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Behavior of Prestressed AASHTO Girders

Under Static Loading

J. HAROLD DEATHERAGE, CHONG KEY CHEW, AND EDWIN G. BURDETTE

Recently FHWA restricted the use of certain sizes of seven-wire
prestressing strand in the fabrication of highway bridge beams.
The research reported is the result of the prestressing industry’s
interest in evaluating the effects of development length and trans-
fer length on the behavior of AASHTO Type I beams. Addi-
tionally, variations in transfer and development length were in-
vestigated for different diameters of reinforcing and different wire
manufacturers. Twenty-two full-scale AASHTO Type I beams
were static-tested to failure; the results of these tests are reported.
Factors that affect both transfer and development length are eval-
uated and discussed. The computed and measured moment ca-
pacities are compared, and reasons for variations are evaluated.
Three distinct failure modes were observed, depending on the
location of the load in relation to the development length of the
prestressing strand. The relationship between failure modes and
the ultimate moment capacity is evaluated.

Recently FHWA limited the use of certain sizes and spacings
of seven-wire prestressing strand in AASHTO bridge girders.
This restriction was primarily based on the results of the ex-
perimental research in which both transfer and development
lengths significantly larger than those predicted by the Amer-
ican Concrete Institute (ACI) and AASHTO equations were
obtained (7). Since the FHWA mandate severely restricted
the ability of many AASHTO prestress producers to satisfy
the needs of the construction programs of several state de-
partments of transportation, the Precast/Prestressed Concrete
Institute in conjunction with the Regional Transportation
Center program funded the University of Tennessee to per-
form additional research to confirm or refute these results
(Z). The results of the University of Tennessee research were
reported in 1991 (2).
The purpose of the research at Tennessee was twofold:

1. To determine whether or not the existing AASHTO de-
sign criteria for transfer lengths and development lengths in
prestressed beams were satisfactory or should be modified to
reflect changes in technology and methodology of production
since the code criteria were established.

2. To identify the factors affecting both transfer and de-
velopment lengths and to quantify their effects.

Consideration of these factors is the subject of this paper.
Twenty-two full-scale beams were tested to failure to evaluate
their performance when loaded at or near the expected de-
velopment length of the strand. Since the loads were applied
at a position closer to the reaction than to the centerline of
the beam, each beam allowed for two static tests; therefore,
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44 static tests were performed, and results were obtained on
43 of the tests.

DESCRIPTION OF TEST PROGRAM

Each of the 22 beams was 31 ft long with a cross section
conforming to the AASHTO Type I configuration and having
varying strand configurations depending on the diameter of
the strand. Figure 1 describes the shear and confinement rein-
forcing used for each beam, and Figure 2 shows the various
strand configurations used. Prestress reinforcement manufac-
tured by four manufacturers was evaluated. A three-part des-
ignation is used to identify an end of a beam, as illustrated
by 5S-1-EXT. The first part refers to the diameter of the
strands used in a beam for which

® 5 = iin. regular strand, nominal diameter of 0.500 in.
® 5S = iin. special strand, nominal diameter of 0.5224 in.
@ 916 = t-in. strand, nominal diameter of 0.5625 in.

®6 = #in. strand, nominal diameter of 0.600 in.

e 5SE = }-in. epoxy-coated strand.

For the beams from the strand-diameter groups or with the
epoxy-coated strands, the second part of the designation re-
fers to one of the beams prestressed with the strands, and the
third part refers to a specific end of this beam. INT or EXT
refers to the interior or exterior end of a beam, because two
beams were stressed with strands between the same two abut-
ments. For the beams from the strand manufacturer’s group,
the second part of the designation refers to the name of the
manufacturer, and the third part refers to an end of the beam.
A summary of the beam properties is given in Table 1.

TRANSFER LENGTH TESTS

Transfer lengths of the strands were measured at prestress
transfer on 26 Type I AASHTO girders. These results were
initially reported by Smith (3). Table 2 gives the average
transfer bond strengths for all milled surface strands. Con-
finement reinforcement was placed over a distance of about
40 in. from each end of the beams, a distance that is longer
than almost all the measured transfer lengths. In some ex-
ploratory tests with spiral smooth-wire confinement reinforce-
ment around each strand, Kaar et al. found a decrease of 15
percent in transfer length as compared with those without the
reinforcement (4). Accordingly, transfer bond strengths for
the beam tests should be higher than for strands with no
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FIGURE 1 Shear and confinement reinforcement in each end
of beam.

FIGURE 2 Strand configurations: left, Pattern A; middle,
Pattern B; right, Pattern C.

TABLE 1 Measured Transfer Bond Strength for Beams

Milled Surface Bond Strength Number
Strand Diameter (kips/inch) of
(in.) Tests
1/2" Regular 0.889 4
1/2" Special 0.982 ) 4
9/16" 1.050 4
6/10" 1.700 8

TABLE 2 Average Measured Transfer Lengths of Beams

Strand Average Transfer Length (dp)
Milled Weathered Weathered
. 1-day 3-day
1/2" Regular 64.5 46.5 39.0 (8)
1/2" Special 62.2 -- 59.3 (4)
9/16" 62.2 -- 489 (4)
6/10" 40.6 -- - -
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confining reinforcing. However, other factors such as the mul-
tiple strands in beams may have a negative influence on the
bond strength. Multiple strands in beams were flame-cut one
at a time, and strands cut earlier might have been affected
by the transfer force of strands cut later. This effect could
degrade the transfer bond strength in beams, perhaps more
so for beams with more strands. From Table 2, the decrease
in the measured bond strengths for }-in. regular and %-in.
strands were about 25 and 10 percent, respectively. Greater
reduction in bond strengths of beams with the 3-in. regular
strands may be due to the greater number of strands in the
beams.

Effects of Strand Diameter

The perimeter of seven-wire prestressing strand is approxi-
mately equal to 4/3wd,. Adhesion force, which is directly
proportional to the amount of adhered surface, is therefore
directly proportional to strand diameter. Friction may be af-
fected by strand diameter because of the difference in normal
force from different wire sizes. Because the grooves between
the outer wires of a strand get larger with increasing strand
diameter, mechanical bond strength would increase with strand
diameter. Table 3 illustrates that the average transfer lengths
for the 3-in. special, 3-in. regular, and w%-in. strands of milled
surface condition are approximately proportional to the strand
diameter, but this relationship is not true for the f-in. strands.
The shorter transfer length for f-in. strands may be attributed
to the increase in mechanical bond. The numbers in paren-
theses are the number of tests.

Effects of Strand Surface Condition

The wires of all stress-relieved and low-relaxation strands
have residual surface oil from the wire drawing process. The
residuals prevent good adhesion and lower the coefficient of
friction at shear interface, thereby decreasing friction bonds.
Weathered strands have their residual surface oil washed away
and have roughened rusted surfaces with higher coefficients
of friction, which are also better for concrete adhesion. From
Table 3, the average improvement in the transfer length for
1-day weathering of %-in. regular strands was about 27.9 per-
cent, and that for 3-day weathering for the same strand ap-
pears to be about 40 percent. The average improvement for
all the 3-day weathered strands was about 22 percent. This
reduction in transfer length may be due to an increase in
friction for the slightly roughened surface.

DEVELOPMENT LENGTH TESTS

Development length of strand in a pretensioned member con-
sists partly of transfer length and an additional bonded length
called flexural bond length. Development length, unlike transfer
length, cannot be measured directly: it can be measured only
with an indirect approach in which the behavior and strength
of beams loaded at different locations from the ends of beams
are studied to determine whether the ultimate stress of the
strands could be developed at the load points. This procedure




TABLE 3 Summary of fcu/f'c and Steel Stress Calculations
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was followed for different strand diameters, surface condi-
tions, concrete strengths, and pretension levels. Different
spacings of strands from different manufacturers were used.
Blended in the results are other variables such as concrete
strength, reinforcement ratio, and strand pretension level, all
of which have some influence on both the behavior and the
strength of the beam section.

The development length for a beam is interrelated with the
beam behavior. The steel stress that a strand can develop at
a beam section is affected by variables such as concrete strength,
steel pretension level, reinforcement percentage, concrete
confinement, and beam geometry. The corresponding force
in the strand must also be adequately transmitted along the
development length into the concrete. Transmission of the
force over the available development length is dependent on
the bond behavior and the beam behavior. For example, the
deformational characteristics of the strand at the beam section
when the steel force is transmitted over the development length
affect the steel stress that can be developed at the section.
Using the following procedure to obtain the steel stress de-
veloped, the effects on the steel stress of the variables that
affect beam strength are minimized.

Theoretical Steel Stress at Ultimate Flexural
Compression Failure i

The ultimate moment strength of each beam was measured
during the development length tests. Because of confinement
vertically and laterally by the steel bearing plate at the load
point of the top fibers of the concrete in compression and the
sharp stress gradient beneath the single load point, a consid-
erably higher concrete strength was apparently attainable at
the critical load-point section. The moment strength calcu-
lated according to the ACI allowable rectangular stress block
and strain-compatibility method was therefore somewhat lower
than the actual moment strength for these beams. The steel
stress is overestimated greatly if it is calculated from the mea-
sured moment strength using the ACI method. This overes-
timation leads to an error in the steel stress assumed to have
been developed, which is then used in the derivation of the
bond strength for the development length. Though the ACI
method for the calculation of flexural strength is adequate for
general design purposes, particularly for a flexural member with-
out lateral confinement for the concrete in compression, it is
not sufficiently accurate for the needs of the present research.

A fundamental approach somewhat similar to the analysis
method found in the publication by Warwaruk et al. (5) is
devised here to solve this problem. In their research, the
compressive concrete in the beams loaded at mid-span ap-
peared to have twice the effective strength of the concrete in
beams with two-point loadings. Typically, a condition of strain
and stress at failure is assumed for a beam as in Figure 3. The
steel strain at ultimate is calculated by adding the steel strain
at effective prestress (e,,), the elastic shortening (.. ), and
the additional steel strain beyond flexural cracking of the
section (g,,). Assumptions for the present analysis include
the following:

1. Plane sections remain plane under flexure;
2. Strain compatibility factor is known and is a constant
1.0;
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FIGURE 3 Conditions of strain and stress for AASHTO Type
I beam, cross section; area = 276 in.2, I = 22,750 in.%, C, =
12.59 in., s = strand spacing (in.).

3. Failure of concrete occurs when concrete strain in the
extreme fibers reaches a useful limit of 0.005 (i.e., g, =
0.005.4);

4. The location of the resultant compressive force of the
concrete is at a distance from the extreme compressive fibers
equal to 0.42 of the depth of the neutral axis (i.e., a = 0.42
* kd);

5. Concrete does not carry tension.

6. The stress-strain relationship for the reinforcement is
known.

7. A horizontal inward reaction, H, is equal to a friction
coefficient of 0.4 times the smaller of the two support reaction
forces.

It is realized that the fourth assumption is likely to vary
very slightly with concrete strength or when kd is greater than
the flange thickness of 4 in. However, the calculated flexural
strength is quite insensitive to such small variation. For ex-
ample, for an actual value of a = 0.35kd in comparison to
the assumed a = 0.42kd, only an error of 0.35 in. in moment
arm results for a typical kd value of 5 in. This translates into
an error in the flexural strength of less than 1.5 percent.

It is necessary to determine the effective concrete strength,
feu, of the concrete subjected to the effect of confinement for
the beams in this test program. A computer program was
written that iteratively calculates the fou for each of the beams
from the measured ultimate moment in accordance with the
strain compatibility condition for the steel strand and the
assumptions stated previously.

The ratio of the effective concrete strength to the 6 x 12-
in. concrete cylinder strength, fcu/f'c, is calculated. The re-
sults of the calculation are summarized in Table 4 under the
heading ‘“With Strain Compatibility.” The value of fcu/f'c is
plotted against the depth to the neutral axis, kd, in Figure 4.
From this figure, the ratio of fcu/f'c is much larger at smaller
values of kd and rapidly reduces to a more-stable lower value
of approximately 0.85 as kd increases. The data points with
the smaller values of kd correspond to the beams with the
smaller reinforcement ratios. The larger fcu/f'c with smaller
kd values is consistent with the knowledge that the effect of
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TABLE 4 Measured Moment and Mode of Failure
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confinement is more significant right beneath the bearing plate
and within a shallower kd. The figure also shows that for the
beams with bond failure, the data points for which are plotted
as BF, the fcu/f’c ratio is generally smaller than for the beams
without bond failure (F). This is, however, an inherent result
of the assumption for the analysis that strain compatibility
holds and of the fact that the beams with bond failure gen-
erally have slightly lower moment strengths. For the beams
with bond failures, deviation from the strain compatibility
condition leads to a kd value greater than it would have been
with no bond failure. This greater kd value consequently en-
ters into the calculation of the resulting lower fcu value. Thus,
only the beams that develop the full flexural strengths without
any end slippages were used in establishing the fcu needed
for the calculation of the steel stresses developed in the beams
with bond failure.

For the beams with bond failure, the steel stresses can be
calculated from the measured moment strengths with a chosen

approximate fcu value for each beam group in reference to
the fcu/f'c calculated earlier with strain compatibility for beams
without bond failure. Because the bottom strands in the beams
with bond failure slip, the assumption of perfect strain com-
patibility condition is not valid. Except for the strain com-
patibility condition for the bottom steel, the assumptions for
the flexural strength analysis stated previously are used. The
top steel does not slip; its stress can therefore be calculated
from strain compatibility with the previously set ¢, = 0.005
and a kd value. The concrete force, C, and position, a =
0.42kd, from which the moment, Mn, can be calculated, are
only dependent on the kd value. There is a unique kd value
that gives the Mn that is equal to the measured moment. A
computer program was written to iteratively seek for this kd
value. The steel stress was then calculated for this kd from
the equilibrium of horizontal forces. The calculated steel stresses
and the corresponding adjusted fcu values are presented in
Table 4 under the heading ‘“Force Equilibrium.” The steel
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FIGURE 4 fcu/f'c versus kd for all beams with flexural
failure.

stress in the beams that failed by shear is not predictable with
the flexural analysis. These beams are shaded in Table 4.

For beams with lower reinforcement ratios, slight slippage
of some strands will only redistribute the stresses among the
strands and do not immediately result in a lower flexural
strength. Thus, a steel stress higher than that at first slippage
may be achieved for an underreinforced beam. However, steel
in underreinforced beams is generally stressed more than steel
in highly reinforced beams. Although bond failure is more
likely for an underreinforced beam, the flexural strength of
the beam may not be affected by the bond failure. On the
other hand, flexural strength of overreinforced beams is con-
trolled by the available area of compressive concrete. The
overreinforced beams, therefore, cannot tolerate slippage that
reduces the compressive concrete area. These relationships
are studied for a better understanding of the effects of strand
slippage on beam behavior.

The different modes of failure observed in the destructive
tests were examined in detail, particularly the interaction be-
tween the flexural compression failure or shear failure with
a bond failure. As illustrated in Figure 5, a sudden shear
failure at the initiation of diagonal shear cracking (Type I
failure) may occur without an adequate development length
from the end of a beam to the shear crack that starts at the
interior face of support. The measured shear load, V, that
beam 5-1-INT could sustain after the diagonal cracking was
much reduced—only 74 kips. The effects of the diagonal shear
cracks on the bond development seem to be adequately an-
alyzed using the Truss analogy method. The total tensile force
(T") that can be developed at the shear crack that initiates
from the face of support is calculated from the transfer bond
strength for the number of bottom strands. For a 45-degree
angle of the shear crack, the shear force V at the cracked
section that failed because of insufficient development length
would be close to 7". Also illustrated in the figure is a flexural-
shear failure (Type II failure) with crack that propagates from
a flexural crack some distance closer to the end of beam. The
cracking from Type I and Type II failures in essence move

151
End of Beam Applied Load P
* Concrete Beam
Embedded C
Steel
W Type II
Strand Type 1 Beam Web c!gcks
L a cracks y;
I S 4 { { T
f 45-degree cracks | —
. Ineffective
R Load Location bond Length
<

Ld : Development Length

Type 1: Web-Shear Crack

<« Cc For Beam 5-1-INT :
vV V =R = 74 kips
ri,,.,,,,,,,,,,,,,,_» T Transfer Bond, Ut = 0.95 kips/in.
4 ; 6" Approx. Ld = 6+4 = 10"
J T = Ut * Ld = 9.5 kips/strand
R or, =8 *95=76Kkips
Ld V = 74 kips is approx. equal to T'

Type II: Flexural-Shear Crack

Development Length = Load Location - Ineffective bond length

FIGURE 5 Interaction of shear crack with development
length.

the critical section for the evaluation of development length
to the cracks.

Effects of Bond Failure on Beam Behavior

The effects of bond failure on the behavior of all the bridge
beams tested are examined in detail and discussed with illus-
trations. As has also been observed by previous investigators,
many of the beams tested could develop additional beam
strength even after end slips of some strands were detected.
Bond failure of the strands apparently did not cause a sig-
nificant loss in the steel stress of the strands, and the additional
flexural strength gained was probably contributed by the other
strands that did not slip. The plastic nature of the bond be-
havior permits the strands to keep slipping with virtually no
loss of bond resistance. This is an extremely important char-
acteristic of the strand performance in contrast to the plain
wires. Slippage of the strands that have exhausted their “‘us-
able” bond strength is beneficial because it permits the other
strands—those that are not yet slipping and have some re-
serve bond strength—to continue to participate in carrying
the extra load. Ideally, for a beam that has less than the full
development length, maximum flexural strength is developed
only when all usable bond strength in all the strands has been
exhausted. However, the inability of slipping strands to carry
any additional tension reduces the stiffness of the beam. For
a beam approaching its ultimate strength with the steel stressed
past the yield point and the extreme fiber of compressive
concrete stressed into the inelastic range, this loss of stiffness
certainly would result in a flexural compression failure.
Research with pullout bond tests has suggested that the
bond resistance, although with significant variability, gener-
ally drops slightly when the last of the adhesive bond is broken
at the initiation of strand end slip, and that higher bond resis-
tance is attainable at greater slip when mechanical bond takes
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effect (6). Therefore, bond length has an effect on the drop
in load at the loaded end when end slip at the free end occurs.
Stocker and Sozen observed from their test results that the
mechanical bond may become effective immediately after slip
or only after a relatively large slip of about 0.01 in. (7). The
large slip cannot be accommodated at a flexural section with-
out excessively reducing the compressive concrete area and
causing a failure. When only a small proportion of the strands
suffer “slight” slips, there may be just a minor drop in load
with the stiffness provided by the other strands. Creep of the
concrete surrounding a strand that experiences the high in-
tensity of bond stress has been observed in pullout tests to
gradually relieve bond resistance and permit slight slippage
of the strand to occur until it becomes stabilized. This slight
slippage probably occurred for the strands in the UTK beams.
The load-versus-deflection plots in Figures 6 and 7 show that
a slight drop in load occurred while the end slips of a small
number of the strands were detected. The load capacity of
the beams did not reduce with increasing applied deflection
until flexural compression failure occurred. However, when
most of the strands in a beam slip nearly at the same time,
the load drops off significantly, to not regain strength and
finally fail in a flexural compression failure at increasing de-
flection; Figure 8 shows the load-versus-deflection plot of Test
6-2-INT, which has five out of six strands slipping when load
drops.

Increases in the steel stresses of strands that did not slip
were measured by strain gauges, which confirmed that higher
bond resistance was possible after slippage of some strands
in the beam. As presented in Table 4, not all strands had
slipped when the beam finally failed in flexural compression
and lost most of its strength. Further increase in steel stress
was also observed beyond flexural compression failure of some
beams.

Some slight slippage of the strands during static testing did
not significantly reduce a beam’s flexural strength, but it did
make the beam more susceptible to shear failure, especially
when loaded at short shear span. Bond failure relieves the
compressive strain in the lower beam web to permit greater
participation of the concrete to carry tensile stresses until
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FIGURE 6 Load versus deflection for Beam 916-2-EXT.
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FIGURE 7 Load versus deflection for Beam 6-2-EXT.

cracking of the concrete occurs. Shear cracks further reduce
the available development length and precipitate a shear fail-
ure with a significantly reduced beam strength. Flexural
compression failure of beams having web-shear cracks is often
not reached.

Load Capacity and Mode of Failure

In accordance with the ACI equivalent concrete stress block
and the strain compatibility condition with an ultimate com-
pressive strain of 0.003 for the concrete extreme fiber, the
theoretical moment strength is computed for each beam sec-
tion and listed in Table 5 as Mn. The computed Mn values
are compared with the measured Mu and Mb of the corre-
sponding beams. As seen in the table, all beams without a
bond failure had Mu exceeding Mn. The ratios of measured
to computed ultimate moments of the beams, Mu/Mn, appear
to be somewhat related to the reinforcement ratios—the lower
the reinforcement ratio, the higher the Mu/Mn. The higher
Mu/Mn ratios for the beams with lower reinforcement ratios
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FIGURE 8 Load versus deflection for Beam 6-2-INT.
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TABLE 5§ Minimum and Full Development Lengths

Strand Minimum * Full Development
(Mill Condition) Development Length (in.)
Length (in.)
1/2" Regular 77.4 above 92
1/2" Special 81 above 83
9/16" 87 above 106
6/10" 74.4 86

are due to the effects of greater confinement of the com-
pressive concrete in these beams.

All the tests with bond failure also developed Mu exceeding

the Mn. Bond failure of these beams occurred also at a mo-

‘ ment above the Mn, except for four tests that developed the

moments of slightly less than the Mn when bond failures

" occurred (i.e., tests 5S-4-INT, 916-1-INT, 916-2-EXT, and

| SE-2-EXT). All the beams with bond failure were near to

flexural compression failures when bond failures occurred,

and the strengths of these beams did not seem to be affected
significantly by the bond failures.

Only four tests did not ultimately develop the calculated
Mn. In each of these tests, the beam experienced a shear
failure soon after strand end slips were detected. One other
test (5-2-EXT) reached an Mu slightly greater than Mn when
shear cracking occurred simultaneously with a bond failure;
it failed in shear immediately thereafter. Flexural compression
failure of these five beams was not reached. The beams with
shear failure apparently had load capacities after shear crack-
ing that were below the load at bond failure. These beams
are previously explained to have failed due to insufficient
development length (or anchorage) at the shear cracks. Ac-
cording to the truss analogy for the Type I failure as illustrated
in Figure 5, the load capacities of these beams after shear
cracking are calculated and presented in Table 5.

The “minimum measured development lengths” of the
strands to develop the computed ultimate moment, Mn, of
the beams are 77.4, 81, 87, and 74.4 in., respectively, for
i-in. regular, 3-in. special, %-in., and %-in. strands of milled
condition and pretension of 202.5 ksi. These minimum de-
velopment lengths correspond to approximately 155 times the
diameter of the strands (155d,) for all the strands except the
#-in. strand. Contrary to expectation, the f-in. strand requires
only about 125 d, or less than what is required for the 3-in.
regular strand. However, significantly longer development
lengths are required to totally prevent any slippage of the
strands at the ultimate flexural moments of the beams; in
Table 5 these lengths are tabulated as the full development
length. Strands exposed to weathering of up to 3 days in
comparison with milled surface condition strands have better
bonding characteristics and thus reduced development lengths.
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The epoxy-coated 3-in. strands performed significantly better
than all the uncoated strands with a full development length
of less than 51 in. Reduction of strand spacing from 2 to 1.75
in. for #-in. strands did not appear to cause any adverse effects
on the development length. In the eight tests with the smaller
spacing, there was no evidence of splitting between the strands.

CONCLUSIONS

Information is presented herein regarding the bond strength
of seven-wire strand in AASHTO-PCI beams and the effect
of strand diameter and of weathering on bond strength and,
in turn, on transfer length. Exposure to weathering has a
significant effect on transfer length, as illustrated in Table 3.

An analysis is presented of the behavior of the beams tested
in the research project on which this paper is based, and the
effects of bond failure on this behavior are discussed. It was
found that although bond failure and the resulting strand slip
does not typically lead to a moment capacity less than that
calculated by the ACI code, strand slippage did make the
beam more susceptible to shear failure. Some of the most
interesting information to emerge from the tests relates to the
variation of average stress in the compressive stress block,
kd, as illustrated in Figure 4. For beams with relatively low
areas of reinforcement, kd is relatively small and the average
concrete stress significantly larger than that assumed in con-
ventional strength analysis.
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