






































SUMMARY AND
RECOMMENDATIONS

‘Recent studies provide a wealth of
information relating to transfer and de-
velopment of pretensioned strand.
This contributes to new applications,
especially for pretensioned beams
made with high strength concrete.**
Unfortunately, conclusions relating to
strand transfer and development
lengths have differed significantly
from one study to another.

The objectives of the present study
were to conduct a review of literature
relating to transfer and development of
seven-wire pretensioning strand, to ra-
tionalize discrepancies among conclu-
sions drawn from various studies, and
to recommend equations for strand
transfer and development lengths. At
present, there are several research pro-
jects in progress related to strand de-
velopment length. Thus, recommenda-
tions made in this paper will need
re-evaluation as additional data be-
come available.

Transfer Length

The current ACUAASHTO transfer
length equation is based on data that
are inappropriate for current practice.
This expression underestimates the
mean transfer length for the Grade 270
low-relaxation strands used for most
contemporary pretensioned concrete
members. The expression recom-
mended in the present study is the
same as recommended in an earlier
study by FDOT. The recommended
expression is:

L= Judy. a7n
3

For strands, either straight or
draped, that end in the upper one-third
of member depth and have 12 in. (305
mm) or more of concrete cast beneath,
it is recommended that the transfer
length be taken as 1.3 times the value
calculated by Eq. (17). Strands ending
in other regions need not be multiplied
by 1.3. Recommendations apply to
Grade 270, seven-wire, low-relaxation,
uncoated strands used in pretensioned
members with normal weight concrete
having a compressive strength at re-
lease of 3500 psi (24.2 GPa) or higher,
and a specified compressive strength
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of 5000 psi (34.5 GPa) or higher.

The transfer length calculated by
Eq. (17) is about 20 percent longer
than that computed by the present
ACI/AASHTO expression. In the cur-
rent ACI and AASHTO shear criteria,
the transfer length is approximated as
50d,. This value should be increased
by 20 percent, to 60d,, to account for
the longer transfer length of Grade
270 strands.

Development Length

Design recommendations from re-
cent studies give wide-ranging values
of development length when applied
to the same design situation (typically,
the highest computed value is more
than double the lowest value). One
study has recommended abandoning
the concept of strand development
length in favor of crack prevention cri-
teria within the transfer zone. Most of
the studies, however, have recom-
mended expressions similar to the cur-
rent ACI/AASHTO expression, with
modifications to either or both of the
transfer and flexural bond lengths.

A study conducted at UTK con-
cluded that the current ACI/AASHTO
expression should be modified by
multiplying the flexural bond length
by a factor 1.5. Unfortunately, there
are inconsistencies in the reported data
from the UTK study that cast doubt on
the basis for this recommendation.

The FDOT has recommended an ex-
pression that abruptly modifies both
the transfer and flexural bond lengths
depending on the span-to-depth ratio
and member type. The rationale for
such abrupt changes is questionable,
and it is recommended that the FDOT
criteria not be adopted.

McGill University researchers have
recommended an expression that mod-
ifies both the transfer and flexural
bond length depending on concrete
compressive strength. The recom-
mended equation is consistent with
data from the McGill tests, but differs
significantly from results from other
recent studies. Better understanding of
the influence of concrete strength on
bond performance should be provided
by tests that are in progress.

The recommendation from the Pur-
due University study for members

governed by flexure was to provide a
strand embedment of at least 1.7 times
the development length as computed
by the current AC/AASHTO expres-
sion. This recommendation was noted
to be in agreement with the earlier
finding in the FDOT tests of AASHTO
composite beams.

Tests conducted at UTK, FDOT,
UTA and Purdue have shown an im-
portant relationship between strand
bond and shear strength. The tests
demonstrate the potential for a web
shear crack to propagate through the
strand transfer zone and cause general
bond failure. The consequent destruc-
tion of tension anchorage leads to a
failure that is frequently sudden and
without warning. This behavior indi-
cates a deficiency in the current
ACI/AASHTO shear design criteria
for pretensioned members that should
be remedied. Design recommenda-
tions for pretensioned members gov-
erned by web-shear cracking are avail-
able in the UTA report.'s

The UTA study also established the
importance of preventing cracks in the
debonded and transfer zones of mem-
bers containing debonded strands. The
UTA criterion provides a rational ap-
proach for development of debonded
strands, provided that in addition to
preventing cracks in the debond/
transfer zone, there is strand embed-
ment from the critical section to the
end of the debond zone equal to or in
excess of their development length.
These criteria should replace the cur-
rent code requirement of doubling the
development length for debonded
strands that terminate in regions of
flexural tension under service loads.

The general conclusion drawn in the
UTA study was that seven-wire pre-
tensioned strands could be fully devel-
oped by preventing cracks within the
transfer zone. The UTA researchers
recommend replacing the strand de-
velopment length expression in cur-
rent codes with crack prevention crite-
ria. This conclusion is questioned in
the present study from the standpoint
that it is generally unconservative and
unproven for all types of pretensioned
concrete applications.

Expressing development length as
the sum of transfer and flexural bond
lengths is fundamentally sound and
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conceptually simple. Adopting the
UTA crack prevention criteria would
require a set of equations specific to
the support conditions and loadings on
the pretensioned concrete member.
The current ACI/AASHTO approach
is consistent with the code treatment
of “attainable average bond stress over
the length of embedment” (see Ref. 1,
p. R-181) that has been successfully
applied to nonprestressed reinforce-
ment for many years. There is merit to
retaining a concept that has been a part
of the ACI Code for 30 years. Modifi-
cations to both the transfer and flexu-
ral bond lengths are needed, but the
basic concept should be preserved.

The current ACVAASHTO develop-
ment length expression is generally un-
conservative. Fortunately, strand devel-
opment rarely governs the design of
pretensioned concrete members. The
relatively few documented bond related
failures in pretensioned members is
probably due to the infrequent occur-
rence of critical conditions, instead of
adequate safety in the design criteria.

Pretensioned concrete beams failing
in general bond and followed by ulti-
mate flexural failure typically show
gradual, ductile failures. However,
many bond related failures in test
specimens have shown a relationship
with shear strength, and generally fail
in a sudden mode without adequate
warning. The possibility of such fail-
ures demands conservative develop-
ment length criteria, consistent with
the strength design philosophy of cur-
rent codes. A conservative expression
for strand development recommended
in this study is the following:

L= (g~ £ )dy (1)
where for general applications, the
multiplier A is taken as (0.6 + 40¢,,,).
For applications in which design
stress is calculated by the approximate
Eq. (18-3) of the ACI Code, an equiva-
lent expression (0.72 + 0.1028,/0,) is
required to compute A. In either case, A
shall be taken greater than or equal to
1.0 and less than or equal to 2.0. For
strands, either straight or draped, end-
ing in the upper one-third of member
depth and having 12 in. (305 mm) or
more of concrete cast beneath, it is rec-
ommended that the length calculated by
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Eq. (18) be increased by a factor 1.3.
For strands ending in other regions, the
1.3 multiplier need not be applied.
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APPENDIX A — STRAND DEVELOPMENT LENGTH
BY DIFFERENT CRITERIA

A problem example is useful in comparing development
lengths calculated by various criteria. Consider a rectangu-
lar pretensioned concrete beam 12 in. (305 mm) in width,
32 in. (813 mm) in overall depth, and 28 in. (711 mm) in
effective depth. Data for the example are: effective pre-
stress of 160 ksi (1.1 GPa); strand stress immediately after
transfer of 180 ksi (1.2 GPa); concrete strength at release of
4000 psi (27.6 MPa); and specified compressive strength of
5000 psi (34.5 GPa).

The minimum number of !/2 in. (12.7 mm) diameter
strands that furnish a moment strength in excess of 1.2M, is
three. The maximum number of /2 in. (12.7 mm) diameter
strands that provide ductile failure is 12. The corresponding
strand stress at failure ranges from 242 ksi (1.7 GPa) with 12
strands to 263 ksi (1.8 GPa) for three strands, as approxi-
mated by Eq. (18-3) of the ACI Code. Sample calculations
below are for the case using three strands. Results for other
cases are shown in Fig. 9.

In the sections to follow, the embedment length required
to develop the strand stress of 263 ksi (1.8 GPa) is calcu-
lated by current and proposed development length criteria.

Hanson and Kaar Criteria

The Hanson and Kaar criteria were developed from tests
on Grade 250 strand. For comparison purposes, their local
bond stresses will be assumed applicable to the Grade 270
strands of the example.

Transfer length is based on a bond stress of 400 psi
(2.8 MPa), which applies to the actual strand perimeter [i.e.,
2.09 in. (53.3 mm) for a /2 in. (12.7 mm) diameter strand)].
Thus, to transfer an effective prestress of 160 ksi (1.1 GPa)
in the strands requires:

— f:veAps

ut,ave uO

=160 x 0.153/(0.4 x 2.09)
=29 in. (737 mm)

L, (AD)

Hanson and Kaar provide local bond stresses in a curve in
Fig. A-1 of their paper. This figure is reproduced as Fig. 5
of this paper. Using linear interpolation, the average bond
stress over the first 25 in. (635 mm) from the end of the
transfer zone is approximated for 5 in. (127 mm) incre-
ments. This results in successive values of 225, 125, 80, 65,
and 55 psi (1550, 863, 552, 449, and 380 kPa). The average
bond stress beyond 25 in. (635 mm) is approximated as
50 psi (345 kPa). On this basis, the development length is:

Ly=1, +[( Fos = FreJAps = 5u, _il(u,,m ),}/(0' 05u, ) +25

(A2)
=29 + [(263 — 160)0.153 — (5)(2.09)(0.250 + 0.080
+0.065 + 0.055)1/(0.050 x 2.09) + 25
= 146 in. (3.7 m)

100

AASHTO Specification Prior to 1973

In 1973, AASHTO adopted the development length equa-
tion that was included in the 1963 ACI Code. Before adop-
tion, AASHTO simply used the minimum embedment re-
quired to develop the breaking strength of Grade 250 strand,
which was calculated as 134 in. (3.4 m) for /2 in. (12.7 mm)
diameter strand by Hanson and Kaar.

Current ACI/AASHTO Method

The development length equation proposed by ACI Com-
mittee 323 is currently included in both the ACI 318 and
AASHTO Specifications. From this equation:

2
L,= (f,,s - gfse )db (A3)

=[263-0.67(160)]0.5
=78 in. (2.0 m)

Martin and Scott Equation

The equations proposed by Martin and Scott are curves of
best fit to the Hanson and Kaar data. Using the equation for
/2 in. (12.7 mm) diameter strand gives:

L, = (d,/0.39)f,, — 135/d),"]
= (0.5/0.39)[263 - 135/0.5)
=143 in. (3.63 m)

(A4)

Zia and Mostafa Equation

The development length equation proposed by Zia and
Mostafa is more conservative than the current ACl/
AASHTO equation. This equation gives:

L= (1.5%@ - 4.6) +1.25(f, — £, )dy (A5)

=(1.5%180/4.0)0.5-4.6+1.25(263-160)0.5
=94 in. (2.4 m)

Proposed UTK Equation
The expression proposed in the UTK final report gives:

L= %db +1.42(f, — £, )y (A6)

=(160/3)0.5+1.42(263—160)0.5
=100 in. (2.54 m)

FDOT Proposal

The FDOT proposal provides significantly different results
for piles, slabs and girder sections. For the beam of the ex-
ample problem, the data are assumed such that k;, = 2; thus:
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fsldb + (fps fse )db

kyu

L= (A7)

ave

=[(180/3)0.5+(263-160)0.5]/ (2 0.250)
=163 in. (4.1 m)

McGill University Equation

The equation proposed by McGill University researchers
expresses development length in terms of concrete strength.
This gives:

dy | 4.5
L, _( Jsi b)\ ( Fos = fue )y \"% (A8)
180 e‘* 4.5
[ 3 \ +(263 160)0. 5\/ 5 }
=75in. (1.9 m)

UTA Criterion

The UTA study recommended a different approach to
strand development than calculating a development length.
The UTA approach is summarized:

“...to prevent anchorage failures, beams should be de-
signed so that no concrete cracks will propagate
through the transfer zone of a pretensioned strand. This
observation is comprehensive for all sizes of preten-
sioned strand, for all pretensioned applications, and for
both fully bonded and debonded strands.” (see Ref.16,
page 209)

Thus, for the example problem, the UTA criterion re-
quires that the calculated flexural stress within the transfer
zone not exceed the modulus of rupture plus effective pre-
stress at the point of consideration. The transfer length rec-
ommended by UTA is:
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foody (A9)
2
=160x0.5/2

=40in. (1.0 m)

L=

The cracking moment at the end of the transfer zone is:

M, =H2)Xfp, + 1)
=(32768/16)(0.62 + 0.53)/12

=196 kip-ft (270 kN-m)

(A10)

If the design bending moment 40 in. (1.01 m) from the
member end is less than 196 kip-ft (270 kN-m), and web
shear cracking is not a problem, the UTA criterion predicts
that strands can fully develop regardless of strand stress.

Proposed Development Length Equation

Using the development length equation proposed in the
current study involves for this case:

A
w, =2 Ios (A1)
Po\bd \ £

=(3x0.153)(@)
12x28 A 5

=0.072

Thus, Eq. (18) gives:
_ Judy 0.1028,

Ly=200 4+ 07247 S5 o (frs = fre )ds (A12)
=ISOXO'S+(0.72+0'102)(0'8)(263—160)0.5
=125 in. (3.2 m)
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Thus, from Eq. (18):

_ fud, 0.102,
_180x0.5 (0,72 N 0@)%2899:8)(239 ~160)0.5

=69 in. (1.75 m)

For this example, the calculated strand stress is close to
the yield stress and Eq. (18) gives a development length that
is practically the same as the value computed by the current
ACI/AASHTO equation.

Example 2: Double Tee

For the double tee shown in Fig. B1, the effective width
for each stem is taken as 38 in. (965 mm), the flange thick-
ness is 2 in. (51 mm) and each stem contains three !/2 in.
(12.7 mm) diameter strands positioned such that d, = 17.5 in.
(445 mm). Assuming, initially, that the depth of compres-
sion zone is less than the flange thickness, the ultimate
strand stress can be approximated using Eq. (18-3) of ACI
318. For this case:

y f 173
fps=f,m[ —ﬂf[p,, }’ H (B4)

_ym0ly_ 028 (3x0.153)(2]§))
0.8 [\38x17.5 5

=266 ksi (1.84 GPa)

Checking the depth of compression zone:

Al
= Zpslps BS
“T0.851% (B3)

_266%x3x0.153
0.85x38x%x5
=0.76 in. (1.93 m)

The calculated depth of compression zone is less than the
flange thickness; therefore, Eq. (18) is satisfactory. The pre-
stressed steel index is:

_ Aps [ Tps
w,= 5 ( £ ] (B6)

-(Bo5r) 269)
38x17.5 5

=0.037

In this case, the flexural bond length multiplier is:

a=[0.72+9492&] ®7)

@,

=(0~72+ 0.102><0.8)

0.037
=2.9; use 2.0
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Thus, by Eq. (18):

d
Ld = é%‘k‘i‘ﬂr(fps - fse)db (B8)
- 180X0:5, 2 0)(266-160)0.5

=1361in. (3.45 m)

This represents an extreme case in which the strand strain
at ultimate exceeds the minimum guaranteed elongation of
3.5 percent. In this case, the development length is roughly
1.7 times the value that would be computed using the cur-
rent ACI/AASHTO expression. (Note that the factor of 2.0
applies only to the flexural bond length and not to the trans-
fer length.)

Example 3: Square Pile Section

Consider the 18 x 18 in. (457 x 457 mm) pile section pre-
stressed with eight symmetrically placed '/2 in. (12.7 mm)
strands, as shown in Fig. B1. In this case, part of the pre-
stressed reinforcement is in the compression zone and the
approximate Eq. (18-3) in the ACI Code does not apply.
The strand stresses must be determined by a strain compati-
bility analysis. If the axial force on the section is negligible,
the location of the neutral axis at flexural failure can be
found by trial-and-error to be 4.1 in. (104 mm) below the
compression face. This value was found using the principles
of ACI 318 and an idealized stress-strain curve for Grade
270 low-relaxation strand.* For this location:

gps =& + €t Esu (B9)

=( 160 )_'_(SX0.153x160)+(16—4.1)0.003

28500 4030x18x18 4.1
=0.0145

Thus,
0.04
€py — 0.007

—o79—.. 004
€, —0.007

=265 ksi (1.83 GPa)

fps:fpu_ (BIO)

The strain compatibility analysis provides the strand

strain, €, so the flexural bond length multiplier is:

A=0.6 +40¢,,
=0.6 +40x 0.0145
=1.18

(B11)

From which:

Ld = f;il:;di + 2’(fps - f:\'e)db

_180x0.5

(B12)

+(1.18)(265 — 160)0.5
=92 in. (2.3 m)
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Most piles carry significant axial forces in addition to
bending moments. These forces must be included in a strain
compatibility analysis. For example, if the pile in this ex-
ample had 100 kips (445 kN) axial compression force act-
ing simultaneously with the moment, the neutral axis at fail-
ure would be 5.5 in. (140 mm) below the compression face;
the strand strain on the tension side would be 0.011 at fail-
ure; the controlling strand stress would be 261 ksi (1.8 GPa)
and would require a development length of 84 in. (2.1 m)
by Eq. (18).

Because piles are horizontally cast, the strands in the top
row will terminate in the upper one-third of member depth
and contain more that 12 in. (305 mm) of concrete cast
below. Thus, the development length should be increased by
a 1.3 multiplier for these strands.

Example 4: Composite AASHTO Girder

For the composite AASHTO girder shown in Fig. Bl com-
pression is resisted by the 3000 psi (20.7 MPa) cast-in-place
deck slab. The effective width of slab is 96 in. (2.43 m) and
the twenty-two '/> in. (12.7 mm) diameter strands are posi-
tioned such that d, = 46 in. (1.17 m). Using Eq. (9-17) of
AASHTO gives:
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Checking the depth of compression zone:
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=3.63 in. (92 mm)

The depth of compression zone is less than the slab thick-
ness; therefore, AASHTO Eq. (9-17) is satisfactory. The
prestressed steel index is:
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The flexural bond length multiplier is:
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0.067
=2.01; use 2.0

:(0'72_’_ 0.102><0.85)

Thus, Eq. (18) gives:
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= 180X0.5 5 0y264 —160)0.5

=134 in. (3.4 m)
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