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Fiber-reinforced polymer (FRP) materials have emerged as a practical
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
differencesin the physical and mechanical behavior of FRP materials versus
steel, unique guidance on the engineering and construction of concrete struc-
tures reinforced with FRP bars is needed. Several countries, such as Japan
and Canada, have already established design and construction guidelines
specifically for the use of FRP bars as concrete reinforcement. This document

ACI Committee Reports, Guides, Standard Practices, and
Commentaries are intended for guidance in planning, designing,
executing, and inspecting construction. This document is
intended for the use of individual swho are competent to evaluate
the significance and limitations of its content and recommenda-
tions 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 Institute
shall not be liable 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 a part of the contract documents, they
shall be restated in mandatory language for incorporation by the
Architect/Engineer.

offers general information on the history and use of FRP reinforcement, a
description of the unique material properties of FRP, and committee
recommendations on the engineering and construction of concrete reinforced
with FRP bars. The proposed guidelines are based on the knowledge gained
from worldwide experimental research, analytical work, and field appli-
cations of FRP reinforcement.
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PART 1 —GENERAL

CHAPTER 1—INTRODUCTION
Conventional concrete structures are reinforced with

nonprestressed and prestressed steel. The stedl is initially
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 and bridges and parking garages
exposed to deicing salts, combinations of moisture, temper-
ature, and chlorides reduce the alkalinity of the concrete and
result in the corrosion of reinforcing and prestressing steel.
The corrosion process ultimately causes concrete deteriora-
tion and loss of serviceability. To address corrosion prob-
lems, professionals have turned to aternative metallic
reinforcement, such as epoxy-coated steel bars. While effec-
tive in some situations, such remedies may still be unable to
completely eliminate the problems of steel corrosion
(Keesler and Powers 1988).

Recently, composite materials made of fibers embedded in
a polymeric resin, also known as fiber-reinforced polymers
(FRP), have become an aternative to steel reinforcement for
concrete structures. Because FRP materials are nonmagnetic
and noncorrosive, the problems of electromagnetic interfer-
ence and steel corrosion can be avoided with FRP reinforce-
ment. Additionally, FRP materials exhibit severa properties,
such as high tensile strength, that make them suitable for use
as structural reinforcement (lyer and Sen 1991; JSCE 1992;
Neale and Labossiere 1992; White 1992; Nanni 1993a; Nanni
and Dolan 1993; Taerwe 1995; ACI Committee 440; El-Badry
1996; JSCE 1997a; Benmokrane and Rahman 1998; Saadat-
manesh and Ehsani 1998; Dolan, Rizkalla, and Nanni 1999).

The mechanical behavior of FRP reinforcement differs
from the behavior of steel reinforcement. Therefore, changes
in the design philosophy of concrete structures using FRP
reinforcement are needed. FRP materials are anisotropic and
are characterized by high tensile strength only in the direc-
tion of the reinforcing fibers. This anisotropic behavior
affects the shear strength and dowel action of FRP bars, as
well as the bond performance of FRP bars to concrete.
Furthermore, FRP materials do not exhibit yielding; rather,
they are elastic until failure. Design procedures should
account for a lack of ductility in concrete reinforced with
FRP bars.
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Severd countries, such as Japan (JSCE 1997b) and Canada
(Canadian Standards Association 1996), have established
design procedures specifically for the use of FRP reinforce-
ment for concrete structures. In North America, the analytical
and experimenta phases are sufficiently complete, and efforts
are being made to establish recommendations for design
with FRP reinforcement.

1.1—Scope

This document provides recommendations for the design
and construction of FRP reinforced concrete structures as an
emerging technology. The document only addresses nonpre-
stressed FRP reinforcement. The basisfor thisdocument isthe
knowledge gained from worldwide experimental research,
anaytical work, and field applications of FRP reinforcement.
The recommendations in this document are intended to be
conservative. Areas where further research is needed are
highlighted in this document and compiled in Appendix B.

Design recommendations are based on the current knowl-
edge and intended to supplement existing codes and guide-
lines for reinforced concrete structures and provide
engineers and building officials with assistance in the speci-
fication, design, and construction of concrete reinforced with
FRP bars.

In North America, comprehensive test methods and material
specifications to support design and construction guidelines
have not yet been gpproved by the organizations of compe-
tence. As an example, Appendix A reports a proposed test
method for the case of tensile characterization of FRP bars.
The users of this guide are therefore directed to test methods
proposed in other countries (JSCE 1997b) or procedures
used by researchers as reported/cited in the literature (ACI
440R; lyer and Sen 1991; JSCE 1992; Neale and Labossiere
1992; White 1992; Nanni 1993a; Nanni and Dolan 1993;
Taerwe 1995; El-Badry 1996; JSCE 1997a; Benmokrane
and Rahman 1998; and Ssadatmanesh and Ehsani 1998;
Dolan, Rizkalla, and Nanni 1999).

Guidance on the use of FRP reinforcement in combination
with steel reinforcement is not given in this document.

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

-A-

AFRP—Aramid-fiber-reinforced polymer.

Aging—The process of exposing materials to an environ-
ment for an interval of time.

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—The reinforcement
ratio in aflexura member that causes the ultimate strain of
FRP bars and the ultimate compressive strain of concrete
(assumed to be 0.003) to be simultaneously attained.
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Bar, FRP—A composite material formed into a long,
dlender structural shape suitable for the interna reinforce-
ment of concrete and consisting of primarily longitudinal
unidirectional fibers bound and shaped by a rigid polymer
resin material. The bar may have a cross section of variable
shape (commonly circular or rectangular) and may have a
deformed 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 inte-
grated structure. Braided material differs from woven and
knitted fabrics in the method of yarn introduction into the
fabric and the manner by which the yarns are interlaced.

-C-
CFRP—Carbon-fiber-reinforced polymer.
Composite—A combination of one or more materials

differing in form or composition on amacroscale. Note: The

congtituents 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 physi-
cally 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
molecule increases strength and modulus at the expense of
ductility.

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

-D-
Defor mability 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 declinein the quality of the mechanical
properties of amaterial.

-E-
E-glass—A family of glass with a calcium alumina boro-
silicate composition and a maximum akali content of 2.0%.
A general-purpose fiber that is used in reinforced polymers.
Endurance limit—The number of cycles of deformation
or load required to bring about failure of amaterial, test spec-
imen, or structural member.

-E-
Fatigue strength—The greatest stress that can be
sustained for a given number of load cycles without failure.
Fiber—Any fine thread-like natural or synthetic object of
mineral or organic origin. Note: This term 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 contai ning asubstantial amount of carbon,
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such as rayon, polyacrylonitrile (PAN), or pitch in an inert
environment.

Fiber, glass—Fiber drawn from an inorganic product of
fusion that has cooled without crystallizing.

Fiber content—The amount of fiber present in a
composite. Note: This usually is expressed as a percentage
volume fraction or weight fraction of the composite.

Fiber-reinforced polymer (FRP)—Composite materia
consisting of continuous fibersimpregnated with afiber-binding
polymer then molded and hardened in the intended shape.

Fiber volume fraction—Theratio of the volume of fibers
to the volume of the composite.

Fiber weight fraction—The ratio of the weight of fibers
to the weight of the composite.

-G-

GFRP—Glass-fiber-reinforced polymer.

Grid—A two-dimensiona (planar) or three-dimensional
(spatial) rigid array of interconnected FRP bars that form a
contiguous | attice 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.

-I-
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 |oad
to the fibers, and protect them against environmental attack
and damage due to handling.

-pP-

Pitch—A black residue from the distillation of petroleum.

Polymer—A high molecular weight organic compound,
natural or synthetic, containing repeating units.

Precursor—The rayon, PAN, or pitch fibers from which
carbon 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 material 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 loca
stresses in the region of a bend, notch, void, hole, or inclusion,
in comparison to the stresses predicted by the ordinary formulas
of mechanics without 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

Thermoplastic—Resin that is not cross-linked; it generally
can be remelted and recycled.

Thermoset—Resin that is formed by cross-linking
polymer chains. Note: A thermoset cannot be melted and
recycled, because the polymer chains form a three-dimen-
sional network.

-V-

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

-W-

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

1.3—Notation

a depth of equivalent rectangular stress block, in.
A the effective tension area of concrete, defined as
the area of concrete having the same centroid as
that of tensile reinforcement, divided by the
number of bars, in.?

areaof FRP reinforcement, in.?

area of one FRP bar, in.2

minimum area of FRP reinforcement needed to
prevent failure of flexural members upon
cracking, in.?

amount of FRP shear reinforcement within
spacing s, in.2

Apymin = minimum amount of FRP shear reinforcement
within spacing s, in.2

area of shrinkage and temperature FRP reinforce-
ment per linear foot, in.2

area of tension steel reinforcement, in.?

width of rectangular cross section, in.

width of the flange, in.

width of the web, in.

distance from extreme compression fiber to the
neutral axis, in.

clear concrete cover, in.

distance from extreme compression fiber to
neutral axis at balanced strain condition, in.
environmental reduction factor for various fiber
type and exposure conditions, givenin Table 7.1
distance from extreme compression fiber to
centroid of tension reinforcement, in.

diameter of reinforcing bar, in.

thickness of the concrete cover measured from
extreme tension fiber to center of bar or wire
location closest thereto, in.

modulus of elagticity of concrete, psi

guaranteed modulus of elasticity of FRP
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defined as the mean modulus of a sample of test
specimens (E¢ = E¢ ave), PS

modulus of elasticity of stedl, ps

compressive stress in concrete, psi

specified compressive strength of concrete, ps
square root of specified compressive strength of
concrete, ps

stressin the FRP reinforcement in tension, psi
strength of a bent portion of FRP bar, ps

stress level induced in the FRP by sustained
loads, psi

guaranteed tensile strength of an FRP bar,
defined as the mean tensile strength of a sample
of test specimens minus three times the standard
deviation (" g, = f ave — 30), psi

design tensile strength of FRP, considering
reductions for service environment, ps

tensile strength of FRP for shear design, taken as
the smallest of the design tensile strength fg,,, the
strength of the bent portion of the FRP stirrups
f,, Or the stress corresponding to 0.002 E, psi
rupture strength of concrete

mean tensile strength of a sample of test speci-
mens, psi

specified yield stress of nonprestressed steel rein-
forcement, psi

overal height of aflexura member, in.

moment of inertia, in.#

moment of inertia of transformed cracked
section, in.#

effective moment of inertia, in.%

gross moment of inertia, in.#

ratio of the depth of the neutral axis to the
reinforcement depth

bond-dependent coefficient

modifier of basic development length

spend length of member, ft

distance between jointsin aslab on grade, ft
additional embedment length at support or at
point of inflection, in.

basic development length of an FRP bar, in.
development length of an FRP bar, in.
development length of an FRP standard hook in
tension, measured from critical section to the
outside end of the hook, in.

basic development length of an FRP standard
hook intension, in.

length of tail beyond ahook inan FRP bar, in.
maximum moment in amember at a stage deflec-
tion is computed, 1b-in.

cracking moment, [b-in.

nominal moment capacity, |b-in.

moment due to sustained load, Ib-in.

factored moment at section, Ib-in.

ratio of the modulus of elasticity of FRP bars to
the modulus of elasticity of concrete

interna radius of bend in FRP reinforcement, in.
stirrup spacing or pitch of continuous spirals, in.
glasstransition temperature, F

nominal shear strength provided by concrete with
stedl flexural reinforcement

nominal shear strength provided by concrete with
FRP flexurd reinforcement
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nominal shear strength at section

shear resistance provided by stedl stirrups

shear resistance provided by FRP stirrups
factored shear force at section

crack width, mils (x 102 in.)

angle of inclination of stirrups or spiras (Chapter
9), and dope of the load-displacement curve of
FRP bar between 20% and 60% of the ultimate
tendle capacity (Appendix A), Ib/in.

ratio of the average stress of the equivalent rect-
angular stress block to s

bond dependent coefficient used in calculating
deflection, taken as 0.5 (Chapter 8)

longitudinal coefficient of thermal expansion, 1/F
transverse coefficient of thermal expansion, 1/F
ratio of the distance from the neutral axis to
extreme tension fiber to the distance from the
neutral axis to the center of the tensile reinforce-
ment (Section 8.3.1)

reduction coefficient used in calculating deflec-
tion (Section 8.3.2)

factor taken as 0.85 for concrete strength f; up to
and including 4000 psi. For strength above 4000
psi, thisfactor isreduced continuoudly at arate of
0.05 per each 1000 psi of strength in excess of
4000 psi, but is not taken less than 0.65
additional deflection due to creep and shrinkage
under sustained loads, in.

immediate deflection, in.

immediate deflection due to dead load, in.
immediate deflection due to dead plus live loads,
in.

immediate deflection dueto live load, in.
immediate deflection due to sustained loads, in.
strain in concrete

ultimate strain in concrete

strain in FRP reinforcement

guaranteed 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 (€ ¢, = &, ave — 30), in/in.
design rupture strain of FRP reinforcement

strain in steel reinforcement

mean tensile strength at rupture of a sample of
test specimens

multiplier for additional long-term deflection
coefficient of subgrade friction for calculation of
shrinkage and temperature reinforcement
average bond stress acting on the surface of FRP
bar, ks

time-dependent factor for sustained load

ratio of steel compression reinforcement, p' =
AJ/bd

FRP reinforcement ratio

FRP reinforcement ratio producing balanced
strain conditions

reinforcement ratio for temperature and shrinkage
FRP reinforcement

steel reinforcement ratio producing balanced
strain conditions

steel reinforcement ratio

maximum steel reinforcement ratio

standard deviation
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Table 1.1—Advantages and disadvantages of FRP

reinforcement

Advantages of FRP reinforcement

Disadvantages of FRP reinforcement

High longitudinal 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 (varies with
type of reinforcing fiber)

Susceptibility of damage to poly-
meric resins and fibers under ultravi-
olet radiation exposure

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

Durability of glass fibersin amoist
environment

Low thermal and electric conductiv-
ity (for glass and aramid fibers)

Durability of some glass and aramid
fibersin an akaline environment

High coefficient of thermal expan-
sion perpendicular to the fibers, rela-

tive to concrete

May be susceptibleto fire depending
— on matrix type and concrete cover
thickness

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

be considered when determining whether FRP reinforcement
is suitable or necessary in a particular structure. The mate-
rial characteristics are described in detail in Chapter 3;
Table 1.1 lists some of the advantages and disadvantages of
FRP reinforcement for concrete structures.

The corrosion-resistant nature of FRP reinforcement is a
significant benefit for structures in highly corrosive environ-
ments such as seawalls and other marine structures, bridge
decks and superstructures exposed to deicing salts, and pave-
ments treated with deicing salts. In structures supporting
magnetic resonance imaging (MRI) units or other equipment
sensitive to electromagnetic fields, the nonmagnetic proper-
ties of FRP reinforcement are significantly beneficial.
Because FRP reinforcement has anonductile behavior, the use
of FRP reinforcement should be limited to structures that will
significantly benefit from other properties such asthe noncor-
rosive or nonconductive behavior of its materials. Dueto lack
of experience in its use, FRP reinforcement is not recom-
mended for moment frames or zones where moment redistri-
bution is required.

FRP reinforcement should not be relied upon to resist
compression. Available data indicate that the compressive
modulus of FRP bars is lower than its tensile modulus (see
discussionin Section 3.2.2). Dueto the combined effect of this
behavior and the relatively lower modulus of FRP compared
to sted, the maximum contribution of compression FRP rein-
forcement calculated at crushing of concrete (typically at €,
=0.003) issmall. Therefore, FRP reinforcement should not be
used as reinforcement in columns or other compression
members, nor should it be used as compression reinforcement
in flexura members. It is acceptable for FRP tension rein-
forcement to experience compression dueto moment reversals
or changes in load pattern. The compressive strength of the
FRP reinforcement should, however, be neglected. Further
research is needed in thisarea

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 1l. The
aerospace industry had long recognized the advantages of
the high strength and lightweight of composite materials,
and during the Cold War the advancements in the aerospace
and defense industry increased the use of composites.
Furthermore, the United States’ rapidly expanding economy
demanded inexpensive materials to meet consumer
demands. Pultrusion offered a fast 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 material swere seriously
considered for use as reinforcement in concrete.

The expansion of the national highway systems in the
1950s increased the need to provide year-round mainte-
nance. 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 (ACI 440R). Of these options,
epoxy-coated steel reinforcement appeared to be the best
solution and was implemented in aggressive corrosion envi-
ronments. The FRP reinforcing bar was not considered a
viable solution or commercialy available until the late
1970s. In 1983, the first project funded by the United States
Department of Transportation (USDOT) wason “ 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 United States. Initially, GFRP bars
were considered aviable aternativeto steel asreinforcement
for polymer concrete due to the incompatibility of the coef-
ficients of thermal expansion 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 this type of construction. Other uses began to
develop as the advantages of FRP reinforcing became better
known and desired, specifically in seawall construction,
substation reactor bases, airport runways, and electronics
laboratories (Brown and Bartholomew 1996).

During the 1990s, concern for the deterioration of aging
bridges in the United States due to corrosion became more
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 genera solution to address problems of
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the Crowchild bridge deck in Calgary, Alberta, in 1997.

corrosion in bridge decks and other structures (Benmokrane,
Chaallal, and Masmoudi 1996).

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

made of continuous aramid (AFRP), carbon (CFRP), or glass
(GFRP) fibers embedded in a resin matrix (ACl 440R).
Typical 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 sepa
rately formed deformations). A sample of five distinctly
different GFRP reinforcing barsis shownin Fig. 1.1.

2.3—History of use
The Japanese have the most FRP reinforcement applica-

tions with more than 100 demonstration or commercial
projects. FRP design provisions were included in the design
and construction recommendations of the Japan Society of
Civil Engineers (1997b).

The use of FRP reinforcement in Europe began in
Germany with the construction of a prestressed FRP
highway bridgein 1986 (Meier 1992). Since the construction
of this bridge, programs have been implemented to increase
the research and use of FRP reinforcement in Europe. The
European BRITE/EURAM Project, “Fiber Composite
Elements and Techniques as Nonmetallic Reinforcement,”
conducted extensive testing and analysis of the FRP mate-
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Fig. 1.3—GFRP bars used in a winery in British Columbia
in 1998.

Fig. 1.4—FRP-reinforced deck constructed in Lima, Ohio
(Pierce Street Bridge), in 1999.

rials from 1991 to 1996 (Taerwe 1997). More recently,
EUROCRETE has headed the European effort with research
and demonstration projects.

Canadian civil engineers are continuing to develop provi-
sions for 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, Tromposch, and Mufti 1998). The Joffre Bridge,
located over the St-Francois River in Sherbrooke, Quebec,
included CFRP gridsin its deck slab and GFRP reinforcing
bars in the traffic barrier and sidewalk. The bridge, which
was opened to traffic in December 1997, included fiber-optic
sensors that were structurally integrated into the FRP rein-
forcement for remotely monitoring strains (Benmokrane,
Tighiouart, and Chaallal 1996). Photographs of two applica-
tions (bridge and building) are shownin Fig. 1.2 and 1.3.

In the United States, typical uses of FRP reinforcement
have been previously reported (ACI 440R). The photographs
shownin Fig. 1.4 and 1.5 show recent applicationsin bridge
deck construction.
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Fig. 1.5—GFRP bars used in the redecking of Dayton,
Ohio’s Salem Avenue bridge in 1999.

Table 3.1—Typical densities of reinforcing bars,
lb/t3 (g/cm3)

Stedl GFRP CFRP AFRP
493,00 77.810131.00 | 93.310100.00 | 77.80t0 88.10
(7.90) (125t02.10) | (150t01.60) | (L25to1.40)

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

CTE, x 10°9/F (x 10°%/C)
Direction Steel GFRP CFRP AFRP

331056 | 401000 | 33t0-1.1
(6.01010.0) | (-9.0100.0) | (=6t0—2)

11710128 | 41t058 |33.3t044.4
(21.0 to 23.0)|(74.0 to 104.0)|(60.0 to 80.0)

“Typical values for fiber volume fraction ranging from 0.5 t0 0.7.

Longitudinal, o | 6.5 (11.7)

Transverse, ot | 6.5 (11.7)

PART 2—FRP BAR MATERIALS

CHAPTER 3—MATERIAL CHARACTERISTICS

The physical and mechanical properties of FRP rein-
forcing bars are presented in this chapter to develop afunda-
mental understanding of the behavior of these bars and the
properties that affect their use in concrete structures.
Furthermore, the effects of factors, such as loading history
and duration, temperature, and moisture, on the properties of
FRP bars are discussed.

It isimportant to note that FRP bars are anisotropic in nature
and can be manufactured using a variety of techniques such as
pultrusion, braiding, and weaving (Bank 1993 and Béakis
1993). Factors such asfiber volume, type of fiber, type of resin,
fiber orientation, dimensional effects, and quality control
during manufacturing al play a major role in establishing the
charecteristics of an FRP bar. The materia characteristics
described in this chapter should be considered as generaliza
tionsand may not apply to all productscommercially available.

Severa agencies are developing consensus-based test
methods for FRP reinforcement. Appendix A summarizes a
tensile test method used by researchers. While this Appendix is
not a detailed consensus document, it does provide insight into
testing and reporting issues associated with FRP reinforcement.
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3.1—Physical properties

3.1.1 Density—FRP bars have adensity ranging from 77.8
to 131.3 Ib/ft° (1.25 to 2.1 g/cm®), one-sixth to one-fourth
that of steel (Table 3.1). The reduced weight leads to lower
transportation costs and may ease handling of the bars onthe
project site.

3.1.2 Coefficient of thermal expansion—The coefficients of
thermal expansion of FRP bars vary in the longitudina and
transverse directions depending on the typesof fiber, resin, and
volumefraction of fiber. Thelongitudinal coefficient of thermal
expansion is dominated by the properties of the fibers, while
the transverse coefficient is dominated by the resin (Bank
1993). Table 3.2 ligtsthelongitudina and transverse coefficients
of thermal expansion for typical FRP bars and steel bars.
Note that a negative coefficient of thermal expansion indicates
that the material contracts with increased temperature and
expands with decreased temperature. For reference, concrete
has a coefficient of thermal expansion that varies from 4 x
10 to 6 x 10°9F (7.2 x 10 to 10.8 x 10°%C) and is
usually assumed to be isotropic (Mindess and Y oung 1981).

3.1.3 Effects of high temperatures—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 alack of oxygen; however,
the polymers will soften due to the excessive heat. The
temperature at which a polymer will soften is known as the
glass- transition temperature, Ty. Beyond the T, the elastic
modulus of apolymer is significantly reduced due to changes
initsmolecular structure. Thevalue of T, dependsonthetype
of resin but is normally in the region of 150 to 250 F (65 to
120 C). In a composite material, the fibers, which exhibit
better thermal properties than the resin, can continue to
support someload in the longitudinal direction; however, the
tensile properties of the overall composite are reduced dueto
areduction 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 Ty, will reduce the
tensile strength of GFRP and CFRP bars in excess of 20%
(Kumahara, Masuda, and Tanano 1993). Other properties
more directly affected by the shear transfer through theresin,
such as shear and bending strength, are reduced significantly
at temperatures above the Ty (Wang and Evans 1995).

For FRPreinforced concrete, the properties of the polymer
at the surface of the bar are essential in maintaining bond
between FRP and concrete. At a temperature closeto its Ty,
however, the mechanical properties of the polymer are
significantly reduced, and the polymer is not able to transfer
stressesfrom 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 a temperature of 390 F (200 C) (Katz,
Berman, and Bank 1998 and 1999). In a study on flexural
behavior of beams with partia 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
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temperature of the reinforcement reached approximately 390
F (200 C) and 572 F (300 C) in the carbon and aramid bars,
respectively (Okamoto et al. 1993). Another study involving
FRP reinforced beams reported reinforcement tensile fail-
ures when the reinforcement reached temperatures of 480 to
660 F (250 to 350 C) (Sakashita et al. 1997).

Locally such behavior can result inincreased 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 all anchorageislost 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 struc-
tures under exposure to fire and high heat is still not well
understood and further research in thisareais required. ACI
216R may be used for an estimation of temperatures at
various depths of a concrete section. Further research is
needed in this area.

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 materia is characterized by a linearly eastic
stress-strain relationship until failure. The tensile properties of
some commonly used FRP bars are summarized in Table 3.3.

The tensile strength and stiffness of an FRP bar are depen-
dent on severd factors. Because the fibersin an FRP bar are
the main load-carrying congtituent, 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 stiffnessvariationswill occur in barswith various
fiber-volume fractions, even in bars with the same diameter,
appearance, and congtituents. Therate of curing, the manufac-
turing process, and the manufacturing quality control aso
affect the mechanical characteristics of the bar (Wu 1990).

Unlike steel bars, some FRP bars exhibit a substantial
effect of cross-sectional area on tensile strength. For
example, GFRP bars from three different manufacturers
show tensile strength reductions of up to 40% asthe diameter
increases proportionaly 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 sensi-
tivity of AFRP bars to 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 reduc-
tion as barsincrease in diameter from 0.28 to 0.58in. (7.3 to
14.7 mm) (Tamura 1993). The strength reduction in aunidi-
rectionally pultruded AFRP bar with added aramid fiber
surface wraps is approximately 7% for diameters increasing
from 0.12t0 0.32in. (3to 8 mm) (Noritake et al. 1993). The
FRP bar manufacturer should be contacted for particular
strength values of differently sized FRP bars.
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Table 3.3—Usual tensile properties of reinforcing
bars”

Sted! GFRP CFRP AFRP
Nominal yield 40to 75
stress, ksi (MPa)| (276t0517)| /A N/A N/A
Tenslestrength,| 70t0100 | 70t0230 | 87t0535 2?1075003;8
ks (MPe) | (483 to 690) |(483 to 1600) (600 10 3690)| (5705
Elasiomodulus, | 200 | 51to7.4 | 220801 6010182
x10°ksi (GPa) | (200.0) |(35.0t051.0) 58d.0) 12'5_0)
Yiddstrain, % | 14025 N/A N/A N/A
Rupturestran. | 6010120 | 121031 | 051017 | 19tod4

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

Determination of FRP bar strength by testing is compli-
cated because stress concentrations in and around anchorage
points on the test specimen can lead to premature failure. An
adeguate testing grip should allow failure to occur in the
middle of thetest specimen. Proposed test methodsfor deter-
mining the tensile strength and stiffness of FRP bars are
available in the literature, but are not yet established by any
standards-producing organizations (see Appendix A).

The tensile properties of a particular FRP bar should be
obtained from the bar manufacturer. Usualy, a normal
(Gaussian) distribution is assumed to represent the strength
of apopulation of bar specimens; athough, at thistime addi-
tional research is needed to determine the most generally
appropriate distribution for FRP bars. Manufacturers should
report a guaranteed tensile strength, f”y,, defined by this
guide as the mean tensile strength of asample of test specimens
minus three times the standard deviation (f g, = fu@,e —*30),
and similarly report a guaranteed rupture strain, € ¢, (€ ¢, =
&u,ave — 30) and a specified tensile modulus, E ¢ (Es = Ef )
These guaranteed vaues of strength and strain provide a
99.87% probability that the indicated val ues are exceeded by
similar FRP bars, provided at least 25 specimens are tested
(Dally and Riley 1991; Mutsuyoshi, Uehara, and Machida
1990). If less specimens are tested or a different distribution
is used, texts and manuals 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 adescription 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 reduc-
tion of 40 to 50% compared to 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 characterize fully the
behavior of FRP bars.

Tests on FRP bars with alength to diameter ratio from 1:1
to 2:1 have shown that the compressive strength is lower
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than 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 elas-
ticity. 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
elagticity 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 elasticity 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 charac-
terize the compressive behavior of FRP bars. If the compres-
sive properties of a particular FRP bar are needed, these
should be obtained from the bar manufacturer. The manufac-
turer 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 rela-
tively weak in interlaminar shear where layers of unrein-
forced resin lie between layers of fibers. Because there is
usualy no reinforcement across layers, the interlaminar
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 accomplished by braiding or winding fibers transverse to
the main fibers. Off-axis fibers can also be placed in the
pultrusion process by introducing a continuous strand mat in
theroving/mat creel. Standard test methods are not yet estab-
lished to characterize the shear behavior of FRP bars. If the
shear properties of a particular FRP bar are needed, these
should be obtained from the bar manufacturer. The manufac-
turer 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 al. 1997; Bakiset al. 1998;
Bank, Puterman, and Katz 1998; Freimanis et al. 1998).
When anchoring areinforcing bar in concrete, the bond force
can be transferred by:

* Adhesion resistance of the interface, also known as
chemical bond;
e Frictional resistance of the interface against slip; and
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e Mechanical interlock due to irregularity of the interface.

In FRP bars, it is postul ated 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. Unlike rein-
forcing steel, the bond of FRP rebars appears not to be signif-
icantly influenced by the concrete compressive strength
provided adequate concrete cover exists to prevent longitu-
dinal splitting (Nanni et a. 1995; Benmokrane, Tighiouart,
and Chaallal 1996; Kachlakev and Lundy 1998).

The bond properties of FRP bars have been extensively
investigated by numerous researchers through different
types of tests, such as pullout tests, splice tests, and canti-
lever beams, to determine an empirical equation for embed-
ment length (Faza and GangaRao 1990, Ehsani et al. 1996,
Benmokrane 1997). The bond stress of a particular FRP bar
should be based on test data provided by the manufacturer
using standard test procedures that are still under develop-
ment at thistime.

With regard to bond characteristics of FRP bars, the
designer isreferred to the standard test methods cited in the
literature. The designer should always consult with the bar
manufacturer to obtain bond values.

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 ruptureis not an issue
with steel bars in reinforced concrete except in extremely
high temperatures, such asthose encountered in 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 environmenta conditions such as
high temperature, ultraviol et radiation exposure, high akainity,
wet and dry cycles, or freezing-thawing cycles. Literature on
the effects of such environments exists; although, the extrac-
tion of precise design laws is hindered by a lack of standard
creep test methods and reporting, and the diversity of constit-
uentsand processes used to make proprietary FRP products. In
addition, little dataare currently available for endurance times
beyond 100 h. Design conservatism is advised until more
research has been done on this subject. Severa 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 testswas conducted on 0.25in. (6 mm)
diameter smooth FRP barsreinforced with glass, aramid, and
carbon fibers (Yamaguchi et al. 1997). The bars were tested
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a different load levels in room temperature, 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 h.
Theratios of stresslevel at creep ruptureto the initial strength
of the GFRP, AFRP, and CFRP bars after 500,000 h (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,
both utilizing 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
at creep rupture versus the initial strength after 50 years
calculated using a linear relationship extrapolated from data
available to 100 h was found to be 79% for CFRP, and 66%
for AFRP.

An investigation of creep rupture in GFRP bars in room
temperature laboratory conditions was reported by Seki,
Sekijima, and Konno (1997). The molded E-glass/vinyl ester
bars had a small (0.0068 in.2 [4.4 mm?]) rectangular cross-
section and integral GFRP tabs. The percentage of initial
tensile strength retained followed a linear relationship with
logarithmic time, reaching a value of 55% at an extrapolated
50-year endurance time.

Creep rupture data characteristics of a 0.5 in. diameter
(212.5 mm) commercial CFRP twisted strand in an indoor
environment is available from the manufacturer (Tokyo
Rope 2000). The rupture strength at a projected 100-year
endurance time is reported to be 85% of theinitia strength.

An extensive investigation of creep deformation (not
rupture) in one commercial AFRP and two commercial
CFRP bars tested to 3000 h has been reported (Saadat-
manesh and Tannous 1999a,b). The bars were tested in |abo-
ratory air and in room-temperature solutionswith apH equal
to 3 and 12. The bars had diameters between 0.313 to 0.375
in. (8 to 10 mm) and the applied stress was fixed at 40% of
initial strength. The results indicated a slight trend towards
higher creep strain in the larger-diameter bars and in the bars
immersed in the acidic solution. Bars tested in air had the
lowest creep strains of the three environments. Considering
al environments and material's, the range of strains recorded
after 3000 h was 0.002 to 0.037%. Creep strains were
slightly higher in the AFRP bar than in the CFRP bars.

For experimental characterization of creep rupture, the
designer can refer to the test method currently proposed by
the committee of Japan Society of Civil Engineers (1997b),
“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
inthe literature. 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
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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 data is obtained from FRP specimens intended

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:

» A frequency low enough not to cause self-heating;

* Ambient laboratory environments;

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

» Adirection parallel to the principal fiber alignment.

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

Of all types of current FRP composites for infrastructure
applications, CFRPis generally thought to be the least 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 initial static strength and is relatively unaffected by real-
istic moisture and temperature exposures of concrete struc-
tures unless the resin or fiber/resin interface is substantially
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
generaly not proneto fatigue failure. Individual glassfibers,
however, have demonstrated delayed rupture caused by the
stress corrosion induced by the growth of surfaceflawsinthe
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 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, akaline, and acidic solutions.

Aramid fibers, for which substantial durability data are
available, appear to behave similarly to carbon and glass
fibers in fatigue. Neglecting in this context the rather poor
durability of all aramid fibers in compression, the tension-
tension fatigue behavior of an impregnated aramid fiber bar
is excellent. Strength degradation per decade of logarithmic
lifetime is approximately 5 to 6% (Roylance and Roylance
1981). While no distinct endurancelimit isknown for AFRP,
2 million cycle fatigue strengths of commercial AFRP bars
for concrete applications have been reported in the range of
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54 to 73% of initial bar strengths (Odagiri, Matsumato, and
Nakal 1997). Based on these findings, Odagiri suggested that
the maximum stress be set to 54 to 73% of the initial tensile
strength. Because the slope of the applied stress versus loga-
rithmic creep-rupture time of AFRP is similar to the slope of
the stress versus logarithmic cyclic lifetime data, the indi-
vidua fibers appear to fail by a strain-limited creep-rupture
process. Thisfailure condition in commercial AFRP barswas
noted to be accelerated by exposure to moisture and elevated
temperature (Roylance and Roylance 1981; Rostasy 1997).

Theinfluence of moisture on the fatigue behavior of unidi-
rectional FRP materials, while generally thought to be detri-
mental if the resin or fiber/matrix interface is degraded, is
aso inconclusive because the results depend on fiber and
matrix types, preconditioning methods, solution content, and
the environmental condition during fatigue (Hayes et al.
1998, Rahman, Adimi, and Crimi 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 al.
1998). In this same investigation, endurance limit was
found to be inversely proportional to loading frequency. It
was also found that higher cyclic loading frequenciesin the
0.5 to 8 Hz range corresponded to higher bar temperatures
due to diding friction. Thus, endurance limit at 1 Hz could
be more than 10 times higher than that at 5 Hz. In the cited
investigation, a stress ratio (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 theloading frequency was 0.5 Hz. These runout
specimens had no loss of residual tensile strength.

It has aso been found with CFRP bars that the endurance
limit depends also 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).

Fatigue tests on unbonded GFRP dowel bars have shown
that fatigue behavior similar to that of steel dowel bars can
be achieved for 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 a. 1993; Hughes and Porter 1996).

The addition of ribs, wraps, and other types of deforma-
tionsimprove the bond behavior of FRP bars. Such deforma-
tions, however, has been shown to induce local 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.
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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 al.
1998, 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 samefollowing cyclic loading. Bond
fatigue behavior has not been sufficiently investigated to date
and conservative design criteria based on specific materials
and experimenta conditions are recommended.

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 commercially 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 the literature. The designer should always consult
with the bar manufacturer for fatigue response properties.

CHAPTER 4—DURABILITY

FRP bars are susceptible to varying amounts of strength
and stiffness changes in the presence of environments prior
to, during, and after construction. These environments can
include water, ultraviolet exposure, elevated temperature,
alkaline or acidic solutions, and saline solutions. Strength
and stiffness may increase, decrease, or remain the same,
depending on the particular material and exposure condi-
tions. 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 struc-
tures (Gerritse 1992; Takewaka and Khin 1996; Rostasy
1997; and Yamaguchi et al. 1997). Methods for systemati-
cally acceerating the strength degradation of bare,
unstressed, glass filaments in concrete using temperature
have been successful (Litherland, Oakley, and Proctor 1981)
and have also been often applied to GFRP materias to
predict long-term performancein alkaline solutions. Thereis
no substantiation to-date, however, that acceleration
methods for bare glass (where only one chemical reaction
controls degradation) applies to GFRP composites (where
multiple reactions and degradation mechanisms may be acti-
vated at once or sequentialy). Furthermore, the effect of
applied stress during exposure needs to be factored into the
situation as well. Due to 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 experiments using aggressive environments
certainly enable quick comparisons of materials, extrapola-
tion of the results to field conditions and expected lifetimes
are not possible in the absence of real-time data (Gentry et al.
1998; Clarke and Sheard 1998). In most cases available to
date, bare bars were subjected to the aggressive environment
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under no load. The relationships between data on bare bars
and data on bars embedded in concrete are affected by addi-
tional variables such as the degree of protection offered to the
bars by the concrete (Clarke and Sheard 1998; Scheibe and
Rostasy 1998; Sen et al. 1998). Test times included in this
review aretypically 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 here, some generaiza-
tions must be made at the expense of presenting particular
quantitative results. With these cautions in mind, representa-
tive experimental resultsfor arange of FRP bar materialsand
test conditions are reviewed as follows. Conservatism is
advised in applying these results in design until additional
long-term durability data are available.

Aqueous solutions with high values of pH are known to
degrade the tensile strength and stiffness of GFRP bars
(Porter and Barnes 1998), although particular results vary
tremendously according to differences in test methods.
Higher temperatures and longer exposure times exasperate
the problem. Most data have been generated using tempera-
tures 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 delete-
rious hydroxyl (OH-) ions figures prominently in the alkali
resistance of GFRP bars (Bank and Puterman 1997; Cooma-
rasamy and Goodman 1997; GangaRao and Vijay 1997b;
Porter et a. 1997; Bakis et al. 1998; Tannous and Saadat-
manesh 1999; Uomoto 2000). Most researchers are of the
opinion that vinyl ester resins have superior resistance to
moisture ingress in comparison with other commodity
resins. Thetype of glassfiber also appearsto be an important
factor inthe alkali resistance of GFRP bars (Devalapuraet al.
1996). Tensile strength reductions in GFRP bars ranging
from zero to 75% of initial values have been reported in the
cited literature. Tensile stiffness reductions in GFRP bars
range between zero and 20% in many cases. Tensile strength
and stiffness of AFRP rods in elevated temperature akaine
solutions either with and without tensile stress applied have
been reported to decrease between 10 to 50% and 0 to 20% of
initial values, respectively (Takewaka and Khin 1996;
Rostasy 1997; Sen at a. 1998). In the case of CFRP, strength
and stiffness have been reported to each decrease between 0 to
20% (Takewaka and Khin 1996).

Extended 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 all
resins. Proper construction practices and resin additives
can ameliorate this type of weathering problem signifi-
cantly. Some results from combined ultraviolet and mois-
ture exposure tests with and without applied stress applied
to the bars have shown tensile strength reductions of 0 to
20% of initial valuesin CFRP, 0 to 30% in AFRP and O to
40% in GFRP (Sasaki et al. 1997, Uomoto 2000). An exten-
sive study of GFRP, AFRP, and CFRP bars kept outdoors
in a rack by the ocean showed no significant change of
tensile strength or modulus of any of the bars (Tomosowa
and Nakatsuji 1996, 1997).
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Adding various types of salts to the solutions in which
FRP bars are immersed has been shown to not necessarily
make asignificant differencein the strength and stiffness of
many FRP bars, in comparison to the same sol ution without
salt (Rahman, Kingsley, and Crimi 1996). Most studies do
not separate the effects of water and salt added to water,
however. One study found a 0 to 20% reduction of initial
tensile strength in GFRP bars subjected to a saline solution
at room-temperature and cyclic freezing-thawing tempera-
tures (Vijay and GangaRao 1999) and another has found a
15% reduction in the strength of AFRP bars in a marine
environment (Sen et al. 1998).

Studies of the durability of bond between FRP and concrete
have been mostly concerned with the moist, alkaline environ-
ment found in concrete. Bond of FRP reinforcement relies
upon thetransfer of shear and transverseforces at theinterface
between bar and concrete, and between individua fibers
within the bar. These resin-dominated mechanisms are in
contrast to the fiber-dominated mechanismsthat control prop-
erties such as longitudina strength and stiffness of FRP bars.
Environments that degrade the polymer resin or fiber/resin
interface arethusa so likely to degrade the bond strength of an
FRP bar. Numerous bond test methods have been proposed for
FRP bars, athough the direct pullout test remains rather
popular due to its smplicity and low cost (Nanni, Bakis, and
Boothby 1995). Pullout specimenswith 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 and 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 artifi-
cialy added alkalinity (Al-Dulaijan et a. 1996; Bakis et al.
1998; Bank, Puterman, and Katz 1998; Porter and Barnes
1998). Similar observations on such accelerated pullout tests
carry over to AFRP and CFRP bars (Conrad et al. 1998).
Longitudina cracking in the concrete cover can serioudy
degrade the apparent bond capability of FRP bars and suffi-
cient measures must betaken to prevent such cracking in labo-
ratory tests and field applications (Sen et a. 1998a). The
ability of chemical agents to pass through the concrete to the
FRP bar is another important factor thought to affect bond
strength (Porter and Barnes 1998). Specific recommendations
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 provisional test methods cited in the literature.
The designer should always consult with the bar manufac-
turer to obtain durability factors.

PART 3—RECOMMENDED MATERIALS REQUIRE-
MENTS AND CONSTRUCTION PRACTICES

CHAPTER 5—MATERIAL REQUIREMENTS
AND TESTING

FRP bars made of continuousfibers (aramid, carbon, glass,
or any combination) should conform to quality standards as
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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.

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)

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 designation:

Grade F60: correspondsto af*fu > 60,000 psi (414 MPa)

Grade F70: correspondsto af*fu > 70,000 psi (483 MPa)

!

Grade F300: correspondsto af’ ¢, = 300,000 psi (2069 MPa).

For design purposes, the engineer can select any FRP
strength grade between F60 and F300 without having to
choose a specific commercial FRP bar type.

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 can select the minimum
modulus of elasticity grade that corresponds to the chosen
fiber type for the member or project. For example, an FRP
bar specified with amodulus grade of E5.7 indicates that the
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modulus of the bar should be at least 5700 ksi (39.3 GPa).
Manufacturers producing FRP bars with a modulus of elas-
ticity 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.

Themodulusof elasticity gradesfor different typesof FRP
bars are summarized in Table 5.1. For &l these FRP bars,
rupture strain should not be less than 0.005 in./in.

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-
teristics of the surface of the FRP bar is an important prop-
erty for mechanical bond with concrete. Three types of
surface deformation patterns for FRP bars that are commer-
cially available are shown in Fig. 5.1.

Presently, thereis no 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 nomina diameter in eighths of an inch,
similar to standard ASTM steel reinforcing bars. There are 12
standard sizes, asillustrated 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, itisnecessary to provide some means of easy iden-
tification. Each bar producer should label the bars, container/
packaging, or both, with the following information:

* A symboal to identify the producer;

» 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 nomina 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

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

A bond grade will be added when a classification is avail-
able. Example of identification symbols are shown below

XXX - G#4 - F100 - E6.0
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Table 5.2—ASTM standard reinforcing bars

Bar size designation Nominal
Standard  |Metric conversion| 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) 0.31 (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)
No. 14 No. 43 1.693 (43.0) 2.25 (1452)
No. 18 No. 57 2257 (57.3) 4.00 (2581)

where

XXX = manufacturer’s symbol or name;
G#4 = dlass FRP bar No. 4 (nominal diameter of 1/2in.);
F100 = strength grade of at least 100 ksi (f'¢, = 100 ksi);
E6.0 = modulus grade of at least 6,000,000 psi.

In the case of ahollow or unconventionally shaped bar, an
extra identification should be added to the identification
symbol as shown below:

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

where;
0.63 = maximum outside dimension is5/8 in.

Markings should be used at the construction site to verify
that the specified type, grades, and bar sizes are being used.

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

5.6—Bent bars
Bending FRP rebars made of thermoset resin should be

carried out beforetheresin isfully cured. After the bars have
cured, bending or alteration is not possible due to the inflex-
ibility or rigid nature of a cured FRP bar. Because thermoset
polymers are highly cross-linked, heating the bar is not
allowed asit would lead to adecomposition of theresin, thus
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 generaly
should be determined based on suitable tests performed in
accordance with recommended test methods cited in the
literature. Barsin which the resin has not yet fully cured can
be bent, but only according to the manufacturer’s specifica-
tions 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
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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 glass FRP bars, the surface
damage can cause a loss of durability due to infiltration of
alkalis. The following handling guidelines are recom-
mended to minimize damage to both the bars and the bar
handlers:

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

e 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;

High temperatures, ultraviolet rays, and chemical
substances should be avoided because they can damage
FRP bars;

e Occasionaly, 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;

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

*  When necessary, cutting should be performed with a
high-speed grinding cutter or a fine-blade saw. FRP
bars should never be sheared. Dust masks, gloves, and
glasses for eye protection are recommended when
cutting. There isinsufficient research available to make
any recommendation on treatment of saw-cut bar ends.

6.2—Placement and assembly of materials

Ingenera, placing FRP barsissimilar to placing stedl bars,
and common practices should apply with some exceptionsfor
the specifications prepared by the engineer as noted:

* FRP reinforcement should be placed and supported
using chairs (preferably plastic or noncorrosive). The
requirements for support chairs should be included in
the project specifications;

e 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;

* Bending of cured thermoset FRP bars on site should
not be permitted. For other FRP systems, manufac-
turer’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 the project specifications. Mechan-
ical connections are not yet available.
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6.3—Quality control and inspection
Quality control should be carried out by lot testing of FRP

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

All tests should be performed using the recommended test
methods cited in the literature. Material characterization
tests that include the following properties should be
performed at | east once before and after any change in manu-
facturing process, procedure, or materials:

* Tensile strength, tensile modulus of elasticity, and ulti-
mate strain;

*  Fatigue strength;

e Bond strength;

e Coefficient of thermal expansion; and

»  Durability in alkaline environment.

To assess quality control of anindividual lot of FRP bars, it
isrecommended to determinetensile strength, tensile modulus
of eladticity, and ultimate strain. The manufacturer should
furnish upon request a certificate of conformance for any
given lot of FRP barswith a description of the test protocol.

PART 4—DESIGN RECOMMENDATIONS

CHAPTER 7—GENERAL DESIGN CONSIDER-
ATIONS
The general design recommendationsfor flexural concrete

elements reinforced with FRP bars are presented in this
chapter. The recommendations presented are based on prin-
ciples of equilibrium and compatibility and the constitutive
laws of the materials. Furthermore, the brittle behavior of
both FRP reinforcement and concrete allows consideration
to be given to either FRP rupture or concrete crushing asthe
mechanisms that control failure.

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
provisionsasper ACI 318-95, “ Building Code Reguirements
for Structural Concrete and Commentary.” These design
recommendations are based on limit states design principles
inthat an FRP reinforced concrete member is designed based
on its required strength and then checked for fatigue endur-
ance, 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
aramid and glass FRP that exhibit low stiffness).

The load factors given in ACI 318 are used to determine
the required strength of areinforced concrete member.

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
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various types of environments can reduce the tensile strength
and creep rupture and fatigue endurance of FRP bars, the
materia propertiesused in design equati ons should be reduced
based on the type and level of environmental exposure.

Equations (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

fro = Cefru (7-1)
where
fy, = design tensile strength of FRP, considering reduc-
tions for service environment, psi;
Cg = environmental reduction factor, givenin Table 7.1

for various fiber type and exposure conditions; and
f ¢, = guaranteedtensilestrength of an FRP bar defined as
the mean tensile strength of a sample of test speci-
mens minus three times the standard deviation (f g,
=fy ave—30), psi.
The design rupture strain should be determined as

&, = Ci€ i (7-2)
where
&y = design rupture strain of FRP reinforcement; and
€4 = 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 (€'g, = &, ave — 30).
The design modulus of elasticity will be the same as the
value reported by the manufacturer (E; = E; 4e)-
Theenvironmental reduction factorsgiveninTable7.1are
conservative estimates depending on the durability of each
fiber type and are based on the consensus of 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 portion can be deter-
mined as

f = 505 E% +0.397, <1, (7-3)
b

where
fip = design tensile strength of the bend of FRP bar, psi;
rp, = radiusof the bend, in.;
d, = diameter of reinforcing bar, in.; and
fiy = design tensile strength of FRP, considering reductions
for service environment, psi.
Equation (7-3) is adapted from design recommendations
by the Japan Society of Civil Engineers (1997b). Limited
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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 weather Glass 08
Aramid 0.9
Carbon 0.9
Concrete exposed to earth and
weather Glass 0.7
Aramid 0.8

research on FRP hooks (Ehsani, Saadatmanesh, and Tao
1995) indicates that the tensile force developed by the bent
portion of a GFRP bar ismainly influenced by theratio of the
bend radius to the bar diameter, rp/dp, the tail length, and to
alesser extent, the concrete strength.

For an alternative determination of the reductionin tensile
strength due to bending, manufacturers of bent bars may
provide test results based on test methodol ogies cited in the
literature.

CHAPTER 8—FLEXURE

Thedesign of FRP reinforced concrete membersfor flexure
is andogous to the design of sted-reinforced concrete
members. Experimental data on concrete members reinforced
with FRP bars show that flexura capacity can be calculated
based on assumptions similar to those made for members
reinforced with steel bars (Faza and GangaRao 1993; Nanni
1993b; GangaRao and Vijay 1997a). The design of members
reinforced with FRP bars should take into account the
mechanical behavior of FRP materials.

8.1—General considerations

The recommendations given in this chapter are only for
rectangular sections, as the experimental work has almost
exclusively considered memberswith this shape. In addition,
this chapter refers only to cases of rectangular sections with
a single layer of one type of FRP reinforcement. The
concepts described here, however, can also be applied to the
analysis and design of members with different geometry and
multiple types, multiple layers, or both, of FRP reinforce-
ment. Although there is no evidence that the flexural theory,
as devel oped here, does not apply equally well to nonrectan-
gular sections, the behavior of nonrectangular sections has
yet to be confirmed by experimental results.

811 Flexural design philosophy—Steel-reinforced
concrete sections are commonly under-reinforced to ensure
yielding of steel before the crushing of concrete. The
yielding of the steel provides ductility and a warning of
failure of the member. The nonductile behavior of FRP rein-
forcement necessitates a reconsideration of this approach.

If FRP reinforcement ruptures, failure of the member is
sudden and catastrophic. 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
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Fig. 8.1—Theoretical moment-curvature relationships for
reinforced concrete sections using steel and FRP bars.

observed for under-reinforced concrete beams reinforced
with steel rebars.

The concrete crushing failure mode is marginally more
desirable for flexurd members reinforced with FRP bars
(Nanni 1993h). By experiencing concrete crushing, a flexural
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
flexura members reinforced with FRP bars provided that
strength and serviceability criteria are satisfied. To compen-
sate for the lack of ductility, the member should possess a
higher reserve of strength. The suggested margin of safety
against failureistherefore higher than that used in traditional
steel-reinforced concrete design.

Experimental results (Nanni 1993b; Jaeger, Mufti, and
Tadros 1997; GangaRao and Vijay 1997a; Theriault and
Benmokrane 1998) indicated that when FRP reinforcing bars
ruptured in tension, the failure was sudden and led to the
collapse of the member. A more progressive, less cata
strophic failure with a higher deformability factor was
observed when the member failed due to the crushing of
concrete. 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 brittle-
ness of high-strength concrete, as compared to normal-
strength concrete, can reduce the overall deformability of the
flexura member.

Figure 8.1 shows a comparison of the theoretical moment-
curvature behavior of beam cross sections designed for the
same strength @M, following the design approach of ACI
318 and that described in this chapter (including the recom-
mended strength reduction factors). Three cases are
presented in addition to the steel reinforced cross section:
two sections reinforced with GFRP bars and one reinforced
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 of the following
assumptions:

e Strain in the concrete and the FRP reinforcement is
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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 concrete isignored;

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

e Perfect bond exists between concrete and FRP rein-
forcement.

8.2—Flexural strength

The strength design philosophy states that the design flex-
ural capacity of amember must exceed the flexural demand
(Eq. (8-1)). Design capacity refersto the nominal strength of
the member multiplied by a strength-reduction factor (®, to
be discussed in Section 8.2.3), and the demand refers to the
load effects calculated from factored loads (for example,
1.4D + 1.7L + ...). This guide recommends that the flexural
demand on an FRP reinforced concrete member be
computed with the load factors required by ACI 318.

oMp 2 My (8-1)

The nomina flexural strength of an FRP reinforced
concrete member can be determined based on strain compat-
ibility, internal force equilibrium, and the controlling mode
of failure. Figure 8.2 illustrates the stress, strain, and internal
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Table 8.1—Typical values for the balanced
reinforcement ratio for a rectangular section with
f¢ = 5000 psi (34.5 MPa)

Tensile strength, f,, Modulus of
Bar type or fr,, ksi (MPa) | elasticity, ksi (GPa)|  Pb OF Pro
Stee! 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

forces for the three possible cases of a rectangular section
reinforced with FRP bars.

8.2.1 Failuremode—Theflexural capacity of an FRPrein-
forced flexural member is dependent on whether the failureis
governed 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, aratio where
concrete crushing and FRP rupture occur simultaneously).
Because FRP does not yield, the balanced ratio of FRP rein-
forcement is computed using its design tensile strength. The
FRP reinforcement ratio can be computed from Eqg. (8-2),
and the balanced FRP reinforcement ratio can be computed
from Eq. (8-3).

= £t ®2
f' Ee
P, = 0.85B e “fTeu (8-3)
% 1f'uEfEcu +J3"u

If the reinforcement ratio is below the balanced ratio
(P < p1p), FRP rupture failure mode governs. Otherwise,
(ps > psp) concrete crushing governs.

Table 8.1 reports some typical vaues for the balanced
reinforcement ratio, showing that the balanced ratio for FRP
reinforcement Py, is much lower than the balanced ratio for
steel reinforcement, py,. In fact, the balanced ratio for FRP
reinforcement can be even lower than the minimum reinforce-
ment ratio for steel (py,in, = 0.0035 for Grade 60 steel and f;
= 5000 psi).

8.2.2 Nominal flexural capacity—When ps > 1.4pg, 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 equilib-
rium of forcesand strain compatibility (shownin Fig. 8.2), the
following can be derived

M, = 4, fd -5 (8-43)

0= (8-4b)
0.85/7 b

f = Efs(,uBld_“ (8-4c)
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substituting a from Eg. (8-4b) into Eq. (8-4c) and solving for
f gives

O/(E.)" | 0.85B,f: O
};.:%\/ f4l + p‘l Efaw—o.SEfeuHsffu (8-4d)
S

The nominal flexural strength can be determined from
Eqg. (8-4a), (8-4b), and (8-4d). FRP reinforcement is
linearly elastic at concrete crushing failure mode so the
stresslevel inthe FRP can be found from Eqg. (8-4c¢) because
itislessthan fy,.

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

M, = pfH —0.59%{1%[)6112 (8-5)

When p; < pyy, 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
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, €., and the depth to the neutral axis, c. In addition,
the rectangular stress block factors, o4 and 34, are unknown.
The factor, a4, is the ratio of the average concrete stress to
the concrete strength. 3, istheratio of the depth of the equiv-
alent rectangular stress block to the depth of the neutral axis.
Theanalysisinvolving all these unknowns becomes complex.
Flexural capacity can be computed as shown in Eg. (8-6a)

M, = 4,52 (8-62)

For agiven section, the product of 31cin Eq. (8-6a) varies
depending on material properties and FRP reinforcement
ratio. The maximum value for this product is equal to B,c,
and is achieved when the maximum concrete strain (0.003)
is attained. A simplified and conservative calculation of
the nominal flexural capacity of the member can be based
on Eq. (8-6b) and (8-6¢) as follows

c
M, = 0.84,f, 5 - 817% (8-6b)

- O € O _
Cp G+ : Dd (8-6c)

u

The committee feels that the coefficient of 0.8 used in
Eqg. (8-6b) provides a conservative and yet meaningful
approximation of the nominal moment.
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8.2.3 Strength 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 1/1.3 (JSCE
1997). Other researchers (Benmokrane et al. 1996) suggest a
value of 0.75 determined based on probabilistic concepts.

Based on the provisions of ACI 318 Appendix B, a steel-
reinforced concrete member with failure controlled by
concrete crushing has a strength reduction factor of 0.70.
This philosophy (strength reduction factors of 0.7 for
concrete crushing failures) should be used for FRP rein-
forced concrete members. Because a member that experi-
ences an FRP rupture exhibits less plasticity than one that
experiences concrete crushing, a strength reduction factor of
0.50 is recommended for rupture-controlled failures.

While a concrete crushing failure mode can be predicted
based on cal culations, 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 ¢, a section controlled by concrete crushing is defined asa
section in which pg = 1.4pg,, and a section controlled by FRP
rupture is defined as one in which ps < pyp.

The strength reduction factor for flexure can be computed by
Eq. (8-7). This equation is represented graphically by Fig. 8.3
and gives a factor of 0.70 for sections controlled by concrete
crushing, 0.50 for sections controlled by FRP rupture, and
provides alinear transition between the two.

0.50 for p,<pg

Q= gpL for pg, <p,<1.4p, (8-7)
P

0.70 for p,=1.4p

[ |

Oood

8.2.4 Minimum FRP reinforcement—If a member is
designed tofail by FRP rupture, p; < 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 provisionsin ACI 318 for minimum
reinforcement are based on this concept and, with modifica-
tions, are applicable to FRP reinforced members. The modifi-
cationsresult from adifferent strength reduction factor (that is,
0.5 for tension-controlled sections, instead of 0.9). The
minimum reinforcement area for FRP reinforced membersis
obtained by multiplying the existing ACI equation for steel
limit by 1.8 (1.8 = 0.90/0.50). Thisresultsin Eqg. (8-8).

5.4, /f!
A];min = —fcbde&wad (8-8)
T fu

If failure of a member is not controlled by FRP rupture,
Ps > Py, the minimum amount of reinforcement to prevent
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Fig. 8.3—Srength reduction factor as a function of the
reinforcement ratio.

failure upon cracking is automatically achieved. Therefore,
Eq. (8-8) isrequired as a check only if ps < py,.
8.2.5 Special considerations

8.2.5.1 Multiple layers of reinforcement and combina-
tions of different FRP types—All steel tension reinforcement
isassumed to yield at ultimate when using the strength design
method to calculate the capacity of members with steel rein-
forcement 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 itsdistance 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 materials
demonstrate a linear-elastic behavior up to failure.
Moment redistribution in continuous beams or other stati-
caly indeterminate structures should not be considered for
FRP reinforced concrete.

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

This guide does not recommend using FRP bars as longitu-
dinal reinforcement in columns or as compression reinforce-
ment in flexura members. Placing FRP bars in 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 stirrups in place.
In these cases, confinement should be considered for the
FRP bars in compression regions to prevent their instability
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and to minimize the effect of the relatively high transverse
expansion of some types of FRP bars.

8.3—Serviceability

FRP reinforced concrete members have a relatively small
stiffness after cracking. Consequently, permissible deflec-
tions under service loads can control the design. In general,
designing FRP reinforced cross sections for concrete
crushing failure satisfies serviceability criteriafor deflection
and crack width (Nanni 1993a; GangaRao and Vijay 1997g;
Theriault and Benmokrane 1998).

Serviceability can be defined as satisfactory performance
under service load conditions. Thisin turn can be described
in terms of two parameters:

»  Crackingd 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 serviceahility provisions given in ACI 318 need to be
modified for FRP reinforced members due to differences in
properties of stedd and FRP, such as lower stiffness, bond
strength, and corrosion resistance. The subgtitution of FRP for
stedl onan equal areabasis, for example, would typically result
in larger deflections and wider crack widths (Gao,
Benmokrane, and Masmoudi 1998a; Tighiouart, Benmokrane,
and Gao 1998).

8.3.1 Cracking—FRP rods are corrosion resistant, there-
fore the maximum crack-width limitation can be relaxed
when corrosion of reinforcement is the primary reason for
crack-width limitations. If steel isto be used in conjunction
with FRP reinforcement, however, ACI 318 provisions
should be used.

The Japan Society of Civil Engineers (1997b) takes into
account the aesthetic point of view only to set the maximum
allowable crack width of 0.020 in. (0.5 mm). The Canadian
Highways Bridge Design Code (Canadian Standards A ssoci-
ation 1996) allows crack widths of 0.020 in. (0.5 mm) for
exterior exposure and 0.028 in. (0.7 mm) for interior expo-
sure when FRP reinforcement is used. ACI 318 provisions
for alowable crack-width limits in steel-reinforced struc-
tures correspond to 0.013 in. (0.3 mm) for exterior exposure
and 0.016 in. (0.4 mm) for interior exposure.

It is recommended that the Canadian Standards Associa
tion (1996) 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 caution is recommended for such
cases. Conversdly, for structures with short life-cycle require-
ments or those for which aesthetics is not a concern, crack-
width requirements can be disregarded (unless steel reinforce-
ment is aso present).

Crack widths in FRP reinforced members are expected to
be larger than those in steel-reinforced members. Experi-
mental and theoretical research on crack width (Faza and
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GangaRao 1993; Masmoudi, Benmokrane, and Challa
1996; Gao, Benmokrane, and Masmoudi 1998a) has indi-
cated that the well-known Gergely-Lutz equation can be
maodified to give areasonable estimate of the crack width of
FRP reinforced members. The original Gergely-Lutz (1973)
equation is given asfollows

w = 0.076B(E,€,)3/d A (8-9a)
in which Egisin ksi, and w isin mils (1023 in.). The crack
width is proportional to the strain in the tensile reinforce-
ment rather than the stress (Wang and Salmon 1992). There-
fore, the Gergely-Lutz equation can be adjusted to predict
the crack width of FRP reinforced flexural members by
replacing the steel strain, €5, with the FRP strain, & = f;/E;
and by substituting 29,000 ksi for the modulus of elasticity
for steel asfollows

E
w = 0.076B=/2 Jd_A (8-9b)
%

When used with FRP deformed bars having a bond
strength similar to that of steel, this equation estimates crack
width accurately (Faza and GangaRao 1993). This equation
can overestimate crack width when applied to a bar with a
higher bond strength than that of steel and underestimate
crack width when applied to abar with alower bond strength
than that of steel. Therefore, to make the expression more
generic, it is necessary to introduce a corrective coefficient
for the bond quality. For FRP reinforced members, crack
width can be calculated from Eg. (8-9c).

ZZOOBk;JﬁJ_ (8-90)

For Sl units,

w = —Bkhffj_

with f; and E¢ in MPa, d, in mm, and A in 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 steel bars, the bond
coefficient ky, is assumed equal to one. For FRP bars having
bond behavior inferior to steel, ky, is larger than 1.0, and for
FRP bars having bond behavior superior to steel, ky is
smaller than 1.0. Gao, Benmokrane, and Masmoudi (1998a)
introduced a similar formula based on test results. Using the
test results from Gao, Benmokrane, and Masmoudi (1998a),
the calculated values of ky, for three types of GFRP rodswere
found to be 0.71, 1.00, and 1.83. These values indicate that
bond characteristics of GFRP bars can vary from that of
steel. Further research is needed to verify the effect of
surface characteristics of FRP bars on the bond behavior and

440.1R-21

on crack widths. Data should be obtained for commercially
available FRP bars. Based on this committee consensus,
when ky, is not known, a value of 1.2 is suggested for
deformed FRP bars.

8.3.2 Deflections—In general, the ACI 318 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, tran-
sient winds, or vibration of machinery. Two methods are
presently givenin ACI 318 for control of deflections of one-
way flexural members:

e Theindirect method of mandating the minimum thick-
ness of the member (Table 9.5(a) in ACI 318); and
* The direct method of limiting computed deflections

(Table 9.5(b) in ACI 318).

8.3.2.1 Minimum thickness for deflection control (indi-
rect method)—The values of minimum thickness, as given
by ACI 318, Table 9.5(a), are not conservative for FRP
reinforced one-way systems and should only be used as
first trial valuesin the design of a member.

Further studies are required before this committee can
provide guidance on design of minimum thickness without
having to check deflections.

8.3.2.2 Effective moment of inerti:—When a section is
uncracked, its moment of inertiais equal to the gross moment
of inertia, 15. When the applied moment, M,, exceeds the
cracking moment, M, cracking occurs, which causes areduc-
tion in the stiffness; and the moment of inertiais based on the
cracked section, |,. For a rectangular section, the gross
moment of inertiais calculated as g = bh%/12, while I can be
caculated using an eastic anaysis. The eastic anaysis for
FRP reinforced concreteis similar to the anaysis used for steel
reinforced concrete (that is, concrete in tension is neglected)
and is given by Eq. (8-10) and (8-11) with n; as the modular
ratio between the FRP reinforcement and the concrete.

L, = ’ik A, (1 - k)’ (8-10)
k= J2pm+ (pm)’ —pyn, (8-11)

The overall flexural stiffness, Egl, of a flexural member
that has experienced cracking at service varies between Ecl
and Egly, depending on the magnitude of the applied
moment. Branson (1977) derived an equation to express the
transition from I 4 to I ;. Branson’s equation was adopted by
the ACI 318 as the following expression for the effective
moment of inertia, |

_ M7
1, DMDIg"'[l

Branson's equation reflects two different phenomena: the
variation of El stiffness along the member and the effect of
concrete tension stiffening.
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This eguation was based on the behavior of steel-reinforced
beams at service load |levels. Because FRP bars exhibit linear
behavior up to failure, the equation offers a close approxima-
tion for FRP reinforced beams (Zhao, Pilakoutras, and
Waldron 1997). Research on deflection of FRP reinforced
beams (Benmokrane, Chaallal, and Masmoudi 1996; Brown
and Bartholomew 1996) indi cates that on aplot of load versus
maximum deflection of simply supported beams, the experi-
mental curves are paralldl to those predicted by the equation.
Because the bond characteristics of FRP bars also affect the
deflection of amember, Branson’ s equation can overestimate
the effective moment of inertia of FRP reinforced beams
(Benmokrane, Chaadlal, and Masmoudi 1996). Gao,
Benmokrane, and Masmoudi (1998a) concluded that to
account for the lower modulus of elasticity of FRP bars and
the different bond behavior of the FRP, amodified expression
for the effective moment of inertiais required. This expres-
sionisrecommended and isgiven by Eq. (8-12a) and (8-12b).

_ ijc;{]3 WC/EP
L= Gpg e -G st @12
E.
B, = qb[E[+ 1} (8-12b)

N

Eq. (8-129) is only valid for My > M. In Eq. (8-12b), ay,
is a bond-dependent coefficient. According to test results of
simply supported beams, the value of ay, for a given GFRP
bar wasfound to be 0.5, which isthe same as steel bars (Gao,
Benmokrane, and Masmoudi 1998a). Further research
studies are required to investigate the value of ay, for other
FRP bar types. Until more data become available, it is recom-
mended to take the value of ap, = 0.5 for &l FRP bar types.

8.3.2.3 Calculation of deflection (direct method)—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.

Long-term deflection can be two to three times the short-
term deflection, and both short-term and long-term deflec-
tions under service loads should be considered in the design.
The long-term increase in deflection is afunction of member
geometry (reinforcement area and member size), load char-
acteristics (age of concrete at the time of loading, and magni-
tude and duration of sustained load), and materia
characteristics (creep and shrinkage of concrete, formation
of new cracks, and widening of existing cracks).

Limited data on long-term deflections of FRP reinforced
members (Kage et a. 1995; Brown 1997) indicate creep
behavior in FRP reinforced members is similar to that of
steel-reinforced members. The time-versus-deflection
curves of FRP reinforced and steel-reinforced members have
the same shape, indicating that the same approach for esti-
mating the long-term deflection can be used. Experiments
have shown that initial short-term deflections of FRP rein-
forced members are three to four times greater than those of
steel-reinforced members for the same design strength. In
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addition, after one year, FRP reinforced members deflected
1.2 to 1.8 times that for the steel reinforced members,
depending on the type of the FRP bar (Kage et al. 1995).
According to ACI 318, Section 9.5.2.5, the long-term
deflection due to creep and shrinkage, Ap: &), Can be
computed according to the equations given below:

A(cp+sh) = )\(Ai)sm (8'13a)

A= S8 (8-13b)
1+50p'

These equations can be used for FRP reinforcement with
modifications to account for the differences in concrete
compressive stress levels, lower elastic modulus, and
different bond characteristics of FRP bars. Because
compression reinforcement is not considered for FRP rein-
forced members (ps' = 0), A isequal to &.

Brown (1997) indicated that long-term deflection varies
with the compressive stress in the concrete. This issue is not
addressed by the equationsin ACI 318, which only multiplies
the initial deflection by the time dependent factor, &. Brown
concluded that the creep coefficient should be adjusted twice;
firgt, to account for the compressive stress in concrete, and
second, to account for the larger initial deflection.

From available data (Kage et a. 1995; Brown 1997), the
modification factor for & (ratio of &rrp/Eeq) Variesfrom 0.46
for AFRP and GFRP to 0.53 for CFRP. In another study, the
modification factor for & based on a falure controlled by
concrete crushing varied from 0.75 after one year to 0.58 after
5 years (Vijay and GangaRao 1998). Based on the above
results, amodification factor of 0.6 isrecommended. Thelong-
term deflection of FRP reinforced members can, therefore, be
determined from Eq. (8-14). Further parametric studies and
experimental work are necessary to vaidate Eq. (8-14).

Dipasny = 0.68(D),,, (8-14)

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

sustained stresses or failure due to 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 Eq. (8-15) with Mg equal to the unfactored moment due
to al sustained |oads (dead | oads and the sustained portion of
the live load).

ff, ¢ = MV@M

cr

(8-15)
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The cracked moment of inertia, I, and the ratio of the
effective depth to the depth of the elastic neutral axis, k, are
computed using Eqg. (8-10) and (8-11).

Valuesfor safe sustained stresslevelsaregivenin Table 8.2.
Thesevaluesare based on the cregp rupture stress limits previ-
oudly 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 8.2. The FRP stress can be calculated
using Eq. (8-15) with Mg equal to the moment due to all
sustained loads plus the maximum moment induced in a
fatigue loading cycle.

CHAPTER 9—SHEAR

In this document, FRP stirrups and continuous rectangul ar
spirals are considered for shear reinforcement. Because of
their location as an outer reinforcement, stirrups are more
susceptible to severe environmental conditions and may be
subject to related deterioration, reducing the service life of
the structure. Available research results, however, are suffi-
cient to develop a conservative design guideline for FRP
shear reinforcement. Due to limited experience, this chapter
does not address the use of FRP barsfor punching shear rein-
forcement. Further research is needed in this area.

9.1—General considerations

Several issues need to be addressed when using FRP as

shear reinforcement, namely:

* FRPhasarelatively low modulus of elasticity;

* FRP hasahigh tensile strength and no yield point;

e Tensile strength of the bent portion of an FRP bar is
significantly lower than the straight portion; and

e FRPhaslow dowel resistance.

9.1.1 Shear design philosophy—The design of FRP shear
reinforcement is based on the strength design method. The
strength reduction factor given by ACI 318 for reducing
nominal shear capacity of steel-reinforced concrete members
should be used for FRP reinforcement as well.

9.2—Shear strength of FRP-reinforced members

According to ACI 318, 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, V.

Compared to a steel-reinforced section of equal flexural
capacity, a cross section using FRP flexura reinforcement
after cracking has asmaller depth to the neutral axis because
of the lower axial stiffness (that is, product of reinforcement
areatimes 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 the aggre-
gate interlock and the compressed concrete, Vs, is smaller.
Research on the shear capacity of flexural members without
shear reinforcement has indicated that the concrete shear
strength isinfluenced by the stiffness of the tensile (flexural)
reinforcement (Nagasaka, Fukuyama, and Tanigaki 1993;
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Fig. 8.4—Elastic stress and strain distribution.

Table 8.2—Creep rupture stress limits in FRP
reinforcement

Fiber type GFRP AFRP CFRP
Creep rupture stresslimit F¢ g/ 0.20fg, 0.30fg, 0.55f¢,

Zhao, Maruyama, and Suzuki 1995; JSCE 1997; Sonobe et
al. 1997; Michaluk et al. 1998).

The contribution of longitudinal 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 determine the effect of FRP
reinforcement dowel action and in shear friction.

The concrete shear capacity V. ¢ of flexural membersusing
FRP as main reinforcement can be evaluated as shown
below. The proposed equation accounts for the axia stiff-
ness of the FRP reinforcement (A¢Ez) as compared to that of
steel reinforcement (AsEy).

V.,= A 14
Cf ASES C
or
= B.LEfV
RS

Agand pgin the equations above represent area of steel and
corresponding steel reinforcement ratio for a reinforced
concrete section having the same @M, of the FRP reinforced
concrete section.

For practical design purposes, the value of pgcan be taken
as 0.5pgmax Or 0.375py,. Considering a typical steel yield
strength of 60 ksi (420 MPa) for flexural reinforcement, the
equation for V. ; proposed by this committee can be
expressed as follows

= _pLE.L (9_1)

V.. i
ol 90BfyC

The value of V¢ computed in Equation (9-1) cannot be
larger than V..

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

A frd
V= ol A2 e (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 (see Eq. (7-3)). Equation (9-3)
gives the stress level in the FRP shear reinforcement at ulti-
mate for use in 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).

A = (Vu__(pVCL) (9-4)
S (pfj‘zvd

When inclined FRP stirrups are used as shear reinforce-
ment, EQ. (9-5) is used to calculate the contribution of the
FRP stirrups.

Anfrd
V= —&f&(sina + cosq) (9-5)
: S

When continuous FRP rectangular spirals are used as
shear reinforcement (in this case s is the pitch and a is the
angle of inclination of the spiral), Eq. (9-6) gives the contri-
bution of the FRP spirals.

v, = ‘i&ip&d(sina) (9-6)

Shear failure modes of memberswith FRP as shear reinforce-
ment can be classified into two types (Nagasaka, Fukuyama,
and Tanigaki 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
resultsin larger deflections. Experimental results have shown
that the modes of failure depend on the shear reinforcement
index pr, Es, where pg, istheratio of FRP shear reinforcement,
Ag/b,s. Asthe value of pg, Es increases, the shear capacity in
shear tension increases and the mode of failure changes from
shear tension to shear compression.

9.2.1 Limitson tensile strain of shear reinforcement—The
design assumption that concrete and reinforcement capacities
are added is accurate when shear cracks are adequately
controlled. Therefore, the tensile strain in FRP shear rein-
forcement should be limited to ensure that the ACI design
approach is applicable.
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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 stedl)
may be very conservative. Experimental evidence shows the
attainment of higher strain values (Wang 1998; Zhao,
Maruyama, and Suzuki 1995; Okamato, Nagasaka, and Tanigaki
1994). The Eurocrete Project provisions limit the value of the
shear grainin FRPreinforcement to 0.0025in./in. (Dowden and
Dolan 1997). Given the high drain to failure of FRP, the engi-
neer could consider using 0.00275 asimplicitly allowed by
318-95 for welded wire fabric (Section R11.5.2). In no case
should effective strainin FRP shear reinforcement exceed 0.004
nor should the design strength exceed the strength of the bent
portion of the stirrup f,. The value of 0.004 is justified as the
drain that prevents degradation of aggregate interlock and
corresponding concrete shear (Priestley, Seible, and Calvi
1996).

9.2.2 Minimum amount of shear reinforcement—ACI 318
requires a minimum amount of shear reinforcement when V,,
exceeds @V /2. This requirement is to prevent or restrain
shear failure in members where the sudden formation of
cracks can lead to excessive distress (ACI/ASCE 426-74). To
prevent brittle shear failure, adequate reserve strength should
be provided to ensure a factor of safety similar to ACI 318
provisionsfor steel reinforcement. Eq. (9-7) givesthe recom-
mended minimum amount of FRP shear reinforcement.

50b,,s
Afv, min — f = (9'7)
fv
for Sl units
b
Ay min = 0.3520>

1:fv
with b, and sin mm, and fg, in MPa.

The minimum amount of reinforcement given by Eq. (9-7)
isindependent of the strength of concrete. If steel stirrupsare
used, the minimum amount of reinforcement provides a
shear strength that varies from 1.50 V. when f; is 2500 psi
(17 MPa) to 1.25 V. when f; is 10,000 psi (69 MPa). Equa-
tion (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 as longitudina 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 dtiffness of longitudinal reinforcement
increases or as the strength of concrete increases.

9.2.3 Shear failure dueto crushing of the web—Studies by
Nagasaka, Fukuyama, and Tanigaki (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 aslow as 0.18 f b, d. When V¢ is smaller
than 0.18 f; b, d, shear-tension can be expected, whereas
when V exceeds 0.3f. b, d, crushing failure is expected.
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Fig. 9.1—Required tail length for FRP stirrups.

The correlation between rupture and the crushing failure is
not fully understood, and it is more conservative to use the
ACI 318 limit of 8,/f; by,d rather than 0.3f¢ by, d. It isthere-
fore recommended to use the ACI 318 limit.

9.3—Detailing of shear stirrups

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

Tests by Ehsani, Saadatmanesh, and Tao (1995) indicated
that for specimens with ry/d, of zero, the reinforcing bars
failed in shear at very low load levels at the bends. Therefore,
dthough manufacturing of FRP bars with sharp bends is
possible, such details should be avoided. A minimum r/d},
ratio of three is recommended. In addition, FRP stirrups
should be closed with 90-degree hooks.

ACI 318 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 istransferred to the concrete through the
tail beyond the hook, as shown in Fig. 9.1. Ehsani, Saadat-
manesh, and Tao (1995) found that for a tail length, Iy,
beyond 12d,, there is no significant slippage and no influ-
ence on the tensile strength of the stirrup leg. Therefore, it is
recommended that a minimum tail length of 12d,, be used.

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 flexural reinforcement;
thus, shrinkage and temperature reinforcement are only
reguired in the direction perpendicular to the span. ACI 318
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 fabric
(deformed or smooth). ACI 318 also requires that the spacing
of shrinkage and temperature reinforcement not exceed five
times the member thickness or 18 in. (500 mm).
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Fig. 11.1—Transfer of force through the development length.

No experimental data are available for the minimum FRP
reinforcement ratio for shrinkage and temperature. ACI
318, Section 7.12.2, states that for slabs with steel rein-
forcement having ayield stress exceeding 60 ksi (414 M Pa)
measured at ayield strain of 0.0035, the ratio of reinforce-
ment to gross area of concrete should be at least 0.0018 x
60/fy, where fy isin ksi, but not less than 0.0014. The stiff-
ness and the strength of shrinkage and temperature FRP
reinforcement can be incorporated in this formula. There-
fore, when deformed FRP shrinkage and temperature rein-
forcement is used, the amount of reinforcement should be
determined by using Eq. (10-1).

60, 000 £

Pyis = 0.0018 x Sy US) (10-1)
E
P = 0.0018 x A2 (g
i Sfu =f

Due to limited experience, it is recommended that the ratio
of temperature and shrinkage reinforcement given by Eq. (10-1)
be taken not less than 0.0014, the minimum value specified by
ACI 318 for stedl shrinkage and temperature reinforcement.
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 corre-
sponding to the nomina flexural capacity rather than the
srains calculated using Eq. (10-1). Spacing of shrinkage and
temperature FRP reinforcement should not exceed three times
the dab thickness or 12 in. (300 mm), whichever isless.

CHAPTER 11—DEVELOPMENT AND SPLICES OF
REINFORCEMENT
In areinforced concrete flexural member, the tension force

carried by the reinforcement balances the compression force in
the concrete. The tension force is transferred to the reinforce-
ment through the bond between the reinforcement and the
surrounding concrete. Bond stresses exist whenever the
force in the tensile reinforcement changes. Bond between
FRP reinforcement and concrete is developed through a
mechanism similar to that of sted reinforcement and
depends on FRP type, elastic modulus, surface deformation,
and the shape of the FRP bar (Al-Zahrani et a. 1996; Uppu-
luri et a. 1996; Gao, Benmokrane, and Tighiouart 1998b).

11.1—Development length of a straight bar
Figure 11.1 showsthe equilibrium condition of an FRP bar

with alength equal to its basic development length, I;. The
force in the bar is resisted by an average bond stress, s,
acting on the surface of the bar. Equilibrium of forces can be
written as follows
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Tl = Ap oty (11-1)
inwhich A 5, isthe area of one bar.

Rearranging Eq. (11-1), the basic development length can
be expressed as

- A[, barf[u (11_2)

or

I = o/ (11-3)

Research in development length (Orangun, Jirsa, and
Breen 1977) hasillustrated that the bond stress of steel bars
isafunction of the concrete strength and the bar diameter. A
general expression for the average bond stress can be
expressed as follows

po= e S (11-4)
d,

where K, is a constant. By substituting Eq. (11-4) into
Eqg. (11-1), the basic development length of FRP reinforce-
ment can be expressed as

2
d;
lyy = Ky bf{u

(11-5)

where K is a new constant.

For FRP reinforcement severa investigators have
attempted to determine experimentally the K, factor for given
bar types. Pleimann (1987, 1991) conducted pullout tests
with No. 2, 3, and 4 FRP bars. Two types of FRP bars were
used in these tests: glass and aramid FRP bars. The proposed
K, factorswere 1/19.4 and /18 for GFRP and AFRP, respec-
tively. Faza and GangaRao (1990) investigated the bond
behavior of FRP bars by testing cantilever beams and pullout
specimens. They proposed aK, factor equal to 1/16.7 Ehsani,
Saadatmanesh, and Tao (1996a) tested 48 beam specimens
and 18 pullout specimens with No. 3, 6, and 9 GFRP bars.
Based on the test results, they proposed a K, factor equal to
1/21.3. Tighiouart, Benmokrane, and Gao (1998) tested 45
beam specimens using two types of No. 4, 5, 6, and 8 GFRP
bars. They suggested that the K, factor is equal to 1/5.6.

For pullout controlled failure rather than concrete split-
ting, Ehsani, Saadatmanesh, and Tao (1996a) and Gao,
Benmokrane, and Tighiouart (1998b) proposed the
following eguation

o

Ly e (11-6)
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where K3 had anumerical value of approximately 2850.

In light of the above findings, a conservative estimate of
the basic development length of FRP bars controlled by
pullout failureis given by

(11-7a)

For Sl units,

with Iy in mm, fg, in MPa, and dy, in mm.

Splitting of concreteis prevented by imposing a modifica-
tion to the basic devel opment length computed by Eq. (11-73)
based on concrete cover (see Section 11.1.2). Manufacturers
can furnish aternative values of the required basic develop-
ment length based on substantiated tests conducted in accor-
dance with available testing procedures. Reinforcement
should be deformed or surface-treated to enhance bond char-
acteristics with concrete.

11.1.1 Bar location modification factor—While placing
concrete, air, water, and fine particles migrate upwards
through the concrete. This can cause a significant drop in
bond strength under the horizontal reinforcement. The term
top reinforcement usually refers to horizontal reinforce-
ment with more than 12 in. (305 mm) of concrete below it
at the time of embedment. Challal and Benmokrane (1993)
investigated the top bar modification factors for three
different bar diameters (No. 4, 5, and 6). The modification
factor varied from 1.08 to 1.38 for normal-strength
concrete and from 1.11 to 1.22 for high-strength concrete.
In another experiment (Ehsani, Saadatmanesh, and Tao
1996b), No. 4 and 6 GFRP bars were placed at the top,
middle, and bottom of aconcretewall (48 x 30x 16in. [1.22
x 0.76 x 0.41 m]) with an equal spacing of 16 in. (0.41 cm).
The modification factor varied from 1.09 to 1.14 for middle
to top bars and 1.26 to 1.32 for bottom to top bars. Based
on the avail able data, the use of amodification factor of 1.3
is recommended when calculating the development length
of top FRP bars, as shown in Eq. (11-7b).

11.1.2 Concrete cover modification factor—The concrete
cover has a significant impact on the failure mechanism.
When the concrete cover is less than or equa to two bar
diameters, 2d,, a splitting failure can occur; if the concrete
cover exceeds two bar diameters, a pullout failure is more
likely (Ehsani, Saadatmanesh, and Tao 19964). Experimental
investigation on the effect of concrete cover (Ehsani, Saadat-
manesh, and Tao 1996b) through pullout tests indicated that
the ratio of the nominal tensile strength of the bar to the
measured strength with concrete covers of 2d, to dy, varied
between 1.2 and 1.5.

In this document, it is recommended that the concrete cover
for FRP reinforcement be not less than d,,. The modification
factor of 1.5 should be used as a multiplier of the basic devel-
opment length when the concrete cover or the reinforcement
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Fig. 11.2—Clear concrete cover.

spacing is equa to d,. For concrete cover or reinforcement
spacing larger than 2d,,, a modification factor of 1.0 should be
applied. Linear interpolation of these factors is alowed for
concrete cover or reinforcement spacing between dy, and 2dy,,
asshownin Eq. (11-7c).

The development length |4 shall be expressed as a function
of the basic development length I

It = Kt (11-7b)

wherek,,,= 1.3 for top bars, and for bottom bars (seeFig. 11.1)

0 10ifc>2d,
0

k, = DAd,—c .
D%ledbSCSZdb
a b

(11-7¢)

wherecisasshownin Fig. 11.2.

11.2—Development length of a bent bar
Limited experimenta data are available on the bond

behavior of hooked FRP reinforcing bars. ACI 318 provisions
for development length of hooked steel bars are not applicable
to FRP bars due to the differences in materia characteristics.

Ehsani, Saadatmanesh, and Tao (1996b) tested 36 spec-
imens with hooked GFRP bars. Based on the results of the
study, the expression for the development length of a 90-
degree hooked bar, I, was proposed as follows

Lonsr = K4& (11-8)

/s

The K4 factor for the calculation of the development
length in this equation is 1820 for bars with f;, less than
75,000 psi (517 MPa). Thisfactor should be multiplied by
fr,/75,000 for bars having a tensile 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. (6.4 cm) and the cover extension beyond hook is
not less than 2 in. (5 cm), another multiplier of 0.7 can be
applied (Ehsani, Ssadatmanesh, and Tao 1996b). These modifi-
cation factorsaresimilar tothosein ACI 318, Section 12.5.3, for
stedl hooked bars. To account for the lack of experimentd data,

440.1R-27

Table 11.1—Type of tension lap splice required

Maximum percentage of A
spliced within required lap
length
Asprovided i /ey 50% 100%
Af,required Equivalent t
2 or more quivaientto 0.50r less ClassA ClassB
Lessthan 2 Morethan 0.5/ ClassB ClassB

the use of Eq. (11-9) in cdculating the development length of
hooked barsis recommended by the committee.

d
2000— for f;, <75,000 psi

c

d
—L for 75,000 <f;, <150,000 psi (11-9)

bow = 37, I

d
400072’ for f,,= 150,000 psi
/e

0o000QoO0000
a
l/‘l=

For Sl units,
d
E 165—= for f;, <520 MPa
O
3, d
I, = =2 for 520<f, <1040 MPa
bhf '1/\//17 Su
0 agds
O 330—% for f;, 21040 MPa
oW

with lppe in mm, fz, and f; in MPa, and di, in mm.

The value calculated using Eq. (11-9) should not be less
than 12d,, or 9 in. (23 cm). These values are based on test
results reported by Ehsani, Ssadatmanesh, and Tao (1995), in
which thetensile force and dlippage of ahooked bar stabilized
in the neighborhood of 12d,,. The tail length of a hooked bar,
Ly (see 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 3d,, (Ehsani, Saadatmanesh, and Tao 1995).

11.3—Tension lap splice

ACI 318, 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
stressin the splice. Table 11.1 is areproduction of Table
R12.15.2 given in ACI 318, with modifications applicable to
FRP reinforcement. For steel reinforcement, the splice length
for aClass A spliceis 1.0l4 and for Class B spliceis 1.3lg.

Limited data are available for the minimum development
length of FRP tension lap splices. For Class B, available
research has indicated that the ultimate capacity of the FRP
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bar is achieved at 1.6ly (Benmokrane 1997). Because the
stress level for Class A splices is not to exceed 50% of the
tensile strength of the bar, using the value of 1.3 14 should be
conservative. Further research is required in this area;
however, the values of 1.3 and 1.6l 4 are recommended at this
timefor Class A and B.

CHAPTER 12—SLABS ON GROUND
Normally, dabs on ground impart a pressure to the grade or
soil that is less than 50% of its allowable bearing capacity.
Two of the most common types of construction for dabs on
ground are discussed in this chapter: these are plain concrete
dabs and dabs reinforced with temperature and shrinkage
reinforcement.

12.1—Design of plain concrete slabs
Plain concrete dabs 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, isusually limited. For details of design methods of plain
concrete dabs on ground, refer to ACI 360R.

12.2—Design of slabs with shrinkage and tempera-
ture reinforcement
When designing adlab with shrinkage and temperaturerein-

forcement, it should be considered a plain concrete dab
without reinforcement to determine its thickness. The dab is
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 dab. 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 does it significantly add to the flexural capacity
of thed ab. Increasing the thickness of the dlab canincreasethe
flexural capacity.

Even though the dab isintended 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 rein-
forcement that is needed but does not apply when prestressing
or randomly distributed fibers are used (PCA 1990). When
using steel reinforcement, the drag equation is as follows

4 = BLw
T2
where
A, = cross-sectional area of steel per linear foot, in.%;
fs = alowablestressin steel reinforcement, psi, commonly
taken as 2/3to 3/4 of f,;

M = coefficient of subgrade friction; (1.5 is recommended
for floors on ground, [PCA 1990])
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L
w

distance between joints, ft; and
dead weight of the slab, psf, usually assumed to be
12.5 psf per in. of slab thickness.

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 tempera-
ture FRP reinforcement. At the allowable stress, the strain in
steel reinforcement is about 0.0012; implementing the
same strain for FRP will result in a stress of 0.0012 E;, and
Eqg. (12-1) can be written.

= —L—LW -
Apsn 2(0.0012E,) (12-1)
where A 4, is the cross-sectional area of FRP reinforcement
(in.z) per linear foot.

Equation (12-1) can also be used to determine joint
spacing, L, for a set amount of reinforcement. No experi-
mental data have been reported on FRP slab-on-ground
applications; research is required to validate this approach.

CHAPTER 13—REFERENCES
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PART 5—DESIGN EXAMPLES

EXAMPLE 1—BEAM DESIGN

A simply supported, normalweight concrete beam with f2

= 4000 psi (27.6 MPa) is needed in a

support an MRI unit. The beam is an interior beam. The
beam is to be designed to carry a service live load of wy | =
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Table E1.1—Manufacturer’s reported GFRP bar

EXAMPLE

medical facility to

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

400 Ib/ft (5.8 kN/m) (20% sustained) and a superimposed

service dead load of wey = 208 Ib/ft (3.0 kN/m) over a span
of I =11 ft (3.35 m). The beam deflection should not exceed
1/240, which is the limitation for long-term deflection. Due
to construction restriction, the depth of the member should

not exceed 14 in. (356 mm).

GFRP reinforcing bars are selected to reinforce the beam;
material properties of the bars (as reported by the bar manu-
facturer) are shownin Table E1.1.

The design procedure presented hereafter is equally appli-

cable to other CFRP and AFRP bars.

Procedure

Calculation in U.S. units

Calculation in S.I. units

Step 1—Estimate 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 of the ACI 318-95 Building Code.

Recognizing that the lower stiffness of GFRP

reinforcing bars will require greater depth than
steel-reinforced concrete for deflection control, a
larger overall height is used.

The depth of the member islimited to 14 in. max
(356 mm)

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

Estimated d = h - cover — dy ghear — %’

(11ft)%2%§

16

h = 8.25in.

Try h=12in. < 14 in. max

Assuming #5 bars for main = (5/8)” = 0.625 in.
Assuming #3 bars for shear = (3/8)" =0.375in.
Cover=1.5in.

A minimum width of approximately 7in. is
required when using 2 #5 or 2 #6 bars with #3
stirrups
Tryb=7in.

Estimatedd=12-15-0.375 - 0.6225

=9.381lin.

b= 9-?%1 = 0.209m

Try h=305 mm < 356 mm

Assuming 2¢16 mm bars for main
Assuming ¢9.5 mm bars for shear
Cover =38 mm

A minimum width of approximately 7in. is
required when using 2¢16 or 2919 bars with ¢9.5
stirrups
Tryb=0.178 m

Estimated d = 0.305 x 1000 - 38 - 9.5 10 =
250 mm 2

Step 2—Compute thefactored load
The uniformly distributed dead load can be com-
puted including the self-weight of the beam

WpL = Wgp + Way

Compute the factored uniform load and ultimate
moment

w, = Ldwp, + 17w,

IZ
M, =
8

wp, = 20812+ Zin)(A210) (150,00 = 295 510
fi :

infJ
ﬁzftm
_ T I _ Ib
= 1459550 + 1.781002H = 10942
W 2 il o il fi
1b] 2
5‘109455(11ﬁ )

oKD = 16 5kip it

“ 8 1000 1b

wp, = (3.0 kN/m) + (0.178m)
(0.305m) (24 kN/m’)= 4.3kN/m

w, = 1.4(4.3kN/m) + 1.7(5.8 kN/m)
w, = 15.88kN/m

2
M, = (15.88 kN/m)(3.35m)

3 = 223 kN[n

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 environ-
mental reduction factor (Cg) of 0.80 isas per Table
7.1

fru= CEf*fu

1, = (0.80)(90 ksi) = 72 ksi

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), (8-4c),
and (8-5).

Assume an initial amount of FRP reinforcement

A,
p/.:_L

Try 2 #5 bars

.2
o, = (0.625in.7) _ 0.009

bl

~ (7in.)(9.81in.)

Try 2¢16 bars

2
_ (400mm”) = 0.009

br= (178 mm) (250 mm)
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Procedure

Calculation in U.S. units

Calculation in S.I. units

2 !
fi= L/EL%L)— + %EI»S,U—O.SE,SM}
1

- P
M, =p B —0.59}f,—8bd2
Compute the balanced FRP reinforcement ratio

fin _Efa
Pp = 0.85% B, —L-ct—
» ﬁu IE/‘SCM +f}u

Compute the strength reduction factor

Q= Pr for py < pr < 1.4pg
204

Check oM, = M,

05 = 0.8574—(0.85) 6500)(0.003) _ -  gogs

/= J[6500(0.OO3)]2 4 0.85(0.85)(4)
! 4 (0.009)

J(6500)(0.003) — 0.5(6500)(0.003)
f; = 70.3ksi

M, = (0.009)(70.3)8 ~0.59 0'0094 202

(7)(9.81)*
M, = 384kip On. = 32kip (it

2 (6500)(0.003) + 72

0.009
2(0.0086)

oM, = (0.522)(32 kip [t)
@M, = 16.7 kip LFt > M, = 16.5 kip (ft

¢ = = 0.522

P J[44, 800(0.003)]° , 0.85(0.85)(27.6)
Jr =

4 (0.009)

J(44,800)(0.003) — 0.5(44, 800) (0.003)

f; = 482.6 MPa

M, = (0.009)(482.6)5 —0.50{0-002)(382.00

27.6
(178)(250)°

M, = 43.7kN On

oy = 0.85%7%(0.85) 0

(44, 800)(0.003)

= 0.0086
(3430)(0.003) + (496)
0.009
= 0009 - 55
? = 370.0086)

oM, = (0.522)(43.7 kN [in)
@M, = 22.8 kN [m'> M, = 22.3kN [n

Step 5—Check the crack width.
Computethe stress level in the FRP bars under dead
load pluslive load.

2
wp, |

My, = 3

2
w,, |

My = ]

MpL +LL =MpL + M

E___E U.S)
E. 57,000,/

ny = E[ = _EL (sh
E.

4750.,/f"
k= J(pm) +2pm— Py

nf:

f - MDI_+[,I_
"7 4d(1=k/3)

Define the effective tension area of concrete.

_ h—kd
B d(1-k)
d.=h-d
_ _2db
No.bars

Compare the crack width from Eq. (8-9) using the
recommended value of k, = 1.2 for deformed FRP
bars

w = g—%)i)ﬁkbﬁ/dcfi Us)
f

fr

w = %sw@ )

) .
M, = 295.5(11 D&p_ = 4.47kip Ot
8 1000 Ib

2 .
M, = 200N R LK ¢ o5y gt
8§ 10001
MDL+LL =4.47+6.05=105 k|p [Tt

o _6500000psi_ _ g
" 57,000 /4000psi

k = J[(0.009)(1.8)]% +2(0.009)(1.8) —
0.009(1.8) = 0.164

- (10.5kip Oft) (12in./ft)
(0.62in.7)(9.81in.)(1 —0.164/3)

_ 12in.—(0.164)(9.81in) _ | 5¢r
B = S 08Tin) (1-0.168) '

d.=(12in.) - (9.81in.) =2.2in.
4 = 2 2.2in2. 7in.) _ 15.4in.2

w = 22901 267)(1.2)(22.2ksi)

~ 6500ksi

3/(2.2in)(15.4in?)

w = 37 mils> 28 milsn.g.

N/
= 22.2ksi

2
M, =43 %-35 = 6.03kN O

2
M, = 28G33) 38-35 = 8.14kNCim

MDL+LL =6.03+8.14=14.17kN [Cm

44,800 MPa _ 1.8

n, = —o % =
7 4750./27.6MPa

k = J[(0.009)(1.8)]% +2(0.009)(1.8) —
0.009(1.8) = 0.164

_ 14.17 x 10° N Cnm _
(400 mm’) (250 mm) (1 —0.164/3)

149.9MPa

B = 305 mm —(0.164)(250mm) _ 1.263
(250 mm) (1 —0.164)

d. = 305 mm — 250 mm = 55 mm

A = 2[55mm2)[178mm) = 9790 mm>

2.2

W= —==__(1.263)(1.2)(149.9 MPa)

"~ 44,800 MPa

3/(55mm) (9790 mnt’)

w=0.90 mms>0.71 mm n.g.
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Calculation in S.I. units

Procedure

Calculation in U.S. units

Notethat it is possible to use bars with smaller diame-

Crack width limitation controls the design. Try

larger amount of FRP reinforcement.

Notethat it is possible to use bars with smaller diame-
tersto mitigate cracking. For example, using three
No. 4 barswill result in approximately the same area
of FRP and nearly the same effective depth; however,
the width of the member should be increased.

tersto mitigate cracking. For example, using three
No. 4 barswill result in approximately the same area
of FRP and nearly the same effective depth; however,
the width of the member should be increased.

Tomaintainb=7.0in. Tomaintain b =0.178 mm
Try 2¢19 — A; = 567 mm?

Try 246 — A;=0.88in.2

A ) ,
P= r p, = —{088in) 4159 _ (567mm’)  _
bt "7 in)(9.75m.) P = Tramm) dgmm - 1%
Estimated d = 12 - 1.5 - 0.375 — (% =9.75in. | Estimatedd= 305-38-95- % = 248 mm

Estimated d = h — cover — dy gnear — >

Calculate the new capacity.
/= A/[6500(0A003)]2+0.85(0.85)(4) /= J[44, 800(0.003)]° , 0.85(0.85)(27.6)
_OlEe.) 085, | / 4 (0.0129) ! 4 (0.0129)
fr=0= YT, rfam 03B J(6500)(0.003) —0.5(6500)(0.003) /{34, 800)(0.003) — 0.5 (44, 800)(0.003)
f = 57.1ksi f, = 393.5MPa
_ 0.0129)(57.1 _ 0.0129)(393.5
M, = (0.0129)(57.1)8 —0.50(QL2GTI0 1)/ = (0.0129)(393.5) 0 —0.50(0:0129)(393.5)1
M, = psiH -0.5994%19512 d . 4 u d i 276 O
; (7)(9.75) (178)(248)

M, = 4.95x% 10" NOnm = 49.5 kN[
Ps= 0.0129 > 1'4pfb =0.012 - p= 0.7
@M, = (0.7)(49.5 kN [m)

oMy, = 34.7kN [ = M, = 22.3kN [

M, = 436.9kip Un. = 36.4kip [Tt
Pf= 0.0129 > 1'4pfb =0.012 - p= 0.7
@M, = (0.7)(36.4 kip [Tt)

@M, = 255 kip 7t > M,, = 165 kip (it

@=0.7 for ps 2 1.4p¢,

Check oM, 2 M,

k= J(pm) +2pm—psn;

k = J[(0.0129)(1.8)]> +2(0.0129)(1.8)
0.0129(1.8)
k=0.194

k = J[(0.0129)(1.8)]> +2(0.0129)(1.8)
0.0129(1.8)

k=0.194
14.17 x 10° N Cnm _

= : =
(567mm~)(248mm) (1 —0.194/3)

_ My _ (10.5kip [Ft) (12in./ft) _ .
fp = —— Rl f, = : = 15.7ksi
A, d(1—k/3) (0.88in.%)(9.75in.) (1 —0.194/3)
107.7MPa
B = h—kd B = 12in.—.0.194(9.75in.) = 1286 B = 305mm —0.194(248mm) _ 1.285
d(1—k) (9.75in.) (1 —0.194) 248 mm — 0.194(248mm)
d.=h-d d.=(12in.) - (9.75in.) = 2.25in. d. = (305 mm) — (248 mm) = 57 mm
_ _2db 4 = 2(225in)(7in) _ 57502 4 = 2(57mm)(178 mm) _ 10,146 mm’
No.bars 2 2
2200 . 2.2
= 1.286)(1.2)(15.7k: = —————(1.285)(1.2)(107.7 MP
(1.286)(1.2)(15.7ksi) = a1 289012 2)

6500ksi

3/(2.25in.)(15.75in.%)

w = 27 mils< 28 mils OK

3/(57mm)(10, 146mm?)

w = 2004 r2/ad (U
w=0.68 mm < 0.71 mm OK

E;

_ 22
w = 2Bk A (s

‘f

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

3 . L33 3
I, = % I, = !7m.!1§;2m.! = 1008in.* I = (178 mm !1!2305mm! = 4209 x 10°mm*

Cdculate the cracked section properties and cracking
moment

f =75/ (U9
f =062/t (3)

f,=062,27.6 =3.25MPa

M = 2(325)(4.209x 10%) _

f = 7.5./4000 =474 psi

2(474.34)(1008
200 M, = = 79, 6891b On. = =
M, = _gE_};l “’ 12 " ‘ 305
6.6kip [t 8.97 x 10° NOnm = 8.97 kN [n
3 3
1, = DB 0,194y + 1., = (28D, (q.194y° +
1.8(567)(248)*(1 —0.194)°

cr

3
L, = %13 + A d (1 -k)
1.8(0.88)(9.75)*(1 —0.194)°

Iy =114in2

Iy = 4.74 x 10" mm*
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Procedure

Calculation in U.S. units

Calculation in S.I. units

Compute the reduction coefficient for deflection
using the recommended ay, = 0.50

s = A =k73)

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

fs<0.20f,

©(0.88in.%)(9.75in.) (1 —0.194/3)

8.52ksi <0.20(72 ksi) = 14.4 ksi

E 6500 ksi 44,800 MPa
=a,|ZL+1 = 0.50| =————+1| = 0.61 = 050 ————+1| = 0.61
B h[ES J B [29,000 ksi } By {200,000 MPa }
Compute the deflection due to dead load plus live
load
oM, oM, O _ 66 _ 08.97F 8
Udornr = B Bdlg+[1 -8 }1 (Dorere = BT (0.61)(1008) Worere = B2 (061)(4.209 % 10Y)
06.6 DT [ 08.97 Dj ;
+[1 =222 (114 1 -2l (474 %10
[1-Ho Jo Oa170 )
() prers = 240.7in." (I)pr+rs = 1.01 % 10°mm*
-3
5(10.5kip CR) (11 fr)*H2 10
) _ d U _ 5(14.17 x 10°N Gnm) (3350 mm)>
(Ai) = M (Ai)DL+LL - X 2 (Ai)DL - 2 3 2
DL+LL 48E.(L) s+ 11 48(3605 ksi)(240.7in.") 48(2.49 x 10" mm)(1.01 x 10° mm")
=6.6 mm
=0.26in.
Compute the deflection due to dead |oad alone and
live load aone.
(B = 2= )1 2023 (D)) = — 23RNy = Smm
WoL+LL Ao = — 7 (0-26in.) = 0.11in. YPE T 43 KN/m+ 5.8 kKN/m' -
292—=+400—=
ft ft
A = M (p 400%’ A) = 5.8 kKN/m 6.6 —38
(&), = WD“LL( DpL+iL b)), = —t(0.26in.) =0.15in. (&), = m( .6mm) = 3.8mm
b b
292—=+400—=
ft ft
Compute the multiplier for long-term deflection
using a& = 2.0 (recommended by ACI 318 for a
duration of more than 5 years)
A =0.60¢ A =0.60(2.0)=1.2 A =0.60(2.0)=1.2
Compute the long-term deflection for 20%
sustained live load and compare to long-term
deflection limitations
A, = (0.15in.) + 1.2[(0.11in.) + A7 = (3.8mm) + 1.2[(2.8mm) +
B = (D), +A[(A)p, +0.20(4),,] . .
0.20(0.15in.)] = 0.32in. 0.20(3.8mm)] = 8mm
Check ALT .
(11fr)H25H
[ . it . 3350mm
A S — 0.32in. € ———— = 0.55in. OK 8§ mm<=———— = 14mm OK
240 240 240
Step 7—Check the creep rupture stresslimits
Compute the moment due to all sustained loads
(dead load plus 20% of the live load)
b b
2023 +020 %Ooﬁm ' v = A3KN/m +020(5.8KN/m) | o -
Wp + 020w, M, = Ib o |0-Skip it = ’ 4.3kN/m + 5.8kN/m '
M= = — o Mo 2922 +400
pL T Wi t t 7.66kN [n
5.7kip (Ot
Compute the sustained stress level in the FRP bars
_ fo= 7.66 x 10°N Onm _
M, 1 = (5.7kip T)(12) = 852ksi ' (567mm’)(248mm)(1—0.194/3)

58.2MPa

58.2 MPa< 0.20(496) = 99.2 MPa
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Procedure

Calculation in U.S. units

Calculation in S.I. units

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

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. This stresslevel may be gov-
erned by the allowable stressin the stirrup at the
location of abend, which is computed as follows:

o Ep 052 +0.357,

(0.375)

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

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

_@Apfnd

from the support
088 111t O
) E,‘l i ogglbsind - y. = (588 KNim)(3.35m) _
wl u 00 0~ 2
v =W 4 2 ft 121n
=5 u o120
(15.88kN/m)(0.248) = 22.7kN
5.1kips
Compute the shear contribution of the concrete for
an FRP reinforced member
Ver = 9—0LL2fbd us) _ 0.0129(44,800 MPa) /27.6 MPa
Bue =0 0129(6500k51)2A/40001351(7ln )(9.75in.) “/7 90(0.85)(27.6 MP2) 6
E T “/ 7 "90(0.85)(4ksi) 1000
Ver = 9OBLf 6 b4 S (178mm) (248 mm)
Vs = 2.37 kips Vg = 10,580 N = 10.58 kN

fio = B.05303B) 1 0 Pi7aksi) = 32.4ksi

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

s, = 0.002(6500 ksi) = 13 ksi < 32.4 ksi

_ 0.85(2x0.11in.") (13ksi)(9.75in.) _ 7 6in. 5=

9.5
fin = B) _(_1(95 mm +03D(496MPa) =

223.2 MPa

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

fr, = 0.002(44,800 MPa) = 89.6 MPa< 223.2 MPa

_ 0.85(2 x 71mm°)(89.6MPa)(248mm) _
(22, 700 N—0.85 x 10,580 N)

(V(p/)

Equation (9-7) for minimum amount of shear rein-

= Aqf,10.35by, (S).

Check maximum spacing limit = d/2

(5.1kips —0.85 x 2.37kips)
O Use No. 3 stirrups spaced at 4.5 in. on center.
forcement can berearranged as s < Ay f;,, /500, (US) | s< (2 x 0.11 in.z)(13,000 psi)/(50)(7in.) = 8.17in.

d/2=9.75/2=4.875in.<7.61in.

196 mm
O Use No. 3 stirrups spaced at 120 mm on center.

s<(2x71 mmz)(89.6 MPa)/(0.35)(178 mm)
=204 mm

d/2 = 248/2 = 124 mm < 196 mm

EXAMPLE 2—DEVELOPMENT LENGTH EXAMPLE

An interior simply supported normaweight concrete beam
withb=9in. (229 mm), h=16in. (406 mm), and f; =4000 psi
(27.6 MPa) is supported by 8 in. (203 mm) masonry walls on
each end and spans 10 ft (3.05 m) (center-to-center of wall) (Fig.
E2.1). The beam carries a service live load of wy | = 2850 Ib/ft
(41.6 KN/m) and a service dead load of wey, = 1288 Ib/ft (18.8
kN/m) (including the self-weight of the beam). The beam is
reinforced with three No. 6 (3¢19) CFRP reinforcing barsfor
flexure giving a nominal moment capacity of M, = 126.7
kipfft (171.8 kN.m); material properties of the bars (as
reported by the bar manufacturer) are shown in Table E2.1.

The longitudinal reinforcement needs to be detailed after
checking the development length; 1.5 in. (38 mm) clear cover
is provided and No. 4 (¢13) FRP stirrups are used for shear
reinforcement.

Table E2.1—CFRP bar properties reported by the
manufacturer

Tensile strength, 'y, 240 ks 1655 MPa
Rupture strain, ¢, 0.012 0.012
Modulus of elasticity, E; 20,000 ksi 137.9 GPa

1.5 in._| ’
; i“éufk‘ .
TR

- o
Fig. E2.1—Geometry of the beam near its support.
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Calculation in U.S. units

Calculation in S.I. units

Step 1—Computethe design material properties
of the FRP bars
The beam will be located in an interior conditioned
space. Therefore, using Table 7.1 for CFRP bars, an
environmental reduction factor of 1.0 is
recommended.

fru= CEf*fu
Step 2—Calculate the development length of a
straight bar

The basic development length of a straight bar can
be computed as follows:

dfp U.S. units

| —
7 2700

I, = % Sl units

The reinforcement is located in the bottom of the
beam, and the cover and spacing are both larger
than dy,. Therefore, the multiplication factors on the
basic development length are all 1.0, and the devel-
opment length of a straight bar can be computed as
follows:

Lt = Kmlpr
Step 3—Determine the length of bar available
for development
The available development length is the smaller of
1/2 of the span or 1.3M/V,, + l,. The factored shear
demand at the middle of the support needs to be
computed.

v o= (LAwp, + 17w, )1
u 2

The distance from the end of the bar to the middle
of the support can be found from Fig. E2.1

The available development length is computed as
the lesser of the following two criteria:

Step 4—Determine the development length of a
hooked bar
The basic development length of a hooked bar can
be computed as the largest of the following three
criteria

1, = 40002 for f, > 150,000 psi (U.S)
N

c

d .
L,y = 330—% for fy, = 1040 MPa(S! units)
J

) e

Ibhf = 12db
Ibhf =9in. (US) =229 mm (Sl)
Step 5—Determineif the depth of the beam is
adequate for the hook

The geometry of the hook is shown in the following
figure:

fry = (1.0)(240 ksi) = 240 ksi

(240, 000 psi) _ 67in

| = 075in)
b 2700

lgg=67in.x1.0=67in.

i

[1.4%‘1288%+ 1.7%850“:%}(10&) )

" 2

33.2kips
13=050(8in)—15in.=25in.

@10 ft)%Z%B

3 +2.51in.= 62.5 in.

13(126.7 kip[ft)BIZ%B

+2.5in. = 62 in.

—

(33.2 kip)
Controls

lgr =67 in.> 62 in. O A hooked end will be required

1y = 4000{%731) = 475 . Controls
~/4000 psi
Ibhf = 12(075 |n) =9in.

Ibhf =9in.
Ibhf =47in.<62in.

s, = (1.0)(1655 MPa) = 1655 MPa

_ (19 mm) (1655 MPa) _

= = 1.7m
18.5

Ibf

lg=1.70mx1.0=1.70m

y. = [LAU88KN/m) +1.7(4L6 kNm)] (3 5, s
u 2 .

= 148.0kN

15 = 0.50 (203 mm) — 38 mm = 64 mm

(30%) +0.064m = 1.59m

L3(17L8KNOM) | 6 06am = 1.57m
(148.0kN)

Controls

lge=1.70m> 1.57 m O A hooked end will be
required

=330-2MM)_ _ 193mm — Controls
/276 MPa

lphs = 12(19 mm) = 228 mm

Ly

Ibhf =229 mm
lph = 1193 mm < 1570 mm
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Procedure

Calculation in U.S. units

Calculation in S.I. units

Ty

Al L

= ™ Lisin

13 ft.

The length of the hook tail and the radius of the
bend can be computed as follows:

Ithf = 12db
h= 3db

the end of the hook tail can be determined

line = 12(0.75in) = 9in.
rp=3(0.75in.) = 2.25in.

From the geometry shown in thefigure, thecoverto| 16in{h} —1.5in{cwr} —0.5in{stirrup} — 0.75
in{long.bar} —2.25in{rp} —9in{lyg = 2.

2.0in. is adeguate to cover the end of the hook tail. |50 mm is adequate to cover the end of the hook tail.

lie = 12(19 mm) = 228 mm
p = 3(19 mm) = 57 mm

381 mm{h} — 38 mm{cvr} — 13 mm{stirrup} — 19
mmy{long.bar} =57 mm{rp} — 228 mm{ Iy =50 mm

APPENDIX A—TEST METHOD FOR TENSILE
STRENGTH AND MODULUS OF FRP BARS

The following is the summary of atest method developed
by ACI Committee 440 for tensile strength and modulus of
FRP bars. The proposed test method has been submitted to
ASTM Subcommittee D-20-18.01, Reinforced Thermoset-
ting Plastics for Approval and Standardization.

Thistest method is used to determine the tensile properties
of FRP bars used in place of steel reinforcing bars in
concrete. This test method for obtaining the tensile strength
and modulus is intended for use in laboratory tests in which
the principal variableisthe size or type of FRP bars. The test
method focuses on the FRP bar, excluding the performance
of the anchorage. Therefore, tests that fail at an anchoring
section are disregarded, and the test findings are based on
test bars that fail in the test section.

Test specimen

The length of the test bar is defined as the sum of the
length of the test section and the lengths of the anchoring
sections. Thelength of thetest section isdetermined from the
greater of 4 in. (100 mm) or 40 times the nominal diameter
of the FRP bar.

At least five FRP bars are tested. If abar isfound to have
failed at an anchoring section, or to have slipped out of an
anchoring section, an additional test is performed on a sepa-
rate bar taken from the same lot.

Test equipment and setup

The testing machine needs to have a loading capacity in
excess of the tensile capacity of the test bar and needs to be
capable of applying loading at a specific loading rate.

The anchorage needsto be suitable for the geometry of the
bar and needs to have the capacity to transmit the loads
capable of causing the bar to fail at the test section. The
anchorageis constructed so asto transmit loadsreliably from
the testing machineto thetest section, transmitting only axial

loads to the bar, without transmitting either torsion or flex-
ural moment. When mounting the bar on the testing
machine, the longitudinal axis of the test specimen should
coincide with the imaginary line joining the two anchorages
fitted to the testing machine.

Extensometers and strain gages used to measure the elonga-
tion of the bar under loading need to be capable of recording
all variations in the gage length or elongation during testing
with a strain measurement accuracy of at least 10 x 1075,

Test method
To determine Y oung's modulus and the ultimate strain of

the bar, an extensometer or strain gage is mounted in the
center of the test section at a distance from the anchorage of
at least eight timesthe nominal diameter of the FRP bar. The
extensometer or strain gage needs to be properly aligned
with the direction of tension. The gage length when using an
extensometer is at least eight times the nominal diameter of
the FRP bar.

The rate of loading should be such that the stress in the
FRP bar isbetween 14.5 and 72.5 ksi (100 and 500 M Pa) per
min. If a strain control type of testing machine is used, the
load should be applied to the bar at afixed rate such that the
strain in the FRP bar corresponds to the stress between 14.5
and 72.5 ksi (100 and 500 MPa).

The load is increased until tensile failure, and the strain
measurements are recorded until the load reaches at least
60% of the tensile strength.

Calculations

The materia properties of the FRP bar are based on at least
five FRP barsfailing in tension without slipping at the anchor-
ages or rupturing near the anchorages.

The tensile strength is calculated according the equation
below with a precision to three significant digits.

f, = Fy/A



440.1R-42

where

f, = tenslestrength, psi;

F,= ultimate tensile capacity, Ib; and

A = nominal cross-sectional area of test bar, in.2.

The tensile stiffness and Young's modulus are caculated
from the difference between the load-strain curve values at
20% and 60% of the tensile capacity, obtained from the exten-
someter or strain gage readings according to the equations
below and with a precision to three significant digits. For FRP
bars where a tensile strength is given, the values at 20% and
60% of the tensile strength may be used.

EA = AF/Ag
E=al
A
where
EA = tendle stiffness, Ib;
E = Young'smodulus, psi;
AF = difference between the loads at 20% and 60% of
the ultimate tensile capacity, Ib;
Ae = difference between the strains at 20% and 60% of
the ultimate tensile capacity;
a = dope of the load-displacement curve between

20% and 60% of the ultimate capacity, Ib/in.; and
I = origind gagelength, in.

The ultimate strain is the strain corresponding to the tensile
strength when the strain gage measurements of the test bar are
available up to failure. If extensometer or strain gage measure-
ments are not available up to failure, the ultimate strain can be
caculated from the tensile strength and Young's modulus
according to the equation below with a precision to three
significant digits.

where g, = ultimate strain.

APPENDIX B—AREAS OF FUTURE RESEARCH
As pointed out in the body of the document, future research

is needed to provide information in areas that are till unclear
or arein need of additional evidence to validate performance.
Thelist of topics presented in this appendix has the purpose of
providing a summary.

Materials

e Confirmation of normal (Gaussian) distribution to repre-
sent the tensile strength of a population of FRP bar spec-
imens.

e Behavior of FRP reinforced member under elevated
temperatures.

e Minimum concrete cover requirement for fire resistance.

ACI COMMITTEE REPORT

» Fire rating of concrete members reinforced with FRP
bars.

» Effect of transverse expansion of FRP bars on cracking
and spalling of concrete cover.

»  Creep rupture behavior and endurance times of FRP bars.

»  End treatment requirements of saw-cut FRP bars.

»  Strength and stiffness degradation of FRP bars in harsh
environment.

Flexure/axial force
* Behavior of FRP reinforced concrete compression

members.

e Behavior of flexural members with tension and
compression FRP reinforcement.

 Design and analysis of concrete non-rectangular
sections reinforced with FRP bars.

* Maximum crack width and deflection prediction and
control of concrete reinforced with FRP bars.

*  Minimum depth of FRP reinforced concrete flexural
members for deflection control.

* Long-term deflection behavior of concrete flexural
members reinforced with FRP bars.

Shear
e Concrete contribution to shear resistance of members

reinforced with FRP bars.

e Failure modes and reinforcement limits of concrete
members reinforced with FRP stirrups.

e Use of FRP bars for punching shear reinforcement in
two-way systems.

Detailing

e Standardized classification of surface deformation
patterns.

e  Effect of surface characteristics of FRP bars on bond
behavior.

e Lap splicesrequirement of FRP reinforcement.

e Minimum FRP reinforcement for temperature and
shrinkage cracking control.

Structural systems/elements
e Behavior of concrete slabs on ground reinforced with

FRP bars.
Thedesign guide specifically indicated that test methods are
needed to determine the following properties of FRP bars:

e Bond characteristics and related bond-dependent coef-
ficients.

e Creep rupture and endurance times.

e Fatigue characteristics.

»  Coefficient of thermal expansion.

»  Durability characterization with focus on alkaline envi-
ronment and determination of related environmental
reduction factor.

»  Strength of the bent portion.

e Shear strength.

»  Compressive strength.
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