
 

ABSTRACT 

THANGJITHAM, JESSICA SUPATHA. Seismic Design Recommendations for Grade 80 

Reinforcing Steel in Concrete Bridge Columns. (Under the direction of Dr. Mervyn Kowalsky). 

 

The advantages of high strength steel reinforcement for use in elastic concrete columns are 

self-evident, as it reduces congestion and cost by requiring less material. However, to extend the 

use of high strength steel to members forming plastic hinges, the material must possess sufficient 

inelastic strain capacity. Currently, there are restrictions in bridge design codes that prohibit the 

use of Grade 80 steel due to a lack of available test data. This document provides guidance for 

engineers to confidently design bridge columns using Grade 80 reinforcing steel. The main 

objectives are to:  

(1) Develop an understanding of the characteristics of high strength steel that impact the 

seismic behavior at the material level. 

(2) Develop an understanding of columns reinforced with high strength steel at the 

structural member level. 

(3) Test unconventional design concepts that could improve the post-buckling behavior of 

columns reinforced with high strength steel. 

(4) Characterize the impact of using high strength steel in bridge columns by comparing 

performance to columns reinforced with Grade 60 steel.   

(5) Given the geographic location, determine the strain demand in plastic hinge regions of 

reinforced concrete (RC) bridge columns.  

A comprehensive investigation was conducted on the seismic performance of bridge 

columns reinforced with Grade 80 steel, including experimental and analytical results. The 

material level includes tension tests, buckled bar tension tests, and cyclic tests. In addition, 



 

parameters influencing the seismic performance of Grade 80 steel (manufacturing process and 

rebar geometry) are assessed through localized modeling using finite element analysis.  

Ten large-scale reversed cyclic tests were conducted on RC columns reinforced with Grade 

80 steel for the member level. The performance of the column tests was compared to Grade 60 

column tests of similar detailing, displacement history, and axial load. The results concluded that 

columns reinforced with Grade 80 steel could match the displacement capacity of Grade 60 steel. 

The large-scale tests are accompanied by fiber modeling to characterize the seismic performance 

of columns reinforced with Grade 80 steel.  

Design recommendations for RC bridge columns reinforced with Grade 80 steel are 

presented. In addition, unified design recommendations applicable to Grade 60 and Grade 80 steel 

are provided. Lastly, a standard methodology was established for quantifying the strain demand 

on these structural members as a function of the expected seismic hazard. The results compare the 

established strain demand in the plastic hinge to the column capacity, using column test data to 

estimate the probability of reaching a limit state strain.  

Ultimately, the main contributions of this study are the design recommendations for the 

demand (e.g., strains in plastic hinges) and the capacity (e.g., strain limit states, plastic hinge 

lengths, and energy dissipation) of RC bridge columns reinforced with Grade 80 steel.  
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Chapter 1 ï Introduction  

In the seismic design of reinforced concrete (RC) members, Grade 60 reinforcing steel has 

been universally utilized in members forming plastic hinges. In line with capacity design 

principles, the damage of seismic members occurs in locations of inelastic deformation, known as 

plastic hinges, which act to dissipate energy [1]. Through mindful detailing for the anticipated 

seismic demands, these locations are designed to fail in flexure through plastic rotation of the 

hinge. The typical failure mode of well-detailed, modern RC columns is the fracture of previously 

buckled longitudinal reinforcing bars, which causes a significant loss of capacity of the structural 

system.  

While the use of Grade 60 reinforcing steel for these applications is currently the norm, the 

use of stronger steel can have many advantages. High strength reinforcing steel can optimize 

designs by reducing material cost, construction time, and congestion. Improvements also arise 

from minimized reinforced concrete sections and improved confinement to resist bar buckling. 

However, high strength reinforcing steel, such as Grade 80 steel, remains restricted in many design 

codes due to the lack of sufficient research necessary to fully understand and quantify its behavior 

under cyclic loading. 

Although the advantages of Grade 80 steel are self-evident, structures with this 

reinforcement must remain ductile to ensure that plastic hinges can form and other members 

remain capacity-protected. In addition, the reinforcing steel must be proven with confidence to 

have enough inelastic strain capacity and adequate strain hardening. Finally, many concepts need 

to be understood about the behavior of Grade 80 steel to ensure adequate seismic performance.  
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This document will assess the seismic performance of Grade 80 steel through the following 

objectives:  

(1) Develop an understanding of the characteristics of high strength steel that impact the 

seismic behavior at the material level. 

(2) Develop an understanding of columns reinforced with high strength steel at the 

structural member level. 

(3) Test unconventional design concepts that could improve the post-buckling behavior of 

columns reinforced with high strength steel. 

(4) Characterize the impact of using high strength steel in bridge columns by comparing 

performance to columns reinforced with Grade 60 steel.   

(5) Given the geographic location, determine the strain demand in plastic hinge regions of 

RC bridge columns.  

Ultimately, these five goals contribute to design recommendations for the demand (e.g., 

strains in plastic hinges) and the capacity (e.g., strain limit states, plastic hinge lengths, and energy 

dissipation) of RC bridge columns reinforced with Grade 80 steel.   
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1.1 Research Need 

Although Grade 80 steel was added to the ASTM A706 specification in 2009, the use of 

high strength reinforcing steel remains restricted in many design codes. There is still a lack of 

sufficient data available about the performance of Grade 80 reinforcing steel in inelastic members 

to fully understand and quantify its behavior under seismic loads. Specific to bridge design codes, 

AASHTO LRFD Bridge Design [2] and the 2019 Caltrans Seismic Design Criteria (SDC) do not 

allow the use of Grade 80 steel in members designed to form plastic hinges. Specifically, the 

Caltrans SDC states, ñGrade 80 bars are not to be used in seismic critical members (SCMs) until 

definitive data from ongoing research become available [3].ò  

The main concern with using Grade 80 reinforcing steel stems from the lack of 

experimental data to understand its displacement capacity and inelastic strains under seismic 

loading. As the steel strength increase, the maximum uniform elongation decreases. Grade 80 steel 

has at least 33% less uniform elongation compared to Grade 60 steel. There is limited information 

to determine if the lower uniform elongation of Grade 80 steel correlates to a lower displacement 

capacity under seismic loads. Implementing Grade 80 steel requires an understanding of the 

implications of the higher strength on seismic performance. Due to these reasons, and to the 

author's knowledge, there currently are no design recommendations or performance strain limit 

states for RC bridge columns reinforced with Grade 80 steel.   
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1.2 Dissertation Layout 

A comprehensive investigation was conducted on the seismic performance of bridge 

columns reinforced with Grade 80 steel, including experimental and analytical results. Five 

components were outlined: material level characterization, structural member characterization, 

development of unconventional detailing, design recommendations, and an evaluation of strain 

demands. A summary of each component, chapter location, method, and outcome are summarized 

in Figure 1.1. Each section contributed to design recommendations for the demand and capacity 

of Grade 80 reinforcing steel. 

 

Figure 1.1     Experimental and Analytical Components 

 

This dissertation includes ten chapters, and an overview of each chapter is outlined below:  

Chapter 2 covers a literature review of studies related to the seismic performance of Grade 

80 steel. 

Chapter 3 outlines the material level characterization, including Charpy, Tension, Buckled 

Bar Tension, and Cyclic test results. Studies on the parameters most influential to the 

seismic performance of Grade 80 reinforcing steel are also summarized. 
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Chapter 4 covers the structural member characterization, including the experimental 

results of ten large-scale column tests reinforced with Grade 80 steel.  

Chapter 5 outlines the experimental results of two large-scale column tests reinforced with 

smooth bar detailing. 

Chapter 6 compares the seismic performance of Grade 80 columns to Grade 60 columns. 

The impact of column design parameters, comparison to material test results, and column 

failure modes are also covered.  

Chapter 7 proposes design recommendations for damage limit states strain, plastic hinge 

length, post-buckling capacity, energy dissipation, and displacement ductility demand. The 

experimental results of Grade 80 columns will also be compared to current standards based 

on Grade 60 columns.  

Chapter 8 summarizes the design recommendations for columns reinforced with Grade 80 

steel. 

Chapter 9 describes the strain demand study that defines the required capacity of a RC 

column in terms of seismicity.  

Chapter 10 summarizes the conclusions of this study's experimental and analytical 

components. Future work related to the seismic performance of high strength reinforcing 

steel will also be outlined.  

Appendix A and Appendix B provide additional results from the column tests and strain demand 

study.   
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1.3 Research Goals and Scope 

This document outlines an extensive study of the experimental and analytical results for 

the Grade 80 reinforcing steel design recommendations. The following sections describe the goals 

of each component, outlined in Figure 1.1, in further detail.  

 

Material Level Characterization  

The objective of the material characterization study is to understand the seismic properties 

of Grade 80 reinforcing steel at the material level. Material tests serve as an indicator of column 

performance to evaluate influential rebar parameters speculated to improve seismic performance. 

The tests will include monotonic and cyclic tests to provide inelastic properties that contribute to 

the seismic behavior of Grade 80 steel, such as the spread of plasticity, strain hardening, and post-

buckling performance. Seven types of Grade 80 steel used in the experimental column tests will 

be evaluated in the material tests. Results from the material tests will contribute to the 

comprehensive understanding of the inelastic behavior of Grade 80 reinforcing steel.  

 

Structural Member Characterization  

The structural member characterization evaluates the seismic performance of Grade 80 

reinforcing steel in half-scale bridge columns. The ten column tests in this study will increase the 

database of Grade 80 columns while exploring the influence of rebar geometry and the 

manufacturing process on Grade 80 steel. In addition, the column test results will lead to design 

recommendations for Grade 80 reinforcing steel for members that form plastic hinges.  
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Unconventional Column Detailing  

Results from the material level and structural member studies will quantify the seismic 

performance of Grade 80 steel with traditional detailing. The objective of the unconventional 

column detailing study is to investigate the factors that could enhance the post-buckling capacity 

of Grade 80 columns. Previous material tests have found that stress concentrations form between 

ribs of deformed bars, and rebar without ribs performed better in material tests. Therefore, large-

scale column tests were conducted with two smooth bar designs with different bond strengths 

between the steel and concrete. The results of these tests will be outlined, and the ability of each 

smooth bar design to improve seismic performance will be assessed.  

 

Comparison of Column Performance 

This research project aims to understand the seismic performance of Grade 80 reinforcing 

steel compared to Grade 60 steel. The purpose of this section will be to compare the performance 

of each Grade 80 column to a nominally identical Grade 60 column. The Grade 80 columns in this 

study matched the detailing or strength of a previously tested Grade 60 column and were subjected 

to the same axial load and displacement loading history. The global and local responses will be 

compared to evaluate any differences in seismic behavior. The comparison will show the 

suitability of Grade 80 steel as an alternative to Grade 60 steel for seismic applications.  

The influential parameters of manufacturing process and rebar geometry will also be 

compared to understand differences and implications for design recommendations. Lastly, the 

impact of column design parameters, comparison of column performance to material test results, 

and unique column failures observed during the test series will be covered.   
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Design Recommendations for Grade 80 Steel 

The final recommendations for the seismic design of Grade 80 steel will be proposed from 

the experimental results. The Grade 80 design recommendations will include limit state strains, 

plastic hinge length, energy dissipation, and displacement ductility. In addition, the seismic design 

equations for Grade 80 steel will be compared to current design recommendations based on Grade 

60 column tests. Lastly, this section will present unified design recommendations applicable to 

Grade 60 and Grade 80 reinforcing steel. 

 

Strain Demand Study  

While the experimental test results will provide guidelines on the expected capacities of 

Grade 80 RC bridge columns, the strain demand study will illustrate the capacity required for 

column design. This study aims to define the strain demand in the plastic hinge regions of RC 

bridge columns. The strain demand will be established by developing a relationship between the 

engineering demand parameter of peak tensile strain and an earthquake intensity measure. A series 

of nonlinear time history analyses (NLTHA) using fiber models calibrated from experimental tests 

will be used to develop this relationship. Finally, the strain demand will  be compared to the column 

capacity from the experimental column tests. The probability of exceeding the column capacity 

will be calculated given the earthquake intensity.  
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Chapter 2 ï Literature Review 

2.1 Prior Grade 80 Steel Research at NC State  

An extensive experimental program at North Carolina State University (NCSU) was 

established to understand the seismic behavior of high strength reinforcing steel. The main 

objective of this program was to quantify seismic design parameters of RC bridge columns using 

Grade 80 reinforcing steel. The program began in 2014 with a material test study on Grade 80 

reinforcing steel conducted by Overby et al. [4]. This study led to recommendations for A706 

Grade 80 steel material properties, such as yield strength, yield strain, the onset of strain hardening, 

tensile strength, and tensile strain at maximum stress.  

With an understanding of the material properties of Grade 80 steel, the next step was to 

investigate the expected seismic behavior and suitability of using high strength reinforcing steel 

for structural members. Therefore, Barcley conducted four large-scale reverse cyclic column tests 

reinforced with A706-80 steel. The performance of the columns reinforced with Grade 80 steel 

had lower displacement capacity and post-buckling cycles to fracture than the Grade 60 

comparison columns.  

The difference in displacement capacity and post-buckling behavior was attributed to 

ñbending strain capacity.ò Therefore, a material test was developed to simulate bending and 

tension strain demands on the buckled bar. The test was designed to replicate the reverse tension-

compression loading on a longitudinal reinforcing bar during a cyclic column test. These tests were 

conducted on various reinforcing steel from different mills, and two batches of Grade 80 steel 

resulted in improved performance in the tests and were selected for column construction [5].  

Next, Manhard conducted four large-scale reverse cyclic column tests reinforced with these 

two types of Grade 80 steel. The tests resulted in a similar displacement capacity as the Grade 60 
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columns and a greater displacement capacity than the Barcley columns. The two types of steel had 

similar displacement capacities, but one produced with a quenching manufacturing process 

showed differences in the extent of plasticity and strain hardening [6].  

The twelve large-scale reverse cycle column tests outlined in Chapter 4 and Chapter 5 of 

this document are the last step of the experimental study at NCSU to quantify the seismic design 

parameters of Grade 80 reinforcing steel. The column tests expand on the work of the previous 

studies while increasing the database of Grade 80 columns. In addition, the experimental study 

builds on the previous research discussed in this section by testing parameters that most 

significantly impact the seismic performance of Grade 80 steel.   

 

2.1.1 Overby: A706 Grade 80 Characterization 

Implementing Grade 80 steel in design requires a comprehensive understanding of how the 

reinforcing steel will behave on a material level. Therefore, material characterization was the first 

step to understanding the inelastic behavior of Grade 80 reinforcing steel in members that form 

plastic hinges. The research program at NCSU started with a series of uniaxial tension tests on 

A706 Grade 80 steel by Overby et al. [4]. The results of this study led to recommendations on 

stress-strain material properties of A706 Grade 80 steel. Before the extensive study by Overby et 

al., there were only twelve tension tests on ASTM A706 Grade 80 steel on only a few bar sizes 

conducted by Rautenberg et al. and Trejo et al. [7], [8].  

The stress-strain properties of reinforcing steel vary with yield strength. As the yield 

strength of reinforcing steel increases, the maximum uniform elongation reduces, as shown in 

Figure 2.1 [9]. For example, Grade 80 steel has approximately 33% less uniform elongation than 

Grade 60 steel, which is one reason it is restricted in members that form plastic hinges.  
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Figure 2.1     Stress-Strain of Various Grades of Steel [9]  

The stress-strain parameters were characterized with 788 tension tests on ASTM A706 

Grade 80 reinforcing bars ranging from #4 to #18 sizes. These bars were all manufactured using a 

micro-alloying manufacturing process and corresponded to three different mills with three heats 

for each bar size. This work significantly extended the stress-strain database of A706 Grade 80 

steel by over 650%.  

The strain of the bars during each tension test was recorded with an Optotrak Certus HD 

optical position sensor system. This instrumentation allowed the stress-strain behavior to be 

recorded up to bar fracture. The LEDs used during the tests were instrumented with a gauge length 

of 2ǌ for a total of six 2-inch gauges or three 8-inch gauge lengths. The results of the stress-strain 

curves of the 788 tension tests and the mean curve are shown in Figure 2.2.   
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Figure 2.2     Stress-Strain of ASTM A706 Steel from Overby Tests [9]  

The key result of this study was the statistical quantification of the uniaxial stress-strain 

behavior of Grade 80 steel. These properties can be utilized for future design parameters and 

material modeling. The investigation statistically represented the material properties of the 

modulus of elasticity, yield strength, tensile strength, yield strain, strain at the onset of strain 

hardening, ultimate tensile strain, and tensile-to-yield ratio. The material characterization of A706 

Grade 80 steel properties and the recommendations are shown in Table 2.1. These 

recommendations were incorporated into the 2018 Caltrans Seismic Design Guidelines [3], as 

shown in Table 2.2.  
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Table 2.1     ASTM A706 Material Properties & Recommendations by Overby et al. [4]  

 

Table 2.2     Properties of ASTM A706 Grade 80 Reinforcing Steel from Caltrans SDC [3]  

 

The study found few differences in the tensile behavior between different mills. Another 

significant outcome from the study was that Grade 80 bars had reduced axial strain at maximum 

stress and lower ultimate tensile strength to yield strength (T/Y ratio) compared to Grade 60 

reinforcing steel. In addition, the yield plateau length of the stress-strain curve had the highest 

variation of the tensile parameters [4].  
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The extensive study established a comprehensive understanding of how ASTM A706 

Grade 80 steel will behave on a material level. Overby increased the publicly accessible stress-

strain database of Grade 80 steel by 650%. As a result, many of recommended design values from 

the stress-strain curves are as material properties in this report. However, it should be noted that 

the database only included tension tests on Grade 80 steel manufactured with a micro-alloying 

manufacturing process. In addition, the database did not include any tests on quench-and-self-

tempered (QST) steel since it is typically not designated as A706 Grade 80 steel.  

 

2.1.2 Barcley: BBT Tests and Member Characterization 

With an enhanced understanding of the material properties of Grade 80 steel, the next step 

of the research study was to investigate the expected seismic behavior and suitability of using high 

strength reinforcing steel for structural members. A study by Barcley [5] expanded the limited 

experimental database of Grade 80 steel column tests to improve the understanding of its inelastic 

behavior under seismic loading. These tests consisted of four columns reinforced with ASTM 

A706 Grade 80 from Mill 1, referred to in this document as Mill 1 V1 #6. The columns in Table 

2.3 were comparable to Grade 60 columns tested by Goodnight [10].  

Table 2.3     A706 Grade 80 Test Matrix by Barcley [5]  

 

One set of the Grade 80 columns contained the same steel content (matched detailing) as 

the Grade 60 comparison columns. In contrast, the other set contained a lower amount of 

longitudinal steel but had the same strength as the Grade 60 columns (matched strength). In both 
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comparisons, the Grade 80 columns had a similar force-displacement response, similar strains and 

displacements at bar buckling, and slightly lower displacement capacity.  

However, a fundamental difference in the performance of the Grade 80 columns was a 

substantially earlier fracture of the bars after the initiation of bar buckling. For example, as shown 

in Figure 2.3, the Grade 80 column had one cycle between bar buckling and fracture compared to 

three cycles for the Grade 60 test. The lack of post-buckling cycles can be a concern since the bar 

buckling limit states typically serve as the maximum survival state limit in design. In addition, the 

capacity after bar buckling serves as a factor of safety or ǌreserveǌ capacity, which is reduced with 

lower post-buckling capacity.  

 

Figure 2.3     Post-Buckling Cycles for Grade 60 and Grade 80 Load Histories [5]  

Barcley developed a material test to investigate the cause of early bar fracture, designed to 

mimic the post-buckling behavior of reinforcing steel. This material test, called the ñBuckled Bar 

Tensionò (BBT) test, replicates the conditions that a bar in a column is subjected to during cyclic 

load reversals. The loading sequence of the BBT test is shown in Figure 2.4. This study found that 
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the buckled reinforcing bar would reach a ñcritical bending strainò at the transition of a ductile to 

brittle failure. Correlation between experimental results found that when the bar surpassed this 

critical bending strain (‐ ) in compression, it would likely result in a brittle fracture upon reversed 

tensile loading. This parameter could be used to estimate the expected performance of the 

reinforcing steel under cyclic loading. 

 

Figure 2.4     Loading Sequence of Buckled Bar Tension Test [11]  

The fewer post-buckling cycles in tests by Barcley and Kowalsky [12] were attributed to a 

lower bending strain capacity of the Grade 80 steel. Figure 2.5 shows the bending strain history of 

longitudinal bars throughout the test and compares Grade 60 and Grade 80 column tests. The red 

ñxò points represent the last loading cycle before bar fracture. As can be seen, the range of critical 

bending strain in bars at fracture was lower in Grade 80 columns, ‐  = 0.09 ï 0.10, compared to 

the Grade 60 columns, ‐  = 0.13 ï 0.16. 
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(a) (b) 

Figure 2.5     Bending Strain Histories for (a) Grade 60 and (b) Grade 80 Columns from Barcley and 

Kowalsky [11]  

The BBT tests were conducted on the same reinforcing steel from Mill 1, used in Barcley's 

Grade 80 column tests. In addition, BBT tests were conducted on Grade 60 steel from the same 

manufacturer as the original Grade 60 comparison columns. The BBT test results for the Grade 60 

and 80 steel are shown in Figure 2.6, with the range of ‐  shaded in red. The top of the figure 

shows the range of ‐  of the column tests from Figure 2.5, which match well with the BBT test 

results. Since the BBT results correlate well with column tests, it was concluded that the material 

tests could indicate column performance. 



  18 

 

Figure 2.6     BBT Test Results vs. Column Test Results for Grade 60 and Grade 80 Steel [5]  

Subsequently, various reinforcing steel specimens were evaluated with the BBT test from 

different strengths of steel (Grade 60, 80, 100), mills, bar size, and manufacturing processes. The 

BBT tests found that two batches of Grade 80 steel, referred to in this document as Mill 2 V1 #6 

and Mill 3 V1 #6, resulted in higher critical bending strains.  

Mill 2 was produced with the same micro-alloy manufacturing process as Mill 1. Micro-

alloy steel contains small amounts of alloying elements to modify the microstructure of the steel 

and increase its strength. An improved performance resulted from the much smoother rib radius, 

shown in Figure 2.7 (c), than the original column steel rib radius shown in Figure 2.7 (b). Results 

of the BBT test in Figure 2.7 (a) linked a larger rib radius to greater critical bending strains.  
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(b) 

 

(a) (c) 

Figure 2.7     (a) BBT Test Results; (b) Reinforcing Steel Profile (Mill 1) used by Barcley; (c) Reinforcing 

Steel Profile (Mill 2) used by Manhard [5]  

Additionally, it was found that the Mill 3 steel manufactured through the quench-and-self-

tempering (QST) process resulted in improved bending strain values, as shown in Figure 2.8 [11]. 

QST steel is produced with a heat-treated process involving rapid cooling (quenching) of the bar 

immediately after rolling. This process allows the hot ductile interior core to self-temper outside 

the bar creating a hard exterior, as shown in Figure 3.47. Since the BBT results correlated with 

column tests and could be an indication of column performance, Mill 2 and Mill 3 with the largest 

‐  capacities were selected for column construction.  

 

Figure 2.8     BBT Test Results for Mill 3 (QST) Reinforcing Steel [5]  



  20 

Since rebar geometry impacts the critical bending strain, the deformations on the bars were 

removed by milling, and the resulting smooth bars were subjected to BBT tests. The performance 

of smooth bars was found to reduce the stress concentrations localized around the rib radius. As 

shown in Figure 2.9, the results from BBT tests of smooth bars show higher critical bending strains 

compared to the original bar with ribs [11]. This promising performance in material tests leads to 

the motivation to explore unconventional detailing using smooth reinforcing steel.  

 

Figure 2.9     BBT Test Results of Traditional Reinforcing Steel Compared to Smooth Reinforcing Steel[5]  

 

2.1.3 Manhard: Effect of Steel Production Process 

The next phase in the research study expanded on Barcley's findings by studying the 

impact of rebar geometry and the manufacturing process of Grade 80 reinforcing steel. Column 

specimens were constructed to determine if reinforcing steel from Mill 2 and 3 would result in 

higher critical bending strains than Mill 1 and correspondingly improve displacement capacity. 

As a result, Manhard [6] conducted reverse cyclic tests on two columns constructed with steel 

that contained a larger rib radius compared to the Barcley columns (Mill 2 V1 #6) and two 

columns built with QST steel (Mill 3 V1 #6)). The test matrix conducted by Manhard is shown in 

Table 2.4.   
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Table 2.4     Grade 80 Test Matrix by Manhard [6]  

 

The Manhard columns matched the exact detailing of the Barcley columns and, by 

default, could also be compared to Grade 60 columns with the same detailing and flexural 

strength. The test results showed favorable lateral displacement under buckling compared to 

Barcleyôs columns reinforced with Mill 1 steel. Furthermore, the Manhard columns had a 

displacement capacity comparable to A706 Grade 60 columns previously tested at NC State [13]. 

A comparison of bending strain histories for the fractured bars of the three Grade 80 steel 

mills and the Grade 60 steel is shown in Figure 2.10. A summary of the critical bending strain 

ranges can be found in Table 2.5. The data set includes 8 Grade 80 columns [6], [11], and 16 

Grade 60 columns [10]. The column detailing ranges included longitudinal steel ratio (1.6 to 

3.1%), transverse steel ratio (0.5 to 1.3%), axial load ratio (5 to 20%), and aspect ratio (4 to 

8.67). The range of critical bending strain displays the lower bound of the lowest strain before 

fracture and the upper bound of the highest strain before fracture. 
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(a) Grade 60 (Mill 2) (b) Grade 80 (Mill 1) 

 

  
(c) Grade 80 (Mill 2) (d) Grade 60 (Mill 3) 

Figure 2.10     Bending Strain Histories: Grade 60 and Grade 80 Columns 

Table 2.5     Critical Bending Strain of BBT Tests and Column Tests 

 

Comparatively, the bending strain histories showed that QST columns had a larger critical 

bending strain range in contrast to other column tests. This behavior was similar to the material 

tests seen in Figure 2.8, which shows the decreased axial strain is progressive, resulting in a larger 
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critical bending strain range. From Barcleyôs columns, Mill 1 still has the lowest range of bending 

strain, which validates a possible relationship between the seismic performance and the 

manufacturing process and rib geometry [11]. 

The Manhard column tests showed a larger displacement capacity at fracture compared to 

the Barcley columns. However, contradicting the initial theory, the columns did not significantly 

improve the bending strain capacity before fracture, as the material tests had suggested. In addition, 

the critical bending strain values were not as large as the Grade 60 comparison column tests. This 

discrepancy between the tests may be correlated to an inaccurate method for calculating bending 

strains for the columnôs longitudinal bars. A better definition of the mathematical bar shape 

functions could improve this process. 

The columns constructed with QST reinforcing steel exhibited different behavior than steel 

manufactured with the micro-alloyed process. Although the QST columns reached a similar 

displacement capacity, they had a shorter extent of plasticity, as shown in Figure 2.11. It can also 

be noted that the columns reinforced with QST steel reached higher strains, which may have 

compensated for the lower extent of plasticity [6]. 

  
(a) (b) 

Figure 2.11     Manhard Strain Profiles: (a) Micro-Alloyed; (b) QST [6]   
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2.2 Other Studies Related to Grade 80 Steel 

Outside of the research program at NC State, limited column tests have been conducted 

with A706 Grade 80 steel. For example, circular column tests by Barbosa et al. [14] found that 

A706 Grade 60 and Grade 80 columns had comparable displacement capacities. Supporting this 

finding, Sokoli & Ghannoum [15] conducted reverse cyclic tests on square columns reinforced 

with A706 Grade 80 steel with high axial loads and found similar results.  

Potential parameters influencing the seismic behavior of Grade 80 reinforcing bars are rib 

radius and the manufacturing process. Restrepo-Posada et al. [16] suggested that early fracture of 

bars may result from cracks that form at the base of the rebar rib while loaded in compression. 

These cracks, shown in Figure 2.12, cause stress concentrations likely to result in bar fracture on 

the subsequent tension cycle. 

 
 

  
(a) (b) 

Figure 2.12     (a) Rebar Compression Cracks [16] ; (b) Rebar Cracks in Grade 80 Column Test 
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Rocha et al. [17] investigated locations of high-stress concentrations on bars manufactured 

with a quench-and-self-tempering (QST) process. The relationship between rebar geometry and 

stress concentrations was studied from the profile of 24 rebar models with various diameters and 

rib geometries. Finite element analyses conducted on 3D models showed that high stresses 

occurred at the rib-to-shaft interface. In addition, the rib radius to height (r/h) ratio parameter had 

the largest influence on stress concentrations.  

Further investigation of the impact of rebar geometry led to the study of unconventionally 

detailed column tests reinforced with smooth reinforcing steel covered in Chapter 5. Significant 

differences exist in the seismic performance of smooth reinforcing steel compared to deformed 

reinforcing steel. Many studies have been conducted on the seismic performance of RC structures 

constructed with smooth longitudinal reinforcement since most structures built before the 1970s 

were commonly reinforced with smooth bars, particularly in Southern Europe and New Zealand. 

The performance of RC structures reinforced with smooth bars is mainly dictated by the 

bond between the steel and concrete. The friction bond between the smooth bars and concrete 

makes up 80% of the bond strength and significantly degrades under cyclic loading [18]. Cyclic 

RC column tests by Verderame et al. found that the insufficient bond between smooth reinforcing 

steel and concrete leads to excessive slip of the reinforcing steel, resulting in a reduced capacity 

due to lower stiffness and a pinching effect of the hysteretic curves [19]. Furthermore, the reduced 

bond strength of smooth reinforcing steel was found to influence the strength, displacement 

capacity, damage, and energy dissipation.  

A database of experimental tests on RC columns reinforced with smooth bars subjected to 

seismic loads was collected by Opabola et al. to create a mechanical model to quantify the 

displacement capacity. The observations found that the behavior of RC columns under cyclic 
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loading was controlled by fixed-end rotation. The low bond strength results in minimal stress 

transfer between the concrete and steel, reducing the formation of secondary cracks. A single crack 

in the footing-column interface is the typical response under seismic load. Therefore, the seismic 

behavior of columns reinforced with smooth bars is dominated by a rocking mechanism [18].  

Beyond the experimental study on Grade 80 steel, a strain demand study is outlined in 

Chapter 9. The studies related to this computational study are summarized in the introduction, 

found in Section 9.1. The literature review includes previous probabilistic seismic demand models 

incorporating structural, statistical, and modeling uncertainties. In addition, other intensity 

measures to characterize seismic hazard levels and relate engineering demand parameters to 

intensity measures will be outlined.  

All of these past investigations provide a basis for understanding the performance of Grade 

80 steel and help establish methods to develop design recommendations for Grade 80 steel. 

Although the studies listed in this section are the most relevant to this investigation, a more 

thorough summary of past literature on the seismic performance of Grade 80 steel can be found in 

the Caltrans report by Barcley and Kowalsky [20] and thesis report by Manhard [6].  
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Chapter 3 ï Material Level Characterization  

This chapter describes a series of material tests on high strength steel to assess mechanical 

properties. These include Charpy impact tests, tension tests, buckled bar tension tests, and cyclic 

tests. Results from this study influenced the reinforcing steel used for the large-scale column tests 

outlined in Chapter 4 and Chapter 5.  

 

3.1 Base Material Tests 

Material tests were conducted to understand the properties of the base metal of high-

strength steel. This section covers the Charpy impact test on the base material of high strength 

steel. This test aims to understand if there is a relationship between the base material of Grade 80 

steel and its seismic performance when used to reinforce bridge columns. 

 

3.1.1 Charpy Impact Tests 

The Charpy Impact Test is a high strain rate test conducted by striking a v-notched 

rectangular prism with a pendulum hammer arm. During impact, the amount of energy absorbed 

at fracture is measured. The absorbed energy at fracture characterizes the materialôs fracture 

toughness, and the material's ductility is measured from observations of the fractured surface.  

Charpy impact tests were conducted on seven rebar samples of varying grades, heats, and 

manufacturing types to measure the comparative energy absorbed at fracture. Four samples were 

tested for each reinforcing steel type for a total of 28 Charpy Tests. In addition to testing different 

grades, some samples were tested on steel with increased vanadium (Grade 80V), a chemical 

element known to increase strength while improving strain capacity [9]. However, tension tests 

comparing Grade 80 rebar with Grade 80V rebar with the higher vanadium content indicated that 

the vanadium only increased the strength and not the strain capacity [5]. Figure 3.1 (a) shows the 
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drawings for the rebar samples, which were machined to 1 cm x 1 cm x 5.5 cm prisms with a vï

notch centered on the specimen. The final test specimen is shown in Figure 3.1 (b). The Charpy 

Tests followed the ǌStandard Test Methods for Notched Bar Impact Testing of Metallic Materialsǌ 

(ASTM E23) and were conducted at a temperature of 72°F with a standard weight pendulum and 

swing height as shown in Figure 3.1 (c) [21].  

 
(a) 

 

  
Top View Side View 

(b) 

 
(c) 

Figure 3.1    (a) Detail for Charpy Test Sample; (b) Charpy Test Sample; (c) Charpy Test 
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The results of the Charpy Impact Test can be found in Figure 3.2. The top graph shows 

each test's energy absorbed at fracture, and the bottom graph shows the average results. The Grade 

80 steel, Mill 1, 2, and 3 (version 1) were samples taken from #6 longitudinal bars used in Grade 

80 Column Tests from Barcley and Manhard in a previous phase of this experimental program [6], 

[11]. The results showed that the steel produced with the QST manufacturing process had 5 ï 11 

times greater energy absorption than MA steel. For Mill 1 and 2, the results of Grade 60 to Grade 

80 were similar. However, Grade 100 had significantly reduced energy absorption, from an 

average of 11 ft-lb to 2 ft-lb. This reduction in energy absorption capacity can be attributed to the 

inherent nature of increasing steel strength, which correlates to increased brittleness. 

Correspondingly, Mill 1 Grade 80V with the additional vanadium also resulted in a reduction in 

energy absorption. 

 

Figure 3.2     Charpy Impact Test Results 

Lastly, the fracture surface of the material can be observed to understand the behavior of 

the base material at failure. The MA steel samples resulted in a brittle flat failure plane shown in 
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Figure 3.3 (a). Conversely, the QST samples produced a ductile failure mode with jagged 

surface/shear lips, as seen in Figure 3.3 (b). The composition of QST reinforcing steel consists of 

a tough martensitic exterior tempered from a hot ductile ferrite-perlite core (Figure 3.47). Details 

regarding the QST manufacturing process can be found in Section 3.3.2. When producing the 

Charpy Test samples, the hard-tempered martensite exterior of the QST steel was milled down. 

Therefore, the Charpy test results are only characteristic of the ductile ferrite-pearlite interior.  

 
(a) 

 

 
(b) 

Figure 3.3     Failure Modes of Charpy Impact Test: (a) Typical Fracture, Flat Plane; (b) QST Fracture, 

Jagged Surface / Shear Lips 

The results from the Charpy Impact Test correlated to the fracture surfaces of the different 

manufacturing processes. For example, when the hard-tempered martensite exterior of QST steel 

becomes damaged after multiple cycles or high bending strains during the BBT or Cyclic test, the 

failure is more representative of the ductile ferrite-pearlite interior core. For these brittle failures, 

the failure surface of the QST reinforcing steel was diagonal with jagged shear lips (Figure 3.18 

(b)), similar to the QST Charpy sample, Figure 3.3 (b). In addition, the MA reinforcing steel 

exhibited a straight flat surface for the brittle failures (Figure 3.18 (c)) observed in BBT and Cycle, 

similar to the MA Charpy failure, Figure 3.3 (a). Similar fracture surfaces for the MA and QST 

steel were also exhibited at the column member level, as shown in Figure 3.4.  
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(a) (b) 

Figure 3.4     Failure Modes of Reinforcing Steel in Column Tests: (a) MA Typical Fracture, Flat Plane; 

(b) QST Typical Fracture, Shear Plane 

In terms of measuring the columnôs energy absorption capacity, better performance in the 

base material through the Charpy Impact Test did not directly correlate to the performance of the 

steel on the material level (BBT test and Cyclic tests) and the column member level. Due to these 

reasons, further Charpy Impact Testing of the different types of reinforcing steel was not 

conducted.  
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3.2 Reinforcing Bar Tests 

The reinforcing bar testing will focus on the reinforcing steel shown in Table 3.1 used in 

the 12 column tests (Table 4.1) summarized in Chapter 4. The longitudinal steel consists of seven 

rebar heats, varying steel mills, bar sizes, bar geometries, and manufacturing processes. The 

version of reinforcing steel for each mill includes previous heats of steel (e.g., Mill 1 V1 #6, Mill 

2 V1 #6, and Mill 3 V1 #6) that were tested in Grade 80 Column Tests conducted by Barcley and 

Manhard (Chapter 2) [5], [6].  

Table 3.1     Summary of the Longitudinal Reinforcing Steel used in Column Test 

 

The reinforcing steel from Mill 1 and 2 was produced with a micro-alloying (MA) 

manufacturing process, and the bars were designated as A706. The A706 classification requires 

that reinforcing steel meet a minimum ultimate tension stress/yield stress (T/Y) ratio of 1.25 [22]. 

The steel from Mill 3 used a quench-and-self-tempered (QST) manufacturing process, which is 

typically characterized by a lower T/Y ratio. Due to the quenching manufacturing process, the 

specific T/Y ratio is difficult to tailor, so the bars were designed as A615. Although it should be 

noted that all batches of QST steel met the minimum T/Y ratio requirement of 1.25, as shown in 

Table 3.1. 

In addition, material tests were conducted on smooth bars  (ñMA ï Smoothò) used in 

Column Tests 11 & 12, considered unconventional detailing. These bars were manufactured using 

a micro-alloy method by rolling the billets into a smooth round with the diameter of a #7 
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reinforcing bar (dia. = 0.875ǌ). The smooth bars were produced from the same steel billets as the 

Mill 1 #7 bars. It should be noted that although Test 12 used two types of steel (smooth bar in the 

plastic hinge, Mill 1 SM #7 steel, coupled with traditional reinforcing bar, Mill 1 #7, above the 

hinge), it will only be associated with Mill 1 SM #7 steel. 

Material tests were also conducted on the transverse reinforcing steel used in the twelve 

column tests. The transverse steel consisted of two different heats from Mill 1 of ASTM A706 

spirals produced using the micro-alloying process, summarized in Table 3.2. Tension tests were 

the only material tests conducted on the transverse steel spirals (Section 3.2.1).  

Table 3.2     Summary of the Transverse Reinforcing Steel used in Column Test 

 

The material tests include three tests to quantify the material properties of the reinforcing 

steel. First, the stress-strain properties of each steel were obtained through tension tests. Next, 

buckled bar tensile tests were conducted to obtain the range of critical bending strain to compare 

to the performance of column tests outlined in Chapter 4 and Chapter 5. Lastly, cyclic tests were 

conducted to obtain the cyclic T/Y ratio of the different manufacturing processes.  
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3.2.1 Tension Tests 

Tension tests were conducted to quantify the stress-strain properties of the longitudinal and 

transverse steel used in the column tests. The tension tests were conducted following the material 

testing standards of ASTM A370 [23]. All of the reinforcing bars except for Mill 3 V3 #6 (fy = 

81.9 ksi) were larger than the Caltrans expected yield strength of 85 ksi for Grade 80 steel [3] 

which followed the recommendations from Overby et al. [4], shown in Table 2.2. However, Mill 

3 V3 #6 bars did meet the minimum required yield stress of Grade 80 reinforcing steel. 

For each material type, 4-5 tension tests were conducted, and the stress-strain curves were 

obtained using Optotrak LEDs markers, as shown in Figure 3.5 (a). The bars were instrumented 

with 5 LEDs resulting in  4 ï 2ǌ gauge lengths. The fracture of the transverse steel and the 

longitudinal steel produced from the MA and QST manufacturing process is shown in Figure 3.5 

(b) ï (d). The transverse steel had a ǌvǌ shaped fracture that formed along the spiralôs rib. The MA 

steel exhibited necking, reducing the area of the fracture location. Conversely, the elongation of 

the QST steel led to a triangular fracture surface initiating at the rib interface. 

    
(a) (b) (c) (d) 

Figure 3.5     Photos of the Tension Test: (a) Transverse Spiral Instrumentation; (b) Fracture of 

Transverse Spiral; (c) Fracture of MA Longitudinal Bar; (d) Fracture of QST Longitudinal Bar  
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A summary of the tensile properties of the longitudinal and transverse steel is shown in 

Table 3.3 and Table 3.4. The tensile properties of the transverse steel were obtained using straight 

bar samples. In addition, the transverse steel from the Phase 1 columns used tensile data from a 

previous research phase from Barcley [5].  

Table 3.3     Tensile Properties of Longitudinal Reinforcing Steel 

 

Table 3.4     Tensile Properties of Transverse Reinforcing Steel 

 

 

Longitudinal Reinforcing Steel 

The stress-strain results from the tension tests for each mill are divided into the column test 

phases found in Table 4.1: Phase 1 (Figure 3.6), Phase 2 (Figure 3.7), and Phase 3 (Figure 3.8). In 

each figure, the average stress-strain curve from the 4-gauges was plotted for each test and labeled 

as Test 1 ï 5. The average stress-strain curve of all the tests obtained for each reinforcing steel 

type is labeled as the ǌModelǌ curve. The Model curve for all seven longitudinal bar types is shown 

in Figure 3.9.  

The reinforcing steel has a wide variety of stress-strain behavior ranging from the smallest 

yield stress, Mill 1 V3 #6, to the largest, Mill 1 SM #7. It should be noted that the smooth bars, 

Mill 1 SM #7, were produced from the same steel billets as the Mill 1 V2 #7 bars, although, as 
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seen in Table 3.3, the yield strength was higher due to smooth geometry. In addition, Mill 1 V2 #6 

and Mill 1 #7 had similar stress-strain curves since they were produced with the same steel billet, 

as shown in Figure 3.9.  

 

(a) Mill 2 V2 #6 (MA, Column Tests 1, 3, 5) 

 

(b) Mill 3 V2 #6 (QST, Column Tests 2, 4, 6) 

Figure 3.6     Phase 1: Longitudinal Steel Stress-Strain Curves 
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Figure 3.7     Phase 2: Longitudinal Steel Stress-Strain Curves: (a) Mill 1 V2 #6 (MA, Column Test 7); 

(b) Mill 3 V3 #6 (QST, Column Test 8); (c) Mill 1 #7 (MA, Column Test 9); (d) Mill 3 #7 (QST, Column 

Test 10) 
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(a) Mill 1 V2 #6 (MA, Column Test 7) 

 

(b) Mill 3 V3 #6 (QST, Column Test 8) 
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(c) Mill 1 #7 (MA, Column Test 9) 

 

(d) Mill 3 #7 (QST, Column Test 10) 
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Figure 3.8     Phase 3: Longitudinal Steel Stress-Strain Curves, Mill 1 #7 Smooth Bar (MA, Column Tests 

11 & 12) 

 

Figure 3.9     Longitudinal Steel Stress-Strain Curves for Column Tests 1 ï 12 

The manufacturing process of reinforcing steel can influence the yield plateau of the stress-

strain curve. Previous studies have found that stress-strain curves of QST steel have a longer yield 

plateau than MA steel [6]. From Figure 3.10, the orange curves represent MA steel, while the blue 
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curves represent QST steel. Excluding the #7 QST bars, the QST had a longer yield plateau. The 

yield plateau of QST steel will be further investigated to see if it impacts the spread of plasticity 

of the column tests in Section 6.9.5.  

 

Figure 3.10     Comparison of Yield Plateau of MA and QST Longitudinal Steel 

Another critical aspect of reinforcing steel is the T/Y ratio. The T/Y ratio of each 

reinforcing steel was plotted up to ultimate stress (T) for the seven types of reinforcing steel, as 

shown in Figure 3.11. This ratio is important because the ASTM A706 requirement limits the T/Y 

ratio to 1.25. In addition, QST steel is known to have a lower T/Y, which can restrict the steel from 

becoming classified as A706 steel. In this study, the QST T/Y ratio ranged from 1.26 to 1.28. 

Conversely, the T/Y ratio of the MA steel ranged from 1.27 ï 1.31. The smooth bars, manufactured 

using the MA process, had the highest T/Y ratio of 1.33. A more detailed discussion of the T/Y 

ratio is outlined in Section 3.3.2.  
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Figure 3.11     Comparison of T/Y Ratio of Longitudinal Steel 

The last parameter that can be compared to the tensile properties of the reinforcing steel is 

uniform elongation measured as a % elongation over 8 inches. The results for the seven types of 

reinforcing steel used in the column tests are shown in Table 3.5. The ASTM A706 requirements 

specify a lower % elongation for Grade 80 steel as a minimum of 12% for #3 - #11 bar sizes 

compared to the Grade 60 requirements of 14% for #3 - #6 bar sizes and 12% for #7 - #11. The 

impact of uniform elongation was an important difference between Phases 1 and 2 steel. 

Specifically, Mill 3 V3 #6 increased uniformed elongation to 15% compared to 13% in Mill 3 V2 

#6.   
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Table 3.5     Elongation in 8ǌ of Grade 80 Steel 

 

 

Transverse Reinforcing Steel 

The transverse steel was instrumented with Optotrak LEDs to measure strains using the 

same method as the longitudinal bars. In a previous research phase, Barcley conducted tension 

tests to obtain the properties of the Phase 1 spiral (Mill 1 V1 #3) [5]. For the Phase 2 & 3 spiral, 

four tension tests were conducted, and the average stress-strain curve was obtained for all the 

tension tests labeled as the ǌModelǌ curve. 

The transverse steel had no clear indication between elastic and plastic behavior. Since the 

curve lacks a yield plateau, the offset method was used to determine the yield stress [23]. A parallel 

line to the initial yield line of the stress-strain curve was potted at a 0.2% offset strain to obtain the 

yield stress, as shown in Figure 3.12 (b) for Phases 2 & 3. A similar method for the Phase 1 

transverse steel was used to obtain the yield stress from the stress-strain curves in Figure 3.12 (a). 

The yield strength of the spirals was 79 ksi, slightly under the ASTM A706 minimum yield 

strength for Grade 80 steel of 80 ksi.  

A comparison of the transverse reinforcing steel used in Phases 1, 2, and 3 can be found in 

Figure 3.13. The yield strength between the two types of transverse steel was significantly 

different. The Phase 1 spiral (Mill 1 V1 #3) had a lower yield strength of 79 ksi compared to the 

Phase 2 & 3 spiral (Mill 1 V2 #3) yield strength of 88 ksi. During a column test, a higher strength 
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spiral can be beneficial for the confinement of the concrete core and restraint of the longitudinal 

bars from buckling. There will be further discussion on the impact of spiral yield strength on the 

Column Test results in Section 6.9.4.  

 

(a) Phase 1: Mill 1, V1 #3 

 

(b) Phase 2 & 3: Mill 1, V2 #3  

Figure 3.12     Transverse Steel Stress-Strain Curves  
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Figure 3.13     Transverse Steel Stress-Strain Curves for Column Tests 1 ï 12 

 

Tensile Properties of Comparison Grade 60 Steel 

This research aims to compare the performance of Grade 80 reinforcing steel with Grade 

60 reinforcing steel. Each column test matched the same detailing or strength of a Grade 60 

comparison column tested by Goodnight [10]. The comparison Grade 60 reinforcing steel was 

divided into two heats for both the longitudinal and transverse steel, which will be referred to as 

Grade 60 V1 and V2. The properties of the Grade 60 steel are summarized in Table 3.6 

(longitudinal bars) and Table 3.7 (transverse steel).  

Table 3.6     Tensile Properties of Comparison Grade 60 Longitudinal Reinforcing Steel 
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Table 3.7     Tensile Properties of Comparison Grade 60 Transverse Reinforcing Steel 

 

The stress-strain properties of the Grade 60 test were plotted with the Grade 80 tests for 

each comparison column set. The figures are outlined as Phase 1 in Figure 3.14 and Phase 2 & 3 

in Figure 3.15 (a) and (b), respectively. In addition, the results comparing the transverse steel for 

the Grade 60 and Grade 80 tests can be found in Figure 3.16. The yield strength of Grade 80 steel 

was 20 ï 32% higher than the Grade 60 longitudinal steel. Compared to the Grade 60 steel, the 

Grade 80 transverse steel was 20 ï 24% higher for Phase 1 and 34 ï 38% higher for Phases 2 & 3.   

 

Figure 3.14     Phase 1: Comparison of Longitudinal Steel Stress-Strain Curves for Tests 1 ï 6, Grade 60 

V1 & V2 #6 vs. Mill 2 V2 #6 & Mill 3 V2 #6 



  47 

 

(a) Grade 60 V1 #6 vs. Mill 1 V2 #6 (Test 7) & Mill 3 V3 #6 (Tests 8) 

 

(b) Grade 60 #8 vs Mill 1 #7 (Test 9) & Mill 3 #7 (Test 10) & Mill 1 SM #7 (Test 11 & 12) 

Figure 3.15     Phase 2 & 3: Comparison of Longitudinal Steel Stress-Strain Curves 
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Figure 3.16     Comparison of Transverse Steel Stress-Strain Curves for Column Tests 1 ï 12, Grade 60 

V1 & V2 #3 vs. Mill 1 V1 & V2 #3
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3.2.2 Buckled Bar Tension Tests 

The Buckled Bar Tension (BBT) tests aim to study the post-buckling behavior of the 

reinforcing steel. The BBT test is designed to replicate the reverse tension-compression loading 

on a longitudinal reinforcing bar during a cyclic column test. As summarized in Chapter 2, the 

BBT test was initially developed to investigate the causes of early bar fracture of Grade 80 

reinforcing steel compared to Grade 60 reinforcing steel in column tests conducted by Barcley [5]. 

In addition, the BBT test can be used to understand the strain distribution of a buckled bar.  

During a BBT test, a bar specimen is loaded in compression in a universal testing machine 

(UTM) to a specified buckled curvature and then pulled in tension until fracture, as shown in 

Figure 3.17 (a). The fracture surface is recorded as either a ductile or brittle failure. The bar will 

experience a brittle failure upon tension loading if buckled to a high enough curvature. For 

example, the curvature loading sequence for a brittle failure is shown in Figure 3.17 (b), while a 

ductile failure is shown in Figure 3.17 (c). In addition, Figure 3.17 (d) shows a ductile curvature 

loading sequence of a smooth bar.  
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(a) 
 

      

(b) (c) (d) 

Figure 3.17     Loading Sequence of BBT Test: (a) Conceptual [5] ; (b) Ductile; (c) Brittle; (d) Ductile 

Smooth Bar 

Typical characteristics of ductile failures result in rebar straightening and necking at 

fracture, similar to a direct tension test. A brittle failure results in little to no elongation of the bar.  

The steel manufacturing process influences the appearance of ductile and brittle fractures. Figure 

3.18 (a) shows a typical ductile fracture of MA steel where the necking reduces the area of the 

fracture location. In contrast, a brittle failure for MA steel results in a flat fracture surface, as seen 

in Figure 3.18 (b). A ductile failure of QST steel has a clean diagonal shear surface, as shown in 

Figure 3.18 (c). In contrast, a brittle failure of QST steel has a jagged diagonal surface and 

occasionally visible compression cracks at the rib interface, as seen in Figure 3.18 (d). Figure 3.19 
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includes reinforcing steel after BBT tests on MA, QST, and smooth steel sorted from ductile to 

brittle.  

    
(a) MA Ductile (b) MA Brittle (c) QST Ductile (d) QST Brittle 

Figure 3.18     Reinforcing Steel after BBT Test: Ductile and Brittle Fractures 

 

   
(a) (b) (c) 

Figure 3.19     Rebar Fractures after BBT Tests from Ductile to Brittle: (a) MA Steel; (b) QST Steel; (c) 

Smooth Bars 

During the test, each specimen was instrumented with seven LED markers on the 

reinforcing steel and two on the UTM grips, as shown in Figure 3.20 (a). The bending strain, ‐, 

is initially estimated during the test by a prescribed displacement, Ў , using the relationship of 

bar length over bar diameter, ὒὨϳ , and bending strain, shown in Equation 3.1. The Ў  equation 
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is calculated from the polynomial fit through 133 material tests conducted in a previous study by 

Barcley et al. [11].  

Ў πȢπωφ
ὒ

Ὠ
‐ πȢσςω

ὒ

Ὠ
‐ πȢπσρ Equation 3.1 

 

The bar's position throughout the test is measured through a 3D optical measuring system 

of LEDs. A fourth-order polynomial was used to approximate the bar position from the seven LED 

markers. The LED sensors, glued to the barôs surface, record the position at the center of the LED. 

The measured LED position then must be corrected to the longitudinal bar's neutral axis (NA). The 

LED sensors were located 0.1ǌ from the bar surface, accounting for the depth of the glue. Adding 

this 0.1ǌ depth to half of the bar diameter results in a corrected distance of 0.48ǌ for the #6 bar and 

0.54ǌ for the #7 bar. The initial LED position was corrected by moving the LED data to the 

corrected distance (0.48ǌ or 0.54ǌ) along a slope perpendicular to the tangent of the fourth-order 

polynomial. The initial LED position with the corrected neutral axis position is shown in Figure 

3.20 (b).  

The resulting rebar displaced shape is differentiated twice to calculate the buckling-induced 

curvature on the bar cross-section, as shown in Figure 3.20 (b) and (c). The Euler-Bernoulli beam 

theory equation was used to calculate the curvature, ʒ, in Equation 3.2 using the bar position, × 

[24]. The deformation of the bar at maximum curvature is small, so the approximate solution for 

the slope of the bar position is found using the methodology from Barcley et al. [11], by assuming 

that ὨύὨὼϳ  << 1. Therefore, the bar curvature can be approximated as the second derivative of 

the position function, shown in Equation 3.3 
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(a) (b) (c) 

Figure 3.20     (a) BBT Instrumentation; LED Data from BBT Test; (b) LED Position on Buckled Bar; (c) 

Curvature 

The maximum bending strain of the longitudinal bar, ʀ, can be calculated using Equation 

3.4. The equation assumes a uniform cross-section, and the maximum bending strain due to 

curvature is located at the neural axis at half of the bar diameter, Ä.  

‐ •
Ὠ

ς
 

Equation 3.4 

A previous study by Barcley et al. found that the buckled reinforcing bar would reach a 

ǌcritical bending strainǌ at the transition of a ductile and brittle failure (Section 2.1.2). Correlation 



  54 

between the experimental results found that when the bar surpassed this critical bending strain 

(‐ ) in compression, it would likely result in a brittle fracture upon reverse tensile loading. As 

outlined in Chapter 2, the ‐  of column tests conducted by Barcley were found to match the ‐  

of BBT tests on the same reinforcing steel in the column tests [11]. Therefore, this parameter could 

effectively estimate the reinforcing steel's expected performance in a reverse cyclic column test. 

Furthermore, the ductile and brittle failure modes can be compared by plotting each failure's strain-

strain curves, as shown in Figure 3.21.  

 

Figure 3.21     Stress-Strain Curve: Ductile vs. Brittle Failure Mode 

A total of 103 BBT tests were conducted from the seven reinforcing steel types used in the 

column test (Table 3.1). For each reinforcing steel bar type, 13 ï 15 samples were tested by varying 

bar curvatures to quantify the ‐  range. The bending strain, ʀ, was calculated for each bar and 

plotted against the axial strain at maximum stress, ʀ , at fracture. In some cases, the bar was so 

buckled that it fractured before reaching tension stresses, so ʀ  was taken as 0.  
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The results for the BBT tests are presented for each reinforcing steel and divided into the 

Phases found in Table 4.1: Phase 1 (Figure 3.22), Phase 2 (Figure 3.23), and Phase 3 (Figure 3.24). 

The range of ‐  for each reinforcing steel is summarized in Table 3.8. In addition, the size of each 

range is shown to indicate the large ‐  range of #6 QST steel (Mill 3) correlating to a more gradual 

loss of elongation.  

Table 3.8     Summary of BBT Test Results 
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(a) Mill 2 V2 #6 (MA, Column Tests 1, 3, 5) 

 

(b) Mill 3 V2 #6 (QST, Column Tests 2, 4, 6) 

Figure 3.22     Phase 1: BBT Test Results of Longitudinal Steel 
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Figure 3.23     Phase 2: BBT Test Results of Longitudinal Steel: (a) Mill 1 V2 #6 (MA, Column Test 7); 

(b) Mill 3 V3 #6 (QST, Column Test 8); (c) Mill 1 #7 (MA, Column Test 9); (d) Mill 3 #7 (QST, Column 

Test 10) 
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(a) Mill 1 V2 #6 (MA, Column Test 7) 

 

(b) Mill 3 V3 #6 (QST, Column Test 8) 
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(c) Mill 1 #7 (MA, Column Test 9) 

 

(d) Mill 3 #7 (QST, Column Test 10) 
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Figure 3.24     Phase 3: BBT Test Results of Longitudinal Steel, Mill 1 #7 Smooth Bar (MA, Column Tests 

11 & 12)  

The BBT test results for the longitudinal steel used in Column Tests 1 ï 10 are shown in 

Figure 3.25. Mill 1 V2 #6 had the lowest ‐  of 0.11 ï 0.14, while Mill 3 V3 #6 had the highest 

‐  and widest range of 0.1 ï 0.25. The axial strain at maximum stress for Phase 2 (Mill 1 V2 #6, 

Mil l 1 #7, Mill 3 #7, and Mill 3 V3 #6) was higher for bars subjected to low bending strains (ductile 

failure mode). The ductile ‐ ranged from 0.13 ï 0.15 for Phase 2, compared to 0.1 ï 0.12 for 

Phase 1.  
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Figure 3.25     Phase 1 & 2 Comparison: BBT Test Results of Longitudinal Steel for Column Tests 1 ï 10 

The column tests were reinforced with two different types of steel, MA and QST. The 

columns were identically detailed and subjected to the same displacement load history and axial 

load. The BBT results for each type of reinforcing steel can be compared for Phase 1 (Figure 3.26) 

and Phase 2 (Figure 3.27). One noticeable characteristic of steel produced with the QST 

manufacturing process is the larger range of ‐ , represented by Ў‐  in Table 3.8. In addition, the 

larger range of Ў‐  correlates to the reinforcing steel with a longer yield plateau in the stress-

strain curves found in Figure 3.10. The larger diameter #7 QST bar had a yield plateau similar to 

the length of MA steel, resulting in a small Ў‐  of 0.03 compared to 0.11 ï 0.15 of the #6 QST 

steel with a longer yield plateau.  
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Figure 3.26     Phase 1 Comparison: BBT Test Results of Longitudinal Steel for Column Tests 1 ï 6 
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(a) MA (Test 7) vs. QST (Test 8) 

 

(b) MA (Test 9) vs. QST (Test 10) 

Figure 3.27     Phase 2 Comparison: BBT Test Results of Longitudinal Steel for Column Tests 7 ï 12 

As discussed in Section 2.1.2, the rebar geometry significantly contributes to the bending 

strain capacity of reinforcing steel. Therefore, columns reinforced with Grade 80 smooth bar are 

tested in Phase 3 (Tests 11 & 12). Traditional rebar with ribs can form stress concentrations at the 
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rib interface, leading to smaller ‐ . Smooth bars can reach higher ‐  then traditional rebar with 

ribs because they do not have these stress concentrations. The BBT test results of the traditional 

rebar with ribs (Mill 1 #7) and smooth bar (Mill 1 SM #7) are shown in Figure 3.28. Both types of 

reinforcing steel are made up of the same base material, the only difference being the bar geometry. 

Removing the stress concentrations from the ribs increases the bending strain capacity 

substantially from a ‐  range of 0.16 ï 0.21 for the ribbed bar to 0.29 ï 0.35 for the smooth bar.  

 

Figure 3.28     Phase 3 Comparison: BBT Test Results of Longitudinal Steel for Column Tests 11 & 12 
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Next, the BBT Test results of different bar size diameters can be compared. For example, 

Mill 1 V2 #6 and Mill 1 #7 had similar stress-strain curves since they were produced with the same 

base material, as shown in Figure 3.29. The results of Mill 1 BBT tests can be compared in Figure 

3.30 (a). Although the tension tests were similar, the Mill 1  BBT tests resulted in a range of ‐  of 

0.11 ï 0.14 for the #6 bar compared to 0.16 ï 0.21 for the #7 bar. This difference may be due to 

the larger r/h of 2.4 for the #7 bar compared to 1.9 for the #6 bar (Table 3.15). The impact of rebar 

geometry will be further discussed in Section 3.3.1. The BBT test results for the QST steel of 

different bar sizes (#6 and #7) are shown in Figure 3.30 (b). The #7 bar had a smaller  Ў‐  of 0.03, 

compared to 0.15 for the #6 bars. This difference in Ў‐  was discussed above and correlates to 

differences in the yield plateau of the stress-strain curves.  

 

Figure 3.29     Mill 1 Stress-Strain Curves of Longitudinal Steel 

  



  66 

 

(a) MA Steel 

 

(b) QST Steel 

Figure 3.30     Comparison of BBT Test Results of Different Bar Sizes (#6 vs. #7) 
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Comparison to Grade 80 Steel and Grade 60 Steel 

 

The results presented in the previous section are part of an extensive study on the seismic 

performance of Grade 80 steel conducted at NC State. As outlined in the literature review, eight 

column tests reinforced with Grade 80 steel from Mill 1, 2, and 3 were conducted by Barcley (LB) 

and Manhard (RM) [5], [6]. BBT tests were conducted on these three reinforcing steel types: Mill 

1 V1, Mill 2 V1, and Mill 3 V1. In addition, Barcley conducted BBT tests on Grade 60 steel from 

the same manufacturer as the original Grade 60 comparison columns [5]. The range of ‐  from 

the BBT results of the previous versions of Grade 80 steel and the Grade 60 comparison steel can 

be found in Table 3.9. In addition, the Ў‐  range is shown in the table indicating that Mill 3, V1, 

the QST steel had a larger Ў‐  of 0.13 compared to 0.02 ï 0.05 of the MA steel. This longer Ў‐  

is correlated to a more gradual loss of elongation.  

Table 3.9     Summary of BBT Test Results of Previous Grade 60 & Grade 80 Steel 

 

The BBT test results for each Grade 80 manufacturer are shown in Figure 3.31. The Mill 

1 results were similar, except Mill 1 V2 had a higher range of ‐  of 0.11 ï 0.14 compared to 0.1 

ï 0.12 for Mill 1 V1. For Mill 2, Version 1 has a higher range of bending strain of 0.16 ï 0.21 

compared to Version 2 of 0.15 ï 0.18. In addition, Mill 2 V2 had a larger axial strain at maximum 

stress. For Mill 3, produced with the QST process, there were three versions of #6 bars, all having 

a large Ў‐  of 0.13, 0.11, and 0.15 for V1, V2, and V3, respectively. Mill 3 V3 also had slightly 

higher axial stress at maximum stress. 
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Figure 3.31     Comparison of All Versions of Grade 80 Reinforcing Steel:(a) Mill 1; (b) Mill 2; (c) Mill 3 
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(a) Mill 1 

 

(b) Mill 2 
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(c) Mill 3 

The BBT test results of the Grade 80 steel in Column Test 1 ï 10 can be compared to Grade 

60 steel in Figure 3.32. The figure also shows the corresponding T/Y ratios of each type of steel, 

with the largest T/Y being 1.36 (Grade 60) and the smallest being 1.26 (Mill 3 V3 #6). The axial 

strain at maximum stress is lower for the Grade 60 steel than the Grade 80 reinforcing steel.  

 

Figure 3.32     Comparison of Grade 80 vs. Grade 60 Reinforcing Steel 
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Barcley et al. developed Equation 3.1 to simplify the ability to conduct the BBT test 

without optical instrumentation [11]. The original equation was based on 103 tests, and the BBT 

tests conducted in this section more than double the database of experimental data. The new 

database only includes traditional reinforcing steel (with ribs) and includes tests outside this 

section's scope. The axial displacement of the experiments of the new database (228 tests) can be 

compared to the predicted Equation 3.1, shown in Figure 3.33. Equation 3.1 matches well with the 

new database with a 2.2% over-prediction of the experimental value. In addition, the black line 

shows a perfect correlation between the experimental and predicted displacements. It should be 

noted that the range of ὒὨϳ  of 8 to 16, 80% of the database is between an ὒὨϳ  range of 8 ï 10.5.  

 

Figure 3.33     Comparison of Axial Displacement of Experimental vs. Predicted 
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As mentioned in Section 2.1.2, the BBT results correlate well with column tests, and it was 

concluded that the material tests could indicate column performance. The relationship between the 

performance of the reinforcing steel in the BBT test and the reverse cyclic column tests is limited 

to four column tests by Barcley [5]. An extensive database of BBT results from the Grade 80 

reinforcing steel will be compared to the performance of the 12 quasi-static column tests outlined 

in  Chapter 4 and Chapter 5. The correlation between the BBT test results and bending strain from 

column tests will be further discussed in Section 6.10.    
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3.2.3 Cyclic Tests 

Cyclic tests were conducted to explore differences in cyclic behavior due to lower T/Y 

ratios, typical due to the QST manufacturing process. During the cyclic tests, reinforcing steel 

specimens were subjected to cyclic loading similar to the load history of a column test. Seven 

samples representing the seven types of reinforcing steel used in the Column Tests (Table 3.1) 

were tested under cyclic loading. The specimens were each instrumented with a Tokyo Measuring 

Instruments Lab. post-yield strain gauge (Type: YEFLAB-5-5LJCT-F) with an average gauge 

length of 2ǌ varying as 2.67Ὠ for a #6 bar and 2.29Ὠ for a #7 bar. The spacing matched the clear 

spacing of the transverse steel during the column tests. Photos of the instrumentation and clear 

distance of the cyclic tests can be found in Figure 3.34. 

  
(a) (b) 

Figure 3.34     Cyclic Test Instrumentation (a) All Instrumented Specimens; (b) Clear Spacing in the 

UTM 

The cyclic loading protocol was strain controlled and followed a three-cycle set of strains, 

replicating the strains of a column test conducted by Manhard [6]. The cyclic tests were conducted 

in a MTS Universal Testing Machine following the loading protocol found in Table 3.10. The test 

was concluded after completing the loading protocol of 36 cycles or when bar fracture occurred. 

A data acquisition system monitored the strain throughout the test to ensure that the correct loading 
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protocol was followed. In addition, the load history applied a small value of compression strain 

(1/3 Ůy) after each tension cycle. The compression strain is low to prevent the occurrence of bar 

buckling.  

Table 3.10     Cyclic Test Strain Loading Protocol 

 

The objective of the cyclic tests is to understand the cyclic deterioration of the different 

types of reinforcing steel. In addition, previous tests by Manhard found that columns reinforced 

with QST steel had less strain hardening when compared to columns reinforced with MA steel [6]. 

The cyclic load history applied was the same for each material test and was similar to a 3-cycle set 

of quasi-static column tests. The cyclic test results of each reinforcing steel can be found in Table 

3.11. It should be noted that the ñT/Y ratioò shown in the table is the ultimate tension stress divided 

by yield stress, „, from the tension tests in Section 3.2.1. In addition, the „  represents the 

maximum stress of each cycle, and the „ „ϳ  is the ñcyclic stress ratioò of that cycle.  
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Table 3.11     Cyclic Tests Results 
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The hardening behavior of the reinforcing steel is different during a cyclic test compared 

to a tension test. This difference in stress-strain behavior is attributed to the material softening that 

occurs when the material is subjected to repeated loads. The cyclic hardening or softening behavior 

is directly correlated to the material properties and microstructure of the reinforcing steel. Overall, 

the cyclic T/Y ratio increased with each load set. The smaller bar diameter bars (#6) could sustain 

more cycles than the #7 bars, and they fractured a cycle later than the #7 bars (C6 vs. C5). The 

cracks that formed at the rib interface were correlated to a brittle failure. In addition, bar buckling 

throughout the test was monitored and observed in the late cycles of the larger diameter #7 bars. 

After the end of the cyclic test, the bar was pulled in tension until a fracture occurred. The 

fracture type of the reinforcing steel was noted along with other test observations, including the 

last cycle and type of failure mode, which can be found in Table 3.14. Also, Figure 3.35 shows 

photos of representative fracture types seen during the tests. Lastly, the cyclic stress-strain results 

for each mill are divided into the column test phases found in Table 4.1: Phase 1 (Figure 3.36), 

Phase 2 (Figure 3.37), and Phase 3 (Figure 3.38). 
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Table 3.12     Summary of Cyclic Test Observations 

 

 

  
(a) (b) 

Figure 3.35     Cyclic Bar Fracture: (a) Tests on #6 bar: (Left to Right: Mill 1 V2, Mill 2 V3, Mill 2 V2, 

Mill 3 V2); (b) Cracks at Rib Interface 
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(a) Mill 2 V2 #6 (MA, Column Tests 1, 3, 5) 

 

(b) Mill 3 V2 #6 (QST, Column Tests 2, 4, 6) 

Figure 3.36     Phase 1: Longitudinal Steel Cyclic Stress-Strain Curves 
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Figure 3.37     Phase 2: Longitudinal Steel Cyclic Stress-Strain Curves: (a) Mill 1 V2 #6 (MA, Column 

Test 7); (b) Mill 3 V3 #6 (QST, Column Test 8); (c) Mill 1 #7 (MA, Column Test 9); (d) Mill 3 #7 (QST, 

Column Test 10) 
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(a) Mill 1 V2 #6 (MA, Column Test 7) 

 

(b) Mill 3 V3 #6 (QST, Column Test 8) 
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(c) Mill 1 #7 (MA, Column Test 9) 

 

(d) Mill 3 #7 (QST, Column Test 10) 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































