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The use of non-corrosive fibier reintorced polymer
(FRP) composite materials as reinforcement for
concrete struciures has been growing in recent
vears. This study, conducied at the Tederal
Highway Administration faboratorics, compuared
the transfer fength and flexural bond behavior of
five commercially available FRI? tendons. Three
of the tendons had aramid as the main
reinforcernent, and the other two included carbon
fibers. Sixteen specimens, including a controf
specimen reinforcod with a high strength steel
tendon, were tested. It is shown that the transier
fength for FRP tendons is generally shorter than
that for steel. Far the aramid tendons, the ACI
cquations result in a conservative estimation of the
development length; however, this is not true for
the carbon fendons examined. The efficiency of
the varipus grips and the Toss of presiress for each
of the tendons s afso discussed.

eserch and developnient of synlhetic composile

fiber reinforced polymer [FRPY materials in strue-

tural applications as a potential altermative to rein-
lorcing steel is already i an advaneed stage. A major fowus
in the research of the Federal Highwoy Administration
(FHW A3 has beer the investipation of strategics for the im-
provement of the service lite of highway structural bridge
vlements, including prestressed conerele bridge compo-
nents. The susceptibility of steel to corrasion has been the
catalyst tor FHW A-sponsored research inomany directions
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in order to minimize or eliminaite this
problem. including consideration of
the use ol non-metadfje reinforcenwent
materials such as compuosite FRP pre-
Sressing iendons,

Material properties for the various
Iypes of FRP prestressing tendons are
distine! and aie dependent on fiber
type. mutrix types und Manufacturing
characteristics such s fiber feomelry,
Belormation of the wndon surtace hay
anjor influence on tendon perfor-
mince when bonded 1o concrete, Al-
tough the properties requtired lor
structieal design using FRP malerials,
including tensile strength. Yonng's
modulus ol elasticity, and bond siress
limits based ypon pull-out testing, are
avalabie from maerig) manufactniers,
only limited dala huve been prodiced
independently on the bungd hehuviar
and iransfer of force in pretensioned,
prestressed conerere applications.

Under highwuy bridee service con-
ditions, cracking of concrete Call oeur
during the litg of 4 structure, When
this condition accurs on a tensjon fave
of a0 bomded prestressed civwerele ele-
ment. the internal reinforcement mate-
rial may he sublected 1o very high
Siiins at the location of a erack, Stewl
reinforcement is able w yield Jocally
na ductile mannee to mitigate such
calized hieh strain condilions,

Ail I'rRP prestressing tendons under
consideration in this study may he
charscterized as nearl ¥ linear elastic to
fatlure. with little or no inherent dire-
tife capability when approsiching their
respective wnsiie strength limits, More
information is needed on the flexural
bnd behavior of FRP Presiressing
lendons in retensioned applications
when high local stresses due 1o crick
formation are present.

The bond behavior in presuressed
fencrete reinforced with pretensioned
stec] has been studicd cpirically and
modeled theoretically, - Many vuri-
2bles atlect the tendon-to-concrege
bord behavior. These variahies in-
elude tendon diameter, strand spacing
and pasition, amaount of presuress
foree. confinement and concrere CeNmn-
pressive strength, Previons rescarch
nto the hond of pretensioned steel
strand hus become charaeterized iy
“developnient length™ rescarch. The
determination of tiw appropriate de-

January-February 1097

4n,

10t

Sin.

a) Concentric strand specimens

20 ft.

£.3in,

8in,

L

b} Eccentric strand specimens

Fig. T, [2¢mension, of MR,

velopment lenpth for a4 particulae 1on.
don material is considered ta be o erit-
il desiyin paraineter,

Non-metallic FRP presiressing len-
dons have revently hecome herier
known in struciur| Cngineering proc-
tice in the United Stages, Japan and
FEurope s o potentiaily viable alterng-
Lve to stee] sirnds, Mechanical prop-
ertics and other behaviors of unichirec-
tienal fiber compusites have heep
examined at length by the Luropean
FIP Commission on Prestressing M.
tertals and Systiems.” Dolan hus wrillen
a suimary ol the role of composites
m the presiressing mdustry. wssessing
potential ubilitics wnd design consid-
Crations, ™ A SUMNENY overview of the
niterials and their anchorage systems
fas ulso been published.

In previous research cxmmining the
bund and flexural perlormance. Nuannj
el al. demwonstrated the adequale per-
formance of the aramid tendon FiBRA
and suggested development lengeh e
sin criteria for this marerigl s - Ne-
SELEN und constrietion SXpericnees in
Jupan vsing FRP materigls in pre-
stressed conerete bridges and other en-
gincered structures haye also been
reported,

Development length is the tory)
bund lengih required 1o anchor the
fendan as it resists external Jougds qp-
plied to the member. This tural re-
quired bond length has been shown in
the previously referenced bady ol re-
search to consist of the sum of bong
lengths needed 1o Sltsty two differen
stress conditions located in distineily
separale, adjacent regions alung the

tendon. Releise of PTESITESSING (Cnsion
inroduces transfer stresses in the ten-
den at the free ends of 1 prestressed
cineretls member. The distance along
the tendon vver which these Nresses
teeur is relerred woas the ranster
length,

A second tendon siress situation -
curs when o pretensioned CORCrele
merber s placed under Nexursl load.
CAUSING anl incrcase in tendon I I
When the member cracks under in-
creasing Toad. tendon 1esion INCICases
further, Although cracking muy be due
e either Flexural loads or 10 shear
lowds, the rendon registers both ux in-
creased tenston. Encased in concrete.
the increase in tendon tension is re-
siswd by the combined bond e hi-
nisms of adhesjon, Hoyer's ¢iTect and
mechanical interlock. Bond hetwecn
reinforcement and concrete in SOTg-
wral member is the resull of the stig-
cessiul action of these mechanisms,
These three distinetly ditferent mechi-
nisms funve been investigated hy Jan-
nev. Hanson and Koar,' amd recently
by Russell and Burns.

o tendon is fully developed. thu
15, 1 the location of maximum nIorneEnt
i~ tar chough awiy from 1he ransier
£0ne, then the member should he able
o reach dts Tull nominad loa CAPEHCITY
betore bond is last. When bond is losr,
the wendon beging 1o siip. potentiadly
being pulled from the concrete com-
pletely. through the beam end.

The physical model for gnderstang-
mg the dynamic process of bond lail-
ure in relution to regions within o pre-
lensioned conerete heum way frrst

I
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Tahle 1, Tendon materidl propertios as provided by the manufacturers, S.PoAL haly, Round 0.4 a0 (1 mm} sign
Young’s Tensile tendons were used with single-tendon Wiy
Tendun Diameter  Area  madolus  strength  Llengation wedge prips supplied by Siree. Grips 1Than
Dasignation Muterial {in.} tin.%) (hshy - (ksi) at rupture consist of twae inner plistic wedges wed
AR Arumid 0,390 11159 18500 353 2.4 precenl and wn outer steel collar. These ten- duns
A Aramid 04D 029 TN 208 2.4 percent dons will be referred toas TAAT AA
: o : . tendons comtain unidireetional aramid
AT Aramid 291 a7 9950 . 250 3.7 peicent o ] . I
) . : . {Twuron) fibers in an epoxy resin ma-
. - T 9 : INT L R . .
L. o Carbon 0312 0072 21000 38T L3 percvat irix. The AA tendun surface consists Tt
T Carbun n.327 .54 19906 12 1.7 parcent ol sand impregnated epoxy. ducls
ST Steel 0,373 0,085 27,945 270 4.5 percent FiIBRA — Produced by the Mitsui ciul
Nt | T 6 ks W, Cun.strucnnnI(.nmpuny of Japan, the Mol
Mexible 0.47 i (L4 mm) AF wndon
included in these ests consists of g Test
sugeested by Janmey’ using smooth or FRP materials is derived trom a difler- braided bundle of aramid fiber wws Th
yusted steel wire and later contirmed  ent proprictary manulacturing process  that ure epoxy impregnaled. The re-
L ) ) . e ; . ; ; tends
by Hanson and Kaar' westing seven- and has » unigque and charavterisbic sulting surface 15 simooth-braided. A
y . - . . S . were
wire steel strand. The Hanson and suriace textire, The surface contigura- single tendon wedpe prip sysiem sup- .
-y . - : - R il o pIri.
Kaar ests showed thal a wave of high tion of FRP tendons varies greatly plicd hy Mitsui was used, consisting I |
; : . R . mey
siresses proceeds outward from the  when compared with that of stecl ol four inner stecl wedges selmta an
i ] - ; i " . matey
lozd puoint. If the siress wave reaches strand. Based o the preceding discus- outer steel collar. These tendons will -
the (ranster zone, as detcemined by an sion of mechanisms of bond, iU s be relerred 1o0as "AF (tal
. ) : i . e - - o Ot
increase 10 endon siress i the ransfer likely that differences in IFRP tendin lechnoara — Produced jointly by o
" T " G cha e F - - FRP
vone, o pencral bond failure will result. surface and tendon design charcrens- Swinitomy Construction Company and )
.y . . - —_— . . - . bl LA W
The scope of this piper i fo report a tics will influence the bond perfor- Teijin Corporation of Japan, the (124 ip
o O . - " o don
preliminary examination of fransfer mance and affect development length in. (7.4 mm) Technora tendon was :
- . o . . 5[
length of two carbon-type and three requiremcnts. Trade names and a boiet used with a potted anchor attached W 'll’h
: : ; s : - o
armnid-type FRP prestressing tendons. description of eich FRP tendon are pre-cut tendons by the manulucturer, Jon 1
- . : . . - e on
Flexural bond performance in lenns of given. These tendens are referred woas AT, ine
. . , . , . my b
embedinent length, failure mode and The weadin material properiies. - AT tendons hove proprictary dedorima- =
8 . - . . : . - o Spcel
boud v, defleciion are compared ciuding tensile sirength, Young™s Linns that consist of vinylester-impreg- ) l
. . - - . G . - - [ EAnd
gain an understanding of the differ- modulus of elasticity, elongation atul- - nated arumid hibee burdles that are b
ences in bond perionmance of the vari- timale and coeflicient of thermal ex- spirally wrapped around inner longitu- rend
. . : . . : enda
ous materials and (o appraximale the pansion, were used as provided by the dinad fiber bundles, :
. . . « e . - LIRS
development Tength reguirements ot manuolacturers. No verificotion of fsce |
, . . . . see
each muterial. A control specimen properties was undertaken in this  Carbon Materials ;
X ) . . reCtal
onstructed with sieel tendons 15 also study. The tendon material propertics . .
€ cd wit _ 4 cndor al prop Leadline — Developed hy Mit- the 1o
included in the study. Performance are swmmarized in Table 1. Conven- L Lo . - |
I . . o . subishi Kasei Corporation of Japan, Fie. |
data Tor FRP grip systems and siress- tiomal soan, (9.6 mm) low-relaxation. . . =
; o= ; ) , the .31 1. (8 mm) Leadline tendon wore |
img Josses tor FRT wendons are sl re- 270 kei (1862 MPa) seven-wire steel . T S
) A o ) , consists of unidirectional carbon Mhers end
ported. Details of this investgation qre sirand was used in the control speci- . o _ )
) , . ; , which are cpoxy-impregnated, These indep:
also given in Refl 15, men (Specimen ST . g o Lo
i ] . . tendons are designaled as CL™. The ine in
Muost FRP prestressing grip systes . . . =
, = = - Cl. tendon wsed has deformations Lhat BNt i
PRODUCTS AND conlain components that are not ) . . L b
MATERIALS hi h Hrmited hilit are integral with the inner IFRF fibuer- Ol
reusable or nove mlcd Feusiapiity. . - .
. Antiity epoxy bundle and comnsists of an on- 142 m
. . - Because FRP tendons are sensitive Lo - . . X
Conerere for each of the seven cast- . . pressed helical surface pattern onoan for cu
. . . . : transverse stresses during prestressimng, . . N
ing sets was mixed in the FITW A Tabo- - . T atherwise smooth fendon, A single mens
. . successiul grip systems distribute the _ A
ratory. A master mixiure wis designed . tendon wedge-type grip was used, length
M . force over larger arcis, and tend o . . v . Lt
and tested, using Type | portland ce- which consists of an aluminurm sleeve, B due
- . have more camponents than the steel . - . : '
ment and @ 048 water-cemeni ralia, 1o - . two inner wedges, a plastic sleeve, includ,
. . . wedge chuck, Grip systems wsed o . .
achieve a minimum 40080 psi (28 . g inner siecl callar and outer steel collar. sent il
_ . this study are shown in Figs, 2 and 3. - _ . .
MPai 7-day strength and o mintmium i CFCC — Produced by Tokyo Rope which
S000 psi (35 MPay 28 -day strength, ) al and Tohe Ravon Co. of Japan, the the are
wilh a4 in. (100 mm} maximum Aramnid Materials (.23 in. (8.3 mm} CFCC wndon used wax ok
slump. Arapree — Originutly developed in - consists of seven twisted rods. Fach agauins
The overall dimensions of the con- rectangular configuration by AKZO individual rod is made up of carbon SERCss |
crete beams tested are shown in Fig. L. Chemiculs and Hollandsche Beton fiber in an cpoxy resin matrix and i (e
The primary variable in the study was Groep in The Netherlunds. these ten-  wrapped in a manufuctured tiber-hke lar cre
the FRP maderial. Cach of the five  dons are now manulactured by Sireg profective coating of proprictary de- FRP
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sign. A die-cast steel be 2TID s¥s1En
wits attached 10 pre-cut tendons by the
manufacturer and used with 1wo steel
wedpes and a steel collar, These ten-
donrs will be reterred to s “CT

EXPERIMENTAL STUDY

The cxperimental study was con-
ducted in the laboratories of the Fed-
eral Thighway Administration in
MuLein. Virginia,

Test Specimens

The rectangutar, uncontined. single-
tendon specimens utilized in this study
were chasen ta place the primary cn-
pirical emphasis of the study om the
mechanisms of band between FRP
materials and concrete.

The experiment involved casting u
okl of 16 specimens. Five different
FRP tendon materials were used. One
specimen constructed with o steel fep-
don was included in the study. All
specimens containged a single tendon.
The spevimen number shows the ten-
don type und the tocation of the cast
tng bed within the laboratory. The
specimen chiracleristics are summa-
rized in Table 2,

Five N it {3.05 m) spectmens with
tendons concentrically placed were
used o measure transler length anly
[see Fig. 14a)], Eleven 20} fi {6 14) )
rectangular specimens were cast with
the tendon placed cecentrically |see
Fig. [iBY. The 20 ft (6,10 m) hedins
were long enough so that both the jack
end and the dead end could be lested
independently under stutic load, resuli-
mg in two sets of data for two differ-
crl erabedment lengths.

One din x 4in x 10 /02 mm «
102 mm 1 3.05 m) specimen was cast
for cach FRP material. These speci-
mens were monitored for transfer
length and end slip perivdically up 10
90 days, Concentric specimens were
included in the test Program o repre-
sent the most simple stress case, in
which force is applicd uniformly over
the area. The cross section dimension
was chosen 1o provide minimum cover
against splitting of concrete ar pre-
stress foree rejeuse,

One 1o three specimens of reclangu-
lar cross section were cast for each
FRF muterial, including one steel con-
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Fig. 2. Relative lengths of various SITRING SYSlems Liserd,

Ly N

Fig. 3, knd view of variows FRP? s,

rol specimen, Transter length and end
slip were monitored in these speci-
mens during the first 258 days, prior w
Nexural testing. To facilitate COTHpRILD-
8. the cross section wias chosen s a0
uniform mid-size section based on
first examining the nominal moment
capacity of cach materia] sepurately.
From the range of sections thus oh-
tained. & cross section was chosen that
represents an average size within the
range. Rectangular specimens con-
tained no shear reinforcement or other
continement reinforcement.

Prestressing FRP Tendons

A targel pretensioning STressing
level of 0.60F, was chosen Tor all FRP
materials. This represents the maxi-

il recommended stressing level Jor
st of the matenals, The creeplions
are that the recommended pretension-
ing stress for Yendon AT is L7y, and
that the reconmmended presiressing
level tor uplimum long-term perior-
manee of Tendon AA s (L551,. The
steel contred specimen wus preten-
siomed 1o 4 target 0,757, which repre-
sents the maximum recomimended
stressing level for steel strand. Acto|
prestress tevels attained are listed in
Tuble 2.

Simple open bux-like coupling de-
vices made of high strength sicel were
fabricated in the laboratory and used
t link the varivusly pripped FRP ten-
dons Lo a hyvdraaliv Jacking system
during stressing. Toad cells were in-
serted within the linkage to monitor
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lahle 2. Specimoen characteristic s

Presiress
Lenpth Force
Beam (19] {kip)
AMD 1 b3
A2 [Ji] 15.0
AT-2 m 5.6
L 4 1} 1.5
-2 [t 159
Ancl 2} g
LY, 0 24 123
AF-3 20 15.5
AT 1 20 13.7
AT3 21} 95
ClL.-1 20 (EX]
L 20 12.2
Cl-3 20 19
CT-1 ) 14.3
20T 20 83
5T-3 20 17.1

L L
. — . Transfer Load
(.uncrcte_ LM pressive strcngth {psi) length pasition
PiF, Release 28-day On Lest day* {im} (i)
0421 4540 450 — 1) —
0.56] 4478 SHOH — 130 -
1516 4365 6114 1346 —
0.541 475 5690 — 570 —
0.591 4075 SO — 1na -
. B0 () 164 3
<
15.424 45718 6450 €150 (131 s 0
050 1) 74 a4
3
0,586 4210 B30 6500013} S50 p
(240 1) 150 40
0,576 4344 586 63101 20 “
6561 (1) 13.0 40
823 3
062 410 10 010 {13) 110 55
HTA0 ) ' L 34
<
0,571 4370 610 k510 (11 150 34
. (OS0 () i 40
Dl 4100 3960 B150 (00 als 40
. 2190 {1 1260 55
1,595 4210 5930 6470 (D) 50 iy
60 ()] 17.0 2
0341 4 960 #4440 (11} 240 55
#3600 (J) 8.0 3
bl
0.529 a4 6580 7020 (13 22.1) 40
6370 (1) 20 14
0.30% a0 Shet LT A0 a0
55401 4.0 4}
\ ]
0T 4470 3610 <790 1) et o

sales | =0 sk kg - 8 BN T =0 VLRSS N | — 25eL i,

¢ 1 esiznates the juckimg el aned Thbesigmi s e duud vk

the applied Toree. FRE tendons were
placed in gnps. The grips were then
set using the manufacturer’s recom-
mendad procedure, if any. and a loud
of approximately 300 Ibs {1 3 KNY was
applied. This Joad was suftivient (o
hold the endons in slight weasion for
attachment of tendon strain gauges.

Full prestressing ook place 3 days
later, fn additien to moenitaring ol
load durimg tensioning, the wotal elon-
gation ol the tendon was revorded at
the lace of the jack-end grip as well us
movement of the tendon at the face of
the dead cnd grip. which represents
the dead end erip ship during ension-
ing. The actual elongation 1s the total
elongamion minus dead end grip shp.
Both the target load and target elonga-
Gon criteria were established for each
tendon,

Although most endons were ten-
sioned without difliculty, twa ension-

80

ing cfforts were unsuccesstul. A CL
tendon shipped out of the jack end grip
at abour %0 percent of targel load,
shattering in a brittie manner against
the dead end anchor block, One CT
tendan broke just in front of 1he die-
cast sleeve at 53 pereent of targel Toad.,
In buth instances, wndon fragments
were seatlered widely ahuout the Tabw-
ratory despite fonnwork covering, un-
derscoring the importance af imple-
menting  safely  procedures in
pretensioning FRP tendons, In addi-
tion, three tensioning etlorts (AA-1,
AAD XCT- 1) were stopped befure at-
taining tarpet oud levels when loud
ping/pop noises were heand accompa-
nicd by a 500 1b (2.2 KN} drop in load.

Twao specimens, AA-3 and 2C1-1in
casting Set 7, were rapidly preloaded
1 2 kips (8.9 kN) for 2 bours the day
hefore full teasioning, then unloaded
Lo 300 Ihs ¢ 1.3 kN) overnight, Though

net specifically recommended by re-
spective manulucturers. this practice
led to un apparcat reduction in grip
slip durnmg wnsioning. Buth prefoaded
tendons achieved tull target loads
without the grip slip-out or lendon
ping/pop behavior encountered in ten-
stoning Tendons CL and AA.

Transfer Length

Gradual release of prestross Tomee in
two stages, 50 and 1M} percent re-
lease. was used tor all maternals in-
cluding the steel. The observations re-
ported are based on the concrete strain
measured at the wendon level oo the
specimen surface and from the teaden
strain ohtained from @ lmited number
of electrical resislance SN guuges
attached directly o the FRP tendon
surface. The tendon end slip data and
observation of cracking behavior dur-
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ing Mlexural testing contribute addi-
tiomal inxight.

Transfer lengths are determined by
measurenient ol concrete strain on the
surface of the specimen using the
Whitlemore gauge point system, Tlis
method requires the attachment of
gauge points 1o the speciinen, As an
alternative W gluing the vontact points
o each specimen by hand, contact
point inscrls were screwed to the in-
side surface of the fiberglass form-
work betore plucement ol the con-
crete, The screws were removed
before the lurmwork was removed so
that the inserts remaincd cast-in-place.
This systern ts shown in Fig. 4,

A mauge length of 8 in, (200 mnn)
was used. Using a handset and data
logper, readings were taken 1o (0,00
mm resolutbon, As measurements were
taken. the mensured gauge length was
compared against a standard pauge
lenpth made of invar steel every 20 or
S data points, so thatl corrections
colld be made for a change in mea-
surcd length due to lemperature effees
on the Whiltemore handset, The Libo-
rawry emperature was also recorded
ar the tme of cach reading sa that an
aceount could alse be made of the
change in strain of the presiress nute-
vial due 1o the Jaboratory emperatire
viwfation between the haseline reading
and t = 1. The coctlicient of thermal
expansion of the individoal materials
was used in making this correction.

The zauge contact point intervils
were varied from 2,4 or 8 in. (301 1)
or 200 mm). with a closer contact
point spacing near the specimen ends,
The Whinemore gauge length was 8
in. (2000 mm). therelfore, the strain daty
for o given meusured length was gs-
stgmed to the niddpoint location of the
gauye length. Measuring from the
specimen ends, with a first contact
puint located as near to the end as
practicai. the position of the first strain
reading becarne 5 i, (127 mm) from
the specimen end. The position of con.
Lt points was symmetrical glong
tach side of the specimen, so that the
concrete strain it a given location
along the beam wils an average of two
readings from (ke opposite Taces of the
SPECIMICTL.

Bascline Whitternore and end slip
readings were tuken for each specimen

January-February 1997
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Fig, 4. Whittemure gauge and tendon strain cauge instrumentalion.

prior to releasc ol the tendon from its
prostressing grips. These readings
wore Laken when the concrete had af-
tuined 4 minunum sicengeh of SO0 px
{28 MFa) based on cylinder test re-
sults, which varked from Day 7 o Day
10 Tor the seven casling sets. Subse-
quenl readings were taken for all spec-
imens at M) pereent velease, 100 per-
cent release, at oy after release. ot
4 ditys after casting and at 28 days
alter casting, Concentric specimens
were read apain al Days 45, 60, 75 and
a0, Rectanpular specimens were read
again on the day of flexural wsting,

The averaged values of concrete
strain were plutted vs, distunce alopg
the length of cach specimen w gener-
e steain profile for each specimen
at each time mterval. Bach profile
was examined and o judgment was
made concerning the poines that
furmed inclusively the platcau region
of the profile. These points were (hen
averaged and multiplicd by 0,95 10
abtain the 93 percent average strain
value for the specimen for the given
lime interval.

The measured ranster length is the
distance from the free end of the spec-
umen to the lecation where the rising
strain profile intersects with the
pluteau strain valug as determined by
the 95 percent average method, A rep-
resentative strain profile is shown in
Fig. 5. The transfer zone is the region
near the end of the prestressed beam
and. for a given specien, is equiva-
lent to the transler length, £, as deter-

mined using 28-day concrete strain
data or that specimen,

End Slip

The end ship of the prestressing -
don was determined by meusuring tie
distance from a fixed metal U-shaped
bracket e the end surface of the con-
LIGIC Specimen using an extensometer.
U-shaped brackets were fabrivated in
the laburatory machine shop, Twu
small alignment holes were drilled in
the upper legs of the bracket 1o serve
as puides for the extensometer, which
rests against the outer lep of the
bracket during the measureiment. Be-
fore release of the prestress furce,
brackets were attuched securcly with
hose clumps 1o the tendon ot both ends
of the specimen, approximately 2 in.
{50 mm} from the end of the concrete
surface. Readings were obtained to an
accuracy of Q01 min.

Flexural Testing Procedure

The rectangular specimens were
tested in lexure using o hydraulic jack
o apply o point load w the specimen
at the designated embedment length,
The beam loading arrangement is
shown in Fig. 6. Embedment length.
designated with the simall leter ¢ in
Fig. 6, 1% the distance lrom the tree

end ul a specimen to the location of

the poin of application of the external
load. Twao tests were made for cuch
beam with the load always applicd be-
tween the 1wo Supports.
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Fig. 5. Representative concrete strain profile sheswing 95 percent average strain

plateay angd determination of transier length.

In cach flexural test in this stdy.
the cinbedment length wus either 34,
A or 55 o0 (864, 1006 or 1397 muim),
All the tests were carnied out with a
span of 12 ft {31.66 m) between reae-
tion supports. Al the beam end not un-
dergoing external loading, the unsup-
ported cantilever length varied from
A5 o 90 . (L4t 2,29 mh Itois
nuoted that the support locations shown
in Fip, 6 are vahd anly for the case
when £ is applied: none of the beams
were tested as cantilevers,

In addition 1o baseline voncrete and
tendom strain and end slip, increments
of applied load, deflection ar the load
point and conerete strain at the top

surface of the specimen at the tocation
¢+ 6 1150 mm) were also mon-
tored during the testimg. Load was ap-
plicd in increments rather than contin-
uously, with frequent pauscs in
leading tw monitor crack formation,
End slip during flexural loading was
measured using an extensometer de-
seribed previously, During pauses in
loading, the hydranlic jack was locked
oft to maintain the applied load,

Failure Modcs

Three failure modes are used to
classify the way in which a specimen
fails in static load testing.

P1 and P2: Two fle;axal tests per 20-% spacimen

P1¢<LA

& = embedment length (varias)
¢ = cantlever end (vares)

144 in.

Fig. 6. DHagram of beam loading arrangerment.
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Bond Slip Failuré — In this case,
tflexural cracking has oceurred, but be-
tore the ocourrence of flexural-shear
tailure tendon end slip it the beum
equil to or greater than 00H . (0.254
mm} is recorded. This s the same slip
fatlure criterion used n previous de-
velopmenl lengih studies conducted
by Cousins'” and by Lane.”

Tendon Rupture Iailure — In rhix
case, cither partial vr complete rupture
of the FRP wendon has oceurred. In
st INSLANCes, rupture oveurs ot ten-
don stress levels near /. Tendon end
slip it any, is less than 001 in, (0,254
mm). Prior to rupture, tlexuoral-shear
cracks had net pencteated through the
top strface of the beam.

Flexure Failure — Flexural-shear
cracks penetrite through the top sur-
fuce of the beam. There is no signili-
canl lendon end ship and no evidence
ot partial FRP tendon rupture.

TEST RESULTS

The experimental data were anulyaed
o determine the transfer and develop-
ment length of the various wndons. In
adition, the Hexural behavior, Toss of
presiress and the perlformance ol the
grips were evaluated.

Transfer Length

Transler length, £, . ut 28 days is
listed for each specimen in Tuable 2.
Fig. 7 summarizes the average 28-duy
transier length of FRP endons com-
paratively with steel tendons und with
experimentally determined develop-
ment lengths for the FRP rmatenials.

Ol the three awramid FRP tendons
tested, Tendons AT und AF had the
shortest average transfer lengths of
12.6 and 134w (434, and 334,), re-
spectively. Tendon AA recorded a
longer average transier length of 201,
{50ed,). The average value for Tendon
AA includes results of both high and
low prestressed specimens. When av-
eraged sepurately, L, for high prestress
(Tendon AA) was 28 n. (Td), and
was 16 In. (4bef,) for low prestress
(Tendon AA}. Two carbon FRP ten-
dons were tested. Both returned simi-
lar average lrunsfer lengiths of [7 in
(34:d,) for the CL. leodons and 163 in.
(304, Tor the OT tendon.
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Maost of the FRP tendons tested dis-

played average transter lengths shorter
than that of the steel. The average L, Tor

the steel control specimen wus 21 in,
{Shed,), which is o typical value for siee]
strand ol the diameter tested. Trunsfer
lengths of aramid FRP tendons were 60)
to 94 percent of the average steel L,
Transfer lengths of carbon FRP wndons
tested were 78 1o 80 percent of the steel
transler length, No bursting or splitting
of conerete at release of prestress furce
occeurred despite the short transfer
lengths recorded,

Development Length

The required development length
can be approximated for each FRP
materizal tested using the load point
embedment length and laiture mode
resuits, The results depicted compara-
tively in Fig. 7 pravide a minimum de-
velopment fength for cach material.

For each material tested, the devel-
apment tength shown represents the
shortest embedment lengeh tested thai
developed the flexurat capacity ol the
bunded 1endon without the cocurrence
of bond slip. For this determination,
the flexural capacity (s taken to be
MydM, greater than or cqual to 1.0
The nominal moment capacity, M,
was caleulated following the strain
compatibitity method given in ACI
JER-95, " wtilizing the manutacturer-
sigeested daty for the FRP tendons.
The steel Specimen ST-3-D was tested
at an embedment length of 40 in.
{106d,) and experienced bond slip
after attaiming a moment ratio of 1.05.
The resuits of this test are used in Fig,
T for comparison of FRP prestressing
tendon reguirements with those of steel
tendons.

The aramid Tendon AA reguired a
mimimum development length of 40
. (1016 mm) to meet the flexural ca-
pacity criterta without bond 5lip, based
on performance data for Specimen
AA-1-D The aramid Tendon AV ex-
perienced bond slip at an entbedment
length of 34 in, {864 mn1); however,
the failure moment for this specimen
tAF-3-17 was 1.28M, when ship oc-
curred. Therefare, this embedment
length is considersd adequate to attain
the full flexural capucity af the AF
tendon. Thus, AF tendons require a
development length of 34 in. (83dy,).
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Il Transfer L;n_gﬁ'_l

AA AF AT CL CT ST
Material Type
[l Cevelopment Leﬂgth]

Fig. 7. Contparisan ol transfer and dovelopment lengih results for materials tesrecd.

The aramid Tendon AT was tested
twice at the shortest embedment
length utilized in this study. At an eni-
bedment of 34 in. (864 mm), Speci-
ment AT-3-D ruptured at a Failure mo-
ment of 110M, and Specimen AT-3-)
experiznced bord ship at o fallure mo-
ment of 1.328,,. Because both the rup-
ture and slip outcomes occurred at
moments above M., AT tendons re-
quire a4 mininum development length
ol 34 in. (11240,

Three specimens of the carbon Ten-
don I, exhibited bond slip failures at
moment ratios less than (082, Only
when the embedment was increased io
55 in. (1397 mm) did CL tendons re-
peatedly reach moment ratios grealer
than 1.0 without slip failure. [t is con-
cluded that the CL tendons reguire o
minimum development length of
3510, (175d)).

All four flexural tests of specimens

containing the carbon Tendon CT ex-
hibiled a complete or nearly complete
rupture of the tendon st moment ratios
varying from 0.65 10 085 at embed-
ments lengths of either 34 or 40 in,
(Bod or 1016 mm). Alihough no slip
oceurred al the shoriest embedment
length attemped. neither did these tri-
als demonstrate that bonding mecha-
nisms could be sustained 1o the foll
anticipated capacity ol the section, No
recommendation 1s made, therefore,
regarding minimum development
length requirements for CT rendons,

Flexural Periormance

A comparison ol flexural pertor-
mance for the three aramid and two
carbon FRP tendons tested 15 summa-
rizedd in Fig. 8 and in Table 3. Al spec-
imens selected for comparison were
tested at a load point embedmient length
of 4t in, (1016 mm). Fig. ¥ shows a

Load (kips}

T Yy
)

o
-

Deflection (in.)

Fig. 8, Comparison of load vs. detlection w lailure for all materials tested at an

cmbedment length of & = 40000, 11016 mm),
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Tahle 3. Comparison of made of failure
ol all materials o1 an embedment length
af o= 40 in. 1016 mm).

- Modeof
Specimen Failure MM,
AA-1-D Rupiure 116
AF-3-D . Flexurc-shear L3
AT-1) Rupure . LI7
CT-1-0 Rupture N.RS
[ 2ctim | Reptae 0.75
CL-1-J -Buml shp 1 1AHZ
CL-1-0 - Bomdslip 076
: ]
Sieir;f;rﬁrul Bund slip - L0

24

Fig. 10. Failure of specimen reinforced with CL tendon.

comparison of the Toad vs. deflection at
the Ioad point Table 3 provides mo-
meni rano and modes of failuve. The
performance of the steel control speci-
men is included for comparison.

At failure, the aramid AA tendon
exhibited a detlection 1.8 uimes that of
stee) while carrying 80 percent of the
load carried by steel. Specimen AA
exceeded the full predicted flexural
capacity by 16 percent. When the AA
tendon ruptured, the hearn failure was
sudden and the specimen broke apari,
whercas in the case of the steel ten-
don, when hond slip failure oceurred,
the specimen remained intact,

The aramid AF exhibited a deflec-
tion 1.5 times that of the sieel endon
while carryimg 95 percent of the load
curned by the steel endon. Tendon AF
exceeded the predicted flexural capac-
ity by 30 percent. When the flexural-
shear cracks reached the top sarface of
the heam, the AF wndon did not rup-
ture and the specimen remained intact.

The aramid AT cxhibited a deflec-
tion 1.9 times that of the steel wendon
while carrying 67 percent ol the load
carried by the steel tendon. Tendon
AT exceeded the predicted {Texura] ci-
pacity by 17 percent. When the AT
tendon ruptured. the beam failure was
sudiden and the specimen broke apart
(see Fig. 9,

The carbon CL exhibited a detlee-
ticn (165 times that of the sizel lendon
while carrying 60 pereent of the load
carried by the steel wadon. At bond
slip failure, the Cl wndons exhibited
L% ter 24 pereent less Nexural capacity
than predicted. At fuilure. the speci-
men remained intucl (see Fig, 10

The carbon CT exhibited o deflec-
1on U35 times that ol the sweel teadon
while carrying 67 percent of the load
carried by the steel tendon, At fuilure,
the €1 tendons exhibiled 15 to 25 pur-
cent less Tlexural vapacity than pre-
dicted, When the CT tendons raptured,
the beam lailure was sudden and ihe
specimen broke apan,

Grip Performance

Table 4 provides o comparizon of
the performance of the lve FRP wen-
don-grip systems with steel. The
comparison is expressed in terms of
an ctficiency Tactor & The fuctor K is
found for each specimen by dividing
the ship measured in units of inches

Table 4. Relative prip efficiency of TRP
ArestrosLing sysrems tosted,

Material Grip type Ko
AA Wedge chuck - 19
Al . Wedpe chuck . ({0
AT . Ronded . nnld
. Wedype chuck 004

- Thie-vusl sleawe {1442
phus chuck

5T

Wedge chuck 0.0
Sieel vuntinl
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by the Final jacking load. The average
value iy listed in the table for cach
material tested. Using this measure,
the potted or dic-cast type grips used
with FRP Tendons AT and CT per-
formed with efficiency similar to that
of the wedge chuck used with the
stee] tendons, Wedge tvpe erips used
with FRP Tendons AF and CL al-
lowed three times more slip during
ensioning, ‘The wedge grip used with
the AA tendun was the least efficient
gripping mechanisin and allowed 8.5
times more slip than that wsed in the
steel control specinen,

Frestress Losses

[nformation concerning the prestress
less characteristics for FRP materials s
needed to delermine the stress in the
material which s available afier losses
have oceoamed. The effective stress, f;,
is used 1o Lhe nominal capacity and de-
velopment length design cquations, The
concrele sienn in the Beam specimens
was monitored over time. The straims
wete recorded betore tensioning and
regular Ume intervals after ensioning.
until the heams were wsted in flexure.”
The Tigures presented in Table 5 sum-
marize averdge prestress losses ob-
served for each material tested. It iy

clear that a1 Jeast in the early stagey of

presiressing, all FRP tendons cxhibit
higher lisses than steel lendons,

DISCUSSION OF
TEST RESULTS

Although this investigation was no
intendded to be a delinitive investiga-
uon of development length require-
menls for cach type of FRP prestress-
ing tendon. the results herein can be a
usetu] design guide which parallels the
ACT 31895 development length crite-
ria tor steel tendons, Table 6 lisis the
required development length for each
FRP tendon caleulated according to
the ACH 318-95 design equation:

Lt = e = il

where

fpo = stress in prestressed reinforee.
ment at pominal strenglh caleu-
luted from Lg. ([8-3) of ACI
318-95

foo = ellective stress in presiressed
reinfowcement alter all losses
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Table 5. Comparison of presiress losses for FRP materials based on concrete

strain rdata.

Average

initial luss

Material {pereent)
Al | Al
AF .5
Al 82
CL 4.5
cT | 14
51 | .1

Steel contral

Averupe Average
28-day lows Hday loss
{percent) {percent)
9.0 | 12.2
12,4 13,8
x4 . 14.4
06 ' 7.5
a4 . 8.4
4.0 i —

Noke: Avergee o lish prosiress speciiben by,

Table &. Comparison of total dovelopment length required for FRP prostesserd en-
dons based o current ACT Conde vs, test program recormmendations.

Pood, I Fre
Material | (in. {ksi) (esin
AA oaw | an 154
AF Ao e 104
AT g2 mv
oL pa 8147
i i 0.327 M6 121
5T 0.375 l 249 1491

LiACH  f,iExpd L, {ACD)
(in} i {in,y Li{Exp.)
w |  am
00 | 143
s 0w, Im
53 5 09e
E! - nd . nfa
51 a0 113

Nites [ = 2% 3 | b = d80h M

y, = nominal diameter of prostress-
ing strand

The value used in Table 6 lor the
tendon cticetive stress after prestress
losses is the average value based on
28-day concrete sirain measurements
from this study, A comparison is mads
with the minimum development length
recommendations made above for
eich FRP material,

The results of this test program sug-
sest that the ACI 318-95 development
length cyuation is conservalive when
applicd Lo the three arwnid FRP ten-
dons included jn this study. The re-
sults suggest that for the carbon FRP
Tendon CI. the piesent design equa-
tion ay be adequate but provides no
margin of safety. In this test program,
the carhon Tendon CT exhibited a
rupture failure at cmbedment lengths
less than B0 percent of that required
for development using the ACI cqua-
tion. Therefore, nue conclusion can be
drawn concerning the adequacy of the
ACT 318-95 development length whuen
applied to CT tendons.

All five I'RP presiressing tendons
used in this test program have linear-

clastic behavion 1o failure. Four of the
five materials tested huve demon-
strated suflicient bond performance to
avold bond slip when the ACT 31593
development tenpths are utilized.
However, the likelihood of a sudden
brittle rracture of the FREP fendon
under nominal momenl stress or can-
contrated localized stress conditions is
high und warrants imposition of higher
factors of safety on these malerials,

CONCLUSIONS

Based on the results of this investi-
gation, the following conclusions can
be drowm:

1. FRP prestressing tendons dis-
played average transler lengths shorter
than those of sicel tendons, Transler
lengths of aramid FRP tendons were
6 to 94 percent those of steel ten-
dons, Transter lengths of carbon FRP
tendons were 78 1o 80 percent of sleel
lendons.

2. The ACIT 318-95 develepment
length requirements are conservative
for wramid FRP Tendons AA, AF and
Al by factors of at least 2.2, 1.5 and
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1.3, respectively, However, dug to the
limited scope of this study with re-
spect to tendon diameter, iendon spac-
ing. and confinement. no reduction in
the ACI 318 development length re-
quirements is recommended at this
time. The ACI 318-95 development
lenpth requirentents niay nol be ade-
quate for the carbon prestressing Ten-
don CL. Theretore, i1 is recommended
that a safety factor of 1.2 be apphed w
the ACl 318 development length re-
quirements for design using CL ten-
dons, Tesring of the carhon Tendon
O owas ingelequate 1o relate s devel-
gpment length 1o the ACH 318-95
requirements,

3. All FRP tendons except Tendon
AF exhibited a complete or nearly
camplete rupture of the tendon under
very high moment siress conditions,
Additional research is needed Lo estab-
lish the safe upper lMexural moment
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bounds when using FRP prestressing
tendons.

4. In the absence of additional test
results, the maximum loading should
be limited to (L948, for aramid FRP
materials and .76, for carbon FRP
malcrials.

RECOMMENDATIONS

The usc of fiber composites in the
construction industry is rapidly grow-
ing. The present investigation is
among several projects undertaken by
the U8, Federal Highway Adminis-
tration and demonstrates the interest
ol this organization in the use of
these matcrials, 1t must be noted,
however, that field application of
FRPs in the United States is lagging
hehind that of other nations, such as
Japan, Canada, and some European
countrics.
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