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TECHNICAL PERSPECTIVES

My business partner and I have been teaching unbon
ded post-tensioned concrete building design for over 
25 years in various capacities. We are currently teaching 
an undergraduate class at California Polytechnic State 
University (Cal Poly), San Luis Obispo, and the University 
of California, Los Angeles (UCLA), and have an online 
course through S.K. Ghosh Associates Inc. that is struc-
tured toward working engineers. By far, the most challeng-
ing aspect is explaining the theory and mechanics of stress 
design. It takes time to grasp the concept of “removing” 
the strands from the concrete and replacing them with an 
equivalent “load” and a compression force—a “load” that 
is not really a load, has zero impact on the overall weight 
of the structure, and is in equilibrium with itself. Other 
concepts include: creating the shear diagram from the 
net loading that can only be used to calculate moments; 
moments that have no other purpose than service stress 
checks; and understanding why a load factor cannot be 
applied to the service moments and used for ultimate 
strength. After tackling these uniquely post-tensioning 
concepts, the strength portion is relatively straightfor-
ward. The “big” reveal is there are now two tension forces 
in the section that are resisted by the Whitney stress block. 
That is low-hanging fruit compared to hypothetical loads 
and calculating shears that do not apply to shear design. 

The service stress aspect of post-tensioning is an 
extremely important topic and is already the focus of 
numerous books, articles, and seminars. The strength 
design of post-tensioning, especially the unique aspects 
of fps, is not as thoroughly covered by the post-tensioning 
community. The fps equations have been successfully 
used for decades and produce extremely strong and effi-
cient slabs and beams. The individuals who performed 
the test and invested the hours to create simple and effec-
tive equations did an excellent job. However, they are not 
perfect, not well-understood, and have several nuances 
that will be identified in this paper. As the governing code 
of post-tensioned concrete is being transferred to the 
forthcoming ACI-PTI 320-25 code, these issues should 
be addressed to improve the understanding of unbonded 
post-tensioning and help educate the future generations. 

UNIQUE ASPECTS OF fps AND STRENGTH DESIGN 
IN UNBONDED POST-TENSIONED CONCRETE

In typical building design, the service stress limits 
are the basis for the post-tensioning force and profile. The 
values in Table 24.5.2.1 from ACI 318-19 are specific to 
the impact that post-tensioning and the applied loads have 
on the concrete. With the post-tensioning and concrete 
geometry set, strength design determines the amount 
of reinforcing bar that is required to satisfy the factored 
load combinations. This quantity is compared to the Code 
minimums and the larger value controls. Effectively, 
service stresses design the tendons and the concrete, while 
strength is focused on the reinforcing bar. While it is 
technically possible to adjust the post-tensioning during 
the strength phase, this approach is rarely, if ever, used. 
Altering the post-tensioning invalidates the previously 
completed stress analysis and will need to be re-evaluated. 
Unlike other structural materials, more post-tensioning 
does not work by default and must be analyzed. In addi-
tion, modifications to the tendons will change the ultimate 
design values through secondary effects. The moment 
and shear demands will not match between the different 
strand forces and profiles. It is a load-to-reinforcement 
interaction that is specific to post-tensioning. 

WHAT IS AND WHY DO WE NEED fps?
For individuals new to post-tensioning, the first 

question is: what is fps, and why is it needed? Why is the 
tendon force at ultimate not based on the strand yield 
strength, like reinforcing bar and structural steel? The 
“Notation and Terminology” section of ACI 318 -19 lists 
the specified yield strength of prestressing reinforcement 
as fpy. If this is a real value and defined, why do we need 
fps? The short answer is that an unbonded post-tensioning 
strand will never yield in a building. The amount of 
deflection/rotation required to induce tendon yielding 
during the life of a project would devastate the concrete 
well before fpy is reached. The author is only aware of 
significant over-elongation at stressing that has caused 
an unbonded strand to yield. Because  fpy is not realistic, 
a new value was required, and fps was developed. ACI 
defines fps as the “stress in prestressed reinforcement at 
nominal flexural strength.” This value will be larger than 
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fse but obviously less than fpy. In terms of application, fps 
is used the same way as fy for reinforcing bar. The area of 
steel multiplied by the ultimate stress converts the strand 
to a tension force. 

ACI 318-19, Table 20.3.2.4.1 (Fig. 1), provides two 
equations to calculate fps, which are separated by the 
span-depth ratio of the element being designed. The 
only requirement to use this table is if fse > 0.5fpu. For 
this paper, fse is assumed to be 174 ksi (1200 MPa) and 
fpu is 270 ksi (1862 MPa). By default, the value of 174 ksi 
(1200  MPa) is greater than 135 ksi (0.5fpu) (931 MPa 
[0.5fpu]), so the table applies. A situation with fse less than 
135 ksi (931 MPa) would be extremely unique. 

Originally, fps was calculated using the ln/h < 35 
equation for any post-tensioned member, regardless of 
span. The 1978 testing referenced in the ACI Commen-
tary (Fig. 2) presented test data indicating the single 
equation overestimated the strand stress increase in 
thinner sections, so the second equation was developed. 
The ln/h > 35 equation was introduced to reflect a more 
accurate stress value in one-way slabs, flat plates, and flat 
slabs. For this reason, ln/h < 35 is often called the “beam” 
fps, while the ln/h > 35 is the “slab” fps. Conceptually, 
deeper sections are viewed to have a greater potential for 
rotation, which in turn increases the strain, stress, and 
force in the strand. 

Comparing the two equations, the primary difference 
is the 100 versus 300 in the denominator. With all things 
being equal, the ln/h < 35 will always produce a larger fps, 
which is an obvious benefit. The other difference is the 
maximum value. Using ln/h < 35, fps has an upper limit 
that is 30 ksi (207 MPa) greater than the other equation. 
Simply put, the strands located in a beam or girder are 
considered stronger than if they were placed in a slab. 

Besides magnitude, the main difference is that fy is 
treated as a constant, while fps is constantly changing. 
Both fps equations are a function of the post-tensioning to 
volume ratio ρp = Aps/(b × dp). In most buildings, dp is 
designed and installed in a parabolic profile, so its depth 
in the concrete section is rarely constant. The width of 
the section will also play a role in downturned cast-in-
place beams commonly idealized as T-beams. Depending 
on the location in the span, the compression flange can 
be in the slab or the bottom of the beam. These widths 
are usually very different, which will be reflected in fps. 
While these equations are straightforward numerically, 
the variables can create odd-looking results that need to 
be understood by the licensed design professional (LDP). 

SPAN ASPECT
Consider the 8 in. (203 mm) thick two-way slab in 

Fig. 3, which has spans of 18 and 30 ft (5.5 and 9.1 m) and 
a tributary width of 29 ft (8.8 m). Please note, ACI defines 
ln as the length of clear span measured face-to-face of the 
supports. For simplicity, the examples in the paper will 
use ln as the centerline length, so information about the 
column size and orientation can be ignored. The first 
span has a ln/h of 18 ft × 12/8 in. (5.5 m × 100/203 mm) =  
27, which will use the first (beam) fps equation. The second 
span has a ln/h of 29 ft × 12/8 in. (8.8 m × 100/203 mm) = 
43.5 and is governed by the second (slab) equation 
in Table 20.3.2.4.1. Per Fig. 3, the slab has 18  banded 
tendons with a center of gravity of strands (CGS) of 
6.75  in. (171  mm) (from the bottom of the slab) at the 
first interior column. Applying the first fps equation at the 
column, slightly toward span 1, 

fps = 174,000 psi + 10,000 psi + 5000/(100 × (18 × 0.153)/
(29 ft × 12 × 6.75 in.)) = 226.6 ksi (1562 MPa)

Table 20.3.2.4.1—Approximate values of fps at
nominal flexural strength for unbonded tendons

ℓn/h fps

≤ 35 The least of:

fse + 10,000 + fc′/(100ρp)

fse + 60,000

fpy

> 35 The least of:

fse + 10,000 + fc′/(300ρp)

fse + 30,000

fpy

Fig. 1—Table 20.3.2.4.1 of ACI 318-19.

Fig. 2—ACI 318-19 Commentary Section R20.3.2.4. 
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With a maximum stress of 234 ksi (1614 MPa), fps on 
the span 1 side is 226.6 ksi (1562 MPa). Moving 1 in. 
(25 mm) off the column centerline into span 2, 

fps = 174,000 psi + 10,000 psi + 5000/(300 × (18 × 0.153)/
(29 ft × 12 × 6.75 in.)) = 198.2 ksi (1367 MPa)

Numerically, the exact same strands, in the same vertical 
and horizontal locations, in the same concrete slab, just 
“lost” 28.4 ksi (196 MPa). This is not a difference that can 
be ignored and is challenging to justify, especially viewed 
from a reinforcing bar or steel perspective. 

While the fps discrepancy may be academically inter-
esting, the impact on reinforcing bar should grab the 
LDP’s attention. Figure 4 shows the cross sections and 
Whitney stress blocks that were used to determine the slab 
flexural capacity on each side of the first interior column 
in Fig. 3. To resist the applied moment, the slab on span 1 
requires no top reinforcing bar. Due to the loss of 28.4 ksi 
(196 MPa) in each strand, the span 2 side requires 1.45 in.2 
(94 mm2) of reinforcing bar to satisfy the ultimate loads. 
The demand moment is effectively equal in each span and 
matches the span 1 capacity. The span 2 top reinforcing 

bar is required to offset the loss of tension created by the 
reduced fps. Assuming Code minimums have been satis-
fied, the span 2 reinforcing bar controls the slab-column 
joint. The slab moment capacity on one side of the column 
needs no reinforcing bar and is numerically accurate and 
Code-compliant, while one inch into span 2 requires 
eight No. 4 (13 mm) bars. That is a tough one to explain 
to anyone, especially undergraduate students. 

If the LDP notices a large difference in reinforcing 
bar calculated at a single location, it is most likely caused 
by the differing span effect of the fps equations. The results 
are technically correct, the engineer did not input/create 
an error, and the software is following the rules as they 
have been laid out by ACI. I have often asked engineers to 
explain this one-sided reinforcing bar—99% of the time, 
the answer is, “We have verified the input into the software  
is correct.” We should not rely on or implicitly trust the 
mysterious working of black box software to explain how 
post-tensioning is designed. The LDP needs to under-
stand this numerical anomaly to avoid confusion in the 
office and in the structural drawings. The gap in the flex-
ural capacity will look “odd” and may lead engineers to 

believe there is a potential mistake, 
which there is not. 

For constant-thickness slabs, the 
requirements should be re-evaluated 
and possibly adjusted to use a single 
fps equation for the whole design 
strip. The top reinforcing bar at 
the slab-column joint will always 
be controlled by the “weaker” side. 
The larger fps equation applies to 
the shorter spans, which typically 
do not require a bottom reinforcing 
bar due to the loading and the slab 
being thicker than required. The 
only evidence that two equations 
are in play is the jump, which is the 

Fig. 3—Two-way slab example.

Fig. 4—Moment capacity calculation.
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actual issue. Using a single equation will have minimal, 
if any, change on the final design but will eliminate the 
discrepancy in the calculations and be easier to teach. It 
is understood that “curve fit” equations are not perfect, 
but this numerical instability should be the exception, 
not the rule. 

HIGHLY LOADED SLAB ASPECT
The fps jump described primarily applies to slabs that 

support minimal superimposed loads and have differing 
span lengths. Parking structures, hotels, and apartments 
would be examples of these types of buildings. The Post-
Tensioning Manual from PTI has span-depth “rules of 
thumb” for estimating slabs and beams. These equations 
are based upon a live-to-dead load ratio of less than 1.0. 
The LDP should understand that higher loads will require 
a thicker section. For two-way slabs, PTI recommends an 
approximate slab thickness of L/45, where L is the span 
length in inches. In the previous example, the 8 in. thick 
(203 mm thick) slab conforms to the L/45 for a maximum 
span of 29 ft (8.8 m). If Fig. 3 is now designed as an office 
with light storage live load (125 lb/ft2 [610  kg/m2]), 
a 10 in. (254 mm) thick slab is recommended. For the 
18 and 29 ft (5.5 and 8.8 m) spans, the ln/h is now 21.6 and 
34.8, respectively. Both ratios are less than 35, so there is 
no switching between fps equations. 

In general, if the slab thickness is increased by 2 in. 
(51  mm) or more beyond the PTI span-depth recom-
mendations, the first fps equation will apply to all spans 
and eliminate the “jump.” It is unclear if this effect 
was intended, but the author appreciates the benefit of 
larger fps values for slabs supporting high superimposed 
loads. The appearance of stronger strands where they are 
needed the most is another example of the efficiency of 
post-tensioned concrete. 

The author recently designed a post-tensioned two- 
way slab to support large, superimposed loads. To accom-
modate the building’s specific use, the slab spanned 20 ft 
(6.1 m) in each direction. It is difficult to understand how 
a 7 in. (178 mm) slab in this layout can use higher fps 
values; however, if the span was increased by 1 ft (0.3 m), 
there would be a noticeable reduction in strand force. 

The excellent performance of post-tensioned slabs 
over 50+ years and across the country shows that the 
equations have no real-world problems. This is a function 
of the tortured numbers department. It is challenging to 
believe or understand the instantaneous jump in force 
based on the arbitrary limit of the span-depth ratio. 
Modifying the criteria or providing an alternative that 

separates the equations based upon other criteria, 
possibly loading, seems like a valuable and worthwhile 
research topic. A potential example would be: “The slab 
fps equation shall apply to one- and two-way slabs. The 
beam fps is applicable for one- and two-way slabs that 
support a total superimposed load greater than twice 
their slab self-weight.” Increased loading will require 
thicker slabs, so the beam fps equation will still apply as it 
has historically. This would also remove the jump occur-
ring between differing spans of the same slab thickness. 
Until the “perfect” method is codified, the LDP should 
learn the “rules” of the game to better understand the 
process and the limits of fps and explain any apparent 
discrepancies in the results. 

WIDTH ASPECT
Another interesting aspect of the fps equation is the 

role of the beam width. For one and two-way slabs, the 
design width is typically constant along the span and 
rarely a factor. While the beam width does not physically 
change, the available concrete for the compression flange 
will have significant differences. A typical long-span 
post-tensioned beam that has been used for decades on 
the West Coast is shown in Fig. 5. Consider this beam 
in two spans, each 62 ft (18.9 m) long with 10 strands 
in a parabolic profile. The tendons are centered 4  in. 
(102 mm) off the top and bottom of the beam at the inte-
rior column and midspan, respectively. Each span has a 
ln/h of 62 ft × 12/35 in. (18.9 m × 100/889 mm) = 21.3, so 
the beam fps equation will apply. Near midspan, where 
the loading creates tension on the bottom of the beam, 

Fig. 5—Typical long-span beam.
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the compression flange incorporates the T-beam slab 
width of 8.17 ft (2.5 m), and fps is calculated as

fps = 174,000 psi + 10,000 psi + 5000/(100 × (10 × 0.153)/ 
(8.17 ft × 12 × 31 in.)) = 283.3 ksi (1954 MPa) 

This exceeds the upper limit of fse + 60,000, so fps is 
limited to 234 ksi (1614 MPa) at midspan. 

As the beam approaches the interior column, flexural 
tension will flip to the top part of the beam, placing the 
compression in the beam web. Calculating fps at the face 
of the interior column,

fps = 174,000 psi + 10,000 psi + 5000/(100 × (10 × 0.153)/
(16 in. × 31 in.)) = 200.2 ksi (1381 MPa)

It is the same span, same beam, same concrete, 
same tendons, same dp, and there is a 34 ksi (234 MPa) 
(17%) difference in the strand force. Between these two 
locations, the only change in ρp is the dimension of the 
compression flange. The relatively small beam width 
compared to the slab differentiates the two. 

Using the same amount of reinforcement, an engi-
neer would expect the midspan location to have a larger 
moment capacity due to the smaller α dimension and 
increased moment arm. The extra 34 ksi (234 MPa) at 
midspan will further increase this gap. Understanding this 
aspect should encourage the LDP to redistribute moment 
from the columns to the midspan, where the section has 
stronger strands and is geometrically more efficient. 

GRAY AREA
A gray area of fps is how to account for thickened 

sections that occur from column caps, drop panels, slab 
bands, and so on. The LDP decided to use column caps 
instead of stud rails for punching shear in Fig. 6; a 5  ft 
(1.5  m) square cap extending 4 in. (102 mm) below the 
slab occurs at all columns. Technically, each span now has 
two values for h. Per Section 2.2 of ACI 318-19, h is defined 

as “overall thickness, height or depth of member.” The 
definition does not specifically address if h is per location 
or the typical thickness for the element. It is also unclear if 
the Code intent is to use a single fps equation per span. The 
previous beam example has significantly different fps values 
in the same span when using one equation and no one has 
any issue with that fact. If the same 34 ksi (234 MPa) jump 
in fps is generated by two equations instead of one, how do 
the strands know this increase is incorrect? 

If thicker sections have more potential for rotation, 
an argument can be made that each depth has its own fps 
value. With a depth of 12 in. (305 mm), the cap portion of 
span 2 has a ln/h of 29. The slab outside the cap has a ln/h 
of 43.5, so both equations apply. The strands are stronger 
in the cap, and the jump will occur. At the edge of the cap, 
the center of the strands is 2.62 in. (67 mm) below the 
top of the slab. Inside the cap, fps is 234 ksi (1614 MPa). 
Outside the cap, fps is now 195.3 ksi (1347 MPa), and 
each strand lost 38.7 ksi (267 MPa). With 18 tendons, the 
strand tension force is reduced by 107 kip (476 kN). 

Some structural engineers would have the opinion 
that the relatively small size of the thickened section is 
insufficient to justify the stronger fps equation. Other 
engineers would claim the Code is ambiguous and if a 
2 in. (51 mm) thicker slab can generate a higher fps, why 
not a 4 in. (102 mm) cap? Assuming a 5 ft (1.5 m) square 
is too small, what happens if the cap is increased to a 6 ft 
(1.8 m) square? Or if the cap goes even larger to a 7, 8, 
or 10 ft (2.1, 2.4, or 3 m) square? At some distance, the 
deeper section extends into the span enough to justify 
the increased fps value. The obvious question is how 
far? The other question is how this applies in the uniform 
tendon direction. Do all the strands use the same fps equa-
tion based on the larger h, or does the beam fps only apply 
to the tendons directly over the cap? 

Another typical example of this gray area is slab 
bands, which are thicker sections in the band direction 

Fig. 6—Two-way slab example with caps.
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of a two-way slab. These are often 
used to support localized higher loads 
or isolated longer spans without in
creasing the entire slab thickness. 
If the total depth is less than twice 
the slab thickness, the beam Code 
sections do not apply. Figure  7 is a 
typical slab band detail for a design 
width of 30 ft (9.1 m). The slab band 
is 5 ft (1.5  m) wide and extends 
the slab depth below the bottom 
of a typical slab. All the banded 
tendons are placed inside the slab band and can benefit 
from larger potential rotations. While the width of the 
thickened section is only 16.7% of the tributary, it is hard 
to argue the beam fps equation does not apply to these 
strands. However, does the ACI definition apply to the 
section with the strands, the typical slab thickness, or 
some weighted average? 

The applicability of fps needs to be better defined in 
two-way slabs to avoid confusion and overestimation of 
force and to have a consistent understanding between 
engineers. A simple solution would be to mandate a single 
fps equation for the design strip, as mentioned previously. 
This would provide a more consistent stand force and 
eliminate the potential jump. 

CONCLUSIONS
The concepts presented are calculation-only issues and 

in no way reflect, or even hint at, any real problems where 
unbonded post-tensioned slabs and beams are experiencing 
flexural strength issues. Even if nothing changes based on 
this paper, which is most likely the case, our designs are 
extremely efficient, economical, and structurally sound. 
The author will never lose a second of sleep worrying about 
the bending strength of a post-tensioned slab or beam. At 
this point, I have met more people who claim to have seen 
Bigfoot than a flexural capacity issue with unbonded post-
tensioning. As a member of the post-tensioning design 
and education community, it is my opinion that we need 
to simplify and streamline our designs and remove these 
discrepancies. These unique aspects create the appearance 
of odd numerical results, are not well-understood by engi-
neers, and are challenging to teach. 
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