental results from
severa studies, the committee recommends the following
simple relationship for B4

(8-13a)

(8-13b)
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Equation (8-13a) is only valid if the maximum unfactored
moment in the member is equal to or greater than the
cracking moment (Mg > M). Recommended minimum
thicknessvaluesin Table 8.2 assumethis condition. If during
the design process the designer finds the maximum unfactored
moment in the member to be significantly lower than the
cracking moment, then the deflection cal culated according to
Sections 8.3.2.2 and 8.3.2.3 should be based on | . In cases
where the calculated maximum unfactored moment is only
dightly less than the cracking moment, the designer is
advised to assume a cracked section because factors such as
shrinkage and temperature may cause the section to crack
evenif My < M, . This can be achieved by using Eq. (8-13a)
with Mg = M.

Other methods of computing the effective moment of
inertia that are not based on Branson's approach have aso
been proposed (Bischoff 2005).

8.3.2.3 Calculation of deflection (direct method)—When
deflections are estimated by computation according to the
provisions of this section, the designer should compare
computed deflections to acceptable limits set as part of the
design criteria for the project. In many cases, these deflection
criteriaare set by local building codes.

The short-term deflections (instantaneous deflection under
service loads) of an FRP one-way flexural member can be
calculated using the effective moment of inertia of the FRP-
reinforced beam and the usual structural analysistechniques.

The magnitude of long-term deflection can be severa
times the short-term deflection, and both short-term and long-
term deflections under service loads should be considered in
the design. Thelong-term increase in deflection is afunction of
member geometry (reinforcement area and member size), load
characteristics (age of concrete at the time of loading, and
magnitude and duration of sustained load), and material
characteristics (elastic moduli of the concrete and FRP
reinforcement, creep and shrinkage of concrete, formation of
new cracks, and widening of existing cracks).

Data on time-dependent deflections of FRP-reinforced
members due to creep and shrinkage indicates that the time-
versus-deflection curves of FRP-reinforced and steel-reinforced
members have the same basi ¢ shape, indicating that the same
fundamental approach for estimating the long-term deflection
can be used (Brown 1997).

According to ACI 318-05, the long-term deflection due to
creep and shrinkage A¢p+ o) Can be computed according to
the following equations

A(cprsh) = MAsus (8-149)
= —5 (8-14b)
1+ 50p’

The parameter A in Eq. (8-14b) reduces to & because
compression reinforcement is not considered for FRP-
reinforced members (pf = 0). Values of & are reported in
ACI 318-05.
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Fig. 8.4—FElastic stress and strain distribution.

These equations can be used for FRP reinforcement with
modificationsto account for the differencesinthe axia stiffness
of the reinforcement for FRP-reinforced concrete members
as compared with steel-reinforced concrete members. With
either FRP or steel reinforcement, concrete creep leadsto an
effective reduction in the flexural stiffness Egl. For
simplicity, this reduction can be considered as the super-
position of two contradictory effects. The first effect is the
decrease in effective elastic modulus as a direct result of the
concrete creep. The second effect, which can be approximated
using an elastic cross-section analysis with the reduced elastic
modulusfor concrete, isan increasein neutral axisdepth. This
increased neutral axis depth leads to an effective increase in
the moment of inertia of the cracked section. Theincreasein
neutral axis depth can be shown to be proportionally more
significant for FRP-reinforced members than for steel-
reinforced members because of thelower axid stiffnessof the
reinforcement in typical FRP-reinforced concrete members.
As a result, the time-dependent deflection increase for FRP
reinforced concrete can be expected to be proportionally less
than for steel-reinforced concrete.

Brown (1997) observed that the time-dependent deflection
of FRP-reinforced beams with no compression reinforcement
over a sustained loading period of 6 months was 60 to 90%
of the initial deflection. The measured additional time-
dependent deflection was only 50 to 75% of the deflection
suggested by Eq. (8-14a) and (8-14b). Similar results have
been reported in other studies (Vijay et al. 1998; Arockiasamy
et al. 1998) for both GFRP and CFRP.

Based on the af orementioned results, amodification factor
of 0.6 is recommended to be applied to Eq. (8-14a). For
typical applications, the long-term deflection of FRP-rein-
forced members can therefore be determined from Eq. (8-15)

Acprsh) = 0.65(A)sus (8-15)

Gross et al. (2003) found that for beams that are not
cracked prior to application of the sustained load, Eq. (8-15)
may significantly underestimate the time-dependent deflec-
tion multiplier. This situation may be found in members
where most or all of the service load is sustained load. They
attributed this underestimation to the fact that additiona
flexural crackswere observed to formin the beamsover time
under the sustained loading. Further experimental work is
necessary to validate Eq. (8-15) for applications with high
levels of sustained load.
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Table 8.3—Creep rupture stress limits in
FRP reinforcement

Fiber type GFRP AFRP CFRP
Creep rupture stresslimit f; | 0.20fg, 0.30fz, 0.55fg,

8.4—Creep rupture and fatigue
To avoid creep rupture of the FRP reinforcement under

sustained stresses or failure dueto cyclic stresses and fatigue
of the FRP reinforcement, the stress levels in the FRP rein-
forcement under these stress conditions should be limited.
Because these stress levelswill be within the elastic range of
the member, the stresses can be computed through an elastic
analysis as depicted in Fig. 8.4.

8.4.1 Creep rupture stress limits—To avoid failure of an
FRP-reinforced member due to creep rupture of the FRP,
stress limits should be imposed on the FRP reinforcement.
The stress level in the FRP reinforcement can be computed
using Eg. (8-16), with Mg equal to the unfactored moment
due to al sustained loads (dead loads and the sustained
portion of the live load)

ned(1-k)

ff,s = Ms [

(8-16)

cr

The cracked moment of inertial, and the ratio of the effec-
tive depth to the depth of the elastic neutral axis k are
computed using Eqg. (8-11) and (8-12).

Vauesfor safe sustained stresslevelsare givenin Table 8.3.
These values are based on the creep rupture stress limits
previously stated in Section 3.3.1, with an imposed safety
factor of 1/0.60.

8.4.2 Fatigue stress limits—If the structure is subjected to
fatigue regimes, the FRP stress should be limited to the
values stated in Table 8.3. The FRP stress can be cal cul ated
using Eq. (8-16), with Mg equal to the moment due to all
sustained loads plus the maximum moment induced in a
fatigue loading cycle.

CHAPTER 9—SHEAR
The design of FRP-reinforced concreteis similar to that of

steel-reinforced concrete members. The different mechanical
properties of FRP bars, however, affect shear strength and
must be considered. This chapter addresses the shear resistance
of FRP-reinforced beams and one-way dlabs, the use of FRP
stirrups, and the punching shear capacity of FRP-reinforced
two-way slabs.

9.1—General considerations
Several issues need to be considered for the shear design
of FRP reinforced members:
* FRPhasarelatively low modulus of elasticity;
* FRPhaslow transverse shear resistance;

* FRPhasahigh tensile strength and no yield point; and
* The tensile strength of the bent of an FRP bar is
significantly lower than that of the straight portion.

9.1.1 Shear design philosophy—The design of FRP shear
reinforcement is based on the strength design method. The
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strength reduction factor of 0.75 given by ACI 318-05 for
reducing nomina shear capacity of stedl-reinforced concrete
members should also be used for FRP reinforcement. The
factored shear strength ®V,, must be larger than the factored
shear force V|, a the section considered. Computation of the
maximum shear force V,; a beam supports can be attained
following ACI 318-05 provisions.

9.2—Shear strength of FRP-reinforced members
According to ACI 318-05, the nominal shear strength of

a reinforced concrete cross section V,, is the sum of the
shear resistance provided by concrete V. and the steel shear
reinforcement Vg

Compared with a steel-reinforced section with equal areas
of longitudina reinforcement, a cross section using FRP
flexural reinforcement after cracking has a smaller depth to
the neutral axis because of the lower axia stiffness (that is,
product of reinforcement area and modulus of elasticity).
The compression region of the cross section is reduced, and
the crack widths are wider. As aresult, the shear resistance
provided by both aggregate interlock and compressed
concrete is smaller. Research on the shear capacity of flexura
members without shear reinforcement has indicated that the
concrete shear strength is influenced by the stiffness of the
tensile (flexura) reinforcement (Nagasaka et al. 1993; Zhao
et al. 1995; JSCE 1997b; Sonobe et al. 1997; Michaluk et al.
1998; Tureyen and Frosch 2002, 2003).

The contribution of longitudina FRP reinforcement in
terms of dowel action has not been determined. Because of
the lower strength and stiffness of FRP barsin the transverse
direction, however, it is assumed that their dowel action
contribution is less than that of an equivalent steel area.
Further research is needed to quantify this effect.

The concrete shear capacity V. of flexural members using
FRP as main reinforcement can be evaluated according to
Eqg. (9-1)

Ve =51 bye (9-1)
For Sl units
Ve= %«/fj buc

where by, = width of the web, in. (mm for Sl); and ¢ = cracked
transformed section neutral axis depth, in. (mm for Sl).

For singly reinforced, rectangular cross sections, the
neutral axis depth c may be computed as

c=kd

2
K= J2pens+ (prny)” —pyny
ps = FRP reinforcement ratio = A¢ /b, d

Equation (9-1) accounts for the axia stiffness of the FRP
reinforcement through the neutral axis depth ¢, which is a
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function of the reinforcement ratio ps and the modular ratio
ng. This equation has been shown to provide a reasonable
factor of safety for FRP-reinforced specimens across the
range of reinforcement ratios and concrete strengths tested to
date (Tureyen and Frosch 2003).

Equation (9-1) may be rewritten as Eq. (9-14). This form
of the equation indicates that Eq. (9-1) is simply the ACI
318-05 shear equation for steel reinforcement V. modified
by the factor ([5/2]K), which accounts for the axial stiffness
of the FRP reinforcement.

(9-19)

V, = (gk)zﬁ byd

The ACI 318-05 method used to calculate the shear
contribution of steel stirrups is applicable when using FRP
as shear reinforcement. The shear resistance provided by
FRP stirrups perpendicular to the axis of the member V; can
be written as

f
Vf — fVSde (9_2)

The stress level in the FRP shear reinforcement should be
limited to control shear crack widths and maintain shear
integrity of the concrete and to avoid failure at the bent
portion of the FRP stirrup (Eg. (7-3)). Equation (9-3) gives
the stresslevel inthe FRP shear reinforcement at ultimate for
usein design

ffv = 0004Ef < ffb (9-3)

When using shear reinforcement perpendicular to the axis
of the member, the required spacing and area of shear
reinforcement can be computed from Eq. (9-4)

AfV (Vu B ¢Vc)
B .22 9-4
S of;,d ©-4)
When inclined FRP stirrups are used as shear reinforcement,
Eq. (9-5) isused to ca cul ate the contribution of the FRP stirrups

- Afvffvd
S

V; (sina. + cosa.) (9-5)

When continuous FRP rectangular spirals are used as
shear reinforcement (in this case, sisthe pitch, and o isthe
angle of inclination of the spiral), Eq. (9-6) gives the
contribution of the FRP spirals

Vi

A fd .
= %(sna) (9-6)

Shear failure modes of members with FRP as shear
reinforcement can be classified into two types (Nagasaka et
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Zl‘hf > 12db

Fig. 9.1—Required tail length for FRP stirrups.

al. 1993): shear-tension failure mode (controlled by the rupture
of FRP shear reinforcement) and shear-compression failure
mode (controlled by the crushing of the concrete web). The
first mode is more brittle, and the latter results in larger
deflections. Experimental results have shown that the modes
of failure depend on the shear reinforcement index pys E,
where py, istheratio of FRP shear reinforcement Ay, /by, s. As
the value of ps,E; increases, the shear capacity in shear
tension increases, and the mode of failure changes from
shear tension to shear compression.

9.2.1 Limits on tensile strain of shear reinforcement—
The design assumption that concrete and reinforcement
capacities are added is accurate when shear cracks are
adequately controlled. Therefore, thetensile strain in FRP
shear reinforcement should be limited to ensure that the
ACI design approach is applicable.

The Canadian Highway Bridge Design Code (Canadian
Standards Association 2000) limits the tensile strain in FRP
shear reinforcement to 0.002 in./in. It is recognized that this
strain value (corresponding to the yield strain of Grade 60
steel) may be very conservative. Experimental evidence
shows the attainment of higher strain values (Wang 1998;
Zhao et al. 1995; Okamoto et a. 1994). The Eurocrete
Project provisions limit the value of the shear strain in FRP
reinforcement to 0.0025 in./in. (Dowden and Dolan 1997).
Given the high strain to failure of FRP, the engineer could
consider using 0.00275 as implicitly allowed by previous
editions of ACI 318. In no case should effective strain in
FRP shear reinforcement exceed 0.004, nor should the
design strength exceed the strength of the bent portion of the
stirrup fg,. The value of 0.004 is justified as the strain that
prevents degradation of aggregate interlock and corresponding
concrete shear (Priestley et a. 1996).

9.2.2 Minimumamount of shear reinforcement—ACI 318-05
requires a minimum amount of shear reinforcement when V,,
exceeds §V /2. This requirement is to prevent or resirain shear
failure in members where the sudden formation of cracks can
lead to excessve digtress (Joint ACI-ASCE Committee 426
1974). To prevent brittle shear failure, adequate reserve strength
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should be provided to ensure a factor of safety similar to
ACI 318-05 provisions for steel reinforcement. Equation
(9-7) gives the recommended minimum amount of FRP
shear reinforcement

50b, s
Afv, min = f = (9_7)
fv
For Sl units
b,s
Afv, min = 0.35-* (9'7)

ffv
with b, and sin mm, and fg, in MPa.

The minimum amount of reinforcement given by Eq. (9-7)
is independent of the strength of concrete. If sted stirrups are
used, the minimum amount of reinforcement provides a shear
strength that varies from 1.50V, when f{ is 2500 psi (17 MPa)
to 1.25V,. when f{ is 10,000 ps (69 MPa). Equation (9-7),
which was derived for steel-reinforced members, is more
conservative when used with FRP-reinforced members. For
example, when applied to a flexural member having GFRP
aslongitudinal reinforcement, the shear strength provided by
Eq. (9-7) could exceed 3V,. The ratio of the shear strength
provided by Eq. (9-7) to V. will decrease as the stiffness of
longitudinal reinforcement increases or as the strength of
concrete increases.

9.2.3 Shear failure due to crushing of the web—Studies by
Nagasaka et al. (1993) indicate that for FRP-reinforced
sections, the transition from rupture to crushing failure mode
occurs at an average value of 0.3f! b,,d for V., but can be as
low as 0.18f{b,,d. When V. is smaller than 0.18f¢b,d,
shear-tension can be expected, whereas when V. exceeds
0.3f¢b,d, crushing failure is expected. The correlation
between rupture and the crushing failureisnot fully understood,
and it ismore conservative and recommended to use the ACI
318-05 limit of Sﬁ b,d rather than 0.3f¢ b, d. In fact, the
ACI limitation is aimed at controlling excess shear crack
widths and isthus below values corresponding to crushing of
the web.

9.3—Detailing of shear stirrups

The maximum spacing of vertical steel stirrups given in
ACI 318-05 asthe smaller of d/2 or 24 in. isused for vertical
FRP shear reinforcement. This limit ensures that each shear
crack isintercepted by at least one stirrup.

Tests by Ehsani et a. (1995) indicated that for specimens
with ry/dy, of zero, thereinforcing barsfailed in shear at very
low load levels at the bends. Therefore, although manufac-
turing of FRP barswith sharp bends is possible, such details
should be avoided. A minimum ry,/dy ratio of 3 is recom-
mended. In addition, FRP stirrups should be closed with
90-degree hooks.

ACI 318-05 provisions for bond of hooked steel bars
cannot be applied directly to FRP reinforcing bars because of
their different mechanical properties. The tensile force in a
vertical stirrup leg is transferred to the concrete through the
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tail beyond the hook, as shown in Fig. 9.1. Ehsani et al.
(1995) found that for atail length & beyond 12d,, thereis
no significant slippage and no influence on the tensile
strength of the stirrup leg. Therefore, it is recommended that
aminimum tail length of 12d,, be used.

9.4—Shear strength of FRP-reinforced two-way
concrete slabs

Experimental evidence (Ahmad et al. 1993; Bank and Xi
1995; Banthia et a. 1995; Matthys and Taerwe 2000; El-
Ghandour et a. 2003; Ospina et a. 2003) shows that the
axial dtiffness of the FRP reinforcement, as well as the
concrete strength f/, significantly affect the transverse shear
response of interior FRP-reinforced two-way slab-column
connections. Test results of isolated FRP-reinforced two-
way slab specimens subjected to uniform gravity loading
indicate that an increase in the top FRP mat stiffness
increases punching shear capacity and decreasesthe ultimate
slab deflection. Punching shear failure in dabs reinforced
with FRP bars is sudden and brittle. Conversely, punching
test results (Bank and Xi 1995; Ospinaet al. 2003) show that
two-way slabs reinforced with FRP grids rather than bars do
not exhibit a sharp load drop at punching failure. Instead,
they continue to absorb energy in a stable fashion following
initia failure.

A statistical evaluation of test results reveal that the one-
way shear design model proposed by Tureyen and Frosch
(2003), which accounts for reinforcement stiffness, can be
modified (Ospina 2005) to account for the shear transfer in
two-way concrete slabs. The modification leadsto Eq. (9-8),
which can be used to cal cul ate the concentric punching shear
capacity of FRP-reinforced two-way concrete slabs that are
either supported by interior columns or subjected to
concentrated loads that are either square or circular in shape

V. =10,/f; byc (9-8)

For Sl units

4 =
VC: Bﬁ bOC

where b, = perimeter of critical section for slabs and foot-
ings, in. (mm for Sl); and ¢ = cracked transformed section
neutral axis depth, in. (mm for Sl).

For slabs, the neutral axis depth ¢ may computed as
follows

c=kd

k= mlzﬁnf+(anf)2—anf

ps = FRP reinforcement ratio
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In the evaluation of Eq. (9-8), b, should be computed at d/2
away from the column face. In addition, the shape of the critical
surface should be the same as that of the column.

Equation (9-8) can be rewritten as Eq. (9-8a). This equation
is simply the basic ACI 318-05 concentric punching shear
equation for steel-reinforced slabs V. modified by the factor
([5/2]k) that accounts for the axial stiffness of the FRP
reinforcement.

(9-89)

V, = @%ﬁ beC

Equation (9-8) provides a reasonable factor of safety for
FRP-reinforced two-way dabsacrosstherange of reinforcement
ratios and concrete strengths tested to date. Further research
is needed to examinethe punching capacity of FRP-reinforced
two-way slabs supported by edge and corner columns aswell
as the effects of column rectangularity and unbalanced
moment transfer on the punching capacity of FRP-reinforced
two-way dabs supported on interior columns.

CHAPTER 10—TEMPERATURE AND
SHRINKAGE REINFORCEMENT
Shrinkage and temperature reinforcement is intended to

limit crack width. The stiffness and strength of reinforcing
bars control this behavior. Shrinkage cracks perpendicular to
the member span are restricted by flexura reinforcement;
thus, shrinkage and temperature reinforcement are only
required in the direction perpendicular to the span. ACI 318-05
requires a minimum steel reinforcement ratio of 0.0020
when using Grade 40 or 50 deformed steel bars, and 0.0018
when using Grade 60 deformed bars or welded reinforce-
ment (deformed or smooth). ACI 318-05 also requires that
the spacing of shrinkage and temperature reinforcement not
exceed five times the member thickness or 18 in. (500 mm).
No experimental data are available for the minimum FRP
reinforcement ratio for shrinkage and temperature. ACI 318-05,
Section 7.12.2, states that for slabs with steel reinforcement
having ayield stress exceeding 60 ksi (414 MPa) measured
at ayield strain of 0.0035, the ratio of reinforcement to gross
areaof concrete should be at least 0.0018 x 60/fy, wheref, is
inksi, but not lessthan 0.0014. The stiffness and the strength
of shrinkage and temperature for FRP reinforcement can be
incorporated in thisformula. Therefore, when deformed FRP
shrinkage and temperature reinforcement is used, the amount
of reinforcement should be determined by using Eq. (10-1)

E
Pr 1o = 0.0018 x 8200%s iy ) (10-1)
' fru Ef
E
pr e = 00018 x 2452 (g))
' fiu E

Dueto limited experience, it isrecommended that theratio
of temperature and shrinkage reinforcement given by Eq. (10-1)
be taken not less than 0.0014, the minimum value specified by
ACI 318-05 for ged shrinkage and temperature reinforcement.
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The engineer may consider an upper limit for the ratio of
temperature and shrinkage reinforcement equal to 0.0036,
or compute the ratio based on calculated strain levels
corresponding to the nominal flexural capacity rather than
the strains calculated using Eq. (10-1). Spacing of shrinkage
and temperature of FRP reinforcement should not exceed
three times the dab thickness or 12 in. (300 mm), whichever is
less. The use of FRPfor temperature and shrinkage reinforcement
for slabs-on-ground is presented in Appendix A.

CHAPTER 11—DEVELOPMENT AND SPLICES
OF REINFORCEMENT

In a reinforced concrete flexura member, the tension
force carried by the reinforcement balances the compression
force in the concrete. The tension force is transferred to the
reinforcement through the bond between the reinforcement
and the surrounding concrete. Bond stresses exist whenever
theforcein thetensile reinforcement changes. Bond between
FRP reinforcement and concrete is developed through a
mechanism similar to that of steel reinforcement and
depends on FRP type, elastic modulus, surface deformation,
and the shape of the FRP bar (Al-Zahrani et a. 1996; Uppuluri
et al. 1996; Gao et al. 1998b).

11.1—Development of stress in straight bar

Figure 11.1 showsthe equilibrium condition of an FRP bar
of length ¢, embedded in concrete. The force in the bar is
resisted by an average bond stress u acting on the surface of
the bar. Equilibrium of forces can be written as follows

ZeTEdbU = Af,bar ff (11-1)
inwhich A 5 isthe area of one bar, dy is the bar diameter,
and f; is the stress developed in the bar at the end of the
embedment length. In contrast to steel bars, the full strength
of an FRP bar need not be developed, especialy when flexural
capacity is controlled by concrete crushing and the required
sress in the bar at failure is less than its guaranteed ultimate
strength. Additionally, changing a failure mode from bar
fracture or concrete crushing to bond failure does not
significantly change the ductility associated with the failure.

The development length equation for steel reinforcing bars
found in ACI 318-05 is based on the work done by Orangun
et al. (1977). The development length equation was based on
62 unconfined splice tests and 54 confined splice tests that
failed by splitting of the concrete. In their work, Orangun et al.
devel oped an equeation relating the average bond stress normal-
ized by the square root of the concrete compressive strength to
the normalized cover to the center of the bar C/dy, and the
normalized splice length dy/¢e using linear regression. This
equation served as the foundation for the development length
equation for sted reinforcing barsfound in ACI 318-05.

A similar methodology was followed by Wambeke and
Shield (2006) in which a consolidated database of 269 beam
bond tests was created. The database was limited to beam-
end tests, notch-beam tests, and splice tests. The magjority of
the bars represented in the database were composed of
GFRP. In Wambeke and Shield’'s database (2006), there
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Fig. 11.1—Transfer of force through bond.

were 82 beam tests that resulted in splitting failures based on
the work of Ehsani et al. (1996a), Daniali (1992), Shield et
al. (1997, 1999), and Tighiouart et al. (1999). The tests
included both spiral wrap and helical lug patterned barswith
and without confining reinforcement. A linear regression of
the normalized average bond stress versus the normalized
cover and embedment (splice) length resulted in the
following relationship after rounding the coefficients

d
= 40+035 +100%

f d, ¢,

(11-2)

For Sl units

S 40+03§+100%

0.083 /7. b ¢

where C isthe lesser of the cover to the center of the bar or
one-half of the center-on-center spacing of the bars being
developed. The bar surface (spira wrap versus helica lug)
did not appear to affect the results, nor surprisingly did the
presence of confining reinforcement (Wambeke and Shield
2006). Darwin et al. (1996) found that confining steel used
in beams that had steel reinforcing bars with a high relative
rib area had more of a beneficial increase in the bond force
over the same-size steel bars with moderate rib area. The
counterargument is proposed herein. The GFRP bars have a
very low relative rib area and, therefore, the presence of
confinement may not increase the average bond stress.
Additional research into the effect of confining reinforcement
on bond of GFRP bars, however, is warranted.

Equation (11-1) and (11-2) can be solved for the achievable
bar stress given the existing embedment length and cover. A
subset of the full database developed by Wambeke and
Shield (2006) was used to determine afactor of safety for use
with these equations so that the probability of a test-
predicted ratio less than 1.0 was 22%. This database
included both splitting and pullout failures with embedment
lengths of at least 19dy, Additionally, alimit of 3.5 was put
on the C/d, term so that the same equation could be used to
predict developable bar stresses for either bond failure mode
(splitting or pullout). When the normalized cover was over
3.5 and the embedment length was greater than 19d,, the
failure mode was aways pullout. The resulting expression
for developable bar stressis

J .. Ct
fo = (136 + +340) < (11-3)

o d, b%



CONCRETE REINFORCED WITH FRP BARS

For Sl units

0.083./77 (& Ct
fo = J(l}éﬁ $ Loy 340) <fu
o by dpdy

in which the term C/d, should not be taken larger than 3.5,
and o is a factor to account for bar location (discussed in
Section 11.1.1) The mean of the test-predicted ratio of bar
stresses using this equation was 1.14, with a coefficient of
variation of 15.8%. The appropriateness of this equation for
embedment lengths greater than 100d,, is questionable, asthe
dataset used to develop it did not include any bond failures
with embedment lengths greater than 100d,. Embedment
lengths shorter than 20d,, are not recommended. Additional
work needs to be performed to determine the effect of the
chosen factor of safety for bond on the flexural reliability of
the section.

When applying Eq. (11-3) for design purposes, it should
be assumed that the maximum achievable bar stress varies
linearly from O to the value produced by Eq. (11-3) along the
first 20dy, of the bar embedment. After this point, Eq. (11-3)
can be used to determine the achievable bar stress along the
bar. A check should be made to determine if adequate
moment capacity can be achieved at the end of the available
embedment length. If not, then the embedment length must
be increased, the number of bars increased so that a lower
stress in each bar is required at ultimate, or the nominal
moment capacity must be recalculated to include the
possibility of bond failure as described in Section 11.1.3. It
should be noted that increasing the number of bars may
decrease the stress developed in any one bar, as the term C/d,
may decrease as the bar spacing decreases.

11.1.1 Bar location modification factor—The default bar
location modification factor is 1.0.

While placing concrete, air, water, and fine particles
migrate upward through the concrete. This can cause a
significant drop in bond strength under the horizontal
reinforcement. The term “top reinforcement” usually refers
to horizontal reinforcement with more than 12 in. (305 mm)
of concrete below it at the time of embedment. The database
assembled by Wambeke and Shield (2006) included 15 tests
using top bars with embedment lengths grester than 16d,, that
resulted in bond failure (Ehsani et a. 1996a; Modey 2002).
Based on these data, for barswith morethan 12 in. (300 mm) of
concrete cast below, o in Eq. (11-3) should be taken as 1.5.

11.1.2 Material modification factor—A limited amount of
bond data existsin the Wambeke and Shield (2006) database
for AFRP bars (Mosley 2002). Based on these few tests,
however, the development length of AFRP bars appears to
be similar to that of GFRP bars. Therefore, the development
length equations provided are also reasonable for AFRP bars
without the addition of a material modification factor. No
dataexistsin the database for CFRP bars; it isanticipated that
the much larger dtiffnessof the CFRP barswill likely decreasethe
required development lengths and, correspondingly, its material
modification factor. At thistime, amaterial factor equal to 1.0
is recommended for CFRP bars.
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11.1.3 Nominal moment strength of bond critical
sections—Bond critical sections are defined as sections
where the maximum achievable stress in the FRP bar is
limited by Eqg. (11-3). For this case, the nominal moment
capacity should be recalculated using a modification of the
method described in Section 8.2. When bond limitsthe stress
that can be developed in the bar, the two possible failure
modes are concrete crushing and bond failure. The capacity
for aconcrete crushing failure can be calculated using Eq. (8-5).
This equation is applicable if the bar stress that can be
devel oped (fte as determined from Eq. (11-3)) isgreater than
or equal to the bar stress determined by Eq. (8-4d). When
p < pg, OF p > pgy, and the bar stress required in Eq. (8-4d)
cannot be developed, the capacity for failure controlled by
bond can be determined using Eq. (8-6b) with fr from
Eq. (11-3) substituted for ff,, and f;o/E substituted for ey,
in Eq. (8-6¢). A strength reduction factor of 0.55 is recom-
mended for flexure when the mode of failureis bond.

11.2—Development length of bent bar

Limited experimental dataare available on the bond behavior
of hooked FRP reinforcing bars. ACI 318-05 provisions for
development length of hooked steel bars are not applicable to
FRP bars due to the differencesin material characteristics.

Ehsani et a. (1996b) tested 36 specimens with hooked
GFRP bars. Based on the results of the study, the expression
for the development length of a 90-degree hooked bar €y
was proposed as follows

db
f;f

The K, factor for the calculation of the development
lengthin thisequation is 1820 (150 for Sl units) for barswith
fq, less than 75,000 psi (517 MPa). This factor should be
multiplied by f;,/75,000 (f;,/517 for Sl units) for bars
having atensile strength between 75,000 psi (517 MPa) and
150,000 psi (1034 MPa).

When the side cover (normal to the plane of hook) is more
than 2-1/2 in. (64 mm) and the cover extension beyond hook
isnot less than 2 in. (50 mm), another multiplier of 0.7 can
be applied (Ehsani et al. 1996b). These madification factors
are similar to those in ACI 318-05, Section 12.5.3, for steel
hooked bars. To account for the lack of experimental data,
the use of Eq. (11-5) in calculating the development length
of hooked bars is recommended by the committee

d .
2oooTb for f;, < 75,000 psi

c

f, d .
b for 75,000 < fg,<150,000ps (11-5)

37.5ﬁ

d .
40007b for f;,> 150,000 psi
f¢

bont =
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For S| units,

165i for f;, <520 MPa

C

fry d
Ju_D for 520 < f,,, < 1040 MPa

Conr =131 i

330%’— for f, > 1040 MPa
f !

c

with égps in mm, fg, and fd in MPa, and d,, in mm.

The value calculated using Eq. (11-5) should not be less
than 12d,, or 9 in. (230 mm). These values are based on test
results reported by Ehsani et al. (1995), in which the tensile
force and slippage of ahooked bar stabilized in the neighbor-
hood of 12d,,. Thetail length of a hooked bar, & (Fig. 9.1),
should not be less than 12d,,. Longer tail lengths were found
to have an insignificant influence on the ultimate tensile
force and dlippage of the hook. To avoid shear failure at the
bend, the radius of the bend should not be less than 3dy,
(Ehsani et al. 1995).

11.3—Development of positive moment
reinforcement
In general, the requirements of Sections 12.10 and 12.11

of ACI 318-05 should be met when using FRP reinforcement
with the following changes: for straight bars, the stressto be
developed f; should be the minimum of fg,, the stress given
by Eg. (8-4d), and the stress given by Eq. (11-3). The
development length for straight bars is defined as the bond
length required to develop f, and is given by

a% —340
136+ =
dy
For Sl units
aL —340
0.083 /f’
136+ =
d

b

Because of the reduced resistance factor compared with
steel, the provision for development of positive reinforce-
ment at points of inflection and simple supportsgivenin ACI
318-05 (Section 12.11.3) should be atered to

oM

0, < —"L+¢

(11-7)

a

where M, is the nominal moment strength assuming all
reinforcement at the section to be stressed to the required bar
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stressfy,; V, is the factored shear force at the section; and ¢,,
at a support, is the embedment length beyond center of the
support, or ¢,, at a point of inflection, is the larger of the
effective depth of the member or 12d,,. The value of ¢M,/V,,
may be increased by 30% when the ends of the reinforcement
are confined by a compressive reaction. This restriction on
the devel opment length need not be met if it can be shown by
refined analysisthat the design moment capacity is greater than
the factored moment everywhere along the devel opment length.

11.4—Tension lap splice

ACI 318-05, Section 12.15, distinguishes between two
types of tension lap splices depending on the fraction of the
bars spliced in agiven length and on the reinforcement stress
in the splice. For steel reinforcement, the splice length for a
Class A spliceis 1.0y, and for a Class B spliceis 1.3¢4. This
classification for FRP applications is inappropriate, as often
the full tensile strength of the bar need not be developed;
hence, it is conservative to assume that all splices are Class B
splices. Limited data are available for the minimum
development length of FRP tension lap splices.
(Benmokrane 1997; Mosley 2002). Consequently, avalue of
1.3¢4is recommended for all splices.

CHAPTER 12—REFERENCES
12.1—Referenced standards and reports
Thestandardsand reportslisted below werethelatest editions

at the time this document was prepared. Because these docu-
ments are revised frequently, the reader is advised to contact the
proper sponsoring organization for the latest edition.

American Concrete Institute (ACI)

117 Standard Specifications for Tolerances for
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CHAPTER 13—BEAM DESIGN EXAMPLE

This example of beam design followsthe ultimate strength
approach described in this document and includes the load
factors according to ACI 318-05.

A simply supported, normalweight concrete beam with fl =
4000 psi (27.6 MPa) isneeded in amedical facility to support
an MRI unit. The beam is an interior beam. The beam is
to be designed to carry a service live load of w | =400 Ib/ft
(5.8 kN/m) (20% sustained) and a superimposed service dead
load of wepy = 208 Ib/ft (3.0 kN/m) over a span of £ = 11 ft
(3.35m). The beam deflection should not exceed ¢/240, which
isthe limitation for long-term deflection. Due to construction
restriction, the depth of the member should not exceed 14 in.

ACI COMMITTEE REPORT

Table 13.1—Manufacturer’s reported GFRP bar
properties

Tensile strength 1, 90,000 psi 620.6 MPa
Rupture strain &, 0.014 0.014
Modulus of elasticity E¢ 6,500,000 psi 44,800 MPa

(356 mm). GFRP reinforcing bars are selected to reinforce the
beam; material properties of the bars (as reported by the bar
manufacturer) are shown in Table 13.1.

The design procedure presented hereafter is equally appli-
cable to CFRP and AFRP bars, with use of appropriate manu-
facturer’ sreported materia properties similar to Table 13.1.

Procedure

Calculation in U.S. units

Calculation in Sl units

Step 1—Egtimate the appropriate cross-sectional
dimensions of the beam.

Aninitial valuefor the depth of asimply supported
reinforced concrete beam can be estimated from
Table 8.2

h = =
10 h=
10

Recognizing that the values suggested in the table
are meant only to be a starting point for design,
try h=12in.

An effective depth of the section is estimated using
1-1/2 in. clear cover

Estimated d = h — cover — y, gnear — %

. @ ft)(lzif%)

Tryh=12in.<13.2in.

Assuming No. 5 barsfor main =5/8in. =0.625 in.
Assuming No. 3 barsfor shear =3/8in. =0.375in.
Cover=15in.

A minimum width of approximately 7in. is
required when using two No. 5 or two No. 6 bars
with No. 3 stirrups
Tryb=7in.

Estimatedd = 12 -1.5-0.375 - =9.8lin.

= 13.2in. 10

Try h=305 mm < 335 mm

Assuming $16 mm bars for main
Assuming ¢$9.5 mm bars for shear
Cover =38 mm

A minimum width of approximately 178 mm is
reguired when using two ¢16 or two ¢19 bars with
$9.5 stirrups
Tryb=0.178m

0.625 Estimated d = 305 mm— 38 mm - 9.5 mm— 16%1

=250mm

Step 2—Compute the factored load.
The uniformly distributed dead |oad can be
computed including the self-weight of the beam.

Compute the factored uniform load and ultimate

moment I

w, = 14wy, +1.6w,,

wp, = 20812+ Lin)U2in) 15016} - 95 5lb
WpL = Wep| + Wy ft (121.& y
ft

w, = 1.2(295_5”’) + 1.6(400E

wpr = (3.0 kN/m) + (0.178""m)
(0.305m)(24 kKN/m*)= 4.3""kN/m

ft ft

lb) = 99510 w, = 1.2(4.3kN/m) + 1.7(5.8 kN/m)
ft w, = 14.4 kN/m

= 20.2kN'm

. (995 %’)(11 %)
M, = b M, =
u 8 8

1kip _ .
. = 15.04 kip-ft
1000 Ib P

v = (4.4 KN/m)(3.35 m)’
. g

Step 3—Compute the design rupture stress of
the FRP bars.

The beam will be located in an interior conditioned
space. Therefore, for glass FRP bars, an environmental
reduction factor Cg of 0.80 is as per Table 7.1.

fry = Ce fiy

fr, = (0.80)(90 ksi) = 72 ks

fr, = (0.80)(620.6 MPa) = 496 MPa

Step 4—Determinethe area of GFRP bars
required for flexural strength.

Find the reinforcement ratio required for flexural
strength by trial and error using Eq. (8-1), (8-4d),
and (8-5).

Assume an initial amount of FRP reinforcement

Try two No. 5 bars

Try two ¢16 bars
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Procedure

Calculation in U.S. units

Calculation in Sl units

Computed the balanced FRP reinforcement ratio

-— f‘, E cu
pp = 0.85<p, —tfer
” T Een* S

4

Pf:bd

2 ’
P { J@L) +mEI8{”_O,5EM}

4 [oF
Setting

4= B
4

5 = O85BS £,
Pr
C = 0.5E¢eq,
Then

ff: [~¥A+B-C]

My, = prfr (1 —0.59'351 ba?

c

Compute the strength reduction factor

¢ = 030—pL for Pip < ps < 1'4pfb
4pp

Check oM, = M,

P = 085085 L0300)(0.003) 5086
72°°°7(6500)(0.003) + 72

.2
_ _ (0.62in.7) = 0.009

Pr = T in)(9.81 im)

2
4= gssoogg.om)) = 95.06

B= 08?()%3;) 4)(6500)(0.003) = 6262

C = 0.5(6500)(0.003) = 9.75

fr= 4/95.06 + 6262 —9.75="70ksi

My = (0.009)(70) 1 —0.59%‘23)3@)
(7)(9.81)%/12 = 32.08 kip-ft
0.009

¢ = 030+ —222 -
4(0.0086)

0.562

oM, = (0.562)(32 kip-ft)
oM, = 17.98 kip-ft > M, = 15.04 kipt

by = 0.852L0 MPaj ¢
496 MPa
(44,800 MPa)(0.003)
(44,800 MPa)(0.003) + (496 MPa)
pfb =0.0086
2
_ (400 mm”) = 0.009

Pr= {178 mm) (250 mm)

= 4516

4 = ((44.800 MPa)(0.003))’
4

B = 085(0.85)(27.6 MPa) 4 200 \pa)(0.003)
(0.009)

=297,800

C = 0.5(44,800 MPa)(0.003) = 67.2

ff= /4516 +297,800 —67.2 =483 MPa

M, = (0.009)(483 MPa)

(1 _ 0.59(0:009)(483 MPa))
(27.6 MPa)

(178 mm)(250 mm)2 = 43.9 kN-m

¢ =030+ 2009
2(0.0086)

.562

oM, = (0.562)(43.9 kN-m)
OM,, = 24.7 KN-m > M, = 20.2 kN-m

Step 5—Check the crack width.
Compute the stress level in the FRP bars under dead
load plus live load.

opl
My, = _DSL
0,0

M = LL
=TT

MpL+LL = MpL + M|
}’I/ = Ef = _E; (US)
E. 57,000 Jf!

ny = .EJ = ....EL..._
E. 4750 1!

k= J2pmt (o)’ = oy

S

1= Mpp s
T Ad(1-k/3)

(295.51}‘—:) (11 )

_ I kip _ .
M, = : = 4.47 kip-fi
oL 8 1000 Ib P
(400%)(11 %) y
= —P_ = 605 kip-ft
L g 1000 Ib P

MDL+LL =4.47 +6.05=10.5ki pft

= _6500000psi  _
" 57,000 /4000 psi

1.8

k = 42(0.009)(1.8) + [(0.009)(1.8)]

~(0.009)(1.8) = 0.165

(10.5 kipft) (12 in./ft)
(0.62in.2)(9.81in.)(1 —0.165/3)

= 21.9ksi

f/‘,:

2
M, =33 235 = 6.03 KN'm

2
M, = 28G33) 3;35 = 8.14kN'm

Mpp+LL = 6.03+8.14 = 14.17 kN-m

_ _ 44,800 MPa

4750./27.6 MPa

k = 4/2(0.009)(1.8) + [(0.009)(1.8)]

=18

~(0.009)(1.8) = 0.165

_ 14.17 x 10° N'm

f= : =1499MPa|
7 (400 mm®)(250 mm)(1 —0.165/3)
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Procedure

Calculation in U.S. units

Calculation in Sl units

Determine the strain gradient used to transform
reinforcement level strainsto the near surface of the
beam where cracking is expected.

B = h—kd
d(1-k)
Calculate the distance from the extreme tension

fiber of the concrete to the centerline of the flexural
reinforcement.

d.=h-d
Calculate bar spacing s.
s=b-2d.

Compare the crack width from Eq. (8-9) using the rec-
ommended value of k, = 1.4 for deformed FRP bars.

Crack width limitation controls the design. Try
larger amount of FRP reinforcement.

.y
=t
w E/Bk,,

Estimated d = h — cover — dy gheqr — >

A
P/:ljé

Calculate the new capacity.

2 ’
o (B L s

Setting
4= Ega)
4

5 = 085D £
Py

cu

C=05E;eq,
Then

ff: [v4+B-C]

M, = pyf1 -0.59‘1;1/‘) ba?

d) =0.65for ol 1'4pfb

Check oM, > M,

k= 2pm+ (P’ =Py

— MI)I_+L[_
I = Ad(1-k/3)
_ h—kd

p= d(1=k)

de=h-d

_ 12in.—(0.165)(9.81 in) _

; = 1.267
©.811in.)(1-0.165)

B

d. = (12in) - (9.81in) = 2.19in.

s=7in.-2(2.19in) = 2.62in.

w = 2{219ksi) (4 567y (1 4y
(6500 ksi)

N2
A/(219111,)%(@) =37mils>28mils .. n.g.

Notethat it is preferable to use barswith smaller diam-
etersto mitigate cracking. For example, using three

No. 4 barswill result in gpproximately the same area
of FRP and nearly the same effective depth; however,
the width of the member would need to be increased.

Tomaintainb=7.0in.
Try two No. 6 — A; = 0.881in.2

Estimatedd= 12— 15— 0.375—0% =9.75in.

.2
- (0.88 in.”) = 00129

P 07075 in)

2
4= (6500(2.003)) - 95.06

B = %850085)(4) (6500(0.003) = 4369
(0.0129)

C = 0.5(6500)(0.003) = 9.75

ff= 4/95.06 + 4369 —9.75 =57.1ksi

(0.0129)(57.1 !)

M, =(0.0129)(57.1){ 1 —0.59
= (00129)57.3)1 ~0.59 U2

(7)(9.75)2 = 36.4 kipt
pf = 0.0129 > 1.4pg, = 0.012 - ¢ = 0.65
®M,, = (0.65)(36.4 kip-t)

OM,, = 23.7 kipft > M, = 165 kipt

k = 4/2(0.0129)(1.8) + [(0.0129)(1.8)]

—(0.0129)(1.8) = 0.194

(10.5 kip-ft) (12in./ft)

= — - =15.7ksi
(0.88in.7)(9.75in.)(1 —0.194/3)

fr

p = 12in.—(0.194)(9T5 in) _ | e
(9.75 in.)(1 —0.194)

_ 305 mm —(0.165)(250 mm) _

= 1.263
250 mm)(1 —0.165)

p

d. = 305 mm — 250 mm = 55 mm

s=178 mm — 2(55 mm) = 68 mm

w = ZM(IQQ)(IA)

(44,800 MPa)

2
A/(55 mm) + (68%1) =077mm>07mm .. n.g.

Notethat it is preferable to use bars with smaller diam-
etersto mitigate cracking. For example, using three

$12.7 barswill result in approximately the same area
of FRP and nearly the same effective depth; however,
the width of the member would need to be increased.

To maintain b =0.178 mm
Try 2919 —> A= 567 mm?

Estimated d = 305— 38— 9.5 — 12—9 =248 mm

2
= (367mm)  _ 9108

Pr= 178 mm) (248 mm)

4 = (44,800 MPa)(0.003))*

= 4516
4
B = 085(085)Q27.6 MPa) 44 00 Mpa)(0.003)
(0.0128)
= 209,400

C = 0.5(44,800 MPa)(0.003) = 67.2

ff= /4516 + 209,400 —67.2 = 395.3 MPa

(0.0128)(395.3)}
(27.6)

(178)(248)% = 49.4 KN-m

My = (0.0128)(395.3) (1 -0.59

pt=0.0128 > 1.Apg, = 0.012 - ¢ = 0.65

oM, = (0.65)(49.4 kN-m)

oM, =32.1kN-m > M = 22.3kN-m

k = 42(0.0128)(1.8) +[(0.0128)(1.8)]’
—(0.0128)(1.8) = 0.193

7= 14.17 x 10°° N-mm
7 (567mm?)(248mm) (1 -0.193/3)

=107.7 MPa

_ 305 mm —(0.193)(248 mm) _ | 5gs
(248 mm)(1 —0.193) ‘

p

de = (12in) - (9.75in) = 2.25n.

d. = (305 mm) — (248 mm) = 57 mm
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Procedure Calculation in U.S. units Calculation in Sl units
Calculate bar spacing s.
s=b-2d, s=7in.—2(2.25in.) =2.5in. s=178 mm—2(57 mm) = 64 mm

Compare the crack width from Eq. (8-9) to the
design limit using the default value of k, = 1.4 for

deformed FRP bars.

.y
=21k
w E/B,,

altl

= U5.7ksi) (1 5g6)(1.4)
26500 ksi)

(225 i) + (2 52”‘) =22 mils < 28 mils . OK

%f% (1.285)(1.4)

(57 mm)* + (64%1) =057mm<0.7mm .. OK

Step 6—Check thelong-term deflection of the beam
Compute the gross moment of inertiafor the section.

_ bi’
£ 12

Calculate the cracked section properties and
cracking moment.

f =75/ (US)

f =062,/ (S)

211,

M. =
cr h

3
= % I + neAcd(1 — k)2

Compute the modification factor B.
Bd = l[ﬁl}
P
Compute the deflection due to dead load pluslive
load.

Mrr 3 Mcr :
(]e)DL+LL = (Mu) Bd]g+ |:1 _(Va) i|1”
SMp, .0
(Adprer = W
cUe)pr+rr

Compute the deflection due to dead load alone and
live load alone.

_Wor

(A)py = ——(A)pr+11
WpL+LL
w
A)y, = L (A)ppsss
WpL+LL

Compute the multiplier for time-dependent deflection
using a& = 2.0 (recommended by ACI 318 for a
duration of more than 5 years).

A = 0.60E

Compute the long-term deflection (initial deflection
dueto live load plus the time-dependent deflection
due to sustained loads).

Arr = (A, + AL(A)p, +0.20(A),, ]

Check computed deflection against deflection
limitations.

<t

A<
L7740

- in)(12in)" _4008in4

I
9 12

f, =7.5./4000 psi =474 psi

2(474.34 psi)(1008 in.*) 1
12 in. 12,000 in.-Ib
=6.6kipft

. . \3
ly = @ m.}!93.75 in.) (0.194)3 +

1.8(0.88in.9(9.75in.9)2(1 - 0.194)2 = 114 in*

Mg =

170.0129
Bd = _|:_

J =030
510.0086

VAT (%}3(0.30)(1008)

+[1 (]6065”(114) 160.8in.4

. 3
5(10.5 kipin.)(11 ft)2(12%)

(Adprarr = - —
48(3605 ksi)(160.8in.")
=0.39in.
(A)y, = 2955/ 3940 =017in.

295.5 1b/ft + 400 1b/ft

400 1b/ft

A, —_———— (0.391in.) =0.22in.
(At = 355 5 To/f+ 400 oy 00 i) !

A = 0.60(2.0) =

Ar=(0.22in) + 1.2[(0.17 in.) + 0.2(0.221in.)]

=0.48in.

(11ft)(12i—§)

0.48 in. < = 0.55in. OK
240

3
— (178 mm)(305 mm)" _ 4209 x 10° mm”*

I
9 12

f =0.62./27.6 MPa =3.26 MPa

— 2(3.26)(4.209 x 10° ) —
305

Mer =9.00kN-m

3
I = TR0, (0.103)% +
1.8(567)(248)3(1 — 0.193)2 = 4.74 x 10" mm*

170.0128
Bd = _|:_

} =030
51.0.0086

Udpris = (194010) (0.30)(4.209 x 10°)
+ [1 (&] J (4.74 x 107) = 6.76 x 107 mm*
14.17
_5(14.17 x 10° N'-mm)(3350 mm)
(Ai)DL - 4 7 4
48(2.49 x 10" mm)(6.67 x 10" mm )
=10 mm
4.3 kKN/m
A)p, = —— (10 =43mm
Ao = 3 R+ 5.8 wm 0 ™)
(A),, = SSINM___ (10 mm) =57 mm

43 KN/m + 5.8 kKN/m
A =0.60(2.0) =

ALt = (5.7 mm) + 1.2[(4.3 mm) + 0.2(5.7 mm)]

=12.2mm

= 14 mm OK

12.2 mm< 3320 mu 3350 mm
24
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Procedure

Calculation in U.S. units

Calculation in Sl units

Step 7—Check the creep rupture stresslimits.
Compute the moment due to all sustained loads
(dead load plus 20% of the live load).

M =

wp, +0.20w,;
s MDL +LL

Wpr Wi
Compute the sustained stress level in the FRP bars.

M,

— s

Jps = Ad(1—k/3)

Check the stress limits given in Table 8.2 for glass
FRP bars.

fr < 0.20f;,

_ 295.5 1b/ft + 0.20 - 400 Ib/ft

M, = 10.5 kip-t
295.5 Ib/ft + 400 Ib/ft
=5.67kipft
/= (5.67 kip-ft) (12 in./ft) = 847k

©(0.88in.2)(9.75 in.)(1—0.194/3)

8.52ksi < 0.20(72 ksi) = 14.4 ks

_ 4.3kN/m +0.20 - 5.8 kN/m

M, = 14.17 kKN'm
43kN/m + 5.8 kN/m
=7.66 KN-m
fiy = 7.66 x 10° N-mm

" (567mm?)(248 mm)(1 —0.193/3)

=582MPa

58.2 MPa< 0.20(496) = 99.2 MPa

Step 8—Design for shear.
Determine the factored shear demand at adistanced
from the support.

Compute the shear contribution of the concrete for
an FRP-reinforced member.

V. = 5 b,c (U.S)

v, = i S b (S)

FRP shear reinforcement will be required. The FRP
shear reinforcement will be assumed to be No. 3
closed stirrups oriented vertically. To determine the
amount of FRP shear reinforcement required, the
effective stresslevel in the FRP shear reinforcement
must be determined. Thisstresslevel may be governed
by the allowable stress in the stirrup at the location
of abend, which is computed as follows:

fi = (0052 +03)1,

b

The design stress of FRP stirrup is limited to:
ffv = 0004Ef < ffb

The required spacing of the FRP stirrups can be
computed by rearranging Eq. (9-4).

_ odnfed
( Vu - ¢ VL)

Check maximum spacing limit = d/2 or 24 in.
Equation (9-7) for minimum amount of shear

reinforcement can be rearranged as s < Ay, f;,/50b,,

(U.S) = Ay, f,/0.35b,, (SI).

v, = (9951b/ft) (11 ft}_(995 lb/ft)(9'7_5 in.)
2 12 in./ft

= 4664 1b = 4.66 kips

k=194
d=975in.
c=(0.194)(9.75n.) = 1.89in.

V,=524000psi (711 89in.) = 4.18 kips
1000 psi/ksi

fo = (o.osw + 0.3) (72ksi) = 32.4 ks
(0375 in.)

Note that the minimum radius of the bend is three
bar diameters.

fy = 0.004(6500 ksi) = 26 ksi < 32.4 ksi

_ 0.75(2x 0.11 in.>)(26 ksi)(9.75 in.)
(4.66 kips — 0.75(4.18 kips))

=274in.

$<(9.75in./2) =4.9in.
s<24in.

s< (2)(0.11 in.‘)(26,000 psi) — 16.3in.
50(7 in.)

.. Use No. 3 stirrups spaced at 4.5 in. on center.

v = (14.4 kN/m)(3.35m)
“ 2

—(14.4kN/m)(0.248 m) = 20.6 kN

k=1.93
d =248 mm
¢ =(0.193)(248 mm) = 47.9 mm

V.= ?/27.6 MPa (178 mm)(47.9 mm) = 17.9 kN

fo = (0.05%9?53 + 0.3) (496 MPa) = 2232 MPa

Note that the minimum radius of the bend is three
bar diameters.

fry = 0.004(44,800 MPa) = 179.2 MPa< 223.2 MPa

5= 0.75(2x 71 mmz)(179.2 MPa)(248 mm)
(20,600 N —0.75(17,900 N))
=660 mm

S< (248 mm/2) = 124 mm
S< 600 mm

<< Q1 mm®)(179.2 MPa) _
- (0.3)(178 mm)

.. Use No. 10 stirrups spaced at 120 mm on center.

477 mm

Step 9—Check that therequired bar stresscan be
developed, and that anchorage bond is sufficient.

Find C = min(cover to the center of the bar,
1/2 c-o-c spacing)

C=min(L5in. +0.375in, + &731n. 2.5in.
2 2

C=125in.

19 mm 64 mm)

C=min(38 mm + 9.5 mm + 2

C=32mm
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Procedure

Calculation in U.S. units

Calculation in Sl units

Determine the bar stressthat is developable at mid-
span for the provided embedment length ¢, = ¢/2.

¢, . Ce,

Zep Ll

b b

L +340) </, (US)

(13.6

b

_ 0.083.Jf!

o

ce.
Ch 340) <7, (SI)

b

(13.6ﬁ+
d

b

Jre

b

Compare devel opable bar stress fi with required bar
stress for flexural strength f;.

Check anchorage devel opment in positive
moment region.

a—']-c-’:’— —340

== 4 us)
d C
13.6+ <

d,

a—Ir 349
_ 0.0083JEC 4, (S)
13.6 + =
d

b

Check the development of the positive reinforcement
at the smply supported end.

st 13% = Za
v,

u

¢ = 44000 psi 1 ksi
fe 1 1000 psi

66in. , 1.25in. 66 in.
0.75 in.0.75 in.

+ 340) <72ksi

(]36

"0.75 in.

=72ks

72ks >57.1ks, soflexurd strength isnot limited
by bond.

| ST.1ksi_ 1000 psi _ 34
6y J4000 psi 1 ksi

- 0.75 in.
13.6 + 1.25 Fn.
0.75 in.
¢y=27.6in.
276in <1323 T Kipftx 12 in/ft | 55— 7934

4.66 kip

ffe

_ 0.083 y27.6 MPa
1

1675 mm + 32 mm 1675 mm

+340)
19 mm 19 mm 19 mm

(13.6

<496 MPa= 496 MPa

496 MPa> 395.3 MPa, s0 flexurd strengthisnot limited
by bond.

1 —395.3 MPa
ty= 0.083 ,/27.6 MPa

136+32mm
19 mm

—340

19 mm =~ 700 mm

£q= 700 mm

32,100 kKN-mm
20.6 kN

700mm<13 +0=2025mm

OK

OK
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APPENDIX A—SLABS-ON-GROUND
Two of the most common types of construction for dabs-on-
ground are discussed in this chapter: plain concrete slabs and
dabsreinforced with temperature and shrinkage reinforcement.

A.1—Design of plain concrete slabs

Plain concrete slabs-on-ground transmit loads to the
subgrade with minimal distress and are designed to remain
uncracked under service loads. To reduce shrinkage crack
effects, the spacing of construction or contraction joints, or
both, is usually limited. For details of design methods of
plain concrete slabs-on-ground, refer to ACI 360R.

A.2—Design of slabs with shrinkage and
temperature reinforcement
When designing a slab with shrinkage and temperature

reinforcement, it should be considered a plain concrete slab
without reinforcement to determine its thickness. Theslabis
assumed to remain uncracked when loads are placed on its
surface. Shrinkage crack width and spacing are limited by a
nominal amount of distributed FRP reinforcement placed in
the upper half of the slab. The primary purpose of shrinkage
reinforcement is to control the width of any crack that forms
between joints. Shrinkage reinforcement does not prevent
cracking, nor doesit significantly add to the flexural capacity
of the slab. Increasing the thickness of the slab can increase
the flexural capacity.

Even though the dlab is intended to remain uncracked
under service loading, the reinforcement is used to limit
crack spacing and width, permit the use of wider joint
spacing, increase the ability to transfer load at joints, and
provide a reserve strength after shrinkage or temperature
cracking has occurred.

The subgrade drag method is frequently used to determine
the amount of nonprestressed shrinkage and temperature
reinforcement that is needed, but does not apply when
prestressing or randomly distributed fibers are used (Portland

ACI COMMITTEE REPORT

Cement Association 1990). When using steel reinforcement,
the drag equation is as follows

N

A = H2L7W (A-D)

= cross-sectional areaof steel per linear foot, in.2 (mm2

per linear meter);

fs = dlowable stress in stedl reinforcement, psi (MPa),
commonly taken as 2/3 to 3/4 of fy;

p = coefficient of subgradefriction; (1.5 isrecommended
for floors on ground [Portland Cement Association
1990])

L = distance between joints, ft (m); and

w = dead weight of the slab, Ib/ft? (N/m?), usually assumed
to be 12.5 Ib/ft? per in. of slab thickness (24 N/m?
per mm).

Because of the lower modulus of the FRP reinforcement,
the governing equation should be based on the strain rather
than the stress level when designing shrinkage and temperature
FRPreinforcement. At the allowable stress, the strainin steel
reinforcement is approximately 0.0012; implementing the
same strain for FRP will result in a stress of 0.0012E;, and
Eqg. (A-1) can be written

= _l“lLW— A-2
Arsn 2(0.0012E;) A2

where A; 4, is the cross-sectional area of FRP reinforcement
(in.z) per linear foot (mm2 per linear meter).

Equation (A-2) can also be used to determinejoint spacing
L for a set amount of reinforcement. No experimental data
have been reported on FRP slab-on-ground applications;
research is required to validate this approach.
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