
 
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

A
lask

a D
ep

artm
en

t of T
ran

sp
ortation

 &
 P

u
b

lic F
acilities 

A
lask

a U
n

iversity T
ran

sp
ortation

 C
en

ter 

The Effect of Load History on  
Reinforced Concrete Bridge Column 

Behavior 

 FHWA-AK-RD-12-09 INE # 12.15 

Prepared By: 
Jason Goodnight, Yuhao Feng 
Dr. Mervyn Kowalsky, Dr. James Nau 

August 2012 

Alaska University Transportation Center 
Duckering Building Room 245 
P.O. Box 755900 
Fairbanks, AK 99775-5900 

Alaska Department of Transportation 
Research, Development, and Technology 
Transfer 
2301 Peger Road 
Fairbanks, AK 99709-5399 

Prepared By: 



 
REPORT DOCUMENTATION PAGE 

 

Form approved OMB No.  

Public reporting for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,  gathering and 
maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, 
including suggestion for reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, 
VA  22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-1833), Washington, DC  20503 
1. AGENCY USE ONLY (LEAVE BLANK) 
 
FHWA-AK-RD-12-09 
 

2. REPORT DATE 
 
August 2012 
 

3. REPORT TYPE AND DATES COVERED 
 
  Final Report (7/2012-8/15/2012) 
 

4. TITLE AND SUBTITLE 
The Effect of Load History on Reinforced Concrete Bridge Column Behavior 
 

5. FUNDING NUMBERS 
 
AUTC #410002 
DTRT06-G-0011 
AKDOT&PF T2-10-06 6. AUTHOR(S)  

Jason Goodnight, Yuhao Feng, Dr. Mervyn Kowalsky, Dr. James Nau 
 
 
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Alaska University Transportation Center 
P.O. Box 755900 
Fairbanks, AK 99775-5900 
 

8. PERFORMING ORGANIZATION REPORT 
NUMBER 
 
INE/AUTC 12.15 
 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
Alaska Department of Transportation Research, Development, and Technology Transfer 
2301 Peger Road 
Fairbanks, AK 99709-5399 
 

10. SPONSORING/MONITORING AGENCY 
REPORT NUMBER 
 
FHWA-AK-RD-12-09 

11. SUPPLENMENTARY NOTES 
Performed in cooperation with the U.S. Department of Transportation, Federal Highway Administration. 
12a. DISTRIBUTION / AVAILABILITY STATEMENT 
No restrictions 
This document is available to the public through NTIS: National Technical Information 
Service Alexandria, Virginia  http://www.ntis.gov 
 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 
 
To satisfy the aims of performance based design, levels of damage which interrupt the serviceability of the 
structure or require more invasive repair techniques must be related to engineering criteria.  In this report, the 
influence of displacement history on performance limit states, the relationship between strain and displacement, 
and the spread of plasticity in reinforced concrete structures is explored.  An experimental study is underway to 
assess the performance of thirty circular, well-confined, bridge columns with varying lateral displacement 
history, transverse reinforcement detailing, axial load, aspect ratio, and longitudinal steel content.  Eight of these 
columns, with similar geometry and detailing, were subjected to various unidirectional displacement histories 
including standardized laboratory cyclic loading and recreations of the displacement responses obtained from 
non-linear time history analysis of multiple earthquakes with distinct characteristics.  Longitudinal reinforcing 
bars were instrumented to obtain strain hysteresis, vertical strain profiles, cross section curvatures, curvature 
distributions, and fixed-end rotations attributable to strain penetration.  Results indicate that bar buckling was 
influenced by load history, but the relationship between strain and displacement along the envelope curve was 
not.  The main impact of load history on bar buckling is its influence on accumulated strains within the 
longitudinal reinforcement and transverse steel. 
 
 
14- KEYWORDS: 
Bridge design (Esusb), Concrete structures (Pbcc), Earthquake resistant structures (Pbce), 
Columns (Pbpbvvd), Earthquake resistant design (Esdc), Earthquake resistant structures 
(Pbce), Dynamic structural analysis (Geb), Finite element method (Gej), Yield stress 
(Smvy),Strain gages (Gumppv), Instruments for measuring loads or pressure (Gumpp) 
 

15. NUMBER OF PAGES 
             
367 
16. PRICE CODE 
 

N/A 

17. SECURITY CLASSIFICATION OF 
REPORT 
 

Unclassified 
 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 
 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 
 

Unclassified 

20. LIMITATION OF ABSTRACT 
 
 

N/A 

NSN 7540-01-280-5500 STANDARD FORM 298 (Rev. 2-98) 
Prescribed by ANSI Std. 239-18 298-1



Summary of Findings 
 
Results have shown that the damage control steel tensile strain limit was influenced by load history, 
but the relationship between strain and displacement was not. Specific earthquake time-history 
response characteristics were evaluated including:  the number and amplitude of cycles prior to the 
peak, degree of symmetry, and the peak displacement in each direction of loading.  The symmetric 
three cycle set load history is more severe than the displacement history produced by real 
earthquakes, when evaluated to the same peak displacement, because of the high number of inelastic 
reversals of loading of increasing magnitude.  The earthquake load histories needed to be scaled to 
larger displacements to produce bar buckling.  Large inelastic strains, caused by large concrete 
compressive demand, decreased the effectiveness of the transverse steel in restraining buckling of the 
longitudinal bars.  Plastic curvatures followed a linear distribution and as curvature ductility 
increased, the extent of plasticity stretched higher above the footing.  Improvements to the moment 
curvature prediction for the relationship between strain and displacement can be made by taking into 
account the curvature ductility dependent linear distribution of plastic curvatures. 
 
Improvements to the plastic hinge method for member deformation are necessary to produce accurate 
limit state target displacements at levels of response other than the ultimate condition which the 
constant plastic hinge length was intended for. The Optotrak instrumentation system allows for 
measurement of cross section curvature profiles and fixed-end rotations due to strain penetration of 
longitudinal reinforcement into the footing.  The use of a constant plastic hinge length does not take 
into account the response level dependent, linear distribution of plastic curvatures within the hinge 
regions.  As the base section curvature increase, the height at which the linear plastic curvature 
distribution intersects the elastic curvature profile extends further above the footing.  The spread of 
plasticity in bridge columns is primarily due to the effects of tension shift and hardening within the 
hinge region.  Due to the effects of tension shift, compressive strains are concentrated near the 
column base and tensile strains are fanned out to a greater height following inclined crack 
distribution.  The tensile strains at the beginning of an inclined flexural shear crack do not coincide 
with the perceived moment demand at that location based on its height above the footing and the 
applied lateral load. 
 
This report focused on specimens 8-18 which included load history and transverse steel detailing as 
primary variables.  The remaining specimens 19-30 in the research program will focus on aspect ratio, 
axial load ratio, and longitudinal steel content. Conclusions in the form of design recommendations 
for performance strain limits require inspection and comparison of the entire experimental dataset.  
For the purposes of this report, the influence of load history and transverse steel on column behavior 
was presented in the form of  experimental observations.  Similarly, improvements to the plastic 
hinge method for member deformations can only be made once additional design variables are 
explored in the remaining tests. 
 
Analysis with fiber-based model showed that the relationship between strain and displacement was 
not influenced by load history. It is concluded based on considering a number of load histories and 
important structural variables which includes axial load ratio, transverse steel detailing, aspect ratio 
and longitudinal steel content. Analysis with other load histories will be conducted to confirm this 
statement. 
 
A finite element model was developed to capture the longitudinal reinforcement bucking under cyclic 
loading. Results from analysis has shown that the model was able to capture the bar buckling and the 
load history effect on bar buckling. The bar buckling model will be implemented in the parametric 
study of the load history effect on the steel tensile strain limit. 
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