READER COMMENTS

Serviceability Behavior of
Post-Tensioned Beams*

by Edward G. Nawy and Jim Y. Chiang

Comments by Paul H. Kaar, Julius G. Potyondy, A. S. Prasada
Rao, Himat Solanki, and Authors.

PAUL H. KAART

The authors' test series consisted of beams
with effective depths from 7.25 to 9.41 in.
(184 to 239 mm). These beams had a sup-
port span of 72 ft (2.29 m).

in Appendix A, p. 94, the design example
used a beam with an effective depth of 18 in.
(457 mm). This depth is considerably larger
than that employed in the test specimens.
Applying the expressions derived entirely
from the test results of small units to practi-
cal-sized members is misleading. Would it not
be better to consider experimental data from
beams of sizes larger than the small labora-
tory specimens before extrapolating to full-
sized beams?

Researchers®'*? have shown that crack
widths of conventionally reinforced concrete
beams are proportional to a fractional root of
the scale factor, not directly proportional to
the scale factor. It appears the authors are
assuming direct similitude in their expres-
sions for spacing and maximum crack widths.

It has also been shown through research®
that non-prestressed steel in a prestressed
member has a pronounced effect on crack
formation. The non-prestressed steel tends to
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distribute cracks and restrict their progress.
The authors' algebraic expressions only apply
to specimens of the size and reinforcement
arrangement tested.
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JULIUS G. POTYONDY3

| wish to congratulate the authors on
showing the advantages of using non-pre-
stressed steel in post-tensioned concrete
beams for controlling crack development. The
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Fig. A. Maximum crack width versus steel stress.

use of this hybrid type reinforcement in pre-
stressed concrete beams has been increas-
ing in recent years and will undoubtedly be
used more widely in the future.

The authors provide a mathematical model
to determine the expected crack width and
crack spacing in post-tensioned beams. |
refer specifically to p. 87 where Fig. 11 indi-
cates the maximum crack width versus rein-
forcement stress.

The following comments are intended to
amplify the major points put forth by the au-
thors:

1. The expression for maximum crack
width given by Eq. (9a) on p. 86 is applicable
to the conditions described in the paper,
namely, to non-bonded post-tensioned
beams loaded at third points of the span.
Previous research has shown that the varia-
tion of maximum crack width for non-bonded
beams with no mild reinforcement is between:

8.9 - 18.0 x 10-* AL (ar,).
0

This variation is influenced by the shape of
the tensile zone, the percentage of rein-
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forcement, and the type of loading. The ad-
vantage in using mild steel reinforcement to
control cracking far outweighs the cost.

2. The development of maximum crack
width and spacing is also a function of the
type of loading applied. My research indicates
that a much wider range of variation exists as
the function between loading types in post-
tensioned non-bonded beams than in bonded
ones.

In the case of non-bonded beams, the
maximum crack width occurs under the load if
the single concentrated load is applied at
midspan. If two equal concentrated loads are
applied at the quarter points of the span, the
maximum crack width varies between 32 to
45 percent of the crack width of one single
load case. This observation should be em-
phasized in these cases in order to provide
the proper control of cracking.

Eq. (10), p. 86, is based on the work pub-
lished in Reference 12 for pretensioned
bonded beams reinforced with non-pre-
stressed steel. | have previously found that
the —40 percent spread is wider if a large
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number of data are analyzed with a wider
range of variables.

The coefficient of Eq. (10) may vary be-
tween 1.17 and 5.85 as indicated by the au-
thors. This change of coefficient resuits in an
—80 percent spread for beams with no mild
steel reinforcement. Since the spread is into
the lower crack width, the proposed Eq. (10)
for predicting crack width is on the safe side.

It would be interesting to study further the
influence of mild steel reinforcement on the
behavior of post-tensioned beams, particu-
larly the effect of shrinkage, creep and stress
distribution along the non-prestressed steel,

A. S. PRASADO RAO*

The authors' paper presents very much
needed formulas for predicting the cracking
and deflection behavior of non-bonded
post-tensioned T-beams having non-pre-
stressed reinforcement. Other than these
formulas, most crack width equations avail-
able in the literature pertain to members
having both pretensioned and bonded non-
prestressed reinforcement.

Basically | agree with the authors' conclu-
sions. However, | believe that the procedure
for calculating Af, and M_, should at least in-
clude the effect of time-dependent concrete
strains such as creep and shrinkage in
beams containing both unbonded post-ten-
sioned and bonded non-prestressed rein-
forcement.

A method that considers the above effect,
the only method | am aware of, is based on
an uncracked section theory attributed to
Arutyunyan.®

| have developed an alternative method
that could be safely applied to partially pre-
stressed concrete members having both pre-
stressed and non-prestressed reinforcement,
which generally crack at working load. This
method also considers the tensile force de-
veloped due shrinkage and creep at the level
of bonded non-prestressed reinforcement.

| believe that the crack width formula
should be the same regardless of whether the
beam has bonded pretensioned or post-ten-
sioned reinforcement, or unbonded post-ten-
sioned or bonded non-prestressed reinforce-

*Sclentist, Structural Engineering Research Centre,
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ment, or any combination of the above rein-
forcements. Their effect can be taken care of
by appropriately calculating the parameters
A, X0, and Af,.

In the case of prestressed beams that have
a combined or unbonded prestressed and
bonded non-prestressed reinforcement, Af, is
the tensile stress in the non-prestressed
reinforcement at any crack width load level.
(The method for calculating Af; has been
mentioned earlier.)

| believe that crack widths are controlled
entirely by bonded reinforcement. Unbonded
reinforcement does little toward controlling
crack width. Hence, in calculating O and A,
it is appropriate to consider only bonded
reinforcement. Accordingly, for the non-even
case (see authors’ Fig. 9, p. 85) A, and 20
work out to 9 in.? and 2.3562 in., respectively.

As an example, let us consider Beams B3
and B4 (taken from Table 2, p. 79). The
theoretical crack width at Af, of 30 ksi is
given as 0.0064 in. (see Table 5, p. 83).
Using my method, the following values result:

A=3(1%+1%)=9in?
and
20 = 2(1 x 1781) = 2.3562 in.

Now, the crack formula becomes:

wll!ll = K % s
Substituting the values of w .., A, £0, and
Af,;, K works out to be 5.58 x 10~%. This is
very close to the authors' value for preten-
sioned beams, which is 5.85 x 10~*, given in
Eq. (10), p. 86.

After finding the forces that act on the con-
crete section at the center of gravity levels of
prestressed and non-prestressed reinforce-
ment, the cracking moment M, can be easily
worked from the following expression:

Fi fl
M.=F(e—ge)+ —L(1-g)+—t
Ay, Y,

whereg = F,/F and

F, = tensile force at the center of gravity
level of non-prestressed reinforcement,
and

e, = eccentricity of F, with respect to center
of gravity of concrete area.

It appears there is an error in the figure on
p. 94; 12715" ¢ should be written as 127" ¢.




Table A. Obsearved versus Theoretical Maximum Crack Width at Tensile Face of Beams.

Net Steel Stress Af,

40 ksi 60 ksi
Beam W ons W ino Wons Woass Wihea Woos
W oo : W ineo
B-3 0.0136 0.01337 1.017 0.0216 0.01996 1.082
B4 0.0152 0.01337 1.137 0.0236 0.01996 1.182
B-5 0.0118 0.01191 0.991 0.0196 0.01778 1.102
B-6 0.0111 0.01181 0.932 0.0186 0.01778 1.046
O-li-1 0.0131 0.01331 0.984 0.0210 0.01996 1.052
O-li-2 0.0119 0.01331 0.894 0.0196 0.01996 0.982
O-ll-1 0.0101 0.01146 0.881 0.0166 0.01771 0.970
O-ll-2 0.0100 0.01146 0.872 0.0174 0.01771 1.017
0-Iv-1 0.0073 0.00729 1.001 0.0114 0.01075 1.060
O-Iv-2 0.0077 0.00729 1.056 0.0120 0.01075 1.116
U-ll-1 0.0163 0.01788 0.912 0.0290 0.02700 1.074
U-lI-2 0.0171 0.01788 0.956 0.0274 0.02700 1.015
U-iv-1 0.0073 0.00671 1.088 0.0118 0.01000 1.180
U-iv-2 0.0077 0.00671 1.147 0.0126 0.01000 1.260
mean = 0.991 mean = 1.083
5.0 = 0.0: S.0. = 0.080

In Appendix B—Notation, p. 95 there also
appears to be an error. “e” should be defined
as the eccentricity of the prestressing steel
with respect to center of gravity of concrete
area, in., and not the eccentricity of center of
gravity of steel with respect to the center of
gravity of concrete area, in.
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HIMAT SOLANKI*

The authors are to be congratulated for
presenting a complete method of predicting
the maximum crack widths for partially pre-
stressed concrete beams.

It should be noted that Egs. (9a) and (9b),
p. 86, are primarily derived from the experi-
mental study of T-beams. Is it valid to apply
any other shape of prestressed/reinforced
concrete beams in these equations?

In Conclusion 4, p. 92, the authors mention

*Senior Design Engineer, Transportation Depart-
ment, Engineering Division, County of Sarasota,
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that: “The presence of non-prestressed steel
in prestressed members has a significant ef-
fect on crack control whereby cracks become
more evenly distributed and their spacings
and widths become smaller.”

It is true that the crack widths and spacings
have a direct effect on the tensile stress.
Therefore, for calculating the effective mo-
ment of inertia, it can be assumed more ap-
propriate to use the tensile reinforcement
force ratio instead of M./M, as proposed by
Branson in Eq. (15).*® The authors’ Eg. (12),
could be modified to:

] le, =1y

Tcr s T:r D
""*( T.) '”+[ i
(15)
where T., and T, express the tensile rein-
forcement force in the cracked section at
cracking and at an arbitrary load level, re-
spectively.

Based on the new Eq. (15), lower values
(up to 10 percent) of deflection were found as
compared to the authors’ Eq. (11).

Using the authors' approach, several

beams®'%%% were analyzed and it was con-
cluded that Eq. (9a) could be expressed as:

W omax = 6.21 X 104{_-‘-('5(M,J (16)

Bennett and Veerasubramanian's?®
maximum crack width formula was modified
as follows:
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Wonax = B + Bz (os — ) Oee (17)
where
By = constant representing residual
crack width, the value suggested
for deformed bars is 0.02 mm
B = constant depending on bond char-
acteristics of the steel; the value of
the deformed bars is 6.5
o, = residual tensile strain in concrete
d.. = cover over reinforcing bars to the
tensile face
Based on Eqg. (17), several beams® 124837
were analyzed and found to be satisfactory.
(This is concluded from Table A.)
Finally, | believe that these equations
would give a better correlation than the au-
thors' formulas.
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CLOSURE by EDWARD G. NAWY*
and JIM Y. CHIANGT

The authors wish to thank Messrs. Kaar,
Potyondy, Prasado Rao, and Solanki for their
interest in this paper.

In answer to Mr. Kaar's comments, the
authors emphasize that the two parameters
involved in the calculation of crack width are
crack spacing and apparent average strain at

*Professor of Civil Engineering, Rutgers
University—The State University of New Jersey,
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the location where the crack width is mea-
sured. The stress in the steel, the depth of
neutral axis, and the amount of clear cover
control the average strain. Most crack width
formulas, including the equations proposed
by the authors, have this quantity, R/f, as a
variable.

The crack spacing depends on the relative
bond strength and the tensile strength of the
effective concrete area surrounding the steel
bars. Using basic principles of mechanics, it
can be concluded that crack spacing depends
on: (1) bond strength of the concrete, (2) the
available bonding area which depends on the
sum of the perimeter, 20, (3) tensile strength
or modulus of rupture, and (4) the effective
tensile area.

Using statistics, Gergely and Lutz chose to
use a fractional factor to determine the effec-
tive area. Some other researchers, however
(including the CEB-FIP Standards®), have
chosen to use both the effective area and the
sum of the perimeters linearly. We have no
reason to believe that one method is superior
to the other. (Note that the statistics deter-
mine the key constant.)

Previous research by the authors™?*® on
beams and slabs has shown that the scale
effect is insignificant in determining the crack
width. This conclusion also agrees with CEB
analyses of prestressed beams® in which no
significant difference could be detected be-
tween 400 and 600 mm (approx. 16 and 24
in.) deep beams.

Mr. Kaar may not have realized that in par-
tially prestressed concrete, standard devia-
tions of crack width are higher than those in
reinforced concrete.*® This happens because
final randomness is a combination of cracking
phenomena randomness with randomness in
reaching the decompression state. Therefore,
data from a few larger beams cannot be ex-
pected to fit minutely the equations de-
veloped by the authors.

The authors' expressions developed were
also corroborated by analyses and compari-
son' with an extensive population of data
study from other investigations (including the
CEB-FIP) and found to be closely fitting.

The authors agree with Mr. Kaar's com-
ment that, “the presence of non-prestressed
steel substantially affects the crack forma-
tion.” That is why the authors undertook this
investigation.

Mr. Kaar's last sentence implies that for
every structural unit there should be pro-




totype testing. If this were to occur, design
procedures as they exist today would never
have become available for the engineering
profession.

We would like to thank Dr. Potyondy for his
contribution to the discussion and for his val-
uable remarks. His research confirms the
conclusion that when no mild steel reinforce-
ment is used, the crack width can be several
times larger. He is also correct in stating that
the benefits in using mild steel reinforcement
exceed the initial cost.

The authors also agree with Dr. Potyondy's
remarks in Paragraphs 4, 5, and 6 and also
concur with him that additional research is
needed on the effect on crack width in the
areas of long-term shrinkage and creep be-
havior.

Dr. Prasado Rao's remarks are welcomed.
The expressions developed in our research
were not for long-term loading. Only limited
work exists on long-term effects on crack
width, for reinforced or prestressed concrete
beams. Modlification factors have been pro-
posed by CEB® to take such effects into ac-
count in adjusting the value of Af; for long-
term effects.

We disagree with Dr. Prasado Rao in his
hypothesis that the same crack width formula
can be used for both pretensioned and post-
tensioned baams. The research results of the
present investigation show the lesser
number, hence wider cracks developed in the
non-bonded post-tensioned beams. This is
due to the lesser bonded area of reinforce-
ment whose effect cannot directly be taken by
simply evaluating the perimeters X0, which
Dr. Rao suggests. There is the frictional effect
of the interface of the interface of the non-
bonded tendons with the adjacent concrete
which requires that the areas and circumfer-
ences of the non-bonded tendons be included
in the equation for crack width evaluation.

The example presented by Dr. Prasado
Rao, in which he neglected taking into ac-
count the existence of the prestressing ten-
dons in the calculation of the perimeter sum
30 and the concrete area in tension Ar, by
coincidence gave K value close to that for
pretensioned beams. This is because the
beams he chose to use for illustration (Beams
B3 and B4) contain the lowest steel percent-
age of the 14 beams in Table 5, p. 83.

Dr. Prasado Rao is correct about the typo-
graphical error in the figure on p. 94, while he
is incorrect with respect to the definition of the
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eccentricity, e (see Appendix B, p. 95) based
on the above discussion.

Finally, the authors are grateful for the
amplifications presented by Dr. Solanki's dis-
cussion of the paper and his complimentary
remarks.

Dr. Solanki asks the question: Is it valid to
apply any other shape of prestressed/
reinforced concrete beams in these equa-
tions? These expressions apply to other
shapes of prestressed beams since the pa-
rameters of the equation developed by the
authors deal with stress levels, perimetric
values, and the concrete area in tension. The
formulas, of course, do not apply to rein-
forced concrete beams.

While there might be some meril to using
force ratios for computation of deflection, the
discussion on deflection was included to test
the behavior of the beams against the codes
which are based on the generally accepted
Branson equation.

On his question of using a factor of 6.21
[see Eq. (16)] in the equation the authors
proposed, it is not clear why Dr. Solanki
chose only part of the population of beams for
coming up with the 6.21 factor, and whether
his suggestion in expressing Egs. (16) and
(17) resulted from excluding the lower stress
level of AF = 30 ksi. If this is the case, the
authors are convinced that in prestressed
beams, the lower stress levels of Af, = 30 ksi
and less should be at least as important as
the higher stress levels in the regression
analysis for developing the crack width ex-
pressions.
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