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Fiber-reinforced polymer (FRP) materials have emerged as a practical bars, grids, and tendons are being used for nonprestressed and prestressed

material for producing reinforcing barand laminates for concrete str

uc-

concrete structures. FRP laminates bring used as external reinforcement

tures. FRP reinforcing bars and laminates offer advantages over steel rein- for strengthening of existing concrete and masonry structures. Due to differ-
forcement in that FRP is noncosive and nonconductive. FRP reinforcing
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ences in the physicahd mechanical behavior of FRP materials compared
to steel, unique test methods F&P bars and laminates are required.

This document provides model testthods for the short-term and long-
term mechanical, thermo-mechanical, and durabilistitey of FRP bars
and laminates. It is anticipatedhat these model test methods may be
considered, modified, and adopted, eitlrewhole or in part, by a U.S.
national standards-writing agency such as ASTM International or
AASHTO. The publication of these test methods by ACI Committee 440 is
an effort to aid in this adoption.

The recommended test methods are based on the knowledge gained from
research results and literature worldweidMiany of the proposed test methods
for reinforcing rods are based on those found in “Recommendation for
Design and Construction of Concre®tructures using Continuous Fiber
Reinforcing Materials” published i1997 by the Japan Society for Civil
Engineers (JSCE). The JSCE testhmds have been modified extensively
to add details and to adapt the test methods to U.S. practice.

Keywords: anchorage; bond; concrete; coupler; creep; fatigue; fiber-
reinforced polymers (FRP); modulus efasticity; reinforced concrete;
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CONTENTS The mechanical behavior of FRP differs from the behavior
Part 1—General, p. 440.3R-2 of steel reinforcement. FRP materials are anisotropic due to
1.1—Introduction the fiber orientation in the bars and laminates and are
1.2—Scope characterized by high tensileestgth only in the direction of
1.3—Existing ASTM test methods the reinforcing fibers. This anisotropic behavior affects the
1.4—Definitions shear strength and dowel action of FRP bars and the bond
1.5—Notation performance of FRP bars to concrete.
Part 2—Test methods for ERP bars for concrete FRPs are available with a wide range of mechanical

structures, p. 440.3R-7 properties (tensile strengths, bond strengths, and elastic
B.1—Test method for cross-sectional properties of FRP barsmoduli). Generally, FRP concrete reinforcements are not
B.2—Test method for longitiinal tensile properties of covered by national material standards, as few such stan-

FRP bars dards exist. Instead, manufacturers of FRP provide test
B.3—Test method for bond strength of FRP bars by data and recommend design values based on these test data.
pullout testing Unfortunately, also due to theclaof material standards, few

B.4—Test method for transverse shear strength of FRP barstandard test methods exist FRP concrete reinforcements.
B.5—Test method for strength of FRP bent bars and Therefore, it is difficult to compare test results between

stirrups at bend locations product manufacturers. In addition, research has considered
B.6—Accelerated test method for alkali resistance of FRP the durability of FRP concrete reinforcements in environ-

bars ments containing moisture, high and low temperatures, and
B.7—Test method for tensile fatigue of FRP bars alkaline environments. Test methods that allow for the
B.8—Test method for eep rupture of FRP bars comparison of mechanical properetention in a wide range

B.9—Test method for long-term relaxation of FRP bars  of standard environments are needed so that durable FRP-
B.10—Test method for performance of anchorages of reinforced concrete structures can be ensured.

FRP bars
B.11—Test method for tensile properties of deflected FRP bars1.2—Scope

B.12—Test method for detmining the effect of corner This document provides model test methods for deter-
radius on tensile strength of FRP bars mining the short-term and long-term mechanical properties
of FRP reinforcing bars, grid and tendons for concrete,
Part 3—Test methods for FRP laminates for both prestressed and nonprestressed, and for FRP laminates

concrete and mason ry, p. 440.3R-30
L.1—Test method for direct tension pull-off test

L.2—Test method for tension test of flat specimen
L.3—Test method for overlap splice tension test

as external reinforcement for concrete structures. As noted in
the individual methods, most of the methods for bars are also
suitable for tendons and sections cut from grids. Where
necessary, the tests consider the bars and laminates acting in

References, p. 440.3R-36 concert with concrete. For the most part, however, these tests
R.1—Guides and related standards are considered to be material tests and not component or
R.2—Conference proceedings structural tests.

R.3—Individual papers, reports, and theses These model test methods are intended to be considered,

modified, and adopted, either in whole or in part, by a U.S.

Appendix A—An _chor for testing FRP ba rs under national standards-writing agency such as ASTM Interna-

monotonic, sustained, and  cyclic tension,

p. 440.3R-38 tional or AASHTO. The publication of these test methods by
_ _ _ ACI Committee 440 is an effotd aid in this adoption.
Appendix B—Methods for calculating tensile The document contains only test methods and not material
properties of flat specimen, p. 440.3R-39 standards. The individual test methods contained in this
PART 1—GENERAL document do not specify minimum material properties that
1.1—Introduction must be met for the materials to be considered acceptable for

Conventional concrete structures are reinforced with use. Guidance on deciding ether a material is acceptable
nonprestressed steel, prestrésseeel, or both. Recently, based on test results is madethe material specifications
composite materials made diéirs embedded in a polymeric and design provisions that oplement these test methods
resin, also known as fiber-reinforced polymers (FRPs), have(ACI 440.1R; ACI 440.2R).
become alternatives to steel reinforcement for concrete The test methods presented in this document are the
structures. Because FRP materials are nonmetallic andecommendations of ACI Committee 440, and have not been
noncorrosive, the problems of steel corrosion are avoidedadopted by ACI as standards. $ich, they are, for the most
with  FRP reinforcement. Additionally, FRP materials part, written in nonmandatory language, using “should” and
exhibit several properties, suab high tensile strength, that “may” rather than “shall” and “must.” In keeping with the
make them suitable for use as structural reinforcement. FRRusual test method format, hovex, some language is imper-
materials are supplied as bars for reinforced and prestressingtive (“Fill a cylinder with water...” rather than “A cylinder
applications and in flat sheets laminates for use as repair should be filled with water...”). Although typically considered
materials for concrete structures. to be mandatory language, tige of imperative language in
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these test methods is for readability, and remain as

committee recommendations onlfyan architect or engineer
desires one of the test metisoto be part of the contract
documents, all of the nonmandey language would need to
be restated into mandatory language.

1.3—Existing ASTM test methods

440.3R-3

-B-
bar, FRP—a composite material formed into a long,
slender, structural shape suitable for the internal reinforcement
of concrete and consisting of primarily longitudinal unidirec-
tional fibers bound and shaped by a rigid polymer resin
material. The bar may have a cross section of variable shape
(commonly circular or rectangular) and may have a deformed

The recommended test methods provided herein are basedr roughened surface to enhance bonding with concrete.

on the knowledge obtained from research results anduitera
worldwide. Relevant ASTM stalards are referenced in the
individual methods; others are listedTiable 1.1 In many

cases, existing ASTM test methods are appropriate to deter

mine material properties folRP bars and laminates. Where
such methods are completelgceptable for FRP reinforce-

ments, no new method has been proposed. The new methods

that are provided have beesvdloped for one or more of the
following reasons:

bending angle—the angle formed by the straight sections
of a specimen on either side of the deflector.

bending diameter ratio—the ratio of the external diameter
of the deflector surface in ntact with the FRP bar to the
diameter of the FRP bar.
bending tensile capacity—the tensile capacity at failure
of a specimen within the deflected section.

bonded length—the length of the tediar that is in contact

1. To provide a test method where no current method exists; With c_orlcretg S _ _ _
2. To provide more detailed requirements that are specific Praiding—intertwining fibers in an organized fashion.

to FRP concrete reinforcing barslaminates, such as details
on how to grip the reinforcements in the test fixture;

3. To adapt a test method ginally developed for steel
reinforcing bars to work with FRP bars; or

-C-
CFRP—carbon fiber-reinforced polymer.
characteristic length—for bars or tendons that have a

4. To provide calculated test results that are compatiblerepeating surface deformation pattern, the characteristic

with other ACI documents.

Table 1.1lists specific ASTM test methods and comple-
mentary ACI 440 methods for various material properties.
Where both ASTM and ACI #test methods exist, the

length is the distance (in mm) of this pattern. For a spiral
pattern, the characteristic length is the pitch.

coefficient of thermal expansion (CTE)—a measure of
the relative change in lineaingension in a material based on

differences between the methods are summarized. Hundreda unit increase in temperatwéthat material. Note: Due to

of ASTM test methods are djgable to FRP composites and
organic polymers. The tablenly describes key material

the anisotropy of FRPs, the CTE in the longitudinal direction
of the rod is likely to be different from that measured in the

properties and selected ASTM tests that can be used to detetransverse direction.

mine these properties. For some properties, ASTM provides composite—a combination of one or more materials

more than one test procedure. The table does not attempt tjtfering in form or composition on a macroscale. Note: The
discuss the differences between various ASTM test methods.gnstituents retain their identities: that is they do not

1.4—Definitions
The following definitions clarify terms that are not
commonly used in reiofced concrete practice.

-A-

AFRP—aramid fiber-reinforced polymer.

aging—the process of exposing materials to an environ-
ment for an interval of time.

alkaline—having a pH greater than 7 Oconcentration
greater than ¥ 10" M).

dissolve or merge completeipto one another, although
they act in concert. Normallghe components can be physi-
cally identified and exhibit an interface between one another.

creep—time-dependent deformation (or strain) under
sustained load (or stress).

creep rupture—material failure due to deformation
(accumulated strain) caused by creep.

creep rupture capacity—the load at which failure
occurs after a specified period of time from initiation of a
sustained load.

anchorage—a device at the ends of an FRP bar that grips " €€P rupture strength—the stress causing failure after a

the bar, allowing a minimum of slip and transfers
prestressing load from thentdon to the concrete members.
anchor ager einfor cement—the latticed or spiral reinfcing

specified period of time from initiation of a sustained load.

creep rupturetime—the lapsed time between the start of
a sustained load and failure of the test specimen.

steel or FRP bars as confining reinforcement connected with creep strain—the differential change in length per unit

the anchorage and arranged behind it.
anchoring section—the FRP bar section embedded in the

length occurring in a specimen due to creep.
cure—to irreversibly change the properties of a thermo-

anchorage and anchorage reinforcement, including thesetting resin by chemicakaction such as condensation,

surrounding concrete.

average load (stress)—the mean value of the maximum
and minimum repeated loads (stresses).

ring closure, or addition. Note: Cure can be accomplished
by adding curing (cross-linking) agents with or without
heat and pressure.
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Table 1.1—Test methods for bars used for reinforcing or prestressing concrete

ASTM test | ACI 440 test|
Property method(s) method Summary of differences
Cross-sectional area — B.1 No eig ASTM test method available.

Longitudinal tensile strength

ACI method provides detailed information on an@hgmbars in the test fixture. ACI method also

and modulus D 3916 B.2 provides procedural requirements for attachiwé elongation reading devices on bar with
various deformation patterns.
ASTM Pullout Test C 234 has been withdraand, as written, did not provide adequate
specimen size to prevent splittingaafncrete cylinder when using FRP bars.
Bond properties A 944 B.3  |The only remaining ASTM test method for bondstéel bars to concrete is beam-end test
method (A 944), which has not been modifieddee with FRP bars. Ongoing work by ACI
Committee 440 is expected pooduce beam bond test methods.
D 5379
D 3846 The ACI method focuses on dowel action of barsdwes not overlap with existing ASTM methods
Shear strength B.4 that focus mainly on beam shearing failure mo&es.shear strength is of specific concern for
D 2344 applications where FRP rods are used to cross construction joints in concrete pavements.
D 4475
Bent bar capacity — B.5 No existing ASTM test methods available.
Durability properties — B.6 No exiing ASTM test method available.
Fatigue properties D 3479 B.7
Creep properties D 2990 B.8 |ACI methods provide specific information on anchoring bars in the test fixtures and on attaching
D 2990 elongation measuring devices to the bars. Them&hods also require specific calculations that
Relaxation properties B.9 are not provided in the ASTM methods.
E 328
Anchorage properties — B.10 No exiggi ASTM test methods available.
Tensile properties of ‘g :
deflected bars — B.11 No existing ASTM test methods available.
Effect of corner radius on et :
strength — B.12 No existing ASTM test method available.
) D 790
Flexural properties — No ACI methods developed.
D 4476
Coefficient of thermal E 831
expansion D 695 — No ACI methods developed.
E 1356
" E 1640
Glass transition temperature D 648 — No ACI methods developed.
E 2092
. D 3171
Volume fraction — No ACI methods developed.
D 2584

Test methods for laminates used as strengthening and repair materials

ACI method provides specific requirements foeamen preparation not found in the ASTM test

Direct tension pulloff D 4551 L1 method.
. ACI method provides for calculating tensile sigéh and modulus on gresross-sectional and
Tensile strength and modujus D 3039 L.2 equivalent, fiber area basis.
D 3165 . . . . .
Lap shear strength 03528 L.3 ACI method provides specificqairements for specimen preparation.
D 4551
Bond strength — No ACI methods developed.
C 882
-D- development length—Ilength of embedded reinforcement

deﬂected Section—the SeCtion Of an FRP bal’ that iS bent required to deve|0p the tens"e Capacity_
and maintained at the required bending angle and bending

diameter ratio.

deflector—a device used to maintain the position, alter

the FRP bar. Such a deviceynsmmetimes be installed in the

deflected section.

defor mability—the ratio of energy absorption (area under
the moment-curvature curve)wdtimate strength level to the

energy absorption at service level.

degradation—a decline in the quality of the mechanical

properties of a material.

-E-
. E-glass—a general-purpose fiber that is used in reinforced
rbolymers; a family of glass with a calcium, alumina, and boro-
silicate composition and a maximum alkali content of 2%.
equivalent area—area determined according to Test
Method B.1.
equivalent circumference—circumference of an assumed
circle with the equivalent areetermined according to Test
Method B.1.
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-F- L-
fatigue life—the number of cycles of deformation or load  laminates, FRP—two or more layerf fiber reinforce-
required to bring about failure of a material, test specimen,ments (such as, glass, carbanamid) arranged in one or

or structural member. more orientations (for exgote, 0, 90, +45, —45 degrees)
fatigue strength—the greatest stress that can be sustainedn€!d together by a polymer matrix. Laminates come in the
for a given number of load cycles without failure. physical form of dry, prepreg, and precured materials.

load (stress) amplitude—one-half of the load (stress)
ange.

load (stress) range—the difference between the
maximum and minimum repeated loads (stress).

load (stress) ratio—the minimum load (stress) divided by
maximum load (stress).

fiber—any fine thread-like natural or synthetic object of
mineral or organic origin. Not& his term is generally used
for materials whose length is at least 100 times its diameter.

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

fiber, carbon—fiber produced by heating organic

precursor materials containing a substantial amount of M-
carbon, such as rayon, polyalmitrile (PAN), or pitch, in matrix—in the case of FRP, the polymeric materials that
an inert environment. serve to bind the fibers togethéransfer load to the fibers,

fiber, glass—fiber drawn from an inorganic fusion of and protect them against eroimental attack and damage
silica (SiG) and other compoundsahhas cooled without  due to handling.
crystallization. maximum repeated load (stress)—the maximum load
fiber content—the amount of fiber present in a (stress) during repeated loading (stressing).
composite. Note: This is usually expressed as a percentage Microstrain—strainx 1CP.
volume fraction or weight fraction of the composite. Due to  Minimum repeated load (stress)—the minimum load
differing constituent densitieseight fractions and volume  (stress) during repeated loading (stressing).
fractions of fibers are not the same.
fiber-reinforced polymer (FRP)—composite material
consisting of continuous fibers impregnated with a fiber-
binding polymer then molded and hardened in the intended

-N-
number of cycles—the number of times the repeated load
(stress) is applied to the test specimen.

shape. -p-
fiber-volume fraction—the ratio of the volume of fibers PAN—polyacrylonitrile, a polymeric precursor for the
to the volume of the composite. production of carbon fiberdhe other precursor for carbon
fiber-weight fraction—the ratio of the weight of fibersto  fibers is pitch.
the weight of the composite. pitch—a black residue from the distillation of petroleum.
frequency—the number of loading (stressing) cycles per Used as a precursor for the production of carbon fibers. The
second. other precursor for polymer fibers is PAN.
polymer—a high-molecular-weight organic compound,
G- natural or synthetic, containing repeating units.

gauge |ength_the distance between two gauge points precured FRP—a fU”y cured FRP thatis usuaIIy made in

on the test section, over which the percentage of elongatior? factory and brought to the site as a rigid solid. If used as a
is determined. repair material for concrete, a precured FRP should be

GFRP—glass fiber-reinforced polymer. bonded to the surface of the concrete with an adhesive.
glass-transition temperature Tg—the midpoint of the precursor—the rayon, PAN, or pitch fibers from which

temperature range over which an amorphous materialcarkrmnrf'belzr;grer(;?r::c\é?gémem fabrics for FRP laminates
changes from (or to) a brittle, vitreous state to (or from) a prepreg -

plastic state that have been preimpregnated with a resin. Usually this
. o . . . resin is cured to an intermediate stage (B-staged) and the
grid—a two-dimensional (planar) or three-dimensional

i) ricid ti 4 FRP b hat f resulting prepreg is stored at cold temperatures. The cure
(spa_tla) rgid array o Intercarecte ars thatform a oqiarts once the prepregoimught to room temperature.
contiguous lattice that can be used to reinforce concrete.

Note: The lati b ¢ thi I d pultrusion—a continuous process for manufacturing
ote: The lattice can be manu wit '”‘_egfa_ y connecte composites that have a uniform cross-sectional shape. Note:
bars or made of mechanically connected individual bars.

The process consists of continuously pulling impregnated,
formable fiber-reinforcing material through a shaping die where

) ) 'H_' _ o the material is heated and subsequently cured or hardened.
hybrid—an FRP that is reinforced with a combination of
two or more different fibers, such as carbon and glass. R-

relaxation—the reduction of stress (or load) in a material
-1- under a constant state of strain (or deformation).
impregnate—in the case of fiber-reinforced polymers, to relaxation rate—the absolute value of the slope of the
saturate the fibers with resin. relaxation curve at a given time. In particular, the relaxation
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value after 1 million hours iseferred to as the million-hour  Cy
relaxation rate. D
repeated load (stress)—load (stress) alternating cyclically  dj,
between fixed maximum and minimum values. E¢
resin—polymeric material that is rigid or semirigid at
room temperature, usuallyitiv a melting point or glass- E{

transition temperature above room temperature.
rod, FRP—resin-bound construction mostly made of E;
continuous fibers in the shape of a bar or tendon used to
reinforce concrete uniaxially. F
F1

SN curve—the graphical plot of the repeated load (stress)
along a vertical axis versus the number of cycles to fatlguez|:2
failure on the horizontal axis.

stress—Load divided by the cross-sectional area. Refer to
Test Method B.1 for the calation of cross-sectional area.

stress concentration—the magnification of stress in a Fp
region due to the presence of a bend, notch, void, hole, ol
inclusion. Stress concentrati® (nonuniform stresses) occur |:u

in regions where St. Venant'’s principle does not apply. Ful
Fuz
-T- Fub

tendon, FRP—an FRP element, such as a bar, rod, or
strand, or a bundle of such elents primarily used in tension iy
to impart compressive stress to concrete. e,

tensile capacity—the maximum tensile load carried by f
test specimen before failure. f

test section—the portion of a specimen between the fb
anchoring sections of the test specimen.

thermoplastic—resin that is not cross-linked; it generally |
can be repeatedly remelted and reshaped by the appllcatlon_
of heat. L

thermoset—resin that is formed by cross-linking polymer
chains. Note: A thermoset cannot be melted and reshapeqj_
because the polymer chains form a three-dimensional networkL

P
. . U- . Ps
ultimate strain—the change in length per unit length p
corresponding to the tensile capacity. R“
v Ret
vinyl esters—a class of thermosetting resins containing Mt
ester of acrylic, methacrylic acids, or both, many of which
have been made from epoxy resin. s
“W- T

wet lay-up FRP—a method of forming an FRP laminate, T’
often on a substrate such as concrete, using dry FRP fabric$
that are saturated with resimplace. Once cured, the resin Tg
system acts as the matrix of the FRP laminate and acts t&/o
adhere the laminate to the substrate.

Vi
1. 5—Notat|on
A = cross-sectional area of FRP bar, fam Vsy
A; = empirical constant W
A, = adhesion fixture contact area, fim W,
B = width of specimen, mm
B, = empirical constant Ye

ACI COMMITTEE REPORT

Frax =

equivalent circumference of FRP bar, mm

external diameter at deflector surface position, mm
equivalent diameter of reinforcing bar, mm
modulus of elasticity of FRP laminate based on
specimen area, MPa

modulus of elasticity of FRP laminate based on
fiber area, MPa

axial (longitudinal) modulus of elasticity of FRP
bar, MPa

tensile load, N

tensile load at approximately 50% of the ultimate
load capacity or of guaranteed tensile capacity of
FRP bar, N

tensile load at approximately 20% of the ultimate
load capacity or of guaranteed tensile capacity of
FRP bar, N

maximum tensile load, N

pull-off force, N

million-hour creep rupture capacity of FRP, N
tensile capacity of FRP bar, N

tensile capacity before immersion, N

tensile capacity after immersion, N

ultimate load capacity according to bend test of
FRP bars, N

tensile strength of FRP based on specimen area, MPa
tensile strength of FRP based on fiber area, MPa
million hour creep rupture strength of FRP bar, MPa
ultimate tensile strength parallel to the fibers, MPa
bend capacity of the FRP stirrup, MPa

specimen length, mm

bonded or embedded or overlap length, mm
length of anchor cylinder, mm

length from the top of the embedded bar to the point
of the attachment of the measuring device, mm
gauge length of measuring instrument, mm

tail length of bend bar, mm

tensile failure load of specimen, N

maximum failure load, N

maximum tensile load, N

stress ratio

tensile capacity retention rate, %

radius of bend in FRP reinforcement, mm

reduced tensile strength of specimen corresponding
to a specific corner radius, MPa

elastic elongation, mm

specimen thickness, mm

time, h

equivalent fiber thickness, mm

glass-transition temperature, °C

volume of water or ethanol in the cylinder before
immersion of the specimen, mL

volume of water or ethanol after the specimen is
immersed, mL

average tensile shear strength, MPa

initial mass of the specimen before immersion, g
mass of the specimen after immersion for a period
oftime 1, g

creep load ratio
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Y, = relaxation rate, % 4.1—No new terminology introduced.
a = bending angle, degrees 5 Test equipment and requirements
€1 = tensile strai_n at approximately 60% _of the uItimate 5.1—A graduated measuring cylinder with a maximum
load capacity or guaranteed tensile capacity of gragient of 10 mL and of sufficient height and diameter to
FRP bars _ . contain the specimen is usedr@asure the volume of the
go = tensile stram at approximately 20% _of the uItl_mate specimen.
load capacity or guaranteed tensile capacity of 5.2—Water or ethanol is used if air bubbles are present
FRR b_ars . on the surface of the specimen.
g = strainin FRP reinforcement due to load _ . L
gy = design rupture strain of FRP reinforcement 5'3_Ca“pers W't.h precisiorof 0'025 mm are used to
. . . measure the dimensions of the specimens.
gr,m = rupture strain of FRP reinforcement as reported by ] )
the manufacturer 6 Specimen preparation
g, = ultimate strain of FRP bar 6.1—Specimens should be representative of the lot or
Y = strength-reduction factor due to bend effect batch being tested. Test specimens, as a rule, should not be
t = bond or shear stress, MPa subjected to any processing.
Tmax = bond strength, MPa 6.2—During the sampling and preparation of test speci-
1y = tensile shear strength, MPa mens, all deformation, heating, outdoor exposure to ultraviolet
1, = shear strength, MPa light, and other environmental conditions causing changes to
op = pull-off bond strength, MPa the material properties of the specimen should be avoided.
AP = tensile load increment, N 6.3—Five bar specimens, agximately 200 mm long,
AV = the increase in the cylinder volume reading when should be used. If the bars have a repeating surface deformation
specimen is immersed the water or ethanol, mL  pattern, then at least on characteristic length should occur over
Ag = strain increment the length of the sample. For FRP grids, the specimen length
dP/dl= slope of the chord between 1000 and 3000 will be the space of the grid. When cutting the specimens, care
microstrain of the load-deformation curve should be taken to ensure the perpendicularity of the cutting
face to the longitudinal direction of the specimen. Burrs on
PART 2—TEST METHODS FOR FRP BARS the cut face should be removed.
FOR CONCRETE STRUCTURES 6.4—The cut surface of the specimen may be coated
Ef']f:;-lp—ebs;r@etmd for cross-sectional properties with a thin layer of paraffin wax if moisture uptake into the
1 Scope solid FRP material is considered to be an issue.
1.1—This test method is used determine the cross- 7 Conditioning
sectional area, equivalent diameter, and equivalent 7.1 Standard conditioning procedureCondition
circumference of an FRP bar. specimens in accordance with Procedure A of ASTM D 618,
1.2—For a grid, the method is used to determine the store and test at the standard laboratory atmosphere (23 + 3 °C
cross-sectional area of a single segment of the grid. and 50 + 10% relative humidity).
2 Referenced documents 8 Test method
2.1—ASTM standards o . 8.1—The specimens should be kept in the test environment
D 618 TStar.1dard Practice for Conditioning Plastics for o, at |east 24 h before testing.
esting

3 Signifi q 8.2—Fill a dried graduated cylinder with water or
3|191n|;c|:?a;c§ and use de i ing f includi ethanol to an appropriate heigduch that the fluid will not
il ars are made in varying forms, Inciuding e rflo\y upon insertion ahe specimen into the cylinder.

deformed, sand coated, aridlbed, and multistrand cables 8.3—Measure the length afach specimen three times
i h . A methodol [ ired to determi N ) '
and braided shapes. A methodology is required to de ermlnerotatlng the specimens by 12Qgdees for each measurement.

the cross-sectional area, equivalent diameter, and equivalen+he average of the three awmrements, rounded to the

circumference of the various shapes. nearest 0.1 mm. is used as the specimen lenath
3.2—This test method is intended to determine the actual ’ IS u peci gth.

average cross-sectional area, equivalent diameter, and equiva- 8-4—Measure the volume oivater or ethanol in the
lent circumference of an FRP bar for material specifications, Cylinder before immersing the specimen. Immerse the
quality control, and structural design and analysis. specimen in the Wgter or ethanql in the graduated cylinder
3.3—Cross-sectional properties of FRP bar are importantW'th no part protru_dlng gbouhe brim. Care §hould be takgn_
factors to be considered in thesign of FRP bars as concrete [0 avoid entrapping air along the specimen when it is
reinforcement. The cross-sectional properties are measurefnmersed. Determine the volume increase.
according to the method givérerein, in keeping with the 9 Calculations
intended purposes. 9.1—When the volume and length of each of the five
3.4—This test method is not appropriate for bar geometries specimens have been determined, the cross-sectiona area
that will trap air when submerged in the graduated cylinder. is determined and rounded to the nearest 12ramthe
4 Terminology volume of the specimen is divided by the lenigth
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AV V-V, 3.1—This test method for obtaining the tensile strength,
A= T 1000 = ] X 1000 1) modulus of elasticity, and ultimate strain is intended for use
in laboratory tests in which the principal variable is the size
or type of FRP bar.

3.2—This test method focuses on the FRP bar itself,
excluding the performance dhe anchorage. Therefore,
failure or pullout at an anchoring section should be disregarded,
and the test findings should be based solely on test specimens
that fail in the test section.

4 Terminology

4.1 Test section—The portion of a specimen between
the anchoring sections of the test specimen.

4.2 Anchoring section—The end parts of the specimen
where an anchorage is fitted to transmit the loads from the
testing machine to the test section.
dy, = 2 JE (mm) (2) 4.3 Gauge length—The distance between two gauge

n points on the test section, over which the percentage of elon-
gation is determined.

4.4 Anchorage—Device fitted to the anchoring section
of a specimen to transmit lds from the testing machine to
the test specimen. ReferAppendix A

45 Tensle capacity—The maximum tensile load
carried by test specimen before failure.

4.6 Guaranteed tensile capacity—The average
maximum tensile load minus three standard deviations. The

_10.1—The trade name, shape, and date of manufactureosjie capacity which an FRP manufacturer guarantees it
if available, and lot number of product tested. will meet

10.2—Type of fiber and fiber binding material as 47 Ultimate strain—The change in length per unit
reported by the manufacturand fiber volume fraction. length corresponding to the tensile capacity.

10.3—Numbers or identification marks of test specimens. g Tegt equipment and requirements

10.4—Designation and surface modification of FRP bar. 5.1 Test machine-Use a testing machine with a loading

10.5—Type of liquid used for the test (water or ethanol). capacity in excess of the tensilpacity of the test specimen
10.6—Date of test and test temperature and relative and calibrated according to ASTM Practices E 4. A testing

where

AV = the increase in the cylinder volume reading when
specimen is immersed in the water or ethanol, mL;

Vg = volume of water or ethmol in the cylinder before
immersing the specimen, mL;

V, = volume of water or ethreol when the specimen is
immersed in the water or ethanol, mL; and

L = length of the specimen, mm.

9.2—The equivalent diametel, of each specimen should
be calculated by assuming the cross section to be a circle

9.3—The equivalent circumferenc€, should be
calculated as

Cp = 24/n-A (mm) ®3)

10 Report
The test report should include the following items:

humidity. machine with either loading rate or displacement rate control
10.7—Length, volume, and average cross-sectional js preferred.

area, equivalent diameter, aeduivalent circumference for 5.2 Strain measuring devicesExtensometers or LVDTs

each specimen. used should be capable of recording specimen elongation

10.8—Mean and standard deviation of cross-sectional during testing with an accuracy of not less than 0.002% of
area, equivalent diameter, aaguivalent circumference for  the gauge length.

each set of test specimens. 5.3 Gauge section lengthTo determine the modulus of
10.9—Details of specimen conditioning before test. elasticity and ultimate strain ¢ifie test specimen, the exten-
someter or LVDT should be mounted in the center of the test
B.2—Test method for longitudinal tensile section at a distance from the aodge of at least eight times
properties of FRP bars the diameter of the FRP baFhe extensometer or LVDT
1 Scope should be properly aligned with the direction of tension. The

1.1—This test method specifies the test requirements for gage length should not be less than eight times the diameter
tensile strength, modulus of elasticity, and ultimate elongationof the FRP bar, nor less than the characteristic length.

_of FRP bars used as reinforgibars or prestressing tendons 5.4 Data acquisition systemThe system should be
In concrete. capable of continuously reading load, strain, and displace-
2 Referenced documents ment at a minimum rate of twreadings per second. The
2.1 ASTM standards— minimum resolutions should be 100 N for load; 16or
D618  Standard Practice for Conditioning Plastics for strain, and 0.001 mm for displacement.
Testing 6 Specimen preparation

D 3916 Standard Test Method for Tensile Properties of  6.1—Specimens should be representative of the lot or
Pultruded Glass-Fiber Reinforced Plastic Rod batch being tested. For grid-type FRP specimens, linear test
E4 Standard Practices for Force Verification of specimens may be prepared by cutting away extraneous
Testing Machines material in such a way as not to affect the performance of the
3 Significance and use part to be used. Leaving an#n projection of the cross bars
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is recommended. In the gauge length of the specimen, no posence between the load (stress)-strain curve values at 20 and
production machining, abrading, or other such processing is50% of the tensile capacity, according to Eq. (2), with a preci-
permitted. Such processing may be used in the anchoringsion to three significant digits, provided that the load (stress)-
sections to promote bond of the rod to the anchoring device. strain curve is linear during this load range. For FRP bars
6.2—During the sampling and preparation of test where a guaranteed tensile capacity is given, the values at 20
specimens, all deformatiomeating, outdoor exposure to and 50% of the guaranteed tensile capacity may be used.
ultraviolet light, and other factors possibly causing changes
to the material properties tife specimen should be avoided. F,—F,
6.3—The length of the specimen should be the sum of B = m @)
the length of the test section and the lengths of the anchoring
sections. The length of the testction should not be less than
100 mm, nor should it be less than 40 times the diameter Ofwhere , . .
the FRP bar. For FRP barstimisted strand form, the length  EL = axial (longitudinal) nedulus of elasticity, MPa;
should also be greater than two times the strand pitch. cross-sectional area, rim _ _
6.4—The number of test spieeens should not be less F, ande; = load and corresponding strain, respectively, at

than five. If the specimen fails at or slips out of an anchoring approximately 50% of the ultimate tensile
section, an additional test shdibe performed on a separate capacity or guaranteed tensﬂe capacity, N and
specimen taken from the saioeas the failed specimen. dimensionless, respectively; and _

7 Conditioning F, ande, = load and corresponding strain, respectively, at

7.1 Standard conditioning procedureConditioning approximately 20% of the ultimate tensile

according to Procedure A 85TM D 618 is recommended. capacity or guaranteed tensile capacity, N and

Store and test specimens a thandard laboratory atmosphere _dimensionless, respectively. .
(23 + 3 °C and 50 + 10% relative humidity). 9.5—Ultimate strain should be the strain corresponding to

8 Test method the ultimate tensile capacity when the strain-gauge measure-
ments of the specimen are available up to failure. If exten-
gpometer or strain-gauge measurements are not available up to
failure, the ultimate strain should be calculated from the
ultimate tensile capacity and modulus of elasticity according

to Eqg. (3), with a precision to three significant digits.

8.1—When mounting the specimen on the testing
machine, care should be taken to ensure that the longitudin
axis of the specimen coincidesth the line joining the two
anchorages fitted to the testing machine.

8.2—The data acquisition system should be started a few
seconds before starting the loading. The rate of loading
(displacement rate or load raghould be constant during a e = Fy 3)
test, and should be such that the specimen fails in 1 to 10 min. Y EA

8.3—The load should be increased until tensile failure
occurs. Strain measurements should be recorded until thgyhereg,, = ultimate strain of FRP bar, dimensionless.
load reaches at least 50% of the tensile capacity or the 4 Report

guaranteed tensile capacity, whichever is higher. The test report should include the following items:

9 Calculations _ 10.1—The trade name, shape, and date of manufacture,
9.1—A load (stress)-strain curve should be generated j available, and lot number of product tested.
from the load (stress) and strain measurements recorded 10.2—Type of fiber and fiber binding material as

from the extensometer or strain gauge readings.
9.2—The tensile strength shoube calculated according
to Eq. (1), with a precisioto three significant digits.

reported by the manufacturer, and volume ratio of fiber.
10.3—Numbers or identification marks of test specimens

date of test, test temperature, and loading rate.
10.4—Designation, equivalent diameter, and cross-

fu = Fy/A 1) sectional area as determined according to Test Method B.1.
10.5—A brief description of the anchorage device,
where drawings or photographs of the anchorage device describing
f, = tensile strength, MPa; dimensions, and materials used.
F, = tensile capacity, N; and 10.6—Details of specimen conditioning including:
A = cross-sectional area of specimen,%nm environment, temperature, humidity, and duration.
Note: The cross-sectional ardais as defined in Test 10.7—Ultimate tensile capacity for each test specimen,

Method B.1. For use in desiguides, the load from the test means and standard deviatidos ultimate tensile capacity,
may be divided by the area of standard reinforcing steel ofand tensile strength.
the same nominal diameter. The test report should indicate  10.8—Tensile modulus of elasticity for each test specimen,
whether the actual area or standard area is used. and means and standard deviations.

9.3—The tensile modulus of elasticity should be taken as 10.9—Ultimate strain for each test specimen, means,
a linear regression of the data points from 20 to 50% of theand standard deviations, if measured.
tensile strength of the bar. It may be calculated from the differ- ~ 10.10—Stress (load)-strain curve for each test specimen.
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® ¢ / * ® \ Fig. B.3.3—Horizontal bond test.

e W ) ) )
This test method describéke pullout test specimen to

L] determine the bond strength.

f f Dogbone f Dogbone f 1.3—Two methods for casting test specimens are
provided. The first method ahg the bar with the concrete

Fig. B.3.1—Types of test methods for different bond valuescasting direction, similar to that of a longitudinal bar in a

of FRP reinforcement in conaee () pullout specimen; (b) - reinforced concrete columnitf B.3.2). The second method

beam-end specimen; (c) simfdeam specimen; (d) hinged ;,41¢ the bars transverse to the concrete casting direction,

beam-end specimen; (e) splice specimen; (f) cantilever . ~. - . .
beam specimen (without dagtes); and (g) cantilever Elerr;rlgrotﬁ)stg%t(ogitgh'eBI?;g;t.udmal bar in a reinforced concrete

beam specimen (with dogbones).
2 Referenced documents

. 2.1 ASTM standards-
FRP Bars ;\;gr(i’;lo;h;;\‘zﬁble A 944  Standard Test Method for Comparing Bond
bond; Strength of Steel Reinforcing Bars to Concrete
onding . .
Using Beam-End Specimens
i < C39 Standard Test Method for Compressive Strength
= of Cylindrical Concrete Specimens
C 143 Standard Test Method for Slump of Hydraulic
Cement Concrete
C192  Standard Practice for Making and Curing
Sdb Concrete Test Specime in the Laboratory
C 293 Standard Test Method for Flexural Strength of
Concrete (Using Simple Beam with Center-Point
Loading)
C511  Standard Specification for Moist Cabinets, Moist
Rooms, and Water Storage Tanks Used in the

200mm
100mm

©

<1 OOrllrn

200mm 200mm

Fig. B.3.2—Vertical bond test specimen.

10.11—A brief description, wittphotographs and sketches Testing of Hydraulic Cements and Concrete
if necessary, of the post-failure appearance of each specimens 617 Standard Practice for Capping Cylindrical Concrete
Report anomalous failure modes observed during testing or Specimens
anomalous post-failure appearances of any specimens. D 618  Standard Practice for Conditioning Plastics for

Testing
Eysr;[:—gjg Qgtmgd for bond strength of FRP bars E4 Standard Practices for Force Verification of
1 Scope Testing Machines.

1.1—This test method specifies the test requirements for 3 Significance and use
determining the bond strengthERP bars used as reinforcing 3.1—This test method for measuring bond strength by
bars or prestressing tendonsincrete by pullout testing. pullout testing is intended for @$n laboratory tests in which

1.2—Various types of test methods are available for the the principal variable is thezg or type of FRP bars. The test
determination of different bonghlues of FRP reinforcement method should not be used to establish design bond values
in concrete structures, as shown schematically in Fig. B.3.1.and development lengths for PRars embedded in concrete.
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3.2—This test method is intended to determine the bond
behavior for material specifications, research and develatp
and quality assurance. The bond behavior will be specimen
configuration dependent, whichay affect both analysis and
design. The primary test resust the bond strength of the
specimen to normalweight concrete, which is an important 7§
factor to be considered in tise of FRP bars as reinforcing
bars or tendons. i

3.3—This test method may albe used to determine the
conformance of a product @r treatment to a requirement t
relating to its effect on the bond developed between FRP bar
and concrete. The result olted from this test method
should be used only for comparative purposes to compare
parameters or variables of bond strength. The method may
be used to establish long-term environmental effects on bond 5
to concrete, including environmental reduction factors for 2y B e
FRP bars embedded in concrete. 5 110, Aumdial (e A ppandin A

4Termin0|ogy 11 e sz apueTe

4.1 Bonded length—The length of the test rod that is in  Fig. B.3.4—8hematic details of pullout bond test setup.

contact with concrete.
5 Test equipment and requirements FRP Rad

5.1—Use a testing machineitv a loading capacity in
excess of the tensile capacity of the test specimen anditzalib
according to ASTM Practices E 4. A testing machine with | . | 1ar
either loading-rate or displament-rate control is preferred. @
The load should be applied to the reinforcement bar at a ratg Aivsms bt
not greater than 20 kN/min or at the no-load speed of the] " = %mm i
testing machine head of not greater than 1.3 mm/min, - LN I e
depending on the type of taglimachine used and the means i 1h]

provided for ascertaining @ontrolling testing speed. Fig. B.3.5—Positions ofLVDTs at surface of conete cube:

5._2—The loading plate (Fig. B.3.4) should be a a) plan view of three LVDsTat loaded end; and (b) one
machined steel plate at least 200 mm square and 20 MNj\/pT at free end.

thick, and have a hole drillerough its center of sufficient
diameter to accommodate the FRP bar.
5.3—The loading end of the FRP bar should be fitted either one FRP bar embeddesigendicularly to the direction
with an anchor capable tfansmitting loads until the rod is  of casting of the concreté-ig. B.3.9, or two FRP bars
pulled out of the concrete byband failure. The load trans- embedded parallel to the castiofthe concreteH(g. B.3.3).
mission device should only transmit axial loads to the FRP Five specimens of each tyseould constitute a set of test
bars, without applying either torsion or bending. specimens. If a specimen has failed or slipped at the
5.4—The displacement measuring devices fitted to both anchoring section, or split ttencrete cover, an additional
the free end and loaded end of the FRP bars should béest should be performed arseparate specimen taken from
displacement measuring devices (LVDTs) or similar the same lot as the failed specimen.
apparatuses, reading accurately to 0.01 mm. Three LVDTs 6.1.1 Specimens for perpendicularly embedded bar
at 120-degree intervals at the loaded end and either ondFig. B.3.Q—These specimens should consist of concrete
concentric gauge or two gauges at 180-degree intervals at theubes, 200 mm on each edge, with a single FRP bar embedded
free end of the bar are recommended (Fig. B.3.5). vertically along the central axis in each specimen. The bar
5.5—Two types of molds fdbond test specimens willbe  should project upward from the top face a sufficient length to
required: for 200 mm concrete cubes, each containing aextend through the bearing blocks and the support of the
vertically embedded bar, and for 200 x 200 x 400 mm testing machine, and provide atlequate length to be gripped
prisms, each containing twieorizontally embedded bars. for application of load. If splitting failure of concrete occurs, a
Preferably, the molds should be made of metal no less tharB0O0 mm cube is required and new tests should be performed.
6 mm thick. The molds should be watertight and constructed 6.1.2 Specimens for parallel embedded &g. B.3.3—
for easy removal without disturbing the embedded bars.  These specimens should cohsi§ concrete prisms 200 x
6 Specimen preparation 200 x 400 mm, with the longekes in the vertical direction.
6.1—FRP bar specimens shoudd representative of the  Two bars should be embedde@ath specimen, perpendliar
lot or batch being tested. Easpecimen should be cut into to the longer axis and paraltel and equidistant from the
1200 mm-long sections and astbled with an anchor (refer  sides of the prism. In the stieal direction, one bar should be
to Appendix A at one end. Tétest specimens should contain located with its axis 100 mm from the bottom of the prism
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and the other with its axis 300 mm from the bottom. The barcured in accordance with ASTM C 192 until the time of
should project from the concrefigce a sufficient length to  testing. Specimens should be tested at an age of 28 days.
extend through the bearing bks and the support of the 6.6—When the specimens are between 7 and 14 days
testing machine, and provide an adequate length to beold, the 200 x 200 x 400 mm pms should be broken in half
gripped for application ofold. A triangular groove should in flexure to form two 200 mm cubes. Specimens should be
be formed on each of the two opposite sides of the prismbroken as simple beams with center-point loading in accor-
parallel to the bars and at the midheight of the prism. Thesedance with ASTM C 293. Thevb triangular grooves in the
grooves should be at leastrb® deep, measured perpendicular upper and lower faces of the prisms should be located at

to the surface of the concreféhe grooves should faicidte midspan. The load should be applied to a 19 mm-diameter
breaking of the prism into twiest specimens at the weakd bar laid in the upper groove until fracture occurs. Care
plane before performing the bond tests. should be taken not to strike or otherwise disturb the FRP

The bonded length of the FRBrlshould be five times the  bars during the operation.
diameter of the FRP bar. If the bonded length, as defined 6.7—The surface of the 200 mm cube containing the
previously, does not represent the bonding characteristics ofertically embedded bar should be capped so as to utilize it
the FRP bar, the bonded length may be extended apepf@o as the bearing surface in the pullout test. The applicable
Outside of the bonded section, the embedded bar should bgortions of ASTM C 617, relative to capping materials and
sheathed with polyvinyl chloride (PVC) or other suitable procedures, should be followed.
material to prevent bondindit the free end, bars should 7 Conditioning
protrude from the concreteightly so that the end of the 7.1—Unless a different testing environment is specified,
LVDT(s) will bear on the barHig. B.3.5. the pullout tests should be conducted at the standardtiadyora
6.2—The bars shall be placed into the molds as follows: atmosphere (23 + 3 °C and 50 + 10% relative humidity).
6.2.1—The opening in the form through which the FRP 7.2—Preconditioning of FRP bar specimens before
bar is inserted should be sealesing oil, putty, or similar ~ €asting in concrete, such as post-production machining,
materials to prevent ingress of water and other substances. abrading, or other such praséng, is permitted but should
6.2.2—The orientation of the specimen should not be be reported.
changed until the form is removed. 8 Test method . i )
6.3—Before casting the test specimens, coat the inSidemac?ﬁilr;-:—:?)nsepsfltrr?:?olfohvc\)/ilﬂg tt\jveootljar:tes(,jetlgptshe testing
surface of the molds with a thin film of mineral oil, p&tton . '
: : : . 8.1.1—The capped or bearing surface of the cube from
jelly, or stearic acid paste. The following procedures are

. which the long end of the bargjects should be in contact
recommended for placementagfncrete in the molds unless . !
another well-established method is used: with the bearing block (or plaster pad) assembly. The

herically seated bearing ik should rest on a support that
6.3.1—For 200 x 200 x 400 mm prisms, place the ¥ y g Pb

X . ) transfers the reaction from thidock to the load cell of the
concrete in four layers oparoximately equal thickness and

d hi 25 1 tha 16 di ter t ) q testing machine. The projecting FRP bar should extend
rod each fayer Imes with a 16 mm-diameter tamping ro ‘through the bearing block assembly and the support, and the

6.3.2—For _200 mm cube_s, place the concrete in four 5nchor should be gripped foension by the jaws of the
Iaye_rs of approxmately (_aqutthckness _and rod each layer testing machineHig. B.3.9. The free end of the bar may also
25 times with a 16 mm-diameter tamping bar. be potted in an anchor dsscribed imA\ppendix A
6.3.3—After the top layer has been consolidated, strike 8.1.2—The concrete cube should be fixed on the

off the surface with a trowel and protect against moisture stationary head of the tesgi machine. LVDTs at the loaded
evaporation by one of the aptable methods described in  end and free end are attached to measure the slips of the FRP
Paragraph 7.1 of ASTM C 192. Care should be taken thatyar, as shown iffig. B.3.5 The anchor is then threaded or
evaporation does not take place in the area adjacent to thgripped by the moving head of the testing machine.
protruding FRP bar forertically cast specimens. 8.2—Assemble the testingpparatus on the specimen.

6.4—The concrete should be a standard mixture, with Carefully measure and record, to the nearest 0.5 mm, the
coarse aggregates having a maximum dimension of 20 tadistance between the top sudaaf the bonded length and
25 mm. It should be batched and mixed in accordance withthe point of attachment oférmeasuring device on the FRP
the applicable portions of A3/ C 192. The concrete should  bar. The elongation of the FRP bar over this distance may be
have slump of 100 + 20 mm in accordance with ASTM C 143, calculated and subtracted from the measured slip plus elon-
and the compressive strength atlags should be 30 #\3Pa gation to obtain the loaded-end slip. Moreover, free-end slip
in accordance with ASTM C 39. A minimum of five standard shall be measured to the nearest 0.5 mm.
150 x 300 mm or 100 x 200 meontrol cylinders should be 8.3—Apply load to the FRP bar at a load rate no greater
made for determining compressive strength from each batchthan 20 kN/min, or at a testing machine head speed not
of concrete. greater than 1.3 mm/min.

6.5—Molds should not be removed from the specimens 8.4—Read and record the applied load and the LVDT
earlier than 20 h after castirigxtreme care should be taken readings at a sufficient numbef intervals throughout the
to prevent striking or otherwise disturbing the FRP bars. test to provide at least 15 readings by the time a slip of 0.25 mm
Immediately after removing the molds, specimens should behas occurred at the loadeddesf the FRP bar. The slippage
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of the free end should be reded in incremets of 0.01 mm, 10.1.3—Twenty-eight day strength of control cylinders
together with the coesponding applied load. as determined in accordance with ASTM C 39.

8.5—Continue the loading and readings at appropriate 10.1.4—Any deviation from tle stipulated standards
intervals until rupture of thERP bar occurs, the enclosing in such aspects as mixing,rig, dates of demolding, and
concrete splits, or slippage af least 2.5 mm occurs at the testing of control cylinders.

loaded end of the embedded length. 10.2 Properties of the FRP bar
8.6—In cases where a specimen is judged to have 10.2.1—The trade name, shape, and date of manufacture,
undegone atensil e failure at an anchoring section, to have if available, and lot number of product tested.

slipped out of an anchoring section before the FRP bar has 10.2.2—Type of fiber and fiber binding material, as
slipped from the concrete, mhere the load is significantly  reported by the manufacturer, fiber volume fraction, surface
reduced due to splitting or craok of the concrete, the data treatment, and preconditioning of FRP bar.

should be disregarded and additional tests should be 10.2.3—Designation, equivalent diameter, and cross-
performed until the number of valigsts is not less than five.  sectional area, as determined according to Test Method B.1.
9 Calculations 10.2.4—Modulus of elasticityand ultimate tensile

9.1—The average bond stress should be calculatedstrength, as determined in accordance with Test Method B.2.
according to Eq. (1) and reported with a precision to three 10.2.5—A close-up photograph of the rods showing
significant digits, and the curves for the pullout or bond surface deformations and characteristics.
stress versus slippage at both free-end and loaded-end 10.3—Numbers or identification marks of test specimens.

displacement for each specimen should be plotted. 10.4—Date of test, test temperature, and loading rate.
10.5—Dimensions of test specimens, bonded length of
_F FRP bar.
v= m @) 10.6—A brief description of the gripping device.

10.7—Average bond stress caug slippage at the free
end of 0.05, 0.10, andZb mm for each specimen.

10.8—Average bond stress causing slippage at the
loaded end at intervals of values from 0 to 0.25 mm for each
test specimen.

where
T = average bond stress, MPa;
F = tensile load, N;

Cy = equivalent circumference of FRP bar, mm; and 10.9—Maximum bond stress, failure mode, and averages

I = bonded length, mm. _ _ for each test specimen.
9.2—Average bond stresses causing slippage at the free 10 10_Bond stress-slippage displacement (free-end
end and the loaded end a0¥, 0.10, and 0.25 mm, and the 4 loaded-end) curves for each test specimen.

maximum bond stress (the bosulength) at failure, should
be calculated. _ B.4—Test method for transverse shear strength of
9.3—At each load level, the slip at the loaded end should FRP bars
be calculated as the averagdloé readings of the LVDTSs, 1 Scope
minus the elongatior®. of the FRP bar in the length, 1.1—This test method specifies the test requirements
between the top surface of bonded length and the point offor FRP round bars used asnfercing bars or prestressing
attachment of the measuring device on the FRP bar, the latterendons in concrete for deteining the transverse shear
being calculated as follows (dowel) strength by direct application of double shear.
2 Referenced documents
EL 2.1 ASTM standards—
) D 618  Standard Practice for Conditioning Plastics for
Testing
E4 Standard Practices for Force Verification of
. ) Testing Machines
& = elastic elongation, mm; 3 Significance and use

F = tensile load, N; _ 3.1—This test method for transverse shear strength is
L¢ = length from the top of the embedded bar to the point of jntended for use in laboratory tests in which the principal

O

S, =

m
>

L

where

the attachment of the measuring devigg (8.3.9, mm;  yariable is the size or type of FRP round bars. This test
E, = longitudinal modulus of elasticity of FRP bar, MPa; and method establishes values of shear strength for material
A = cross-sectional area, im specifications, quality control, quality assurance, research
10 Report and development, and may also be used for structural
The test report should include the following items: design purposes.
10.1 Properties of the concrete— 3.2—The transverse shear strength should be measured
10.1.1—The mixture proportions of cement, fine aggre- according to the method given herein, in keeping with the
gate, coarse aggregate, admixture (if any used), awdche intended purposes.

10.1.2—Slump of freshly mixed concrete as determined 4 Terminology
in accordance with ASTM C 143. 4.1—No new terminology introduced.
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Ripecrn P Uippet Blades PEP T 6 Specimen preparation
)(""‘f l 6.1—Test specimens should be representative of the lot

= or batch being tested and,asule, should not be subjected

' to any processing.
6.2—During the sampling and preparation of test speci-
mens, all deformation, heating, outdoor exposure to ultraviolet
light, and other conditions possibly causing changes to mate-
rial properties of the test specimen should be avoided.
! ’ 5 6.3—Test specimens should B80 mm long, regardless
iracl of the diameters of the FRP bars.

i | 6.4—The number of test specimens should not be less
Fig. B.4.1—Double shear testingeces: (a) pieces of 144 five.

appaatus; and (bverview of test setup.

7 Conditioning
7.1 Standard conditioning procedex—Condition speci-
mens in accordance with Procedure A of ASTM D &i@ge
and test at the standard laboratory atmosphere (Z&4aid
50 + 10% relative humidity),nless a different environment
is specified as part of the experiment.
8 Test method
8.1—The specimen should be mounted in the center of
the shear apparatus, touching the upper loading device. No
gap should be visible between the contact surface of the
loading device and the test specimen.
8.2—The specified loading rate should be such that the
shearing stress increases asta of 30 to 60 MPa per min.
Load should be applied uniformly without subjecting the
specimen to shock.
8.3—Loading should be etinued until the specimen
fails. The failure load should be recorded with a precision to
three significant digits. Loading may decrease temporarily
due to the presence of two rupture faces.

Fig. B.4.2—Test setup.

5 Test equipment and requirements 9 Calculations o

5.1—Use a testing machine with a loading capacity in 9.1.—Fa|Iure,_Whet_her it is due to shear or not, should be
excess of the shear capacity of the test specimen and calibratédftérmined by visual inspection. _
according to ASTM Practices E 4. A testing machine with  9-2—Shear strength should be calculated according to
either loading-rate or displacement-rate control is preferred.Ed- (1), with a precision to three significant digits
The testing machine should also be capable of giving readings
of loading accurate to within 1% throughout the test. _ Py

5.2—Figures B.4.1 and B.4.2 show a typical test setup. Tu = oA (1)
It consists of sample holder, one upper blade, and two lower
blades. The sample holder is 230 mm long x 100 mm wide X here
110 mm high, and has a longitudinal V-shape cut for placing .
FRP samples and a rectangle cut for holding upper and Iowebu
blades in the center of its top part. Detailed dimensions of the ,°
fixture and its components ag&/en inFig. B.4.3(afhrough
(e). There are several setsldfdes with different sizes of . L
half-ring cuts for different diameters of FRP bars. The test report should include the following items:

5.3—The shear testing apparatus should be made of stee] 1Q.1—The trade name, shape, and date of manufacture,
(mild, nonhardened steel is@ptable) and constructed so if available, and lot n.umber of p.roduct .tes.ted. ]
that a rod-shaped specimen is sheared on two planes 10-2—Type of fiber and fiber binding material as
simultaneously by the blades (edges) converging along tacedeported by the manufacturer and fiber volume fraction.

shear strength, MPa;

maximum failure load, N; and
cross-sectional area of specimerm?’n
10 Report

perpendicular to the axis dfd test specimen. The sum of the 10.3—Numbers or identification marks of test specimens.
two gaps between the one upper blade and two lower blades 10.4—Designation, diameter, and cross-sectional area.
should be less than 0.25 mmcEa of the blades should be 10.5—Conditioning of specimens before testing.
ground and polished to reduce friction during the test. A light 10.6—Date of test, test temperature, and loading rate.
coat of machine oil may be used the faces of the blades to 10.7—Maximum failure load for each test specimen,

reduce friction. average of maximum failure loads and shear strength.
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Fig. B.4.3—Detailed mwings of double shear testingvites (fll assembly upper left): (a) bas(b) upper blade; (c) lower
blade; (d) attach plate; and (e) attach plate (in mm).

10.8—Failure mode of each test specimen. Failure 1.1—This test method specifies the test requirements for
modes are generally described as being shear, fiberstrength capacity of FRP bemrs used as an anchorage for
debonding, or a combination l6th. Typical specimens that  stirrups in concrete structures.

have failed in the shearing mode are showhriin B.4.4 2 Referenced documents
B.5—Test method for strength of FRP bent ba rs 2.1 ASTM standards— ,
C39 Standard Test Method for Compressive Strength

and stirrups at bend locations

1 Scope of Cylindrical Concrete Specimens
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300 mm | 400 mm | 300 mm

| |
-+
Steel stirrups $10@75 mm  Concrete block ritd,
to prevent splitting

dy e

] .
500 mm I: Debonding tube

| FRP stirrup

Continuous end Standard hook end
PLAN

#, : bend radius
d, : nominal diameter
L,: tail length

Fig. B.5.1—Configuration of specimen.

4 Terminology
4.1 Bend capacity—Ultimate tensile stress that can be
carried by the FRP stirrup provided that failure occurred at
the bend.
4.2 Tensile strength—Ultimate tensile strength of FRP
bars in the directioparallel to the fibers.
4.3 Bend radius—Inside radius of the bend, as illustrated
in Fig. B.5.1.
4.4 Tail length—The length provided beyond the bend
portion, as illustrated in Fig. B.5.1.
X ; 4.5 Equivalent bar diameter—The equivalent bar diameter
i T = is determined based on thess-sectional area of the FRP
bar (refer to Test Method B.1).
5 Test equipment and requirements
(k) 5.1—The hydraulic cylinder and load cell should be
Fig. B.4.4—Test specimen: (a) before test; and (b) after test.calibrated according to ASTM Practices E 4, have a loading
capacity in excess of the capacity of the specimen, and be
capable of applying load at the required loading rate. The
load cell should also be capable of giving readings of loading

C143  Standard Test Method for Slump of Hydraulic accurate to within 1% throughout the test.
Cement Concrete 6 Specimen preparation
C 192 Standard Practice for Making and Curing _6.1—The configuratio_n of a typical specimen is shown
Concrete Test Specime in the Laboratory in Fig. B.5.1. The dlmensmns of each c_:oncrete blqck used to
E4 Standard Practices for Force Verification of a_nchor_the FRP stl_rrup may be varied according to_ the
Testing Machines dimensions of the stirrup used. The free length of the stirrup
3 Significance and use between the two plocks, howeyeahould not be less than
i o ) 200 mm (400 mm is suggested). The concrete block should
3.1—This test method is intended for use in laboratory e reinforced using steel stirrups, as shown in Fig. B.5.1, to
tests to determine the strength capacity of the bent portion,eyent splitting of the concrete block before rupture of the
prov@ed as an an_choragemﬂmch the pr|_nC|paI variable is stirrup at the bend. The diménss of the stirrups might be
the size, bend radius, or type of FRP stirrup. variable, therefore, the tail lengdifof the FRP stirrup tested
3.2—Bending of FRP stirrups to develop anchorage g evaluate the bend capacity should not exceed 150 mm.
leads to a significant reduction in the strength capacity of theThe debonding tube is uséd eliminate the straight-bar
stirrups. The bend radius and tail length beyond the bend argjevelopment of the hooked bar. The debonding tube should
important factors affecting the bend capacity. slip fit over the reinforcing bar. Fill the ends of the
3.3—This test method measures the ultimate load debonding tube with caulk to prevent the tubes from filling
capacity of a single FRP stirrup subjected to tensile forces inwith concrete during casting.
the direction of the straight portion. 6.2—The concrete should be a standard mixture, with
3.4—This test method is intended to determine the bendcoarse aggregates having a maximum dimension of 20 to
capacity and strength reduction for material specifications, 25 mm. It should be batched and mixed in accordance with
research and development, quality assurance, and structurdhe applicable portions of ASTM C 192. The concrete should
design and analysis. The behavior of bent bars and stirrupsiave slump of 100 £ 20 min accordance with ASTM C
should be measured accordioghe method given herein, in 143, and the compressive strength at 28 days should be 30 +
keeping with the intended purposes. 3 MPa in accordance with ASTM C 39. A minimum of five
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standard 150 x 300 mm or 100 x 200 mm control cylinders — Sfsalwuler —
should be made for determining compressive strength from
each batch of concrete.

6.3—The number of test specimens for each test condition
should not be less than fivié.a specimen fails by splitting
of the concrete block, an additional test should be [ , = e 3
performed on a separate specimen taken from the same lot S B .o erarmina s S S———
as the failed specimen.

6.4—If test specimens fail due mullout of the bent bar
from the concrete, this is andication that the bend radius
and tail length are inadequate fbe bar being tested. It will
be necessary to adjust thgsgameters, and perhaps the size
of the test blocks as well, and retest.

7 Conditioning

7.1—Unless a different testingnvironment is specified
as part of the experiment, theteshould be conducted at the
standard laboratory atmosphere (23 + 3 °C and 50 + 10%Fig. B.5.2—Test setup.
relative humidity).

7.2—Preconditioning of FRP bars before casting in Fub

lan

ultimate load capacity accang) to bend tests, N; and

concrete is permissible but must be reported. A = cross-sectional area of single leg of the FRP stirrup,
8 Test method mme.
8.1—The test setup, shown Hig. B.5.2, consists of a 9.3—The strength-reduction factor is calculated

hydraulic jack to apply the relative displacement between theaccording to Eq. (2)
two concrete blocks and a load cell to measure the applied
load. Steel plates and plaster bags should be placed in front
of the load cell and the hydraulic jack to distribute the X =
applied load to the surface of the concrete. A spherical
washer may also be usedthe end of the ram. The two
blocks should be placed on top of steel rollers to minimize Where
the friction forces between the blocks and testing bed. x = strength-reduction factor due to bend effect; and
8.2—Tensile strength of straight FRP bars with the same fu = ultimate tensile strength parallel to the fibers determined
diameter as the FRP stirrups should be evaluated according ~ according to Test Method B.2 (MPa).
to Test Method B.2. 10 Report
8.3—The test specimens should not be subjected to any The test report should include the following items:
shock, vibration, or torsion duririge test. Increase the force 10.1 Properties of concrete— _
in the jack in a smooth, continuous manner until the specimen ~ 10.1.1—The mixture proportions of cement, fine aggre-
fails. Do not pause the application of load during the test. 9ate, coarse aggregate, adume (if any used), and thgc ratio.
The loading rate should be setled so that the specimen fails ~ 10-1.2—Slump of freshly mixed concrete as determined
at a time of between 1 and 10 min from the start of the test, In @ccordance with ASTM C 143.

8.4—Record the failure load and failure mode for the 10.1.3—Twenty-eight day strength of control cylinders
specimen. as determined in accordance with ASTM C 39.

9 Calculations 10.1.4—Any deviation from tle stipulated standards
9.1—The bend capacity of the FRP stirrup should only in such aspects as mixing,rng, dates of demolding, and

be assessed on the basis &f $hecimen undergoing failure testing of control cylinders. .
at the bend. In cases whdeck splitting has clearly taken '10.2—Trade name, shape, and date of mgnufacture, if
place, the data should be disregarded, and additional test@va'lable’ and lot npmber 6RP b'ar testeq for stlrrups..
should be performed until the nber of the test specimens 10.3—Type of fiber and matrix used in the FRP stirrup,

failing at the bend is not less than five. and fiber volume fraction. ,
9.2—The bend capacity of the FRP stirrup should be 10.4—Process used to fabricate the stirrups, as reported

. ... by the manufacturer.
calculated according to Eqg. (1), and rounded to three signifi- . e .
cant digits 9 a. (1) g 10.5—Numbers or identification marks of test stirrups.

10.6—Designation, diameter, and cross-sectional area.
10.7—Dimensions of concrete block, configuration
fub Fup (1) (diameter and space) of steel stirrup confinement, debonded
2A length, bend radius, and tail length of the bent bar.
10.8—Preconditioning of FRP bars before casting.
where 10.9—Date of test and test temperature.
fup = bend capacity of the FRP stirrup, MPa; 10.10—Type and capacity of load cell.

—h

ub
1, @
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10.11—Bend capacity and strength-reduction factor for according to the method given herein. The primary test result
each test stirrup. is the mass change and tensiégacity retention of the test
10.12—Average bend capacity and strength-reduction specimen, which are important factors to be considered in
factor for all specimens that failed at the bend as intended. the use of FRP bars.
3.4—The level of sustained loading (for Procedures B

B.6—Accelerated test method for alkali resistance and C) is not specified as paftthe test method. Typically,
of FRP bars the stress in the sustained load tests should be equal to the
1Scope stress caused by the dead loaag| any part of the live loads

1.1—This test method specifies the test requirements for that is sustained. If senddoad conditions are not known,
evaluating alkali resistance of FRP bars used as reinforcingne sustained tensile stress in glass FRP bars should be set to
bars in concrete by immersion aqueous alkaline solution. jhduce a tensile strain equal to 2000 microstrain. Higher
Alkali resistance is measuréy subjecting the FRP bars to  |evels of sustained stress can be used as an accelerating

an alkali environment, with or without stress, and then condition. The level of sustained stress should be reported.
testing them in tension according to Test Method B.2. 4 Terminology

12—This test method presents three procedures 41— No new terminology introduced.
conducted at a temperature of 60 °C, each defining different 5 Test equipment and requirements

loading conditions. 5.1 Balance—An analytical balance capable of the
121 Procedure A—A system in which FRP specimens appropriate accuracy in accordance with Procedure A of
are immersed in the alkaline solution with no tensile load ASTM D 618.
applied. The test control paneters are the pH value and 5.2—The testing machine and devices should be used in
temperature of the alkaline solution and immersion time.  gccordance with Test Method B.2.
1.2.2 Procedure B—A system in which FRP specimens 6 Specimen preparation

are immersed in the alkaline solution under sustained 61 _FRP bar specimens should be representative of the
tensile load. The test parameters are the sustained loaght or batch being tested. In general, test specimens should
Ievel_, the pH_ vaIL_Je, and tempeure of the alkaline solution ot pe subjected to anyquessing beyond manufacturing.

and immersion time. For grid-type FRP bars, linear test specimens may be

1.2.3Procedure G-A system in which FRP specimens, prepared by cutting away extesus material in such a way
surrounded by moist concrete, are subjected to a sustainegls not to affect the perfoance of the tested part.

tensile load. The test parameters are the sustained load level, 2_puring the sampling and preparation of test speci-
the pH value, and temperature of concrete and embedded timgnens, all deformation, heating, outdoor exposure to ultraviolet

2 Referenced documents light, and other conditions possibly causing changes to mate-
2.1 ASTM standards— rial properties of the specimen should be avoided.
C192  Standard Practice for Making and Curing 6.3—The length of the spenen should be the sum of
Concrete Test Specims in the Laboratory the length of the test section and the lengths of the anchoring

C511  Standard Specificatidor Moist Cabinets, Moist  sections. The length of the tesiction should not be less than
Rooms, and Water Storage Tanks Used in the 40 times the diameter of the FRP bar. For FRP bar in twisted

Testing of Hydraulic Cements and Concrete strand form, the length shouédso be greater than two times
D 618  Standard Practice for Conditioning Plastics for the strand pitch.
Testing 6.4—The number of test specimens for pre- and post-

D 5229M Standard Test Method for Moisture Absorption immersion testing should not be less than five. Each specimen
Properties and Equilibrium Conditioning of should be clearly labeled with identifying markings.
Polymer Matrix Composite Materials 6.5—Coat the ends of bars and the ends and transverse
3 Significance and use elements of grids with epoxysia to prevent the infiltration
3.1—This test method for investigating the alkali resistance of solution via these cuts.lldw resin to cure completely
of FRP bars is intended forein laboratory tests in which  before immersion.
the principal variables are the temperature and concentration 6.6—The alkaline solution in Procedures A and B
of alkaline solution, the typef FRP bars, and the sustained should be a composition reyzentative of the porewater
load level. inside portland-cement contee The suggested composition
3.2—This test method measures the mass change anaf alkaline solution consists of 118.5 g of Ca(@H).9 g of
tensile capacity afterimmersion of FRP bars in alkaline solu-NaOH, and 4.2 g of KOH in 1 L of deionized water. The
tion without stressing (Procedure A), and the tensile capacitysolution should have a pH value of 12.6 to 13, a representative
after immersion of FRP bais an alkaline solution and  pH value of mature concrete pore solution. The alkaline solution
embedment of FRP bars in imbconcrete under sustained should be covered before and during test to prevent interaction
load condition (Procedures B and C). with atmospheric C®and to prevent evaporation.
3.3—This test method is intended to determine the 7 Conditioning
alkaline-resistant data for material specifications, research  7.1—Samples for Procedure A should be immersed in
and development, quality assoce, and structural design the alkaline solution at 60 = 3 °C for exposure times of 1, 2,
and analysis. The alkaline resistance should be measure8, 4, and 6 months, unless longer exposure periods are
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spedfied. After the allottedimes, the samples should be I W ha T

removed from the alkaline solution, thoroughly washed in SUETITIRPRETIUg.F I8 .
deionized water, towel dried,eighed, and tested in tension [ P AN, |
to failure. Dttt L )] | (AT
7.2—Samples for Procedure B should be installed in ! e | ey

anchoring devices at both ends in accordanceAgitendixA. T A A L S T ‘H iy

. . . . r b Tt P T I e 8
The test section of the spe@mshould be immersed in the = [
alkaline solution inside an environmental cabinet or e W 5]

container holding the alkaline solutions and having a Fig. B.6.1—Dimensions of concrete cylinder.

constant temperature of 603t°C. The specimen should be

held in a loading fixture to subject to a constant tensile

sustained load for exposure times of 1, 2, 3, 4, and 6 monthstioning environment at the prescribed exposure length of

unless longer exposure periods are specified. time. The tensile test method should follow Test Method B.2.
7.3—Samples for Procedure C should be performed by 9 Calculations
embedding the test section tife specimens in a moist 9.1—The mass change of FRP bars should be calculated

concrete. Typical dimensions of the concrete cylinder areaccording to Eq. (1) and (2).

shown in Fig. B.6.1. The 150 mm dimension of the spatm

may be increased if larger-diameter bars are used. The W. —W.

concrete should be a standarixture, specified in Test Mass gain (%) :-fx 100 1)
Method B.3. The concrete mixe should be batched and 0

mixed in accordance witthé applicable portions of ASTM

C 192, and the curing procedure should conform to the oy Wo—W,
ASTM C 511. After 28 days afuring in water, the samples Mass loss (%) W, x 100 2)
should have installed anchors at both their ends in accor-
dance withAppendix A and hen positioned in the condi-
L : o . : where
tioning fixture for subjecting t@ sustained tensile load for _ . . .
. W, = mass of the specimen afienmersion for a period of
exposure times of 1, 2, 3, 4, and 6 months, unless longer time 1, g and

exposure periods are specified. The concrete cylinder shoulc{N
be kept moist and inside an environmental cabinet having a’ 0
constant temperature of 603t°C during the testing. The
FRP specimens should be testeith the concrete cylinder

= initial mass of the specimen before immersion, g.
9.2—The material properties of FRP bars should be
assessed only for those testa@mens undergoing failure in
still attached. the test section. In cases where tensile failure or slippage has
8 Test method occurred at an anchoring section, the data should be disregarded
and additional tests should be performed from the same

8.1—The pH value of the kaline solution should be N X ) . .
measured at the beginning of the test and after the alka"_condltlomng lot as the failed epimen. The tensile capacity

resistance test. During immersiof the test specimens, the rete'?“_on should t_)e _cglculatq_tcordmg to Eq. (3), with a

pH value of the alkaline soluti@ihould be monitored at least precision to two significant digits.

every 5 days and adjusted, if necessary, to keep the same

constituents and pH value as the beginning of the test. R, = F_uZ % 100 )
8.2—The external appearanagthe specimen should be ! ul

examined before and after the alkali resistance test for

comparison of color, surface condition, and change of shapeynere

If necessary, the specimen ynlae sectioned and polished,

and the condition of the cross section examined under a- t

microscope. ul
8.3 Mass change testing of specimens for Proceddre A

Before immersion, the specimeshould be dried until its

mass is unchanged, according to Procedure D of ASTM D

tensile capacity retention, %;
tensile capacity before immersion, N; and
Fu> = tensile capacity after immersion, N.

10 Report

The test report should include the following items:

5229/D 5229M (this is the initial ma¥gy). After immersion 10.1 Common iterms-

for the prescribed period dime, the specimen should be .10.1.1—The trade name, shape, and date of manufacture,
removed from the alkaline kaion, quickly washed with  If @vailable, and lot number of product tested.

deionized water, dried with tissue paper, and then immedi- 10.1.2—Type of fiber and fiber binding material, as

ately weighed (this is the mass at Time 1, denoted/ds reported by the manufacturer, and fiber volume fraction.
Then the specimen should have anchors installed at both ~ 10.1.3—Numbers or identification marks of test

ends for tensile capacity retention testing. specimens.
8.4 Tensile capacity retentiotesting of specimens for 10.1.4—Designation, diameter, and cross-sectional area.
Procedures A, B, and-GSpecimens should be tested in 10.1.5—Date of start and end of immersion.

tension to failure within 24 hfter removal from the condi- 10.2—tems related to alkaline solution immersion:
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10.2.1—Composition of alkaline solution,
temperature, immersion period, and time.

pH,

ACI COMMITTEE REPORT

3 Significance and use
3.1—This test method is inteled for use in laboratory

10.2.2—Sustained load level, time, and procedure of tests in which the principal variable is the maximum value of

solution monitoring and adjusting.

10.2.3—Record of observatioof external appearance
and mass change.

10.2.4—Specimen mass at each time interval.

the repeated load.

3.2—This test method is intended to develop the tensile
fatigue data for material spifications, research and
development, quality assuran@d structural design and

10.2.5—Plots of percent mass change versus time, analysis. The primary test result is the fatigue life of the

calculated by Eq. (1) or (2).
10.3tems related to tensile testing:
10.3.1—Test temperature and loading.

specimen under a specific loading and environmental
condition. Guidance in statistical analysis of fatigue life
data, such as determinationliolear or linearized stress life

10.3.2—Tensile capacities for immersed and non-immersed (S-N), can be found in ASTM Practice E 739.

test specimens at the 1-, 2-, 3-, 4-, and 6-month intervals,

with averages and standardvidions of tensile capacities
and tensile strength.

10.3.3—Modulus of elasticity and the average for all
immersed and nonimmersed tepecimens, respectively.

10.34—Ultimate strain for allimmersed and nonimmersed
test specimens and average ultimate strain.

10.3.5—Tensile capacity retention.

10.3.6—Stress-strain curves for all immersed and
nonimmersed test specimens.

10.3.7—Plot of tensile capacity retention versus time
of exposure.

B.7—Test method for tensile fatigue of FRP bars
1 Scope

3.3—Fatigue properties of reinforced or prestressed
concrete structures are important factors to be considered in
design. For FRP bars used as reinforcing bars or tendons, the
fatigue behavior should be measured according to the
method given herein, ikeeping with the intended purposes.
Factors that can affect the fatigue lifetime of an FRP bar
include the maximum load, ¢hload ratio (minimum load
divided by maximum load), the wave shape (sinusoidal,
triangular, square, and so othe rate of loading (Hz), the
environment (such as moisture and temperature), and the
method of material conditioning and specimen preparation.
These factors should be reported.

34—This test method determines the number of
repeated loading cycles recgdr to fail an FRP bar. Such
data can be used to cre&e\ curves for a particular set of

1.1—This test method specifies the test requirements fortesting conditions where the principal variable is the
tensile fatigue under a constant tensile load range for FRP barmaximum value of the repeated load. Because FRP bars
used as reinforcing bars or prestressing tendons in concrete. often have slight variations iross-sectional area from one

1.2—The specimens should be linear or grid FRP formed axial position to another, the area of a particular lot of rods is
from continuous fibers in such a manner as to act mechanicallyjused to compute the stress in those specimens.

as a monolithic body.

1.3—Various types of fatigue testing, such as tension-

3.5—This test method can be used in the study of fatigue
damage in an FRP bar, suchtas occurrence of microscopic

tension; tension-compression; compression-compressioncracks, fiber fractures, or delaminations. The specimen’s
and various combinations of tension, compression, and shearesidual strength, stiffness, or both, may change due to these

are possible. The tension-tensiest method given herein is
considered to be the most bakir evaluating material char-

damage mechanisms. The loss in strength associated with
fatigue damage may be detened by discontinuing cyclic

acteristics. The test control parameter is the load, and thdoading to obtain the quasistatic tensile strength using Test
loading machine is controlled so that the specimen isMethod B.2. The loss in stifess may be quantified by
subjected to repetitive constant load range. In this procedurediscontinuing cyclic loading at selected cycle intervals to
the test control parameter may be described using eitheobtain the quasistatic axialensile stress-strain using
stress or applied load as a constant amplitude fatigue variablemodulus determination described in Test Method B.2.

2 Referenced documents
2.1 ASTM standards—
D 618 Standard Practice for
Plastics for Testing
D 3039/D 3039M Standard Test Method for Tensile
Properties of Polymer Matrix Composite
Materials
D 3479/D 3479M Standard Test Method for Tension-
Tension Fatigue of Polymer Matrix
Composite Materials

Conditioning

E4 Standard Practices for Force Verification
of Testing Machines
E 739 Standard Practice for Statistical Analysis

of Linear or Linearized Stress-Life (S-N)
and Strain-Life §-N) Fatigue Data

4 Terminology

4.1 Repeated load (stress)—Load (stress) alternating
cyclically between fixed maximum and minimum values.

4.2 Maximum repeated load (stress)—The maximum
load (stress) during repeated loading (stressing).

4.3 Minimum repeated load (stress)—The minimum
load (stress) during repeated loading (stressing).

4.4 Load (stress) range—The difference between the
maximum and minimum repeated loads (stresses).

45 Load (stress) amplitude—One-half of the load
(stress) range.

4.6 Load (stress) ratio—The minimum load (stress)
divided by maximum load (stress).

4.7 Average load (stress)—The mean value of the
maximum and minimum repeated loads (stresses).
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4.8 Number of cycles—The number of times the ment, such astemperature or alkaline solution, is specified as

repeated load (stress) is applied to the test specimen. part of the experiment.

4.9 SN curve—The graphical plot of the load (stress) 7.2—If another preconditioning procedure is used, the
range along a vertical axis versus the number of cycles tosequence of that preconditionidgring specimen preparation
fatigue failure on the horizontal axis. can be important. Report if the specimen was preconditioned

4.10 Fatigue strength—The maximum load (stress) before or after anchors were applied.
range at which the specimen does not fail at a prescribed 8 Test method

number of cycles. 8.1—The mounting of test specimens should be in
4.11 Frequency—The number of loading (stressing) accordance with Test Method B.2.
cycles per second. 8.2—For purposes of determining &N curve, the

contains one repeating unit oficrostructure, deformation  fg|lowing three methods:

pattern, or other heterogeneity. _ 1. Fix the average load and vary the load amplitude;
4.13 Str@s—Load divided by the cross-sectional area of 2. Fix the minimum load and vary the maximum load; or
a lot of specimens. Refer to Test Method B.1 for the kation 3. Fix the load ratio and wathe maximum and minimum

of50 [?;sst-zeitim;aeln?raer?d requirements load according to this fixed ratio.
quip g The method adopted should be determined according to

5.1—The testing machine should generally conform to L ;
ASTM Practices E 4 and begable of maintaining constant the purpose of the test. Inyacases, a minimum of five load
(stress) levels should be cleossuch that the range of the

load amplitude, maximum and minimum repeated load, andnumber of cycles to failure is between®Hnd 2x 1CF.

frequency. The testing mackinshould be fitted with a . . .
counter capable of recordinigetnumber of cycles to failure Typical S-N curves f°T FRP materials are_generated using
Method C and use a fixed load (stress) rRtiwf 0.1.

of the specimen. The load indicator should be capable of .
measuring loads with an accuracy of not less than 1% of the 8.3—The following procedure may be used where the

load range. maximum stress level for the inittalst is difficult to determine:

52— Anchorages should be in accordance with 1. Select an appro'priate maximum stress in the range 20 to
Appendix A Ideally, the samgype of anchorage should be 60% of the qu§15|stat|c tensile strength, and_commence fatigue
used for all specimens in a given series of tests. testing with this value as the repeated maximum load;

5.3—If strain measurementsearequired as the result of ~ 2- I the specimen does not fail af_tef‘ﬂ_:gcles at this repeated
the fatigue tests, an extensometer capable of maintaining afaximum stress, add 5% of theagistatic tensile strength and
accuracy of +1% of the indiaad value should be used. The Perform the test uninterrupted using the same specimen;
extensometer should allow a gage length that includes an 3. If failure does not occur after46ycles following Step 2,
integer number of charactetits lengths of the specimen. & further 5% should be addexithe repeated maximum load;
The integer should be at least two, but possibly greater than 4. Repeat Step 3 until the specimen fails; and
two to obtain a gage length of at least 50 mm. 5. The initial maximum stress applied to an untested

6 Specimen preparation specimen can be set at the previously found maximum load
6.1—Specimens should be representative of the lot or minus 5% of the quasistatic tensile strength.
batch being tested. During the sampling and preparation of For tendons for prestressingpdipations, the stress levels
test specimens, all deformation, heating, outdoor exposure ta@f interest can be in the range50 to 75% of the quasistatic
ultraviolet light, and other conditions possibly causing tensile strength. For bars faginforced concrete, however,
changes to the material properties of the specimen should béhe stress levels of interest may be 15 to 30% of the quasistatic

avoided. tensile strength.
6.2—The specimen should be prepared and handled in  8.4—The loading frequency should be within the range
accordance with Test Method B.2. of 1 to 10 Hz, preferably 4 Hz. Temperature of the bar can

6.3—There should be a minimum of five test specimens increase due to internal damgirBuch temperature changes
for each load (stress) level. At least five loading levels can affect the fatigue perfoance of the bar. Thus, if
should be used to construct a plot of stress versus load cycletemperature changes are likety occur or if any doubts
to failure. If a specimen fails at slips out of an anchoring about temperature exist, temperature should be monitored
section, an additional test sidibe performed on a separate with a suitable device or indicator, such as a contact thermo-
specimen taken from the satoéas the failed specimen. couple or infrared thermocouple. The temperature should be

6.4—The total length of the specimen should be 40 bar monitored for newly developed FRP materials and in any
diameters plus the total gripped length of bar. The bar diametercase where the loading freqeoy exceeds 4 Hz. If measured,
is found by referring to Test Method B.1. temperature changes shouldreeorted. The wave-form of

7 Conditioning the load signal (sinusoidal, triangular, square, and so on)

7.1 Standard conditioning procedureCondition should be held constant in any series of fatigue tests that are
specimens in accordance with Procedure A of ASTM D 618;to be compared to each other in &N curve, unless the
store and test at the standkaiooratory atmosphere (23 £ 3 °C  purpose of the tests are specifically to evaluate the effects of
and 50 + 10% relative humidityynless a different environ-  wave-form.
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8.5—Static load should be applied up to the average 10.12—Maximum load (stressminimum load (stress),
load, after which repeated loading should begin at theload (stress) range, number ofcles to failure, loading
prescribed frequency. The peeibed load should be intro-  waveform, and frequency for each test specimen.
duced as rapidly as possible without dynamic effects. The  10.12—Record of observed failure mode for each test
maximum and minimum repeated loads should not changespecimen.

for the duration of the tes€ounting the number of cycles 10.13—S-Ncurve, if obtained in a series of tests.
should normally commence when the load on the specimen  10.14—Fatigue strength at 2 1P cycles, if obtained
has reached the prescribed maximum load. from anS-Ncurve.

8.6—Complete separation (breaking) of the specimen

should be deemed to constitédédure. The number of cycles  B.8—Test method for creep rupture of FRP bars

to failure should be recorded. If the specimen does not fail 1 Scope

after 4x 10° cycles, the test may be discontinued. A specimen  1.1—This test method specifies the test requirements for

that does not fail should not be reused. creep rupture of FRP bars used as reinforcing bars or
8.7—Tests for each specimeshould normally be  prestressing tendons in concrete.

conducted without interruptiondm the start of the test to 2 Referenced documents

the end of the test. When a test is interrupted, the number of 2.1 ASTM standards—

cycles up to the time of inteiption and the period of the D 618  Standard Practice for Conditioning Plastics for

interruption should be recorded. Testing
9 Calculations D 2990 Standard Test methods for Tensile, Compressive,
9.1—Five valid test specimens are required at each load and Flexural Creep and Creep-Rupture of Plastics
level. A valid specimen is oneghdoes not fail in the anchor, 3 Significance and use
fails in the gage length atcgcle count of between 1000 and 3.1—This test method for investigating creep rupture to
2 x 1P cycles, or not fail after 2 10° cycles. compare the creep behavior of different FRP bars is intended

9.2—If an S-N curve is desired, the curve should be for use in laboratory tests imhich the principal variable is
plotted in accordance with ASTM Practice E 739 with the size or type of FRP bars, magnitude of applied stress, and
maximum repeated stress, stress range, or stress amplitudduration of load application.
represented on a linear scale on the vertical axis, and the 3.2—Unlike steel reinforcing bars or prestressing
number of cycles to failure represented on a logarithmic tendons subjected to significatstained stress for long time
scale on the horizontal axis. Where measurement pointsperiods, creep rupture of FRP bars may take place below the
coincide, the number of coinciding points should be noted. static tensile strength. Thereégthe creep strength should be
Right-facing arrows should be added to indicate points from evaluated when determining acceptable stress levels in FRP
test results for test specimens that do not fail. bars used as reinforcement@ndons in concrete members to
9.3—If a fatigue strength is desired, the fatigue strength resist sustained loads such sedf-weight of a member or
at 2x 10° cycles should be derived by interpolation on an other forms of dead loads. Creep rupture strength varies
S-N curve obtained by one of the three load selection according to the type of FRP bars used.
methods (A, B, C). The fatigue strength should be reported  3.3—This test method meassg the load-induced, time-

with a precision of three significant digits. dependent tensile strain atesged ages for FRP bars, under
10 Report an arbitrary set of controlled environmental conditions, and
The test report should include the following items: the corresponding load ratio.
10.1—The trade name, shape, and date of manufacture, = 3.4—This test method is intended to determine the creep
if available, and lot number of product tested. rupture data for material specifications, research and

10.2—Type of fiber and fiber binding material as development, quality assuran@nd structural design and
reported by the manufacturer, and fiber volume content.  analysis. The primary tests@lt is the million-hour creep
10.3—Numbers or identification marks of test specimens. rupture strength of the specimender a specific loading and
10.4—Designation, diameter, and cross-sectional areaenvironmental condition.
for the lot from which the specimens are taken. 3.5—Creep properties of reinforced or prestressed
10.5—Length of specimens (total and between anchors). concrete structures are important to be considered in
10.6—Description of preconditioning applied to specimens, design. For FRP bars usedraiforcing bars or tendons,
including the sequence ofgmonditioning during specimen  the creep rupture should be measured according to the

preparation. method given herein.
10.7—Date of test, test temperature and humidity (from 4 Terminology
start to end of test), and type of testing machine. 4.1 Creep—Time-dependent defmation (or strain)
10.8—Description of anchorage. under sustained load (or stress).
10.9—Description of extensometer(s) and extensometer 4.2 Creep rupture—Material failure due to deformation
gage length. (accumulated strain) caused by creep.
10.10—Method of selecting maximum and minimum 4.3 Creep rupture capacity—The load at which failure

loads for a series of tests to construcBaN curve (Method occurs after a specified periad time from initiation of a
A, B, or C). sustained load. In particulathe predicted stress causing
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failure after 1 million hours is referred to as the million-hour 8.6—Preferably, creep strain should be recorded auto-
creep rupture capacity. This capacity is determined by thematically by a recorder attachéalthe testing machine. If a
method described in Section 9. recorder is not attached toethesting machine, creep strain
4.4 Creep rupture time—The lapsed time between the should be measured and recaidit the following times after
start of a sustained load and failure of the test specimen. the prescribed load is attaineld 3, 6, 9, 15, 30, 45 min; and
4.5 Creep rupture strength—The stress causing failure 1, 1.5, 2, 4, 10, 24, 48, 786, and 120 h. Subsequent
after a specified period of time from initiation of a Mmeasurements should bel@dst once every 120 h.

sustained load. 9 Calculations
4.6 Creep strain—The differential change in length per 9.1—The material properties of the FRP bar should only
unit length occurring in a specimen due to creep. be assessed on the basis ef$pecimens that fail in the test
4.7 Load ratio—The ratio of a constant sustained load Section. In cases where tensiléuee or slippage occurs at an
applied to a specimen its tensile capacity. anchoring section, the data should be disregarded, and addi-
5 Test equipment and requirements tional tests should be perfoed until the number of test

5.1—The testing machine should be capable of main- specimens failing in the test section is not less than five.

taining constant, sustained loading during deformation ofthe ~ 9-2—The load ratio-creep rupture time curve should be
test specimen. plotted on a semi-logarithmigraph where the load ratio is

represented on an arithmetic &calong the vertical axis and
creep rupture time in hours is represented on a logarithmic
cale along the horizontal axis.

9.3—A creep rupture line chart should be prepared by
calculating an approximation line from the graph data by
means of the least-squarethod according to Eq. (1)

5.2—The anchorage should be in accordance with
Appendix A

5.3—The extensometer or strain gage used should be in>
accordance with Test Method B.2.

6 Specimen preparation

6.1—Specimens should be representative of the lot or
batch being tested. During the sampling and preparation of test
specimens, all deformation, heating, outdoor exposure to ultra-
violet light, and other conditions possibly causing changes to
the material properties of the specimen should be avoided. Where .

6.2—Test specimens should be prepared and handledYc creep load ratio;
in accordance with Test Method B.2. The number of test@. b1 = empirical constants; and
specimens for each test condition should not be less tharl = time, h.
five. If a specimen fails at or slips out of an anchoring  94—The load ratio at 1 millio hours, as determined

section, an additional test shdte performed on a separate from the calculated approximation line, is the creep rupture

Y.=a;—bylogT 1)

specimen taken from the samoeas the failed specimen. load ratio. The load and stress corresponding to this creep
7 Conditioning rupture load ratio are the main-hour creep rupture capacity
7.1 Standard conditioning procedureCondition speci- and the million-hour creep ruptustrength, respectively. The

mens in accordance with Procedure A of ASTM D 618: store million-hour creep rupture strength is calculated according to
and test at the standard labtary atmosphere (23 +3°Cand Ed- (2), with a precision to three significant digits
50 £ 10% relative humidity), unless a different environment
is specified as part of the experiment. fr=F /A (2
8 Test method
8.1—The mounting of the specimen and gage length Where

should be in accordance with Test Method B.2. f. = million-hour creep rupture strength of FRP bar, MPa;
8.2—Test specimens should nbe subjected to any Fr = million-hour creep rupture capacity, N; and
dynamic effects, vibration, or torsion. A = cross-sectional area of spemmen,%nm

8.3—Creep test measurement is considered to start at the 10 Report
moment when the specimen fatained the prescribed load. ~ The test report should include the following items:
8.4—Creep tests should be conducted for not less than ~ 10.1—The trade name, shape, and date of manufacture,
five values of load. The loashould be chosen between 0.2 if available, and lot number of product tested.

and 0.8 of the tensile capacityeasured according to Test 10.2—Type of fiber and fiber binding material as

Method B.2. Data from test specimens that break before theeported by the manufacturer, and fiber volume fraction.

load is fully applied to thepecimen should be disregarded. 10.3—Numbers or identification marks of test specimens.

If five valid tests cannot be achieved at a given load level, 10.4—Designation, diameter, and cross-sectional area.

then the load level should be reduced. 10.5—Date of test and testnvironmental conditions
8.5—The times to rupture should span at least three (humidity and temperature).

decades of time (such as 13, 100, and 1000 h) to allow 10.6—Type and manufacturer of testing machine.

construction of a regression line through reasonably spread  10.7—Type and name of anchorage.

data. The linear regression shohlte an acceptable regres- 10.8—Tensile capacity, average tensile capacity, and

sion coefficient (2 > 0.98). tensile strength of test specimens.
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10.9—oad ratios and creep rupture time curve of test ¢

specimens.
10.10—Formula for derivation of approximation line.
10.11—Creep rupture load ratio, million-hour creep
rupture capacity, and million-hour creep rupture strength.

B.9—Test method for long-term relaxation of
FRP bars
1 Scope

ACI COMMITTEE REPORT

Testing machines with loading capacity equal to or less
than 1 kN: +1.0% of set load; and
» Testing machines with loading capacity of more than 1

kN: £2.0% of set load.

5.4—The accuracy of readings or automatic recording of
loads should be within 0.1% of the initial load.

5.5—The testing machine should control strain fluctua-
tions to no greater than +25 10° in the specimen
throughout the test period oncettrain in the specimen has

1.1—This test method specifies the test requirements foreen fixed. If the FRP bar stifrom an anchoring section,

evaluating the long-term relaxation behavior of FRP bars e slippage distance should be compensated so as not to
used as prestressing tendons in concrete under a giVeRffect the test results.

constant temperature and strain.
2 Referenced documents
2.1 ASTM standards—

D618 Standard Practice for Conditioning Plastics for
Testing
E4 Standard Practices for Force Verification of

Testing Machines
3 Significance and use
3.1—This test method for investigating long-term relax-

ation of FRP bars is intended for use in laboratory tests in which

5.6—If an extensometer or strain gage is to be fitted to
the test specimen, the extensoenetr strain gage should be
in accordance with Test Method B.2.

6 Specimen preparation

6.1—Specimens should be representative of the lot or
batch being tested. During the sampling and preparation of test
specimens, all deformation, heating, outdoor exposure to ultra-
violet light, and other conditions possibly causing changes to
the material properties of the specimen should be avoided.
6.2—Test specimens should be prepared and handled in

the principal variables are the size or type of FRP bars, magnigccordance with Test Method B.2.

tude of applied stress, and duration of load application.

6.3—The number of test specimens for each test condition

3.2—This test method measures the load-induced, time-should not be less than five dfspecimen fails at or slips out

dependent tensile strain &texted ages for FRP bars under

of an anchoring section, an additional test should be

an arbitrary set of controlled environmental conditions and aperformed on a separate speeiniaken from the same lot as

corresponding load ratio.
3.3—This test method is iehded to determine the

relaxation data for material specifications, research and

the failed specimen.
7 Conditioning
7.1 Standard conditioning procedureCondition speci-

development, quality assurance, and structural design angnens in accordance with Procedure A of ASTM D 618; store

anaysis. The primary test result is the relaxation rate of the and test at the standard laboratory atmosphere (23 = 3 °C and

specimen under a specific loading and environmental condition50 + 10% relative humidity), uess a different environment
3.4—Relaxation properties of prestressed concrete js specified as part of the experiment.

structures are important to be considered in design. For FRP 8 Test method

bars used as prestressitggndons, the relaxation behavior
should be measured accordioghe method given herein, in
keeping with the intended purposes.

4 Terminology

4.1 Relaxation—The reduction of stress (or load) in a
material under a constant staif strain (or deformation).

4.2 Relaxation rate—The absolute value of the slope of
the relaxation curve at a given time. In particular, the aglax
value after 1 million hours iseferred to as the million-hour
relaxation rate.

4.3 Tensile capacity—The average of the tensile failure
loads determined based orstte conducted in accordance
with Test Method B.2.

5 Test equipment and requirements

5.1—Use a testing machine with a loading capacity in

excess of the relaxation loadtbé test specimen and calibrated

8.1—Mounting of the specimen and gage length should
be in accordance with Test Tethod B.2.

8.2—If a strain gage is to be attached to the test specimen,
the specimen should be preloaded by applying a load of 10
to 40% of the prescribed initial load, after which the strain
gage should be attached and correctly calibrated.

8.3—The initial load should be either 70% of the
guaranteed tensile capacity or 80% of the million-hour creep
rupture capacity, whichever gnaller. In some cases, these
conditions may result in a load that causes creep rupture but
not failure due to relaxatiorin such cases, it should be
confirmed under actual loading conditions that the load does
not result in creep rupture of the FRP specimens, by
increasing the initial load as necessary.

84—The initial load should be applied without
subjecting the specimen to shkaar vibration. The specified

according to ASTM Practices E 4. The testing machine shouldrate of loading should be @& 50 MPa per min. The strain

be capable of loading at a rate200 + 50MPa per min. and
sustaining load while maintaining a constant strain.

on the specimen should be kept constant after the initial load
has been applied and maintihfor 120 + 2 s. This time

5.2—The anchorage should be in accordance with should be deemed to be the test start time.

Appendix A
5.3—The accuracy of the initial load applied to the
specimen should be as follows:

8.5—Load reduction should generally be measured over
a period of at least 1000 h.gferably, load reduction should
be recorded automatically by a recorder attached to the
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testing machine. If no recordés attached to the testing to transfer tension into the tendons. The long-term
machine, stress relaxation should be measured and recordeahchorage is via bond of the tendon to concrete.

at the following times: 1, 3, &, 15, 30, and 45 min; and 1.2—The anchorage performance over extended periods
1, 1.5, 2, 4, 10, 24, 4872, 96, and 120 h. Subsequent of use (for instance, fatigygerformance) is not covered in
measurements should be takerneast once every 120 h. this test.
9 Calculations 2 Referenced documents
9.1—The relaxation value should be calculated by 2.1 ASTM standards—
dividing the load measured in the relaxation test by the initial E 4 Standard Practices for Force Verification of
load. Testing Machines

9.2—The relaxation curve should be plotted on a semi- 3 Significance and use
logarithmic graph where the relaxation value, in percent, is  3.1—This test method for investigating the performance
represented on an arithmetic scale along the vertical axispf anchorage is intended for use in laboratory tests in which
and test time in hours is negsented on a logarithmic scale the principal variable is the size or type of FRP tendons used
along the horizontal axis. An approximation line should be in pretensioned prestressing tehdons. This test method
derived from the graph data by means of the least-squareshould not be used to develop tendon design values.

method according to Eg. (1) 4 Terminology
4.1 Anchorage—A device at the ends of an FRP tendon
Y,=a;—bylogT (1) that grips the tendon allowiregminimum of slip and trans-
ferring prestressing load frothe tendon to the abutment.

where 5 Test equipment and requirements
Y, = relaxation rate, %; 5.1—Use a testing machine bydraulic jack and load
ay, by = empirical constants; and cell with a loading capacity in excess of the tensile capacity
T = test time, h. of the test specimen and caéited according to ASTM Prac-

9.3—The relaxation rate ait 1 million hours should be  tices E 4. A testing machineith either loading-rate or
determined from the approximation line; this value regmts displacement-rate control isreferred. Tendons may be

the million-hour relaxation rate. kiére the service life of the  tested vertically or horizontally using a hydraulic jack.
structure in which the FRP bars are to be used is determined 5.2—FRP tendon should be loadatia rate of 100 to
in advance, the relaxation rate for the number of years of500MPa/min, and the test should finish in 1 to 10 min.
service life (“service life relaxation rate”) should also be 6 Specimen preparation

determined. 6.1—A specimen should be prepared by attaching the
10 Report prestressing anchorage to lssessed to one end of the FRP
The test report should include the following items: tendon. The other end of the tendon should be anchored
10.1—The trade name, shape, and date of manufactureaccording toAppendix A(refer toFig. A.1, A.2, andA.3).
if available, and lot number of product tested. 6.2—The length of the spenen should be the sum of

10.2—Type of fiber and fiber binding material as the length of the tendon arbe lengths of the anchoring
reported by the manufacturer, and fiber volume fraction. ~ Sections at each end. The lengftthe tendon should not be

10.3—Numbers or identification marks of test Sm‘hs' less than 100 mm, nor should it be less than 40 times the

10.5—Date of test and test environmental conditions Strand form, the length shouadso be greater than two times

(humidity and temperature and their fluctuations). the strand pitch. .
10.6—Type and manufacturer of testing machine. 6.3—The number of test specimens should be no less
10.7—Initial load and loading rate of initial load. than five.
10.8—Guaranteed tensile capacity and ratio of initial ~ / Test conditions - _ 3

load to guaranteed tensile capacity. 7.1—Unless a different testingnvironment is specified
10.9—Relaxation curve for each test specimen. as part of the experimentgipullout anchorage tests should

10.10—Average relaxation rates at 10, 120, and 1000 h. be conducted at the standard laboratory atmosphere of a 23
10.11—Formula for determining the approximation line. *3 “C and 50 + 10% relative humidity.

10.12—Million hour relaxation rate. 7.2—Preconditioning of FRP tendons is permissible.
10.13—Relaxation rate corresponding to design service Preconditioning may include abrasion of the surface of the
life (“service life relaxabn rate”), where applicable. tendon, environmental conditiowg of the tendon, and post-
curing of the tendon.
B.10—Test method for performance of an chorages 8 Test method
of FRP bars 8.1—Test specimens should be mounted and supported
1 Scope by a tensile testing machin€he area and geometry of the

1.1—This test method specifies the test requirements surface supporting the anchoragel the manner of application
for the performance of the anchorage of FRP bars used asf force should approximate tlagtual conditions within the
pretensioned prestressingntions in concrete. In this prestressed concrete structure as closely as possible. The
application, the anchorage is used only for a short period,anchorage end of the tenddrosald be supported on a platen
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Anchorage Holder, 2 Referenced documents
Fixed End,
Deflector —, see Fig. A1 2.1 ASTM standards—
D 618 Standard Practice for Conditioning Plastics for
,—— Anchorage Holder,

Moving End, Testing
see Fig. A1 E4 Standard Practices for Force Verification of
Tension Testing Machines
3 Significance and use

3.1—This test method for obtaining the tensile prtipsr

() Test Setup, Bending Angle of 180° of deflected FRP bars is intended for use in laboratory tests

in which the principal variable the size or type of FRP bars.
 Anchorage Holder. 3.2—When FRP bars manufactured as straight bars are
" Fixed End, tensioned after being bent, the bending stress or added lateral
see Fig. A.1.1 pressure may cause strength reduction. This test method is

Deflected FRP Bar . Test Machine Frame

. developeq for FRP bars bent. as external pre'_stressing or
A . Anchorage Holder. arranged in a curved layout as internal prestressing.

S bt 3.3—This test method is intended to determine the

S ﬁ flexural tensile data of bent FRP bars for material specifi-
/7 Tension cations, research and development, quality assurance, and

Deflected FRP Bar N - Test Machine Frame structural design and analysis. The primary test result is the

bent tensile capacity of the specimen under a specific

(b) Test Sectup, Bending Angle "a” loading and environmental condition.
Fig. B.11.1-Fypical bending tensile test setups. 3.4—Flexural tensile properties of prestressed concrete

structures are important factors to be considered in design.
in a manner similar to that in the pullout specimen shown in For FRP bars used as tendons, the flexural tensile behavior

Fig. A.3 should be measured according to the method given herein.
8.2—Loading should be continued up to tensile failure, 4 Terminology
as determined by either failupéthe FRP tendon or excbge 4.1 Deflected section—The section of an FRP bar that is
deformation of the anchoring device. bent and maintained at the required bending angle and
9 Calculations bending diameter ratio.
9.1—The tensile capacity farach specimen and average 4.2 Deflector—A device used to maintain the position,

tensile capacity should be calculated. The modes of failurealter the bending angle, oraliate the stress concentrations
should also be recorded, m@iany deformation or damage in the FRP bar (Fig. B.11.1). The deflector is used in the test

of the anchorage. method to introduce a bending stress into the tendon. The
10 Report deflector is used in internal pretensioned prestressed
The test report should include the following items: concrete or externally postrgoned concrete to direct the
10.1—The trade name, shape, and date of manufacturefendon layout.
if available, and lot number of product tested. 4.3 Bending angle—The angle formed by the straight
10.2—Type of testing machine. sections of a specimen on eitls@te of the deflector (refer to
10.3—Type of fiber and fiber binding material as Fig. B.11.1).
reported by the manufacturer, and fiber volume fraction. 4.4 Bending diameter ratio—The ratio of the external
10.4—Numbers or identification marks of test speis. diameter of the deflector surface in contact with the FRP bar
10.5—Designation, diameter, and cross-sectional area. to the diameter of the FRP bar.
10.6—Preconditioning of tendons, if any. 4.5 Bending tensile capacity—The tensile capacity at

10.7—Date of test, test temperature, and loading rate. failure of a specimen within the deflected section.

10.8—Dimensions of test specimens and description of S Test equipment and requirements o
anchorage. 5.1—Use a testing machineitlv a loading capacity in

10.9—Tensile failure capacity for each test specimen, €xcess of the tensile capaciy the test specimen and
average tensile capacity,clastion of failure, and failure  calibrated according to ASTM Practices E 4. A testing

modes. machine with either loading- or displacement-rate control is
10.10—Records of any deformation or damage to preferred. The test fixturehsuld include a loading device,
anchorage. load indicator, anchorage holder, and deflector.
5.2—The loading device should have a loading capacity
B.11—Test method for tensile p roperties of in excess of the tensile capacity of the test specimen and
deflected FRP ba rs should be capable of applying load at the required loading rate.
1 Scope 5.3—The load indicator should be capable of displaying

1.1—This test method specifies the test requirements for loads with an accuracy of nask than 1% of the failure load.
tensile properties of deflected FRP bars used as prestressing 5.4—The anchorage holder should be suitable for the
tendons in concrete. geometry of the test specimen and should be capable of
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accuately transmitting loads from the testing machine to the 9.1—The material properties of FRP bars should only be
test specimen. The anchoragpedd be constructed so as to assessed on the basis of the specimen undergoing failure in
transmit only axial loads to the test specimen, without the test section. In cases where tensile failure or slippage has
transmitting either torsion or flexural force. occurred at an anchoringctien, the data should be disre-

5.5—The deflector should be capable of maintaining the garded and additional tests should be performed until the
required bending angle and bending diameter during the teshumber of test specimens failingthe test section is no less
until failure of the test specimen. The deflector surface in than five.
contact with the specimen shotie suitable for contact with 9.2—The maximum, minimum, average, and standard
the bar's outer surface. For a round bar, a smooth rigiddeviation of the bending tensit@pacity for each set of test
deflector surface may be uséthr bars that are stranded or conditions should be calcutat in accordance with Test
spiraled, it may be appropriate to use a deflector machined tdMethod B.2.
match the surface of the bar. 9.3—The location and mode of failure should be

6 Specimen preparation observed and recorded for each test specimen.

6.1—Specimens should be representative of the lot or 10 Report
batch being tested. During the sampling and preparation of test The test report should include the following items:
specimens, all deformation, heating, outdoor exposure to  10.1—The trade name, shape afate of manufacture, if
ultraviolet light, or otheconditions possibly causing changes @available, and lot number of product tested.
to the material properties of the specimen should be avoided. ~ 10.2—Type of fiber and fiber binding material as
6.2—Test specimens should be prepared and handled iff€Ported by the manufacturer, and fiber volume fraction.
accordance with Test Method B.2. 10.3—Numbers or identification marks of test specimens.
6.3—The length of the specimen should be the sum of 10.4—Designation, diameter, and cross-sectional area.
the length of the test section and the lengths of the anchoring ~ 10.5—Condition of surface of FRP bar (material, thick-
sections. The length of thestesection should be such that Ness, configuration any coating, and so on).
the distance from an anchorage to the deflected section 10.6—Date of test, test temperature, loading rate, and
should not be less than 100 mnor less than 40 times the type and manufacturer of test machine.
diameter of the FRP bar. For FRP bars in strand form, the ~ 10.7—Type of anchor device.
distance from an anchoragette deflected section should 10.8—Bending angle, external diameter of deflector
not be less than two times the strand pitch. surface in contact with FRP bar, bending diameter ratio, and
6.4—The number of test specimens for each test condi- Material and surface configuration. _
tion (combination of bending diameters and bending angles) ~ 10-9—Bending tensile capacity for each test specimen.
should not be less than évIf a specimen fails at an 10.10—Location and mode of failure for each test specimen.
anchoring section, or slips out of an anchoring section, an ~ 10.11—Numbers of test specimens for each set of
additional test should be fermed on a separate specimen conditions, and maximum, minimum, average and standard
taken from the same lot as the failed specimen. deviation of the bending tensile capacity.

7 Conditioning

T I B.12—Test method for determining the ef fect of
7.1 Standard conditioning proceder—Condition corner radius on tensile strength of FRP ba  rs

spedmens in accordance with Procedure A of ASTM D 618; 1 Scope

store and test at the standard laboratory atmosphere of a 1 1__This method determines the effect of corner radius
23+ 3 °C and 50 + 10% relaghumidity, unless a different  he tensile properties of fiber reinforced polymer (FRP)
environment (such as temperature or alkaline solution) isp..c used as reinforcing baos prestressing tendons in

specified as part of the experiment. concrete where bars are subjo tensile stresses. Tension

8 Test method tests are conducted using agi-component test fixture.
8.1—The bending diameter and bending angle should be 2 Referenced documents
set appropriately for the testi¢. B.11.). This combination 2.1 ASTM standarg—
forms a single test condition. Each specimen should havep gg3 Terminology Relating to Plastics
only one deflected section. D 3039/D3039M Test Method for Tensile Properties of
8.2—Care should be taken wh mounting the specimen Polymer Matrix Composite Materials
in the testing machine to maiiriahe required bending angle g4 Practices for Force Verification of
and bending diameter at the deflected section during the test. Testing Machines
8.3—The specified rate of loading should be between E g Terminology Relating to Methods of
100 and 500 MPa/min and the tsisbuld finish in 1 to 1nin. Mechanical Testing
The deflected bar should exit the deflector on a tangent and 3 Significance and use
not bend over the corner of the deflector. 3.1—Tension tests are conducted using a unique test

8.4—Loading should be continued until failure of the fixture. The testing fixture consists of three components:
test specimen. Failure load and failure location should beupper and lower parts and interchangeable corner inserts
measured and recorded. made of any suitable metal (such as aluminum or steel)
9 Calculations (Fig. B.12.1). Detailed dimensns are shown ifig. B.12.2
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{B) Corner insert

(b)
Fig. B.12.1—(a) Assembled tdstture; and (b) assembled

test fixture: sketch.
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Fig. B.12.2—Upper part of test fixture (in mm).

B.12.3,B.12.4 B.12.5 andB.12.6 The FRP specimen in the
form of a bent bar is placed the groove that runs along the
sides and the top of the test fix¢ and corner inserts. Instru-
mentation is mounted dependi on the variables being
monitored. If modulus and strain distribution are required,
strain gages can be mountaund the corner areas. The
load is applied until failure of the FRP specimen.

3.2—This tension test can provide accurate information

ACI COMMITTEE REPORT
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Fig. B.12.3—Lower part of test fixture: (a) wedge; and (b)
lower part (in mm).

5 Test equipment
5.1 Gages—Gages should be accurate to at least 0.01 mm
for measuring the width of the specimen.
5.2 Testing machine-The testing machine should be
comprised of the following:

5.2.1 Fixed member-A fixed or essentially stationary
member supporting the load fixture.

5.2.2 Movable memberA member capable of
applying a tensile load to the tensile loading fixture and
transfer the load to the test fixture.

5.2.3 Drive mechanism-A drive for imparting to the
movable member a controllesheed with respect to the
stationary member.

5.2.4 Load indicator—A suitable load-indicating
mechanism capable of showing the total tensile load carried
by the test fixture. This meahism should indicate the load
with an accuracy of 1% or tier of the actual value. The

with regard to the effect of corner radius on the tensile proper-accuracy should be verified in accordance with ASTM

ties of FRP bent bars whapplied under conditions with
similar interaction mechanisms to those of the test method.

Practice E 4.

5.3 Strain recording—A suitable strain-recording

3.3—The method can be used for testing FRP bent barssystem is required for mollis determination and strain
with any fiber or resin type in rectangular or round solid shape.distribution.

3.4—The data provided by thisstecan be used for research
and development, design, and acceptance/rejection criteria.
4 Terminology
4.1—No new terminology introduced.

5.4 Test fixtue—The test fixture consists of the upper
and lower parts around which the FRP bar is placed. The
upper part is used as thetieg area with interchangeable
corner inserts located at its two corners. The lower part is
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Fig. B.12.4—Intechangeable corner inserts and wget (a) corner insert; and (bghuck
(in mm).

used to anchor the specimnough anchors. Two bolts and 76.2
two steel rods are used to hold the upper and lower fixture ;
sections together during specimen installation. nilhan il ‘3»

5.5 Tensile loading fixture-The fixture is used to
transfer the load from theséng machine to the test fixture
(Fig. B.12.5). All drilled holes in the tensile loading fixture
and test fixture should be awéized to avoid any twisting and
tightening when the rods and nuts are installed. All holes
should be drilled 1.60 mm laegthan nominal value.

6 Specimen preparation

6.1 Geomety—The FRP test specimen should conform
to the dimensions of the tdtture shown inFig. B.12.2and
B.12.3

6.1.1 Anchoragg—An anchorage system at the ends of
the test bar should be providedth a sufficient length and
size in accordance withppendi A, so that failure occurs at I |
the bent portion. 1< 1
6.1.2 Alignment—The specimen should be installed Q

with its center-line parallel tchat of the side surface of the 254 254 254
test fixture. A convenient method is to have two lines marked T
on the side surface of the test fixture between which the FRP 127
sheets are applied.

6.2 Strain—Where load-strain data are desired, the Fig.B.12.5Tensilefixture (two sets needed) k&) (in mm).
spedmen may be instrumented with strain gages. The strain
gages should be located at the center of the specimen in the 7.1—Store and test at the standard laboratory conditions
width direction and parallel to the fiber direction. Strain of 23 + 3 °C and 50 + 10% relative humidity, unless a
gages should be mounted on both the flat surfaces in andlifferent environment (such as temperature or alkaline
outside the corner area. A recommended strain gagesolution) is specified as part of the experiment.

-
-—

254

279.4

o
50.8

arrangement is shown irfrig. B.12.6 8 Test method
6.3 Number of specimer-A minimum of five speitnens 8.1 Assembling test fixter—The tensile loading fixture
is recommended for each material. is placed onto the upper cross-head of the testing machine,

7 Conditioning and the upper test fixture ismnected to the tensile loading
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279.4 where

Strain 171.4 S = reduced tensile strength of specimen corresponding to
gauge T a specific corner radius, MPa;

: P = tensile failure load of specimen, N; and

A = cross-sectional area of the test bar,anm

\ 9.2 Tensile modulus-Calculate the tensile modulus of
I | different points using Eq. (2Report the results to three
significant figures. The modulus should be calculated using
the load and strain valuesrresponding to 20 and 50% of
FRP bar the reduced tensile strendsh

A

E_ = AP/(2AAg) 2

where

E, = axial (longitudinal) elagcity modulus of specimen,
MPa;

AP = tensile load increment, N;

A = cross-sectional area of the FRP bar,nand

N N Ae = strain increment.

10 Report

Chuck The test report should include the following items:

10.1—Complete identification of the material tested,

I § including, source, manufacturer's code number, form,

previous history, resin type, processing details, specimen

quality control, description of equipment used, deviations

from this standard test method, and description of the

fabrication process of the specimen compared with the

fixture using a short plain steel rod through the holes on thespecified one provided by the manufacturer.

upper part. The lower part of the test fixture is placed onto  10.2—Method of preparing test specimen and verification

the lower plate of the testing machine using a threaded steebf quality.

635

Fig. B.12.6—Installation of specimen and possible strain
gauge arrangement (in mm).

bar and two nuts. The steelrkghould be long enough to 10.3—Test specimen dimensions and corner radius.
provide sufficient space for the anchor of the test bar when  10.4—Number of specimens tested.
placed between the lower part and the lower cross-head. 10.5—Speed of testing.

8.2—There should be no misalignment between the test ~ 10.6—Failure load.
fixture and tensile loading frame. No twisting should be 10.7—Individual specimen stregth and average values.
produced in the test fixture and specimen. 10.8—Individual specimen modulus and average values.

8.3—Connect data recording equipment. 10.9—Date of tests.

8.4—Apply and release a small load on the specimen
(less than 5% of expected failure load) to realign the test PART 3?(;ESJOMN%TRHE?'ESAE%RMFA%%IN%I\\/}'NATES
fixture. The strain gauges are zeroed in this step. L.1—Test method for direct tension pull-off test

8.5—Set the recommended speed of testing. Speed of 1 Scope
testing shall be determined by the specifications for the 1.1—This test method specifies the test requirements to
material being tested or ke client. When the speed of uniformly prepare and test thensile bond strength of an
testing is not specified, however, a speed of 1.0 to 2.0 mm/minFRP laminate bonded to therface of a concrete member,
is recommended. test the tensile strength of the substrate concrete, or both.

8.6—Record the strain and load values continuously. 2 Referenced documents

8.7—Record the maximum loddom the load indicator 2.1 ASTM standards-
of the testing machine. D 4541 Standard Test Method for Pull-Off Strength of

8.8—Record the failure mode of the specimen. The Coatings Using Portable Adhesion Tester

failure zone is normalljocated around the corner 3 Significance and use
_ ’ 3.1—The pull-off test is pedrmed by securing a 25 to
9 Calculations

40 mm square or circular plate area adhered to the surface of
9.1 Reduced tensile strengtCalculate the reduced the FRP or concrete with a bonding agent. After the bonding
tensile strength using Eq. (1). Report the results to threeagent is cured, a test apparatus is attached to the loading
significant figures fixture and aligned to apply tension perpendicular to the
concrete. The specimen is loaded until the adhesion fixture
S =PF(2A) D detaches from the surface.€élpull-off strength is computed
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based on the maximum indicated load, the instrument Force Femf',ldiclu']art

. . . . ndicator e L0ad wdator
calibration data, and the original stressed surface area ‘ P
Debonding of the adhered plate from the FRP is an indica-Ageion bise . Leveling Assembly
tion of improper surface pregdion or an under-strength \}_\'_| s m,

adhesive. This mode of failuygelds an invalid test result. | ‘ (b adierdto
Figure L.1.1 is a schematic afportable adhesion tester.
3.2—This test method is intended for use in both the field Fig. L.1.1—Direct tension pulloff test setup.
and the laboratory. Due to the increased use of adhesively
bonded FRP laminates to externally strengthen existing 7 Conditioning

pull-off behavior. This method is intended to meet such a needgf 23 + 3°C and 50 + 10% relative humidity, unless a

3.3—The basic material propees obtained from this  gifferent environment (such as temperature or alkaline
test method can be used in titrol of the quality of adhe-  so|ution) is specified as part of the experiment.
sives and in the theoretical equations for designing FRP g Test method
laminates as external reinfemment to strengthen existing
structures.
4 Terminology
4.1—No new terminology introduced.
5 Test equipment
5.1—The portable adhesion test apparatus should
conform to ASTM D 4541.
5.1.1—Use a 25 to 40 mm square or circular plate
adhesion fixture. Both square and circular plates are acceptabl
5.1.2—Use a manual or mechanized device for
applying a uniform cross-head speed.
5.1.3—Have a method for recording peak-load.
5.1.4—Be adjustable for loading perpendicular to the
sample and applying tensile force without torque.
5.2—The portable adhesionster (shown in Fig. L.1.1)
illustrates the mandatory components.

8.1—Select a flat measurement site in accordance with
the sampling schedule.

8.2—Prepare the FRP surface for bonding the fixture.
The FRP surface should be cleaned with solvent, sanded
with medium-grit sandpaperiinsed with solvent, and
allowed to dry.

8.3—Core drill or square cut through the FRP laminate
into the substrate concrete, according to the size and shape of
§he adhesion fixture, usingcarbide tipped or diamond core
bit or cutting wheel. Cut into the concrete to a depth of 6 to
12 mm.

8.4—Attach the adhesion fixture with the designated
bonding agent. Cure in agdance with the bonding agent
manufacturer’s instructions.

8.5—Paosition the detaching assembly over the adhesion

5.2.1 Adhesion fixture-The adhesion fixture should fixture and gttach the adheai fixture to _the detaching
have a flat surface on one end and have a pinned or otherwis ssembly. Align the load apgrtor perpendicularly. Adjust

freely rotating attachment on the other end. the detaching-assembly legs a_s required. .
5.2.2 Detaching assembiyThe detaching assembly 8.6—Take up the slack in the adhesion tester by
should have a stand-off support centered on the centrafC€Wing down the adjustment knob.

attachment grip and a self-aligning device for engaging the ~ 8.7—Set the force indicator to the zero mark.
adhesion fixture. 8.8—Apply manual or mechanized loading so that it

5.2.3 Detaching assembly baséThe detaching Provides a continuous cross-head motion at a rate of less than 1
assembly base should provide firm and perpendicularMPa/S until rupture occurs. The maximum load should be
contact with the surface. obtained in less than 100 s. Record pull-off force measurement.

5.2.4 Loading device-The manual or mechanized 9 Calculations
device for pulling the adhesion fixture should apply a 9.1—Compute and record the pull-off bond strength or
uniform cross-head speed untilpture occurs so that the concrete strength, whichever is applicable.
maximum stress is obtained in less than 100 s.

5.2.5 Force indicato—The force indicator should F
have calibration information and a maximum scale indicator Gp = KE @)
greater than 4450 N. a

5.2.6 Bonding agent-An adhesive material that will
provide more than 5.5 MPa tensile stress should be usedV/Nere
The bonding agent should be applied in accordance withop = the pull-off bond strength, MPa;
manufacturer’s instructions. Fp = the pull-off force, N; and

6 Specimen preparation A, = the adhesion fixture contact area, fom
6.1—Apply the FRP to the surface of the concrete 9.2—lInterpretation of results

following manufacturer's recommended procedures. The 9.2.1—The adhesion of the FRP laminate to the

manufacturer’s instructions shdube followed as to elapsed concrete surface is necesstoythe concrete member to be
time between application of FRP and testing. The following able to transfer load intthe FRP laminate. The interface
procedure, when in keeping witlhe manufacturer’s instructions, bond and the strength (quality) of the concrete itself are
should be followed for making the adhesion measurement. critical. Possible failure moden this tension test are:
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9.2.2—Adhesive failure occurring at the interface of and the test findings should be based solely on test specimens

the FRP laminate or the concrete. that fail in the gauge section.
9.2.3—Cohesive failure within the FRP laminate. 3.3—Tensile properties of FRP laminates are important
9.2.4—Cohesive failure within the concrete. factors to be considered the design of FRP laminates as
9.2.5—Combinations 08.11, 8.1.2 and8.1.3above. external concrete reinforcement. The tensile behavior should
9.2.6—Bonding agent failure is not an acceptable be measured according to the method given herein.
failure mode. 4 Terminology
10 Report 4.1 Gaugelength—The gauge length is the length of the
The test report should include the following: specimen between end tabs, measured from points one
10.1—The trade name, size, and date of manufacture, if specimen width from each tab.
available, and lot number of product tested. 5 Test equipment and requirements
10.2—Type of fiber and fiber binding material as 5.1 Testing machine-Use a testing machine with a
reported by the manufacturer, and fiber volume fraction.  |oading capacity in excess of the tensile capacity of the test
10.3—Description of the FRP systems. specimen and calibrated according to ASTM Practices E 4.
10.4—Measurements of adhesive fixture. A testing machine with either loading-rate or displacement-
10.5dentification of commercial test device. rate control is preferred.
10.6—Sample identification and test location. 5.2 Micrometers—Micrometers should be suitable for
10.7—Sample failure stress and mode of failure. reading to 0.025 mm of the specimen thickness and width.
10.8—Average failure stress for sample population. 5.3 Strain measurementsStrain may be determined by
10.9—Test temperature and relative humidity, date of means of an extension indicator or strain indicator attached
test, and test operator. mechanically or bonded diry to the sample. Cross-head
motion is not a suitable indication of strain. If Poisson’s ratio
L.2—Test method for tension test of flat specimen is to be determined, the spee@mshould be instrumented to
1 Scope measure strain in both longitudinal and lateral directions.

1.1—This test method describes the requirements for 54 Data acquisition systemThe data-acquisition
sample preparation and tensiésting of unidirectional and  system should be capable obntinuously logging load,
bidirectional externally bonded FRP systems for strength strain, and displacement at a minimum rate of two readings
concrete structures. The retl may be used to determine per second. The minimum resolution should be 100 N for
the tensile properties of wet lay-up FRP systems, prepredoad, one microstrain for strain, and 0.01 mm for displacement.
FRP systems, and precured FRP flat laminates. The method ¢ Specimen preparation

only covers the determination thfe tensile properties of the 6.1 Field preparation of wet lay-up materiatsMake
continuous fibers reinforcing the saturated resin. Other g g specimens in a manner similar to the actual field

components comprising the FRP system, such as the primefstaiation of the material. A plastic sheet should be placed

and putty, are ordinarily excludémm the sample preparan on a smooth, flat horizontal surface. The specified number of
and testing detailed in this document. plies at the specified angles should be sequentially resin
2 Referenced documents coated and stacked on the plastic surface using the same
2.1 ASTM standards— amount of resin per unit area as would be applied in the
D 618 Standard Practice for Conditioning actual installation. Grooved lters or flat spatulas may be
Plastics for Testing used to work out the trapper in the laminate. A second

D 3039/D3039M Standard Test Method for Tensile plastic sheet is placed over the laminate and a smooth rigid
Properties of Polymer Matrix Composite  flat plate placed on top of the plastic. After cure, the panel is

Materials sent to the test lab.
E4 Standard Practices for Force Verification 6.2 Laboratory preparation of wet lay-up materialsh
of Testing Machines plastic sheet should be placed on a smooth, flat horizontal
3 Significance and use surface. Resin should be coatmato the film, and the FRP

3.1—This test method for obtaining the tensile strength, fabric or sheet material should be placed into the resin.
modulus of elasticity, and ultimaelongation is intended for ~ Additional resin should be overcoated. This process should
use in laboratory and fieltests in which the principal be repeated for multiple plies. A grooved roller may be used
variable is the size or type of FRP laminates. The obtainedto work out trapped air. A second plastic sheet should be
tensile properties can be uskd material specifications, placed over the assembly. Using the flat edge of a small
research and developmenyatity control and assurance, paddle, excess resin is foritpushed out of the laminate
and structural design and analysis. The methods specifyingvith a screeding action in ¢hfiber direction. The laminate
the calculation to determine the tensile properties of theshould be cured without removing the plastic. Specimens
samples are describedAppendix B may be cut and tabbed after cure. Alternatively, specimens

3.2—This test method focuses on the FRP laminate may be cut with a steel rule and utility knife after gelation
itself, excluding the perfornmze of the tab. Therefore, but before full cure. For FRP systems requiring heat, pres-
failure or pullout at an anchoring section should be disregardedsure, or other mechanical/physical processing for cure, the
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Table 1—Width and gauge lengths of specimens

Minimum specimen | Minimum gauge length,
Fiber orientation width, mm mm

0 degree 12.7 127
0/90 degree 25.4 127

Specimen Width

i

engineer and material supplier should agree on a retaggen Z \ 1
specimen fabrication process. .
6.3 Field/laboratory preparation of precured FRP lami- <
nates—Specimens should be cut to size using an appropriate - : T — Y

AT 1
Ee— 1

table saw. Because thickness is predetermined, specime i
width and length may be altered by the agreement of the engi Minimum Tab Zsi; g}e—vdbe
neer and laminate manufacturer. Care should be taken t Length: 38 mm
ensure that the specimen is flat. Testing of nonflat specimens
may result in lower tensile values due to induced moments. Fig. L.2.1—Tension test of FRP laminate specimens.

6.4 Geomety—The specimen should be as shown in
Fig. L.2.1, where the specimen has a constant cross section
with tabs bonded to the ends. Table 1 gives the width and
gauge length of specimens uded different fiber orienta- o give the recommended straates in the specimen gage
tions. Tabs need not always be bonded to the specimen to bgection. The loading rate sholé set to affect a constant
effective in transferring the load into the specimen. Friction strain rate in the gage lethg Standard strain rates between
tabs, often used with emerjoth, can be employed. Varia- 0.17x 103 s t0 0.33x 103 s™ are recommended. A
tion in specimen width should be no greater tha¥b. Vari- constant cross-head speed ratsp be used. The cross-head
ation in laboratory prepared specimen thickness should be népeed should be determined by multiplying the renended
greater thant2%. Variation in field prepared specimen strain rate by the distance between tabs, in millimeters. If

Gauge Length

Thickness

Specimen
Thickness

thickness should be no greater tHd0%. strain is to be determined, attach the extensometer or strain
6.5 Tabls—Molded fiberglass or aluminum tabs should gage to the specimen. . _ .
be acceptable. The tabs shobélstrain compatible with the 84—Record load and strain (or deformation) contirsly

composite being tested. Thabs should be bonded to the if possible, or, alternativelyecord load and deformation at
surface of the specimersing a high-elongation (tough) uniform intervals of stra. Record the maximum load
adhesive system that will meet the temperature requirementsustained by the specimen during the test. Record the strain
of the test. The width of the tab should be the same as thét rupture.
width of the specimen. Therigth of the tabs should be 9 Calculations
determined by the shear strength of the adhesive, the spec- 9.1—Calculate tensile strength and modulus of elasticity
imen, or the tabs (whicheverl@ver), thickness of the spec-  per either Method 1 or Method 2 as giverhirpendix B
imen, and estimated strength of the composite. Note that a 10 Report
significant proportion of failies within one specimen width The report should include the following:
of the tab should be causergexamine the tab material and 10.1—Identification of the material tested including the
configuration, gripping method and adhesive, and to maketrade name, date of manufa@if available, and lot number
necessary adjustments to promote failure within the gaugeof product tested, type of fiber, and fiber binding material as
length section. reported by the manufacturer, and fiber volume fraction.

7 Conditioning 10.2—Description of fabrication method and stacking

7.1 Standard conditioning procedureUnless a sequence.

different environment is specified as part of the experiment ~ 10.3—Specimen dimensions.

in laboratory, condition the $& specimens in accordance 10.4—Conditioning procedure used.
with Procedure A of ASTM D B and store and test at the 10.5—Number of specimens tested.
standard laboratory atmosphere (23 + 3 °C and 50 + 10%  10.6—Speed of testing, if other than specified.
relative humidity). 10.7—Breaking load and failure strain includiagerage
8 Test method value, standard deviation, and coefficient of \aoia
8.1—At least five specimens should be tested for each 10.8—Basis for calculation of tensile strength and
test condition. modulus of elasticity (composite area, Method 1 or edgriva
8.2—Measure the width and thickness of the specimen thickness method, Method &fer toAppendix B.
in accordance with the ASTNDd 3039. Record the average 10.9—Ultimate tensile strength for each test specimen,
value of cross-sectional area. means, and standard deviations.

8.3—Place the specimen in the grips of the testing 10.10—Modulus of elasticity fo each test specimen,
machine, taking care to alighe long axis of the specimen means, and standard deviations.
and the grips with a line joing the points of attachment of 10.11—Date of test.
the grips to the machine. Theegul of testing should be set 10.12—Test operator.
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L.3—Test method for overlap splice tension test
1 Scope

ACI COMMITTEE REPORT

placing the material accordingly. Grooved rollers or flat
spatulas may be used to wotk the trapped air in the langte.

1.1—This test method describes the requirements for Care should be taken to enstiat the overlap ply does not

sample preparation and tendgiésting of overlap splices to
determine the splice tensilegmerties of unidirectional and
bidirectional externally bonded FRP systems for strengtl
concrete structures. The method only covers the detdronna
of the tensile splice properties of the continsifibers
reinforcing the saturated resin. Other
comprising the FRP system, suahthe primer and putty, are
ordinarily excluded from theample preparation and testing
detailed in this document.
2 Referenced documents

2.1 ASTM standars—
D 618 Standard Practice for
Plastics for Testing
Standard Test Method for Tensile
Properties of Polymer Matrix Composite
Materials
Test Method for Strength Properties of
Adhesives in Shear by Tension Loading
of Single Lap Joint Laminated Asselids
Test Method for Strength Properties of
Double Lap Shear Adhesive Joints by
Tension Loading
Standard Practices for Force Verification
of Testing Machines

3 Significance and use

3.1—This test method is intended for use in both the

field and the laboratory. Due to the increased use oEadhe

Conditioning

D 3039/D3039M

D 3165

D 3528

E4

slide during the rolling or screeding process. A second
plastic sheet should be placed over the laminate and a
smooth rigid flat plate placed on top of the plastic. A weight
should be placed on top of the plate. The weight should be
sufficient to produce a smooth surface upon cure, but should

components not cause significant flow afesin. After cure, the panel

should be cut and tabbed. For FRP systems requiring heat,
pressure, or other mechaaliphysical processing for cure,
the engineer and material supplier should agree on a
representative specimen fabrication process.

6.2 Laboratory preparation of wet lay-up mategal-A
plastic sheet is placed on a smooth, flat horizontal surface.
Resin is coated onto therfi| and the FRP fabric or sheet
material is placed into the resin. Construct the overlap splice
by carefully measuring the specified overlap length and
placing the material accordingly. Additional resin should be
applied in a thin layer once tfadric is in place. The process
can be repeated for multiple plies, if needed, and a grooved
roller may be used to work out trapped air. A second plastic
sheet is placed over the assembly. Using the flat edge of a
small paddle, excess resin is (with a screeding actionpfgrc
pushed out of the laminate in the fiber direction. Care should
be taken to ensure that the overlap ply does not slide during
the rolling or screeding press. The laminate should be
cured without removing the plastic. Specimens should be cut
and tabbed after cure. Alternatively, specimens may be cut
with a steel rule and utility kfe after gelation but before full

bonded FRP laminates as a result of the inherent advantagesure. For FRP systems requiring heat, pressure, or other

afforded by bonded jointspérticularly the alleviation of
stress risers and stress cragikinthere is a need for tests by

mechanical/physical processifigr cure, the engineer and
material supplier should ege on a representative specimen

which joints of various FRP substrates and adhesives may béabrication process.

compared. This method is intended to meet such a need.
3.2—The basic material propgées obtained from this

6.3 Field/laboratory preparation of precured FRP
laminates—Laminates should be cut to size using an appro-

test method can be used in the control of the quality of priate table saw. The mating surfaces of the lap joint should
adhesives, in the theoretical equations for designing FRP be cleaned in accordance with the FRP manufacturetidimgc

laminates as reinforcement rf@xternally strengthening
existing structures, and in the evaluation of new adhesives.
4 Terminology
4.1—No new terminology introduced.
5 Test equipment and requirements
5.1 Testing machie—Use a testing machine with a
loading capacity in excess dfettensile capacity of the test

specimen and calibrated according to ASTM Practices E 4.

A testing machine with eithdoading-rate or displacement-
rate control is preferred.
6 Specimen preparation
6.1 Field preparation of wet lay-up materga-Make
field specimens in a manner similar to the actual field

Resin/adhesive should be &pd to the mating surfaces, and
the lap joint should be measured, formed, and cured.
Because laminate thickness is predetermined, specimen
width and length may be aléer by agreement of the engen

and laminate manufacturer. Care should be taken to ensure
that the specimen is flat. Testing of nonflat specimens may
result in lower tensile values due to induced moments.

6.4 Geomety—The specimen should be as shown in
Fig. L.3.1 with tabs bondetb the ends. Tabs need not be
bonded to the material under tesbe effective in transfeéng
load into the specimen. Friction tabs, often used with emery
cloth, can be employed. Single-lap and double-lap geometry
are permitted. Chamfering of@Hap ends is not permitted

installation of the material. A plastic sheet should be placed unless similar configurations are used in the figlable 1
on a smooth, flat horizontal surface. The specified numbershows nominal specimen geometry for various overlap

of plies at the specified anglehould be sequentially resin
coated and stacked on th&agtic surface using the same
amount of resin per unit aress applied in the actual

lengths. Variations in specimen width and thickness should
not be greater than +1%.
6.5 Tabs—Molded fiberglass or aluminum tabs should

installation. The overlap splice should be constructed by be acceptable. The tab should be strain compatible with the

carefully measuring the specified overlap length and

composite being tested. Theébsashould be bonded to the
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Table 1—Width and gauge lengths of specimens Shear Arca

Overlap length, mm  Specimégngth, mm Specimen width, mm }
25 > 230 25 |
50 > 254 25
76 > 279 25 e T = !
102 > 305 25 Minimum Tab Minimum F"CS,,__O,,VSHHP>
152 > 356 25 Length: 38 mm Length: 64 mm Length
203 > 406 25 (a) Single Lap Specimen

Shear Area ——

surface of the specimening a high-elongation (tough) N

adhesive system that will meet the temperature requirement:

Vo)
of the test. The width of the tab should be the same as the v
width of the specimen. The length of the tab should be
determined by the shear strength of the adhesive, the specime : ‘ 5
or the tabs (whichever is lowe thickness of the specimen,  winimum 1a Minimum ree | Overlap
and estimated strength of the composite. If a significant tenthsssmm ~ 7 Lengi 64mm  Lengtn

proportion of failure occursvithin one specimen width of

the tab, there should be aeramination of the tab material

and configuration, gripping method, and adhesive, and

necessary adjustments should be made to promote failure

within the gage length section. re-examine the tab material and configuration, gripping

7 Conditioning method and adhesive, andnti@ake necessary adjustments to

7.1 Standard conditioning procedureUnless a  promote failure within gage length of specimen.

different environment is specified as part of the experiment 8.4.5—Combinations of the above failure modes.

in a laboratory, condition thist specimens in accordance 8.5 Statistics—For each series of tests, calculate the

with Procedure A of ASTM D @ and store and test at the average value, standard deviatiand coefficient of variation.

standard laboratory atmosphere (23 £ 3 °C and 50 + 10% 9 Calculations

relative humidity). 9.1—Calculate the average shear strength using the

8 Test method following equations, and report results with a precision to

8.1—At least five specimens should be tested for each two significant figures

test condition.
8.2—Measure the width and length of the overlap joint. F

Record the surface area of the joint. for single lapvg, = ;Jnlax 1)
8.3—Place the specimen in the grips of the testing

machine, taking care to alighe long axis of the specimen .

and the grips with a line joininthe points of attachment of — max

the grips to the machine. Theading rate should be set to for double lapws, 2bl @)

give the recommended strain rates in the specimen gage

section. Speed of testing shoudd set to affect a constant where

strain rate in the gage section. Standard strain rates betweewy, = average tensile shear strength, MPa;

0.17x 103 st to 0.33x 103 s are recommended. A Fpa= maximum tensile load, N;

constant cross-head speed mfp be used. The cross-head b specimen width, mm; and

speed should be determined by multiplying the recommended = overlap length, mm.

strain rate by the distance between tabs, in millimeters. If 10 Report

strain is to be determined, attach the extensometer or strain The report should include the following:

gage to the specimen. 10.1—Identification of the material tested, including the
8.4—Record the maximum load sustained by the specimentrade name, date of manufactufavailable, and lot number

during the test and the fake mode of the specimen, of product tested, type of fiband fiber binding material as

(b) Double Lap Specimen

Fig. L.3.1—Overlap tension specimen.

according to the following definitions. reported by the manufacturer, and fiber volume fraction.
8.4.1 Delamination/debond-The failure is a generally 10.2—Description of fabrication method and stacking

clean separation at the overlap interface. sequence, including method of surface preparation before
8.4.2 Tension failure—-Specimen fails outside of bonding.

overlap splice at representatisiagle laminate strength and 10.3—Specimen dimensions and overlap length.

not within or adjacent to either of the grips. 10.4—Complete identification of the adhesive tested.
8.4.3 Splitting—Specimen fails along entire length, 10.5—Cure schedule time and temperature for bonding

leaving portions of overlap bond intact. samples and conditioning procedure used.
8.4.4 Tab failure—A significant proportion of failures 10.6—Number of specimens tested.

within one specimen width dhe tab should be cause to 10.7—Speed of testing if other than specified.
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10.8—Tensile shear strength, including average value, R.2—Conference proceedings

standard deviation, and coefficient of variation. Benmokrane, B., and Rahman, H., eds., 1998, “Durability
10.9—Test temperature and conditions, date of test, andof Fiber Reinforced Polymer (FRP) Composites for
test operator. Construction,” Proceedings of the First International
10.10—Type of failure. Conference on Durability ofFiber Reinforced Polymer
(FRP) Composites for ConstructioBherbrooke, Quebec,
REFERENCES Canada, 690 pp.

The guides, related standards, and conference proceedings Benmokrane, B., and El-Salakawy, E., eds., 2002, “Dura-
cited in the references below provide a background on thebility of Fiber Reinforced Polymer (FRP) Composites for
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Relevant references do not exist for some of the test methodsCanada, 715 pp.

Burgoyne, C. J., 2001, “Rib-Reinforced Plastics for
R.1—Guides and related standards Reinforced Concrete Structures?roceedings of the 5th

ACI Committee 440, 2001, “Gde for the Design and International Conference oRibre-Reinforced Plastics for
Construction of Concrete Reinforced with FRP Bars (ACI Reinforced Concrete Structures (FRPRCS-3homas
440.1R-01),” American Comete Institute, Farmington Telford, London, 1152 pp.

Hills, Mich., 41 pp. Dolan, C. W.; Rizkalla, S. H.; and Nanni, A., eds., 1999,
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American Concrete Institute, Farmington Hills, Mich., 45 pp. for Reinforced Concrete StructureSP-188, American
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Fiber Reinforced Plastic Reinforcement for Concrete Struc- El-Badry, M. M., ed., 1996'Advanced Composite Mate-
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Canadian Network of Centers of Excellence on Intelligent Society for Civil Engineering, Montreal, Quebec, Canada,
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APPENDIX A—ANCHOR FOR TESTING FRP
BARS UNDER MONOTONIC, SUSTAINED,
AND CYCLIC TENSION
1 Scope

1.1—This procedure specifies an anchor for FRP
specimens to facilitate grippig of specimens for various
types of tests performed uerdtensile loading. It also
specifies preparation of the specimens.
2 Referenced documents
2.1 ASTM standards—
D 3916 Standard Test Method for Tensile Properties of
Pultruded Glass-Fiber Reinforced Plastic Rod
3 Significance and use
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the appropriate diameter used to center FRP bars inside the
steel tube. The steel plug with a concentric hole fitting FRP
bars may be either threaded welded to the steel tube.
Recommended details of the steel tubes are given in
Table A1.1. Tube lengths shorter than those recommended
in Table Al.1may be used ifio excessive slip is observed
and the specimen fails withithe gage length as required.
For segments cut from FRP grids, the same gripping fixture
is suggested; however, three grid junctions are suggested to
be included in embedment, as shown in Fig. A.2.

4.2 Attachment to testing maclein-The anchor may be

3.1—This anchor is recommended for performing tests adapted to fit into the grips of any testing machine or frame

for monotonic tension, creep, relaxation, fatigue, and pull- as shown irFig. A.3.

out bond strength of FRP bars. 4.3 Anchor filler materials—The tube may be filled with
3.2—This anchor is not recommended for testing FRP either pure polymer resin or allmixture by weight of resin

bars that require more than 490.0° N of load to fail the
specimen.
4 Description of anchor
4.1 Geomety—The geometric dimensions of the anchor

and clean sand or an expamstement grout. A filler mate-

rial compatible with the resin of which the specimen is made
should be used. The strength of the filler should be such that the
maximum tensile load occumng during a test does not cause

are shown in Fig. A.1. The PVC cap has a concentric hole ofslip throughout the entire bonded length of the specimen.
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Table Al.1—Recommended dimensions of test Muchine——=17
specimens and steel tubes Y

+ hezul

|'-I - I-'l-l- L -I-I-ﬂ— : - -I-|

) Nominalwall | Minimal
Diameter of | Qutside diameter thickness of | length of the
FRPbar the FRP bar| of the steel tube,the steel tube, Steel tubd,T,

-y ol

e

e Thiesl -

type d,, mm mm mm mm
GFRP 6.4 35 4.8 300 - b
GFRP 9.5 35 4.8 300
GFRP 13 42 4.8 380
GFRP 16 42 4.8 380
GFRP 19 48 4.8 460

- — FREF ba -
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GFRP 22 48 48 460 |j_ # ety |i"‘ -"1|

cerP! 9.5 35 4.8 460 . . . .
. Fig. A.3—Attehment of aohor to various testing nthines
GFRP: FRP bars made with glddsers. and frames.

TCFRP: FRP bars made with cartfipers.

] H H H Drilled wood beam
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5 Specimen preparation
5.1 Cutting specime—Specimens of the required length
should be cut from the bassipplied. To obtain specimens le—— FRP bar
from grids and cages, cutting the crossbars too close to the
rod should be avoided. Leaving a 2 mm projection of the
crossbars may enhance gripping.

5.2 Specimen lengt—The total length of the specimen \' | | - Stectplug

Alignment

Steel tube

d, is the rod diameter.

5.3 Surface preparatio—Mechanical or chemicateat-
ment of the inner surface of the tube to promote adhes
of the specimen with theasting resin is recommended, ° Wood frame
provided that it does not affetite tensile properties of the
specimen in the gage length portion and that failure still
occurs outside the anchors.

6 Anchor casting procedure 6.4 Curing—The curing schedule recommended by the
6.1 Assembly and preparatie-The steel plug should  manyfacturer of the filler matial should be allowed before
be threaded to the steel pipe. The specimen should gQesting to allow the resin to set inside the tube.
through the concentric holef the PVC cap and steel plug 6.5 Handling—When not held vertically, the anchored

and be held axially alignedsite the tube. Silicon caulking  gpecimen should be handled by holding both grips to avoid
should be applied at the bottomtbe plug so as to prevent  penging or twisting of the specimen.

any possible leakage of resin. If the specimen requires
anchors at both ends, a sultalig should be used to hold APPENDIX B—METHODS FOR CALCUL ATING

should be the free length plus two times the anchor length
L, in mm. The free length should bédg or greater where
P PVC cap

=)

Fig. A.4—Jig to align specimen and anchors.

both tubes and the specimen axially aligned (Fig. A.4). TENSILE PROPERTIES OF FLAT SPECIMEN

6.2 Mixing and handling polymer rasi-The resin 1 Scope
should be mixed and handled following the manufacturer’s 1.1—These methods specify the calculation to deter-
instructions, paying particular attention to safety. mine the tensile properties of unidirectional and bidirec-

6.3 Castig—Whenever possible, the anchor should be tional externally bonded FRP systems for strengthening
cast in a vertical position as shownFkig. A.1 The resin concrete structures. The reggments for sample preparation
should be poured to the required level directly from a beakerand tensile testing are des@dbin Test Method L.2. Two
with a narrow spout, or by mesiof a funnel with a suitable  methods of calculation are provided.
stem. Lightly tap the outside of the tube to remove any  1.2—Method 1 is based on composite area and uses the
entrapped air pocket inside, and then slide the PVC cap ormeasured width and thickneskthe specimen to determine
the rod down and tap onto thap of the tube immediately. If  the cross-sectional area of §gecimen for calculation of the
the specimen needs anchorsahkends, at least 12 h should tensile strength and modulus of elasticity.
elapse before the first anchisr flipped to cast the other 1.3—Method 2 is based on equivalent fiber area and uses
anchor. the equivalent thickness of a fiber layer without retSjnd
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the measured width for calculatiof the tensile strength and  where

modulus of elasticity. fiy, = tensile strength of FRP laminate based on speci-
2 Referenced documents men area, MPa;
2.1 ASTM standards- Py, = maximum tensile load, N;
D 3039/D 3039M Standard Test Method for Tensile p t = width and thickness, respectively, mm;
Properties of Polymer Matrix Composite | .~ = gage length of measuring instrument, mm;
Materials E; = modulus of elasticity of FRP laminate based on

3 Significance and use ' ' specimen area, MPa; and
3.1—The methods for calculating the tensile strength, 4o = gjope of chord between 1000 and 3000 microstrain
modulus of elasticity, and ultimate elongation are intended of the load-deformation curve.
for use in laboratory and field tests in which the principal 4.2 Method 2 (based on equivalent fiber areCalcu-
variable is the size or type of FRP laminates. The ObtalnedIate the tensile strength and elastic modulus using Eq. (3) and

tensile properties can be us&p‘ materia| specifications, (4) and report results with a precision to three significant
research and development,atity control and assurance, figures

and structural design and analysis.
3.2—The methods given herein focus on the FRP laminate

itself, excluding the performance thfe tab. Therefore, failure f,, = =4 (3)
or pullout at an anchoring section should be disregarded, and bt'
the test findings should be based solely on test specimens that
fail in the test section. , _ dPLg
3.3—Tensile properties of FRP laminates are an important B = dl bt’ (4)
factor to be considered ithe design of FRP laminates as
external concrete reinforcentefhe tensile behavior should
be measured according the method given herein, in where _ i . )
keeping with the intended purposes. P,' b, Ly, anddP/dl = the same as defmgd in Eq. (1) and. (2);
4 Calculations t = the equivalent thickness of a fiber

4.1 Method 1 (based on composite ared}alculate the layer without resin, mm;

tensile strength and modulusngEq. (1) and (2), and report ~ ffu’ = the equivalent tensile strength of a
results with a precision to three significant figures. For fiber layer without resin, MPa; and
calculating modulus, the straiange should not exceed 50% Ef = the equivalent elastic modulus of a
of the ultimate strain of the specimen in accordance with fiber layer without resin, MPa.
ASTM D 3039. For most cases, SUCh as g|aSS and Carbon The equivalent thicknegsis prOVided by the manufacturer

Composite materia|S, the ra’]'@ 1000 to 3000 microstrain. of the fiber reinforcement fabric. For biaxial fabl’iCS, the
manufacturer should provide a measurement @i each

p fiber direction. If more thamne ply of the same fabric is
fry = — (1) used in a laminate, theh represents the equivalent fiber
thickness of the sum of the plies.
Statistics—For each series of tests, calculate the average
E = d_E_L_g ) value, standard deviation, aodefficient of variation for the
dl bt tensile strength, failure strain, and elastic modulus.
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