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PRESTRESSED PILES

Halls River Bridge (Homosassa, FL)

Will Potter (2018), Fiber-Reinforced Polymer (FRP) Development for FDOT Structural Applications  
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PRESTRESSED PILES

Halls River Bridge (Homosassa, FL)

CFRP Prestressed Square Pile

Will Potter (2018), Fiber-Reinforced Polymer (FRP) Development for FDOT Structural Applications  
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PRESTRESSED PILES

Halls River Bridge (Homosassa, FL)

CFRP Prestressed Sheet Pile

Will Potter (2018), Fiber-Reinforced Polymer (FRP) Development for FDOT Structural Applications  
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PRESTRESSED PILES

CFRP 

Prestressed

Sheet Pile

Will Potter (2018), Fiber-Reinforced Polymer (FRP) Development for FDOT Structural Applications  



9

PRESTRESSED PILES
FDOT Standard Plans, FY 2020-21

SQUARE

PILE

CYLINDER

PILE

[FDOT Standard Plans, FY 2020-21]

SHEET

PILE

https://www.fdot.gov/design/standardplans/current/default.shtm#Bridges
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PRESTRESSED PILES

Square Pile

e.g. 18’’

[FDOT Standard Plans, Index 455-118]

https://www.fdot.gov/design/standardplans/current/default.shtm#Bridges
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PRESTRESSED PILES
FDOT Standard Plans Instructions (SPI), FY 2020-21

Index 455-101 Series Square CFRP & SS Prestressed Concrete Piles 

Design Assumptions and Limitations 

• Standard piles are designed to have 1000 psi uniform compression after 

prestress losses without any applied loads to offset tensile stresses that occur 

during typical driving. 

• The piles are designed to have 0.0 psi tension using a load factor of 1.5 times 

the pile self weight during pick-up, storage and transportation

[FDOT Standard Plans, Instructions, Index 455-101]

https://www.fdot.gov/design/standardplans/current/default.shtm#Bridges
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PRESTRESSED PILES

𝑃𝑒

𝑃

𝑒

• Clear cover 𝑐𝑐

• Concrete compressive strength 𝑓𝑐
′

• CFRP ultimate strength 𝑓𝑓𝑢

• CFRP effective prestressing stress 𝑓𝑓𝑒 (after losses)

Square Pile

𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 =  𝐴𝑓𝑖

𝑑1
𝑑2

𝑑3𝑑4
ℎ

ℎ

𝐴𝑓1 = 4 ∙ 𝐴𝑓

𝐴𝑓2 = 2 ∙ 𝐴𝑓

𝐴𝑓3 = 𝐴𝑓2

𝐴𝑓4 = 𝐴𝑓1
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PRESTRESSED PILES

Square Pile: Under Prestressing Force Only

ℎ

𝑇1

𝑇2
𝑇3
𝑇4

𝐶

𝜀𝑐𝑒
𝜀𝑓𝑒

𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 ∙ 𝑓𝑓𝑒 = 𝐴𝑐 ∙ 𝑓𝑐𝑒 𝑇𝑖 = 𝐶 𝑓𝑐𝑒 =
𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 ∙ 𝑓𝑓𝑒

𝐴𝑐
=

𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 ∙ 𝑓𝑓𝑒
ℎ2

𝜀𝑐𝑒 =
𝑓𝑐𝑒
𝐸𝑐

𝜀𝑓𝑒 =
𝑓𝑓𝑒
𝐸𝑓
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PRESTRESSED PILES

Square Pile: Under Prestressing Force Only

𝑓𝑐𝑒 =
𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 ∙ 𝑓𝑓𝑒

ℎ2

𝑓𝑐𝑒 = 1000 𝑝𝑠𝑖 uniform compression at time of installation

[FDOT Standard Plans Instructions, FY 2020-21

Index 455-101 Series Square CFRP & SS Prestressed Concrete Piles] 

Adjust jacking force until satisfy
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PRESTRESSED PILES

𝑓𝑐

𝜀𝑐

𝑓𝑓

𝜀𝑓

𝐂𝐅𝐑𝐏 𝐂𝐨𝐧𝐜𝐫𝐞𝐭𝐞

𝐸𝑐

𝐸𝑓

𝐶

𝜀𝑐𝑢

𝑓𝑐
′

𝜀𝑐
′

𝑓𝑡

𝜀𝑡𝑢

𝑇

𝑇 𝐶

𝜀𝑓𝑢

𝑓𝑓𝑢

𝑓𝑓𝑒

𝜀𝑓𝑒

𝜀𝑐𝑒

𝑓𝑐𝑒
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PRESTRESSED PILES

Square Pile: P-M diagram

𝑇1

𝑇2
𝑇3
𝑇4

𝐶

𝜀𝑐𝑒𝜀𝑓𝑒

Assume a compression depth 𝑐

Under 

Prestressing

Force Only

Under Additional 

Compression Load 

𝑃 with eccentricity 𝑒

𝑐

𝜀𝑐,𝑟𝑒𝑠 = 𝜀𝑐𝑢 − 𝜀𝑐𝑒

𝜀𝑓4,𝑙

𝜀𝑓3,𝑙

𝜀𝑓2,𝑙

𝜀𝑓1,𝑙

𝜀𝑐𝑢

𝜀𝑓3

𝜀𝑓2

𝜀𝑓1

𝜀𝑓4

𝛽1 𝑐

𝛼1 𝑓𝑐
′

𝑃
𝑒

𝐶 = 0.85 𝛼1 𝑓𝑐
′ 𝛽1 𝑐 ℎ

𝑓𝑓𝑖 = 𝐸𝑓 𝜀𝑓𝑖 ≤ 𝑓𝑓𝑢

𝑇𝑖 = 𝐴𝑓𝑖 𝑓𝑓𝑖

𝜀𝑓𝑖 = 𝜀𝑓𝑒 + 𝜀𝑓𝑖,𝑙
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PRESTRESSED PILES

Square Pile: P-M diagram

𝜀𝑐𝑒𝜀𝑓𝑒

Assume a compression depth 𝑐

Under 

Prestressing

Force Only

Under Additional 

Compression Load 

𝑃 with eccentricity 𝑒

𝑐

𝜀𝑐,𝑟𝑒𝑠 = 𝜀𝑐𝑢 − 𝜀𝑐𝑒

𝜀𝑓4,𝑙

𝜀𝑓3,𝑙

𝜀𝑓2,𝑙

𝜀𝑓1,𝑙

𝜀𝑐𝑢

𝜀𝑓3

𝜀𝑓2

𝜀𝑓1

𝜀𝑓4

𝜀𝑓𝑖 = 𝜀𝑓𝑒 + 𝜀𝑓𝑖,𝑙

𝑑1
𝑑2

𝑑3𝑑4
ℎ

𝑐′

𝜀𝑐,𝑟𝑒𝑠
𝑐′

=
𝜀𝑓𝑖,𝑙

𝑐′ − 𝑑𝑖

𝜀𝑐,𝑟𝑒𝑠
𝑐′

=
𝜀𝑐𝑢
𝑐

𝑐′ =
𝜀𝑐𝑢 − 𝜀𝑐𝑒

𝜀𝑐𝑢
𝑐

𝜀𝑓𝑖,𝑙 = 𝜀𝑐,𝑟𝑒𝑠
𝑐′ − 𝑑𝑖

𝑐′
= 𝜀𝑐𝑢 − 𝜀𝑐𝑒

𝜀𝑐𝑢 − 𝜀𝑐𝑒
𝜀𝑐𝑢

𝑐 − 𝑑𝑖

𝜀𝑐𝑢 − 𝜀𝑐𝑒
𝜀𝑐𝑢

𝑐
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PRESTRESSED PILES

Square Pile: P-M diagram Balanced Condition

𝜀𝑐𝑒𝜀𝑓𝑒

Assume a compression depth 𝑐

Under 

Prestressing

Force Only

Under Additional 

Compression Load 

𝑃 with eccentricity 𝑒

𝑐

𝜀𝑐,𝑟𝑒𝑠 = 𝜀𝑐𝑢 − 𝜀𝑐𝑒

𝜀𝑓4,𝑙

𝜀𝑓3,𝑙

𝜀𝑓2,𝑙

𝜀𝑓1,𝑙

𝜀𝑐𝑢

𝜀𝑓3

𝜀𝑓2

𝜀𝑓1

𝜀𝑓4

𝜀𝑓𝑖 = 𝜀𝑓𝑒 + 𝜀𝑓𝑖,𝑙

𝑑1
𝑑2

𝑑3𝑑4
ℎ

𝑐′

𝜀𝑐,𝑟𝑒𝑠
𝑐′

=
𝜀𝑓𝑖,𝑙

𝑐′ − 𝑑𝑖

𝜀𝑐,𝑟𝑒𝑠
𝑐′

=
𝜀𝑐𝑢
𝑐

𝑐′ =
𝜀𝑐,𝑟𝑒𝑠
𝜀𝑐𝑢

𝑐

𝜀𝑓𝑖,𝑙 = 𝜀𝑐,𝑟𝑒𝑠
𝑐′ − 𝑑𝑖

𝑐′
= 𝜀𝑐,𝑟𝑒𝑠

𝜀𝑐,𝑟𝑒𝑠
𝜀𝑐𝑢

𝑐 − 𝑑𝑖

𝜀𝑐,𝑟𝑒𝑠
𝜀𝑐𝑢

𝑐

𝜀𝑓4 = 𝜀𝑓𝑢
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PRESTRESSED PILES

Square Pile: P-M diagram

Assume a compression depth 𝑐

𝑇1

𝑇2
𝑇3
𝑇4

𝐶

𝛼1 𝑓𝑐
′

𝑃
𝑒

𝛽1 𝑐
ℎ

2

𝑑1
𝑑2

𝑑3𝑑4
ℎ

 𝑇𝑖 = 𝐶 + 𝑃

𝑃𝑒 = 𝑀 = 𝐶
ℎ

2
−
𝛽1 𝑐

2
− 𝑇1

ℎ

2
− 𝑑1 − 𝑇2

ℎ

2
− 𝑑2 + 𝑇3 𝑑3 −

ℎ

2
+ 𝑇4 𝑑4 −

ℎ

2

𝐶 = 𝛼1 𝑓𝑐
′ 𝛽1 𝑐 ℎ

𝑓𝑓𝑖 = 𝐸𝑓 𝜀𝑓𝑖 ≤ 𝑓𝑓𝑢𝑇𝑖 = 𝐴𝑓𝑖 𝑓𝑓𝑖

𝑃,𝑀 ∅ = 0.75 ∅𝑃, ∅𝑀
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PRESTRESSED PILES

Cylinder Pile

[FDOT Standard Plans, Index 455-160]

The first 66” cylinder pile cast for the 

Harry Nice Bridge replacement. These 

pile have CFCC strand and spiral and 

exceed 200’ in length. Pile produced 

from Cape Charles plant (June 2020)

https://www.fdot.gov/design/standardplans/current/default.shtm#Bridges
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PRESTRESSED PILES

Cylinder Pile

e.g. 60’’

[FDOT Standard Plans, Index 455-160]

https://www.fdot.gov/design/standardplans/current/default.shtm#Bridges
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PRESTRESSED PILES

𝑃𝑒

𝑃

𝑒

• Concrete compressive strength 𝑓𝑐
′

• CFRP ultimate strength 𝑓𝑓𝑢

• CFRP effective prestressing stress 𝑓𝑓𝑒 (after losses)

Cylinder Pile

𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 =  𝐴𝑓𝑖

𝑑1
𝑑2

𝑑3𝑑4
𝐷 = 2𝑅0

𝐷

𝐴𝑓1 = 𝐴𝑓
𝐴𝑓2 = 2 ∙ 𝐴𝑓

𝐴𝑓3 = 𝐴𝑓2
𝐴𝑓4 = 𝐴𝑓1
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PRESTRESSED PILES

Cylinder Pile: Under Prestressing Force Only

𝐷 = 2𝑅0

𝑇1
𝑇2

𝑇3
𝑇4

𝐶

𝜀𝑐𝑒
𝜀𝑓𝑒

𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 ∙ 𝑓𝑓𝑒 = 𝐴𝑐 ∙ 𝑓𝑐𝑒 𝑇𝑖 = 𝐶 𝑓𝑐𝑒 =
𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 ∙ 𝑓𝑓𝑒

𝐴𝑐
=

𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 ∙ 𝑓𝑓𝑒
𝜋(𝑅𝑜

2 − 𝑅𝑖
2)

𝜀𝑐𝑒 =
𝑓𝑐𝑒
𝐸𝑐

𝜀𝑓𝑒 =
𝑓𝑓𝑒
𝐸𝑓𝑅𝑖
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PRESTRESSED PILES

Cylinder Pile: Under Prestressing Force Only

𝑓𝑐𝑒 =
𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 ∙ 𝑓𝑓𝑒

𝜋 𝑅𝑜
2 − 𝑅𝑖

2

𝑓𝑐𝑒 = 1000 𝑝𝑠𝑖 uniform compression at time of installation

[FDOT Standard Plans Instructions, FY 2020-21

Index 455-101 Series Square CFRP & SS Prestressed Concrete Piles] 

Adjust jacking force until satisfy

[FDOT Standard Plans Instructions, Index 455-101]

https://www.fdot.gov/design/standardplans/current/default.shtm#Bridges
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PRESTRESSED PILES

Cylinder Pile: P-M diagram

𝑇1
𝑇2

𝑇3
𝑇4

𝐶

𝜀𝑐𝑒𝜀𝑓𝑒

Assume a compression depth 𝑐

Under 

Prestressing

Force Only

Under Additional 

Compression Load 

𝑃 with eccentricity 𝑒

𝑐

𝜀𝑐,𝑟𝑒𝑠

𝜀𝑓4,𝑙

𝜀𝑓3,𝑙

𝜀𝑓2,𝑙

𝜀𝑓1,𝑙

𝜀𝑐𝑢

𝜀𝑓3

𝜀𝑓2

𝜀𝑓1

𝜀𝑓4

𝛼1 𝑓𝑐
′

𝑃
𝑒

𝑓𝑓𝑖 = 𝐸𝑓 𝜀𝑓𝑖 ≤ 𝑓𝑓𝑢

𝑇𝑖 = 𝐴𝑓𝑖 𝑓𝑓𝑖

𝜀𝑓𝑖 = 𝜀𝑓𝑒 + 𝜀𝑓𝑖,𝑙

 𝑦

𝜑
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PRESTRESSED PILES

𝑑1
𝑑2

𝑑3𝑑4
𝐷

𝑇1
𝑇2

𝑇3
𝑇4

𝐶
𝑐

𝜀𝑐𝑢

𝜀𝑓3

𝜀𝑓2

𝜀𝑓1

𝜀𝑓4
𝑃

𝑒

𝜀𝑓𝑖 = 𝜀𝑓𝑒 + 𝜀𝑓𝑖,𝑙

 𝑦
𝑏𝑦

𝑦
𝑑𝑦 𝜀𝑐𝑦 𝑓𝑐𝑦

𝜑

𝜑 =
𝜀𝑐𝑢
𝑐

𝜀𝑐𝑦 = 𝜑 𝑐 − 𝑦

𝑓𝑐𝑦 = 𝑓𝑐 𝜀𝑐𝑦

e.g. Thorenfeldt model

𝑓𝑐 = 𝑓𝑐
′

𝑛 𝜀𝑐/𝜀𝑐
′

𝑛 − 1 + 𝜀𝑐/𝜀𝑐
′ 𝑛𝑘

𝑓𝑐 = 𝑓𝑐
′ 2

𝜀𝑐
𝜀𝑐
′ −

𝜀𝑐
𝜀𝑐
′

2

Concrete stress-strain relationship

e.g. parabolic

𝐶 =  
0

𝑐

𝑏𝑦 ∙ 𝑓𝑐𝑦 𝑑𝑦

 𝑦 =
 0
𝑐
𝑏𝑦 ∙ 𝑓𝑐𝑦 ∙ 𝑦 𝑑𝑦

𝐶𝑏𝑦 = 2 𝑅𝑜
2 − 𝑅𝑜 − 𝑦 2Otherwise

𝑅𝑜 − 𝑅𝑖 < 𝑦 < 𝑅𝑜 + 𝑅𝑖

𝑏𝑦

𝑦

𝑅𝑜 𝑅𝑜

𝑏𝑦

𝑦
𝑅𝑜 𝑅𝑜

When 𝑦𝑖 = 𝑦 − (𝑅𝑜 − 𝑅𝑖)

𝑏𝑦 = 2 𝑅𝑜
2 − 𝑅𝑜 − 𝑦 2 − 2 𝑅𝑖

2 − 𝑅𝑖 − 𝑦𝑖 2

,
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PRESTRESSED PILES

𝑑1
𝑑2

𝑑3𝑑4
𝐷

𝑇1
𝑇2

𝑇3
𝑇4

𝐶
𝑐

𝜀𝑐𝑢

𝜀𝑓3

𝜀𝑓2

𝜀𝑓1

𝜀𝑓4
𝑃

𝑒

𝜀𝑓𝑖 = 𝜀𝑓𝑒 + 𝜀𝑓𝑖,𝑙

 𝑦

𝑏𝑦

𝑦
𝑑𝑦 𝜀𝑐𝑦 𝑓𝑐𝑦

𝑏𝑦 = 2 𝑅𝑜
2 − 𝑅𝑜 − 𝑦 2

𝑏𝑦

𝑦

𝑅𝑜 𝑅𝑜

𝜑

𝜑 =
𝜀𝑐𝑢
𝑐

𝜀𝑐𝑦 = 𝜑 𝑐 − 𝑦

𝑓𝑐𝑦 = 𝑓𝑐 𝜀𝑐𝑦

e.g. Thorenfeldt model

𝑓𝑐 = 𝑓𝑐
′

𝑛 𝜀𝑐/𝜀𝑐
′

𝑛 − 1 + 𝜀𝑐/𝜀𝑐
′ 𝑛𝑘

𝑓𝑐 = 𝑓𝑐
′ 2

𝜀𝑐
𝜀𝑐
′ −

𝜀𝑐
𝜀𝑐
′

2

Concrete stress-strain relationship

e.g. parabolic

𝐶 =  
0

𝑐

𝑏𝑦 ∙ 𝑓𝑐𝑦 𝑑𝑦

 𝑦 =
 0
𝑐
𝑏𝑦 ∙ 𝑓𝑐𝑦 ∙ 𝑦 𝑑𝑦

𝐶

𝑏𝑦

𝑦
𝑅𝑜 𝑅𝑜

Otherwise

𝑅𝑜 − 𝑅𝑖 < 𝑦 < 𝑅𝑜 + 𝑅𝑖When 𝑦𝑖 = 𝑦 − (𝑅𝑜 − 𝑅𝑖)

𝑏𝑦 = 2 𝑅𝑜
2 − 𝑅𝑜 − 𝑦 2 − 2 𝑅𝑖

2 − 𝑅𝑖 − 𝑦𝑖 2

,
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PRESTRESSED PILES

𝑑1
𝑑2

𝑑3𝑑4
𝐷 = 2𝑅0

𝑇1
𝑇2

𝑇3
𝑇4

𝐶
𝑐

𝜀𝑐𝑢

𝜀𝑓3

𝜀𝑓2

𝜀𝑓1

𝜀𝑓4
𝑃

𝑒

𝜀𝑓𝑖 = 𝜀𝑓𝑒 + 𝜀𝑓𝑖,𝑙

 𝑦

𝜑

 𝑇𝑖 = 𝐶 + 𝑃

𝑃𝑒 = 𝑀 = 𝐶 𝑅𝑜 −  𝑦 − 𝑇1 𝑅𝑜 − 𝑑1 − 𝑇2 𝑅𝑜 − 𝑑2 + 𝑇3 𝑑3 − 𝑅𝑜 + 𝑇4 𝑑4 − 𝑅𝑜

𝑃,𝑀 ∅ = 0.75 ∅𝑃, ∅𝑀

Cylinder Pile: P-M diagram

Assume a compression zone depth 𝑐
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PRESTRESSED PILES

Factored Axial Resistance

𝑃𝑟 = 𝜙𝑃𝑛

For compressive components symmetrical about both principal axes

𝑃𝑛 = 0.85 𝑘𝑐𝑓𝑐
′ 𝐴𝑔 − 𝐴𝑓𝑡 − 𝐴𝑝𝑓 − 𝐴𝑝𝑓 𝑓𝑝𝑒 − 𝐸𝑝𝜀𝑐𝑢

𝑃𝑛 = 0.80 𝑘𝑐𝑓𝑐
′ 𝐴𝑔 − 𝐴𝑓𝑡 − 𝐴𝑝𝑓 − 𝐴𝑝𝑓 𝑓𝑝𝑒 − 𝐸𝑝𝜀𝑐𝑢

Spiral reinforcement

Tie reinforcement

𝑘𝑐 =  
0.85 when 𝑓𝑐

′ ≤ 10 ksi

0.85 − 0.02 𝑓𝑐
′ − 10 ≥ 0.75 when 𝑓𝑐

′ > 10 ksi

[Replaced steel (𝑠) with CFRP (𝑓), 𝑓𝑦 with 𝑓𝑝𝑢]

[AASHTO LRFD-8 Specifications 5.6.4.4]

FRP does NOT have 

compressive strength

https://store.transportation.org/Item/CollectionDetail?ID=152
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PRESTRESSED PILES

P-M Interaction Diagram

• Pure compression

• Pure tension

• Pure bending

• Balanced condition

• Zero tension

CFRP Rupture



Questions?



5. PRESTRESSED PILES

5.1 Review Questions: Fundamentals
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REVIEW QUESTIONS

5.1.1) When constructing a P-M diagram for a CFRP prestressed piles, 

the balance points refers to:_____?

a. The point at which the CFRP yields and concrete crushes

b. The point at which the CFRP ruptures and concrete crushes

c. The point at which the CFRP yields before concrete crushes

d. The point at which the concrete crushes, but the CFRP has not ruptured
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REVIEW QUESTIONS

P-M diagram: Balanced Condition

𝜀𝑐𝑒𝜀𝑓𝑒

Under 

Prestressing

Force Only

Under Additional 

Compression Load 

𝑃 with eccentricity 𝑒

𝑐

𝜀𝑐,𝑟𝑒𝑠 = 𝜀𝑐𝑢 − 𝜀𝑐𝑒

𝜀𝑓4,𝑙

𝜀𝑓3,𝑙

𝜀𝑓2,𝑙

𝜀𝑓1,𝑙

𝜺𝒄𝒖

𝜀𝑓3

𝜀𝑓2

𝜀𝑓1

𝜀𝑓4

𝜀𝑓𝑖 = 𝜀𝑓𝑒 + 𝜀𝑓𝑖,𝑙

𝑑1
𝑑2

𝑑3𝑑4
ℎ

𝑐′

𝜺𝒇𝟒 = 𝜺𝒇𝒖
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REVIEW QUESTIONS

5.1.1) When constructing a P-M diagram for a CFRP prestressed piles, 

the balance points refers to:_____?

a. The point at which the CFRP yields and concrete crushes

b. The point at which the CFRP ruptures and concrete crushes

c. The point at which the CFRP yields before concrete crushes

d. The point at which the concrete crushes, but the CFRP has not ruptured
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REVIEW QUESTIONS

5.1.2) For FDOT 455-101 Series Square CFRP Prestressed Concrete 

Piles, which of the below statement(s) is/are TRUE?

a. Prestressed piles are designed to have 1000 psi uniform compression after 

prestress losses without any applied loads to offset tensile stresses that occur 

during typical driving

b. Prestressed piles are designed to have 0.0 psi tension using a load factor of 1.5 

times the pile self weight during pick-up, storage and transportation

c. Both (a) and (b)

d. None of above
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REVIEW QUESTIONS
FDOT Standard Plans Instructions (SPI), FY 2020-21

Index 455-101 Series Square CFRP & SS Prestressed Concrete Piles 

Design Assumptions and Limitations 

• Standard piles are designed to have 1000 psi uniform compression after 

prestress losses without any applied loads to offset tensile stresses that occur 

during typical driving. 

• The piles are designed to have 0.0 psi tension using a load factor of 1.5 times 

the pile self weight during pick-up, storage and transportation

[FDOT Standard Plans, Instructions, Index 455-101]

https://www.fdot.gov/design/standardplans/current/default.shtm#Bridges


38

REVIEW QUESTIONS

5.1.2) For FDOT 455-101 Series Square CFRP Prestressed Concrete 

Piles, which of the below statement(s) is/are TRUE?

a. Prestressed piles are designed to have 1000 psi uniform compression after 

prestress losses without any applied loads to offset tensile stresses that occur 

during typical driving

b. Prestressed piles are designed to have 0.0 psi tension using a load factor of 1.5 

times the pile self weight during pick-up, storage and transportation

c. Both (a) and (b)

d. None of above
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REVIEW QUESTIONS

5.1.3) Which of below P-M diagram is for a CFRP prestressed concrete 

pile?

(a)

𝑷

𝑴

(b)

𝑷

𝑴
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REVIEW QUESTIONS

𝑷

𝑴

CFRP Rupture
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REVIEW QUESTIONS

5.1.3) Which of below P-M diagram is for a CFRP prestressed concrete 

pile?

(a)

𝑷

𝑴

(b)

𝑷

𝑴
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REVIEW QUESTIONS

5.1.4) _____spiral ties should be used in CFRP prestressed piles?

a. CFRP

b. Steel
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REVIEW QUESTIONS

5.1.4) _____spiral ties should be used in CFRP prestressed piles?

a. CFRP

b. Steel



5. PRESTRESSED PILES

5.2 Design Example: Square Pile -18''x18''
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DESIGN EXAMPLE: SQUARE PILE

Geometry

b = h = 18 in

cover = 3 in

𝐴𝑔 = 323 in2

𝐼𝑔 = 8748 in4

Concrete

𝑓′𝑐 = 6 ksi

𝑓′𝑐𝑖 = 4 ksi

𝐸𝑐 = 4557 ksi

𝐸𝑐𝑖 = 3987 ksi

𝛼1 = 0.85

CFRP strand

𝐷𝑝 = 0.6 in

𝐴𝑝𝑓 = 0.179 in2

𝐸𝑓 = 22,480 ksi

𝑓𝑝𝑢 = 370 ksi

𝛽1 = 0.75

CFRP wire

𝐷𝑤𝑖𝑟𝑒 = 0.2 in
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DESIGN EXAMPLE: SQUARE PILE
FDOT Standard Plans Instructions (SPI), FY 2020-21

Index 455-101 Series Square CFRP & SS Prestressed Concrete Piles 

• Standard piles are designed to have 1000 psi uniform compression after prestress

losses without any applied loads to offset tensile stresses that occur during typical 

driving. 

[FDOT Standard Plans, Instructions, Index 455-101]

Jacking force 𝑷𝒋 is adjusted (trial and error) to satisfy this requirement

𝑷𝒋 = 𝟑𝟐 𝐤𝐢𝐩

𝑓𝑝𝑗 = 179 ksi < 𝑓𝑝𝑗.𝑙𝑖𝑚𝑖𝑡 = 0.70𝑓𝑝𝑢 = 259 ksi 𝐎𝐊𝑓𝑐𝑒 =
𝐴𝑓,𝑡𝑜𝑡𝑎𝑙 ∙ 𝑓𝑓𝑒

ℎ2
= 1.02 ksi 𝐎𝐊

https://www.fdot.gov/design/standardplans/current/default.shtm#Bridges
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DESIGN EXAMPLE: SQUARE PILE

Elastic shortening

Total Prestress Losses

∆𝑓𝑝𝑇 = ∆𝑓𝑝𝐸𝑆 + ∆𝑓𝑝𝐿𝑇 + ∆𝑓𝑝𝑇𝐻 = 41.463 ksi (23.2%)

∆𝑓𝑝𝐸𝑆 = 6.707 ksi

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

= 34.757 ksi

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

Total prestress loss 

Effective prestress after all losses

𝑓𝑝𝑒 = 137 ksi < 𝑓𝑝𝑒.𝑙𝑖𝑚𝑖𝑡 = 0.65𝑓𝑝𝑢 = 241 ksi 𝐎𝐊
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DESIGN EXAMPLE: SQUARE PILE

𝑓𝑐

𝜀𝑐

𝑓𝑓

𝜀𝑓

CFRP Concrete

𝐸𝑐

𝐸𝑓

𝐶

𝜀𝑐𝑢

𝑓𝑐
′

𝜀𝑐
′

𝑓𝑡

𝜀𝑡𝑢

𝑇

𝑇 𝐶

𝜀𝑓𝑢

𝑓𝑓𝑢

𝑓𝑓𝑒

𝜀𝑓𝑒

𝜀𝑐𝑒

𝑓𝑐𝑒
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DESIGN EXAMPLE: SQUARE PILE

Design tensile strength

Summary of Stresses

𝑓𝑝𝑢 = 370 ksi

Jacking stress 𝑓𝑝𝑖 = 179 ksi

Effective prestress at time of pile installation 𝑓𝑝𝑒𝑖 = 154 ksi

Concrete stress (compression) at time of installation 𝑓𝑐,𝑖𝑛𝑠𝑡𝑎𝑙𝑙 = 1.02 ksi

Final effective prestress in prestressing CFRP cables 𝑓𝑝𝑒 = 137 ksi

Concrete stress (compression) at final time 𝑓𝑐𝑒 = 0.913 ksi
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DESIGN EXAMPLE: SQUARE PILE

Concrete crushing strain

Summary of Strains

𝜀𝑐𝑢 = 0.003

CFRP strand rupture strain 𝜀𝑝𝑢 = 0.016

Strain in prestressing strand at final time due to prestress force 𝜀𝑝𝑒 = 0.00611

Strain in concrete at final time due to prestress force 𝜀𝑐𝑒 = 0.0002

Remainder of strain in prestressing CFRP until rupture 𝜀𝑝,𝑟𝑒𝑠𝑡 = 0.010

Remainder of strain in concrete until crushing 𝜀𝑐,𝑟𝑒𝑠𝑡 = 0.0028
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DESIGN EXAMPLE: SQUARE PILE

Square Pile: P-M diagram

Assume a compression zone depth 𝑐

𝑇1

𝑇2
𝑇3
𝑇4

𝐶

𝛼1 𝑓𝑐
′

𝑃
𝑒

𝛽1 𝑐
ℎ

2

𝑑1
𝑑2

𝑑3𝑑4
ℎ

 𝑇𝑖 = 𝐶 + 𝑃

𝑃𝑒 = 𝑀 = 𝐶
ℎ

2
−
𝛽1 𝑐

2
− 𝑇1

ℎ

2
− 𝑑1 − 𝑇2

ℎ

2
− 𝑑2 + 𝑇3 𝑑3 −

ℎ

2
+ 𝑇4 𝑑4 −

ℎ

2

𝐶 = 𝛼1 𝑓𝑐
′ 𝛽1 𝑐 ℎ

𝑓𝑓𝑖 = 𝐸𝑓 𝜀𝑓𝑖 ≤ 𝑓𝑓𝑢𝑇𝑖 = 𝐴𝑓𝑖 𝑓𝑓𝑖

𝑃,𝑀 ∅ = 0.75 ∅𝑃, ∅𝑀
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DESIGN EXAMPLE: SQUARE PILE

Concrete Compression Depth Prestressing CFRP stressSquare Pile: 

P-M diagram 𝑐 𝑓𝑓1 𝑓𝑓2 𝑓𝑓3 𝑓𝑓4
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DESIGN EXAMPLE: SQUARE PILE

Square Pile: P-M diagram
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DESIGN EXAMPLE: SQUARE PILE

Square Pile: 

Pn - Mn diagram

ΦPn - ΦMn diagram



5. PRESTRESSED PILES

5.3 Design Example: Sheet Pile - 12''x30''
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DESIGN EXAMPLE: SHEET PILE

Geometry

h = 12 in

cover = 3 in

𝐴𝑔 = 359 in2

𝐼𝑔 = 4320 in4

Concrete

𝑓′𝑐 = 6 ksi

𝑓′𝑐𝑖 = 4 ksi

𝐸𝑐 = 4557 ksi

𝐸𝑐𝑖 = 3987 ksi

𝛼1 = 0.85

CFRP strand

𝐷𝑝 = 0.6 in

𝐴𝑝𝑓 = 0.179 in2

𝐸𝑝 = 22,480 ksi

𝑓𝑝𝑢 = 370 ksi

𝛽1 = 0.75

GFRP stirrup

𝐷𝐺𝐹𝑅𝑃 = 0.5 in

b = 30 in
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DESIGN EXAMPLE: SHEET PILE

FDOT Standard Plans Instructions (SPI), FY 2020-21

Index 455-101 Series Square CFRP & SS Prestressed Concrete Piles 

• Standard piles are designed to have 1000 psi uniform compression after prestress losses 

without any applied loads to offset tensile stresses that occur during typical driving. 

Assume jacking force 𝑷𝒋 = 𝟎. 𝟕𝟎𝑷𝒖 = 𝟒𝟔. 𝟑𝟒 𝐤𝐢𝐩

This requirement does NOT apply to Sheet Piles

𝑓𝑝𝑗 = 259 ksi
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DESIGN EXAMPLE: SHEET PILE

Elastic shortening

Total Prestress Losses

∆𝑓𝑝𝑇 = ∆𝑓𝑝𝐸𝑆 + ∆𝑓𝑝𝐿𝑇 + ∆𝑓𝑝𝑇𝐻 = 53.514 ksi (20.7%)

∆𝑓𝑝𝐸𝑆 = 5.825 ksi

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

= 47.689 ksi

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

Total prestress loss 

Effective prestress after all losses

𝑓𝑝𝑒 = 205 ksi < 𝑓𝑝𝑒.𝑙𝑖𝑚𝑖𝑡 = 0.65𝑓𝑝𝑢 = 241 ksi 𝐎𝐊
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DESIGN EXAMPLE: SHEET PILE

Design tensile strength

Summary of Stresses

𝑓𝑝𝑢 = 370 ksi

Jacking stress 𝑓𝑝𝑖 = 259 ksi

Effective prestress at time of pile installation 𝑓𝑝𝑒𝑖 = 230 ksi

Concrete stress (compression) at time of installation 𝑓𝑐,𝑖𝑛𝑠𝑡𝑎𝑙𝑙 = 0.918 ksi

Final effective prestress in prestressing CFRP cables 𝑓𝑝𝑒 = 205 ksi

Concrete stress (compression) at final time 𝑓𝑐𝑒 = 0.819 ksi
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DESIGN EXAMPLE: SHEET PILE

𝑓𝑐

𝜀𝑐

𝑓𝑓

𝜀𝑓

CFRP Concrete

𝐸𝑐

𝐸𝑓

𝐶

𝜀𝑐𝑢

𝑓𝑐
′

𝜀𝑐
′

𝑓𝑡

𝜀𝑡𝑢

𝑇

𝑇 𝐶

𝜀𝑓𝑢

𝑓𝑓𝑢

𝑓𝑓𝑒

𝜀𝑓𝑒

𝜀𝑐𝑒

𝑓𝑐𝑒
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DESIGN EXAMPLE: SHEET PILE

Concrete crushing strain

Summary of Strains

𝜀𝑐𝑢 = 0.003

CFRP strand rupture strain 𝜀𝑝𝑢 = 0.016

Strain in prestressing strand at final time due to prestress force 𝜀𝑝𝑒 = 0.00914

Strain in concrete at final time due to prestress force 𝜀𝑐𝑒 = 0.000180

Remainder of strain in prestressing CFRP until rupture 𝜀𝑝,𝑟𝑒𝑠𝑡 = 0.00732

Remainder of strain in concrete until crushing 𝜀𝑐,𝑟𝑒𝑠𝑡 = 0.00282
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DESIGN EXAMPLE: SHEET PILE

Sheet Pile: P-M diagram

Assume a compression zone depth 𝑐

𝑇1

𝑇2

𝐶

𝛼1 𝑓𝑐
′

𝑃
𝑒

𝛽1 𝑐
ℎ

2

𝑑1

𝑑2
ℎ

 𝑇𝑖 = 𝐶 + 𝑃

𝑃𝑒 = 𝑀 = 𝐶
ℎ

2
−
𝛽1 𝑐

2
− 𝑇1

ℎ

2
− 𝑑1 + 𝑇2

ℎ

2
− 𝑑2

𝐶 = 𝛼1 𝑓𝑐
′ 𝛽1 𝑐 ℎ

𝑓𝑓𝑖 = 𝐸𝑓 𝜀𝑓𝑖 ≤ 𝑓𝑓𝑢𝑇𝑖 = 𝐴𝑓𝑖 𝑓𝑓𝑖

𝑃,𝑀 ∅ = 0.75 ∅𝑃, ∅𝑀
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DESIGN EXAMPLE: SHEET PILE
Compression zone depth 𝑐 Top row CFRP stress 𝑓𝑓1

Bottom row CFRP stress 𝑓𝑓2

Sheet Pile: 

P-M diagram
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DESIGN EXAMPLE: SHEET PILE

Sheet Pile: P-M diagram
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DESIGN EXAMPLE: SHEET PILE

Sheet Pile: 

Pn - Mn diagram

ΦPn - ΦMn diagram
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