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Development Length of
Prestressing Strands

Based on an extensive literature survey of bond
development, the authors propose a new
equation for the transfer length of prestressing
strand. This equation accounts for the effects of
strand size, initial prestress, and concrete
strength at transfer, and is applicable to concrete
strengths ranging from 2000 to 8000 psi.

1
 n a pretensioned member, the pre-

stressing force imparted by the
strand is transferred to the concrete by
bond in the end region of the
member. The distance over which the
effective prestress fSe is developed in
the strand is called transfer length.

An additional bond length is re-
quired so that a stress f may be de-
veloped in the strand at ultimate

*Note that the list of references given at the end of the
paper are presented in chronological order.

flexural strength of the member. This
additional length is called flexural
bond length. The sum of these two
lengths is referred to as the develop-
ment length of the _strand.7*

The development length of pre-
stressing strands specified by the cur-
rent ACI Code (318-71)26, 27 is based
primarily on the work of Hanson and
Kaar. 14 As illustrated in Fig. 1, the de-
velopment length consists of the:

1. Transfer length (f /3)db and
2. Flexural bond length (ff„ – fse)db.
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Fig. 1. Variation of steel stress with distance from free end of strand
according to ACI 318-71.

It should be noted that the transfer
length and the flexural bond length
are given as functions of the effective
steel stress f8e which, in turn, is de-
pendent on the initial prestress f , and
the amount of prestress loss. In the
expressions specified by the ACI
Code, both f8e and f871 are expressed in
ksi. The denominator, 3, in the ex-
pression for transfer length represents
a conservative average concrete
strength in ksi.

Similarly, in the expression for
flexural bond length, a denominator of
1 ksi is implied, which represents a
stress factor related to bond. Thus, it
should be recognized that these ex-
pressions are not dimensionally in-
consistent.

According to the ACI Code re-
quirement, the transfer length would
be 47 nominal strand diameters and
the flexural bond length would be 110
strand diameters for 250-ksi grade
strand, assuming an initial prestress of

0.7f89 and a 20 percent loss of pre-
stress. Similarly, for 270-ksi grade
strand, the transfer length would be
51 strand diameters and the flexural
bond length would be 119 strand di-
ameters. In the shear provisions of the
Code, a transfer length of 50 strand
diameters is specified.

The development length affects the
bending and shear strengths of all pre-
tensioned members, particularly for
shallow, short beams and cantilevers.
In recent years there have been re-
ports of bond failures of such mem-
bers, causing concerns among the
structural engineers and within the
prestressing industry.

After a reevaluation of Hanson and
Kaar's test data, and noting that beams
containing a lower percentage of steel
are particularly vulnerable to bond
failure, Martin and Scott31 proposed a
transfer length of 80 diameters for
strands of all sizes, and a flexural
bond length of 160, 187, and 200 di-
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ameters for the Y4, %, and '/s-in. diam-
eter strands, respectively. These val-
ues are considerably higher than
those specified by the current ACI
Code.

On the other hand, based on the re-
sults of a test program of 36 preten-
sioned hollow-core units, Anderson
and Anderson32 concluded that the
current ACI Code requirement on the
development length is adequate pro-
vided that the free end slip of the
strand, upon transfer of prestress, does
not exceed an empirical value which
is roughly 0.2 times the strand diame-
ter.

In an attempt to examine the ques-
tion more thoroughly, a literature re-
view of bond development studies
was sponsored by the PCI Fellowship
Program at North Carolina State Uni-
versity. This paper is a summary re-
port on the literature survey. Based on
this information a new equation for
the transfer length of prestressing
strand is proposed.

Theoretical Studies

Several investigators",7' 10,18,23 have
formulated theories for transfer length
based on different concepts of bond
between steel and concrete, such . as
wedging action, friction, friction plus
shrinkage, or certain assumed bond-
slip relations. In general, these
theories underestimate the actual
transfer length and can, at best, be re-
garded only as approximations. Their
validities are questionable since they
are based on the elastic concept.

Often predicted by these theories
are unrealistically high localized con-
crete stresses within the transfer zone.
However, despite these shortcomings,
the theories clearly indicate that the
transfer length varies directly with
steel size and is also a function of
steel stress and concrete strength.

Bond Development Tests

Since the bond study by Hoyer in
1939,1 more than 30 such investiga-
tions have been reported in the litera-
ture (see References 1-32). Most of
the early tests dealt with transfer
length of small wires of different
sizes—either plain, twisted, crimped,
indented or deformed.

Only more recent bond studies in
the United States and Great Britain
have dealt with multi-wire strands;
and it seems that, except for one study
by Base 15 in England, the PCA
tests1{ '8,17,19 and the recent Anderson
tests32 are the principal ones that have
examined the question of flexural
bond. Since multi-wire strand is used
almost exclusively in current practice
for pretensioned beams, this paper
will consider only the test results
dealing with strands.

Test methods
Generally, three different methods

have been used by the various inves-
tigators to determine the transfer
length. These are illustrated in Fig. 2.
By using the measured pull-in dis-
tance, the transfer length is deter-
mined based upon certain assumed
bond-slip relations, or the transfer
length can be obtained by direct mea-
surement of the strain profile in con-
crete within the transfer zone. The
beam test with measured end slip and
strain profile along the beam, taken
before and after the application of
loading, will permit the determination
of both the transfer length and the
flexural bond region.

Effects of various parameters
The transfer length of a prestressing

steel is affected by a large number of
parameters. Among these are:

a. Type of steel, e.g., wire, strand
b. Steel size (diameter)
c. Steel stress level
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Fig. 2 (a). Pull-in measurement. 
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Fig. 2 (b). Strain profile measurement.

Dial Gage for End Slip

Fig. 1(c). Beam test for end slip and strain profile measurements.

d. Surface condition of steel—
clean, oiled, rusted

e. Concrete strength
f. Type of loading, e.g., static, re-

peated, impact
g. Type of release, e.g., gradual,

sudden (flame cutting, saw-
ing)

h. Confining reinforcement around
steel, e.g., helix or stirrups

i. Time-dependent effect
j. Consolidation and consistency

of concrete around steel
k. Amount of concretecoverage

around steel

Except for Item k, all the parame-
ters listed above have been examined
by the various investigators, notably
Items a through g. Unfortunately,
since many of the parameters can not
be properly and uniformly quantified,
the conclusions of the various investi-
gations can only be summarized and
compared in qualitative terms.

It is generally agreed that transfer
length is longer for larger steel sizes,
higher prestress levels, and lower
concrete strengths. Sudden release of
prestress by flame cutting or sawing
prestressing steel also leads to in-
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Table 1. Measured transfer length versus (fs;/fC;)db.

db

in.

fsi

ksi

fci

psi

Lt.in. fsi 	 db (in.)

ci

Reference Notes

Cut End Dead End

1/4 194.1 1720 13 10.5 28.20 Kaar, Lafraugh and

'1/4 192.5 2470 15 11.0 19.48
Mass19

1/4 194.1 3560 12 8.5 13.63

1/4 193.6 4150 10 10.5 11.66

1/4 195.7 4430 12.5 11.5 11.04

1/4 150 4000a -- 13a 9.38 Hanson and Kaar14
l6

1/4 175 4230 11.15 -- 10.34 Marshall and Mattock

3/8 191.7 1690 24.5 20.0 42.54 Kaar, Lafraugh and

3/8 191.1 3400 28.5 25.5 21.08 Kass 19

3/8 186 5000 25.5 21.5 13.95

3/8 167.5 3150 33.0 23.0 19.94

3/8 187.3 3250 32.0 21.0 21.61

3/8 166.1 3450 26.0 15.0 18.05

3/8 144.9 3400 23.0 12.0 15.98

3/8b 167.5 3150 27.0 21.0 19.94
Kaar143/8 150.0 4000a 19a 14.06 Hanson and

3/8 165 3232a 8.0a -- 19.14 Base15
4 results

3/8 165 4696a 8.0a -- 13.18

3/8c 250 7536a 14.7a -- 12.44 Mayfield, et al. 25 8 results

3/8d 250 7536a 17.4a -- 12.44

5/16 183.8 3700 23 24.0 15.52 Kaar, Lafraugh and

5/16e 173.5 3550 22 18.00 15.27
Mass19

1/2 177.4 1580 40.5 32 56.14 Kaar, Lafraugh and

1/2 175.4 2790 43.5 35.5 31.43
Mass 19

1/2 175.6 3525 43.5 36 24.91

1/2 173.7 4350 37.5 36 19.97

1/2 171.1 4930 41 33.5 17.35

1/2 150 4000a -- 26a 18.75 Hanson and Kaar14

1/2 175 4000a 12a -- 21.88 Base14
4 results

1/2 175 5856a 8a -- 14.94 4 results

1/2 175 4000 30 -- 21.88 Jann^^7

1/2 200 4000 30 -- 25.0 Janney1

 197.6 9520 46.3 29,6 10.38 Swami and Anand29

1/2f 197.6 11225 33.5 29.0 8.80

1/29 217.3 11190 28.0 24.8 9.71

1/29 172.9 9114 15.0 12.0 9.49

1/2h 214.0 10112 50.0 23.0 10.58

1/2h 192.6 8395 20.0 18.0 11.47

1/2h 192.6 9277 19.2 16.0 10.38

1 /2h 214.2 9497 28 27.7 11.28

1/2 1 190 8480a 11.0a -- 11.20 Mayfield, et al. 25 8 results

1/2d 190 8480a 16.7a -- 11.20 8 results

1/2d 250 8480a 22.1 a -- 14.74 12 results

1/23 250 6600a 33a -- 18.94 3 results

5/8 182.0 2220 51.5 33.5 51.24 Kaar, Lafraugh and

5/8 179.7 2410 52 41.5 46.60
Mass19

5/8 181.3 3180 49 42.5 35.63

5/8 191.8 4070 36 29 29.45

5/8 , 177.7 5465 39.5 27.5 20.32

5/81 190 7120a 16.73a -- 16.68 Mayfield, et al. 25 7 results

5/8d 190 7120a 26.07a -- 16.68 8 results

5/8d 250 6120a 29.53a -- 25.53 9 results

0.7k 175 4000a 20a -- 30.63 Base15 4 results

0.7k 175 5190a 20a -- 23.60 4 results

0.7k 175 4625a P0a -- P6.49 4 results

0.7 i 190 7096a 21.15a -- 18.74 Mayfield, et al. 2 5 8 results

0.7d 250 6480a 27.75a -- 27.01 7 results

0.7 c 250 6480a 26.55a -- 27.01

3/4 101 3600 21.2 -- 21.04 Busch and Rehm18

a Average value.
b Reinforcing spirals around the strand in the transfer region.

c Dyform with end stirrups and U bars.

d Dyform with end stirrups, U bars and helices.

e 3-wire strand.
f Stirrups (end reinforcement).

g Helices and two stirrups.
h Helices and shear reinforcement in the one-third length of each end.

i End stirrups, U bars and helices.

j Dyform, no end requirements.

k 19-wire strand.
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Table 2. Comparison of Eq. (1) with ACI Code requirement for transfer length L, (in.).

250-K Grade 270-K Grade

Strand fsi = 175 ksi, f5e = 140 ksi f 	 189 ksi, fSe = 151	 ksi

Size,
Eq.	 (1) Eq.	 (1)

in.

f 	 3500 psi fi = 4000 psi ACI fCi = 3500 psi fci = 4000 psi ACI

1/4 14 12 12 16 13 13

5/16 19 16 15 21 18 16

3/8 24 20 18 26 22 19

7/16 28 24 21 31 26 22

1/2 33 28 24 36 31 25

Table 3. Experimental results obtained by Hanson and Kaar 14 on embedment length.

Beam
No.

Strand
Size
in.

Embed-
ment

Length
in.

fsu
ksi

fSi
ksi

fse
ksi

fci
psi

P
%

f'c
psi

fsup-04
fc

L	 in.Lt.
Eq.	 (1)

Lb
in.

Uave
psi
Eq.(4)

1-4 1/4 48 278 150 141 4500 0.274 6040 0.126 8 40 214

1-9 3/8 90 268 150 129.7 4500 0.462 5730 0.215 14 76 170

2-2R 3/8 60 266 150 119.4 4500 0.632 5420 0.310 14 46 298

1-17 1/2 90 258 150 132 4500 0.543 5090 0.275 20 70 225

3-11 1/2 80 260 150 135 4500 0.631 6050 0.272 20 60 260

Ave 233

creased transfer length. Since strands
provide a certain amount of mechan-
ical resistance in addition to friction,
their transfer length is shorter than
that of smooth wires of comparable
size. Under repeated loading, if
applied outside of the transfer zone,
no significant effect on the transfer
length was observed. However, if
applied within the transfer zone, re-
peated loading could cause early bond
failure if a crack developed within or
near the transfer length.

The use of reinforcement to resist
the bursting stress near the end of
prestressing steel reduced slightly the
transfer length, although the effect
was not significant.

In several test programs, the trans-
fer length was observed to increase
with time, to the extent of 100 percent

for some small size wires. However,
other tests have shown that there was
virtually no change in transfer length
with time.

Transfer length of strands
Tabulated in Table 1 are measured

transfer lengths Lt as reported by the
various investigators. Under the head-
ing of "cut end" are the transfer
lengths corresponding to sudden re-
lease of strands by flame cutting. (The
effect of sudden release may be
minimized by gradual heating of the
strand in a sufficient length before ac-
tual cutting.) Those corresponding to
gradual release of strands by slow de-
tensioning are given under the head-
ing of "dead end." Also tabulated are
the corresponding values of strand di-
ameter d 5 , initial prestress f8j , and
concrete strength at transfer f.
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Fig. 3. Transfer length versus fs;d blfC, (sudden release).
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Fig. 3 shows a plot of transfer
length L, versus the quantity (f lf() db
for different sizes of strand up to Y2 in.
diameter. By excluding the data for
low strength concrete V,< 2000 psi)
marked by "L" and those for high
strength concrete (f > 8000 psi)
marked by "h", the remaining data
can be represented by Line A based
on a linear regression analysis. Simi-
larly, for the test data obtained with
gradual release, Line B is obtained as
shown in Fig. 4. Lines A and B can be
expressed as follows:

Line A: L t = 1.5 fd b – 4.6 (1)

Line B: Lr = 1.3 f db – 2.3 (2)
a

It is noted that the transfer length
represented by Line A is slightly
more conservative than that rep-
resented by Line B.

In Figs. 5 and 6, the transfer lengths
for strands larger than ' in. diameter
are compared with Line A and it is
seen that Line A is on the conserva-
tive side. Therefore, it seems reason-
able that, as a design criterion, the
transfer length may be taken as:

Lt=1.5=tdb -4.6
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Fig. 4. Transfer length versus fS;db/fC; (gradual release).

A comparison of Eq. (1) with the strand as a circular element of same
current ACI requirement is given in nominal diameter, it can be shown
Table 2. It can be seen that Eq. (1) is from the condition of equilibrium that
more conservative than the current the flexural bond length:
ACI Code requirement. While the dif-
ference between the two criteria is 	 L = .f ^.fsed6	 b	 (3)
quite small for the small size strand, it 	 4 nave
becomes appreciable for the large size
strand, especially if the concrete	 _f -f 8edb	 (4)
strength at transfer is relatively low. 	 Uave – 

4 L,

L
0

Flexural bond length
Within the flexural bond region, the

strand stress varies from f8e to f. This
increase in stress induces the flexural
bond stress. By representing the

where u a?e is average bond stress
within Lb. In the current ACI Code, it
is implied that Uave = 250 psi.

According to Hanson and Kaar,14 if
the ultimate strength of the strand is
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to be developed by beam flexure be-
fore general bond slip occurs, the
minimum required embedment
lengths are approximately 70, 106, and
134 in. for ¼, 3/e, and '/z-in, diameter
strands, respectively. However, 'these
values were obtained based on the
flexural bond stress wave immediately
prior to a general bond slip which was
conservatively deduced from the ex-
perimental results.

A close examination of Hanson and
Kaar's test data reveals that the actual
embedment lengths for the strands
which developed the ultimate
strength before a general bond slip

were considerably shorter than indi-
cated above. Their experimental val-
ues are tabulated in Table 3. Also
listed in Table 3 are the computed
values of L 1 from Eq. (1) for the
specimens in question.

Knowing the actual embedment
length and the computed L t, the
flexural bond length Lb is then calcu-
lated for each specimen, from which
the average bond stress u a„e is com-
puted using Eq. (4). It is noted that
the average bond stress ua„e is lower
for beams with lower reinforcement
index pf$ulf.. The average value of
computed u a„e is 233 psi which is
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somewhat lower than what is implied
by the current ACI Code.

Accordingly, for the purpose of de-
sign, it would seem appropriate to
choose ua„e = 200 psi. Thus, returning
to Eq. (3), one obtains:

Lb	 4(0. 
se db = 1.25(f –.fse)db

(5)
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Conclusions

Based on a review of available re-
search information, a new expression
Eq. (1) for the transfer length of pre-
stressing strands is proposed, which is
applicable for concrete strength rang-
ing from 2000 to 8000 psi.

This expression accounts for the ef-
fects of the strand size, the initial pre-
stress and the concrete strength at
transfer. The proposed equation for
transfer length gives comparable re-
sults as the current ACI Code re-
quirement for the small size strands,
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but is more conservative than the ACI
Code, particularly for cases where the
concrete strength at transfer is low.

A review of the test data obtained
by Hanson and Kaar14 suggests that
the flexural bond length specified by
the current ACI Code should be in-
creased by about 25 percent as given
by Eq.(5).

Combining Eq.(1) and Eq.(5), the
total development length for pre-
stressing strands may, therefore, be
represented as:

Ld = 1.5f b – 4.6 + 1.25(f3 –fse)db
f't

For the purpose of design, the stress
in the strand may be assumed to vary
linearly from zero to f8e within the
transfer region as given in Eq.(1) and
from fSe to f8,,, within the flexural bond
region as given by Eq.(5).

Notation
db = nominal diameter of prestress-

ing strand, in.
IC' = compressive strength of con-

crete, ksi
= compressive strength of con-

crete at time of initial prestress,
ksi

fse = effective stress in prestressing
strand, after losses, ksi

f, = initial stress in prestressing
strand, before losses, ksi

= ultimate strength of prestress-
ing strand, ksi

Lb = flexural bond length, in.
Ld = development length, in.
L, = transfer length, in.
p = ratio of prestressed reinforce-

ment to beam cross section
ua?e = average bond stress, ksi
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