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Purpose Statement

This webinar will explore the analytical and experimental evaluation of post-tensioned concrete
bridge elements, including both flexural and shear behavior, and provide design
recommendations for the use of unbonded tendons.

Learning Objectives

At the end of this webinar, participants will be able to:
(1) Understand the behavior of structures incorporating unbonded tendons
(2) Determine the flexure and shear strength of structures incorporating unbonded tendons

(3) Implement the findings of research on members with unbonded strands into practice



Questions and Answers

« Please type your questions into your webinar
control panel

*  We will read your questions out loud, and
answer as many as time allows

Questions

No questions yet
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Enter your question

Your question will be sent to staff
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Post-Tensioning

= Benefits
= Efficient use of materials
= Longer spans
= Curved girders
= Improved durability

= [sSsues
= Problems with grouting
= Contaminated grouts
= Construction processes
" [nspection
= Replaceability




NCHRP 12-118 Objective

The objective of this research is to propose revisions to

1) the AASHTO LRFD Bridge Design Specifications design procedures for post-tensioned
concrete bridge elements with unbonded tendons or a combination of bonded (pretensioned or

post-tensioned) and unbonded tendons, and
2) the AASHTO LRFD Bridge Construction Specifications as needed.

The research shall address both internal and external tendons.



Research Program
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Shear Behavior



Past Research

Moore et al. (2015)

» Focus: Shear strength with bonded web tendons
» Findings:
« Web width not reduced for presence of grouted duct

* No influence of duct material
« AASHTO - duct diameter correction factor

Skelton and Hamilton (2021)

» Focus: Shear strength with unbonded web tendons \ & _
= Findings: D e
 Increase in duct diameter to web width ratio decreases shear strength Total Depth = 62"

« AASHTO is adequate, conservative

Han et al. (2022)
» Focus: Shear strength with unbonded web tendons
» Findings:
« Similar capacities and failure mechanisms for bonded/unbonded web tendons
* Provided recommendations to AASHTO for shear strength of webs with unbonded tendons




Shear Test Series
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Shear Specimen Setup
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Test Series 1

* Primary test series
« 25 specimens
* |solated variables

Variables include:

 Duct diameter to web width ratio
« Number of tendons in the web
 Transverse reinforcement ratio

« Grouted/ungrouted tendons
= Web
= Bottom flange

« Girder section (bulb-tee/box)
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Test Series 2

 Validation test series
* 4 specimens
» Draped tendons

Variables include:
 Transverse reinforcement ratio
« Grouted/ungrouted tendons

+———> ~
O (/U\\ O O O O (/U\\ O
6"
® e
\e_o/
®q
U =
g
®d
\e_o/
®d
\e_9o/
*e
\e_9o/
@ g A 4 ( \

14.5"

)

Q



Shear Behavior
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Influence of Bond
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Influence of Ducts in Web
Internal Unbonded Group (lU)
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Pavct/ . Internal Bonded (IB)
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Pavct/ . Internal Unbonded (IU)
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qbd““/ b, = Internal Bonded/Internal Unbonded (IBU)
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p, - Internal Bonded (IB)
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Shear, V (kip)
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Strand Stress (ksi)
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Experimental Findings - Test Series 1

Bond type of web tendons did not significantly influence shear capacity

* Increase in duct diameter decreases shear capacity
Crushing at top duct

* Number of tendons in web does not influence shear capacity
» Flexure-Shear failure not possible with all unbonded strands

* Increase in transverse reinforcement increases shear capacity
e Stirrups can reach yield in the test region



Test Series 2 Results
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Confirmed findings of Test Series 1

Bonded tendons resulted in a slightly
higher shear strength

Increasing transverse reinforcement
ratios increases the shear strength



Flexure Behavior



Flexure Response with Bonded and/or Unbonded
Strands

Bonded strands only
* — \
Load 4 . Z\/\” = Strain compatibility
onae —~ 77 S
Combir_1§_d ”é’ A
-~ Unbonded Unbonded strands only

Cracking

F _m_ 1 Displacement compatibility

>
Deflection ZF = /_/_ig Displacement and strain
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Current Design Practice and Knowledge Gaps
AASHTO LRFD Bridge Design Specifications (2024):

Bonded Members

\

& \

o 111

A por

Fosn = Fou(1- k)

= Based on strain-compatibility
= Derived by Loove (1988) and
Naaman (1989)

Unbonded Members Combined Members
c =\
3 d, A\" —— e b = ===
T =~ TP I TN T - _—‘——— ————F
A R
0 unbonded c
dys—c - fpsb — fpu (1 - kd_p>
fpsu :fpe+900( L, ) Sfpy(kSl)
—fpsu — fpe
» Empirical multiplier based on 8 = Stress increase in unbonded
specimens by Tam and Pannell strands is ignored.

(1976)
» Derived by MacGregor (1989)

 |s the multiplier 900 reasonable for members with unbonded strands?
* IS fpsu = fpe reasonable for members with combined strands?



Experimental
Program



Flexure Specimens
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Specimens
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Flexure Tests
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Crack Distribution

w2

Aps bondedl Atotal 75 /o Aps bonded I Atotal - 0 /o

Larger bonded strand area leads to:
* narrower and closely spaced cracks.



Load-Deflection Response
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Varying bonded strand ratios, constant A, = 1.2
2
Higher ratios of bonded to total strands leads to:
* higher flexure strength
* higher post-cracking stiffness
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Load-Deflection Response
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Varying total strand area, constant bonded strand

Higher total strand area leads to:
* higher flexure strength



Strand Stresses
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Analytical Program



Sectional Analysis Models

Integration points
Force-Based Beam-Column Elements

Concrete

Bonded strands

Unbonded Strands

Rigid elements

% for anchorages

A ) )
Vertical constraints
Truss elements




Material Models

Concrete in Compression

Le » —Kent-Scott-Park Model
\\ Pugh et al. 2015
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Cross-Sections Analyzed

) 8 ft 1 1 16 ft

. A

Tll in. for cont. 8 in. 11in. for cont.

at interior support

(cont.)

72 1n. 78 in.

7 1n.

AASHTO Type 1V Bulb tee Washington DOT U78G5
(with 10 in. web) (with 10 in. web)



Parameters

Type Simply supported girders Continuous girders
. Bulb tee Bulb tee
Beam section type o , o ,
| e ] | IG|JUU (e ] | IC||JUU
Bonded (IB) Bonded (IB)

Strand bond & location

Unbonded (IU)

Bonded & unbonded (IBU)
Bonded & external (IBE)
Unbonded & external (IEU)

Unbonded (IU)

Bonded & unbonded (IBU)
Bonded & external (IBE)
Unbonded & external (IEU)

[ o WG Y ) P
UPUII 11Ul ISLII

ON 1 A AN _Co
OV il LTV 1L

Aps

7.81in%2 - 11.72 in?

Abonded/ Atotal

0—100% (bonded strand)
0—-50% (mild reinforcement)

Loading type

3-point vs. 4-point bending

Strand profile

Straight vs. parabolic (internal)

Straight vs. harped (external)

Concrete strength

8 ksi vs. 15 Kksi

81 beams were analyzed




Impact of Parameters

Bonded Strand Ratio Loading Pattern
2.0 20,000 5 38 LA 3.3
_ i L2 g L2 i ¥y ] Three-point Bending
| Three pointbend®z mhar pomt bendi® 270 Four-point Bending
154 . 15,000 ]
Mz N Z{ .................... E M, (kip. ft) ;
Mn,no bonded strands | b ..................... E | T _
1.0 W """"" | 10,000 —]
J 100ft girder with A = 8.25 in? '
- J 140ft girder with A, = 10.42 in? '
0.5 1 ) _ B P 5,000 1
] U7 80ft girder with A, =7.81 in 1
[7 120ft girder with A, = 11.72 in? !
00 -I T T T T T T T T T T T T T T T T T T T T n j j
0.0 0.2 0.4 0.6 0.8 1.0 Bonded only Unbonded only Bonded and unbonded
Bonded strand ratio Bond type

* Capacity increases linearly with bonded prestress area ratio.
* For members with unbonded or combined strands, a constant moment

region leads to higher capacity.

(Shown for simply supported girders only for clarity)



Evaluating Design Equations using Analysis Results

Predictions for Bonded

§trands

350

300-

AASHTO (2024) equation: Fos,

c Analysis 2]

fps,bonded = fpu 1-— kd_p (ksi) _

200

150

100-

N =35

Mean Ratio = 1.01 l
Coef. of Variation = 0.008

\R =0.95

conservative

X Internal bonded
o Internal bonded &
ubonded

100 150 200 250 300

.. AASHTO (2024) (ksi)

AASHTO equation for bonded strands predicts f , well for:

* Members with bonded strands only
« Members with combined strands

350




Evaluating Design Equations using Analysis Results

f,s Predictions for Unbonded Strands

Change 2:

Change unbonded strand
stress equation in combined
strands:

from fpsu = fpe

/

350
IIN=70 tofpsu:fpe'l'
fps 1/Mean Ratio = 1.10 P — _
AASHTO (2024) equation: Analysis 300 Coef. of Variation = 0.166 9 ( nge 1-_
. {R=0.21 Reduire min. bonded rf. area for
- sty bers with unbonded
For unbonded f _ f + 900 ps C _ * mempers wi unoonde
strands only; /Ps%  Jp€ l, 2501 & strands:
; % Ag min= 0.004A,
For combined = - or
strands: Josu = Jpe 200 : 5 £ — £ _4c0p (dps—c)
| |conservat LLYm Internal unbonded, rebar \ L )
| 1 Internal unbonded, no rebar
150 ® Internal bonded & unbonded
: A Internal bonded & external
] * Internal unbonded & external, rebar
100- Y Internal unbonded & external, no
100 150 200 250 300 350

fos, AASHTO (2024) (ksi)

 AASHTO equation for unbonded strands does not predict fos well for members with no bonded

reinforcement.

Acciimina f — £

laade t0 vvaryvy roncarnv/ativve nreadictinne for memhbhere with combinad ctrande




Evaluating Design Equations using Analysis Results

r do — ¢ B
Mn Predictions For unbonded strands only: fpsy = fpe + 900( Ll ) and Ag min =
e/ 0.004A,
. _ —C
For combined strands: fosu = fre + 900( psl
e
25 000 Current AASHTO LRFD BDS 75000 Proposed Changes
’ N =281 N = 61
Mean Ratio = 1.07 X Mean Ratio = 1.07
Coef. of Variation = 0.134 TS
Mi, 20,0001 R=0.84 20000 2% 8 Vereton =0.99
Analysis * n, :
(Ksi) Ani|¥SIS
Si
15,000 ® = ks 15000 -
5 [@ versus...
10,0001 Y 10000 - | |
conservafl D[j X Internal bonded B X Internal bonded
B Internal unbonded, rebar conservative B Internal unbonded, rebar
1 Internal unbonded, no rebar
5,000 1 ® Internal bonded & unbonded 5000 A \ : :n’;erna: Bongeg g untbondled
A Internal bonded & external nternal bonde externa
% Internal unbonded & external, rebar % Internal unbonded & external,
¢ Internal unbonded & external, no rebar |
0 N AP ' ! 0 1 T T 1 1
05,000 10,000 15,000 20,000 25,000 0 5000 10000 15000 20000 25000

M,, AASHTO (2024) (ksi)

M,, AASHTO (2024) (ksi)




Test Data on Members with Combined Strands

No. of Unbonded Beam Span No. of loads
Reference Continuity
beams strandtype depth, in length, ft along span
Mutsuyoshi et al. (1995) 1 Simply supported Exterior 13 20 2
Kosa et al. (1997) 4 Simply supported Exterior 39 32.8 2
Aravinthan et al. (2005) 7 Simply supported, Continuous Exterior 6 16.4 2
Yoo and Ha (2010) 2 Simply supported Exterior 15 9.8 2
Brenkus et al. (2017) 2 Simply supported Interior 62 39 1-2
Abu-Obeidah (2017) 4 Simply supported Interior 10 10
Abu-Saibia (2018) 8 Continuous Interior 10 10
Consolazio et al. (2022) 7 Simply supported, Overhang Interior 44 45-75 1
Interior
Frosch et al. (2024) 4 Simply supported 28 26 2
or Exterior

Total = 39 specimens



Evaluating Design Equations using Test Data

f s Predictions for Members with Combined Strands

psu,

Test
(ksi)

Current AASHTO LRFD BDS
350 TN=19 %
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Conclusions on Flexure

= Bonded strands only
AASHTO predicts the capacity well:

* Unbonded strands only
AASHTO predictions are unconservative:

unless there is no bonded reinforcement.

= Combined strands
AASHTO predictions are conservative:




Proposed AASHTO
Changes



Flexure Recommendations

* Provide minimum area of bonded tensile reinforcement (Article 5.6.3.1.2)

A >0.0044,

A= area of that part of cross section between the flexural tension
face and centroid of gross section

» Added commentary explaining reasoning for minimum bonded requirement

Research (NCHRP 12-118, 2024) has indicated that Eq. 5.6.3.1.2-1 can produce
unconservative results if no bonded reinforcement is present. The minimum required
bonded reinforcement, either prestressed or nonprestressed, should be located
approximately an equivalent distance from the neutral axis as the main tensile
reinforcment to be effective.



Flexure Recommendations
Article 5.6.3.1.3b

Current Weighted Average: Proposed Change:
_ a a a
Mn — (Apsb + Apsu )fps.avg (dp _ Ej Mn = Apsb psh (dpb — Ej + Apsufpsu (dpu — Ej
4, = area of bonded prestressing steel (in.?) 1,5 = stress in bonded prestressing steel (ksi)
4,,, = area of unbonded prestressing steel (in.?) 1,5, = stress in unbonded prestressing steel (ksi)




Flexure Recommendations Article 5.6.3.1.3b

= Combined strands (bonded and unbonded)
Bonded:

c
fosb = fou (1 —k d_> or by strain compatibility
p

Unbonded:

dys — ¢
fpsu — fpe + 900 I or fpsu = fpe
e




Flexural Capacity
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Proposed Changes to Shear Capacity

* Revise web width used in the shear strength upper limit (Eq. 5.7.3.3-2),
subtracting the duct width whether bonded or unbonded

* For the modified compression field theory shear strength (Eq. 5.7.3.3-1), the full
web width should be used without reduction for duct widths

= Define new variable, b, to clarify when the width is reduced, and when it is not
= Removal of the duct factor, A.., in both shear and torsion provisions



Shear Recommendations

2020 Specification (9t ed.) Proposed Revision (Article 5.7.3.3)

Lesser of: Grouted Ungrouted

I/}?:I/C,+I/§‘+I/lt) bv bv K?:I/(’-i_l/ﬁ-l_l/ﬂ bv
V=025 1‘ . S : v, =025 1.+Vp i

for grouted ducts: b, =b, for ALL ducts: b, = b, — @t oD
for ungrouted ducts: b, = b, — 0 .. ’
V.=0.031644 fv V. =0.031664 fV
v A,f,d, (cot + cota)sina v A, f,d, (cot® + cota)sina

A S

duct — b



Proposed Changes to Commentary C5.7.3.3

Post-tensioning ducts in the web reduce the area of concrete that resists shear
stresses. The reduced cross-section results in higher stresses at the location of the
ducts and can result in compression failure of the web. Research (Moore et al.,
2015, Han et al., 2022, and NCHRP 12-118, 2024) has shown that the effective
width of the web is reduced by the dimension of the duct for both bonded and
unbonded tendons. Therefore, shear strength 1s limited by this failure mechanism
which 1s accounted for by the reduced web width b, in Eq. 5.7.3.3-2. While the
effective web width b, 1s used in Eq. 5.7.3.3-2 to prevent crushing, the entire web
width b5 1s used in Eq. 5.7.3.3-3 as the entire web engages the shear transfer
mechanism (Han et al., 2022 and NCHRP 12-118, 2024).



Shear Capacity
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Proposed Changes to AASHTO Construction Specs

= Current specifications do no accommodate flexible filler (only grouted ducts)

* Article 8.16.3.3 - add language referencing flexible filler

= Articles 10.4.1.2 and 10.8.3 - discuss requirements for smooth black PE ducts,
reference flexible filler



Thank You

Amir Hanna, Senior Program Officer, NCHRP
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