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Fiber-reinforced polymers (FRPs) have been proposed for use instead of
sted prestressing tendons in concrete structures. The promise of FRP materials
lies in their high-strength, lightweight, noncorrosive, nonconducting, and
nonmagnetic properties. This document offers general information on the
history and use of FRP for prestressing applications and a description of
the material properties of FRP. The document focuses on the current state
of design, development, and research needed to characterize and ensure the
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research needs.
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CHAPTER 1—INTRODUCTION

Fiber-reinforced polymer (FRP) composites have been
proposed for use as prestressing tendons in concrete structures.
The promise of FRP materials liesin their high-strength,
lightweight, noncorrosive, nonconducting, and nonmagnetic
properties. In addition, FRP manufacturing, using various
cross-sectional shapes and material combinations, offers
unique opportunities for the development of shapes and
forms that would be difficult or impossible with conventional
sed materids. Lighter-weight materials and preassembly of
complex shapes can boost constructibility and efficiency of
construction. At present, the higher cost of FRP materials
suggests that FRP use will be confined to applications
where the unique characteristics of the material are most
appropriate. Efficiencies in construction and reduction in
fabrication costs will expand their potential market. FRP
reinforcement is available in the form of bars, grids, plates,
and tendons. This document examines both internal and
externd prestressed reinforcement in the form of tendons.

One of the principal advantages of FRP tendons for
prestressing is the ability to configure the reinforcement to
meet specific performance and design objectives. FRP
tendons may be configured as rods, bars, and strands as
shown in Fig. 1.1. The surface texture of FRP tendons may
vary, resulting in bond with the surrounding concrete that
varies from one tendon configuration to another. Unlike
conventional steel reinforcement, there are no standardized
shapes, surface configurations, fiber orientation, congtituent
materials, and proportionsfor thefinal products. Smilarly, there
is no standardization of the methods of production, such as
pultrusion, braiding, filament winding, or FRP preparation for a
specific application. Thus, FRP materias require considerable
engineering effort to use properly. Bakis (1993) has outlined
manufacturing processes.

FRP tendons are typically made from one of three basic
fibers. These fibers are aramid, carbon, and glass. Aramid
fibers consist of a semicrystalline polymer known as
aromatic polyamide. Carbon fibers are based on the layered
graphene (hexagonal) networks present in graphite, while
glass generally uses either E-glass or S-glass fibers. E-glass
is alow-cost calcium-aluminoborosilicate glass used where
strength, low conductivity, and acid resistance areimportant.
S-glassis amagnesium-aluminosilicate glass that has higher
strength, stiffness, and ultimate strain than E-glass. S-glass
costs more than E-glass, and both are susceptible to
degradation in alkaline environments. Table 1.1 gives
properties of typical fibers.

The selection of the fiber is primarily based on consideration
of cost, strength, stiffness, and long-term stability. Within
these fiber groups, different performance and material
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Table 1.1—Typical fiber properties
Intermediate- Standard- E-glass (Hartman,
High-modulus carbon|  modulus carbon modulus carbon Aramid Greenwood, and
(Thornel 2004) (Torayca 1996) (Torayca 1996) (Kevlar 1992) Miller 1994) S-glass
Tensile strength, GPa 21to24 54106.3 35t04.9 29t03.0 34 49
Tensile modulus, GPa 517 to 827 294 230 71to112 72.3 86.9
Ultimate strain, % 0.3 19t022 15t02.1 24103.6 48 5.7
Mass density, g/cm® 20t02.2 18 18 144 2.58 2.46
Diameter, um 10 5 7 12 3to24 6to 14
Longitudinal CTE, ppm/°C -15 -06 -04 —4to-5 54 16

Note: 1 GPa=145ksi; 1 g/c:m3 =62.41b/ft3; 1/°C = 1.8/°F; 1 um=4x 1075 in.; CTE = coefficient of thermal expansion.

characteristics may be achieved. For example, aramids may
come in low, high, and very high modulus configurations.
Carbon fibers are also available with moduli ranging from
below that of steel to several multiples of that of steel. Of the
severd fiber types, glass-based FRP reinforcement is least
expensive and generally uses either E-glass or S-glass fibers.

Theresins used for fiber impregnation are usually thermo-
setting and may be polyester, vinylester, epoxy, phenolic, or
polyurethane. The formulation, grade, and physical-chemical
characteristics of resins are practically limitless. The possible
combinations of fibers, resins, additives, and fillers make
generdization of the properties of FRP tendons very difficult.
Additionally, FRP composites are heterogeneous and
anisotropic. Final characterigticsof an FRP tendon are dependent
on fiber and resin properties, as well as the manufacturing
process. Specific details of a particular tendon should be
obtained from the manufacturer of the tendon.

1.1—Organization and limitations of document

The emphasis of this document is on flexural membersin
concrete buildings and bridges pretensioned with aramid or
carbon FRP tendons. An FRP prestressing system consists of
the tendon and the anchorage. Properties, performance, and
overall behavior are dependent on the tendon/anchorage
system and on the individual components. Performance of
independent elements should be verified by test. Information
is provided for bonded and unbonded post-tensioned
applications where it is available. Only fully prestressed
members are considered, with no attempt being made to
address partially prestressed members. In general, to account
for the brittle characteristics of FRP, unlike stedl, which is
ductile, the recommendeations herein are conservative. Specific
limitations of FRP tendons are addressed and research needs
arelisted in Chapter 9. The committee fed sthat this document
is relevant to simple spans and to spans made continuous by
placing steel reinforcement in the deck of a bridge structure.
No recommendations are made for beams made continuous
with FRP tendons or for moment-resisting frames where
ductility or large deformations are required for seismic loading.
The worldwide number of prestressed FRP applicationsisless
than 100 (MDA 2004; IABSE 2003). Most are bridge structures
where issues of fire were not considered critical.

R

i . ||'|.'..'I|.l.'|'
Fig. 1.1—Sample FRP reinforcement configurations.

1.2—Historical development and use of FRP
reinforcement

The concept of using short glass fiber reinforcement in
concretewasfirgt introduced in the 1930s but was not developed
into long fiber reinforcement for nearly two decades. In the
1950s and 1960s, the U.S. Army Corps of Engineers was
sufficiently interested in long glass fibers for reinforcement
that a series of comprehensive reports was compiled (Mather
and Tye 1955; Pepper and Mather 1959; Wines, Dietz, and
Hawley 1966). Although these reports were generated,
research and site applications were limited. In the 1970s,
corrosion-induced deterioration of concrete structures,
particularly bridge decks, led to arenewed interest in design
strategies that would reduce susceptibility of structures to
corrosive environments.

In the 1970s, research activities started in Germany on
glass FRP-based prestressing tendons. In 1978, a joint
venture between German contractor Strabag-Bau and
German chemical producer Bayer resulted in glass fiber-
reinforced polymer (GFRP) tendons and an anchorage
system for post-tensioning applications. These tendons were
incorporated in several bridges in Germany and Austria.
After various transition stages, however, Strabag stopped its
activities in this field in the early 1990s. The National
Bureau of Standards (NBS)—now renamed the National
Ingtitute of Standards and Technology (NIST)—examined
nonmetallic rods for antenna guy wires. In the process, they
conducted some of the first research into anchorage of
composite rods that became relevant to prestressed concrete
application of FRP materials (NBS 1976).
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Interest in the corrosion-resistant properties of nonmetallic
bars and tendons continued to grow in the 1980s. In 1983,
AKZO, achemical producer in the Netherlands, and HBG, a
contractor, jointly developed aramid fiber reinforced
polymer (AFRP) prestressing tendons. The Japanese have
also undertaken an extensive national program to examine
the use of FRP reinforcement in concrete structures. Around
1980, research and development began in Japan on production
techniques for FRP reinforcement and its application to
concrete structures. This research and development originally
focused on the development of FRP-reinforced concrete
membersthat used FRPsinstead of steel reinforcing barsand
prestressing tendons. In the United States, a new anchorage
was developed for glass fiber tendons (lyer and Kumarswamy
1988), and the prestressing use of Kevlar™ was investigated
(Dolan 1989). lyer’sanchorage was supported financially by
the Florida Department of Transportation (FDOT), which
funded amgor study to investigate the prestressing gpplication
of glassfiber tendonsfor bridge and marine substructures (Sen,
Issa, and Mariscal 1992). This research culminated in the
first conference to focus on FRP composites for civil
engineering applications (lyer and Sen 1991), and the
construction of the first FRP prestressed bridge in Rapid
City, South Dakota (Iyer 1993). These and similar effortsled
to the development of several commercial tendon systems,
many of which are discussed in the proceedings of the First
International Symposium for FRP in Reinforced Concrete
Structures (FRPRCS-1) (Nanni and Dolan 1993), and in a
Japanese Society of Civil Engineers publication (JSCE 1996).

1.3—Design guidelines and technical committees

In 1993, thefirst design guidelinesfor FRP-reinforced and
prestressed concrete buildings were established by the Japanese
Society of Civil Engineers. The Japanese version of the
guideline was released in 1995, while the English version
(Sonobe et a. 1997) was published in 1997. The Canadian
Standards Association has produced two standards—CAN/
CSA S6-00 and CAN/CSA S806-02—that contain code
provisionsfor the use of FRP prestressing tendonsin bridges
and buildings, respectively.

In Europe, unified design guiddines for FRP reinforcement
are under development. A task group with this aim was
established at the end of 1996, within theformer CEB (Euro-
International Concrete Committee). In December 1997, a
4-year training and mobility of researchers network project,
titted “Development of Guidelines for the Design of
Concrete Structures, Reinforced, Prestressed or Strengthened
with Advanced Composites,” started. Thisso-caled “ ConFiber-
Crete Network” was comprised of 11 teams from nine
different European countries.

Since the merger of CEB and FIP (Federation Internatio-
nale dela Precontrainte), thistask group has been integrated
in the new fib (Federation Internationale du Béton). Task
Group 9.3 of fib Commission 9 is charged with developing
design quidelines for concrete structures reinforced,
prestressed, or strengthened with FRP, based on the design
format of the CEB-FIP Model Code and Eurocode 2 (fib
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TG9.3). Recent activities in Europe have been summarized
by Matthys and Taerwe (2001).

The American Society of Civil Engineers (ASCE) established
a standards committee to address stand-alone FRP products.
The Transportation Research Board (TRB) has formally
established Committee A2C07 to examine the use of FRPin
bridge structures. Other societies, including the Society for
the Advancement of Materia and Process Engineering
(SAMPE) and the Market Development Alliance (MDA) of
the FRP Composites Industry, have been active in the area of
FRP for construction use.

1.4—Research efforts

Early development work on prestressing with FRP was
carried out at the South Dakota School of Minesby lyer who
developed the first prestressing anchorage in the late 1980s.
The first glass fiber prestressed bridge built in the United
States was in Rapid City, South Dakota, in 1990. Other
research was carried out at the University of South Florida,
Florida Atlantic University, and the Florida Department of
Transportation (Sen, Issa, and Mariscal 1992). Studies
included static and fatigue testing of beams and half-scale
bridges, durability studies, and full-scale testing of piles. All
three materials—aramid, carbon, and glass—were eva uated.

Work relating to FRP prestressing in the United States has
been documented by Dolan (1999). Much of the research on
FRP reinforcement in the United States has been conducted
by individua investigators at the University of Arizona
(Eshani, Saadatmanesh and Nelson 1997), the University of
Michigan (Naaman and Jeong 1995), the Massachusetts
Ingtitute of Technology (Triantafillou and Deskovic 1991),
Pennsylvania State University (Nanni et al. 1996a,b), South
Dakota School of Mines (lyer et al. 1996), the University of
Cdifornia (Long Beach), West Virginia University (Vijay and
GangaRao 2001), the University of Wyoming (Dolan et al.
2000), and Lawrence Technologica University (Grace
2000a,b). In 1993, FHWA sponsored research into accelerated
aging and standardized testing of FRP materials at Georgia
Ingtitute of Technology, Pennsylvania State University, and the
Catholic University of America. In 1994, FHWA sponsored
research into development of design recommendationsfor FRP
prestressing for bridge girders that led to design specification
recommendations for AASHTO (Dolan et a. 2000). Lawrence
Technological University has developed a demongtration
bridge using external unbonded FRP tendons (Grace 1999).

In Canada, several researchers, mostly within 1SIS Canada
(Canadian Network of Centers of Excellence on Intelligent
Sensing for Innovative Structures), have been investigating
applications of FRP prestressing tendons. Work at the
University of Manitoba has emphasized carbon FRP tendons
and has considered the behavior of prestressed beams under
both service and ultimate conditions (Abdelrahman, Tadros,
and Rizkalla 1995; Fam, Rizkalla, and Tadros 1997). Extensive
studies on bond and transfer length have aso been
conducted. At the Royal Military College of Canada (RMC),
work has been done on aramid FRP tendons (McKay and
Erki 1993), and more recently on carbon FRP tendons.
Researchers at Queen’s University have been investigating
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the low temperature and long-term behavior of beams
prestressed with CFRP (Bryan and Green 1996). Additionally,
the possibility of using CFRP rods to prestress bridge deck
slabs was investigated (Braimah, Green, and Soudki 1996),
and work on the transfer length of beams prestressed with
carbon FRP was conducted (Soudki, Green, and Clapp
1997). Partially prestressed, partially bonded FRP tendons
have been investigated (Rizkalla, Fang, and Campbell 2001).
Noncorrosive wedge-type anchorages for FRP tendons have
been developed at the University of Cagary (Sayed-Ahmed
and Shrive 1998; Campbell et al. 2000; Shaheen 2004). At
theUniversity of Sherbrooke, extensiveinvestigationsare being
conducted into the durability of FRP rods for reinforcing and
prestressing concrete, and into the development of a bond-type
anchorage (Zhang 2002). The effects of temperature on beams
prestressed with FRP tendons have been the focus of research at
Concordia University, and applications of unbonded FRP
tendons have been considered at the University of Windsor
(Salib, Abdel-Sayed, and Grace 1999). Researchers at Carleton
University and the University of Waterloo areasoinvestigating
applications of FRP prestressing tendons.

The decline in the Japanese economy in the 1990s slowed
the Japanese development program and has curtailed the
availability of many Japanese products for evaluation and
testing in North America. Developmentsin Japan have been
addressed by Fukuyama (1999), and details of some recent
projects are available from the Advanced Composites Cables
(ACC) Club.

Activities in Europe relating to the use of FRP have been
reported by Taerwe and Matthys (1999). Of the projects
financially supported by the European community, the
BRITE/EURAM project, “Fiber Composite Elements and
Techniques as Non-Metallic Reinforcement for Concrete,”
started November 1991 and ended in 1996. The Universities
of Braunschweig and Ghent, together with industrial partners
from Germany and The Netherlands, investigated performance
characteristics and structural aspects of FRP reinforcement
for prestressed and reinforced concrete members. The
EUROCRETE project, a pan-European collaborative
research program with partners from the United Kingdom,
the Netherlands, Switzerland, France, and Norway, began in
December 1993 and ended in 1997. This project included
material development, research on durability in aggressive
environments, determination of structural behavior, and
development of design guidance, techno-economic, and
feasibility studies. The project included construction of
demonstration structures.

1.5—Demonstrations and field applications

During the late 1980s and throughout the 1990s, several
demonstration projects have shown the potential of FRP
prestressing applications. The Marienfelde Bridge in Berlin,
completed in 1988, is the first structure to be built in
Germany since 1945 with external unbonded prestressing
(Wolff and Miessdler 1989). It is atwo-span, 27.61 m (90.5 ft)
and 22.98 m (75.1 ft) continuous double-T section beam
providing a pedestrian walkway and a bridle path. Seven
external Polystal® tendons, each composed of 19 glass fiber
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Fig. 1.2—Construction of the FRP prestressed girders for
the Taylor Bridge in Headingly, Manitoba, Canada.

bars, are located between the beam webs. Each tendon has a
working load of 600 kN (135kip), is7.5mm (0.3in.) in diam-
eter, andiscovered witha5 mm (0.2 in.) thick sheathing. Four
bars out of a group of 19 in a tendon dipped out of the
anchorage during prestressing. The treatment for bar dlippage
was not very difficult because the external prestressing system
readily permitted replacement of the entire tendon, complete
with the duct and anchorages, at both ends.

The BASF bridge in Ludwigshafen, Germany, is a
prestressed roadbridge (Zoch et al. 1991). The bridge girder
has width for two lanes, and the total length is 85 m (278 ft).
Four CFRP tendons were used in conjunction with 16
conventional steel tendons as internal unbonded post-
tensioned reinforcement. Each tendon consisted of 19 carbon
fiber-reinforced polymer (CFRP) strandsof 12.5mm (0.5in)
diameter, with a prestressing force of 70 kN (16 kip) applied
on each strand. The die-cast/wedge anchorage was chosen for
applying prestress by post-tensioning to the bridge girder. All
tendons were guided through tubes embedded in the concrete,
sted tendon tubes were filled with cement grout after
tensioning, while the CFRP tendon tubes were not filled to
allow inspection, exchange of tendons, and data collection.

In 1993, abridgewasbuilt in Cagary using FRP pretensioned
tendons incorporating fiber optic sensors (Rizkalla and
Tadros 1994). Thiswasthe first bridge of itskind in Canada
and one of thefirst in the world. A second bridge incorporating
FRP prestressing tendons was built at Headingly, Manitoba,
in 1997. Figure 1.2 shows the fabrication of the prestressed
girders for the Taylor Bridge in Headingly, and Fig. 1.3
shows the completed bridge.

Figures 1.4 and 1.5 show the Bridge Street Bridge in
Southfield, Michigan. This bridge was completed in 2001
and is a three-span structure that used bonded and
unbonded CFRP tendons in both longitudinal and transverse
directions (Grace et a. 2002). The Bridge Street Bridge
Deployment Project consists of two parallel, independent
bridges (Structure A and Structure B) over the Rouge
River in the City of Southfield, Michigan. Both structures
are designed to accommaodate one traffic lane and incorporate
three 15-degree skewed spans. Structure A consists of new
substructure and superstructure and incorporates five
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Canada.

Fig. 1.4—FErection of the Bridge Sreet Bridge, Southfield,
Mich. (Courtesy of HRC Consulting Engineers, Inc., Mich.)

equally spaced conventional AASHTO-I beams in each of
the three spans, with a continuous cast-in-place concrete
deck dab. Structure B consigts of twelve double T (DT) beams,
each prestressed using pretensioned Leadline tendons and post-
tensioned, in the longitudina and transverse directions, using
carbon fiber composite cable (CFCC) strands. Details of the
congtruction of the Bridge Street Bridge can befound elsawhere
(Grace, Enomoto, and Y agi 2002). Bridge Structures A and
B were designed for two traffic lanes using the provisionsto
the extent possible of the American Association of State
Highway and Transportation Officials (AASHTO) Standard
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Fig. 1.5—Completed Bridge Street Bridge (Grace et al.
2002).

Specifications for Highway Bridges (sample calculations in
Grace and Singh [2003]). The superstructure dead loads for
Structure B included the DT beams, composite CFRP-
reinforced concrete topping, surfacing mixture, pedestrian
sidewalk, barrier wall, and the bridge parapet and railing.
Liveload design was based on the Michigan MS-23 standard
truck loading. Thislive load condition corresponds to 125%
of the Michigan MS-18 (AASHTO HS20-44) standard truck
loading. The live load distribution factor used for design of
the DT beams was calculated two different ways, using
provisions defined in both the AASHTO Standard and
AASHTO LRFD Bridge Design Specifications.

Four demonstration projects, in which FRP pretensioned
concrete piles have been driven successfully, have been
carried out in the United States. Further details of these
projects are given in Chapter 8.

1.6—Definitions

Definitions of terms used in concrete structures are found
in“ Cement and Concrete Terminology (ACI 116R).” Terms
and notation that have specific gpplication to FRP reinforcement
and prestressing are defined as follows.

A

AFRP—aramid fiber-reinforced polymer.

alkalinity—the condition of having or containing
hydroxyl (OH") ions; containing alkaline substances. Note:
in concrete, the alkaline environment has a pH above 12.

anchor—in prestressed concrete, to lock the stressed
tendon in position so that it will retain its stressed condition.

anchorage—In post-tensioning, a device used to anchor
the tendon to the concrete member; in pretensioning, a
device used to maintain the elongation of atendon during the
timeinterval between stressing and release.

anchorage, dead-end—the anchorage at that end of a
tendon that is opposite to the jacking end.

B
balanced FRP reinforcement ratio—the reinforcement

ratio in a flexural member that causes the ultimate strain of
FRP and the ultimate compressive strain of concrete to be
simultaneously attained.
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bar—a nonprestressed FRP element, made mostly of
continuous fibers with nominally rectangular or circular
cross section, used to reinforce astructural concrete component;
the bar may have a deformed or roughened surface to
enhance bonding with concrete.

bond stress—the stress between the concrete and the
reinforcing element.

bond stress, average—the force in a reinforcing element
divided by the product of the perimeter and the devel opment
length of the reinforcing element.

bond, transfer—in pretensioning, the bond stress resulting
from the transfer of stress from the tendon to the concrete.

bonded member—a prestressed concrete member in
which the tendons are bonded to the concrete either directly
or through grouting.

bonded tendon—prestressing tendon that is bonded to
concrete either directly or through grouting.

C

camber—a deflection that is intentionally built into a
structural element or form to improve appearance or to
nullify the deflection of the element under the effects of
loads, shrinkage, and creep.

CFRP—carbon fiber-reinforced polymer.

coefficient of thermal expansion—change in linear
dimension per unit length.

composite—a combination of one or more materials
differing in form or composition on a macroscale. Note: the
congtituents retain their identities; that is, they do not
dissolve or merge completely into one another, although they
act in concert. Normaly, the components can be physically
identified and exhibit an interface between one another.

concrete clear cover—theleast distance from the concrete
surface to the nearest surface of embedded prestressing
tendon or reinforcement.

creep—the inelastic strain of amaterial under a sustained
load over a period of time.

creep-rupture—the tensile fracture of amaterial subjected
to sustained high stress levels over a period of time.

D
defor mability—ratio of deflection parameter of a member
at ultimate to the same parameter at cracking.
development length—length of embedded reinforcement
required to develop the nominal capacity of a member.
duct—a conduit for post-tensioning tendons.

E

effective depth of section—distance measured from the
extreme compression fiber to the centroid of the tensile
reinforcement.

effective prestress—stress remaining in prestressing
tendons after all losses have occurred.

embedment length—Ilength of embedded reinforcement
provided beyond acritical section.
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F

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

fiber, carbon—fiber produced by the heating and stretching
for molecular aignment of organic precursor materials
containing a substantial amount of carbon, such as rayon,
polyacrylonitrile (PAN), or pitch, in an inert environment.

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 material
consisting of continuousfibersimpregnated with afiber-binding
polymer, then molded and hardened in the intended shape.

fiber volume fraction—the ratio of the volume of the
fibers to the total volume of the fiber-reinforced composite.

H
harped tendons—tendons that have a trajectory that is
bent with respect to the center of gravity axis of the concrete
member.

J
jacking for ce—the temporary force exerted by the device
that introduces tension into prestressing tendons.

L

limit states—those conditions of a structure in which it
ceases to fulfill the relevant function for which it was
designed.

load factor—factor applied to aspecified |oad that, for the
limit state under consideration, takesinto account the variability
of the loads and load patterns, and analysis of their effects.

load, factored—product of a specified load and its
load factor.

load, sustained—specified dead load plus that portion of
the specified live load expected to act over a period of time
sufficient to cause significant long-term deflection.

loss, elastic—in prestressed concrete, the reduction in
prestressing load resulting from the elastic shortening of
the member.

loss, friction—the stress loss in a prestressing tendon
resulting from friction between the tendon and duct or other
device during stressing.

loss, shrinkage—reduction of stress in prestressing
tendon resulting from shrinkage of concrete.

loss of prestress—the reduction in the prestressing force
that results from the combined effects of dip at anchorage,
relaxation of stress, frictional loss, and the effects of elastic
shortening, creep, and shrinkage of the concrete.

M
matrix—the material that serves to bind the fibers
together, transfer |loadsto thefibers, and protect them against
environmental attack and damage due to handling.

P
post-tensioning—a method of prestressing in which the
tendons are tensioned after the concrete has hardened.
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prestressed concrete—concrete in which the interna
stresses have been initially introduced so that the subsequent
stresses resulting from dead |oad and superimposed loads are
counteracted to a desired degree; this may be accomplished
by post-tensioning or pretensioning.

pretensioning—a method of prestressing in which the
tendons are tensioned before the concrete is placed.

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

R

relaxation—the loss of tension with time in a stressed
tendon maintained at constant length and temperature.

resistance factor—factor applied to a specified material
property or to the resistance of a member for the limit state
under consideration, which takesinto account the variability
of dimensions, material properties, workmanship, type of
failure, and uncertainty in the prediction of resistance.

S
splitting tensile strength—tensile strength of concrete
determined by a concrete cylinder splitting test.
strand—a linear component that constitutes either a part
or the whole of a prestressing tendon.

T

tendon—an element such as a wire, bar, rope, a single
strand, or an assembly of multiple strands used to impart
prestress to a structural component. Note: Distinction is
made between strands and tendons. Strands refer, for
example, to pultruded FRP rods and tendons to bundled FRP
rods stressed by common anchors.

thermoplastic—resin that is not cross-linked, and generally
can be remelted and recycled.

ther moset—resin that isformed by cross-linking polymer
chainsand cannot be melted or recycled because the polymer
chains form athree-dimensional network.

tow—an untwisted bundle of continuous fibers.

transfer—act of transferring forcein prestressing tendons
from jacks or the pretensioned anchorage to the concrete
member.

transfer length—the length from the end of the member
where the tendon stress is zero, to the point along the
tendon where the prestress is fully effective, also called
transmission length.

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

1.7—Notation

Ap = cross-sectional areaof FRPtendon, mm? (in.?)

Api = cross-sectional area of FRP tendon at level i,
mm? (in.2)

Ap int
Aptot

As

ACI COMMITTEE REPORT

area of the internal prestressed reinforcement,
mm? (in.2)

total area of internal and external prestressed
reinforcement, mm? (in.?)

area of nonprestressed tensile reinforcement,

mm? (in.%)
areaof nonprestressed compressive reinforcement,
mm? (i n.2)

amount of FRP shear reinforcement within
spacing s, mm? (in.z)

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

depth of the equivalent compression block,
mm (in.)

width of compression face of member, mm (in.)
width of web (width of a rectangular cross
section), mm (in.)

depth of neutral axis, mm (in.)

depth of neutral axis at ultimate, mm (in.)
deformability index

depth to the FRP tendon (distance from
extreme compression fiber to centroid of
tension reinforcement), mm (in.)

diameter of reinforcing bar, mm (in.)
effective depth, mm (in.)

depth to the FRP tendon in layer i, mm (in.)
depth from the concrete top fiber to the
centroid of the prestressing tendon, mm (in.)
depth of the external prestressing tendons at
ultimate limit state, mm (in.)

modulus of elasticity of concrete, MPa (psi)
modulus of elasticity of the fibers, MPa (psi)
modulus of elasticity of the prestressed tendon,
MPa (psi)

elastic modulus of the resin, MPa (psi)
effective eccentricity, mm (in.)

maximum stress in tendon due to combined
axial load and harping, MPa (psi)

concrete stress in the extreme compression
fiber, MPa (psi)

specified compressive strength of concrete,
MPa (psi)

compressive strength of concrete at time of
initial prestress, MPa (psi)

stress in the bent FRP stirrup, MPa (psi)
ultimate tensile strength of the FRP stirrup,
MPa (psi)

stressin tendon induced by harping, MPa (psi)
FRP stressin tendon layer i, MPa (psi)

stress increase in bottom layer of FRP tendons
due to flexure, MPa (psi)

tendon stress, MPa (psi)

effective stress in tendon (after alowance for
al prestresslosses), MPa (psi)

design ultimate tensile strength of prestressed
FRP tendon and anchorage system, MPa (psi)
yield strength of nonprestressed tensile
reinforcement, MPa (psi)
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yield strength of nonprestressed compressive
reinforcement, MPa (psi)

depth of the flange in T-section, mm (in.)
cracked moment of inertia, mm* (in.%)
effective moment of inertia, mm® (in.%)

gross moment of inertia, mm?* (in.4)

ratio of neutral axis depth to FRP tendon depth
bond correction factor

ratio of neutral axis depth to FRP tendon depth
for an over-reinforced section

effective span of beam, length of the prestressing
tendon between anchorages, mm (in.)
development length, mm (in.)

flexural bond development length, mm (in.)
transfer length, mm (in.)

tail length of the FRP stirrup, mm (in.)
unfactored live load moment, N-mm (in.-Ib)
maximum moment in a member at which the
deflection is being computed, N-mm (in.-1b)
cracking moment, N-mm (in.-1b)

nominal moment capacity, N-mm (in.-1b)
number of layers of tendons

modular ratio = E;/E

modular ratio of theresin = E, /E;

jacking load, N (1bf)

radius of curvature of the harping saddle
(radius of saddle), mm (in.)

radius of the bend of the FRP stirrup or radius
of FRP tendon, mm (in.)

relaxation losses, %

depth reduction factor, %

relaxation component due to relaxation of the
fibers, %

relaxation component due to the relaxation of
the polymer matrix

relaxation component due to straightening of
the fibers

radius of the tendon, mm (in.)

spacing of the deviators, mm

stirrup spacing or pitch of continuous spirals,
mm (in.)

distance from the extreme compression fiber to
theneutral axisof the cracked section, mm (in.)
distance from the extreme compression fiber to
the effective neutral axis, mm (in.)

shear resistance provided by concrete, N (1bf)
shear resistance provided by FRP stirrups, N
(Ibf)

nominal shear strength of areinforced concrete
cross section, N (Ibf)

vertica component of prestressing force, N (Ibf)
shear resistance provided by steel stirrups, N
(Ibf)

factored shear load, N (Ibf)

volume of fibersin the tendon

volume of resin in the tendon

factor used in Eq. (3-24)
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Op = factor for the flexura bond length of FRP
tendon

o4 = factor for the transfer length of FRP tendon

B1 = stress-block factor for concrete

Bp = factor for softening equivalent moment of
inertia

Afy = change in stress in an unbonded prestressed
tendon due to flexure, MPa (psi)

Agy = change in strain in prestressed tendon due to
flexure

Ecp = average strain in concrete at centroid of the
tendon

€cu = ultimate strain in concrete in compression

&g = additional strain in tendon that causes the
extreme precompressed fiber to reach zero
strain (decompression)

&f = dirain available in tendon for flexure after
decompression

&p = tendon strain

€pe = effective strain in the FRP tendon after all
losses

Epi = initia elastic strain in FRP tendon

Epr = lossof strain capacity due to sustained |oads

€ps = dtrainin the FRP tendon at service

€pu = ultimate tensile strain in the prestressed FRP
tendons

¢ = strength reduction factor

dpend = Strength reduction for bent stirrup

Y = materia constant

p = reinforcement ratio

Pp = baanced reinforcement ratio

Pi = reinforcement ratio for reinforcement at level i

Q = dtrain reduction coefficient

Q = strain reduction coefficient at ultimate

3 = ratio of effective stress to ultimate tensile
strength

Wi = ratio of depth of tendon layer i to depth of

bottom tendon layer

CHAPTER 2—FRP TENDONS AND ANCHORAGES
2.1—FRP tendon characterization
FRP tendons are produced from a wide variety of fibers,

resins, shapes, and sizes. Only aramid and carbon fibers,
however, are recommended in this document. Glass fibers
have poor resistance to creep under sustained loads and are
more susceptible to alkaline degradation than carbon and
aramid fibers. An FRP tendon is identified by the type of
fiber used to make the tendon. The Japanese have devel oped
a system to define FRP tendons (Table 2.1).

The tendon and anchorage comprise a system. The tendon
properties are developed for a specific anchorage. Using an
aternative anchorage may not result in the same strength and
performance properties of the system.

2.2—Commercial tendons

Properties and characteristics of commercially available
tendons are summarized in Table 2.2 and are based on the
manufacturer’ s published data. The trade names of the products
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are used for clarity and historical perspective. Not all
tendons are currently available, and the properties of the
tendons are subject to change. Some of these tendons are
showninFig. 1.1.

2.3—Description of tendons

Arapree®—Arapree® was a combined development of
AKZO Chemicals and Hollandsche Beton Groep in The
Netherlands. The manufacturing rights have been transferred
to Sireg SP.A., an Italian company. Arapree® consists of
aramid (Twaron®) fibers embedded in epoxy resin. Two
types of cross section are available in the marketplace:
rectangular and circular. The former is easier to grip with a
wedge-type anchorage (Gerritse and Werner 1988).

The anchorage developed for Arapree®, both flat and
round rod types, consists of atapered metal sleeveintowhich
the tendon is either grouted (post-tensioning application) or
clamped between two wedges. The wedge anchorage,
designed primarily for temporary use, is comprised of a steel
sleeve and two semicylindrical tapered wedges made of

Table 2.1—Fiber identification

Fiber type Identification
Aramid fiber A
Carbon fiber C

Multiple fibers *

*Inatendon usi ng multiplefibers, thefirst letter of the two fibers making up the material
will be used with the dominant fiber going first (for example, CA for carbon/aramid
composite with carbon having the larger volume).
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Polyamide PAG6. The outer surface of the wedges and the
inner surface of the metal socket are smooth and noncoated.
The inner surface of the wedge, which holds the tendon, is
similarly smooth, and gripping of the tendon relies solely on
the frictional resistance provided by the plastic.

FiBRA—Muitsui Construction Company of Japan produces
an FRP rod known as FiBRA. Braiding of fiber tows,
followed by epoxy resin impregnation and curing, form the
rod. Aramid and carbon fibers have been used, with aramid
being the most common. Smdll variationsin the manufacturing
process produce two types of rod: rigid and flexible. Rigid
rods are used for concrete reinforcement, whereas flexible
rods, which can be coiled, are used as prestressing tendons
(Tamura, Kanda, and Tsuji 1993).

FiBRA hastwo different types of anchorage: aresin-potted
anchorage used for single-tendon anchoring and a wedge
anchorage for either single- or multiple-tendon anchoring.
This wedge anchorage is made of four steel wedges (held
together by an O-ring) that dip inside a steel sleeve with a
conical interior surface. Grit is applied to the inner surface of
thewedges. The exterior surface of thewedgesand theinterior
surface of the steel sleeve are coated with a dry lubricant to
assist in seating and removal of the anchorage.

Technora®—Technora® tendon is an aramid product
jointly developed by Sumitomo Construction Company and
Teijin Corporation, both of Japan. Technora® is a spiraly
wound pultruded tendon impregnated with avinyl ester resin
(Noritake et al. 1993). Manufacturing of a spirally wound
tendon begins with pultruding the impregnated straight fiber

Table 2.2—Properties of FRP tendons (compiled from various references)

AFRP CFRP
Property Arapree® FiBRA Technora® Parafil® Leadline™ CFCC
Fiber Twaron Kevlar49 Technora Kevlar49 Carbon Carbon
Resin Epoxy Epoxy Vinyl ester — Epoxy Epoxy
Fiber volume ratio 0.45 0.65 0.65 — 0.65 0.65
Density, g/em® 1.25 1.28 13 144 153 15
Longitudinal tensile strength, GPa 12t015 125t01.4 17t021 12t01.9 2.25t02.55 18to2.1
Transverse tensile strength, MPa — 30 — — 57 —
Longitudinal modulus, GPa 62 to 64 65to0 70 54 120to 130 14210 150 137
Transverse modulus, GPa — 55 — — 10.3 —
In-plane shear strength, MPa — 4.9 — — 71 —
In-plane shear modulus, GPa — 22 — — 7.2 —
Major Poisson’s ratio 0.38 0.34t00.6" 0.35 — 0.27 —
Minor Poisson’sratio — 0.02 — — 0.02 —
Bond strength, MPa 7.7 10to 13 10to 16 — 41020 7to11
Maximum longitudinal strain, % 24 20t03.7 3.7t038 15t01.7 13tol5 157
Maximum transverse strain, % — — — — 0.6 —
Longitudinal compressive strength, MPa — 335 — — 1440 —
Transverse compressive strength, MPa — 158 — — 228 —
Longitudinal thermal expansion —2x10° —2x10° —3x10° — ~09x 1078 05x10°°
Transverse erma expansion 50 x 1076 60 x 1076 — — 27x 107 21x 10
Relaxdli ?(;‘s;"’f‘tr'gnﬁ'tj ;gﬁmée;?‘gat“fev 111014 12a103h 8to13a103h | 6t09a 105h 2t03  |05tola102h

*Pseudo Poisson’s ratio due to structure of tendon.

Notes: A “—" indicates that information is not available or is not applicable. 1 MPa = 145 psi; 1 GPa= 145ksi; 1 g/cm3 = 62.4 1b/ft3; and 1/°C = 1.8/°F.
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Fig. 2.1—Photos of representative anchorages.

bundles through an unheated die. Identical fiber bundles are
spiraly wound around the tendon to produce a deformed
surface. Longitudinal fiber bundles are added to the outer
surface before asecond spiral winding is added. The product
isthen cured in an oven.

Technora® tendons employ either wedge-type or potted-
type anchorages. Anchorages for single rod tendons or
multiple rod tendons, numbering from three to 19 rods, are
available.A screw thread is cut into the outer surface of the
housing so that the anchorage can be secured with anut onto
abearing plate.

Parafil®—Linear Composites Limited of England is the
producer of a parallel-lay tendon composed of dry fibers
contained within a protective polymeric sheath (Burgoyne
1988). Parafil® was originally developed in the early 1960s
to moor navigation platformsin the North Atlantic. Parafil®
has several features that distinguish it from other FRP
prestressing tendons:. it cannot be bonded to concrete; it
contains no resin; and it was not initially developed for
prestressing. Nevertheless, it has been used for prestressing
concrete on a number of occasions.

Parafil® tendons are anchored by means of a barrel and
spike fitting, which gripsthefibers between a central tapered
spike and an external matching barrel. Aluminum aloy,
galvanized mild sted, stainless stedl, and composite materials
may be used for the anchorages because this scheme takes
advantage of the fibers of the tendon simply being tightly
packed in the protective outer sheathing.

Leadline”— Mitsubishi Kasei Corporation of Japan has
developed a CFRP tendon called Leadline™ that is pultruded
and epoxy impregnated. There are several varieties of
Leadline™ tendons that differ in pattern and method of
fabrication of their surfaces. Smooth tendons have no
surface deformations. Indented tendons have two shallow
helical depressions in the surface that spiral in opposite
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directions. Ribbed tendons have either raised helical windings
similar to the indented pattern or a circumferential winding
transverse to the longitudinal axis of the tendon.

Leadline™ employs a steel wedge system to anchor the
tendons with an auminum Sleeve that fits between the
wedges and the tendon. The sleeve hasfour independent arms
that extend along the length of the tendon. The wedges are
placed around the sleeve so that the gap between adjacent
wedges falls over the solid portion of the sleeve. The deeve
is intended to spread the stresses imposed on the tendon by
the wedges. A plagtic film is placed around the whole
assembly to secure the multiple pieces together for insertion
into the steel deeve.

CFCC—Carbon fiber composite cable (CFCC) was
developed by Tokyo Rope Mfg. Co., Ltd. and Toho Rayon
Co., both of Japan. The tendon is formed by twisting a
number of rods in a manner similar to a conventional
stranded steel tendon (Santoh 1993). Materials used for
CFCC include PAN-based carbon fiber and epoxy resin
developed by Tokyo Rope. Multiple pieces of prepreg (semi-
hardened towswith aresin precursor) are madeinto abundle
that is treated with a proprietary coating and formed into a
small-diameter rod. A number of theserods are stranded and
formed into a composite tendon that is heated and cured to
form the finished product. The coating protects the tendon
from UV radiation and mechanical damage whileincreasing
the bond characteristics with concrete.

The manufacturer classifies CFCC anchoring methods as
resin-filling and die-cast methods. The anchorages are
chosen based on the intended application. The resin-filling
method bonds the tendon to a steel cylinder utilizing a high-
performance epoxy. These cylinders can be threaded as
necessary to allow anchoring with nuts. The die-cast method
attaches a die-molded alloy and steel tube to the tendon.
Steel wedgesthen clamp the steel tubein asimilar manner to
steel tendon systems. Several commercial tendon/anchorage
systems have been tested and evaluated by Nanni et al.
(19964a,b). Some of these anchorages are shownin Fig. 2.1.

2.4—Anchorage characterization

The various types of anchorages used with FRP tendons can
be classified asclamp, plug and cone, resin sleeve, resin potted,
meta overlay, and split wedge anchorages, and are shown in
Fig. 2.2. These anchorages are briefly described asfollows.

2.4.1 Clamp anchorage—A clamp anchorage consists of
grooved steel plates sandwiching the FRP rod and held
together by bolts. The forceistransferred from the tendon to
the anchorage by a shear-friction mechanism and is influenced
by parameters such asthe roughness of theinterface surfaces
and the clamping force applied by the bolts. The performance of
the anchorage is improved by using a sleeve material
(protection media) to encase the tendon. This intermediary
material with low stiffness and high ultimate elongation
smooths the lateral pressure distribution on the tendon
(Malvar and Bish 1995). The length of the anchorage may be
varied, depending on the material chosen to ensure that the
ultimate strength of the tendon is reached.
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Fig. 2.2—(a) Clamp; (b) plug and cone; (c) straight deeve;
(d) contoured sleeve; (e) metal overlay; and (f) split wedge
anchorages.

2.4.2 Plug and cone anchorage—The plug and cone (or
barrel and spike) anchorage is made of a socket housing and
aconical spike (Burgoyne 1988). Such a system is particularly
well suited to anchor Parafil® tendons where the aramid
fibers are not encased in resin media, but are held only by an
outer protective sheath. Parafil® is unique in its ability to
evenly distribute the aramid fibers around the spike, thereby
achieving high anchorage efficiency. The gripping mechanism
of the anchorage is similar to that of a wedge anchorage,
where the tendon is held by the compressive force applied to
thefiber by inserting the spike into the barrdl. This compressive
stress, together with the friction between therod material and
the socket, in addition to the spike, generate a frictional
stress that resists the slipping of the tendon out of the socket.
The field application of this system requires the removal of
the plastic sheath, combing and spreading of the individual
fibers, and proper placement of the spike with a uniform
distribution of fibersall around it.

2.4.3 Sraight sleeve anchorage—In this anchorage, the
FRP tendon is embedded in resin that fills a tubular metallic
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housing such as steel or copper. The potting material ranges
from nonshrink, cement, with or without sand, to expansive
cement to epoxy-based materials. In the case of nonshrink
cement and polymeric potting materias, the load-transfer
mechani sm depends completely on bonding and interlocking
between the anchorage components. The mechanism of |oad
transfer is by bond at the interface between the rod and the
filling material, and between the filling materia and the
metallic sleeve. To increase the bond between the anchorage
components in such cases, an internally threaded sleeve is
used, or arigid filler material, such as sand, is added to the
resin, or both. Filler in the resin also serves to reduce
chemical shrinkage of the resin during curing. To enhance
the bond between the tendon and the grout material,
surface modifications such as braiding, twisting, or ribs
can be applied to the tendon.

Harada and coworkers were among the earliest users of
expansive cementitious materials to fill straight metallic
dleeve anchorages (Harada et a. 1993). Expansive cement
generates significant lateral pressure and increasesthe dipping
resistance of the tendon. The 25 to 40 MPa (3600 to 5800 psi)
internal radial pressures developed by the expansive
cementitious materials are adequate for gripping FRP
tendons with awide range of surface configurations without
causing undue stress concentrations at the point of egress of
the tendon during quasistatic and cyclic loadings (Harada et
al. 1997). Anchorages as long as 300 to 400 mm (12 to 16 in.)
have been shown to be sufficient for developing the full
strength of CFRP tendons without slippage at the free end of
the anchorage. The effectiveness of such anchorageshasalso
been demonstrated in elevated temperature, extended duration
relaxation tests (Dye, Bakis, and Nanni 1998). At this time,
the main shortcoming of thistype of anchorage appearsto bethe
2- to 3-day curing time for expansve cementitious materials.

2.4.4 Contoured sleeve anchorage—The contoured sleeve
anchorage has the same components as the straight sleeve
anchorage. The principa difference between the two systems
isthe varied profile of theinner surface of the contoured deeve,
which may be linearly tapered or parabolically tapered. The
load-transfer mechanism from the tendon to the sleeveis by
interface shear stress, which is a function of bonding, and
radial stress produced by the variation of the potting material
profile. A conical profile with a constant taper angle is the
most popular type of resin potted anchorage. Kim and Meier
(1991) developed a variable stiffness anchorage for CFRP
tendons. The work was based on concepts of a commercial
anchorage developed by the Swiss company BBR. The
anchorage was made of a cone filled with an epoxy matrix
containing high-modulus ceramic filler. Holte, Dolan, and
Schmidt (1993) described a parabolic anchorage with epoxy/
sand filler.

Thefollowing parameters affect the performance of aresin
potted anchorage: length of the anchorage, angle of the
anchorage cone, front radius of anchorage cone, modulus of
elagticity of the potted material, and length and modulus
characteristic of the “soft zone” in resin filler at the front of
the anchorage. Potted anchorages often fail through pullout
of the tendon from the resin/grout rather than by rupture of
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the tendon. Practical drawbacks with this anchor include
precutting the tendons to length and the curing time for the
potting material.

2.4.5 Metal overlaying—The die-cast wedge system for
CFCC requiresthat the tendon length be predefined so that a
metal tube can be cast onto the tendon at a specific location
during fabrication with the result that adjustment on site is
limited. The metal overlay is added to the ends of the tendon
by means of die-molding during the manufacturing process.
The die-cast molding can then be gripped at the location of
the metal material using atypica wedge anchorage. The use
of this system is limited because of the inflexibility in the
specified length of the tendon. The load transfer in this
anchorage is achieved by shear (friction) stress, which is a
function of the radial compressive stress and the friction at
contact surfaces.

2.4.6 Split-wedge anchorage—Split-wedge anchorages
are generally preferred because of their compactness, ease of
assembly, reusability, and reliability. Thistype of anchorage
can be subdivided into two categories. systems with direct
contact between plastic or steel wedges and the tendon, and
systems using a sleeve between the wedges and the tendon.
Wedge anchorages are widely used in anchoring steel
tendons but should be modified for use with FRP tendons by
increasing their length to reduce transverse stress on the
tendon and controlling roughness in the wedge to prevent
notching the tendon. The number of the wedges in the split-
wedge anchorage varies from two to six wedgesinserted into
the barrel. The main reason for increasing the number of
wedges isto provide a smoother lateral stressdistribution in
theradia direction of the tendon. The mechanism of gripping
relies on friction and clamping force between the wedges,
barrel, and tendon. Using a small taper on the wedges is of
great importance to provide a smooth and uniformly distributed
transverse stress.

A metallic anchorage was developed as part of the ISIS
Canada program (Sayed-Ahmed and Shrive 1998; Campbell
et a. 2000) for 8 mm Leadline™ CFRP tendons. The
anchorage consists of three components. a stainless steel
barrel with a conical socket; a four-piece stainless steel
conical wedge set and athin, soft metal sleevethat is placed
between the wedges and the tendon. The distinct feature of
the anchorage is that the taper angle of the wedge is 0.1
degrees greater than that of the inner surface of the barrel.
The difference in angle between the barrel and the wedges
helps to produce more desirable radial stress distribution on
the tendon and ensures that failure of the tendon occurs
outside the anchorage. An experimental and analytical
investigation of this anchorage has been reported by Al-Mayah,
Soudki, and Plumtree (2001). Nonmetallic versions of this
anchorage, in which the elements are made either from ultra-
high-performance concrete (UHPC), where the barrel is
wrapped with CFRP sheet, or from carbon fiber reinforced
reactive powder concrete, have been developed and
tested by Reda Taha and Shrive (2003a,b) and Shaheen
(2004), respectively.

2.4.7 Failure modes of anchorages—V arious failure modes
have been observed with wedge anchorages and FRP tendons,
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and these are summarized by separating them into two main

categories: failure of the anchorage system, and rupture.

e Failureof theanchorage system—Thiskind of failure
can be classified into four modes:

1. Movement or dip of the tendon out of the anchorage
caused by insufficient grip (low shear force) between the
tendon and sleeve—Grip can be increased by increasing the
friction at the contact surfaces, by increasing the normal
force applied, or both.

2. Jip of the sleeve and tendon together relative to the
wedges—This indicates a high shear force between the
tendon and sleeve together with alower shear force between
the sleeve and wedges. This can be overcome in the same
manner as mentioned in 1.

3. Jip of the wedges relative to barrel—This rarely
happens, mainly because of the design and geometrical
configuration of the wedges and the barrel. It is often accom-
panied by crushing of the tendon.

4. Rupture of the rod inside the anchorage—High stress
concentrations can be generated in the tendon inside the
anchorage, causing damage of the fibers. An anchorage
design that results in low stress concentration and uniform
load distribution in the anchor overcomes this problem.

» Failure of the tendon outside the anchorage—If the
tendon does not break in or within three diameters of
the anchorage, then the anchorage is not contributing to
the failure of the tendon and is considered a satisfactory
anchorage design.

CHAPTER 3—FLEXURAL DESIGN
3.1—General considerations

Numerous flexural tests on FRP prestressed members are
reported in the literature. Comprehensive testing began in
the mid 1980s in Japan on beams with carbon and aramid
tendons, and in Europe on beams with aramid and glass
tendons (Gerritse and Werner 1991). The first tests in the
United States were conducted on beamswith aramid tendons
(Dolan 1990). In theintervening years, several attempts have
been made to combine these datainto design or performance
recommendations (FIP 1992; JSCE 1992). The lack of
uniform testing protocols and consistent reporting procedures
made completion of these criteria very difficult.

A conventional prestressed concrete beam with steel
tendons will deform elastically until cracking, and then the
rate of member deflection will progressively increase as the
tendons yield until failure occurs by concrete crushing or
tendon rupture. On the other hand, an FRP prestressed beam
will deform elastically until cracking, then continue to
deform in an approximate linear manner under increasing
load until the tendon ruptures or the ultimate concrete
compression strain is exceeded. These two behaviors are
compared in Fig 3.1. Thelower modulus of elasticity of FRP
(Table 2.2) isreflected in the lower post-cracking behavior.

Flexural design limit states include service level stresses
and flexural strength requirements. Service level stresses
may be computed using techniques similar to those for
conventional prestressed concrete. The loss of prestress in
FRP tendons is caused by the following factors:
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Fig. 3.2—Balanced ratio: stress and strain conditions.

e Anchorage seating at transfer of prestress;
e Creep of the concrete;

e Shrinkage of the concrete;

« Elastic shortening of the concrete; and

* Relaxation of the tendons.

Anchorage seating loss is afunction of the tendon system.
Losses due to creep, shrinkage, and elastic shortening of
concrete may be caculated using standard methods for
concrete sections prestressed with steel tendons (PCI 1975,
2000); however, the modulus of elasticity of the FRP tendon
should be used in place of the modulus of elasticity of steel.
Losses for FRP tendons due to these three sources are typically
lessthan the corresponding lossesfor steel tendons dueto the
lower modulus of elasticity of FRP tendons. Relaxation
losses are more problematic and are less well understood, as
there is little experimental data available that describes
relaxation loss profiles for FRP tendons. Relaxation
characteristics vary with the fiber type (Table 2.2) and are
projected to belessthan 12% of theinitia level of prestressover
thelife of the structure (ACI 440R; JSCE 1993). More details
are given in Section 3.10.

3.2—Strength design methodology
The approach to strength design of FRP prestressed beams

is based on the concept of abalanced ratio, which is defined
as the reinforcement ratio that simultaneously results in
rupture of the tendons and crushing of the concrete. Concrete
failure is taken as an extreme compression strain of gg, =
0.003. This strain limit assumes no alowance is made for
confinement of concrete dueto the presence of closed stirrups.
A rectangular stress block is used to model the concrete
behavior. Tendon failure is defined as occurring when the
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strain in the tendon reaches the ultimate tensile strain
capacity epy.

3.3—Balanced ratio
Figure 3.2 defines the cross section and the strain and

stress conditionsin abonded section for the condition where
the tendon ruptures simultaneously with compression failure
of the concrete. The derivation isfor arectangular section or
a T-section with a single layer of prestressed reinforcement
where the compression block is within the depth of the
flange, thet is, a < h.

If the total strain capacity of the tendon is denoted by &,
then the amount of strain availablefor flexure, &, isthe total
strain capacity less the strain used for prestressing, epe, the
strain used to decompress the concrete, €4, and any loss of
strain capacity due to sustained loads, . This relationship
isgivenin Eg. (3-1).

&f = €pu — Epe— €d — Epr (3-1
The strain compatibility from Fig. 3.2 allows determination of

thec/dratiointermsof theavailablestrains. Therefore, by using
similar triangles

€
= - (3-2
+ €5y~ Epe— €4 Epr

o0
™

Equilibrium on the cross section equates the tensile force
in the tendon to the compressive force on the concrete.
Hence,

0.85f¢ B1cb = phfyy, (3-3)

where ; = 0.85 for concrete strengths up to 27.5 MPa
(4000 psi), after which it is reduced at a rate of 0.05 for
each 6.9 MPa (1000 psi) of strength in excess of 27.5 MPa
(4000 psi) to a minimum value of 0.65.

Solving Eq. (3-3) for the balanced reinforcement ratio, p =
Pp, Where p = Ap/bd is the prestress reinforcement ratio,
gives

f ’

pp = 0.85p,.%¢ (3-4)
foud

Substituting the expression for c/d from Eq. (3-2) into

Eq. (3-4) givesthe balanced ratio in terms of materia properties.

f! €
= 0.85B,% cu 35
Po Blfpugcu + €pu " Epe ~E€d " Epr ( )

An examination of the strain components in Eq. (3-5)
leadsto asimplification. First, the strain loss dueto sustained
loads is nearly zero if the strain due to sustained load is less
than 50% of the ultimate tensile strain and isrecovered at the
nominal strength condition. Second, the decompression
strain, gq, is typically an order of magnitude less than the
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flexural strain. Setting these two strain values to zero gives
the following simplified definition for py,.

f! €
= 0.85p, & ——4_ 3-6
P Blfpugcu r— (3-6)

The strain (g, — €pe) represents the strain available for
flexure in the tendon. FRP tendons have ultimate strains
ranging from 1.3 to 3.8% (Table 2.2). Assuming that 40 to
50% of the strain capacity remains after prestressing, thereis
0.006 to 0.019 strain capacity availablein the FRP tendon to
allow the flexural member to deform and crack before
failure. This reserve provides substantial deflection, thereby
giving visual warning of overload conditions, and concrete
cracking occurs at 0.002 net tensile strain.

The effective strain gpe is known because the designer
selects it, and the manufacturer provides the ultimate stress
and strain capacity for the tendon. The designer does need to
know the basis for the selection of these ultimate values
because some manufacturers provide the mean ultimate
sressand strain while others, typically Japanese manufacturers,
provide astrength value equal to the mean lessthree standard
deviations. Eventually, theindustry will establish a standard
for reporting that is consistent with the specified capacity
reduction factors for FRP tendons. ACI 440.1R refersto the
guaranteed tensile strength as mean strength less three
standard deviations.

3.4—Flexural design and capacity prediction

3.4.1 Bonded construction—The flexurd behavior of a
beam may be described according to whether the critica
section is a compression-controlled or a tension-controlled
section. A compression-controlled section condition occurs
when the reinforcement ratio p is greater than py and the
concrete crushes with no failure of the tendons. When p isless
than py, a tension-controlled section condition occurs as a
result of rupture of the tendons before crushing of the concrete.

3.4.1.1 Tension-controlled section: p < p,—For

reinforcement ratios less than py, the beam strength is
governed by the tensile strength of the tendon, and the
section is described as tension-controlled. In this case, the
concrete strain will not reach 0.003 at failure of the beam,
and, strictly speaking, the use of the rectangular stress block
assumption would not be valid. For sections with 0.5p, < p
< pp, however, the concrete stress distribution will be
substantially nonlinear at failure and thus an equivalent rect-
angular stress distribution can be assumed. Further, studies
of the nominal capacity of lightly reinforced beams (p <
0.5p},), where the stress in the concrete approximates a linear
stress distribution, indicate use of a rectangular stress block
assumption produces less than 3% error compared to an
elastic analysisof acracked section (Dolan and Burke 1996).
Therefore, nominal moment capacity of atension-controlled
section with a single layer of reinforcement is developed
using strength design based on a rectangular stress block.

Summing moments about the compression centroid (Fig. 3.2)
defines the nominal moment capacity as
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My = pbefy(d - g) 3-7)

where a is computed from equilibrium of forces on the cross
section, giving

a= 2d fou (3-8)
0.85f

Combining the value for awith the nominal moment equation
provides a combined form for prediction of nominal
moment capacity

= obd% [(1_ 2 fou ]
M, = pbd’fy,(1 1-7fc’) (3-9)

The nomina capacity of a section in which the
prestressing tendons are not in asingle layer is discussed in
Section 3.4.2.

3.4.1.2 Compression-controlled section: p > p,—In a
beam with p > py, the concrete will fail in compression
before failure of the tendon. The stress and strain compatibility
isthe same asin Fig. 3.2; however, the value of the tendon
strain is not known. This condition is analyzed by locating a
neutral axis, assuming a linear elastic tendon and a rectangular
stress block for the concrete. This is done by defining the
strainin the tendon, equilibrating the horizontal forceson the
section, solving for the neutral axis location, and finaly
summing moments about the tendon location.

With thisamount of reinforcement in the beam, the concrete
will have developed ahighly nonlinear stress-strain relation so
that the use of an equivalent rectangular stress block is appro-
priate. The depth of the neutral axis, ¢, can befound by consid-
ering axial force equilibrium of the cross section

pbdf,, = 0.85f bBc (3-10)

Because FRPtendons arelinear elastic to failure, the stress
inthetendon f,, isafunction only of the modulus of elasticity
and the strain in the tendon

fo=¢€pEp (3-11)

The flexural strain in the tendon can be determined from

the strain diagram at failure using similar triangles

d-
g = SCUTC (312

The total strain in the tendon can be expressed as the sum
of the flexural strain and the effective prestressing strain e

d-c
e+8cu

) - (3-13)

8p:8
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Fig. 3.3—Section with vertically distributed tendons.

Substitution of Eq. (3-13) and (3-11) into Eq. (3-10) and
defining k,, = c/d resultsin

1-k
p(pe * acuk—“) E, = 0.85, Bk, (3-14)
u
Defining a material constant A such that
E ey
= b (3-15)
0.85f; B,

and subdgtituting Eq. (3-15) into Eq. (3-14) dlows the resulting
quadratic eguation to be solved for k;,, giving

k, = Jpx+(@<1—59))2—@(1—@) (3-16)

2 € 2 €y

The nominal moment capacity can be determined by
summing moments about the tendon centroid, giving

—_ ’ B kU
My = 0856 bgk,d?(1 - —12-) (3-17)

3.4.2 Development of flexural capacity for vertically
distributed tendons in an under-reinforced section—The
above derivations assume that the prestressing tendons are all
located at the same depth from the compression face. A method
for determining the strength of vertically aligned tendons,
based on the stress and the strain digtribution, shownin Fig. 3.3,
is presented in this section (Dolan and Swanson 2002).

Theanaysisisdevel oped for a T-section with theassumption
that the neutral axisisintheflange. Strain dueto decompression
of the concrete is small and has been neglected. Strains due to
elastic and nonel agtic shortening of themember are neglected as
these strains are regained at the maximum curvature.

All tendons are assumed to be stressed to the same level f,e
and thus the stress increase at failure in the bottom tendon
may be defined as f, = f,, — f,e. Failure of the bottom tendon
by rupture will lead to failure of the other tendons. The stress
in each tendon can be determined from its strain, which can
be expressed as aratio of the strain at any level to the strain
in the bottom tendon.
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d;

dj—cs/d d
=f +
"d-c/d pe

_c
f d
Mi1-c/d

fi = ft+f

i pe (3'18)

where d; is the depth of each individual tendon, and d is the
depth of the bottom tendon.

Defining the initial prestressratio & = (fpe/fyy) and ¢ = kd,
and assuming p; = (A /bd) isthe reinforcement ratio at level
i, it can be shown that

m 2 m m
J[nsz +201-0ny e+ -0 -nyp,

k = — L (3-19)

where misthe number of layers of tendons.

Defining the depth ratio of the tendons as y; = (d;/d) and
assuming uniformly prestressed tendons, the moment
capacity is

M, = bdzi Pi fi(\l’i - Blc)

| >4 (3-20)
i=1

If the tendons through the depth of the member are
prestressed to different levels, the nominal moment capacity
isgiven as

M, = bdzi{p{fpei R (wi—ﬁz—ﬁ)]} (321

i=1

where f,q isthe effective prestress at the level i.

Most beams have a relatively small number of layers of
tendons. Therefore, EQ. (3-20) and (3-21) are readily solved
using a spreadsheet.

3.4.3 Design implications of vertically distributed
tendons—Equations (3-20) and (3-21) provide a means to
optimize the design of FRP prestressed beams. The
prestressing ratio & may be varied at each depth so that the
final stress distribution in the tendons is uniform with depth
at maximum curvature. The reinforcement ratio may also be
varied with depth to account for beams with mixed strand
patterns such as harped strands and a large number of
straight strands in the bottom flange.

3.4.4 Unbonded construction—For an unbonded prestressed
member where strain compatibility between the concrete and
the tendons cannot be assumed, the stress in the tendons at
ultimate for an under-reinforced beam may be determined
using the approach suggested by Naaman et al. (2002). This
approach uses a strain-reduction coefficient Q,, to relate the
strain in an unbonded tendon to that in an equival ent bonded
tendon. Knowing the strain in the tendons, the moment
capacity may be computed as above for a bonded section. A
description of thisapproach isgivenin Section 7.1. Bakis
et al. (2001) applied this approach in beams post-
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tensioned with unbonded CFRP tendons, and obtained
acceptable correlation between predicted and measured
| oad-deflection relationships.

3.5—Strength reduction factors for flexure
The experimental strength from flexural tests on members

prestressed with FRP tendons reported in the literature was
compared to the strength predicted by the previous equations
by Dolan and Burke (1996). The analysis of strength-reduction
factors examined tendon type and failure mode. The strongest
correlation was to tendon type. Capacity reduction factors for
aramid and carbon tendons are presented in Table 3.1.
ACI 440.1R recommends different capacity reduction factors
for nonprestressed reinforcement. In that case, however,
the reinforcement is predominately glass fibers. Thus,
there is a consistent philosophy that performance is tied
to reinforcement materials.

ACI 318-02 presents a unified approach to variation in
strength reduction factors based on net tensile strain in the
reinforcement. In keeping with this philosophy, a transition
zone between tension-controlled and compression-controlled
sections is presented. Tension-controlled sections have a net
tensile strain, strain in the reinforcement farthest from the
compression face, greater than or equa to 0.005, while
compression controlled-sections have anet tensile strain less
than or equal to 0.002. The transition in strength reduction
factor isindicated in Fig. 3.4.

3.6—Flexural service stresses
Concrete service load stresses are the same as specified by

the AASHTO Standard Specification for Highway Bridges
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Table 3.1—Recommended strength reduction
factors (Dolan and Burke 1996)

Tendon type Strength reduction factor ¢ Condition
Aramid 0.70 Tension-controlled
Carbon 0.85 behavior
! Compression-

Aramid or carbon 0.65 controlled behavior

Table 3.2—Allowable concrete stresses

Allowable stress at transfer of prestress (before losses) | Units, MPa (psi)
0.6f¢; (0.6fg)
0.25Vfg (3f¢ )
0.5VfS (6VfS )
Allowable stresses under service loads (after losses) | Units, MPa (psi)

(a) Extreme fiber stress in compression due to prestress , /
plus sustained loads 0.45f¢ (045fc)

(b) Extreme fiber stressin compression due to prestress / /
plustotal loads 0.6f¢ (0.6fc)

(c) Extreme fiber stressin precompressed tensile zone | 0.5V (6Vf¢)

(a) Extreme fiber stressin compression

(b) Extreme fiber stressin tension except for (c)

(c) Extreme fiber stressin tendon at ends

Table 3.3—Allowable tendon stresses at jacking

Allowablejack stresses

Carbon 0.65fp,
Aramid 0.50fp,
Allowable stressimmediately following transfer
Carbon 0.60fp,
Aramid 0.40f,

and aregivenin Table 3.2. These values are the same as AClI
318-02, except that the limitations on the tensile stresses in
the concrete are more restrictive. Construction to these limits
meetsthe requirementsfor aClassU member in ACI 318-02.

3.7—Jacking stresses

Steel tendons are typically stressed to 85% of their yield
stress or approximately 0.005 strain. Allowable stresses in
FRP tendons are typicaly limited to 40 to 65% of their ultimate
strength due to stress-rupture limitations (Dolan et al 2000).
Thislower range of alowable stress actually corresponds to
strains between 0.008 and 0.012, or 1.5 to 2.5 times the
typical prestressing strain used in steel tendons. The
recommended maximum jacking stresses for FRP tendons
are given in Table 3.3. These stress limitations, which are
based on creep-rupture characteristics of the tendons, should
not exceed 65% of the maximum stress that can be devel oped
when tested using the anchorage specified by the manufacturer.

3.8—Creep rupture of FRP tendons

Creep istheinelastic strain of amaterial under a sustained
load over aperiod of time. Creep ruptureisthetenslefracture of
a material subjected to sustained high stress levels over a
period of time. There are three stages of creep: primary,
secondary, and tertiary, as shown in Fig. 3.5. The primary
stage, characterized by a continually decreasing strain rate,
confined to a short time (relative to creep rupture time)
immediately following application of load, is common for
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Fig. 3.7—Comparison of creep-rupture curves for aramid
and carbon FRP rods under environmental exposure.

FRP composites. The second stage is defined as the time
period in which the strain rate is constant under constant
stress. In this period, some of the weaker fibers may fail, but
the friction or resin adhesion between the fibers transfers the
load to adjacent fibers. If the stresslevel islow enough, fiber
damage is confined to the secondary creep level, and the
tendon has an unlimited service life. The tertiary stage,
characterized by an increasing strain rate, represents rapid,
progressive failure of the fibers until the tendon ruptures.

The creep strain behavior of AFRP tendons typically
follows the three stages of creep: primary, secondary, and
tertiary (Fig. 3.5). The strain rate of CFRP tendons during the
secondary stage drops to zero. These tendons exhibit near-
instantaneous failure compared to the secondary stage when
the initial stress level exceeds the creep-rupture threshold
(Fig 3.6).

Designers need to know the limiting percentage of ultimate
load that may be applied to atendon so that the tertiary stage
isnever reached. If the creep in the secondary stage is small,
an equilibrium condition will be achieved and the material
becomes stable.

Figure 3.7 shows the extrapolation of creep-rupture data
obtained by Dolan et al. (2000) for aramid and carbon tendons
encased in concrete surrounded by saltwater and subjected to
a congtant load. This figure shows the time to failure of the
FRP tendon as a function of applied load in the tendon.

The creep-rupture curves provide allowable prestress
levels for AFRP and CFRP rods for any given service life.
The predicted stress level for CFRP is 70% of the tendon’'s
short-term ultimate strength for 100 years of service. The
upper limit of service load at a 100-year life for AFRP is
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predicted to be 55% of the tendon’'s short-term ultimate
strength in a concrete environment.

The curvesin Fig. 3.7 were extrapolated from experimental
data obtained from tests conducted for over 12,000 h that
used applied loads between 50 to 80% of the ultimate load.
At conclusion of the tests, al unbroken tendons were tested
to failure. Theresidual strength of the CFRP was 90% of its
original static capacity, while that of the AFRP was 80% of
itsoriginal capacity.

3.9—Caorrection of stress for harped tendons

FRP tendons behave linearly elastically to failure.
Consequently, draping or harping of tendonsresultsin aloss
of tendon strength in the vicinity of the harping or draping
points due to increased strain induced by curvature of the
tendons. When the FRP tendon is deflected, the jacking
stresses should be reduced to account for localized stress
increases. Dolan et al. (2000) proposed that the stress
increase dueto harping, in solid and stranded tendons, can be
defined by the following equation

f, = %‘ (3-22)

where E; is the modulus of elasticity of the fiber; R is the
radius of the tendon; and R is the radius of curvature of the
harping saddle.

The combined stressin atendon of cross-sectional area, Ay,
at a harping saddle, due to the jacking load P}, is given by
Eqg. (3-23) and should be less than the allowable stress values

f= P ER
P

(3-23)

3.10—Relaxation and friction losses

Relaxation losses (REL) in FRP tendons results from three
sources: relaxation of polymer Ry; straightening of fibers Rg;
and relaxation of fibers R;. The total relaxation loss, REL =
Ry + Rs + Ry, expressed as a percentage of the stress at
transfer, can be estimated by assessing these three effects
separately:

Relaxation of polymer R,—When the tendon is initially
stressed, a portion of the load is carried in the resin matrix.
Over time, the matrix relaxes and losesits contribution to the
load-carrying capacity. Thisinitial matrix relaxation occurs
within the first 24 to 96 h and may be accelerated by heat
curing of prestressed concrete beams (Dolan et a. 2000).
This relaxation is affected by two characteristics of the
tendon: the modular ratio of theresin to thefiber, n,, and the
volume fraction of fibersin the tendon, v;. The modular ratio
n, is defined as the ratio of the elastic modulus of the resin,
E,, to the modulus of the fiber, E;. The relaxation lossis the
product of the volume fraction of resin, v, = 1 — v, and the
modular ratio of theresin n;, giving

%:WXW
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For resins used in pultrusion operations, the modular ratio
is approximately 1.5% for carbon and 3% for aramid. The
resin volume fraction is typicaly 35 to 40% of the tendon
cross section. Therefore, thetotal relaxation in thefirst phase
is in the range 0.6 to 1.2% of the transfer stress. This
rel axation loss can be compensated by overstressing, aslong
asthetotal stresslimits given in Table 3.3 are not exceeded.
Overstressing and allowing the relaxation to reduce the
stress to the values given in Table 3.3 is not recommended
because the loss does not occur in the fibers and the fibers
would be permanently overstrained.

Sraightening of fibers R«—The fibers in a pultruded
section are nearly, but not completely, parallel. Therefore,
stressed fibers flow through the matrix and straighten, and
this straightening appears as a relaxation loss. Straightening
of the fibersisafunction of the quality contral of the pultrusion
process. A 1 to 2% relaxation is adequate to predict this
phase of the loss calculation (Dolan et al. 2000).

Relaxation of fibers Ry—Fiber relaxation is dependent on
the fiber type. Carbon fibers are reported to have no
relaxation; therefore, Ry for carbon may be assumed to be
zero. Aramid materials creep when loaded, and this creep
behavior is reflected in its relaxation behavior. The long-
term relaxation for Kevlar™ fibers has been reported by
DuPont to be 1 to 3% per decade on alog scale. By assuming
that the relaxation count begins after the first 24 h, the total
relaxation for aramids can be assumed to be 6 to 18% in a
100-year design life (Dolan 1989).

Zoch et al. (1991) performed rel axation tests on CFCC and
steel strands under equivalent conditions. Strands of both
materialswith 12.5 mm diameter were prestressed to 80% of
their proof load, and relative decrease in load over time was
measured. The results showed that over aperiod of 100 h, the
stress was reduced by 2% for CFCC, whereas stedl relaxed
approximately 8% from the original load. This indicates a
superior relaxation resistance of CFCC to permanent stress.
Santoh (1993) conducted relaxation tests on CFCC and steel
strands at room temperature. They found that at 50% of the
ultimate stress, the relaxation value after 100 h for CFCC
was 0.48% and was 1.02% for steel; at 65% of the ultimate
stress, the relaxation of CFCC was 0.81%, while that of steel
was 2.28%. At 80% of the ultimate stress, it was 0.96% for
CFCC and 7.35% for steel. They concluded from their tests
that the relaxation of CFCC is 50% or less than that of steel.

In assessing friction loss, relevant curvature friction and
wobble coefficients should be used. Such data are sparse.
Burke, Nelson, and Dolan (2000) found that, for a CFRP
tendoninaPV C duct, the curvaturefriction coefficient could
range from 0.25 for stick-slip (dynamic) behavior to 0.6 for
no-gick-dip (static) behavior. Because the wobble coefficient
relates primarily to the type of duct, values specified for steel
prestressing systems with plastic ducts may be applied to
FRP tendons.

Traditional losses associated with prestressing tendons,
such asfriction, initial elastic shortening, and concrete creep
and shrinkage, can be computed in the same manner as for
prestressed steel tendons. Relevant friction and wobble
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coefficients should be obtained from the manufacturer of the
prestressing system used.

3.11—Overall design approach

The overall design approach for FRP prestressing tendons
is to use the equations for flexural behavior to establish the
tendon size to meet the strength requirements of the section.
A prestress level of 40 to 50% of the tendon strength is
selected for the initial prestress force, and service level
stresses are checked. If the section is sufficient, the flexural
design is completed. If it is not, the number or size of the
tendons is increased or the section size adjusted to meet
service requirements, and then the strength capacity is
rechecked. Nonprestressed FRP reinforcement may be used
to increase the strength of a section.

3.12—Ductility or deformability

FRP tendons and concrete are both brittle materials; there-
fore, classical ductility, which requires plastic deformation,
is difficult to obtain. Possible ways to obtain quasiductile
behavior, even with brittle materials, are by confining the
concrete in compression, partial prestressing, or permitting
somebond dlip. If ductility isdefined asthe energy absorbed,
then the small area under a FRP prestressed |oad-deflection
curve suggests that energy absorption ductility is limited
(Naaman and Jeong 1995). Grace and Abdel-Sayed (19984),
however, have demonstrated that the ductility of a CFRP
prestressed concrete beam can be enhanced by combining
bonded internal and unbonded externally draped tendons.
Conversely, deformability may be defined as the ratio of
deflection at ultimate to deflection at cracking. Using the
latter definition, FRP prestressed members can have
considerable deformability.

Deformability is a key issue in determining the safety of
FRP prestressed structures. Because FRP tendons do not
exhibit ductility under the traditional definition, care should
be taken to ensure that sufficient warning is exhibited before
failure. Dueto thelack of ductility, the concept of deformability
as an index to measure performance provides a method of
ensuring that this warning exists. Several approaches have
been taken to quantify this concept into a deformability
index (Mufti, Newhook, and Tadros 1996). This is usually
accomplished through a ratio of deflections or curvatures
under ultimate loads to those same quantities under service
loads. The deformability index is intended to be a design
check and not along and complicated design procedure.

The use of an ultimate deflection-to-service-deflection
ratio gives an indication of the warning to failure, but there
aretwo main difficulties with this approach. Thefirst issueis
that deflections for point loads or uniform loads on a simple
span beam aresmpleto caculate, but deflectionsfor continuous
structures with various loads require rigorous anaysis or the
use of a computer analysis program. The second issue is the
difficulty in determining the deflection under ultimate loads.
Traditional approachesto cal culating deflections for concrete
members consider the softening effect due to cracking under
service loads. Near ultimate loads, this softening occurs at
afaster rate and is harder to quantify.
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An alternative approach isto use aratio of the curvatures
at ultimate and serviceloads. Thisis more easily accomplished
by using quantities already calculated during the design
process. The formula for this approach to the deformability
index, DI, is shown in Eq. (3-24) (Dolan and Burke 1996).

b = 1=K Zpu
s

where a. = pdfy,,/0.85f( .

If service loads are considered as the load to produce a
tensile stress in the concrete of 0.25Vf; MPa (3Vf{ psi), the
decompression strains and the strain to produce 0.25\/fc' MPa
(3\/fc’ psi) are very small compared to the prestress strain.
The index is effectively a function of the ratio of ultimate
strain to the prestressing strain with a slight modification
due to the differences in the neutral axis of elastic and
inelastic behavior.

It follows from this definition that the most efficient
method to obtain high deformability is to reduce the initial
FRP tendon strain, which provides more tendon strain
reserve, greater curvature or deflection capacity, and a
higher index. A ratio of ultimate to initial prestress strain is
easier to compute than the deformability index and provides
similar results. Limiting the initial jacking stress to the
valuesgivenin Table 3.3 resultsin acceptable deformability.

(3-24)

3.13—Minimum reinforcement

The amount of prestressed and nonprestressed reinforcement
should be adequateto develop afactored flexural resistance oM,
greater than the smaller of 1.5 timesthe cracking strength or,
for atension-controlled section, 1.5 times the moment dueto
factored loads (CAN/CSA S806).

CHAPTER 4—SERVICABILITY
4.1—General
The allowable stresses specified in Table 3.2 ensure that the

tensile strength of the concrete will not be exceeded and
memberswill meet the ACI 318-02 requirements for Class U.
Itisdtill necessary, however, to ensure that the deflection, both
short- and long-term, is acceptabl e for end use of the member.

4. 2—Deflection
421 Short-term deflection—Deflections for FRP

prestressed beams can be divided into two categories:
short-term and long-term deflections. Before cracking, the
gross moment of inertia can be used to cal culate the deflections
from traditional mechanics of materials. If deflection
calculation following crack formation is required, methods
that take into account the softening effect that cracking has
on concrete members need to be used. This can beaccomplished
using amodified effective moment of inertia, |, proposed by
ACI 440.1R and given by Eq. (4-1)

lo = ('\&—:jsﬁd|g+(1—(':\"ﬂ—:)3)|c,s l, @)
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in which By is a factor to soften the effective moment of
inertiaand is

By = o.SEE + 1}

S

where E, is the modulus of elasticity of FRP tendon; Eg is the
modulus of dadticity of sted; |, isthe gross moment of inertia;
M isthe cracking moment; M is the maximum moment in a
member at which the deflection isbeing computed; and | ., isthe
cracked moment of inertia, which, for arectangular section or a
flanged section with kd < h, can be calculated from Eq. (4-2).

_ b(kd)® 2
= _Lg_L +nA(d—kd) (4-2)

cr

In EqQ. (4-2), the parameter k may be found from Eq. (3-19).
If thereinforcement isin asinglelayer i =1 andd; =d. This
approach isvalid for loads between cracking of the concrete
and up to around 50% of the ultimate load.

Subsequent to cracking, deflection due to specified live
load should be calculated as the difference between the
deflection due to the total serviceload and the deflection due
to dead load. This bilinear approach is the same as recom-
mended by PCI (2000). The deflection is not only due to the
change of the effective moment of inertia I, but also due to
the change of the eccentricity of the prestressing force after
cracking. Abdelrahman and Rizkalla (1998) have suggested
modifications to account for the change in effective eccen-
tricity by finding the effective neutral axis location

Yert = (':\AA—:) 2yg + (1 - (I\l\//ll—:) 2) Yer (4-3)

whereyg isthe distance from the extreme compression fiber
to the effective neutral axis; yq is the distance from the
extreme compression fiber to the centroid of the gross
section; and y,, isthe distance from the extreme compression
fiber to the neutral axis of the cracked section (that is, kd).
4.2.2 Long-term deflection—For long-term deflections,
camber and deflection are separated into individual components,
adjusted by a multiplier, and then superimposed to obtain
final deflectionsin amanner similar to that for conventional
sted prestressed concrete members (PCl 2000). The multipliers
for FRP prestressed concrete for predicting long-term
deflections, as suggested by Currier (1995), are shown in
Table 4.1. These values are based on one series of experimental
data consisting of three beams with each tendon type. The
change in concrete strain over a period of gpproximately 1 year
has been documented by Grace (2000a) for DT girders
prestressed with CFRP tendons. Research on the long-term
loss of prestress and resultant time-dependant camber/
deflection effects is needed to define the time-dependant
deflection relationship of concrete members prestressed by
FRP tendons. Alternatively, the multiplier method of Kelly,
Bradberry, and Breen (1987) may be used to calculate
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Table 4.1—Suggested multipliers for FRP tendons

Without composite topping
Carbon Aramid
Deflection due to
. 1.85 1.85
At erection self-weight
Camber dueto prestress 1.80 2.00
Deflection due to
slf-weight 270 270
Fina Camber due to prestress 1.00 1.00
Deflection due to
aoplied loads 4.10 4.00

camber and deflection, if the time-dependant loss of
prestress for a chosen FRP tendon is known, or assumed,
along with the time-dependant concrete properties.

The multipliers in Table 4.1 are for members without
composite toppings. The PCl Design Handbook (PCI
2000) indicates that multipliers relating to fina deflection
for topped members are smaller than for members without
composite topping. Consequently, the use of values in
Table 4.1 should be conservative for topped members.

4.3—Crack width and spacing

Dolan et al. (2000) studied crack widths in flexural
members prestressed with CFRP. Both monotonic and cyclic
loadings were studied. A linear growth in crack width with
increasing load was observed after the initial precompression
was overcome. The cracks were evenly spaced and occurred
at the location of the stirrups, suggesting that major
debonding of the carbon tendons did not occur during static
or fatigue loading. Initial crack width was correlated with the
Gergely-Lutz crack width equation when corrected by
scaling the stressterm by theratio of the modulus of elagticity of
steel to that for the FRP tendons. Crack lengths and widths
increased during flexura cycling. Final crack widths were
approximately three times those in a comparable steel
prestressed concrete beam.

4.4—Fatigue

It is unlikely that fatigue will be a problem in uncracked
members as the stress range in the tendons under repeated
loading will be small (Grace 2000b; and Grace, Enomoto,
and Y agi 2002). Further, Dolan et a. (2000) have shown that
cracked CFRP prestressed concrete beams showed no
fatigue failure after 3,000,000 flexural cycles with nominal
tensile stresses of 0.5 ,/f,’ MPa (6 ,/f’ psi) at the extreme
fiber of thebeams. Cracking was observed after thefirst 100,000
load cycles. Gradual softening was observed, but the beams
indicated no loss of strength due to the fatigue loading.

A forensic examination of the beams after static loading to
faillure indicated that the tendons faled in tension, as
evidenced by the “straw broom” failure shown in Fig. 4.1.
Because al the carbon tendons failed in tension at close to
the predicted strength, it can be assumed that the full tensile
strength of the tendon was developed (the flexural cycling
had no effect on the tensile strength of thetendon). Aninves-
tigation of the saddle for the harping point indicated some
evidence of diding contact between the tendons and the
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Fig. 4.2—Friction evidence on saddle.

saddle during cycling, as shown in Fig. 4.2; however, no
significant fraying of the tendons was visible. There was
evidence of contact near the edge of the saddle. It is recom-
mended that a small radius be turned on the edges of any
production saddle to minimize possible edge or bending
effects.

CHAPTER 5—SHEAR
The use of FRP as shear reinforcement in beams

prestressed with FRP tendons has not been thoroughly
investigated (Fam, Rizkalla, and Tadros 1997; Shehata 1999).
From the assessment of theoretical and experimenta nominal
shear capacities, a rational approach that conservatively
modifies the ACI 318-02 expressions to account for the
special characteristics of FRP stirrups is suggested.

5.1—General considerations in design of
FRP stirrups
Because of differences between FRP and steel, several

issues need to be addressed when using FRP as shear

reinforcement, namely:

* FRP may have arelatively low modulus of elasticity;

*  FRP has high tensile strength and no yield plateau;

e Tensle strength of the bent portion of an FRP bar is
significantly lower than the straight portion;
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¢ FRP has lower dowel resistance and tensile strength in
any direction other than that of the fibers; and

e The bond characteristics of FRP stirrups may vary
significantly from steel reinforcement.

5.2—Shear strength with FRP stirrups
According to ACI 318-02, the nominal shear strength of

any concrete cross section, V,,, is considered as the sum of
the shear resistance provided by concrete, V,, the shear resis-
tance provided by stirrups, Vg, and the shear resistance
provided by the vertical component of prestressing force, V,,.

Members prestressed with FRP tendons behave similarly
to members prestressed with steel tendons. The nominal
shear resistance V,,is given by

Vn =Ve+ Vip +Vp (5-1)

The following formulation for V, is suggested

V, = 017,/i/b,d N (20,/f;/b,d Ib) (5-2)

The ACI code provides several aternative formulations
for the concrete contribution to shear resistance. A search of
the literature on the shear strength of FRP prestressed beams
found information on only a small number of samples in
which there was a significant variation in specimen size and
tendon type (Dowden and Dolan 1997). This paucity of test
data, together with the fact that wider shear cracks, which
will probably occur in a beam prestressed with FRP rather
than steel tendons, does not warrant expansion of V. beyond
the minimum value specified in Eq. (5-2) at thistime.

A similar approach to account for the contribution of FRP
stirrups has been taken. The shear resistance provided by
FRP tirrups, Vi, when the stirrups are vertical can be
written as

f d
Vfrp = % (5-3)
and
fib = Ppend fru (54

where the value of ¢peng isasfollows

Ppeng = (0.11 + 0.05dLb) and 0.25 < hpeng< 1.0 (5-5)

wherer isthe radius of the bend.

The maximum stress in the FRP reinforcement is limited
to the smaller of 0.002 times the modulus of elasticity of the
stirrup, or the strength of the bent portion of the stirrups
Pbend fru-

Theform of Eq. (5-3) isthe same asthat givenin ACI 318-
02, except f, is replaced by a stressin the FRP rod based on
itsr/dy, asshown in Eq. (5-4). The parameter dpeng (EQ. (5-5))
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is modified from the original JSCE (1997) formulation so
that the minimum reduction factor is limited to 0.25. This
was based on the push-apart tests performed on the aramid/
nylon and carbon/nylon stirrups, which resulted in a ¢peng Of
0.25 (Currier 1995). Also, in the equation for the design
stress of the FRP stirrups provided in JSCE (1997), the factor
0.3 has been reduced to 0.11. Moreover, the modified
expression for ¢peng 1S More conservative than the form
suggested in JSCE (1997); consequently, Eq. (5-5) is
suitable for design applications until more refinement of the
r/dy responseis available.

5.3—Spacing limits for shear reinforcement

ACI 318-02, Section 11.5.4, guards against excessive
crack width by limiting the maximum spacing of shear
reinforcement for prestressed members to 0.75h or 600 mm
(24 in). The maximum stirrup spacing is reduced to half of
this when the maximum shear Vi, exceeds 0.33,/f/b,d N
(4.0,/i;/b,d Ib). The Canadian Highway Bridge Design
Code limits the tensile strain in FRP shear reinforcement
t0 0.002. Thesetwo conditionsensurethat cracksarerelatively
small and uniformly distributed in the member. For FRP
stirrups, the maximum spacing should be limited to d/2
or 600 mm (24 in.) as suggested by ACI 318-02 for
nonprestressed members.

5.4—Minimum amount of shear reinforcement

ACI 318-02 requires a minimum amount of shear
reinforcement when V,,, thefactored shear force at asection,
exceeds ¢V./2. This requirement is to prevent shear failure
in members where the sudden formation of cracks can lead
to excessive distress (Joint ACI-ASCE Committee 426
1973). Equation (5-6) gives the recommended minimum
amount of shear reinforcement for FRP members.

1 b,s 2
A, = — /! mm 5-6
v 16 C(I)bendffu ( ) ( )
—_ [ bWS H 2
or A, min = 0.75,/f; P (in.%)
en u

The expression is a modification to ACI 318-02, Section
11.5.5.3. It uses the effective strength of the stirrup at the
bends instead of the yield strength of reinforcing steel to
conservatively estimate the minimum amount of stirrups.
The value of ¢pengfry Should not exceed 0.002 times the
modulus of elasticity of the stirrup.

5.5—Detailing of shear stirrups

Limited experimental data are available on bond behavior
of the bent portion of FRP stirrups. ACI 318-02 provisions
for bond of hooked steel bars cannot be applied directly to
FRP reinforcing bars because of their different mechanical
properties. Research on FRP hooks (Ehsani, Saadatmanesh,
and Tao 1995) indicates that the tensile strength of the bent
portion of a GFRP bar ismainly influenced by theratio of the
bend radius to the bar diameter, r/dy, the tail length, and to a
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1,>12d,

Fig. 5.1—Minimum radius and tail length of a stirrup bend.

lesser extent, the concrete strength. Tests by Ehsani, Saadat-
manesh, and Tao (1995) indicated that for specimenswith r/dy,
of zero, the reinforcing bars failed in shear at very low load
levels at the bends. Therefore, athough manufacturing of
FRP barswith sharp bendsis possible, such details should be
avoided dueto thelow shear strength of FRP bars. Asindicated
by Ehsani, Saadatmanesh, and Tao (1995), a minimum r/dy,
of 3 is recommended. In addition, FRP stirrups should be
closed stirrups with 90-degree hooks. The tensile forcein a
vertical stirrup leg istransferred to the concrete through the
tail beyond the hook as shown in Fig. 5.1. Ehsani, Saadat-
manesh, and Tao (1995) found that for a tail length Iy,
beyond 12d;, thereisno significant dippageand noinfluence on
the tensile strength of the stirrup leg. Therefore, it is
recommended that a minimum tail length of 12d,, be used.

CHAPTER 6—BOND AND DEVELOPMENT
6.1—Introduction
The transfer and development length of an FRP tendon is

a function of the configuration of the perimeter and the

surface condition of the FRP, the stress in the FRP, the

method used to transfer the FRP force to the concrete, and

the strength and cover of the concrete. The mechanism of

bond differs between FRP and sted strandsdueto differencesin

shapes, surface treatments, and elastic moduli. FRP may be

produced using unique manufacturing processes, which

result in different characteristic surface textures. In general,

aprestressing rod with arough, irregular surface will require

a shorter transfer length than a smooth one. The transfer

length will be greater if the release of tension is sudden rather

than gradual. A higher initial prestress in the tendon will

require a larger transfer length. In general, the bond of FRP

tendons could be influenced by (ACI 440R):

e Tendlesgtrength (600 to 3000 MPa[87,000 to 435,000 ps]);

e Modulus of elasticity (40 to 170 GPa[5.8 x 108t0 25
x 10° psi);

e Hoyer effect;

e Cross-sectional shape;

e Surface preparation (braided, deformed, smooth);

¢ Typeand volume of fiber and matrix;

e Themethod of force transfer; and

e Concrete strength and cover.
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Both transfer length and devel opment length vary considerably
among the different fibers and tendon configurations. This
variation isdiscussed in the following sections.

6.2—Transfer length

The transfer length in pretensioned concrete is the
minimum length required to transfer the full prestressing
force to the concrete. This transfer occurs gradually, rising
from zero at the location where bond is initiated and
increasing gradually within the transfer length until it
reaches a constant value at the effective prestress level.

6.2.1 Aramid FRP—Nanni et al. (1992) examined the
transfer length of FIBRA tendons comprising braided epoxy-
impregnated AFRP and having diameters ranging from 8 to
16 mm (5/16 to 5/8 in.). Their experimental transfer lengths
ranged from 300 to 400 mm (12 to 16 in.) for low levels
(25% of ultimate) of prestress and from 250 to 550 mm (10
to 22in.) for high levels (50% of ultimate) of prestress. The
transfer length values varied with the nominal diameter of
the different tendons and ranged from 30 to 40 strand diameters.
The authors concluded that friction was the predominant
bonding mechanism in aramid fibers and that these fibers
showed little tendon slippage compared to steel.

Taerwe and Pallemans (1995) carried out a study on
Arapree® aramid fiber rods having diameters of 7.5 and
5.3 mm (0.3 and 0.2 in.) and different surface finishes. They
suggested atransfer length of 16 timesthe nominal diameter
for Arapree® rods.

Ehsani, Saadatmanesh, and Nelson (1997) conducted tests
on Araoree® (10mm[0.39in]), FiIBRA (104 mm[0.41in.]),
and Technora (7.4 mm [0.29 in.]) tendons.The transfer
length was found to be 33 bar diameters for FIBRA, 43 bar
diameters for Technora®, and 50 bar diameters for
Arapree® For Arapree® tendons, the transfer length was
affected significantly by the level of prestress.

Lu et d. (2000) conducted transfer length tests on Technora
(7.9 mm [0.31 in.]) aramid/vinylester tendons. The transfer
lengths varied between 45 to 47 diameters during tendon
release, immediately after full tendon release, and 90 days
following full release. In consideration of other types of FRP
tendonstested by Lu et a. (2000), aminimum transfer length
of 50 times the strand diameter was recommended.

6.2.2 Carbon FRP—Domenico (1995) investigated the
transfer length and bond characteristics of CFCC strands.
Variablesin the study were the depth of the beams, diameter
of the CFCC tendons, concrete covers and strength, and
prestressing level. The measured transfer length wasfound to be
proportiona to thediameter of the CFCC strand and the prestress
leve, and varied from 140 to 400 mm (5.5t0 15.7 in.).

Mahmoud and Rizkalla (1996), and Mahmoud, Rizkalla,
and Zaghloul (1997) studied the bond characteristics of
Leadline™ and CFCC strands. The authors reported that the
measured transfer length varied from 450 to 650 mm (17.7 to
25.6 in.) or 56 to 81 bar diameters for Leadline™ rods, and
from 300to 425 mm (11.8t0 16.7 in.) for CFCC strands. They
recommended Eq. (6-1) for transfer length of carbon FRP.
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Table 6.1—Typical transfer and development lengths for FRP tendons

Diameter, mm| Young's modulus, | Tensile strength,

Material | Type (in) MPa (ksi) MPa (ksi) foelfou | Li/dy La/dy
Arapree® | 9.9(0.39) | 127,600 (18,500) | 2450(355) [05t00.7| 161050 | 100
Aramid | FiBRA | 10.4(0.41) | 48,270 (7000) 1430(208) |0.4t00.6| 20to 50 )
Technora® | 7.4(0.291) | 68,600 (9950) 1720 (250) 0.6 50 140
Carbon Leadline™ | 7.9(0.312) | 149,600 (21,700) | 1980(287) |0.5t00.7| 50t080 | 175
CFCC | 83(0.327) | 137,200(19,900) | 2220(322) |05t00.7| 50 N/A

fd 6.3.2 Carbon FRP—Ehsani, Saadatmanesh, and Nelson

L = OT?%T% (6-1) (1997) examined the transfer and flexural bond lengths of

t'c

where o, is 1.9 for N-mm units (10.0 for inch-pound units)
for Leadline™, and 4.8 for N-mm units (25.3 for inch-pound
units) for CFCC. Grace (2000a) found that o is 1.95 for N-mm
units (10.2 for inch-pound units) for Leadline™ and 2.12 for
N-mm units (11.2 for inch-pound) for CFCC, and suggested
further study on the transfer length of CFCC strands.

Ehsani, Saadatmanesh, and Nelson (1997) conducted tests
on Leadline™ and CFCC carbon tendons and found the
transfer length to be 54 times the diameter for Leadline™ and
50 times the diameter for CFCC.

Soudki, Green, and Clapp (1997) reported on the transfer
length for Leadline™ CFRP rodsin concrete T-beams. They
found that the measured transfer length was approximately
80 times the rod diameter, and that existing models for steel
may give unconservative transfer lengths for the CFRP rod.

Lu et al. (2000) investigated single Leadline™ and generic
carbon/epoxy tendons with 7.9 mm (0.31 in.) nominal
diameter. The generic tendons had a shallow waffle-type of
surface deformation applied during the pultrusion manu-
facturing process. Transfer lengthsin the beamsinvestigated
were between 52 and 53 diameters for both tendons. A
conservative vaue of transfer length equal to 50 times diameter
was recommended for the tested CFRP tendons.

6.3—Flexural bond length

6.3.1 Aramid FRP—Nanni and Tanigaki (1992) examined
the devel opment and flexural bond lengths of AFRP tendons.
The unfactored development length of AFRP tendons in
bonded pretensioned prestressed concrete members was
determined as: 120, 100, and 80 times the nominal diameter
for type K64, K128, and K256 tendons, respectively.

Lu et a. (2000) found that the development length of
single 7.9 mm (0.31 in.) diameter Technora® tendons could
not be directly measured due to the concrete crushing or
tendon dip failures in the beams investigated. By using an
extrapol ation procedure on the linear plots of tendon force at
failure versus embedment length, however, the development
length that would be required to fail the tendons in tension
was determined to be 141 diameters. ACI 318-02 equations
were determined to be overconservative in comparison with
Lu et al.’s measurements. A recommended relationship for
predicting the development length of single AFRP tendons
was reported.

carbon and aramid FRP prestressing tendons. Two types of
CFRP strands, Leadline™ and CFCC, and three AFRP types,
Technora®, FiBRA, and Arapree® were tested. It was
concluded that the ACI 318 development length requirements
for steel strands are conservative for AFRP tendons but are
not adequiate for Leadline™ tendons.

Lu et a. (2000) found that the development length of single
Leadline™ carbon/epoxy tendons and generic carbon/epoxy
tendons (both 7.9 mm [0.31 in] diameter) with a shallow
waffle pattern could not be determined due to compressive
failure in the concrete beams tested. Using an extrapolation
procedure, maximum development lengths for tensile failure
of the Leadline™ and generic tendons were determined to be
138 and 146 diameters, respectively. Lu et al. (2000)
recommended Eq. (6-2), which predicted the development
length of these CFRP tendons with good accuracy.

¢

Ld:3pe

3
db + Z(fpu _fpe)db (6-2)

Mahmoud and Rizkalla (1996) and Mahmoud, Rizkalla,
and Zaghloul (1997) recommended the following equation
for flexural bond of carbon FRP

Lfb — (fgu_fge)db

067 (6-3)
Otp fc

where oy, is 1.0 for N-mm units (5.3 for inch-pound units)
for Leadline™ and 2.8 for N-mm units (14.8 for inch-pound
units) for CFCC.

6.4—Design considerations

Bond and devel opment for prestressing FRP tendons made
of carbon or aramid fibers are intended to provide bond
integrity for the strength of the member. Typical values for
transfer and devel opment lengths of various FRPtendonsare
givenin Table 6.1.

Many of the bond tests were conducted with direct pullout
tests (Nanni et al. 1992; Nanni and Tanigaki 1992). Thesetests
indicated that failure of the tendon surface was the principal
factor limiting bond capacity. Research at the University of
Minnesota (Shied, French, and Hanus 1999) recorded
cracking and splitting of the concrete. The body of experimental
data, especialy that from pullout tests, does not provide
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sufficient information to define tendon spacing limitations or
cover regtrictions for FRP tendons. The designer should select
spacing based on the specific tendon contemplated.

CHAPTER 7—UNBONDED AND EXTERNAL
TENDON SYSTEMS

7.1—Unbonded prestressed members

To predict the strength of a beam post-tensioned with
unbonded FRP tendons, it is necessary to determine the
stressin the prestressing tendons at failure of the beam using
the following relation

fp = foe + Af, (7-1)

where fp is the effective prestress in the tendon when the
beam carries only the dead load after the prestress losses
have occurred, and Af,, is the stress increase above f,e due to
any additional applied load. The inclusion of dead load and
lossesisimportant because, when computing prestress|losses
needed to determine the final value of the prestressing force,
the dead load moment is considered active in estimating
creep losses. There is no compatibility between the strain in
the unbonded prestressing FRP tendon and the concrete at
every cross section in a member. The increment of stressin
the tendon due to applied loading should be evaluated by
considering deformation of the whole member, rather than at
asection, asfor abonded member.

Many attempts have been made by investigatorsto estimate
the stress in a tendon at different loading conditions, espe-
ciadly at the ultimate nominal flexural resistance for concrete
members prestressed with unbonded steel tendons. The prin-
cipal difference between unbonded steel and FRP tendons is
the modulus of easticity. Thus, models for unbonded steel
tendons serve as a basis for developing guiddines for
unbonded FRP tendons. A method based on determining the
strainin thecritical section (maximum moment) was proposed
by Naaman (1987) for steel tendons and later extended to FRP
tendons (Naaman et a. 2002). The method assumes compati-
bility of strains, asif the tendons were bonded, and applies a
strain reduction factor Q to account for the fact that the
tendons were unbonded. The increment in strain at the critical
section isas shown in Eq. (7-2).

Agaverage = (Agp)unbonded = Q(Agp)bonded (7-2)

The strain (Aep)ponded CaN be computed using strain
compatibility and, assuming linear elastic behavior of the
tendon, the change in stress Af,, in the unbonded tendon is
given by

Af, = QuEpacu(g ~1) (7-3)

u

where g, is the strain in the extreme compression fiber at
ultimate, and ¢, is the depth of the neutral axis at ultimate.

Equation (7-1) can then be written as
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fy = foot QEpc 2 1) (7-4)
CU

Combining Eq. (7-4) with the equilibrium equation for a
flanged section resultsin

0.85f¢ b B1C, + 0.85f/(b — by)hs = (7-5)
Aplp + Asfy—Asty

where A, = area of nonprestressed compressive reinforcement;
As = area of nonprestressed tensile reinforcement; f, = yield
strength of nonprestressed tensile reinforcement; f,’ = yield
strength of nonprestressed compressive reinforcement; b =
width of compression flange; by, = width of web; and h; =
thickness of compression flange, gives a quadratic equation
in ¢, having the following root

_ —B+.J(B°-4AC) (7-6)

Cu = 2A
where
A = 085 byBs;
B = AyEpau—To) +Alfy —Adfy+ 0.85f; (b—by)hy; and

C= AEEaudy

The strain reduction coefficient at ultimate, €, depends
on anumber of variables, such as loading configuration and
extent of the cracks in a beam and varies theoreticaly
between 0 and 1.0, with a value of 1.0 corresponding to a
bonded tendon. The following valuesfor O, at ultimate were
suggested by Alkhairi (1991) based on aregression analysis
on test data from 143 beams prestressed with steel tendons

Q, = _26 (for one-point loading)

L T 5 (7-79)

u = (L/d point or uniform loading) (7-7b)

For design purposes, Alkhairi (1991) recalibrated the
coefficient Q, in such a way that most of the predicted
values are smaller than the experimental results and made
the following recommendations

= (for one-point loading)

u (L/d ) (7-7¢)

= _30 (for two-point or uniform loading) (7-7d)

T (L/dy)

Recent research at Queen’'s University (Gangkatharan
2003) hasindicated that Eq. (7-7¢) and (7-7d) are applicable
to beams containing CFRP tendons having an unbonded
length greater than 15 times the depth of the beam.
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Fig. 7.1—Saddles used on the Bridge Street Bridge (Grace
et al. 2002).
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Fig. 7.2—Reationship between the tensile strength with the
angle of curvature and with the radius of curvature
(after Santoh [1993]).

7.2—External prestressing

7.2.1 General—Externally prestressed systems consist of
unbonded tendons located outside the beam cross-sectional
area and post-tensioned against anchorages and deviators
attached to or built into the beam. The tendons may be
external to the cross section or may be in the void of a box
section. External prestressing has the advantage of reducing
the deed load of astructure dueto the reduction in web thickness
as a result of diminating internal ducts, easing inspection of
tendons and replacement of old or damaged tendons, and
improving shear resistance due to the elimination of shear
resistance deficienciesthat are present at internal duct locations.
Some of the practical difficulties of this system include
providing anchorage for the post-tensioning tendons and
maintaining the lateral stability of the girders during post-
tensioning. In addition, the tendons are exposed and therefore
are susceptible to damage during construction and throughout
their service life. Suitable protection should be provided for
the external tendons during the life of the structure.

Straight and harped tendon profiles can be used. For
harped tendons, deviation saddles are used to hold the
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tendons in place and transfer components of the prestressing
force from the tendons into the concrete girder.

7.2.2 Internal versus external unbonded tendons—One of
the main differences between external and internal unbonded
tendonsisthe variation of eccentricity in the case of external
tendons during deformation of the beam under load. This
variation is caused by the external tendon remaining
rectilinear between the deviators and the end anchorages,
while the beam deformation is curvilinear. Therefore, the
eccentricity of an external prestressing tendon changes asthe
loading progressively increasesto ultimate. Thus, it isnecessary
to investigate the deformation behavior of externaly
prestressed members throughout all stages of loading.

7.2.3 Design considerations—The effect of tendon bending
at the deviator points on the ultimate strength of the cables
should be taken into consideration when using FRP as
externally prestressed draped tendons. Special saddles
should be designed to avoid inducing stress concentrationsin
the tendon by providing a system with limited curvature,
friction, and sufficient areato limit the lateral stresseson the
tendon. Figure 7.1 shows the saddle used on the Bridge
Street bridge (Grace et al. 2002). Figure 7.2, adopted from
the Tokyo Rope catalog (Santoh 1993), depicts the relationship
between the tensile strength of the CFCC and the angle of
curvature through which the tendon is bent. A reduction in
the tendon strength is observed as the angle of curvature
increases and issimilar to the discussion in Section 3.9. This
reduction in strength of the CFCC can be mitigated by
flaring the strands at the harp points, and by reducing the
friction between the CFCC tendons and the saddle by
providing a cushioning material, such as low-density
polyethylene (PE), on the saddle. Thisisparticularly important
when the angle of bend at the saddle is larger than 5 degrees.
The effects of drape angle on the strength of Leadline™ and
CFCC have been discussed by Grace and Abdel-Sayed
(1998b).

Externa tendons are designed to ensure longitudinal
prestressing of abeam and generally represent only aportion
of thetotal flexural reinforcement. Theremaining reinforcement
may consist of internal prestressed reinforcement,
nonprestressed reinforcement, or a combination of both,
depending on the structural system and the type of construction.
A minimum amount of bonded reinforcement is also
necessary to control the distribution of cracks and to limit
the crack widths.

7.2.4 Sress at ultimate in external unbonded prestressed
tendons—Aravinthan and Mutsuyoshi (1997) investigated
the stressin external unbonded prestressed steel tendons and
noted that the variations in the eccentricity could have a
significant influence on the ultimate strength of externally
prestressed beams. As a result, they introduced the concept
of depth reduction factor Ry to estimate the effective depth
d of an external tendon at ultimate as follows

de = Ryd, (7-8)

where
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Ry = 1.14—0.005(d£) —0.19(-SL-") <10 (7-93)
p

for one-point loading; and

125 0.010(5) - 0.38(5") <10

(7-9b)
0 L

&
1

for third-point loading;

and S is the spacing of the deviators, and L is the span of
the beam.

Based on a parametric evaluation, Aravinthan and
Mutsuyoshi (1997) proposed aternative equations for the
strain reduction coefficient Q. These equations, which they
claim can be used to predict the behavior at ultimate of
beamswith external prestressing or acombination of internal
and external prestressing, are as follows

0.21 Aint
= +0.04 +0.04 (7-10a)
o(L/dy) ('% tot)
for one-point loading; and
_ 231 Aint
= +0.21 +0.06 (7-10b)
Y (L/dy) (Apm)

for third-point loading

where A, i is the area of the internal prestressed reinforce-
ment, and A, 1o is the total area of internal and external
prestressed reinforcement.

The values of Q from Eq. (7-10) can be incorporated
in Eqg. (7-4) with d, replaced by d, to determine the stress at
ultimate.

Thesignificance of changein the eccentricity of the external
tendons during loading in the calculation of the stress at
ultimate has been corroborated by Rao and Mathew (1996)
and Tan and Ng (1997). The applicability of above equations
to FRP prestressed tendons needs to be established.

CHAPTER 8—PILE DRIVING AND
IN-PLACE FLEXURE
8.1—General
Pilesare commonly installed by a succession of blows that

are applied using a drop, diesel, steam, or compressed-air-

powered hammer. Four types of damage may occur during

driving of prestressed concrete piles:

*  Concrete spdling at the pile head due to high compressive
stresses;

e Concrete spalling at the pile tip due to hard driving
resistance;

e Transverse cracking due to tensile stress reflected from
the piletip or pile head; and

e Spiral or transverse cracking due to combined torsion
and tensile stress.
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Fig. 8.1—Pile details (Iyer et al. 1996).

Though identified for sted prestressed piles, this type of
damage may be anticipated in FRP prestressed piles as well.
Although FRP prestressed piles may provide the same effective
prestress, verification of their performance is required to alay
concerns relating to the use of any new materia. Specificaly,
the effectiveness of confinement provided by FRPties needsto
be proven. Additiondly, it is necessary to demonstrate that
thereis no debonding of the FRP strands under impact loading
and consequent loss of effective prestress.

8.2—Demonstration studies
Four studies have been conducted in the United Statesin

which full-size FRP prestressed concrete piles were driven
and monitored to verify their performance. In the earliest
study by Sen, Issa, and Mariscal (1992) and Sen et al. (1993),
S-2 glass strands were used for prestressing. In subsequent
studies, CFRP material was tested by lyer (1995), lyer et al.
(1996), Arockiasamy and Amer (1998), and Schiebel and
Nanni (2000).

8.2.1 Study by lyer (1995) and lyer et al. (1996)—Twelve
CFRP prestressed piles were used to support two 6.1 m (20 ft)
bays of acomposite pier at the Naval Facilities Engineering
Service Center, Port Hueneme, Calif. The pileswere 18.3 m
(60ft) long, 356 mm (14 in.) square, and prestressed by eight
12.5 mm (1/2in.) CFRP strands with 9.5 mm (3/8 in.) CFRP
spirals. The eight strands were stressed to provide an
effective prestress of 4.83 MPa (700 psi). Figure 8.1 shows
the layout and cross section of the piles.

A 17.8 kN (4000 Ib) hammer was used to drive the piles.
The subsurface below the mudline consisted of well-graded
moderately dense silty sands with intermittent silty clay and
clayey silt lenses. Figure 8.2 shows the installation of the
CFRP piles.

The maximum measured compressive stresses ranged
from 20.7 to 23.4 MPa (3 to 3.4 ksi) and were below the
recommended limit of 30.3 MPa (4.4 ksi). The pile cushion
employed a fresh stack of plywood with a predriving thick-
ness of 125 mm (5in.). A visible surface crack was noticed
after 263 blows at alocation 7.62 m (25 ft) from the pile top.
Theinstallation was temporarily stopped and continued after
an additional 125 mm (5in.) plywood cushion was placed on
the pile top and the hammer reset to alower level. Maximum
computed pile tensile stress reached 6.41 MPa (0.93 ksi)
before the adjustment. The pile was successfully installed
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Fig. 8.3—Construction on CFRP prestressed piles supporting
pier.

with no propagation of the surface crack while tensile
stresses remained below 5.9 MPa (0.85 ksi).

Although the piles were 18.3 m (60 ft) long, the
required bearing capacity was reached after 13.7 m (45 ft). As
a result, all piles were cut to 13.7 m (45 ft) and then
driven on site. This meant that the spiral spacing was
increased to 150 mm (6 in.) from the end one spacing of
25 mm (1 in.) (Fig. 8.1). There were no cracks in the
shortened installed piles. A view of the construction and
installation of the CFRP pilesis shown in Fig. 8.3.

8.2.2 Sudy by Arockiasamy and Amer (1998)—In this
study, four 7.62 m (25 ft) long by 250 mm (10 in.) square
CFRP prestressed piles were fabricated and tested. Two of
the piles used CFRP spiras while two others used steel
spirals. Details of the cross section of the pile and tie spacing

ACI COMMITTEE REPORT

50mm cover

NG TﬁCFRP

250mm X Z50mm

Section 1-1

Spiral @ 150mm pitch, symmetric

7.62m long

6 turns @ 75mm pitch
5 turns @ 25mm pitch

ERREERE \H\\\\\\\\\\\m

Fig. 8.4—CFRP pile details (Arockiasamy and Amer 1998).

are shown in Fig. 8.4. The all-CFRP piles used CFCC 1
X 7 7.5 mm (0.3 in.) diameter strands as spird ties. The
spacing of the spirals was the same as that used by lyer et a.
(1996) (Fig. 8.1). Steel spirals having a diameter of 5 mm
(0.21in.) were used in the two other specimens. The ultimate
strength of the CFRP spirds was 2117 MPa (307 ks) versus
1034 MPa (150 ksi) for the steel spirals. Prestressing was
provided by four CFCC 1 x 7 125 mm (0.5 in.) strands
produced by Tokyo Rope. The jacking stress was designed to
produce an average compressive stress of 5.5MPa(800 psi).This
effective stress was comparable to that recommended by ACI
543R. A 13.4 kN (3012 Ibf) hammer was used to drive the piles.
The average specified drop height was 1.82 m (6 ft), though
it averaged 2.12 m (7 ft) based on the energy transferred to the
top of the piles. The stresses predicted by wave analysisvaried
between 0 to 7.1 MPa (0 to 1.03 ksi) tensile and 16.6 to
24.3 MPa (2.41 to 3.53 ksi) compressive strength and werein
reasonable agreement with the experimental results. The
tensile stresses were maximum at the initial stage of
driving while the compressive stresses were higher at the
end of the driving stage. All stresses were within the
limits permitted by the Florida Department of Transportation
(FDOT) specifications. No damage was observed in the piles.
8.2.3 Study by Schiebel and Nanni (2000)—Four 7.3 m
(24 ft) long by 300 mm (12 in.) by 300 mm (12 in.) cross-
sectional piles were fabricated. Two of these piles were
CFRP prestressed and two others were prestressed using
sted strands. CFRP spirals were used over a portion of the
CFRP prestressed pile. Of the four piles, two—one CFRP
prestressed and one steel prestressed pile—were driven. The
other two were subject to flexural tests in the laboratory.
CFRP spiras have a 3.62 GPa (525 ksi) guaranteed tensile
strength. Two identical sections of spiral were fabricated,
onefor each of thetwo piles. Each spiral section had 21 turns
(fiveturnsat 25 mm [1in.] pitchand 16 turnsat 75 mm [3in.]
pitch for a total length of 1.325 m [53 in.] [Fig. 8.5]).The
spiral sections were installed in the driven end of the piles.
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The rest of the pile section was confined with conventional
steel spirals.

A 14.4 KN (3240 Ibf) hammer was used to drive the piles
(Fig. 8.6).The piles were driven into arocky-clay fill material
on the approach to a new bridge. Neither pile was driven to
bedrock. Oncethe pilewasdriven, the pile head wasinspected
for damage. Aside from some minor chipping at the square
edges, no damage was observed. Static field-testing indicated
that there was no reduction in flexural capacity.

8.3—Discussion

Piles are prestressed to withstand tensile stresses that arise
when they are driven through soft soils. FRP and steel may
be used to develop the same effective prestress. As FRP is
stressed to a smaller fraction of its ultimate tensile strength
and its interface with concrete differs from steel, transfer
lengthswill differ. Arockiasamy and Amer (1998) found that
transfer length for the CFRP strands was 40 diameters
(compared with 50 diameters for prestressed steel). For
12.5 mm (0.5 in.) strands, this amounts to 125 mm (5 in.)
differencein the location where the full effective prestressis
transferred to the pile. For this case, the performance of the
CFRP would be marginaly better.

8.4—Conclusions

The principal conclusions from the demonstration
studies are:

1. The performance of FRP prestressed and stedl
prestressed piles during driving are similar;

2. The mgjority of the piles relied on friction rather than
end-bearing for support;

3. FRP ties performed satisfactorily based on the absence
of damage following the driving operation. The tie spacing
used was identical to that in comparable steel prestressed
piles;

4. The FRP prestressed piles that are properly engineered
in terms of effective prestress and lateral ties provided, and
employ driving parameters based on wave analysis, may be
expected to perform satisfactorily; and

5. The results indicate that there are no inherent problems
in driving FRP prestressed piles.

An assessment of the test reports suggest the following
guidelines for FRP prestressed piles:

1. The specified strength of concrete should be at least
41.4 MPa (6000 psi) to prevent compression failure;

Fig. 8.6—\iew of installation of hybrid CFRP/stedl (Schiebel
and Nanni 2000).

2. The cover for steel prestressed pilesis 75 mm (3 in.).
Such large covers are not needed for corrosion-resistant
FRP material. Recommendations in specifications for FRP
reinforcement may be used;

3. Effective prestress should be between 4.8 to 5.5 MPa
(700 to 800 psi);

4. FRP gpiral ties provided should have twice the ultimate
capacity as steel ties. The same spacing used in steel
prestressed piles should be used for FRP prestressed piles;

5. FRP prestressed piles should be installed following the
recommendationsin ACl 543R;

6. Driving stresses in selected FRP test piles need to be
carefully monitored using a pile dynamic analyzer (PDA);
and

7. A predriving analysisisrequired for selection of thepile
hammer, the drop height, and the thickness of the pile and
helmet cushions to ensure driving stresses comply with
limits set in project specifications.

CHAPTER 9—RESEARCH NEEDS
While thereis a substantial volume of laboratory tests and

field installations, a number of research areas remain to be
investigated. The following represent the committee’s
major concerns.

Tendon and anchorage systems—The lack of commercial
tendon and anchorage systems remains a major impediment
to the industry. Without acommercial system, every project
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remains a research endeavor. This concern extends to the
economics of FRP tendons. The current price premium
makes them uneconomical for many applications.

Anchorages—Anchorages need additional developmentin
severa areas. Field and construction-friendly anchoragesare
needed. The fatigue effects at anchorages for unbonded
systems need evaluation.

Fire protection—Even though carbon fibers may be heat
resistant to 1000 °C (1800 °F), the resins are generally sensitive
to heat. Fire protection of anchoragesis also of concern.

Harping devices—The larger radii needed to limit
stresses make commercial push-down and roller-harping
devices unsuitable. New harping devices and saddles
need to be devel oped.

Long-term bond—The FRP tendon bond depends on the
resin surface. While there is some experience with epoxy-
coated steel bars, the long-term durability behavior of bond
in FRP prestressing tendons is not yet defined.

Galvanic action—Carbon fibers are higher on the
galvanic table than steel, creating a potential corrosion
problem. The resin bonding agents may preclude this
effect, but research is needed to investigate this behavior
and provide design guidance.

External post-tensioning for rehabilitation—FRP has
potential for rehabilitation applications. The lower elastic
modulus of FRP makes stressing short tendons more attractive.
The lack of tendon-anchorage systems remains a key
application issue.

Tendon replacement—FRP replacement tendons for
corroded structures are an application areawith high potential.
The design of a tendon to fit in the existing duct and to
function over tendon bend pointsin the reinforcement needs
to be resolved.

Circular prestressed tanks—Design guidesfor prestressing
circular “wire- and strand-wrapped” tanks using FRP
tendons need to be devel oped.

Sressing procedure—Guidelines for stressing procedure/
methods need to be devel oped.

Reliability assessment—The strength-reduction factors
require recalibration to ensure conformance with the load
factorsin ACI 318-02.

Shear capacity—Shear design quidelines for FRP
prestressed beamswith FRP stirrups need further devel opment.

Bond and development—Protocols for validation of FRP
tendon transfer length and devel opment length are needed.

CHAPTER 10—REFERENCES
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APPENDIX A—DESIGN EXAMPLE

Example 1—Pretensioned single T-beam

A simply supported T-beam is to be designed to carry
two 15 kip (67 kN) concentrated loads spaced 6.78 ft (2.1 m)
on center. A Rocky Mountain Prestress 12DT40 section,
cut in half along the centerline, is to be used for the
section. The beam is to be designed to carry its self-
weight plusliveload. Tendons are harped at midspan with
an end eccentricity of zero.

Calculation in inch-pound
Procedure units Sl equivalents
Step 1—Define section properties
A 333in.? 214,800 mm?
g 51,020in.4 2.124 x 1019 mm*
S 3516in.3 57.6 x 108 mmd
S 2001in3 32.8 x 108 mm®
S 2378in.3 39.0 x 108 mm3
\: 14.51in. 369 mm
Yo 25.49in. 647 mm
Wy 370 Ib/ft 5.40 kN/m
e (eccentricity =y, — cover) 21.49in. 546 mm
by, 7.25in. 184 mm
b 72in. 1829 mm
h 40in. 1016 mm
hy 2in. 51 mm
d 36in. 914 mm
Step 2—Define material properties
fe 6500 psi 44.8 MPa
fd 4000 psi 27.6 MPa
Ed 3.08 x 10%psi 21.2 GPa
E 4.60 x 108psi 31.7 GPa
fg = 0.6f 2400 psi 16.5MPa
fi = 3Vf4 190 psi 1.3MPa
fo = 0.45f; 2925 psi 20.2 MPa
f, = 6VF¢ 484 psi 3.3MPa
Number of tendons—m=6
fpu 425,000 psi 2.93 GPa
do 0.375in. 95mm
Ap 0.11in2 71.0 mm?
Ep 18,000 ks 124 GPa
= 425/18,000 = 0.024 0.024
Stressgueto harping | 1518 000)/24=90ks | 620 MPa
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'”'I“a' e 60% fou | percent of strength = 100(90)/425 = 21.2% By *+ 4t use7.25+4(2) =1525in.|  387mm
€ss 20% Tor harping =b 72in. 1.83m
Stress tendon to 40% of f el
pu
toalow for harping  |0.4(425)6(0.11) = 112.2kips 499 kN Assume newtrdl axisisin
theflange
P; = 0.40fp, mA,
s S 425(6)0.11/
ep eam span and loadings _ , [(0.85)(6.5)(15.25)]
Length L 30371t 120m a=TpuMA/OBIcDe) | =333in. >y, therefore | 846mm
- need to separate forces
Load spacing by 6.78 ft 21m
= = 5 Tendon areafor flange
ear span a; = 1/2(L —by) | 1/2(39.37 - 6.78) = 13.16 ft 401m (O —b) 085N (15.25—7.25) 0.85(6.5)] ,
Dead load w 370 Ibf/ft 5.40 kKN/m Ap = (et =bu) 085c oy | o 04 in 2 67.1mm
Mgy = wL28 0370(39.37)2/8 97.2 kN-m New neutral axis
= TL7ftkips (0.66 — 0.104)425/
Liveload P 15kips 66.7 kN a= (Ap—Ap )fp,/0.85f¢ by) (0.85(6.5)7.25) = 5.90 in. 150 mm
M; =Pay 15 x 13.16 = 197 ft-kips 267 KN-m Check tension control
M, = 1.2Mg + 1.6M; 1.2x 717+ 16x 197 544 KN-m B1 = 0.85—0.05(f¢ —4000)| 0.85 — 0.05(6500 — 4000)/ 0725
(ACI 318-02) =401 ft-kips /1000 1000 = 0.725 :
_ 1.2x0.370x 39.37/2 + 1.6 = 0(590/0.725)/36
Vu=1.2n/2+1.6P x 15=32.7 kips 145 kN ¢/d<0.375 = 0.225 OK oK
Step 4—L oss Calculations My = A, ., (d=h/2) 0.104(425)(36 — 2/2)
ion= ! — _ n=Ap fpu(d - +(0.66 — 0.104)425 i
Modular ratio n Ef/ECI n= 18,000/3080 =58 + (Ap _A{’) )fpu(d _ 3/2) (36 - 59/2) = - 1057 kN-m
Elastic shortening 5.8(112.2/333 + 112.2 x 9357 in.-kip = 750 ft-kip
Afeg=nfey = 21.45/2387 — 71.7 x 39.4MPa 0.9(780) = 702 ft-kips 952 kN-m
n(P,/A+ PielS, — My/S,) 12/2387) = 5710 psi oMp > M, > M, = 481 ft-kips OK > 544 kN-m
_Creep: assume 2 times Step 7—Check shear capacity
initial elastic shortening 2.0(5710) = 11,420 psi 78.7 MPa P
Af. = C.Af Shear capacity will be
a_os checked against V., and, if
Shrinkage: assume 0.0006 insufficient, stirrups added
net strain at time of testing (0'0901%}3%80%000 74.5 MPa 2
Afg= &4, =10600p (0.75)2.,/6500 x
Relaxation 0.03(0.4)425,000 352 MPa #Ve= 42,8 bd (7%53? %6&./ 1000 140kN
Afy = 0.03fy; =5100 psi - =31.6kips
Total losses 5710 + 11,420 + 10,800 + 228 MPa OVp = Pl /2 32 %75(?%3))2:1?2/ kips 32.9kN
Afeg + Afg + Afg + Af, 5100 = 33,030 psi VATV - . ” "
= + =
Total losses = 19.4% 19.4% $Vn = 0Ve + 4V 316+ 7.4=39.0kips L73kN
foe = 0.4fy, —losses  [0.4(425)—33.0=137.0ks| 944 MPa V>V, 39.0kips>327 kips OK | 13N 2 145KN
Final prestress = mAyfe | 6(0.11)137.0 = 90.4 kips 402 kN V, > ¢V,/2, therefore, mini-
Step 5—Check service level stressesat midspan mum shear reinforcement
— will be required.
Initial stresses -
Step 8—Check live load
112.2/333 - 112.2 x 21.45/ , _
Top=P/A—Pe/S + My/S| 3516+ 71.7 x 12/3516= | —0.74 MPa Deflections against ay/L = 16.29/39.37
—0.108 ksi L/480 limit =0.413
-p _ 112.2/333 + 112.2 x 21.45/ 3 3
Botom =PUA*TPES | 2001-717x 1212001 |  7.6MPa 5= PL@/L) (3_4, | 15(39:37)°0.413(3 -4 x
~Md/S =1110Ks 24E,1, (0.413)2)1728/(24(4.6 x 6.6 mm
P e
Both are within stress limits. (@/L)?) 10°) 51,020) = 0.26 in.
Final stresses 8/L =0.26/39.37 x 12
_ 1/1817 OK
90.4/333 —90.4 x 21.45/ = 11817 OK
Top=PJA-PE/§ +My/S | 3516 + 71.7 x 12/3516 + 438 MPa
+My/S 197 x 12/3516 '
=0.635 ksi tension i .
90.4/333 + 90.4 x 2145 Closing comment—The above beam was fabricated as
Bottom = PJA + Pee/S, | 2001 —71.7 x 12/2001 — 255 MPa designed by Rocky Mountain Predtress. It was tested to
~My/S-M/S, _ 9T 122000 3,000,000 load cycles producing 6Vf, tensile stress, based on
Both are within stress limits. uncracked section. The beam cracked after 100,000 cycles.
Step 6—Check strength capacity Following the fatigue test, the beam was loaded to failure. The
i i experimental 1oad capacity was 6% less than the calculated
Effectiveflangewidth | _ 20 - 10— 11000 320 p apacity

beff =L/4

nominal capacity.
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