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There is a considerable difference
between the physical capabilities of
a prestressing tendon in a testing
machine and the physical conditions
which can be imposed upon that
tendon when it is installed and left
unbonded in a concrete structure.
For example, the maximum force
which can be developed in an un-
bonded tendon in an actual struc-
ture is about 90 percent of the
rated® ultimate tendon force, yet
most specifications require that the
anchorages develop 100 percent of
the rated strength. The maximum
total elongation possible in an un-
bonded tendon in a structure is in
the order of 1.0 percent, yet specifi-
cations require between 2 and 3
percent. Performance specifications
for unbonded post-tensioning ten-
dons have, thus, consistently been
written solely on the basis of “testing
machine” capabilities, rather than
actual structural requirements. They
are based on what the tendon can
do, rather than on what it actually
has to do. It is extremely important
that the designer of unbonded post-
tensioned structures recognizes the
difference between the capabilities

* Rated strength — guaranteed ultimate
strength of the prestressing steel (see
References 1-3 for typical specifications).

50

and the requirements. Over-reliance
on ultra-conservative tendon specifi-
cations can shift the designer’s atten-
tion from more important aspects of
the design and detailing of un-
bonded structures, in effect causing
him to “miss the forest for the trees”.

Criteria for unbonded post-ten-
sioning tendons have been estab-
lished in three general performance
areas—static strength, static ductility,
and dynamic strength. It is the pur-
pose of this paper to discuss each
of these performance areas, and to
demonstrate the differences which
can exist between the common per-
formance specifications for un-
bonded tendons and the maximum
performance conditions which can
be imposed upon the tendons in an
actual structure,

STATIC STRENGTH

For static tendon strength, speci-
fications for unbonded post-tension-
ing tendons generally require that
the tendon anchorages develop 100
percent of the rated strength of the
prestressing steel which they an-
chor. This is a good basic require-
ment, founded on the sound engi-
neering principle that a connection
should not be the weak link in a
member. When viewed in the light
of the maximum force that may pos-
sibly be developed in the prestress-
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A detailed review of current specifications for unbonded post-
tensioning tendons, relative to performance in building structures,
points out those areas where practical re-evaluation of specifications
should be made and good engineering judgment followed.

ing tendon in a structure, however,
this requirement appears to be con-
servative for members designed ac-
cording to current codes.

In a tendon which has been
grouted after stressing (assuming
that the grouting job actually results
in complete bonding of the tendon),
the change in strain in the prestress-
ing steel at any point in the member
under load is equal to the change in
strain in the concrete immediately
surrounding the tendon. The force
in a bonded tendon, therefore, is a
function of the external moment in
the member, and the higher the mo-
ment the higher the force in the
bonded tendon.

This is not the case in an un-
bonded tendon. Because the tendon
is unbonded, local strains distribute
throughout the entire length of the
tendon, and high local moments in
the member do not produce a sig-
nificant proportional increase in ten-
don force. Thus, except for the local
effect of friction between the tendon
and the concrete, the only way to
significantly increase the force in an
unbonded tendon is to increase the
overall length of the concrete mem-
ber containing the tendon. Since the
frictional effects are usually small,
and the increase in length of a con-
crete member due to transverse de-
flection is a second-order effect, it
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naturally follows that for all but the
most lightly prestressed members, it
is physically impossible to increase
the force in the unbonded tendon
to any great degree. This is both a
disadvantage and an advantage for
unbonded tendons.

From one standpoint, it is a dis-
advantage because, due to the re-
duced ultimate tendon force, addi-
tional tendons or mild steel must
occasionally be provided to satisfy
ultimate strength requirements. This
disadvantage is, however, only aca-
demic because the additional mate-
rial required for normal usage in
building construction is not enough
to economically justify grouting the
tendons.

On the other hand, the fact that
high ultimate tendon forces are not
possible in unbonded tendons pro-
vides them with a significant ad-
vantage over bonded steel. It means
that it is virtually impossible to de-
velop enough force in an unbonded
tendon to fail it in a concrete struc-
ture. This fact has long been recog-
nized by American building codes.
For example, Equation (26-7) in the
1963 ACI Building Code (ACI 318-
63) expresses the ultimate stress in
an unbonded tendon as follows:

fsu = fse + Afs

where f., is the ultimate tendon
51



100 |
80 8OKSI
)|
Ats=t3 L 0000 ps 4
~| 60F iooP w
5 3
X 1]
~ b
o L4
L 40} ©
3 %
= s
b 201
A =Y |8KSI

O.(‘)5 0][0]
P
fc

0I5 020

x 10°

P = PERCENTAGE OF STEEL (As/bd)

I
f'c= compressIVE

STRENGTH OF CONCRETE

Fig. 1. Variation in stress increase with steel percentage

stress, fe is the effective or working
tendon stress, and Af, is the increase
in tendon stress from effective to
ultimate, Without additional tech-
nical data, ACI 318-63 limits Af; to
a value of 15,000 psi. For a common
270-ksi post-tensioning strand with
an effective stress of 162 ksi, the
ultimate tendon stress allowed by
the Code is only 162 + 15 or 177 ksi.
Thus, for ultimate strength design,
the Code limits the design ultimate
stress to only 66 percent of the rated
strength of the tendon, considerably
below the 100 percent that the an-
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chorages must develop according to
the specifications.

It is a well known fact that the
15 ksi limitation imposed by the
Code is conservative in many in-
stances. In other words, in most con-
crete members it is possible to de-
velop more than 15 ksi for Af,. The
question may well be asked, then,
“How much force can actually be
developed in an unbonded tendon?”

This question may be answered by
examining the results of tests per-
formed on concrete members pre-
stressed with unbonded tendons (415,
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Dr. Alan H. Mattock of the Uni-
versity of Washington has derived
an empirical equation for Af, in
unbonded tendons which closely
matches all existing test data™);

L4y,
Af. =5 + 10,000

This equation is plotted in Fig. 1.
It should be noted that the equation
was developed from the results of
tests on simple-span beams with con-
stant section. Recent tests®) indicate
that the equation may slightly over-
estimate the tendon force for con-
tinuous members, but it is still much
more accurate than the current Af
= 15 ksi.

As can be seen from Fig. 1, as
the percentage of prestressing steel
increases, the ultimate tendon stress
decreases; conversely, the maximum
possible tendon stresses occur in the
most lightly post-tensioned members.
The shaded area of the curve rep-
resents the range of Af, values which
occur in practice. The minimum val-
ue is determined from Sect. 2609 (a)
of ACT 318-63 which limits the maxi-
mum value of pf, /f, to 0.3. Thus,

P»_03___03
o fe LTT X107

»f@, =017 X 107
The maximum value can be deter-
mined by considering the most light-
ly reinforced member commonly de-
signed, which is the monolithic
T-beam commonly used in long-
span garage construction. The lowest
p/f, values for these members are
in the order of 0.02x107%. Thus,
actual ultimate tendon stresses in
structures can range between 180 ksi
for heavily reinforced members and
942 ksi for lightly reinforced mem-
bers. These ranges represent 67 and
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90 percent of the rated steel ultimate
strength, respectively.

With these data in mind, it seems
reasonable then to require the ten-
don anchorages to develop, say, 95
percent of the rated strength of the
prestressing steel, and to limit the
maximum ultimate design stress to
about 90 percent of ultimate capaci-
ty. This assumes, of course, that a
rational equation such as Mattock’s is
used to derive the design ultimate
stress, rather than the conservative
one presently in ACI 318-63. De-
signed according to the present ACI
code, with f,, =177 ksi, a tendon
anchorage will be adequate if it de-
velops only 80 percent of rated ulti-
mate strength (216 ksi),* and con-
servative if it develops 100 percent
(270 ksi).

STATIC DUCTILITY

Maximum strains. Along with
strength requirements, specifications
for unbonded tendons generally in-
clude a ductility requirement. This
ductility requirement is usually ex-
pressed as a minimum percent elon-
gation in a 10-ft. tendon under total
load. Ref. 1, which requires a 2.5
percent elongation, states, “The re-
quirement for percent elongation is
included because it is important that
the anchorage used not damage the
tendons and lead to a failure at an
elongation below specified. The ten-
don should elongate appreciably to
avoid the possibility of a brittle type
failure”.

* This corresponds to the maximum stress
permitted by the code under any condi-
tion, i.e., the temporary initial jacking
stress of 0.8 . (216 ksi). Note that this
initial stress is actually greater than the
allowable ultimate stress of 177 ksi,
meaning that each unbonded tendon is
proof-tested (at time of stressing) to a
stress level which is some 20 percent
higher than that required to develop the
ultimate flexural strength of the member.
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While the above statement is true
in a qualitative sense, the quantita-
tive requirement of 2.5 percent is
questionable, even though it is possi-
ble to achieve it in a testing ma-
chine with most existing tendon-an-
chorage systems. As will be seen
below, the maximum possible total
elongation for an unbonded tendon
in an actual structure is in the order
of 1.0 percent, less than half of that
required by even the most liberal
of specifications®.

First, consider the simple case of
axial elongation in a beam to de-
termine the magnitude of tendon
elongation that is possible. The maxi-
mum allowable working stress in a
typical unbonded tendon with an
ultimate stress of 270,000 psi is 162,-
000 psi, or 60 percent of ultimate.
At this working stress level, the ten-
don elongation is

o 162,000

“=F ~ 27,500,000
= 0.0059 in. /in. (0.59%)

The average compressive strain in
the concrete is, of course, a function
of the compressive stress induced by
the tendons. Using a typical com-
pression value of 300 psi, the aver-
age compressive strain in the con-
crete®* is

e =% _ 300
°E " 2,400,000
= 0.000125 in. /in. (0.0125%)

From this starting point, assume
that the entire concrete member be-
gins to lengthen. (It is somewhat
hard to imagine what could be caus-

*  There is some difference in published
specifications for tendon elongation but
all are between 2 and 3 percent.

** Assume lightweight concrete to max-
imize compressive strain.
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ing this lengthening, but since this
is the only way to significantly in-
crease the tendon force, we will as-
sume it is happening, without further
explanation). As the member gets
longer, the unbonded tendon gets
longer also, increasing both force
and elongation in the tendon. This
elongation continues until either the
tendon or the concrete fails in ten-
sion. Of course, the concrete will
fail first when the total strain causes
a tensile stress equal to the modulus
of rupture of the concrete. Assuming
4000-psi concrete, the modulus of
rupture is
f, = 7.5VF =475 psi

and the strain is

4T3
~ 2,400,000

= 0.0002 in. /in. (0.02%)

The total tendon strain is the sum -
of the initial strain, the strain to
overcome the initial concrete com-
pression, and the strain to reach the
modulus of rupture:

€; (total) = 0.59 + 0.0125 + 0.020
= 0.6225%

Thus, when the entire concrete sec-
tion has failed in tension, the total
tendon elongation is only % of 1 per-
cent.

It is, of course, possible to realize
greater elongation in the tendon by
transverse deflection of the beam.
For example, consider the beam in
Fig. 2. The working stress in the ten-
dons under load is 162,000 psi. It is
of interest to calculate the tendon
elongation required to develop the
ultimate tendon stress of 177,000 psi
as defined in ACI 318-63. This elon-
gation is

e = O _ 177,000

7 E " 27,500,000
= 0.006436 in./in. (0.6436%)
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Fig. 2. Deflection of simple span beam under load

The beam deflection required to pro-
duce this elongation is

o —+ [ 720(0.006436 — 0.0059) X 60
N 0.222

= 10.21in.

Thus, it is seen that, under the pres-
ent ACI code, only about 0.64 per-
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cent elongation is actually required
to develop the maximum allowable
ultimate tendon stress.

Finally, what about the maximum
possible tendon elongation which
could ever be expected in an un-
bonded tendon? We can set an abso-
lute upper bound on this value by
considering the maximum possible
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tendon stress and correlating this
with elongation from a stress-strain
curve. Fig. 1 tells us that the maxi-
mum- stress which can be expected
is 162 4- 80 or 242 ksi. If we assume
that this stress is constant through-
out the length of the tendon, a 270-
ksi strand stress-strain curve indi-
cates that the tendon elongation at
242 ksi will be slightly less than
1 percent. At this stress (90 percent),
the steel will have just yielded.

In summary, under the present
ACI Building Code, a tendon elon-
gation requirement of only 0.75 per-
cent would be sufficient to develop
the ultimate stress with reserve duc-
tility available. When a more rea-
listic ultimate tendon stress equation
is adopted, this author feels that the
elongation specification should be in
the order of 1.5 percent. It should
be pointed out that in recent tests at
the University of Washington, in ex-
tremely lightly reinforced unbonded
beams, ultimate tendon elongations
of 1.9 percent were achieved. How-
ever, these high values occurred at
ultimate loads some 30 percent
greater than the design ultimate
load; 1.5 percent elongation at de-
sign ultimate would have been suf-
ficient.

Minimum strains (stress reversal).
The above discussion concerns max-
imum tendon strains. How about
minimum strains, which are impor-
tant considerations in potential stress
reversal situations? As developed
above, the effective strain in the
tendon under working load is 0.0059
in./in. and the corresponding con-
crete strain is 0.000125 in./in.

The only way to change the steel
strain in the tendon is to change the
length of the member and, assuming
the member becomes shorter (reduc-
ing the steel strain), the concrete
will crush when the concrete strain
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reaches €,=0.003. The correspond-
ing change in steel strain will be

Ae, = 0.003 — 0.000125
= (.02875 in./in.

The steel strain at failure of the con-
crete will be

€, = 0.0059 — 0.002875
= 0.003025 in./in.

The corresponding stress in the steel
at this strain is

os = 0.003025 X 27,500,000

= 83,000 psi (31% of f,
or 51% of f,.)

Thus, the minimum possible ten-
don stress, at the time of concrete
failure, is about 30 percent of the ul-
timate steel stress and about 50 per-
cent of the working stress. It is seen
that stress reversal in the tendon is
impossible without destroying the
concrete. For the tendon stress to be
reduced to zero, the concrete com-
pressive strain would have to be

€. = 0.0059 + 0.000125
= 0.006025 in./in.

or over twice the ultimate concrete
compressive strain,

This fact can be envisioned by
considering a typical 60-ft. long post-
tensioned beam. The effective ten-
don elongation will be approximate-
ly 4.5 in. In order to decrease the
tendon force to zero the member
would have to become 4.5 in. short-
er! Obviously, this is impossible, and
its consideration should dispel the
fears of those engineers who are con-
cerned with stress reversal in un-
bonded tendons.

DYNAMIC STRENGTH

A very common specification for
unbonded tendons requires that they
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be subjected to a 500,000-cycle fa-
tigue test without failure, cycling
between 60 and 66 percent of the
rated steel stress®3). For 270-ksi
strand, this means 500,000 cycles be-
tween 162 ksi and 178 ksi. This test
is intended to demonstrate the re-
sponse of the tendon to the many
minor vibrations which may occur
in the life of a building structure.

In evaluating this test, first con-
sider that 162 ksi is the effective, or
working stress, while 178 ksi is, per
the current ACI Building Code, the
ultimate tendon stress. Thus, the test
means cycling the tendon 500,000
times between its service load con-
dition and its ultimate load condi-
tion!

To examine what this would mean
to a beam with unbonded tendons,
consider the beam shown in Fig. 2.
Under service load, the tendons will
be stressed to 162 ksi. In order to in-
crease the stress to 178 ksi, the beam
must deflect until the tendon elon-
gates an additional amount

oL
A=
(178 — 162) 60 X 12 X 1000
- 27,500,000
= (.42 in.

To lengthen the tendon 0.42 in. the
beam must deflect (by properties of
parabolas) an amount

_ [042 %60
- 0.292

Thus, for the tendon to feel the
stress variations required by the
specification, the beam would have
to be deflected from zero to almost
one foot at midspan, not once, but
% million times! Any tendon capable
of surviving this cyclic requirement
is most capable of resisting normal
building vibrations. It is indeed

= 10.7 in.

February 1970

questionable whether the beam con-
crete itself could survive this dy-
namic test.

A more realistic dynamic require-
ment, and one which approximates
seismic actions, is that which appears
in Sect. 4.2.4 of the ACI-ASCE Joint
Committee 423 report™. This rec-
ommendation states that the tendon
must withstand 50 cycles of loading
with the following stress range (cor-
responding to percentage of rated
strength):

2000
L+100

The extreme range (L =0) is then
between 40 and 80 percent of the
ultimate steel strength. This is an ex-
cellent and realistic requirement,
since the maximum possible stress
range for any unbonded tendon, as
seen previously, is between 30 and
90 percent of ultimate. Fifty cycles
between 40 and 80 percent thus ap-
proximates a reasonable number of
seismic cycles and covers almost the
entire possible tendon stress range.

In summary, the 50-cycle high
stress range requirement is very re-
alistic and appropriate and should
be in all specifications for tendons
in seismic zones. The 500,000-cycle
fatigue test is unrealistic in approxi-
mating normal building vibratory
conditions, however sufficient data
do not yet exist which can establish
a lower bound for this test. Until
such data are developed, it is rec-
ommended that the present specifi-
cation be used, with judgment. This
is one performance area where con-
servatism is advisable.

Ao =60 =

CLOSURE

The purpose of this paper is not
to recommend an immediate liberali-
zation of all specifications for un-
bonded post-tensioning tendons. Lib-
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eralization will come in time, as
engineers become more and more
familiar with unbonded post-ten-
sioned structures. Such is the case
with all new types of construction
materials and methods. From a prac-
tical standpoint, a conservative spec:
ification does not become objection-
able until it reaches the point where
it causes a building owner to spend
money unnecessarily. Conservative
as they may be, current specifica-
tions for unbonded post-tensioning
tendons have had little economic
effect on purchasers of unbonded,
post-tensioned structures, because all
of the commonly marketed un-
bonded systems do satisfy the spec-
ifications.

The real purpose of this paper
will be well served if it points out
to the designer that he is merely
wasting his time by worrying wheth-
er the tendon system can develop 96,
98 or 100 percent of the rated
strength of the steel; or whether the
tendon can develop 2 or 3 percent
total elongation under load. These
numbers are insignificant because
none of them are ever felt by the
tendon in an actual structure. Con-
versely, the designer should not be
lulled into a false sense of security
if he knows that the tendon system
will develop 100 percent of the
strength of the steel, or 3 percent
total elongation, because these facts
alone will not guarantee a properly
performing structure.

By far, the most important con-
siderations in the performance of an
unbonded post-tensioned concrete
structure are the overall structural
design and detailing of the members,
considering the interaction and con-
tribution of each of the three basic
materials: concrete, prestressing
steel, and mild reinforcing steel. Of
exceptional importance is the proper
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proportioning and placement of the
auxiliary mild reinforcing steel, both
in tensile zones of the member and
in the anchorage regions. Now that
post-tensioned concrete construction
with unbonded tendons is a well-
established structural media, it ap-
pears that designers should spend
less time debating tendon properties
which are possible to achieve only in
testing machines, and devote this
time to factors which are consider-
ably more important in producing
safe, serviceable unbonded post-ten-
sioned structures.
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