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ULTIMATE STEEL STRESSES IN UNBONDED
' PRESTRESSED CONCRETE

By Soussan Mojtahedi’ and William L. Gamble,” M. ASCE

INTRODUCTION

Current design practice in the United States for unbonded post-tensioned
flat plate structures is partially based on the assumption that the stress in the
post-tensioned tendons at the time of flexural failure can be predicted using
the equation given by the American Concrete Institute (ACI) Code (1) for stresses
in beams. ‘

However, data from recent tests of a number of thin flat plate structures
and of beams having comparable span-depth ratios show that this is generally
not valid if the span-thickness ratio is about 45, or more. In many instances
the increase in steel stress, Af,, beyond the prestress level, f,., was much
smaller than the value predicted using the ACI Code. In no case did the stress
in multipanel flat plate specimens reach the expected values. In some of the
beam specimens the expected values were reached or exceeded, while in others
the increases were less than half that expected.

The purpose of this paper is to present the test data and to demonstrate
that an additional factor, the span-depth ratio, //d, needs to be introduced
into the prediction equations for ultimate steel stress in unbonded post-tensioned
members. Such an expression is not developed in this paper, but recommendations
for a series of tests to develop the needed test data are presented.

CunrenT DesiaN VALUES

When an unbonded prestressed concrete beam or flat plate is loaded, compati-
bility of strain between concrete and steel cannot be assumed. Slipping occurs
between steel and concrete because of the lack of bond. It is difficult to calculate
the stress in the tendon, f,,, at failure of the beam. Simplified expre§si0ns
for f,, have therefore been developed for design. The equation used in the
1971 ACI Code (1) is:
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Sos =f e + 10,000 + 1f

Po

but not more than f,, or (f,, + 60,000) psi. Or, in SI units, f,, = f,, + 68. 9
+ [f./(100p,)] N/mm but not more than f,, or (f,, + 414) N/mm>. This

TABLE 1.—Basic Geometry and Information on Loadings

Length | Width
of of
Num- | Thick- |- each each
ber ness, span, | span,
Ref- of in in in
Slab erence| spans | inches | inches [inches Loading
1 (2) (3) 4) (5) (6) (7
Slab A 16 3 2.94 120 55 | Four load points
Slab B 6 3 2.75 120 55 for each span
: Panels
Flat Plate I 2 9 2.90 120 120 { 16 load points for
Flat Plate II 10 9 3.00 120 120 panel, assumed
Flat Plate III 3 4 2.75 120 120 equal to uniform
load
S-1 9 2 4 180 40 | Single load
S-2 9 2 4 180 40 | Single load
S-3 9 2 4 180 40 | Single load
C-1 7 2 6 180 24 | Single load
C-I 7 2 6 180 24 | Single load
Z1 8 2 4 180 40 | Single load
Z1 8 2 4 180 40 | Single load
Panels
Scordelis 13 4 3 84 84 | Uniform loading
RU, 11 1 12 336 6 | Four equal point
RU, 11 1 12 336 6 loads
Panels
Mark 4 5 8 3 144 108 | Uniformly distrib-
uted load

Note: 1in. = 25.4 mm.

expression is based on Mattock’s tests (11) of beams.
Warwaruk, Sozen, and Siess (17) proposed the followmg equation for f

f,., =f,.+ 30,000 — ff 10°psi=f, .. ..o )

<

In SI units: f,, = f, + 210 — (4.76 p,/f0) 10°N/mm*=f£,,. The SI expression
is that used for design in the 1974 Australian Code (12), and is not an exact
conversion.

In the case of beams for which the parameter //d is small, the tendon stress
values predicted by Eqs. 1 and 2 are generally less than the test Sos values.
When the parameter //d has a large value, e.g., //d = 40 or more, the tendon
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stress values predicted by Egs. 1 and 2 are generally larger th e test f,,
values.

Data from tests of a number of thin specimens are summarized in Tables
1 and 2. Table 1 gives basic geometry and information on the loadings, while
Table 2 summarizes the results of tests and various calculated values. Five
of the tests were on multipanel flat plate structures. The other 11 were on
beams of various depths and widths, and several of these were planned to
be essentially companions to some of the flat plates.

The flat plates all eventually failed in punching shear at a column, but the
full flexural capacity was reached, judging from load-deflection curves, in all

but Flat Plate II and the shear failures were secondary.

a

TABLE 2.—Changes in Stress in Unbonded Post-Tensioned Strands in Several Slab
and Shallow Beam Tests

Af,. in kips per square inch
1/ Warwaruk's
Slab Reference | I/h |eff d| Observed ACI 71 equation
(1) (2) (3) | 4) {5) (6) (7

Slab A 16 44 |52 19.5 39.9 26.7
Slab B 6 44 |53 21.0 53.4 217
Flat Plate I 2 44 |51 6-25 29.0 24.7
Flat Plate II 10 44 |51 9-15 38.5 28.1
Flat Plate III 3 4 |51 5-23 28.3 24.5
S-1 9 45 | 60 24.5-32.3 26.05 23.8
S-2 9 45 |60 34.4-35.0 26.6 24.0
S-3 9 45 | 60 17.9-22.8 20.3 20.3
C-1 7 30 |36 20.4-27.0 20.5 20.5
C-1I 7 30 |36 24.0-55.8 27.8 22.9
Z-1 8 45 |60 13.2-279 20.8 20.7
Z-11 8 45 | 60 19.7-33.2 20.3 20.3
Scordelis 13 28 |34 22.0 51.6 27.6
RU1 11 28 |33.6 25 19.7 19.7
RU2 11 28 133.6 18.6 - 183 18.0
Mark 4 5 48 | 57.6 25.8 32.2 25.4

Note: 1 ksi = 6.9 N/mm?.

The beam and wide slab specimens all failed in flexural modes. In many
of the tests, a range of Af, values is listed. Strand forces were measured by
means of load cells at the ends of at least some strands, and these are the
lower values. Strand forces were also determined in several specimens using
strain gages on the strands, and in others friction losses between the critical
sections and the load cells were estimated. These forces are the higher values
in the tables. '

The observed values of Af, shown in Table 2 are in most cases lower than
either the Eq. 1 or 2 values. There are exceptions, but these are very erratic.
For example, slabs C-I and C-II had about the same span-depth ratlos as used
in beams, and while one developed Af, about 6 ksi (41 N/mm 2y higher than
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the A ode value, the other developed 28 ksi (190 N/mm?) more than the
Code prediction. The two beam specimens, RUl and RU2, both developed
Af, values slightly higher than computed using the ACI Code provisions, but
this is to be expected since these beams were in the body of data considered
when the Code expression was developed.

In other cases, and especially Slab B, Flat Plates I and III, and the slab
tested by Scordelis, the measured Af, values are markedly lower than the ACI
Code expectations. The Af, values given by Eq. 2 are often considerably lower
than the ACI values, but even these values are too large for several of these
slabs. Thelow Af, value from the slab tested by Scordelis is particularly disturbing,
since it was a relatively thick flat plate by current standards, with a span-depth
ratio comparable to that found in many beams.

It must be recognized that a deficiency in Af, does not lead to a proportionate
deficiency in moment capacity since the moment is related to the total stress,
Sos = [ + Af,. The initial stress, f,,, is generally very high relative to Af,,
but if Af, is lower than expected, sois f,,,.
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FIG. 1.—Steel Strain Versus Span/Depth Ratio for Deflection of Span /200

Several of the structures tested reached their required ultimate loads before
failure, despite the fact that Af, was somewhat lower than expected. This occurred
partially because they had reinforcement areas in excess of that required by
the nominal strength calculations, because the design had been governed by
allowable stress considerations at service load. If the strength requirements
had governed the design, and they apparently seldom will in flat plates designed
to current specifications and practices in the United States, the failure loads
would not have been as large as the required ultimate loads.

A simple truss model can be used to represent a post-tensioned structure,
as shown in-Fig. 1. It was assumed that the tie remained straight and the
strain on the tie was found, for a hinge deflection = 3. Fig. 1 shows the
strain in the tie versus //d for a deflection of //200. If it is assumed that
the center of the tie also has the same deflection, 3, the strain in the tie will
be slightly larger.

The truss model is a conceptual representation of a cracked unbonded
post-tensioned beam, and the numerical values of strain in the tie should not
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be assumed to represent any real case. Other more sophisticat odels are
also possible, but it is believed that similar trends will be obtained. However,
the trend of decreasing strain with increasing values of //d should be a realistic
representation of the increase in steel strain beyond the prestress value, f,,
in real cases, and it can be seen that the difference between I/d = 25 and
1/d = 50 is quite important. This I/d effect has been ignored in American
code development.

The British Code of Practice CP110 (4) relates Af, to //d in addition to

a p,f,./f. term. The tables in the code extend only to I/d = 30, and thus
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FIG. 2.—Measured Increase in Steel Stress Versus Span/Thickness Ratio
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FIG. 3.—Increase in Steel Stress Versus Reinforcement Index from Beam Tests

are not applicable to most slabs. However, the trend is that the Af, vglue
decreases sharply as I//d increases. Linear extrapolation of the values given
cannot be justified, but if done leads to Af, = 0 when //d = 50, for all values

~ofp,.

Recent tests of unbonded beams by Tam and Pannell (14) show the influence
of the I/d ratio, but all beams were heavily reinforced and thus the results
may not apply directly to lightly reinforced slab structures.

Fig. 2 shows the measured steel stress increase versus //h, with the data
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being p‘xinately in three groups of I/h values, at 9, about 30, and about
45. In general, the higher £ /p »» the higher Af, ., but the purpose of the figure
is to illustrate a general dependence of Afis On I/h. It can be seen that a
reasonable upper bound curve to the test data has the same general shape
as the curve obtained for the model, as shown in Fig. 1. This is also true
for the particular case of f’ /(100 p,) = 8 to 12, plotted as triangles in Fig.
2. The data presented include those from the references listed in Table 1 plus
data from Ref. 17 for the beams with I/h = 9. '

The same Af,, data are plotted in Fig. 3 versus f” /(100 p,). There is
considerable scatter in the test data from the three groups of specimens with
different //h values, but it is clear that the members with //h = 9 behaved
quite differently from the members with //h = 45. The curves for the three
groups of data are simple visual fits.

The values of Af, predicted by Eqs. 1 and 2 are also plotted in Fig. 3.
Both equations overestimate the Af, values for lightly reinforced members having
1/h ratios of 45, and both give values smaller than most of the test values
for thicker members.

The data presented in Figs. 2 and 3 should make it clear that the span-depth
ratio, //d, should be included in some manner as a parameter when determining
the steel stress at failure of an unbonded post-tensioned concrete member.

ConcLusions ANp RECOMMEN DATIONS

The data presented in this paper demonstrate conclusively that the ultimate
steel stress in thin unbonded post-tensioned concrete members cannot consistently
be safely predicted by the ACI Code expression. This is true for both beams
and multipanel flat plate structures, as can be seen from the data in Tables
1 and 2. Consequently, considerable caution should be exercised by designers
in the application of the 1971 ACI Code expression for f, »s to thin unbonded
post-tensioned members. This is especially true in those cases where the strength
requirements govern the steel area.

The increase in steel stress, Af,, above the post-tensioning stress, fees can
be shown to be influenced by the span-depth ratio, //d, in addition to the
steel ratio and material strength factors now included in the code expression.
A simple model is presented to demonstrate the sensitivity of Af , to the span-depth
ratio, and there are strong similarities between trends from the model and from
test results.

In order to provide a better understanding of the questions existing in this
problem, a series of tests in which the major variable is the span-depth ratio
should be carried out. The range of //d should extend from about 20 to 50
or more, and the specimens should be as simple as possible so that all extraneous
sources of uncertainty will be removed or minimized. For example, the test
specimens should be statically determinate so that there can be no question
about the applied moment at any section. The initial tests should not include
bonded auxiliary steel, so that another source of uncertainty about the sources
of resistance is eliminated. Only after a better understanding of the simplest
structures has been reached should more complex and realistic specimens be
tested.
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““Test of Scale Model Post-Tensioned Flat Plate,”’
ASCE, Vol. 103, No. ST6, Proc. Paper 13003,

~—REFERENCES

Building Code Requirements
Goncrete Institute, Detroit, Mich-»
s, N. H., and Hemakom, R,
Tournal of the Structural DivisioT,

0
Bune, 19;7'1_1;13' ;!2“317;;,32;‘ C. V., “Test of Four Panel Post-Tensioned Flat Plate
ums, . .y y -

with Unbonded Tendons,” Report to Post-Tensioning Institute, Glenview, Ill., The

oo . . Tex., Sept., 1976. ’
Bn:};e;s;%: ;az;xéz;: ‘,}u}s#:éﬁce Sor the Structural Use of Concrete, Part 1. Design,
¥i

Sl ; P110, Part 1, 1972,

atent}ls ;m;l: “ifmges:flg;dcp, D., ‘“Experimental Study of a Prestressed Concrete
lr;’t‘cll’lll:ie .St;"ucture ** The fnstitution of Engineers, Australia, Civil Engineering
Py . ’ t., 1967, pp. 276-282.

Tmnsacnolr;s. AVOII.SS)’"I;’:g'ti’ gzj Behavior of a Partially Prestressed Concrete Slab
harneyi, ‘d d ,Tendons » thesis presented to The University of Texas, at Austin,
ngl L{: ;);17: in panial’fulﬁmnent of the requirements for the degree of Master

T e d Behavior of Post-Tensioned Prestressed Concrete
ibs with U’ bc’)l;ll:;ds_t;::g;: ﬁn thesis presented to The University of Texas, at Austin,
Sla: sviv; 1971 in partial fulf"iumcnt of the requirements for the degree of Master
of Science. ‘e : of Post-Tensioned Slabs with Unbonded Rein-
q;brc-MlCI,l:! :}1’ -Zs" resl::}tl:r?; The University of Texas, at Austin, Tex., in 1970,
fo‘fce'll.e?tt.’ lfﬂlxe:l tp f the requirements for the degree of Master of Science.
e “I: nh ovior of Pgst_Tensioned Prestressed Concrete Slabs with Unbonded
Réinforcemen,t » :h:sis prescnted to The University of Texas, at Austin, Tex., in
s in partial fulfillment of the requirements for the degree of Master of Science.
: };1970,&11 pa ]; “Strength and Behavior of Post-Tensioned Flat Plates with Ux}bonded
qn:i om, thésis resented to The University of Texas, at Austin, Tex., in 1975,
Ten m}:l’ fulfillm nli of the requirements for the degree of Doctor of Philosophy.
b aruk : H eYamakazi ‘Jl and Kattula, B. T., ‘““Comparative Study of Beams
thoa(;lé without Bond.” Journal of the American Concrete Institute, Vol. 68, No.
Feb., 1971, pp. 116-125.

S Australian Standard 1480-1974.
sgo':df{,’: czetESt;"ui;nflt:e.s;{Coazf& Itaya, R., ‘“‘Behavior of a Continuous Slab Prestressed

* Journal of the American Concrete Institute, Vol. 56, Dec., 1959,

emakom, R.

'wo Directions,

; 4411\_4521'“1 Pannell, F. N., ‘“The Ultimate Moment of Resistance of Unbonded
. > . .

Pattially Prestressed Reinforced ((I)c;n;aeste Beams,”” Magazine of Concrete Research,
: . 203-208.
ol %:;iwiokgezogx:;;négazg;nﬂp for Pres}ressed Concrete Flat Plates,”” ACI-ASCE
mmittee 423, American Concrete Institute, Detroit, Mich., Nov., 1972. .
res, W. R., “Strength and Behavior of a Pgst-Tgnsxoned Concrete S}ab with
bo;lded Tendons,” thesis presented to The University of Texas, at Austin, Tex.,
1976, in partial fulfillment of the requirements for the degree of Master of Science.
arwa;'uk J., Sozen, M. A., and Siess, C. P,, “Strengtl.l am'i Behav1qr in Flext}re
e’stres,se&’ Concre’te B'eam’s,” University of Illinois Engineering Experiment Station

Bulletin No. 464, Urbana, IIl., Ausg-» 1962.



