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ABSTRACT 

 

This report discusses a research program aimed at defining accurate limit state 

displacements which relate to specific levels of damage in reinforced concrete bridge 

columns subjected to seismic hazards.  Bridge columns are designed as ductile elements 

which form plastic hinges to dissipate energy in a seismic event.  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.  

For reinforced concrete flexural members such as bridge columns, concrete compressive and 

steel tensile strain limits are very good indicators of damage. 

Serviceability limit states such as concrete cover crushing or residual crack widths 

exceeding 1mm may occur during smaller, more frequent earthquakes.  While the 

serviceability limit states do not pose a safety concern, the hinge regions must be repaired to 

prevent corrosion of internal reinforcing steel.  At higher ductility demands produced by 

larger less frequent earthquakes, reinforcing bar buckling may lead to permanent elongation 

in the transverse steel, which diminishes its effectiveness in confining the concrete core.  Bar 

buckling and significant damage to the core concrete represent the damage control limit 

states, which when exceeded lead to significant repair costs.  Furthermore, rupture of 

previously buckled bars during subsequent cycles of loading leads to rapid strength loss.  The 

life safety or collapse prevention limit state is characterized by fracture of previously buckled 

bars. 

The goal of the experimental program is to investigate the impact of load history and 

other design variables on the relationship between strain and displacement, performance 

strain limits, and the spread of plasticity.  The main variables for the thirty circular bridge 

column tests included: lateral displacement history, axial load, longitudinal steel content, 

aspect ratio, and transverse steel detailing.  A key feature of the experiments is the high 

fidelity strain data obtained through the use of an optical 3D position measurement system.  
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Column curvature distributions and fixed-end rotations attributable to strain penetration of 

reinforcement into the footing were quantified.   

The following sequence of damage was observed in all of the cyclically loaded 

experiments:  concrete cracking, longitudinal steel yielding, cover concrete crushing, 

confinement steel yielding, longitudinal bar buckling, and fracture of previously buckled 

reinforcement.  The first significant loss in strength occurred when previously buckled 

reinforcement fractured.  The measured data was used to refine strain limit recommendations.  

Particular attention was paid to the limit state of longitudinal bar buckling, since it limited the 

deformation capacity of all of the cyclically loaded specimens.  Empirical expression were 

developed to predict the compressive strain at cover crushing, the compressive strain at spiral 

yielding, and the peak tensile strain prior to visible buckling after reversal of loading. 

In design, limit state curvatures are converted to target displacements using an 

equivalent curvature distribution.  The Modified Plastic Hinge Method was developed to 

improve the accuracy of strain-displacement predictions.  Key aspects of the proposed model 

which differentiate it from the current method include:  (1) a decoupling of column flexure 

and strain penetration deformation components, (2) a linear plastic curvature distribution 

which emulates the measured curvature profiles, and (3) separate plastic hinge lengths for 

tensile and compressive strain-displacement predictions.   

In the experiments, the measured extent of plasticity was found to increase due to the 

combined effects of moment gradient and tension shift.  The proposed tension hinge length 

was calibrated to match the upper bound of the measured spread of palsticity.  The proposed 

compressive hinge length only contains a term related to the moment gradient effect.  

Expressions which describe the additional column deformation due to strain penetration of 

reinforcement into the adjoining member were developed.  When compared to the current 

technique, the Modified Plastic Hinge Method improved the accuracy of both tensile and 

compressive strain-displacement predictions. 
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ORGANIZATION OF THE MULTI-VOLUME REPORT 

 

There are three volumes which comprise this report.  Volume 1 contains commentary, 

conclusions, and design recommendations from the experimental portion of the research 

program.  An overview of the contents Volume 1 appears in the preceding abstract.  Volume 

2 contains a summary of experimental observations and data analysis for each column test.  

The material and geometric properties of each experiment are documented, and the sequence 

of observed and measured damage is presented. 

Volume 3 presents the numerical portion of the research project on the impacts of 

loading history on the behavior of reinforced concrete bridge columns.  Two independent 

finite element methods were utilized to accomplish the goal of this research work.  First, 

fiber-based analysis was utilized which employed the Open System for Earthquake 

Engineering Simulation (OpenSees).  The second model uses solid elements to predict bar 

buckling.  The model included a segment of reinforcing bar and its surrounding elements, 

such as spiral turns and concrete.  A series of strain histories from the experimental tests and 

fiber-based analyses were applied to the finite element model to study their impacts on the 

strain limit for reinforcing bar buckling.  

Initial analytical investigations have shown significant impact of load history on the 

strain demand to lead to reinforcing bar buckling in the plastic hinge region.  The parametric 

study extended the range of load history types and also studied the effect of reinforcement 

detailing on bar buckling.  A design approach was developed to include the load history 

effect on the strain limit state of bar buckling. 
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Chapter 1: Introduction 

1.1 Background – Performance Limit States 

Bridge columns are designed as ductile elements which form plastic hinges to dissipate 

energy in a seismic event.  The goal of performance based seismic engineering is to design 

structures to achieve a predictable level of performance under a specific earthquake hazard 

within definable levels of reliability, as defined by the Structural Engineering Association of 

California (SEAOC 1999).  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.   

For reinforced concrete flexural members such as bridge columns, concrete compressive 

and steel tensile strain limits are good indicators of damage.  Serviceability limit states such 

as concrete cover crushing or residual crack widths exceeding 1mm may occur during 

smaller, more frequent earthquakes (Priestley et al. 1996).  While the serviceability limit 

states do not pose a safety concern, the hinge regions must be repaired to prevent corrosion 

of internal reinforcing steel.  This repair is typically accomplished through removal of 

damaged concrete, epoxy injection of cracks, and subsequent patching to restore the damaged 

concrete.   

At higher ductility demands produced by larger less frequent earthquakes, reinforcing 

bar buckling may lead to permanent elongation in the transverse steel, which diminishes its 

effectiveness in confining the concrete core.  Bar buckling and significant damage to the core 

concrete represent the damage control limit states, which when exceeded lead to significant 

repair costs (Priestley et al. 1996).  The damage control limit states of reinforcement bar 

buckling and significant damage to the core concrete represent the limit of economical repair.  

This being said, (Rutledge et al. 2013) demonstrated that the displacement capacity of 

columns with buckled reinforcement could be rehabilitated through plastic hinge relocation.  
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This procedure involved capacity protection of damaged column regions through FRP wraps 

and anchors to relocate of the new plastic hinge to an undamaged section of the column.   

Rupture of previously buckled bars or confining steel during subsequent cycles of 

loading leads to rapid strength loss.  The life safety or collapse prevention limit state is 

characterized by fracture of previously buckled bars or confining steel.  A summary of 

damage observations from a reinforced concrete bridge column tested at NCSU as part of this 

research appears in Figure 1.1.  Stable hysteretic response was observed until the first 

fracture of a previously buckled longitudinal bar.   

 

 

Figure 1.1  Displacement History, Hysteretic Response, and Performance Limit States 

 



Chapter 1. Introduction 3 

 

1.2 The Need for Research 

While the progression of damage in flexural bridge columns has been investigated in the 

past for both uniaxial and biaxial deformation demands, traditional methods of deriving 

material strains from measured curvatures do not asses strains at the locations of interest, 

namely the longitudinal reinforcement and core concrete.  These methods utilize an array of 

linear potentiometers placed on the ends of threaded rods embedded in the core concrete to 

calculate changes in displacement outside of the cover concrete.  An example of this 

instrumentation technique from experiments by (Hose et al. 1997) appears in Figure 1.2.  The 

instrumentation diagram for the test conducted by (Hose et al. 1997) appeared in a report by 

(Hines et al. 2003).   

These linear potentiometer displacement readings, and their associated location within 

the cross section, are used to compute the cross-section curvature and neutral axis depth.  

Material strains at locations of interests are then calculated based on this strain profile.  The 

accuracy of computed strain histories are influenced by rotations in the curvature rods 

themselves.  It is for this reason that the current performance strain limit recommendations, 

summarized in Table 1.1 from (Kowalsky 2000), lack adequate experimental basis.   
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Figure 1.2  Curvature Rod and Linear Potentiometer Instrumentation from Tests by 

(Hose et al. 1997), Figure appears in (Hines et al. 2003) 

Table 1.1  Performance Strain Limits from (Kowalsky 2000) 

Limit State Concrete Compressive Strain Limit Steel Tensile Strain Limit 

Serviceability 
0.004 

Cover Concrete Crushing 

0.015 

Residual Crack Widths 

Exceed 1mm 

Damage 

Control 
0.018 (Mander et al. 1988), 𝜀𝑐𝑢 

Limit of Economical Concrete Repair 

0.060 

Tension Based Bar Buckling 
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1.3 Research Goals and Scope 

The 2009 AASHTO Seismic provisions are a displacement-based document and as a 

consequence, accurate estimates of displacement at key performance limit states are 

essential.  The current code provisions are focused on life safety or collapse prevention under 

the ultimate limit state defined by loss or significant reductions to the lateral or axial capacity 

of the columns.  The scope of the research presented in this dissertation aims to identify 

engineering demand parameters which can be used to predict the occurrence of key limit 

states, and provide engineers with an accurate method of relating these parameters to column 

deformations needed in design.  Particular focus is given to the damage control limit states 

which lack adequate experimental basis.  This includes yielding of confinement steel, 

significant damage to the core concrete, and buckling of longitudinal reinforcement.   

An experimental program was devised to assess the performance of thirty circular well-

confined bridge columns.  A key feature of the experiments is the high fidelity strain data 

obtained using an optical 3D position measurement system.   The goal of the experimental 

program is to investigate the impact of load history and other design variables on the 

relationship between strain and displacement, performance strain limits, and the spread of 

plasticity.  The main variables for the thirty tests include:  (1) lateral displacement history, 

(2) axial load, (3) longitudinal steel content, (4) aspect ratio, and (5) transverse steel 

detailing. 
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Chapter 2: Test Setup, Instrumentation, 

Construction, and Text Matrix 

2.1 Test Setup 

The specimen was designed to represent a single degree of freedom bridge column 

subjected to lateral and axial load.  The test specimen consists of a footing, column, and 

loading cap, Figure 2.1 and Figure 2.2.  The footing is a capacity protected member which 

secures the specimen to the lab strong floor using post tensioned bars placed through four 

perimeter holes.  The footing was elevated above the lab floor by ½” black board pads placed 

under the six floor holes.  Gypsum cement was poured in the gap between the specimen and 

the lab floor to create a level bonded connection surface.   

A 200kip hydraulic actuator, with a 40in stroke capacity, applies lateral load to the 

loading cap of the specimen, Figure 2.3 and Figure 2.8.  The actuator was connected to the 

lab strong wall through a wall plate with hole patterns customized for various column 

lengths.  The actuator end connections allow for rotation about the horizontal axis, which 

places the column under single bending.   

A spreader beam, two hydraulic jacks, and a load cell are placed above the loading cap 

to apply a constant axial compressive load, Figure 2.7.  Rectangular ducts near in the middle 

of the footing allowed for movement of the axial post tensioning bars.  A self-regulating axial 

load system was utilized with a third hydraulic jack in a force controlled uniaxial testing 

machine to regulate the pressure, and thus the load, of two jacks on top of the specimen to 

maintain a constant axial load throughout testing.  This technique of axial load application 

does not replicate true P-Δ effects induced by a vertical gravity load.  Instead, the axial force 

follows the direction of the post tensioning bar which is hinged at the floor and centered 

above the column.  Examples of test setups which recreate P-Δ effects may be found in 

(Dutta et. al. 1999) and (Esmaeily and Xiao 2002).   
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The procedure used to setup the self-regulating axial load system is described below.  

The two hydraulic jacks at the top of the specimen and the third jack placed into the uniaxial 

testing machine were elongated to half of their total stroke capacity.  The locking nuts on the 

post tensioning bars were tightened beneath the lab floor.  Under displacement control, the 

platens for the universal testing machine were brought into contact with both ends of the 

jack.  A hydraulic pump was added to the closed hydraulic system connecting the three jacks 

to increase the pressure, and thus the load, until each jack reached half of the target column 

axial load.  The two jacks placed above the column apply the total column axial load.  The 

valve for the hydraulic pump was then closed creating an initially pressurized, but locked off 

system between the three hydraulic jacks.  At this point, the MTS platens under displacement 

control have not moved.  The universal testing machine was then placed into force control to 

maintain that prescribed level of axial load in the three jack system as the column undergoes 

lateral displacements.  This process was done in reverse to remove the axial load from the 

column.  The technique can be done with both single acting and double acting jacks.  For 

specimens subjected to the highest axial loads double acting jacks were utilized, and a 

separate hydraulic reservoir was placed above the column and the MTS machine, Figure 2.7. 
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Figure 2.1  G                       4”       ”           w                           

 

Figure 2.2  G                       4”       ”           w                           

Loading Cap 

Column 

Footing 
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Figure 2.3  Front View of Test Specimen 
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Figure 2.4  Side and Top Views of the Test Setup 

Long. and 

Transverse 

Inclinometers 

1 3/8” Dywidag 

for Axial Load 
Dywidag 

Coupler 

Strong 

Floor  

Spreader Beam 

220kip 

Actuator 

Axial 

Load Cell 

Hydraulic 

Jacks Strong 

Wall  

Steel Wall 

Plate  

1 3/8” 

Dywidag PT 

Corner Tie 

Downs 

Spreader 

Beam 

Axial 

Load Cell 

Hydraulic 

Jacks 

Main and 

Backup String 

Potentiometers 



Chapter 2:  Test Setup, Instrumentation, and Construction Process 11 

 

 

Figure 2.5  Test Setup Overview 

 

Figure 2.6  Specimen Under Lateral Deformation 
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Figure 2.7  Self-Regulating Axial Load with 3
rd

 Jack in Force Controlled MTS Machine 

     

Figure 2.8                  ’       ’                              
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2.2 Test Matrix 

The main variables for the thirty tests include:  (1) lateral displacement history, (2) axial 

load, (3) longitudinal steel content, (4) aspect ratio, and (5) transverse steel detailing.  The 

specimens were constructed in sets of six columns.  The first six specimens, which are 

excluded from the body of this report and design recommendations, were constructed by a 

local contractor.  The standards of detailing were not sufficient to isolate the impact of 

individual variables.  The transverse steel spacing was not uniform, which influenced the 

restraint of longitudinal bars and subsequent bar buckling.  A brief review of the first six tests 

is included in Volume 2.  To improve the quality of construction, all subsequent specimens 

were constructed at NCSU by the research team.  Test 7 used the same instrumentation 

technique as the first six experiments.  This technique involved tack welding steel post 

extensions to longitudinal reinforcement, Figure 2.13.  Test 7 was ultimately excluded from 

design recommendations, because the A706 steel was influenced by the surface tack welds.  

The strain at maximum stress was reduced, and this shifted the failure mechanism for the 

column to brittle fracture of reinforcement without prior bar buckling.  The results for Test 7 

and a discussion of weldability if A706 reinforcing steel is included in Volume 2 of this 

report. 

An improved instrumentation system was devised in which instrumentation was directly 

applied to the reinforcing steel.  All design recommendations and strain data presented in this 

report come from Tests 8-30 which utilized the direct application instrumentation method.  

This technique is discussed in greater detail in the following section.  Nominally identical 

Specimens 8-12 investigated the impact of lateral displacement history on column 

performance.  The test matrix for these experiments appears in Table 2.1, while a full 

observation summary appears in Volume 2.  Specimens 13-18, in Table 2.2, investigated the 

transverse steel detailing and lateral displacement history.  Specimens 19-24, in Table 2.3, 

had axial load and aspect ratio as the primary variable.  The final test series, Specimens 25-

30 in Table 2.4, investigated the impact of longitudinal steel content and axial load on 

column performance.   
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Table 2.1  Column Property Summary for Load History Variable Tests 8-12 

Test Load History D (in) L/D Long. Steel (ρl)                  (ρs) f'c (psi) P/f'c*Ag 

8 Chile 2010 24 4 16 #6 bars (1.6%) #3 at 2" (1%) 6988 5.4% 

8b Cyclic Aftershock 24 4 16 #6 bars (1.6%) #3 at 2" (1%) 6988 5.4% 

9 Three Cycle Set 24 4 16 #6 bars (1.6%) #3 at 2" (1%) 6813 5.5% 

10 Chichi 1999 24 4 16 #6 bars (1.6%) #3 at 2" (1%) 5263 7.1% 

10b Cyclic Aftershock 24 4 16 #6 bars (1.6%) #3 at 2" (1%) 5263 7.1% 

11 Kobe 1995 24 4 16 #6 bars (1.6%) #3 at 2" (1%) 6070 6.2% 

12 Japan 2011 24 4 16 #6 bars (1.6%) #3 at 2" (1%) 6100 6.2% 

 

Table 2.2  Column Property Summary for Load History Variable Tests 13-18 

Test Load History D (in) L/D             (ρl)                  (ρs) f'c (psi) P/f'c*Ag 

13 Three Cycle Set 24 4 16 #6 bars (1.6%) #4 at 2.75” (1.3%) 6097 6.2% 

14 Three Cycle Set 24 4 16 #6 bars (1.6%) #3 at 4” (0.5%) 6641 5.7% 

15 Three Cycle Set 24 4 16 #6 bars (1.6%) #3 at 2.75” (0.7%) 7232 5.2% 

16 Three Cycle Set 24 4 16 #6 bars (1.6%) #3 at 1.5” (1.3%) 6711 5.6% 

17 Llolleo 1985 24 4 16 #6 bars (1.6%) #3 at 1.5” (1.3%) 7590 5.0% 

17b Cyclic Aftershock 24 4 16 #6 bars (1.6%) #3 at 1.5” (1.3%) 7590 5.0% 

18 Darfield 2010 24 4 16 #6 bars (1.6%) #3 at 1.5” (1.3%) 7807 4.8% 

18b Cyclic Aftershock 24 4 16 #6 bars (1.6%) #3 at 1.5” (1.3%) 7807 4.8% 
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Table 2.3  Column Summary for Aspect Ratio and Axial Load Variable Tests 19-24 

Test Load History D (in) L/D             (ρl)                  (ρs) f'c (psi) P/f'c*Ag 

19 Three Cycle Set 18 5.33 10 #6 bars (1.7%) #3 at 2" (1.3%) 6334 10% 

20 Three Cycle Set 18 5.33 10 #6 bars (1.7%) #3 at 2" (1.3%) 6467 5% 

21 Three Cycle Set 18 7.33 10 #6 bars (1.7%) #3 at 2" (1.3%) 6390 5% 

22 Three Cycle Set 18 7.33 10 #6 bars (1.7%) #3 at 2" (1.3%) 6530 10% 

23 Three Cycle Set 18 8.67 10 #6 bars (1.7%) #3 at 2" (1.3%) 6606 5% 

24 Three Cycle Set 18 8.67 10 #6 bars (1.7%) #3 at 2" (1.3%) 6473 10% 

 

Table 2.4  Column Summary for Steel Content and Axial Load Variable Tests 25-30 

Test Load History D (in) L/D             (ρl)                  (ρs) f'c (psi) P/f'c*Ag 

25 Three Cycle Set 24 4 16 #7 bars (2.1%) #3 at 2” (1%) 6289 5% 

26 Three Cycle Set 24 4 16 #7 bars (2.1%) #3 at 2” (1%) 5890 10% 

27 Three Cycle Set 24 4 16 #6 bars (1.6%) #3 at 2” (1%) 6149 10% 

28 Three Cycle Set 18 5.33 10 #6 bars (1.7%) #3 at 2" (1.3%) 6239 15% 

29 Three Cycle Set 18 5.33 10 #6 bars (1.7%) #3 at 2" (1.3%) 5912 20% 

30 Three Cycle Set 18 5.33 10 #8 bars (3.1%) #3 at 2" (1.3%) 6050 15% 
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2.3 Instrumentation 

Instrumentation diagrams for the specimen appear in Figure 2.9 and Figure 2.10.  A 

string potentiometer, placed at the center of the applied lateral load, was used to monitor the 

column displacement.  The longitudinal and transverse rotations of the cap were monitored 

with inclinometers.  The lateral load and stroke of the 200kip MTS hydraulic actuator were 

measured through an integrated load cell and temposonic.  An axial load cell monitored the 

contribution of a single jack to the total compressive axial load of the column. 

The experimental program utilized an innovative technique of applying a commercially 

available instrumentation system to measure large strains at the level of the reinforcement 

with multiple Optotrak Certus HD 3D position sensors produced by Northern Digital Inc.  

The Optotrak position monitoring system can read the location of target markers placed on 

the specimen in three dimensional space during a test, Figure 2.11 and Figure 2.12.  By 

calculating the change in three dimensional distance between adjacent target markers, strains 

can be determined with respect to their original unloaded gage lengths.  The 3D accuracy of 

the Optotrak Certus system reported by Northern Digital Inc. is 0.1mm with a resolution of 

0.01mm. 

Over the course of the study three different techniques were used to monitor material 

strains with the Optotrak system:  (1) a single positon monitor with post extensions, (2) two 

position monitors with vertical cover concrete blockouts, and (3) three position monitors with 

a complete cover blockout.  The single position monitor method was utilized in the first 

seven specimens, which were ultimately excluded from design recommendations in this 

report.  The single positon monitor technique, Figure 2.13, had target markers applied to the 

ends of tack welded steel posts.  Vertical cover concrete blockout strips over six extreme 

fiber bars were created by blocking out the cover concrete with insulation foam during 

casting.  The measured strains from the target markers at the ends of the post extensions 

suffer from the same issues of the traditional curvature rod method.  Strains are not measured 
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at the location of interest; therefore the recorded values are influenced by rotations of the 

rods themselves. 

The second method utilized two Optotrak position monitors facing extreme fiber regions 

of the specimen and direct application of target markers to six reinforcing bars, Figure 2.11.  

The same technique of blocking out vertical strips of cover concrete to the outside surface of 

the longitudinal bars was utilized, Figure 2.11.  Target markers were applied directly to 

longitudinal bars in the extreme fiber regions of the column to obtain strain hysteresis, 

vertical strain profiles, cross section curvatures, curvature distributions, and fixed-end 

rotations attributable to strain penetration. 

The third method used three Optotrak position monitors and a complete cover concrete 

blockout to the depth of the outside surface of the longitudinal reinforcement.  Spiral layers 

were always in complete contact with the core, as shown in Figure 2.12.  Target markers 

were applied to longitudinal and transverse reinforcement on the two extreme fiber regions 

and on a shear face.  The additional target markers on the transverse steel were used to 

compute spiral strains based on the change in arc-length between adjacent target markers.  

This technique allowed for strain measurements in ten reinforcing bars at different depths 

within the cross section to analyze the plane sections hypothesis. 

Strain gages were applied to layers of transverse steel overlaying the extreme fiber 

longitudinal reinforcement to observe the interaction between compressive demand, 

transverse steel strain, and buckling restraint.  An illustration of the accuracy of the Optotrak 

system compared to traditional measurement techniques appears in Figure 2.14.  A tensile 

test on a reinforcing bar was conducted with a 2” Optotrak gage length, a 2” extensometer 

gage length, and a centrally placed strain gage.  Closer inspection demonstrates that the 

Optotrak strains oscillate around the measurements predicted by the conventional 

instrumentation, but the general trend is captured throughout the entire tensile test.  Electrical 

resistance strain gages fail to remain attached at large inelastic strain levels, which are of 

interest to this study.  
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Figure 2.9  Instrumentation Placement on Test Setup 

 

Figure 2.10  Overlapping Measurement Volume for the Optotrak Position Monitors 
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Figure 2.11 Dual Optotrak Method with Vertical Cover Concrete Blockout Strips 
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Figure 2.12  Triple Optotrak Method with Complete Cover Concrete Blockout 



Chapter 2:  Test Setup, Instrumentation, and Construction Process 21 

 

     

Figure 2.13  Single Optotrak Method Utilizing Post Extensions (Ultimately Abandoned) 

 

 

Figure 2.14  Comparison of Measurement Techniques for Tensile Rebar Test 
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2.4 Construction Process 

The first six specimens, which are excluded from the body of this report and design 

recommendations, were constructed by a local contractor.  The standards of detailing were 

not sufficient to isolate the impact of individual variables.  The transverse steel spacing was 

not uniform, which influenced the restraint of longitudinal bars and subsequent observations 

of bar buckling.  A brief review of the first six tests is included in the Volume 2 of this 

report, but the data is excluded from design recommendations because the direct application 

instrumentation method produced superior strain measurements.  To improve the quality of 

construction, all subsequent specimens were constructed at NCSU by the research team.  The 

process through which these specimens were constructed is described below, along with the 

method of preparing the specimens for instrumentation with the Optotrak position monitoring 

system.   

The general reinforcement layout for the footing, column, and cap appear in Figure 2.15 

through Figure 2.19.  Two column variants were utilized in the study, (1) a 24” diameter 

column with 16 longitudinal bars and ½” cover the outside of the transverse steel and (2) a 

18” diameter column with 10 longitudinal bars and ½” cover the outside of the transverse 

steel.  The longitudinal bar sizes, transverse steel detailing, and column lengths varied 

depending on the test series.  The test variables and detailing for individual specimens is 

addressed in Volume 2 of this report.  The footing is a capacity protected member designed 

to remain elastic while the full flexural capacity of the column was developed at the footing-

column interface.  Specifically, the required footing steel was allocated based on the 

maximum flexural overstrength of the column plastic hinge.  The same transverse steel 

spacing was utilized over the entire column length.  Longitudinal reinforcement was inclined 

through the footing-column joint to provide joint shear resistance.  Additional vertical J-

hooks were provided outside the joint for shear resistance.  The column reinforcement had 

ninety degree end bends in which extreme fiber bars turned inside the joint to take advantage 

of the additional support provided by the inclined compression strut.  Individual horizontal 
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hoops were provided in the footing joint for additional confinement and joint shear 

resistance.   

2.4.1 Construction Sequence 

The first step in the column construction process was to tie the column reinforcing cages.  

Wooden support templates with the specific locations of longitudinal bars in the cross section 

were created to maintain consistent reinforcement placement throughout the column length, 

Figure 2.20 through Figure 2.22.  Individual longitudinal bars were tied in their proper 

location to the wooden exterior support templates, while interior templates maintained the 

correct bar placement over the column length.  An interior support was provided to minimize 

the sag created by self-weight of the column cage.  The column reinforcement had ninety 

degree end bends in which extreme fiber bars turned inside the joint to take advantage of the 

additional support provided by the inclined compression strut, Figure 2.22.  The footing and 

cap locations of the column were left untied with a double overlapping ring of transverse 

steel at the termination points, Figure 2.20.  A constant transverse steel spacing was utilized 

over the column length, and temporary diagonal supporting bars were added to provide 

stability until the cage was placed into the footing.   

For the second stage of construction, the column cage was placed horizontally onto 

supports, and the inclined footing longitudinal steel was added to the joint, Figure 2.23 and 

Figure 2.24  Once the footing longitudinal steel was in place, individual 2/3 circumference 

overlapping transverse steel hoops were tied over column reinforcement in the footing joint, 

Figure 2.25.  Once the additional joint hoop steel was added, individual J-hooks were tied 

over the side-by-side footing longitudinal steel outside of the joint, Figure 2.26.   

The horizontal column and joint steel assemblages were picked up by a crane, rotated 

vertically, and placed into the footing formwork.  Additional inclined and straight footing 

longitudinal reinforcement was placed outside of the joint, and later secured using transverse 

bars, Figure 2.17, Figure 2.18, Figure 2.27, and Figure 2.28.  The reinforcement diagram and 

photos are shown for the most congested 24” and 18” configurations.  These columns had the 
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largest steel content and axial load ratio, increasing the demands on the footing.  For many of 

the test series, the size of the footing inclined longitudinal steel was decreased and the 

number of J-hooks was reduced.  End-capped PVC tubes were used to block out the footing 

concrete in the four perimeter holes.  The two rectangular axial load ducts near the middle of 

the footing were created using insulation foam.   

A concrete mix with a target 28-day strength of 5ksi and a ½” maximum aggregate size 

was utilized for the footing concrete.  Columns were constructed in sets of six, one concrete 

truck was used to pour three of the footings and a second truck poured the remaining three 

specimens.  Cylinders for the separate trucks were kept separate so that they could be 

attributed to the correct columns.  A seven day covered cure with damp burlap was utilized 

before removing the footing formwork.  The excess concrete which covered some of the 

lower column reinforcement was removed, and the surface of the footing to column joint was 

roughened using an air needle scaler, Figure 2.29.   

The second instrumentation technique using the Optotrak position monitoring system 

had vertical strips of cover concrete which were blocked out during construction.  This was 

accomplished using two layers of ½” thick insulation foam over seven extreme fiber bars, 

Figure 2.31.  The first layer was made from individual squares cut and placed directly over 

the longitudinal bar between each spiral layer.  The second layer was a single vertical strip 

which was adhered to the first layer using construction adhesive.  Tie wire was placed 

between each transverse steel spacing to prevent either layer from slipping during 

construction.  Using this technique, the foam never shifted during casting. 

The third method Optotrak instrumentation method required a complete cover concrete 

blockout to the depth of the outside surface of the longitudinal steel.  Strips of ½” insulation 

foam were cut to match the clear spacing between spiral layers.  After wrapping the strips in 

clear packaging tape to minimize the bond to the core concrete, the strips were wound around 

the column.  At every intersection of the strip with a longitudinal bar tie wire was used to 

prevent the foam from shifting, Figure 2.30.  An outside layer of ¼” thick insulation foam 

was wound tightly around the column to block out the region outside of the spiral.   
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A sonotube was placed over the foam blockout and column cage before being wrapped 

with plastic to keep it dry prior to casting.  Formwork was erected to level and stabilize the 

column and cap as shown in Figure 2.32 and Figure 2.33.  The column formwork was 

freestanding; scaffolding was only used as a work platform.  Three panels of the cap 

formwork were erected before placing the cap reinforcement, Figure 2.19.  The rectangular 

cap ties were fit above and below each of the four actuator attachment holes formed using 

PVC pipe.  The ends of the PVC were fit over circular disks drilled into the formwork panels 

to prevent movement during casting.   

For the 8ft cantilever length columns a forklift and 1/3 cubic yard concrete hopper was 

used to cast the specimen.  A 13ft attachment for a concrete vibrator was used to consolidate 

individual lifts.  Each column consisted of around four lifts, where each lift was connected to 

the prior lift by consolidating the interface with the concrete vibrator.  A crane was used to 

pour lifts with the concrete hopper for the 11ft and 13ft cantilever length columns.  After 

removing the formwork and sonotube, the insulation foam which was used to block out the 

cover concrete was left in place to prevent corrosion of the internal reinforcing steel.     
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Figure 2.15  G                                  4”                    

24" 
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Figure 2.16  G                                   ”                    
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Figure 2.17  Footing Reinfo                     4”                    
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Figure 2.18                                      ”                    
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Figure 2.19  Column Cap Reinforcing Details       ”      4”                    
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Figure 2.20  Column Reinforcing Cage Construction Method with Rebar Templates 
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Figure 2.21  External and Internal Column Reinforcement Cage Templates 

 

Figure 2.22  Longitudinal Column Rebar Bends in the Footing 
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Figure 2.23  Footing Longitudinal and Joint Shear Z-Bar Installation 

 

Figure 2.24  Install Footing Longitudinal and Inclined Joint Shear Steel 
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Figure 2.25  Individual 2/3 Circumference Overlapping Single Hoops in Footing Joint 

 

Figure 2.26  Install Individual J-Hooks over the Back-to-Back Z-Bars 
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Figure 2.27  Footing Formwork, Reinforcement, Tie Down PVC, and Axial Blockouts 

 

Figure 2.28  Footing Formwork, Reinforcement, Tie Down PVC, and Axial Blockouts 



Chapter 2:  Test Setup, Instrumentation, and Construction Process 36 

 

 

Figure 2.29 Casting of the Footing Concrete with Rented Formwork 

     

Figure 2.30  Installation of 2-Layer Full Cover Concrete Blockout 
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Figure 2.31  After Casting, 2-Layer Longitudinal Cover Concrete Blockout Strips 

     

Figure 2.32  Column Stabilization and Cap Formwork 
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Figure 2.33  Details for Column Stabilization and Cap Formwork 

 

Figure 2.34          w                /        Y                  ’                   
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2.4.2 Optotrak Target Marker Application Method 

Now that the method of blocking out cover concrete during construction has been 

reviewed for both instrumentation techniques, Figure 2.30 and Figure 2.31, the method of 

surface preparation and application of Optotrak target markers deserves some discussion.  

After casting the columns, a small layer of concrete formed over the outside surface of the 

longitudinal reinforcement since the foam is compressible.  An air needle scaler was used to 

remove this small layer of concrete over the reinforcing steel since the procedure is non-

invasive and does not damage the underlying concrete.  The remaining concrete debris was 

removed using a wire brush drill attachment.   

Uniaxial tests on reinforcing steel bars were used to identify the best surface preparation 

technique and adhesive.  The first step involved removing the layer of mill scale over the 

longitudinal reinforcement by polishing the bar with a wire brush.  This layer of mill scale 

would otherwise flake off at high strains, debonding the instrumentation.  The surface of the 

reinforcement was then cleaned with a degreaser.  Disposable plastic caps which house the 

Optotrak target markers were adhered to the reinforcement using several different adhesives.  

Instrumentation adhered with hot glue and five minute epoxy failed to remain attached at 

large inelastic strain levels.  A flexible silicone-based RTV adhesive provided the best results 

since it could accommodate the large strains in the steel while retaining strength.   

The plastic caps had a center hole which filled with adhesive forming a shear key.  A 

photo of a specimen with the disposable caps applied appears in Figure 2.35.  The tape 

plugging the hole in the plastic cap was removed and the reusable target markers were 

snapped into place.  Tape was used to route wires away from the field of view of the positon 

monitor.  The wire management technique needs to accommodate deformation during the test 

and allow for the underlying concrete material to crush.  The technique ultimately proved 

successful, and instrumentation remained attached to the latest stages of damage where 

previously buckled reinforcement fractured, Figure 2.36. 
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Figure 2.35  Surface Preparation and Target Marker Plastic Cap Application  

 

Figure 2.36  Instrumentation Remained Attached to the Latest Stages of Damage 
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Chapter 3: Experimental Observations 

3.1 Contents of Report Volume 2 

Volume 2 contains a summary of experimental observations and data analysis for each 

column test.  The material and geometric properties of each experiment are documented, and 

the sequence of observed and measured damage is presented.  Volume 2 is broken up into 

three separate chapters based on the method of construction and instrumentation technique 

utilized in the experiments.  The differences in the test series is discussed below, since design 

recommendations from Volume 1 of this report come from only Experiments 8-30, which 

utilized an improved instrumentation technique.   

The initial six columns for the Load History research program were constructed by a 

local contractor.  Although the need for accurate detailing was expressed and tolerances were 

specified, the resulting specimens had discrepancies in transverse steel spacings in the plastic 

hinge region.  This influenced the restraint of longitudinal reinforcing bars and significantly 

impacted the performance of these specimens.  Furthermore, these tests utilized the single 

position monitor and welded steel post extension instrumentation technique discussed in 

Chapter 2.  The strain capacity reinforcing steel from Tests 1-6 was not influenced by the 

surface tack welded posts, but the technique produced less reliable strains when compared to 

the use of multiple position monitors and direct application of target markers to the 

longitudinal reinforcement. 

To ensure proper detailing, Tests 7-30 were constructed by the research team at NCSU 

utilizing the procedure summarized in Chapter 2.  Test 7 utilized the same steel post 

instrumentation as the previous six tests.  The batch of A706 reinforcing steel had reduced 

strain at maximum stress when compared in the presence of small surface tack-welds.  This 

shifted the failure mechanism of the column to brittle fracture of longitudinal reinforcement 

without prior bar buckling, resulting in a reduced deformation capacity.  For this reason, as 
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well as the detailing errors mentioned, the occurrence of limit states in Tests 1-7 were not 

included in the formulation of design recommendations.  Observational summaries for Tests 

1-6 and separately Test 7 are included in Volume 2, along with a discussion of the impact of 

welding on the longitudinal steel from the two test series.   

Since design recommendations from Volume 1 arise from only Experiments 8-30, 

additional care was taken when describing the observed and measured sequence of damage.  

For each experiment, the process through which the measured strain data was used to 

quantify deformation components is presented.  This information although summarized in 

subsequent chapters, can be explored in greater detail in Volume 2 of this report.   
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Chapter 4: The Effect of Load History on 

Column Performance 

In this section, the importance of displacement history and its effects on performance 

limit states, the relationship between strain and displacement, and the spread of plasticity in 

reinforced concrete structures is explored.  An experimental study was carried out 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 

reversed 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 have shown that the limit state of reinforcement 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. 

4.1 Introduction 

The goal of performance based seismic engineering is to design structures to achieve a 

predictable level of performance under a specific earthquake hazard within definable levels 

of reliability, as defined by the Structural Engineering Association of California, (SEAOC 

1999).  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.  For reinforced concrete flexural members such as bridge columns, 

concrete compressive and steel tensile strain limits are very good indicators of damage.  
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Closely spaced transverse steel hoops or spirals provide adequate confinement and shear 

resistance to produce a flexural mode of failure for columns without detailing deficiencies.  

The displacement capacity of these columns is limited by buckling and subsequent fracture 

of longitudinal reinforcement or rupture of confinement steel.  An understanding of the 

spread of plasticity in reinforced concrete structures is required to determine the deformation 

at damage limit states for design. 

A summary of the performance strain limits from (Kowalsky 2000) appear in Table 4.1.  

Serviceability limit states such as concrete cover crushing or residual crack widths exceeding 

1mm may occur during smaller, more frequent earthquakes, (Priestley et. al. 1996).  While 

the serviceability limit states do not pose a safety concern, the hinge regions must be repaired 

to prevent corrosion of internal reinforcing steel.  At higher ductility demands produced by 

larger less frequent earthquakes, reinforcing bar buckling may lead to permanent elongation 

in the transverse steel, which diminishes its effectiveness in confining the concrete core.  Bar 

buckling and significant damage to the core concrete represent the damage control limit 

states, which lead to significant repair costs.  Furthermore, rupture of previously buckled bars 

during subsequent cycles of loading leads to strength loss.  The life safety or collapse 

prevention limit state is characterized by fracture of previously buckled bars or rupture of 

confinement steel under displacements exceeding those required to initiate bar buckling.   

 

Table 4.1  Performance Strain Limits from (Kowalsky 2000) 

Limit State Concrete Compressive Strain Limit Steel Tensile Strain Limit 

Serviceability 
0.004 

Cover Concrete Crushing 

0.015 

Residual Crack Widths Exceed 1mm 

Damage 

Control 

0.018 Mander et al. (1988), 𝜀𝑐𝑢 

Limit of Economical Concrete Repair 

0.060 

Tension Based Bar Buckling 
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 Previous experimental studies on circular bridge columns with constant axial loads have 

shown that reinforcing bar buckling is influenced by unidirectional lateral displacement 

history: (Moyer and Kowalsky 2003), (Kunnath et al. 1997), and (Freytag 2006).  Tests by 

Moyer and Kowalsky (2003) utilized fabricated load histories to investigate the influence of 

previous tensile strains on buckling of longitudinal reinforcement under compressive stress.  

Their results suggest that reinforcement buckling occurs after reversal from a peak tensile 

strain, while the bar is still under net elongation but compressive stress.  After reversal from 

the peak displacement, the cracks on the tensile side begin to close, and before the column 

reaches zero displacement the reinforcement enters a state of compressive stress but net 

elongation.  It is during this time, while the cracks are still open, that the reinforcement is the 

sole source of compression zone stability and the bars are prone to buckling.  According to 

Kunnath et al. (1997), random displacement cycles provide a better means for understanding 

the effects of cumulative damage and assessing the performance of structures subjected to 

low-cycle fatigue.  Freytag (2006) utilized instrumentation to detect lateral displacements of 

buckled bars in column tests with fabricated lateral displacement histories before the event 

could be visibly observed.  The tests conducted by Freytag (2006) supported the tension 

based bar buckling mechanism, and suggested that bar buckling may be gradual phenomenon 

occurring over multiple cycles.  Analytical studies by Syntzirma et. al. (2010) concluded that 

when flexural members are controlled by bar buckling, the deformation capacity cannot be 

defined uniquely since it is a function of the applied cyclic deformation history. 

Tests by Wong et. al. (1993) focused on the effect of bidirectional lateral displacement 

history for squat circular columns with various levels of constant axial load.  Their results 

indicated that bidirectional load path led to additional degradation in strength and stiffness, 

and a reduction in the deformation capacity when compared to nominally identical columns 

subjected to unidirectional load histories.  Additionally, they found that the shape of the 

bidirectional load path did not significantly affect the displacement capacity of the columns.  

Experiments conducted by Bousias et al. (1995) investigated the influence of bidirectional 

load path and variable axial load history.  They observed a significant coupling between the 

three loading directions, and found that the magnitude and history of the axial load 
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influenced the axial expansion and shortening of the column.  Experiments by Esmaeily and 

Xiao (2005) demonstrated importance of considering axial load history when predicting the 

response of bridge columns.  They concluded, “At a certain displacement and axial load 

level, the flexural capacity is significantly different depending on the history of axial loading 

path, from the flexural capacity at the same displacement and the same level but constant 

axial load.” 

4.1.1 Test Setup 

While the progression of damage in flexural bridge columns has been thoroughly 

investigated in the past, to the author’s knowledge, none of the previous studies had the 

ability to measure large strains at the level of the longitudinal reinforcement up to bar 

buckling.  The goal of the experimental program is to investigate the impact of load history 

and design variables on the relationship between strain and displacement, performance strain 

limits, and the spread of plasticity.  In total, the thirty specimens of the research program 

focus on the effects of load history, axial load, aspect ratio, transverse reinforcement, and 

longitudinal steel content.  All of the variables found to be statistically significant towards 

describing bar buckling in an experimental dataset by Berry and Eberhard (2005) appear in 

the test matrix.  This section focuses on eight specimens which had unidirectional lateral 

displacement history as the primary variable. 

The specimen was designed to represent a single degree of freedom bridge column 

subjected to lateral and axial load, Figure 4.1.  The test specimen consists of a footing, 

column, and loading cap.  The footing is a capacity protected member which secures the 

specimen to the lab strong floor using post tensioned bars.  A 220kip (980kN) hydraulic 

actuator, with a 40” (1016mm) stroke capacity, applies lateral load to the loading cap of the 

specimen.  A spreader beam, two hydraulic jacks, and a load cell are placed above the 

loading cap to apply a constant axial compressive load through post tensioning bars which 

run beneath the lab strong floor.  A self-regulating axial load system was utilized with a third 

hydraulic jack in a force controlled uniaxial testing machine to regulate the pressure, and thus 
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the load, of two jacks on top of the specimen to maintain a constant axial load throughout 

testing.  This technique of axial load application does not replicate true P-Δ effects induced 

by a vertical gravity load.  Instead, the axial force follows the direction of the post tensioning 

bar which is hinged at the floor and centered above the column.  Examples of test setups 

which recreate P-Δ effects may be found in (Dutta et. al. 1999) and (Esmaeily and Xiao 

2002). 

The load history variable specimens had nominally identical geometry and longitudinal 

steel content, and were subjected to different quasi-static unidirectional lateral displacement 

histories.  The 24” (610mm) diameter bridge columns, Figure 4.2, contained 16 #6 (19mm) 

A706 bars for longitudinal reinforcement (𝐴𝑠𝑡/𝐴𝑔 = 1.6%) and a #3 (9.5mm) A706 spiral at 

either 2” (51mm) (4𝐴𝑠𝑝/(𝐷
′𝑠) = 1%) or 1.5” (38mm) (1.3%) on center.  The shear span for 

the cantilever columns was 8ft (244cm), and they had a moment to shear ratio of 

(𝑀 𝑉𝐷 = 4⁄ ).  The specimens were subjected to a constant axial load of 170kips (756kN), 

(𝑃/(𝑓𝑐
′𝐴𝑔) ≈ 5%) depending on the concrete compressive strength.  The test matrix for the 

eight columns is shown in Table 4.2, and the material properties of the longitudinal and 

transverse reinforcement appear in Table 4.3. 
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Figure 4.1  Test Setup for Load History Tests (Two Optotrak Position Monitors) 

 

       

Figure 4.2  Column Cross Section for Load History Tests 
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Figure 4.3  (Left) Optotrak Spatial Coordinate Output and (Right) Comparison of 

Optotrak Strains to Traditional Measurements 

 

Table 4.2  Test Matrix for Load History Variable Columns 

Test Load History                  (ρs) f'c (ksi, MPa) P/f'c*Ag 

T9 Three-Cycle-Set #3 at 2” (51mm) (1%) 6.81,  46.97 5.5% 

T8 Chile 2010 #3 at 2” (51mm) (1%) 6.99,  48.18 5.4% 

T8b Three-Cycle-Set #3 at 2” (51mm) (1%) 6.99,  48.18 5.4% 

T10 Chichi 1999 #3 at 2” (51mm) (1%) 5.26,  36.29 7.1% 

T10b Three-Cycle-Set #3 at 2” (51mm) (1%) 5.26,  36.29 7.1% 

T11 Kobe 1995 #3 at 2” (51mm) (1%) 6.18,  41.85 6.2% 

T12 Japan 2011 #3 at 2” (51mm) (1%) 6.10,  42.06 6.2% 

T16 Three-Cycle-Set #3 at 1.5” (38mm) (1.3%) 6.71,  46.27 5.6% 

T17 Llolleo 1985 #3 at 1.5” (38mm) (1.3%) 7.59,  52.33 5.0% 

T17b Three-Cycle-Set #3 at 1.5” (38mm) (1.3%) 7.59,  52.33 5.0% 

T18 Darfield NZ 2010 #3 at 1.5” (38mm) (1.3%) 7.80,  53.83 4.8% 

T18b Three-Cycle-Set #3 at 1.5” (38mm) (1.3%) 7.80,  53.83 4.8% 
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Table 4.3  Reinforcement Material Properties 

Longitudinal 

Reinforcement 
εy fy (ksi) 

εh 

(hardening) 
fh (ksi) 

εu 

(max stress) 
fu (ksi)  

Transverse 

Steel 
fy (ksi) 

T8 – T12 0.00235 68.1 0.0131 68.2 0.1189 92.8  T8 – T12 74.1 

T16 – T18 0.00235 68.1 0.0146 68.2 0.1331 94.8  T16 – T18 64.6 
 

Longitudinal 

Reinforcement 
εy 

fy 

(MPa) 

εh 

(hardening) 

fh 

(MPa) 

εu 

(max stress) 

fu 

(MPa) 
 

Transverse 

Steel 

fy 

(MPa) 

T8 – T12 0.00235 470 0.0131 470 0.1189 640  T8 – T12 511 

T16 – T18 0.00235 470 0.0146 470 0.1331 654  T16 – T18 445 

 

4.1.2 Instrumentation 

Numerous experimental studies in the past, for example (Moyer and Kowalsky 2003) 

and (Hines et. al. 2004), utilized an array of linear potentiometers to measure cross section 

curvatures in the column hinge regions.  These potentiometers were attached to the ends of 

imbedded threaded rods to measure the average strain in the tensile and compressive extreme 

fiber regions of the column.  Since the potentiometers are placed at the ends of the rods, their 

measurements are affected by rotations of the rods themselves. 

The experimental program presented in this paper utilized an innovative technique of 

applying a commercially available instrumentation system to measure large strains at the 

level of the reinforcement with multiple Optotrak Certus HD 3D position sensors produced 

by Northern Digital Inc.  The Optotrak position monitoring system can read the location of 

target markers placed on the specimen in three dimensional space during a test, Figure 4.3.  

By calculating the change in three dimensional distances between target markers, strains can 

be determined with respect to the original unloaded gage lengths.  The 3D accuracy of the 

Optotrak Certus system reported by Northern Digital Inc. is 0.1mm with a resolution of 

0.01mm.  Target markers were applied directly to six longitudinal bars in the extreme fiber 

regions of the column to obtain strain hysteresis, vertical strain profiles, cross section 

curvatures, curvature distributions, and fixed-end rotations attributable to strain penetration.  

To accomplish this, vertical strips of cover concrete overlaying the extreme fiber bars were 
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blocked out over the instrumented region as shown in Figure 4.2.  Strain gages were applied 

to layers of transverse steel overlaying the longitudinal reinforcement to observe the 

interaction between compressive demand, transverse steel strain, and buckling restraint.  An 

illustration of the accuracy of the Optotrak system compared to traditional measurement 

techniques appears in Figure 4.3.  A tensile test on a reinforcing bar was conducted with a 

51mm Optotrak gage length, a 51mm extensometer gage length, and a centrally placed strain 

gage.  Closer inspection demonstrates that the Optotrak strains oscillate around the 

measurements predicted by the conventional instrumentation, but the general trend is 

captured throughout the entire tensile test.  Electrical resistance strain gages fail to remain 

attached at large inelastic strain levels, which are of interest to this study.   

The top column displacement was obtained through a string potentiometer placed at the 

center of the lateral load.  The lateral load and stroke of the 220kip (980kN) hydraulic 

actuator were measured through an integrated load cell and linear variable differential 

transformer (LVDT).  An axial load cell monitored the contribution of one hydraulic jack to 

the total axial load of the column, the total axial load double the recorded value. 

4.1.3 Loading Protocol 

The specimens were subjected to various unidirectional top-column displacement 

histories including standardized laboratory reversed cyclic loading, and recreations of the 

displacement responses obtained from non-linear time history analysis of multiple 

earthquakes with distinct characteristics.  The top-column displacement histories used in the 

tests are shown in Figure 4.4 through Figure 4.9.  The experiments utilized a quasi-static 

displacement controlled loading procedure.  The symmetric three-cycle-set load history is 

commonly used to evaluate the seismic performance of structural components.  The load 

history begins with elastic cycles to the following increments of the analytically predicted 

first yield force: ¼ 𝐹𝑦
′, ½ 𝐹𝑦

′, ¾ 𝐹𝑦
′, and 𝐹𝑦

′.  The experimental first yield displacement is then 

determined by taking the average of the recorded displacements during the first yield push 

and pulls cycles.  The equivalent yield displacement, used to determine the displacement 
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ductility levels (𝜇Δ1 = (1 ∗ Δ𝑦), is then calculated as Δ𝑦 = Δ𝑦
′  (𝑀𝑛/𝑀𝑦

′ ).  The symmetric 

three-cycle-set load history resumes with three balanced cycles at each of the following 

displacement ductility levels:  1, 1.5, 2, 3, 4, 6, 8, 10, 12, etc. 

For earthquake time-history tests, the analytical top column displacement history is 

determined using non-linear time history analysis (NLTHA).  The original acceleration input 

of the earthquake record is multiplied by a constant scale factor to produce a peak 

displacement response suitable for the experimental test.  This is necessary because the 

amplitude of peak response is an important variable when comparing the performance of the 

columns subjected to different load histories.  The goal of the experimental load history is not 

to re-produce the exact displacement response which the specific acceleration record may 

have created, but rather to compare the performance of columns subjected to specific 

characteristics in the displacement histories obtained from NLTHA.  Specific earthquake top-

column displacement response characteristics were chosen including:  the number and 

amplitude of cycles prior to the peak, degree of symmetry, and peak displacement in each 

direction of loading.  The symmetric three-cycle-set experiments (T9 and T16) were 

conducted prior to earthquake tests to establish the displacement ductility levels.  The scaling 

factors of the acceleration input used in NLTHA of the earthquake load histories were 

determined based on the displacement capacities of T9 and T16, which had bar buckling 

during displacement ductility eight.  Four earthquake records were scaled approximately 

displacement ductility nine while two records were scaled to ductility ten.  The strains at the 

first yield displacement of each earthquake test were verified to confirm that the ductility 

levels from T9 and T16 remained appropriate.  Specimens which had un-buckled 

reinforcement during the earthquake load histories were subjected to a symmetric three-

cycle-set displacement history to evaluate the columns post-earthquake performance (T8b, 

T10b, T17b, T18b). 
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Figure 4.4  Control Specimen Load Histories (Left) T9 and (Right) T16 

   

Figure 4.5  Test 8 Chile 2010 Load History and Post EQ Three Cycle Set 

   

Figure 4.6  Test 10 Chichi Load History and Post EQ Three Cycle Set 

T

9 

T

9 

T9 T16 

T

9 

T8 

T

9 

T10 



Chapter 4:  The Effect of Load History on Column Performance 54 

 

   

Figure 4.7  (Left) T11 Kobe 1995 Load History and (Right) T12 Japan 2011 LH 

   

Figure 4.8  Test 17 Llolleo 1985 Load History and Post EQ Three Cycle Set 

   

Figure 4.9  Test 18 Darfield NZ Load History and Post EQ Three Cycle Set 
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4.2 Experimental Results 

4.2.1 Damage Observations 

The deformation capacity of all of the cyclically loaded specimens was limited by 

longitudinal bar buckling and subsequent rupture during later cycles of the load history.  The 

following sequence of damage was observed:  cracking, longitudinal reinforcement yield, 

cover concrete crushing, yielding of transverse steel, bar buckling, and then reinforcement 

rupture.  Rupture of transverse steel was never observed.  The first significant loss of strength 

occurred when previously buckled reinforcement ruptured in tension. 

For the load history variable tests, cover concrete crushing occurred at an average 

compressive strain of 0.0045, when the compressive demand exceeded the unconfined 

concrete compressive strength.  The average compressive strain measured at spiral yield in 

the confinement region was 0.015.  As a reference, the Mander et. al. (1988) ultimate 

concrete compressive strain of specimens T8-T12 is equal to 0.0185 and 0.0183 for tests 

T16-T18.  On average, spiral yielding in the confinement region occurred at approximately 

80% of the Mander et. al. (1988) ultimate concrete compressive strain.  Noticeable influences 

of displacement history on cover concrete crushing on spiral yielding were not discernible 

based on the test results. 

4.2.2 Test 11 – Response to the Kobe 1995 Earthquake 

Sample results from test unit LH4 are presented to explain the influence of load history 

on accumulated strains in the longitudinal and transverse steel.  The acceleration input of the 

Kobe 1995 earthquake record was multiplied by 1.13 to produce an analytical top column 

response equivalent to displacement ductility 9.9, as shown in Figure 4.7.  A 24” (610mm) 

diameter bridge column with a constant axial load equivalent to (𝑃/(𝑓𝑐
′𝐴𝑔) = 6.2%), 

confined with a #3 (9.5mm) spiral at 2” (51mm) on center, was subjected to a quasi-static 

loading procedure which recreated the analytical Kobe displacement history obtained from 

NLTHA.  The test began with a small pull cycle followed by a near monotonic push to the 
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peak displacement ductility of 9.9.  The North longitudinal reinforcement, shown in Figure 

4.11, is placed into tension during push cycles while the South side is subjected to 

compression, refer to Figure 4.12.  The push cycle to displacement ductility 9.9 resulted in a 

peak tensile strain of 0.059 in the North extreme fiber bar, a peak compressive strain of -

0.037 in the South extreme fiber bar, and two layers of inelastic transverse steel in the 

compression zone (Figure 4.12).  The particular longitudinal reinforcement gage lengths 

depicted in Figure 4.11 and Figure 4.12 do not align with the peak tensile and compressive 

strains, but rather with the location which later outwardly buckled.  This region is presented 

because it provides a clear representation of when buckling occurred, since  strains measured 

by target markers on the convex side of a buckled bar increase under compressive demand.  

The peak tensile strain of 0.059 was not sufficient to buckle the North bar during the 

subsequent reversal to displacement ductility -6.1. 

At displacement ductility -6.1, tensile strains in the South bar reached 0.033, 

compressive strains in the North bar measured -0.0119, and the transverse steel on the North 

side of the specimen remained elastic (Figure 4.11).  This peak tensile strain, combined with 

multiple layers of inelastic transverse steel, was sufficient to buckle the South extreme fiber 

bar after reversal of loading.  At this time, the measured strains in the South bar no longer 

represent engineering strains due to the outward buckled deformation between target 

markers.  As the South bar buckles outwards, the strain in the transverse steel begins to 

rapidly increase as shown in Figure 4.12.  A peak tensile strain of 0.053 was measured in the 

North extreme fiber bar at the end of the push cycle to displacement ductility 9.3.  Again, 

note that this peak tensile strain occurred over an adjacent gage length to that shown in 

Figure 4.11 which depicts outward buckled region.  It was during the following reversal from 

displacement ductility 9.3 that the North extreme fiber bar visually buckled under 

compressive stress.  The outward buckled deformation in the North bar caused measured 

strains in the transverse steel to sharply increase as shown in Figure 4.11.  Prior to buckling 

of the North extreme fiber bar, the transverse steel remained elastic. 
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Figure 4.10  (Left) Kobe 1995 EQ Load History and (Right) Hysteretic Response 

   

Figure 4.11  (Left) North Bar Strain History (Right) Overlying Spiral Strain History 

   

Figure 4.12  (Left) South Bar Strain History (Right) Overlying Spiral Strain History 



Chapter 4:  The Effect of Load History on Column Performance 58 

 

4.2.3 The Effect of Load History on Reinforcement Bar Buckling 

The main impact of load history on column behavior is its effect on accumulated strains 

within the longitudinal and transverse reinforcement.  Large concrete compressive demand 

results in inelastic strains in the transverse steel, which reduces its effectiveness in restraining 

the longitudinal bars from buckling.  Load histories with compressive demand sufficient to 

produce inelastic transverse steel may require lower values of peak tensile strain to initiate 

bar buckling after reversal of load.  The symmetric three-cycle-set load history is more 

severe than the load histories produced by actual earthquakes, when evaluated to the same 

peak displacement, due to the balanced repeated cycles at each ductility level.  Multiple 

cycles at the same amplitude allow each side of the specimen to be subjected to the peak 

compressive and tensile cycles, creating the worst situation for bar buckling a given peak 

displacement. 

The relationship between strain and displacement during the largest push and pull cycles 

of each load history variable test appear in Figure 4.14 and Figure 4.15.  Not all of the peak 

excursions produced bar buckling after reversal from the peak tensile strains shown, for 

instance the Kobe 1995 record (LH4) did not buckle the North bar until the second peak as 

discussed in the previous section.  An extreme fiber bar buckling summary is shown in Table 

4.4 and Table 4.5.  The 24” (610mm) diameter bridge columns contained a #3 (9.5mm) spiral 

at either 2” (51mm) or 1.5” (38mm) on center.  A specimen with each transverse steel 

detailing was subjected to a symmetric three-cycle-set load history (T9 and T16) which 

produced bar buckling during cycles at displacement ductility eight.  For the specimen 

subjected to T9, fracture of previously buckled reinforcement occurred during repeated 

cycles at displacement levels equal to those necessary to initially produce bar buckling.  The 

following four earthquake load histories:  Chichi 1999 (T10), Chile 2010 (T8), Llolleo 1985 

(T17), and Darfield 2010 (T18) were scaled to produce peak response displacement ductility 

of 8.8, 8.7, 9.0, and 9.0 respectively.  The longitudinal steel placed into tension during the 

peak push cycles of these four load histories did not buckle during the earthquake record.   
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For the case of the Darfield 2010 load history (T18), the peak push displacement led to 

inelastic layers of transverse steel, and the following pull cycle to displacement ductility -7.3 

had sufficient tensile demand to buckle a single bar during the subsequent reversal of load.  

The four specimens were then subjected to symmetric three-cycle-set load histories (T10b, 

T8b, T17b, and T18b) to determine the post-earthquake performance of the columns.  

Reinforcement buckling occurred during cycles at displacement ductility six of the cyclic 

load histories after the Chichi 1999 (T10b) and Llolleo 1985 (T17b) records.  This indicates 

that the earthquake load histories led to a reduction in the displacement capacity at bar 

buckling of two ductility levels during tests T10b and T17b when compared to initially 

undamaged specimens T9 and T16.  This is a potential issue for post-earthquake inspection 

because there was no visible indication of the reduced ductility capacity after T10 and T17.   

Bar buckling occurred during ductility eight of the cyclic load history conducted after 

the Chile 2010 earthquake (T8b).  The cyclic load history after the Darfield 2010 record 

(T18b) ruptured the previously buckled bar during ductility six.  This shows that increases in 

displacement demands beyond those which were initially required buckle a reinforcing bar 

(displacement ductility -7.3 with inelastic spiral restraint) are not required to rupture the 

previously buckled bar.  A dependable level of displacement at which fracture of a 

previously buckled bar would occur cannot be reliably developed because it is dependent on 

the severity of the buckled deformation.  Since bar buckling permanently deforms the spiral 

restraint, even smaller cycles after the initiation of buckling degrade the core concrete and 

increase the buckled deformation.  Uniaxial bar tests by Restrepo-Posada et. al. (1994) 

showed that micro-cracks develop at the locations of ribs on the compression side of a 

severely buckled bar, Figure 4.13.  Once these micro-cracks develop, the future tensile 

capacity of the bar is compromised.   

To produce buckling after reversal from the peak displacement response of earthquake 

load histories, the Kobe 1995 (T11) and Japan 2011 (T12) records were scaled to 

displacement ductility 9.9 and 10 respectively.  As discussed previously, bar buckling did not 
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occur until reversal from the second peak cycle to displacement ductility 9.3 of the Kobe 

record (LH4). 

The relationship between strain and displacement along the envelope curve of cyclic 

response does not appear to be affected by seismic load history.  Since the curves shown in 

Figure 4.14 and Figure 4.15 are from the peak cycles of their respective load histories, only 

portions of the curve lie upon the envelope of cyclic response.  At low ductility levels the 

measured tensile strains during the Kobe 1995 (T11) and Darfield 2010 (T12) peak cycles are 

larger than the other records because these were near monotonic push cycles to the peak 

displacement while the crack distribution was still forming. 

 

 

Figure 4.13  Micro-Cracks Present on a Buckled Reinforcing Bar, Photo Obtained from 

Restrepo-Posada et. al. (1994) 
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Figure 4.14  North Bar (Left) Peak Push Cycle Tensile Strain-Displacement and (Right) 

Peak Pull Cycle Compressive Strain-Displacement 

 

Table 4.4  Bar Buckling Summary for the North Extreme Fiber Bar 

Test 
Disp. (mm) before 

Buckling North Bar 

Disp. Ductility before 

Buckling North Bar 

Peak Tensile Strain of 

North Bar  

Peak Strain 

Compressive  

Peak Spiral 

Strain 

T9 171 8 (1st Cycle) 0.053 -0.018 0.0027 

T8 No Buckling (184) No Buckling, 8.7 No Buckling (0.051) -0.013 0.0021 

T8b 169 8 (1st Cycle) 0.043 -0.028 0.0255 

T10 188 No Buckling, 8.9 No Buckling (0.052) -0.003 0.0009 

T10 169 No Buckling, 8 No Buckling (0.048) -0.016 0.0115 

T11 
Initial 210, Buckled after 

Second Peak 197  

Initial 9.9, Buckled after  

Second Peak 9.3 

Initial 0.059, Buckled after 

Second Peak 0.053 
-0.012 0.0017 

T12 209 10 0.058 -0.021 
Debonded 

after 0.008 

T16 169 8 (3rd Cycle) 0.056 -0.019 0.0096 

T17 No Buckling (190) No Buckling, 9 No Buckling (0.055) -0.023 0.0091 

T17b 127 6 (2nd Cycle) 0.035 -0.039 
Debonded 

after 0.011 

T18 No Buckling (190) No Buckling, 9 No Buckling (0.062) -0.021 0.0031 

T18b No Buckling (127) 
No Buckling, 6 (2nd 

Cycle) 
No Buckling (0.036) -0.023 0.0039 
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Figure 4.15  South Bar (Left) Peak Pull Cycle Tensile Strain-Displacement and (Right) 

Peak Push Cycle Compressive Strain-Displacement 

 

Table 4.5  Bar Buckling Summary for the South Extreme Fiber Bar 

Test 
Disp. (mm) before 

Buckling South Bar 

Disp. Ductility before 

Buckling South Bar 

Peak Tensile Strain 

of South Bar  

Peak Strain 

Compressive  

Peak Spiral 

Strain 

LH1 -170 -8 (1st Cycle) 0.051 -0.015 0.0034 

LH2 No Buckling (-112) No Buckling, -5.3 No Buckling (0.032) -0.022 0.0055 

LH2b -169 -8 (1st Cycle) 0.048 -0.032 
Off Scale 

>0.036 

LH3 No Buckling (-54) No Buckling, -2.5 No Buckling (0.016) -0.032 0.0131 

LH3b -127 -6 (1st Cycle) 0.038 -0.045 
Off Scale 

>0.036 

LH4 -129 -6.1 0.033 -0.037 0.0159 

LH5 
Initial -166, Buckled 

after Peak to 107 

Initial -7.9, Buckled  

after Peak to -5.1 

Initial 0.044, Buckled  

after Peak to 0.028 
-0.032 0.0120 

LH6 -170 -8 (1st Cycle) 0.052 -0.030 0.0095 

LH7 No Buckling (-128) No Buckling (-6) No Buckling (0.039) -0.039 0.0077 

LH7b -127 -6 (Second) 0.036 -0.043 
Debonded 

after 0.019 

LH8 -154 -7.3 0.047 -0.048 
Off Scale 

>0.016 
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4.3 Spread of Plasticity 

4.3.1 Test 16 – Deformation Components Three Cycle Set Load History with #3 

Spiral at    ” (38mm) 

The Optotrak position monitoring system allows for a closer examination of column 

flexure and strain penetration deformation components.  To describe the process and 

capabilities of the instrumentation technique, sample test results related to the spread of 

plasticity in a symmetric three-cycle-set load history (T16) are presented.  The displacement 

history along with data points which mark cycles where cover crushing, spiral yield, visible 

bar buckling, and bar fracture occurred in appear in Figure 4.16.  The measured compressive 

and tensile strains for South and North extreme fiber bars during push cycles appear in 

Figure 4.16.  This figure shows strain profiles for extreme fiber bars on each side of the 

specimen to illustrate the effects of tension shift.  Figure 4.17 shows that cracks near the 

footing remain effectively horizontal, but above this section the flexural shear crack 

distribution is inclined.  The cracks form a naturally inclined cut in a free body diagram 

representation of the bridge column.  Hines et. al. (2004) developed a procedure for 

evaluating the effects of tension shift on the spread of plasticity by quantifying stress 

components acting along an inclined flexural shear crack.  Due to the effects of tension shift, 

compressive strains are concentrated near the footing-column interface and tensile strains are 

fanned out to a greater height following the crack distribution.  This mechanism is observable 

in Figure 4.16. 

The instrumentation technique allows for monitoring of individual strain hysteresis, such 

as Figure 4.17 which depicts the outward buckled region of the North extreme fiber bar.  

Stable hysteretic loops were observed until the second pull cycle of displacement ductility 

eight where measurable deformation occurred at the location consistent with outward visible 

buckling during the following pull cycle.  This measurable deformation was not discernible 

by eye, and therefore poses an issue for to post-earthquake inspection. 
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Since the deformations at performance limit states are required for design, a closer look 

at the relationship between strain and displacement is warranted.  Monotonic moment-

curvature analysis is typically utilized in design because it provides an accurate prediction for 

the envelope curve of the lateral force versus deformation response for flexure-dominated 

columns with constant axial load, as shown in Figure 4.21.  Experimental tests by Esmaeily 

and Xiao (2005) show that alterations to the cyclic response prediction must be made to 

account for variable axial loads.  The monotonic moment-curvature analysis was conducted 

in a script called CUMBIA (Montejo and Kowalsky 2007).  The program utilizes the 

following material models for the confined and unconfined concrete and reinforcing steel: 

(Mander et al. 1988) and (King et al. 1986).   Top column displacements are obtained using 

the plastic hinge method and shear displacement models presented in Priestley et. al. (2007). 

A comparison of the measured and predicted relationships between strain and 

displacement during push cycles appears in Figure 4.18.  The solid lines represent individual 

push cycles which begin with the column at zero displacement and end at the peak of the 

respective displacement ductility level.  The dashed lines represent the subsequent reversal of 

loading.  Moment-curvature analysis over predicts the measured tensile strains and under 

predicts compressive strains at an increasing rate at higher ductility levels.  Due to the effects 

of tension shift, the tensile strains are fanned out to a greater height above the footing-column 

interface, which may decrease the peak tensile strain at the base of the column (near the 

footing).  Compression strains are concentrated at the base of the column as the hinge region 

rotates about inclined flexural shear cracks.  These compressive strains are further localized 

at the location of inelastic layers of transverse steel.  Syntzirma et. al. (2010) proposed that 

the lumped rotation at the support caused by strain penetration of longitudinal steel into the 

footing may lead to a local increase in the axial strain in the compressive zone. 

The measured compression strains in the South reinforcing bar (Figure 4.16) are larger at 

the location where several layers of transverse steel entered the inelastic range, as shown in 

Figure 4.19.  The spiral layer closest to the footing-column interface remained elastic due to 

the additional confinement provided by the footing.  Two layers of transverse steel entered 
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the inelastic range during displacement ductility six, but bar buckling did not occur until 

reversal from tensile strains sustained during the first pull cycle of ductility eight.  The 

outward buckled region of the South extreme fiber bar occurred over the previously inelastic 

transverse steel layers as shown in Figure 4.19. 

The measured strains of six reinforcing bars are plotted along the cross section to obtain 

curvatures in Figure 4.20.  The curvature was taken as the slope of the least squared error 

line.  Curvature profiles obtained from thirty-two horizontal cross sections at different 

heights above the footing appear in Figure 4.20.  Procedures developed by Hines et al. (2004) 

were followed to extract numerical information related to the shape of the linear plastic 

curvature profiles.  The dashed lines for each curvature distribution represent a least squared 

error linear fit to the plastic portion of the measured curvatures.  Following recommendations 

from Hines et. al. (2004), the extent of plastic curvatures above the footing is calculated by 

determining where the linear plastic curvature distribution intersects the elastic curvature 

profile, shown as a grey dashed line.  The elastic curvature profile forms a triangular shape 

along the length of the column with a value of zero at the top and the yield curvature at the 

base.  The total base section curvature is determined by the intersection of the plastic least 

squared error line and the x-axis at the footing-column interface. 

The target marker on each bar placed closest to the footing-column interface can be used 

to measure the effects of strain penetration.  Development of fully anchored column 

longitudinal bars into the footing leads to bond slips along the partially anchored region of 

the bars near the footing-column interface, as described by Zhao and Sritharan (2007).  They 

additionally note that this bond slip is not a pull-out of the entire bar embedment length 

resulting from poor bond between the concrete and reinforcing bar.  If the measured bond 

slips of the target markers are plotted along the cross section, the fixed-end rotation 

attributable to strain penetration may be calculated as the slope of a least squared error line, 

Figure 4.21. 

The hysteretic response in Figure 4.21 was obtained from a string potentiometer which 

measured deflections at the center of the applied lateral load.  This total deformation is the 
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sum of the column flexure, column shear, and strain penetration components.  The flexural 

displacement may be determined by integrating the measured curvature distribution and 

adding the strain penetration deformation component.  The curvatures above the 

instrumented region are assumed to follow the triangular yield curvature profile.  The 

integrated displacements from the Optotrak system are compared to the measured 

displacements in Figure 4.21.  The good agreement suggests that the shear deformation 

component is small relative to the total deformation. 

 

   

Figure 4.16  (a) T16 Load History and (b) Vertical Strain Profiles 

 

         

Figure 4.17  (a) Inclined Flexural Shear Cracks and (b) North Strain Hysteresis 
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Figure 4.18  (a) North Tensile and (b) South Bar Compressive Strain-Displacement 

        

Figure 4.19  (a) South Spiral Strains and (b) South Buckled Bar 

   

Figure 4.20  (a) Cross Section Strain Profiles and (b) Vertical Curvature Profiles 
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Figure 4.21  (a) Strain Penetration Rotation and (b) Optotrak Integrated Displacements 

   

Figure 4.22  (a) Measured Spread of Plasticity and (b) Curvature Profiles for T17 

   

Figure 4.23  (a) Measured Rotations and (b) Equivalent Strain Penetration Lengths 
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4.3.2 Measured Spread of Plasticity 

Plastic curvature profiles have a linear distribution which intersects the yield curvature 

profile at a height above the footing termed the extent of plasticity.  This process is shown 

visually in the curvature profiles for the specimen subjected to the Llolleo Chile 1985 (T17) 

displacement history in Figure 4.22.  For this test, the data points come from the first 

occurrence of the displacement ductility level along the envelope curve of cyclic response.  

The measured extent of plasticity vs. base curvature ductility is shown in Figure 4.22.  The 

spread of plasticity for column tests with varying geometry and predictive equations for the 

extent of plasticity appear in Hines et. al. (2004). 

In design, limit state curvatures are converted to target displacements using an 

equivalent curvature distribution.  While there are many versions of the plastic hinge method, 

they all operate by integrating a simplified curvature distribution with the moment area 

method.  The moment-curvature analysis presented in this section utilizes the plastic hinge 

method presented in Priestley et. al. (2007).  In this method, the elastic and plastic curvature 

distributions are separated into simplified shapes to facilitate design.  The elastic flexural 

displacement is determined using a triangular curvature distribution.  The plastic flexural 

displacement is obtained using a uniform curvature distribution with a constant height called 

the plastic hinge length.  The width of the rectangle is equal to the plastic curvature at the 

base section.  To account for the effects of strain penetration, the curvature distribution 

extends into the footing by a depth termed the strain penetration length. 

The use of a constant plastic hinge length does not account for the spread of plasticity 

observed in the physical tests.  The constant plastic hinge length is not physical parameter; it 

is a numerical convenience to obtain the top column displacement.  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.  A further 

complication is noticed upon inspection of the tensile and compressive strain predictions in 

Figure 4.18.  Accurate tensile strain predictions would require a plastic hinge length which 
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expands at higher ductility levels.  The larger deformations at a given curvature would 

increase the accuracy of the prediction.  The opposite is true for compression, where a 

shrinking plastic hinge length is needed to match measured compressive strain and 

displacement relationship.  This is because moment-curvature analysis cannot capture the 

localization of compressive strains at the base of the column observed in test results with 

inelastic confinement steel. 

The measured base rotation attributable to strain penetration is plotted against the base 

curvature ductility in Figure 4.21.  Equivalent strain penetration lengths are determined by 

dividing the fixed-end rotations by the base curvatures in Figure 4.23.  The top column 

displacement due to strain penetration is equal to the base curvature multiplied by the 

equivalent strain penetration length multiplied by the column clear height.  A constant 

equivalent strain penetration length appears suitable for the range of curvature ductility 

presented in Figure 4.23.  The effect of other variables on the spread of plasticity is studied in 

later sections of this report. 

4.4 Conclusions 

In this paper, the influence of unidirectional lateral displacement history on performance 

limit states, the relationship between strain and displacement, and the spread of plasticity in 

reinforced concrete bridge columns was explored.  Results have shown that reinforcement 

bar buckling was influenced by load history, but the relationship between strain and 

displacement along the envelope curve of cyclic response was not.  The symmetric three-

cycle-set load history was found to be more severe than the displacement history produced by 

real earthquakes, when evaluated to the same peak displacement, due to the high number of 

inelastic reversals of loading of increasing magnitude.   

Load histories with compressive demand sufficient to produce inelastic transverse steel 

may require lower values of peak tensile strain to initiate bar buckling after reversal of load.  

Every buckled longitudinal bar, with the exception for one, occurred over previously inelastic 

layers of transverse steel restraint.  Additional research is required in order to relate 
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compressive demands to anticipated strains in the confinement steel of flexural tests.  When 

bar buckling occurs over multiple spiral layers, the anticipated level of restraint provided by 

the transverse steel should include the effects of confinement. 

In two experiments, fracture of previously buckled reinforcement occurred at levels of 

displacement equal to or lower than those required to initially produce bar buckling.  The 

authors believe that a dependable level of displacement at which fracture of a previously 

buckled bar would occur cannot be reliably developed because it is dependent on the severity 

of the buckled deformation. 

A technique of applying a commercially available position monitoring system (Optotrak 

Certus HD produced by Northern Digital Inc.) was developed which allows for monitoring 

longitudinal steel strains until bar buckling and subsequent fracture.  The use of a constant 

plastic hinge length to calculate the displacements at varying levels of response does not 

account for the measured spread of plasticity in reinforced concrete bridge columns.   
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Chapter 5: Impact of Steel Content, Aspect 

Ratio, and Axial Load Ratio on 

Column Performance 

This section discusses a research program supported by the Alaska Department of 

Transportation and Alaska University Transportation Center aimed at defining accurate limit 

state displacements which relate to specific levels of damage in reinforced concrete bridge 

columns subjected to seismic hazards.  The experimental portion of the study aims to assess 

the performance of thirty large scale circular bridge columns.  A key feature of the 

experiments is the high fidelity strain data obtained through the use of an optical 3D position 

measurement system. In this section, this data is utilized to explore the impact of design 

variables on key performance limit states.  These design variables include:  (1) lateral 

displacement history, (2) axial load, (3) longitudinal steel content, (4) aspect ratio, and (5) 

transverse steel detailing.  The impact of lateral displacement history was the focus of 

Chapter 4, so this section instead focuses only on specimens subjected to symmetric three-

cycle-set load histories. 

The following sequence of damage was observed in all of the cyclically loaded tests:  (1) 

concrete cracking, (2) longitudinal steel yield, (3) cover concrete crushing, (4) confinement 

steel yielding, (5) longitudinal bar buckling, and (6) fracture of previously buckled 

reinforcement.  The deformation capacity of all of the specimens was limited by bar buckling 

and subsequent fracture.  Spiral fracture was never observed, since longitudinal steel rupture 

occurred first, resulting in large levels of strength loss.  The instrumentation system allowed 

for monitoring of longitudinal steel and transverse steel strains in the plastic hinge region.  In 

this section, the impact of design variables on measured strains prior to the following limit 

states are explored:  (1) cover concrete crushing, (3) confinement steel yielding and (3) 

longitudinal bar buckling.  In Chapter 8, strain limit design expressions are developed based 

on the information provided in this section.  In Chapter 7, an equivalent curvature 
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distribution which is consistent with strain-based displacement predictions is presented.  In 

performance based design, an understanding of the damping-ductility relationship is needed 

to assess the correct value of damping at the design limit state.  For columns subjected to 

cyclic loading, the equivalent viscous damping is calculated and compared to current design 

expressions which are based on specific hysteretic rules.  In general, the equivalent viscous 

damping is equal to the viscous plus the hysteretic damping, both corrected and combined in 

a manner which is consistent with a design procedure based on secant stiffness to the design 

limit state.   

5.1 Test Setup and Instrumentation 

The goal of the experimental program is to investigate the impact of load history and 

other design variables on the relationship between strain and displacement, performance 

strain limits, and the spread of plasticity.  The main variables for the thirty tests include:  (1) 

lateral displacement history, (2) axial load, (3) longitudinal steel content, (4) aspect ratio, and 

(5) transverse steel detailing.  The specimen was designed to represent a single degree of 

freedom bridge column subjected to lateral and axial load, Figure 5.1.  The test specimen 

consists of a footing, column, and loading cap.  The footing is a capacity protected member 

which secures the specimen to the lab strong floor using post tensioned bars.  A 200kip 

hydraulic actuator, with a 40in stroke capacity, applies lateral load to the loading cap of the 

specimen.  A spreader beam, two hydraulic jacks, and a load cell are placed above the 

loading cap to apply a constant axial compressive load.  The top column displacement was 

obtained through a string potentiometer placed at the center of the lateral load. 

The experimental program utilized multiple Optotrak Certus HD 3D position sensors 

developed by Northern Digital Inc. to monitor material strains.  The position sensors track 

the locations of the target markers in 3D space, returning X-Y-Z spatial coordinates with an 

accuracy of 0.1mm with a resolution of 0.01mm.  Two different cross sections were utilized 

in the study, an 18” and a 24” diameter configuration shown in Figure 5.2.  The 24” 

configuration had 16 A706 longitudinal bars of either #6 (0.75 in) or #7 (0.875 in) diameter 
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and a #3 (0.375 in) or #4 (0.5 in) A706 spiral at variable spacing.  For both specimens the 

cover depth to the outside of the spiral was ½”, which led to an outside spiral diameter of 

either 23” or 17”.   

Two different instrumentation techniques were utilized for the 24” specimens.  The first 

method, shown in the middle and left photos of Figure 5.1, utilized vertical cover concrete 

blockout strips over extreme fiber reinforcement which were installed during construction.  

This technique had two Optotrak position monitors, one facing each extreme fiber region.  

The blockout reached the outside surface of the longitudinal steel, where target markers were 

directly applied to the reinforcement.  Care was taken during construction to insure that the 

spiral reinforcement was always in direct contact with the longitudinal reinforcement, 

therefore the blockout did not interfere with core concrete confinement or longitudinal bar 

restraint.  The second instrumentation method, shown in Figure 5.3, had a full cover concrete 

blockout in the plastic hinge region.  This technique utilized three Optotrak position 

monitors, two facing the extreme fiber regions, and one facing a shear face.  This allowed for 

instrumentation of additional longitudinal bars and transverse steel within the cross section.  

The Optotrak spatial coordinate output from this technique is shown in Figure 5.3.   

The 18” column configuration utilized 10 A706 longitudinal bars of either #6 (0.75 in) 

or #8 (1 in) diameter and a #3 (0.375 in) A706 spiral at 2” on center.  All of the 18” diameter 

specimens utilized the complete cover blockout instrumentation method, shown in the right 

photo of Figure 5.1.  While all of the 24” specimens had an 8ft cantilever length (L/D = 4), 

the following aspect ratios were evaluated for 18” specimens: 8ft, 11ft, and 13ft for (L/D = 

5.33, 7.33, and 8.67).  The specimens were constructed in groups of six specimens, where 

each test series evaluated the impact of specific design variables.  The impacts of these 

variables are discussed in individual sections of this chapter.  An overview of the 

longitudinal and transverse reinforcement properties for each test series is shown in Table 

5.1.  Note that Specimens 1-6 and Test 7 have been excluded, since they utilized a separate 

instrumentation technique whose measured strains ultimately should not be compared to the 

improved techniques previously mentioned.   
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5.2 Symmetric Three-Cycle-Set Loading Protocol 

The symmetric three-cycle-set load history is commonly used to evaluate the seismic 

performance of structural components.  An example of this load history utilized in column 

test twenty-five (T25) is shown in Figure 5.4.  The load history begins with elastic cycles to 

the following increments of the analytically predicted first yield force: ¼ 𝐹𝑦
′, ½ 𝐹𝑦

′, ¾ 𝐹𝑦
′, and 

𝐹𝑦
′.  The experimental first yield displacement is then determined by taking the average of the 

recorded displacements during the first yield push and pulls cycles.  The equivalent yield 

displacement, used to determine the displacement ductility levels (𝜇Δ1 = 1 ∗ Δ𝑦), is then 

calculated as ∆𝑦= ∆𝑦
′ (𝑀𝑛 𝑀𝑦

′⁄ ).   

The symmetric three cycle set load history resumes with three balanced cycles at each of 

the following displacement ductility levels:  1, 1.5, 2, 3, 4.  The traditional technique utilizes 

an increase of two displacement ductility levels for each series of three cycles past 

displacement ductility four.  This load history was used for column T9, and T13 through T16.  

It became apparent that the increase from displacement ductility 4-6-8 was too large when 

the influence of individual variables was desired.  For columns T19 through T30, a single 

displacement ductility increase was used for each set of cycles beyond displacement ductility 

four.   
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Figure 5.1  (Left and Middle)  4” Diameter Columns with 8ft Cantilever Lengths, 

(     )   ”                                                               

 

                   

Figure 5.2  Tests 25-30 Cross Sections and Bar Designation for Both Diameters 

23” Spiral 

Outside Dia. 

16 #6 or #7 

Long. Bars 

 

17” Spiral Outside Dia. 

10 #6 or #8 Long. Bars 
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Figure 5.3  Target Marker Application and Optotrak Spatial Output 

 

Table 5.1  Longitudinal and Transverse Reinforcement Properties 

Longitudinal 

Reinforcement 

Bar Size, Bar 

Diameter (in) 
εy fy (ksi) 

εh 

(hardening) 
fh (ksi) 

εu 

(max stress) 
fu (ksi) 

T8 – T12 #6, (0.75 in) 0.00235 68.1 0.0131 68.2 0.1189 92.8 

T13 – T18 #6, (0.75 in) 0.00235 68.1 0.0146 68.2 0.1331 94.8 

T19 – T24 #6, (0.75 in) 0.00250 68.1 0.0153 68.1 0.1208 92.4 

T25 – T26 #7, (0.875 in) 0.00240 69.7 0.0126 69.7 0.1144 95.5 

T27 – T29 #6, (0.75 in) 0.00237 68.7 0.0136 68.8 0.1178 93.7 

T30 #8, (1 in) 0.00243 70.5 0.0110 70.5 0.1093 97.7 
 

Transverse 

Reinforcement 

Bar Size, Bar 

Diameter (in) 
fy (ksi) 

 
Test Series 

Optotrak Target Marker 

Instrumentation Technique 

 T8 – T12 #3, (0.375 in) 74.1  T8 – T12 Vertical Blockout Strips 

T13 #4, (0.5 in) 69.9  T13 – T18 Vertical Blockout Strips 

T14 – T18 #3, (0.375 in) 64.6  T19 – T24 Complete Cover Blockout 

T19 – T24 #3, (0.375 in) 65.6  T25 – T30 Complete Cover Blockout 

T25 – T30 #3, (0.375 in) 63.9  T1 – T6, T7 Post Extensions, Tests Excluded 
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5.3 Gradual Bar Buckling Mechanism with Inelastic 

Transverse Steel Restraint 

The deformation capacity of all of the cyclically loaded specimens was limited by 

longitudinal bar buckling and subsequent rupture of reinforcement during later cycles of 

loading.  For many of these tests, measurable deformation could be observed in the recorded 

longitudinal and spiral strain hysteresis prior to the visible bar buckling observation.  This 

deformation occurred once the transverse steel restraining the longitudinal bar went inelastic 

under prior compressive demands.  This process is best demonstrated through analysis of 

strains collected from for Test 25.  The 24” diameter column contains 16 #7 (A706) bars for 

longitudinal reinforcement (𝐴𝑠𝑡/𝐴𝑔 = 2.1%) and a #3 A706 spiral at 2” on center (4𝐴𝑠𝑝/

(𝐷′𝑠) = 1%).  The specimen had an 8ft cantilever length (𝐿 𝐷 = 4⁄ ), concrete strength 

(𝑓𝑐
′ = 6.29 𝑘𝑠𝑖), and (𝑃/(𝑓𝑐

′𝐴𝑔) = 5%) axial load.  The imposed symmetric three-cycle-set 

displacement history and resulting hysteretic response appear in Figure 5.4 and Figure 5.5.   

 

Figure 5.4  Test 25 – Symmetric Three-Cycle-Set Load History 
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Figure 5.5  Test 25 – Lateral Force vs. Top Column Displacement Response 

5.3.1 North Reinforcement 

The north reinforcement is exposed to tension during push cycles and compression 

during pull cycles (negative displacements).  Measured spiral strains in five layers which 

overlaid the north extreme fiber bar appear in Figure 5.11 for pull cycles which placed the 

north side in compression.  A compressive strain of -0.0091 was measured 1.63” above the 

footing on bar N3 during (μ3
−3 = −3.06"), when the second spiral layer above the footing 

yielded.  In the cycle naming system, μ3
−3 represents the third pull cycle of dispalcmecement 

ductility three.  Successive cycles during displacement ductility four and five produced larger 

inelastic demands on the spiral reinforcement.  For the second spiral layer above the footing, 

inelastic strains decreased the lateral restraint stiffness, which led to measurable outward 

deformation of the north extreme fiber bar before visible buckling.  The measureable 

deformation formed a convex outward deformed region on the outside surface of the 

longitudinal bar, and an inward concave region just above the outward deformation.  The 

locations for this deformation are easier to inspect on the later buckled shape of bar N3 
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shown in the left photo of Figure 5.6.  Optotrak gage lengths in the convex outward deformed 

region would show increased tensile strains during compression cycles which should have 

resulted in larger levels of compression, left half of Figure 5.8.  Similarly, gage lengths on 

the concave region would show some degree of increased compression due to the deformed 

geometry, right half of Figure 5.8.   

As a comparison, the gage length just above the convex and concave regions remained 

straight and produced stable hysteretic response, left half of Figure 5.10.  It is important to 

note that all three gage lengths on Bar N3 showed rapid increase in the apparent deformation 

when visible buckling was observed during (μ6
−2 = −6.17").  Although the measured 

compression strains in bar N3 may have been influenced by bar deformation, a compression 

strain of -0.0161 was measured 5.45” above the footing during (μ5
−3 = −5.11").  The peak 

compression strain of -0.0269, measured during (μ6
−1 = −6.14"), was likely influenced by 

bar deformation.  A peak tensile strain of 0.0422 was measured 7.44” above the footing on 

bar N3 during (μ6
+2 = 6.14"), before the bar visibly buckled during the subsequent reversal 

of load.  A strong argument can be made that the bar actually buckled during (μ6
−1 =

−6.14"), which is why the measured compression strain during this cycle is disregarded.   

Tensile strain in the second spiral layer above the footing, which overlaid the outward 

deformed region of bar N3, spiked during visible bar buckling, left half of Figure 5.7.  The 

figure contains spiral data obtained from a strain gage and an Optotrak gage length, Figure 

5.6.  The Optotrak strains were calculated from arc-lengths which utilized the measured 3D 

distance chord lengths between two adjacent LEDs and the known outside diameter of the 

spiral reinforcement.  It is important to note that arc-length calculations become inaccurate 

once severe yielding in the spiral leads to the reinforcement straightening out to the left and 

right of the localized yielding directly over the longitudinal bar.  The arc-strains are still 

presented because the strain gage debonded, preventing further measurement prior to visible 

bar buckling.   
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The distribution of arc-strains measured around the circumference of the second spiral 

layer above the footing appears in Figure 5.12.  The north region is under compression 

during pull cycles in the right half of Figure 5.12.  The middle of the section corresponds to 

zero along the circumference, and negative values wrap around the north side of the 

specimen.  Specifically, measured-arc strains which overlay the three north extreme fiber 

bars N2, N3, and N4 are shown with vertical dashed lines.  The spiral yielding is more evenly 

distributed along the north circumference, when compared to localized spiral yielding 

observed on the south side of the specimen.  Also, yielding along multiple spiral layers above 

the footing on the north side of the specimen is more evenly distributed than localized 

yielding on the south side observed in Figure 5.11.  These two observations support the fact 

that bar buckling occurred one displacement ductility level later on the north side in 

comparison to the south.  Furthermore, when the north side did buckle, three bars buckled 

simultaneously due to the distributed spiral yielding. 

5.3.2 South Reinforcement 

A peak tension strain of 0.0353 was measured 7.36” above the footing on bar S3 during 

(μ5
−1 = −5.12"), before visible bar buckling occurred during the subsequent reversal of load.  

The tension strains measured in lower gage lengths on bar S3 were smaller, although 

adjacent bars S2 and S4 had large tensile strains near the footing-column interface.  A 

compressive strain of -0.0125 was measured 1.58” above the footing on bar S3 during 

(μ3
+1 = 3.08"), when the first spiral in the confinement region yielded.  Measured spiral 

strains in five layers which overlaid the south extreme fiber bar appear in Figure 5.11 for 

compressive push cycles.  Successive cycles during displacement ductility four produced 

large inelastic demands on the second layer of spiral reinforcement.  The measured strains 

obtained from the Optotrak system and a strain gage for second spiral overlaying bar S3 

appear in Figure 5.7.  The spiral strains spiked when the bar visibly buckled during (μ5
+2 =

5.10"). 
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Since Optotrak LEDs are placed on the outside surface of the bar, measurable 

deformation can be monitored in the concave and convex regions of the deformed shape, 

Figure 5.6.  Note again that that Figure 5.6 is taken after visible buckling.  The outward 

deformed region (convex) developed in the gage length 3.47” above the footing on bar S3, 

Figure 5.9.  Above the convex region, a concave region developed which increased the 

measured compression strains 5.44” above the footing, Figure 5.9.  The region 7.36” above 

the footing on bar S3 appears to be unaffected by the measurable deformation which 

occurred below, Figure 5.10.  The concave and convex deformed regions of bar S3 show a 

sharp deviation when visible bar buckling was observed during (μ5
+2 = 5.10").  Spiral strains 

measured around the circumference of the second spiral layer above the footing depict large 

localized inelasticity at the location of the extreme fiber bars S3 and S4 during push cycles, 

Figure 5.12.  The magnitude and localized nature of the spiral strains, both around the 

circumference (Figure 5.12) and vertically above the footing (Figure 5.11), contributed to bar 

buckling one displacement ductility level earlier than the north side of the specimen. 

 

   

Figure 5.6  (Left) Three Buckled North Bars and (Right) Single Buckled South Bar 
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Figure 5.7  Spiral Strain Hysteresis for (Left) North and (Right) South Buckled Region 

   

Figure 5.8  North Bar Strains for (Left) Outward Deformed Region and (Right) Inward 

   

Figure 5.9  South Bar Strains for (Left) Outward Deformed Region and (Right) Inward 

Visible Bar Buckling Visible Bar Buckling 

Measurable 

Deformation 

Measurable 

Deformation 

3.53” above 

Footing 

5.45” above 

Footing 

3.47” above 

Footing 

5.44” above 

Footing 

3.69” above 

Footing 

3.47” above 

Footing 
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Figure 5.10  Strain Hysteresis above Deformation, (Left) North and (Right) South Bar 

   

Figure 5.11  Spiral Strains Over Extreme Fiber Bars, (Left) North and (Right) South 

   

Figure 5.12  Strains around Spiral Circumference, (Left) Push and (Right) Pull Cycles 

7.44” above 

Footing 

7.36” above 

Footing 
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5.4 Transverse Steel Detailing Variable Experiments 

The effect of transverse steel detailing on restraint of longitudinal bars was the main 

variable for the experiments in Table 5.2.  The 24” (610mm) diameter bridge columns 

contained 16 #6 (19mm) A706 bars for longitudinal reinforcement (𝐴𝑠𝑡/𝐴𝑔 = 1.6%) and 

either a #3 (9.5mm) or #4 (12.7mm) A706 spiral at variable spacing.  The material properties 

for T9 differ from T13-T16 since the specimen came from a different test series, Table 5.1.  

The shear span for the cantilever columns was 8ft (244cm), and they had a moment to shear 

ratio of (𝑀 𝑉𝐷 = 4⁄ ).  The specimens were subjected to a constant axial load of 170kips 

(756kN), (𝑃/(𝑓𝑐
′𝐴𝑔) ≈ 5%) depending on the concrete compressive strength.  The following 

transverse volumetric steel ratios were investigated:  (4𝐴𝑠𝑝/(𝐷
′𝑠)) = 0.5% (6dbl spacing), 

0.7%, 1%, and two separate detailing arrangements for 1.3%.  Both the volumetric ratio and 

spacing of the transverse steel are important when describing confinement and bar buckling 

restraint.  Two columns were tested with 1.3% transverse steel, one with a #3 spiral at 1.5” 

spacing and another with a #4 spiral at 2.75” spacing.  For comparison, a specimen was 

tested with a #3 spiral at 2.75” spacing. 

An engineer has the most control over the size and spacing of transverse steel to improve 

buckling resistance.  A summary of key displacement and strain values at damage 

observations in the tests appears in Table 5.3 and Table 5.4.  The displacement and measured 

compression strain at the end of the cycle where cover concrete crushing was first observed 

appear in the second column.  Similarly, the displacement and measured compression strain 

at the end of the cycle when spiral yielding was experimentally measured appear in the third 

column.  It is important to note that the displacement at the end of the cycle was used 

because there are two contributing factors to spiral yielding, demands due to dilation of the 

core concrete under compression and demands related to the restraint of longitudinal 

reinforcement.  The spiral yielding observation came from strain gages applied to spiral 

layers directly over the extreme fiber reinforcement.  In some instances, spiral yielding is 

attributed more to the longitudinal bar restraint, since it occurred at low levels of 
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displacement during the reversal from the peak tensile strain.  The peak displacement appears 

in the table since the restraint demand is linked to the prior tensile displacement, which has 

the same magnitude as the compressive cycle where spiral yielding was observed.  That 

being said, most spiral yielding observations were accompanied by large levels of 

compression strain near the compressive peak of a given cycle.  The third column shows the 

peak displacement and tensile strain which occurred just prior to bar buckling during the 

subsequent reversal of load.  The previous peak compressive strain and displacement which 

occurred before the tensile cycle which induced bar buckling is shown in the fourth column.  

Compressive demand is linked to the degree of inelasticity and thus stiffness of the spiral 

layers restraining the longitudinal bar.   

Influence of transverse steel detailing on the peak tensile strain and drift prior to bar 

buckling after reversal of load is shown graphically in Figure 5.13.  The transverse steel 

variable tests from Table 5.2 are shown with red data points while all experiments T8 – T30 

are shown with blue data points.  The influence of other variables is decreased when 

inspecting relationships for just the experiments in Table 5.2.  Specimens T14 (4𝐴𝑠𝑝/

(𝐷′𝑠)) = 0.5%) and T15 (0.7%) had bar buckling during displacement ductility six.  In 

comparison, T9 (1%), T13 (1.3%), and T16 (1.3%) all had bar buckling occur during 

repeated cycles at displacement ductility eight.  The peak tension strains measured prior to 

bar buckling are largely a function of the displacement amplitude at which bar buckling was 

observed.  It became apparent that the increase from displacement ductility 4-6-8 was too 

large when the influence of individual variables was desired.  For columns T19 through T30, 

a single displacement ductility increase was used for each set of cycles beyond displacement 

ductility four.   

The degree of inelasticity in the spiral reinforcement overlaying the extreme fiber bar is 

direction related to its ability to restrain that bar from buckling.  The measured peak spiral 

strains and measured longitudinal bar compressive strains for the peak compressive cycle 

prior to bar buckling appear in the right half of Figure 5.14.  These measured peak 

compressive strains are quite large, and may be influenced by (1) localization of compression 
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over inelastic spiral layers and (2) the effects of measurable deformation prior to visible 

buckling which locally increase the perceived strain.  The relationship between measured 

peak spiral strain and peak longitudinal steel tensile strains prior to bar buckling is shown in 

the left half of Figure 5.14.  Larger inelastic spiral strains diminished its ability to restrain the 

reinforcement, which resulted in smaller peak tensile strains measured prior to bar buckling 

after reversal of load.  There is still considerable scatter, since the distribution of spiral 

strains around the circumference of the column and over multiple layers influences bar 

buckling as discussed in the previous section for T25.   

The impact of transverse steel content on measured compressive strains at the peak of 

the cycle when cover concrete crushing occurred appears in the left half of Figure 5.15.  

Among all of the variables investigated, volumetric steel ratio was the most impactful 

variable when considering cover concrete crushing.  Larger amounts of confinement steel 

resulted in higher compressive strains at cover concrete crushing.  This relationship did not 

carry over when considering the impact of volumetric steel ratio on the measured 

compressive strain at the peak of the cycle where spiral yielding was observed, right half of 

Figure 5.15.  Higher amounts of confinement steel did not result in larger compressive strains 

measured at initial spiral yield.  The majority of the columns had either 1% or 1.3% 

volumetric steel ratio, with only two specimens having 0.5% and 0.7%.   
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Table 5.2  Transverse Steel Detailing Variable Experiments 

Test Load History D (in) L/D Long. Steel (ρl)                  (ρs) f'c (ksi) P/f'c*Ag 

T9 3-Cycle-Set 24 4 16 #6 bars (1.6%) #3 at 2” (1%) 6.81 5.5% 

T13 3-Cycle-Set 24 4 16 #6 bars (1.6%) #4 at 2.75” (1.3%) 6.10 6.2% 

T14 3-Cycle-Set 24 4 16 #6 bars (1.6%) #3 at 4” (0.5%) 6.64 5.7% 

T15 3-Cycle-Set 24 4 16 #6 bars (1.6%) #3 at 2.75” (0.7%) 7.23 5.2% 

T16 3-Cycle-Set 24 4 16 #6 bars (1.6%) #3 at 1.5” (1.3%) 6.71 5.6% 

 

Table 5.3  Transverse Steel Variable Experiments, Limit State Displacements 

Test 
Δ (μΔ) at Cover 

Crushing 

Δ (μΔ) at Spiral 

Yielding 

Δ (μΔ) at Peak 

Tension Prior to Bar 

Buckling 

Δ (μΔ) at Peak 

Comp. Prior to Bar 

Buckling 

Side North South North  South North South North South 

T9 1.67” (2) 1.69” (2) 5.05” (6) 6.71” (8) 6.72” (8) 6.70” (8) 5.04” (6) 6.72” (8) 

T13 1.61” (2) 1.60” (2) 4.85” (6) 6.46” (8) 6.46” (8) 6.50” (8) 4.85” (6) 6.46” (8) 

T14 1.19” (1.5) 1.20” (1.5) N/A 4.80” (6) 4.80” (6) 4.80” (6) 3.21” (4) 4.80” (6) 

T15 1.25” (1.5) 1.68” (2) 5.00” (6) 3.33” (4) 5.00” (6) 5.00” (6) 5.00” (6) 5.01” (6) 

T16 1.65” (2) 1.66” (2) 4.98” (6) 4.98” (6) 6.65” (8) 6.68” (8) 6.64” (8) 6.68” (8) 

 

Table 5.4  Transverse Steel Variable Experiments, Limit State Strains 

Test εs at Cover Crushing εs at Spiral Yielding 
εs at Peak Tension 

Prior to Buckling 

εs at Peak Comp. 

Prior to Buckling 

Side North South North  South North South North South 

T9 -0.0041 -0.0032 -0.0139 -0.0163 0.053 0.051 -0.018 -0.015 

T13 -0.0046 -0.0036 -0.0166 -0.0162 0.047 0.047 -0.017 -0.017 

T14 -0.0029 -0.0030 N/A -0.0152 0.035 0.035 -0.011 -0.015 

T15 -0.0027 -0.0041 -0.0199 -0.0125 0.037 0.038 -0.020 -0.023 

T16 -0.0048 -0.0038 -0.0120 -0.0152 0.056 0.052 -0.019 -0.030 
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Figure 5.13  Trans. Steel and Peak Tension Strain or Disp. Prior to Bar Buckling 

   

Figure 5.14  Peak Spiral Strains and Prior Tensile/Comp. Strain before Bar Buckling 

   

Figure 5.15  Trans. Steel and Comp. Strain at Cover Crushing and Spiral Yielding 
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5.5 Aspect Ratio Variable Experiments 

The effects of aspect ratio and axial load ratio on column performance were the main 

variables for Tests 19-24 in Table 5.5.  The 18” (457mm) diameter bridge columns contained 

10 #6 (19mm) A706 bars for longitudinal reinforcement (𝐴𝑠𝑡/𝐴𝑔 = 1.7%) and a #3 (9.5mm) 

A706 spiral at 2” spacing (4𝐴𝑠𝑝 𝐷
′𝑠 = 1.3%)⁄ .  The shear span for the cantilever columns 

was either 8ft (244cm), 11ft (335cm), or 13ft (396cm) and they had a moment to shear ratio 

of (𝑀 𝑉𝐷 = 5.33, 7.33, 𝑜𝑟 8.67⁄ ).  For each aspect ratio, one specimen was subjected to 

(𝑃/(𝑓𝑐
′𝐴𝑔) = 5%) and the other was subjected to 10% axial load.  A photo of the test setup 

for the column with the largest aspect ratio appears in Figure 5.1.  The test series had a full 

cover concrete blockout with target markers applied to both longitudinal and transverse steel. 

In design, strain-based limit state displacements are evaluated using an equivalent 

curvature distribution such as the Plastic Hinge Method from Priestley, Calvi, and Kowalsky 

(2007).  The moment gradient component of the plastic hinge length is dependent on the 

column length.  Aspect ratio also influences shear in the column, which impacts the 

additional spread in plasticity due to tension shift.  Aspect ratio is not expected to influence 

bar buckling behavior, but the tests are included to evaluate its effect on the spread of 

plasticity.  The measured spread of plasticity is discussed in greater detail in Chapters 6 and 

7.   

The recorded displacements and strains at key damage observations appear in Table 5.6 

and Table 5.7 for the aspect ratio variable experiments.  The influence of aspect ratio on the 

recorded peak tensile strain and it associated lateral drift prior to bar buckling upon reversal 

of load is shown graphically in Figure 5.16.  The trends imply that the peak tensile strain 

measured prior to bar buckling was not influenced by column aspect ratio.  The lateral drift 

measured prior to bar buckling in the following load reversal is however strongly influenced 

by column aspect ratio.   
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Table 5.5  Aspect Ratio Variable Experiments 

Test Load History D (in) L/D Long. Steel (ρl)                  (ρs) f'c (ksi) P/f'c*Ag 

T20 3-Cycle-Set 18 5.33 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.47 5% 

T19 3-Cycle-Set 18 5.33 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.33 10% 

T21 3-Cycle-Set 18 7.33 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.39 5% 

T22 3-Cycle-Set 18 7.33 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.53 10% 

T23 3-Cycle-Set 18 8.67 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.61 5% 

T24 3-Cycle-Set 18 8.67 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.47 10% 

 

Table 5.6  Aspect Ratio Variable Experiments, Limit State Displacements 

Test 
Δ (μΔ) at Cover 

Crushing 

Δ (μΔ) at Spiral 

Yielding 

Δ (μΔ) at Peak 

Tension Prior to Bar 

Buckling 

Δ (μΔ) at Peak 

Comp. Prior to Bar 

Buckling 

Side North South North  South North South North South 

T20 2.36” (2) 2.36” (2) 4.72” (4) 3.35” (3) 7.10” (6) 5.89” (5) 7.12” (6) 5.92” (5) 

T19 2.29” (2) 2.29” (2) 3.42” (3) 3.43” (3) 5.72” (5) 5.72” (5) 5.71” (5) 5.72” (5) 

T21 3.95” (2) 3.97” (2) 7.91” (4) 5.94” (3) 11.9” (6) 9.88” (5) 9.89” (5) 9.88” (5) 

T22 4.17” (2) 4.17” (2) 6.27” (3) 6.26” (3) 10.5” (5) 12.5” (6) 8.37” (4) 12.5” (6) 

T23 5.56” (2) 5.54” (2) 11.1” (4) 11.1” (4) 16.7” (6) 16.7” (6) 13.9” (5) 16.7” (6) 

T24 5.72” (2) 5.73” (2) 8.58” (3) 8.58” (3) 14.3” (5) 14.3” (5) 11.4” (4) 14.3” (5) 

 

Table 5.7  Aspect Ratio Variable Experiments, Limit State Strains 

Test εs at Cover Crushing εs at Spiral Yielding 

εs at Peak Tension 

Prior to Bar 

Buckling 

εs at Peak Comp. 

Prior to Bar 

Buckling 

Side North South North  South North South North South 

T20 -0.0065* -0.0046* -0.0114 -0.0109 0.046 0.037 -0.016 -0.016 

T19 -0.0060* -0.0065* -0.0103 -0.0119 0.037 0.032 -0.024 -0.022 

T21 -0.0046* -0.0048 -0.0146 -0.0102 0.051 0.036 -0.024 -0.034 

T22 -0.0063* -0.0085* -0.0103 -0.0124 0.041 0.053 -0.016 -0.035 

T23 -0.0052* -0.0062* -0.0136 -0.0151 0.051 0.048 -0.022 -0.031 

T24 -0.0085 -0.0083* -0.0155 -0.0131 0.037 0.045 -0.028 -0.020 
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Figure 5.16  Aspect Ratio and Peak Tension Strain or Disp. Prior to Bar Buckling 

 

5.6 Longitudinal Steel Content Variable Experiments 

The effects of longitudinal steel content and higher levels of axial load on column 

performance were the main variables for Tests 25-30.  The test matrix for the six columns 

and T9, which serves as basis of comparison for 24” diameter specimens, is shown in Table 

5.8 and the material properties of the reinforcement appear in Table 5.1.  Columns with 

similar 18” and 24” column configurations were used so that the results could be compared 

to previous experiments with either different axial load or longitudinal steel content.  The 

shear span for the longitudinal steel content variable columns was 8ft (244cm).  Tests 25-30 

had the full cover concrete blockout, while Test 9 had vertical blockout strips over extreme 

fiber reinforcement, Figure 5.1. 

The 18” (457mm) diameter bridge columns, Figure 5.2, contained either 10 #6 (𝐴𝑠𝑡/

𝐴𝑔 = 1.7%) or 10 #8 (𝐴𝑠𝑡/𝐴𝑔 = 3.1%) A706 bars for longitudinal reinforcement and a #3 

(9.5mm) A706 spiral at 2” spacing (4𝐴𝑠𝑝 𝐷
′𝑠 = 1.3%)⁄ .  Both 18” diameter columns, T28 

and T30, were subjected to (𝑃/(𝑓𝑐
′𝐴𝑔) = 15%) axial load.  The 24” (610mm) diameter 

bridge columns contained either 16 #6 (𝐴𝑠𝑡/𝐴𝑔 = 1.6%) or 16 #7 (𝐴𝑠𝑡/𝐴𝑔 = 2.1%) A706 

bars for longitudinal reinforcement and a #3 (9.5mm) A706 spiral at 2” spacing 



Chapter 5:  Impact of Steel Content, Aspect Ratio, and Axial Load Ratio 93 

 

(4𝐴𝑠𝑝 𝐷
′𝑠 = 1%)⁄ .  A pair of 24” diameter columns with each reinforcing ratio were 

subjected to similar levels of axial load, T9 and T25 with (𝑃/(𝑓𝑐
′𝐴𝑔) ≈ 5%) and T26 and 

T27 with 10%.  It is important to note that T9 came from a prior test series with different 

material properties.  The recorded displacements and strains at key limit states for the 

longitudinal steel content variable tests are shown in Table 5.9 and Table 5.10.  As shown in 

Figure 5.17 and Figure 5.18, longitudinal steel content was found to not significantly impact 

bar buckling behavior, but higher levels of steel content did result in confinement steel 

yielding at lower compressive strain levels.  

 

Table 5.8  Longitudinal Steel Content Variable Experiments 

Test Load History D (in) L/D Long. Steel (ρl)                  (ρs) f'c (ksi) P/f'c*Ag 

T9 3-Cycle-Set 24 4 16 #6 bars (1.6%) #3 at 2” (1%) 6.81 5.5% 

T25 3-Cycle-Set 24 4 16 #7 bars (2.1%) #3 at 2” (1%) 6.29 5% 

T27 3-Cycle-Set 24 4 16 #6 bars (1.6%) #3 at 2” (1%) 6.15 10% 

T26 3-Cycle-Set 24 4 16 #7 bars (2.1%) #3 at 2” (1%) 5.89 10% 

T28 3-Cycle-Set 18 5.33 10 #6 bars (1.7%) #3 at 2" (1.3%) 6.24 15% 

T30 3-Cycle-Set 18 5.33 10 #8 bars (3.1%) #3 at 2" (1.3%) 6.05 15% 

 

Table 5.9  Longitudinal Steel Variable Experiments, Limit State Displacements 

Test 
Δ (μΔ) at Cover 

Crushing 

Δ (μΔ) at Spiral 

Yielding 

Δ (μΔ) at Peak 

Tension Prior to Bar 

Buckling 

Δ (μΔ) at Peak 

Comp. Prior to Bar 

Buckling 

Side North South North  South North South North South 

T9 1.67” (2) 1.69” (2) 5.05” (6) 6.71” (8) 6.72” (8) 6.70” (8) 5.04” (6) 6.72” (8) 

T25 1.52” (1.5) 1.53” (1.5) 3.06” (3) 3.08” (3) 6.14 (6) 5.12 (5) 5.11” (5) 5.11” (5) 

T27 1.38” (1.5) 1.38” (1.5) 2.76” (3) 2.76” (3) 4.60” (5) 3.67” (4) 3.67” (4) 3.66” (4) 

T26 1.49” (1.5) 1.50” (1.5) 2.99” (3) 2.97” (3) 4.98” (5) 3.98” (4) 4.98” (5) 3.98” (4) 

T28 2.00” (1.5) 2.00” (1.5) 4.00” (3) 4.00” (3) 6.68” (5) 5.34” (4) 6.68” (5) 5.34” (4) 

T30 2.21” (1.5) 2.21” (1.5) 2.95” (2) 2.95” (2) 7.39” (5) 7.39” (5) 5.91” (4) 7.39” (5) 
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Table 5.10  Longitudinal Steel Variable Experiments, Limit State Strains 

Test εs at Cover Crushing εs at Spiral Yielding 

εs at Peak Tension 

Prior to Bar 

Buckling 

εs at Peak Comp. 

Prior to Bar 

Buckling 

Side North South North  South North South North South 

T9 -0.0041 -0.0032 -0.0139 -0.0163 0.053 0.051 -0.018 -0.015 

T25 -0.0036 -0.0040 -0.0091 -0.0125 0.042 0.035 -0.016 -0.019 

T27 -0.0036 -0.0038 -0.0168 -0.0124 0.036 0.024 -0.032 -0.023 

T26 -0.0045 -0.0046 -0.0089 -0.0121 0.032 0.024 -0.016 -0.027 

T28 -0.0051 -0.0055 -0.0123 -0.0143 0.036 0.030 -0.034 -0.024 

T30 -0.0052 -0.0059 -0.0095 -0.0094 0.036 0.033 -0.022 -0.026 

 

   

Figure 5.17  Long. Steel Ratio and Peak Tension Strain or Disp. Prior to Bar Buckling 

   

Figure 5.18  Long. Steel Ratio and Peak Comp. Strain or Drift Prior to Spiral Yielding 
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5.7 Axial Load Ratio Variable Experiments 

Axial load influences the distribution of forces within the cross section.  Columns with 

higher levels of axial load are expected to have a reduced deformation capacity but higher 

lateral forces.  Axial load was maintained as a variable over multiple test series, so care 

should be taken when comparing tests results from Table 5.11.  The 18” (457mm) diameter 

bridge columns contained 10 #6 (𝐴𝑠𝑡/𝐴𝑔 = 1.7%) A706 bars for longitudinal reinforcement 

and a #3 (9.5mm) A706 spiral at 2” spacing (4𝐴𝑠𝑝 𝐷
′𝑠 = 1.3%)⁄ .  Four of these columns 

with the same aspect ratio, (𝑀 𝑉𝐷 = 5.33)⁄ , were subjected to (𝑃/(𝑓𝑐
′𝐴𝑔) = 5, 10, 15,

𝑎𝑛𝑑 20%) axial load.  In these tests, the increase in axial load did not have a significant 

impact on the displacement ductility or peak tensile strain measured prior to bar buckling.  

However, as axial load increased, the measured compressive strains proceeding bar buckling 

also increased.  Aspect ratio variable Tests 21-24, evaluated 18” diameter specimens 

subjected to 5 and 10% axial load with aspect ratios 7.33 and 8.67.  For the two columns with 

an aspect ratio of 7.33, the increase in axial load did not lead to a reduction in the 

displacement measured prior to bar buckling.  In the two columns with an aspect ratio of 

8.67, bar buckling occurred one displacement ductility level earlier for the specimen 

subjected to 10% axial load.   

Two 24” (610mm) diameter bridge columns containing 16 #7 (𝐴𝑠𝑡/𝐴𝑔 = 2.1%) A706 

bars for longitudinal reinforcement and a #3 (9.5mm) A706 spiral at 2” spacing 

(4𝐴𝑠𝑝 𝐷
′𝑠 = 1%)⁄  were tested, one with 5% and the other with 10% axial load.  The 

specimen subjected to the higher axial load level suffered bar buckling at lower levels of 

displacement ductility and with smaller previous peak tensile strains.  Two 24” (610mm) 

diameter bridge columns containing 16 #6 (𝐴𝑠𝑡/𝐴𝑔 = 1.6%) A706 bars for longitudinal 

reinforcement and a #3 (9.5mm) A706 spiral at 2” spacing (4𝐴𝑠𝑝 𝐷
′𝑠 = 1%)⁄  were tested, 

one with 5.5%  and the other with 10% axial load.  Comparison between these tests requires 

consideration that they came from different test series, with different material properties for 

the longitudinal and transverse steel.  Test 9, with 5.5% axial load, had transverse steel with a 
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yield stress of 74.1 ksi.  Test 27, with 10% axial load, had transverse steel with a yield stress 

of 63.9ksi.  Test 9 had bar buckling on each side of the specimen during displacement 

ductility eight.  In Test 27, bar buckling occurring during the first push and pull cycles of 

displacement ductility five, with significantly larger values of previous peak compressive 

strains measured in the longitudinal steel when compared to Test 9.  Since axial load did not 

have his large of an impact when considering columns within the same test series, this 

difference in performance is largely attributed to the increased strength in the transverse steel 

utilized in T9.  This is further evident when comparing the displacement ductility levels at 

which initial spiral yielding in the confinement region was observed in the two tests.  

A graphical summary of the influence of axial load ratio on bar bucking and initial spiral 

yielding behavior is shown in Figure 5.19 and Figure 5.20 respectively.  For both limit states, 

axial load does not have as impactful of a change on the behavior as expected.  It is important 

to note that comparatively fewer columns were test with higher levels of axial load though. 

 

Table 5.11  Axial Load Ratio Variable Experiments 

Test Load History D (in) L/D Long. Steel (ρl)                  (ρs) f'c (ksi) P/f'c*Ag 

T9 3-Cycle-Set 24 4 16 #6 bars (1.6%) #3 at 2” (1%) 6.81 5.5% 

T27 3-Cycle-Set 24 4 16 #6 bars (1.6%) #3 at 2” (1%) 6.15 10% 

T25 3-Cycle-Set 24 4 16 #7 bars (2.1%) #3 at 2” (1%) 6.29 5% 

T26 3-Cycle-Set 24 4 16 #7 bars (2.1%) #3 at 2” (1%) 5.89 10% 

T20 3-Cycle-Set 18 5.33 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.47 5% 

T19 3-Cycle-Set 18 5.33 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.33 10% 

T28 3-Cycle-Set 18 5.33 10 #6 bars (1.7%) #3 at 2" (1.3%) 6.24 15% 

T29 3-Cycle-Set 18 5.33 10 #6 bars (1.7%) #3 at 2" (1.3%) 5.91 20% 

T21 3-Cycle-Set 18 7.33 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.39 5% 

T22 3-Cycle-Set 18 7.33 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.53 10% 

T23 3-Cycle-Set 18 8.67 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.61 5% 

T24 3-Cycle-Set 18 8.67 10 #6 bars (1.7%) #3 at 2” (1.3%) 6.47 10% 
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Table 5.12  Axial Load Variable Experiments, Limit State Displacements 

Test 
Δ (μΔ) at Cover 

Crushing 

Δ (μΔ) at Spiral 

Yielding 

Δ (μΔ) at Peak 

Tension Prior to Bar 

Buckling 

Δ (μΔ) at Peak 

Comp. Prior to Bar 

Buckling 

Side North South North  South North South North South 

T9 1.67” (2) 1.69” (2) 5.05” (6) 6.71” (8) 6.72” (8) 6.70” (8) 5.04” (6) 6.72” (8) 

T27 1.38” (1.5) 1.38” (1.5) 2.76” (3) 2.76” (3) 4.60” (5) 3.67” (4) 3.67” (4) 3.66” (4) 

T25 1.52” (1.5) 1.53” (1.5) 3.06” (3) 3.08” (3) 6.14 (6) 5.12 (5) 5.11” (5) 5.11” (5) 

T26 1.49” (1.5) 1.50” (1.5) 2.99” (3) 2.97” (3) 4.98” (5) 3.98” (4) 4.98” (5) 3.98” (4) 

T20 2.36” (2) 2.36” (2) 4.72” (4) 3.35” (3) 7.10” (6) 5.89” (5) 7.12” (6) 5.92” (5) 

T19 2.29” (2) 2.29” (2) 3.42” (3) 3.43” (3) 5.72” (5) 5.72” (5) 5.71” (5) 5.72” (5) 

T28 2.00” (1.5) 2.00” (1.5) 4.00” (3) 4.00” (3) 6.68” (5) 5.34” (4) 6.68” (5) 5.34” (4) 

T29 2.02” (1.5) 2.01” (1.5) 4.03” (3) 2.69” (2) 8.06” (6) 6.72” (5) 6.72” (5) 6.72” (5) 

T21 3.95” (2) 3.97” (2) 7.91” (4) 5.94” (3) 11.9” (6) 9.88” (5) 9.89” (5) 9.88” (5) 

T22 4.17” (2) 4.17” (2) 6.27” (3) 6.26” (3) 10.5” (5) 12.5” (6) 8.37” (4) 12.5” (6) 

T23 5.56” (2) 5.54” (2) 11.1” (4) 11.1” (4) 16.7” (6) 16.7” (6) 13.9” (5) 16.7” (6) 

T24 5.72” (2) 5.73” (2) 8.58” (3) 8.58” (3) 14.3” (5) 14.3” (5) 11.4” (4) 14.3” (5) 

 

Table 5.13  Axial Load Variable Experiments, Limit State Strains 

Test εs at Cover Crushing εs at Spiral Yielding 

εs at Peak Tension 

Prior to Bar 

Buckling 

εs at Peak Comp. 

Prior to Bar 

Buckling 

Side North South North  South North South North South 

T9 -0.0041 -0.0032 -0.0139 -0.0163 0.053 0.051 -0.018 -0.015 

T27 -0.0036 -0.0038 -0.0168 -0.0124 0.036 0.024 -0.032 -0.023 

T25 -0.0036 -0.0040 -0.0091 -0.0125 0.042 0.035 -0.016 -0.019 

T26 -0.0045 -0.0046 -0.0089 -0.0121 0.032 0.024 -0.016 -0.027 

T20 -0.0065* -0.0046* -0.0114 -0.0109 0.046 0.037 -0.016 -0.016 

T19 -0.0060* -0.0065* -0.0103 -0.0119 0.037 0.032 -0.024 -0.022 

T28 -0.0051 -0.0055 -0.0123 -0.0143 0.036 0.030 -0.034 -0.024 

T29 -0.0055 -0.0054 -0.0142 -0.0103 0.055 0.036 -0.044 -0.032 

T21 -0.0046* -0.0048 -0.0146 -0.0102 0.051 0.036 -0.024 -0.034 

T22 -0.0063* -0.0085* -0.0103 -0.0124 0.041 0.053 -0.016 -0.035 

T23 -0.0052* -0.0062* -0.0136 -0.0151 0.051 0.048 -0.022 -0.031 

T24 -0.0085 -0.0083* -0.0155 -0.0131 0.037 0.045 -0.028 -0.020 
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Figure 5.19  Axial Load Ratio and Peak Tension Strain or Drift Prior to Bar Buckling 

 

   

Figure 5.20  Axial Load Ratio and Peak Comp. Strain or Drift Prior to Spiral Yielding 

 

5.8 Equivalent Viscous Damping 

In direct displacement based design, the concept of equivalent viscous damping is used 

to reduce the elastic response spectra to a level consistent with the inelastic response at the 

design limit state.  The equivalent viscous damping is the combination of viscous and 

hysteretic damping components.  The hysteretic damping for a complete cycle at a given 

level of inelastic response is calculated using the Jacobsen’s (1960) area-based approach, 
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Eqn 5.1.  In Eqn 5.1, 𝐴ℎ is the area enclosed by a complete cycle of force-displacement 

response at given displacement amplitude, and 𝐴𝑏𝑜𝑥 is the area of rectangular bounding box 

for the same hysteretic cycle.  This process is shown graphically in Figure 5.21 for the third 

cycle of displacement ductility one and six for column Test 9.  Jacobsen’s (1960) approach is 

related to the secant stiffness to maximum response, which is consistent with the direct-

displacement based design procedure which characterizes a structure based on secant 

stiffness and damping at the peak response.   

Dwairi and Kowalsky (2007) studied the accuracy of the area-based hysteretic damping 

component using non-linear time history analysis and typical hysteretic loop shapes.  This 

was accomplished by varying the damping value until the displacement for the equivalent 

substitute structure matched the response obtained from time-history analysis with a non-

linear hysteretic rule.  Dwairi and Kowalsky (2007) produced displacement ductility 

dependent correction factors for the hysteretic damping of many common loop shapes, and 

an expression was developed based on these results to correct the damping of other loop 

shapes, Eqn 5.2.  The uncorrected and corrected Jacobsen’s (1960) hysteretic damping 

applied to Tests 8-30 appears in Figure 5.22.  The 18” and 24” diameter specimens were 

separated since it is apparent that the results are different between the two datasets.   

The equivalent viscous damping is the combination of the viscous damping and the 

corrected hysteretic damping.  The viscous damping is connected to either the initial or 

tangent stiffness while the hysteretic damping is related to the secant stiffness.  Analytical 

predictions to shake table experiments using non-linear time history analysis have shown that 

tangent stiffness proportional damping offers a better prediction to the peak response 

displacement.  Grant et al. (2005) offered separate correction factors to translate either initial 

or tangent stiffness viscous damping to secant stiffness proportional damping.  These 

correction factors are specific to a given hysteretic loop shape.  The Thin Takeda (TT) 

tangent stiffness proportional viscous damping correction factor presented in Eqn 5.3 is 

appropriate for bridge columns since it is based on the Thin Takeda Hysteretic rule and 
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tangent stiffness proportional viscous damping.  The result of this correction factor applied to 

5% viscous damping appears in Figure 5.23. 

The final equivalent viscous damping ratio is the combination of the corrected viscous 

and corrected hysteretic damping, Eqn 5.4.  These values were computed at the peak of each 

cycle for Tests 8-30 which utilized a symmetric three-cycle-set load history.  Design 

expressions from Priestley, Calvi, and Kowalsky (2007) for the equivalent viscous damping 

with 5% elastic tangent stiffness damping appear in Eqn 5.5 and Eqn 5.6 for two typical 

hysteretic rules used for reinforced concrete structures.  The Thin Takeda (TT) hysteretic rule 

is commonly used for columns with axial load while the Fat Takeda (TF) is used for beams.  

The computed equivalent viscous damping for Tests 8-30, lies between the two design 

expressions, and is apparently more linear in shape.  Application of the area-based hysteretic 

damping approach includes additional damping at displacement ductility one, Figure 5.21.  

 

𝜉𝐽𝐴𝐶
ℎ𝑦𝑠𝑡

=
𝐴ℎ

2𝜋𝐴𝑏𝑜𝑥
 Jacobsen’s (1960) Hysteretic Damping Eqn 5.1 

 

𝐸𝑉𝐷𝜇Δ
𝑅𝑎𝑡𝑖𝑜 = (0.53𝜇Δ + 0.8)(𝜉𝐽𝐴𝐶

ℎ𝑦𝑠𝑡
)
−(
𝜇Δ
40
+0.4)

 
Correction Factor for Area-Based 

Hysteretic Damping 
Eqn 5.2 

 

𝜅 = 𝜇Δ
𝜆      *where, 𝜆 = −0.378 

*Thin Takeda (TT) Tangent Stiffness,     

Viscous Damping Correction Factor 
Eqn 5.3 

 

𝜉𝐸𝑉𝐷 = 𝜅(𝜉𝑒𝑙) + 𝐸𝑉𝐷𝜇Δ
𝑅𝑎𝑡𝑖𝑜(𝜉𝐽𝐴𝐶

ℎ𝑦𝑠𝑡
) Equivalent Viscous Damping Eqn 5.4 

 

𝜉𝐸𝑉𝐷 = 0.05 + 0.444 (
𝜇Δ − 1

𝜇Δ𝜋
) 

Equivalent Viscous Damping Expression  

for Thin Takeda Hysteretic Rule (Columns) 
Eqn 5.5 

 

𝜉𝐸𝑉𝐷 = 0.05 + 0.565 (
𝜇Δ − 1

𝜇Δ𝜋
) 

Equivalent Viscous Damping Expression  

for Fat Takeda Hysteretic Rule (Beams) 
Eqn 5.6 
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Figure 5.21          ’      -Based Hysteretic Damping for Ductility 1 and 6 of Test 9 

   

Figure 5.22  (Left) Uncorrected and (Right) Corrected Jacobsen Hysteretic Damping 

   

Figure 5.23  (Left) Corrected Viscous Damping, (Right) Equivalent Viscous Damping 
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5.9 Conclusions 

An experimental study was conducted to assess the impact of design variables on the 

seismic performance of circular well-confined bridge columns.  A key feature of the 

experiments is the high fidelity strain data obtained through the use of an optical 3D position 

measurement system.  The instrumentation system allowed for monitoring of longitudinal 

steel and transverse steel strains in the plastic hinge region.  For many of these tests, 

measurable deformation could be observed in the recorded longitudinal and spiral strain 

hysteresis prior to the visible bar buckling observation.  This deformation occurred once the 

transverse steel restraining the longitudinal bar went inelastic under prior compressive 

demands.  The distribution of spiral strains measured both around the circumference of the 

column and over multiple layers was found to impact the observed bar buckling behavior.  

Localized spiral demands led to increased levels of measured compressive strain and early 

buckling of longitudinal reinforcement.   

In this section, the impact of design variables on measured strains prior to the following 

limit states was explored:  (1) cover concrete crushing, (3) confinement steel yielding and (3) 

longitudinal bar buckling.  Inspection of the compressive strains measured at the peak of the 

cycle where cover crushing was observed suggests that the behavior is dependent on the 

amount of confinement steel in the bridge columns.  Specimens with larger transverse 

volumetric steel ratios had higher measured compressive strains at cover concrete crushing.  

Initial yielding of confinement steel under compressive demands was found to be influenced 

most significantly by longitudinal steel content.  Higher longitudinal reinforcing content 

increases both confinement and restraint demands in the transverse reinforcement.  For 

specimens with similar levels of volumetric steel ratio, the spiral yield strength was found to 

significantly influence compressive behavior.   

The deformation capacity of all of the cyclically loaded specimens was limited by bar 

bucking and subsequent fracture during later cycles of loading.  Specimens with higher 

amounts of confinement steel had larger peak tensile strains measured in the longitudinal 



Chapter 5:  Impact of Steel Content, Aspect Ratio, and Axial Load Ratio 103 

 

reinforcement and higher drifts recorded prior to bar buckling after reversal of load.  In 

general, specimens with higher axial load ratio had reduced peak tensile strains and drifts 

measured prior to bar buckling.  The magnitude of the peak tensile strain measured prior to 

bar buckling was significantly influenced by the previous compressive demand and measured 

peak spiral strain in the layers restraining the bar from buckling.  Column aspect ratio was 

not found to influence the strains measured prior to bar buckling, but it did have a significant 

influence on the lateral drift.  Columns with higher aspect ratios had larger drifts measured 

prior to bar buckling.   

The goal of the research program is to define accurate limit state displacements which 

relate to specific levels of damage in reinforced concrete bridge columns.  In Chapter 8, 

strain limit design expressions are developed based on the information provided in this 

section.  In Chapter 7, an equivalent curvature distribution which is consistent with strain-

based displacement predictions is presented.  In performance based design, an understanding 

of the damping-ductility relationship is needed to assess the correct value of damping at the 

design limit state.  For the cyclically loaded experiments of this study, the equivalent viscous 

damping was calculated and compared to current design expressions which are based on 

specific hysteretic rules.  In general, the equivalent viscous damping is equal to the viscous 

plus the hysteretic damping, both corrected and combined in a manner which is consistent 

with a design procedure based on secant stiffness to the design limit state.   
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Chapter 6: Bridge Column Response 

Prediction Techniques 

6.1 Background and Motivation 

This section discusses a research program supported by the Alaska Department of 

Transportation and Alaska University Transportation Center aimed at defining accurate limit 

state displacements which relate to specific levels of damage in reinforced concrete bridge 

columns subjected to seismic hazards.  The experimental portion of the study aims to assess 

the performance of thirty large scale circular bridge columns.  A key feature of the 

experiments is the high fidelity strain data obtained through the use of an optical 3D position 

measurement system. In this section, this data is utilized to explore column deformation 

components, the relationship between material strain and displacement, and the accuracy of 

two common response prediction techniques utilized in design:  (1) monotonic moment-

curvature analysis paired with an equivalent curvature distribution and (2) cyclic fiber 

analysis paired with an element representation of the beam or column. 

6.1.1 Experimental Program 

The goal of the experimental program is to investigate the impact of load history and 

other design variables on the relationship between strain and displacement, performance 

strain limits, and the spread of plasticity.  The main variables for the thirty tests include:  (1) 

lateral displacement history, (2) axial load, (3) longitudinal steel content, (4) aspect ratio, and 

(5) transverse steel detailing.  The specimen was designed to represent a single degree of 

freedom bridge column subjected to lateral and axial load, Figure 6.2.  The test specimen 

consists of a footing, column, and loading cap.  The footing is a capacity protected member 

which secures the specimen to the lab strong floor using post tensioned bars.  A 200kip 

hydraulic actuator, with a 40in stroke capacity, applies lateral load to the loading cap of the 

specimen.  A spreader beam, two hydraulic jacks, and a load cell are placed above the 
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loading cap to apply a constant axial compressive load.  The top column displacement was 

obtained through a string potentiometer placed at the center of the lateral load. 

Instrumentation 

While the progression of damage in flexural bridge columns has been thoroughly 

investigated in the past, to the authors’ knowledge, none of the previous studies measured 

strains at the level of the reinforcement throughout the entire range of response.  Traditional 

instrumentation methods utilized linear potentiometers placed on the ends of threaded rods 

embedded in the core concrete to calculate changes in displacement outside of the cover 

concrete.  A diagram of this instrumentation system from Hose et al. (1997) appeared in 

Hines et al. (2003), Figure 6.1.  This method does not measure material strains at the 

locations of interests, and its measurements are influenced small rotations of the rods 

themselves which result due to the curvature gradient over the gage length.  The 

experimental program discussed in this paper utilized multiple Optotrak Certus HD 3D 

position sensors developed by Northern Digital Inc. to monitor material strains.  The position 

sensors track the locations of the target markers in 3D space, returning X-Y-Z spatial 

coordinates with an accuracy of 0.1mm with a resolution of 0.01mm. 

A technique of applying target markers to longitudinal and transverse reinforcement, 

Figure 6.2, was utilized in the plastic hinge region.  Strains were computed by dividing the 

change in three dimensional distance between two adjacent target markers by the original 

unloaded gage length.  An illustration of the accuracy of the Optotrak system compared to 

traditional measurement techniques appears in Figure 6.2.  The tensile test on a reinforcing 

bar contained the following instrumentation:  (1) 2” Optotrak gage length, (2) 2” MTS 

Extensometer, and (3) centrally located electrical resistance strain gage. 
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Figure 6.1  Curvature Rod and Linear Potentiometer Instrumentation from Tests by 

(Hose et al. 1997), Figure appears in (Hines et al. 2003) 

     

Figure 6.2  (Left) Test Setup, (Middle) Optotrak Target Marker Application Method, 

(Right) Optotrak Strain Comparison to Traditional Techniques 

 

Loading Protocol 

The specimens were subjected to various unidirectional top-column displacement 

histories including standardized laboratory reversed cyclic loading and recreations of the 

displacement responses obtained from non-linear time history analysis of multiple 

earthquakes with distinct characteristics.  The experiments utilized a quasi-static 
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displacement controlled loading procedure.  The symmetric three-cycle-set load history is 

commonly used to evaluate the seismic performance of structural components.  The load 

history begins with elastic cycles to the following increments of the analytically predicted 

first yield force: ¼ 𝐹𝑦
′, ½ 𝐹𝑦

′, ¾ 𝐹𝑦
′, and 𝐹𝑦

′.  The experimental first yield displacement is then 

determined by taking the average of the recorded displacements during the first yield push 

and pulls cycles.  The equivalent yield displacement, used to determine the displacement 

ductility levels (𝜇Δ1 = 1 ∗ Δ𝑦), is then calculated as Δ𝑦 = Δ𝑦
′ (𝑀𝑛/𝑀𝑦

′ ).  The symmetric 

three-cycle-set load history resumes with three balanced cycles at each of the following 

displacement ductility levels:  1, 1.5, 2, 3, 4, 5, etc. 

6.2 Measured Deformation Components 

An understanding of the components of deformation and the spread of plasticity in 

reinforced concrete bridge columns is necessary to determine the relationship between 

material strain limits and lateral displacements, which are required for design.  In the 

following section, the non-linear behavior of RC bridge columns is explored through 

presentation of sample results for Test #9.  The 24” diameter bridge column contained 16 #6 

A706 bars for longitudinal reinforcement (𝐴𝑠𝑡/𝐴𝑔 = 1.6%) and a #3 A706 spiral at 2” pitch 

(4𝐴𝑠𝑝/(𝐷
′𝑠) = 1%).  The column was subjected to symmetric three-cycle-set load history, 

Figure 6.3, and a constant compressive axial load of 170 kips (𝑃/(𝑓𝑐
′𝐴𝑔) = 5.5%).  The 

cantilever specimen had an aspect ratio (𝐿/𝐷 = 4).  The following sequence of damage was 

observed in all of the cyclically loaded columns:  (1) concrete cracking, (2) cover concrete 

crushing, (3) spiral yielding in confinement regions, (4) longitudinal bar buckling, and (5) 

fracture of previously buckled longitudinal reinforcement.  The lateral force versus 

deformation response for Test 9 appears in Figure 6.3.  Longitudinal bar buckling occurred 

on each side of the specimen during cycles at displacement ductility eight, while bar fracture 

occurred during the first push cycle to displacement ductility ten.  Reinforcement strains 

obtained by Optotrak target markers are no longer reliable once the buckled deformation 

develops over multiple spiral layers, Figure 6.4. 
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Figure 6.3  (Left) Symmetric Three-Cycle-Set Top Column Displacement History from 

Test #9, (Right) Lateral Force vs. Top Column Displacement Response 

 

Extreme fiber vertical strain profiles, Figure 6.4, depict strains measured in North and 

South reinforcing bars in the plastic hinge region, which forms just above the footing-column 

interface in the region of maximum moment.  Compressive strains are concentrated near the 

footing, while tension strains are fanned out to a greater height following the inclined 

flexural shear crack distribution.  This phenomenon is known as tension shift, and it leads to 

tension strains above the base section which are larger than those which would develop based 

on the plane sections hypothesis and the moment at that height alone, Hines et al. (2004).  It 

is important to note that the crack distribution in Figure 6.4 is from a separate experiment 

(Test #16), but this photo is selected for its clarity.  The tension shift effect leads to a fanned 

compression strut pattern which emanates from the compressive toe region of the column.  In 

this region, yielding of the transverse steel can lead to a localization of compressive demand.  

This occurred over the second gage length above the footing for the North extreme fiber bar 

in Figure 6.4.  The relationship between compressive strain and displacement for this gage 

length and the measured strain in six spiral layers overlaying the North bar are shown in 

Figure 6.5.  Spiral yielding occurred during the first pull cycle of displacement ductility six, 

and each successive cycle at ductility six produced larger compressive strains in the North 

bar and larger tensile strains in the second spiral layer above the footing. 
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Figure 6.4  (Left) Inclined Crack Pattern for Test 16, (Middle) Buckling of North 

Extreme Fiber Bar in Test 9, and (Right) Extreme Fiber Bar Strain Profiles 

   

Figure 6.5  (Left) Relationship between Compressive Strain and Displacement for 

North Bar, (Right) Strains in Six Spiral Layers over the North Extreme Fiber Bar 

 

Cross section strain profiles for the first horizontal cross section above the footing 

appear in Figure 6.6.  The cross section curvature is calculated by the slope of the least 

squared line connecting strains measured in six reinforcing bars in extreme fiber regions of 

the column.  If the curvatures for many horizontal cross sections are analyzed, curvature 

profiles for the plastic hinge region can be constructed, Figure 6.7.  Measured curvatures 

during displacement ductility one closely match the elastic curvature profile, which linearly 

decreases from yield curvature at the footing-column interface to zero at the center of the 
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applied lateral load.  Plastic curvatures were found to follow a linear distribution, which 

agrees with observations made by Hines et. al. (2004).  Procedures developed by Hines et. al. 

(2004) were followed to extract important information about the curvature profiles.  Linear 

least squared error lines were fit to the plastic portion of the curvature profiles to highlight 

their linearity.  The base curvature is calculated as the intersection of the linear plastic 

curvature profile with the footing-column interface.  The initial plastic curvature profiles are 

heavily influenced by individual crack locations, so the linear representation does not fit as 

well.  As the base curvature increases, the height at which the linear plastic curvature profile 

intersects the elastic curvature profile also increases.  This spread of plasticity can be 

attributed to two sources: (1) increases in moment which influence the moment gradient and 

(2) the effects of tension shift which spread tension strains higher above the footing. 

Curvature profiles in Figure 6.7 describe the elastic and plastic flexural displacements of 

the column, but do not address fixed-end rotations which result from strain penetration of 

longitudinal reinforcement into the footing.  Development of fully anchored column 

longitudinal bars into the footing leads to bond slip along the partially anchored region of the 

bars near the footing-column interface, as described by Zhao and Sritharan (2007).  The 

vertical displacement of target markers placed closest to the footing-column interface can be 

used to monitor the pull out and push in of the reinforcing bar over the partially bonded 

region.  If the measured bond slips of six reinforcing bars are plotted along the cross section, 

the fixed-end rotation attributable to strain penetration may be calculated as the slope of a 

least squared error line, Figure 6.6.  The strain penetration displacement is obtained by 

multiplying this rotation by the cantilever height of the column.  If an elastic curvature 

profile assumption is made for curvatures higher than those measured in Figure 6.7, then the 

entire curvature profile may be integrated to obtain the total column flexural displacement.  

This column flexural displacement was added to the strain penetration displacement, and 

compared to the experimentally measured displacements in the right half of Figure 6.3.  The 

Optotrak integrated displacement matches well with those obtained from a string 

potentiometer placed at the center of the lateral load, which indicates that the shear 

deformation component is small. 
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Figure 6.6  (Left) Strain Profile for the 1st Horizontal Section above the Footing, 

(Right) Measured Fixed-End Rotations due to Strain Penetration of Reinforcement 

   

Figure 6.7  (Left) Curvature Profiles with Linear Plastic Curvature Least Squared 

Error Lines, (Right) Comparison of Measured and Predicted Sectional Response 

 

6.3 Response Prediction Methods 

In order to successfully design for a particular performance strain limit, methods of 

relating strain to lateral displacement must accurately describe the components of 

deformation and the spread of plasticity in reinforced concrete bridge columns.  There are 

two main techniques which are currently utilized in design to accomplish this task: (1) 

monotonic moment-curvature analysis paired with an equivalent curvature distribution and 
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(2) cyclic fiber analysis paired with an element representation of the beam or column.  In the 

following section, the predictive capabilities of these two techniques are examined. 

6.3.1 Sectional Response Prediction 

The first, and most basic, functionality of these two methods is relating strains to 

curvatures and moments through monotonic moment-curvature analysis or cyclic section 

analysis with fiber discretization.  A script developed by Montejo and Kowalsky (2007) 

called Cumbia was selected to perform monotonic M-φ.  In the program, the cover concrete 

is assumed to follow the Mander (1988) unconfined concrete model, while the core concrete 

follows the Mander (1988) confined concrete model.  The fiber-based cyclic M-φ analysis 

was conducted in OpenSees – Open System for Earthquake Engineering Simulation, Version 

2.4.2.  The confined and unconfined concrete fiber parameters for the Concrete02 model 

were selected to emulate the associated Mander (1988) confined an unconfined stress-strain 

curves.  The cyclic ReinforcingSteel model was selected for the longitudinal steel fibers.  In 

both analysis techniques, the Mander model input was based on the geometry, transverse 

steel detailing, tested spiral yield strength, and tested concrete compressive cylinder strength.  

Uniaxial tensile tests on reinforcing bars were used to calibrate the monotonic and cyclic 

material models utilized in the respective techniques. 

The cross section curvature history for the first horizontal section above the footing, 

calculated in the same manner as Figure 6.6, is plotted against the base moment in right half 

of Figure 6.7.  The backbone curve of the measured cyclic M-φ response (black) is 

reasonably predicted by the monotonic section analysis in Cumbia (blue).  Similarly, the 

measured cyclic M-φ response is adequately predicted by the cyclic fiber-based section 

analysis in OpenSees (red).  Both analysis methods perform well in predicting the strain 

history for the South bar, Figure 6.8. 
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Figure 6.8  (Left) Comparison of Measured and Predicted Strain History, (Right) 

Comparison Measured and Predicted Lateral Force vs. Displacement 

 

6.3.2 Member Response Prediction 

Now that each analysis technique has shown adequate performance in predicting 

sectional response, the next level of analysis involves predicting member response.  The 

monotonic M-φ analysis in Cumbia is translated into member response using the plastic 

hinge method presented in Priestley, Calvi, and Kowalsky (2007).  In this method, Figure 

6.9, the elastic and plastic curvature distributions are separated into equivalent simplified 

shapes to facilitate design.  The elastic flexural displacement is determined using a triangular 

yield curvature distribution.  The plastic flexural displacement is obtained using a uniform 

curvature distribution with a constant height termed the plastic hinge length.  The width of 

the rectangle is equal to the plastic curvature at the base section.  To account for the effects 

of strain penetration, the curvature distribution extends into the footing by a depth termed the 

strain penetration length. 
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Figure 6.9  Plastic Hinge Method from Priestley, Calvi, and Kowalsky (2007) 

 

The cyclic displacement history from the experiment was recreated using a combination 

of two elements in OpenSees: (1) a beam with hinges element to model the column flexural 

deformations and (2) a zero length strain penetration element to model the fixed end rotations 

due to strain penetration.  The beam with hinges element, developed by Scott and Fenves 

(2006), is a force-based beam column element with a plastic hinge integration method based 

on modified Gauss–Radau quadrature.  The zero length strain penetration element, developed 

by Zhao and Sritharan (2007), models the fixed-end rotations attributable to strain 

penetration of longitudinal reinforcement into the footing.  The reinforcement fibers in the 

zero length element are replaced with Bond SP01 bar stress-slip uniaxial material which 

accounts for the bond slip of reinforcement at the footing-column interface.  The recorded 

strains in the South reinforcing bar and measured bond slip at the footing-column interface 

were used to calibrate the Bond SP01 stress-slip model.  The measured strain history, left of 

Figure 6.11, was converted into a stress-strain history using the calibrated ReinforcingSteel 

(MPa)
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material model in OpenSees.  The model derived stresses are paired with the measured strain 

penetration bond slips in Figure 6.10.  This stress-slip history for the South reinforcing bar 

was used to calibrate parameters in the Bond SP01 uniaxial material model in OpenSees. 

The measured lateral force versus top column displacement response from Test 9 

appears in the right half of Figure 6.8 with response predictions using the modeling 

techniques previously described.  The backbone curve of the hysteretic response is 

reasonably predicted by Cumbia, which utilized the plastic hinge method to translate 

curvatures to displacements.  The measured compressive strains in Figure 6.11 match well 

with the Cumbia prediction, but the tensile strains are over predicted at higher displacement 

ductility levels.  A plastic hinge length of 1.2*Lp, where Lp was calculated using the plastic 

hinge method presented in Priestley, Calvi, and Kowalsky (2007), was selected in the beam 

with hinges element in OpenSees to match the recorded strain data presented in Figure 6.11.  

A plastic hinge length equal to 1.0*Lp led to larger strains than those recorded, therefore a 

blind prediction would not have offered such good agreement.  Furthermore the peak 

compressive gage length, left half of Figure 6.5, had measured compressive strains which 

exceed both predictive methods in regions with inelastic confinement steel. 

 

   

Figure 6.10  (Left) Measured Strain Penetration Bond Slip Hysteresis at Footing-

Column Interface, (Right) Method of Calibrating the Stress-Slip Model 
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Figure 6.11  (Left) South and (Right) North Bar Measured vs. Predicted Strains 

 

6.3.3 Motivation for a New Equivalent Curvature Distribution 

The analysis techniques produced accurate sectional response predictions, but they both 

over predicted the relationship between tension strain and displacement with the plastic hinge 

length recommended in Priestley, Calvi, and Kowalsky (2007).  It is clear that improvements 

can be made to each analysis technique if either the equivalent curvature distribution or the 

integration scheme for the respective methods better reflect the measured spread in plasticity.  

Plastic curvatures were found to follow a linear distribution which intersects the elastic 

curvature profile at a height termed the extent of plasticity, Figure 6.7.  This measured extent 

of plasticity is plotted versus base section curvature ductility in Figure 6.12 for Tests 8-30 in 

the research program.  Furthermore, the additional column deformation attributable to strain 

penetration of reinforcement into the footing is described by measured fixed-end rotations in 

Figure 6.13.  A new equivalent curvature distribution is formulated in the next chapter to 

improve material strain-displacement predictions. 
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Figure 6.12  Measured Spread of Plasticity in Circular Bridge Column Tests 8-30 

 

Figure 6.13  Measured Fixed-End Rotation Attributable to Strain Penetration 
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Chapter 7: Modified Plastic Hinge Method 

7.1 Goals for the Modified Plastic Hinge Method 

Accurate predictions of column deformation at key performance limit states are 

necessary to design bridge structures for specific levels of performance under defined levels 

of seismic hazard.  In design, limit state curvatures are converted to target displacements 

using an equivalent curvature distribution.  An experimental study was carried out 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.  A key feature of the experiments is the high fidelity strain data 

obtained through the use of an optical 3D position measurement system.  The process 

through which this instrumentation system was used to quantify components of column 

deformation was explained in Chapter 5.  Specifically, column curvature distributions and 

fixed-end rotations attributable to strain penetration of reinforcement into the footing were 

quantified.  In Chapter 5, the measured tensile and compressive strain-displacement 

relationships were compared to the current plastic hinge method recommended in Priestley, 

Calvi, and Kowalsky (2007), Figure 7.1.  This method was found to over predict the tensile 

strain-displacement relationship and under-predict the compressive strains. 

In the following section, the measured curvature and strain penetration data is used to 

formulate a new equivalent curvature distribution to improve the accuracy of strain-

displacement predictions.  There are several key aspects of the proposed Modified Plastic 

Hinge Model, Figure 7.2, which differentiate it from the current method:  (1) strain 

penetration and column flexure are decoupled, (2) plastic curvatures are assumed to follow a 

linear distribution, and (3) separate plastic hinge lengths are recommended for tensile and 

compressive strain-displacement predictions. 
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Figure 7.1  Plastic Hinge Method from Priestley, Calvi, and Kowalsky (2007) 

 

Figure 7.2  Goal for the Modified Plastic Hinge Method 

(MPa)

Extent of 
Plasticity, 
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7.2 Deformation due to Strain Penetration of 

Reinforcement into Adjoining Members 

Development of fully anchored column longitudinal bars into the footing leads to bond 

slips along the partially anchored region of the bars near the footing-column interface, as 

described by Zhao and Sritharan (2007).  They additionally note that this bond slip is not a 

pull-out of the entire bar embedment length resulting from poor bond between the concrete 

and reinforcing bar.  The measured strain penetration bond slip hysteresis for an extreme 

fiber bar in Test 9 appears in Figure 7.3.  Measured bond slips in multiple bars were used to 

quantify the fixed-end rotation due to strain penetration of reinforcement into the footing, 

Figure 7.3.  In the proposed Modified Plastic Hinge Method, the displacement due to strain 

penetration is separated from column flexural displacements.  An equivalent curvature block 

is placed at the footing-column or column-cap interface which describes the rotation due to 

strain penetration or reinforcement into the adjoining member, Figure 7.2.  The area of this 

strain penetration block, 𝜃𝑠𝑝 = 𝐿𝑠𝑝𝜙𝑏𝑎𝑠𝑒 in Eqn 7.1, represents the fixed-end rotation.  The 

top column displacement due to strain penetration is obtained my multiplying the fixed-end 

rotation by the column length, Eqn 7.2.  Equivalent strain penetration lengths were calculated 

for each column test, Figure 7.6, by dividing the measured fixed-end rotation, Figure 7.5, by 

the base-section curvature, Eqn 7.3.  These equivalent strain penetration lengths were found 

to remain constant over the range of ductility experienced in individual tests. 

 

𝜃𝑠𝑝 = 𝐿𝑠𝑝𝜙𝑏𝑎𝑠𝑒 Fixed-End Rotation due to Strain Penetration Eqn 7.1 

 

Δ𝑠𝑝 = 𝜃𝑠𝑝𝐿 = 𝐿𝑠𝑝𝜙𝑏𝑎𝑠𝑒𝐿 Top Column Deformation due to Strain Penetration Eqn 7.2 

 

𝐿𝑠𝑝
𝑚𝑒𝑎𝑠 =

𝜃𝑠𝑝
𝑚𝑒𝑎𝑠

𝜙𝑏𝑎𝑠𝑒
𝑚𝑒𝑎𝑠  Eqn 7.3 
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Figure 7.3  (Left) Bond Slip Hysteresis and (Right) Rotation due to Strain Penetration 

 

The proposed form of the equivalent strain penetration length (𝐿𝑠𝑝) equation takes the 

form Eqn 7.4 with parameters X which account for the effect of individual variables.  

Parameters and coefficients were selected by minimizing the sum of the squared error 

between the equation result and the average measured equivalent strain penetration length 

from each test, since the measured values were found not to vary as a function of ductility. 

 

𝐿𝑠𝑝 = 𝑋
𝑓𝑦𝑒𝑑𝑏𝑙

√𝑓𝑐𝑒𝑓
′

 
 Eqn 7.4 

 

After experimentation with a constant for X, it was found the accuracy of the equation 

could be improved by including the following parameters Eqn 7.5.  The variable U changes 

depending on the units of stress input into the equation, with the final result taking the same 

units used for the longitudinal bar diameter.   
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𝐿𝑠𝑝 = 𝑈(1 −
𝑃

𝑓𝑐𝑒′ 𝐴𝑔
−
𝐿𝑐
16𝐷

)
𝑓𝑦𝑒𝑑𝑏𝑙

√𝑓𝑐𝑒′ 𝑓

 
 Eqn 7.5 

 𝑈 = 0.4 for stress input as ksi, 𝑈 = 0.152 for stress input as MPa 

 
𝑃

𝑓𝑐𝑒
′ 𝐴𝑔

  column axial load ratio expressed as a decimal rather than a percent 

 
𝐿𝑐

𝐷
  cantilever aspect ratio, equivalent to 

𝑀

𝑉𝐷
 

 𝑓𝑦𝑒 and 𝑑𝑏𝑙 are the yield stress and bar diameter of the longitudinal reinforcement 

 𝑓𝑐𝑒
′
𝑓
  expected concrete strength of the adjoining member 

 

An overview of the accuracy of the proposed 𝐿𝑠𝑝 equation is shown in Figure 7.7.  The 

sensitivity of the proposed equation to individual test variables appears in Figure 7.8.  

Variables without a significant trend indicate that their influence on strain penetration 

behavior is appropriately described by Eqn 7.5.  Alternatively, the accuracy of the proposed 

equation can be compared to individual observations at various levels of ductility, rather than 

the average value from each test.  The numerical results of this comparison appear below for 

both the equivalent strain penetration length, and the resulting column displacement 

attributable to strain penetration of reinforcement into the adjoining member.  This 

comparison is shown graphically in Figure 7.9 as a function of base section curvature 

ductility. 

A cumulative probability distribution for the ratio of measured to predicted strain 

penetration displacement for each data observation appears in Figure 7.10.  Each observation 

of measured to predicted strain penetration displacement is given a probability of 1/n, where 

n is the total number of observations.  These individual observations are sorted in ascending 

order.  The first observation, with the lowest ratio of measured/equation value has a 

probability of 1/n, while the second has a probability of 2/n, until the final observation has a 
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probability of 1.  A near vertical line at a measured/predicted ratio of one would denote an 

accurate prediction with low variability. 

 

𝑚𝑒𝑎𝑛 (
𝐿𝑠𝑝
𝑚𝑒𝑎𝑠

𝐿𝑠𝑝
𝑒𝑞𝑛 ) = 0.99, 𝐶𝑂𝑉 = 0.152 Statistics for Equivalent Strain Penetration Length 

 

𝑚𝑒𝑎𝑛 (
Δ𝑠𝑝
𝑚𝑒𝑎𝑠 = θ𝑠𝑝

𝑚𝑒𝑎𝑠𝐿𝑐

Δ𝑠𝑝
𝑒𝑞𝑛 = 𝐿𝑠𝑝

𝑒𝑞𝑛𝜙𝑏𝑎𝑠𝑒
𝑚𝑒𝑎𝑠𝐿𝑐

) = 0.99, 𝐶𝑂𝑉 = 0.146 
Statistics for Deformation 

Attributable to Strain Penetration 

 

 

 

Figure 7.4  Additional Information about Each Experiment 
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Figure 7.5  Strain Penetration Rotation Measured in Experiments 

 

Figure 7.6  Equivalent Strain Penetration Lengths for Individual Experiments 
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Figure 7.7  Average Measured Strain Penetration Lengths and Result of Eqn 7.5 
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Figure 7.8  Sensitivity of Strain Penetration Length Equation to Individual Variables 
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Figure 7.9  Strain Penetration Length from Each Observation Compared to Eqn 7.5 

 

Figure 7.10  CDF for Strain Penetration Disp. / Value with Eqn 7.5 and Eqn 7.2 
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7.3 Tensile and Compressive Plastic Hinge Lengths 

Plastic curvatures were found to follow a linear distribution as shown in the push cycle 

curvature profiles for Test 13, Figure 7.11.  This section aims to answer the following 

question, would a plastic hinge length expression based on the measured spread of plasticity 

offer a better prediction for the relationship between strain and displacement?  Measured 

curvatures at displacement ductility one closely match the assumed elastic curvature profile 

which has a value of 𝜙𝑦
′ (𝑀𝑛 𝑀𝑦

′⁄ ) = 𝜙𝑦 at the column base and zero at the center of the 

applied lateral load.  As curvature ductility increases, the height at which the linear plastic 

curvature distribution intersects the elastic curvature distribution also increases.  This spread 

in plasticity is due to the effects of moment gradient and tension shift. 

Vertical strain profiles for Test 13, Figure 7.12, depict strains measured in the extreme 

fiber reinforcing bars during push cycles.  Compressive strains are concentrated near the 

footing, while tension strains are fanned out to a greater height following the inclined 

flexural shear crack distribution.  This is due in large part to the effects of tension shift, 

which leads to tension strains above the base section which exceed those that would develop 

based on the plane sections hypothesis and the moment at that height alone.  Tension shift 

leads to a fanned compression strut pattern which emanates from the compressive toe region 

of the column, where the local compressive demand is increased beyond that which would be 

predicted based on the plane sections hypothesis.  Since tension strain are spread further 

above the base section, the magnitude of the peak tensile strain near the footing may be 

reduced.  Observations of peak tensile and peak compressive strain-displacement 

relationships support this theory, as will be discussed in later sections of this report.   
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Figure 7.11  Curvature Profiles with Linear Plastic Curvature Regressions 

        

Figure 7.12  (Left) Extreme Fiber Bar Vertical Strain Profiles and (Right) Crack Profile 
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The influence of moment gradient on the spread of plasticity can be evaluated by 

superimposing the moment-curvature relation for the cross-section upon the moment profile 

of the column at specific levels of response, Figure 7.13 for Test 13.  The deformation at the 

center of the applied lateral load can be evaluated using a layered integration technique and 

the Moment-Area method, Eqn 7.6.  The plastic displacement from curvature integration, 

Eqn 7.9, is obtained by subtracting the elastic displacement from the total integrated 

displacement.  The elastic post yield displacement takes the form of Eqn 7.7 for a column in 

single bending, and Eqn 7.8 for a column in double bending.   

 

∆𝑇𝑖= [∫ 𝜙(𝑥)𝑑𝑥
𝑥=𝐿

𝑥=0

] �̅� 

First moment of curvature diagram, where �̅� is its 

centroid.  Evaluated using layered approach and the 

Moment-Area method. 

Eqn 7.6 

 

∆𝑒= 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ )𝐿2 3⁄  (Single Bending)  Elastic Displacement after Frist Yield Eqn 7.7 

 

∆𝑒= 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ )𝐿2 6⁄  (Double Bending)  Elastic Displacement after Frist Yield Eqn 7.8 

 

∆𝑝𝑖= ∆𝑇 − ∆𝑒 Plastic Displacement from Curvature Integration Eqn 7.9 
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Figure 7.13  Moment-Curvature for Test 13 Superimposed over Moment Profile 

 

Equivalent curvature distributions are utilized in design to translate a known moment-

curvature relation into a member force-deformation response.  The current iteration of the 

plastic hinge method from Priestley, Calvi, and Kowalsky (2007) appears in Figure 7.1.  In 

this approach, abbreviated as PCK (2007) Lp, an equivalent rectangular distribution of 

constant curvature is used to compute the plastic flexural displacement of the column.  A 

portion of this rectangular hinge length (𝐿𝑝 = 𝑘𝐿 + 𝐿𝑠𝑝) is attributed to moment gradient 

(𝑘𝐿), while the (𝐿𝑠𝑝) component describes the influence of strain penetration.  Since a 

separate strain penetration model is recommended in this study, consider only on the moment 

gradient component (𝑘𝐿) in the following discussion.  The value of 𝑘 can be solved for by 

setting ∆𝑝𝑖 from Eqn 7.9 equal to the ∆𝑝 evaluated using an assumed rectangular plastic 

curvature distribution Eqn 7.11.  Alternatively, a parameter 𝑘∗ can be solved for by setting 

∆𝑝𝑖 from Eqn 7.9 equal to the ∆𝑝 from a triangular plastic curvature distribution Eqn 7.13.  

For this discussion, the height of a rectangular plastic curvature distribution is termed 𝐿𝑝, 

while the height of a triangular plastic curvature distribution is termed 𝐿𝑝𝑟, Figure 7.14.  
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Notation:  𝐿𝑐 = 𝐿 2⁄  for Double Bending and 𝐿𝑐 = 𝐿 for Single Bending. 

𝜙𝑝 = 𝜙𝑏𝑎𝑠𝑒 − 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ ) Plastic Curvature at the Base Section Eqn 7.10 

 

∆𝑝= 𝜙𝑝(𝑘𝐿)[𝐿 − 𝑘𝐿 2⁄ ] 
(Single Bending)  Plastic Displacement from a 

Rectangular Hinge Length (Lp) 
Eqn 7.11 

 

∆𝑝= 𝜙𝑝(𝑘𝐿𝑐)[𝐿 − 𝑘𝐿𝑐] 
(Double Bending)  Plastic Displacement from a 

Rectangular Hinge Length (Lp) 
Eqn 7.12 

 

∆𝑝= 𝜙𝑝(𝑘
∗𝐿 2⁄ )[𝐿 − 𝑘∗𝐿 3⁄ ] 

(Single Bending)  Plastic Displacement from a 

Triangular Hinge Length (Lpr) 
Eqn 7.13 

 

∆𝑝= 𝜙𝑝(𝑘
∗𝐿𝑐 2⁄ )[𝐿 − 2𝑘

∗𝐿𝑐 3⁄ ] 
(Double Bending)  Plastic Displacement 

from a Triangular Hinge Length (Lpr) 
Eqn 7.14 

 

An equivalent triangular plastic curvature distribution is proposed since it reflects the 

shape of experimentally measured curvature profiles, Figure 7.11.  Linear least squared error 

lines were fit to the plastic portion of the measured curvature profiles to quantify their shape 

following recommendations proposed by Hines, Restrepo, and Seible (2004).  The base-

section curvature is computed as the intersection of the linear plastic curvature distribution 

and the footing-column interface.  The extent of plasticity is evaluated as the intersection of 

the linear plastic curvature distribution and the elastic curvature profile.  This extent of 

plasticity is plotted as a function of base-section curvature ductility in Figure 7.19 for 

individual experiments. 
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Figure 7.14  (Single Bending) Parameters k and k* Describe the Moment Gradient 

Component of the Plastic Hinge Length 

 

   

Figure 7.15  Parameter k and k* Solution for Test 13 Using Rectangular and 

Triangular Plastic Curvature Distributions 

 

Equivalent Rectangular 
Hinge Length

Equivalent Triangular 
Hinge Length
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The result of the solution process for 𝑘 and 𝑘∗ appears in Figure 7.15 as a function of 

curvature ductility.  The equation for k presented in Priestley, Calvi, and Kowalsky (2007), in 

Figure 7.1, compares well with the maximum value of k computed for Test 13.  The shape of 

the 𝑘∗ distribution in Figure 7.15 is similar to that of k, except the values are scaled by a 

factor of two.  To further evaluate the relationship between 𝑘 and 𝑘∗, Eqn 7.11 and Eqn 7.13 

were set equal to each other and 𝑘∗ was evaluated over a range of 𝑘, Figure 7.17.  This 

process was performed for single bending, and separately for double bending using Eqn 7.12 

and Eqn 7.14 described graphically in Figure 7.16.  For both single and double bending, the 

analysis implies that 𝑘∗ ≅ 2𝑘 with sufficient accuracy.   

In Figure 7.18, the height of the equivalent triangular plastic curvature profile, 𝐿𝑝𝑟 =

𝑘∗𝐿, is compared with measured extent of plasticity obtained from the intersection of the 

measured linear plastic curvature profile and the elastic curvature distribution at various 

levels of curvature ductility, Figure 7.11.  The extent of plasticity obtained from integration 

of the analytical curvature distribution only accounts for the influence of moment gradient, 

which explains why it under predicts the measured values.   
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Figure 7.16  (Double Bending) Parameters k and k* for Moment Gradient Component 

 

Figure 7.17  Relationship between k and k* for Plastic Hinge Distributions 

Equivalent Rectangular 
Hinge Length

Equivalent Triangular             
Hinge Length
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Figure 7.18  Comparison of Numerically Integrated Lpr with Measured Lpr for Test 13 

 

Figure 7.19  Extent of Plasticity Normalized to Column Length for Each Experiment 
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The difference between the measured and moment-curvature integrated extent of 

plasticity in Figure 7.18 is largely attributed to the influence of tension shift.  The additional 

spread of plasticity due to tension shift is related to the distance between the tensile and 

compressive force resultants, 𝑗𝑑, and the angle of the inclined flexural shear cracks.  The 

logarithmic best fit to the measured extent of plasticity for Test 9, Figure 7.22, can be used to 

evaluate the accuracy of strain-displacement predictions with an equivalent curvature 

distribution which reflects measured spread in plasticity.  The plastic hinge method presented 

in Priestley, Calvi, and Kowalsky (2007) is coded into the monotonic moment-curvature 

analysis script CUMBIA.  The response predicted by the logarithmic best fit to the measured 

spread in plasticity for Test 9, Figure 7.22, is computed using Eqn 7.15 through Eqn 7.26 for 

the column in single bending.  Equations for the plastic displacement of a column in double 

bending using either a rectangular or triangular plastic curvature distribution are derived in 

Figure 7.20 and Figure 7.21 respectively.  For the purpose of the strain-displacement 

comparison using the logarithmic best fit to the measured spread of plasticity in Test 9, 

Figure 7.22, the same shear displacement model built into CUMBIA was utilized for both 

methods.  The logarithmic fit to the measured spread of plasticity provided a more accurate 

tensile strain-displacement prediction, but decreased the accuracy of the compressive strain-

displacement prediction. 

 

∆𝑒= 𝜙𝑏𝑎𝑠𝑒𝐿
2 3⁄  (Single) Elastic Flexural Displacement before First Yield Eqn 7.15 

 

∆𝑒= 𝜙𝑏𝑎𝑠𝑒𝐿
2 6⁄  (Double) Elastic Flexural Disp. before First Yield Eqn 7.16 

 

∆𝑒= 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ )𝐿2 3⁄  (Single) Elastic Flexural Disp. after First Yield Eqn 7.17 

 

∆𝑒= 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ )𝐿2 6⁄  (Double) Elastic Flexural Disp. after First Yield Eqn 7.18 
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𝜙𝑝 = 𝜙𝑏𝑎𝑠𝑒 − 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ ) Plastic Curvature at the Base Section Eqn 7.19 

 

∆𝑝= 𝜙𝑝(𝐿𝑝𝑟 2⁄ )[𝐿 − 𝐿𝑝𝑟 3⁄ ] 
(Single) Plastic Disp. for Triangular Plastic 

Curvature Distribution 
Eqn 7.20 

 

∆𝑝= 𝜙𝑝(𝐿𝑝𝑟 2⁄ )[𝐿 − 2𝐿𝑝𝑟 3⁄ ] 
(Double) Plastic Disp. for Triangular Plastic 

Curvature Distribution 
Eqn 7.21 

 

∆𝑝= 𝜙𝑝𝐿𝑝[𝐿 − 𝐿𝑝 2⁄ ] 
(Single) Plastic Disp. for Rectangular Plastic Curvature 

Distribution 
Eqn 7.22 

 

∆𝑝= 𝜙𝑝𝐿𝑝[𝐿 − 𝐿𝑝] 
(Double) Plastic Disp. for Rectangular Plastic 

Curvature Distribution 
Eqn 7.23 

 

𝐿𝑠𝑝 = 𝑈(1 −
𝑃

𝑓𝑐𝑒′ 𝐴𝑔
−
𝐿𝑐
16𝐷

)
𝑓𝑦𝑒𝑑𝑏𝑙

√𝑓𝑐𝑒′ 𝑓

 𝑈 = 0.4 for ksi and 0.152 for MPa units Eqn 7.24 

 

Δ𝑠𝑝 = 𝐿𝑠𝑝𝜙𝑏𝑎𝑠𝑒𝐿 Displacement due to Strain Penetration Eqn 7.25 

 

∆𝑇= (∆𝑒 + ∆𝑠𝑝 + ∆𝑝 + ∆𝑠ℎ𝑒𝑎𝑟) Total Top Column Displacement Eqn 7.26 

 

Separate plastic hinge lengths for tension and compressive strain-displacement 

predictions are needed to evaluate accurate strain limit based target displacements.  Tension 

strains are influenced by the total spread in plasticity, while compressive strains are more 

closely related to only the moment gradient component, Figure 7.23.  The proposed tension 

hinge length, 𝐿𝑝𝑟𝑡 Eqn 7.28, was calibrated to match the upper bound of the measured spread 

of palsticity in each test.  The proposed compressive hinge length, 𝐿𝑝𝑟𝑐 Eqn 7.29, only 
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contains a term related to the moment gradient effect.  Both expressions utilize the 

observation that 𝑘∗ ≅ 2𝑘 from Figure 7.17.  This geometric relationship between triangular 

and rectangular plastic curvature distributions can be used to translate the proposed 

triangular-based 𝐿𝑝𝑟 expressions to rectangular-based 𝐿𝑝 equations (Eqn 7.30 and Eqn 7.31).  

Even though the form of the proposed compressive hinge length resembles 𝐿𝑝 from Priestley, 

Calvi, and Kowalsky (2007), Figure 7.1, the predicted strain-displacement relationships 

differ due to the fact that strain penetration is now decoupled from column flexural 

displacements. 

 

𝑘 = 0.2(
𝑓𝑢
𝑓𝑦
− 1) ≤ 0.08 

Same Definition of k as Priestley, Calvi, and 

Kowalsky (2007) 
Eqn 7.27 

 

𝐿𝑝𝑟𝑡 = 2𝑘𝐿𝑐 + 0.75𝐷 Tension Hinge Length Based on Triangular Distribution Eqn 7.28 

 

𝐿𝑝𝑟𝑐 = 2𝑘𝐿𝑐 
Compression Hinge Length Based on Triangular Distribution Eqn 7.29 

 

𝐿𝑝𝑡 = 𝐿𝑝𝑟𝑡 2⁄ = 𝑘𝐿𝑐 + 0.375𝐷 Tension Hinge Length Based on Rect. Dist. Eqn 7.30 

 

𝐿𝑝𝑐 = 𝐿𝑝𝑟𝑐 2⁄ = 𝑘𝐿𝑐 
Compression Hinge Length Based on Rectangular Dist. Eqn 7.31 
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Figure 7.20  (Double Bending) Plastic Displacement with a Rectangular Hinge Length 

 

Figure 7.21  (Double Bending) Plastic Displacement with a Triangular Hinge Length 

Moment Area Method for the     
Plastic Displacement with 
Rectangular Hinge Length

Moment Area Method for the     
Plastic Displacement with 
Triangular Hinge Length
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Figure 7.22  (Test 9) Response Comparison with Logarithmic Best Fit to Measured 

Spread of Plasticity (Best Fit Lpr) 
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Figure 7.23  Tensile and Compressive Triangular Plastic Hinge Lengths 

 

Since the 𝐿𝑝𝑟𝑡 equation was calibrated based on the uperbound extent of plasticity of 

each experiment, these regions need to be isolated in order to compare the accuracy of the 

proposed equation.  For example, data points from the three highest curvature ductility values 

in Test 9, Figure 7.24, are included in the formulation.  A comparison of the measured 

upperbound extent of plasticity and the result of the tensile plastic hinge length expression, 

𝐿𝑝𝑟𝑡 Eqn 7.28, appears in Figure 7.25.  A sensativity analysis of the proposed 𝐿𝑝𝑟𝑡 equation 

to individual test variables is shown in Figure 7.26.  Of the variables investigated, the 𝐿𝑝𝑟𝑡 

expression underpredicts the spread of plasticity for tests Tests 23 and 24 with the highest 

aspect ratio.  However, this was not found to influence the accuracy of tensile strain-

displacement predictions for these tests, Figure 7.54 and Figure 7.55. 

 

from Priestley, Calvi, and Kowalsky (2007)

Tensile Hinge Length Based 
on Total Spread of Plasticity 

Including Tension Shift

Compressive Hinge Length 
Based only on Moment 
Gradient Component
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𝑚𝑒𝑎𝑛 (
𝐿𝑝𝑟
𝑚𝑒𝑎𝑠

𝐿𝑝𝑟𝑡
𝑒𝑞𝑛 ) = 0.98, 𝐶𝑂𝑉 = 0.069 

Statistics for Tensile Triangular 

Plastic Hinge Length 

 

A strain-dispalcement comparison for Test 9 appears in Figure 7.29 for the Priestley, 

Calvi, and Kowalsky (2007) 𝐿𝑝 method integrated into CUMBIA and the proposed Modified 

𝐿𝑝𝑟 method.  Both the tensile and the compressive strain-displacement predictions are 

improved with proposed method.  The degree of improvement for the compressive strain-

displacement relationship becomes more apparent when evaluating the dataset as a whole.  A 

test by test comparison of the strain-dispalcement relationship prediction appears in Figure 

7.40 through Figure 7.61.  There are still many instances where the measured compressive 

strains significantly exceed the prediction in regions of the column with inelastic transverse 

steel.  The strain-displacement prediction for column Test 9 using the triangular distribution 

of curvature from 𝐿𝑝𝑟𝑡 is compared to the rectangular-based 𝐿𝑝𝑡 in Figure 7.30 and Figure 

7.31.  The slight difference in the two methods is attributed to the factor of two 

approximation used as a conversion between rectangular and triangular equivalent curvature 

distributions, Figure 7.17. 

The purpose of an equivalent curvature distribution is to translate a known moment-

curvature relationship into the backbone curve of a member force-deformation response.  The 

question remains, which hinge length, tension or compression, offers a better member 

response prediction.  For column Test 9, Figure 7.27 and Figure 7.28 plot the force-

deformation response predicted with 𝐿𝑝 from Priestley, Calvi, and Kowalsky (2007) 

integrated into CUMBIA, and the response from either 𝐿𝑝𝑟𝑐 or 𝐿𝑝𝑟𝑡.  Of the two proposed 

methods, the compressive hinge length provides a more accurate force-displacement 

prediction since the analysis was terminated at 140% of the Mander ultimate concrete 

compression strain for the confined core, which can only be assessed with 𝐿𝑝𝑟𝑐.  The elastic 

range of response closely resembles that of the current method. 



Chapter 7:  Modified Plastic Hinge Method 144 

 

 

Figure 7.24  Isolated Upper Bound Lpr used in Sensitivity Analysis for Eqn 7.28 

 

Figure 7.25  Comparison of Tensile Lpr Equation and Measured Extent of Plasticity 
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Figure 7.26  Sensitivity of Tensile Lpr Equation to Individual Variables 
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Figure 7.27  Hysteretic Response for Test 9 with Compressive Lpr and PCK (2007) Lp 

 

Figure 7.28  Hysteretic Response for Test 9 with Tensile Lpr and PCK (2007) Lp 
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Figure 7.29  Spread of Plasticity and Strain-Displacement Relationship for Test 9 with 

Modified Lpr Hinge Method 
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Figure 7.30  Prediction using Triangular and Rectangular Tensile Hinge Lengths 

 

Figure 7.31  Prediction using Triangular and Rectangular Tensile Hinge Lengths 
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7.4 Tensile Strain-Displacement Predictions using the 

Modified Plastic Hinge Method 

Tensile strain-displacement predictions using Modified Plastic Hinge Model are based 

on the upper bound measured extent of plasticity of bridge column tests.  A comparison of 

the accuracy of the Modified vs. the current Plastic Hinge Method from Priestley, Calvi, and 

Kowalsky (2007), Figure 7.1, is made utilizing the measured peak tensile strains prior to bar 

buckling and their associated top-column displacements.  As shown in the statistics below, 

both equivalent curvature distributions yield conservative predictions for the tensile strain-

displacement relationship, however, the modified plastic hinge method shows significant 

improvement.  The tensile triangular plastic hinge length, Eqn 7.28, was formulated using the 

upper bound measured spread of plasticity.  Near the footing, tensile strains only gradually 

reduce with increases in height.  The linear shape of the plastic curvature profile near the 

footing is attributed to larger compressive strains near the footing-column interface.  The 

distribution of tensile strains is influenced by the tension shift effect, which may decrease the 

amplitude of tensile strains at the footing-column interface and instead increase tensile strain 

magnitudes above the base section following the inclined flexural-shear crack distribution. 

 

* Mean, Coefficient of Variation, and Root Mean Squared Error 

 

𝑚𝑒𝑎𝑛 (
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏

∆𝐶𝑢𝑚𝑏𝑖𝑎  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑤𝑖𝑡ℎ 𝐿𝑝𝑟𝑡 𝐸𝑄𝑁 

) = 1.12, 𝐶𝑂𝑉 = 0.061, 𝑅𝑀𝑆𝐸 = 0.121 

 

𝑚𝑒𝑎𝑛 (
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏

∆𝐶𝑢𝑚𝑏𝑖𝑎  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑤𝑖𝑡ℎ 𝐿𝑝 𝐸𝑄𝑁 (𝑃𝐶𝐾 2007)

) = 1.27, 𝐶𝑂𝑉 = 0.116, 𝑅𝑀𝑆𝐸 = 0.222 
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Alternatively, this tensile predictive capacity of the hinge models can be compared using 

cumulative probability distributions, Figure 7.32.  Each observation of measured/predicted 

bar buckling displacement is given a probability of 1/n, where n is the total number of 

observations.  These individual observations are sorted in ascending order.  The first 

observation, with the lowest ratio of measured/equation value has a probability of 1/n, while 

the second has a probability of 2/n, until the final observation has a probability of 1.  A near 

vertical line at a measured/predicted ratio of one would denote an accurate prediction with 

low variability.  Both hinge methods produce cumulative probability distributions to the right 

of one with conservative predictions for the bar buckling displacement which were lower 

than those experienced in the tests.  The cumulative probability distributions and the 

comparison of the Root Mean Squared Error for the two equivalent curvature distributions 

show that the Modified Lpr hinge method is more accurate for tensile strain-displacement 

predictions.  A sensitivity analysis for the Tensile Lpr bar buckling strain-displacement for 

individual test variables appears in Figure 7.33. 

 

Figure 7.32  Comparison of Plastic Hinge Method Tensile Predictive Capabilities 
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Figure 7.33  Sensitivity of Tensile Lpr Bar Buckling Strain-Displacement Predictions to 

Individual Variables 
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7.5 Compressive Strain-Displacement Predictions using 

the Modified Plastic Hinge Method 

Compressive strain-displacement predictions using Modified Plastic Hinge Model are 

based on only the moment gradient component of the spread of plasticity (𝐿𝑝𝑟𝑐 = 2𝑘𝐿).  

Comparisons of the accuracy of the Modified vs. the current Plastic Hinge Method from 

Priestley, Calvi, and Kowalsky (2007), Figure 7.1, were made utilizing the measured 

compressive strain and displacement at cover concrete crushing and confinement (spiral) 

steel yielding observations.  Note that these measured compression strains are from 

instruments applied to the extreme fiber longitudinal bar, which is an approximation to the 

cover and core concrete strain.  Both equivalent curvature distributions yield unconservative 

predictions for the displacement at cover crushing and spiral yielding, but the Modified 

Plastic Hinge Method shows improvement. 

The cumulative probability distribution describing the accuracy of both hinge models in 

predicting the column displacement at the measured cover crushing strain appears in Figure 

7.34.  A sensitivity analysis of the impact of individual variables on the accuracy of the cover 

crushing strain-displacement prediction is shown in Figure 7.35.  The same comparison was 

repeated in Figure 7.36 and Figure 7.37 for the displacement prediction at the measured 

compression strain that coincided with the observation of spiral yielding.  More accurate 

compressive strain-displacement predictions were made at the lower cover crushing strain 

when compared to that of spiral yielding, which may be influenced by more localized 

compressive behavior.  After spiral yielding, significantly larger compressive strains were 

measured in many tests, as can be seen in the peak compressive strain-displacement 

relationships of individual tests results, Figure 7.40 through Figure 7.61.  The Modified 

Plastic Hinge Method improved the accuracy of compressive strain-displacement predictions, 

but it can be argued that the effects of tension shift should reduce the compressive hinge 

length below that of just the moment gradient component, due to the localization of 

compressive demands at the pivot point for the fanned diagonal compressive strut pattern.   



Chapter 7:  Modified Plastic Hinge Method 153 

 

* Mean, Coefficient of Variation, and Root Mean Squared Error 

 

𝑚𝑒𝑎𝑛(
∆𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑐𝑟𝑢𝑠ℎ𝑖𝑛𝑔

∆𝐶𝑢𝑚𝑏𝑖𝑎  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑐𝑟𝑢𝑠ℎ𝑖𝑛𝑔

 𝑤𝑖𝑡ℎ 𝐿𝑝𝑟𝑐 𝐸𝑄𝑁
) = 0.93, 𝐶𝑂𝑉 = 0.105, 𝑅𝑀𝑆𝐸 = 0.145 

 

𝑚𝑒𝑎𝑛(
∆𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑐𝑟𝑢𝑠ℎ𝑖𝑛𝑔

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑐𝑟𝑢𝑠ℎ𝑖𝑛𝑔

 𝑤𝑖𝑡ℎ 𝐿𝑝 𝐸𝑄𝑁 (𝑃𝐶𝐾 2007)
) = 0.80, 𝐶𝑂𝑉 = 0.152, 𝑅𝑀𝑆𝐸 = 0.340 

 

 

 

Figure 7.34  Comparison of Plastic Hinge Method Compressive Predictive Capabilities 

at Cover Crushing Observations 
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Figure 7.35  Sensitivity of Compressive Lpr Cover Crushing Strain-Displacement 

Predictions to Individual Variables 
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* Mean, Coefficient of Variation, and Root Mean Squared Error 

 

𝑚𝑒𝑎𝑛(
∆𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑠𝑝𝑖𝑟𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑠𝑝𝑖𝑟𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

 𝑤𝑖𝑡ℎ 𝐿𝑝𝑟𝑐  𝐸𝑄𝑁
) = 0.88, 𝐶𝑂𝑉 = 0.192, 𝑅𝑀𝑆𝐸 = 0.266 

 

𝑚𝑒𝑎𝑛(
∆𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑠𝑝𝑖𝑟𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑠𝑝𝑖𝑟𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

 𝑤𝑖𝑡ℎ 𝐿𝑝 𝐸𝑄𝑁 (𝑃𝐶𝐾 2007)
) = 0.71, 𝐶𝑂𝑉 = 0.221,𝑅𝑀𝑆𝐸 = 0.529 

 

 

 

Figure 7.36  Comparison of Plastic Hinge Method Compressive Predictive Capabilities 

at Spiral Yielding Observations 
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Figure 7.37  Sensitivity of Compressive Lpr Spiral Yielding Strain-Displacement 

Predictions to Individual Variables 
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7.6 Elastic Force-Deformation Predictions using the 

Modified Plastic Hinge Method 

The equivalent curvature distributions prior to first yield of longitudinal reinforcement 

for the Priestley, Calvi, and Kowalsky (2007) and the Modified Plastic Hinge Methods 

closely resemble one another, Figure 7.1 and Figure 7.2.  Separate equivalent curvature 

distributions are used for elastic column flexure and base rotations attributable to strain 

penetration in the Modified Plastic Hinge Method.  These two deformation components are 

combined into a single equivalent curvature distribution in the PCK (2007) method through 

the use of an effective column length which extends into adjoining members by a depth equal 

to the strain penetration length.   

A comparison of the accuracy of the Modified vs. the current Plastic Hinge Method from 

Priestley, Calvi, and Kowalsky (2007), Figure 7.1, is made utilizing the measured top column 

displacement at the analytically predicted first yield force for longitudinal reinforcement.  

Both methods yield conservative predictions for the column displacement at the analytical 

first yield force.  The cumulative probability distributions for both equivalent curvature 

profiles appear in Figure 7.38, and a sensitivity analysis for results of the Modified Plastic 

Hinge Method is shown in Figure 7.39. 
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* Mean, Coefficient of Variation, and Root Mean Squared Error 

 

𝑚𝑒𝑎𝑛(
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑓𝑖𝑟𝑠𝑡 𝑦𝑖𝑒𝑙𝑑

 𝑎𝑡 𝐹𝑦
′

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝐹𝑦
′ 𝑤𝑖𝑡ℎ 𝐿𝑝𝑟𝑡 𝐸𝑄𝑁 

) = 1.09, 𝐶𝑂𝑉 = 0.058, 𝑅𝑀𝑆𝐸 = 0.404 

 

𝑚𝑒𝑎𝑛(
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑓𝑖𝑟𝑠𝑡 𝑦𝑖𝑒𝑙𝑑

 𝑎𝑡 𝐹𝑦
′

∆𝐶𝑢𝑚𝑏𝑖𝑎  𝑎𝑡 𝐹𝑦
′ 𝑤𝑖𝑡ℎ 𝐿𝑝 𝐸𝑄𝑁 (𝑃𝐶𝐾 2007)

) = 1.07, 𝐶𝑂𝑉 = 0.059, 𝑅𝑀𝑆𝐸 = 0.332 

 

 

 

Figure 7.38  Comparison of Plastic Hinge Method Predictive Capabilities at Analytical 

First Yield Force 
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Figure 7.39  Sensitivity of Modified Hinge Method Displacement at Analytical First 

Yield Force Predictions to Individual Variables 
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7.7 Conclusion 

In design, concrete compressive and steel tensile strain limits are related to column 

deformations through the use of an equivalent curvature distribution.  An experimental study 

was carried out 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.  Material strains, cross section curvatures, and 

fixed-end rotations due to strain penetration of reinforcement into the adjoining member were 

quantified through the use of a 3D position monitoring system.  This data was used to 

formulate a new equivalent curvature distribution aimed at improving tensile and 

compressive strain-displacement predictions.   

The key aspects of the proposed Modified Plastic Hinge Model which differentiate it 

from the current method recommended in Priestley, Calvi, and Kowalsky (2007) include:  (1) 

a decoupling of column flexure and strain penetration deformation components, (2) a linear 

plastic curvature distribution which emulates the measured curvature profiles, and (3) 

separate plastic hinge lengths for tensile and compressive strain-displacement predictions.  In 

the experiments, the measured extent of plasticity was found to increase due to the combined 

effects of moment gradient and tension shift.  The proposed tension hinge length, 𝐿𝑝𝑟𝑡 Eqn 

7.28, was calibrated to match the upper bound of the measured spread of palsticity in each 

test.  The proposed compressive hinge length, 𝐿𝑝𝑟𝑐 Eqn 7.29, only contains a term related to 

the moment gradient effect.  Expressions for the elastic and plastic column flexural 

displacement for both single and double bending were derived.  Expressions which describe 

the additional column deformation due to strain penetration of reinforcement into the 

adjoining member were formulated based on the measured fixed-end rotations.  When 

compared to the current plastic hinge method recommended in Priestley, Calvi, and 

Kowalsky (2007), the proposed Modified Plastic Hinge method improved the tensile and 

compressive-strain displacement predictions while maintaining similar levels of accuracy for 

elastic displacements.    
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Figure 7.40  Spread of Plasticity and Strain-Displacement Relationship for Earthquake 

Load History Test 8 
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Figure 7.41  Spread of Plasticity and Strain-Displacement Relationship for Earthquake 

Load History Test 10 
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Figure 7.42  Spread of Plasticity and Strain-Displacement Relationship for Earthquake 

Load History Test 11 
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Figure 7.43  Spread of Plasticity and Strain-Displacement Relationship for Earthquake 

Load History Test 12 
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Figure 7.44  Spread of Plasticity and Strain-Displacement Relationship for Test 13 
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Figure 7.45  Spread of Plasticity and Strain-Displacement Relationship for Test 14 
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Figure 7.46  Spread of Plasticity and Strain-Displacement Relationship for Test 15 
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Figure 7.47  Spread of Plasticity and Strain-Displacement Relationship for Test 16 
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Figure 7.48  Spread of Plasticity and Strain-Displacement Relationship for Earthquake 

Load History Test 17 
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Figure 7.49  Spread of Plasticity and Strain-Displacement Relationship for Earthquake 

Load History Test 18 
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Figure 7.50  Spread of Plasticity and Strain-Displacement Relationship for Test 19 
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Figure 7.51  Spread of Plasticity and Strain-Displacement Relationship for Test 20 
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Figure 7.52  Spread of Plasticity and Strain-Displacement Relationship for Test 21 
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Figure 7.53  Spread of Plasticity and Strain-Displacement Relationship for Test 22 
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Figure 7.54  Spread of Plasticity and Strain-Displacement Relationship for Test 23 
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Figure 7.55  Spread of Plasticity and Strain-Displacement Relationship for Test 24 
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Figure 7.56  Spread of Plasticity and Strain-Displacement Relationship for Test 25 
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Figure 7.57  Spread of Plasticity and Strain-Displacement Relationship for Test 26 
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Figure 7.58  Spread of Plasticity and Strain-Displacement Relationship for Test 27 
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Figure 7.59  Spread of Plasticity and Strain-Displacement Relationship for Test 28 
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Figure 7.60  Spread of Plasticity and Strain-Displacement Relationship for Test 29 
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Figure 7.61  Spread of Plasticity and Strain-Displacement Relationship for Test 30 
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Chapter 8: Performance Strain Limits for 

Circular Bridge Columns 

8.1 Background 

This section discusses a research program supported by the Alaska Department of 

Transportation and Alaska University Transportation Center aimed at defining accurate limit 

state displacements which relate to specific levels of damage in reinforced concrete bridge 

columns subjected to seismic hazards.  Bridge columns are designed as ductile elements 

which form plastic hinges to dissipate energy in a seismic event.  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.  

For reinforced concrete flexural members such as bridge columns, concrete compressive and 

steel tensile strain limits are very good indicators of damage. 

Serviceability limit states such as concrete cover crushing or residual crack widths 

exceeding 1mm may occur during smaller, more frequent earthquakes, Priestley et al. (1996).  

While the serviceability limit states do not pose a safety concern, the hinge regions must be 

repaired to prevent corrosion of internal reinforcing steel.  At higher ductility demands 

produced by larger less frequent earthquakes, reinforcing bar buckling may lead to 

permanent elongation in the transverse steel, which diminishes its effectiveness in confining 

the concrete core.  Bar buckling and significant damage to the core concrete represent the 

damage control limit states, which when exceeded lead to significant repair costs, Priestley et 

al. (1996).  Furthermore, rupture of previously buckled bars during subsequent cycles of 

loading leads to rapid strength loss.  The life safety or collapse prevention limit state is 

characterized by fracture of previously buckled bars or confinement steel.  

A summary of the current performance strain limit recommendations from (Kowalsky 

2000) appear in Table 8.1.  The first occurrence of these limit states in a cyclic column test 
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by Goodnight et al. is shown in Figure 8.1.  The symmetric three-cycle-set load history and 

resulting force versus deformation response are shown with labels representing the first 

occurrence of cover crushing, bar buckling, and bar fracture limit states.  Note that the 

damage control concrete compressive strain limit of 0.018 is shown as a typical value of the 

Mander et al (1988) ultimate concrete compressive strain for a volumetric steel ratio around 

1%.  If the exact detailing is known based on confinement or shear demands, then the 

appropriate ultimate concrete compressive strain value should be used instead.   

While the progression of damage in flexural bridge columns has been thoroughly 

investigated in the past, to the authors’ knowledge, none of the previous studies measured 

strains at the level of the reinforcement throughout the entire range of response.  Traditional 

instrumentation methods utilized linear potentiometers placed on the ends of threaded rods 

embedded in the core concrete to calculate changes in displacement outside of the concrete 

cover.  A diagram of this instrumentation system from tests by Hose et al. (1997) appeared in 

Hines et al. (2003), Figure 8.5.  This method does not measure material strains at the 

locations of interests, and its measurements are influenced small rotations of the rods 

themselves which result due to the curvature gradient over the gage length.   

 

Table 8.1  Performance Strain Limits from (Kowalsky 2000) 

Limit State Concrete Compressive Strain Limit Steel Tensile Strain Limit 

Serviceability 
0.004 

Cover Concrete Crushing 

0.015 

Residual Crack Widths Exceed 1mm 

Damage 

Control 

0.018 Mander et al. (1988), 𝜀𝑐𝑢 

Limit of Economical Concrete Repair 

0.060 

Tension Based Bar Buckling 
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Figure 8.1  Displacement History, Hysteretic Response, and Performance Limit States 

 

  

Figure 8.2  Curvature Rod and Linear Potentiometer Instrumentation from Tests by 

(Hose et al. 1997), Figure appears in (Hines et al. 2003) 
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8.2 Experimental Program 

The goal of the experimental program is to investigate the impact of load history and 

other design variables on the relationship between strain and displacement, performance 

strain limits, and the spread of plasticity.  In this section, the details of the experimental 

program are briefly described before presenting a series of predictive limit state expressions 

which were formulated based on the test results.  The main variables for the thirty circular 

bridge column tests included: (1) lateral displacement history, (2) axial load, (3) longitudinal 

steel content, (4) aspect ratio, and (5) transverse steel detailing.   

The specimen was designed to represent a single degree of freedom bridge column 

subjected to lateral and axial load, Figure 8.3.  The test specimen consists of a footing, 

column, and loading cap.  The footing is a capacity protected member which secures the 

specimen to the lab strong floor using post tensioned bars.  A 200kip hydraulic actuator, with 

a 40in stroke capacity, applies lateral load to the loading cap of the specimen.  A spreader 

beam, two hydraulic jacks, and a load cell are placed above the loading cap to apply a 

constant axial compressive load.  The top column displacement was obtained through a string 

potentiometer placed at the center of the lateral load. 

A key feature of the experiments was the high fidelity strain data obtained through the 

use of an optical 3D position measurement system.  The experimental program utilized 

multiple Optotrak Certus HD 3D position sensors developed by Northern Digital Inc. to 

monitor material strains.  The position sensors track the locations of the target markers in 3D 

space, returning X-Y-Z spatial coordinates with an accuracy of 0.1mm with a resolution of 

0.01mm.  A technique of applying target markers to longitudinal and transverse 

reinforcement, Figure 8.6, was utilized in the plastic hinge region.  Strains are computed by 

dividing the change in three dimensional distance between two adjacent target markers by the 

original unloaded gage length.   

An overview of geometry, reinforcement, material properties, and bar buckling 

observations for column Tests 8-30 appears in Table 8.2.  An observational summary for 
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each test appears in Volume 2 of this report.  The impact of lateral displacement history is the 

subject of Chapter 4, and the influence of other design variables is summarized in Chapter 5.  

Two different cross sections were utilized in the study, an 18” and a 24” diameter 

configuration as shown in Figure 8.4.  The 24” configuration had 16 A706 longitudinal bars 

of either #6 (0.75 in) or #7 (0.875 in) diameter and a #3 (0.375 in) or #4 (0.5 in) A706 spiral 

at variable spacing.  For both specimens the cover depth to the outside of the spiral was ½”, 

which led to an outside spiral diameter of either 23” or 17”.  Two techniques of blocking out 

the cover concrete were employed to attach the Optotrak target markers to the outside surface 

of the reinforcing steel.  Cover concrete was either blocked out in longitudinal strips over 

extreme fiber bars or around the entire circumference of the column plastic hinge region, 

Figure 8.3.  The results of Tests 1-6 were excluded in the formulation of design 

recommendations because they utilized a steel post extension instrumentation technique 

which suffered from the same limitations as the curvature rod method.   

 

         

Figure 8.3  (Left) Test Setup, (Middle) Optotrak Target Marker Application Method, 

(Right) Optotrak Strain Comparison to Traditional Techniques 
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Figure 8.4  Tests 25-30 Cross Sections and Bar Designation for Both Diameters 

 

8.2.1 Loading Protocol 

The specimens were subjected to various unidirectional top-column displacement 

histories including standardized laboratory reversed cyclic loading and recreations of the 

displacement responses obtained from non-linear time history analysis of multiple 

earthquakes with distinct characteristics.  The experiments utilized a quasi-static 

displacement controlled loading procedure.  The symmetric three-cycle-set load history is 

commonly used to evaluate the seismic performance of structural components.  The load 

history begins with elastic cycles to the following increments of the analytically predicted 

first yield force: ¼ 𝐹𝑦
′, ½ 𝐹𝑦

′, ¾ 𝐹𝑦
′, and 𝐹𝑦

′.  The experimental first yield displacement is then 

determined by taking the average of the recorded displacements during the first yield push 

and pulls cycles.  The equivalent yield displacement, used to determine the displacement 

ductility levels (𝜇Δ1 = 1 ∗ Δ𝑦), is then calculated as Δ𝑦 = Δ𝑦
′ (𝑀𝑛/𝑀𝑦

′ ).  The symmetric 

three-cycle-set load history resumes with three balanced cycles at each of the following 

displacement ductility levels:  1, 1.5, 2, 3, 4, 5, etc. 

23” Spiral 

Outside Dia. 

16 #6 or #7 

Long. Bars 

 

17” Spiral Outside Dia. 

10 #6 or #8 Long. Bars 
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8.3 Observed Damage Sequence 

The following sequence of damage was observed in all of the cyclically loaded 

experiments:  (1) concrete cracking, (2) longitudinal steel yielding, (3) cover concrete 

crushing, (4) confinement steel yielding, (5) longitudinal bar buckling, and (6) fracture of 

previously buckled reinforcement.  The first significant loss in strength occurred when 

previously buckled reinforcement fractured.  Fracture of confinement steel was never 

observed.  The impact of individual variables on the displacement and material strains at key 

performance limit states was the main focus of Chapters 4 and 5.   

In this section, the measured strain data is used to refine strain limit recommendations 

from Kowalsky (2000) in Figure 8.1.  Particular attention is paid to the limit state of 

longitudinal bar buckling, since it limited the deformation capacity of all of the cyclically 

loaded specimens.  Empirical expression are developed to predict the compressive strain at 

cover crushing, the compressive strain at spiral yielding, and the peak tensile strain prior to 

visible buckling after reversal of loading.  Limit state displacements are evaluated using the 

Modified Lpr Plastic Hinge Method and compared to those observed experimentally.  The 

formulation for this equivalent curvature distribution appears in Chapter 7.   

Analytical studies by Berry (2006) utilized a database of experimentally tested bridge 

columns with defined material, geometric, and reinforcing properties, with reported bar 

buckling observations.  The dataset, in Table 8.3, is a subset of the Column Structural 

Performance Database <www.ce.washington.edu/~peera1>.  Berry (2006) created a 

predictive drift-based bar buckling expression for the dataset.  As a means of comparison, the 

strain-based bar buckling expression and displacement formulated based on the Goodnight et 

al. dataset is compared to observed buckling displacements for columns in the Berry (2006) 

dataset.  A second empirical drift-based expression was developed to predict bar buckling in 

the combined dataset. 

Feng (2013) proposed a series of equations to describe bar buckling behavior observed 

in finite element analysis of reinforcing bars.  The influence of the following behaviors were 
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included in the analysis: (1) dilation of core concrete under compression, (2) restraint 

provided by individual spiral layers which can go inelastic, and (3) development of the 

longitudinal bar into the adjoining member.  The analysis resulted in a multi-linear regression 

model which forms a boundary for tensile versus compressive strain relationship which 

would initiate bar buckling after reversal of load.   

The results for each of these bar buckling prediction methods are compared to the 

combined Berry (2006) and Goodnight et al. datasets, and limitations of each method are 

explored.  At the end of this discussion, recommendations for each of the performance limit 

states are provided.  In some cases the current values are either verified or shown to be 

conservative, while in others new expressions are recommended.   
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Table 8.2  Goodnight et al. Bridge Column Dataset 

 

 

 

Re fe rence 

Goodnight et ai, 'I 

Iyh (MP'l) Iy (MP'l) fu (MP'l) f'c (MP'l) dbl (mm) " 0.0 16 

,. 
0.01 

pe lf J>/( f'c*Ag) length (mm) Dia (mm) .ll.bb (mm) (.II.bb/L) 

Goodnight et ai, 'I 511 

Goodnight et ai, 13 4112 

Goodnight et ai, 13 4112 

Goodnight et ai, 14 445 

Goodnight et ai, 14 445 

Goodnight et ai, 15 445 

Goodnight et ai, 15 445 

Goodnight et ai, 16 445 

Goodnight et ai, 16 445 

Goodnight et ai, 25 440 

Goodnight et ai, 25 440 

Goodnight et ai, 26 440 

Goodnight et ai, 26 440 

Goodnight et ai, 27 440 

Goodnight et ai, 27 440 

Goodnight et ai, 1'1 452 

Goodnight et ai, 1'1 452 

Goodnight et ai, 20 452 

Goodnight et ai, 20 452 

Goodnight et ai, 21 452 

Goodnight et ai, 21 452 

Goodnight et ai, 22 452 

Goodnight et ai, 22 452 

Goodnight et ai, 23 452 

Goodnight et ai, 23 452 

Goodnight et ai, 24 452 

Goodnight et ai, 24 452 

Goodnight et ai, 28 440 

Goodnight et ai, 28 440 

Goodnight et ai, 2'1 440 

Goodnight et ai, 2'1 440 

Goodnight et ai, 30 440 

Goodnight et ai, 30 440 

Goodnight et ai, 8 511 

Goodnight et ai, 8 511 

Goodnight et ai, 10 511 

Goodnight et ai, 11 511 

Goodnight et ai, 11 511 

Goodnight et ai, 12 511 

Goodnight et ai, 12 511 

Goodnight et ai, 17 445 

Goodnight et ai, 17 445 

Goodnight et ai, 18 445 

MIN 440 

MAX 511 

AVG 461 

~, 

485.87 

471.'11 

47.0 

47.0 

42.0 

42.0 

~., 

~., 

4'1.'1 

4'1.'1 

~., 

~., 

43 .3 

43 .3 

~., 

~., 

42.4 

42.4 

43 .7 

43 .7 

M.' 
M.' 
M.' 
M.' 
~.O 

~.O 

~5 

~5 

M.' 
M.' 
43 .0 

43 .0 

~., 

~., 

41.7 

41.7 

~., 

~., 

36.3 

42.6 

42.6 

42.1 

42.1 

52.3 

52.3 

53.8 

36.3 

53.8 

M.' 

1'1.05 0.10'1 0.054 

1'1.05 0.0 16 0.01 0.10'1 0.054 

1'1.05 0.0 16 0.013 0.14'1 0.062 

1'1.05 0.0 16 0.013 0.14'1 0.062 

1'1.05 0.0 16 0.005 0.04'1 0.057 

1'1.05 0.0 16 0.005 0.04'1 0.057 

1'1.05 0.0 16 0.007 0.062 0.052 

1'1.05 0.0 16 0.007 0.062 0.052 

1'1.05 0.0 16 0.013 0.125 0.056 

1'1.05 0.0 16 0.013 0.125 0.056 

22.225 0.0 21 0.01 0.102 0.05 

22.225 0.0 21 0.01 0.102 0.05 

22.225 0.0 21 0.01 0.108 0.1 

22.225 0.0 21 0.01 0.108 0.1 

1'1.05 0.0 16 0.01 0.104 0.1 

1'1.05 0.0 16 0.01 0.104 0.1 

1'1.05 0.0 17 0.013 0.135 0.1 

1'1.05 0.0 17 0.013 0.135 0.1 

1'1.05 0.0 17 0.013 0.132 0.05 

1'1.05 0.0 17 0.013 0.132 0.05 

1'1.05 0.0 17 0.013 0.133 0.05 

1'1.05 0.0 17 0.013 0.133 0.05 

1'1.05 0.0 17 0.013 0.130 0.1 

1'1.05 0.0 17 0.013 0.130 0.1 

1'1.05 0.0 17 0.013 0.12'1 0.05 

1'1.05 0.0 17 0.013 0.12'1 0.05 

1'1.05 0.0 17 0.013 0.132 0.1 

1'1.05 0.0 17 0.013 0.132 0.1 

1'1.05 0.0 17 0.013 0.133 0.15 

1'1.05 0.0 17 0.013 0.133 0.15 

1'1.05 0.0 17 0.013 0.140 0.2 

1'1.05 0.0 17 0.013 0.140 0.2 

25.4 0.0 31 0.013 0.137 0.15 

25.4 0.0 31 0.013 0.137 0.15 

1'1.05 0.0 16 0.01 0.106 0.054 

1'1.05 0.0 16 0.01 0.106 0.054 

1'1.05 0.0 16 0.01 0.141 0.071 

1'1.05 0.0 16 0.01 0.120 0.062 

1'1.05 0.0 16 0.01 0.120 0.062 

1'1.05 0.0 16 0.01 0.121 0.062 

1'1.05 0.0 16 0.01 0.121 0.062 

1'1.05 0.0 16 0.013 0.111 0.05 

1'1.05 0.0 16 0.013 0.111 0.05 

1'1.05 0.0 16 0.013 0.108 0.048 

1'1.05 0.0 16 0.005 0.04'1 0.048 

25.40 0.0 31 0.013 0.14'1 0.200 

1'1.63 0.0 18 0.011 0.118 0.080 

2438.4 

2438.4 

2438.4 

2438.4 

2438.4 
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Table 8.3  Berry et al. (2006) Dataset 

 

* Additional information for each test can be found in the Column Structural Performance 

Database <www.ce.washington.edu/~peera1>.   
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8.4 Equation to Predict Peak Tension Strain Prior to Bar 

Buckling Upon Reversal of Load 

Based on the Goodnight et al. dataset, Table 1.1, which contained measured strain data 

for reinforcing bars, an empirical equation was devised to predict the peak tensile strain prior 

to bar buckling upon reversal of load, Eqn 8.1.  Due to the empirical nature of the equation, 

limits on its applicability to columns outside the dataset must be employed.  These limits will 

be addressed when comparing the accuracy of bar buckling predictions for the Berry et al. 

dataset, Table 8.3.  A comparison of the accuracy of Eqn 8.1 evaluated against the measured 

peak tensile strains prior to bar buckling from the Goodnight et al. dataset appears in Figure 

8.5.  The accuracy of the equations can alternatively be visualized in the format of a 

cumulative probably distribution, Figure 8.6.  The x-axis of Figure 8.6, (Strain at Bar 

Buckling / Equation Strain), can be interpreted as a ratio of demand to capacity.  Each 

observation of bar buckling is given a probability of 1/n where n is to the total number of 

observations.  These individual observations are sorted in ascending order of 

measured/equation strain.  The first observation, with the lowest ratio of measured/equation 

value has a probability of 1/n, while the second has a probability of 2/n, until the final 

observation has a probability of 1.  The normal cumulative distribution function is evaluated 

with the mean and standard deviation of the (Strain at Bar Buckling / Equation Strain) 

dataset.  If the normal distribution is selected, and the Goodnight et al. dataset is chosen to be 

representative of bridge columns in general, Figure 8.6 would imply that there is a 40% 

probability of bar buckling if the demand equals the predicted capacity.  Comments on 

applicability of Eqn 8.1 to columns outside the dataset will be reserved for later sections of 

this report when predictions are made for the Berry et al. (2006) dataset in Table 8.3. 
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𝜀𝑠𝑏𝑏 = 0.03 + 700𝜌𝑠
𝑓𝑦ℎ𝑒

𝐸𝑠
− 0.1

𝑃

𝑓𝑐𝑒′ 𝐴𝑔
 

Peak Tension Strain Prior to Bar 

Buckling during Load Reversal 
Eqn 8.1 

 

𝜌𝑠 =
4𝐴𝑠𝑝

𝐷′𝑠
 Transverse Volumetric Steel Ratio, influences confinement and bar restraint. 

 

𝑓𝑦ℎ𝑒

𝐸𝑠
 Inelastic Transverse steel is less effective at restraining longitudinal bars. 

 

𝑃

𝑓𝑐𝑒′ 𝐴𝑔
 Axial Load Ratio expressed as a decimal with expected material properties. 

 

𝑚𝑒𝑎𝑛 (
𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏

𝜀𝑠Eqn 8.1
𝑏𝑏 ) = 1.05 𝑎𝑛𝑑 𝐶𝑂𝑉 = 0.199 

 

 

Figure 8.5  Graph of Measured Peak Tensile Strains and Result of Eqn 8.1 
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Figure 8.6  Cumulative Probability Distribution for Peak Tensile Strain Prior to Bar 

Buckling Eqn 8.1 (x-axis represents demand / calculation) 

 

   

Figure 8.7  Sensitivity of Eqn 8.1 to Individual Variables in the Goodnight et al. Dataset 
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Figure 8.8  Sensitivity of Eqn 8.1 to Individual Variables in the Goodnight et al. Dataset 
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8.5 Column Deformation at Peak Tensile Strain Prior to 

Bar Buckling 

Predictions for the lateral column deformation at the peak tension strain prior to bar 

buckling can be made by employing monotonic section analysis and an equivalent curvature 

distribution.  A modified plastic hinge method based on the measured spread of plasticity in 

the Goodnight et al. dataset is briefly described below for a cantilever column in single 

bending, Eqn 8.2 through Eqn 8.11 and Figure 8.9. 

 

∆𝑇= (∆𝑒 + ∆𝑠𝑝 + ∆𝑝 + ∆𝑠ℎ𝑒𝑎𝑟) Total Top Column Displacement Eqn 8.2 

 

∆𝑒= 𝜙𝑏𝑎𝑠𝑒𝐿
2 3⁄  (Single) Elastic Flexural Displacement before First Yield Eqn 8.3 

 

∆𝑒= 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ )𝐿2 3⁄  (Single) Elastic Flexural Displacement after First Yield Eqn 8.4 

 

𝐿𝑠𝑝 = 𝑈(1 −
𝑃

𝑓𝑐𝑒′ 𝐴𝑔
−
𝐿𝑐
16𝐷

)
𝑓𝑦𝑒𝑑𝑏𝑙

√𝑓𝑐𝑒′ 𝑓

 𝑈 =  0.4 for ksi and 0.152 for MPa units Eqn 8.5 

 

∆𝑠𝑝= (𝜙𝑏𝑎𝑠𝑒𝐿𝑠𝑝)𝐿 Strain Penetration Displacement Eqn 8.6 

 

𝜙𝑝 = 𝜙𝑏𝑎𝑠𝑒 − 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ ) Plastic Curvature at the Base Section Eqn 8.7 

 

∆𝑝= 𝜙𝑝(𝐿𝑝𝑟 2⁄ )[𝐿 − 𝐿𝑝𝑟 3⁄ ] 
(Single) Plastic Displacement for Triangular 

Plastic Curvature Distribution 
Eqn 8.8 

 

𝑘 = 0.2(
𝑓𝑢
𝑓𝑦
− 1) ≤ 0.08 

Same Definition of k as Priestley, Calvi, and 

Kowalsky (2007) 
Eqn 8.9 
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𝐿𝑝𝑟𝑡 = 2𝑘𝐿𝑐 + 0.75𝐷 

(Single Bending, 𝐿𝑐 = 𝐿) Tension Hinge Length  

Based on Triangular Distribution 
Eqn 8.10 

 

𝐿𝑝𝑟𝑐 = 2𝑘𝐿𝑐 
(Single Bending, 𝐿𝑐 = 𝐿) Compression Hinge Length 

Based on Triangular Distribution 
Eqn 8.11 

 

 

Figure 8.9  Modified Plastic Hinge Method for a Column in Single Bending 
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Predictions for the peak tensile strain before bar buckling, Eqn 8.1 are translated to top 

column displacements using monotonic section analysis in a script named Cumbia and Eqn 

8.2 through Eqn 8.11.  Specifically, the tensile triangular plastic hinge length, 𝐿𝑝𝑟𝑡 from Eqn 

8.10, is employed to translate a tensile strain to a top column displacement.  The result of this 

analysis appears in Figure 8.10 and Figure 8.11.  Introduction of the Modified Plastic Hinge 

Method adds conservatism, with fewer specimens experiencing bar buckling at the Eqn 8.1 

strain.  As discussed previously, this additional conservatism is less than would be induced if 

the plastic hinge method from Priestly, Calvi, and Kowalsky (2007) were used instead. 

 

𝑚𝑒𝑎𝑛 (
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝜀𝑠Eqn 8.1
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐿𝑝𝑟 𝑀𝑒𝑡ℎ𝑜𝑑 

) = 1.17 𝑎𝑛𝑑 𝐶𝑂𝑉 = 0.157 

 

 

Figure 8.10  Graph of Measured Peak Tensile Drift and Result of ∆𝑪𝒖𝒎𝒃𝒊𝒂 𝒂𝒕 𝜺𝒔𝐄𝐪𝐧 𝟖.𝟏
𝒃𝒃  
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Figure 8.11  Cumulative Probability Distribution for 𝑫𝒓𝒊𝒇𝒕𝒃𝒃 𝒂𝒕 𝜺𝒔𝐄𝐪𝐧 𝟖.𝟏
𝒃𝒃    (x-axis 

represents demand / calculation) 

 

8.6 Berry (2006) Statistical Drift-Based Bar Buckling 

Model for Circular Bridge Columns 

Analytical studies by Berry (2006) utilized a database of experimentally tested bridge 

columns with defined material, geometric, and reinforcing properties, with reported bar 

buckling observations.  The dataset, in Table 8.3, is a subset of the Column Structural 

Performance Database <www.ce.washington.edu/~peera1>.  The dataset in Table 8.3 is more 

specific to bridge columns than the generalized circular column dataset presented in Berry 

and Eberhard (2005).  Berry (2006) devised a statistical drift-based bar buckling model, Eqn 

8.12, to fit the bridge column dataset. 

It is important to note that low cycle fatigue load history tests by Kunnath et al. (1997) 

specimens A4, A5, and A6 were excluded from the formulation of Eqn 8.12.  These load 
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histories are more severe than traditional symmetric three-cycle-set deformation histories 

which include a gradual ramp up of aptitude with three cycles at a given level of 

displacement.  The low cycle fatigue load histories consisted of repeated cycling at a given 

displacement amplitude until bar buckling was observed.  Alternatively, the peak excursion 

style load histories of Moyer and Kowalsky (2001) specimens No. 2, 3, and 4 were included 

in the dataset.  These load histories were devised to isolate specific influences of peak tensile 

strain on bar buckling and are, in general, less severe than a symmetric three-cycle-set load 

history employed in Moyer and Kowalsky (2001) Specimen No. 1.  Future evaluation of the 

strain based bar buckling prediction in this report includes the entire dataset of Table 8.3, 

regardless of load history employed. 

 

∆𝑏𝑏
𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

𝐿
(%) = 3.25 (1 + 150

𝜌𝑒𝑓𝑓𝑑𝑏𝑙

𝐷
)(1 −

𝑃

𝑓𝑐′𝐴𝑔
) (1 +

𝐿

10𝐷
) 

from 

Berry 

(2006) 

Eqn 8.12 

 

𝜌𝑒𝑓𝑓 = 𝜌𝑠 𝑓𝑦ℎ 𝑓𝑐
′⁄  Parameter termed the effective confinement ratio. 

 

𝑚𝑒𝑎𝑛 (
∆𝑏𝑏
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

∆𝑏𝑏
𝑐𝑎𝑙𝑐 ) = 1.01 𝑎𝑛𝑑 𝐶𝑂𝑉 = 24.7 

For the Berry (2006) Circular Bridge 

Column Dataset 
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Figure 8.12  Berry (2006) Evaluation of Eqn 8.12 for the Berry (2006) Circular Bridge 

Column Dataset 

 

8.7 Berry (2006) Bar Buckling Model Applied to the 

Goodnight et al. Dataset 

Experiments within the Goodnight et al. dataset fall within the range of applicability of 

the Berry (2006) drift-based bar buckling model, Eqn 8.12.  The accuracy of Eqn 8.12 in 

predicting bar buckling observations in the Goodnight et al. dataset is shown in Figure 8.13 

and Figure 8.14. 

 

𝑚𝑒𝑎𝑛 (
∆𝑏𝑏
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

∆𝑏𝑏
𝑐𝑎𝑙𝑐 ) = 0.92 𝑎𝑛𝑑 𝐶𝑂𝑉 = 0.171 

Berry (2006) Eqn 8.12 applied to 

Goodnight et al. dataset 
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Figure 8.13  Graph of Measured Peak Tensile Drift and Result of Berry (2006) Eqn 8.12 

 

Figure 8.14  CDF for Berry (2006) Eqn 8.12 Applied to Goodnight et al. Dataset 
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8.8 Evaluation of Strain Based Bar Buckling Predictions 

for the Berry (2006) Dataset 

Strain based predictions for bar buckling of individual tests within the Berry (2006) 

dataset, Table 8.3, were evaluated.  Reported material, geometric, and reinforcement 

properties of each experiment were used to run a moment-curvature analysis.  The peak 

tensile strain prior to bar buckling from Eqn 8.1 and its associated deformation from the 

Modified Plastic Hinge Method were compared to reported bar buckling observations.  The 

measured to predicted bar buckling displacement predictions using the Eqn 8.1 strain and 

Modified Plastic Hinge Method for experiments in the Berry (2006) dataset are shown in 

Figure 8.15 and Figure 8.17.  Measured to predicted bar buckling ratios for many of the 

Berry (2006) dataset experiments follow trends in the Goodnight et al. dataset, but some 

reported buckling observations occur at significantly larger deformations than the strain-

based approach from Eqn 8.1 would predict. 

Specific variables within the Berry (2006) dataset can account for some of the disparity 

in bar buckling predictions, Figure 8.15.  The severity of the imposed lateral displacement 

history can influence bar buckling.  Low cycle fatigue experiments by Kunnath et al. (1997), 

specimens A4, A5, and A6, have smaller displacements at bar buckling than the prediction.  

Alternatively, the peak excursion load histories of Moyer and Kowalsky (2001), specimens 

No. 2, 3, and 4, have larger displacements at bar buckling.  Earthquake load history tests by 

Kunnath et al (1997) specimens A7, A8, A9, A10, and A12 along with Goodnight et al. 

specimens 8, 10, 11, 12, 17, and 18 are included in their respective datasets. 

Scaled specimens by Lehman et al. (1998) and Calderone et al. (2000) utilized smooth 

spirals with a yield stress which exceeded the upper bound yield stress for the A706 steel 

designation (78ksi).  A comparison of the stress-strain response of spiral reinforcement from 

Lehman et al. (1998) and Goodnight et al. (material from Tests 25-30) appears in Figure 

8.16.  The stability of spiral layers confining the core concrete and restraining longitudinal 

bars from buckling is influenced by this change in behavior.  In general, experiments from 
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Lehman et al. (1998) and Calderone et al. (2000) had bar buckling observations at 

displacements which exceed the strain based prediction. 

The influence of individual variables on the accuracy of strain based bar buckling 

displacements for the combined Goodnight and Berry (2006) datasets appears in Figure 8.18.  

Column aspect ratio and the ratio of spiral spacing to longitudinal bar diameter appear to be 

the only variables which show a trend regarding the accuracy of the strain-based approach. 

 

𝑚𝑒𝑎𝑛(
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑓𝑜𝑟 𝑡ℎ𝑒 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐷𝑎𝑡𝑎𝑠𝑒𝑡

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝜀𝑠𝐸𝑄𝑁1
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐿𝑝𝑟  𝑀𝑒𝑡ℎ𝑜𝑑 

) = 1.21 𝑎𝑛𝑑 𝐶𝑂𝑉 = 0.227 

 

 

Figure 8.15  Cumulative Probability Distribution for Strain Based Bar Buckling 

Applied to Berry (2006) Dataset with Influence of Specific Test Variables 
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Figure 8.16  (Left) Spiral Stress-Strain Response Reported in Lehman et al. (1998) and 

Similar Characteristics in Spirals from Calderone et al. (2000);  (Right) Sample Spiral 

Tensile Test Result for Specimens 25-30 of Goodnight et al. 

 

 

Figure 8.17  CDF for Strain Based Bar Buckling Eqn 8.1 for the Combined Dataset 
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Figure 8.18  Sensitivity of Strain Based Bar Buckling Eqn 8.1 to Individual Variables in 

the Combined Dataset 
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8.9 Drift Based Approach Considering Combined Berry 

(2006) and Goodnight et al. Datasets 

Since material strains are not available for tests in the Berry (2006) dataset, an equation 

with parameters designed to fit both datasets can only be created on the basis of drift.  The 

strain based approach in Eqn 8.1 utilizes the same variables as the drift based Berry (2006) 

Eqn 8.12, with the exception of L/D which is only needed to evaluate the drift.  Also, 

𝜌𝑠 𝑓𝑦ℎ 𝐸𝑠⁄  was found to more adequately describe the effect of transverse steel on bar 

buckling in the Goodnight et al. dataset when compared to 𝜌𝑠 𝑓𝑦ℎ 𝑓𝑐
′⁄  employed by Berry 

(2006).  Both were considered in the formulation of the drift-based equation for the 

combined dataset, and 𝜌𝑠 𝑓𝑦ℎ 𝐸𝑠⁄  provided a more accurate result.  The proposed Eqn 8.13 

can be used to evaluate the peak tensile displacement before bar buckling is expected to 

occur upon reversal of loading in a cyclic deformation history.  It is important to note that 

lateral displacement history influences bar buckling, and that this equation is formed without 

consideration of the varying load histories utilized in each experiment.  The influence of 

individual variables on the accuracy of Eqn 8.13 applied to the combined Goodnight and 

Berry (2006) datasets appears in Figure 8.20.  A graphical comparison of the accuracy of the 

three predictive bar buckling methods appears in Figure 8.19 in the form of a cumulative 

probability distribution.   

 

∆𝑏𝑏
𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

𝐿
(%) = 0.9 − 3.13

𝑃

𝑓𝑐𝑒
′ 𝐴𝑔

+ 142000𝜌𝑠
𝑓𝑦ℎ𝑒

𝐸𝑠
+ 0.45

𝐿

𝐷
 

for Combined 

Dataset 
Eqn 8.13 

 

𝑚𝑒𝑎𝑛 (
∆𝑏𝑏
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

∆𝑏𝑏
𝑐𝑎𝑙𝑐 ) = 1.09 𝑎𝑛𝑑 𝐶𝑂𝑉 = 0.241 

for Combined Berry (2006) and 

Goodnight et al. Dataset 
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Figure 8.19  Cumulative Probability Distribution for Drift-Based Equation for 

Combined Dataset Compared to Berry (2006) and Strain-Based Approaches 
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Figure 8.20  Sensitivity of Eqn 8.13 to Individual Variables in the Combined Dataset 
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8.10 Feng (2013) Bar Buckling Strain Limit Expressions 

from Finite Element Analysis 

Feng (2013) proposed a series of equations to describe bar buckling behavior observed 

in finite element analysis.  The analysis model, Figure 8.21, considered an extreme fiber 

longitudinal bar with realistic boundary conditions.  The influence of the following behaviors 

were included in the analysis: (1) dilation of core concrete under compression, (2) restraint 

provided by individual spiral layers which can go inelastic, and (3) development of the 

longitudinal bar into the adjoining member.  Specific strain histories were applied to the 

longitudinal bar to evaluate the influence of peak tension strain and prior compressive strains 

on bar buckling behavior.  This behavior, once quantified, was used to create the multi-linear 

regression Eqn 8.14 through Eqn 8.18 to predict the peak tensile strain prior to bar buckling 

upon reversal of load.  In the expression, 𝜀𝑡 and 𝜀𝑐 are the tensile and compressive 

longitudinal bar strains (both taken as positive), 𝑑𝑏𝑙 and 𝑑ℎ are the longitudinal and 

transverse steel bar diameters, and 𝑠 is the centerline spacing of transverse steel. 

 

 

Figure 8.21  Feng (2013) Finite Element Model Geometry for Critical Region of 

Extreme Fiber Bar with Realistic Boundary Conditions 
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An evaluation of the Feng (2013) method applied to Test 9 from Goodnight et al. 

appears in Figure 8.22.  The bar buckling prediction is defined as the intersection of the 

multi-linear regression and the tensile-compressive bar strain relationship from moment-

curvature analysis.  The tensile and compressive longitudinal bar strains are evaluated at each 

level of curvature in the section analysis.  The tension and compression strain couple at the 

intersection point represents a compression cycle followed by a tension cycle to the same 

level of displacement, which would induce bar buckling upon subsequent reversal of load.  

The Priestley, Calvi, and Kowalsky (2007) hinge method is used to translate the curvature at 

the intersection point strain to member deformation, Figure 8.23.  If the displacement 

amplitudes or the strain history is known, the model can be used to evaluate the influence of 

previous load history on bar buckling.  However, this was not done for bar buckling 

predictions in this study, since the load history is not known in the design of new structures. 

𝜀𝑡 =

−15

(

 𝜀𝑐 −
0.0205

√
𝑠
𝑑𝑏𝑙

− 1
3

)

 

(
𝑑𝑏𝑙
𝑑ℎ
− 1)

2  

 Eqn 8.14 

 

𝜀𝑡 ≥ −1.7
𝑠

𝑑𝑏𝑙
√
𝑑ℎ
𝑑𝑏𝑙
𝜀𝑐 + 0.045√

𝑠

𝑑𝑏𝑙
  Eqn 8.15 

 

𝜀𝑡 ≤ 0.09, 𝑖𝑓 
𝑠

𝑑𝑏𝑙
< 3  Eqn 8.16 

 

𝜀𝑡 ≤ 0.06, 𝑖𝑓 
𝑠

𝑑𝑏𝑙
> 4  Eqn 8.17 

 

𝜀𝑡 ≤ 0.09 − 0.03 (
𝑠

𝑑𝑏𝑙
− 3) , 𝑖𝑓 3 <

𝑠

𝑑𝑏𝑙
< 4  Eqn 8.18 
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Figure 8.22  Feng (2013) Method Applied to Test 9 from Goodnight et al. 

 

Figure 8.23  Bar Buckling at Intersection Point using PCK (2007) Hinge Length 
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The predicted peak tension strains which result when the Feng (2013) method is applied 

to Tests 8-30 of the Goodnight et al. dataset appear in Figure 8.24.  For now, consider only 

the data points which evaluate the peak tension strain according to the tension-compression 

strain relationship evaluated at the same curvature and displacement, which is consistent with 

the PCK (2007) plastic hinge method.  The peak tension strains predicted by this method 

exceed those measured in the tests.  The Goodnight et al. (2014) modified hinge method, 

Figure 8.9 and Eqn 8.2 through Eqn 8.11, utilizes separate tensile and compressive hinge 

lengths to account for the influence of tension shift and moment gradient on the distribution 

of plastic curvature in columns.  An adjustment to the tensile-compressive strain relationship 

in Figure 8.22 are necessary to account for the use of separate tensile and compressive hinge 

lengths.  For Test 9, the extreme fiber bar tensile and compressive strain-displacement 

relationships are evaluated using the modified hinge method in Figure 8.25.  A linear 

regression is used to compute the tensile and compressive strains at the same level of 

displacement, Figure 8.26.  In comparison, this approach produces lower peak tension strains 

prior to bar buckling, which reflects the difference in the tensile-strain displacement 

relationships for the two hinge methods.  To reinforce this point, the tensile strain-

displacement relationship for Test 9 appears in Figure 8.27 with a monotonic prediction 

using the two plastic hinge methods. 

The multi-linear regression approach from Feng (2013), combined with the strain-

displacement relationships from the modified plastic hinge method, produced predicted peak 

tension strains prior to bar buckling which more closely resemble those measured in the 

Goodnight et al. dataset, Figure 8.24.  This approach produces peak tensile strains which 

resemble those predicted from the statistical strain-based bar buckling approach from Eqn 

8.1.  The cumulative probability distribution for the ratio of the measured peak tension strain 

prior to bar buckling to the predicted value appears in Figure 8.28.  This figure illustrates the 

non-conservatism in applying the Feng (2013) method with the PCK (2007) hinge method to 

predict peak tension strains measured in the Goodnight et al. dataset.  The accuracy of these 

three methods in predicting the peak tension strain prior to bar buckling in the Goodnight et 

al. dataset is shown below.  Ideally, a predictive equation would have a mean value of one 
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and minimize the coefficient of variation, resulting in a near vertical line at one in the 

cumulative probability distribution.  This would also minimize the root mean squared error, 

which can be used to compare the accuracy of the three bar buckling strain predictions. 

 

* Mean, Coefficient of Variation, and Root Mean Squared Error 

 

𝑚𝑒𝑎𝑛 (
𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏

𝜀𝑠Eqn 8.1
𝑏𝑏 ) = 1.05, 𝐶𝑂𝑉 = 0.199, 𝑅𝑀𝑆𝐸 = 0.188 

 

𝑚𝑒𝑎𝑛 (
𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏

𝜀𝑠𝐹𝑒𝑛𝑔 (2013)
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑃𝐶𝐾 (2007) 𝐿𝑝 

) = 0.81, 𝐶𝑂𝑉 = 0.224, 𝑅𝑀𝑆𝐸 = 0.387 

 

𝑚𝑒𝑎𝑛 (
𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏

𝜀𝑠𝐹𝑒𝑛𝑔 (2013)
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐿𝑝𝑟 𝑀𝑒𝑡ℎ𝑜𝑑  

) = 1.11, 𝐶𝑂𝑉 = 0.216, 𝑅𝑀𝑆𝐸 = 0.190 

 

In the following section, the computed deformation at the predicted peak tensile strains 

are compared to the measured displacement prior to bar buckling in the Goodnight et al. 

dataset.  The measured peak tensile drift sustained before bar buckling for columns in the 

Goodnight et al. dataset is compared to the predicted bar buckling drift using the following 

methods:  [1] strain-based Eqn 8.1 with the modified plastic hinge method, [2] drift-based 

Eqn 8.13 with coefficients based on the combined dataset, [3] Berry (2006) drift-based Eqn 

8.12, [4] Feng (2013) multi-linear regression with the PCK (2007) hinge method, and [5] 

Feng (2013) method with strain-displacement relationships from the modified hinge method.  

A test by test comparison of the result of these four methods and the measured peak tensile 

drift prior to bar buckling is shown in Figure 8.29.  The cumulative probability distribution 

for the (Measured / Predicted) peak tension drift for the four methods appears in Figure 8.30.  

These figures as well as the summary statistics listed below indicate that the drift-based Eqn 

8.13 and the Feng (2013) approach with the PCK (2007) Lp hinge method produce the most 

accurate results. 
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(1) 𝑚𝑒𝑎𝑛 (
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏

∆𝐶𝑢𝑚𝑏𝑖𝑎  𝑎𝑡 𝜀𝑠Eqn 8.1
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐿𝑝𝑟

) = 1.17, 𝐶𝑂𝑉 = 0.157, 𝑅𝑀𝑆𝐸 = 0.185 

 

(2) 𝑚𝑒𝑎𝑛 (
(∆ 𝐿⁄ )𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏

(∆ 𝐿⁄ )𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐷𝑎𝑡𝑎𝑠𝑒𝑡 Eqn 8.13
𝑏𝑏 ) = 1.04, 𝐶𝑂𝑉 = 0.158, 𝑅𝑀𝑆𝐸 = 0.164 

 

(3) 𝑚𝑒𝑎𝑛 (
(∆ 𝐿⁄ )𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏

(∆ 𝐿⁄ )𝐵𝑒𝑟𝑟𝑦 (2006) Eqn 8.12
𝑏𝑏 ) = 0.92, 𝐶𝑂𝑉 = 0.171, 𝑅𝑀𝑆𝐸 = 0.225 

 

(4) 𝑚𝑒𝑎𝑛(
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝜀𝑠𝐹𝑒𝑛𝑔 (2013)
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑃𝐶𝐾 (2007) 𝐿𝑝

) = 1.04, 𝐶𝑂𝑉 = 0.176, 𝑅𝑀𝑆𝐸 = 0.170 

 

(5) 𝑚𝑒𝑎𝑛 (
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑎𝑡 𝜀𝑠𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏

∆𝐶𝑢𝑚𝑏𝑖𝑎  𝑎𝑡 𝜀𝑠𝐹𝑒𝑛𝑔 (2013)
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐿𝑝𝑟

) = 1.23, 𝐶𝑂𝑉 = 0.165, 𝑅𝑀𝑆𝐸 = 0.212 

 

As discussed previously, both plastic hinge methods induce conservatism when 

translating the measured peak tension strains to predicted displacements.  The modified 

plastic hinge method reduces this conservatism significantly.  The unconservative peak 

tensile strain predictions from the Feng (2013) method with the strain-displacement 

relationship from moment-curvature analysis appear to be balanced by the conservatism in 

the strain-displacement relationships from the PCK (2007) hinge method.  Larger tension 

strains are predicted than those measured in the test, and the strain-displacement relationship 

predicts that these values would occur at lower levels of deformation than would occur with 

the measured tensile strain-displacement relationship. 

By comparison, the methods which produced more accurate peak tensile strain 

predictions suffer from the induced conservatism when translating these tensile strains to 

lateral displacements, even when using the modified plastic hinge method which more 

closely resembles the measured strain-displacement relationship.  As shown in Figure 8.24, 
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the strain-based Eqn 8.1 model combined with the modified hinge method and the Feng 

(2013) approach with the strain-displacement relationships from the modified hinge method 

produced the most accurate peak tensile strain predictions.  These methods, however, 

produce conservative peak tensile displacement predictions due to smaller level of, but still 

present, conservatism from the modified plastic hinge method.  The drift-based Eqn 8.13 

does not need a plastic hinge method, since it is a direct calculation rather than a translation 

of a strain to displacement. 

 

 

Figure 8.24  Comparison of Measured Peak Tensile Strains Prior to Bar Buckling and 

Result of Feng (2013) Method 
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Figure 8.25  Tensile and Compressive Stain Relationship at Same Displacement, 

Consistent with Separate Goodnight et al. Lpr Hinge Lengths 

 

Figure 8.26  Bar Buckling at Intersection Point using Goodnight et al. (2014) Hinge 

Length Expressions 
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Figure 8.27  Tensile Strain-Displacement for Test 9 with Moment-Curvature Prediction 

 

Figure 8.28  Cumulative Probability Distribution for the (Measured / Predicted) Peak 

Tension Strains Prior to Bar Buckling in the Goodnight et al. Dataset 
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Figure 8.29  Comparison of Measured Peak Tensile Displacement Prior to Bar Buckling 

and Result of Feng (2013) Method 

 

Figure 8.30  Cumulative Probability Distribution for the (Measured / Predicted) Peak 

Tension Displacement Prior to Bar Buckling in the Goodnight et al. Dataset 
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8.11 Bar Buckling Predictions for the Combined Berry 

(2006) and Goodnight et al. Dataset 

In the following section, the accuracy of predicting the peak tensile displacement prior to 

bar buckling after reversal of load for columns in the combined Berry (2006) and Goodnight 

et al. datasets is explored.  The Berry (2006) dataset contained 36 modernly detailed bridge 

columns which had reported bar buckling observations in literature, Table 8.3.  The 

Goodnight et al. dataset included 23 columns with 44 extreme fiber bar buckling 

observations, Table 8.2.  The 23 specimens are from Tests 8-30 which were constructed at 

NCSU and utilized the Optotrak instrumentation method with direct application of target 

markers to the surface of longitudinal bars.  For this combined dataset, bar buckling 

predictions were made with the following techniques:  (1) peak tension strain from Eqn 8.1 

translated to a displacement using the modified hinge method, (2) Berry (2006) drift-based 

bar buckling Eqn 8.12, (3) drift-based Eqn 8.13 with coefficients fit to the combined dataset, 

(4) Feng (2013) multi-linear regression with the PCK (2007) hinge method, and (5) Feng 

(2013) approach with strain-displacement relationships from the modified hinge method.  A 

comparison of the accuracy of these methods appears in Figure 8.31, and in the statistics 

below. 

 

* Mean, Coefficient of Variation, and Root Mean Squared Error 

 

(1) 𝑚𝑒𝑎𝑛 (
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑖𝑛 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐷𝑎𝑡𝑎𝑠𝑒𝑡

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝜀𝑠Eqn 8.1
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐿𝑝𝑟 

) = 1.21, 𝐶𝑂𝑉 = 0.227, 𝑅𝑀𝑆𝐸 = 0.223 

 

(2) 𝑚𝑒𝑎𝑛(
(∆ 𝐿⁄ )𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏  𝑖𝑛 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐷𝑎𝑡𝑎𝑠𝑒𝑡

(∆ 𝐿⁄ )𝐵𝑒𝑟𝑟𝑦 (2006) Eqn 8.12
𝑏𝑏 ) = 0.93, 𝐶𝑂𝑉 = 0.228, 𝑅𝑀𝑆𝐸 = 0.286 

 

(3) 𝑚𝑒𝑎𝑛(
(∆ 𝐿⁄ )𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑

𝑏𝑏  𝑖𝑛 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐷𝑎𝑡𝑎𝑠𝑒𝑡

(∆ 𝐿⁄ )𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐷𝑎𝑡𝑎𝑠𝑒𝑡 Eqn 8.13
𝑏𝑏 ) = 1.09, 𝐶𝑂𝑉 = 0.241, 𝑅𝑀𝑆𝐸 = 0.200 



Chapter 8:  Performance Strain Limits for Circular Bridge Columns 222 

 

 

(4) 𝑚𝑒𝑎𝑛(
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑖𝑛 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐷𝑎𝑡𝑎𝑠𝑒𝑡

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝜀𝑠𝐹𝑒𝑛𝑔 (2013)
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑃𝐶𝐾 (2007) 𝐿𝑝

) = 1.12, 𝐶𝑂𝑉 = 0.234, 𝑅𝑀𝑆𝐸 = 0.202 

 

(5) 𝑚𝑒𝑎𝑛 (
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑏𝑏  𝑖𝑛 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐷𝑎𝑡𝑎𝑠𝑒𝑡

∆𝐶𝑢𝑚𝑏𝑖𝑎  𝑎𝑡 𝜀𝑠𝐹𝑒𝑛𝑔 (2013)
𝑏𝑏  𝑤𝑖𝑡ℎ 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐿𝑝𝑟

) = 1.29, 𝐶𝑂𝑉 = 0.267, 𝑅𝑀𝑆𝐸 = 0.251 

 

 

Figure 8.31  Cumulative Probability Distribution for the (Measured / Predicted) Peak 

Tension Displacement Prior to Bar Buckling in the Combined Berry (2006) and 

Goodnight et al. Dataset 
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8.12 Evaluation for Full Scale Column Experiments by 

Cheok and Stone (1989) 

Cheok and Stone (1989) tested two full-scale, circular, spirally reinforced columns with 

constant axial load and applied quasi-static cyclic lateral displacement history.  The 

performance of the two full-scale columns was later compared to 1/6 scale model tests.  The 

first column, NIST Full Scale Flexure in Figure 8.32, had a 5ft diameter, 30ft cantilever 

length, longitudinal steel content of 2%, volumetric steel ratio of 0.6%, and a constant axial 

load of 6.9%.  The second column, NIST Full Scale Shear in Figure 8.33, had a 5ft diameter, 

15ft cantilever length, longitudinal steel content of 2%, volumetric steel ratio of 1.5%, and a 

constant axial load of 7.1%. 

Additional information required for moment-curvature and strain-displacement 

predictions for the two columns appears in Figure 8.32 and Figure 8.33.  The left table 

contains information utilized in the moment-curvature analysis, including the integrated PCK 

(2007) plastic hinge and strain penetration lengths.  The middle table contains data used to 

compute the strain-displacement response using the tensile and compressive modified plastic 

hinge lengths (𝐿𝑝𝑟𝑡 and 𝐿𝑝𝑟𝑐) from Eqn 8.2 through Eqn 8.11.  The right table includes 

reported damage observations and bar buckling predictions from the following methods:  [1] 

Goodnight Eqn 8.1 bar buckling strain and the modified hinge method for strain-

displacement, [2] Goodnight Eqn 8.1 bar buckling strain and the PCK (2007) hinge method, 

[3] Goodnight Eqn 8.13 bar buckling drift expression with coefficients for the combined 

dataset, [4] Berry (2006) Eqn 8.12 bar buckling drift, [5] Feng (2013) multi-linear regression 

with PCK (2007) strain-displacement, and [6] Feng (2013) multi-linear regression with the 

modified hinge method strain-displacement. 
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For the NIST Full Scale Flexure column, bar buckling was observed after reversal from 

538mm.  As summarized in the table, the predictive techniques produced the following 

result: (1) 511.4mm, (2) 431.7mm, (3) 501.8mm, (4) 598.1mm, (5) 488.3mm, and (6) 

499.7mm.   

 

 

   

Figure 8.32  Bar Buckling Predictions Applied to NIST, Full Scale Flexure Specimen 

from Cheok and Stone (1989), Note: The Force-Deformation Predictions Include P-

Delta Effects 
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For the NIST Full Scale Shear column, bar buckling was observed after reversal from 

285mm.  As summarized in the table, the predictive techniques produced the following 

result: (1) 266.7mm, (2) 209.6mm, (3) 304.5mm, (4) 324.3mm, (5) 350.2mm, and (6) 

332.2mm. 

 

 

   

Figure 8.33  Bar Buckling Predictions Applied to NIST, Full Scale Shear Specimen 

from Cheok and Stone (1989), Note: The Force-Deformation Predictions Include P-

Delta Effects 
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8.13 Compressive Strain at Cover Concrete Crushing 

For Tests 8-30, the measured compressive strains in the extreme fiber bars at the peak of 

the cycles where cover concrete crushing was observed were used to develop two empirical 

expressions.  The first, Eqn 8.19, is a single value expression developed based on minimizing 

the sum of squared error between the prediction and the measured strain.  The observed cover 

crushing behavior was found to be influenced by the amount of confinement steel provided in 

the column, as shown in Figure 8.34.  Columns with additional confinement steel had larger 

measured compressive strains at the peak of the cycle where cover crushing was observed.  

This relationship was used to formulate a second empirical expression to predict the 

compressive strain at cover concrete crushing, Eqn 8.20.  The results of the two equations are 

compared with the measured compressive strains at the peak of the cycle were cover concrete 

crushing was observed in Figure 8.35.   

Tests within the Goodnight et al. dataset may not be the best gage for assessing limit 

states related to the cover concrete due to the blockouts installed during construction for 

instrumentation with the Optotrak system.  For columns with the full cover blockout the first 

sign of concrete flaking in the compression zone was taken as the cover concrete crushing 

observation.  The current serviceability concrete compressive strain of 0.004 is still 

recommended for the design of new structures, since inevitably the measured compressive 

strain at the peak of a cycle exceeds the raw value which initiated the cover crushing.   

 

𝜀𝑐𝑟𝑢𝑠ℎ𝑖𝑛𝑔
𝑐𝑜𝑣𝑒𝑟 = 0.00475 

Compression Strain at Cover Crushing which 

Minimizes the Sum of Squared Error in Prediction 
Eqn 8.19 

 

𝜀𝑐𝑟𝑢𝑠ℎ𝑖𝑛𝑔
𝑐𝑜𝑣𝑒𝑟 = 197𝜌𝑠

𝑓𝑦ℎ𝑒

𝐸𝑠
 

Compression Strain at Cover Crushing in Terms of 

Transverse Volumetric Steel Ratio 
Eqn 8.20 
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Figure 8.34  Trans. Steel and Peak Comp. Strain and Drift at Cover Concrete Crushing 

   

Figure 8.35  Result of Compression Strain at Cover Crushing Eqns 8.19 and 8.20 

 

8.14 Compressive Strain at Spiral Yielding in 

Confinement Regions of the Column 

The current damage control concrete compressive strain limit is defined by the Mander 

et al. (1988) ultimate concrete compression strain.  This expression was developed based on 

an energy balance between the core concrete dilation and the confinement provided by the 

transverse steel for a column subjected to uniform compression.  Comparatively little is 

known about the relationship between compressive demand and confinement in inelastic 

flexural members such as bridge columns which have a strain gradient and a fanned 



Chapter 8:  Performance Strain Limits for Circular Bridge Columns 228 

 

compressive strut pattern emanating from the compressive toe region of the column.  

Experimental results within the Goodnight et al dataset imply that after initial yielding of the 

confinement steel, localization of compressive demand can occur over several spiral layers.  

Measured compressive strains in this region have exceeded the Mander et al. (1988) ultimate 

concrete compressive strain without resulting in fracture of confinement steel.  For many of 

these tests, measurable deformation could be observed in the recorded longitudinal and spiral 

strain hysteresis prior to the visible bar buckling observation.  The distribution of spiral 

strains measured both around the circumference of the column and over multiple layers was 

found to impact the observed bar buckling behavior.  Localized spiral demands led to 

increased levels of measured compressive strain and early buckling of longitudinal 

reinforcement.   

Since the stiffness of the transverse reinforcement restraining the bar from buckling is 

linked to its degree of inelasticity, perhaps an intermediate limit state of initial spiral yield in 

the confinement region is needed.  Initial spiral yield is termed as an intermediate limit state 

because it marks the point where localization of compressive demand begins.  This 

localization led to measurable deformation prior to visible bar buckling.  An understanding of 

the variables which influence the initial yielding behavior is helpful.  Higher levels 

longitudinal steel content resulted in lower compressive strains measured at the peak of the 

cycle where transverse steel in the confinement region initially yielded, Figure 8.36.  The 

additional restraint demands required to maintain stability of the longitudinal reinforcement 

reduces the available component left over for core concrete confinement.  The spiral yielding 

observation occurred at higher values of measured compressive strain for experiments with 

larger transverse steel yield stress, Figure 8.36.  The measured spiral yielding behavior was 

expected to be influenced the same variables which impact confinement.  Nether transverse 

volumetric steel ratio or the magnitude of the computed Mander (1988) ultimate concrete 

compressive strain influenced the measured spiral yielding behavior is Tests 8-30, Figure 

8.37.  On average, the initial spiral yielding observation was observed at 75% of the 

computed Mander (1988) ultimate concrete compressive strain. 
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Two empirical equations were made to predict the compressive strain at spiral yielding, 

Eqn 8.21 and Eqn 8.22.  The first, Eqn 8.21, is a single valued expression formulated based 

on minimizing the sum of squared error between the prediction and measured result.  The 

second expression, Eqn 8.22, was created in the same manner, but includes the influence of 

steel content and spiral yield stress which were found to influence the measured behavior.  A 

comparison of the results for these two equations is shown graphically in Figure 8.38.  

Alternatively, the accuracy of Eqn 8.22 in predicting the measured compressive strains at the 

peak of the cycle where spiral yielding was observed can be viewed using a cumulative 

probability distribution in Figure 8.39.  The mean and coefficient of variation for this strain 

comparison appears below.  The compressive strains at spiral yield from Eqn 8.22 were 

translated to lateral displacements using the compressive strain-displacement relationship 

from the Modified Lpr Plastic Hinge Method.  The cumulative probability distribution in 

Figure 8.40 cam be used to gage the accuracy and conservatism of displacements evaluated 

at the Eqn 8.22 spiral yield strain.  A measured to predicted displacement ratio lower than 

one implies that the mean value for the computed spiral yield displacements is conservative.   

 

𝜀𝑦𝑖𝑒𝑙𝑑𝑖𝑛𝑔
𝑠𝑝𝑖𝑟𝑎𝑙 =0.0124 Compression Strain at Spiral Yielding Eqn 8.21 

 

𝜀𝑦𝑖𝑒𝑙𝑑𝑖𝑛𝑔
𝑠𝑝𝑖𝑟𝑎𝑙 = 0.009 − 0.3

𝐴𝑠𝑡
𝐴𝑔
+ 3.9

𝑓𝑦ℎ𝑒

𝐸𝑠
 Compression Strain at Spiral Yielding  Eqn 8.22 

 

 

𝑚𝑒𝑎𝑛(
𝜀𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑠𝑝𝑖𝑟𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

 𝑖𝑛 𝐺𝑜𝑜𝑑𝑛𝑖𝑔ℎ𝑡 𝑒𝑡 𝑎𝑙. 𝐷𝑎𝑡𝑎𝑠𝑒𝑡

 𝜀𝑠Eqn 8.22
𝑠𝑝𝑖𝑟𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

 
) = 1.06, 𝐶𝑂𝑉 = 0.167 

 

𝑚𝑒𝑎𝑛(
Δ𝑀𝑒𝑎𝑢𝑠𝑟𝑒𝑑
𝑠𝑝𝑖𝑟𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

 𝑖𝑛 𝐺𝑜𝑜𝑑𝑛𝑖𝑔ℎ𝑡 𝑒𝑡 𝑎𝑙. 𝐷𝑎𝑡𝑎𝑠𝑒𝑡

∆𝐶𝑢𝑚𝑏𝑖𝑎 𝑎𝑡 𝜀𝑠Eqn 8.22
𝑠𝑝𝑖𝑟𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

 𝑤𝑖𝑡ℎ 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐿𝑝𝑟 
) = 0.94, 𝐶𝑂𝑉 = 0.186 
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Figure 8.36  Impact of Long. Steel and Spiral Strength on Comp. Strain at Spiral Yield 

   

Figure 8.37  Impact of Mander εcu and Trans. Steel on Comp. Strain at Spiral Yield 

   

Figure 8.38  Result of Compression Strain at Spiral Yield Eqn 8.21 and Eqn 8.22 
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Figure 8.39  CDF for Comp. Strain at Spiral Yield Eqn 8.22 for Goodnight Dataset 

 

Figure 8.40  CDF for Modified Lpr Drift at Eqn 8.22 Strain for Goodnight Dataset 
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8.15 Residual Crack Widths 

The current serviceability steel tensile strain limit of 𝜀𝑠 = 0.015 represents the tensile 

strain at the peak of a given cycle that is expected to result in 1mm residual crack widths 

measured at zero lateral force.  The residual crack width of 1 mm represents the limit at 

which epoxy injection may be needed to prevent corrosion of internal reinforcing steel.  

Residual crack widths were not directly measured in experiments from the Goodnight et al. 

dataset.  A process through which the measured peak crack widths of a given cycle were used 

to approximate the residual crack widths using the measure extreme fiber reinforcement 

strains is described below.  It is important to note that this process was only utilized in Tests 

8-18, which had the vertical cover concrete blockout strips over extreme fiber reinforcement.  

Tests 19-30 had a full cover concrete blockout, which prevented accurate measurements of 

crack widths.   

The measured peak tensile strains and their associated measured crack widths at cycle 

peaks prior to the cover concrete crushing observation in Tests 8-18 are shown in Figure 

8.41.  The residual tension strain was taken as the strain measured in the extreme fiber bar at 

zero displacement during the reversal from a cycle peak.  The relationship between measured 

peak and residual tension strains appears in the right half of Figure 8.41.  If the ratio of the 

peak tension strain to the residual tension strain is assumed to be the same as the ratio 

between the peak crack width and the residual crack width, then the residual crack widths can 

be computed.  The resulting relationship between peak tension strain and computed residual 

crack widths appear in the left half of Figure 8.42.  Using this method, the computed residual 

crack widths never exceed the threshold value of 1mm which was taken as the steel tensile 

serviceability limit state.  Further measurements of crack widths were prevented by cover 

concrete crushing on each side of the specimen before the computed residual crack widths 

reached 1 mm.  A residual crack width of 0.5 mm would be expected to occur after reversal 

from a peak tensile strain of 0.015, based on the linear relationship presented in Figure 8.42.   
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Figure 8.41  Peak Tension Strains and (Left) Peak Crack Width or (Right) Residual 

Crack Width Measured at Zero Displacement during the Following Reversal 

 

   

Figure 8.42  (Left) Peak Tensile Strains and Calculated Residual Crack Widths, (Right) 

Comparison of Peak Tensile and Crack Width to Residual Tensile and Crack Width 
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8.16 Conclusion 

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.  For reinforced concrete flexural members such as bridge columns, 

concrete compressive and steel tensile strain limits are very good indicators of damage.  An 

experimental study was carried out 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.  A key feature of the 

experiments is the high fidelity strain data obtained through the use of an optical 3D position 

measurement system.  Previous performance strain limit recommendations from Kowalsky 

(2000) have been revisited in light of the data collected in the experiments.   

Serviceability limit states represent the point at which repair is necessary, interrupting 

the serviceability of the structure, but not posing a safety concern.  The current serviceability 

concrete compressive strain limit of 𝜀𝑐 = 0.004 was found to be conservative, but is 

ultimately recommended since the measured compressive strains at cover concrete crushing 

come from the peak of the cycle where cover crushing was observed.  Within the Goodnight 

et al. dataset, larger measure compressive strain at cover crushing were observed in columns 

with higher levels of confinement steel.  The current serviceability steel tensile strain limit of 

𝜀𝑠 = 0.015 represents the tensile strain at the peak of a given cycle that is expected to result 

in 1 mm residual crack widths measured at zero lateral force.  The residual crack width of 1 

mm represents the limit at which epoxy injection may be needed to prevent corrosion of 

internal reinforcing steel.  Although residual crack widths were not directly measured in 

experiments from the Goodnight et al. dataset, approximations for the residual crack widths 

were made based on the measured peak crack widths and recorded bar strains.  For columns 

in the Goodnight et al. dataset, the calculated residual crack widths never exceeded 1 mm 

before cover concrete crushing occurred, preventing further crack width measurements.  

Ultimately no further recommendations on the serviceability steel tensile strain limit are 
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provided beyond the observation that the current value is conservative when compared to the 

dataset.   

Experimental results within the Goodnight et al dataset suggest that after initial yielding 

of the confinement steel, localization of compressive demand can occur over several spiral 

layers.  Measured compressive strains in this region have exceeded the Mander et al. (1988) 

ultimate concrete compressive strain without resulting in fracture of confinement steel.  For 

many of these tests, measurable deformation could be observed in the recorded longitudinal 

and spiral strain hysteresis prior to the visible bar buckling observation.  Currently there is 

not an intermediate strain limit between serviceability and damage control which is related to 

a change in compressive behavior that results due to confinement steel entering the inelastic 

range.  To gain a better understanding of the behavior, trends were analyzed in measured 

compressive strains at the initial spiral yield observation in the Goodnight et al. dataset.  

Specimens with higher levels of longitudinal steel content had smaller measured compressive 

strains at the spiral yielding observation since a larger component of its capacity was utilized 

for bar restraint.  An empirical expression for intermediate concrete compressive strain limit 

related to initial yielding of confinement steel was developed, Eqn 8.22.  This expression 

provided a mean measured/predicted compression steel at spiral yield of 1.06 with a 

coefficient of variation of 0.167.  When converted to lateral displacements using the 

compressive strain-displacement relationship for the Modified Lpr Hinge Method, the 

resulting mean measured/predicted displacement was 0.94 with a coefficient of variation of 

0.186.   

The damage control limit state represents the limit of economical repair, where past this 

point repair may be uneconomical or unfeasible.  The current damage control concrete 

compressive strain limit is defined by the Mander et al. (1988) ultimate concrete compression 

strain.  This expression was developed based on an energy balance between the core concrete 

dilation and the confinement provided by the transverse steel for a column subjected to 

uniform compression.  In the Goodnight et al. dataset, severe yielding of the transverse steel 

resulted in localized compressive demand.  In this region, measured compressive strains have 
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exceeded the Mander et al. (1988) ultimate concrete compressive strain without resulting in 

confinement steel fracture as the energy balance approach would imply.  The current damage 

control concrete compressive strain limit is still recommended because it is related to 

significant levels of damage in the core concrete which would coincide with observed 

measureable deformation and potential buckling of reinforcing bars.   

The current damage control steel tensile strain limit of 𝜀𝑠 = 0.06 is related to the peak 

tensile strain that is expected to initiate bar buckling in longitudinal reinforcement upon 

reversal of load.  Measured peak tensile strains prior to bar buckling in the Goodnight et al. 

dataset suggest that this value is too large.  An empirical expression for the peak tensile strain 

prior to bar buckling, Eqn 8.1, was formulated based on measured trends in the dataset.  

Additional confinement steel increased the measured tensile strains prior to bar buckling 

while higher axial load ratio reduced the peak tensile strain in the dataset.  For columns in the 

Goodnight et al dataset, Eqn 8.1 produced a mean measured/predicted peak tensile strain of 

1.05 with a coefficient of variation of 0.199.  When the result of Eqn 8.1 is translated to a top 

column displacement using the tensile-strain displacement relationship from the Modified 

Lpr Hinge Method produced a mean measured/predicted displacement of 1.17 with a 

coefficient of variation of 0.157.   

Berry (2006) utilized a subset of the PEER Column Performance Dataset to make an 

empirical drift-based expression to predict the peak drift prior to bar buckling, Eqn 8.12.  The 

bridge column dataset utilized by Berry (2006) appears in Table 8.3.  When the Berry (2006) 

Eqn 8.12 is applied to the Goodnight et al. dataset, the resulting mean measured/predicted 

displacement at bar buckling is 0.92 with a coefficient of variation of 0.171.   

Feng (2013) proposed a series of equations to describe bar buckling behavior observed 

in finite element analysis.  The influence of the following behaviors were included in the 

analysis: (1) dilation of core concrete under compression, (2) restraint provided by individual 

spiral layers which can go inelastic, and (3) development of the longitudinal bar into the 

adjoining member.  The analysis resulted in a multi-linear regression model, Eqn 8.14 

through Eqn 8.18, which forms a boundary for tensile versus compressive strain relationship.  
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Bar buckling strains predicted using this method were unconservative.  The method resulted 

in a mean measured/predicted peak tensile strain proceeding bar buckling of 0.81 with a 

coefficient of variation of 0.224.  This unconservative peak tensile strain when combined 

with the conservative tensile-strain displacement relationship from the Priestley, Calvi, and 

Kowalsky (2007) plastic hinge method resulted in accurate peak displacements proceeding 

bar buckling. 

Finally, all of the predictive bar buckling methods previously described where employed 

to predict bar buckling in bridge columns from the Berry (2006) dataset.  It became apparent 

that a drift-based empirical expression, similar to the original expression derived by Berry 

(2006), could be developed utilizing the combined dataset including the experiments from 

Goodnight et al.  The resulting empirical drift-based bar buckling expression, Eqn 8.13, 

produced a mean measured/predicted drift prior to bar buckling in the combined dataset of 

1.09 and coefficient of variation of 0.241.  This was the most accurate predictive method for 

bath buckling in the combined dataset, but this is since the same dataset was used to find the 

empirical parameters.  The strain-based bar buckling expression, Eqn 8.1, combined with the 

tensile strain-displacement relationships from the Modified Lpr Hinge Method produced a 

mean measured/predicted bar buckling displacement of 1.21 with a coefficient of variation of 

0.227.  Finally the Feng (2013) multi-linear regression method utilizing strain-displacement 

relationships from the PCK (2007) Lp Hinge Method produced a mean measured/predicted 

displacement proceeding bar buckling of 1.12 and a coefficient of variation of 0.234.  Of the 

methods studied, these three bar buckling methods produced the most accurate results.  

While the drift-based approach is the easiest to employ in design, it is also limited to specific 

column configurations.  The strain-based approaches do not suffer from this limitation, but 

require appropriate equivalent curvature distributions for the respective methods. 
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Chapter 9: Design Recommendations for 

Limit State Displacements 

9.1 Performance Strain Limits 

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.  Cover concrete crushing and residual crack widths exceeding 1mm 

represent serviceability limit states, which when exceeded require repair.  Longitudinal bar 

buckling and significant damage to the core concrete represent damage control limit states 

which represent the limit of economical repair.  The ultimate limit state is characterized by 

fracture of previously buckled reinforcement or rupture of confinement steel.  The first 

occurrence of these limit states in a column test by Goodnight et al. is shown in Figure 9.1.   

 

Figure 9.1  Displacement History, Hysteretic Response, and Performance Limit States 
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9.1.1 Serviceability Limit States 

When exceeded, serviceability limit states represent the point at which repair is 

necessary, interrupting the serviceability of the structure, but not posing a safety concern.  

The serviceability limit states are characterized by crushing of cover concrete or residual 

crack widths which exceed 1mm, both should be repaired to prevent corrosion of internal 

reinforcing steel. 

 

Cover Concrete Crushing: 

𝜀𝑐 = 0.004 

Concrete compression strain related to crushing of the cover 

concrete.  Evaluated at the extreme compression fiber. 
Eqn 9.1 

 

Residual Crack Widths (1 mm): 

𝜀𝑠 = 0.015 

Steel tensile strain limit related to residual crack widths which 

exceed 1 mm.  Evaluated at the location of extreme longitudinal 

reinforcing bar. 

Eqn 9.2 

 

9.1.2 Intermediate Compressive Limit State 

Currently there is not an intermediate strain limit between serviceability and damage 

control which is related to a change in compressive behavior that results due to confinement 

steel yielding.  Experimental results suggest that localization of compressive demand can 

occur in regions with inelastic transverse steel.  This localization can lead to compression 

strains which exceed predictions utilizing moment-curvature analysis and an equivalent 

curvature distribution.  Furthermore, inelastic transverse steel restraint resulted in measurable 

outward deformation of longitudinal reinforcement prior to visible bar buckling observations. 
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Initial Yielding of Confinement Steel: 

𝜀𝑐 = 0.009 − 0.3
𝐴𝑠𝑡
𝐴𝑔
+ 3.9

𝑓𝑦ℎ𝑒

𝐸𝑠
 

Concrete compression strain at initial yield of 

confinement steel.  Evaluated at the centerline 

of the transverse steel, i.e. the concrete core.  

Eqn 9.3 

 

9.1.3 Damage Control Limit States 

The damage control limit state represents the limit of economical repair, where past this 

point repair may be uneconomical or unfeasible.  The current damage control concrete 

compressive strain limit is defined by the Mander et al. (1988) ultimate concrete compression 

strain.  While the intermediate compressive limit state was related to initial yielding of 

confinement steel, the damage control limit state is a reasonable approximation to 

compressive strain levels which influence the ability of the transverse steel to restrain 

longitudinal bars from buckling.   

Bar buckling was observed to occur after reversal from a peak tensile strain while the bar 

is under net elongation, but compressive stress.  Although prior compression is important to 

describing the restraint provided by transverse steel, expressions developed based on the 

peak tension strain or drift measured before bar buckling upon reversal of load were found to 

produce the most accurate predictions.  Furthermore, higher levels of tensile strain reduce the 

tangent modulus of the reinforcing during the subsequent stress reversal.  Sufficient 

confinement steel should be provided such that the Mander (1988) Ultimate Concrete 

Compressive Strain exceeds the compressive strain at the bar buckling displacement.  For 

new design, the strain-based Eqn 9.5 or the drift-based Eqn 9.6 can be used to evaluate the 

peak displacement at which bar buckling is expected to occur after reversal during a cyclic 

load history.  The parameters in these expressions are known or may be reasonably 

approximated at the onset of design, and later confirmed after finalizing the transverse steel 

detailing.   
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Ultimate Concrete Compressive Strain: 

Mander (1988) 𝜀𝑐𝑢  

Ultimate Concrete 

Compressive Strain 

Concrete compression strain related to limit of 

economical repair of core concrete.  Evaluated at the 

centerline of the transverse steel.  For a typical 𝜌𝑠 =

4𝐴𝑠𝑝

𝐷′𝑠
= 1%, the computed Mander (1988) 𝜀𝑐𝑢 ≈ 0.018. 

Eqn 

9.4 

 

Strain-Based Bar Buckling: 

𝜀𝑠 = 0.03 + 700𝜌𝑠
𝑓𝑦ℎ𝑒

𝐸𝑠
− 0.1

𝑃

𝑓𝑐𝑒′ 𝐴𝑔
 

Peak Tension Strain Prior to Bar 

Buckling.  Evaluated at the location of 

extreme longitudinal reinforcing bar. 

Eqn 9.5 

 

𝜌𝑠 =
4𝐴𝑠𝑝

𝐷′𝑠
 Transverse Volumetric Steel Ratio, influences confinement and bar restraint. 

 

𝑓𝑦ℎ𝑒 𝐸𝑠⁄  Inelastic Transverse steel is less effective at restraining longitudinal bars. 

 

𝑃 𝑓𝑐𝑒
′ 𝐴𝑔⁄  Axial Load Ratio expressed as a decimal rather than a percent. 

 

Drift-Based Bar Buckling: 

In the following expression, L is the length from the column base to the point of 

contraflexure and D is the diameter of the cross section.  The result of the expression is the 

drift as a percent in which bar buckling would be expected to occur during the subsequent 

reversal in a cyclic load history. 

Δ

𝐿
(%) = 0.9 − 3.13

𝑃

𝑓𝑐𝑒′ 𝐴𝑔
+ 142000𝜌𝑠

𝑓𝑦ℎ𝑒

𝐸𝑠
+ 0.45

𝐿

𝐷
 Drift at Bar Buckling Eqn 9.6 
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Feng (2013) Bar Buckling Model: 

Feng (2013) proposed a series of equations to describe bar buckling behavior observed 

in finite element analysis.  The resulting bar buckling model consists of a series of three 

equations (Eqn 9.7 through Eqn 9.11) which form a border between tension and compression 

strain couples, which when exceeded produce bar buckling.  In the expression, 𝜀𝑡 and 𝜀𝑐 are 

the tensile and compressive longitudinal bar strains (both taken as positive), 𝑑𝑏𝑙 and 𝑑ℎ are 

the longitudinal and transverse steel bar diameters, and 𝑠 is the centerline spacing of 

transverse steel. 

The bar buckling prediction is defined as the intersection of the multi-linear regression 

and the tensile-compressive bar strain relationship from moment-curvature analysis, Figure 

9.2.  The tension and compression strain couple at the intersection point represents a 

compression cycle followed by a tension cycle to the same level of displacement, which 

would induce bar buckling upon subsequent reversal of load.  The Priestley, Calvi, and 

Kowalsky (2007) plastic hinge method is used to translate the intersection point strain to 

curvatures and finally member deformation.  When compared to the Goodnight et al. dataset, 

the predicted tensile strains at a bar buckling are unconservative, but when combined with 

the conservative tensile strain-displacement relationship of the PCK (2007) plastic hinge 

method, the resulting bar buckling displacement is improved.   

𝜀𝑡 =

−15

(

 𝜀𝑐 −
0.0205

√
𝑠
𝑑𝑏𝑙

− 1
3

)

 

(
𝑑𝑏𝑙
𝑑ℎ
− 1)

2  

 Eqn 9.7 

 

𝜀𝑡 ≥ −1.7
𝑠

𝑑𝑏𝑙
√
𝑑ℎ
𝑑𝑏𝑙
𝜀𝑐 + 0.045√

𝑠

𝑑𝑏𝑙
  Eqn 9.8 
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𝜀𝑡 ≤ 0.09, 𝑖𝑓 
𝑠

𝑑𝑏𝑙
< 3  Eqn 9.9 

 

𝜀𝑡 ≤ 0.06, 𝑖𝑓 
𝑠

𝑑𝑏𝑙
> 4  Eqn 9.10 

 

𝜀𝑡 ≤ 0.09 − 0.03 (
𝑠

𝑑𝑏𝑙
− 3) , 𝑖𝑓 3 <

𝑠

𝑑𝑏𝑙
< 4  Eqn 9.11 

 

  

 

Figure 9.2  (Left)  Feng (2013) Method with Tension/Compression Bar Strains from 

Moment-Curvature Analysis and (Right) Bar Buckling at Intersection Point using PCK 

(2007) Hinge Length 
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9.2 Modified Plastic Hinge Method 

The Modified Plastic Hinge Method was developed to improve the accuracy of strain-

displacement predictions necessary for successful implementation of strain-based limit states.  

Equivalent curvature distributions for the Modified Plastic Hinge Method appear in Figure 

9.3 for a fixed-fixed column in double bending and a fixed-free column in single bending.  

The key aspects of the proposed Modified Plastic Hinge Model which differentiate it from 

the current method recommended in Priestley, Calvi, and Kowalsky (2007) include:  (1) a 

decoupling of column flexure and strain penetration deformation components, (2) a linear 

plastic curvature distribution which emulates the measured curvature profiles, and (3) 

separate plastic hinge lengths for tensile and compressive strain-displacement predictions.   

In the experiments, the measured extent of plasticity was found to increase due to the 

combined effects of moment gradient and tension shift.  The proposed tension hinge length, 

𝐿𝑝𝑟𝑡 Eqn 9.14, was calibrated to match the upper bound of the measured spread of palsticity 

in each test.  The proposed compressive hinge length, 𝐿𝑝𝑟𝑐 Eqn 9.15, only contains a term 

related to the moment gradient effect.  Expressions for the elastic and plastic column flexural 

displacement for both single and double bending were derived.  Expressions which describe 

the additional column deformation due to strain penetration of reinforcement into the 

adjoining member were derived based on the measured fixed-end rotations.  Part of this was 

the formulation of a new equivalent strain penetration length 𝐿𝑠𝑝 Eqn 9.12. 

Elastic displacements are computed when the base section curvature is either at or below 

the first yield curvature, 𝜙𝑦
′ .  The elastic displacement of a column in single bending is 

calculated using Eqn 9.16 through Eqn 9.18.  The elastic displacement of a column in double 

bending is computed using Eqn 9.19 through Eqn 9.21.  The elastic displacement is the 

addition of elastic column flexural, strain penetration, and shear deformations.  Shear 

displacements were negligible for columns in the Goodnight et al. dataset, therefore no 

further guidance is provided.   
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Inelastic displacements are computed when the base section curvature exceeds the first 

yield curvature, 𝜙𝑦
′ .  To account for additional elastic flexibility of the column, the first yield 

displacement is multiplied by the ratio of the current base section moment to the moment at 

first yield of longitudinal reinforcement, 𝑀 𝑀𝑦
′⁄ .  The plastic curvature at the base section is 

obtained by subtracting the elastic curvature from the base section curvature, 𝜙𝑝 = 𝜙𝑏𝑎𝑠𝑒 −

𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ ).  For translation of a tensile strain limit to a lateral displacement, the tensile 

triangular plastic hinge length should be used, 𝐿𝑝𝑟𝑡 Eqn 9.14.  If instead, a compressive 

strain limit is translated to a later displacement, the compressive triangular plastic hinge 

length should be employed, 𝐿𝑝𝑟𝑐 Eqn 9.15.  Expressions needed to compute the inelastic 

displacement of a column in single bending are shown in Eqn 9.22 through Eqn 9.26.  

Expressions needed to compute the inelastic displacement of a column in double bending 

appear in Eqn 9.27 through Eqn 9.31.  The inelastic flexural displacement is the sum of the 

elastic column flexural, plastic column flexural, strain penetration, and shear deformations. 

   

List of Selected Terminology: 

𝐿 = Length of the Column 

𝐷 =  Column Diameter 

𝐿𝑐 = Length to the Point of Contraflexure, (𝐿𝑐 = 𝐿 2⁄  for a Column in Double Bending) 

𝑘 = Moment Gradient Coefficient of Plastic Hinge Length Expression 

M𝑦
′  𝑎𝑛𝑑 𝜙𝑦

′ = Moment and Curvature at First Yield of Longitudinal Reinforcement 

𝑀 =  Column Base-Section Moment 

𝜙𝑝 = 𝜙𝑏𝑎𝑠𝑒 − 𝜙𝑦
′ 𝑀 𝑀𝑦

′⁄ = Plastic Curvature at the base Section 

Δ𝑒 𝑎𝑛𝑑 ∆𝑝= Elastic and Plastic Column Flexural Displacement 
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∆𝑠ℎ𝑒𝑎𝑟= Column Shear Displacement 

𝐿𝑝𝑟𝑡 = Tension Hinge Length Based on Triangular Distribution 

𝐿𝑝𝑟𝑐 = Compression Hinge Length Based on Triangular Distribution 

Δ𝑠𝑝 = Column Displacement Attributable to Strain Penetration of Reinforcement 

𝐿𝑠𝑝 = Equivalent Strain Penetration Length 

𝑓𝑦𝑒 𝑎𝑛𝑑 𝑓𝑢𝑒 = Yield and Ultimate Stress of Longitudinal Steel with Expected Properties 

𝑓𝑐𝑒
′ = Unconfined Column Concrete Compressive Strength with Expected Properties 

𝑓𝑐𝑒
′
𝑓
= Concrete Compressive Strength of the Adjoining Member 

𝑑𝑏𝑙 = Diameter of the Longitudinal Reinforcement and Column Axial Load 

𝑃 =  Column Compressive Axial Load 
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Figure 9.3  Equivalent Curvature Profiles for the Modified Plastic Hinge Method, (Left) 

Column in Double Bending and (Right) Column in Single Bending 
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Figure 9.4  Separate Tensile and Compressive Triangular Plastic Hinge Lengths 

Utilized for Tensile and Compressive Strain-Displacement Respectively 

 

9.2.1 Strain Penetration Length and Tension/Comp. Plastic Hinge Lengths 

𝐿𝑠𝑝 = 𝑈(1 −
𝑃

𝑓𝑐𝑒′ 𝐴𝑔
−
𝐿𝑐
16𝐷

)
𝑓𝑦𝑒𝑑𝑏𝑙

√𝑓𝑐𝑒′ 𝑓

 𝑈 = 0.4 for ksi and 0.152 for MPa units Eqn 9.12 

 

𝑘 = 0.2(
𝑓𝑢
𝑓𝑦
− 1) ≤ 0.08 

Same Definition of k as Priestley,    

Calvi, and Kowalsky (2007) 
Eqn 9.13 

 

𝐿𝑝𝑟𝑡 = 2𝑘𝐿𝑐 + 0.75𝐷 Tension Hinge Length Based on Triangular Dist. Eqn 9.14 

 

𝐿𝑝𝑟𝑐 = 2𝑘𝐿𝑐 
Compression Hinge Length Based on Triangular Distribution Eqn 9.15 

from Priestley, Calvi, and Kowalsky (2007)

Tensile Hinge Length Based 
on Total Spread of Plasticity 

Including Tension Shift

Compressive Hinge Length 
Based only on Moment 
Gradient Component
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9.2.2 Elastic Displacements for a Column in Single Bending 

∆𝑒= 𝜙𝑏𝑎𝑠𝑒𝐿
2 3⁄  (Single) Elastic Flexural Displacement before First Yield Eqn 9.16 

 

Δ𝑠𝑝 = 𝐿𝑠𝑝𝜙𝑏𝑎𝑠𝑒𝐿 Displacement due to Strain Penetration Eqn 9.17 

 

∆𝑇= (∆𝑒 + ∆𝑠𝑝 + ∆𝑠ℎ𝑒𝑎𝑟) 
Total Top Column Displacement Eqn 9.18 

 

 

9.2.3 Elastic Displacements for a Column in Double Bending 

∆𝑒= 𝜙𝑏𝑎𝑠𝑒𝐿
2 6⁄  (Double) Elastic Flexural Disp. before First Yield Eqn 9.19 

 

Δ𝑠𝑝 = 𝐿𝑠𝑝𝜙𝑏𝑎𝑠𝑒𝐿 Displacement due to Strain Penetration Eqn 9.20 

 

∆𝑇= (∆𝑒 + ∆𝑠𝑝 + ∆𝑠ℎ𝑒𝑎𝑟) Total Top Column Displacement Eqn 9.21 
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9.2.4 Inelastic Displacements for a Column in Single Bending 

∆𝑒= 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ )𝐿2 3⁄  (Single) Elastic Flexural Disp. after First Yield Eqn 9.22 

 

𝜙𝑝 = 𝜙𝑏𝑎𝑠𝑒 − 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ ) Plastic Curvature at the Base Section Eqn 9.23 

 

∆𝑝= 𝜙𝑝(𝐿𝑝𝑟 2⁄ )[𝐿 − 𝐿𝑝𝑟 3⁄ ] 
(Single) Plastic Disp. for Triangular Plastic 

Curvature Distribution 
Eqn 9.24 

 

Δ𝑠𝑝 = 𝐿𝑠𝑝𝜙𝑏𝑎𝑠𝑒𝐿 Displacement due to Strain Penetration Eqn 9.25 

 

∆𝑇= (∆𝑒 + ∆𝑠𝑝 + ∆𝑝 + ∆𝑠ℎ𝑒𝑎𝑟) Total Top Column Displacement Eqn 9.26 

 

9.2.5 Inelastic Displacements for a Column in Double Bending 

∆𝑒= 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ )𝐿2 6⁄  (Double) Elastic Flexural Disp. after First Yield Eqn 9.27 

 

𝜙𝑝 = 𝜙𝑏𝑎𝑠𝑒 − 𝜙𝑦
′ (𝑀 𝑀𝑦

′⁄ ) Plastic Curvature at the Base Section Eqn 9.28 

 

∆𝑝= 𝜙𝑝(𝐿𝑝𝑟 2⁄ )[𝐿 − 2𝐿𝑝𝑟 3⁄ ] 
(Double) Plastic Disp. for Triangular Plastic 

Curvature Distribution 
Eqn 9.29 

 

Δ𝑠𝑝 = 𝐿𝑠𝑝𝜙𝑏𝑎𝑠𝑒𝐿 Displacement due to Strain Penetration Eqn 9.30 

 

∆𝑇= (∆𝑒 + ∆𝑠𝑝 + ∆𝑝 + ∆𝑠ℎ𝑒𝑎𝑟) Total Top Column Displacement Eqn 9.31 



Chapter 10:  Future Research on the Effects of Seismic Load Path 251 

 

Chapter 10: Future Research on the Effects 

of Seismic Load Path 

10.1 Problem Statement 

Seismic bridge design practice utilizes the simplifying assumption of unidirectional 

response, which results in consideration of orthogonal directions of loading on an individual 

basis.  Typically, for bridges, the two directions are transverse and longitudinal to the 

direction of traffic (for a straight bridge).  Such a division is usually employed for assessing 

demand and capacity, and would be appropriate if the two directions of loading were 

uncoupled from each other. 

Prior research at NCSU investigated the impact of loading history on the unidirectional 

response of RC bridge columns, leading towards recommendations on strain limits and 

plastic hinge lengths which consider the impacts of real seismic loading.  The next step in 

this progression is to consider the impact of multi-directional loading path on these 

recommendations.  It is possible that multi-directional loading, even for circular columns, 

could lead to adjustments to unidirectional strain limits proposed for design, as well as the 

manner in which those strain limits are converted to design displacements via the plastic 

hinge method for member deformations. 

10.2 Background 

Bridge columns are designed as ductile elements which form plastic hinges to dissipate 

energy in a seismic event.  The goal of performance based seismic engineering is to design 

structures to achieve a predictable level of performance under a specific earthquake hazard 

within definable levels of reliability, as defined by the Structural Engineering Association of 

California (SEAOC 1999).  To satisfy the aims of performance based design, levels of 

damage which interrupt the serviceability of the structure or require more invasive repair 
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techniques must be related to engineering criteria.  For reinforced concrete flexural members 

such as bridge columns, concrete compressive and steel tensile strain limits are good 

indicators of damage.   

Serviceability limit states such as concrete cover crushing or residual crack widths 

exceeding 1mm may occur during smaller, more frequent earthquakes (Priestley et al. 

(1996)).  While the serviceability limit states do not pose a safety concern, the hinge regions 

must be repaired to prevent corrosion of internal reinforcing steel.  At higher ductility 

demands produced by larger less frequent earthquakes, reinforcing bar buckling may lead to 

permanent elongation in the transverse steel, which diminishes its effectiveness in confining 

the concrete core.  Bar buckling and significant damage to the core concrete represent the 

damage control limit states, which when exceeded lead to significant repair costs (Priestley et 

al. (1996)).  Furthermore, rupture of previously buckled bars during subsequent cycles of 

loading leads to rapid strength loss.  The life safety or collapse prevention limit state is 

characterized by fracture of previously buckled bars.  A summary of damage observations 

from a reinforced concrete bridge column tested at NCSU by Goodnight et al. (2014) appears 

in Figure 10.1. 

Performance based seismic engineering requires accurate limit state-based engineering 

demand parameters, such as material strains, and an accurate method of relating these 

quantities to a capacity measure in design, such as member deformation.  In the following 

section, advancements in strain limit-based displacement predictions are summarized for the 

current AKDOT sponsored project (Goodnight et al. (2014)).  The experimental portion of 

the research program is complete and design recommendations are being finalized for the 

AKDOT.  Finally, the importance of considering bi-directional displacement history is 

evaluated based on specific observations reported in literature. 
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Figure 10.1  Goodnight et al. (2014). Bridge Column Uniaxial Displacement History, 

Hysteretic Response, and Photos at (1) Yield, (2) Cover Crushing, (3) Long. Bar 

Buckling, (4) Long. Bar Fracture 

 

While the progression of damage in flexural bridge columns has been investigated in the 

past for both uniaxial and biaxial deformation demands, traditional methods of deriving 

material strains from measured curvatures do not asses strains at the locations of interest, 

namely the longitudinal reinforcement and core concrete.  These methods utilize an array of 

linear potentiometers placed on the ends of threaded rods embedded in the core concrete to 

calculate changes in displacement outside of the cover concrete.  A new instrumentation 

technique was devised to overcome this limitation.  Goodnight et al. (2014) investigated the 

impact of unidirectional-lateral displacement history and design variables on the material 

strain limits and the relationship between strain and displacement for circular reinforced 
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concrete columns.  To date, all thirty experiments have been completed and design 

recommendations are being finalized for AKDOT. 

The specimen was designed to represent a single degree of freedom bridge column 

subjected to lateral and axial load, Figure 10.2.  The test specimen consists of a footing, 

column, and loading cap.  The footing is a capacity protected member which secures the 

specimen to the lab strong floor using post tensioned bars.  A 200kip hydraulic actuator, with 

a 40in stroke capacity, applies lateral load to the loading cap of the specimen.  A spreader 

beam, two hydraulic jacks, and a load cell are placed above the loading cap to apply a 

constant axial compressive load.  The top column displacement was obtained through a string 

potentiometer placed at the center of the lateral load.  The experimental program utilized 

multiple Optotrak Certus HD 3D position monitors developed by Northern Digital Inc.  The 

position monitors track the locations of the target markers in 3D space, returning X-Y-Z 

spatial coordinates with an accuracy of 0.1mm and with a resolution of 0.01mm.   

A technique of applying target markers to longitudinal and transverse reinforcement, 

Figure 10.2, was utilized in the plastic hinge region.  Strains are computed by dividing the 

change in three dimensional distance between two adjacent target markers by the original 

unloaded gage length.  Both transverse and longitudinal steel was instrumented to measure 

the interaction between core concrete confinement and longitudinal bar restraint demands in 

spiral layers leading up to visible bar buckling.  Closely spaced transverse steel restrains the 

dilation of core concrete under compressive demands, improving its strength and deformation 

capacity.  These spiral layers locally support the longitudinal bar, reducing its unbraced 

length, which delays the onset of bar buckling.  Large compressive cycles can yield the 

transverse steel, reducing its effectiveness as a boundary condition restraining the 

longitudinal bar from buckling.  Longitudinal bars are prone to buckling during reversals 

from peak tensile strains, while the cracks are still open, and they are the sole source of 

compression zone stability.  This behavior is observable in the measured longitudinal and 

overlaying spiral strain hysteresis, Figure 10.3, in the region where outward bar buckling was 

observed just above the footing-column interface.  Some small level of outward deformation 
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prior to visible bar buckling is observable in the longitudinal and transverse steel hysteresis 

during the first two pull cycles to -6.6”.  Upon visible bar buckling, a significant deviation in 

both hystereses is noted, confirming the observation. 

 

 

Figure 10.2  Optotrak Instrumentation Technique Applied to Columns in Goodnight et 

al. (2014).  Target Markers Monitor Longitudinal and Transverse Reinforcement 

Strains in the Column Hinge Regions. 

 

 

Figure 10.3  Goodnight et al. (2014) Test 16.  [Left] Longitudinal Steel Strain Hysteresis 

and [Right] Spiral Strain Hysteresis for the Layer over the Outward Buckled Region of 

the Longitudinal Bar 
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The instrumentation technique proved pivotal in improving the accuracy of strain-limit 

based displacement predictions.  The data was used to calculate material strains, curvature 

distributions, and fixed end rotations due to strain penetration of reinforcement into the 

footing.  The decoupling of column flexural displacements from fixed-end rotations due to 

strain penetration, along with an understanding of the spread of plasticity, allowed for 

creation of a new equivalent curvature distribution.  In design, there are two main techniques 

to assess the member displacement at a given material strain level: (1) monotonic moment-

curvature analysis paired with an equivalent curvature distribution and (2) cyclic fiber 

analysis paired with an element representation of the beam or column.  In the following 

section, the predictive capabilities of these two methods are evaluated along with the design 

recommendations from Goodnight et al. (2014). 

For this comparison, the monotonic section analysis from a script developed at NCSU 

called Cumbia (2007) is translated into member response using the plastic hinge method 

presented in Priestley, Calvi, and Kowalsky (2007) and the modified NCSU hinge method 

proposed by Goodnight et al. (2014), Figure 10.5.  In both methods, the elastic and plastic 

curvature distributions are separated into equivalent simplified shapes to facilitate design.  

The PCK (2007) hinge method utilizes a constant plastic hinge length which includes the 

influence of strain penetration.  Independent measurement of deformation components 

allowed for a decoupling of strain penetration and column flexure in the NCSU hinge 

method.  Furthermore, the shape and size of the plastic hinge length are now related to 

physical quantities which reflect the measured extent of plastic curvatures, Figure 10.4.  The 

total spread of plasticity in RC bridge columns is due to the combined effects of moment 

gradient and tension shift.  Tension shift concentrates compressive strains near the footing-

column interface while fanning tension strains above the footing following the inclined 

flexural-shear crack distribution.  Moment gradient spreads plasticity in accordance with the 

increase in moment higher above the footing when the base-section moment exceeds the 

nominal value.  Tension strains were found to be influenced by the combined effect of 

moment gradient and tension shift, while compressive strains are more closely related to only 

the moment gradient component.  Separate expressions for tensile and compressive plastic 
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hinge lengths were devised to improve both the tensile and compressive strain-displacement 

predictions of the equivalent curvature distribution.  In Figure 10.6, the strain-displacement 

predictions for the two hinge methods are compared to the measured response on an extreme 

fiber bar instrumented in a cyclic column test from Goodnight et al. (2014).  The NCSU 

hinge method shows improvement, but both methods fail to account for the localization of 

compressive strains once severe transverse steel yielding has occurred. 

Monotonic section analysis and an equivalent curvature distribution allow for an 

accurate prediction of the backbone curve of cyclic response, but if the actual cyclic response 

is required, then cyclic fiber analysis paired with an element representation of the beam or 

column is needed.  The cyclic displacement history from the experiment was recreated using 

a combination of two elements in OpenSees: (1) a beam with hinges element to model the 

column flexural deformations and (2) a zero length strain penetration element to model the 

fixed end rotations due to strain penetration.  The beam with hinges element, developed by 

Scott and Fenves (2006), is a force-based beam-column element with a plastic hinge 

integration method.  The zero length strain penetration element, developed by Zhao and 

Sritharan (2007), models the fixed-end rotations attributable to strain penetration of 

longitudinal reinforcement into the footing.  Response predictions for the two analysis 

methods appear in Figure 10.7.  The predicted tensile strains from OpenSees exceeded the 

measured response with the plastic hinge length from PCK (2007).  The hinge length in 

OpenSees was changed to 1.2*Lp from PCK (2007) to match the measured tensile strain 

displacement relationship in Figure 10.7.  Manually changing the plastic hinge length to 

match tensile response leads to an under prediction of the compressive strain-displacement 

relationship for the peak compressive gage length, leading to different hinge lengths which 

are proposed based on the NCSU equivalent curvature distribution. 
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Figure 10.4  Goodnight et al. (2014) Test 9. [Left] Measured Fixed-End Rotation due to 

Strain Penetration of Longitudinal Reinforcement into the Footing and [Right] 

Curvature Distribution with Linear Dashed Plastic Curvature Regression Lines 

 

 

Figure 10.5  [Left] Proposed NCSU Plastic Hinge Method from Goodnight et al. (2014) 

and [Right] PCK (2007) Method 
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Figure 10.6  Goodnight et al. (2014) Test 9.  Strain-Displacement Relationships and 

Moment Curvature Predictions with PCK and NCSU Plastic Hinge Methods 

 

Figure 10.7  Goodnight et al. (2014) Test 9.  Member Response Prediction with Cyclic 

Fiber Model and Monotonic Section Analysis 
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10.3 Brief Load Path Literature Review 

In a seismic event, bridge columns undergo demands in the longitudinal and transverse 

directions simultaneously, which produce a two-dimensional displacement path.  Past 

experimental studies on biaxial bending with either constant or variable axial load provide 

insight into their effect on member behavior.   

10.3.1 Yuk-     W                    M     N               (    )   “         

of Circular Reinforced Concrete Columns to Multi-                          ” 

Sixteen circular shear-dominated columns were tested with different biaxial 

displacement histories, volumetric steel ratios, and levels of applied constant axial load.  The 

purpose of the research was to determine the influence of biaxial loading on the “concrete 

component” of shear resistance.  Short circular columns were tested with a 400mm diameter, 

an aspect ratio of 2, and a steel content of 3.2%.  Axial loads of 0, 19 or 39% were utilized.  

Transverse volumetric steel ranged between 0.39 and 2.46%.  Four displacement patterns 

were considered, Type u, b, s, and r in Figure 10.8.  The uniaxial ‘u’ pattern had five cycles 

at a given amplitude before increasing to a larger displacement ductility level.  Biaxial ‘b’ 

and ‘s’ patterns had two cycles at each amplitude before ramping up the displacement.  Due 

to the bidirectional nature of the load history this resulted in four complete reversals at each 

displacement level.  The multi-directional ‘r’ pattern was used to simulate a displacement 

path originating from NLTHA of a column under earthquake excitation.   

Wong et al. (1993) concluded that biaxial response reduced the deformation capacity by 

one ductility level when compared to a nominally identical column subjected to uniaxial 

response.  Furthermore, Wong et al.  (1993) conclude that there was not a clear difference in 

results of the two b- and s-type laboratory biaxial displacement patterns.  The following 

observation is of significance to bar buckling, “For columns reinforced with similar spiral 

steel content, the commencement of spiral yielding was consistently observed at lower 

ductilities when more severe displacement orbits were imposed.”  On the topic of load path 
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effects, Wong et al. (1993) note, “The difference in the response of columns with identical 

properties subjected to simple biaxial b-type displacement patterns or to more sophisticated 

s-type patterns was small enough to be disregarded in design.  Moreover, the performance of 

the unit tested with the realistic earthquake simulating random biaxial displacement pattern 

was found to be better than its companion unit under b-type displacement history.  These 

suggest that if biaxial seismic effects are to be studied further, test using biaxial b-type 

(orthogonal) displacement paths should be sufficient.” 

 

Figure 10.8  Wong et al. (1993),  Lateral Displacement Histories 

 

10.3.2 E. Osorio, J.M. Bairán, and A.R. Marí (    )    “                         

                                             ” 

Two nominally identical circular columns were tested, one subjected to uniaxial and the 

other biaxial loading.  The specimens were designed for flexural-shear failure.  The 350mm 

diameter circular specimens had 2.5% longitudinal steel, 0.5% transverse volumetric steel, a 

constant 20% axial load, and an aspect ratio of 4.3.  A clover leaf style lateral displacement 

history utilized in the biaxial test, Figure 10.9.  Two complete cycles at a given displacement 

amplitude were conducted for the bidirectional tests.  Strain gages were applied in each 

quadrant for the first three spiral layers.  The location of these strain gages directly overlaid 
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the extreme fiber reinforcing bars subjected to the peak excursions.  The reported transverse 

steel strain hysteresis for bidirectional and unidirectional loading appears in Figure 10.9.  

Although the shape of the measured response is similar, the biaxial loading resulted in an 

additional accumulation of hoop strain during repeated cycles at displacement amplitude of 

27mm.  This additional hoop strain can reduce its ability to restrain longitudinal bars from 

buckling as well as influence confinement effects.  The reported observations indicate that 

this spike in measured hoop strains coincided with visible bar buckling.  In comparison, bar 

buckling was reported one displacement amplitude larger in the uniaxial test.  Osorio et al. 

(2012) note, “Results show that biaxial shear loading affects the shear mechanisms, 

producing larger transversal strains for the same load intensity and lower crack angles.”  It is 

still important to note that the displacement amplitudes are small, and the level of 

confinement/restraint is low in the shear dominated columns. 

 

    

Figure 10.9  Osorio et al. (2012), [Left] Biaxial Displacement History and [Right] 

Measured Hoop Strains for Uniaxial and Biaxial Displacement Patterns 
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10.3.3   z                            (   4)   “                      

Reinforced Concrete Bridge Piers Subjected to Bi-Directional Quasi-Static 

       ” 

The study considered four rectangular bridge columns subjected to different 

bidirectional load paths, and one repeat load history for a fifth column with a lower concrete 

strength.  The specimens were 550mm square with and aspect ratio of 4.1, a steel content of 

1.2%, a volumetric steel ratio of 1%, and a constant axial load equivalent to 4.4%.  The first 

specimen, S1, was subjected to a symmetric uniaxial two-cycle-set load history which served 

as a baseline for comparison to biaxial tests.  Specimen S2 was subjected to the exact 

opposite of the load history used for S1, with the high ductility cycles occurring first 

followed by a gradual decrease in ductility.  Specimen S3 utilized a bi-directional orthogonal 

symmetric two cycle set load history, Figure 10.10.  Four total cycles were conducted at each 

ductility level, two in the E-W direction followed by two in the N-S direction.  Specimen S4 

utilized a bi-directional s-shape load history, Figure 10.11.  Two complete orbital paths (1-

16) were completed at each ductility level.  The fifth column had reduced concrete strength 

and was subjected to the same uniaxial load history as S1.   

Tsuno and Park (2004) reported that reinforcement buckled at μ∆8 and ruptured at μ∆12 

during the uniaxial two-cycle-set load history of S1.  Spiral fracture was reported during μ∆10.  

In specimen S2, bar buckling was reported during the reversal from the first cycle of μ∆12 

before the specimen reached zero displacement.  Again, this was an inverse of the two-cycle-

set load history which began with high ductility reversals.  For bi-directional load history of 

specimen S3, bar buckling was reported during μ∆6 and bar fracture during μ∆8.  For bi-

directional load history of specimen S4, bar buckling was reported during μ∆6 and bar 

fracture during μ∆8.  The fifth specimen, with weaker concrete and a uniaxial two-cycle-set 

load history had reported bar buckling during μ∆6 and bar fracture during μ∆10.   

Tsuno and Park (2004) utilized an array of linear potentiometers to monitor curvature 

distributions in the main orthogonal directions of the load histories.  Cross section curvature 
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profiles obtained from the potentiometers were used to calculate an equivalent rectangular 

plastic hinge length Lp.  Lp is the length over which plastic curvatures are assumed to remain 

constant, and in their formulation it includes the strain penetration component.  A sample 

curvature profile for specimen S1, and the resulting Lp values for all of the experiments is 

shown in Figure 10.12.  Tsuno and Park (2004) provide a summary of observations related to 

the influence of bi-directional loading on curvature profiles and computed plastic hinge 

lengths, which are repeated below. 

“1.  The plastic hinge zone length Lp tends to be stable at around the theoretical values 

after some cyclic loadings and is not affected by bi-directional loading.  The plastic hinge 

zone length is shorter than the theoretical values until the displacement ductility factor μ∆ 

reaches around 4.  The concrete strength of a column might affect the plastic hinge zone 

length Lp.  No significant difference in the Lp-μ∆ relationship was observed between tests 

S1-S4, which suggests that Lp is not affected by bi-directional loading after some cycles of 

loading. 

  2.  If an extremely large displacement, such as μ∆12, for the specimens used in this 

research is applied to a column at the early stage of cyclic loading, it may lead to the 

buckling of main-bars and confinement failure with only small energy dissipation.  However, 

as long as the displacement amplitude in the cyclic loading starts at a small level and 

increases step-by-step, like the standard loading pattern suggested by Park, the energy 

dissipation capacity of a column until the ultimate state is the same for both uni-directional 

and bi-directional loading.   

  3.  The maximum displacement of a column when it reaches the ultimate state in a bi-

directional cyclic loading, is smaller than that of the same column subjected to the standard 

uni-directional loading pattern suggested by Park.” 
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Figure 10.10  Tsuno and Park (2004).  Bi-Directional Load History for Specimen S3 

 

Figure 10.11  Tsuno and Park (2004).  Bi-Directional Load History for Specimen S4 

 

Figure 10.12  Tsuno and Park (2004) Calculated Lp Values from Measured Curvature 

Profiles 
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10.3.4 Stathis N. Bousias, Guido Verzeletti, Michael N. Fardis, Eugenio 

G       z (    )   “                                            w          

     ” 

The research focused on the effect of three dimensional load path, including a mixture of 

displacement and force controlled lateral input as well as varying axial load for square 

columns.  The columns were 250mm square and an aspect ratio of six.  The cross section had 

8, 16mm bars uniformly distributed around the perimeter and a double 8mm diameter hoop 

arrangement with 70mm spacing.  The load histories utilized in the experiments are shown in 

Figure 10.13.  Load histories S0, S1, S2, S5, S6, S7, and S8 utilized constant axial force and 

varying imposed lateral displacement history.  Specimens S3 and S4 had a mixture of force 

control and displacement controlled loading histories in the orthogonal directions and a 

constant axial force.  Test units S9, S10, and S11 had varying lateral and axial loading 

history.  The load histories were devised to evaluate specific characteristics unique to 

bidirectional loading.   

Bousias et al. (1995) note the following regarding the influence of load path, “The strong 

coupling between the two transverse directions produced an apparent reduction of strength 

and stiffness in each of the two transverse directions considered separately, but also increased 

the hysteretic energy dissipation.  This increase is manifested by the larger width of the 

hysteresis loops in a transverse direction in the presence of a nonzero force or deflection in 

the orthogonal direction, as compared with the cases of cyclic uniaxial bending.  Moreover, 

biaxial force paths are rotated with respect to the biaxial deflection paths in the sense in 

which these are traced, so that the vector resultant of transverse displacements always lags 

behind the vector resultant of transverse forces.” 
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Figure 10.13  [Left] Load Histories Utilized in Bousias et al. (1995) and [Right] Selected 

Test S7 from Bousias et al. (1995) which Demonstrates Lag of Force Resultant behind 

Disp. Resultant 
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10.4 Study Objectives 

The objective of the research described in this research is to determine the impact of a 2-

dimensional loading path on the definition of displacement-based performance limit states 

and the relationship between strain and displacement (i.e., plastic hinges). The specific issues 

with regard to load path are the impact of multi-directional loading on: (1) Accumulation of 

strain in reinforcing steel; (2) Uni-directional design (which is the normal practice); and (3) 

Crack formation and the plastic hinge length method for member deformations. 

 

10.5 Research Plan 

10.5.1 Task One: Detailed Literature Review 

As previously noted, the research team has been studying the issue of loading history 

and its impact on the relationship between strain and displacement and strain limits 

themselves.  As part of that work, a more accurate model for plastic hinge lengths in concrete 

bridge columns has been developed, along with a simple method for accurately predicting the 

force-displacement response of a column considering column flexure and strain penetration.  

This was possible due to the fidelity of the data that was obtained through the use of a 3D 

non-contact position measurement system, as well as by detailed fiber modeling of RC 

columns.  As part of that work, a detailed literature review was conducted on the impact of 

load history (which will not be repeated here).  In addition, pilot analytical studies were 

undertaken to assess the impact of loading path on the recommendations developed as part of 

that research.  The literature review will focus on past studies on load path and its possible 

impacts on performance-based design.  This will include an examination of different loading 

protocols, as well as real bi-directional EQ load histories. 
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10.5.2 Task Two: Load Path Analysis 

Accurate fiber models capable of predicting force deformation response and local strain 

information were developed as part of the load history research previously conducted at 

NCSU.  Examples of this are shown in Figure 10.14 for strain and force versus deformation 

response.  As part of this task, the load path analysis conducted during the load history 

research project will be extended.   

 

 

Figure 10.14  Analytical and Experimental Comparison for (Left) Strain Hysteresis and 

(Right) Force-Displacement Curve 

 

10.5.3 Task Three: Experimental Studies on Columns 

The experimental work will involve a series of 12 circular bridge columns, each 

subjected to bi-directional loading and constant axial force.  The dimensions of the cross 

section, length of the member, and reinforcement detailing mirror previously tested 

specimens from Goodnight et al. (2014).  The uniaxial response of similarly detailed columns 

serves as the basis of comparison for the proposed experiments.  Other variables that will be 

considered include longitudinal steel ratio, transverse steel detailing, and axial load ratio.  

The proposed test setup is shown in Figure 10.15.  The lateral load will be applied by two 
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hydraulic actuators, which form a 45-45-90 triangle in the X-Y plane with initially concentric 

lines of action.  The input displacement control and post-processing of the actuator loads is 

defined based on the initial and deformed geometry of the setup.  Through geometry, each 

actuator load is resolved into the X and Y components, which in turn is used to compute the 

resultant force on the column.  A constant vertical load is maintained by a single hydraulic 

jack placed above the specimen which post tensions a 1 ¾” Dywidag bar located within a 3” 

PVC duct at the center of the cross-section.  A 10”x10”x8” pocket at the bottom of the 

footing-column joint provides a reaction for the axial load bar.   

The bi-directional loading paths will be prescribed in some cases and earthquake time 

history based in others, Figure 10.16.  The Type-B and Type-S load paths serve as a two-

dimensional extension of the symmetric-three-cycle set load history employed in Goodnight 

et al. (2014), Figure 10.1.  The Type-B load path, Figure 10.16, consists of a reversal in the 

y-direction 1-4 followed by a reversal in the x-direction 5-8.  The Type-S load path follows 

the double figure eight path 1-16 in Figure 10.16.  The Type-S load history still contains 

defined reversals to evaluate the damage induced by the prior cycle while providing some out 

of plane deformation demands.  The load paths induced by earthquakes are more random in 

nature in both path and sequence of displacement amplitudes.  The load path for earthquake 

records will come from time history analysis of the bridge column under orthogonal 

directions of seismic input.  The shape of the load path will be simplified into straight line 

approximations along the displacement orbit, so that it can be used in the lab as a 

displacement controlled loading procedure.  Regardless of which load history is used, the test 

will begin in the same format.  A single Type-B reversal will be completed in the following 

fractions of the analytical first yield force: ¼, ½, ¾, and Fy’.  The recorded first yield 

displacements in each of the principle directions, N-S-E-W, will be averaged to find the 

experimental first yield displacement.  The experimental first yield displacement is 

multiplied by the ratio of the nominal to the first yield moment to determine the equivalent 

yield displacement, 𝜇Δ1 = Δ𝑦
′ (𝑀𝑛 𝑀𝑦

′⁄ ).  The Type-B and Type-S load paths then resume with 

two complete reversals at each of the following displacement amplitudes: 𝜇Δ1, 𝜇Δ1.5, 𝜇Δ2, 𝜇Δ3, 

𝜇Δ4, 𝜇Δ5, 𝜇Δ6, 𝜇Δ7, etc. until failure is observed.   
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The proposed test matrix for the 12 bi-directional load path columns is shown in Table 

10.1.  The geometry and reinforcement was selected to mirror that of previous uniaxial tests 

by Goodnight et al. (2014), shown in Table 10.2.  That way, a separate uniaxial load history 

experiment may not be necessary to compare to the results of the biaxial tests.  Although it is 

unlikely, if the material properties of the reinforcement vary significantly from prior 

experiments, Tests 5, 6, and 9 may be replaced by uniaxial load histories.  Two longitudinal 

steel ratios will be evaluated in the test matrix, 1.6% and 2.1%.  Similarly, two transverse 

volumetric steel ratios are included, 0.7% and 1%.  The majority of the tests will have a 

constant level of applied axial load equivalent to 𝑃 (𝑓𝑐
′𝐴𝑔) ≈ 9%⁄ , depending on the concrete 

compressive strength.  The detailing was chosen to be representative of the well-detailed 

bridge columns with a flexural failure mode dictated by fracture of previously buckled 

longitudinal bars.  The ranges of variables in the test matrix were selected to measure their 

influence of the observed failure mode.  The specimens will be constructed at the NCSU lab 

and will utilize the same three-dimensional position monitoring system employed during 

Goodnight et al. (2014), Figure 10.2.   
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Figure 10.15  Sample Test Setup and Positioning on the Lab Strong Wall and Floor 

 

  

Figure 10.16  (Left) Prescribed Load History and (Right) Load History from Japan 

Earthquake 2011 

Y 

X 

X 
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Table 10.1  Proposed Test Configurations 

Test Load Path Long. Steel Trans. Steel Axial Cross Section Details 

1 Type-B 16 #7 (2.1%) #3@2” (1%) 9% 24in Dia. and 8ft Length 

2 Type-S 16 #7 (2.1%) #3@2” (1%) 9% 0.5in Cover to Outside of Spiral 

3 Type-B 16 #7 (2.1%) #3@2.75” (.7%) 9% 3in Dia. PVC Duct at Center for 

4 Type-S 16 #7 (2.1%) #3@2.75” (.7%) 9% 1 ¾” Dia. Dywidag Axial Bar 

5 Type-S 16 #7 (2.1%) #3@2” (1%) 4% 

 

6 Type-S 16 #7 (2.1%) #3@2.75” (.7%) 4% 

7 Type-B 16 #6 (1.6%) #3@2” (1%) 9% 

8 Type-S 16 #6 (1.6%) #3@2” (1%) 9% 

9 ACI374 16 #6 (1.6%) #3@2” (1%) 9% 

10 EQ2 16 #6 (1.6%) #3@2” (1%) 9% 

11 EQ3 16 #6 (1.6%) #3@2” (1%) 9% 

12 EQ4 16 #6 (1.6%) #3@2” (1%) 9% 
 

Table 10.2  Uniaxial Experiments from Goodnight et al. (2014) Serve as Comparison 

Test Load Path Long. Steel Trans. Steel Axial  

 

9 3-Cycle-Set 16 #6 (1.6%) #3@2” (1%) 5.4% 

8 Chile (2010) 16 #6 (1.6%) #3@2” (1%) 5.4% 

10 Chichi (1999) 16 #6 (1.6%) #3@2” (1%) 7.1% 

11 Kobe (1995) 16 #6 (1.6%) #3@2” (1%) 6.2% 

12 Japan (2011) 16 #6 (1.6%) #3@2” (1%) 6.2% 

13 3-Cycle-Set 16#6 (1.6%) #4@2.75” (1.3%) 6.2% 

14 3-Cycle-Set 16#6 (1.6%) #3@4” (0.5%) 5.7% 

15 3-Cycle-Set 16#6 (1.6%) #3@2.75” (0.7%) 5.2% 

16 3-Cycle-Set 16#6 (1.6%) #3@1.5” (1.3%) 5.6% 

17 Chile (1985) 16#6 (1.6%) #3@1.5” (1.3%) 5% 

18 Darfield (2010) 16#6 (1.6%) #3@1.5” (1.3%) 4.8% 

25 3-Cycle-Set 16 #7 (2.1%) #3@2” (1%) 5% 

26 3-Cycle-Set 16 #7 (2.1%) #3@2” (1%) 10% 

27 3-Cycle-Set 16 #6 (1.6%) #3@2” (1%) 10% 



Chapter 10:  Future Research on the Effects of Seismic Load Path 274 

 

10.5.4 Task Four: Analysis of Data and Model Calibration 

The experimental data will serve multiple purposes. First, it will provide information 

that may be directly used as design recommendations (for example, strain limits). It also will 

provide data for model calibration that is then used for the studies described below (such as 

for plastic hinge length and location). 

10.5.5 Task Five: Recommendations 

The previous load history research project has developed recommendations for strain 

limits at key performance limit states as well as more accurate models for correlating strains 

to displacement that are consistent with the measured data. Based on the work of the load 

path project, it is the hope that the recommendations from the previous study (Goodnight et 

al., 2014; Feng et al. 2014a, b, c) will either be confirmed, or modified to consider load path 

effects. In addition, this work will provide recommendations on how best to establish uni-

directional target displacements that consider the impacts of 2D load path. These 

recommendations, which will be based on 2D nonlinear time history analysis, will likely take 

the form of amplification of the uni-directional target displacement to account for multi-

directional loading. 
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