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An experimental investigation was conducted to
determine the transfer length, development length,
and flexural behavior of fiber-reinforced polymer
(FRP) tendons in prestressed concrete beams. Three
types of nominally */is in. (8 mm) diameter FRP
tendons were included in the study: Carbon
Leadline, Aramid Technora, and a carbon fiber
reference material. Thirty beams were pretensioned
using a single FRP tendon. In addition, twelve
control beams were pretensioned with a seven-wire
steel strand (ST). The transfer length for FRP tendons
was reasonably well predicted by the ACI design
equation, with the modification in AASHTO
providing for a minimum transfer length. The ACI
equation predicts the development length very
conservatively provided the tendon rupture stress is
used in place of the tendon stress at nominal
capacity. Therefore, it is proposed to modify the
ACI equation to account for the larger bond stress
developed by the FRP tendons.

distance required to transmit the effective prestressing

force from the prestressing tendon to the concrete. When
a member is loaded to its ultimate flexural strength, an ad-
ditional bond length beyond the transfer length is required
to develop the tendon stress from the effective prestress to
stress at nominal flexural strength. This additional bond
length is called flexural bond length, and the development
length is defined as the sum of the transfer length and the
flexural bond length.

With the exception of cantilevers and short span mem-
bers, strand transfer and development length seldom govern
the design of pretensioned concrete members; however,

In pretensioned concrete members, transfer length is the
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knowledge of transfer and develop-
ment lengths is essential in preventing
bond slip failure of the member.

OBJECTIVES AND SCOPE
OF RESEARCH

The objectives of this study are to
experimentally determine the transfer
and development lengths of three
types of fiber reinforced polymer
(FRP) tendons in precast, prestressed
concrete beams, and to compare the
experimental results to existing mod-
els from the literature.

In this study, 30 transfer length
tests, 24 development length tests and
nine flexure tests were done on beams
prestressed with three types of FRP
tendons along with control specimens
constructed with steel strands.

The primary variable studied in this
investigation is the type of FRP mate-
rial. Three different FRP materials
were used in the study, and are fully
described in the section on the experi-
mental program.

LITERATURE REVIEW

Bond between reinforcement and
concrete in a structural member is the
result of three mechanisms, namely,
adhesion, Hoyer’s effect, or the wedge
action due to transverse relaxation of
the strand in the transfer zone, and
mechanical interlocking. These dis-
tinctly different mechanisms have
been investigated by Janney,! Hanson
and Kaar? and by Russell and Burns,?
among other researchers.

A summary of the recommended ex-
pressions for transfer and development
length for twisted, seven-wire steel
strand is presented in Tables 1 and 2.
The nomenclature in these tables fol-
lows ACI 318-99,* with the exceptions
given below.

The parameters U, and B in Tables 1
and 2 are empirically determined coef-
ficients of nominal bond stress and
bond-stress/slip modulus, respectively.
The quantity ¢, also in Table 1 and 2,
is an empirically determined coeffi-
cient, which varies among tendon
types and manufacturers. The quantity
fi 1s used by several authors to repre-
sent the initial prestressing.

The quantity x,t,,. in Table 2
varies for different types of beams: for
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f d Table 1.
Mahmoud, Rizkalla and Zaghloul | L, = —— ' Proposed equa-
- a, Jei tions for transfer
length.

the slender beams used in this study,
the denominator of this formula is
unity, resulting in no change from the
ACI equation. Also in Table 2, the
value of A increases from unity for
tendons with large strains (over 1 per-
cent) at the nominal capacity of the
member.

Abdelrahman’® reported transfer
length data for /16 in. (8 mm) diameter
CFRP Leadline rods. The transfer
length was estimated to be 14.2 in.
(360 mm) or 46 bar diameters when
tendon stress after release was 137 ksi
(950 MPa) and 19.7 in. (500 mm) or
64 bar diameters when the stress after
release was 190 ksi (1310 MPa).

Domenico® investigated the transfer
length of seven-wire carbon fiber
composite cable (CFCC). The CFCC
diameter varied from 0.5 to 0.625 in.
(12.5 to 15.2 mm). The measured
transfer length was proportional to the
diameter of the CFCC strand and the
prestress level, and varied from 5.5 to
16.0 in. (140 to 400 mm) or 9 to 32
bar diameters.

Mahmoud and Rizkalla’ studied the
bond characteristics of CFRP tendons
in pretensioned concrete beams.

Three diameters ["/16, !/2 and /s in.
(10.5, 12.5 and 15.2 mm)] were con-
sidered for the CFCC strands and %16
in. (8 mm) diameter was used for
Leadline. The measured transfer
length varied from 21.0 to 25.5 in.
(450 to 650 mm), or 56 to 81 bar di-
ameters for Leadline rods and from 12
to 16.5 in. (300 to 425 mm), that is, 20
to 40 bar diameters, for CFCC strands.
In a further elaboration of this work,
Mahmoud, Rizkalla and Zaghloul®
present formulas for estimating the
transfer and development lengths for
these two types of FRP tendons.

Soudki, Green and Clapp® studied
the transfer length of %16 in. (8§ mm)
spirally indented CFRP Leadline rods.
The results were deterrined by mea-
suring the strain in both the prestress-
ing tendons and the concrete. The
measured transfer lengths for the
CFRP tendons were 26.5 to 28.5 in.
(650 to 725 mm), or 80 to 90 tendon
diameters.

The authors also concluded that the
existing models for steel may give un-
conservative transfer lengths for the
CFRP tendon and that the long-term
transfer length of Leadline is similar
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Table 2. Proposed equations for development length.

Source

Current ACI*
AASHTO*

Deatherage, Burdette and Chew?

Cousins, Johnston and Zia'®

Shahawy, Issa and Batchelor®

Buckner*

Mitchell, Cook, Kahn and Tham'®

Mahmoud, Rizkalla and Zaghloul®

Equation
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to the instantaneous transfer length
measured at release. In these results,
only slight differences in transfer
length for different prestressing levels
can be noted, and no differences were
noted between the transfer length in
the stem of a T-beam with four ten-
dons, and in a rectangular beam with a
single tendon.

Nanni, Utsunomiya, Yonekura and
Tanigaki'® used concrete strain mea-
surements and static flexural tests to
determine transfer lengths of braided
FiBRA AFRP tendons of nominal %1s,
/2, and %6 in. (8, 12, and 16 mm) di-
ameters. The reported transfer length
for the tendons are approximately
15.7, 17.7, and 21.6 in. (400, 450, and
550 mm). Some increase in transfer
length for increased prestressing force
and some decrease for multiple strand
applications can be noted. Nanni and
Tanigaki'! reported development
lengths of less than 33.4 in. (850
mm), greater than 39.4 in. (1000 mm),
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and 40.9 in. (1040 mm) for the same
material.

Taerwe and Pallemans'? used 0.3
and 0.2 in. (7.5 and 5.3 mm) diameter
Arapree aramid fiber rods in their
transfer length study. They suggested
a transfer length of 16 times the nomi-
nal diameter of the rods for all of these
Arapree rods.

Ehsani, Saadatmanesh and Nelson!?
conducted tests on three kinds of
aramid FRP tendons: Arapree 0.4 in.
(10 mm), FiBRA 0.4 in. (10.4 mm)
and Technora 316 in. (7.4 mm). The
transfer and development lengths were
found to be 33 and 83 bar diameters
for FiBRA, 43 and 117 bar diameters
for Technora, and 50 and 102 bar di-
ameters for Arapree, respectively.

Issa, Sen and Amer!* conducted a
comparative study of the transfer
lengths of fiberglass and twisted,
seven-wire steel pretensioned mem-
bers. S-2 glass epoxy tendons with /s
in. (9.5 mm) and steel strands with !/2

in. (12.7 mm) diameter were tested.
The transfer length of the fiberglass
was determined to range from 10 to 11
in. (254 to 279 mm), or 28 times the
nominal diameter of the tendon. The
authors concluded that fiberglass had
better bond characteristics than steel,
in this case, due to better adhesion and
interlock at transfer.

Based on previous studies for trans-
fer length and development length of
FRP materials, several conclusions
can be established:

1. Transfer and development lengths
increase in some nonlinear manner
with tendon diameter.

2. Transfer length does not vary
substantially with time.

3. Concrete strength, in the range of
5000 to 7000 psi (35 to S0 MPa), has
only a moderate effect on the transfer
length of FRP tendons.

4. Higher prestressing force results
in slightly larger transfer and develop-
ment lengths.

PCI JOURNAL



5. Surface finish greatly influences
the bond between FRP tendons and
the concrete.

6. FRP tendons develop higher bond
stresses before undergoing slip than
steel tendons.

EXPERIMENTAL PROGRAM

The experiments involved casting a
total of 42 specimens, ten for each of
the three FRP tendon materials and
twelve for the seven-wire steel strand.
All specimens contained a single ten-
don. Two specimens with a single ten-
don concentrically placed were used
to measure transfer length only (see
Fig. la).

Forty rectangular specimens were
cast with the tendon placed eccentri-
cally (see Fig. 1b). All specimens
were fabricated by a PCI-certified pro-
ducer. The specimens in this study
contained no shear reinforcement or
other confinement.

Materials

The concrete mix used in this pro-
ject contained 750 lbs per cu yd (445
kg/m?®) of Type III portland cement,
131 Ibs per cu yd (78 kg/m?) of fly
ash, for a total water-cementitious ma-
terials ratio of 0.36. The concrete was
designed for 7.4 percent entrained air,
by volume. The average compressive
strength was:

*At release: 5570 psi (38.4 MPa)

*At 28 days: 6420 psi (44.3 MPa)

*At 90 days: 6550 psi (45.2 MPa)

Prestressing

A photograph illustrating the FRP
tendons used in this study is shown in
Fig. 2. The Leadline tendons, desig-
nated CL, are made commercially by
Mitsubishi Chemical, Tokyo, Japan,
using the pultrusion process with car-
bon fibers and an epoxy resin. The
Leadline tendon surface is indented
with a helical impression in the sur-
face that spirals along the length of the
tendon.

Technora tendons, designated AT,
are made commercially by Teijin
Company, Osaka, Japan, by the pul-
trusion process where straight, bun-
dled aramid fibers are impregnated
with a vinylester resin. Technora
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Fig. 2. FRP tendons used in this study. (From top to bottom: CL, AT, CS.)

aramid yarns are wound spirally
around the bundle of straight fibers to
provide a rough surface capable of
achieving adequate bond strength.

A non-commercial tendon devel-
oped especially for this investigation
is designated CS. This tendon is not
intended to achieve optimal results
compared to the other materials used
in the research; however, it is a
generic, non-proprietary type of ten-
don that could be produced by any
manufacturer and represents a refer-
ence specimen for comparison in this
and any further studies.

As opposed to the commercial ten-
dons used in this and other studies, the
exact composition of the CS tendon
has been disclosed by the manufac-
turer. The tendon consists of a nominal
volume fraction of 65 percent T650
carbon fibers, with a tensile strength of
650 ksi (4480 MPa), and a tensile
modulus of 34,000 ksi (234 GPa).

The matrix material consists of 100
parts Shell 9405 resin, 28 parts Shell
9470 curing agent, five parts ASP-
400P filler, 0.65 parts Axel 1846 mold
release, and 1.5 to 2 percent by weight
Shell 537 curing agent accelerator.

Cpe Tt

The matrix has a tensile strength of
9.3 ksi (64 MPa), and a tensile modu-
lus of 396 ksi (2.73 GPa).

The surface of this tendon is rough-
ened by applying a cloth-like peel ply
during processing that, when removed,
results in indentations to the tendon.
Tendon properties are given in Table
3. Manufacturer’s data given in Table
3 are guaranteed values — all other
data are mean values of three tests.

A grouted FRP single-tendon an-
chorage system was developed and
tested.’® The system consists of a hol-
low steel tube filled with expansive
grout, into which the end of the ten-
don is embedded. The volume expan-
sion is delayed until after the grout
partially sets.

The resulting grip minimizes axial
and shear stress concentrations. Cou-
pling devices with thread on the outer
diameter were used to couple an FRP
tendon to a conventional steel strand,
which was then anchored to the hy-
draulic jacking system with a conven-
tional steel wedge chuck. In this way,
the same jacking system that is used
for a conventional steel tendon can
also be used for FRP tendons.
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The tendons were coiled and
shipped in requested lengths. The di-
ameters of the coils were around 7 ft
(2.1 m) to avoid overstressing the ten-
dons. Before prestressing, the tendons
were precut to required lengths
[around 50 ft (17 m)] and were coiled
using cable ties to diameters that were
no smaller than the original coils.

Two grouted anchors were then cast
and cured for at least three days at two
ends of each tendon. The tendon coils,
together with the grout anchors, were
transported together to the site for pre-
stressing. All FRP tendons were
wrapped with bubble wrap and han-
dled carefully to protect them from
scraping, kinking, notching or crush-
ing during handling.

The three days required for the ex-
pansive grout to cure can result in in-
efficient use of the prestressing bed
for FRP materials; however, these an-
chors were applied in advance to the
FRP prestressing, with the assembly
of the coupler only done in the pre-
stressing bed. Since the couplers are
located within the prestressing area,
their use resulted in the loss of up to 5
ft (1.52 m) of prestressing bed.

The jacking force at the live end of
the bed was monitored with a pressure
cell connected to the hydraulic jack.
An electronic load cell was used at the
dead end of one of the two prestress-
ing lines to verify the applied force.
Load at full prestress was locked

Table 4. Characteristics of specimens.

Table 3. Tendon material properties.

CL
Tendon type Leadline
Nominal Manufacturer* 5/16
diameter ===
(in.) Experiment’ —
Area Manufacturer* 0.071
(sq in.) - =
Experiment' 0.073
Young’s | Manufacturer* 21,300
modulus | — TS
(ksi) | Experiment’ 24,800
Tensile Manufacturer* 327
strength i
(ksi) Experiment’ 435%

AT CS ST
Technora Reference Steel
- 5.f16 5/16 : 5/16
| .
6.078 0.078 [ 0:0-5;_ R
0078 oo —
7700 23,300 - 29000 F
Al 11 e
6500 . 23,300 : —
248 [ _2_66 250
{
N/A} 2748 —

Note: 1 in. =25.4 mm; 1 sq in. = 645 mm?; 1 ksi = 6.89 MPa.

* Manufacturer’s values are guaranteed values.

+ Experimental values are mean values of three tests.
¥ All specimens slipped in grips before rupture.

§ Tendon is linearly elastic to rupture.

down using a steel chuck at the live
end anchor plate.

In addition to monitoring of load
during tensioning, elongation of the
FRP tendon plus steel strand and an-
chorages at the live end were recorded
at the face of the hydraulic jack. Tar-
get load and target elongation criteria
were established for each tendon. Ten-
sioning was stopped at the target load
criterion. The FRP tendons were
jacked to 62 to 64 percent of the
strength using the same type of an-
chor, determined by laboratory testing

as part of this study. Tendons were de-
tensioned gradually by releasing the
hydraulic jack.

Characteristics, including concrete
strength and prestress force at various
load stages are given in Table 4. Fur-
ther details of the experimental proce-
dure are available in Lu’s thesis. '

Transfer Length Measurement

Demec gauge readings [a mechani-
cal measurement using metal targets]
spaced on 4 in. (102 mm) centers were

| CcL AT cs ST
Specimen material Leadline Technora Reference Steel
Length, ft 10 (10) 10 (8) 10 (10) 9(9) 8(2)
(number of beams) 8(2) 8(1)
Cross section, in. X in. 35S, 3.5x7 35x7 BEShay 35x35
Concentric (C) or Eccentric (E) E E E E! C
(Eccentricity, in.) | (1.75) (1.75) (1.75) (1.75) (©)
Concrete strength, psi
At release (1 day) 5800 | 6250 5150 5100
At 28 days 6500 i 6700 6100 6350
At 90 days 6580 6830 6400 6420
Prestress
fij (acking stress) (ksi) 198 153 170 190
f;i (initial prestress) (ksi) 180 132 146 169
Ssilfou (percent) 62 62 64 76
fiilfs; (percent) 91 87 86 89
Note: 1 in. =25.4 mm; 1 ft = 305 mm; 1 psi = 6.89 kPa; 1 ksi = 6.89 MPa.
88 PCI JOURNAL



taken for each specimen prior to re-
lease of the tendon. Considering that
these initial readings are especially
important, these measurements were
repeated at least six times by the same
operator.

Subsequent readings were taken for
all specimens at 50 percent release,
100 percent release, 28 days after re-
lease (CL, AT, CS), and also 90 days
after release (AT). The measurements
during and after release were repeated
at least twice by the same operator.

Transfer length observations result-
ing from this study are based on con-
crete strain measured on both sides of
the specimen at the level of the ten-
dons. Release of the prestressing
force, which was accomplished by
slow release of pressure on the jack,
occurred in two stages for all speci-
mens, 50 and 100 percent release. The
specimens remained on the prestress-
ing bed while concrete strains were
measured at these two stages. At 100
percent release, the tendons were cut
completely.

The average values of measured
concrete strain were plotted versus
distance along the length of each spec-
imen to generate a strain profile for
each specimen at each time interval.
To further reduce anomalies in the
data, the raw strain profiles were
smoothed by averaging the data over
three gauge lengths. The smoothing
technique can be summarized by the
following equation:

(Strain), =
(Strain),_, +(Strain), + (Strain),,

3

)]
where the i, i-1, and i+1 measurements
proceed from one pair of Demec
points to the next, in sequence.

Transfer lengths for each specimen
were determined by evaluating the
concrete strain profiles. The method
used in this study is as follows:

1. Plot the smoothed strain profile
versus longitudinal position in the
beam.

2. Determine the average maximum
strain for the specimen by computing
the numerical average of all the strains
contained within the strain plateau.
The plateau is determined by visual
inspection. Calculate 95 percent of the

March-April 2000

Fig. 3. Development length test apparatus.

average maximum strain and construct
a horizontal line through the data cor-
responding to this value.

3. The transfer length at each end of
the beam is determined by the inter-
section of the 95 percent line with the
smoothed strain profile. Reported val-
ues of transfer length are the average
values from the two ends of the beam.
The average maximum strain is com-
puted by averaging all the strains con-
tained on the plateau of the fully effec-
tive prestressing force. This procedure
is identical to that employed by
Ehsani, Saadatmanesh, and Nelson!3
and similar to that employed by Mah-
moud, Rizkalla, and Zaghloul,® who
chose to use 100 percent of the aver-
age strain,

Development Length
Measurement

The development length test is a
three-point flexural test. A hydraulic
jack and a hand pump were used to
apply a point load at the designated
embedment length, which varied for
each test. In addition to increments of
applied load measured using a load
cell, the end slip of the prestressing
tendon was determined by measuring
the distance from a metal bracket,
which is fixed on the tendon, to the
end surface of the concrete specimen
using LVDTs (Linear Variable Differ-
ential Transformer). The metal bracket
can hold three LVDTs, evenly dis-

tributed around a circle 120 degrees
apart.

Different embedment lengths were
attained by applying load at varying
distances from one of the supports.
The test apparatus is shown in Fig. 3.

TEST RESULTS

Discussed below are the results
from the experimental determination
of transfer and development lengths.

Transfer Length Results

Five CL beams, three AT and three
CS beams were tested for transfer
length. The results are summarized in
Table 5. In Table 6, based on concrete
strain data, the measured transfer length
from the end of the beam required to
achieve maximum effective prestress-
ing force (i.e., distance to the strain
plateau) is compared to the predicted
transfer lengths, which are determined
using the equations listed in Table 1.

Transfer length values in this study
were based on the 95 percent average
plateau strain method determined
using concrete strain results. The
transfer length results for the CL and
the AT tendons were verified to be
close to values reported by Ehsani,
Saadatmanesh, and Nelson,!* who ob-
tained values of 17 in. (430 mm) for
the CL tendon and 12.3 in. (312 mm)
for the AT tendon, using the same
measurement method.
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The following observations can be

made based on Table 6:

* There is little change in transfer
length with time for all four materi-
als, although it should be noted that
the test was conducted over a rela-
tively short time period.

* The ACI design equation is ade-
quate in predicting transfer length
for the /15 in. (8 mm) CL tendon;
however, the calculated transfer
length from the ACI equation is
very close to the measured transfer
lengths, barely leaving any safety
margin. The ACI design equation is
unconservative in predicting the
transfer length for the %16 in. (8 mm)
AT tendon. The measured transfer
lengths are 20 to 25 percent larger
than that predicted by the ACI
Code. The ACI design equation is
unconservative in predicting the
transfer length for the 316 in. (8 mm)
CS tendon, simply because the ini-
tial prestress is smaller than that of
the CL tendon. The measured trans-

fer lengths are 25 to 28 percent
larger than that predicted by the
ACI Code.

The equation suggested by Zia and
Mostafa!” and the equation by
Mitchell et al.'® give smaller transfer
lengths than the measured values for
all four materials. The equation by
Cousins et al.'® over-predicts trans-
fer length for the three materials.
The equation by Russell and Burns®
gives larger values for all three ma-
terials. The equation by Shahawy,
Issa, and Batchelor?! gives a close
prediction of transfer length for all
three materials.

When applying the models to the
three tendons tested, the only vari-
able is the prestressing force. For a
given model, the differences in pre-
dicted transfer lengths for the three
materials are only a reflection of the
differences in prestressing forces.
The lack of variation in transfer
length among the materials, and the
unconservative predictions of trans-

Table 5. Strand transfer length results of specimens.

At 50 percent release At 100 percent release
[t [ of | e n* ut ot Eavg
Tendon type | (in.) (in.) ‘ (ue) | (in.) (in.) (ue)
—— — . __4:. - S TEIEEENNNNS ——
CL ] - ‘ - 10 16.6 0.91 276
(Leadline) | |
| | |
———— s o = (S
AT 6 T 14.1 | 0.75 105 6 145 | 10 197
|
(Technora) [ [ l |
L5 ] I | - S —

| I i
CS 6 166 | 0.51 118 6 | 16.1 ‘ 0.79 | 218
(Reference) ‘ | | |

i - = - - | { | ~ -
ST 12 ! 18.1 1.6 111 12 | 19.1 1.1 189
(Steel) ’ | |

| At 28 days L At 90 days A

N (R e n* wiieg ot e
Tendon type | | (in.) | (in.) i (ue) (in.) (in) | (ue)

i | 1 } — —— aniiill =
cL 10 | 161 | 075 | 69 [ — | — | — | =
(Leadline) i '

- —— o | +
AT 6 14.8 1.1 503 6 14.8 1.3 816
(Technora) | | |

| ; | ! .

CS 6 163 | 051 | 446 - — | = =
(Reference) ' | |

LB i |

|

ST — | = — - — —_ — -
(Steel) .

Note: 1 in. =25.4 mm.
* Number of repetitions.
t Mean.

1 Standard deviation.
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fer length for some of the materials
appears to be resolved by the adop-
tion of a minimum value of transfer
length, such as in the AASHTO
Specifications.??

Development Length Results

Based on the usual assumption that
plane cross sections of a beam remain
plane as bending moment is applied,
the concrete strains at any loading
stage vary linearly. Using strain com-
patibility from the appropriate linear
strain distribution and force equilib-
rium from the appropriate stress distri-
bution, flexural analysis can be done
for any loading stage.

For each of the embedment lengths
investigated in this study, the force in
the tendon was estimated using a sim-
ple flexural model of a prestressed
concrete beam.

Details of this procedure are given
by Lu.'® In the cases where tendon
slip was recorded, the nominal bond
stress (tendon force divided by
bonded surface area) decreases with
increasing embedment length, and is
of maximum magnitude of 300 to 600
psi (2 to 4 MPa) for fully developed
tendons.

In Table 7, the measured develop-
ment lengths are compared to the pre-
dicted development lengths, which are
determined using the equations in
Table 2. The further equations of
Deatherage et al.”® and Buckner® are
also compared to the experimental re-
sults. Measured development lengths
of 58 in. (1473 mm) for the CL tendon
and 34 in. (865 mm) for the AT ten-
don were previously reported by
Ehsani, Saadatmanesh, and Nelson.!?

The Cousins, Johnston, and Zia'®
model, and the Mahmoud, Rizkalla,
and Zaghloul® models explicitly incor-
porate material properties, while the
Buckner?* model, in increasing the de-
velopment length for higher strain at
nominal flexural strength implicitly
incorporates material properties.

Two values of the measured devel-
opment length are reported in Table 7
for each material. The first value of
development length reported is the de-
velopment length determined in the
testing program. A value of f,; calcu-
lated from the flexural model at failure
is inserted into the formulas for the

PCI JOURNAL



Table 6. Comparison of measured strand transfer length with predicted strand transfer length.

CL AT CS | ST
Model (units in in.) (Leadline) (Technora) (Reference) (Steel)
50 percent - 14.2 16.6 18.2
Measured transfer length I 100 percent 16.6 14.5 ' 16.0 19.1
: 28 days 16.1 14.8 ! 16.3 =
= B - } md | e |
90 days - l 14.8 = .
= — ___i____ ! ! el
Current ACI/AASHTO? | 16.4/18.8 11.8/18.8 12.9/18.8 15.0/18.8
e e e | = Al e e
Model by Zia and Mostafa'’ 10.7 | 6.4 [ 9.2 112
e e = = MR !
Model by Cousins, Johnston and Zia'? * 23.6 [ 18.1 214 18.8
— e e
Model by Shahawy, Issa and Batchelor®'* 19.3 13.9 15.2 17.6
[ S == | =l o s = At =
Model by Russell and Burns®® | 24.6 i 17.7 19.4 224
Model by Mitchell, Cook and Khan'® | 13.7 ' 9.6 194 224
Model by Mahmoud, Rizkalla and Zaghloul® 17.6 - - 13.3

Note: 1 in. =25.4 mm.

* Published values of material parameters for steel used in calculations.

least embedment length at which a
flexural failure occurred.

For the embedment lengths attained
in this study, all of the specimens
failed by tendon slip, or concrete
crushing. Hence, a linear trend line

was used to predict the required devel-
opment length at tendon rupture. Em-
bedment length versus tendon force at
failure are plotted for each material,
based on which the maximum devel-
opment length of the material was de-

termined, as shown in Figs. 4a through
4d. This is reported as a maximum de-
velopment length in Table 7.
Discrepancies between the mea-
sured and maximum development
length appear because the maximum

Table 7. Comparison of measured and predicted strand development lengths.

Model

Measured development length (in.)

Nominal bond stress at failure (psi)

Maximum development length (in.)

Current ACI¥/AASHTO? (in.)

Current ACI’AASHTO? (in.), using
rupture strength in place of f,

Proposed modified ACI¥AASHTO? (in.)

Model by Cousins, Johnston and Zia'® (in.)*

CcL AT : cs ' ST
(Leadline) (Technora) (Reference) | (Steel)
42.1 374 45.1 | 51.0
585 454 465 287
430 | 442 459 462
68.5 35.6 62.1 485
— = : —_— — —_—d
|
68.5 | 546 ! 62.1 | 485
|
: | | s
i i e e I [ —
| 439 48.4 —
| | — 5 |
{

57.6

153 73.6 : 140

Model by Deatherage et al. (in.)

Model by Shahawy, Issa and Batchelor® (in.)*

Model by Buckner® (in.)

Model by Mitchell, Cook, Khan and Tham’® (in.)

Model by Mahmoud, Rizkalla and Zaghloul® (in.)

77.8
99.4 475 ! 86.7 652 |
68.5 156 62.1 85
717 754 65.7 80
. 59.6 : 2.1 | 542 i 39.5
G| = (S

Note: 1 in. = 25.4 mm; 1 psi = 6.89 kPa.
* Published values of material parameters for steel used in calculations.
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development length is based on guar-
anteed values of rupture strength, or
the nominal value of the yield
strength in the case of the ST tendons,
which can be exceeded by individual
specimens.

Calculated values of the develop-
ment length, using the formulas in
Table 2, are also provided in Table 7.
All of the models predict the develop-
ment length of the AT tendon very

poorly. This is due to the exception-
ally low longitudinal modulus of elas-
ticity of this material, which results in
a very slight difference between the
stress at the nominal strength of the
member, f,,, and the effective pre-
stress f;,.

The approach used by Mahmoud,
Rizkalla, and Zaghloul,® of using the
rupture strength of the tendon in
place of f,; addresses this issue, al-

though it results in conservative esti-
mates of the development length for
FRP tendons. The development
length calculated by the ACI formula,
with this substitution, is also shown
in Table 7.

It can be noted that the nominal
bond stress of the FRP tendons is con-
siderably higher than that of the steel.
The result is that the development
length for the FRP material is consid-

Embedment Length (in)
0 10 20 30 40 50
120 L " 4 s A
- 25000
100 ] 1t
P,=104kN K )
g 80 | )
= L 15000 S
s 5
g g
= L 10000 &
g 40 | - . 3
-]
&= =
20 - o failed by end slip 5000
e failed in flexure
linear (test data)
o T T T T . T 0
0 250 500 750 1000 192 250 1500
Embedment Length (mm)
Fig. 4(a). Development length test results for Leadline tendons (CL).
Embedment Length (in)
0 10 20 30 40 50
100 . : . L M
.................................. - 20000
80 P, =86kN
5 | 15000 £
g 60 g
S =
= =
g S
< | 10000 3
S - &
3 3
& &
~ . 5000
20 - ¢ failed by end slip
o failed in flexure
linear (test data)
0 . . : . — 0
0 250 500 750 1000 122 5250 1500
Embedment Length (mm)

Fig. 4(b). Development length test results for Technora tendons (AT).
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erably lower than predicted by any
formula developed for steel tendons,
when the rupture strength is substi-
tuted for .

The development length can be con-
servatively calculated for FRP tendons
by modifying the ACI formula to re-
flect the larger nominal bond stress.
Based on a nominal bond stress of 333
psi (2.30 MPa), the ACI formula can
be modified to:

3

1
Ly==f.d, +
d 3f:seb 4

(£ - f)dy @
for FRP tendons only, in which:

dy, = diameter of tendon

S = rupture strength of tendon

fse = effective prestress of tendon

This modified formula, which is also
applied in Table 7, results in closer but
conservative predictions for all tests
noted in the literature review and this

study, including Ehsani, Saadatmanesh,
and Nelson’s'? finding of a develop-
ment length of 58 in. (1473 mm) for %16
in. (8 mm) diameter Leadline.

CONCLUSIONS AND
RECOMMENDATIONS
Based on the results of this investi-

gation, the following conclusions and
recommendations can be made:

Embedment Length (in)
0 10 20 30 40 50
120 : " . . :
L 25000
100 -
......... \ 20000 _
5 80 | P =91.7kN &
(¥
; :
5 L 15000 2
Ehana §
g g
= L 10000 &
T 40 - E
& &
¢ failed by end slip | 5000
20 4 | o failed in flexure
linear (test data)
0 T T T T 116'7 T 0
0 250 500 750 1000 1250 1500
Embedment Length (mm)
Fig. 4(c). Development length test results for non-commercial carbon/epoxy tendons (CS).
Embedment Length (in)
0 10 20 30 40 50
100 A . ! : s
I 20000
80
2
5 L 15000 £
B 60 e N o g
S &
g Ps=60.7kN =
< L 10000 B
S w0 &
3 3
& &
20 1 | ¢ failed by end slip pASI0
e failed in flexure
linear (test data)
0 ; ; - : . 0
0 250 500 750 1000 174 1250 1500
Embedment Length (mm)

Fig. 4(d). Development length test results for steel strand (ST).
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1. Transfer length values in this
study were based on the 95 percent av-
erage plateau strain method deter-
mined using concrete strain results.
The transfer length results for the CL
and AT tendons used in this study
were verified to be close to values re-
ported by Ehsani, Saadatmanesh, and
Nelson'® and Mahmoud, Rizkalla, and
Zaghloul® using the similar measure-
ment methods.

2. Despite differences in tendon ma-
terial properties and prestressing
forces, the measured transfer lengths
were virtually identical for all three
FRP materials. The steel strand had a
slightly longer transfer length than the
FRP tendons.

3. The transfer length predicted by
the ACI formula is in direct proportion
to the effective prestress f;, in the ten-
don; however, the results of this study
indicate that the transfer length for
FRP tendons is only slightly influ-
enced by the prestress level. Since the
fse was lower for AT and CS tendons
in this study, the transfer lengths of
these two materials were poorly pre-
dicted by the ACI equation. Use of a
formula that is solely based on tendon
diameter may give better predictions,
especially for materials with lower ini-
tial prestressing levels. The adoption
of a minimum value of transfer length,
as given in the AASHTO Specifica-
tions,? improves this result.

4. Despite differences in tendon ma-
terial properties and prestressing
forces, the maximum measured devel-
opment lengths were almost equal for
all three FRP materials and the steel
strand tested in this study.
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5. The FRP materials consistently
had a nominal bond stress (pull-out
force divided by nominal surface area)
over 450 psi (3.10 MPa) at their devel-
opment length, considerably higher
than the nominal bond stress of steel
tendons.

6. The development lengths of the
three FRP tendons were very conser-
vatively predicted by the ACI design
equation, provided that the strand rup-
ture strength is substituted for f,;, the
strand stress at nominal strength.

7. A number of other models, in-
cluding models developed specifically
for FRP tendons, give wide-ranging
development length results, most of
which are over-estimations compared
to the ACI equation. While it may ap-
pear obvious that formulas developed
for steel tendons do not give good pre-
dictions for FRP tendons, it is worth
considering the reasons for this,
namely, that the higher bond stress of
the FRP tendons results in shorter de-
velopment lengths.

8. It is recommended that a transfer
length of at least 50 tendon diameters
be used for FRP tendons.

9. The interest in calculating the
development length conservatively
may account for the large overesti-
mation produced by many of the ex-
isting models, for steel as well as
FRP strands; however, the existing
code philosophy appears to suggest
that an average value of the transfer
and development length should be
calculated.

10. It is recommended that the
rupture strength of FRP tendons be
used, rather than the stress at the

nominal flexural strength of the
cross section fy, in calculating the
flexural bond length of FRP tendons.
It is further recommended that the
development length formula take
into account the higher bond stress
developed by FRP tendons, so that
development length is not calculated
excessively conservatively.

11. The experience of fabricating
the specimens has indicated that the
anchorage of the prestressing ten-
don is a key issue to be resolved be-
fore widespread implementation of
FRP prestressing is possible.
Whereas an anchor based on the use
of expansive grout will develop the
strength of the tendon effectively,
the long time period required for
the grout to cure results in an ineffi-
cient use of the prestressing beds.
The methods of coupling anchors
used in this study would allow the
precasting beds to be turned over
quickly, and less than 2 to 3 percent
of the bed would be lost due to the
coupling.
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