
 

ABSTRACT 

MANHARD, ROBYN ELISE. Impact of Grade 80 Reinforcing Steel Production Process on the 
Seismic Behavior of Bridge Columns.  (Under the direction of Dr. Mervyn Kowalsky). 
 

The use of ASTM A706 Grade 60 reinforcing steel is ubiquitous in modern seismic 

design of reinforced concrete structures due to well-established behavior including high ductility 

capacity along with strict specifications on material properties. Higher strength reinforcing steel 

has been available for decades, and Grade 80 was added to the ASTM A706 specification in 

2009. The use of higher strength steel could be beneficial in reducing congestion in reinforced 

concrete members and creating designs that are more efficient. However, design codes limit the 

use of Grade 80 reinforcing steel in seismic applications due to lack of research establishing its 

performance in inelastic members.  

 Previous research found that various factors, including rib geometry and manufacturing 

process, may affect the performance of Grade 80 reinforcing steel under cyclic loading. This 

previous research proposed a new material test that may be able to predict column performance. 

Two types of reinforcing steel that performed favorably in these material tests were selected, and 

four reinforced concrete columns were constructed with this steel. These columns were used to 

test the hypothesis of the material tests and expanded upon the current understanding of the 

behavior of members constructed with Grade 80 reinforcing steel. The results of the column tests 

were also compared against Grade 60 columns in order to determine the suitability of current 

models and design provisions for Grade 80 reinforcement. 

Furthermore, this research utilized both quench-and-self-tempered (QST) steel and 

micro-alloyed as longitudinal reinforcement for the columns. QST steel may be an advantageous 

material; however, QST steel typically has a lower T/Y ratio than micro-alloyed steel and, for 

this reason, is not classified as ASTM A706. Although there is a minimum specified T/Y ratio of 

1.25 in the ASTM A706 standard, there has not been research to prove that this value is 

necessary. A higher T/Y ratio is generally favorable because it allows a larger spread of plasticity 

such that strain demands are lower in plastic hinge regions. If the extent of plasticity is reduced, 

it may lower rotation capacity of the member. Therefore, this research also examined the effect 

of the T/Y ratio, both analytically and experimentally. Material tests were also performed which 

showed a difference between cyclic behavior of QST and micro-alloyed steel. 



 

This research expanded upon the knowledge both of Grade 80 reinforcing steel and QST 

steel for use in seismic applications. The results suggest that Grade 80 steel may be used in place 

of Grade 60 steel for inelastic members. Furthermore, the T/Y ratio was found to be less 

influential in design than other typical parameters such as longitudinal steel yield strength. 

Reinforcing steel manufactured using the QST process did not appear to limit ultimate column 

performance; however, the columns constructed with this steel demonstrated unique behavior 

which may need to be explored further prior to using in seismic applications. 
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Chapter 1:   Introduction 
1.1 Background 

1.1.1 Current Use of Grade 80 Reinforcing Steel 

In current design of reinforced concrete elements, the use of Grade 60 reinforcing steel is 

ubiquitous. However, steel manufacturers are now able to generate higher strength reinforcing 

steel, and Grade 80 was added to the ASTM A706 and A615 specifications in 2009. Despite the 

wide availability of Grade 80 reinforcement, engineers have yet to be able to implement it in 

seismic use due to building code restrictions. ACI 318-14, AASHTO LRFD Bridge Design 

Specification, and Caltrans Seismic Design Specification are some of the many codes that do not 

allow steel of higher nominal strength than Grade 60 for use in members that are expected to 

form plastic hinges, a key feature of modern seismic design.  

The reason for these limitations, as laid out in the codes, is based on reasonable hesitation 

due to lack of research. For example, ACI 318-14 limits the use of reinforcing steel in special 

seismic systems to Grade 60 “because of insufficient data to confirm applicability of existing 

code provisions for structures using the higher grade.” The Caltrans Seismic Design Criteria 

states “Grade 80 bars are not to be used in seismic critical members (SCMs) until definitive data 

from ongoing research become available.” 

The benefits of high strength reinforcing steel are evident: use of higher strength steel 

means that less material will be needed to achieve a given capacity. This in and of itself yields 

many advantages, including reduced congestion, faster construction time, less material 

transportation, and smaller structural members. Generally speaking, cheaper and more efficient 

designs are possible with higher strength steel. Structures could also have overall smaller 

amounts of reinforced concrete, which would provide architectural, monetary, and environmental 

benefits. Furthermore, in the case of transverse steel, high strength steel could improve 

confinement.  

The main concerns about the use of higher strength reinforcement all stem from the 

unknown. Grade 60 steel has been used in industry and research for decades, and its behavior is 

widely understood. A primary concern with higher strength steel is that as steel strength 

increases, ductility of the material, or its strain capacity under extreme loads, tends to decrease. 
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This is particularly critical in seismic design, where members are expected to endure large 

displacements without substantial loss of strength. Furthermore, much of modern seismic design 

is based on member displacement ductility capacity, which is defined as a member’s 

displacement capacity divided by its yield displacement. If two similar members have the same 

displacement capacity but differ in strength of reinforcing steel, the column with higher strength 

steel will result in a higher yield displacement and, therefore, a lower displacement ductility 

capacity. This may cause engineers to be hesitant in using higher strength steel since it will 

inherently result in lesser displacement ductility capacity. However, displacement capacity and 

energy dissipation may be better indicators of a structure’s performance during a seismic event. 

The potential benefits of Grade 80 reinforcing steel along with its current limitations and 

concerns of engineers lead to an apparent need for research. Although high strength steel clearly 

has advantages, governing bodies of codes must have evidence of suitable behavior before 

allowing it to be used for such a critical part of design as seismic capacity. Furthermore, current 

design guidelines have been based on experimental data for Grade 60 steel. These design 

standards must either be adjusted for Grade 80 reinforcement or proven appropriate for use in 

design with Grade 80 steel. 

1.1.2 Use of Quench-and-Self-Tempered Steel 

Another consideration in high strength reinforcing steel is the use of steel manufactured 

with the quench-and-self-tempered (QST) process. In the United States, micro-alloying, which 

involves the combination of various alloys to achieve desired properties, has been the typical 

means of reinforcing steel production. QST steel, with similar variations also known as thermo-

mechanically treated (TMT), Thermex, and Tempcore, was first developed in 1974 (Virmani et 

al. 1991). The process involves the rapid cooling, or quenching, of the bar exterior immediately 

after being rolled, which allows the hot core of the steel to self-temper the outside layer of the 

bar. This process creates a hard martensitic exterior and ductile core of ferrite-pearlite as shown 

in Figure 1.1 and allows high strength reinforcing steel to be produced easily and cheaply. 

Typical micro-alloyed steel consists only of a homogeneous ferrite-pearlite microstructure. 
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Figure 1.1 Microscopic View of TMT Reinforcing Bar (Paul et al. 2014) 

The manufacturing process of QST steel also affects its material properties. One main 

concern is the lower ratio of ultimate tensile strength to yield strength (T/Y ratio) of QST steel. 

The T/Y ratio of micro-alloyed Grade 80 steel is typically between 1.28 and 1.36 (Overby et al. 

2017). QST steel generally has a lower T/Y ratio than this, on the order of 1.15 (Slavin and 

Ghannoum 2015). This takes it out of qualification for the ASTM A706 specifications, which 

sets a minimum T/Y ratio of 1.25. However, there is no evidence that this value was based on 

experimental data or research. Standards of countries such as Japan have lower minimum values, 

including for seismic use, typically ranging from 1.15 to 1.20 (Madias et al. 2017; NEHRP 

Consultants Joint Venture 2014). Therefore, it is possible that a lower T/Y ratio provided by 

QST steel would be acceptable, but this needs to be widely studied and understood before 

making such claims. The value must be high enough to allow sufficient spread of plasticity and 

rotation in plastic hinges, but there has beeen very little research into a minimum acceptable 

value. A concentrated region of plasticity could also cause higher strain demands in plastic hinge 

regions.  

Researchers have also investigated the cyclic behavior of QST steel and found 

differences between QST and micro-alloyed steel.  The manufacturing process can cause 

additional residual stresses on the bar (Rocha et al. 2016), which may affect cyclic performance. 

Some research has found that QST steel has a lower fatigue life, both of the low-cycle and high-

cycle varieties, compared to micro-alloyed steel (Paul et al. 2014), which would affect its seismic 
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performance. However, other research found QST steel may have higher low-cycle fatigue life 

(Ghannoum and Slavin 2016). Due to these variances and the expansion of QST steel production, 

especially in the production of high-strength steel, its effects on seismic performance will be 

evaluated, both experimentally and analytically, in Chapter 6. 

1.2 Experimental Program at North Carolina State University 

This research is part of a broader experimental program funded by Caltrans at North 

Carolina State University (NCSU) investigating the seismic behavior of Grade 80 reinforcing 

steel. The program began with a study of the tensile behavior of ASTM A706 Grade 80 steel. 

Overby et al. (2017) performed approximately 800 tensile tests to determine expected values of 

various stress-strain parameters for A706 Grade 80 reinforcing steel. The tensile tests involved 

multiple mills and heats, and bar sizes ranged from No. 4 to No. 18. All of the steel was 

manufactured using a micro-alloying process; the values from this study do not include QST 

steel. The results of this program were a series of expected parameters such as yield stress and 

strain at maximum stress. 

The work done by Overby et al. (2017) was important to understanding the tensile 

behavior of A706-Grade 80 steel. However, the tensile properties do not necessarily explain the 

expected seismic behavior. In order to better understand the hysteretic behavior under applied 

seismic loads, Barcley and Kowalsky (2018) tested four reinforced concrete columns constructed 

with A706-80 steel. These columns were tested under quasi-static, unidirectional three-cycle sets 

to analyze their hysteretic behavior. These columns were compared to current design models and 

comparison Grade 60 columns tested under the same conditions.  

The Grade 80 columns largely performed similarly to their counterpart Grade 60 

columns. Hysteretic behavior, observed axial strains, and energy dissipation were comparable 

and matched well with current models. The report concluded, however, that the bars in the Grade 

80 columns experienced fewer cycles after buckling and prior to fracture. This was an important 

distinction since buckling is an ultimate design limit state with the expectation that there is some 

remaining capacity after buckling and prior to bar fracture. Bar fracture, unlike bar buckling, 

results in a rapid and substantial loss in force capacity. If bar buckling were to occur at 

approximately the same level of displacement or energy dissipation as bar fracture, limit states 

may need to be reconsidered to protect against bar fracture. The displacement capacities of the 
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Grade 80 columns were also slightly less than that of their comparison Grade 60 columns, and 

this was attributed to the post-buckling behavior. 

The work done by Barcley and Kowalsky (2018) constitutes what will be referred to as 

“Phase 1” of the large-scale experimental portion of the research. Through the results of the 

column tests and the development of a new material test, it was concluded that the difference in 

post-buckling behavior was due to a property which will be referred to as “bending strain”, or the 

local strain induced on a bar due to buckling, as shown in Figure 1.2. A bar with a higher 

bending strain capacity can be buckled to a more severe curvature without rupturing in a brittle 

manner upon tensile loading. The research found through material testing that the Grade 80 steel 

used in the Phase 1 columns had a lower bending strain capacity compared to steel similar to that 

used in the Grade 60 columns.  

 
Figure 1.2 Strain Demand on Buckled Bar (Barcley and Kowalsky 2018) 

The material tests, which will be described in more detail in Section 2.1.2, were 

performed on a variety of reinforcing steels, and two steel samples were identified as having a 

high bending strain capacity that was similar to that of the Grade 60 steel. One of these samples 

was supplied by Mill 3, which uses a QST manufacturing process. The other sample was 

supplied by Mill 2, a micro-alloying mill, and its high bending strain capacity was attributed to a 

large radius of the transverse ribs.  

Due to the identified high bending strain capacity, these steel batches were selected to 

construct four new columns, with two from each batch of steel. These four new columns are part 

of “Phase 2” of the experimental program. The Phase 2 columns had comparison columns from 

both the Phase 1 Grade 80 columns and Grade 60 columns which had been previously tested by 

Goodnight et al. (2015). The hypothesis made by Barcley and Kowalsky (2018) was that since 
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the new batches of Grade 80 steel had higher bending strain capacities, the Phase 2 columns 

would be able to sustain more cycles between buckling and fracture, which would result in larger 

displacement capacities. These columns were constructed and tested, and results will be explored 

in the remainder of this paper.  

1.3 Scope 

The goal of this research is to evaluate the suitability of Grade 80 reinforcing steel for use 

in plastic hinges such that it can be utilized in seismic applications. As discussed previously, the 

tensile behavior of A706 Grade 80 steel has been established (Overby et al. 2017). Furthermore, 

members constructed with A706 Grade 80 steel were tested under cyclic loading, and it was 

determined that specific steel properties could become critical in high strength steel (Barcley and 

Kowalsky 2018). This research described in this paper consists of two main portions: 

experimental cyclic testing of large-scale columns, including the use of QST steel; and an 

investigation into the potential differences in seismic performance caused by differing T/Y 

ratios.  

1.3.1 Column Tests 

Four large-scale circular reinforced concrete columns were tested in order to better 

understand the seismic performance of various Grade 80 steels. The columns were eight feet tall 

and two feet in diameter, with (16) #6 bars generating a longitudinal steel ratio of 1.6%. All 

columns had #3 A706-Grade 80 spirals supplied by Mill 1, a micro-alloying mill, as transverse 

steel; two columns had spirals spaced at 1.5" (ρt = 1.3%), and two columns had spirals spaced at 

2" (ρt = 1.0%).  

These columns each had comparison Grade 80 columns from Phase 1 and comparison 

Grade 60 columns, some of which were identical in terms of detailing and steel content, and 

some that were comparable in terms of nominal strength. The columns were instrumented with 

an optical measurement system, Optotrak Certus HD, manufactured by Northern Digitial, Inc. 

This system generated three-dimensional position data of longitudinal bars throughout the test, 

which was useful for many post-processing data analyses such as calculating axial strain and 

examining curvature of buckled bars. These columns were analyzed individually and compared 

with their counterpart Phase 1 and Grade 60 columns in order to understand the impact of 
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material properties on column performance, and to better understand the behavior of Grade 80 

steel as a whole. 

1.3.2 Investigation of T/Y Ratio Effects 

QST steel has many advantages, and QST column test results from this research were 

promising. However, one of the results of its manufacturing process is a lower T/Y ratio than 

micro-alloyed steel. Although there is a minimum T/Y ratio of 1.25 in the ASTM A706 standard, 

it is not known if 1.25 is necessary or if some lower value is acceptable. A higher T/Y ratio is 

generally favorable because it allows a larger spread of plasticity such that strain demands are 

lower in plastic hinge regions. If the extent of plasticity is reduced, it may lower rotation capacity 

of the member. While there have been a few experiments which provide scattered data points of 

performance of members built with varying T/Y ratios, the potential impact must be understood 

analytically in conjunction with looking at experimental data such that its effects can be fully 

recognized. 

1.4 Overview of Document Contents 

Chapter 1 of this document contains background on the research discussed in this paper. 

It also explains the motivation and scope of the research project. 

Chapter 2 consists of a literature review that summarizes previous research relevant to 

this project. This involves a more in-depth discussion of the previous stages of this experimental 

program (Barcley and Kowalsky 2018; Overby et al. 2017). There is also discussion of other 

published research into seismic use of Grade 80 reinforcing steel. This chapter also summarizes 

research about QST reinforcing steel, its properties, and its use in seismic applications. Lastly, 

there is summary of research involving the impact of the T/Y ratio, since this is a major 

difference between QST steel and micro-alloyed steel and has yet to be fully explored. 

Chapter 3 contains a summary of the Phase 2 column tests constructed and tested 

throughout this research. This chapter begins with a description of the column tests, the 

construction of the specimens, load protocol, material properties, test setup, and instrumentation. 

The chapter includes a description and results of each column test, such as observed limit states, 

damage progression, strain demands, and energy dissipation. This chapter only includes results 

of each test, and does not include comparisons to each other or previously tested columns. 
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Chapter 4 compares the results of the Phase 2 column tests (as described in Chapter 3) 

with one other, the Phase 1 Grade 80 columns, and comparison Grade 60 columns. The only 

variable altered between all compared Grade 80 columns was the reinforcing steel used. Thus, 

the impact of the reinforcing steel properties and manufacturing process on actual member 

performance can be evaluated. Previous research supplied a database of thirty circular reinforced 

concrete columns constructed with A706-Grade 60 steel (Goodnight et al. 2015). This provided 

comparison columns for the Grade 80 tests, some of which had matched steel content (and 

therefore lower strength than the Grade 80 columns), and some of which had more steel to 

provide roughly the same nominal capacity as the Grade 80 columns. In order to use Grade 80 

steel, its comparison to Grade 60 performance and models must be fully understood. This chapter 

also explores the results of the hypothesis proposed by Barcley and Kowalsky (2018) and its 

manifestation in the column test results. 

Chapter 5 discusses the definition of the onset of bar buckling, which came up through 

the course of this research. The onset of bar buckling is generally defined by the observer, which 

introduces bias and uncertainty into its identification. Several methods are discussed for 

quantitatively defining the onset of bar buckling such that the limit state can be refined.  

Chapter 6 consists of a discussion of the impact of T/Y ratio on column performance. 

This study was begun due to the growing production of QST steel and its potential benefits. QST 

steel typically has a lower T/Y ratio than micro-alloyed steel, and also lower than the ASTM 

A706 minimum requirement of 1.25. However, the impact of a lower T/Y ratio has not been 

fully evaluated to the authors’ knowledge. This chapter explores whether or not the ASTM A706 

limit is necessary and if a lower limit can be determined. 

Chapter 7 contains a summary of the research performed and its outcomes. It also 

discusses future work and recommendations. 



  9 

 

Chapter 2:   Literature Review 
2.1 Grade 80 Reinforcing Steel 

The use of high strength steel in reinforced concrete columns was first investigated in 

1934 in a series of large-scale column tests (Richart and Brown 1934). Columns with 

longitudinal steel of yield strengths up to approximately 96 ksi were used in construction of 

columns, and the researchers concluded that the high-strength reinforcing steel used in the tests 

was “fully effective in producing column strength” compared to columns constructed with 

typical steel. While the benefits of high-strength steel have been acknowledged for a substantial 

period of time, and its use is permitted in members expected to behave elastically, governing 

codes have not yet allowed high strength steel for use in plastic hinge regions. As previously 

mentioned, this is due to a lack of experimental data establishing its performance under seismic 

loading.  

Recent research has begun to provide data for such loading conditions and will be 

described in the following section. Most research has found similar or slightly diminished 

capacities of columns constructed Grade 80 reinforcing steel compared to Grade 60 reinforcing 

steel. However, the ultimate displacement capacities found have been acceptable, generally 

reaching at least 4% drift at failure. This may be a matter to be considered in the use of high 

strength steel; if performance is slightly diminished from that of Grade 60 steel, but still 

considered acceptable, engineers and codes may be hesitant to utilize higher strength steel unless 

advantages are substantial or use becomes commonplace. 

2.1.1 Overby, Kowalsky, and Seracino (2017) 

Prior to the work provided by Overby et al. (2017), the publicly available stress-strain 

data for ASTM A706 Grade 80 reinforcing steel consisted of twelve total tensile tests provided 

by two data sets from Rautenberg et al. (2013) and Trejo et al. (2014). Furthermore, these 

datasets only provided data for a few bar sizes. However, in order to be able to use such steel in 

design, its basic monotonic stress-strain behavior must be fully established and understood. One 

concern was the trend that with increased strength, maximum elongation capacity tends to 

decrease. Furthermore, it is often the case that actual yield strengths of reinforcing steel are 

substantially higher than the specified yield strengths. If not taken into account, capacity 
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protected members can have higher moment demands than otherwise expected. Thus, it is 

important to establish the expected stress-strain behavior of A706-Grade 80 steel and understand 

its inelastic behavior. The stress-strain behavior must also be understood to determine if current 

steel models for Grade 60 steel are still applicable to Grade 80 steel, and to understand if there 

are any major concerns in material properties that may cause unexpected performance. 

Furthermore, parameters such as yield stress and ultimate tensile strain must be able to be 

relatively accurate for design models. 

Overby et al. (2017) performed 788 tensile tests on ASTM A706 Grade 80 reinforcing 

steel, with bar sizes ranging from No. 4 through No. 18 (approximate metric No. 13 through No. 

57). The data set included three different mills, with three heats from each mill, and three 

samples were taken from three different bars of the same size from each heat. This created a 

thorough dataset from which statistically defendable recommendations on stress-strain 

parameters could be made. This body of work was the first stage of the Caltrans-funded research 

project at NCSU investigating the use of A706 Grade 80 steel for plastic hinge forming 

members. 

Strain values were calculated using the Optotrak Certus HD system (manufactured by 

Northern Digitial, Inc.), an optical position sensor system that allowed strains to be calculated 

through bar fracture, even in large bars such as No. 18 bars which would damage typical 

extensometers upon rupture. The system reported three-dimensional position data of LED 

sensors and was accurate to 0.1 mm according to the manufacturer. Using this data, the strain 

was calculated by dividing the change in distance between two LED sensors on a specimen by 

the original distance between the two LED sensors. In the tension tests, seven LED sensors were 

spaced 2 inches apart, which simultaneously created six 2-inch gage lengths and three 8-inch 

gage lengths. The strain values for all gage lengths were very similar and were also found to be 

similar to typical extensometer data. The reported strain values used for each tension test 

ultimately came from the average of all six 2-inch gage lengths on the bar. 

The paper created recommended values for seven key stress-strain parameters: modulus 

of elasticity, yield strength, yield strain, strain at onset of strain hardening, tensile strength, 

ultimate tensile strain, and T/Y ratio. Most of these were based on the mean values found for the 

parameters, and the results and recommendations are summarized in Table 2.1. The yield 

strength listed in this table was calculated using the Autographic Diagram Method or “top-of-
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knee”. The paper also calculated this parameter based on the Extension Under Load Method 

using a strain of 0.0035 and the 0.2% Offset Method. Very little difference was found between 

the three methods, and the top-of-knee method was used for creating the recommended values. 

Many of the values found in Table 2.1 were incorporated into the 2018 version of the Caltrans 

Seismic Design Guidelines (Caltrans 2018). 

Table 2.1 A706 Grade 80 Tensile Testing Results and Design Parameter Recommendations 

(Overby et al. 2017) 

 Mean St. Dev. COV 95th 
Percentile 

5th 
Percentile Recommendation 

Modulus of 
Elasticity [ksi] 27,888 1601 5.74% 30,322 25,111 28,000 

Yield Strength [ksi] 85.0 3.03 3.56% 89.2 79.0 85.0 

Yield Strain 0.0033 0.0003 9.03% 0.0038 0.0029 0.0033 

Strain at Onset of 
Strain Hardening 0.0074 0.0019 26.17% 0.0109 0.0048 0.0074 

Tensile Strength 
[ksi] 112.5 3.65 3.24% 118.9 106.4 112.5 

Ultimate Tensile 
Strain 0.0954 0.0055 5.80% 0.1024 0.0845 0.0954 

Tensile-to-Yield 
Ratio 1.32 0.03 2.19% 1.36 1.28 1.32 

 

Overby et al. (2017) also analyzed the variability in the data. There were no consistent 

trends across mills in terms of variability or tendency towards extreme values. Overall, the length 

of the yield plateau had the highest variability. This was expected as it was seen in past research 

due to its sensitivity to many factors related to the manufacturing process and chemical 

composition. Bar sizes No. 11, 14 and 18 had overall lower yield and tensile strength than No. 4 

through No.10, but no other parameters had observable trends based on bar size. 

The shape of the stress-strain curve for A706 Grade 80 steel was also analyzed, and the 

existing Raynor model was found to be a good fit. The shape was also nearly identical to the 

A706 grade 60 curve and fit well with existing grade 80 models. Therefore, the paper concluded 

that no new model was necessary for A706 Grade 80 steel.  

In addition to the monotonic tension tests, thirty strain aging tests were done on No. 5 and 

No. 7 bars from each mill. Strain aging is the molecular process by which a reinforcing bar 

develops more strength and less ductility over time after experiencing inelastic deformation. 
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These tests were subjected to three separate pre-strain levels and five aging periods, and another 

subset was also subjected to sub-freezing temperatures. No observable trend was observed for 

decrease in ultimate tensile strain or increase in tensile strength after the aging periods, which 

would have indicated strain aging. The low temperature tests also did not have any observable 

effect from strain aging. Therefore it was concluded that there was not an increased susceptibility 

of strain aging in A706 Grade 80 reinforcement. 

The experimental work and outcomes of this paper increased the body of publicly 

accessible A706 Grade 80 stress-strain data by over 650%. It was found that existing models 

were sufficient for modeling the stress-strain behavior of A706 Grade 80 reinforcement. 

Furthermore, recommended values based on statistically defendable data analysis were provided. 

Many of these parameters were used in modeling for the current phase of this project. However, 

it should be noted that this set of data did not include any QST steel as it is generally not 

classified as A706. If it is found that this type of steel in high strength is useful for seismic 

design, it may be necessary to confirm that it adheres to the existing models, or establish its 

stress-strain parameters separately. 

2.1.2 Barcley and Kowalsky (2018) 

The research in this report began with consideration of the findings of Barcley and 

Kowalsky (2018), and so their work will be discussed thoroughly. After the tensile tests done by 

Overby et al. (2017) to establish stress-strain parameters of A706 Grade 80 steel, the next stage 

of the research project was the large-scale column test program. These began with Phase 1 

column tests, which were conducted and analyzed in Barcley and Kowalsky (2018). The test 

matrix and details of these columns are shown in Table 2.2. 

Table 2.2 “Phase 1” Test Matrix of Barcley and Kowalsky (2018) 

Column 
Number Diameter L/D Longitudinal Steel Transverse Steel 

(Spirals) 
Axial Load 

Ratio 
1 24" 4 16 #6 (1.6%) #3 @ 2" (1.0%) 5% 
2 24" 4 16 #6 (1.6%) #3 @ 2" (1.0%) 10% 
3 24" 4 16 #6 (1.6%) #3 @ 2.75" (0.7%) 5% 
4 24" 4 16 #6 (1.6%) #3 @ 1.5" (1.3%) 5% 

 

The primary purpose of the large-scale column tests was to examine plastic hinge lengths, 

strain penetration (also known as “bond slip”), and nonlinear strain limit states of A706 Grade 80 
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steel. However, through the course of their research, a material test was developed which the 

authors hypothesized would predict certain aspects of column performance. One objective of the 

current research was to test the hypothesis of the material tests as described by Barcley and 

Kowalsky (2018). 

The first portion of the report looked at the fundamental results and limit states of four 

columns constructed with A706 Grade 80 steel. These columns each had Grade 60 comparison 

columns from the tests done by Goodnight et al. (2015), some with matched detailing and some 

with matched strength capacity, to which they were compared. The columns were also compared 

to current design models to determine if adjustments needed to be made for designing with A706 

Grade 80 steel.  

The columns were found to perform similarly to Grade 60 columns in almost all regards. 

The plastic hinge lengths were found to be comparable to current models and previous Grade 60 

columns. Bond slip, which some researchers have suggested may be higher for Grade 80 

columns (Restrepo et al. 2006; Sokoli and Ghannoum 2016) was broadly similar to that of the 

comparison Grade 60 columns, although slightly greater at high levels of displacement. Bar 

buckling and the level at which there was significant core damage occurred at a similar level of 

displacement for Grade 60 and Grade 80 columns. Equivalent viscous damping, which can be a 

proxy for measuring energy dissipation capacity, was found to be nearly identical between Grade 

60 and Grade 80 columns. The authors concluded that current models and design parameters 

were applicable for A706 Grade 80 steel. 

The main difference between the Grade 60 and 80 columns was a slightly lower 

displacement capacity of the Grade 80 columns. It was noticed that although the comparison 

columns buckled at similar levels of displacement, the Grade 80 columns experienced fewer 

cycles after buckling prior to bar fracture. Bar fracture typically represents the point at which a 

large loss in lateral strength capacity occurs. The most severe limit state that is generally 

considered in design is bar buckling, and bar fracture is not considered. Bar buckling is generally 

thought of as an ultimate limit state not to be exceeded, with the assumption that there is still 

some reserve displacement capacity remaining prior to bar fracture. This approach introduces an 

inherent factor of safety. Thus, if Grade 80 columns have less displacement capacity prior to bar 

fracture, this inherent factor of safety is diminished. Although the displacement capacity of the 

Grade 80 columns was still well above 4 percent, and may be considered acceptable, the 
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diminished factor of safety against post-buckling fracture creates concern for replacing Grade 60 

reinforcement with Grade 80 steel. 

In order to characterize the state of strain of the buckled bars in the columns tests, 

Barcley and Kowalsky (2018) developed a procedure called the “Buckled Bar Tension Test” 

(“BBT Test”). This test involved simulating the loading conditions of a buckled longitudinal bar 

by applying a single compressive and tensile load on a reinforcing steel specimen in an MTS 

machine. Bars were subjected in compression to a prescribed level of curvature due to buckling, 

and subsequently pulled in tension until fracture. Two distinct failure surfaces were observed: 

ductile failures, which were characterized by large amounts of elongation similar to a typical 

tensile test, and brittle failures, in which the bars ruptured under smaller strains and had flat 

failure surfaces across the shaft of the bar.  

This test was repeated for the same heat of steel under varying levels of curvature due to 

buckling, and a distinct point was found that demarcated ductile from brittle failures. This 

distinct point, measured as a “bending strain” as shown in Figure 1.2 and calculated using optical 

markers and a fourth-order polynomial as described in Section 3.2.3, was identified as the 

“critical bending strain” for a heat of steel. This process became the BBT Test, and was 

conducted for the steel used in the Grade 80 columns and for steel similar to that used in the 

Grade 60 columns. The critical bending strains were identified as 0.10 and 0.14 for the Grade 80 

steel and Grade 60 steel, respectively, and results are shown in Figure 2.1.  

 
Figure 2.1 BBT Test Results for Column Steel (Barcley and Kowalsky 2018) 
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Bending strains were also calculated for longitudinal bars in the column that underwent 

buckling and subsequent fracture. Bending strain histories for individual bars throughout a 

column test are shown in Figure 2.2, where the history for one bar is shown vertically. The red 

‘x’ points represent the highest strain from bending measured prior to bar fracture. The Grade 60 

columns appear to have sustained larger values of bending strain prior to bar fracture compared 

to the Grade 80 columns, and the largest sustained value of bending strain without subsequent 

fracture was noted as approximately 0.10 for the Grade 80 columns and 0.14 for the Grade 60 

columns.  

 
Figure 2.2 Comparison of Strain Histories and Critical Strains for Grade 80 and Grade 60 

Column Tests (Barcley and Kowalsky 2018) 

Due to the correlation between the BBT Test results and the column test results, the 

authors concluded that the displacement capacity of the Grade 80 columns was lower than the 

Grade 60 comparison columns due to a lower critical bending strain of the Grade 80 steel, as this 

would affect performance after buckling. The authors hypothesized that if the critical bending 

strain of steel were increased, the displacement capacity of a column would also increase. It 

should also be noted that this type of phenomenon was first noticed by Restrepo-Posada (1993), 

who hypothesized that there was a “critical buckle” which would cause cracks formed during the 

buckling mechanism to propagate under subsequent tension, leading to “premature failure”. 

Barcley and Kowalsky (2018) tested several heats from various manufacturers and 

chemical compositions with the BBT Test. Two batches of Grade 80 steel were found to have a 

high critical bending strain, comparable to that of the Grade 60 steel shown in Figure 2.1. The 



  16 

 

first was a steel that was manufactured by “Mill 2”, and found to have a critical bending strain of 

approximately 0.16 as shown in Figure 2.3.  

 
Figure 2.3 BBT Results for Mill 2 Grade 80 (Barcley and Kowalsky 2018) 

The high bending strain capacity of this steel was attributed to the geometry of its ribs 

(also known as deformations or lugs), which was characterized by a large rib radius. This is 

evident when examining the bar cross-section as shown in Figure 2.4. Previous research has 

shown that rib radius drastically affects the stress concentrations at the base of the rib and can 

cause cracks to propagate at this location (Ghannoum and Slavin 2016; Helgason et al. 1976; 

Zheng and Abel 1998). Under cyclic loading including buckling, these stress concentrations may 

become critical, causing cracks to form prematurely and propagate upon subsequent tension. 

  
(a) (b) 

Figure 2.4 (a) Mill 1 bar profile; (b) Mill 2 bar profile (Barcley and Kowalsky 2018) 

The second steel which demonstrated a high bending strain capacity was a steel 

manufactured using the QST process, and its BBT Test results are shown in Figure 2.5, which 

was produced by work done both by Barcley and Kowalsky (2018) and the authors of this report. 
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As seen in the figure, the QST steel did not demonstrate a steep drop-off in elongation at fracture 

as the various micro-alloyed steels did, but instead had a slow deterioration in elongation under 

tensile load with increase in buckling-induced bending strain. While the performance starts to 

diminish around a strain of 0.12, the bar still experiences some amount of elongation under 

tension until a bending strain of approximately 0.26. It was unknown how exactly this would 

behavior would be manifested in column tests, but the increased bending strain capacity was 

hypothesized to correspond to improve column performance.  

 
Figure 2.5 BBT Results for Mill 3 Grade 80 (QST) 

The findings of Barcley and Kowalsky (2018) were the basis for the research presented in 

this report. The two batches of steel mentioned, from Mill 2 and Mill 3, were chosen to construct 

four new columns. This was done in order to test the hypothesis made in the report and see if 

columns constructed with Grade 80 steel could be improved. Furthermore, the new columns 

expanded the current database of large-scale structural members constructed with Grade 80 

reinforcement, and allowed for better understanding of Grade 80 reinforcing steel. 

2.1.3 Restrepo, Seible, Stephan, and Schoettler (2006) 

This paper involved the seismic testing of bridge columns constructed with high-

performance materials, including high-performance concrete and high-strength steel. The 

columns were compared with similar columns constructed with Grade 60 steel. Both types of 

columns had similar moment and curvature capacity, but the columns constructed with high-
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strength steel had lower post-cracking stiffness. The columns constructed with high-strength 

steel had an ultimate drift capacity of at least 3.9% (Restrepo et al. 2006). 

One major discrepancy found by Restrepo et al. (2006) was a substantial underestimation 

of equivalent plastic hinge lengths using equations developed by Priestley et al. (1996). The 

experimental values that were calculated exceeded the calculated equivalent plastic hinge lengths 

by at least 40%. This resulted in higher displacements than predicted. This was partially 

attributed to larger values of strain penetration than the predicted value, and partially due to an 

underestimation of the extent of plasticity. The authors remark that if the current equations are 

used without modification for high strength steel, a greater displacement than expected may 

occur. 

2.1.4 Rautenberg, Pujol, Tavallali, and Lepage (2013) 

Rautenberg et al. (2013) performed experiments on columns constructed with Grades 80 

and 120 reinforcing steel and compared performance, primarily drift capacity, to that of columns 

constructed with Grade 60 steel. The columns had similar flexural capacity, and the amount of 

steel used in the columns were inversely proportional to the increase in yield strength of the 

steel; i.e. the column constructed with Grade 60 steel contained twice as much steel as that 

constructed with Grade 120 steel. The columns were loaded under cyclic displacements in terms 

of drift ratios. 

The authors found that all columns retained their integrity until drift ratios of at least 4% 

and up to 8% (Rautenberg et al. 2013), which would generally be considered acceptable in 

current practice. However, the drift capacities of the columns constructed with high-strength 

steel were lower than their comparison Grade 60 columns, and the decrease in drift capacity 

ranged from 10 to 50%.  

The specimens constructed with high-strength steel experienced a reduction in hysteretic 

energy dissipation which was attributed to the higher yield displacement and a reduction in post-

cracking stiffness (Rautenberg et al. 2013). In order to investigate the consequences of this 

behavior, the researchers created analytical models to identify the impact of a reduction in post-

cracking stiffness in multi-story frame buildings. They concluded this difference post-cracking 

stiffness was largely inconsequential, and that these types of structures would not be likely to 
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experience higher drift ratios under seismic loading if constructed with high-strength reinforcing 

steel than similar columns constructed with typical Grade 60 steel.  

2.1.5 Barbosa, Link, and Trejo (2016) 

This research involved the testing of paired columns constructed with Grade 60 and 

Grade 80 steel with aspect ratios (height divided by diameter) of three and six. The main 

objectives of the experiments were to evaluate the effects of reinforcing steel yield strength and 

column aspect ratio on column performance. The columns were loaded in terms of drift in three-

cycle sets (Barbosa et al. 2016). 

All columns exhibited a typical flexural failure, with damage occurring at the base of the 

column and extreme fiber longitudinal bars experiencing buckling and subsequent fracture. 

Overall, all columns exhibited similar ultimate drift ratios, and displacement ductility values 

were greater than four for all columns. The Grade 60 columns experienced more energy 

dissipation (due to slightly “fatter” hysteretic loops), especially after yield and prior to column 

failure. However, the authors point out that this is primarily a function of the amount of 

longitudinal steel rather than the grade of steel itself. The Grade 60 columns also had larger 

curvature ductility values. Grade 80 columns exhibited lower overstrength factors than the Grade 

60 columns. However, the authors found that the AASHTO-recommended overstrength factor of 

1.2 was still reasonable for the Grade 80 columns and overly-conservative for Grade 60 columns 

(Barbosa et al. 2016). 

2.2 Quench-and-Self-Tempered Reinforcing Steel 

The literature on QST steel is generally confined to its material properties rather than its 

implementation and performance of members constructed with this material. Rocha et al. (2016) 

characterized the residual stresses and imperfections found in QST steel and analyzed the impact 

of rib geometry on these residual stresses. Residual stresses can impact the fatigue performance 

of steel; tensile residual stresses have been shown to increase fatigue life, while compressive 

residual stresses have been found to decrease fatigue life (Zheng and Abel 1998). Therefore, it 

was considered important to understand the residual stresses that may be caused by the unique 

manufacturing process of QST steel. Analysis of the microstructure by Rocha et al. (2016) 

demonstrated the decrease in hardness from the exterior to core of QST bars, which is consistent 

with what had been previously found by Zheng and Abel (1998). Random tensile and 
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compressive residual stresses were found on the surface and subsurface of QST bars, as well as 

surface imperfections. These may affect performance of reinforcing bars under loading. The 

highest stress concentrations were found at the transition from the rib to shaft on the bars, and 

were mainly impacted by the rib radius and height. A larger rib radius and smaller height 

resulted in a smaller stress concentration factor (Rocha et al. 2016). 

Researchers have found contradictory evidence regarding the fatigue performance of 

QST steel. Paul et al. (2014) examined the high and low-cycle fatigue performance of QST steel 

and compared it to that of micro-alloyed steel. The researchers found that QST steel had lower 

fatigue lives, both low-cycle and high-cycle, than counterpart micro-alloyed steel. However, with 

increasing strain amplitudes, they found that the fatigue lives became similar. These high strain 

amplitudes are likely more representative of extreme seismically-induced demands, which can 

include large displacements and strains. The reason given for the larger fatigue life of the micro-

alloyed steel was a higher uniform elongation and higher T/Y ratio. Similar to other fatigue 

research, they found that the cracks initiated at the base of the rib and then propagated through 

the cross-section. Other research, however, found that reinforcing bars produced with the QST 

process exhibited larger low-cycle fatigue life, by approximately 19 percent, compared to micro-

alloyed bars (Ghannoum and Slavin 2016). However, they concluded that this difference was 

statistically insignificant. It is possible that the fatigue lives are similar enough between micro-

alloyed and QST steel that different experiments will find one slightly larger than the other 

simply due to data variations. 

2.3 Tensile-to-Yield Ratio 

While the T/Y ratio is mentioned in literature, no full examination of its impacts 

including both analytical and experimental work has been done to the authors’ knowledge. The 

current ASTM A706 specification requires a minimum T/Y ratio of 1.25; however, a reason is 

not given for this minimum (“ASTM A706 / A706M-16, Standard Specification for Deformed 

and Plain Low-Alloy Steel Bars for Concrete Reinforcement” 2016). Many researchers have 

mentioned the importance of the T/Y ratio. Chiefly, it allows for the spread of plasticity in 

members which behave inelastically (NEHRP Consultants Joint Venture 2014; Rai et al. 2012; 

Wiss, Janney, Elstner, and Associates, Inc. 2015). Rai et al. (2012) also added that a member’s 

ultimate strength capacity should be distinct from its failure mechanism, and that the T/Y ratio 
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ensures the realization of the assumed failure mechanism. Several related benefits are also 

mentioned by NEHRP Consultants Joint Venture (2014), including maintaining section strength 

after cover spalling, increasing plastic hinge lengths, potentially increased ductility, and 

controlling the relative strength of members such as beams and columns in a moment frame. 

Madias et al. (2017) summarized some of the various standards around the world and 

their requirements. A minimum T/Y ratio of 1.25 is the highest among global standards, whereas 

the Australia and New Zealand code establishes a minimum of 1.15 for seismic grades. Other 

literature has also noted the lower requirements on T/Y ratio of other global standards. The 

Japanese code specifies a yield strength to ultimate tensile strength ratio of 0.85 (JIS 2010), and 

when reciprocated, results in a T/Y ratio of 1.176 (or rounded, 1.18). (NEHRP Consultants Joint 

Venture 2014) suggested that a minimum ratio of 1.25 may be too costly and not achievable for 

Grade 100 steel “based on the Japanese experience”, and proposed a value of 1.18 to be more 

realistic. Citing this recommendation, Wiss, Janney, Elstner, and Associates Inc. (2015) 

suggested that a minimum T/Y ratio of 1.17 (a truncated value of 1.176) be used for Grade 100 

steel. Interpolation between a T/Y ratio of 1.25 for Grade 60 and the recommended 1.17 for 

Grade 100 led to a recommended value of 1.21 for Grade 80. While these recommendations were 

made for practicality and based on the experience of other countries, they did not include 

supporting analytical or experimental data. 

The only experimental work found which directly examined the impact of T/Y ratio was 

Japan’s New RC Project, described by NEHRP Consultants Joint Venture (2014). The summary 

here will be reliant upon the description by NEHRP Consultants Joint Venture (2014) as the 

original report was not able to be located. The project studied the effect of the T/Y ratio in 

reinforced concrete beam tests that were loaded cyclically. The performance of the beams was 

considered acceptable if rotations were able to reach 4 or 5 percent prior to strength degradation. 

Results from two of the tests are shown in Figure 2.6 for beams that had reinforcing steel with 

T/Y ratios of 1.11 and 1.33. The beam with a T/Y ratio of 1.33 was able to reach 50 mm of 

deflection and a rotation of 5.6% prior to losing strength, while the beam with a T/Y ratio of 1.11 

began losing strength at about 20 mm and a rotation of 2.2%. While these tests show that the T/Y 

ratio is important for maintaining strength capacity after yield, no numerical quantification was 

reported to determine a minimum necessary T/Y ratio. Furthermore, with only a data point of 

1.11 and 1.33, it is not possible to know the expected behaviors of steel with T/Y ratios between 
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the two values. Nonetheless, it is reasonable to conclude that a value of 1.11 was insufficient for 

the members tested in the New RC Project. 

  
(a) (b) 

Figure 2.6 Force-Displacement Response for Beams with (a) Yield Ratio of 0.90 (T/Y = 1.11); 

(b) Yield Ratio of 0.75 (T/Y = 1.33) in the Japan New RC Project (NEHRP Consultants Joint 

Venture 2014) 
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Chapter 3:   Column Tests 
3.1 Experimental Setup 

3.1.1 Summary of Tests 

The experimental program consisted of four large-scale column tests as part of “Phase 2” 

of a broader research program at NCSU. Each column test was subjected to a quasi-static, 

unidirectional three-cycle set loading which will be described in more detail in Section 3.1.2. 

The columns were constructed with reinforcing steel from Mill 2 and Mill 3 in order to 

determine the validity of the material tests described in Section 2.1.2 and compare performance 

to previously tested Grade 60 columns. Two different sets of detailing were used, each of which 

were built with both types of reinforcing steel. The detailing varied transverse steel content and 

axial load ratio. The column test matrix is seen in Table 3.1.  

Table 3.1 Phase 2 Test Matrix 

Column 
Number 

Mill 
ID Diameter L/D Longitudinal 

Steel 
Transverse Steel 

(Spirals) 
Axial Load 

Ratio 
1 3 24" 4 16 #6 (1.6%) #3 @ 1.5" (1.3%) 5% 
2 2 24" 4 16 #6 (1.6%) #3 @ 1.5" (1.3%) 5% 
3 3 24" 4 16 #6 (1.6%) #3 @ 2" (1%) 10% 
4 2 24" 4 16 #6 (1.6%) #3 @ 2" (1%) 10% 
 

3.1.2 Test Specimen and Setup 

The specimens were built with detailing to match previously tested columns as described 

in Section 2.1.2. All specimens had a height of 8 feet and a diameter of 24", resulting in an 

aspect ratio of 4. The footing and loading stub were both designed as capacity protected 

members, and all reinforcing steel for the footing and cap beam was A615 Grade 60. 

Reinforcement details of the complete specimen are shown in Figure 3.1, and a plan view of the 

footing reinforcement is shown in Figure 3.2. 
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Figure 3.1 Specimen Reinforcement Configuration 

 
Figure 3.2 Plan View of Footing Reinforcement Configuration  

The lateral loading on the column was supplied by a 110-kip actuator with a stroke of 20 

inches that was affixed to the strong wall. The axial load was applied using hydraulic jacks on a 
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spreader beam atop a neoprene pad, which were connected with Dywidag bars through the strong 

floor. The jacks were connected with hoses to a third jack in an MTS Tensile Testing Machine. 

This closed loop, controlled by the MTS Machine, allowed the axial load to remain constant 

throughout the test within approximately 2% of the target axial load. A ¼" layer of gypsum 

cement was cast between the footing and the strong floor to ensure a fixed connection at the 

specimen base. The footing was then secured to the strong floor using four 1-3/8" post-

tensioning bars with approximately 100 kips in each bar. The conceptual setup is shown in 

Figure 3.3, and a photo of the actual setup is shown in Figure 3.4. Nomenclature for longitudinal 

bars is shown in Figure 3.5; the direction of push cycles corresponded to the “North” side of the 

specimen and the direction of pull cycles corresponded to the “South” side of the column. This 

nomenclature was consistent throughout all four tests. 

 
Figure 3.3 Conceptual Test Setup 
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Figure 3.4 Actual Test Setup 

 
Figure 3.5 Longitudinal Bar Labeling 
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3.1.3 Load Protocol 

The chosen load protocol for the four columns was selected considering the intended 

outcomes of the experiments: to test the seismic performance of the columns and to compare 

with previously tested Grade 60 and Grade 80 columns. Similarly to previously tested columns, 

the Phase 2 columns were subjected to a three-cycle set loading history based on displacement 

ductility.  

First, the columns were subjected to single positive and negative cycles of 0.25𝐹𝐹𝑦𝑦′, 0.5𝐹𝐹𝑦𝑦′, 

0.75𝐹𝐹𝑦𝑦′, and 𝐹𝐹𝑦𝑦′, where 𝐹𝐹𝑦𝑦′ was the theoretical force at which the longitudinal steel first yielded. 

The displacements at the positive and negative cycle at 𝐹𝐹𝑦𝑦′ were averaged and taken as the 

experimental first yield displacement, ∆𝑦𝑦′ . The equivalent yield displacement, ∆𝑦𝑦, was then 

calculated using the analytical ratio of nominal to first yield moments as shown in Equation 3.1. 

Multiples of this equivalent yield displacement were then used to define displacement ductility 

levels, 𝜇𝜇∆, of 1, 1.5, 2, 3, 4, 5, and 6, as shown in Equation 3.2. The column was subjected to 

three positive and negative cycles at each ductility level. For ease of reference, this report will 

use a shorthand notation for referencing specific cycles in each test, where µ42-  signifies the 

second pull cycle at a displacement ductility level of 4. The tests were stopped after at least two 

longitudinal bars ruptured on each side of the column. The completed tests, with between five 

and seven fractured bars, resulted in losses in lateral strength capacity between 19 and 53%. An 

example of the load protocol is shown in Figure 3.6.  

 
∆𝑦𝑦= �

𝑀𝑀𝑛𝑛

𝑀𝑀𝑦𝑦
′ � ∆𝑦𝑦

′  Equation 3.1 

 𝜇𝜇∆ =
∆
∆𝑦𝑦

 Equation 3.2 
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Figure 3.6 Load Protocol Example 

3.1.4 Specimen Construction 

All specimen construction was completed at the Constructed Facilities Laboratory at 

NCSU. The first stage involved tying the spirals to the longitudinal bars. Custom plywood 

formwork was created to ensure accurate placement of longitudinal bars, and a crane was used to 

hold the cage in place while tying the spiral. Wood spacers and clamps were used to ensure the 

spiral spacing was consistent and accurate. The ends of the longitudinal bars had a 90 degree 

bend to ensure adequate development of the bars. The tails closest to the extreme fibers were 

turned towards the center of the column to enhance shear capacity of the joint, while the 

remaining tails were turned outwards for stability. The setup for tying spirals is shown in Figure 

3.7(a), and the orientation of the tails is shown in Figure 3.7(b). 
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(a) (b) 
Figure 3.7 (a) Column Cage Construction; (b) Tails of Longitudinal Bars 

Next, the footing steel, which was intertwined with the column cage and used for joint 

shear capacity, was placed within the longitudinal steel bars. Spiral sections were also added 

below the interface with the top of the footing to ensure adequate confinement was continued 

into the footing. The addition of this joint reinforcement is shown in Figure 3.8. The column was 

then placed into the steel-ply footing formwork along with additional footing reinforcement as 

specified in Figure 3.1. PVC pipes and foam blocks were attached to the footing formwork to 

create blocked-out regions for post-tensioning bars. Lifting hooks were also added in order to 

remove the footing formwork after casting. Footing reinforcement and block-outs are shown in 

Figure 3.9(a). Prior to casting the footing, the column cage was straightened and stabilized in 

place using ratchet straps that connected to the footing formwork. Figure 3.9(b) shows the test 

specimen after the footing is cast. 
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Figure 3.8 Joint Reinforcement Construction 

 

 
(a) (b) 

Figure 3.9 (a) Footing Reinforcement; (b) Completed Footing Construction 

The next phase of construction involved preparation of the column for casting. In order to 

be able to place instrumentation directly on longitudinal bars in the plastic region, the cover 

concrete was blocked out on the bottom half of the column. Foam strips that were approximately 



  31 

 

the width of the spiral diameter and equal in height to the clear distance between spirals were cut 

and wrapped with tape to prevent concrete bonding. These strips were tied between the spirals in 

the bottom 48 inches of the column as shown in Figure 3.10(a). This section of the column was 

then wrapped with a foam sheet in order to accommodate the remaining portion of cover, as 

shown in Figure 3.10(b).  

 

  
(a) (b) 

Figure 3.10 (a) Cover Block-Out Strips; (b) Cover Block-Out Foam Sheet 

A concrete tube form was then placed over the column cage. Wooden support framework 

was constructed atop the footing to support the cap beam formwork. The cap beam steel and 

PVC pipes that provided blocked-out holes for actuator connection points were then placed in the 

cap beam formwork. Cap beam and column formwork is shown in Figure 3.11(a). Ratchet straps 

around the cap beam formwork were included as additional protection against bowing or 

separation of the formwork. During casting, a forklift raised a hopper to place the concrete, 

shown in Figure 3.11(b). 
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(a) (b) 

Figure 3.11 (a) Column and Cap Beam Formwork; (b) Column and Cap Beam Casting; 

After curing, the tube and cap beam formwork were removed, and the foam strips were 

cut from the spirals as shown in Figure 3.12(a). The concrete that remained on the longitudinal 

bars and spirals was removed with an air needle scaler. The specimen was then painted with 

white latex-based paint to assist in the identification of cracks during the test. Finally, the column 

was moved inside, attached to the strong floor and actuator, and instrumented. The final prepared 

specimen is shown in Figure 3.12(b). 
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(a) (b) 

Figure 3.12 (a) Removal of Foam Strips; (b) Final Instrumented Specimen 

3.1.5 Instrumentation 

Lateral displacement of the column was measured using two string potentiometers. Both 

potentiometers were located at mid-height of the loading stub to capture the measurement at the 

center of the applied load. The main potentiometer was located at the center of the cap beam, and 

another was located at the edge of the cap beam to measure any twisting that occurred from 

asymmetric or angled loading. Lateral force was measured by the actuator load cell.  

The Optotrak Certus HD system manufactured by Northern Digital, Inc. was used to 

track approximately 400 infrared target LED markers that were placed on exposed reinforcement 

on the lower half of the specimen. Cameras were set up in a triangular manner around the 

column such that LED positions could be tracked around the entire circumference of the 

specimen. The data was recorded at 1 hertz throughout each test. The optical system provided 

three-dimensional data points for all longitudinal bars and extreme regions of the spirals in the 

plastic region of the column. The manufacturer reports the accuracy of the measurements to be 

0.1 mm with a resolution of 0.01 mm. The resulting data can be analyzed to determine strain 
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demands, buckled shapes of longitudinal bars, and numerous other test parameters. The strain 

data provided by these optical sensors is especially useful since, unlike standard strain gages, it is 

reliable well past yield.  

3.1.6 Material Properties 

Tensile tests were performed on longitudinal reinforcing steel per ASTM A370 to 

determine stress-strain parameters. Tensile data for spirals was provided by previous research 

(Barcley and Kowalsky 2018). Longitudinal bars for Test 1 and Test 3 were from the steel batch 

supplied by Mill 3 and were produced with the QST manufacturing process. These bars were not 

designated as A706, which is typical for QST steel due to a lower typical range of T/Y ratio. 

Longitudinal bars for Test 2 and Test 4 were from a batch supplied by Mill 2, a micro-alloying 

mill, and this steel was designated as A706. Stress-strain results for both heats of steel are shown 

in Figure 3.13(a), and a summary of all resulting tensile test properties can be found in Table 3.2. 

Results were consistent with recommendations provided by previous research done by Overby et 

al. (2017), which were summarized in Table 2.1, with the exception of the QST steel having 

lower ultimate strength and T/Y ratio. 

It should also be noted that these properties have two important distinctions that are 

attributed to the difference in manufacturing process: the T/Y ratio and the length of the yield 

plateau. The T to Y ratio for the QST steel is lower than that of the micro-alloyed steel, which is 

typical for these manufacturing processes. The yield plateau of the QST steel was also 

substantially longer than that of the micro-alloyed steel. A representative test of each steel is 

shown in Figure 3.13(b) to illustrate the difference in yield plateaus. Potential implications of 

these material properties will be further discussed in Chapter 6. 
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(a) (b) 
Figure 3.13 (a) Longitudinal Steel Stress-Strain Curves; (b) Comparison of Yield Plateaus 

Table 3.2 Tensile Properties of Reinforcing Steel 

Steel Use 
Yield 
Stress 
[ksi] 

Yield 
Strain 

Ultimate 
Stress 
[ksi] 

Strain at 
Ultimate 

Stress 

T to Y 
Ratio 

Mill 3 #6 
(QST) 

Longitudinal 
Tests 1 & 3 84.8 0.37% 106.0 9.6% 1.25 

Mill 2 #6 
(MA) 

Longitudinal 
Tests 2 & 4 85.9 0.38% 113.5 10.3% 1.32 

Mill 1 #3 Transverse 
All Tests 79 0.48% 117 7.6% 1.48 

 

Compressive concrete cylinder tests conforming to ASTM C39 were performed for both 

footing and column concrete. Both footing and column concrete were specified at 4 ksi. 

Compressive tests were completed at 7 days, 28 days, and within a week of each column test 

day. Cylinders were kept in the same physical location as each column throughout construction 

and preparation such that properties would not be affected by differing external conditions. 

Results of compressive tests are shown in Table 3.3 and graphically in Figure 3.14.  

It should be noted that the average column concrete strength prior to Column Test 4 was 

found to be slightly lower than that found prior to Column Test 3, which occurred approximately 

one month after Test 4. While this outcome was unexpected, the discrepancy was attributed to 

variability in cylinder test results, and since both tests were performed over a period of 24 weeks 
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after initial casting, it is likely that nearly the majority of strength gain had occurred and both 

columns had similar strength. This detail is noted since one parameter of the tests is axial load 

ratio, which is based on measured concrete strength. In order to main consistency between Test 3 

and Test 4, the same axial load of 311 kips was applied to both tests. This results in an axial load 

ratio of 10% for Test 3 and 10.5% for Test 4 based on measured strength. However, these 

columns likely had very similar day-of-test concrete strengths, which would result in 

approximately the same axial load ratio.  

Table 3.3 Concrete Strength Test Results 

Test 
Days after 

Casting 
Column 

Days 
after 

Casting 
Footing 

Cylinder # 

Column 
Concrete 

Max. Stress 
[ksi] 

Footing 
Concrete 

Max. Stress 
[ksi] 

7-Day 7 7 

1 3.53 4.58 
2 3.60 4.59 
3 3.68 4.46 

Average 3.60 4.54 

28-Day 28 28 

1 5.09 5.03 
2 4.81 5.25 
3 5.07 5.25 

Average 4.99 5.18 

Column Test 
1 104 208 

1 5.79 6.10 
2 5.65 5.71 
3 5.43 5.97 
4 5.42 6.12 

Average 5.62 5.93 

Column Test 
2 137 241 

1 6.08 5.76 
2 6.09 5.90 
3 6.23 5.80 

Average 6.13 5.82 

Column Test 
3 172 276 

1 6.74 6.30 
2 7.04 6.24 
3 6.83 5.93 

Average 6.87 6.16 

Column Test 
4 196 300 

1 6.58 6.21 
2 6.35 6.24 
3 6.61 6.26 

Average 6.51 6.24 
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(a) (b) 

Figure 3.14 (a) Footing Concrete Measured Strength Gain; (b) Column Concrete Measured 

Strength Gain 
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3.2 Column Test 1 

Column Test 1 took place on Monday, January 28, 2019 at the Constructed Facilities 

Laboratory at NCSU as part of the test matrix described in Table 3.1. The column was subjected 

to quasi-static, unidirectional three-cycle set loading with a constantly applied axial load. 

Summary information for Test 1 is shown in Table 3.4.  

Table 3.4 Column Test 1 Summary Information 

COLUMN PARAMETERS 

 Longitudinal Steel: (16) #6 (ρl = 1.6%) 

 Longitudinal Steel Source: Mill 3 v1 (Grade 80 QST) 

 Transverse Steel: #3 A706-80 Spirals @ 1.5" (ρt = 1.3%) 

 Axial Load: 127 kips 

 Axial Load Ratio: 5% 

 Analytical First Yield Force: 51.1 kips 

 Experimental First Yield Displacement: 0.975" 

 Equivalent Yield Displacement: 1.29" 

 Analytical Nominal Moment Capacity: 540 kip∙ft 

 Analytical Yield Moment: 409 kip∙ft 

 Maximum Lateral Force: 69.2 kips 

DAMAGE OBSERVATIONS 

 Cracking North: -0.25𝐹𝐹𝑦𝑦′ = -0.15" 

 Cracking South: +0.25𝐹𝐹𝑦𝑦′ = 0.12" 

 Concrete Crushing North: µ23+ = 2.58" 

 Concrete Crushing South: µ21- = -2.58" 

 Transverse Steel Yielding North: At 3.83" during push to µ32+ = 3.86" 

 Transverse Steel Yielding South: At -0.29" during pull to µ41- = -5.15" 

 Longitudinal Bar Buckling North: During push to µ51+ = 6.44" 

 Longitudinal Bar Buckling South: During pull to µ51- = -6.44" 

 Longitudinal Bar Fracture North: At -5.91" during pull to µ61- = -7.73" 

 Longitudinal Bar Fracture South: At 4.90" during push to µ53+ = 6.44" 
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The displacement at the analytical first yield force was measured as 0.93" during the push 

cycle (with the South face in tension) and 1.02" during the pull cycle (with the North face in 

tension). The average of these two values, 0.975", was taken as the experimental first yield 

displacement. The equivalent yield displacement was then calculated per Equation 3.1. The 

resulting equivalent yield displacement, 1.29", was used to define the load history for the 

remainder of the test, following positive and negative three-cycle set increments at displacement 

ductility, µΔ, equal to 1, 1.5, 2, 3, 4, 5, and 6. The displacement history, including observed 

damage levels, is shown in Figure 3.15, and the global force-displacement response can be found 

in Figure 3.16. See Figure 3.5 for longitudinal bar labeling and displacement sign convention. 

 

 
Figure 3.15 Column Test 1 Displacement History 
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Figure 3.16 Column Test 1 Force-Displacement Response 

The experimental backbone was also compared to the models used to predict the 

response, as shown in Figure 3.17. The model used to predict the overall response, including the 

first yield force and nominal moment required to calculate ductility levels, was constructed using  

a set of Matlab codes which perform a monotonic moment-curvature analysis (Montejo and 

Kowalsky 2007). The code did not include calculations for P-Delta effects, which result in a 

decrease in force at high displacements. These effects were calculated and subtracted from the 

response provided by the analysis codes. The calculation was performed as shown in Figure 

3.18. In this calculation, the moment due to P-Delta effects varies along the height of the column, 

and the base moment due to this effect is found by integration. Keeping the theoretical total 

moment capacity constant, the force was then back-calculated. 

This corrected curve shows better agreement with the experimental results, but it was not 

used for calculations involving levels of ductility. It is also apparent that the experimental 

response was not perfectly symmetrical and had higher strength in the push cycles. This is likely 

due to variability in material properties and construction imperfections, including a slight twist of 

the cap beam in relation to the specimen. 
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Figure 3.17 Column Test 1 Comparison of Experimental and Prediction Backbone Curves 

 
Figure 3.18 Calculation of Theoretical Force including P-Delta Effects 
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3.2.1 Damage Progression 

The test began with one cycle in the positive and negative directions at 0.25𝐹𝐹𝑦𝑦′, 0.50𝐹𝐹𝑦𝑦′, 

0.75𝐹𝐹𝑦𝑦′, and 𝐹𝐹𝑦𝑦′. Hairline cracks, meaning cracks smaller than the thinnest available measurement 

of 0.005 in, were observed during the positive and negative cycles of 0.25𝐹𝐹𝑦𝑦′ at the base of the 

extreme fiber sides of the column. Measurable cracks up to 0.007" were first observed during the 

positive and negative cycles of 0.75𝐹𝐹𝑦𝑦′ in the same locations. Cracks observed during push 

cycles, concentrated on the South side of the column, were marked in black; cracks observed 

during pull cycles were marked in red. Cracks continued to grow and develop on each side, with 

primarily horizontal cracks concentrated at the extreme fibers and cracks becoming more 

diagonal in nature towards the East and West sides of the column. Some diagonal cracks were 

also observed stemming from the intersection of the spiral and exposed longitudinal bars. Minor 

horizontal cracking was observed nearly as far up as the intersection of the column and cap 

beam, which was 6'-9" above the top of the footing. Minor footing cracking was also observed. 

Visible concrete flaking, which is a precursor to core crushing, was first observed on the 

both faces of the column during µ1.53± = ±1.95". Crushing was observed on the North face of the 

column during µ23+ = 2.58", and on the South face of the column during µ21- = -2.58". It is worth 

noting that since there was no cover concrete on the column, it is possible that the point of 

observed concrete flaking is more indicative of when a typically constructed column would 

experience crushing. 

Several ductility cycles later, after reaching µ51- = -6.44", the first visible bar buckling 

was observed in bar S4. On the subsequent cycle, µ52+ = 6.44", bars N3, N4, and N5 had visibly 

buckled. However, upon data processing and analysis, it was found that bar N4 showed 

indications of buckling during µ51+ = 6.44", one cycle prior to visible buckling (See Chapter 5 for 

further discussion on the identification of the onset of bar buckling). Bars S3 and S5 visibly 

buckled after reaching the next cycle of µ52- = -6.44". On the following cycle, bar S4 ruptured in 

tension during the push to µ53+ = 6.44". Bars S3 and S4 fractured next during the push to µ61+ = 

7.73". During the pull to µ61- = -7.73", the three extreme bars on the North side of the column, 

N3, N4, and N5, ruptured. All ruptured bars had a jagged failure surface that was consistent with 

tension test outcomes for bar samples. 
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After µ61- = -7.73", the test was completed. Bar fractures and corresponding losses in 

strength can be seen in the hysteretic response shown in Figure 3.16. The column ultimately lost 

52.8% of maximum observed strength in the push direction and 53.1% of maximum observed 

strength in the pull direction following the three extreme bar fractures on each side. Following 

test completion, the loose concrete was removed to better observe damage. Photos of damage 

progression are shown in the following figures. 

  
(a) (b) 

Figure 3.19 Column Test 1 (a) South Face at +0.75𝐹𝐹𝑦𝑦′; (b) North Face at -0.75𝐹𝐹𝑦𝑦′ 

  
(a) (b) 

Figure 3.20 Column Test 1 (a) South Face at +𝐹𝐹𝑦𝑦′; (b) North Face at -𝐹𝐹𝑦𝑦′ 



  44 

 

  
(a) (b) 

Figure 3.21 Column Test 1 (a) Crushing on South Face at µ21-; (b) Crushing on North Face at 

µ23+; 

  
(a) (b) 

Figure 3.22 Column Test 1 (a) S4 Buckling at µ51-; (b) N4 Buckling at µ52+; 
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(a) (b) 

Figure 3.23 Column Test 1 (a) S4 Fracture at µ53+; (b) N4 Fracture at µ61- 

  
(a) (b) 

Figure 3.24 Column Test 1 (a) South Face after Test; (b) North Face after Test 
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3.2.2 Axial Strain Analysis 

The optical position sensors placed along the longitudinal and transverse steel allowed 

strains to be calculated for the duration of the test by monitoring the change in distance between 

sensors. The distance between any two sensors was calculated using the distance formula as 

shown in Equation 3.3. The initial gage length between sensors was taken by averaging the first 

60 recordings, and the calculation of strain at any point in time is illustrated by Equation 3.4.  

 𝐿𝐿 = �(𝑥𝑥2 − 𝑥𝑥1)2 + (𝐹𝐹2 − 𝐹𝐹1)2 + (𝑧𝑧2 − 𝑧𝑧1)2  Equation 3.3 

 𝜀𝜀 = 𝐿𝐿−𝐿𝐿0
𝐿𝐿0

  Equation 3.4 

 

The sensors were placed on the longitudinal between each spiral on the bottom 48" of the 

column, resulting in approximately 1.5" gage lengths along this section. Sensors in the top-most 

portion of the non-extreme fibers (i.e., towards the East and West faces) were spaced between 

every other spiral, resulting in approximately 3" gage lengths in this region. The spirals were also 

instrumented with LED sensors in the extreme fiber region for approximately the bottom 12" of 

the column, which allowed strain data to be calculated for the spirals as well.  All calculated 

strains were reported at the center of the initial gage lengths.  

As previously mentioned, the experimental first yield displacement was found by taking 

the average of the displacements at positive and negative analytical first yield force. After the 

test was completed, data from the optical markers was analyzed to confirm that the strains in the 

longitudinal bars reached approximately the material yield strain at this point in the test. Figure 

3.25 depicts the experimentally measured strains in the extreme longitudinal bars as solid lines, 

and the theoretical increments of yield strain as dashed lines. This figure shows that the strains at 

first yield are approximately consistent with the yield strain of the material, although tending 

towards slightly larger strains than theoretically expected at first yield, particularly on the North 

face of the column. 
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(a) (b) 

Figure 3.25 Column Test 1 (a) S4 Strain Profiles up to First Yield; (b) N4 Strain Profiles up to 

First Yield 

Strains were also calculated for longitudinal and transverse reinforcement throughout the 

duration of the test. The strain profiles of the extreme bars at the first cycle of each ductility level 

are shown in Figure 3.26. Solid lines represent cycles in which the bar was subjected to tension; 

dashed lines represent cycles in which the bar was subjected to compression. The column had an 

extent of plasticity of approximately 25" and a maximum measured strain demand of 

approximately 6%. Strain profiles at the first cycle of each ductility level for transverse steel, 

seen in Figure 3.27, show that spirals reached yield strain around a displacement ductility of 4, 

prior to bar buckling. Strains increased drastically on the South spirals at ductility 5, and in the 

North Spiral at ductility 6, which correspond to the ductility level at bar fracture on both sides. 
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(a) (b) 

Figure 3.26 Column Test 1 (a) S4 Strain Profiles; (b) N4 Strain Profiles 

  
(a) (b) 

Figure 3.27 Column Test 1 (a) South Spiral Strain Profiles; (b) North Spiral Strain Profiles 

In addition to these strain profiles, complete strain histories for each bar were generated 

at various gages along the column height. Strain versus column displacement is shown in Figure 

3.28 for extreme bar S4 at a gage 2.4" above the footing. Such strain histories created with 

optical sensor data can also be used to determine the first instance of bar buckling. As seen in 
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Figure 3.28(a), during early cycles, the bar experienced negative strains in compression and 

positive strains in tension, as expected. However, as the bar reached cycles at displacements 

exceeding 5", the data shows positive strains when the bar is in compression. This signifies bar 

buckling, as explained by examining Figure 3.28(b); when a bar buckles, if sensors are on either 

side of the lateral displacement, these sensors will become further apart, resulting in a positive 

(tension) strain measurement. As the bar continues to buckle further on subsequent cycles, this 

“tension” measurement becomes larger as the lateral displacement increases. Gages can also 

show unusually large compression if the sensors are on the convex region of the buckled bar 

shape; however, the difference due to unexpected tension measurements can be easier to identify 

since the bar should not undergo any tension strain in large compression forces. While bar 

buckling was visually observed in this column at µ51- = -6.44", data analysis shows that buckling 

must have occurred several cycles prior to visual bar buckling. Furthermore, while the definition 

of buckling is binary (i.e., buckled or not buckled), the degree of lateral deformation continues to 

increase throughout the test, causing a more severe buckled shape, and the measured “tension” 

strains continue to increase under compression loading. Further discussion on the use of optical 

sensors to determine the onset of bar buckling will be discussed in Chapter 5. 

 

  
(a) (b) 

Figure 3.28 (a) Column Test 1 Bar S4 Strain vs. Displacement; (b) Bar Buckling Measurement 

with Optical Sensors, Adapted from Goodnight et al. (2015) 
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Similarly, strain versus displacement was analyzed for all other bars. Strain history for 

bar N4 is shown in Figure 3.29. In this case, visual bar buckling was identified upon the first 

instance of positive strains in compressive cycles. However, at the first cycle of ductility 5, the 

strain became less negative, an indication that there may have been buckling as early as this 

point. Additional strain vs. displacement figures for all bars that experienced buckling and 

subsequent fracture can be found in Appendix A. 

 
Figure 3.29 Column Test 1 Bar N4 Strain vs. Displacement 

The transverse steel yield limit state as listed in Table 3.1 was found using a similar axial 

strain analysis. By observing the strain histories using optical sensors on the spirals throughout 

the test, the first instance at which the strain reached the yield strain for the material was used as 

point the spiral yield. As an example, the strain history for the South Spiral of Column Test 2 is 

shown in Figure 3.30 for a gage 3.3" above the footing. As seen in the figure, the spiral surpasses 

the yield strain at -3.80" during the pull to µ41- = -5.20". 
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Figure 3.30 Example of Spiral Yield Determination 

This method was also used to identify strains in longitudinal bars at important limit 

states. This is useful for comparison with observed limit states of other tests, and defining limit 

states can be useful for design. For example, previous researchers have suggested strain limit 

states for serviceability and damage control as listed in Table 3.5.  

Table 3.5 Limit State Definitions (Kowalsky 2000) 

Limit State Concrete 
Strain Limit 

Steel Strain 
Limit 

Serviceability 0.004  
(compression) 

0.015  
(tension) 

Damage Control 0.018  
(compression) 

0.060  
(tension) 

 

Priestley et al. (1996) defined the serviceability limit state as the onset of concrete 

crushing, or residual crack widths exceeding 0.04 inches. Due to the lack of cover concrete, this 

was unable to be directly measured in these column tests. However, core concrete crushing was 

noted during tests and will be compared to the serviceability limit state, with the understanding 

that the definition is not precisely the same as the definition from Priestley et al. (1996). The 

damage control limit state has typically been defined as the onset of longitudinal bar buckling or 

substantial core crushing (Priestley et al. 1996). However, recent researchers have proposed an 



  52 

 

intermediate damage control state at the yielding of transverse steel (Goodnight et al. 2015). Bar 

fracture is typically not considered, but is still noted here since it represents the most drastic loss 

in lateral capacity. 

In order to compare with previously defined strain limit states, strains were identified at 

various stages throughout the tests. At the damage states as listed in Table 3.4, corresponding 

strains in the longitudinal bars were located in the strain histories. Multiple gages were used to 

ensure the maximum strain prior to each damage state was found. Compression strains were 

reported for crushing and spiral yielding, since these events occur in compression. The reported 

values were measured using steel strains, but also reflect the demands on the concrete due to 

strain compatibility. The strain value reported for bar buckling is the maximum tension strain 

experienced in the bar on the prior tension cycle. The value reported for bar fracture corresponds 

to the maximum reliable observed value of tension strain in the bar prior to bar fracture. 

Table 3.6 Column Test 1 Strains at Damage Levels 

Damage State Measured Strain 
South North 

Cracking 0.0006 
(tension) 

0.0006 
(tension) 

Crushing 0.0056 
(compression) 

0.0066 
(compression) 

Spiral Yielding 0.0082 
(compression) 

0.0093 
(compression) 

Bar Buckling 0.0449 
(tension) 

0.0447 
(tension) 

Bar Fracture 0.0782 
(tension) 

0.0773 
(tension) 

 

3.2.3 Bending Strain Analysis 

Barcley and Kowalsky (2018) showed how local strains on a buckled bar could be 

calculated given optical sensor data. The procedure is illustrated in Figure 3.31 for bar N4 at 

µ53+, the last compression cycle for which LED data was captured for this bar. First, a fourth 

order polynomial was fit to the four sensors nearest to the buckled region of the bar to achieve 

the position function. However, the center of the sensors was approximately 0.56" from the 

neutral axis of the longitudinal bar. Use of the LED positions would have underestimated the 

curvature of the bar since the sensors are on the tension side of the buckled shape. Thus, the 
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positions of the LED points were corrected to the neutral axis by moving the positions 0.56" 

along a slope perpendicular to the tangent of the fitted position function. A new fourth order 

polynomial was then fitted to the corrected positions.  

Using solid mechanics, the curvature of the bar can be calculated using Equation 3.5. 

Assuming the slope of the position is small at the maximum curvature, this equation can be 

simplified to Equation 3.6. Finally, assuming a uniform cross-section, the maximum strain due to 

bending is equal to the curvature times half the bar diameter, as shown in Equation 3.7. Thus, the 

approximate bending strain of the longitudinal bar can be calculated throughout the test.  

 
𝜑𝜑 =

𝑑𝑑2𝑤𝑤
𝑑𝑑𝑥𝑥2

�1 + �𝑑𝑑𝑤𝑤𝑑𝑑𝑥𝑥�
2
�
3/2  

Equation 3.5 

 
𝜑𝜑 ≈

𝑑𝑑2𝑤𝑤
𝑑𝑑𝑥𝑥2

 Equation 3.6 

 
𝜀𝜀𝑏𝑏 = 𝜑𝜑 ×

𝑑𝑑𝑏𝑏
2

 Equation 3.7 

   
(a) (b) (c) 

Figure 3.31 Bending Strain Calculation for Column Test 1 Bar N4 at µ53+ 

Using this method, the bending strain was calculated at each cycle throughout the test for 

all longitudinal bars. These strain histories are shown in Figure 3.32 for bars that developed 

substantially high bending strains, which is indicative of buckling. The maximum bending strain 
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prior to bar fracture is also indicated in the figure. This figure indicates that the longitudinal bars 

in this column were able to sustain a bending strain between about 10 and 13.5 percent prior to 

fracturing in subsequent tension.  

 
Figure 3.32 Column Test 1 Bending Strain Histories 

It should be noted that while this method was previously established by Barcley and 

Kowalsky (2018), the authors of this report believe the method’s accuracy could be improved. 

For example, the use of a fourth order polynomial may not be the best representation of the 

actual buckled bar’s shape. Furthermore, a fourth order polynomial is only exact for five known 

points; the buckled regions of the longitudinal bars were typically only instrumented with at most 

four optical sensors. 

Another area for improvement regarding the shape function could be in creating an 

anchored point for the bottom of the longitudinal bar. Since the buckled shape often occurs 

immediately above the footing, such as in the example shown in Figure 3.31, the full shape of the 

buckled portion of the bar is not always captured. Since it is known that within the footing the 

bar is unmoved (past the region of strain penetration), a pseudo position point could be created 

below the top of the footing to improve the accuracy of the bar shape.  

Finally, use of the exact equation for relating curvature and position, as shown in 

Equation 3.5, may improve accuracy and demonstrate a better representation of the distribution 
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of curvature along the bar. While the equation can be simplified to the approximation made in 

Equation 3.6, modern computing power should allow the exact calculation to be easily made. 

Research is currently underway at NCSU to investigate the most representative way to model the 

shape of a buckled bar. 

3.2.4 Energy Dissipation 

The energy dissipation of a column can be determined by calculating the area of the 

hysteretic loops throughout the test. Numerical integration was used to find the area of each half-

cycle throughout the test, including cycles before yield, after bar buckling, and after initial bar 

fracture. Figure 3.33 shows the calculated energy dissipation at each half-cycle. As expected, the 

first positive and negative cycle in each direction of a given ductility level resulted in slightly 

higher energy dissipation compared to the subsequent cycles. This was due to the loss of initial 

stiffness after these cycles. Loss in energy dissipation is seen after the first instance bar buckling, 

which is expected since force capacity generally decreases after buckling. Total energy 

dissipation prior to first bar fracture was calculated as 4780 kip-in by summing the energy 

dissipated in all cycles prior to fracture. Although some energy dissipation occurred between the 

first bar fracture and last bar fracture, these values were not included in the total dissipation 

value. 

 
Figure 3.33 Column Test 1 Energy Dissipation 
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Cumulative dissipated energy is useful for comparative purposes for columns or 

structures that undergo the same displacement history. However, if columns are subjected to 

different loading histories, the cumulative dissipated energy becomes less important since the 

energy dissipation during each cycle will be affected. For example, consider one column 

subjected to repeated cycles at low ductility levels, and an identical column subjected to one 

pushover cycle until bar fracture. The column subjected to multiple cycles at low levels will have 

larger energy dissipation. However, this does not imply the capacities of the columns are 

different, but is rather an outcome of the different loading histories. 

In order to have a better understanding of energy dissipation capacity, damping, which 

largely contributes to energy dissipation, can be calculated. This can be calculated at various 

ductility levels and compared between identical structures, regardless of displacement history. 

Damping is also important for design purposes; accurate damping values are needed for 

structural modeling.  

Area-based hysteretic damping, based on the methods developed by Jacobsen (1960) and 

outlined in Priestley et al. (2007), was calculated using Equation 3.8. Numerical integration was 

used to calculate the area of each hysteretic loop, where A1 is equal to the area of one complete 

hysteretic loop and A2 is the rectangular area encompassing the hysteretic loop, as shown in 

Figure 3.34. Additionally, researchers have found that area-based damping overestimates actual 

hysteretic damping, and proposed a correction for values of equivalent viscous damping based on 

ductility (Priestley et al. 2007). An equation was fit to these corrected values, as shown in 

Equation 3.9, where values of area-based damping are in percentages (Montejo et al. 2009).  

 𝜉𝜉𝑗𝑗𝑗𝑗𝑗𝑗 =
2
𝜋𝜋

×
𝐴𝐴1
𝐴𝐴2

 Equation 3.8 

 𝜉𝜉ℎ𝑦𝑦𝑦𝑦𝑦𝑦
𝜉𝜉𝑗𝑗𝑗𝑗𝑗𝑗

= �(0.53𝜇𝜇∆ + 0.8)𝜉𝜉𝑗𝑗𝑗𝑗𝑗𝑗�
−(𝜇𝜇∆40+0.4)

 Equation 3.9 
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Figure 3.34 Calculation of Area-Based Damping 

 Furthermore, in order to design for inelastic systems, engineers often use equivalent 

viscous damping. Equivalent viscous damping represents the properties of an inelastic system, 

and it consists of two components: a component to account for viscous, elastic damping; and a 

component for hysteretic damping, as shown numerically in Equation 3.10 (Priestley et al. 2007). 

The viscous damping is taken as 0.05 multiplied by a correction factor, κ. This correction factor, 

calculated by Equation 3.11, depends on the level of displacement ductility and hysteretic shape. 

Reinforced concrete bridge columns generally follow the hysteretic shape of the Thin Takeda 

model, for which the value of λ is -0.378. The hysteretic damping was calculated using a 

corrected area-based damping approach as previously described. Thus, to calculate equivalent 

viscous damping, this hysteretic component is added to the viscous damping component. 

Jacobsen area-based damping, corrected damping, and equivalent viscous damping were 

calculated at the first cycle of each ductility and are shown in Figure 3.35. 

 𝜉𝜉𝑒𝑒𝑒𝑒 = 𝜅𝜅𝜉𝜉𝑒𝑒𝑒𝑒 + 𝜉𝜉ℎ𝑦𝑦𝑦𝑦𝑦𝑦 Equation 3.10 

 𝜅𝜅 = (𝜇𝜇∆)𝜆𝜆 Equation 3.11 



  58 

 

 
Figure 3.35 Column Test 1 Damping 

3.2.5 Components of Displacement 

Previous researchers have found that lateral displacement in modern bridge columns is 

formed by two main components: rotation due to strain penetration, or bond slip, of the 

longitudinal bars, and flexural deformation due to the strain demands on the column (Priestley et 

al. 2007). Shear deformation may also contribute to total deformation, but generally has much 

smaller contributions. The two main individual components were calculated to compare with 

displacement-based design prediction models. 

The main component of displacement was due to column flexure, which was 

concentrated in the plastic hinge region. This calculation was performed by first obtaining the 

strain distribution across the cross section along the column height. Assuming plane sections 

remain plane, the strain distribution of the column cross section due to the externally applied 

moment is linear, as shown in Figure 3.36. The slope of this strain profile is equal to the 

curvature of the cross-section. This was achieved with experimental data by using a best-fit line 

for experimental strains on the column cross section, as shown in Figure 3.37. The curvature was 

assumed to be located at the average height of all gages used. 
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Figure 3.36 Cross-Sectional Strain Profile 

 
Figure 3.37 Example of Curvature Calculation Using Optical Sensor Data 

The curvature was calculated for cross sections along the column height to obtain the 

curvature profile of the column for the instrumented region. The top section of the column, 

which was not instrumented with LED sensors, was assumed to have a linear curvature 

distribution that ranged from zero at the point of loading to the top-most measured curvature 

value. This curvature distribution is shown in Figure 3.38. Using numerical integration of the 

curvature profile and the moment-area method, the flexural contribution to column displacement 

can be calculated per Equation 3.12. Note that the curvature was not integrated from the last 
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known data point to the top of the footing since this displacement is primarily composed of bond 

slip. Curvature profiles at the first cycle of each ductility level are shown in Figure 3.39, which 

also include a dashed line that represents the curvature profile at the theoretical yield point. 

 
∆𝐹𝐹= �𝐴𝐴𝑖𝑖𝑧𝑧𝚤𝚤�

𝑛𝑛

𝑖𝑖=1

 Equation 3.12 

 
Figure 3.38 Column Curvature Distribution Example 
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(a) (b) 

Figure 3.39 Column Test 1 Curvature Profiles for (a) Push Cycles; (b) Pull Cycles 

The second major component of displacement was due to strain penetration, or bond slip, 

which results in rotation of the column base. This was calculated by first obtaining the vertical 

deformation of the sensors nearest to the footing-column interface. Next, a line was fit through 

the vertical movement of all sensors along the cross-section to obtain the angle of rotation of the 

base as shown in Figure 3.40. This angle was then multiplied by the column height to obtain the 

total displacement due to strain penetration. 
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(a) (b) 

Figure 3.40 Column Test 1 Strain Penetration for (a) Push Cycles; (b) Pull Cycles 

These two measured contributions of deformation, bending and base rotation, were then 

added and compared to overall measured column displacement to confirm the calculation 

accuracy. These results are shown in Figure 3.41. In both push and pull cycles, the calculated 

displacements are slightly less than the measured displacement. This is likely due to 

displacement due to shear as well as calculation error.  

  
(a) (b) 

Figure 3.41 Column Test 1 Components of Deformation for (a) Push Cycles; (b) Pull Cycles 
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3.3 Column Test 2 

Column Test 2 took place on Tuesday, February 19, 2019 at the Constructed Facilities 

Laboratory at NCSU as part of the test matrix described in Table 3.1. The column was subjected 

to quasi-static, unidirectional three-cycle set loading with a constantly applied axial load. 

Summary information for Test 2 is shown in Table 3.7. 

Table 3.7 Column Test 2 Summary Information 

COLUMN PARAMETERS 

 Longitudinal Steel: (16) #6 (ρl = 1.6%) 

 Longitudinal Steel Source: Mill 2 v1 (A706-80 micro-alloyed) 

 Transverse Steel: #3 A706-80 Spirals @ 1.5" (ρt = 1.3%) 

 Axial Load: 139 kips 

 Axial Load Ratio: 5% 

 Analytical First Yield Force: 52.6 kips 

 Experimental First Yield Displacement: 0.964" 

 Equivalent Yield Displacement: 1.30" 

 Analytical Nominal Moment Capacity: 568 kip∙ft 

 Analytical Yield Moment: 421 kip∙ft 

 Maximum Lateral Force: 76.8 kips 

DAMAGE OBSERVATIONS 

 Cracking North: -0.25𝐹𝐹𝑦𝑦′ = -0.10" 

 Cracking South: +0.25𝐹𝐹𝑦𝑦′ = 0.10" 

 Concrete Crushing North: µ23+ = 3.90" 

 Concrete Crushing South: µ31- = -3.90" 

 Transverse Steel Yielding North: At 4.79" during push to µ41+ = 5.20" 

 Transverse Steel Yielding South: At -3.80" during pull to µ41- = -5.20" 

 Longitudinal Bar Buckling North: During push to µ61+ = 7.81" 

 Longitudinal Bar Buckling South: During pull to µ53- = -6.50" 

 Longitudinal Bar Fracture North: At 2.99" during pull to µ62- = -7.81" 

 Longitudinal Bar Fracture South: At -4.61" during push to µ62+ = 7.81" 
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The displacement at the analytical first yield force was measured as 0.93" during the push 

cycle (with the South face in tension) and 0.99" during the pull cycle (with the North face in 

tension). The average of these two values, 0.964", was taken as the experimental first yield 

displacement. The equivalent yield displacement was then calculated per Equation 3.1. The 

resulting equivalent yield displacement, 1.30", was used to define the load history for the 

remainder of the test, following positive and negative three-cycle set increments at displacement 

ductility, µΔ, equal to 1, 1.5, 2, 3, 4, 5, and 6. The displacement history, including observed 

damage levels, is shown in Figure 3.15, and the global force-displacement response can be found 

in Figure 3.16. See Figure 3.5 for longitudinal bar labeling and displacement sign convention. 

 
Figure 3.42 Column Test 2 Displacement History 
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Figure 3.43 Column Test 2 Force-Displacement Response 

The experimental backbone was also compared to the models used to predict the 

response, as shown in Figure 3.17. The model used to predict the overall response, including the 

first yield force and nominal moment required to calculate ductility levels, was constructed using  

a set of Matlab codes which perform a monotonic moment-curvature analysis (Montejo and 

Kowalsky 2007). P-Delta effects were also calculated as described in Figure 3.18 and subtracted 

from the theoretical response provided by the analysis codes. These theoretical curves are shown 

in the figure along with the experimental backbone.  
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Figure 3.44 Column Test 2 Comparison of Experimental and Prediction Backbone Curves 

3.3.1 Damage Progression 

The test began with one cycle in the positive and negative directions at 0.25𝐹𝐹𝑦𝑦′, 0.50𝐹𝐹𝑦𝑦′, 

0.75𝐹𝐹𝑦𝑦′, and 𝐹𝐹𝑦𝑦′. Hairline cracks, meaning cracks smaller than the thinnest available measurement 

of 0.005 in, were observed during the positive and negative cycles of 0.25𝐹𝐹𝑦𝑦′ at the base of the 

extreme fiber sides of the column. Measurable cracks up to 0.007" were first observed during the 

positive and negative cycles of 0.75𝐹𝐹𝑦𝑦′ in the same locations. Cracks observed during push 

cycles, concentrated on the South side of the column, were marked in black; cracks observed 

during pull cycles were marked in red. Cracks continued to grow and develop on each side, with 

primarily horizontal cracks concentrated at the extreme fibers and cracks becoming more 

diagonal in nature towards the East and West sides of the column. Some diagonal cracks were 

also observed stemming from the intersection of the spiral and exposed longitudinal bars. Minor 

horizontal cracking was observed nearly as far up as the intersection of the column and cap 

beam, which was 6'-9" above the top of the footing.  
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 Visible concrete flaking was first observed during µ1.53± = ±1.95". Crushing was 

observed on the North face of the column during µ23+ = 2.60", and on the South face of the 

column during µ31- = -3.90". Several ductility cycles later, after reaching µ61- = -7.81", the first 

visible bar buckling was observed in bars S3, S4, and S5, the three extreme bars on the 

compression face, with S4 having the most severe buckled shape. However, upon data analysis, 

it was determined bar buckling had happened in bar S4 face of the column after reaching µ53- = -

6.50". During the push to µ62+ = 7.81", S4 fractured. Also during this cycle, bars N2, N3, N4, and 

N5 visibly buckled, with N4 being the most drastically buckled. Again, once the data was 

processed, it was observed that bar buckling had occurred one cycle prior, after reaching µ61+ = 

7.81". During the pull to µ62- = -7.73", bar N4 ruptured at +2.99", and bar N5 ruptured at -1.25".  

Bars S3 and S4 fractured next during the push to µ63+ = 7.73". All ruptured bars had a flat failure 

surface.  

 It is also worth noting that unlike other column tests, the bar fractures did not result in an 

immediate drop in force, with the exception of Bar N5. This is visible in the hysteretic response 

in Figure 3.43. The bar fractures also resulted in a much quieter popping sound compared to 

other tests, which would indicated that less energy was lost during each rupture. Furthermore, the 

bars experienced delayed visual onset of bar buckling, and then developed a severe level of bar 

buckling in one cycle. This was examined further with the use of optical sensor data as described 

later in this chapter. At the end of the test, the footing had also experienced substantial damage 

and loss of cover concrete, especially on the South face of the column, as seen in Figure 3.50. 

After the fracture of the final South bars, the specimen was brought back to zero 

displacement and the test was completed. The column lost 19.2% of maximum observed strength 

in the push direction and 37.7% of maximum observed strength in the pull direction following 

the two extreme bar fractures on the North side and three extreme bar fractures on the South side. 

Following the test completion, the loose concrete was removed to better observe damage. Photos 

of damage progression are shown in the following figures. 
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(a) (b) 

Figure 3.45 Column Test 2 (a) South Face at +0.75𝐹𝐹𝑦𝑦′; (b) North Face at -0.75𝐹𝐹𝑦𝑦′ 

 

 

 

 
(a) (b) 

Figure 3.46 Column Test 2 (a) South Face at +𝐹𝐹𝑦𝑦′; (b) North Face at -𝐹𝐹𝑦𝑦′  
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(a) (b)  

Figure 3.47 Column Test 2 (a) Crushing on South Face at µ31 ; (b) Crushing on North Face at 

µ23+; 

  
(a) (b) 

Figure 3.48 Column Test 2 (a) S4 Buckling at µ61-; (b) N4 Buckling at µ62+ 
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(a) (b) 

Figure 3.49 Column Test 2 (a) S4 Fracture at µ62+; (b) N4 Fracture at µ62- 

  
(a) (b) 

Figure 3.50 Column Test 2 (a) South Face after Test; (b) North Face after Test 



  71 

 

3.3.2 Axial Strain Analysis 

The optical position sensors placed along the longitudinal and transverse steel allowed 

the strains to be calculated for the test duration by monitoring the change in distance between 

sensors. This calculation was previously described in Section 3.2.2. As previously mentioned, 

the experimental first yield displacement was found by taking the average of the displacements at 

positive and negative analytical first yield force. After the test was completed, data from the 

optical markers was analyzed to confirm that the strains in the longitudinal bars reached 

approximately the material yield strain at this point in the test. Figure 3.51 depicts the 

experimentally measured strains in the extreme longitudinal bars as solid lines, and the 

theoretical increments of yield strain as dashed lines. This figure shows that the strains at first 

yield are approximately consistent with the yield strain of the material, although tending towards 

slightly larger strains than theoretically expected at first yield, particularly on the North face of 

the column. 

  
(a) (b) 

Figure 3.51 Column Test 2 (a) S4 Strain Profiles up to First Yield; (b) N4 Strain Profiles up to 

First Yield 

Strains were also calculated for longitudinal and transverse reinforcement throughout the 

test. Strain profiles of the extreme bars at the first cycle of each ductility level are shown in 

Figure 3.52. Solid lines represent cycles in which the bar was subjected to tension; dashed lines 

represent cycles in which the bar was subjected to compression. The column had an extent of 
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plasticity of approximately 36" and a maximum measured strain demand of approximately 4.5%. 

The strain profile at the first cycle of each ductility level for transverse steel on the South side of 

the column, seen in Figure 3.53, show that the spiral reached its theoretical yield strain around a 

displacement ductility of 4. Strains increased drastically on this spiral at ductility 6, which 

corresponds to the ductility level immediately after bar buckling and prior to bar fracture. Strains 

for spirals on the North side of the column are not shown due to loss of data for several gages. 

  
(a) (b) 

Figure 3.52 Column Test 2 (a) S4 Strain Profiles; (b) N4 Strain Profiles 
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Figure 3.53 Column Test 2 South Spiral Strain Profile 

In addition to these strain profiles, complete strain histories for each bar were generated 

at various gages along the column height. Strain versus column displacement is shown in Figure 

3.54 for extreme bar S4 at a gage 3.3" above the footing. As previously described in Section 

3.2.2, such strain histories created with optical sensor data can also be used to determine the first 

instance of bar buckling. While bar buckling was visually observed in this column at µ61- = -

7.81", this analysis shows that buckling occurred one cycle prior, at µ53- = -6.50". It is also worth 

noting that compared to previous column tests, such as Column Test 1, the bar did not undergo 

many cycles after bar buckling prior to fracture. Additional strain vs. displacement figures for all 

bars that experienced buckling and subsequent fracture can be found in Appendix A. 
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Figure 3.54 Column Test 2 Bar S4 Strain vs. Displacement 

This method was also used to identify strains in longitudinal bars at important limit 

states.  At the damage states as listed in Table 3.7, corresponding strains in the longitudinal bars 

were located in the strain histories as described in Section 3.2.3. Final values are reported in 

Table 3.8. 

Table 3.8 Column Test 2 Strains at Damage Levels 

Damage State Measured Strain 
South Side North Side 

Cracking 0.0003 
(tension) 

0.0005 
(tension) 

Crushing 0.0114 
(compression) 

0.0075 
(compression) 

Spiral Yielding 0.0160 
(compression) 

0.0142 
(compression) 

Bar Buckling 0.0451 
(tension) no data 

Bar Fracture 0.0574 
(tension) no data 
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3.3.3 Bending Strain Analysis 

As described in Section 3.2.3, the local strain demand imposed from a buckled shape on a 

longitudinal bar, referred to in this report as “bending strain”, can be calculated using the three-

dimensional optical sensor data. This strain was calculated at each cycle throughout the test, and 

bending strain histories were plotted as shown in Figure 3.55. Much of the data on the North side 

of the column was lost at high levels of displacement, so there is limited bending strain data for 

this column. From the available data, the strain histories indicate that the longitudinal bars in this 

column were able to sustain a bending strain between approximately 12.5 and 16 percent prior to 

fracturing.  

 
Figure 3.55 Column Test 2 Bending Strain Histories 

3.3.4 Energy Dissipation 

The energy dissipation of a column can be calculated by finding the area of the hysteretic 

loops throughout the test as described in Section 3.2.4. Figure 3.56 shows the calculated energy 

dissipation at each half-cycle, and the results are comparable with those of Column Test 1. Loss 

in energy dissipation was seen after the first instance bar buckling. Total energy dissipation prior 

to first bar fracture was calculated as 6620 kip-in by summing the energy dissipated in all cycles 
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prior to fracture. Although some energy dissipation occurred between the first bar fracture and 

last bar fracture, these values were not included in the total dissipation value. 

 
Figure 3.56 Column Test 2 Energy Dissipation 

Cumulative dissipated energy is useful for comparative purposes for columns or 

structures that undergo the same displacement history. However, as described in Section 3.2.4, if 

columns are subjected to different loading histories, the cumulative dissipated energy becomes 

less important since the energy dissipation during each cycle will be affected. In order to have a 

better understanding of energy dissipation capacity, damping, which largely contributes to 

energy dissipation, can be calculated. Area-based hysteretic damping, also known as Jacobsen 

damping, along with a corrected value of hysteretic damping as suggested by previous 

researchers (Montejo et al. 2009; Priestley et al. 2007), and a total equivalent viscous damping 

calculated per Section 3.2.4, are shown in Figure 3.57. 
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Figure 3.57 Column Test 2 Hysteretic Damping 

3.3.5 Components of Displacement 

As described in Section 3.2.5, previous researchers have found that lateral displacement 

in modern bridge columns is formed by two main components: rotation due to strain penetration, 

or bond slip, of the longitudinal bars, and flexural deformation due to the strain demands on the 

column (Priestley et al. 2007). These individual components were calculated using the processes 

outlined in Section 3.2.5 to compare with displacement-based design prediction models. 

The main component of displacement was due to column flexure and was concentrated in 

the plastic hinge region. This calculation was performed by using strain data to find curvature 

distribution along the column, as shown in Figure 3.58. Using numerical integration and the 

moment-area method, the flexural contribution to column displacement was calculated. The 

second major component of displacement was due to strain penetration, which results in base 

rotation. Using vertical deformation of the sensors nearest to the footing-column interface, the 

angle of rotation of the base was found as shown in Figure 3.59. This angle was then used along 

with the column height to obtain the total displacement due to strain penetration. 
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(a) (b) 

Figure 3.58 Column Test 2 Curvature Profiles for (a) Push Cycles; (b) Pull Cycles 

  
(a) (b) 

Figure 3.59 Column Test 2 Strain Penetration for (a) Push Cycles; (b) Pull Cycles 

These two measured components of deformation, flexural and base rotation, were then 

added and compared to overall measured column displacement to confirm the methods and 
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results. These results are shown in Figure 3.41. Deviation from the measured displacement is 

likely due to displacement due to shear and calculation error.  

  
(a) (b) 

Figure 3.60 Column Test 2 Components of Deformation for (a) Push Cycles; (b) Pull Cycles 
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3.4 Column Test 3 

Column Test 3 took place on Monday, March 25, 2019 at the Constructed Facilities 

Laboratory at NCSU as part of the test matrix described in Table 3.1. The column was subjected 

to quasi-static, unidirectional three-cycle set loading with a constantly applied axial load. 

Summary information for Test 3 is shown in Table 3.9. 

Table 3.9 Column Test 3 Summary Information 

COLUMN PARAMETERS 

 Longitudinal Steel: (16) #6 Grade 80 (ρl = 1.6%) 

 Longitudinal Steel Source: Mill 3 v1 (Grade 80 QST) 

 Transverse Steel: #3 A706-80 Spirals @ 2" (ρt = 1%) 

 Axial Load: 311 kips 

 Axial Load Ratio: 10% 

 Analytical First Yield Force: 64.9 kips 

 Experimental First Yield Displacement: 1.065" 

 Equivalent Yield Displacement: 1.35" 

 Analytical Nominal Moment Capacity: 656 kip∙ft 

 Analytical Yield Moment: 519 kip∙ft 

 Maximum Lateral Force: 79.5 kips 

DAMAGE OBSERVATIONS 

 Cracking North: -0.25𝐹𝐹𝑦𝑦′ = -0.10" 

 Cracking South: +0.50𝐹𝐹𝑦𝑦′ = 0.30" 

 Concrete Crushing North: µ1.53+ = 2.02" 

 Concrete Crushing South: µ1.53- = -2.02" 

 Transverse Steel Yielding North: At 2.65" during push to µ21+ = 2.69" 

 Transverse Steel Yielding South: At -2.59" during pull to µ21- = -2.69 " 

 Longitudinal Bar Buckling North: During push to µ41+ = 5.38" 

 Longitudinal Bar Buckling South: During pull to µ32- = -4.04" 

 Longitudinal Bar Fracture North: At -5.30" during pull to µ51- = -6.73" 

 Longitudinal Bar Fracture South: At 5.74" during push to µ51+ = 6.73" 
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The displacement at the analytical first yield force was measured as 1.04" during the push 

cycle (with the South face in tension) and 1.09" during the pull cycle (with the North face in 

tension). The average of these two values, 1.065", was taken as the experimental first yield 

displacement. The equivalent yield displacement was then calculated per Equation 3.1. The 

resulting equivalent yield displacement, 1.35", was used to define the load history for the 

remainder of the test, following positive and negative three-cycle set increments at displacement 

ductility, µΔ, equal to 1, 1.5, 2, 3, 4, and 5. The displacement history, including observed damage 

levels, is shown in Figure 3.61, and the global force-displacement response can be found in 

Figure 3.62. See Figure 3.5 for longitudinal bar labeling and displacement sign convention. 

 
Figure 3.61 Column Test 3 Displacement History 
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Figure 3.62 Column Test 3 Force-Displacement Response 

The experimental backbone was also compared to the models used to predict the 

response, as shown in Figure 3.63. The model used to predict the overall response, including the 

first yield force and nominal moment required to calculate ductility levels, was constructed using  

a set of Matlab codes which perform a monotonic moment-curvature analysis (Montejo and 

Kowalsky 2007). The code did not include calculations for P-Delta effects, which result in a 

decrease in force at high displacements. These effects were calculated and subtracted from the 

response provided by the analysis codes as described in Figure 3.18.. It is also apparent that the 

experimental response was not symmetrical and had higher strength in the push cycles. This is 

likely due to variability in material properties and construction imperfections, including a slight 

twist of the cap beam in relation to the specimen. 
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Figure 3.63 Column Test 3 Comparison of Experimental and Prediction Backbone Curves 

3.4.1 Damage Progression 

The test began with one cycle in the positive and negative directions at 0.25𝐹𝐹𝑦𝑦′, 0.50𝐹𝐹𝑦𝑦′, 

0.75𝐹𝐹𝑦𝑦′, and 𝐹𝐹𝑦𝑦′. Hairline cracks, meaning cracks smaller than the thinnest available measurement 

of 0.005 in, were first observed during the negative cycle of 0.25𝐹𝐹𝑦𝑦′ and the positive cycle of 

0.50𝐹𝐹𝑦𝑦′ at the base of the extreme fiber sides of the column. Measurable cracks up to 0.009" were 

first observed during the positive and negative cycles of 0.75𝐹𝐹𝑦𝑦′ in the same locations. Cracks 

observed during push cycles, concentrated on the South side of the column, were marked in 

black; cracks observed during pull cycles were marked in red. Cracks continued to grow and 

develop on each side, with primarily horizontal cracks concentrated at the extreme fibers and 

cracks becoming more diagonal in nature towards the East and West sides of the column. Some 

diagonal cracks were also observed stemming from the intersection of the spiral and exposed 

longitudinal bars. Minor horizontal cracking was observed nearly as far up as the intersection of 

the column and cap beam, which was 6'-9" above the top of the footing.  
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 Visible concrete flaking, which is a precursor to crushing, was first observed during µ11± 

= ±1.35". Crushing was observed during both positive and negative cycles of µ1.53± = ±2.02". 

Several ductility cycles later, after reaching µ41+ = 5.38", the first visible bar buckling was 

observed in bar N4. On the subsequent cycle, µ41- = -5.38", bar buckling was observed on the 

opposite side in bar S4. Bar N5 buckled on the push to the second cycle at ductility level 4, and 

bars S3 and S5 buckled during the pull of the second cycle at ductility level 4. Bar N3 buckled 

during the third push to ductility level 4. During the push to µ51+ = +6.73", bar S4 fractured at 

5.73". During this same cycle, buckling of bar S2 was observed. On the subsequent cycle, during 

the pull to µ51- = -6.73", bar N4 ruptured at -5.30", and bar N5 ruptured at -5.76".  Bars S3 and 

S5 fractured next during the push to µ52+ = 6.73". A final pull cycle was completed, which 

subjected the North face of the column to tension, and resulted in no additional bar fractures.  

After this last cycle at µ52-, the column was brought back to zero displacement, and the 

test was completed. All ruptured bars had a jagged failure surface, which was consistent with 

tension test outcomes for QST bars. The column lost 42.9% of maximum observed strength in 

the push direction and 44.5% of maximum observed strength in the pull direction following the 

two extreme bar fractures on the North side and three extreme bar fractures on the South side. 

Following the test completion, the loose concrete was removed to better observe damage. Photos 

of damage progression are shown in the following figures. 

  
(a) (b) 

Figure 3.64 Column Test 3 (a) South Face at +0.75𝐹𝐹𝑦𝑦′; (b) North Face at -0.75𝐹𝐹𝑦𝑦′ 
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(a) (b) 

Figure 3.65 Column Test 3 (a) South Face at µ13+; (b) North Face at µ13- 

    
(a) (b)  

Figure 3.66 Column Test 3 (a) Crushing on South Face at µ1.53-;  (b) Crushing on North Face at 

µ1.53+ 
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(a) (b) 

Figure 3.67 Column Test 3 (a) S4 Buckling at µ61-; (b) N4 Buckling at µ62+ 

   
(a) (b) 

Figure 3.68 Column Test 3 (a) S4 Fracture at µ51+; (b) N4 Fracture at µ51- 
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(a) (b) 

Figure 3.69 Column Test 3 (a) South Face after Test; (b) North Face after Test 

3.4.2 Axial Strain Analysis 

The optical position sensors placed along the longitudinal and transverse steel allowed 

strains to be calculated for the test duration by monitoring the change in distance between optical 

sensors. This calculation was previously described in Section 3.2.2. As previously mentioned, 

the experimental first yield displacement was found by taking the average of the displacements at 

positive and negative analytical first yield force. After the test was completed, data from the 

optical markers was analyzed to confirm that the strains in the longitudinal bars reached 

approximately the material yield strain at this point in the test. Figure 3.70 depicts the 

experimentally measured strains in the extreme longitudinal bars as solid lines, and the 

theoretical increments of yield strains as dashed lines. This figure shows that the strains at first 

yield are approximately consistent with the yield strain of the material, although tending towards 

slightly larger strains than theoretically expected at first yield. 
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(a) (b) 

Figure 3.70 Column Test 3 (a) S4 Strain Profiles up to First Yield; (b) N4 Strain Profiles up to 

First Yield 

Strains were also calculated for longitudinal and transverse reinforcement throughout the 

test. The strain profiles of the extreme bars at the first cycle of each ductility level are shown in 

Figure 3.71. Solid lines represent cycles in which the bar was subjected to tension; dashed lines 

represent cycles in which the bar was subjected to compression. The column had an extent of 

plasticity of approximately 27" and a maximum measured strain demand of approximately 4%. 

Strain profiles at the first cycle of each ductility level for transverse steel, seen in Figure 3.72, 

shows that spirals reached yield strain around a displacement ductility of 2. Strains increased 

drastically on the both spirals at ductility 4, similar to the level at bar buckling. 
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(a) (b) 

Figure 3.71 Column Test 3 (a) S4 Strain Profiles; (b) N4 Strain Profiles 

  
(a) (b) 

Figure 3.72 Column Test 3 (a) South Spiral Strain Profiles; (b) North Spiral Strain Profiles 

In addition to these strain profiles, complete strain histories for each bar were generated 

at various gages along the column height. Strain versus column displacement is shown in Figure 

3.73 for extreme bars N4 and S4 at gages near the footing. As previously described, such strain 

histories created with optical sensor data can also be used to determine the first instance of bar 
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buckling. Note that bar N4 lost LED data after the first positive cycle at ductility 4, where the bar 

appears to begin to buckle. Bar S4 also lost data shortly before bar fracture. It is apparent in Bar 

S4 that the path of the strain vs. displacement curve deviates from what would be expected at 

µ32- = -4.04", indicating bar buckling two cycles prior to visually observed buckling. Additional 

strain vs. displacement figures for all bars that experienced buckling and subsequent fracture can 

be found in Appendix A. 

  
(a) (b) 

Figure 3.73 Column Test 3 Strain vs. Displacement for (a) Bar S4; (b) Bar N4 

This method was also used to identify strains in longitudinal bars at important limit 

states.  At the damage states as listed in Table 3.9, corresponding strains in the longitudinal bars 

were located in the strain histories as described in Section 3.2.3. Final values are reported in 

Table 3.10. 
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Table 3.10 Column Test 3 Strains at Damage Levels 

Damage State Measured Strain 
South Side North Side 

Cracking 0.0012 
(tension) 

0.0003 
(tension) 

Crushing 0.0139 
(compression) 

0.0054 
(compression) 

Spiral Yielding 0.0143 
(compression) 

0.0073 
(compression) 

Bar Buckling 0.0341 
(tension) 

0.0426 
(tension) 

Bar Fracture 0.0456 
(tension) 

0.0461 
(tension) 

 

3.4.3 Bending Strain Analysis 

As described in Section 3.2.3, the local strain demand imposed from a buckled shape on a 

longitudinal bar, referred to in this report as “bending strain”, can be calculated using the three-

dimensional optical sensor data. This strain was calculated at each cycle throughout the test, and 

bending strain histories were plotted and are shown in Figure 3.74. This figure indicates that the 

longitudinal bars in this column were able to sustain a bending strain between about 11 and 17.5 

percent prior to fracturing.  

 
Figure 3.74 Column Test 3 Bending Strain Histories 
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3.4.4 Energy Dissipation 

The energy dissipation of a column can be determined by calculating the area of the 

hysteretic loops throughout the test as described in Section 3.2.4. Figure 3.75 shows the 

calculated energy dissipation at each half-cycle. As expected, the first positive and negative 

cycle in each direction of a given ductility level resulted in slightly higher energy dissipation 

compared to the subsequent cycles. This is due to the loss of initial stiffness after these cycles. 

Total energy dissipation prior to first bar fracture was calculated as 4200 kip-in by summing the 

energy dissipated in all cycles prior to fracture. Although some energy dissipation occurred 

between the first bar fracture and last bar fracture, these values were not included in the total 

dissipation value. 

 
Figure 3.75 Column Test 3 Energy Dissipation 

Cumulative dissipated energy is useful for comparative purposes for columns or 

structures that undergo the same displacement history. However, as described in Section 3.2.4, if 

columns are subjected to different loading histories, the cumulative dissipated energy becomes 

less important since the energy dissipation during each cycle will be affected. In order to have a 

better understanding of energy dissipation capacity, damping, which largely contributes to 

energy dissipation, can be calculated. Area-based hysteretic damping, also known as Jacobsen 
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damping, along with a corrected value of hysteretic damping as suggested by previous 

researchers (Montejo et al. 2009; Priestley et al. 2007), and a total equivalent viscous damping as 

described in Section 3.2.4, are shown in Figure 3.76. 

  
Figure 3.76 Column Test 3 Hysteretic Damping 

3.4.5 Components of Displacement 

As described in Section 3.2.5, previous researchers have found that lateral displacement 

in modern bridge columns is formed by two main components: rotation due to strain penetration, 

or bond slip of the longitudinal bars, and flexural deformation due to the strain demands on the 

column (Priestley et al. 2007). These individual components can be calculated using the 

processes outlined in Section 3.2.5 to compare with displacement-based design prediction 

models. 

The main component of displacement was due to column flexure, which was 

concentrated in the plastic hinge region. This calculation was performed by using strain data to 

find curvature distribution along the column, as shown Figure 3.77. Using numerical integration 

and the moment-area method, the flexural contribution to column displacement was calculated. 

The second major component of displacement was due to strain penetration, which results in 

base rotation. Using vertical deformation of the sensors nearest to the footing-column interface, 

the angle of rotation of the base was found as shown in Figure 3.78. This angle was then used 

along with the column height to obtain the total displacement due to strain penetration. 



  94 

 

  
(a) (b) 

Figure 3.77 Column Test 3 Curvature Profiles for (a) Push Cycles; (b) Pull Cycles 

  
(a) (b) 

Figure 3.78 Column Test 3 Strain Penetration for (a) Push Cycles; (b) Pull Cycles 

These two measured components of deformation, flexural and base rotation, were then 

added and compared to overall measured column displacement to confirm the methods and 
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results. These results are shown in Figure 3.79. Difference from the measured displacement is 

likely due to displacement due to shear and calculation error. 

  
(a) (b) 

Figure 3.79 Column Test 3 Components of Deformation for (a) Push Cycles; (b) Pull Cycles 
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3.5 Column Test 4 

Column Test 4 took place on Friday, April 19, 2019 at the Constructed Facilities 

Laboratory at NCSU as part of the test matrix described in Table 3.1. The column was subjected 

to quasi-static, unidirectional three-cycle set loading with a constantly applied axial load. 

Summary information for Test 4 is shown in Table 3.11. 

Table 3.11 Column Test 4 Summary Information 

COLUMN PARAMETERS 

 Longitudinal Steel: (16) #6 Grade 80 (ρl = 1.6%) 

 Longitudinal Steel Source: Mill 2 v1 (A706-80 micro-alloyed) 

 Transverse Steel: #3 A706-80 Spirals @ 2" (ρt = 1%) 

 Axial Load: 311 kips 

 Axial Load Ratio: 10.5% 

 Analytical First Yield Force: 64.8 kips 

 Experimental First Yield Displacement: 1.065" 

 Equivalent Yield Displacement: 1.34" 

 Analytical Nominal Moment Capacity: 654 kip∙ft 

 Analytical Yield Moment: 518 kip∙ft 

 Maximum Lateral Force: 83.6 kips 

DAMAGE OBSERVATIONS 

 Cracking North: -0.50𝐹𝐹𝑦𝑦′ = -0.41" 

 Cracking South: +0.50𝐹𝐹𝑦𝑦′ = 0.28" 

 Concrete Crushing North: µ1.53+ = 2.01" 

 Concrete Crushing South: µ21- = -2.69" 

 Transverse Steel Yielding North: At 2.64" during push to µ31+ = 4.03" 

 Transverse Steel Yielding South: At -2.56" during pull to µ31- = -4.03" 

 Longitudinal Bar Buckling North: During push to µ41+ = 5.37" 

 Longitudinal Bar Buckling South: During pull to µ42- = -5.37" 

 Longitudinal Bar Fracture North: At -5.91" during pull to µ43- = -5.37" 

 Longitudinal Bar Fracture South: At 4.90" during push to µ52+ = 6.72" 
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The displacement at the analytical first yield force was measured as 0.98" during the push 

cycle (with the South face in tension) and 1.07" during the pull cycle (with the North face in 

tension). The average of these two values, 1.025", was taken as the experimental first yield 

displacement. The equivalent yield displacement was then calculated per Equation 3.1. The 

resulting equivalent yield displacement, 1.34", was used to define the load history for the 

remainder of the test, following positive and negative three-cycle set increments at displacement 

ductility, µΔ, equal to 1, 1.5, 2, 3, 4, and 5. The load history including observed limit states is 

shown in Figure 3.80, and the global force-displacement response can be found in Figure 3.81. 

See Figure 3.5 for longitudinal bar labeling and displacement sign convention. 

 
Figure 3.80 Column Test 4 Displacement History 
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Figure 3.81 Column Test 4 Force-Displacement Response 

The experimental backbone was also compared to the models used to predict the 

response, as shown in Figure 3.82. The model used to predict the overall response, including the 

first yield force and nominal moment required to calculate ductility levels, was constructed using  

a set of Matlab codes which perform a monotonic moment-curvature analysis (Montejo and 

Kowalsky 2007). P-Delta effects were also calculated and subtracted from the response provided 

by the analysis codes as described in Figure 3.18.  
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Figure 3.82 Column Test 4 Comparison of Experimental and Prediction Backbone Curves 

3.5.1 Damage Progression 

The test began with one cycle in the positive and negative directions at 0.25𝐹𝐹𝑦𝑦′, 0.50𝐹𝐹𝑦𝑦′, 

0.75𝐹𝐹𝑦𝑦′, and 𝐹𝐹𝑦𝑦′. Hairline cracks, meaning cracks smaller than the thinnest available measurement 

of 0.005 in, were first observed during the positive and negative cycle of 0.50𝐹𝐹𝑦𝑦′ at the base of 

the extreme fiber sides of the column. Measurable cracks up to 0.007" were first observed during 

the positive and negative cycles of 0.75𝐹𝐹𝑦𝑦′ in the same locations. Cracks observed during push 

cycles, concentrated on the South side of the column, were marked in black; cracks observed 

during pull cycles were marked in red. Cracks continued to grow and develop on each side, with 

primarily horizontal cracks concentrated at the extreme fibers and cracks becoming more 

diagonal in nature towards the East and West sides of the column. Some diagonal cracks were 

also observed stemming from the intersection of the spiral and exposed longitudinal bars. Minor 

horizontal cracking was observed nearly as far up as the intersection of the column and cap 

beam, which was 6'-9" above the top of the footing.  
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 Visible concrete flaking, which is a precursor to crushing, was first observed during 

µ1.51± = ±2.01". Crushing was observed on the North side of the column after µ1.53+ = 2.01" and 

on the South side of the column after µ21- = -2.69". Several ductility cycles later, after reaching 

µ41+ = 5.37", the first visible bar buckling was observed in bars N3, N4, and N5, with N4 having 

the most severe level of buckling. Buckling of bars S3, S4, and S5, was observed after reaching 

µ42- = -5.37", with bar S4 having the most visible curvature. During the pull to µ43- = -5.37", bar 

N4 fractured at +1.27", followed by the rupture of bar N5 at -4.89", and finally the fracture of bar 

N3 at -5.12". The South bars sustained another full cycle in tension, and the three extreme bars 

on the South side, S3, S4, and S5, ruptured during the push to µ52+ = 6.72". Lastly, while the 

column was returning to zero displacement after these fractures, bar N2 fractured at +0.46". 

All ruptured bars had a flat failure surface similar to the bars in Test 2, which contained 

longitudinal steel from the same batch. It is also worth noting that the most extreme bars, S4, and 

N4, which were the first to fracture on each side, did not result in a rapid loss in strength as is 

typical of these column tests. These bars also made substantially less audible noise in 

comparison to the other fractured bars, which resulted in a more typical drop in force as seen in 

Figure 3.81. The column lost 47.2% of maximum observed strength in the push direction and 

36.8% of maximum observed strength in the pull direction following the three extreme bar 

fractures on each side. These losses do not include the rupture of bar N2 since the column was 

not subjected to a full cycle after this fracture. Following the test completion, the loose concrete 

was removed to better observe damage. Photos of damage progression are shown in the 

following figures. 
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(a) (b) 

Figure 3.83 Column Test 4 (a) South Face at +0.75𝐹𝐹𝑦𝑦′; (b) North Face at -0.75𝐹𝐹𝑦𝑦′ 

 
 

 
 

(a) (b) 
Figure 3.84 Column Test 4 (a) South Face at µ11+; (b) North Face at µ11- 
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(a) (b)  
Figure 3.85 Column Test 4 (a) Crushing on South Face at µ21- (not initial) (b) Crushing on 

North Face at µ31-(not initial) 

  
(a) (b) 

Figure 3.86 Column Test 4 (a) S4 Buckling at µ42-; (b) N4 Buckling at µ41+ 
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 2 
(a) (b) 

Figure 3.87 Column Test 4 (a) S4 Fracture at µ52+; (b) N4 Fracture at µ43- 

  
(a) (b) 

Figure 3.88 Column Test 4 (a) South Face after Test; (b) North Face after Test 
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3.5.2 Axial Strain Analysis 

The optical position sensors placed along the longitudinal and transverse steel allowed 

the strains to be calculated for the test duration by monitoring the change in distance between 

sensors. This calculation was previously described in Section 3.2.2. As previously mentioned, 

the experimental first yield displacement was found by taking the average of the displacements at 

positive and negative analytical first yield force. After the test was completed, data from the 

optical markers was analyzed to confirm that the strains in the longitudinal bars reached 

approximately the material yield strain at this point in the test. Figure 3.89 depicts the 

experimentally measured strains in the extreme longitudinal bars as solid lines, and the 

theoretical increments of yield strains as dashed lines. This figure shows that the strains at first 

yield are approximately consistent with the yield strain of the material, although tending towards 

slightly larger strains than theoretically expected at first yield. 

  
(a) (b) 

Figure 3.89 Column Test 4 (a) S4 Strain Profiles up to First Yield; (b) N4 Strain Profiles up to 

First Yield 

Strains were also calculated for longitudinal and transverse reinforcement throughout the 

test. The strain profiles of the extreme bars at the first cycle of each ductility level are shown in 

Figure 3.90. Solid lines represent cycles in which the bar was subjected to tension; dashed lines 

represent cycles in which the bar was subjected to compression. The column had an extent of 

plasticity of approximately 35" and a maximum measured strain demand of approximately 4% at 
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a ductility level of 5. Strain profiles at the first cycle of each ductility level for transverse steel, 

seen in Figure 3.91, shows that spirals reached yield strain around a displacement ductility of 3. 

Strains increased drastically on the North side of the column at ductility 4 and on the South side 

of the column at ductility 5, which corresponds to the ductility level at bar fracture on each side.  

  
(a) (b) 

Figure 3.90 Column Test 4 (a) S4 Strain Profiles; (b) N4 Strain Profiles 

  
(a) (b) 

Figure 3.91 Column Test 4 (a) South Spiral Strain Profiles; (b) North Spiral Strain Profiles 
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In addition to these strain profiles, complete strain histories for each bar were generated 

at various gages along the column height. Strain versus column displacement is shown in Figure 

3.92 for extreme bars N4 and S4 at gages near the footing. As previously described, such strain 

histories created with optical sensor data can also be used to determine the first instance of bar 

buckling. For this test, visual bar buckling appears to correlate well with results from strain 

histories. Additional strain vs. displacement figures for all bars that experienced buckling and 

subsequent fracture can be found in Appendix A. 

  
(a) (b) 

Figure 3.92 Column Test 4 Strain vs. Displacement for (a) Bar S4; (b) Bar N4  

This method was also used to identify strains in longitudinal bars at important limit 

states.  At the damage states as listed in Table 3.11, corresponding strains in the longitudinal bars 

were located in the strain histories as described in Section 3.2.3. Final values are reported in 

Table 3.12. 
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Table 3.12 Column Test 4 Strains at Damage Levels 

Damage State Measured Strain 
South Side North Side 

Cracking 0.0011 
(tension) 

0.0017 
(tension) 

Crushing 0.0080 
(compression) 

0.0057 
(compression) 

Spiral Yielding 0.0140 
(compression) 

0.0154 
(compression) 

Bar Buckling 0.0322 
(tension) 

0.0276 
(tension) 

Bar Fracture 0.0430 
(tension) 

0.0452 
(tension) 

 

3.5.3 Bending Strain Analysis 

As described in Section 3.2.3, the local strain demand imposed from a buckled shape on a 

longitudinal bar, referred to in this report as “bending strain”, can be calculated using the three-

dimensional optical sensor data. This strain was calculated at each cycle throughout the test, and 

bending strain histories were plotted and are shown in Figure 3.93. This figure indicates that the 

longitudinal bars in this column were able to sustain a bending strain between about 10 and 11 

percent prior to fracturing.  

 
Figure 3.93 Column Test 4 Bending Strain Histories 
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3.5.4 Energy Dissipation  

The energy dissipation of a column can be determined by calculating the area of the 

hysteretic loops throughout the test as described in Section 3.2.4. Figure 3.94 shows the 

calculated energy dissipation at each half-cycle. The results follow the expected pattern and are 

similar to that of Column Test 3. Total energy dissipation prior to first bar fracture was 

calculated as 3640 kip-in by summing the energy dissipated in all cycles prior to fracture. 

Although some energy dissipation occurred between the first bar fracture and last bar fracture, 

these values were not included in the total dissipation value. 

 
Figure 3.94 Column Test 4 Energy Dissipation 

Cumulative dissipated energy is useful for comparative purposes for columns or 

structures that undergo the same displacement history. However, as described in Section 3.2.4, if 

columns are subjected to different loading histories, the cumulative dissipated energy becomes 

less important since the energy dissipation during each cycle will be affected. In order to have a 

better understanding of energy dissipation capacity, damping, which largely contributes to 

energy dissipation, can be calculated. Area-based hysteretic damping, also known as Jacobsen 

damping, along with a corrected value of hysteretic damping as suggested by previous 
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researchers (Montejo et al. 2009; Priestley et al. 2007), and a total equivalent viscous damping as 

described in Section 3.2.4, are shown in Figure 3.95. 

 
Figure 3.95 Column Test 4 Hysteretic Damping 

3.5.5 Components of Displacement 

As described in Section 3.2.5, previous researchers have found that lateral displacement 

in modern bridge columns is formed by two main components: rotation due to strain penetration, 

or bond slip of the longitudinal bars, and flexural deformation due to the strain demands on the 

column (Priestley et al. 2007). These individual components can be calculated using the 

processes outlined in Section 3.2.5 to compare with displacement-based design prediction 

models. 

The main component of displacement was due to column flexure and was concentrated in 

the plastic hinge region. This calculation was performed by using strain data to find curvature 

distribution along the column, as shown Figure 3.96. Using numerical integration and the 

moment-area method, the flexural contribution to column displacement was calculated. The 

second major component of displacement was due to strain penetration, which results in base 

rotation. Using vertical deformation of the sensors nearest to the footing-column interface, the 

angle of rotation of the base was found as shown in Figure 3.97. This angle was then used along 

with the column height to obtain the total displacement due to strain penetration. 
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(a) (b) 

Figure 3.96 Column Test 4 Curvature Profiles for (a) Push Cycles; (b) Pull Cycles 

  
(a) (b) 

Figure 3.97 Column Test 4 Strain Penetration for (a) Push Cycles; (b) Pull Cycles 

These two measured components of deformation, flexural and base rotation, were then 

added and compared to overall measured column displacement to confirm the methods and 

results. These results are shown in Figure 3.98. In both push and pull cycles, the calculated 
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displacements are slightly less than the measured displacement. This is likely due to 

displacement due to shear and calculation error.  

  
(a) (b) 

Figure 3.98 Column Test 4 Components of Deformation for (a) Push Cycles; (b) Pull Cycles 
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Chapter 4:   Comparisons of Column 

Performance 
As mentioned in Chapter 1, codes have not yet adopted Grade 80 reinforcing steel for 

seismic applications due to lack of experimental evidence supporting its use. In order to ensure 

that Grade 80 reinforcing steel is acceptable, its performance must be juxtaposed with the 

performance of typical Grade 60 columns. Furthermore, it is important that all current design 

parameters are still valid for this material. While the Grade 80 columns in Phase 1 of this 

research performed similarly to Grade 60 and design equations, the Grade 80 columns had 

slightly less displacement capacity. The Phase 1 Grade 80 columns also had less ductility 

capacity, as is expected due to the difference in yield strength. The main disparity noted by the 

researchers between the Grade 60 columns and Phase 1 columns was the number of cycles 

between buckling and fracture (Barcley and Kowalsky 2018). The primary goal of Phase 2 was 

to test reinforcing steel that was hypothesized to have improved performance compared to Phase 

1 columns, especially in the post-buckling state. This chapter discusses comparisons between the 

Phase 2 columns, previous Phase 1 columns, corresponding Grade 60 columns, and design 

variables. 

4.1 Overall Response 

4.1.1 Column Tests 1 and 2 

Column Tests 1 and 2 of Phase 2 had identical detailing to Test 4 of Phase 1, with the 

only difference being the longitudinal steel suppliers. As previously mentioned, Column Test 1 

used steel supplied by Mill 3 and was manufactured using a QST process; Column Test 2 used 

steel supplied by Mill 2, a micro-alloying mill that produced steel with a larger rib radius. It is 

important to note that while the columns had similar theoretical capacities, all columns had 

different experimental first yield displacements and, therefore, different equivalent yield 

displacements. The test displacement history was dependent on the equivalent yield 

displacement, and thus the tests had different loading histories. The equivalent yield 

displacement was 1.29" for Phase 2 Test 1, 1.30" for Phase 2 Test 2, and 1.03" for the Phase 1 
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column. The result was that the same ductility level resulted in a higher displacement in the 

Phase 2 columns. This will be discussed further in Section 4.2.1. 

Regardless, the displacement and force capacity of the two columns can be compared by 

observing the hysteretic response of each column. The force-displacement responses of Column 

Tests 1 and 2 and their comparison Phase 1 column are shown in Figure 4.1. At first observation, 

it is apparent that all columns have similar displacement capacities, and the Phase 1 columns had 

slightly less force capacity than the Phase 2 column, particularly for Test 1. The difference in 

force capacity for Test 1 is somewhat attributed to the manufacturing process of its longitudinal 

steel (discussed further in Chapter 6). However, much of this is likely due to the difference in 

axial load. While both columns had the same axial load ratios, difference in day-of-test concrete 

strength between the columns led to Test 1 having a 19% lower actual value of applied axial load 

than its Phase 1 counterpart, and Test 2 having an 11% lower actual applied load than the Phase 

1 column. 

  
(a) (b) 

Figure 4.1 Hysteretic Response of Phase 2 Tests and Comparison Grade 60 Tests for (a) 

Column Test 1; (b) Column Test 2 

All columns had similar displacements at cracking, crushing, spiral yielding, and 

buckling. Fracture also occurred at similar displacements in Phase 2 Test 1 and Phase 1 column, 

during the push to µ53+ = 6.44" in Test 1, compared to the Phase 1 column during the pull to µ63- 

= 6.19". Here it is noticeable that due to the difference in equivalent yield displacement, the 

ductility level is different in the two columns at similar column displacements. While ductility 
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can be a useful tool in design, the displacement or drift capacity may be more indicative of the 

performance limits of the column. Therefore, the behavior of columns in this report will be 

emphasized by displacement or drift capacity rather than ductility. The Phase 2 Test 2 column 

sustained higher displacements prior to bar fracture than its Phase 1 counterpart, with the first 

fracture in the Phase 2 column occurring during the push to µ62+ = 7.81". 

Furthermore, in order to characterize the reliable displacement capacity of each column, 

the last full cycle without bar fracture will be reported. For these tests, the last cycle sustained 

without fracture was µ52 = 6.44" for the Test 1, µ61 = 7.81" for Test 2, and µ62 = 6.19" for the 

Phase 1 column. Therefore, it was concluded that the Test 1 and the Phase 1 column had similar 

reliable displacement capacities, as they both reached the second cycle at approximately 6.5% 

drift without bar fracture. Test 2 had a larger reliable displacement capacity, reaching the first 

cycle at approximately 8% drift without fracture. 

Prior research by Goodnight et al. (2015) which involved similar cyclic testing of Grade 

60 columns provided numerous comparison tests for the Grade 80 columns. Test 16 (as 

numbered in the Goodnight et al. (2015) report) had identical geometry and steel detailing as 

Phase 2 Tests 1 and 2, only differing in the strength of the reinforcing steel. Test 13 of 

Goodnight et al. (2015) also had identical geometry and nominal steel content in terms of ratios; 

however, the transverse steel content of 1.3% was achieved by #4 spiral spaced at 2.75" as 

opposed to the #3 at 1.5" of the Grade 80 specimens. Therefore, both comparison Grade 60 

columns for Tests 1 and 2 had theoretically less strength but the same steel content. The force-

displacement response of Column Tests 1 and 2 and comparison Grade 60 tests are shown in 

Figure 4.2. The overall response is similar for both Grade 60 columns and the Grade 80 columns. 

Again, the equivalent yield displacements were different for the Grade 60 columns and Phase 2 

columns, so while all columns were loaded in terms of ductility, this led to different 

displacement histories.  
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(a) (b) 

  
(c) (d) 

Figure 4.2 Hysteretic Response of Column Tests 1 and 2 with Comparison Grade 60 Tests 

Bar buckling occurred at similar displacements in the Grade 60 and Phase 2 columns, as 

shown in Table 4.1. The ultimate displacement capacity was also similar for the Phase 2 Test 1 

column and both Grade 60 columns; however, the Phase 2 Test 2 column reached a higher level 

of displacement capacity at approximately 8% drift compared to approximately 7% drift in the 

Grade 60 columns. A summary of Column Tests 1 & 2 ultimate limit state comparisons can be 

found in Table 4.1. 
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Table 4.1 Column Tests 1 & 2 Ultimate Limit State Comparisons 

Column 
First Bar Buckling Last Cycle Without Fracture 

Ductility 
Cycle Displacement  Drift  Ductility 

Cycle Displacement  Drift  

Phase 2 
Test 1 µ51 6.44" 6.7% µ52 6.44" 6.7% 

Phase 2 
Test 2 µ53 6.50" 6.7% µ61 7.81" 8.1% 

Phase 1 
Test 4 µ62 6.18" 6.4% µ62 6.18" 6.4% 

Grade 60 
Test 16 µ61 4.99" 5.2% µ83 6.66" 7.0% 

Grade 60 
Test 13 µ81 6.47" 6.7% µ83 6.47" 6.7% 

 

4.1.2 Column Tests 3 and 4 

Column Tests 3 and 4 of Phase 2 had identical detailing to Test 2 of Phase 1, with the 

only difference being the longitudinal steel suppliers. As previously mentioned, Column Test 3 

used steel supplied by Mill 3 and was manufactured using a QST process, and Column Test 4 

used steel supplied by Mill 2, a micro-alloying mill that produced steel with a larger rib radius. 

Similarly to the columns discussed in Section 4.1.1, it is important to note that while the columns 

had similar theoretical capacities, all columns had different experimental first yield 

displacements and, therefore, different equivalent yield displacements and loading histories. The 

equivalent yield displacement was 1.35" for Phase 2 Test 3, 1.34" for Phase 2 Test 4, and 1.08" 

for the Phase 1 column. The result was that the same ductility level resulted in a higher 

displacement in the Phase 2 columns.  

The hysteretic responses of Column Tests 3 and 4 and their comparison Phase 1 column 

are shown in Figure 4.3. The Phase 2 columns clearly had higher displacement capacities than 

their Phase 1 counterpart. All columns had similar force capacities, although Phase 2 Test 3 had 

a slightly diminished strength, which is likely due to the manufacturing process of its 

longitudinal steel and will be discussed further in Chapter 6.   
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(a) (b) 

Figure 4.3 Hysteretic Response of Phase 2 Tests and Comparison Grade 60 Tests for (a) 

Column Test 3; (b) Column Test 4 

All columns had similar behavior and limit states at cracking, crushing, and spiral 

yielding. The first instance of longitudinal bar buckling occurred earliest in the Test 3 column 

and the Phase 1 column, but later in Test 4. As seen in the force-displacement responses, the 

Phase 2 tests sustained higher levels of displacement prior to bar fracture. Again, it is noticeable 

here that while all columns had the same ultimate level of ductility, this corresponded to higher 

displacements for the Phase 2 columns. 

As previously mentioned, prior research by Goodnight et al. (2015) which involved 

similar cyclic testing of Grade 60 columns provided numerous comparison tests for the Grade 80 

columns. Test 27 (as numbered in the Goodnight et al. (2015) report) had identical geometry and 

steel detailing as Phase 2 Tests 3 and 4, only differing in the strength of the reinforcing steel. 

Test 26 of Goodnight et al. (2015) had the same detailing but contained longitudinal steel content 

of (16) #7 bars (ρl = 2.1%), and thus theoretically matched the strength of the Grade 80 columns. 

The force-displacement response of Column Tests 3 and 4 and their comparison Grade 60 tests 

are shown in Figure 4.4. As expected, the columns with matched detailing (Test 27) had similar 

hysteretic response with greater force capacity. The columns with theoretically matched strength 

had similar force capacities, but slightly less energy dissipation as seen by the thinner force band 

at zero displacement for the Grade 80 columns. This is expected due to the smaller amount of 

steel in the Grade 80 columns to achieve the same strength. Energy dissipation comparisons will 
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be discussed further in Section 4.4. In all cases, the Phase 2 tests were able to match or exceed 

the displacement capacity of the comparison Grade 60 columns. It is again seen in Figure 4.4(b) 

that the columns reinforced with QST steel had slightly less strength than their micro-alloyed 

counterparts, which will be discussed further in Section 6.  

  
(a) (b) 

  
(c) (d) 

Figure 4.4 Hysteretic Response of Column Tests 3 and 4 with Comparison Grade 60 Tests 

Bar buckling occurred at similar levels in the Phase 2 columns and Grade 80 columns. 

Furthermore, the last cycle prior to fracture occurred at similar levels of displacement in both 

Phase 2 columns and the Grade 60 columns, all at around 6% drift. The Phase 2 columns also 

had marginally improved performance by sustaining more cycles at this ultimate level of 
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displacement. A summary of Column Tests 3 & 4 limit state comparisons can be found in Table 

4.2. 

Table 4.2 Column Tests 3 & 4 Ultimate Limit State Comparisons 

Column 
First Bar Buckling Last Cycle Without Fracture 

Ductility 
Cycle Displacement  Drift  Ductility 

Cycle Displacement  Drift  

Phase 2 
Test 3 µ32 4.04" 4.2% µ43 5.38" 5.6% 

Phase 2 
Test 4 µ41 5.37" 5.6% µ42 5.37" 5.6% 

Phase 1 
Test 2 µ42 4.32" 4.5% µ43 4.32" 4.5% 

Grade 60 
Test 27 µ51 4.61" 4.8% µ61 5.53" 5.8% 

Grade 60 
Test 26 µ51 4.99" 5.2% µ61 5.99" 6.2% 

 

4.1.3 Overall Comparison  

In order to more succinctly show the comparisons between the Phase 2, Phase 1, and 

Grade 60 column tests, qualitative comparisons of ultimate limit states are shown in Table 4.3 

and Table 4.4. These tables display the comparisons in terms of drift at each limit state. For 

example, Table 4.3 shows that the first instance of buckling for Phase 2 Column 1 occurred at a 

similar drift level to the comparison Phase 1 Grade 80 column. The comparison to Grade 60 

columns is listed as “similar / later” since there were two comparison Grade 60 columns, and the 

Phase 2 column experienced buckling at a larger drift than one of these, and at a similar drift as 

the other. Overall, the Phase 2 columns had similar drifts at the first instance of buckling 

compared to both the Phase 1 and Grade 60 columns. The Phase 2 columns also had similar 

sustained drift prior to fracture compared to the Grade 60 columns, and were able to sustain 

greater displacement prior to fracture compared to the Phase 1 Grade 80 columns, as shown in 

Table 4.4. Furthermore, comparisons of the backbone force-displacement responses for all 

columns are shown in Figure 4.5. 
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Table 4.3 Overall Comparison of First Instance of Bar Buckling 

Phase 2 Column 
First Instance of Buckling 

Comparison to: 
Phase 1 Grade 80 Grade 60 

1 ALR = 5% 
ρt = 1.3% 

Mill 3 (QST) Similar Similar / Later 
2 Mill 2 (MA) Similar Similar / Later 
3 ALR = 10% 

ρt = 1.0%  
Mill 3 (QST) Similar Similar / Earlier 

4 Mill 2 (MA) Later Similar / Later 
 

Table 4.4 Overall Comparison of Last Cycle without Bar Fracture 

Phase 2 Column 
Last Cycle Without Fracture 

Comparison to: 
Phase 1 Grade 80 Grade 60 

1 ALR = 5% 
ρt = 1.3% 

Mill 3 (QST) Similar Similar 
2 Mill 2 (MA) Later Later 
3 ALR = 10% 

ρt = 1.0%  
Mill 3 (QST) Later Similar / Earlier 

4 Mill 2 (MA) Later Similar / Earlier 
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(a) (b) 

  
(c) (d) 

Figure 4.5 Overall Comparison of Backbone Responses 

4.2 Axial Strain Demands and Limit States 

4.2.1 Pre-Yield Strains 

As previously mentioned, the equivalent yield displacement was higher for the Phase 2 

columns compared to the Phase 1 columns. However, they were theoretically expected to be 

more similar. In order to check that the columns were near the yield strain at the first yield cycle, 

the average strains in the bottom 15" of each extreme side of the columns were compared to the 

theoretical strain at each cycle prior to yield. The results are shown in Figure 4.6. It can be seen 
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that at the first yield cycle, denoted by F'y, the Phase 1 columns had not quite reached yield 

strain, and the Phase 2 columns had slightly exceeded yield strain. Thus, although the columns 

had different equivalent yield displacements, the true yield displacements were likely somewhat 

greater than that reported of the Phase 1 columns and somewhat less than that of the Phase 2 

columns. 

  
(a) (b) 

Figure 4.6 Difference between Experimental and Theoretical Strains Up to Yield for (a) 

Columns 1 and 2; (b) Columns 3 and 4  

4.2.2 Strain Profiles 

As described in Section 3.2.2, data from the optical markers was used to generate strain 

profiles for the longitudinal column bars throughout each test. In comparing the strain profiles 

for each test, it was noticed that the columns constructed with QST steel had substantially 

reduced plastic hinge regions, as shown in Figure 4.7.  
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(a) (b) 

  
(c) (d) 

Figure 4.7 Strain Profiles of Bar N4 for (a) Column Test 1; (b) Column Test 2; (c) Column 

Test 3; (d) Column Test 4 

Columns 1 and 3 were constructed with QST steel, and each had an identical column, 

Columns 2 and 4, respectively, which were constructed with micro-alloyed steel. The extent of 

plasticity in these columns, meaning the portion of the column where strains were above the 

material yield strain, was substantially diminished in the QST columns. With a lower extent of 

plasticity, the reinforcing steel must be subjected to higher strain demands in order to achieve the 

same column displacement since the hinge will be subjected to greater rotation. This is 
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confirmed by again looking at the strain profiles of Figure 4.7; the strain profiles of the columns 

constructed with QST steel reached higher stains at the base than their counterpart columns 

constructed with micro-alloyed steel. Comparing these columns to those of Phase 1 (Barcley and 

Kowalsky 2018), which used a micro-alloyed steel show the same result; the strain profiles are 

similar to the micro-alloyed columns of Phase 2, with larger extents of plasticity than the QST 

columns. 

The disparity between plastic regions appears to be due to the differences in longitudinal 

steel. As described in Section 3.1.6, the QST steel, supplied by Mill 3, had a lower T/Y ratio of 

1.25 compared to the 1.32 of the Mill 2 micro-alloyed steel. With a lower T/Y ratio, a lower 

extent of plasticity is expected since less of the column will exceed its yield strength. 

Furthermore, the QST steel used in the column had a much longer yield plateau than the micro-

alloyed steel, which would result in further reduction of the plastic region. The impact of using 

steel with a lower T/Y ratio, including an analytical program and discussion of column results, 

will be discussed more in Section 6. 

4.2.3 Strain Limit States 

In performance-based design, strains are used in order to characterize damage limit states. 

In order to have accurate limit states, including for columns constructed with Grade 80 

reinforcing steel, the strains at various levels of damage must be established. Previously 

recommended strain limit states and methods of obtaining strains in column tests were discussed 

in Section 3.2.2. Strains at initial cracking, crushing, and spiral yielding are compiled and 

summarized in Table 4.5. It should be noted that crushing is a qualitative limit state and therefore 

subject to variability. Furthermore, since the columns in these experiments did not have cover 

concrete, the observation of crushing may have deviated from what would normally be observed. 

Previous researchers have also suggested an intermediate damage control limit state at the 

onset of spiral yielding (Goodnight et al. 2015). An equation was developed to predict this limit 

state based on empirical data from Grade 60 columns, and is shown in Equation 4.1 (Goodnight 

et al. 2015). For all Grade 80 columns tested, including both Phase 1 and Phase 2 experiments, 

this equation results in a predicted yield strain of 0.015, which appears to slightly over-predict 

actual strain at spiral yielding in the Grade 80 columns. This may be of concern since this would 

result in an un-conservative approach. 
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𝜀𝜀𝑦𝑦𝑖𝑖𝑒𝑒𝑒𝑒𝑦𝑦𝑖𝑖𝑛𝑛𝑦𝑦
𝑦𝑦𝑠𝑠𝑖𝑖𝑠𝑠𝑗𝑗𝑒𝑒 = 0.009 − 0.3

𝐴𝐴𝑦𝑦𝑦𝑦
𝐴𝐴𝑦𝑦

+ 3.9
𝑓𝑓𝑦𝑦ℎ𝑒𝑒
𝐸𝐸𝑦𝑦

 Equation 4.1 

Table 4.5 Strain Comparisons at Initial Cracking, Crushing, and Spiral Yielding 

Experimental 
Program Test Column 

Face 

Cracking Crushing Spiral Yielding 
εs  

(tensile) 
εs  

(compressive) 
εs  

(compressive) 

Grade 80 
Phase 2 

1 North 0.0006 0.0066 0.0093 
South 0.0006 0.0056 0.0082 

2 North 0.0005 0.0075 0.0142 
South 0.0003 0.0114 0.0160 

3 North 0.0003 0.0054 0.0073 
South 0.0012 0.0139 0.0143 

4 North 0.0017 0.0057 0.0154 
South 0.0011 0.0080 0.0140 

Average 0.0008 0.0080 0.0123 
Grade 80 
Phase 11 Average no data 0.0055 0.0132 

Grade 602 Average no data 0.0060 0.0132 
Recommended Value n/a 0.0043 0.0152 

1 (Barcley and Kowalsky 2018)    
2 (Goodnight et al. 2015) 
3 (Kowalsky 2000)    

 

Longitudinal bar buckling is a key limit state for reinforced concrete bridge columns and 

is often used as the damage control limit state (Priestley et al. 1996). Previous researchers have 

found that the onset of bar buckling is dependent on the peak tensile strain the bar is subjected to 

prior to compression (Moyer and Kowalsky 2003). Goodnight et al. (2015) developed a model 

based on empirical data from Grade 60 columns as shown in Equation 4.2. Berry and Eberhard 

(2005) also developed a model that predicts the column drift ratio at the onset of bar buckling, 

shown in Equation 4.3.  

 
𝜀𝜀𝑦𝑦𝑏𝑏𝑏𝑏 = 0.03 + 700𝜌𝜌𝑦𝑦

𝑓𝑓𝑦𝑦ℎ
𝐸𝐸𝑦𝑦

− 0.1
𝑃𝑃

𝑓𝑓𝑗𝑗′𝐴𝐴𝑦𝑦
 Equation 4.2 

 ∆𝑏𝑏𝑏𝑏
𝐿𝐿

(%) = 3.25�1 + 150
𝜌𝜌𝑦𝑦

𝑓𝑓𝑦𝑦ℎ𝑓𝑓𝑗𝑗′
𝑑𝑑𝑏𝑏
𝐷𝐷
��1 −

𝑃𝑃
𝑓𝑓𝑗𝑗

;𝐴𝐴𝑦𝑦
� �1 +

𝐿𝐿
10𝐷𝐷�

 Equation 4.3 

 

Table 4.6 summarizes the peak tension strain prior to bar buckling in each test and 

includes comparisons to prediction models and prior Phase 1 Grade 80 and Grade 60 columns. 
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The strain prediction from Goodnight et al. (2015) appears to over-predict the strain at bar 

buckling, which is likely due in part to its calibration with only Grade 60 columns. With the 

testing of more columns, this model should be revised such that it is also predictive for Grade 80 

columns. The drift prediction provided by Berry and Eberhard (2005) appears to under-predict 

the strain at which bar buckling occurs. Again, this may be due to a difference in yield strength 

that the model was based on. However, it is also worth noting that the increments of 

displacement in the column too large to identify an exact drift that produces buckling. For 

example, Column 1 experienced an increment of drift ratio from 5.4% to 6.7%, and it is 

unknown if a level of drift between those two values would have caused buckling. 

Table 4.6 Phase 2 Strain and Drift Comparisons at Bar Buckling 

Test Column 
Face 

εs  
(peak prior 

tensile) 

Goodnight 
Strain 

Prediction 
Drift Ratio 

Berry 
Drift 

Prediction 

1 North 0.045 

0.056 

6.7% 4.3% South 0.045 6.7% 

2 North no data 8.1% 4.3% South 0.045 6.8% 

3 North 0.043 

0.051 

5.6% 4.1% South 0.034 4.2% 

4 North 0.028 5.6% 4.1% South 0.032 5.6% 
 

4.3 Bending Strain 

As previously mentioned, Barcley and Kowalsky (2018) developed a method of 

calculating the “bending strain”, or the local compressive strain imposed on a buckled 

longitudinal bar due to its curvature. They found that the steel in the Phase 1 columns of this 

research sustained a lower amount of bending strain prior to fracture than that of the counterpart 

Grade 60 columns. The steel used in Phase 2 of this research demonstrated higher bending strain 

capacity in material tests than that of Phase 1, and it was hypothesized that this would result in 

improved column performance. Bending strain histories calculated by Barcley and Kowalsky 

(2018) are shown in Figure 4.8, with Phase 1 Columns in Figure 4.8(a) and Grade 60 Columns in 

Figure 4.8(b).  

However, although Barcley and Kowalsky (2018) identified a specific “critical bending 

strain” for each dataset as 0.10 and 0.14 for Phase 1 Grade 80 and Grade 60, respectively, there 
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is an apparent range in which this critical strain exists. This range is displayed in the figure and 

extends between the lowest strain that preceded fracture and the highest strain without 

subsequent fracture.  

 

  
           (a)              (b) 

Figure 4.8 Bending Strain Histories for (a) Phase 1 Columns; (b) Grade 60 Columns 

Bending strain histories, along with ranges for potential critical bending strains, are 

shown for Phase 2 columns in Figure 4.9. Columns 1 and 3, which were built with steel supplied 

by Mill 3, a QST manufacturer, are shown in Figure 4.9(a). Columns 2 and 4, which were built 

with the Mill 2 steel, a micro-alloyed steel with a large rib radius, are shown in Figure 4.9(b).   

The columns built with QST steel had a large range of critical bending strain. This may 

be partially understood by again examining the material tests performed by Barcley and 

Kowalsky (2018) and shown in Figure 2.5. Unlike the other steel tested, this steel had a very 

gradual degradation of elongation with increase in bending strain. This behavior may have 

translated to this large range of critical bending strain seen in the column results. 

However, with both types of steel, the critical bending strain in column tests was not 

drastically improved, and does not appear to be as high as the Grade 60 columns. Regardless, the 

Phase 2 columns had similar displacement capacity and overall performance compared to the 

Grade 60 columns, and performance was also slightly improved compared to the Phase 1 Grade 

80 columns. There are a few possible explanations for the improved overall behavior, which 

cannot be directly attributed to higher bending strain capacity. The first is that another 
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mechanism may be affecting the column performance, such as low-cycle fatigue. Another is that 

the method of calculating the bending strain may not be accurate. As discussed in Section 3.2.3, 

the authors suggest that the method may be improved upon by defining better mathematical 

functions for the bar shape and ensuring the full shape of the bar is modeled. Regardless, further 

column testing will provide more data and be useful in better understanding the expected 

behavior of Grade 80 steel under seismic performance. 

 

  
           (a)              (b) 

Figure 4.9 Bending Strain Histories for Phase 2 Columns with (a) Mill 3 steel; (b) Mill 2 steel 

4.4 Energy Dissipation 

Energy dissipation is a key characteristic of structures that are able to withstand the 

demands imposed by earthquakes. There are several means by which this can be assessed for the 

experimental tests, including cumulative energy dissipation and damping. In order for Grade 80 

reinforcing steel to be used in the same manner as Grade 60 reinforcing steel is currently used, 

the expected energy dissipation parameters must be understood. Furthermore, any large disparity 

between dissipation capacity of Grade 60 and Grade 80 columns may be cause for concern since 

energy dissipation can correlate to performance under seismic demands.  Several aspects of 

energy dissipation for Grade 60 columns, Phase 1 Grade 80 columns, and Phase 2 Grade 80 

columns along with their comparisons are discussed in the following sections. 
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4.4.1 Cumulative Energy Dissipation 

The most apparent and direct way of comparing energy dissipation capacity is to examine 

the cumulative energy dissipated throughout a column test by summing the hysteretic loops. 

However, as previously described in Section 3.2.4, this method has limitations since it is only a 

true comparison if the columns underwent the same displacement histories. Regardless, 

cumulative energy dissipation was calculated for all Grade 80 tests and Grade 60 comparisons, 

and results will be shown in the following figures. The basic details of each column are provided 

in the figures for reference. 

Column Tests 1 and 2 of Phase 2 are shown (in red) with comparison columns in Figure 

4.10. Column Tests 3 and 4 of Phase 2 are shown with their comparison column in Figure 4.11. 

Phase 1 Tests 1 and 3 are also shown with comparison Grade 60 columns in Figure 4.12; these 

did not have comparison Phase 2 columns. All columns underwent the same loading history in 

terms of ductility through the end of ductility 4; hence, this is marked with the dashed line in the 

figure. As expected, at the same level of ductility, the Grade 80 columns experience similar or 

higher energy dissipation since the force resisted at a given level of displacement is larger for the 

columns containing higher-strength steel. It is also of note that the columns were taken to 

different ultimate states prior to ending the test, i.e. the number of bars fractured in each test 

ranged from two to seven. Thus, although the cumulative dissipated energy is shown through the 

end of every test, the first instance of bar fracture is also shown and marked with an ‘x’. 

Also presented is the first instance of bar buckling, marked with a circle. As mentioned 

previously, it was noted by Barcley and Kowalsky (2018) that the Phase 1 Grade 80 columns 

experienced fewer cycles between buckling and fracture compared to that of the Grade 60 

columns. Thus, the difference between the first instance of buckling and the first instance of 

fracture can be examined for all columns. Figure 4.13 shows the amount of energy dissipation 

between buckling and fracture for all tests. It appears that both Phase 1 and Phase 2 Grade 80 

columns had consistently less energy dissipated between buckling and fracture than the Grade 60 

columns. The Phase 2 columns do not have a clear pattern compared to the Phase 1 Grade 80 

columns. However, it is again noted that the Phase 2 columns either matched or exceeded the 

displacement capacity of the Grade 60 columns, regardless of energy dissipation. 
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Figure 4.10 Cumulative Energy Dissipation of Column Tests 1 & 2 with Comparison Grade 60 

and Phase 1 Columns 

 
Figure 4.11 Cumulative Energy Dissipation of Column Tests 3 & 4 with Comparison Grade 60 

and Phase 1 Columns 
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(a) (b) 

Figure 4.12 Cumulative Energy Dissipation for (a) Phase 1 Test 1; (b) Phase 1 Test 3 

 
Figure 4.13 Comparisons of Energy Dissipation between Buckling and Fracture 
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4.4.3 Equivalent Viscous Damping 

Another useful method of comparing energy dissipation capacity is to analyze the 

equivalent viscous damping in each column. Damping is the primary mechanism by which 

structures dissipate energy, and it is easily comparable regardless of displacement history. Thus, 

it can be a more appropriate measure than cumulative dissipation energy. Furthermore, it is an 

important design parameter, so the expected value to use when designing columns constructed 

with Grade 80 reinforcement must be established. Only equivalent viscous damping will be 

compared in this section since it includes components for both elastic and hysteretic damping. 

The experimental values will also be compared to a damping model suggested by past 

researchers based on displacement ductility, as seen in Equation 4.4 (Priestley et al. 2007). 

 𝜉𝜉𝑒𝑒𝑒𝑒 = 0.05 + 0.444 �
𝜇𝜇∆ − 1
𝜇𝜇∆𝜋𝜋

� Equation 4.4 

Figure 4.14 shows comparisons for corrected equivalent viscous damping, which were 

calculated as described in Section 3.2.4. Comparison columns for Phase 2 Tests 1 and 2 are 

shown in Figure 4.14(a), and those for Phase 2 Tests 3 and 4 are in Figure 4.14(b). Values shown 

are for the first cycle at each ductility prior to bar fracture. The model based on Equation 4.4 is 

also presented and labeled as “PCK Model”. 

As seen in the figure, there is similar equivalent viscous damping between Grade 60 and 

Grade 80 columns, with slightly higher values in the Grade 80 columns. The damping model 

appears to under-predict the true value of equivalent viscous damping at low levels of ductility 

high levels of ductility, and it is most accurate between ductility levels 2 and 3. 
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(a) (b) 

Figure 4.14 Comparison of Equivalent Viscous Damping 

4.5 Strain Penetration 

As described in Section 3.2.5, displacement of modern bridge columns is primarily 

caused by two components: strain penetration (or bond slip), which causes rotation of the column 

base, as well as flexure due to the hinging mechanism. Some researchers have suggested there 

may be more bond slip with the use of high strength reinforcing steel (Restrepo et al. 2006; 

Sokoli and Ghannoum 2016). If this were the case, displacements could be under-predicted in 

design. 

Strain penetration was calculated for the four columns as described in Section 3.2.5, and 

is shown in Figure 4.15(a). The tests with identical detailing had similar bond slip, regardless of 

the type of reinforcing steel. Additional strain penetration data for Grade 80 columns was also 

collected from the Phase 1 columns (Barcley and Kowalsky 2018) along with data for Grade 60 

columns (Goodnight et al. 2015). This data was compiled and is plotted Figure 4.15(b). As seen 

in the figure, Grade 60 and Grade 80 appear to have similar levels of bond slip for low levels of 

displacement. At high levels of displacement, Grade 80 appears to have slightly higher bond slip. 

However, these very high levels of displacement are near or after bar buckling, and therefore 

would only affect the behavior in this ultimate performance state. The compilation of more data 

could be useful in understanding the differences in strain penetration for columns constructed 

with Grade 60 and Grade 80 reinforcement. 
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(a) (b) 

Figure 4.15 (a) Bond Slip for Phase 2 Columns; (b) Bond Slip Comparison between Grade 60 

and Grade 80 Columns 

4.6 Plastic Hinge Length 

Modern design of bridges includes the use of isolating damage to a predetermined region, 

which develops a plastic hinge. This hinge allows for localized energy dissipation and damage.  

In displacement-based design, these hinges must have sufficient capacity to allow the column to 

reach target displacements at key limit states. The equivalent plastic hinge method, as described 

by Priestley et al. (2007), has been adopted into the Caltrans Seismic Design Criteria (Caltrans 

2018). This method utilizes an equivalent plastic hinge length, Lp, in order to simplify the 

relationship between inelastic curvature and displacement. As illustrated in Figure 4.16, which is 

shown for a column in single bending, the equivalent plastic hinge method simplifies the actual 

curvature distribution of a member to a triangular distribution for the elastic portion and a 

quadrilateral for the inelastic portion of the column. Lp is the height of the plastic portion of this 

idealized curvature distribution, and includes a component to account for strain penetration into 

the footing, Lsp. This idealized model can be used to predict column displacements with 

reasonable accuracy. For design purposes, Lp is calculated using Equation 4.5 (Caltrans 2018). 

Using this method, the expected displacement at any point after yield can be calculated using 

Equation 4.6. 
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Figure 4.16 Idealization of Curvature Distribution, Adapted from Priestley et al. (2007) 

 𝐿𝐿𝑠𝑠 = 0.08𝐿𝐿𝑗𝑗 + 0.15𝑓𝑓𝑦𝑦𝑒𝑒𝑑𝑑𝑏𝑏𝑒𝑒 ≥ 0.3𝑓𝑓𝑦𝑦𝑒𝑒𝑑𝑑𝑏𝑏𝑒𝑒 Equation 4.5 

 
∆ = �𝜑𝜑 − 𝜑𝜑𝑦𝑦 �

𝐹𝐹
𝐹𝐹𝑦𝑦
�� 𝐿𝐿𝑠𝑠𝐿𝐿𝑗𝑗 + ∆𝑦𝑦 �

𝐹𝐹
𝐹𝐹𝑦𝑦
� Equation 4.6 

In order to assess the accuracy of the plastic hinge length equation, an experimental value 

was calculated for the columns. Since Lp represents the plastic portion of curvature distribution 

of the column, the known curvatures and displacements can be used to back-calculate the value 

of Lp,exp. Equation 4.6 was rearranged to create an expression for Lp,exp, shown in Equation 4.7, 

with variables defined in Equation 4.8 and Equation 4.9. 

 

𝐿𝐿𝑠𝑠,𝑒𝑒𝑒𝑒𝑠𝑠 =  
∆ − ∆𝑦𝑦 �

𝐹𝐹
𝐹𝐹𝑦𝑦
�

�𝜑𝜑 − 𝜑𝜑𝑦𝑦 �
𝐹𝐹
𝐹𝐹𝑦𝑦
�� 𝐿𝐿𝑗𝑗

 Equation 4.7 
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𝜑𝜑𝑦𝑦 =

3∆𝑦𝑦
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒2

 Equation 4.8 

 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐿𝐿𝑗𝑗 + 0.15𝑓𝑓𝑦𝑦𝑒𝑒𝑑𝑑𝑏𝑏𝑒𝑒 Equation 4.9 

The experimental plastic hinge lengths are shown in Figure 4.17 for both Phase 1 and 

Phase 2 columns. The theoretical value for the equivalent plastic hinge length given by Equation 

4.5 is shown with the black dashed line. The figures show that the experimental data is 

reasonably centered about the theoretical value (though with high variation), which implies that 

the current equivalent plastic hinge equations and methods are appropriate for Grade 80 

reinforcing steel. Note that for the Phase 2 columns, since the value of fye varied slightly for the 

two types of steel, the theoretical values of Lp were marginally different. However, these values 

were within 2 percent of each other, so for simplicity the average of the two is shown in the 

figure. All Phase 1 columns contained the same steel, and thus had a single theoretical value of 

Lp. It should be noted that the calculations for the Phase 1 plastic hinge lengths were collected 

from Barcley and Kowalsky (2018). While the calculations were similar to those explained here, 

those for the Phase 1 columns did not include the (𝐹𝐹/𝐹𝐹𝑦𝑦) terms, which would affect the results. 

  
(a) (b) 

Figure 4.17 Experimental Lp Values for (a) Phase 2 Columns; (b) Phase 1 Columns, Barcley et 

al. (2018) 
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4.7 Strength Hardening 

As previously mentioned, the columns tested in Phase 2 used reinforcing steel produced 

by two manufacturing processes: micro-alloying and QST. Prior to observing the column tests, it 

was expected that a smaller extent of plasticity would be observed in the QST columns. 

However, another noticed difference between the columns, which was unexpected, was a 

contrast in strength hardening at higher displacements. Figure 4.18 shows the backbone curves 

for the force-displacement responses of the Phase 2 columns for each set of comparison columns. 

The columns perform very similarly in terms of initial stiffness. However, it is apparent 

that at higher displacements, the columns constructed with QST steel have less strength 

hardening than their counterpart columns constructed with micro-alloyed (MA) steel. At larger 

displacements, the QST columns have notably less strength than their counterparts. This lack of 

strength hardening may not be included in material models, and ultimately, in design models. 

Thus, it is important to understand the cause and impact of this discrepancy. 

  
(a) (b) 

Figure 4.18 Backbone Responses of Phase 2 Columns 

In order to determine if the observed difference in strength at large displacements was 

merely due to the difference in T/Y ratio of the two steels, the experimental data was compared 

to the models. The models of the column tests, which were performed using a moment-curvature 

analysis program (Montejo and Kowalsky 2007) with a correction for P-Delta effects, should 

theoretically capture the difference caused by the dissimilar T to Y ratios. However, while the 

models did show some difference, the observed behavior was more drastic than what was 
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expected. In order to demonstrate this, Figure 4.19, grouped in terms of comparison columns, 

shows the percent difference of force in the experimental tests compared to the models. As the 

displacements become higher, the QST columns diverge more from the model compared to the 

micro-alloyed (MA) columns. This shows that an effect other than T to Y ratio is causing the 

difference in strength hardening, and the effect is not being captured by the current model. This 

behavior will be discussed further in Chapter 6. 

  
(a) (b) 

Figure 4.19 Experimental Difference from Predicted Force for Phase 2 Tests 
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Chapter 5: Defining the Onset of Bar 

Buckling 
5.1 Background 

In modern seismic design of bridge columns, plastic hinges deteriorate by means of bar 

buckling and subsequent fracture. Researchers often report displacements, strains, and 

displacement ductilities at the onset of bar buckling since it is a limit state that precedes the 

failure of a member. Furthermore, this research phase was begun due to an observed difference 

in the number of cycles between buckling and fracture of Grade 80 columns compared to Grade 

60 columns (Barcley and Kowalsky 2018). However, throughout the course of this research, the 

definition of the onset of bar buckling was recognized as a considerably subjective damage state 

that is dependent on the observer. While some past research has also noticed this (Barcley and 

Kowalsky 2018; Bournas and Triantafillou 2011; Pantazopoulou 1998; Rodriguez et al. 1999), 

little work has been done to develop quantitative methods which would remedy the subjective 

nature of this definition during experimental tests. 

Typically, bar buckling is reported based on visual identification. However, during cyclic 

testing, a bar may gradually achieve a more severely buckled shape with an increase in lateral 

deformation of the bar. Thus, the onset of bar buckling may be undetected and buckling could be 

reported later than its actual initiation. In the past, visual identification has been the only viable 

method of defining bar buckling in reinforced concrete members. With the use of new 

technology, such as optical sensors, quantifiable measurements can be used to define the onset of 

bar buckling. This chapter will review multiple methods of defining the onset of bar buckling 

and compare the implications of each method. 

5.2 Physical Definition of Bar Buckling 

 In material mechanics, buckling is defined as the stable lateral deflection of initially 

straight, slender members under a compressive load. When isolated, this behavior can be easily 

defined and understood. Under a critical load, a slender bar or column will develop lateral 

instability and begin to buckle. There are various buckling models, the most basic of which is 
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Euler buckling, which is shown as a critical stress in Equation 5.1. Subsequent researchers also 

suggested the use of a tangent modulus in place of the elastic modulus in cases of inelastic 

buckling. 

 𝜎𝜎𝑗𝑗𝑠𝑠 =  𝜋𝜋2𝐸𝐸

�𝐿𝐿 𝑠𝑠� �
2 = 𝜋𝜋2𝐸𝐸𝐸𝐸

𝐿𝐿2𝐴𝐴
   Equation 5.1 

 However, in heterogeneous structures such as reinforced concrete columns, the 

mechanism and forces involved at the time of bar buckling become more complicated. For 

example, the effects of transverse steel and concrete confinement are involved in restraining a 

longitudinal bar from buckling. Furthermore, the measurement and observation of lateral 

deflection is more difficult for reinforcing steel compared to isolated compression tests of a 

single member. While bar buckling mechanics have been well defined, its actual identification 

within members is not straightforward for longitudinal reinforcing bars. 

Bar buckling is also associated with a loss in capacity under compression. Again, 

however, this effect becomes less obvious in a reinforced concrete member. While this loss in 

compression stress capacity may be apparent in a uniaxial compression test, in a redundant 

member such as a reinforced concrete column, forces can be redistributed, and the local response 

may not be evident in the global behavior. 

5.3 Visual Identification 

The most obvious and simple method for identifying the onset of buckling in reinforced 

concrete columns subjected to cyclic loading is visual identification. This is also the most 

common method since it requires no special instrumentation or analysis. However, members that 

experience reversed loading may result in a bar that buckles to only a small amount of lateral 

deformation. In some cases, this lateral deformation may be small enough that it is undetectable 

to the observer. In the case of reversed loading, this lateral deformation may increase as the 

experiment continues. Different observers may therefore notice buckling at different levels of 

lateral deformation, causing different identifications of this key limit state. 

Thus, if research is directly comparing behavior involving the onset of bar buckling, such 

as defining strain limit states at bar buckling, the definition must be consistent such that the 

comparison is free from bias. This leads to a need for a quantifiable measure of the onset of bar 

buckling. The following sections will present a few quantifiable methods of determining the first 

instance of bar buckling along with a discussion of the advantages and disadvantages of each 
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method. Note that this list of approaches is not exhaustive, but is a summary of approaches 

undertaken in this research. 

5.4 Strain History 

As described in Section 3.2.2, strain vs. displacement figures can be used to determine 

the onset of bar buckling when strain is measured using optical position sensors. Figure 3.28 is 

reproduced here as Figure 5.1, which shows how a longitudinal bar’s strain history can be used 

to detect bar buckling. As seen in Figure 5.1(b), when a bar buckles, if sensors are on either side 

of the lateral displacement, these sensors will become further apart, resulting in a positive 

(tension) strain measurement. Furthermore, sensors can also become closer to each other during 

bar buckling, resulting in a large negative (compression) strain measurement.  

Under cyclic loading at low levels of column displacement, a bar in the extreme fiber 

region is expected to undergo tension strains in one direction of column displacement and 

compression strains in the opposite direction. When a deviation from this pattern occurs, it can 

be interpreted as an indication of bar buckling, such as at µ51- = -6.44" for bar S4 of Column 1, 

shown in Figure 5.1. Due to the precision of the LED data, this can be used to determine bar 

buckling at lower levels of local lateral displacement than visibly perceptible.  

  
(a) (b) 

Figure 5.1 (a) Column Test 1 Bar S4 Strain vs. Displacement (Gage 1); (b) Bar Buckling 

Measurement with Optical Sensors, adapted from Goodnight et al. 2015 
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It is generally easier to notice the additional measured “tension” rather than additional 

measured “compression” since the bar is in a state of compression when buckling occurs. Since 

compression strains are expected, one must decide when the compression strains become 

unreasonable. However, since tension strains are never expected, any amount of tension strain is 

indicative of bar buckling. For example, for the same bar as shown in Figure 5.1, which is shown 

for a gage 2.4" above the footing, another gage 5.5" above the footing shows unusually large 

compression instead of tension, as shown in Figure 5.2. As discussed, buckling was able to be 

identified using unexpected measured tension strains at the lower gage at µ51- = -6.44". However, 

using this gage that demonstrates additional measured compression strain, it is more difficult to 

establish when the compression strains become unreasonably large and indicate buckling.  

 
Figure 5.2 Column Test 1 Bar S4 Strain vs. Displacement (Gage 3) 

This method of using strain history to identify the onset of bar buckling may also be 

possible by identifying jumps in strain readings measured by strain gages (Bournas and 

Triantafillou 2011). However, typical strain gages can become unreliable with high levels of 

inelasticity. The method described here requires three-dimensional position data, so this type of 

optical position system would be needed in order for this method to be used. 
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5.5 Bending Strain Analysis 

Previous researchers have also used optical sensors to detect the onset of bar buckling by 

fitting a position function to the longitudinal bars (Barcley and Kowalsky 2018). As described in 

Section 3.2.3, a fourth order polynomial fit to the optical position sensors can be used to estimate 

the shape of a bar throughout a test. Next, this position can be used to estimate the local strain 

demand, or the bending strain, due to the curvature of the bar. By creating a bending strain 

history, it can be determined when the bar had substantial enough curvature to generate local 

strains on the bar, as shown in Figure 5.3. A threshold could be set on bending strain that would 

define the onset of buckling for comparison purposes. By analyzing data from Phase 1 and 2 

Grade 80 columns along with Grade 60 columns, the median bending strain after which buckling 

was visually identified was 0.035. 

 
Figure 5.3 Bending Strain History Example (Barcley and Kowalsky 2018) 

Again, this method requires three-dimensional position data for points along the 

longitudinal bar. Furthermore, due to the numerous steps required and assumptions made, the 

calculated values of bending strain are subject to large amounts of error. As discussed in Section 

3.2.3, the authors suspect that a fourth-order polynomial may not be the most appropriate shape 

to fit to a buckled shape due to the small number of position points in the buckled region of the 

bar. Current research is underway at NCSU to understand the best representation of the shape of 

a buckled reinforcing bar. 
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5.6 Global Force Degradation 

One of the effects of bar buckling is a decrease in compressive force capacity of the 

buckled member. While some force may be redistributed throughout the system, local buckling 

of a longitudinal bar will eventually result in a lower global force capacity. This is further 

evidenced by considering theoretical force-displacement responses of columns compared to their 

actual response. As an example, theoretical and experimental backbone curves are shown for 

Column Test 1 in Figure 5.4. Even including P-Delta effects, the theoretical curves do not 

diminish in strength capacity at the displacements to which the column was subjected. However, 

the actual column began losing strength at µ51+ = 6.44". This is also the cycle at which first bar 

buckling was identified using strain histories. 

 
Figure 5.4 Column Test 1 Backbone Response Comparisons 

Using solely the backbone to identify where force capacity diminishes would neglect the 

second and third cycles at each ductility level. In order to identify the first instance of strength 

degradation, the force at the peak of each half-cycle must be compared to the corresponding half-

cycle at the previous ductility level (e.g., the force at µ53- must be compared to the force at µ43-). 
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This method of identifying force reduction was found to correspond well with other 

methods of identifying the onset of bar buckling. Furthermore, it does not require special 

instrumentation such as optical sensors. Previous researchers have used strength loss, specifically 

15% loss of a member’s load-carrying capacity, as a limit state for comparative purposes data 

when buckling data was unavailable (Pantazopoulou 1998). However, this was not used as a 

definition of buckling, but rather a method of comparison. Furthermore, the amount of loss of 

strength would be dependent on member detailing, and while this could be a reasonable “limit 

state”, bar buckling would certainly not result in the same loss of strength of any given member. 

Although simple to implement, the method of identifying loss in strength involves using a 

global response to identify a local phenomenon. This could be problematic since other 

mechanisms could affect the global response. Furthermore, the amount of force degradation can 

be very small (in this dataset, as little as approximately one tenth of a percent). This means that 

the use of this method inherently assumes a high level of accuracy in the force measurement. 

Again, this very small difference in global force response could also be affected by something 

other than local reinforcing bar buckling. 

5.7 Comparisons & Recommendations 

The methods described here do not exhaust the possible approaches for defining the onset 

of bar buckling, but merely discuss a few possibilities. For example, Rodriguez et al. (1999) 

tested bars under monotonic compression and measured the strain on the compression and 

tension faces on the bar; the onset of bar buckling was defined as when one strain measurement 

was greater than 20% higher than the other. While this exact method may be difficult to 

implement in a typical column test, differences between concrete and steel strains could be 

monitored to result in similar measurements. The goal of creating a quantifiable definition for the 

onset of bar buckling is in order to remove the bias of the observer. However, some methods are 

more complex and require specific instrumentation.  

To better understand the implications of using each method, the results from the four 

methods previously described are plotted in Figure 5.5. This figure shows the identification of 

bar buckling for both extreme sides of each column in Phase 1 Grade 80, Phase 2 Grade 80, and 

Grade 60 columns. Each bar is represented by a vertical set of data; i.e., there are three points 

plotted for each longitudinal bar in one vertical line. The points are shown as the difference in 
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number of half-cycles from visible bar buckling. For example, for the first bar shown for Grade 

80 Phase 1, the three quantifiable methods shown resulted in bar buckling identified two half-

cycles, or one full cycle, prior to when it was visually observed. For those data points that are 

greater than zero, the quantifiable method resulted in identification of buckling after it was 

visually observed. 

Generally, buckling is difficult to identify under low levels of lateral deflection. 

Therefore, one would expect that a more precise or quantifiable method would result in bar 

buckling being identified either earlier or at the same cycle as visual identification. By 

examining the figure, it appears that the methods that use bending strain and force degradation 

result in some bar buckling being identified several cycles both before and after visual bar 

buckling. The strain history method, however, resulted in buckling being identified earlier or at 

the same cycle as visible bar buckling, which is consistent with what would be expected.  

A similar representation is shown in Figure 5.6, which shows the level of column drift at 

the various points of identification for bar buckling. Since the column was loaded in three-cycle 

sets, the difference in identification of the onset of bar buckling using the various methods is 

often within one set at a given displacement. Therefore, when observing the differences in terms 

of drift, many of the methods result in the same drift at the onset of buckling.  

 
Figure 5.5 Comparison of Methods of Identifying Bar Buckling 
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Figure 5.6 Comparison of Drifts for Methods of Identifying Bar Buckling 

For the purposes of this report, such as the identification of bar buckling as a limit state 

for column tests, the onset of bar buckling was defined using the strain history method. This 

method was found to be relatively simple and less prone to error. However, this method is 

dependent upon the optical sensor data used in these experiments. While other approaches may 

be used to define bar buckling, it should be recognized that the state of buckling is dependent on 

the observer, and small levels of lateral deformation caused by buckling may be present before 

buckling is identified in tests. 
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Chapter 6:   Impact of Ultimate Tensile to

 Yield Strength Ratio 
6.1 Importance and Background 

A key parameter of a steel’s stress-strain behavior is its ultimate tensile to yield strength 

ratio, which is referred to in this paper as the T/Y ratio. This has also been described in literature 

as the tensile-to-yield ratio, yield ratio, UTS/TS ratio, and strain hardening ratio. The “yield 

ratio” generally refers to the ratio of yield strength to ultimate tensile strength, and is the 

reciprocal of the T/Y ratio. The yield ratio is also what is specified in the Japanese steel 

specifications (JIS 2010). 

A substantially large T/Y ratio is particularly important for members that are expected to 

behave inelastically, such as those in performance-based seismic design. First, a larger T/Y ratio 

ensures a distinction between ultimate strength and yield strength such that there is substantial 

inelastic capacity. This allows for spread of plasticity under inelastic loading, which in turn has a 

series of related benefits. A larger extent of plasticity allows for larger member rotation 

capacities and lower inelastic strain demands. Furthermore, this larger extent of plasticity and 

lower strain demand results in smaller crack widths in the plastic region. Crack widths have been 

found to be correlated to bar buckling (Moyer and Kowalsky 2003), so having a larger T/Y ratio 

may also reduce the likelihood of bar buckling. All these effects of T/Y ratio result in the same 

overall outcome: a lower T/Y ratio may result in a lower member displacement capacity.  

While steel mills are now able to produce reinforcing bars with higher yield and ultimate 

strengths, there is a tendency for higher grade steels to have lower T/Y ratios. Furthermore, 

reinforcing steel produced with the QST process generally has a lower T/Y ratio than that 

produced by micro-alloying. However, high-strength steel, including that manufactured with the 

QST process, could be useful in seismic design in reducing congestion as well as many other 

benefits as described in Section 1.1.1. 

The current code in the United States for reinforcing steel for seismic use specifies a 

minimum T/Y ratio of 1.25 for both Grade 60 and Grade 80 steel (“ASTM A706 / A706M-16, 

Standard Specification for Deformed and Plain Low-Alloy Steel Bars for Concrete 
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Reinforcement” 2016). However, no reason was specified for this value, and to the authors’ 

knowledge, there was not research that prompted this value. While it is clear that a ratio greater 

than 1.0 is necessary for inelastic members, an exact minimum has not been quantified. Other 

countries have various minimum values, such as 1.15 in the Australia/New Zealand 

specification, but none higher than 1.25 (Madias et al. 2017). The Japanese specifications require 

a Y/T ratio of 0.85 for their Grade 685 steel (yield strength of 99.3 ksi), which results in a T/Y 

ratio of 1.176 when reciprocated. Past researchers have suggested that a minimum T/Y ratio be 

set as 1.17 or 1.18 for high-strength steel based on this Japanese standard (NEHRP Consultants 

Joint Venture 2014; Wiss, Janney, Elstner, and Associates, Inc. 2015). However, these 

suggestions were again not based on analytical or experimental evidence.  

Decreasing the required T/Y ratio would allow for cheaper and more readily available 

reinforcing steel for seismic use. As previously mentioned, reinforcing steel produced with the 

QST manufacturing process often does not meet the ratio of 1.25, but may be able to meet a 

slightly lower value such as 1.17. Overall, high strength steel may be able to be produced more 

cheaply and become more readily available if this required ratio was reduced. However, before 

reducing the value, there must be a full understanding, both analytically and experimentally, of 

its implications. This chapter will discuss results of an analytical study into the impact of the T/Y 

ratio, as well as a discussion of the dataset provided by the column tests discussed in previous 

chapters and material tests that examine the cyclic behavior of the steel used in the column tests. 

6.2 Analytical Study 

6.2.1 Concepts 

When considering the impact of T/Y ratio, the basic implication of a lower T/Y ratio is a 

reduced extent of plasticity. This is illustrated by Figure 6.1 for a column in single bending, 

where the extent of plasticity is the distance above the footing where the moment demand is 

greater than the yield moment. If the ultimate moment is equal to the yield moment, as would be 

the case for a T/Y ratio equal to 1.0, this extent of plasticity would be reduced to nearly zero (not 

including tension shift effects, which would inherently result in some spread of plasticity). 

However, as the ratio of the ultimate moment to yield moment increases, the ultimate extent of 

plasticity increases. As previously mentioned, a larger extent of plasticity results in larger 
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rotation capacity of the plastic region and lower axial strain demands in the reinforcing steel, 

ultimately resulting in larger displacement capacity. 

 
Figure 6.1 Extent of Plasticity for a Column in Single Bending 

6.2.2 Methodology 

In order to quantify the impact of different T/Y ratios, the impact on the extent of 

plasticity, and the potential outcomes from a different extent of plasticity, were examined. Using 

moment-curvature analysis, the strain demand at the base of a column can be determined for a 

given displacement demand. Thus, the strain demand on a given member can be calculated for a 

range of T/Y ratios. Similarly, given an ultimate strain limit state, the maximum displacement 

capacity can be calculated for a range of T/Y ratios. This would result in a lower displacement 

capacity for a lower T/Y ratio. If this is done for a specific design with a target displacement 

capacity, the required T/Y ratio can be calculated. The basic process is shown in Figure 6.2.  

This analysis procedure was repeated for many designs of a column in single bending to 

determine the required T/Y ratio for a given target displacement. In addition, the impact on 

detailing is also evaluated. For this analysis, an ultimate strain of 6 percent and a target drift ratio 

of 4 percent were used; however, these could easily be adjusted in further analysis. The designs d 

in the analysis considered the ranges shown in Table 6.1, as to be inclusive of typical bridge 
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column designs. A set of Matlab codes which perform a monotonic moment-curvature analysis 

were used to perform the analysis (Montejo and Kowalsky 2007). 

 
Figure 6.2 Process for Determining Required T/Y Ratio for One Design 

Table 6.1 Design Parameters Considered in Analysis 

Parameter Benchmark Column Range 
Minimum Maximum 

Aspect ratio (H/D) 4 2 8 
Axial load ratio (ALR) 10% 5% 25% 

Longitudinal steel yield strength (fy) 65 ksi 60 ksi 100 ksi 
Longitudinal steel content (ρl) 2.1% 1% 4% 
Transverse steel content (ρt) 1.5% 1.0% 1.5% 

 

In the extreme theoretical case of a T/Y ratio equal to 1.0, one crack would form just 

above the base. Thus, the width of this crack and rotation of the member above the crack would 

control the maximum possible deformation. This idea was used in order to determine a minimum 

possible displacement capacity of each design. While this is not a realistic structure, determining 

the minimum deformation, even with a T/Y ratio equal to 1.0, allows the full range of the effect 

of T/Y ratio to be examined. The idea is illustrated in Figure 6.3, where using the geometry of 

one crack width, the deformation of a column in single bending can be estimated. It is worth 

noting the assumptions made in this description: a small angle approximation, neglect of tension 

shift, and assuming that the bond allows the deformation to spread over the length of strain 

penetration. 
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Figure 6.3 Idealization of Column Displacement for T/Y = 1.0 

6.2.3 Results and Discussion 

The drift capacity vs. required T/Y ratio was calculated by varying one design parameter 

at a time to determine the effect of each parameter on this relationship. These results are shown 

in Figure 6.4. The first major observation is that the theoretical drift capacity of a column is 

much more greatly affected by its longitudinal steel yield strength than the T/Y ratio. As seen in 

Figure 6.4(c), by increasing the yield strength of the longitudinal steel for this particular column 

from 60 ksi to 80 ksi, the drift capacity increases by about 37% over its original drift capacity. 

However, if the yield strength is held constant, increasing the T/Y ratio from 1 to 1.5 only 

slightly increases the drift capacity by about 6%. This effect is also seen, although less 

drastically, by varying the axial load ratio and longitudinal steel content. In both of these cases, 

the range of the parameter has a greater impact on the maximum drift capacity than the T/Y ratio. 

The exception to this case is in the aspect ratio of the column, in which columns with 

aspect ratios greater than about 4.5 were found to have a sharp increase in drift capacity with 

varying T/Y ratio. This is likely due to the calculation of drift in the analysis software used, 
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which uses the plastic hinge length as defined by Priestley et al. (2007). While this analysis does 

not show that a specific minimum T/Y ratio is needed in design, it does suggest that it may be 

less critical than other design parameters, such as yield strength of longitudinal steel. However, 

when choosing a reinforcing steel to use in design, it could be of use to run a similar analysis to 

determine how the T/Y ratio effects the displacement capacity of a structure. 

It can also be seen in the figures below that even with a T/Y ratio equal to one, the 

analysis still results in a substantially large drift ratio. However, theoretically, with a T/Y ratio 

equal to one, the plasticity would be substantially reduced and limit the displacement capacity. 

This may be a limitation of the plastic hinge method as defined by (Priestley et al. 2007); the 

method is not appropriate for extremely low (albeit unrealistic) T/Y ratios.  

Using the method described in Section 6.2.2, with the assumption that the concrete 

compressive block was 20 percent of the column diameter, minimum drift values were calculated 

for each scenario assuming only one crack formed (which would be the case for T/Y equal to 

one). This resulted in a minimum drift of 3.0% for all cases except the variations of yield 

strength. For variations of yield strength, minimum drift ratios of 2.1% for fy = 60 ksi to 3.5% for 

fy = 100 ksi were calculated. These are also shown as the theoretical minimum in Figure 6.4. 

Using this approach, it is clear that the T/Y ratio is impactful, since the theoretical capacity as 

calculated using moment-curvature analyses for higher T/Y ratios was at least double that of the 

theoretical minimum if the T/Y ratio is equal to one. However, since the plastic hinge method 

appears to be inappropriate for lower T/Y ratios, experiments or other theoretical approaches 

may be necessary to precisely quantify the impact of extremely low T/Y ratios. 
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(a) (b) 

  
(c) (d) 

Figure 6.4 Drift Capacity vs. Required T/Y Ratio for Designs of a Column in Single Bending 

6.3 Experimental Results 

The column test matrix described in Chapter 3 allowed for direct comparisons between 

columns built with steel of different T/Y ratios. Columns 1 and 3 were built with QST steel 

supplied by Mill 3 and had a T/Y ratio of 1.25; Columns 2 and 4 were built with a micro-alloyed 

steel supplied by Mill 2 and had a T/Y ratio of 1.32. Other than the difference in steel supplier, 
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Columns 1 and 2 were identical and Columns 3 and 4 were identical. As described in Chapter 4, 

there were several observed differences noted in the column tests between comparison columns 

built with QST and micro-alloyed steel. While these are discussed in this chapter, as they may be 

indicative of differences caused by the T/Y ratio, it should also be noted that no substantial 

difference was found in ultimate column performance in terms of displacements at first bar 

buckling and first bar fracture.  

The most obviously noted difference was a difference in extent of plasticity, as described 

in Section 4.2.2. The QST columns had a substantially reduced plastic region, with a smaller 

distance above the footing surpassing yield strain and larger strains at the base of the column. 

This is consistent with the theoretical effects of a lower T/Y ratio as described in Section 6.2.1. 

However, the relationship between strain and displacement was also calculated analytically using 

moment-curvature software (Montejo and Kowalsky 2007), and the theoretical difference 

between the expected axial strains was negligible (within 0.0005). Therefore, the material itself 

may be experiencing other effects that are influencing this behavior. 

The other substantial difference between the columns was a difference in strength 

hardening at large levels of displacement, as described in Section 4.7. The columns built with 

QST steel experienced lower strength capacities at higher displacements. This difference was 

also found to be larger than theoretically expected. These inconsistencies between theoretical and 

experimental behavior led to the material tests described in Section 6.4 to identify the behavior in 

the steel itself. 

6.4 Material Tests 

Due to the differences noted in cyclic hardening as described in Section 4.7, cyclic 

material tests were performed to determine if the column behavior could be attributed to a cyclic 

deterioration in the QST steel. The tests were performed using a MTS Universal Testing 

Machine and a 2" extensometer. The unbraced distance between the grips was approximately 

equal to 4db, as this was the smallest distance given physical limitations of the instrumentation 

and machine. This is larger than that provided in the column tests, which had distances between 

spirals of 2db and 2.67db. 

 The loading was performed in three-cycle sets of strain to produce strains roughly 

similar to what was observed in the column tests. This loading protocol is shown in Table 6.2, 
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where each noted set of tension and compression strains was performed three times, resulting in 

a total of 36 cycles. These strains were normalized to the recommended yield strain by Overby et 

al. (2017) of 0.0033 such that each material underwent the same strain history. Since the machine 

could not be automatically controlled based on strain, the extensometer reading was closely 

monitored throughout the test in order to reverse loading upon reaching the approximate target 

value of strain in each direction. The compressive strains were smaller than those observed in the 

column tests, but were limited in order to avoid buckling occurring in the specimen. In late 

cycles, some bars exhibited an onset of buckling prior to reaching the target compressive strain. 

In these cases, the loading was reversed when buckling was observed. 

Table 6.2 Cyclic Material Test Loading Protocol 

3-Cycle Set Tension 
Cycles 

Value of 
Strain 

1 
+ εy 0.0033 

- εy -0.0033 

2 
+ 3εy 0.0099 

- 𝟏𝟏
𝟑𝟑
εy -0.0011 

3 
+ 5εy 0.0165 

- 𝟏𝟏
𝟑𝟑
εy -0.0011 

4 
+ 8εy 0.0264 

- 𝟏𝟏
𝟑𝟑
εy -0.0011 

5 
+ 11εy 0.0363 

- 𝟏𝟏
𝟑𝟑
εy -0.0011 

6 
+ 14εy 0.0462 

- 𝟏𝟏
𝟑𝟑
εy -0.0011 

 

Results from the material tests are shown in Figure 6.5. Figure 6.5(a) shows the raw 

stress-strain data for each test. It can be seen in this figure that the QST steel has a much flatter 

strain hardening behavior than the micro-alloyed steel. In order to better observe this behavior 

and compare to monotonic stress-strain behavior, the stresses were divided by the yield stress of 

each material, and the envelope of this normalized stress-strain curve was plotted as shown in 
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Figure 6.5(b). Dividing the stress by the yield stress creates a representation of the T/Y ratio 

under cyclic loading. As seen in the figure, the micro-alloyed steel achieves hardening behavior, 

and its ultimate cyclic T/Y ratio is 1.33, which is very similar to its monotonic T/Y ratio of 1.32. 

However, the QST steel exhibits much less strain hardening, with a cyclic ratio of 1.19, 

substantially lower than its monotonic T/Y ratio of 1.25.  

  
(a) (b) 

Figure 6.5 Cyclic Test Results 

This behavior is akin to the performance observed in the column tests, in which the 

columns constructed with micro-alloyed steel had more strength at large levels of strain. The 

lower cyclic T/Y ratio may have also intensified the effect of the concentration of plasticity, 

since the actual ultimate stress was lower than predicted. This difference in strength hardening 

may not be a result of the monotonic T/Y ratio itself, but rather a result of the manufacturing 

process. However, more study into both the causes and effects of this behavior is needed. 

Currently, QST steel is not classified as ASTM A706 due to its low T/Y ratio; however, while a 

slightly lower T/Y ratio may not impact capacity in a simple pushover analysis, the lack of cyclic 

hardening may need to be quantified and included in modeling of structures built with QST steel. 
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Chapter 7:   Conclusions and Future Work 
7.1 Column Tests 

Four reinforced concrete columns containing Grade 80 reinforcing steel were constructed 

and tested as part of a broader experimental program at NCSU investigating the use of Grade 80 

reinforcement in seismic applications. The longitudinal steel used in these columns had 

demonstrated favorable post-buckling behavior in material tests developed by Barcley and 

Kowalsky (2018). These material tests demonstrated that the material was able to sustain larger 

lateral deflections under buckling (i.e., a more severe buckled shape) while sustaining ductile 

behavior in subsequent tension. The four column tests in Phase 1 of this research demonstrated 

similar behavior to comparison Grade 60 columns with the exception of slightly reduced 

displacement capacities. It was hypothesized that the results of the material tests indicated that 

the longitudinal steel used in Phase 2 would result in improved displacement capacity of the 

columns (Barcley and Kowalsky 2018). 

The specimens were instrumented with an optical measurement system that allowed for 

strains and position data to be captured throughout the test. This data was used to determine axial 

strains, local “bending strains” caused by the shape of the buckled reinforcing bars, equivalent 

viscous damping, strain penetration (or bond slip), and displacement caused by flexure. These 

parameters were compared to Phase 1 Grade 80 columns, which were identical to the columns 

tested in this research except for a different supplier of reinforcing steel. Comparisons were also 

made to previously tested Grade 60 columns, some of which matched in theoretical capacity, and 

some of which had identical detailing as the Grade 80 columns (but less strength). 

The columns in this research were constructed with two primary objectives: to test the 

hypothesis of improved displacement capacity based on material test results; and to expand upon 

the database of columns built with Grade 80 reinforcing steel to be compared against those built 

with Grade 60 reinforcing steel. The conclusions from the column tests are summarized as 

follows: 

• The columns were able to sustain similar levels of displacement prior to fracture 

compared to the Grade 60 columns, and greater displacement than that of the Phase 1 

columns. 
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• The Phase 2 columns did not show improved levels of bending strain capacity prior to 

fracture compared to the Phase 1 columns. This contradicts part of the hypothesis 

suggested by Barcley and Kowalsky (2018), who proposed that these columns may show 

greater sustained bending strains due to their material test performance. However, the 

columns were able to sustain larger displacements at fracture than the Phase 1 columns, 

which is in agreement with the hypothesis. This may be attributed to an imprecise method 

of calculating the bending strain, as discussed in the following point.  

• The method for calculating bending strains may need improvement to better represent the 

state of a bar under a buckled shape. The use of a fourth-order polynomial requires at 

least 5 points to be exact; without at least 5 points, another shape may be a better fit. The 

use of the exact relationship between a position function and curvature may also improve 

the calculation. Furthermore, it is suggested that a pseudo “anchor point” be used below 

the footing surface to ensure the lower portion of the shape is accurate. 

• The columns had similar behavior to both the Phase 1 Grade 80 columns and Grade 60 

columns in terms of equivalent viscous damping, strains at performance limit states, bond 

slip, and experimental plastic hinge length. 

• The columns built with QST steel (which was not classified as A706) had notable 

differences compared to those built with micro-alloyed A706-80 steel. The main 

differences observed were a reduced extent of plasticity and less strength hardening at 

large displacements in the QST columns. However, these characteristics did not appear to 

affect overall column performance, as the columns were able to reach similar ultimate 

limit states. 

• The identification of the onset of buckling is subjective and depends on the observer, who 

may observe buckling later than its true onset. Several methods were suggested as 

quantitative methods of identification. The simplest and most consistent method was 

found to be the use of strain history as discussed in Chapter 5. Use of optical sensors is 

necessary for this method, but allows for a quantifiable approach. 

7.2 T/Y Ratio 

While the columns constructed with QST steel performed favorably, this steel typically 

has a lower ratio T/Y ratio. The ASTM A706 specification, which is used for reinforcing steel 
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which is used in seismic applications, specifies a minimum T/Y ratio of 1.25 (“ASTM A706 / 

A706M-16, Standard Specification for Deformed and Plain Low-Alloy Steel Bars for Concrete 

Reinforcement” 2016). QST steel does not generally meet this requirement; however, a lower 

T/Y ratio may be acceptable. An analytical study that used moment-curvature analysis was 

undertaken to better understand the impact of the T/Y ratio on seismic performance. 

Furthermore, the experimental column tests provided direct comparisons between columns built 

with different reinforcing steels. Material tests were also performed to explore the differences 

between QST and micro-alloyed steel under cyclic loading. Conclusions from this portion of the 

research are summarized as follows: 

• Based on an analytical study using moment-curvature analysis, values in the typical 

range of T/Y ratio may have less of an impact on column performance than other design 

parameters such as longitudinal steel yield strength. However, having a value greater 

than one is clearly important. Further analysis, including the use of experiments or 

discrete crack widths, may be useful in obtaining a better understanding the impact of 

the T/Y ratio. 

• The column tests showed a distinct difference between the columns constructed with 

QST steel and micro-alloyed steel as discussed in the previous section. However, these 

differences could not be captured analytically. 

• Material tests showed that the ratio of ultimate strength to yield strength under cyclic 

loading degraded for the QST steel, but remained similar to the monotonic T/Y ratio for 

the micro-alloyed steel. This behavior manifested itself in a strength degradation in the 

column tests, and may also explain why the differences in extent of plasticity were more 

severe than expected. 

7.3 Future Work 

More column tests will assist in better understanding the performance of Grade 80 

reinforcing steel under seismic loads. Columns constructed with QST steel had promising 

performance, but their behavior was markedly different from those built with micro-alloying 

steel. This difference in cyclic behavior may need to be quantified for structural modeling. More 

columns consisting of both QST steel and micro-alloyed steel should be constructed with various 

detailing for comparison to Grade 60 columns and to establish the expected behavior of columns 
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constructed with Grade 80 reinforcing steel. From this, design limit states and recommendations 

could be made for the use of Grade 80 reinforcing steel in seismic design. More work is also 

needed into the effects of differing T/Y ratios. Other analytical studies, such as fiber-based 

modeling, could be helpful. The most beneficial research would be experimental projects where 

a wide range of T/Y ratios were used for comparison.   
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APPENDIX A: STRAIN VS. DISPLACEMENT HISTORIES 

  
(a) (b) 

  
(c) (d) 

Figure A.1 Strain vs. Displacement for Test 1 Fractured Bars 
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Note: data lost during bar buckling and fracture 

(a) 

  
            Note: data lost during bar fracture             Note: data lost during bar fracture 

(b) (c) 
Figure A.2 Strain vs. Displacement for Test 2 Fractured Bars 
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(a) 

 

Lost data for Bar S5 

(b) (c) 
Figure A.3 Strain vs. Displacement for Test 3 Fractured Bars 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure A.4 Strain vs. Displacement for Test 4 Fractured Bars 
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