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Presentation Overview

◼ Motivation

◼ Column experimental study

◼ Reinforcement fatigue

◼ Column modeling

◼ SDOF nonlinear time history analyses and 

column fragility
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Motivation

◼ Need for retrofit: Circular columns tested as cantilevers
◼ Loading protocol consistent with strike-slip earthquakes

No retrofit: Retrofit:

Chai, Priestley, Seible (1991)
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Retrofitted Column Experimental 
Study
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Test Matrix – Steel Jacket
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Test Matrix – FRP Jacket
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Column Drawings
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Footing Drawings
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Construction
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Construction
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Construction
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Construction
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Construction
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Steel Reinforcement Properties
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Test Set-Up
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Test Set-Up
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Test Set-Up: Axial Load Application
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Loading Protocol
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Loading Protocol

◼ Loading protocol:
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Loading Protocol
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Test Video
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Test Results: Load-Deformation
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Test Results: Load-Deformation - Steel

23



Test Results: Load-Deformation - FRP
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C(CFRP)-#7(1.3)-0.05 C(CFRP)-#5(1.4)-0.05 C(CFRP)-#7(2.7)-0.05

C(CFRP)-#7(1.3)-0.05-2X C(CFRP)-#7(1.3)-0.05-EQ C(CFRP)-#7(1.3)-0.15



Test Results: Deformation Capacity
Steel Jacket Retrofitted:

FRP Jacket Retrofitted:



Reinforcement Fatigue
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Bar Testing Setup



Constant Amplitude Testing

Koh-Stephens
(total-strain amplitude)
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Column Modeling
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Deformation Capacity Model
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OpenSees Model
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C = 12 recommended for 

Grade 40

C = 18 recommended for 

Grade 60



OpenSees Model
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Plastic Hinge Length

◼ Alsiwat and Saatcioglu (1992):
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cone breakout
strain hardening

yield plateau

elastic

Extension:

Slip:

Total:

𝛿𝑡𝑜𝑡𝑎𝑙 = 𝛿 𝑥𝑡 + 𝛿 

typically small



Bond Slip Model
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Effective Stiffness

◼ Elwood and Eberhard (2009) procedure for 
reinforced concrete columns:
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𝛥 = 𝛥𝑓𝑙 𝑥𝑢𝑟 + 𝛥 𝑙  + 𝛥   𝑎𝑟

𝛥𝑓𝑙 𝑥𝑢𝑟 =
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Effective Stiffness

◼ Chai et al (1994) procedure for steel jacketed reinforced 
concrete columns:
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Chai et al (1994):



Deformation Capacity Model - 
Fatigue
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휀 = 휀0 2𝑁𝑓
−𝑚

2𝑁𝑓 = 10
−𝑚 −1log

𝜀𝑝
𝜀0

𝐷𝐼 =
2𝑛 
2𝑁𝑓

휀0 = 0.12

𝑚 = 0.44

Brown and Kunnath (2000, 2004):

Coffin (1954 and 1971) and Manson (1965) formulation:

Minor’s rule:

𝐷𝐼 > 1.0 → Failure



Model Validation – FRP Jacket
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Model Validation – FRP Jacket
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Column Fragility
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Column Sections Considered
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18 #11 long.

36

16 #7 long.

36 36 36

48 #7 long.6 #11 long.

Column Name 
Column 
Shape 

Jacket 
Type 

Long. 
Bar Size 

# Long. 
Bars 

As/Ag P/(Agf'c) 

              

C(S)-#7(0.9)-0.05 Circular Steel #7 16 0.0094 0.05 

C(S)-#11(0.9)-0.05 Circular Steel #11 6 0.0092 0.05 

C(S)-#7(2.8)-0.05 Circular Steel #7 48 0.0283 0.05 

C(S)-#11(2.8)-0.05 Circular Steel #11 18 0.0276 0.05 

C(S)-#7(0.9)-0.15 Circular Steel #7 16 0.0094 0.15 

C(S)-#11(0.9)-0.15 Circular Steel #11 6 0.0092 0.15 

C(S)-#7(2.8)-0.15 Circular Steel #7 48 0.0283 0.15 

C(S)-#11(2.8)-0.15 Circular Steel #11 18 0.0276 0.15 

 



SDOF Nonlinear Time History Analyses

◼ Site locations of Seattle and Forks, site class C

◼ SaW/Fy of 3, 4, and 5 used to determine mass

◼ Structural periods of 0.25s, 0.5s, 0.75s, 1.0s, 1.5s, 2.0s, and 3.0s used to 
determine stiffness (i.e., height of column)

◼ Model columns, each with axial load of 0.05Agf’c and 0.15Agf’c

◼ Site-specific M9 ground motion suits provided by UW/USGS (Cervantes, 
2019):
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Column Fragility – Lateral Failures
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Summary and Conclusions

◼ Loading protocol formulated for CSZ demands

◼ Cyclic content found to impact column deformation capacity

◼ Concrete damage limited to gap and footing cover concrete

◼ Strength degradation due to fatigue fracture

◼ 20% strength loss (lateral failure) at first fracture

◼ Lateral failure at 12.5 to 15.0 δy (5% to 6.25% drift)

◼ Axial failure at fatigue fracture of all longitudinal bars

◼ 10% drift at axial failure in test columns

◼ Fatigue life lower for historic reinforcement

◼ OpenSees + fatigue model to predict column behavior

◼ Used for nonlinear time history analysis

◼ Lateral failure probability higher for short period bridges 
near coast and for periods of ~0.75-s and higher in 
sedimentary basin 
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Questions?

◼ Acknowledgements:
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