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PRESTRESSING CFRP

• Material Properties of Prestressing CFRP
Types and sizes
Mechanical properties
Coefficient of thermal expansion
Creep rupture

• Stress Limitations for Prestressing CFRP

• Prestress Losses
Total prestress loss
Elastic shortening
Thermally induced losses
Long-term time-dependent losses

• Development of pretensioning CFRP tendons
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PRESTRESSING CFRP

Consistent with 

AASHTO M 31M/M 31

ASTM A615/A615M

ASTM D7957/D7957M

CFRP bar CFRP cable

Types

Sizes Provided by manufacturer

FDOT Spec 933-1.3

[AASHTO CFRP Material Specifications 2.5.4] [FDOT Specification Section 933]
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PRESTRESSING CFRP

Material Properties: Prestressing CFRP vs. Steel
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Strain

Prestressing Carbon Steel

Prestressing CFRP

Material specification AASHTO M203 AASHTO CFRP

Steel/CFRP type
1080 Carbon 

Steel
Prestressing

CFRP

Grade 250 and 270 340-360

Modulus of elasticity 
(ksi)

≅ 28,500 18,000-22,500

Total elongation (%) ≥ 3.5 ≅ 1.6
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PRESTRESSING CFRP

Prestressing CFRP Material Properties

Provisions Test Methods
AASHTO CFRP

Minimums

FDOT

Minimums

Tensile Strength ASTM D7205/ D7205M N/A
≥ values listed in Table 1-2 

in FDOT Spec 933

Tensile Modulus 

of Elasticity
ASTM D7205/ D7205M ≥ 17,000 ksi

≥ 18,000 ksi for bar

≥ 22,400 ksi for cable

Shear Strength 

(Transverse Axis)
ASTM D7617/ D7617M ≥ 10 % of tensile strength N/A

Tensile Strain N/A ≥ 1.2 % N/A

Bond Strength ASTM D7913/D7913M ≥ 700 psi N/A

[AASHTO CFRP Material Specifications 2.6] [FDOT Specification Section 933]
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PRESTRESSING CFRP

Prestressing CFRP Strand [FDOT]

[FDOT Specification Section 933]

Material properties of prestressing CFRP investigated 

in NCHRP Report 907

Cable Bar

Effective cross-sectional area, in2 0.179 0.196

Resin type Epoxy Vinyl Ester

Fiber volume fraction 0.65 N/A

Longitudinal ultimate load, kip 61 49

Longitudinal tensile strength, ksi 340 250

Longitudinal elastic modulus, ksi 22,480 20,880

Maximum longitudinal strain, % 1.7 1.3

[NCHRP Report 907]

* will be corrected as 370 ksi in January 2021 eBook

* Note: FDOT limit > NCHRP Report 907 value 
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PRESTRESSING CFRP

[FDOT Specification Section 933]

Note: In FDOT Spec (July 2020), the minimum 

Tensile Modulus is 18,000 ksi, but this is based 

on single-bar-strand. 

For CFRP cables, the minimum Tensile Modulus 

is 22,400 ksi, this will be updated in FDOT Spec 

(Jan 2021)
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PRESTRESSING CFRP

[FDOT Specification Section 933]

* Note: greater than 65% 
in NCHRP Report 907



12

PRESTRESSING CFRP

Prestressing CFRP Material Properties

𝑓𝑝𝑢 - Design tensile strength of prestressing CFRP 

Environmental Condition CE

Prestressing CFRP not exposed to environmental effects 

(internal applications)
1.0

Prestressing CFRP exposed to environmental effects

(external applications without protection)
0.9

Table 1.4.1.2—Environmental Reduction Factors (CE)

𝑓𝑝𝑢 = Tensile Strength  ⨉ Environmental Reduction Factor

[AASHTO CFRP Guide Specifications 1.4.2]
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PRESTRESSING CFRP

Tensile Strength (AASHTO CFRP-1, Material Specification, 2.6.1)

“The tensile strength, as reported by the manufacturer for product certification, shall be the load 

measured according to ASTM D7205/ D7205M at a frequency and number of specimens as specified in 

Article 2.9.1 and the characteristic value (manufacturer’s guaranteed strength) computed according to 

ASTM D7290 divided by the area of prestressing CFRP as specified in Article 2.5.4. The manufacturer 

shall report the individual test results.” 

[AASHTO CFRP-1 Specifications 2.6.1]

ASTM D7290 (2017)

Two-parameter Weibull distribution 𝑓 𝑥 =
𝛽

𝛼

𝑥

𝛼

𝛽−1

𝑒𝑥𝑝 −
𝑥

𝛼

𝛽

β = Shape parameter; α = Scale parameter

Prestressing CFRP Material Properties

https://store.transportation.org/Item/PublicationDetail?ID=4144
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PRESTRESSING CFRP

Tensile Strength (AASHTO CFRP-1, Material Specification)

Two-parameter Weibull distribution 𝑓 𝑥 =
𝛽

𝛼

𝑥

𝛼

𝛽−1

𝑒𝑥𝑝 −
𝑥

𝛼

𝛽

Step 1: Determine mean  𝑥 and standard deviation 𝑆𝑛−1 for the measured material 

property
 𝑥 =

 𝑖=1
𝑛 𝑥𝑖

𝑛
𝑆𝑛−1 =

 𝑖=1
𝑛  𝑥 − 𝑥𝑖

2

𝑛 − 1

Step 2: The maximum likelihood estimate  𝛽 of the shape parameter 𝛽 , is calculated 

by numerically solving the following equation

 𝑖=1
𝑛 𝑥𝑖

 𝛽
𝑙𝑛 𝑥𝑖

 1
𝑛 𝑥𝑖

 𝛽
−

1

 𝛽
−

 𝑖=1
𝑛 𝑙𝑛 𝑥𝑖

𝑛
= 0
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PRESTRESSING CFRP

Tensile Strength (AASHTO CFRP-1, Material Specification)

Step 3: The maximum likelihood estimate  𝛼 of the scale parameter 𝛼 , is calculated by

 𝛼 =
 1

𝑛 𝑥𝑖

 𝛽

𝑛

1
 𝛽

Step 4: Calculate the coefficient of variation (COV)

𝐶𝑂𝑉 =

Γ 1 +
1
 𝛽

− Γ2 1 +
1
 𝛽

Γ 1 +
1
 𝛽

Γ the gamma function
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PRESTRESSING CFRP

Tensile Strength (AASHTO CFRP-1, Material Specification)

Step 5: Calculate Nominal Strength by

𝑥0.005 =  𝛼 0.0513
1
 𝛽

Step 6: Calculate Characteristics Strength by

𝑥𝑐ℎ𝑎𝑟 = Ω𝑥0.005
Ω is data confidence factor 

depends on sample size

5th percentile value
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PRESTRESSING CFRP
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PRESTRESSING CFRP

Example: Design Strength

10 tensile test results: 370, 366, 368, 372, 370, 368, 365, 368, 369, 366 ksi

Step 1:  𝑥 =
 𝑖=1

𝑛 𝑥𝑖

𝑛
= 368.2 𝑆𝑛−1 =

 𝑖=1
𝑛  𝑥 − 𝑥𝑖

2

𝑛 − 1
= 4.62

Step 2:  𝛽 = 119

Step 3:

Step 4:

 𝛼 =
 1

𝑛 𝑥𝑖

 𝛽

𝑛

1
 𝛽

= 369

𝐶𝑂𝑉 = 0.005
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PRESTRESSING CFRP

Example: Design Strength

10 tensile test results: 370, 360, 368, 372, 370, 368, 360, 368, 369, 366 ksi

Step 5:

Step 6:

𝑥0.005 =  𝛼 0.0513
1
 𝛽 = 360

𝑥𝑐ℎ𝑎𝑟 = Ω𝑥0.005 = 342 ksi

Ω = 0.95
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PRESTRESSING CFRP

Example: Design Strength

10 tensile test results: 370, 360, 368, 372, 370, 368, 360, 368, 369, 366 ksi

Characteristics Value (Tensile Strength)

AASHTO CFRP-1 / ASTM D7290 (2017)
342 ksi

Calculated Guaranteed Strength (  𝑥 − 3𝑆𝑛−1)
ACI 440.2R

354 ksi

Tensile Strength Comparison
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PRESTRESSING CFRP

Coefficient of Thermal Expansion (CTE)

• Shall be measured according to ASTM D696

• CTE depends on:
Type of fiber

Type of resin

Volume fraction of fibers

[AASHTO CFRP Specifications 2.5.3]       [ASTM D696-16]
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PRESTRESSING CFRP

Creep Rupture

The three stages of creep deformation Comparison of creep-rupture curves for AFRP and

CFRP rods under environmental exposure

[ACI 440.R-11]

To prevent Creep Rupture failure Limit the prestress level in prestressing CFRP
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PRESTRESSING CFRP

Stress Limitations for Prestressing CFRP

Design tensile strength 𝑓𝑝𝑢
The tensile strength at the strength 

and extreme event limit state
⩽

The prestressing CFRP stress due to 

prestress or at the service limit state
⩽ min 

Table 1.9.1-1

Recommended by 
the manufacturer

Cables Bars

Immediately prior to transfer (𝑓𝑝𝑏𝑡) 0.70 𝑓𝑝𝑢 0.65 𝑓𝑝𝑢

At service limit state after all losses (𝑓𝑝𝑒) 0.65 𝑓𝑝𝑢 0.60 𝑓𝑝𝑢

Table 1.9.1.1—Stress Limits for Prestressing CFRP

[AASHTO CFRP Specifications 1.9.1.1]



24

PRESTRESSING CFRP

Stress Limitations: Prestressing CFRP vs. Steel

[AASHTO CFRP Specifications 1.9.1.1] [AASHTO LRFD Specifications 5.9.2.2]

Cables Bars

Immediately prior to transfer (𝑓𝑝𝑏𝑡) 0.70 𝑓𝑝𝑢 0.65 𝑓𝑝𝑢

At service limit state after all losses (𝑓𝑝𝑒) 0.65 𝑓𝑝𝑢 0.60 𝑓𝑝𝑢

Table 1.9.1.1—Stress Limits for Prestressing CFRP

Table 5.9.2.2-1—Stress Limits for Prestressing Steel

Low Relaxation 

Strand

Plain High 

Strength Bars

Deformed High 

Strength Bars

Immediately prior to transfer (𝑓𝑝𝑏𝑡) 0.75 𝑓𝑝𝑢 0.70 𝑓𝑝𝑢 -

At service limit state after all losses (𝑓𝑝𝑒) 0.80 𝑓𝑝𝑦 0.80 𝑓𝑝𝑦 0.80 𝑓𝑝𝑦
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PRESTRESSING CFRP

Prestress Losses

• Total Prestress Losses

• Elastic shortening

• Thermally induced losses

• Long-term losses
Approximate Estimation
Refined Estimation

Prestress losses between transfer and deck placement
Prestress losses between deck placement and final time
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PRESTRESSING CFRP

Prestress Losses
Total prestress loss in pretensioned members

Losses/gains due to 

• elastic shortening or 

extension at the time of 

application of prestress

and/or external loads

Losses due to long-term 

• shrinkage and creep of 

concrete 

• relaxation of the 

prestressing CFRP

Loss due to 

• temperature 

change

[AASHTO CFRP Specifications 1.9.2.1]

∆𝑓𝑝𝑇 = ∆𝑓𝑝𝐸𝑆 + ∆𝑓𝑝𝐿𝑇 + ∆𝑓𝑝𝑇𝐻

Instantaneous
Time dependent

Prestressing Steel does 

not have this part
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PRESTRESSING CFRP

Prestress Losses

Elastic shortening

[AASHTO CFRP Specifications 1.9.2.2.3]

∆𝑓𝑝𝐸𝑆 =
𝐸𝑓

𝐸𝑐𝑡
𝑓𝑐𝑔𝑝

𝐸𝑓 = Modulus of elasticity of prestressing CFRP (ksi)

𝐸𝑐𝑡 = Modulus of elasticity of concrete at transfer or time of load application (ksi)

𝑓𝑐𝑔𝑝 = Concrete stress at the center of gravity of prestressing CFRP due to prestressing force 

immediately after transfer and the self-weight of the member at the section of maximum 

moment (ksi)

concrete

∆𝐸𝑆

𝜀𝐸𝑆 =
𝑓𝑐

𝐸𝑐

∆𝑓𝑝𝐸𝑆 = 𝐸𝑓𝜀𝐸𝑆 =
𝐸𝑓

𝐸𝑐
𝑓𝑐



28

PRESTRESSING CFRP

Beam example

Gravity center of 

beam section

Prestressing

strand 𝑒𝑐

𝐴𝑔, 𝐼𝑔

Moment due to beam self-weight 

at mid-span (max moment)

Prestressing

force

𝑃𝑖

𝑃𝑖
𝑃𝑖𝑒𝑐

𝑀𝐷

𝑃𝑖

𝑃𝑖

𝐴𝑔

𝑃𝑖𝑒𝑐
2

𝐼𝑔
−

𝑀𝐷𝑒𝑐

𝐼𝑔

∆𝑓𝑝𝐸𝑆 =
𝐸𝑓

𝐸𝑐𝑡
𝑓𝑐𝑔𝑝

𝑓𝑐𝑔𝑝 =
𝑃𝑖

𝐴𝑔
+

𝑃𝑖𝑒𝑐
2

𝐼𝑔
−

𝑀𝐷𝑒𝑐

𝐼𝑔
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PRESTRESSING CFRP

Prestress Losses: Thermally-Induced Losses

L

Fc

FCFRP
𝛼𝑓,𝑙

Lower longitudinal coefficient of thermal expansion of CFRP than concrete causes

thermal induced stresses that cause prestress gain or loss

Fc

FCFRP

∆𝑇 > 0

𝛼𝑐

Longitudinal effect, 𝛼𝑓,𝑙 < 𝛼𝑐



30

PRESTRESSING CFRP

Prestress Losses: Thermally-induced losses

[AASHTO CFRP Specifications 1.9.2.4]

Δ𝑇 = Temperature change (°F)

α𝑓,𝑙 = Longitudinal coefficient of thermal expansion of prestressing CFRP (/°F)

α𝑐 = Coefficient of thermal expansion of concrete (/°F)

𝐸𝑓 = Modulus of elasticity of prestressing CFRP (ksi)

Δ𝑓𝑝𝑇𝐻 = Δ𝑇(α𝑓,𝑙 − α𝑐)𝐸𝑓 ≥ 0
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses

• Approximate Estimation

• Refined Estimation

[AASHTO LRFD Specifications 5.9.3.3]

[AASHTO CFRP Specifications 1.9.2.5]

[AASHTO LRFD Specifications 5.9.3.4]

[AASHTO CFRP Specifications 1.9.2.3]
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PRESTRESSING CFRP

Prestress Losses

Long-Term Losses (Approximate Estimation)

[AASHTO LRFD Specifications 5.9.3.3]

𝛾ℎ = 1.7 − 0.01𝐻

𝛾𝑠𝑡 =
5

1 + 𝑓𝑐𝑖
′

Correction factor 

for relative humidity

Correction factor for 

concrete strength

Estimation of relaxation loss, 

taken as 2.4 ksi for low 

relaxation strand and in 

accordance with manufacturers 

recommendations for other 

types of strands

Δ𝑓𝑝𝐿𝑇 = 10.0
𝑓𝑝𝑖 𝐴𝑝𝑠

𝐴𝑔
𝛾ℎ𝛾𝑠𝑡 + 12.0𝛾ℎ𝛾𝑠𝑡 + Δ𝑓𝑝𝑅
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

[AASHTO LRFD Specifications 5.9.3.4]

∆𝑓𝑝𝐿𝑇 = ∆𝑓𝑝𝑆𝑅 + ∆𝑓𝑝𝐶𝑅 + ∆𝑓𝑝𝑅1 𝑖𝑑
+ ∆𝑓𝑝𝑆𝐷 + ∆𝑓𝑝𝐶𝐷 + ∆𝑓𝑝𝑅2 − ∆𝑓𝑝𝑆𝑆 𝑑𝑓

Prestress losses between

Transfer and deck placement

Prestress losses between

deck placement and the final time

∆𝑓𝑝𝐿𝑇 = ∆𝑓𝑝𝑆𝑅 + ∆𝑓𝑝𝐶𝑅 + ∆𝑓𝑝𝑅

RelaxationCreepShrinkage

[AASHTO CFRP Specifications 1.9.2.5]
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between Transfer and deck placement

∆𝑓𝑝𝑆𝑅 = 𝜀𝑏𝑖𝑑𝐸𝑓𝐾𝑖𝑑• Shrinkage 

(Girder)

∆𝑓𝑝𝐶𝑅 =
𝐸𝑓

𝐸𝑐𝑖
𝑓𝑐𝑝𝑔Ψ𝑏 𝑡𝑑 , 𝑡𝑖 𝐾𝑖𝑑• Creep

(Girder)

• Relaxation

(CFRP)

Δ𝑓𝑝𝑅1 = 0.019
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0066 log 24𝑡 × 𝑓𝑝𝑢 Cables

Δ𝑓𝑝𝑅1 = 0.013
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0057 log 24𝑡 × 𝑓𝑝𝑢 Bars

Same as AASHTO LRFD 

Specification 5.9.3.4

Modified 

for 

CFRP

[AASHTO CFRP Specifications 1.9.2.5.2] [AASHTO LRFD Specifications 5.9.3.4]
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between Transfer and deck placement

∆𝑓𝑝𝑆𝑅 = 𝜀𝑏𝑖𝑑𝐸𝑝𝐾𝑖𝑑• Shrinkage (Girder)

𝐾𝑖𝑑 =
1

1 +
𝐸𝑓

𝐸𝑐𝑖

𝐴𝑝𝑓

𝐴𝑔
1 +

𝐴𝑔𝑒𝑝𝑔
2

𝐼𝑔
1 + 0.7Ψ𝑏 𝑡𝑑 , 𝑡𝑖

𝜀𝑏𝑖𝑑 = 𝑘𝑠𝑘ℎ𝑠𝑘𝑓𝑘𝑡𝑑0.48 × 10−3

Shrinkage strain of girder

Transformed section coefficient (interaction between concrete and bonded tendon)
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between Transfer and deck placement

[AASHTO LRFD Specifications 5.4.2.3.2] [AASHTO LRFD Specifications 5.9.3.4.2a]

∆𝑓𝑝𝐶𝑅 =
𝐸𝑓

𝐸𝑐𝑖
𝑓𝑐𝑝𝑔Ψ𝑏 𝑡𝑑 , 𝑡𝑖 𝐾𝑖𝑑• Creep (Girder)

𝐾𝑖𝑑 =
1

1 +
𝐸𝑓

𝐸𝑐𝑖

𝐴𝑝𝑓

𝐴𝑔
1 +

𝐴𝑔𝑒𝑝𝑔
2

𝐼𝑔
1 + 0.7Ψ𝑏 𝑡𝑑 , 𝑡𝑖

Ψ𝑏 𝑡𝑑 , 𝑡𝑖 = 1.9𝑘𝑠𝑘ℎ𝑐𝑘𝑓𝑘𝑡𝑑𝑡𝑖
−0.118Creep coefficient

𝑡𝑖: age of concrete at time of initial load application (day)

𝑡𝑑: age of deck placement (day)

Transformed section coefficient (interaction between concrete and bonded tendon)
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between Transfer and deck placement

[AASHTO LRFD Specifications 5.4.2.3.2]

𝑘𝑠 = 1.45 − 0.13
𝑉

𝑆
≥ 1.0Factor for the effect of the volume-to-surface 

ratio of the component 

𝑘ℎ𝑠 = 2.00 − 0.014𝐻

𝑘𝑓 =
5

1 + 𝑓𝑐𝑖
′

𝑘𝑡𝑑 =
𝑡

12
100 − 4𝑓𝑐𝑖

′

𝑓𝑐𝑖
′ + 20

+ 𝑡

Time development factor

Humidity factor for shrinkage

Factor for the effect of concrete strength

𝑘ℎ𝑐 = 1.56 − 0.008𝐻Humidity factor for creep

[AASHTO LRFD Specifications 5.4.2.3.3]
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Δ𝑓𝑝𝑅1 = 0.019
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0066 log 24𝑡 × 𝑓𝑝𝑢 Cables

Δ𝑓𝑝𝑅1 = 0.013
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0057 log 24𝑡 × 𝑓𝑝𝑢 Bars

• Relaxation

(CFRP)

(Based on the experimental program in NCHRP Report 907)

CFRP strand
Steel HSS 

reaction frame

Load 

cell

Potentiometer to measure 

anchorage seating

[AASHTO CFRP Specifications 1.9.2.5.2]

Prestress losses between Transfer and deck placement

𝑡 = 𝑡𝑑 − 𝑡𝑖
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between deck placement and the final time

∆𝑓𝑝𝑆𝐷 = 𝜀𝑏𝑑𝑓𝐸𝑓𝐾𝑑𝑓

∆𝑓𝑝𝐶𝐷 =
𝐸𝑓

𝐸𝑐𝑖
𝑓𝑐𝑝𝑔 Ψ𝑏 𝑡𝑓 , 𝑡𝑖 − Ψ𝑏 𝑡𝑑 , 𝑡𝑖 𝐾𝑑𝑓 +

𝐸𝑓

𝐸𝑐
∆𝑓𝑐𝑑Ψ𝑏 𝑡𝑓 , 𝑡𝑑 𝐾𝑑𝑓

• Shrinkage (Girder)

• Creep (Girder)

∆𝑓𝑝𝑆𝑆 =
𝐸𝑓

𝐸𝑐
∆𝑓𝑐𝑑𝑓 1 + 0.7Ψ𝑏 𝑡𝑓 , 𝑡𝑑• Shrinkage (Deck) (Prestress Gain)

• Relaxation (CFRP)

[AASHTO LRFD Specifications 5.9.3.4]

Δ𝑓𝑝𝑅2 = 0.019
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0066 log 24𝑡 × 𝑓𝑝𝑢 Cables

Δ𝑓𝑝𝑅2 = 0.013
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0057 log 24𝑡 × 𝑓𝑝𝑢 Bars
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between deck placement and the final time

∆𝑓𝑝𝑆𝐷 = 𝜀𝑏𝑑𝑓𝐸𝑓𝐾𝑑𝑓• Shrinkage (Girder)

𝐾𝑑𝑓 =
1

1 +
𝐸𝑓

𝐸𝑐𝑖

𝐴𝑝𝑓

𝐴𝑐
1 +

𝐴𝑐𝑒𝑝𝑐
2

𝐼𝑐
1 + 0.7Ψ𝑏 𝑡𝑓, 𝑡𝑑

𝜀𝑏𝑑𝑓 = 𝑘𝑠𝑘ℎ𝑠𝑘𝑓𝑘𝑡𝑑0.48 × 10−3

Shrinkage strain of girder

Transformed section coefficient (interaction between concrete and bonded tendon)
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between deck placement and the final time

∆𝑓𝑝𝑆𝑆 =
𝐸𝑝

𝐸𝑐
∆𝑓𝑐𝑑𝑓 1 + 0.7Ψ𝑏 𝑡𝑓, 𝑡𝑑• Shrinkage (Deck)

𝜀𝑑𝑑𝑓 = 𝑘𝑠𝑘ℎ𝑠𝑘𝑓𝑘𝑡𝑑0.48 × 10−3

Shrinkage strain of deck

∆𝑓𝑐𝑑𝑓 =
𝜀𝑑𝑑𝑓𝐴𝑑𝐸𝑐 𝑑𝑒𝑐𝑘

1 + 0.7Ψ𝑏 𝑡𝑓 , 𝑡𝑑

1

𝐴𝑐
−

𝑒𝑝𝑐𝑒𝑑

𝐼𝑐

Change in concrete stress at centroid of prestressing strands due to shrinkage of deck 

concrete 

[AASHTO LRFD Specifications 5.9.3.4]

𝑡𝑑: age of deck placement (day) 𝑡𝑓: final age (day)
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between deck placement and the final time

∆𝑓𝑝𝐶𝐷 =
𝐸𝑓

𝐸𝑐𝑖
𝑓𝑐𝑝𝑔 Ψ𝑏 𝑡𝑓, 𝑡𝑖 − Ψ𝑏 𝑡𝑑 , 𝑡𝑖 𝐾𝑑𝑓 +

𝐸𝑓

𝐸𝑐
∆𝑓𝑐𝑑Ψ𝑏 𝑡𝑓, 𝑡𝑑 𝐾𝑑𝑓• Creep (Girder)

𝐾𝑑𝑓 =
1

1 +
𝐸𝑓

𝐸𝑐𝑖

𝐴𝑝𝑓

𝐴𝑐
1 +

𝐴𝑐𝑒𝑝𝑐
2

𝐼𝑐
1 + 0.7Ψ𝑏 𝑡𝑓 , 𝑡𝑑

Transformed section coefficient (interaction between concrete and bonded tendon)

Ψ𝑏 𝑡, 𝑡𝑖 = 1.9𝑘𝑠𝑘ℎ𝑐𝑘𝑓𝑘𝑡𝑑𝑡𝑖
−0.118

Creep coefficient

[AASHTO LRFD Specifications 5.9.3.4]
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between deck placement and the final time

Δ𝑓𝑝𝑅2 = 0.019
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0066 log 24𝑡 × 𝑓𝑝𝑢 Cables

Δ𝑓𝑝𝑅2 = 0.013
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0057 log 24𝑡 × 𝑓𝑝𝑢 Bars

• Relaxation

(CFRP)

(Based on the experimental program in NCHRP Report 907)

CFRP strand
Steel HSS 

reaction frame

Load 

cell

Potentiometer to measure 

anchorage seating

[AASHTO CFRP Specifications 1.9.2.5.2]

𝑡 = 𝑡𝑓 − 𝑡𝑑

Δ𝑓𝑝𝑅2 = Δ𝑓𝑝𝑅1

for steel
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PRESTRESSING CFRP

Development of Pretensioning Tendons

Transfer length 𝑙𝑡

𝑙𝑝𝑡𝑥

𝑙𝑑

End of

member

Effective prestress

At nominal resistance of member
P

re
st

re
ss

in
g

C
F

R
P

S
tr

es
s

𝑓𝑝𝑒

𝑓𝑝𝑢

𝑓𝑝𝑡𝑥 = 𝑓𝑝𝑒 +
𝑙𝑝𝑡𝑥 − 𝑙𝑡
𝑙𝑑 − 𝑙𝑡

𝑓𝑝𝑢 − 𝑓𝑝𝑒

𝑓𝑝𝑡𝑥 =
𝑓𝑝𝑒𝑙𝑝𝑡𝑥

𝑙𝑡

𝑙𝑏

[AASHTO CFRP Specifications C1.9.3.2.2]
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PRESTRESSING CFRP

Transfer Length

𝑙𝑡 =
𝑓𝑝𝑏𝑡𝑑𝑏

𝛼𝑡𝑓𝑐𝑖
′ 0.67

𝑑𝑏 = Prestressing CFRP diameter (in.)

𝑓𝑐𝑖
′ = Design concrete compressive strength at time of prestressing (ksi)

𝑓𝑝𝑏𝑡 = Stress in prestressing CFRP immediately prior to transfer (ksi)

𝛼𝑡 = Coefficient related to transfer length taken as 1.0 for bar, 1.1 for cable 

Alternatively, transfer length can be estimated as 50𝑑𝑏 for prestressing CFRP cables and bars

[AASHTO CFRP Specifications 1.9.3.2]

for steel

𝑙𝑡 = 60𝑑𝑏

[ACI 440.R-11]
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PRESTRESSING CFRP

Flexural Bond Length for Bonded Prestressing CFRP

𝑙𝑏 =
𝑓𝑝𝑢 − 𝑓𝑝𝑒 𝑑𝑏

𝛼𝑑𝑓𝑐
′0.67

𝑑𝑏 = Prestressing CFRP diameter (in.)

𝑓𝑐
′ = Compressive strength of concrete for use in design (ksi)

𝑓𝑝𝑢 = Tensile stress of prestressing CFRP (ksi)

𝑓𝑝𝑒 = Effective stress in prestressing CFRP after losses (ksi)

𝛼𝑑 = Coefficient related to flexural bond length taken as 0.53 for bar, 1.48 for cable 

for steel

𝑙𝑑 ≥ κ 𝑓𝑝𝑠 −
2

3
𝑓𝑝𝑒 𝑑𝑏

κ = 1.0 (member depth ≤ 24 𝑖𝑛.)

κ = 1.6 (member depth > 24 𝑖𝑛.)

[AASHTO CFRP Specifications 1.9.3.2] [ACI 440.R-11]
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PRESTRESSING CFRP

Development Length for Debonded Prestressing CFRP

[AASHTO LRFD Specifications 5.9.4.3.3]

κ = 2.0

𝑑𝑏 = Prestressing CFRP diameter (in.)

𝑓𝑝𝑓 = Average stress in prestressing CFRP at the time for which the 

nominal resistance of the member is required (ksi)

𝑓𝑝𝑒 = Effective stress in prestressing CFRP after losses (ksi)

𝑙𝑑 ≥ κ 𝑓𝑝𝑓 −
2

3
𝑓𝑝𝑒 𝑑𝑏

Same equation as prestressing steel



Questions?



2. PRESTRESSING CFRP

2.1 Review Questions: Fundamentals
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REVIEW QUESTIONS

2.1.1) The guaranteed tensile strength of prestressing CFRP as 

provided by the manufacturer is __________?

a. The characteristic value computed according to ASTM D7290 divided by the area 

of prestressing CFRP. The manufacturer shall report the individual test results.

b. The mean tensile strength of the sample population

c. The mean tensile strength of the sample population minus two standard 

deviations

d. None of the above
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REVIEW QUESTIONS

Tensile strength of prestressing CFRP

AASHTO CFRP-1 Specifications 2.6.1

“The tensile strength, as reported by the manufacturer for product certification, shall 

be the load measured according to ASTM D7205/D7205M at a frequency and 

number of specimens as specified in Article 2.9.1 and the characteristic value 

(Manufacturer’s guarancted strength) computed according to ASTM D7290 

divided by the area of prestressing CFRP as specified in Article 2.5.4. The 

manufacturer shall report the individual test results.”

[AASHTO CFRP-1 Specifications 2.6.1]

https://store.transportation.org/Item/PublicationDetail?ID=4144
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REVIEW QUESTIONS

2.1.1) The guaranteed tensile strength of prestressing CFRP as 

provided by the manufacturer is __________?

a. The characteristic value computed according to ASTM D7290 divided by 

the area of prestressing CFRP. The manufacturer shall report the individual 

test results.

b. The mean tensile strength of the sample population

c. The mean tensile strength of the sample population minus two standard 

deviations

d. None of the above
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REVIEW QUESTIONS

2.1.2) Prestressing CFRP has ________ than prestressing steel?

a. Higher ultimate strength but lower elastic modulus

b. Higher ultimate strength and higher elastic modulus

c. Lower ultimate strength but higher elastic modulus

a. Lower ultimate strength and lower elastic modulus
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REVIEW QUESTIONS

Material Properties: Prestressing CFRP vs. Steel

0

100

200

300

400

0 0.01 0.02 0.03 0.04 0.05 0.06

S
tr

e
s
s 

(k
si

)

Strain

Prestressing Carbon Steel

Prestressing CFRP

Material specification AASHTO M203 AASHTO CFRP

Steel/CFRP type
1080 Carbon 

Steel
Prestressing

CFRP

Grade 250 and 270 340-360

Modulus of elasticity 
(ksi)

≅ 28,500 18,000-22,500

Total elongation (%) ≥ 3.5 ≅ 1.6



55

REVIEW QUESTIONS

2.1.2) Prestressing CFRP has ________ than prestressing steel?

a. Higher ultimate strength but lower elastic modulus

b. Higher ultimate strength and higher elastic modulus

c. Lower ultimate strength but higher elastic modulus

a. Lower ultimate strength and lower elastic modulus
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REVIEW QUESTIONS

2.1.3) Prestress stress limit for CFRP is ________ than low relaxation 

carbon steel strand at service limit state?

a. Lower

b. Higher

c. Same
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REVIEW QUESTIONS

[AASHTO CFRP Specifications 1.9.1.1] [AASHTO LRFD Specifications 5.9.2.2]

Cables Bars

Immediately prior to transfer (𝑓𝑝𝑏𝑡) 0.70 𝑓𝑝𝑢 0.65 𝑓𝑝𝑢

At service limit state after all losses (𝑓𝑝𝑒) 0.65 𝑓𝑝𝑢 0.60 𝑓𝑝𝑢

Table 1.9.1.1—Stress Limits for Prestressing CFRP

Table 5.9.2.2-1—Stress Limits for Prestressing Steel

Low Relaxation 

Strand

Plain High 

Strength Bars

Deformed High 

Strength Bars

Immediately prior to transfer (𝑓𝑝𝑏𝑡) 0.75 𝑓𝑝𝑢 0.70 𝑓𝑝𝑢 -

At service limit state after all losses (𝑓𝑝𝑒) 0.80 𝑓𝑝𝑦 0.80 𝑓𝑝𝑦 0.80 𝑓𝑝𝑦
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REVIEW QUESTIONS

2.1.3) Prestress stress limit for CFRP is ________ than low relaxation 

carbon steel strand at service limit state?

a. Lower

b. Higher

c. Same
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REVIEW QUESTIONS

2.1.4) Prestress loss due to temperature change should be considered 

in design for _____? 

a. Prestressing CFRP only

b. Prestressing steel only

c. Both prestressing CFRP and steel

d. None of prestressing CFRP and steel
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REVIEW QUESTIONS

Total prestress loss in pretensioned members

Losses/gains due to 

• elastic shortening or 

extension at the time of 

application of prestress

and/or external loads

Losses due to long-term 

• shrinkage and creep of 

concrete 

• relaxation of the 

prestressing CFRP

Loss due to 

• temperature 

change

[AASHTO CFRP Specifications 1.9.2.1]

∆𝑓𝑝𝑇 = ∆𝑓𝑝𝐸𝑆 + ∆𝑓𝑝𝐿𝑇 + ∆𝑓𝑝𝑇𝐻

Instantaneous
Time dependent

Prestressing Steel does 

not have this part
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REVIEW QUESTIONS

2.1.4) Prestress loss due to temperature change should be considered 

in design for _____? 

a. Prestressing CFRP only

b. Prestressing steel only

c. Both prestressing CFRP and steel

d. None of prestressing CFRP and steel
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REVIEW QUESTIONS

2.1.5) Which type of prestressing strand requires longer transfer 

length?

a. Prestressing CFRP requires longer transfer length

b. Prestressing steel requires longer transfer length

c. Same for Prestressing CFRP and steel
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REVIEW QUESTIONS

• Transfer Length for Prestressing CFRP 𝑙𝑡 =
𝑓𝑝𝑏𝑡𝑑𝑏

𝛼𝑡𝑓𝑐𝑖
′ 0.67

Alternatively, transfer length can be estimated as 50𝑑𝑏

for prestressing CFRP cables and bars

[AASHTO CFRP Specifications 1.9.3.2]

𝑙𝑡 = 60𝑑𝑏

[ACI 440.R-11]

• Transfer Length for Prestressing steel
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REVIEW QUESTIONS

2.1.5) Which type of prestressing strand requires longer transfer 

length?

a. Prestressing CFRP requires longer transfer length

b. Prestressing steel requires longer transfer length

c. Same for Prestressing CFRP and steel



2. PRESTRESSING CFRP

2.2 Design Example: Prestress losses
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DESIGN EXAMPLE: PRESTRESS LOSS
Geometry

Beam Span = 87.667 ft

BeamSpacing = 9 ft

BridgeWidth = 42.667 ft

Slab thickness 𝑡𝑠𝑙𝑎𝑏 = 8.5 in

Beam depth ℎ𝑏𝑒𝑎𝑚 = 36 in
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DESIGN EXAMPLE: PRESTRESS LOSS

Concrete

Beam 𝑓′𝑐.𝑏𝑒𝑎𝑚 = 8.5 ksi

Beam 𝑓′𝑐𝑖.𝑏𝑒𝑎𝑚 = 6 ksi

Beam 𝐸𝑐.𝑏𝑒𝑎𝑚 = 5112 ksi

Beam 𝐸𝑐𝑖.𝑏𝑒𝑎𝑚 = 4557 ksi

Slab 𝑓′𝑐.𝑠𝑙𝑎𝑏 = 5.5 ksi

Slab 𝐸𝑐.𝑠𝑙𝑎𝑏 = 4428 ksi

CFRP strand

Diameter 𝐷𝑝 = 0.6 in

Effective area 𝐴𝑝𝑓 = 0.179 in2

Elastic modulus 𝐸𝑓 = 22,480 ksi

Design tensile strength 𝑓𝑝𝑢 = 341 ksi

Design tensile strain 𝜀𝑝𝑢 = 0.015 ksi

GFRP rebar

Bar size = # 5

Diameter 𝑑𝐺𝐹𝑅𝑃 = 0.625 in

Elastic modulus 𝐸𝐺𝐹𝑅𝑃 = 6500 ksi

Design tensile strength

𝑓𝑓𝑢.𝐺𝐹𝑅𝑃 = 66.4 ksi

Bend 𝜑𝑏𝑒𝑛𝑑 = 0.6

Unit weight 𝛾𝑐 = 150 pcf

Jacking stress 𝑓𝑝𝑗 = 239 ksi

Note: 145 pcf is permitted
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DESIGN EXAMPLE: PRESTRESS LOSS

Prestress losses

Losses/gains due to 

• elastic shortening or 

extension at the time of 

application of prestress

and/or external loads

Losses due to long-term 

• shrinkage and creep of 

concrete 

• relaxation of the 

prestressing CFRP

Loss due to 

• temperature 

change

∆𝑓𝑝𝑇 = ∆𝑓𝑝𝐸𝑆 + ∆𝑓𝑝𝐿𝑇 + ∆𝑓𝑝𝑇𝐻

Instantaneous
Time dependent

Assume 0 in this example
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DESIGN EXAMPLE: PRESTRESS LOSS

Prestress loss – Elastic shortening

∆𝑓𝑝𝐸𝑆 =
𝐸𝑓

𝐸𝑐𝑡
𝑓𝑐𝑔𝑝 = 14.277 ksi

Concrete stress at the center of gravity of prestressing CFRP due to prestressing force immediately 

after transfer and the self-weight of the member at the section of maximum moment:

𝑓𝑐𝑔𝑝 =
𝐹𝑝𝑖

𝐴𝑔.𝑡𝑟
+

𝐹𝑝𝑖𝑒𝑔
2

𝐼𝑔.𝑡𝑟
−

𝑀𝐺𝑒𝑔

𝐼𝑔.𝑡𝑟
= 2.894 ksi

Prestress loss due to Elastic shortening Gravity center of 

beam section

Prestressing

strand 𝑒𝑔

𝐴𝑔, 𝐼𝑔

𝐹𝑝𝑖

𝐹𝑝𝑖

𝐹𝑝𝑖𝑒𝑔

𝑀𝐺

𝐹𝑝𝑖

𝐹𝑝𝑖

𝐴𝑔

𝐹𝑝𝑖𝑒𝑔
2

𝐼𝑔
−

𝑀𝐷𝑒𝑐

𝐼𝑔
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

[AASHTO LRFD Specifications 5.9.3.4]

∆𝑓𝑝𝐿𝑇 = ∆𝑓𝑝𝑆𝑅 + ∆𝑓𝑝𝐶𝑅 + ∆𝑓𝑝𝑅1 𝑖𝑑
+ ∆𝑓𝑝𝑆𝐷 + ∆𝑓𝑝𝐶𝐷 + ∆𝑓𝑝𝑅2 − ∆𝑓𝑝𝑆𝑆 𝑑𝑓

Prestress losses between

Transfer and deck placement

Prestress losses between

deck placement and the final time

∆𝑓𝑝𝐿𝑇 = ∆𝑓𝑝𝑆𝑅 + ∆𝑓𝑝𝐶𝑅 + ∆𝑓𝑝𝑅

RelaxationCreepShrinkage

[AASHTO CFRP Specifications 1.9.2.5]
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PRESTRESSING CFRP

Prestress Losses: Long-Term Losses (Refined Estimation)

Prestress losses between Transfer and deck placement

∆𝑓𝑝𝑆𝑅 = 𝜀𝑏𝑖𝑑𝐸𝑓𝐾𝑖𝑑 = 4.924 ksi• Shrinkage (Beam concrete)

∆𝑓𝑝𝐶𝑅 =
𝐸𝑓

𝐸𝑐𝑖
𝑓𝑐𝑝𝑔Ψ𝑏 𝑡𝑑 , 𝑡𝑖 𝐾𝑖𝑑 = 12.508 ksi• Creep (Beam concrete)

• Relaxation (CFRP) Δ𝑓𝑝𝑅1 = 0.019
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0066 log 24𝑡 × 𝑓𝑝𝑢= 6.953 ksi

[AASHTO CFRP Specifications 1.9.2.5.2] [AASHTO LRFD Specifications 5.9.3.4]

In total, ∆𝑓𝑝𝐿𝑇.𝑖𝑑 = ∆𝑓𝑝𝑆𝑅 + ∆𝑓𝑝𝐶𝑅 + ∆𝑓𝑝𝑅1 𝑖𝑑
= 24.385 ksi
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PRESTRESSING CFRP

Prestress losses between deck placement and the final time

∆𝑓𝑝𝑆𝐷 = 𝜀𝑏𝑑𝑓𝐸𝑓𝐾𝑑𝑓 = 6.465 ksi

∆𝑓𝑝𝐶𝐷 =
𝐸𝑓

𝐸𝑐𝑖
𝑓𝑐𝑝𝑔 Ψ𝑏 𝑡𝑓, 𝑡𝑖 − Ψ𝑏 𝑡𝑑 , 𝑡𝑖 𝐾𝑑𝑓 +

𝐸𝑓

𝐸𝑐
∆𝑓𝑐𝑑Ψ𝑏 𝑡𝑓, 𝑡𝑑 𝐾𝑑𝑓

= −0.99 ksi

• Shrinkage (Beam concrete)

• Creep (Beam concrete)

∆𝑓𝑝𝑆𝑆 =
𝐸𝑓

𝐸𝑐
∆𝑓𝑐𝑑𝑓 1 + 0.7Ψ𝑏 𝑡𝑓, 𝑡𝑑 = 1.44 ksi• Shrinkage (Slab concrete)

• Relaxation (CFRP)

[AASHTO LRFD Specifications 5.9.3.4]

Δ𝑓𝑝𝑅2 = 0.019
𝑓𝑝𝑡

𝑓𝑝𝑢
− 0.0066 log 24𝑡 × 𝑓𝑝𝑢= 10.814 ksi

Prestress Losses: Long-Term Losses (Refined Estimation)

In total, ∆𝑓𝑝𝐿𝑇.𝑑𝑓 = ∆𝑓𝑝𝑆𝐷 + ∆𝑓𝑝𝐶𝐷 + ∆𝑓𝑝𝑅2 − ∆𝑓𝑝𝑆𝑆 𝑑𝑓
= 14.86 ksi
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PRESTRESSING CFRP

Elastic shortening

[AASHTO LRFD Specifications 5.9.3.4]

Total Prestress Losses

∆𝑓𝑝𝑇 = ∆𝑓𝑝𝐸𝑆 + ∆𝑓𝑝𝐿𝑇 + ∆𝑓𝑝𝑇𝐻 = 53.522 ksi (22.4%)

∆𝑓𝑝𝐸𝑆 = 14.277 ksi

Long-Term Losses ∆𝑓𝑝𝐿𝑇 = ∆𝑓𝑝𝑆𝑅 + ∆𝑓𝑝𝐶𝑅 + ∆𝑓𝑝𝑅1 𝑖𝑑
+ ∆𝑓𝑝𝑆𝐷 + ∆𝑓𝑝𝐶𝐷 + ∆𝑓𝑝𝑅2 − ∆𝑓𝑝𝑆𝑆 𝑑𝑓

= 39.245 ksi

Loss due to temperature change (Assume 0 in this example) ∆𝑓𝑝𝑇𝐻 = 0

Total prestress loss 

Effective prestress after all losses

𝑓𝑝𝑒 = 185 ksi < 𝑓𝑝𝑒.𝑙𝑖𝑚𝑖𝑡 = 0.65𝑓𝑝𝑢 = 222 ksi 𝐎𝐊
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