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TECHNICAL PAPERS

This study evaluates existing models for predicting tendon 
stress at the ultimate state (fps), identifying limitations in 
the ACI/PTI CODE-320-25: Post-Tensioned Structural 
Concrete Code Requirements and Commentary provision, 
which provides discontinuous equations based on the span-
to-depth ratio and does not account for span continuity. A 
new model was developed based on the plastic hinge concept, 
maintaining a structure similar to ACI/PTI CODE-320-25 
while improving accuracy and precision. Validated against 
flexural test datasets, the model outperformed existing 
provisions, showing minimal variation between single-span 
and multi-span cases. Additionally, its predictions for slab-
column joint tests under lateral loads were accurate, ensuring 
conservatism. Unlike previous research, which often intro-
duced complex formulations, the developed model retains 
practical simplicity while enhancing theoretical foundations. 
By addressing key shortcomings of existing provisions, it 
provides a reliable and efficient approach for estimating fps in 
unbonded post-tensioned (PT) flexural concrete structures, 
ensuring improved accuracy for both flexural and lateral 
load conditions.

KEYWORDS
ACI/PTI CODE-320-25; experimental dataset 

analysis; flexural capacity; model derivation; plastic 
hinge; tendon stress at ultimate ( fps); theoretical 
approach; unbonded post-tensioned concrete

INTRODUCTION
ACI/PTI CODE-320-251 Section 20.3.2.4 for pre-

dicting tendon stress at ultimate state ( fps) uses separate 
terms based on the ratio of clear span length to section 
height (ln/h) of the structural member. However, this 
segmented approach can lead to unrealistic and incon-
sistent predictions due to discontinuities between these 
terms. Moreover, the code does not explicitly account for 
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the effects of plastic hinges, which can vary depending on 
the number of spans. Instead, the terms in the equations 
incorporate indirect redundancies that may partially 
capture these effects. This separation overlooks the inter-
action between these critical parameters.

Numerous researchers have tried to address these 
limitations by developing alternative prediction mod-
els.2–10 However, these models often differ significantly 
from the ACI/PTI CODE-320-251 provision in struc-
ture, making them difficult to adopt due to their com-
plexity. In light of these challenges, coupled with ongo-
ing research on PT concrete structures,11–15 there was a 
clear need for precise studies focused on unbonded PT.

In this study, to address the issues with the ACI/
PTI CODE-320-251 provision for fps, a more rational 
approach has been developed based on a plastic hinge 
model. This new model retains a similar form to the 
ACI/PTI CODE-320-251 provision, reinforcing the 
theoretical background of ACI/PTI CODE-320-251 and 
similar models, including those by Warwaruk et al.6 and 
Mattock et al.4

To verify the developed model, this study evaluated 
multiple models, including those from the American 
Association of State Highway and Transportation Offi-
cials (AASHTO),2 ACI/PTI CODE-320-25,1 Harajli,3 
Mattock et al.,4 Naaman and Alkhairi5 and Warwaruk 
et al.,6 for predicting fps based on flexural experimental 
tests. The results showed that the developed model pro-
vided highly accurate and precise predictions for both 
single- and multi-span systems.

Additionally, the developed model was tested for 
its ability to predict tendon stress at ultimate under 
lateral loads. The results demonstrated that it consis-
tently yielded conservative and accurate predictions for 
multi-span systems under lateral loads, further proving 
its suitability for structural design applications.

KWANWOO YI AND THOMAS H.-K. KANG
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RESEARCH SIGNIFICANCE
The ACI/PTI CODE-320-251 code for predicting fps 

has limitations in incorporating specific terms that account 
for span-to-depth ratio and plastic hinge effects. While 
alternative models have been developed, they often dif-
fer significantly from ACI/PTI CODE-320-25,1 making 
them complex and difficult to adopt. This study introduces 
a model based on the plastic hinge concept, retaining the 
simplicity of the ACI/PTI CODE-320-251 provision while 
addressing its limitations. The new model demonstrates 
superior accuracy and precision in predictions compared 
to existing models and strengthens the theoretical foun-
dation of the ACI/PTI CODE-320-251 provision.

REVIEW OF TENDON STRESS ULTIMATE 
PROVISIONS

In 1962, it was observed that increment in tendon 
stress ( fps – fse, also denoted as Δfps) is related to ρp/f ,c, 
where fse is effective prestress, ρp is ratio of prestressing 
steel, and f ,c is concrete compressive strength; therefore, 
Warwaruk et al.6 proposed Eq. 1 to estimate fps.
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where, fpy is prestressing steel yield strength. 
Equation 1 was considered conservative and was sub-

sequently adjusted by Mattock et al.4 in 1971, resulting 
in Eq. 2. 
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According to Mattock et al.,4 Eq. 2 provided reason-
able lower bound for fps while accounting for the param-
eter ρp/f ,c. Consequently, Eq. 2 was adopted into ACI 
318-71: Building Code Requirements for Reinforced
Concrete,16 where it was expressed as Eq. 3.
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However, in 1978, Mojtahedi and Gamble17 asserted 
that fps decreases as the span-to-depth ratio (L/dp) of 
unbonded concrete flexural members increases, indicat-
ing the need for refinements in the ACI 318-7116 provi-
sions. As result, in 1983, Eq. 4 was introduced to ACI 
318-8318 for members with ln/h greater than 35, while
original provision remained applicable for members with
ln/h less than or equal to 35. This distinction has been
maintained in subsequent versions of the ACI1 code.
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Nevertheless, ACI/PTI CODE-320-251 provisions 
for fps still present several issues: 1) they do not account 
for the effect of bonded reinforcement, 2) fps exhibits a 
significant discontinuity at ln/h = 35 and 3) they do not 
consider multi-span systems. To address these limita-
tions, a more rational approach based on plastic hinge 
concept for predicting fps has been developed.

For a single span simply supported unbonded PT 
concrete flexural member, increase in strain (Δεps) can be 
derived using Eq. 5 to 9 (Fig. 1).3
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where, Ac is area of gross section, Aps is area of unbonded 
prestressing steel, As is area of tension steel, As, is area 
of compression steel, b is section width, c is neutral axis 
depth, dp is depth of unbonded prestressing steel, Ec is 
modulus of elasticity of concrete, e is eccentricity of pre-
stressing steel, fy is yield stress of tension steel, fy,  is yield 
stress of compression steel, Ig is moment of inertia of gross 
section, Lp is equivalent plastic hinge length, La is tendon 
length between anchorages, εce is concrete precompres-
sion strain, εcu is ultimate concrete compression strain, β1 
is stress block factor, ΔLps is increment in tendon length 
and Δε is increment in prestressing steel strain.

For multi-span members with a uniform cross-section, 
the number of plastic hinges (np) should be multiplied by 
Eq. 9, resulting in Eq. 10.
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Considering that the contribution of εce to Δεps is 
usually small, it is often disregarded when predicting fps. 
Therefore, fps is expressed as Eq. 11. 
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where, Ep is modulus of elasticity of prestressing steel.
Many equations proposed by researchers follow sim-

ilar form to Eq. 11. In 1976, Tam and Pannell7 proposed 
Eq. 12 for single span unbonded post-tensioned concrete 
flexural members, recommending a value of y = Lp/c = 
10.5.
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Equation 12 is identical to Eq. 11 when Lp/c = 10.5 
and np = 1.

In 1991, Naaman and Alkhairi5 proposed Eq. 13, 
which accounts for the effect of the loading pattern. 
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where, Ωu = kdp/L, k = 2.6 for a single concentrated load 
and k = 5.4 for two-thirds-point loads or uniform load for 
analytical purposes. For design purposes, k was reduced 
to 1.5 and 3.0 respectively.

In 1998, Eq. 14 was adopted into the AASHTO19 

code, with a form similar to that of the previously pro-
posed equations.
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where,
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where, Ns is number of supports crossed by the tendon 
between anchorages.

Equation 14 is equivalent to Eq. 11 when Ep = 29,000 ksi 
(200 GPa), εcu = 0.003, Lp/c = 10.5 and np = 1 + Ns/2.

In 2006, Harajli3 conducted a more in-depth analysis 
of the effect of the loading pattern on Lp and subsequently 
proposed Eq. 16.
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where, f = ∞ for a single concentrated load and f = 6 for 
uniform load. Eq. 16 is equivalent to Eq. 11 when Lp/c = 
20.7/f + 10.5. 

Considering the overall equations, many models for 
fps, including those by Tam and Pannell,7 Naaman and 
Alkhairi,5 AASHTO2 and Harajli3 share similarities with 
the theoretically derived fps model, which accounts for the 
plastic hinge length and multi-span systems. On the other 
hand, equations provided by Warwaruk et al.,6 Mattock et 
al.4 and the ACI/PTI CODE-320-251 code exhibit fewer 
similarities with the theoretically derived fps models, as 
they do not account for the plastic hinge effects or multi-
span systems. The omission of these factors has often been 
cited as reasons why ACI/PTI CODE-320-251 provisions 
for fps tend to yield inaccurate predictions, further rein-
forcing the need for a revision of the code. 

DERIVATION OF EQUATION FOR TENDON 
STRESS AT ULTIMATE 

Assuming that the plastic hinge model precisely 
expresses fps, a new equation for the unbonded tendon 
stress at ultimate state was derived, starting from Eq. 11. 
First, semi-prefixed variables were assigned constant 

Fig. 1−Flexural failure of unbonded post-tensioned concrete 
member and strain distribution at critical section3
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values: Ep = 29,000 ksi (200 GPa), εcu = 0.003, Lp/c = 10.5, 
resulting in a total product of 900 ksi (6,300 MPa). This 
led to Eq. 17.
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Next, c was expanded by substituting Eq. 6 into 
Eq. 17, resulting in Eq. 18.
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Given that in the ACI/PTI CODE-320-251 provi-
sions, f ,c/ρp is a critical factor in determining fps, Eq. 18 
was transformed to include this term, yielding Eq. 19.
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To facilitate easier calculation for potential users of 
the equation, fps on the right-hand side was moved to the 
left, resulting in Eq. 20.
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In the denominator, considering that ρp/(0.85β1 f ,c) 
is relatively small compared to La/(900npdp) ksi-1 (La/
(6,300npdp) MPa-1) for typical unbonded post-tensioned 
concrete f lexural members, the term was disregarded, 
leading to Eq. 21.
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Interestingly, Eq. 21 exhibited a form very similar to  
the equation proposed by Warwaruk et al.,6 where fps  
is expressed as the sum of fse, a term independent of 
ρp/f ,c, and term multiplied by ρp/f ,c. By substituting np = 
1, dp/La  = 30, and (As fy – As,fy,)/(0.85β1Aps) = 300 ksi 
(2,100  MPa), Eq. 21 exactly matched the equation by 
Warwaruk et al.,6 with these values considered typical 
for single span unbonded PT concrete flexural members. 
This finding reinforces the theoretical foundation of the 
equation proposed by Warwaruk et al.6

To align the equation with a form similar to the ACI/
PTI CODE-320-251 provisions, Eq. 21 was modified to 
express terms containing f ,c/ρp in the numerator while 
maintaining values within a similar range. When compar-
ing the ACI/PTI CODE-320-251 provisions with that of 
Warwaruk et al.,6 the constant term was reduced to one-
third, while -1010ρp/f ,c psi (-476,000ρp/f ,c MPa) was trans-
formed into f ,c/(100ρp). This modification preserved the 
trend of decreasing fps with increasing ρp/f ,c while ensur-
ing consistency in stress units by making f ,c the numera-
tor. In this paper, it was assumed that 900npdp/La  ksi 
(6,300npdp/La MPa) corresponds to 30,000 psi (210 MPa) 
constant term in Warwaruk6’s equation, and that 900npdp/
La  ∙ (As fy – As,fy,)/(0.85β1Aps) ksi2 (6,300npdp/La ∙ (As fy – 
As,fy,)/(0.85β1Aps) MPa2) corresponds to 476,000  MPa2 
(1,010 psi2) in Warwaruk’s equation.6 To modify the form 
to better match the ACI/PTI CODE-320-251 provisions, 
900npdp/La ksi (6,300npdp/La MPa) was divided by three. 
The term containing ρp/f ,c was then transformed into its 
inverse form and further divided by 10 to match the coef-
ficient 1/100 used in the ACI/PTI CODE-320-251 provi-
sions. This process resulted in Eq. 22.
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(Eq. 22)

However, a significant issue with Eq. 22 arises when 
As fy – As,fy, becomes very small or drops below zero, caus-
ing the predicted fps value to become excessively large or 
negative. Additionally, in the ACI/PTI CODE-320-251 
provisions, the tendon stress increment term containing 
f ,c/ρp is constrained by additional constant term, ensur-
ing that it does not exceed 50,000 psi (350 MPa) for ln/h 
less than or equal to 35 and 20,000 psi (140 MPa) for ln/h 
greater than 35. In contrast, the tendon stress increment 
term in Eq. 22 required excessively large calculations, 
given its limited impact on fps. Considering these issues, it 
was more rational to assume (As fy – As,fy,)/(0.85β1Aps) as 
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a constant value of 300 ksi (2,100 MPa), since this value 
was used to make Eq. 21 identical to equation by Warwa-
ruk et al.6 This assumption led to Eq. 23.
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By substituting np = 1 and La/dp = 30, Eq. 23 produces 
the same fps prediction as the ACI/PTI CODE-320-251 
provision for ln/h less than or equal to 35, disregarding 
the regulatory term fse + 60,000 psi (fse + 420 MPa). These 
values are typical for single span unbonded PT concrete 

flexural members. This derivation reinforces the theoreti-
cal foundation of the ACI/PTI CODE-320-251 provision.

Equation 23 was further refined into a more practical 
form, aligning more closely with ACI/PTI CODE-320-
25,1 by considering structures with repeating equal-span 
lengths. The variables were substituted as follows: La = nbln, 
where nb is number of bays (spans) the tendon traverses 
between its anchorages, and np = (nb + 1)/2. In cases where 
the tendon anchorage is located along the span rather than 
at the end of the member, it was considered to contribute 
to one full span if the tendon length exceeded half of the 
clear span length. While substituting La = nbL may better 
capture the actual tendon length, to align the model more 
closely with ACI/PTI CODE-320-25,1 it was assumed 
that ln closely follows L. In the experimental setup, there 
was no difference between L and ln, as the specimens were 
supported by supports rather than columns. The substitu-
tion np = (nb + 1)/2 accounts for conditions in which only 
a single span fails in single-, two- and three-span systems 
(Fig. 2). Furthermore, to incorporate the regulatory term 
fse + 60,000 psi (fse + 420 MPa) from ACI/PTI CODE-320-
25,1 the f ,c/ρp value that produces the same constant when 
ln/dp  = 30 was substituted into the developed equation, 
with nb = 1, as the single-span case results in the highest fps. 
This transformation led to Eq. 24.
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Substituting nb = 1 and ln/dp = 30 into Eq. 24 yields the 
same fps prediction equation as the ACI/PTI CODE-320-
251 provision for ln/h less than or equal to 35, regarding 
the regulatory term fse + 60,000 psi ( fse + 420 MPa). For 
single span case (nb = 1), when ln/dp is below 30, Eq. 24 
predicts a higher fps value compared to the ACI/PTI 
CODE-320-251 provision (Fig. 3). This can be attributed 
to the conservative nature of design codes, including the 
ACI/PTI CODE-320-251 provisions, which generally 
aim to provide lower-bound predictions for fps in flexural 
members with ln/dp less than or equal to 30. For nb = 1 

Fig. 2−Failure of flexural concrete members and corresponding
number of plastic hinges3

—  ACI-PTI CODE-320-251

-•-•-• Eq.(24)

•-•-•-•-•-•-•-•-•-•-•-•-•-•-•-•-•-•-•-•-•-•-•-•
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Fig. 3−Predicted fps by ACI/PTI CODE-320-251 and Eq. 24 
(Note: fse = 174 ksi, fpy = 242 ksi, f ,c = 5,802 psi, ρp = 0.005, and h 
= dp were assumed; 1 ksi = 6.89 MPa)
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and ln/dp greater than 30, Eq. 24 generally produces fps 
values similar to those from the ACI/PTI CODE-320-251 
provision. However, unlike the segmented nature of the 
ACI/PTI CODE-320-251 provision, Eq. 24 provides a 
continuous relationship between fps and ln/dp, offering a 
more realistic representation of structural behavior. This 
analysis suggests that while the ACI/PTI CODE-320-251 
provision captures the decreasing trend of fps as span-to-
depth ratio increases, it does so with certain limitations. 
In contrast, Eq. 24 offers a viable alternative, achieving 
this without the need for additional terms to account for 
the span-to-depth ratio condition.

For multi-span systems, Eq. 24 predicts a decreas-
ing fps as nb increases, whereas the ACI/PTI CODE-320-
251 provision does not account for the number of spans 
(Fig.  4). This difference arises because Eq. 24 does not 
assume that all spans fail simultaneously but instead 
considers partial span failure, leading to a more realistic 
interpretation. For ln/dp = 30, Eq. 24 yields the same fps 
value as the ACI/PTI CODE-320-251 provision when 
nb = 1. However, as nb increases, fps predicted by Eq. 24 
decreases, resulting in values lower than those from the 
ACI/PTI CODE-320-251 provision. Nonetheless, for 
multi-span systems with significantly lower ln/dp ratios 
(e.g., ln/dp < 15), Eq. 24 may still produce higher fps values 
than the ACI/PTI CODE-320-251 provision for any nb. 
When nb becomes infinitely large, Δfps becomes half of the 
size when nb = 1. This value serves as the lower limit when 
the number of bays (spans) is inaccessible. Given that 
Eq. 24 explicitly incorporates the effects of both ln/dp and 
multi-span behavior, it is considered a more realistic and 
accurate prediction model while maintaining a concise 
form similar to the ACI/PTI CODE-320-251 provision.

Regarding its formulation, Eq. 24 follows a structure 
similar to other provisions (Fig. 5). While the models 
proposed by Tam and Pannell,7 Naaman and Alkhairi,5 
AASHTO2 and Harajli3 are based on plastic hinge 
mechanisms, the provisions by Mattock et al.4 and ACI/
PTI CODE-320-251 are derived from the fundamental 
equation proposed by Warwaruk et al.6 Due to these dif-
ferences, direct similarities between these two groups of 
provisions are difficult to establish. However, since the 
developed model was initially formulated based on a plas-
tic hinge approach and later modified to align with the 
ACI/PTI CODE-320-251 format, it can be interpreted in 
two ways: 1) Δfps expressed as the product of the stress 
increment due to a single plastic hinge and the number 
of plastic hinges, 2) Δfps expressed as the sum of terms 
that are independent and dependent with respect to f ,c/ρp. 

This interpretation not only strengthens the theoretical 
foundation of Warwaruk et al.’s6 equation-based models 
but also enhances the usability of the developed model 
for engineers familiar with the ACI/PTI CODE-320-251 
provision by preserving its concise and practical form.

COMPARISONS OF PREDICTIONS AND 
TEST RESULTS

To verify the predictive accuracy of the developed 
models, Eq. 21 and 24 were applied alongside provisions 
from AASHTO,2 ACI/PTI CODE-320-25,1 Harajli,3 Mat-
tock et al.,4 Naaman and Alkhairi5 and Warwaruk et al.6 
These provisions were used to estimate fps based on experi-
mental data from 416 specimens.4,6,7,14,15,20-51 The dataset 
comprised 295 single-span, 104 two-span, and 17 three-
span specimens. It covered a wide range of fse from 16 to 
218 ksi (110 to 1,504 MPa) and f,c from 1,600 to 13,053 psi 
(11 to 90 MPa). ln/dp varied from six to 60, and ρp ranged 
from 2.5 × 10−4 to 2.4 × 10−2. The comprehensive dataset 
allowed for evaluating the applicability of different provi-
sions across a broad spectrum of conditions.

Predicted values of fps and Δfps were compared to 
experimental results by calculating the mean, standard 
deviation (SD), and coefficient of variation (COV) 
for single-span, two-span, three-span and the entire 
dataset (Table 1). Analyzing these statistical metrics, 
it was observed that most mean values were below one 
across all cases, indicating a general trend of conserva-
tism among the provisions. However, this conservatism 
was most pronounced in the predictions by the ACI/

Fig. 4−(fps)Eq.(24)/(fps)ACI/PTI CODE-320-251 at different number of spans 
(Note: fse = 174 ksi, fpy = 242 ksi, f ,c = 5,802 psi, ρp = 0.005, and  
h = dp were assumed; 1 ksi = 6.89 MPa)
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Fig. 5−Timeline of equations for fps with modifications in terms

PTI CODE-320-251 and Warwa-
ruk et al.6 provisions. The mean 
ratio of predicted-to-experimental 
fps values (( fps)Pre./( fps)Exp.) for the 
entire dataset was 0.891 for ACI/
PTI CODE-320-251 and 0.853 for 
Warwaruk et al.6 In contrast, other 
provisions consistently yielded mean 
values exceeding 0.9. Among the 
existing models, the highest mean 
values were observed in the predic-
tions by Mattock et al.4 and Naaman 
and Alkhairi,5 reaching 0.944 and 
0.954, respectively, indicating the 
most accurate yet least conservative 
estimates.

A similar trend was observed 
in the mean ratio of predicted-
to-experimental stress increments 
((Δfps)Pre./(Δfps)Exp.). The values were  
0.734 and 0.585 for the ACI/PTI 
CODE-320-251 and Warwaruk et  
al.6 provisions, respectively, whereas 
the Mattock et al.4 and Naaman 
and Alkhairi5 provisions produced 
higher values of 1.006 and 0.901. 
These results highlight the varying 
degrees of conservatism across dif-
ferent provisions and emphasize the 
potential applicability of the devel-
oped models.

However, when considering the  
equations developed in this study, 
Eq. 21 and 24 demonstrated higher 
accuracy compared to both the 
Mattock et al.4 and Naaman and 
Alkhairi5 provisions. The mean 
ratio of predicted-to-experimental 
fps values (( fps)Pre./( fps)Exp.) for the 
entire dataset was 0.974 for Eq. 21 
and 0.970 for Eq. 24. The mean ratio 
of predicted-to-experimental stress increments ((Δfps)Pre./ 
(Δfps)Exp.) was 1.094 for Eq. 21 and 1.023 for Eq. 24. 
Equation 21 exhibited slightly higher accuracy than 
Eq. 24, as it accounts for bonded reinforcements, unlike 
Eq. 24. The fact that the mean values of ( fps)Pre./( fps)Exp. for 
both equations were below one suggests a degree of con-
servatism, making them suitable for design applications.

The COV of ( fps)Pre./( fps)Exp. for the entire dataset was 

approximately 0.14 across existing provisions. For exam-
ple, the COVs for AASHTO,2 ACI/PTI CODE-320-251 
and Harajli3 provisions were 0.137, 0.140, and 0.136, 
respectively, indicating negligible differences. The low-
est COV for ( fps)Pre./( fps)Exp. was observed in predictions 
by Naaman and Alkhairi,5 with a value of 0.125, while 
the highest was found in predictions by Warwaruk et al.,6 
with a value of 0.159.
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A similar trend was observed in the COV of (Δfps)Pre./
(Δfps)Exp., where values remained around 0.7. For instance, 
AASHTO,2 ACI/PTI CODE-320-25,1 and Mattock et 
al.4 provisions exhibited COVs of 0.676, 0.679 and 0.754, 
respectively. The lowest COV for (Δfps)Pre./(Δfps)Exp. was 
again observed in predictions by Naaman and Alkhairi5 

Table 1−Comparisons of (fps)Pre./(fps)Exp. and (Δfps)Pre./(Δfps)Exp. for flexural tests 

Researcher or 
code provision

Number 
of spans 

(fps)Pre./(fps)Exp. (Δfps)Pre./(Δfps)Exp.

Mean SD COV Mean SD COV

AASHTO2

Single 0.940 0.129 0.138 0.914 0.628 0.687

Two 0.910 0.128 0.140 0.750 0.404 0.539

Three 0.905 0.070 0.078 0.462 0.251 0.544

Total 0.931 0.128 0.137 0.855 0.578 0.676

ACI/PTI CODE-320-251

Single 0.878 0.114 0.130 0.670 0.479 0.714

Two 0.915 0.148 0.162 0.872 0.521 0.597

Three 0.975 0.079 0.081 0.994 0.458 0.461

Total 0.891 0.124 0.140 0.734 0.498 0.679

Harajli3

Single 0.925 0.126 0.136 0.848 0.587 0.692

Two 0.900 0.127 0.141 0.713 0.392 0.549

Three 0.905 0.070 0.078 0.462 0.251 0.544

Total 0.918 0.125 0.136 0.798 0.541 0.678

Mattock et al.4

Single 0.914 0.119 0.130 0.830 0.583 0.703

Two 0.996 0.128 0.129 1.283 0.835 0.651

Three 1.152 0.104 0.090 2.368 1.058 0.447

Total 0.944 0.132 0.140 1.006 0.758 0.754

Naaman and Alkhairi5

Single 0.954 0.129 0.136 0.915 0.560 0.613

Two 0.954 0.093 0.097 0.882 0.443 0.503

Three 0.945 0.083 0.088 0.772 0.393 0.509

Total 0.954 0.120 0.125 0.901 0.527 0.586

Warwaruk et al.6

Single 0.838 0.119 0.142 0.489 0.424 0.869

Two 0.873 0.169 0.194 0.762 0.571 0.749

Three 0.993 0.076 0.076 1.169 0.601 0.515

Total 0.853 0.136 0.159 0.585 0.501 0.856

This study (Eq. 21)

Single 0.994 0.171 0.172 1.212 1.034 0.853

Two 0.928 0.135 0.145 0.852 0.471 0.552

Three 0.914 0.072 0.079 0.531 0.279 0.525

Total 0.974 0.163 0.167 1.094 0.923 0.844

This study 
(Eq. 24)- 

Proposed Eq.

Single 0.967 0.134 0.139 1.049 0.702 0.669

Two 0.977 0.109 0.112 0.970 0.492 0.507

Three 0.966 0.088 0.091 0.903 0.463 0.513

Total 0.970 0.127 0.131 1.023 0.647 0.633
Note: SD is standard deviation, and COV is coefficient of variation.

(0.586), while the highest was found in Warwaruk et al.6 
(0.856). Given that (Δfps)Pre./(Δfps)Exp. is inherently more 
sensitive due to the smaller denominator, the relatively 
higher COV values were expected. Based on these obser-
vations, the Naaman and Alkhairi5 provision was identi-
fied as the most accurate and precise among the existing 
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in the actual experiments, some multi-span specimens 
were tested until failure occurred in every span, result-
ing in higher tendon stresses than those predicted by the 
provisions. It is also noteworthy that the reduction in 
the mean value is much smaller for models that explicitly 
accounted for the number of spans. This suggests that 
incorporating partial span failure was highly effective for 
these models.

The mean values of (fps)Pre./(fps)Exp. for the two- and 
three-span specimen dataset were 0.928 and 0.914 for 
Eq. 21 and 0.977 and 0.966 for Eq. 24, while for the single-
span specimen dataset, they were 0.994 and 0.967, respec-
tively. While Eq. 21 showed a significant reduction in mean 
values as the number of spans increased, Eq. 24 exhibited 
a much smaller reduction, both compared to Eq. 21 and 
other existing models. This indicates that Eq. 24 provides 
consistent predictions regardless of the number of spans. 
For (Δfps)Pre./(Δfps)Exp., the mean values for the two- and 
three-span specimen dataset were 0.852 and 0.531 for 
Eq. 21 and 0.970 and 0.903 for Eq. 24, while for the single-
span specimen dataset, they were 1.212 and 1.049, respec-
tively. In both cases, the values decreased as the number of 
spans increased, which is a reasonable trend.

The COV of ( fps)Pre./( fps)Exp. generally decreased or 
remained similar for the two-span specimen dataset 
compared to the single-span specimen dataset in most 
provisions. However, for ACI/PTI CODE-320-251 and 
Warwaruk et al.,6 the COV increased for the two-span 
specimen dataset. Specifically, the COV values for ACI/
PTI CODE-320-251 and Warwaruk et al.6 were 0.162 and 
0.194 for the two-span specimen dataset, compared to 
0.138 and 0.142 for the single-span specimen dataset. This 
increase suggests that the inability of these provisions to 
account for the number of spans led to lower precision 
in their predictions. Notably, the Warwaruk et al.6 model 
exhibited the highest COV among the existing provisions 
for both single-span and two-span specimen datasets, 
indicating the greatest variability in its predictions. In 
contrast, Eq. 24 showed a significant reduction in COV 
for ( fps)Pre./( fps)Exp. in the two-span specimen dataset 
compared to the single-span specimen dataset, outper-
forming both ACI/PTI CODE-320-251 and Warwaruk 
et al.6 The COV for Eq. 24 was 0.112 for the two-span 
specimen dataset and 0.139 for the single-span specimen 
dataset. This observation highlights Eq.  24’s ability to 
provide consistently precise predictions for both single-
span and multi-span systems. The COV of the three-span 
specimen dataset consistently showed low values across 
all models, likely due to the small sample size.

models, whereas the Warwaruk et al.6 provision was the 
most conservative.

The COV for ( fps)Pre./( fps)Exp. across the entire data-
set was 0.167 for Eq. 21 and 0.131 for Eq. 24. The COV 
for (Δfps)Pre./(Δfps)Exp. was 0.844 for Eq. 21 and 0.633 for 
Eq. 24. In both cases, Eq. 21 exhibited slightly higher 
COV values compared to other models, whereas Eq. 24 
demonstrated lower or comparable values. This indicates 
that while Eq. 21 achieved high accuracy, it exhibited 
less precision compared to other provisions. Conversely, 
Eq. 24 maintained both high accuracy and high preci-
sion, reinforcing its suitability for structural design and 
analysis applications.

Interesting trends emerged when considering the 
effects of multi-span systems. The provisions by ACI/
PTI CODE-320-25,1 Mattock et al.4 and Warwaruk et al.6  
exhibited increased mean values of ( fps)Pre./( fps)Exp. for 
increasing number of spans—0.915, 0.996 and 0.873 
for the two-span specimen dataset and 0.975, 1.152 
and 0.993 for the three-span specimen dataset, respec-
tively—compared to the single-span specimen dataset, 
where the values were 0.878, 0.914 and 0.838. This 
trend is attributed to the fact that these provisions do 
not explicitly account for the number of spans, poten-
tially assuming plastic hinge formation at every span. 
However, in the actual experiments, not all specimens 
were tested until all spans failed. A similar pattern was 
observed in (Δfps)Pre./(Δfps)Exp., where the mean values 
were 0.872, 1.283 and 0.762, for the two-span specimen 
dataset, and 0.994, 2.368 and 1.169 for the three-span 
specimen dataset, while for the single-span specimen 
dataset, they were 0.670, 0.830 and 0.489 for each 
respective provision.

In contrast, the opposite trend was observed in 
the provisions by AASHTO,2 Harajli3 and Naaman 
and Alkhairi,5 which explicitly account for the number 
of spans. These models usually exhibited decreased 
mean values of ( fps)Pre./( fps)Exp. for increasing number of 
spans—0.910, 0.900 and 0.954 for the two-span speci-
men dataset, and 0.905, 0.905 and 0.945 for the three-
span specimen dataset—compared to the single-span 
specimen dataset, where the values were 0.940, 0.925 and 
0.954. Similarly, for (Δfps)Pre./(Δfps)Exp., the mean values 
were 0.750, 0.713 and 0.882 for the two-span specimen 
dataset, and 0.462, 0.462 and 0.772 for the three-span 
specimen dataset, whereas for the single-span specimen 
dataset, they were 0.914, 0.848 and 0.915. This discrep-
ancy likely arises because, for conservativeness, these 
provisions assume failure in only some spans. However, 
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When comparing (Δfps)Pre./(Δfps)Exp. with ln/dp, dis-
tinct trends were observed among different provisions 
(Fig. 6). The AASHTO,2 Harajli3 and Naaman and 
Alkhairi5 provisions tended to produce relatively uncon-
servative predictions for low ln/dp values and conserva-
tive predictions for high ln/dp. In contrast, the ACI/PTI 
CODE-320-25,1 Mattock et al.4 and Warwaruk et al.6 pro-
visions exhibited the opposite trend—more conservative 
predictions for low ln/dp values and unconservative pre-
dictions for high ln/dp. This discrepancy arises because 
the AASHTO,2 Harajli3 and Naaman and Alkhairi5 
provisions explicitly account for the effect of decreas-
ing fps as ln/dp increases, whereas the ACI/PTI CODE-
320-25,1 Mattock et al.4 and Warwaruk et al.6 provisions  
do not.

Similar trends were found for Eq. 21 and 24, where 
unconservative predictions were more pronounced in 
specimens with low ln/dp, as both models explicitly 
incorporate ln/dp in their formulations. Notably, for ACI/ 
PTI CODE-320-251 and Warwaruk et al.,6 most of the 
(Δfps)Pre./(Δfps)Exp. values were below one for specimens 

with ln/dp under 30, whereas for the other provisions, the 
values were more clustered around one within the same 
range. This observation aligns with the analysis conduc
ted during the derivation of Eq. 24, where ACI/PTI 
CODE-320-251 was found to make significantly conser-
vative predictions for ln/dp values below 30.

Based on both the statistical metrics and the observed 
trends, the developed models demonstrate superior accu-
racy in comparison to existing provisions. While ACI/
PTI CODE-320-251 and Warwaruk et al.6 were the most 
conservative provisions, the developed model exhibited 
the highest accuracy. Additionally, the developed model 
showed similar or higher precision than existing models. 
A notable difference in accuracy between single-span and 
multi-span cases was observed in most of the existing 
provisions. However, the developed model exhibited the 
least variation between these cases. Specifically, while 
the precision of ACI/PTI CODE-320-251 decreased 
for multi-span cases, the developed model maintained 
higher precision, reinforcing its reliability for multi-span 
predictions. Given that the developed model follows a 

http://www.pteintl.com
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Fig. 6−Comparisons of predicted Δfps for flexural load cases with experimental results
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structure similar to the ACI/PTI CODE-320-251 pro-
vision but with minor modifications, while achieving 
superior accuracy and precision, it represents a strong 
candidate for addressing accurate predictions.

APPLICABILITY OF THE DEVELOPED MODEL 
FOR PREDICTING TENDON STRESS UNDER 
LATERAL LOADS 

While the developed model demonstrated outstand-
ing performance in predicting flexural capacity, a key 
question arises: Can fps provisions be used to predict ten-
don stress at ultimate under lateral loads?

In slab-column systems subjected to lateral loads, 
such as earthquakes or wind, plastic hinges typically form 
not in the middle of the f lexural members but at slab-
column joints (Fig. 7). Generally, if one slab-column joint 
experiences a positive moment, the adjacent joint on the 
opposite side is subjected to a negative moment, and vice 
versa. Given that a plastic hinge contributes to the elon-
gation of the tendon only if the tendon is located in the 
tensile region of the section, under lateral displacement, 
only one plastic hinge per pair of slab-column interfaces 
actively contributes to tendon elongation.

Furthermore, in the derivation of fps for multi-span 
systems, an equivalent plastic hinge factor of np = 0.5 was 
used to represent the case where plastic hinges form at 
the joints of spans, leading to the failure of a single span 
while the adjacent span remains intact. By analogy, the 
same np value can be applied to plastic hinges that develop 
at slab-column joints under lateral loads.

To predict fps under lateral loads La = nbln and np = 
nb/2 were substituted into Eq. 23, where La is tendon 
length between anchorages. In cases where the tendon 
anchorage is located along the span, it was considered to 
contribute to one full span if the tendon length exceeded 
half of the clear span length. This formulation is based 
on the assumption that plastic hinges form exclusively at 

slab-column joints rather than at mid-span locations.52 
To assess the applicability of the method in predict-

ing fps under lateral loads, it was compared against the 
ACI/PTI CODE-320-251 provision using experimental 
data from previous studies. The dataset included results 
from axial and biaxial loading tests, and shake table tests 
on slab-column connection specimens and slab-column 
system specimens.53-59 In total, 31 test results were col-
lected, comprising: 21 slab-column connection tests, two 
single-span system tests and eight two-span system tests.

Since slab-column connection specimens exhibit 
similar tendon elongation behavior to single-span sys-
tem tests—where only one plastic hinge contributes to 
elongation—the 21 slab-column connection tests were 
categorized as single-span system tests, resulting in a 
total of 23 single-span system test cases.

The prediction results were evaluated based on the 
ratio of predicted-to-experimental fps values (( fps)Pre./ 
( fps)Exp.) and the corresponding stress increment ratio 
((Δfps)Pre./(Δfps)Exp.) (Table 2). The mean, standard deviation 

Fig. 7−Failure of unbonded post-tensioned concrete at slab-column 
joints

Table 2−Comparisons of (fps)Pre./(fps)Exp. and (Δfps)Pre./(Δfps)Exp. for lateral load tests

Researcher or 
code provision

Number 
of spans 

(fps)Pre./(fps)Exp. (Δfps)Pre./(Δfps)Exp.

Mean SD COV Mean SD COV

ACI/PTI 
CODE-320-251

Single 1.065 0.089 0.084 3.643 5.367 1.473
Two 0.979 0.016 0.017 0.847 0.112 0.132
Total 1.043 0.086 0.083 2.921 4.782 1.637

This study 
(Eq. 23)

Single 1.017 0.089 0.087 2.493 3.581 1.436
Two 0.941 0.016 0.017 0.552 0.078 0.142
Total 0.997 0.084 0.084 1.992 3.199 1.606

Note: SD is standard deviation, and COV is coefficient of variation; La = nbln and np = nb/2 were assumed for Eq. 23.
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and COV were measured for both Eq. 23 and the ACI/
PTI CODE-320-251 provision. From the statistical 
analysis: the overall mean of ( fps)Pre./( fps)Exp. was 1.043 
for ACI/PTI CODE-320-251 and 0.997 for Eq. 23. While 
ACI/PTI CODE-320-251 provided slightly unconserva-
tive predictions, previous study suggested that it remains 
conservative for multi-span systems under lateral loads.59 
The mean values for ACI/PTI CODE-320-251 varied 
depending on the number of spans: 1.065 for single-span, 
and 0.979 for two-span system tests.

The higher ( fps)Pre./( fps)Exp. mean value for single-span 
specimens in ACI/PTI CODE-320-251 was attributed to 
the tendon anchorage locations at slab edges. At the joint 
between the slab and an edge column, plastic hinges may 
not sufficiently elongate the tendon, whereas at internal 
column joints, the tendon experiences greater eccen-
tricity in the tensile zone, leading to more pronounced 
elongation. Since single-span specimens lack internal 
column joints, tendon elongation was likely less signifi-
cant. A similar trend was observed in Eq. 23 predictions: 
the mean ( fps)Pre./( fps)Exp. was 1.017 for single-span, and 
0.941 for two-span system tests. Overall, Eq. 23, with 
La = nbln and np = nb/2 substitutions applied, provided 
more conservative predictions while maintaining high 
accuracy across different span configurations, further 
demonstrating its reliability in estimating tendon stress 
under lateral loads.

The tendency for unconservative predictions was 
more pronounced in the mean of (Δfps)Pre./(Δfps)Exp.. The 
mean values predicted by ACI/PTI CODE-320-251 

were: 3.643 for single-span and 0.847 for two-span sys-
tem tests, resulting in an overall mean of 2.921 across all 
datasets. In contrast, Eq. 23 predicted: 2.493 for single-
span and 0.552 for two-span system tests, leading to an 
overall mean of 1.992. This comparison highlights that 
Eq. 23, with La = nbln and np = nb/2 substitutions applied, 
provides more conservative predictions than ACI/PTI 
CODE-320-25,1 though the single-span specimen dataset 
may still be unconservatively estimated.

The COV for ( fps)Pre./( fps)Exp. demonstrated similar 
precision between the two methods: 0.083 for ACI/
PTI CODE-320-25,1 0.084 for Eq. 23. However, notice-
able differences were observed across different span 
configurations. The COVs for ACI/PTI CODE-320-251 
were: 0.084 for single-span and 0.017 for two-span sys-
tem tests. A similar trend was observed for Eq. 23: 0.087 
for single-span and 0.017 for two-span system tests. The 
higher variation for single-span specimen datasets was 
attributed to difficulties in capturing differences in ten-
don anchorage locations at edge columns. For (Δfps)Pre./ 
(Δfps)Exp., the COV values were: 1.473 (single-span) and 
0.132 (two-span) for ACI/PTI CODE-320-25,1 with 
an overall COV of 1.637. 1.436 (single-span) and 0.142 
(two-span) for Eq. 23, with an overall COV of 1.606. 

Considering (Δfps)Pre./(Δfps)Exp. in relation to ln/dp, it  
was observed that ACI/PTI CODE-320-251 made un
conservative predictions, while Eq. 23 consistently pro
vided more conservative estimates, regardless of ln/dp  
(Fig. 8). In the range of ln/dp = 20 to 50, Eq. 23 dem
onstrated a consistent distribution for single-span 
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Fig. 8−Comparisons of predicted Δfps for lateral load cases with experimental results (Note: La = nbln and np = nb/2 were assumed for Eq. 23)
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specimen data, suggesting that ln/dp remains a viable 
parameter for evaluating PT systems under lateral loads.

In actual structural applications, an overhanging 
unbonded PT flexural member with only one slab-column 
connection is unlikely. Therefore, seemingly unconserva-
tive predictions for single-span cases by both ACI/PTI 
CODE-320-251 and Eq. 23 may not be practically sig-
nificant. More importantly, Eq. 23 consistently provides 
conservative yet accurate predictions for multi-span sys-
tems under lateral loads, proving its suitability for struc-
tural design applications. Additionally, as the number of 
spans increases, Eq. 24 rapidly converges to Eq. 23, with 
La = nbln and np = nb/2 substitutions applied (Fig. 9). For 
example, in single-span systems, Δfps predicted by Eq. 24 
is twice that of Eq. 23. However, for three-span systems, 
Δfps by Eq. 24 is only 4/3 times that of Eq. 23. Given 
this convergence, Eq. 24 may serve as a useful model for 
designing fps in slab-column systems under both gravity 
and lateral loads, particularly in buildings with multiple 
continuous spans.

PROPOSAL FOR CODE CHANGE
It was observed that Eq. 24 provides high accuracy 

and precision in predicting tendon stress at ultimate 
under f lexural conditions, while also demonstrating 
applicability to lateral loading conditions without issues. 
Furthermore, it maintains a similar form to the ACI/PTI 
CODE-320-251 provision, offers a continuous relation-
ship between fps and ln/dp, and explicitly incorporates 
the effect of the number of bays (spans) traversed by the 
tendon. These characteristics make the proposed model 
a strong candidate to replace ACI/PTI CODE-320-251 
equation, offering improved predictive performance and 
a more concise mathematical form. Table 3 summarizes 
the code change proposal of this study.

In comparison to the existing ACI/PTI CODE-320-
251 provision, some updates to the code or commentary 
may be warranted. The ACI/PTI CODE-320-251 provi-
sion states that it is applicable only for fse ≥ 0.5fpu to ensure 
accurate calculations. This limitation restricts its univer-
sal applicability and often causes inconvenience for users. 
However, since the developed model is proved theoreti-
cally, this constraint is no longer necessary. When pre-
dicting fps for datasets with fse < 0.5fpu, where fpu is ultimate 
strength of prestressing steel, which includes 118  flex-
ural test specimens, the average and COV of ( fps)Pre./ 
( fps)Exp. were 0.834 and 0.182, respectively, for the ACI/
PTI CODE-320-251 provision, whereas the values im
proved to 0.971 and 0.170 for Eq. 24, demonstrating 

greater accuracy and precision. These results further sup-
port the removal of this constraint.

Moreover, the proposed equation exhibits a continu-
ous relationship with the span-to-depth ratio, unlike the 
ACI/PTI CODE-320-251 provision, which has often 
been cited as a source of confusion for practitioners 
attempting to determine a realistic fps.12 However, similar 
to other existing provisions, the issue remains that sys-
tems with varying span lengths, prestressing steel depths 
and section widths—yet influenced by the same pre-
stressing steel—can yield different fps values. To enhance 
the accuracy of fps predictions, the authors recommend 
further investigation into key variables such as the num-
ber of plastic hinges, prestressing steel depth at plastic 
hinge location, and span length, which could be incorpo-
rated into Eq. 23. For design purposes, it is advisable to 
determine fps at each critical section—such as mid-span 
and beam or slab-column joint—using Eq. 24 and the 
values of fse, ln/dp and ρp at that critical section, as well 
as the number of bays (nb) the tendon traverses between 
its anchorages. Again, in cases where the tendon anchor-
age is located along the span rather than at the end of the 
member, it is considered to contribute to one full span if 
the tendon length exceeded half of the clear span length.

CONCLUSIONS
This study evaluated multiple models for predicting 

fps, including those by Naaman and Alkhairi,5 AASHTO2 
and Harajli,3 which incorporate plastic hinge models and 
account for span-to-depth ratio and multi-span effects. 

Fig. 9−(Δfps)Pre./(Δfps)ACI/PTI CODE-320-25
1 at different number of spans 

(Note: ln/dp = 30 was assumed for both equations; La = nbln and 
np = nb/2 were assumed for Eq. 23)
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In contrast, models proposed by Warwaruk et al.,6 Mat-
tock et al.4 and the ACI/PTI CODE-320-251 provision 
do not explicitly consider ln/dp or span continuity. Given 
the issues identified with the ACI/PTI CODE-320-
251 provision for fps, a more rational approach has been 
developed, which follows a similar form to the ACI/
PTI CODE-320-251 provision. Notably, when specific 
constants are substituted into the number of spans and 
span-to-depth ratio of the developed model, the equa-
tion aligns with the ACI/PTI CODE-320-251 provision 
for ln/h ≤ 35. This characteristic enhances the theoretical 
foundation of Warwaruk et al.’s6 equation-based models 
while preserving a concise and practical form that aligns 
with the ACI/PTI CODE-320-251 provision.

To validate the developed model, predictions were 
compared against 392 flexural test datasets, covering 
both single-span and multi-span specimens. The results 
indicate that while ACI/PTI CODE-320-251 and Warwa-
ruk et al.’s6 provisions were the most conservative, the 
developed model demonstrated improved accuracy and 
precision. Specifically, while ACI/PTI CODE-320-251 
showed notable deviations in accuracy and precision 
between single-span and multi-span scenarios, the devel-
oped model maintained consistent reliability across 

Table 3−Comparisons of ACI/PTI CODE-320-25,1 Section 20.3.2.4.1 and proposed revision

ACI/PTI CODE-320-25,1 Section 20.3.2.4.1 Proposed revision

As an alternative to a more accurate calculation of fps,  
values of fps calculated in accordance with Table 20.3.2.4.1 shall 

be permitted for members prestressed with  
unbonded tendons if fse ≥ 0.5fpu.

As an alternative to a more accurate calculation of fps, 
values of fps calculated in accordance with  

Table 20.3.2.4.1 shall be permitted.

Table 20.3.2.4.1–Approximate values of fse at  
nominal flexural strength for unbonded tendons

Table 20.3.2.4.1–Approximate values of fse at  
nominal flexural strength for unbonded tendons

ln/h fps fps

≤ 35 The least of:

f
f

se
c

p

� �
�

10 000
100

,
�

fse + 60,000
fpy

The least of: 
f

n
n

d

l
f

se
b

b

p

n

c

p

�
�� �

�
��

�
��

�

�
��

15 1
10 000

100
,

�

f
d

lse
p

n

+1 800 000, ,

fpy

> 35 The least of:

f
f

se
c

p

� �
�

10 000
300

,
�

fse + 30,000
fpy

Note: Aps is area of prestressed longitudinal tension reinforcement, b is width of compression face of member, dp is distance from extreme compression fiber to centroid 
of prestressed reinforcement, f ,c is specified compressive strength of concrete, fps is stress in prestressed reinforcement at nominal flexural-strength, fpu is specified tensile 
strength of prestressing reinforcement, fpy is specified yield strength of prestressing reinforcement, fse is effective stress in prestressed reinforcement, h is overall height of 
member, ln is length of clear span measured face-to-face of supports, ρp is ratio of Aps to bdp and nb is the number of bays (spans) the tendon traverses between its anchorages. 
In cases where the tendon anchorage is located along the span rather than at the end of the member, it is considered to contribute to one full span if the tendon length 
exceeded half of the clear span length.

different span configurations. The predicted fps values by 
the proposed model closely matched those of ACI/PTI 
CODE-320-251 code for ln/dp values between 30 and 50. 
Given that numerous PT building structures in the U.S. 
are two-way flat plates with ln/dp > 40, this characteristic 
of the model may not necessitate a reevaluation of fps, as 
it maintains a comparable design stress level. Moreover, 
for newly constructed PT structures with ln/dp < 30, the 
higher predicted fps values may improve competitiveness 
in the PT industry.

Additionally, the developed model was evaluated for 
its applicability in predicting tendon stress at ultimate 
under lateral loads. The model was applied to 55 slab-
column connection or system tests using the ACI/PTI 
CODE-320-251 provision as a benchmark. While ACI/
PTI CODE-320-251 predictions tended to be slightly 
unconservative—potentially conservative for multi-span 
cases—the developed model provided more conservative 
yet sufficiently accurate predictions. Its ability to consis-
tently yield conservative and accurate results for multi-
span systems under lateral loads further underscores its 
suitability for structural design applications.

Overall, the developed model not only maintains a 
familiar structure akin to the ACI/PTI CODE-320-251 
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provision but also achieves superior accuracy and precision. 
Given its theoretical foundation, practical applicability, 
and enhanced predictive performance, the model presents 
a strong candidate for improving tendon stress estimations 
in unbonded post-tensioned flexural concrete structures.
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