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EXECUTIVE SUMMARY

Multiple regions worldwide are exposed to the combined effects of earthquakes and
severe cold weather. Such is the case in Alaska, USA, where temperatures can reach
sustained lows of -40°F (-40 °C) during the winter, while it is the most seismically active
state in the US. Including high-strength reinforcing steel in members expected to form plastic
hinges (i.e., bridge piers) requires a comprehensive understanding of the material's ability to
perform appropriately under these conditions. The primary concern is how temperature
affects stress concentration at the base of the reinforcing steel's deformations and how
different steel properties contribute to this effect. Aggravating the impact of stress
concentrations at the base of the reinforcing steel ribs can ultimately reduce the seismic
behavior of reinforced concrete structures. This research aims to incorporate high-strength
reinforcing steel into the seismic design of reinforced concrete bridges in cold seismic
regions by assessing its seismic behavior at low temperatures, accounting for factors such as
manufacturing processes and steel grades.

This research report presents an overview of motivation, research goals, methods,
experimental results, and recommendations on using HSRS in cold seismic regions. A
literature review was conducted to understand existing knowledge and identify research gaps
regarding the effects of low temperatures on the material properties of reinforcing and high-
strength steel, the low-temperature impact on the seismic behavior of reinforced concrete
bridge columns, and the available code regulations that account for temperature in the
seismic design of bridges. This research had a strong experimental component, divided into
a material-level evaluation and a member-level evaluation. The material-level assessment
focused on the impact of temperature on the tensile properties of high-strength reinforcing
steel and on stress concentrations at the base of the reinforcing steel, using tension and
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buckled bar tension tests on ASTM A706-22 grade 80 and grade 100 steel. The member-
level evaluation addressed the low-temperature effect on the seismic behavior of RC columns
reinforced with ASTM A706 grade 80 steel through quasistatic cyclic lateral loading tests.
Based on experimental observations, design recommendations for incorporating high-
strength reinforcing steel into the seismic design of bridges in cold seismic regions were

developed.
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CHAPTER 1. INTRODUCTION

1.1. High Strength Reinforcing Steel

In this study, "high-strength reinforcing steel" (HSRS) refers to reinforcing steel with
a specified yield strength of 80 ksi (550 MPa) or greater. Two main manufacturing processes
are available in the U.S. to produce HSRS: micro-alloying (MA) and quench-self-tempering
(QST). Micro-alloying involves adding small quantities of alloying elements to the steel-
making process. The most common alloying elements include titanium (Ti), niobium (Nb),
and vanadium (V). The proportions per alloy are typically 0.02-0.15% by weight of the total
steel composition. Micro-alloy additions lead to grain refinement and the precipitation of
nano-sized particles that restrict dislocation motion, the primary mechanism of plastic
deformation. Thus, the steel's yielding is delayed by limiting the mechanism that leads to
plastic deformation. (NIST, 2014; UK CARES, 2011). MA grade 80 bars can be
manufactured to meet the requirements of ASTM A706/706M-22.

In the quenched self-tempering process, water is sprayed rapidly to cool (quench) the
bars' surfaces after they leave the last rolling pass. The cooled outer layer undergoes a
martensitic transformation, in which heat from the warmer core tempers the outer shell of
the steel, increasing ductility and reducing brittleness in the hardened outer shell (self-
tempering). The slow cooling of the core generates a relatively lower-strength, more ductile
interior microstructure. The mechanical properties of QST steel result from the combination
of the bars' cross-sectional characteristics, including a tough exterior shell and a ductile core
(NIST, 2014; UK CARES, 2011). While the QST process is cheaper than the MA process,
the T/Y ratios tend to be near the lower limit required by ASTM A706/706M-22 (1.25).

However, QST bars with higher T/Y ratios are now available, which are obtained from small
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additions of micro-alloying elements (J. Selzer, Director of quality assurance and process

improvement at CMC, personal communication, 2024)

1.2. Background information and research motivation

ASTM A706 grade 60 steel is widely used for seismic applications in the United
States, as this type of steel exhibits material properties (uniform elongation, T/Y ratio) that
result in sufficient ductility and energy dissipation when placed in reinforced concrete
members. Extensive structural testing and implementation of ASTM A706 grade 60 steel in
codes have facilitated broad application in design. Nonetheless, HSRS is gaining popularity
in the construction industry due to mills' ability to produce and expand the availability of
higher-grade reinforcing bars, as well as the benefits of its use.

HSRS provides construction, cost, and environmental benefits to structures. These
benefits are attained by reducing the reinforcing steel required to achieve the necessary
sectional strength. HSRS helps alleviate steel congestion, often found in joints of seismic-
resistant structures, and reduces labor time and material transportation. Overcoming the
challenges associated with using this material helps provide engineers with additional tools
to develop more sustainable and cost-effective solutions while ensuring safe and reliable
structural designs.

In 2009, ASTM A706/706M-09 included chemical and mechanical specifications for
Grade 80 reinforcing steel. (ASTM International, 2009). These specifications for Grade 80
were adopted in 2011 in the Guide Specifications for LRFD seismic bridge design (2011) and
ACI318-11(AASHTO Guide Specifications for LRFD Seismic Bridge Design, 2nd Edition,
2011; ACI Committee 318, 2011). However, these standards limit grade 80 steel to capacity-

protected members due to uncertainties regarding seismic behavior.
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For the first time, ACI318-19 included grade 80 steel for special moment frames, based
on research showing comparable seismic performance to members reinforced with grade 60 steel.
Grade 100 steel remains limited to capacity-protected members. This step into the inclusion of
HSRS in the seismic design of structures hasn't been taken in the bridge design codes, and the
use of HSRS is not yet allowed for members expected to form plastic hinges. However, the
California Department of Transportation has assembled a ‘Grade 80 Implementation Team’ to
introduce the use of HSRS for plastic hinges, pending the outcome of current research.

Research conducted through large-scale tests and computational modeling of the cyclic
response of reinforced concrete (RC) has increased confidence in the performance of HSRS for
members expected to form plastic hinges. (Barbosa et al., 2016; Barcley & Kowalsky, 2019a; Li
et al., 2018; Manhard & Kowalsky, 2019; Rautenberg et al., 2012; Sokoli et al., 2020; Sokoli &
Ghannoum, 2016). Plastic hinge-forming members with HSRS have shown displacement
capacity similar to that of RC members reinforced with ASTM A706 grade 60 steel. On the other
hand, the energy dissipation capacity of RC members using HSRS has been shown to decrease.
Nonetheless, some authors relate this behavior to lower stiffness due to decreased steel area
(Barbosa et al., 2016; Trejo et al., 2014).

The predominant failure in well-detailed columns is bar buckling, followed by bar
fracture, which causes significant strength degradation (Barcley & Kowalsky, 2019a;
Manhard & Kowalsky, 2019). Buckling is a principal factor in bar fracture due to the
compressive strains generated along the bar cross-section from buckling-induced bending.
Stress concentrations at the base of the steel's deformations can lead to microcracks, initiating
bar fracture in the subsequent tensile cycle. (Restrepo-Posada et al.,, 1994; Sokoli &

Ghannoum, 2016).
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Research conducted by Barcley & Kowalsky (2019a, 2020), Manhard & Kowalsky
(2019), and Thangjitham & Kowalsky (2023) have shown that the reinforcing steel's ability
to sustain buckling-induced bending strain (BIBS) is influenced by factors that affect strain
concentrations at the base of the deformations, such as the chemical composition and
manufacturing process of the reinforcing steel, the ratio of rib height to rib radius at the base
of the deformations, and the manufacturing processes. Reinforcing steel with reduced ability
to resist BIBS may reduce the displacement ductility of members reinforced with it.

The information available on the seismic behavior of HSRS is limited to room
temperature conditions. However, regions around the world, including the Northwest United
States, Northwest Canada, Northeast Russia, northern China, and Japan, are exposed to low
temperatures and earthquakes. In the United States, for example, Alaska stands out as the
most seismically active state and a region where winters routinely achieve sustained
temperatures as low as -40°F (-40°C).

The primary concern regarding low temperatures is the potential impact on existing
strain concentrations at the base of the ribs, which could lead to earlier fracture than in
conventional steel and further reduce displacement capacity. Paving the way for using HSRS
in cold seismic regions requires a comprehensive understanding of the effect of low
temperature on steel's material properties and the strain demand and capacity of HSRS in RC

members.

23



1.3. Research objectives

This research aims to understand the impact of low temperatures on the seismic
behavior of HSRS, develop design recommendations, and incorporate HSRS into bridge
design in cold seismic regions. To accomplish the research goals, a material-level evaluation
and large-scale testing (member-level) were conducted to develop design recommendations.

The objectives of these phases are summarized below.

1.3.1. Material level objectives
1. Address the low-temperature effect on the tensile properties of ASTM A706 grade
80 steel and grade 100 steel using monotonic tension tests on reinforcing steel bars at
temperatures varying from 72°F to -40°F (22 °C to -40°C).
2. Evaluate the low-temperature effect on the critical bending strain of ASTM A706
grade 80 and grade 100 steel, by conducting buckled bar tension tests (BBT Test) at 72°F

and -40°F (22 °C and -40°C).

1.3.2. Large-scale testing (member level) objectives

1. Evaluate the impact of the temperature on the seismic behavior of RC columns
reinforced with MA and QST ASTM A706 grade 80 steel by large-scale quasi-static lateral
cyclic loading tests varying from 72°F to -40°F (22 °C to -40°C). Specifically, address how
different manufacturing processes and temperatures affect the global and local responses of
the RC members, including the force-displacement response, the spread of plasticity, the
strain profiles, the strain limit states associated with damage progression, and the base
curvatures.

2. Evaluate the impact of the manufacturing process of the reinforcing steel (MA and

QST ASTM A706 grade 80 steel) on the seismic behavior of RC columns tested at low
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temperatures and its susceptibility to brittleness under different confinement levels (using

two ratios of transverse steel).

1.3.3. Design objectives
1. Develop recommendations to account for the impact of the temperature on the
mechanical properties of HSRS for structural analysis and seismic design of bridge columns
using HSRS, such as plastic hinge reduction factors, expected material properties, and

preferred manufacturing process (if any).

1.4. Document layout

Chapter 1 introduces the research report, including the definition of HSRS, the
research background and motivation, and the research objectives; finally, the chapter
explains the scope of the document.

Chapter 2 summarizes the main findings obtained from the literature review on the
effect of low temperature on the seismic behavior of HSRS. This chapter includes
information and research gaps on the impact of low temperatures on the material properties
of high-strength and reinforcing steel, on the seismic behavior of RC columns reinforced
with ASTM A706 grade 60 steel, and on temperature-based code requirements for the
seismic design of RC structures.

Chapter 3 presents an overview of the research plan proposed to address the seismic
behavior of HSRS at low temperatures. The project is divided into two experimental phases:
material-level evaluation, large-scale testing (member-level), and the development of design
recommendations. These phases are introduced and explained in the chapter, and the details

of each phase are expanded in the corresponding chapter.
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Chapter 4 explains in detail the methods followed for the material-level evaluation of
HSRS. It also presents experimental programs, setups, and specimen definitions. In addition,
results on the BBT and Tension tests are presented and analyzed in this chapter.

Chapter 5 presents the methods for the member-level evaluation conducted to address
the impact of temperature on the seismic behavior of RC columns using HSRS. This chapter
contains the experimental program, a description of the RC columns specimens and
construction process, the testing methods: experimental setup, instrumentation, test
predictions, and loading protocol, and the experimental observations of the 6 columns tested.
This chapter concludes with a discussion of the observed impact of low temperature on HSRS
and the influence of manufacturing processes on the low-temperature seismic behavior of
RC columns tested with HSRS.

Chapter 6 presents the conclusions from the experimental observations in this study
and recommendations for incorporating HSRS into the seismic design of bridges exposed to

the combined action of earthquakes and low temperatures.
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CHAPTER 2. LITERATURE REVIEW

A literature review was conducted to identify the research gaps and existing
knowledge on the seismic behavior of HSRS at low temperatures. It was found that this
subject was not directly addressed in the available literature. However, information was
collected on the low-temperature effects on the material properties of reinforcing and high-
strength steel, the low-temperature impact on the seismic behavior of reinforced concrete
bridge columns using ASTM A706 grade 60 steel, and the available code regulations for
accounting for temperature in the seismic design of bridges. An extensive literature review
report was submitted to AKDOT&PF in October 2022 (Otalora & Kowalsky, 2022);
therefore, this chapter summarizes the main findings from the literature review report.
Further details can be found in the literature review report.

2.1. Low-temperature effect on the material properties of reinforcing and high-
strength steel

Past research at the material scale focused on the effect of the temperature on the
tensile properties (i.e., yield, tensile strength, modulus of elasticity, and elongation capacity),
impact toughness, and brittleness of high-strength steel and mild reinforcing steels. Previous
studies (Elices et al., 1986; Filiatrault & Holleran, 2001; Kunitake et al., 1979; Levings &
Sritharan, 2012; Liu et al., 2014; Perez-Martin et al., 2019; Xie et al., 2018; Yan et al., 2014,
2021; Yan & Xie, 2017) showed that high-strength steel and mild reinforcing steels presented
a gradual increment of the yield and tensile strength as the temperature dropped. In contrast,
the modulus of elasticity and elongation capacity were minimally correlated with

temperature.

27



Among the more relevant studies to this research, Levings & Sritharan, (2012), L.
Montejo et al. (2009a), and Sloan et al. (2005) evaluated the effects of the cold temperature
on the properties of ASTM A706 grade 60 reinforcing steel for applications in cold seismic
regions.

Sloan et al. (2005) conducted tensile test on ASTM A706 grade 60 bars using

approximate temperatures of -4°F (-20°C) and 68°F (20°C). The effect of strain rates on the
tensile response of the steel was evaluated using earthquake-type strain rates, ranging from
0.01 s t0 0.001 s, In this study, the specimens had a diameter of 5/8 in and a length of 4 in
between grips. This research was conducted without temperature control. The specimens
were cooled using dry ice and subsequently tested. Therefore, the specimens' temperature
increased during the tests because they were exposed to room temperature.
(Sloan et al., (2005) reported that the yield and tensile strength increased by 8% and 10%,
from 68°F (20°C) to —4°F (—20°C), with no impact on the elastic modulus. The elongation
at maximum stress (uniform elongation) of the cold specimens decreased by 7.9% at low
temperatures in tests conducted at a strain rate of 0.01 s™'. At lower strain rates, the uniform
elongation was not significantly affected. This may have been a consequence of the
specimens warming up with the slower strain rate.

Similarly, Filiatrault & Holleran, (2001) studied the combined effects of
characteristic seismic strain rates and low temperature on the tensile properties of reinforcing
steel with 58 ksi yield strength. They evaluated the uniaxial response of reinforcing steel
coupons at quasi-static and seismic strain rates (up to 0.1 s™) and temperatures of 68°F
(20°C), -4°F (-20°C), and -40°F (-40°C). The steel coupons had a diameter of 0.24 in and

were all machined from a single 39 ft. long deformed bar with a nominal diameter of 5/8 in.
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Filiatrault & Holleran, (2001) observed that at low temperatures and high strain rates,
the yield strength and tensile strength of the reinforcing steel increase, as shown in Figure
2-1. The yield strength and tensile strength tested at a strain rate of 0.1s™! and a temperature
of -40°F (-40 °C) increased by about 20% and 10%, respectively, compared with the
specimens tested at a quasi-static strain rate (0.000080 s') and room temperature 68°F
(20°C). Filiatrault & Holleran, (2001) Also observed that low temperatures might increase
the effect of the strain rate on the yield strength, as can be noticed in Figure 2-1, in which the
trend line slope between the yield strength and the strain rates increases as the temperature
decreases. The temperatures and strain rates did not significantly affect the elastic modulus

and the elongation at the maximum strength.
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Figure 2-1 Variations of yield and tensile strength of reinforcing steel under different temperatures and strain

rates. (Filiatrault & Holleran, 2001)

Montejo et al. (2008) represent the temperature effect on the yield and tensile strength
using the results obtained from Filiatrault & Holleran, (2001) and Sloan et al., (2005)
considering a 10% strength increase from -4°F (-20°C) to -40°F (-40°C), with a linear

variation from 0°F (32°C) to -4°F (-20°C). This model is presented in Figure 2-2.
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Figure 2-2 Variation in the yield and tensile strength of the reinforcing steel in a temperature range of 68°F
(20°C) to —40°F (—40°C) (L. Montejo et al., 2008)

Furthermore, Levings & Sritharan (2012) studied the effect of low temperatures and
strain rates on the tensile properties of ASTM A706 grade 60 reinforcing steel. The properties
evaluated were yield and tensile strength, elastic modulus, and elongation at fracture,
according to ASTM E8/E8M. The gauge length for the measurement of the elongation at
fracture was not specified. Tensile tests were conducted on 3ft long deformed bars with
nominal diameters of 6/8 in and 1 in. The temperatures and strain ranges evaluated ranged
from 68°F (20°C) to —40°F (—40°C) and 0.003 m™ to 0.3 m™ (0.00005 s to 0.005 s!),
respectively.

At a quasistatic strain rate (0.003 m™), the yield and tensile strength of the ASTM
A706 grade 60 increased by 5.1% and 6.3%, respectively, from 68°F (20°C) to —40°F
(—40°C). Levings & Sritharan, (2012) noticed that the yield and tensile strength increased
progressively as the temperature decreased. They observed higher yield and tensile strengths
even at temperatures higher than 32°F (0°C). Levings & Sritharan, (2012) represented the
temperature effect on the yield and tensile strength in a quadratic function (Figure 2-3),

which differs from the trend presented by Montejo et al., (2008) in Figure 2-2.
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Levings & Sritharan (2012) observed that higher strain rates increased yield strength
and tensile strength. Changing the strain rate from 0.003 min"' to 0.3 min" increased the
yield and tensile strength by 3% and 1.67%, respectively, at —4°F (=20°C). Higher strain
rates seem to increase the effect of the low temperatures on the yield and tensile strength (as
observed by Filiatrault & Holleran (2001)), leading to higher values. The elastic modulus

and the elongation at fracture remain almost constant under both temperature and strain-rate

effects.
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Figure 2-3 Effect of cold temperature on the a) yield strength and b) tensile strength. (Levings & Sritharan,
2012)

Elices et al., (1986), and Kunitake et al., (1979) also evaluated the effect of bar
geometry and manufacturing processes on reinforcing steel's tensile properties. Stress
concentrations in ribbed bars and bars with superficial imperfections (notches) were shown
to decrease the strength of the bars as the temperature dropped. In addition, the
manufacturing process significantly influenced the strength and elongation capacity of
reinforcing steel at low temperatures. However, these studies were conducted in the 1980s

using specific manufacturing methods that do not reflect current manufacturing practices

(MA and QST).
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On the other hand, several Charpy V-notch tests have been performed on high-
strength and reinforcing steel to evaluate their impact toughness at low temperatures. For
example, Hyvonen (1985), Liu et al., (2014), Mori et al., (1984), Morimoto et al., (1982),
Rodriguez-Martin et al., (2007), Tong et al., (2018) showed that the high-strength and
reinforcing steel's energy absorption capacity decreases with decreasing temperature. In
addition, microstructural studies of the fracture surfaces of Charpy V-notch specimens
showed a shift in failure mode from ductile to brittle as temperature decreased; however, this
tendency was not evident in the tension tests.

One of the biggest concerns when using high-strength reinforcing steel at low
temperatures is the contribution of stress concentrations to the bars' brittleness. Most of the
studies performed on high-strength steel and reinforcing steel reported a predominance in
ductile failures within our interest range (until -40°F, -40°C) (Elices et al., 1986; Filiatrault
& Holleran, 2001; Levings & Sritharan, 2012; Liu et al., 2014; Perez-Martin et al., 2019;
Yan et al., 2014, 2021; Yan & Xie, 2017). These studies analyzed the failure modes of bars
subjected to pure tension. Research on the buckling behavior of reinforcing steel subjected
to low temperatures was not identified. Understanding this topic is essential because buckling
1s a principal failure mechanism in seismic-resistant reinforced concrete members. (Barcley

& Kowalsky, 2019b; Restrepo-Posada et al., 1994).

2.2. Seismic behavior of reinforced concrete bridge columns at low temperatures

To the author’s knowledge, no studies have examined the seismic behavior of high-
strength steel reinforced concrete columns at low temperatures, and few have evaluated the
lateral cyclic loading behavior of large-scale reinforced concrete columns at low

temperatures. For example, Sritharan et al. (2007) addressed the effect of subfreezing
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temperatures on soil-structure interaction. They found that frozen soil conditions relocate the
plastic hinge and decrease the plastic hinge length in cast-in-drilled-hole (CIDH) foundation
shafts, decreasing lateral displacement capacity. In addition, a research program was
conducted at North Carolina State University to assess the impact of low temperature on the
seismic behavior of reinforced concrete columns using ASTM A706 grade 60 steel. (L.
Montejo et al., 2009b, 2009a; Sloan et al., 2005).

The studies conducted by Montejo et al. (2009b, 2009a); and Sloan et al. (2005)
included the quasistatic lateral loading test of seven pairs of RC columns at room temperature
and low temperature, including shear and flexurally dominant RC columns and RCFST
columns. These studies showed that RC columns tested at temperatures of -40°F (-40°C) and
—4°F (-20°C) exhibited higher strength and reduced spread of plasticity than those tested at
room temperature (72°F (22°C)).

Sloan (2005) showed that the drop in the temperature increased the flexural strength
by 7.9% and 13% at temperatures of -4°F (-20°C) and -40°F (-40°C), respectively. In
addition, the column displacement capacity was also affected by low temperatures. The
column drift, before the steel fracture, decreased from 5.97% at 74°F (23°C) to 5.39% and
5.32% at -4°F (-20°C) and -40°F (-40°C), respectively. Similarly, Montejo et al. (2009b)
observed that the flexural strength increased by 14% in the cold specimen compared with
specimens tested at room temperature. However, he did not observe that subfreezing
conditions significantly affected the columns' displacement capacity. Nonetheless, the failure
of the cold specimen appeared more brittle.

Although the increase in the flexural strength led to an increase in the shear demand
of the element when subjected to cold temperatures, Montejo et al. (2009b) showed that the

shear capacity of the columns increased at a higher rate, overcoming the increased shear

33



demand. Therefore, shear failures were not identified as a concern for well-detailed columns
subjected to the combined effects of earthquakes and low temperatures.

Another important observation was that the spread of plasticity decreased with lower
temperatures, as higher curvatures were concentrated over a smaller distance from the base
(Figure 2-4). As a result, the equivalent plastic hinge length was 36% lower than the one
obtained at room temperature. Figure 2-5 presents the change in the equivalent plastic hinge
length as a function of temperature for different displacement ductility levels for the

flexurally dominant specimens tested by Montejo et al., 2009b .

[in]

0.16 Q' 15.7 31.5 47.2 63 ,
| ‘.\ push
A
1
0.08 I
_ |
E 3 —
= Ot e —,c
= ! o 422¢|| T
0.08} 1 —A—: 1 -36C ||o
—B—: 14 +22°C
Ty
It pull - :,4-36TC
0.16—YX : - : | 4
0 400 800 1200 1600

distance from base [mm]

Figure 2-4 Curvature profiles of the conventionally reinforced columns FL-89A and FL-89C. (L. Montejo et
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Figure 2-5 Equivalent plastic hinge lengths for the reinforced columns FL-89A and FL-89C. (L. Montejo et
al., 2009a)
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Moreover, Montejo et al. (2009b, 2009a), Montejo et al. (2008), and Sloan et al.
(2005) observed that low temperatures did not affect the energy dissipation capacity of the
members reinforced with ASTM A706 grade 60 steel. However, prior research has shown
that high-strength reinforcing steel reduces energy dissipation at room temperatures.
(Barbosa et al., 2016; Barcley et al., 2019; Manhard & Kowalsky, 2019; Rautenberg et al.,
2012; Trejo et al., 2014). This indicates that further research is needed to analyze whether
the lower temperature aggravates the change in the energy capacity of high-strength
reinforced columns.

Reductions in displacement capacity due to stress concentration at the base of the
reinforcing steel’s ribs, the spread of plasticity, and the energy dissipation capacity are
among the main concerns to be addressed in the structural-level assessment of the seismic

behavior of HSRS at low temperatures.

2.3. Temperature-related code regulations

National seismic design codes have not directly accounted for the effects of low
temperatures on structures' seismic behavior, resulting in a lack of guidance on design
practices in cold seismic regions. As a result of research and years of experience, Alaska
DOT&PF developed the Alaska Bridges and Structures Manual to provide design guidelines
that bridges and structures under the responsibility of Alaska’s DOT&PF (Alaska Bridges
and Structures Manual, 2017).

The design procedures in the manual are displacement-based; therefore, special care
is given to estimating material properties to predict the structure’s behavior accurately. Table
2-1 presents low-temperature strength factors that should be applied to the expected material

properties and modifications to the analytical plastic hinge length (Alaska Bridges and
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Structures Manual, 2017). These requirements were provided by Montejo et al. (2010), who
conducted pushover analyses and calibrated fiber-based lumped plasticity models with
experimental results to develop the design recommendations, and should be applied to
structures in regions where temperatures below -4°F (-20 °C) are reached. These
modification factors are limited to ASTM A706 grade 60 steel, and further research is needed
to develop design recommendations incorporating HSRS in cold seismic regions.

The manual also specifies in Section 17.6.4 that frozen soil stiffness should be
included in the lateral analysis of foundations and substructures. Seasonal soil freezing has
been shown to alter the fixation conditions between the soil and deep foundations, leading to
plastic hinge relocation and affecting the seismic behavior of bridges (Alaska Bridges and

Structures Manual, 2017).

Table 2-1 Low-temperature-based requirements for earthquake-resisting members.(Alaska Bridges and
Structures Manual, 2017)

Properties Low temperature-based modifications Section
f'.e = expected concrete compressive strength feecotd = 1.4 X e 18.3
fy. = expected yield stress of steel fye-cod= 1.1 x fye 18.3
fu. = expected tensile strength of steel fue-cold= 1.1 x fi¢ 18.3
L, = analytical plastic hinge length Lp-coa=0.6 X Ly 18.3
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CHAPTER 3. RESEARCH PLAN

The experimental program includes material-level and large-scale evaluations to
understand how temperature affects the seismic behavior of HSRS. It investigates whether
parameters help the steel maintain better performance at low temperatures (i.e., one
manufacturing process over the other) and to what extent the material and member-level
properties change.

Three phases are proposed for this study: 1) A material-level characterization of the
HSRS at temperatures ranging from 72°F to -40°F (22°C to -40°C) employing buckled bar
tension tests and monotonic tension tests. 2) A member-level characterization of the seismic
response of HSRS at room and low temperatures through large-scale quasi-static cyclic
lateral loading tests on RC columns. 3) Develop design recommendations to incorporate
HSRS in cold seismic regions using the information obtained from this research's
experimental and analytical phases. The detailed methods proposed per phase will be
expanded in the following chapters. Table 3-1 presents a general scheme of the methods
followed in each phase.

In the experimental phase of this study, HSRS from two of the largest reinforcing
steel producers in the US is evaluated at temperatures ranging from 72°F to -40°F (22°C to
-40°C). The experiments include ASTM A706 grade 80 steel manufactured by NUCOR,
which primarily produces MA reinforcing steel, and CMC, which leads the QST steel

production. ASTM A706 grade 100, made by NUCOR, is also evaluated at the material level.
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Table 3-1 Research approach overview.

1. Material level
evaluation

2. Large-scale
testing

BBT Test Monotonic Tension Test
Specimens:
-ASTM A706
Grade 80 and
. Grade 100 steel Parameters:
Specimens: Parameters:
ASTM A706 ) Properties to
Grade 80 - Manufacturing evaluate: -Nominal strength
process RV
) (MA and QST) Yle.ld strength (Grade 80 and Grade 100)
Properties to -Ultimate
evaluate: strength
. . - Temperature g R
Critical bending (-40°F and 72°F) -T/Y ratio (E%I;ptera;tzli;e)
1 0, [} 1 - 0
strain (-40°C and 22°C) -Ela.stlc Modulus (-40°C to 22°C)
-Uniform
elongation
Quasi-static lateral cyclic loading column test
Parameters:
-Manufacturing Properties to evaluate:
. process
Specimens: (MA and QST)
6 RC COlumf‘S -Force-displacement
reinforced with -Temperature

ASTM A706 Grade
80 steel

(-40°F to 72°F)
(-40°C t0 22°C)

-Transverse
steel spacing
(2 inches and 4
inches)

response
-Displacement capacity
-Spread of plasticity
-Curvature profiles

3. Conclusion and Development of Design Recommendations
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CHAPTER 4. MATERIAL LEVEL EVALUATION
4.1. Definitions
Bending strain, €b: Strain resulting from buckling at the section of maximum
curvature of a buckled bar. When a bar is subjected to compression and buckles, the bar’s
state of strain is a combination of axial compressive strain and bending strain from buckling,
as illustrated in Figure 4-1.

State of — ;t
Strain: .

Bend Axial Combined

= Z 724

Figure 4-1 State of the strain of a buckled bar. (Barcley & Kowalsky, 2019)

Critical bending strain, ebc: Bending strain from buckling that leads to a brittle
failure mode of reinforcing steel upon loading to tension.

Uniform Elongation, UE: Elongation at the maximum tensile force that the
reinforcing steel specimen measured just before necking, fracture, or both.

Elongation at fracture, EF: Elongation measured just before the sudden decrease in
force associated with fracture. This is calculated over a defined gage length that includes the
fracture.

Elongation after fracture, EAF: Elongation measured by fitting the two halves of
the fractured specimen together. This is calculated over a defined gage length that includes
the fracture.

The EAF and the EF are not interchangeable because of differences in precision in

obtaining each measurement.
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Bar length, L: Clear length of the bar measured between the grips when the specimen
is in place for testing.

Bar diameter, Db: Nominal diameter of the reinforcing steel specimen.

Axial displacement, Aaxial: It corresponds to the total axial displacement applied in

compression to achieve the desired buckling level in the specimen.

4.2. Methods

The effect of low temperatures on the mechanical properties of ASTM A706 grade
80 and grade 100 bars was assessed using BBT tests and monotonic tension tests. As
previously discussed, the critical bending strain is affected by stress concentrations, which
can be exacerbated by low temperatures. BBT tests were conducted to evaluate how factors
that influence stress concentrations, such as the manufacturing process and bar geometry,
impact the critical bending strain of HSRS at 72°F and -40°F (22°C and -40°C). Additionally,
tension tests were conducted to evaluate how temperatures ranging from 72°F to -40°F (22°C
to -40°C) affect the tensile properties of HSRS, including yield and strength, T/Y ratio,
elastic modulus, and uniform and ultimate elongation. The experimental program followed
for the material characterization of HSRS at low temperatures is presented in Table 4-1.
Table 4-2 presents the evaluation goals assigned to the references stated in Table 4-1.

The experimental program for evaluating the material-level properties of HSRS at
low temperatures required special considerations. These included designing and building a
low-temperature testing setup, selecting the appropriate geometry to achieve testing
objectives at room and low temperatures, and defining a measurement system. These
considerations are presented in detail in this section, along with a description of the methods

used to conduct the BBT tests and the tension test.
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Table 4-1 Material-level experimental program.

M f. B
Ref. Grade ant ar Test Evaluation Temperatures °F [°C]
process  Surface
i . 72, -40
1 80* MA  Ribbed BBTTest Cntcal bending
strain [22’ _40]
. . 72,41, 14, 5, -4, -40
) R0* MA Ribbed Tension Mechan%cal
Test properties 22,5, -10, -15, -20, -40]
L . 72, -40
3 80 MA  Smooth BBT Test  Chucal bending
strain [22’ _40]
- . 72, -40
4 80 QST Ribbed BBTTest  Cnitical bending
strain [22’ _40]
. . 72,32, -4, -40
5 100 MA Ribbed Tension Mechamcal
Test properties [22, 0, 20, -40]

* Steel designation: ASTM A706/A706M - 22a

Table 4-2 Evaluation goals of the material-level experimental program.

Evaluation goal Refs.
Effect of the Manufacturing Process and Temperature on the Critical Bending Strain of land 4
HSRS.
Effect of the Bar Geometry and Temperature on the Critical Bending Strain of HSRS. 1 and 3
2and 5

Effect of the Strength and Different Temperatures on Mechanical Properties of HSRS.

4.2.1. Experimental Setup: Liquid Nitrogen Cooling System

A liquid nitrogen (LN) spray cooling system was built and adapted to a uniaxial 110

kip (500 kN) Universal Testing Machine (UTM). The system consisted of a 230L LN Dewar,

which supplied LN through a 3/8" cryogenic hose. The hose was connected to a 120V AC

1/8" solenoid valve that opened and closed to spray LN into an insulated box. A 120V PID

Temperature Controller monitors the box's internal temperature through a thermocouple and
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sends 'open' and 'close' signals to the solenoid valve to hold the desired temperature. The
insulated box was placed on the UTM surrounding the specimen. Table 4-3 lists the materials
utilized to build the cooling system, and a scheme of the system is shown in Figure 4-2. Two

Type T thermocouples were used to record the temperature of the specimens during the test.

Table 4-3 Cooling system components.

Part Function
22 PSI Liquid Nitrogen Tank (230L) Supply LN to the system.
Cryogenic Hose 120" Length Armor 3/8" Transfer LN from the tank to the insulated box
Cryogenic Solenoid valve 1/8" 120V AC Control LN flows into the system.
PID Temperature Controller 120V AC Regulate the temperature of the system.
235 PSI Safety Pressure Relief Valve 1 Protect the system from pressure buildup risk.
Nitrogen Candy Cane & T Pressure 1 Protect the system from pressure buildup risk.
Type T - Thermocouples Measure temperature.
Foam Insulated Box Insulate the specimen.

i

PRESSURE | | |
RELIEF VALVE
235 PSI
TRANSFER LINE
CRYOGENIC HOSE 3/8"
CONTROLLER
PR
SOLENOID 22 psi
VALVE LIQUID NITROGEN TANK
230 LITERS

INSULATED BOX

Figure 4-2 Scheme of the liquid nitrogen spray cooling system.
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Two types of insulated boxes were designed to meet the specific test requirements.
The insulated box built for the BBT test consisted of two separated top and bottom boxes
placed on each other with an air gap of %" between them (Figure 4-3). The flexible box
allowed relative movement between the top and bottom portions, adapting to the specimen's
vertical projection as the bar is compressed and then pulled into tension. The insulated box
for the tension test setup consisted of a single insulated foam box with an "opening door"
that allowed access to the specimen for placing the extensometer (Figure 4-4). The tension

test box contained an 188 CFM inline fan to ensure a homogeneous temperature distribution.

Temperature
acquisition system

Figure 4-3 Experimental setup for low-temperature buckled bar tension test.
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Figure 4-4 Experimental setup for low-temperature monotonic tension test.

4.2.2. Buckled Bar Tension Test
4.2.2.1. Test description
The BBT test (Barcley & Kowalsky, 2019a) is a material test that simulates the
loading conditions of buckled bars in RC columns subjected to earthquakes by applying
compressive and tensile loads on a reinforcing steel specimen in a UTM. The BBT test
sequence consists of buckling a reinforcing bar to a predefined ¢, level and pull in tension

until fracture, as shown in Figure 4-5.
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Figure 4-5 Buckled bar tension test sequence.

Two failure mode definitions are considered in the BBT test: ductile and brittle. The
nature of the failure is related to measurements of bar elongation capacity, such as uniform
elongation (UE), elongation at fracture (EF), or elongation after fracture (EAF), as previously
defined. Ductile fractures correspond to elongation capacity measures numerically close to
the ones obtained through the monotonic tension test, characterized by the presence of
necking. In contrast, brittle fractures correspond to elongation capacity measures
approaching zero with flat fracture surfaces.

The main objective of the BBT test is to identify a relationship between the induced
bending strain and the transition of the failure mode. To do so, multiple bar samples of the
same characteristics should be subjected to increasing levels of buckling-induced ¢,
controlled by a compressive axial displacement and subsequently pulled to tension until
fracture, to characterize the failure mode. The critical bending strain, ebc, is obtained by a
scatter plot of the &5, and the elongation capacity measure of each bar to identify the failure
mode transition strain. The ebc corresponds to the failure mode transition range, limited by

the last ductile and first brittle fractures observed within the samples in the scatter plot.
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The original procedure for the BBT test requires the use of a 3D optical, non-contact
measuring system, such as the Optotrak Certus HD, to obtain the strains of the specimens
from the relative displacements of the sensors and to record the deformed shape of the bar
during the test. However, the low-temperature setup required an alternative procedure, as the
insulated box limited the vision of the sensors, making the use of the optical measurement
system infeasible. Therefore, an alternative method was proposed, and it is presented later in
this section as the "BBT Test Simplification." The BBT Test simplification was proposed
based on hand measurements and on empirical equations developed for each set of specimens
from the room-temperature results. The original and the proposed BBT test procedures are

expanded next.

4.2.2.2. Original BBT test procedure for room temperature

Specimen preparation

LED caps were glued every 0.8 in (2cm) along the reinforcing steel specimen at least
24 hours before the test (Figure 4-6 top). The caps were glued using Dow Corning 3140 RVT
silicone coating. Before placing the LED caps, the bar's surface was cleaned of oil, wax, dirt,
and rust using a wire brush. LED sensors were placed directly on the LED caps at the

beginning of each test to record their position throughout the test (Figure 4-6 bottom).

B\ 9! 0‘_ @h 0 0\ @, ®~

Figure 4-6 LED caps (top) and markers (bottom) on a reinforcing steel specimen.
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Computations

Bending strain, g

The ¢, is computed using the deformed shape of the bar, which is obtained by the
LED sensor readings at the predefined buckling level applied to the specimen. The curvature
of the section is related to the deformed shape of the bar at the neutral axis, w(x), following
Euler-Bernoulli beam theory Eq. (1). As the slope of the section of maximum curvature
approaches zero, the expression to obtain the curvature can be simplified to Eq. (2). The ¢,
is then obtained by multiplying the curvature by the bar's radius (Db/2), as shown in Eq. (3).

d?w
dx?

14 (d_W)2 32 Equation (1)
dx

(p:

d*w Equation (2)

2 Equation (3)

Elongation

The UE and EA are obtained from stress-strain results using elongations measured
over an 8-gage length with the optical instrument system at peak strength and fracture,

respectively, according to the definitions stated at the beginning of this document.

4.2.2.3. BBT test simplification for low temperatures
As mentioned before, the low-temperature experimental setup precluded the use of
optical instrumentation because the insulated box obstructs visibility of the specimens. A

simplified method was proposed to address this. The simplification involves two aspects:
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first, a calibrated equation developed by polynomial fit from experimental results relating to
the bar's g,to the axial displacement, A,,;,;, of the UTM. Secondly, marks placed at defined
intervals on the reinforcing steel specimen to obtain UE and EAF according to the methods
proposed in the ASTM A706M-22a and ASTM A370-20, respectively (ASTM A370-20.
Standard Test Methods and Definitions for Mechanical Testing of Steel Products, 2020;
ASTM International, 2022). The specimen preparation and computations to obtain €, UE,

and EAF are presented below.

Specimen preparation

The low-temperature specimens required manual marks to be placed every 0.8 in
along the reinforcing steel bar to compute the UE and EAF. Although ASTM 370-20
suggests punches, this option was avoided due to concerns about the homogeneity of the
punches' depths and the possibility of generating additional stress concentrations along the
bar. Due to this, marks were placed using ink markers on the longitudinal rib. The specimen
surface was sandblasted to remove mill scale and prevent loss of ink marks as the bar
elongated during the test.

Before each test, the bar specimens were pre-cooled in a chest freezer at -4 °F (-20
°C), placed on the UTM for testing, and conditioned to the desired temperature using the LN
Spray cooling system for 20 min to ensure a homogeneous temperature throughout the

specimen.
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Computations

Empirical equations to obtain &, at Low-temperature for BBT tests
Experiments conducted by Barcley & Kowalsky (2019) showed a correlation
between the €, and the A,,;4;- Eq. (4) was obtained from this correlation through a second-

order polynomial fit, as shown in Figure 4-8.

D
—

J [

Figure 4-7 Parameters used in the BBT test simplifications.

BRET Test Points
Trend Line
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y = 0.096x° + 0.329x - 0,031
R’ =0.96

0 1 2 3 4
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Figure 4-8 Axial displacement versus bending strain. (Barcley & Kowalsky, 2019).

2

L L _
Agxiai= 0.096 (E eb) + 329 (E gb) —0.031 Equation (4)

However, Eq. (4) was derived from 133 experimental results from specimens with
L/Db ranging from 8 to 16, with most specimens' L/Db between 8 and 11. For the ASTM

A706 Ribbed MA and QST Grade 80 (references 1 and 4 in Table 4-1), 28 #6 bars with an
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L/D ratio of 13.33 were tested at room temperature. The L/Db of the tested bars varied from
that used to develop Eq. (4), resulting in a significant variation when obtaining &;,. Because
of the equation's sensitivity to the L/Db ratio, empirical equations were derived from room-
temperature results.

The room temperature results on ASTM A706 ribbed MA and QST Grade 80 showed
a linear correlation between the A,,;,; and the &,. of the specimens, as presented in Figure
4-9, which were used to develop the empirical equation to process the BBT data at low

temperature, as presented in Table 4-4.

Table 4-4 Empirical equation developed for low-temperature BBT tests.

Empirical equation Specimen descriptions Ref* Graph
L . Ribbed MA and QST .
Agyia= 0.5451 (B gb) —0.2775 Equation (5) Grade 80 1,4 Figure 4-9
* Reference from Table 4-1
MA m QST — Linear regression
3.0
] :
— 25 r
S -
= i
< 20
- C
= i
= 1.5 ¢
> C
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=1 B
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Figure 4-9 Axial displacement versus bending strain times L/D ratio for the room temperature BBT test
results on Ribbed MA and QST Grade 80 (Reference from Table 4-1).
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Elongation

For the simplified BBT method, the UE and EAF were obtained manually from the
marks placed on the specimen after rupture. The UE was obtained following the manual
method presented in ASTM A706-22a A2.2. Meanwhile, the elongation after fracture (EAF)
was obtained by fitting the two broken portions of the specimen and measuring the

deformation over an 8-inch gauge, as specified in ASTM A370-20 14.4.

4.2.2.4. BBT Test program
As mentioned at the beginning of this section, BBT tests were performed on ASTM
706-22a MA and QST ribbed grade 80 bars and MA smooth bars. The test matrix for the
BBT tests is presented in Table 4-5. It is important to recall that the objective of the BBT test
experimental program is to directly address the effect of temperature on ebc across different
steel properties, such as manufacturing processes (MA and QST) and geometries (Ribbed
and Smooth bars). Therefore, each group of specimens is evaluated at both low and room

temperatures, ensuring that temperature remains the single variable.

Table 4-5 Test matrix for the BBT test program.

Ref. * MILL  Bar Size (IZi) Geometry Ma';)“rf)a:;s“s““g TeTIf,’ ‘(’cfzt)“re
I NUCOR  #6 80 Ribbed MA 40 (-40)
1 NUCOR  #6 80 Ribbed MA 72 (22)
3 NUCOR  #6 80 Smooth MA -40 (-40)
3 NUCOR  #6 80 Smooth MA 72 (22)
4 CMC  #6 80 Ribbed QST -40 (-40)
4 CMC  #6 80 Ribbed QST 72 (22)

*From Table 4-1
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4.2.3. Monotonic Tension Test
4.2.3.1. Test description

The monotonic tension test subjects a reinforcing steel specimen to pure tension by
pulling it in a UTM until fracture occurs. The force and elongation are measured and recorded
during the test to obtain the specimens' material properties. The tension test follows the
specifications in the ASTM A370-20 (ASTM A370-20. Standard Test Methods and
Definitions for Mechanical Testing of Steel Products, 2020) and the ISO 6892-3 (ISO 6892-
3:2015 - Metallic Materials — Tensile Testing — Part 3: Method of Test at Low
Temperature, n.d.) for test methods on tensile testing at low temperatures in Metallic
Materials.

The geometry of the reinforcing steel specimen was selected in accordance with
ASTM A370-20 for a 2-inch gage length, as explained later in this chapter. An Epsilon 3542
with a 2-inch gage was utilized to measure the elongation in the test. The Liquid Nitrogen
Cooling System described earlier was used to control the temperature for the low-
temperature testing.

The monotonic tension test involves placing the specimen into the UTM and
conditioning the bar for 20 minutes to the desired temperature. The bar is clamped into the
UTM once the specimen has reached a constant temperature to avoid thermal contraction-
induced stress. As gripping the specimen can introduce clamping forces into the specimen,
the imposed clamping force must be removed using the UTM commands to ensure a zero-
force state at the beginning of each test. The test starts once the extensometer is placed on
the specimen. Due to instrument limitations, the extensometer must be removed once the bar
achieves the maximum force (tensile strength). Therefore, the mechanical tensile properties

obtained in this study are addressed up to the peak strength of the specimens.
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4.2.3.2. Specimens’' preparation

Monotonic tension tests are conducted using machined-down specimens. The
specimen's geometry was selected to reduce the temperature gradient along the bar and
comply with the temperature control requirements presented in ISO 6892-3 (ISO 6892-
3:2015 - Metallic Materials — Tensile Testing — Part 3: Method of Test at Low
Temperature, n.d.).

The specimen preparation for the monotonic tension test includes cutting the bars to
24 in (61 cm) and then machining the reinforcing steel bar to the selected geometry at the
bar's central height. Before each test, the bar specimens are pre-cooled in a chest freezer at
-4 °F (-20 °C), placed on the UTM for testing, and conditioned to the desired temperature
using the LN Spray cooling system for 20 min to ensure a homogeneous temperature along

the specimen.

4.2.3.3. Determination of tensile parameters

The mechanical properties assessed for this study through the monotonic tension test
include elastic modulus (E), yield and tensile strength (fy and fu), yield strain (gy), uniform
elongation (UE), and T/Y ratio. Force and elongation were recorded during the test until the
specimen reached maximum stress to prevent extensometer damage caused by rupture.
Stress-strain curves were obtained by using the specimen's initial diameter to calculate stress,
and strain measurements were obtained directly from a 2-inch gage Epsilon extensometer.
The mechanical properties were obtained in accordance with the definitions in ASTM A370-
20. The yield strength was determined using the 2% offset method as specified in ASTM
A370-20. The modulus of elasticity was obtained from the slope of the linear portion of the

stress-strain curve, and the yield strain corresponded to the yield stress divided by the elastic

53



modulus. The peak stress corresponded to the maximum stress applied force on the bar, and

the uniform elongation corresponds to the elongation measured at the peak stress.

4.2.3.4. Geometric selection of the specimen

A machined-down specimen was proposed to overcome the temperature limitations
of the experimental setup. The LN cooling system was adapted to the UTM, with the
restriction that the equipment's grips should remain outside of the insulated box due to the
UTM's temperature specifications. This restriction on the experimental setup generates a
temperature gradient along the reinforcing steel bar, as the sampled extremes are exposed to
room temperature. Control of the temperature gradient in the specimen is critical for the
monotonic tension test, as temperature differences shift failures to the warmer portions,
where strength is lower, thereby affecting the reliability of the test.

To minimize variability in the results, ISO 6892-3 specifies that the temperature
variation along the specimen should remain lower than 5.4 °F (3 °C). Using 2-foot-long
reinforcing steel bars with a reduced cross-section in the central porting enabled the
temperature requirements to be met. The reduced section was the test specimen, which
remained entirely contained within the insulated box, and the non-machined bar sections
extended from the specimen to the grips of the UTM as “specimen extensions”. The
geometry of the machined-down portion of the reinforcing steel bar was selected in
accordance with ASTM A370-20 for bar specimens.

A preliminary set of tests was conducted to evaluate the impact of reducing the cross-
section of MA and QST bars on different machine-down sections. The primary concern relied
on the ability of the modified specimen to represent the mechanical properties of the

unmodified bars, especially for the QST bars, as the higher strength of these bars is provided
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by the combination of a ductile ferrite-pearlite core and the hard-tempered martensite
exterior, and the machining process reduces the hard-tempered martensite exterior.

Figure 4-10 presents two geometric definitions assessed for this study (specimens
type 1 and 2) selected according to ASTM A370-20 for 2-inch and 1.5-inch gage length,
respectively. The results obtained with the proposed geometries were compared with those
obtained using full bars (unaltered specimens). Table 4-6 shows the test matrix used to
conduct this preliminary assessment. Figure 4-11 and Figure 4-12 present the comparison of
the specimens for different geometries. The geometric evaluation was performed at room

temperature.

(il a370-20
_E‘_T'—’ 53__3_

Dimension Type 1 Type 2 Unit
D 0.5 0.35 inches
A 21/4 13/4 inches
R 3/8 1/4 inches

D: Diameter.
A: Length of the reduced section.
R:Radius of fillet.

Figure 4-10 Geometric specifications for the reduced cross-section machine specimens. Adapted from ASTM
A370-20.

Table 4-6 Test matrix for selection of tension test specimens.

Manufacturing Nominal Specimen Cross-sectional Area

process bar size type area (in%) reduction Label
MA #5 Full bar 0.307 - MA_Full #5
MA #5 Type 1 0.196 36% MA 0.5 #5
MA #7 Full bar 0.601 - MA_Full_#7
MA #7 Type 1 0.196 67% MA 0.5 #7
QST #6 Full 0.442 - QST _Full #6
QST #6 Type 1 0.196 56% QST 0.5 #6
QST #6 Type 2 0.096 78% QST _0.35 #6
QST #8 Full 0.785 - QST _Full #8
QST #8 Type 1 0.196 75% QST 0.5 #8
QST #8 Type 2 0.096 88% QST 0.35 #8
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Figure 4-11 #6 QST bar specimens used in the preliminary tensile tests to define the geometry of tensile test
specimens. a) Full bar. b) Type 1 specimen, and ¢) Type 2 specimen.

Figure 4-12 #8 QST bar specimens used in the preliminary tensile tests to define the geometry of tensile test
specimens. a) Full bar. b) Type 1 specimen, and ¢) Type 2 specimen.

Impact of area reduction on MA specimens for tension test specimen selection.

As presented in Table 4-6, #5 and #7 bars were used to evaluate the feasibility of
using machined-down specimens on MA bars. The bars were machined down to the type 1
specimen, resulting in area reductions of 36% and 67%, respectively. The machined-down

specimens were compared with the results obtained from unaltered bars. Figure 4-13 shows
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the strain-strain curves for the 4 types of specimens evaluated for this phase. The comparison
between the mechanical properties of the machined and unaltered #5 and #7 MA specimens
is shown in Table 4-7.

Results showed an increase in strength in the machined-down specimens, ranging
from 7% to 13%. T/Y ratios remained mainly constant, regardless of the cross-sectional area
being removed. The elastic modulus increased by 21% and 12% for the #5 and #7 specimens,
respectively, and uniform elongation presented a 0% to 22% increment. The increase in the
strength of the MA is attributed to centerline segregation, an uneven distribution of alloys
along the steel structure that can lead to microstructural differences across the steel cross-
section.

Since the strength increment was consistent across area reductions and the specimens
to be evaluated within each experimental group of the program will have the same geometric
properties, machined-down MA bars were defined as suitable for assessing the impact of

temperature on the tensile properties of MA bars in this study.

Table 4-7 Tensile properties comparison between Type 1 and Unaltered MA specimens.

MA _#5 MA_#7
Properties Full Type 1 T{}l’l‘;ll / Full Type 1 TyF‘:ﬁll /
Yield strength (ksi) 85.2 95.1 12% 83.4 89.1 7%
Tensile strength (ksi) 112 126 13% 114 124 9%
T/Y 1.32 1.33 1% 1.36 1.39 2%
Elastic Modulus (ksi) 24610 29747 21% 26870 30128 12%
Uniform elongation 0.10 0.10 0% 0.09 0.11 22%
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Figure 4-13 Stress-strain curve using different geometries of MA Grade 80 specimens.

Impact of area reduction on QST specimens for tension test specimen selection

Type 1 and 2 specimens were machined from #8 and #6 QST bars. The specimens
were subjected to tension tests at room temperature, and the tensile properties were compared
to those obtained from their respective unaltered bar tension test results. Type 1 and type 2
specimens resulted in a cross-sectional area reduction of 36% and 67% for the #6 bars and
75% and 88% for the #8 bars, respectively, as expressed in Table 4-6. The stress-strain curves
for the #6 and #8 specimens are shown in Figure 4-14 and Figure 4-15. The comparison
between the mechanical properties of the machined and unaltered #6 and #8 QST specimens
is shown in Table 4-8 and Table 4-9 for the type 1 and type 2 specimens, respectively.

As expected, decreasing the cross-sectional area of the QST specimens resulted in a
considerable change in the bars' material properties. Machining on the QST specimen led to
a lower yield strength that varied with the area reduction. As a result, T/Y ratios presented

significant variations ranging from 8 to 27%. Elongation capacity reached increments up to
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74% for the bars with a higher percentage of area removed. The distribution in the variation
of material properties in the MA and QST is presented in Figure 4-15, which compares the
normalized property values obtained from all the machined specimens to the unaltered bars.
The values were normalized to the average of each data set (MA and QST). From Figure
4-15, itis possible to observe a greater scatter in the properties obtained on the QST bars
than on the MA bars. Due to this significant variation in the material properties of the QST
bars, influenced by the amount of cross-sectional area removed, the experimental program
to evaluate the tensile properties of HSRS at low temperatures was limited to MA bars using

Type 1 specimens.

Table 4-8 Tensile properties comparison between Type 1 and Unaltered QST specimens.

QST #6 QST #8
Properties Full Type 1 T)I;I:;ll / Full Type 1 T)I;I:lelll /
Yield strength (ksi) 78.4 72.3 8% 80.5 69.5 14%
Tensile strength (ksi) 102 102 0% 105 104 1%
T/Y 1.3 1.41 8% 1.31 1.5 15%
Elastic Modulus (ksi) 25752 28052 9% 24847 26532 7%
Uniform elongation 0.1 0.11 10% 0.09 0.12 33%

Table 4-9 Tensile properties comparison between Type 2 and Unaltered QST specimens.

QST #6 QST #8

Properties Full Type 2 TyFI:filz / Full Type 2 Tnyl’ﬁlz /
Yield strength (ksi) 78.4 70.9 10% 80.5 61.9 23%
Tensile strength (ksi) 102 101 1% 105 103 2%
T/Y 1.3 1.42 9% 1.31 1.67 27%
Elastic Modulus (ksi) 25752 21192 18% 24847 20302 18%
Uniform elongation 0.1 0.15 50% 0.09 0.16 78%
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Figure 4-14 Stress-strain curve using different geometries of QST Grade 80 #6 specimens.
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Figure 4-15 Stress-strain curve using different geometries of QST Grade 80 #8 specimens.
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Figure 4-16 Distribution of the tensile properties obtained from MA and QST specimens machined to
different cross-sectional areas. All values are normalized to the mean for each dataset.

4.2.3.5. Testing program

Monotonic tension tests were conducted at temperatures ranging from 72°F to -40°F

(22°C to -40°C) to evaluate the temperature effect on the tensile properties of MA ASTM

706 gr. 80 and gr. 100 bars, using the geometry of the type 1 specimen specified previously.

The test matrix is presented in Table 4-10.

Table 4-10 Tension test matrix.

Ref.* MILL Manufacturing Bar Diameter type 1 fy No. of Temperature
process Size specimen (in) (ksi) specimens °F (°C)
2 NUCOR MA #7 0.5 80 3 -40 (-40)
2 NUCOR MA #7 0.5 80 3 -4 (-20)
2 NUCOR MA #7 0.5 80 3 5 (-15)
2 NUCOR MA #7 0.5 80 3 14 (-10)
2 NUCOR MA #7 0.5 80 3 41 (5)
2 NUCOR MA #7 0.5 80 3 72 (22)
5 NUCOR MA #6 0.5 100 2 -40 (-40)
5 NUCOR MA #6 0.5 100 2 -4 (-20)
5 NUCOR MA #6 0.5 100 2 32 (0)
5 NUCOR MA #6 0.5 100 2 72 (22)

*From Table

4-1
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In addition, a preliminary assessment of the effect of conditioning time on the
material properties of the low-temperature tested specimens was conducted. The tensile
properties of 5 specimens, pre-cooled for 1 hour, 24 hours, and 7 days at 5°F (-15 °C), were
obtained. Results were compared with the room-temperature material test results (Table
4-11). From the results, obtaining a clear correlation between the conditioning time and the
tensile properties was not possible. In general, it was observed that the relationship between
the yield strength, the ultimate strength, and the T/Y obtained at different conditioning times
at room temperature remained mainly constant. The Elastic Modulus was unaltered during
the 24-hour temperature conditioning but increased by 10% for the 1-hour and 7-day
specimens, and the uniform elongation varied from 7 to 20%. The variability in uniform
elongation has been reported multiple times in the literature, with no correlation with
temperature. More tests should be conducted to determine how conditioning time affects the
elastic modulus. Figure 4-17 compares the average results obtained per conditioning time to

those obtained at room temperature.

B Yield strength ® Ultimate strength ® Elastic Modulus = T/Y ® Uniform elongation

1 1.20
1.00
1 0.80
1 0.60
1 0.40
1 0.20
0.00

1.10 1.09
1.031.0 0.99 1.021-041_()()1.011'08 1.001.01 1.021-07

Average value / Room

1 hours 24 hours 7 days

Conditioning time

Figure 4-17 Preliminary evaluaton of conditioning cooling time on the tensile properties of HSRS
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Table 4-11 Results of the preliminary evaluation of using different cooling times.

Property /

Cond. time Room Temp 1 hour 24 hours 7 days
Temp.°F (°C) 5(-15) 5(-15) 5(-15) 5(-15)
Specimens 2 1 2 2
Yield strength, ksi (MPa)

Specimen 1 89.1 (614) 91.2 (629) 89.6 (618) 89.8 (619)
Specimen 2 87.9 (606) 91.2 (629) 86.8 (598)
Average 88.5 (610) 91.2 (629) 90.4 (623) 88.3 (609)
Ultimate strength, ksi (MPa)
Specimen 1 124 (858) 127 (874) 127 (874) 128 (881)
Specimen 2 124 (856) 131 (902) 124 (855)
Average 124 (857) 127 (874) 129 (889) 126 (868)
Elastic Modulus, ksi (MPa)
Specimen 1 29224 (201492) 32009 (220694) 28077 (193584) 31452 (216854)
Specimen 2 29008 (200003) 30120 (207670) 32212 (222094)
Average 29116 (200748) 32009 (220694) 29099 (200627) 31832 (219474)
T/Y
Specimen 1 1.40 1.39 1.42 1.42
Specimen 2 1.41 1.44 1.43
Average 1.40 1.39 1.43 1.43
Uniform elongation
Specimen 1 9.36% 7.33% 9.62% 9.58%
Specimen 2 9.01% 10.1% 9.98%
Average 9.18% 7.33% 9.88% 9.78%
4.3. Results

4.3.1. Buckled Bar Tension Test

This section presents the results obtained from BBT Tests on ribbed ASTM A706

grade 80 QST and MA bars and MA smooth bars, corresponding to references 1, 3, and 4
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from Table 4-1. These tests were conducted using available steel from previous research on
grade 80 steel conducted by Thangjitham (2023). Based on the results, the combinations of
temperature effects with manufacturing and geometric impacts on the bending strain capacity
of HSRS were evaluated. Scatter plots of the applied bending strain vs. the elongation after
fractures were generated to identify the transition in the failure mode corresponding to the
ebc in all the bar groups evaluated. Figure 4-18 and Figure 4-19 present examples of the

ductile and brittle failures obtained at room and low temperatures.

Figure 4-19 Examples of ductile (a) and brittle (b) failures obtained at low-temperature BBT Test.
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4.3.1.1. Manufacturing process evaluation

The effect of the manufacturing process was evaluated by comparing the room-
temperature and low-temperature BBT test results for MA and QST bars. Figure 4-20 shows
a scatter of the bending strain (eb) vs. the elongation after fracture (EAF) of the QST bars.
The transition in the failure mode of the QST specimens tested at room and low temperatures
can be seen on the broken specimens, presented in Figure 4-21. Results from the BBT test
on QST steel show similar behavior between specimens tested at room temperature and those
tested at low temperatures, where the transition in failure mode from ductile to brittle occurs
progressively. The only apparent difference between the results obtained at room and low
temperatures is that the EAF of the low-temperature specimens tested for low bending strains
ranged between 8 and 10%, lower than the EAFs at room temperature, which are nearly 15%.
The temperature gradient presented during the test could explain the reduction in EAF
measurement on the cold specimens. Measurements of elongation at low temperature were
used to understand the transition in the failure mode. However, these values do not represent
the actual elongation capacity of HSRS at low temperatures. The elongation capacity of

HSRS is assessed using the tension test, which will be expanded later.
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Figure 4-20 BBT test results of ASTM A706 grade 80 QST bars.
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Figure 4-21 QST broken specimens tested at room (a) and low (b) temperatures. Specimens were arranged
from ductile to brittle failure modes (increasing level of buckling).

66



On the other hand, Figure 4-22 shows the results for the MA bars from the BBT test,
illustrating a clear temperature effect on the ebc of the bars. MA bars typically exhibit a well-
defined transition in failure mode from ductile to brittle at room temperature (Manhard &
Kowalsky, 2019; Thangjitham, 2023), contrary to the QST bars. This defined transition in
the failure mode is maintained at low temperatures. The temperature effect is evident when
the failure mode transition occurred first in the low-temperature specimens, compared to
those tested at room temperature, with ebc ranging from 0.14 to 0.16 at low temperature and

from 0.17 to 0.19 at room temperature.
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Figure 4-22 BBT Test results of ASTM A706 grade 80 MA bars.
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Figure 4-23 MA broken specimens, tested at Room (a) and Low (b) temperatures. Specimens were arranged
from ductile to brittle failure modes (increased level of buckling)

4.3.1.2. Geometric effect evaluation (transverse deformations)

The geometric effect (the impact of rebar deformations) was evaluated by comparing
the room-temperature and low-temperature BBT test results for ribbed MA and smooth MA
bars. Figure 4-24 shows the bending strain vs. the EAF for the smooth MA bars. Smooth bars
presented significantly higher ebc than ribbed bars, which is attributed to the lack of stress
concentration due to the absence of ribs. Results showed that the ebc ranged from 0.40 to
0.44 for smooth bars at room temperature and 0.17 to 0.19 for ribbed bars. Smooth bars
presented a higher reduction in the ebc when tested at -40°F (-40°C) compared to the ribbed
bars (30% vs. 20%). However, the experimental setup may have affected the BBT test results
for the smooth bars at low temperatures.

The clamping of the smooth bars on the UTM imposed deformations at the extremes
of the bars. The temperature gradient on the bars exacerbated this, as the grips could not be
exposed to the target temperature of -40°F (-40°C), leaving the bar ends exposed to room

temperature. The lack of ribs prevented stress concentrations at the center of the bar, and the
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temperature gradient shifted the location of the bar fractures to the UTM grips, as seen in
Figure 4-25 (b). Examples of the ductile and brittle failures of the smooth bars at room and

low temperatures are shown in Figure 4-25 and Figure 4-26.
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Figure 4-24 BBT Test results of smooth ASTM A706 grade 80 MA bars

Figure 4-25 MA Smooth broken specimens with ductile failures, tested at room (a) and low (b) temperatures.
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Figure 4-26 MA Smooth broken specimens with brittle failures, tested at room (a) and low (b) temperatures.

4.3.2. Tension test results
Lastly, tension tests on ASTM A706 grade 80 and grade 100 steel were conducted at
temperatures ranging from 72 °F to -40 °F (22°C to -40 °C). Figure 4-27 presents the average
stress-strain curve obtained for the MA grade 80 bars, and Figure 4-28 the stress-strain curves
obtained for all the MA grade 100 specimens. Figure 4-29 and Figure 4-30 present the
temperature effect on the yield and ultimate strength of grades 80 and 100, normalized to the
room-temperature results. The impact of the temperature on the modulus of elasticity, the

uniform elongation, and the T/Y ratio is shown in Figure 4-31 to Figure 4-33.
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Figure 4-27 Average stress-strain curves for ASTM A706 grade 80 steel at temperatures ranged from 72°F to
-40°F (22°C to -40°C)
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Figure 4-28 Stress-strain curves for ASTM A706 grade 100 steel at temperatures ranged from 72°F to -40°F
(22°C to -40°C)
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Figure 4-29 Yield strength variation as a function of temperature for ASTM A706 Grade 80 and Grade 100
reinforcing steel.
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Figure 4-30 Ultimate strength variation as a function of temperature for ASTM A706 gr.80 and gr.100
reinforcing steel.

For both Grade 80 and Grade 100 steels, the yield and ultimate strength increase
as the testing temperature decreases. The strength was observed to change gradually with
temperature (Figure 4-29 and Figure 4-30). This trend aligns with the observations from

Levings & Sritharan, (2012) on ASTM A706 grade 60 steel.
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Figure 4-31 T/Y ratio variation as a function of the temperatures for ASTM A706 grade 80 and grade 100
reinforcing steel.
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Figure 4-32 Uniform Elongation variation as a function of temperature for ASTM A706 grade 80 and grade
100 reinforcing steel.
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Figure 4-33 Elastic modulus variation as a function of temperature for ASTM A706 grade 80 and grade 100
reinforcing steel.

From Figure 4-31 to Figure 4-33, it was observed that the T/Y ratio remained
essentially constant for grade 80 and grade 100 steels, varying from 0 to 5%. No clear trend
in the elastic modulus was observed, with results at different temperatures remaining
constant or increasing by up to 10% relative to room temperature. Uniform elongation
showed the largest scatter in the results, with values increasing and decreasing by 10% -15%

relative to room temperature, with no clear trend.

4.1. Discussion
4.1.1. Summary of BBT Test Results
The temperature effect on the ebc obtained from the deformed QST and MA bars and
the smooth MA bars is presented in Table 4-12. These results indicate that the critical
bending strain for QST bars is almost unaffected by temperature. For MA bars, a reduction
of 20% 1in the ebc as the temperature decreased to -40 °F (-40 °C) was observed. In addition,
smooth bars exhibited higher ebc at both low and room temperatures than the ribbed QST

and MA bars, despite the low-temperature results showing a 30% ebc decrement relative to
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the room-temperature results. The greater decrease in the ebc of the smooth bars at low
temperature could be attributed to a shift in the fracture location, which altered the BBT test

results.

Table 4-12 Critical bending strain on ASTM 706-22 Grade 80 MA, and QST ribbed bars, and MA smooth

bars
Specimen Description gbc (72°F) gbc (-40°F) gbc decrement (%)
QST 0.15-0.30 0.15-0.30 0
MA 0.17-0.19 0.14-0.16 20
MA Smooth 0.40-0.44 0.28-0.32 30

The material-level evaluation of the bending strain capacity of reinforced steel
suggests that the manufacturing process affects the reinforcing steel's ability to sustain
buckling at low temperatures, with an evident reduction in the critical bending strain of MA
bars. This observation needs further investigation through large-scale testing and will be

presented with the results.

4.1.2. Summary of Tension Test Results

In accordance with the trends presented in the literature review, the reinforcing steel
exhibited increases in yield and ultimate stress as temperature decreased. The T/Y ratio and
the elastic modulus were mainly unaffected by temperature, and the uniform elongation
presented no clear trend.

Figure 4-34 and Figure 4-35 presented the increase in the yield and ultimate strength,
respectively, compared to the models proposed by Montejo et al.(2008) and Levings &
Sritharan (2012). For both grade 80 and grade 100 steel, temperature increases yield and
ultimate strength progressively, with strength increments observed above freezing. The
model proposed by Montejo et al. (2008) ignores the effect of temperatures above freezing

and overpredicts the strength increase for grade 80 steel at temperatures below -4°F (-20°C).
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It is shown that the effect of the low temperature on the grade 80 steel lies between
the models proposed by Montejo et al. (2008)and Levings & Sritharan (2012). To represent
the yield strength of grade 80 steel, an approximate 7% strength increase applies from -4°F
(-20 °C) to -40°F (-40°C), and a 5% increase in strength applies to estimate the ultimate
strength.

The increase in the yield strength of the grade 100 bars showed better alignment with
the model proposed by Montejo et al. (2008). However, this is not maintained for the increase
in the ultimate strength, which aligned better with the model proposed by and Levings &

Sritharan (2012).
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Figure 4-34 Increase in the yield strength (Fy) at various temperatures.
Refl: Montejo et al., (2008) , and Ref2: Levings & Sritharan, (2012)
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Figure 4-35 Increase in the ultimate strength (Fu) at various temperatures.
Refl: Montejo et al., (2008) , and Ref2: Levings & Sritharan, (2012)
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CHAPTER 5. MEMBER LEVEL EVALUATION

This section presents the large-scale evaluation of six RC bridge column specimens
reinforced with MA and QST grade 80 steel, subjected to quasistatic lateral loading at
temperatures from 72°F to -40°F (22°C to -40°C). The design and detailing of the RC column
specimens are initially presented, followed by the construction process, test definitions,
experimental setup, instrumentation, and experimental observations. The chapter concludes
with a comparison of the seismic behavior of the specimens at room and low temperatures,
along with main observations on the low-temperature effect for both manufacturing methods
(MA and QST).

All columns were loaded under the same displacement-based loading protocol to
ensure uniform input and facilitate direct comparison of member-level responses. The RC
columns were instrumented using strain gages, linear potentiometers, string potentiometers,
inclinometers, and thermocouples. These instruments were used to measure global and local
responses, including force-deformation hysteretic behavior, strain profiles along the
longitudinal steel, curvature distributions, and temperature variations throughout the tests. A
constant axial load of 123 kips was applied to the columns to simulate the vertical loads of a

bridge column for a designed ALR of 8%
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5.1. Experimental program

The large-scale experimental program includes six RC column specimens reinforced
with ASTM A706 grade 80 MA and QST steel. The first four specimens share the same
detailing, with the only difference being the manufacturing process for the longitudinal
reinforcing steel. Each pair of columns (reinforced with MA or QST longitudinal steel) was
evaluated at room and low temperatures to assess the manufacturing impact on the low-
temperature seismic behavior of RC columns and to compare directly with the room-
temperature references. Following the first four columns, a second pair of columns was tested
with a larger transverse steel spacing for both manufacturing processes at low temperature.
The larger spacing was used to aggravate buckling conditions and to observe the main
differences in the seismic behavior at low temperatures between the two manufacturing
processes. The test matrix for the six specimens is presented in Table 5-1. The row labeled
"Column specifications" in Table 5-1 presents the properties of each test, following the

notation: Manufacturing process (MA/QST) — Test temperature (RT/LT) — spiral separation

(2in/4in).
Table 5-1 Large-scale testing test matrix

Col # C.O lum.n Piam - Length L/].) Longitudinal Transverse Steel ALR feme-

specifications (in) (in) ratio Steel °F (°C)
Coll  MA-RT-2in 18 65 3.61 10#6(1.74%) #3 @2" (1.23%) 8% 72 (22)
Col2  QST-RT-2in 18 65 3.61 10#6(1.74%) #3 @2" (1.23%) 8% 72 (22)
Col3  MA-LT-2in 18 65 3.61 11#6(1.74%) #3 @ 2" (1.23%) 8% -40 (-40)
Col4  QST-LT-2in 18 65 3.61 12#6(1.74%) #3 @2" (1.23%) 8% -40 (-40)
Col5  MA-LT-4in 18 65 3.61 13#6(1.74%) #3 @4" (0.61%) 8% -40 (-40)
Col6  QST-LT-4in 18 65 3.61 10#6(1.74%) #3 @4" (0.61%) 8% -40 (-40)
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5.2. RC column specimens

5.2.1. RC columns design

The specimens were designed following a performance-based design philosophy, in
which the expected material properties (Table 5-2) were used to define detailing capable of
achieving ductile failure, characterized by bar buckling followed by bar fracture.

The specimens were placed horizontally in the environmental chamber. The chamber
has a 12-inch opening in the roof at 10 2 feet from the chamber's entrance, built to
accommodate an actuator extension for a previous large-scale column test conducted by
Montejo et al., 2009a. The hole position was used as a reference to define the height of the
column specimens for this study, which is 65 inches.

Figure 5-1 presents details of specimens 1 to 4. The column diameter is 18 inches
with a 1-inch concrete cover, and the reinforcement consists of 10 #6 ASTM A706 grade 80
bars with #3 ASTM A706 grade 80 spirals at 2-inch spacing. An axial load ratio of 8% was

selected. For columns 4 and 6, the transverse steel spacing was increased to 4 inches.
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Table 5-2 Design Material Properties (Seismic Design Criteria Version 2.0, 2019)

Reinforcing steel material properties

Property Design Value
Elastic Modulus E= 29000 ksi
Yield strength
Specified minimum, fy= 80ksi
Expected, fye=85ksi
Tensile strength
Specified minimum, fu= 98 ksi
Expected, fue= 112 ksi
Yield strain
Nominal, ey = 0.0028
Expected, ge= 0.0033
Ultimate tensile strain
Nominal, su= 0.0950
Expected, gwe=0.0600
Concrete material properties
Property Design Value Equation
Elastic Modulus E= 4888ksi Ec=33w1.5(f'ce), psi
Compressive strength
Specified, f'e= Sksi
Expected, flee= 6.5ksi f'ce=1.3*f'c
Compressive strain
Unconfined strain at f'c €0= 0.002
Ultimate unconfined strain (spalling) €p= 0.005
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Figure 5-1 RC column specimen detailing (dimensions in inches)
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5.2.2. Footing design

The footing was designed as a capacity-protected member using the column's
overstrength moment input, ensuring that the footing yield moment was twice the column's
overstrength moment. The environmental chamber has a pattern of eight pairs of holes,
spaced every 3 feet, to allow access for bearing on the strong floor. The hole pattern defined
the geometry of the footing, which was limited to 45 by 45 inches in plane, thus resulting in
large shear demands and a heavily reinforced element. The design followed the beam-column
joint design procedure presented in the book "Seismic Design and Retrofit of Bridges" by
Priestley et al. (1996).

The footing's reinforcement consisted of 11 pairs of C-shaped #8 bars positioned in
the parallel direction to the longitudinal steel of the column and 8 pairs of C-shaped #7 bars
placed in the perpendicular direction. Sixteen 90-degree bars were positioned around the
perimeter of the footing to prevent cracking around the PVC pipes. The 2-inch PVC pipes
were placed to allow crossing bars for post-tensioning the footing to the strong floor,
matching the hole pattern of the environmental chamber (3 ft by 3 ft). Additional shear
reinforcement was provided with #3 J-hooks located every 6 inches in the perpendicular
direction to the longitudinal steel of the column. The detailing of the footings is presented in

Figure 5-2.
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Figure 5-2 Footing detailing (dimensions in inches)
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5.2.3. Construction process

The construction process for the large-scale specimens began with the construction
of the column cages. The first step is to cut and bend the longitudinal reinforcing steel
according to the detailing. For each column, ten straight #6 bars were cut to 192 inches and
bent to an L shape with a 12-inch hook. Plywood templates were manufactured to
accommodate the position of the reinforcing steel, providing external support for the bars at
the ends and internal support along the span. The templates at each end were secured to two
concrete blocks using ratchet straps to keep them in place while providing a comfortable
height for the construction. The spirals were supported at the column level with an overhead
crane while the longitudinal bars were positioned. Wooden spacers were used to ensure the
spacing of the spirals (center-to-center), while the longitudinal bars were tied to the spirals
with wire at each intersection. Due to the limitation of space in the footing, three pairs of
hooks on the longitudinal bars were connected inwards to the column diameter, and the other

two pairs were placed outwards. Figure 5-3 illustrates column cage construction.

Figure 5-3 Column cage construction
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The next step in the construction process involved assembling the footing cage and
casting the footing concrete. The footing formwork was constructed using a steel-ply forming
system comprising three 30-inch by 4-foot panels, four 24-inch by 4-foot panels, six 4-foot
steel angles, and two 3-foot steel angles per footing, all connected with wedge bolts. A 3-
inch-thick foam block was installed in the formwork to ensure the footing's correct geometry.
Four-panel form ties were added to each footing formwork to prevent the formwork from
opening under the pressure of the concrete. In addition, four 2-inch PVC pipes were drilled
into the formwork to create openings for positioning the footing relative to the footing
support and strong floor. The column cage was placed in the formwork, and the footing cage
was built around it, as shown in Figure 5-4.

Once the footing cage was ready, the next step was to close the formwork and prepare
for concrete pouring. This process included applying a form release agent to the formwork
and ensuring the column was plumbed vertically. Figure 5-5 shows the footings ready for
casting, with the columns fixed in position and the footings being cast. Concrete cylinders

were cast to monitor the strength development of the concrete used for the footings.

86



VAVE I'Bis

8|

s

4 Footing cage construction and formwork

Figure 5

87



Figure 5-5 Footing's concrete casting

After the footings were built, the columns and cap beams were constructed.
Scaffolding was erected around the column cages to support the cap beam casting and
provide access to the top of the specimen, facilitating concrete pouring and vibration. Two
specimens were positioned within each scaffolding setup. Figure 5-6 shows the specimen

arranged within the scaffolding in preparation for the column and cap beam construction.
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Figure 5-6 Placement of the specimens and scaffolding for column and cap beam construction

Two type T thermocouples were installed in each specimen: one to measure the
temperature at the core of the column and the other at a longitudinal bar. Additionally, 1-
inch-thick foam blocks were placed around the perimeter of the reinforcing steel along the
expected plastic hinge length to expose the steel in that area (without cover) after casting.
Exposing the steel in the plastic hinge region facilitates the installation of the column's
instrumentation and enables tracking of the damage progression on the reinforcing steel

during the test.
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Figure 5-8 Foam blocks used to expose reinforcing steel along the plastic hinge.
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The column formwork consisted of an 18-inch (internal diameter) cardboard
concrete-forming tube cut to the column's clear length (55 inches). A hole was cut in the
forming tube to allow the thermocouple cables to pass through. The cap beam's formwork
was built using ¥4-inches thick plywood and pressure-treated lumber. Two-inch holes were
drilled in the cap beam formwork using a hole saw to cross PVC pipes for the cap beam-
actuator connection. Additionally, a wooden frame was built from 4x4-inch pressure-treated
lumber to provide vertical support for the scaffolding, accounting for the weight of the
formwork and concrete, as well as the loads imposed during casting. The concrete forming
tube was plumbed and fixed to the wooden frame using 2x4-inch pressure-treated lumber,
drilled into the frame, and secured with ratchet straps. The column and cap beam formwork
are shown in Figure 5-9.

After placing the wooden frame and formwork, the reinforcing steel for the cap beam
and the PVC pipes were installed, and the connection between the column form and the cap
beam was sealed with waterproof silicone sealant (Figure 5-10). Once the formworks were
sealed, the columns and cap beam were ready to receive concrete. Figure 5-11 shows the

column and cap beam casting.
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Figure 5-10 Placement and sealing of cap beam steel and PV C pipes, and placement of formwork
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Figure 5-11 Column and cap beam concrete casting

Once the concrete had set, the formwork, PVC pipes, and foam blocks were removed,
as seen in Figure 5-12 and Figure 5-13. The specimen was then prepared for instrumentation
and testing. This process involved cleaning the exposed reinforcing steel along the plastic
hinge using wire brushing and removing excess concrete with a chisel and an air hammer. A
strip disc was used to smooth the surface of the longitudinal bars where strain gages would
be placed. A drill hammer was used to drill 3/8-inch holes for threaded rods to support the
linear potentiometers (further details on this system are provided in the instrumentation
section), and the column was painted with an eggshell white, water-based paint to facilitate
crack marking along the test. Figure 5-14 shows the exposed bars cleaned of concrete excess,
the smooth surfaces on the longitudinal steel for the strain gages, and the 3/8-inch drilled

holes for the threaded rods used to support the linear potentiometers.
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Figure 5-13 Removal of the formwork
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Figure 5-14 Cleaning of exposed reinforcing steel and column preparation for instrumentation

5.3. Large-scale testing methods

5.3.1. Experimental setup

The experiments were conducted in the Constructed Facilities Laboratory (CFL) at
NC State University. The tests were conducted inside a walk-in Thermotron environmental
chamber, model WP-1512-CHM-25-25, measuring 18 ft x 8 ft x 8 ft, with a temperature
range from -90 °F to 185 °F (-68 °C to 85 °C). Due to the geometric constraints of the
environmental chamber, the specimens were designed to be positioned horizontally.
Therefore, the cyclic load was applied vertically to simulate lateral forces on the column.
The columns were fixed in a cantilever configuration to allow top displacement during
pushing cycles. A metallic base elevated the footing 18 inches above the chamber floor, while
four post-tensioned bars secured the footing and base to the strong floor, ensuring a fixed

connection.
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The test setup consisted of a structural steel test frame that supported a 110-kip MTS
actuator with a 20-inch stroke, which applied cyclic loading to the column. The actuator was
connected to an actuator extension that crossed the environmental chamber roof through a
12-inch hole to transmit the load to the column. The actuator extension was connected to a
steel shoe attached to the column cap beam with a 2-inch pin, allowing rotation in the
column's parallel direction. The steel shoe was attached to the cap beam using threaded rods,
as shown in Figure 5-15. Montejo et al. (2009a) fabricated the actuator extension to conduct
prior research on the seismic performance of RC columns at low temperatures using ASTM
A706 grade 60 steel.

To maintain consistent testing conditions, the same setup was used for the room and
low-temperature specimens. The only difference is that low-temperature tests were
conditioned and tested inside the environmental chamber to maintain the target temperature,

while room-temperature tests were not.
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Figure 5-15 Actuator extension by Montejo et al., 2009a

During all tests, a constant axial load of 123-kip was applied using two double-acting
hollow-plunger hydraulic cylinders (RRH10010), two spreader beams, and two 1 3/8-inch

threaded bars. The hydraulic cylinders were located at the top of the columns and supported
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over a spreader beam. The jacks were powered directly by the 3000-psi hydraulic system at
the CFL, continuously throughout the test. Two 1 3/8-inch threaded bars transmitted the
axial load to the column connecting the top and bottom spreader beams. The general layout
of the experimental setup is shown in Figure 5-16. A closer look at the setup inside the

chamber is shown in Figure 5-17.

Steel frame

110-kip Actuator

Environmental
chamber

I

.
|,1 Actuator extension
=

\
|

[
#TA t
Strong floor T

Figure 5-16 Experimental setup (general layout).
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Figure 5-17 Experimental setups (view inside the environmental chamber)

5.3.2. Loading protocol

The loading protocol was defined based on the first test, which involved an RC
column reinforced with MA steel tested at room temperature. The cycles of lateral loading
were determined in two parts: the first portion of the loading protocol was a "force control"
range, in which displacements were applied to achieve a specific load. This range
corresponds to the first 4 cycles, where each cycle was defined to achieve proportional values
to the predicted first yielding force as 1/4 F'y, 2 F'y, % F'y, and F'y (Table 5-3). The second
range was defined as a "displacement control" range (Table 5-5). In the displacement control
range, a set of displacements was determined to represent different ductility levels: 1, 1.5, 2,
3,4, 5, and 6, each proportional to the equivalent yield displacement. The equivalent yield
displacement of the column, Ay (Table 5-4), was obtained using Eq. (6), where Mn is the

predicted nominal moment, M'y is the predicted first yielding moment, and A’y is the average
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of the displacements obtained experimentally from the pulling and pushing cycle at F'y. The

predictions were obtained through a sectional analysis. The analysis used the MATLAB

CUMBIA code set (Montejo et al. 2007) with expected material properties. Three complete

loading cycles were applied for each ductility level. Figure 5-18 presents the loading protocol

applied to the column. In addition, a constant axial load of 123 kips was applied to the

columns to simulate the vertical loads of a bridge column for a designed ALR of 8%.
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Figure 5-18 Cyclic loading protocol definition

Table 5-3 Load protocol definition - Force control range

Force control range

State Force Cycles

1/4 F'y 8.25 kip

1/2 F'y 16.5  kip 1

3/4 F'y 24.8  kip 1
F'y 33 kip 1
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Table 5-4 Calculation of equivalent yield displacement.

F'y (kip) -A'y (in) + A'y (in) Average A'y (in) Ay (in)

33 0.57 0.58 0.58 0.8

Table 5-5 Load protocol definition - Displacement control range.

Displacement control range
Ductility Displacement  Cycles

ul 0.8 in 3
pl.5 1.2 in 3
p2 1.6 in 3
u3 24 in 3
u4 32 in 3
us 4.0 in 3
né 4.8 in 3

5.3.3. Instrumentation

Each column was instrumented using two thermocouples, thirty strain gages, twelve
linear potentiometers, six-string potentiometers, and two inclinometers. The columns tested
at room temperature also used optical instrumentation systems to compare and validate the
deformations obtained from the other instruments.

The embedded thermocouples were used to monitor temperatures in the column's
core and the longitudinal steel during testing. Strain gauges were used to measure strains in
the steel along the length of the plastic hinge. Linear potentiometers were employed to track
relative axial elongation within a defined 6-inch gauge length, helping to assess curvature
along the plastic hinge and strain penetration in the column. String potentiometers measured
the top displacement and the deformed shape along the plastic hinge. Lastly, the
inclinometers were used to determine any rotation of the footing and cap beam around the

direction perpendicular to the column.
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All instruments were connected to a StrainSmart Data Acquisition System 7000 for
data collection during testing. Data recording commenced once the specimen reached a stable
set temperature to eliminate errors caused by the instrument's thermal contraction, and after
the column was lifted to a zero position, to counteract its self-weight and the weight of the
beam and jacks installed at the top of the column for the axial load system. Figure 5-19

illustrates the instrumentation setup on an RC column specimen.

String-pts (6)

Figure 5-19 Instrumentation of the RC column specimen
5.3.4. Material testing
Reinforcing steel: Two manufacturing processes, MA and QST, were evaluated
using large-scale testing. The straight QST bars were donated by Commercial Metals
Company (CMC), and Nucor Corporation donated the straight MA bars and the #3 coil for
the spirals. The spirals were fabricated by Steel Specialties of Mississippi and shipped to the

CFL at NC State University.
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Tension tests at room temperature were performed on the longitudinal steel used to
construct the column specimens. Three #6 bars were tested for each manufacturing process
to determine their corresponding tensile properties. Elongation was recorded using a 2-inch
gage Epsilon. The extensometer was removed at each test when the bar reached maximum
stress to prevent damage to the equipment caused by bar rupture. Therefore, the stress-strain
curves are presented until the peak stress.

The mechanical properties were obtained in accordance with the definitions presented
in ASTM A370-20. The yield strength was determined using the 2% offset method specified
in ASTM A370-20. The modulus of elasticity was obtained from the slope of the linear
portion of the stress-strain curve, and the yield strain was obtained by dividing the yield stress
by the elastic modulus. The peak stress corresponded to the maximum applied force on the
bar, and the uniform elongation corresponded to the elongation measured at the peak stress.
A summary of the tensile properties obtained from the tension test and a comparison with
the ASTM A706 provisions are presented in Table 5-6. The tensile properties of the spirals

are shown in Table 5-7.
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Figure 5-5-20 Stress-strain curve of MA bars used as longitudinal steel in the RC specimens
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Figure 5-21 Stress-strain curve of QST bars used as longitudinal steel in the RC specimens

Table 5-6 Tensile properties of the longitudinal steel

Bar specifications (llzsyi) (kF;i) gy (1211) eu T/Y

ASTM A706-22 min 80 100 7.0% 1.25
#6 bar max 98

MA (Average) 85 26259  0.32% 113 9.7% 1.33

QST (Average) 86 27235 0.32% 115 7.4% 1.33

Table 5-7 Tensile properties of the transverse steel

Bar specifications (II:;) (klzi) ey (1]:;) Elfgg:;(})ln T/Y

ASTM A706-22 min 80 100 12% 1.25
#3 bar max 98

Spirals #3 (MA)* 91 27000  0.34% 123 12% 1.35

*This data was provided by the coil manufacturer (NUCOR)

Concrete: Concrete strength was specified at 5 ksi for all castings. Cylinders with a
diameter of 4 in and a height of 8 in from column and footing castings were used to determine
the maximum compressive strength on the test day of each specimen. For the columns tested
at low temperatures (Cols 3-6), concrete cylinders were conditioned at -40°F (-40°C) and

tested outside the environmental chamber. Table 5-8 presents the concrete strength obtained
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from the cylinders corresponding to all the column castings. Compression tests of the

concretes were performed within a week of each column test day.

Table 5-8 Concrete compressive strength of the RC column specimens

Column Concrete age F'e

Col # Temperature (test day) (ksi) Average (ksi)

Specification
5.97

Col 1 MA-RT-2in RT 193 6.69 6.24
6.06

6.95
Col 2 QST-RT-2in RT 231 7.22 6.98
6.77

Col 3 MA-LT-2in RT 329 222 6.68

Col 3 MA-LT-2in LT 329 Z:Z 9.50

Col 4 QST-LT-2in RT 425 ; g 7.14

8.95
Col 4 QST-LT-2in LT 425 9.7 9.34

4.42

Col 5 MA-LT-4in RT 57 4.53 4.45
4.40
7.56

Col 5 MA-LT-4in LT 57 7.95 7.82
7.94

4.84

Col 6 QST-LT-4in RT 110 4.95 4.91
4.95
7.86

Col 6 QST-LT-4in LT 110 6.58 7.37
7.66

RT: Concrete cylinders tested at room temperature

LT: Concrete cylinders tested after low temperature conditioning at -40°F for more than 20 hours.
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5.3.5. Column predictions

As mentioned earlier, the test predictions were obtained through a sectional analysis
using the MATLAB CUMBIA code set (L. A. Montejo, 2007). The predictions were
conducted using the material properties presented from Table 5-6 to Table 5-8. For the low-
temperature predictions, the yield and ultimate strength of the transverse and longitudinal
steel were multiplied by 1.07 to account for the 7% strength increase at -40°F (-40°C)
reported in the material-level evaluation for grade 80 steel. The compressive strength of the
cylinders tested after low-temperature conditioning was also used.

The sectional analysis assumes the axial load acts at the center of the section,
ignoring P-A effects. Therefore, a correction was applied to the force response to reduce the
capacity due to second-order effects. The P-A correction accounted for the deformed
geometry representation of the RC column specimen shown in Figure 5-22. Where A
corresponds to the relative displacement between the axial load bar and the center of the
bottom section of the column, and P corresponds to the horizontal component, P axial, of the
applied compressive force. A and Paxial were calculated at each top displacement step within
the analysis. Eq. (7) was used to find A.

The total moment obtained from the moment-curvature analysis has two main
components (Eq. (8)). The first corresponds to the moment due to the lateral force. And the
second, to the moment, due to the P-A effect. The corrected force is then obtained using Eq.
(9). The corrected force-displacement response is compared later in this report with the
experimental force-displacement response for each test. Figure 5-23 compares the force-
displacement obtained directly from the moment-curvature analysis with the one obtained
after correcting the force for P-A effects of Column 1 (MA_RT 2in). Higher capacity is

obtained when P-A effects are ignored.
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Figure 5-22 Geometric representation of the deformed RC specimen to account for P-A effects
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Figure 5-23 P-A effects on the Force-Displacement predictions
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5.4. Experimental response COL1: MA RT 2IN

5.4.1. Summary

This section summarizes the experimental response from the first column test. The
test was performed at room temperature on an 18-inch-diameter column reinforced with 10
#6 Micro-alloyed ASTM A706 grade 80 bars. The specimen reached a maximum force of 50
kips and exhibited a 20% strength loss during the third pushing cycle of p5 and the first
pulling cycle of n6, due to the fracture of the extreme bars. The column was loaded until the
second cycle of n6, at which point it lost approximately 70% of its strength. A summary of
the column parameters is presented in Table 5-9.

This test served as a baseline to define the loading protocol presented earlier, which

was used in all column tests to maintain a constant displacement demand input along the

tests.
Table 5-9 Summary of column parameters

Column parameters
Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (p=1.74%) MA
Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (p=1.23%)
Longitudinal Steel Nominal Yield Strength: 84.5 ksi
Transverse Steel Nominal Yield Strength: 91.2 ksi
Concrete Strength: 6.3 ksi
Axial Load: 123 kips
Axial Load Ratio: 7.7%
First Yield Displacement: 0.57 in
F'y 36 kip
Nominal Moment Capacity: 250 kip-ft
Equivalent Yield Displacement: 0.8 in
Maximum Lateral Force: 50.4 kips
Displacement at 20% Strength loss: 4 in
Failure Mode: Fracture of buckled bar
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5.4.2. Test observations

Table 5-10 presents the summary of damage observations from the MA RT 2in the
column test. Starting from the cycle at 2 F'y, hairline cracks formed along the plastic hinge
and continued expanding throughout the test. In the last cycle of u3, the concrete began to
flake. The extreme top bar (2T) buckled first during the third pulling cycle of p4 and fractured
during the third pushing cycle of u5. The extreme bottom bar (2B) buckled at approximately
the third pushing cycle of p5 and fractured in the first pulling cycle of p6. In the second
pushing cycle of u6, the bars 1T and 3T fractured. At this point, the test was finalized. Figure

5-24 to Figure 5-35 illustrate the progression of damage to Column 1 throughout the test.

Table 5-10 Column 1 damage progression summary.

Damage observations

Initiation of cracking: 1/2 F'y
Core Concrete Crushing: u3*s
Longitudinal Bar Buckling Top: ug ™
Longitudinal Bar Buckling Bottom: us3
Longitudinal Bar Fracture Top: us3
Longitudinal Bar Fracture Bottom: ue'!
20% Strength loss (-): us3
20% Strength loss (+): u6™!

(+) Pulling, (-) Pushing
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Figure 5-25 First cycle p2 (pulling). Cracks form and expand along the plastic hinge. Some hairline shear
cracks were observed along the column.
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Figure 5-27 First cycle p3 (pushing): Extension of cracks at the base of the column and in the footing.
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Figure 5-29 First cycle of pu4 (pulling): Concrete crushing around bar T2, and cracking and uplifting of
concrete at the footing.
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Figure 5-31 Third cycle p 5: Visible bar buckling in pulling cycle and fractured in pushing cycle of the top
extreme bar 2T
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Figure 5-33 First cycle p6 (pulling): Fracture of bottom extreme bar, 2B.

113



Figure 5-35 Damage at the bottom of the column: Fracture of bar 2B, concrete core crushing, and footing
concrete breakout due to stress concentrations on footing support.
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5.4.3. Force-displacement response

The hysteretic response of the column is shown in Figure 5-36. The specimen
exhibited fractures in four bars, as indicated by an X on the hysteretic response. The first bar
fractured during the last pushing cycle of u5, which corresponded to the extreme top bar
(2T). At this point, a 20% drop in strength was observed in the pushing direction (-) due to
the bar fracture. Similarly, a 20% drop in strength was observed in the pulling direction (+)
after the bar fracture of the extreme bottom bar (2B), which occurred at the first pulling cycle
of n6. The two bars adjacent to the extreme top bar (1T and 3T) fractured at the second
pushing cycle of p6, at which point a drop in strength of about 70% of the maximum force
was observed. This damage progression is also evident in Figure 5-37, which shows the
force-displacement envelope response of the column. These envelopes of the experimental
results are compared with the predictions from the sectional analysis, accounting for P-A

effects, and it is shown that the experimental results align well with the predictions.
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Figure 5-36 Hysteretic response of Column 1: MA RT 2in
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Figure 5-37 Envelope of the Force-displacement response of Column 1: MA RT 2in.
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5.4.4. Curvature Profile
The curvature profile was calculated using the rotations obtained from the relative

axial displacements measured by the linear potentiometers mounted on the sides of the
columns (See Figure 5-19). Four linear potentiometers were aligned with the extreme bars
on the column cross-section. The linear potentiometers measured relative axial displacement
over a gage length of approximately 7 inches, yielding a coarse curvature profile, with each
marker representing the average curvature over the gage length containing the potentiometer.
Figure 5-38 and Figure 5-39 show the low-level (up to first yield of the column
section) and high-level (beyond first yield of the column section) curvature profile of Column
1: MA RT 2in, respectively. The predicted first yield curvature is also presented, assuming
a linear distribution from the base of the column to the top of the column. In Figure 5-38 a

symmetric distribution of curvature is noted for each direction of loading. A larger

concentration of curvature is evident at the bottom of the column.
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Figure 5-38 Low-level curvature profile of Column 1: MA RT 2in
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Similarly, Figure 5-39 shows a symmetric distribution for the high-level curvatures,
with slightly higher values in the pulling direction. The curvature data for u6 in the pushing
direction (dashed lines) were not presented due to data uncertainty, as the instrument support
at the base of the column was compromised due to column damage. Overall, the larger
curvatures were concentrated near the base of the column, and this observation was

consistent across different ductility levels.
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Figure 5-39 High-level curvature profile of Column 1: MA_RT 2in

5.5. Experimental response COL2: OST RT 2IN

5.5.1. Summary
The second test was performed at room temperature on an 18-inch-diameter column
reinforced with 10 #6 QST ASTM A706 grade 80 bars. The specimen reached a maximum
force of 53 kips and exhibited a 20% strength loss during the third pushing cycle of p5 and

the first pulling cycle of u6, due to the fracture of the extreme bars. The column was loaded
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until the first pushing cycle of p6, at which point it lost approximately 70% of its strength.

A summary of the column parameters is presented in Table 5-11.

Table 5-11 Summary of column parameters

Column parameters

Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (p=1.74%) QST
Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (p=1.23%)
Longitudinal Steel Nominal Yield Strength: ~ 86.4 ksi

Transverse Steel Nominal Yield Strength: 91.2 ksi

Concrete Strength: 7 ksi

Axial Load: 123 kips

Axial Load Ratio: 6.92%

First Yield Displacement: 0.58 in

F'y 39 kip

Nominal Moment Capacity: 282 kip-ft

Equivalent Yield Displacement: 0.8 in

Maximum Lateral Force: 53 kips

Displacement at 20% Strength loss: 4 in

Failure Mode: Fracture of buckled bar

5.5.2. Test observations

Starting from the cycle at 42 F'y, hairline cracks formed along the plastic hinge and
continued expanding throughout the test. In the first cycle of u3, the concrete began to flake.
Although no visible buckling was observed for the extreme top bar (2T), significant concrete
crushing was seen along the bar at the first pulling cycle of n5, which could be an indication
of the initiation of buckling. This bar (2T) fractured in the third pushing cycle of u5. The
extreme bottom bar (2B) buckled at approximately the third pushing cycle of p5 and
fractured in the first pulling cycle of u6. The bars 1T and 3T buckled in the first pulling cycle
of u6 and fractured in the following pushing cycle. The test was finalized after the fracture
of bars 1T and 3T, as the column exhibited significant strength degradation. Figure 5-40 to

Figure 5-53 illustrate the progression of the column's damage during the test. Table 5-12
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presents the summary of the damage observations from the test of the second column

specimen.

Table 5-12 Column 2 damage progression summary

Damage observations

Initiation of cracking:

Core Concrete Crushing:
Longitudinal Bar Buckling Top:
Longitudinal Bar Buckling Bottom:
Longitudinal Bar Fracture Top:
Longitudinal Bar Fracture Bottom:
20% Strength loss (-):

20% Strength loss (+):

12 Fy

u3+3

None visible
s

s

],L6+1

s

}16+]

(+) Pulling, (-) Pushing

Pulling

‘.\\ 1
e -
-l

Figure 5-40 First cycle of V4 F'y (pulling)
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Figure 5-42 First cycle pl (pushing): Shear cracks formed along the plastic hinge. Some perimetral cracks
were observed at the base of the column and over the plastic hinge.
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Figure 5-43 First cycle pl.5 (pulling): Cracks elongated and expanded. Some cracks formed parallel to the
reinforcing steel over the plastic hinge.

Figure 5-44 Third cycle p2 (pulling): Cracks at the base of the column expanded, and cracks formed at the
footing.
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Figure 5-46 First cycle of u4 (pulling).
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Figure 5-48 Third cycle of u5 (pulling and pushing): Concrete crushing around the extreme bar 2T, followed
by its fracture in the subsequent pushing cycle.
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Figure 5-50 First cycle of u6 (pushing): fracture of top bars 1T and 3T
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Figure 5-51 Damage at the top of the column along the plastic hinge: Fracture of bars 1T, 2T, and 3T, and
concrete core crushing.

Figure 5-52 Damage at the bottom of the column: Fracture of bar 2B, concrete core crushing.
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Figure 5-53 Experimental extent of plasticity.
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5.5.3. Force-displacement response

The hysteretic response of the column is shown in Figure 5-54, where each ductility
level and bar fracture is indicated. As with the previous specimen, the column exhibited
fractures in four bars. The first bar fractured during the last pushing cycle of p5, which
corresponded to the extreme top bar (2T). At this point, a 20% drop in strength was observed
in the pushing direction (-). Similarly, a 20% drop in strength was observed in the pulling
direction (+) after the fracture of the extreme bottom bar (2B), which occurred at the first
pulling cycle of u6. The two bars adjacent to the extreme top bar (1T and 3T) fracture at the
first pushing cycle of u6 (one complete cycle earlier than the MA specimen), at which point
a drop in strength of about 70% of the maximum force was observed. These observations are
also shown in Figure 5-55, which presents the envelope of the force-displacement response

of the column, with each graph corresponding to the envelope for the first, second, and third

cycles at each ductility level.
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Figure 5-54 Hysteretic response of Column 2: QST _RT 2in
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Figure 5-55 Envelope of the Force-displacement response of the RC column specimen #2.
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5.5.4. Curvature Profile
curvature profiles were generated for

The low-level and high-level
Column2:QST RT 2in, respectively. The predicted first yield curvature is also presented,
assuming a linear distribution from the base of the column to the top of the column. In both
low-level and high-level profiles, the distribution of curvatures was very symmetric, with the
high-level curvature showing slightly higher values in the pulling direction. At the low-level
curvature profile, the maximum curvature values seemed to be between the first and the
second gages near the base of the column, which corresponds to the location that is between
3.5 in and 10.5 in above the footing (Figure 5-56). However, for the high-level profiles, the
higher values of curvature shifted towards the base of the column (Figure 5-57). The

curvature profiles for pu6 in the pushing and pulling directions were not included in the high-

level curvature profile due to damage to the column that affected the instrument support at

the base and, therefore, the accuracy of the data.
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Figure 5-56 Low-level curvature profile of Column 2: QST RT 2in
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5.6. Experimental response COL3: MA LT 2IN

5.6.1. Summary

The third test was performed at low temperature on an 18-inch-diameter column
reinforced with 10 #6 MA ASTM A706 grade 80 bars. The column was conditioned for about
37 hours at a set temperature of -40°F, reaching -36°F at the reinforcing steel. The column
maintained an average temperature of -37°F during the test. During the test, the specimen
reached a maximum force of 59 kips and exhibited a 20% strength loss during the first
pushing cycle of u5 and the second pulling cycle of p6, due to the fracture of the extreme
bars. The column was loaded to the third pu6 pulling cycle, at which point it lost
approximately 50% of its strength. A summary of the column parameters is presented in

Table 5-13. Figure 5-58 presents the temperature record during conditioning and the test.
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Figure 5-58 Temperature record of column 3:MA LT 2in during the conditioning time and testing.

Table 5-13 Summary of column parameters

Column parameters

Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (p=1.74%) MA
Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (p=1.23%)
Longitudinal Steel Nominal Yield Strength: 84.5 ksi

Longitudinal Steel Nominal Yield Strength LT:  90.5 ksi
Transverse Steel Nominal Yield Strength RT: 91.2 ksi

Transverse Steel Nominal Yield Strength LT: 97.6 ksi

Concrete Strength RT: 6.70 ksi
Concrete Strength LT: 9.50 ksi
Axial Load: 123 ksi
Axial Load Ratio: 7.70%
First Yield Displacement: 0.53 in
F'y: 39.2 kip
Nominal Moment Capacity: 268 kip-ft
Equivalent Yield Displacement: 0.7 in
Maximum Lateral Force: 59 kips
Displacement at 20% Strength loss: 4 in
Failure Mode: Fracture of buckled bar

5.6.2. Test observations
Hairline cracks started forming at % F'y along the plastic hinge. The concrete began

to crush during the first cycle of p4, at a higher displacement than that of the MA column
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pair tested at room temperature. During the first pulling cycle of p5, the column exhibited
bar buckling of the top extreme bar (2T), which fractured during the subsequent pushing
cycle. An additional top bar (1T) fractured during the first pushing cycle of u6. At this same
cycle, a spiral yielding along the bottom extreme bar (2B) was observed, which could be an
indicator of bar buckling. The bottom extreme bars (2B) fractured in the following pulling
cycle of p6. A total of three bars fractured in this test: 2 top bars and 1 bottom bar. The test
was finalized after the fracture of the extreme bottom bar, as the column exhibited significant
strength degradation. Figure 5-59 to Figure 5-70 present the progression of the column's
damage during the test. Table 5-14 presents the summary of the damage observations from

the test of the third column specimen.

Table 5-14 Column 3 damage progression summary

Damage observations

Initiation of cracking: 3/4 Fy
Core Concrete Crushing: pdt!
Longitudinal Bar Buckling Top: us*t
Longitudinal Bar Buckling Bottom: ue6!
Longitudinal Bar Fracture Top: TR
Longitudinal Bar Fracture Bottom: n6*?
20% Strength loss (-): TR
20% Strength loss (+): u6™

(+) Pulling, (-) Pushing
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Pulling (+)

Pushing ()

Figure 5-60 First cycle of pul (pushing)
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Figure 5-62 First cycle of u3 (pushing). Some hairline shear cracks were observed along the column, and
expansion of cracks at the base of the columns
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Figure 5-63 First cycle of p4 (pulling). Initiation of concrete crushing

L SR

Figure 5-64 First cycle of u5S (pushing). Concrete damage around the longitudinal bars, damage observed in
the footing, and thickening of cracks along the plastic hinge length
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Figure 5-65 First cycle of p5: bar 2T buckled at the first pulling cycle and fractured in the subsequent pushing
cycle

Figure 5-67 Second cycle of p6 (pulling). Fracture the bottom extreme bar 2B
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Figure 5-68 Damage at the top of the column along the plastic hinge: Fracture of bars 1T and 2T, and
concrete core crushing.
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Figure 5-69. Damage at the bottom of the column: Fracture of the extreme bottom bar 2B, concrete core
crushing, and some footing damage.

Figure 5-70. Experimental extent of plasticity.
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5.6.3. Force-displacement response

The hysteretic response of the column is shown in Figure 5-71, indicating each
ductility level and bar fractures. The column presented fracture on three bars. The extreme
top bar (2T) fractured first during the first pushing cycle of u5, right after visible buckling
appeared in the previous pulling cycle. At this point, a 20% drop in strength was observed in
the pushing direction (-). Compared with the MA pair column tested at room temperature,
the fractured bar appeared more brittle. First, the room-temperature specimen underwent
three complete loading cycles, from bar buckling to bar fracture. In contrast, the low-
temperature column exhibited bar fracture immediately after visible buckling. In addition,
the fracture of the top extreme bar in the low-temperature specimen occurred at a
displacement far from the target displacement of the cycle (-4in), where the column was still
pulled beyond its zero position, as shown in Figure 5-72.

During the first pushing cycle of p6, the column exhibited fracture of the top bar T1
and spiral yielding around the bottom extreme bar 2B, which could indicate buckling. The
test was run until the third pulling cycle of u6, after the fracture of the extreme bottom bar,
at which point the column strength degraded by around 50%. These observations are also
shown in Figure 5-73, which presents the envelope of the force-displacement response of the
column, with each graph corresponding to the envelope for the first, second, and third cycles

at each ductility level.
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5.6.4. Curvature Profile

Figure 5-74 and Figure 5-75 present the low-level and high-level curvature profiles
generated for Column3:MA LT 2in, respectively. The predicted first-yield curvature is also
provided, assuming a linear distribution from the base of the column to the top of the column.
The distribution of curvatures in the low-level curvature profile differs between the column's
pushing and pulling directions. Figure 5-74 shows that the higher curvature values are

concentrated in the second gage for the pulling direction (solid lines) and in the base of the
columns for the pushing directions (dashed lines). However, these concentrations shifted as
the column was subjected to higher displacements. This is observed in the high-level
curvature profile as the distribution of curvatures became more symmetric, with the greater
values concentrated at the base of the column for all ductilities (Figure 5-75). The curvature

distributions for pu5 and p6 were not included in the high-level profile due to an inconsistency

in the data caused by the instrument support due to column damage.
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5.7. Experimental response COL4: OST LT 2IN

5.7.1. Summary

The fourth test was performed at low temperature on an 18-inch-diameter column
reinforced with 10 #6 QST ASTM A706 grade 80 bars. The column was conditioned for
approximately 37 hours at a set temperature of -40°F, reaching -38.6°F at the reinforcing
steel. The column maintained an average temperature of -37°F during the test. Figure 5-76
presents the temperature record during the conditioning time and the test.

During the test, the specimen reached a maximum force of 59 kips and exhibited a
20% strength loss during the first pushing cycle of u5, due to the fracture of the top extreme
bar. In the pulling direction, the 20% strength loss occurred in the second pulling cycle of
uS, before the extreme bottom bar fracture. The column was loaded until the third pushing
cycle of pS, at which point it lost approximately 60% of its strength. A summary of the
column parameters is presented in Table 5-15.
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Figure 5-76 Temperature record of column 4: QST LT 2in during the conditioning time and testing.

Table 5-15 Summary of column parameters

Column parameters

Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (pi=1.74%) QST
Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (p=1.23%)
Longitudinal Steel Nominal Yield Strength: 86.4 ksi

Longitudinal Steel Nominal Yield Strength LT:  92.3 ksi
Transverse Steel Nominal Yield Strength RT: 91.2 ksi
Transverse Steel Nominal Yield Strength LT: 97.9 ksi

Concrete Strength RT: 7.14 ksi
Concrete Strength LT: 9.34 ksi
Axial Load: 123 ksi
Axial Load Ratio: 6.77%
First Yield Displacement: 0.57 in
F'y 40.3 kip
Nominal Moment Capacity: 287 kip-ft
Equivalent Yield Displacement: 0.7 in
Maximum Lateral Force: 58 kips
Displacement at 20% Strength loss: 4 in
Failure Mode: Fracture of buckled bar
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5.7.2. Test observations

The first hairline cracks along the plastic hinge appeared at F'y and continued
expanding throughout the test. Concrete crushing was observed in the first pulling cycle of
p4. In the third pushing cycle of p4, the spiral around the extreme top bar started yielding,
which could indicate initiation of buckling for bar 2T. The buckling for this bar was visible
in the first pulling cycle of u5, followed by its fracture in the subsequent pushing cycle. An
additional top bar (3T) fractured in the first pushing cycle of p5. At this point, the column
exhibited a 20% strength degradation in the pushing direction (+). In the second pushing
cycle of u5, the adjacent bar to the top extreme bar (1T) fractured, leading to a three-bar
fracture at the top of the column by the end of the second cycle of nu5. The column was loaded
to the third pulling cycle at u5, at which point bar fracture of the bottom extreme bar (2B)
occurred, resulting in approximately 40% strength degradation in the pulling direction (-).
The visible spread of plasticity extended to about 10 %4 inches from the column base. Figure
5-77 to Figure 5-87 present the progression of the column's damage during the test. Table

5-16 presents the summary of the damage observations from the test of the fourth column

specimen.
Table 5-16 Column 4 damage progression summary
Damage observations
Initiation of cracking: F'y
Core Concrete Crushing: pg!
Longitudinal Bar Buckling Top: ug ™
Longitudinal Bar Buckling Bottom: TR
Longitudinal Bar Fracture Top: us*!
Longitudinal Bar Fracture Bottom: uss
20% Strength loss (+): us*!
20% Strength loss (-): TR

(+) Pulling, (-) Pushing
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Figure 5-78 First cycle of p2 (pushing)
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Figure 5-80 Third cycle of u3 (pushing) widening of the perimetral cracks near the base of the column
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Figure 5-82 Spiral yielding in the third pulling cycle of p4 and visible bar buckling in the first pulling cycle of
w5 — Top extreme bar 2B
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Figure 5-84 Bar buckling of the extreme bottom bar 2B at the first pushing cycle of u5 and fracture of the bar
2B at the third pulling cycle p5
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Figure 5-85 Damage at the top of the column along the plastic hinge: Fracture of bars 1T, 2T, and 3T, and
concrete core crushing

Figure 5-86 Damage at the bottom of the column along the plastic hinge: Fracture of bar 2B, and concrete
core crushing
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Figure 5-87 Experimental extent of plasticity

5.7.3. Force-displacement response

Figure 5-88 presents the hysteretic response of the column at all applied ductility
levels and indications of bar fracture. The specimen presented fractures in four bars. Two
bars fractured in the first pushing cycle of p5, which corresponded to the extreme top bar and
its adjacent bar (2T and 3T). At this point, a 40% drop in strength was observed in the pushing
direction (-) due to the fracture of both bars. A third bar fractured during the second pushing
cycle of pu5, corresponding to top bar 1T, and caused a 20% drop in strength in the pulling
direction (+). Lastly, the bottom extreme bar (2B) fracture occurred in the third cycle of pS5.
The test was finalized at this point, as the strength in the pushing direction had decreased by
60% from its maximum. These observations are also evident in the force-displacement

envelopes of the columns shown in Figure 5-89.
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5.7.4. Curvature Profile

The low-level and high-level curvature profiles were generated for
Column4:QST LT 2in. Figure 5-90 show the low-level curvature distribution, where a
symmetric distribution is observed between the pushing and pulling cycles. It is also noted
that, in the low-level distribution, higher curvature values were obtained in the second gage,
corresponding to a position of 10.5 inches above the column's footing. The concentration of
curvature on the second gage was maintained until p2, as seen in the high-level curvature
profile presented in Figure 5-91. From p3, higher curvature values were observed near the
base of the column. In the pushing direction, the curvatures showed the maximum values
between the first and second gages, indicating a greater spread of plasticity in this direction.
While in the case of the pulling direction, the maximum curvature values were concentrated
more at the base of the column, indicating more concentration of damage at the top of the
column. The curvature distribution corresponding to pu5 was not presented for either loading
direction as the damage of the column led to damage on the support of the instrument,

resulting in unreliable results for this ductility level.
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Figure 5-91 High-level curvature profile of Column 4: QST LT 2in
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5.8. Experimental response COL5: MA LT 4IN

5.8.1. Summary

Column five corresponded to the last pair of columns that were constructed using a
larger spiral spacing of 4 inches. This specimen was constructed using 10 #6 MA ASTM
A706 grade 80 bars as longitudinal steel and tested at low temperatures. The column was
conditioned for approximately 37 hours, achieving a temperature of -38°F on the reinforcing
steel. During the test, the column maintained an average temperature of -36.4°F on the
reinforcing steel. The records of the conditioning and test temperatures are shown in Figure
5-92.

Column 5 reached a maximum strength of 57 kips and presented a 20% strength
degradation in the second pushing cycle and third pulling cycle of u5, caused by the fracture
of the longitudinal extreme bars. The column was loaded until the third pushing cycle of u5,
at which point a 60% drop in strength was observed. A summary of the column parameters

for the fifth specimen is presented in Table 5-17.
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Figure 5-92 Temperature record of column 5:MA_ LT 4in during the conditioning time and testing
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Table 5-17 Summary of column parameters

Column parameters

Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (pi=1.74%) MA
Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (p=1.23%)
Longitudinal Steel Nominal Yield Strength RT: 84.5 ksi

Longitudinal Steel Nominal Yield Strength LT: 90.5 ksi

Transverse Steel Nominal Yield Strength RT: 91.2 ksi
Transverse Steel Nominal Yield Strength LT: 97.6 ksi
Concrete Strength RT: 4.50 ksi
Concrete Strength LT: 7.80 ksi
Axial Load: 123 ksi
Axial Load Ratio: 10.7%
First Yield Displacement: 0.55 in
F'y 37.6 kip
Nominal Moment Capacity: 203 kip-ft
Equivalent Yield Displacement: 0.7 in
Maximum Lateral Force: 57 kips
Displacement at 20% Strength loss: 4 in
Failure Mode: Fracture of buckled bar

5.8.2. Test observations

The initiation of cracking was observed at % F'y along the plastic hinge. The hairline
cracks continued to expand along the test. During the third p3 pulling cycle, concrete
crushing was observed at the top of the column. In the first pulling cycle of p4, significant
concrete crushing was observed around the longitudinal extreme bar 2T; this was followed
by visible bar buckling in the first pulling cycle of u5. The first bar fracture in the second
pushing cycle of pu5, with two cycles of load between visible bar buckling and the fracture.
The fracture of the top extreme bar 2T led to a 20% drop in strength in the pushing direction.
The bottom extreme bar (2B) fractured in the third pulling cycle of u5; no visible buckling
was seen for this bar. An additional top bar (3T), adjacent to the extreme top bar, fractured
during the third pushing cycle of p5, resulting in a 60% strength degradation and ending the
test. A total of three bars fractured in this test: 2 top bars and 1 bottom bar. The fractured

bars at the top of the column presented a brittle failure surface, consistent with the type of
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failures observed in the material-level evaluation, where the broken surface presented a "stair
step" shape (Figure 5-103).

The photographic records indicated that a fourth bar fractured at the top of the column
(Figure 5-102). This fracture was not observed during the test and was not visible in the
hysteretic response, so it likely occurred after the test was finalized, when the column was
being unloaded. Figure 5-93 to Figure 5-106 show the damage progression of the column.
Table 5-18 presents the summary of the damage observations from the test of the third

column specimen.

Table 5-18 Column 5 damage progression summary

Damage observations

Initiation of cracking: 3/4 fy

Core Concrete Crushing: u3*?
Longitudinal Bar Buckling Top: us*t
Longitudinal Bar Buckling Bottom : None visible
Longitudinal Bar Fracture Top: TR
Longitudinal Bar Fracture Bottom: us*3

20% Strength loss (+): TR

20% Strength loss (-): us*3

(+) Pulling, (-) Pushing
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Figure 5-93 F'y (pulling): Hairline cracks formed along the plastic hinge in the first cycle of 3/4 F'y and
continued expanding

Figure 5-94 First cycle of ul (pushing): Extension of cracks
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Figure 5-95 Third cycle of u2 (pushing)

Figure 5-96 Third pulling cycle of u3: Concrete crushing at the top of the column and cracks widening at the
bottom
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Figure 5-98 First pulling cycle of p5: Visible buckling of top extreme bar, 2T
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Figure 5-99 Second pushing cycle of pu5: Bar fracture of top extreme bar, 2T
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Figure 5-101 Third pushing cycle of u5: Bar fracture of bottom bar, 3B
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Figure 5-102 Damage at the top of the column along the plastic hinge: Fracture of bars 1T, 2T, and 3T, and
concrete core crushing

Figure 5-103 Brittle fracture surface of top bars (1T, 2T, and 3T)
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Figure 5-104 Damage at the bottom of the column along the plastic hinge: Fracture of bar 2B and concrete
core crushing

Figure 5-105 Fracture of bar 2B near the base of the column
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Figure 5-106 Experimental extent of plasticity

5.8.3. Force-displacement response

The hysteretic response of the column at all applied ductility levels and indications
of bar fracture are shown in Figure 5-107. The specimen presented bar fractures in three bars
during the test. The first bar fractured during the second pushing cycle of p5, which
corresponded to the extreme top bar (2T), resulting in a 20% drop in strength in the pushing
direction (-). A second bar fractured during the third pulling cycle of u5, corresponding to
the bottom extreme bar 2B, and caused a 20% drop in strength in the pulling direction (+).
Lastly, the top bar 3T fracture in the third pushing cycle of u5. The test was finalized at this
point, as the strength in the pushing direction had decreased by 60% from its maximum.
These observations are also evident in the force-displacement envelopes of the columns

shown in Figure 5-108.
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Figure 5-108 Envelope of the Force-displacement response of the RC column specimen #5
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5.8.4. Curvature Profile
The low-level and high-level curvature profiles for Column5:MA LT 4in are

presented in Figure 5-109 and Figure 5-110, respectively. At low-level curvatures, the
maximum curvature was concentrated in the third gage, corresponding to a column location
of approximately 17.5 in above the footing. However, these values were mainly within the
first yield curvature, just exceeding it at the third gage of the predicted first yield loading
cycle in the pushing direction (dashed lines). The initial curvature distribution shifted as the
column underwent higher displacement. The greater values of curvature were concentrated
at the base of the column for the pulling directions and on the second gauge for the pushing
direction, presenting an uneven distribution between the two loading directions in the high-
level curvature profile (Figure 5-110). Higher curvature values were observed in the pulling

direction (solid lines), which correlates well with most of the damage observed at the top of

the column.
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Figure 5-109 Low-level curvature profile of Column 5: MA LT 4in
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5.9. Experimental response COL6: OST LT 4IN

5.9.1. Summary

The final test was performed at low temperature on an 18-inch-diameter column
reinforced with 10 #6 QST ASTM A706 grade 80 bars and a 4-inch spiral separation. The
column was conditioned for about 20 hours at a set temperature of -40°F, reaching -33°F at
the reinforcing steel, and had an average temperature of -32°F during the test (Figure 5-111).
This specimen was conditioned for less time than the other low-temperature specimens,
which were conditioned for approximately 37 hours, due to operational time constraints in
the environmental chamber. However, based on temperature records from previous columns,
the specimen's temperature began to stabilize after about 20 hours of conditioning, which
contributes to the consistency of the test condition.

During the test, the specimen reached a maximum force of 60 kips and exhibited a

20% strength loss during the first cycle of u5 in both directions due to the fracture of the
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extreme bars 2T and 2B. The column was loaded until the second push cycle of u5, at which

point a drop in strength of about 50% was observed. The summary of the column parameters

is presented in Table 5-19.
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Figure 5-111 Temperature record of column 6:QST LT 4in during the conditioning time and testing

Table 5-19 Summary of column parameters

Column parameters

Longitudinal Steel:
Transverse Steel:

Longitudinal Steel Nominal Yield Strength RT:
Longitudinal Steel Nominal Yield Strength LT:

Transverse Steel Nominal Yield Strength RT:
Transverse Steel Nominal Yield Strength LT:
Concrete Strength RT:

Concrete Strength LT:

Axial Load:

Axial Load Ratio:

First Yield Displacement:

Fy

Nominal Moment Capacity:

Equivalent Yield Displacement:

Maximum Lateral Force:

Displacement at 20% Strength loss:

Failure Mode:

10 #6 ASTM A706 Gr.80 (p=1.74%) QST
#3 ASTM A706 Gr.80 @ 2" (p=1.23%)
86.3 ksi

92.3 ksi

91.2 ksi

97.6 ksi

4.9 ksi

7.4 ksi

123 ksi

9.9%

0.551in

39.2 kip

211 kip-ft

0.7 in

60 kips

4 in

Fracture of buckled bar
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5.9.2. Test observations

The first hairline cracks along the plastic hinge appeared at 3/4 F'y and continued
expanding throughout the test. Concrete crushing was observed in the first pulling cycle of
p4. At the third pulling cycle of p4, buckling of the top extreme bar 2T was observed. The
first bar fracture in the first pulling cycle of u5, which corresponded to the extreme bottom
bar 2B. This was followed by the fracture of the top extreme bar 2B in the first pushing cycle
of u5. The fracture of the extreme bars resulted in 20% strength degradation in both loading
directions of the column.

A third bar (1B) fractured at the bottom of the column in the second pulling cycle of
uS, corresponding to the bar adjacent to the extreme bar 2 B. This fracture resulted in a total
strength reduction of about 50% of the column's maximum strength, and the test was stopped
after the completion of the second pushing cycle of u5. Figure 5-112 to Figure 5-123 show
the damage progression of the column. Table 5-20 presents the summary of the damage

observations from the test of the sixth column specimen.

Table 5-20 Column 6 damage progression summary

Damage observations

Initiation of cracking: 3/4 fy

Core Concrete Crushing: pg!
Longitudinal Bar Buckling Top: pd3
Longitudinal Bar Buckling Bottom : None visible
Longitudinal Bar Fracture Top: TR
Longitudinal Bar Fracture Bottom: ps*!

20% Strength loss (+): us!

20% Strength loss (-): ps*!

(+) Pulling, (-) Pushing
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Figure 5-112 F'y (pushing). Hairline cracks formed along the plastic hinge in the first cycle of 3/4 F'y and
continued expanding.

Figure 5-113 Third pushing cycle of pl: Extension of cracks
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Figure 5-115 Third pulling cycle of u3: Concrete flaking near the base of the column.
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Figure 5-117 Third pulling cycle of p4: Buckling of top extreme bar 2T
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Figure 5-120 Second pulling cycle of u5: Bar fracture of adjacent bar to top extreme bar 1B
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Figure 5-121 Damage at the top of the column along the plastic hinge: Fracture of bar 2T and concrete core
crushing

Figure 5-122 Damage at the bottom of the column along the plastic hinge: Fracture of bars 2B and 1B, and
concrete core crushing
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Figure 5-123 Experimental extent of plasticity.

5.9.3. Force-displacement response

Figure 5-124 presents the hysteretic response of the column at all applied ductility
levels and indications of bar fracture. The specimen presented fractures in three bars. The
bottom extreme bar 2B fractured in the first pulling cycle of p5, followed by the fracture of
the top extreme bar 2T, which caused a 20% drop in strength in the pushing and pulling
direction. Lastly, the bottom extreme bar (1B) fractured in the second pulling cycle of u5,
resulting in significant strength degradation. The test was finalized after the completion of
the second pushing cycle of 5. These observations are also evident in the force-displacement

envelopes of the columns shown in Figure 5-125.
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Figure 5-124 Hysteretic response of Column 6: QST LT 4in
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Figure 5-125 Envelope of the Force-displacement response of the RC column specimen #6
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5.9.4. Curvature Profile

Figure 5-126 and Figure 5-127 present the low- and high-level curvature profiles for
Column6:QST LT 4in. Similar to the previous column, the maximum curvature was
concentrated in the third gage, corresponding to a location 17.5 in above the footing, at low-
level curvature, with values mainly within the first yield curvature, just exceeding it at the
third gage of the first yield loading cycle in both loading directions. At the high-level
curvature profile (Figure 5-110), the initial concentration of curvature was maintained until
u2, after which the distribution shape shifted to greater values of curvature concentrated at
the base of the column. Higher curvature values were observed in the pushing direction
(dashed lines), which correlates well with most of the damage observed at the bottom of the
column. The curvature distribution corresponding to u5 was not presented for either loading
direction because the column damage affected the instrument support, resulting in unreliable

results for this ductility level.
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Figure 5-126. Low-level curvature profile of Column 6: QST LT 4in.
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Figure 5-127. High-level curvature profile of Column 6: QST LT 4in.
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5.10. IMPACT OF LOW TEMPERATURE ON HSRS

5.10.1. Low temperature impact on the seismic behavior of RC columns reinforced
with grade 80 MA steel

Tests 1 and 3 corresponded to column tests performed on RC Columns reinforced
using MA steel. The first was conducted at room temperature, while the last was tested at
low temperature. The hysteretic response of the two specimens is shown in Figure 5-128,
and the first and third cycles' envelope of the force-displacement response is presented in
Figure 5-129 and Figure 5-130. Overall, both columns reached a displacement of 4 in before
they achieved a 20% strength loss due to bar fracture, and both columns were loaded until a
displacement of 4.8 in, achieving p6. The low-temperature specimen exhibited strength
approximately 17% higher than the room-temperature specimen, with maximum strengths of
59 kips and 50 kips, respectively.

The main differences observed between the two specimens were the damage
progression and the post-buckling behavior. During the test, the room-temperature specimen
showed cracking earlier than the low-temperature specimen. In addition, more cracks and
damage to the concrete core were observed in the room-temperature specimen, as shown in
Figure 5-133. These differences in the concrete damage could be explained by the increased
strength at low temperatures, where the concrete achieved 42% higher strength than at room
temperature. The second main difference was in post-buckling behavior, where the low-
temperature specimen exhibited a significant reduction in bending strain capacity. For the
low-temperature specimen, visible bar buckling was observed in the first pulling cycle of
ductility 5, followed by immediate bar fracture in the subsequent pushing cycle. In contrast,
the room-temperature specimen exhibited visible bar buckling in the third pulling cycle of

p4 and bar fracture in the third pushing cycle of ductility 5, allowing 3 complete cycles of
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loading between buckling and fracture. The comparison of the visible buckling and fracture
of the top extreme bar for both specimens is shown in Figure 5-130 and Figure 5-131. These
observations correlate well with the material-level experiments, in which buckled bar tension
test results on MA bars showed a lower bending strain capacity at low temperature than at
room temperature. The reduction in the bending strain capacity at low temperatures results
in fractures that are more brittle in nature at low temperatures compared to bars subjected to
the same amount of buckling at room temperature.

Despite the reduction in the bending strain capacity of the longitudinal bars in the
low-temperature specimen, the column exhibited a global response comparable to that of the
room-temperature specimen. The similarity in global behavior is explained by the increase
in the strength of concrete and transverse steel, which provided greater confinement of the

longitudinal bars under low-temperature conditions, thereby delaying the onset of buckling.
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Figure 5-128 Comparison of the hysteretic response of Columns 1 and 3: MA_RT 2invs. MA LT 2in
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Figure 5-131 Visible buckling in the top extreme bar for the MA columns tested at room and low
temperatures

A_RT 2in |

—

Figure 5-132 Top extreme bar fractures for the MA columns tested at room and low temperatures
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Figure 5-133 Concentration of concrete crushing at the base of the columns

Figure 5-134 and Figure 5-135 present the comparison between the curvature
distribution of Columns 1 and 3 at pul and p4, respectively. At pl, the curvature profile in
the pushing direction (dashed line) remained similar between the low- and room-temperature
specimens. In the pulling direction (solid line), the room-temperature column exhibited
higher curvature near the base than the low-temperature specimen (Figure 5-135). At p4,
both specimens presented a symmetrical curvature distribution along the column height, with
the maximum curvature values obtained at the base of the column. The room-temperature
specimen showed greater curvature at the base of the column than the low-temperature
column. In addition, the low-temperature column exhibited a slightly larger spread of
plasticity than the room-temperature column, as it showed larger curvature values at the
second gage than its room-temperature pair. These observations are consistent with the final
statement of the columns displayed in Figure 5-133 where crushing extended over a larger
distance in the low-temperature specimen, whereas it was more severe and concentrated in

the room-temperature column.
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Figure 5-134 Comparison of the curvature distribution at pl of Columns 1 and 3: MA RT 2in vs.
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Figure 5-135 Comparison of the curvature distribution at u4 of Columns 1 and 3: MA_RT 2in vs.
MA LT 2in
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5.10.2. Low temperature impact on the seismic behavior of RC columns reinforced
with grade 80 QST steel

Tests 2 and 4 corresponded to column tests performed on RC Columns reinforced
using QST steel, conducted at room and low temperatures, respectively. Figure 5-136 shows
the comparison of the hysteretic responses of the two specimens. The force-displacement
envelopes of the first and third cycles of the columns are shown in Figure 5-137 and Figure
5-138. It was observed that both specimens exhibited 20% strength degradation in pS5;
however, the specimen tested at low temperature showed greater strength degradation at this
ductility level than the room-temperature column, as more bars fractured at this point. By
contrast, the column tested at room temperature achieved greater residual strength in the third
cycle of pu5, and it was loaded for an additional cycle in u6. These results indicate that
temperature affected the column's displacement capacity, with slightly lower displacement
capacity at low temperatures.

Related to bar buckling and bar fracture, both specimens presented an indication of
the extreme top bar buckling at the same ductility level (Figure 5-139). However, the fracture
in the low-temperature specimen occurred during the first pushing cycle of pu5 and was more
brittle. Figure 5-140 shows the fracture of the top extreme bars for the room and low
temperature specimens, where it is also appreciated that the failure surface differs between
the two specimens. The room-temperature specimen exhibited a diagonal fracture, typical of
QST steel, whereas the low-temperature specimen exhibited a flat fracture. This change in
the fracture surface was also observed in the material-level evaluation of QST bars, where
bars subjected to higher buckling levels during the BBT test exhibited flatter failure surfaces

as the failure mode shifted to brittle (Figure 5-141).
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Figure 5-138 Comparison of the third cycle envelope of the force displacement response of Columns 2 and 4:
QST RT 2invs. QST LT 2in.

Figure 5-140 Fracture of the top extreme bar in the QST columns, tested at room and low temperatures.
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Figure 5-141 QST broken bars subjected to the BBT test at low temperature. Specimens were arranged from
ductile to brittle failure modes (increasing levels of buckling at the top).

The comparison between the curvature distributions for Columns 2 and 4 at ductilities
1 and 4 is presented in Figure 5-142 and Figure 5-143, respectively. At both ductilities, the
curvature distribution obtained for the QST specimens was similar at low temperature and
room temperature. Both columns presented a symmetrical curvature distribution. At lower
ductility, larger curvature values were concentrated in the first and second gages. In contrast,
at higher ductility levels, both specimens exhibited larger curvature concentrations near the
base of the columns. The differences in curvature values were minor, with slightly higher
values at room temperature. No significant differences were appreciated in the spread of

plasticity between the two specimens (Figure 5-144).
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Figure 5-143 Comparison of the curvature distribution at u4 of Columns 2 and 4: QST RT 2in vs.
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Figure 5-144 Concentration of concrete crushing at the base of the columns

5.10.3. Manufacturing process impact on the seismic behavior of HSRS
5.10.3.1. Room temperature observations
Tests 1 and 2 corresponded to the room temperature control column tests. Both the
MA and QST columns exhibited comparable behavior at room temperature. The columns
were loaded to the first and second cycles of p6, with the MA column achieving one
additional complete loading cycle than the QST-reinforced column. The QST column
exhibited slightly higher strength than the MA column, reaching a maximum force of 53
kips, compared to 50.41 kips obtained in the MA column. However, such minor differences
are not unusual. Figure 5-145 presents a comparison of the hysteretic response of the MA
and QST columns tested at room temperature. Both columns exhibited similar failure modes,
with bar fracture of the top extreme bar occurring at the third pushing cycle for u5 and the

first pulling cycle for p6, resulting in 20% strength degradation in both loading directions
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(pushing and pulling). A comparison of the force-displacement envelopes in presented in
Figure 5-146 and Figure 5-147 for the first and third cycles of each ductility, respectively.
Bar buckling was more pronounced in the MA steel than in QST. Visible buckling
was observed in the third pulling cycle of p4 for the MA column, while it was not visible for
the QST column. However, the QST column exhibited significant concrete crushing along
the longitudinal extreme bar at the first pulling cycle of p5, which could be an indication of
the initiation of buckling (Figure 5-148). The observations indicate that the MA and QST
columns withstand approximately three complete cycles between buckling and bar fracture.
The columns were loaded to ductility six, at which point significant strength degradation was
observed, with 4 bars fracturing in each column. It was also observed that the MA bars
exhibited a flat failure surface, whereas the QST bars exhibited a diagonal failure surface
(Figure 5-149). This difference in the failure surface has also been observed in the material-

level tests.
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Figure 5-145 Comparison of the hysteretic response of Columns 1 and 2: MA RT 2invs. QST _RT 2in.
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Figure 5-147 Comparison of the third cycle envelope of the force displacement response of Columns 1 and 2:
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Figure 5-148 Comparison of the MA and QST columns tested at room temperature, p5*!: buckling in the MA
specimen, and significant crushing along the top extreme bar in the QST specimen.

Figure 5-150 Concentration of concrete crushing at the base of the columns
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The curvature distributions of Columns 1 and 2 for ductility 1 and 4 are shown in
Figure 5-151 and Figure 5-152, respectively. The curvature profiles were comparable
between the QST and the MA specimens tested at room temperature. The QST specimen
showed a slightly larger spread of plasticity, while the MA specimen showed a higher
concentration of curvature near the base of the column. These observations are consistent
with the final condition of the columns displayed in Figure 5-150 where crushing extended
over a larger distance in the QST specimen, whereas it was more severe and localized near
the base of the column in the MA. However, these differences are minor, and the overall

behavior of the column was similar for both specimens.
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Figure 5-151 Comparison of the curvature distribution at pl of Columns 1 and 2: MA_RT 2in vs.
QST RT 2in

198



(g
~l

: oy | Y —&— 14 MA _RT
24 ¢ " & -4 MA RT
: L —&—p4 QST RT
22 ¢ :': & -4 QST RT
- E :.‘ :-' ............... (D'Y
£ .-s
o f
o 15 ¢ L
= f
E o s 4
s |
o 6
3 F .
0 : I : l : : . : . L L L I 1 I | | ! 1 | !
-6 -4 ) ) 4 ‘

0
¢ [1/in]x103

Figure 5-152 Comparison of the curvature distribution at p4 of Columns 1 and 2: MA RT 2in vs.
QST RT 2in

5.10.3.2. Low temperature observations

Columns 3 and 4 corresponded to the specimen reinforced with MA and QST tested
at low temperature. Figure 5-153 shows the comparison of the hysteretic response of the
columns. The MA was loaded until the third cycle of pu5, while the QST column reached the
third cycle of p5. Both columns achieved similar maximum forces: 58.9 kips for the MA
column and 57.8 kips for the QST, which were 17% and 9% higher than those obtained from
each specimen pair tested at room temperature.

When comparing the experimental responses of the MA and QST specimens tested
at low temperatures with each room temperature pair, the impact of the low temperature
appears consistent. Both low-temperature specimens exhibited similar damage progression,
with a delay in the onset of concrete cracking, crushing, and bar buckling relative to the
room-temperature tests. The delay in damage progression occurs due to the enhancement of

concrete and steel strength caused by low temperatures. However, the QST specimen tested

199



at low temperature had a faster strength degradation than the MA specimen after the first bar
buckled. This difference in strength degradation is shown in Figure 5-154 and Figure 5-155,
which compare the first and third force-displacement response envelopes. In the force-
displacement response envelopes, the QST specimen strength deteriorated by approximately
60% by the end of the third cycle of u5, after four bar fractures, and the test was terminated.
In contrast, the MA specimen showed greater residual strength at the end of p5 and was
loaded until the third cycle of p6, at which point about 50% strength degradation was
observed.

The MA and QST columns tested at low temperature also showed indications of
brittle bar fractures (Figure 5-157). In both cases, the bar fractures occurred in the subsequent
half-cycle after visible buckling (Figure 5-156). At the same time, the room-temperature

columns withstand approximately three complete cycles between buckling and bar fracture.
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Figure 5-153 Comparison of the hysteretic response of Columns 3 and 4: MA LT 2invs. QST LT 2in.
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Figure 5-154 Comparison of the first cycle envelope of the force displacement response of Columns 3 and 4:
MA LT 2invs. QST LT 2in
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Figure 5-155 Comparison of the third cycle envelope of the force displacement response of Columns 3 and 4:
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Figure 5-156 Top extreme bar buckling for the MA and QST columns with 2-inch spiral spacing tested at low
temperatures.

Figure 5-157 Top extreme bar fractures for the MA and QST columns with 2-inch spiral spacing tested at low
temperatures

Figure 5-158 and Figure 5-159 present the curvature distributions of Columns 3 and
4 for ductility 1 and 4, respectively. At low temperatures, the MA and QST columns with a
transverse steel spacing of 2 in presented a similar distribution of curvatures. At pl, the MA
specimen presented a higher concentration of curvature near the base of the column in the
pushing direction (dashed lines); however, in the pulling direction (solid lines), the greater
curvature values were concentrated between the first and second gages, similarly to the
distribution obtained for the QST specimen. At p4, both specimens had a symmetrical
distribution, with larger curvatures concentrated near the base of the column. For both cases,
the curvatures obtained in the pulling direction were higher than in the other direction, which
aligns well with the experimental observations, where both columns presented bar fracture
first at the top of the column. In addition, the QST exhibited greater curvature in the pulling

direction than at room temperature.
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Similarly, columns 5 and 6 corresponded to specimens reinforced with MA and QST,
respectively, tested at low temperature, with a greater spiral separation of 4 inches. This pair
of columns doesn't have a control test at room temperature, as the previous specimens (3 and
4), and therefore are just comparable to each other. The objective with this set of specimens
was to determine whether there were any significant differences between the manufacturing
processes, MA and QST, under aggravated buckling conditions. Figure 5-160 shows the
comparison of the hysteretic response of the columns, which exhibit similar behavior. The
MA was loaded until the third cycle of puS, whereas the QST column was loaded until the
second cycle of u5. Both columns achieved similar maximum forces: 56.8 kips for the MA
column and 60.4 kips for the QST, with the QST column being 6% stronger than the MA
column. Similarly, both columns reached a maximum displacement of 4 inches,
corresponding to pS5.

Both low-temperature specimens exhibited comparable damage progression, with
strength degradation occurring slightly faster in the QST-reinforced column than in the MA-
reinforced column. Figure 5-161 shows a 20% strength degradation in both loading
directions for the QST column during the first pulling and pushing cycles of pu5. While the
20% strength degradation occurred in the second and third cycles of u5 for the MA column
(Figure 5-162).

As seen in the material-level evaluation, the failure mode of the reinforcing steel was
more brittle at low temperatures. The fracture surfaces of the longitudinal bar showed a non-
uniform failure surface (like a "stair step"), which differs from the most flat surface typically
obtained on MA bars, and the QST steel showed a flat failure surface, where diagonal bar

fractures tend to occur (Figure 5-165).
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Figure 5-165 Brittle fracture of the MA and QST longitudinal steel.

Figure 5-158 and Figure 5-159 present the curvature distributions of Columns 5 and
6 for ductility 1 and 4, respectively. Similar to the observations on the low-temperature
specimens with a 2 in spiral spacing, the MA and QST columns with a transverse steel
spacing of 4 in presented a similar distribution of curvatures. At ul, both columns showed a
greater curvature in the third gage at a column height of approximately 17.5 in the pushing
direction (dashed lines). While in the pulling direction (solid lines), the greater curvature
values were concentrated near the column base for the MA specimen and at the third gage
for the QST specimen. At p4, both specimens exhibited different curvature distributions in
the pushing and pulling directions. The QST column presented a larger curvature
concentrated near the base of the column in the pushing direction, which correlated well with
the bar fracture occurring first at the bottom extreme bar for this specimen. In contrast, the
MA column presented a larger curvature concentrated near the base of the column in the
pulling direction, correlating well with the bar fracture occurring first at the top extreme bar

in this specimen.
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5.11. Summary

Six columns reinforced with ASTM A706 grade 80 steel were subjected to quasistatic
lateral loading to address their seismic behavior at room and low temperatures. All the
columns had a diameter of 18 inches, a clear height of 65 inches, and were reinforced using
10 #6 grade 80 longitudinal bars. Two main steel manufacturing processes were studied, MA
steel and QST steel. The first four columns had a spiral separation of 2 inches and
corresponded to two pairs of identical columns that were tested at room and low temperatures
using MA and QST steel. The first set of columns was tested to assess the effect of
temperature on the MA and QST steels, as well as the differences between the two
manufacturing processes at each temperature. The final set of columns corresponded to
specimens built using MA and QST with a larger spiral separation of 4 in. This last set of
columns was designed to address whether significant differences in behavior exist between
MA and QST steel under aggravated buckling conditions. All the columns were subjected to

the same loading protocol. A summary of the experimental observations is listed below:

5.11.1. Low temperature impact on the seismic behavior of HSRS

e The MA and QST specimens tested at low temperature showed an increase in
strength of 17% and 9% relative to their room temperature counterparts.

e The global response of the low temperature specimens was comparable to the
room temperature columns, despite differences in damage progression and
reduction in the bending strain capacity of their reinforcing steel. The low
temperatures increased the strength of concrete and transverse steel, delaying
the onset of buckling and counteracting the reduction in bending strain

capacity.
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e The bar fracture of the low-temperature specimens appears to be more brittle
in nature compared to the room-temperature specimens.

e Based on the curvature distribution profiles, low temperature did not
significantly affect the spread of plasticity. Higher curvature values were
observed near the base of the columns in the room-temperature specimens
compared to the low-temperature specimens

5.11.2. Manufacturing process impact on the seismic behavior of HSRS at low
temperatures

e MA and QST steel presented comparable behavior at room and low
temperatures, in both confinement conditions (2 inches and 4 inches of
spacing between spiral layers). The QST steel exhibited slightly higher
strength in all comparisons and faster strength degradation than MA columns
after the first bar fracture; however, displacement capacity was not affected.
Usually, both manufacturing processes had the first bar fracture and 20%
strength loss at the same ductility level in comparable conditions.

e The curvature distributions were comparable between the MA and QST
specimens in all the evaluated cases. Minor differences were observed at room
temperature, where the QST specimens appeared to exhibit a slightly higher
spread of plasticity. In contrast, the MA specimens showed higher curvature
concentrated at the base of the column. These differences were not observed
at low temperatures, where the curvature distribution obtained from the MA
and QST specimens was very similar for both pairs of specimens with 2 and

4inches spiral separation.
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The moment curvature predictions aligned very well with the experimental
responses at room and low temperatures, which indicates that the low
temperature response can be predicted with a conventional approach by using
the expected material properties at low temperature. Further research is
needed to more accurately predict the strength degradation of the columns at
both room and low temperatures, particularly regarding bar buckling and bar

fractures.
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CHAPTER 6. CONCLUSIONS AND DESIGN RECOMMENDATIONS

This chapter summarizes the main findings obtained from the experimental program
to understand the seismic behavior of HSRS at low temperatures. The material-level
conclusions and recommendations are presented first, followed by those obtained at the

member level. This chapter concludes with a description of future work.

6.1. Conclusions
6.1.1. Material level conclusions
Chapter 4 presented the material level evaluation of HSRS at low temperatures. In
this phase, tension and BBT tests were performed at various temperatures to assess the
impact of low temperatures on mechanical properties and on the critical bending strain on
HSRS. The main findings are summarized below:

e BBT tests performed on grade 80 steel at room and low temperatures
suggested that the manufacturing process could have an impact on the
reinforcing steel's ability to sustain buckling at low temperatures. From these
tests, the critical bending strain of QST bars was almost unaffected by
temperature. While in MA bars, a 20% reduction in ebc was observed as the
temperature decreased to -40 °F (-40 °C). These observations suggested that
MA bars are more likely to exhibit an earlier ductile-to-brittle transition when
subjected to increases of bending strain due to buckling, in contrast to the
QST bars.

e Smooth bars exhibited higher ebc at both low and room temperatures
compared to both ribbed QST and MA bars. The absence of ribs in the bar

(and therefore stress concentrations in the section of maximum curvature),
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combined with temperature variations in the experimental setup, prevented
conclusive results for this group of bars, for which the effect of stress
concentrations was to be evaluated.

e Tension tests showed that low temperatures resulted in increases in yield and
ultimate stress for grade 80 and grade 100 steel as the temperature decreased.
The T/Y ratio and the elastic modulus remained mainly unaffected by
temperature. In addition, no clear trend was found on the effect of low

temperatures on uniform elongation.

6.1.2. Member-level conclusions

Chapter 5 presented the large-scale experimental program conducted on 6 RC
columns reinforced with ASTM A706 grade 80 MA and QST steel to evaluate the impact of
low temperatures on the seismic behavior of HSRS. The first four specimens share the same
detailing, with the only difference being the manufacturing process for the longitudinal
reinforcing steel. Each pair of columns (reinforced with MA or QST longitudinal steel) was
evaluated at room and low temperatures to assess the impact of manufacturing on the low-
temperature seismic behavior of RC columns. The last two specimens were evaluated at low
temperature with increased transverse steel spacing to assess differences in the
manufacturing process under aggravated buckling conditions. From the experimental

observations, the following conclusions were made:
e The global response of the low-temperature specimens was comparable to the
room-temperature columns. The low temperature increased lateral strength in
both MA and QST specimens, which were 17% and 9% higher than those

obtained from the corresponding specimen pairs tested at room temperature.
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No significant variations were obtained in the displacement capacity of the
columns tested at low temperatures.

The MA and QST columns tested at low temperatures exhibited differences
in the damage progression and reduction in the bending strain capacity of their
reinforcing steel compared to their room temperature pairs. However, the
increased strength of concrete and transverse steel caused by low
temperatures delayed the onset of buckling. It counteracted the reduction in
bending strain capacity, resulting in comparable global behavior.

The curvature distribution profiles did not show a significant effect of the low
temperatures on the spread of plasticity. However, higher curvature values
were observed near the base of the columns in the room-temperature
specimens compared to the low-temperature specimens.

Regarding the potential impact of reinforcing steel manufacturing process, the
MA and QST steel presented comparable behavior at room and low
temperatures, in both confinement conditions (2-inch and 4-inch spiral
spacing). The QST steel exhibited slightly higher strength in all comparisons
and faster strength degradation than MA columns after the first bar fracture;
however, displacement capacity was not affected. Usually, both
manufacturing processes had the first bar fracture and 20% strength loss at
the same ductility level in comparable conditions. This conclusion differs
from the expectation observed in the material-level evaluation, which
indicated that the temperature had a different effect for both manufacturing
processes; this difference can be explained by the difference in the QST steel
used in the member-level evaluation. The QST steel used in the material-level
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review did not meet the T/Y ratio requirements specified in ASTM A706,
whereas the one used for the member-level assessment did. This is the result
of manufacturers fine-tuning their processes during this research project.

e The moment curvature predictions aligned very well with the experimental
responses at room and low temperatures, which indicates that the low
temperature response can be predicted by using the expected material
properties at low temperatures. Further research is needed to more accurately
predict the strength degradation of the columns at both room and low

temperatures, particularly regarding bar buckling and bar fractures.

6.2. Recommendations

6.2.1. Material level recommendations
6.2.1.1. Reinforcing steel:
Chapter 4 showed the effect of the low temperature on the grade 80 and grade 100

steel. The current recommendations in the Alaska Bridges and Structures Manual (2017)
indicate using a 10% increase in yield and ultimate strength for the expected material
properties of Grade 60 steel at temperatures below -4°F (-20 °C). However, based on the
results of the tension test on HSRS using three bars at each evaluated temperature between
72°F (22 °C) and -40°F (-40°C), the 10% increment overpredicts low-temperature strength.
The factors presented below are proposed for grade 80 steel at temperatures below -4°F (-20
°0).

Table 6-1 Low temperature strength increase factors for grade 80 steel

Reinforcing steel Low temperature-based

Properties

grade modifications
fye = expected yield stress of steel fye-cold = 1.07 x fye
Grade 80 .
fue = expected tensile strength of steel fue-cold = 1.06 x fie
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6.2.1.2. Concrete:

The effect of low temperature on concrete strength was not directly addressed in this
research, since the primary focus was to assess the impact of temperature on the HSRS.
However, comparing the results from the column concrete cylinders tested at room and low
temperatures, a 31% to 76% increase in compressive strength was observed at low
temperature, with an average increase of 50%. The compressive strength values obtained at
low temperature were used directly to derive analytical predictions for the tested columns at
low temperature, which matched the columns' experimental responses well, underscoring the
importance of accounting for the increase in concrete strength. Previous recommendations
suggest considering a 40% increase in concrete strength, which is within the observed
strength increase range in this research. It is recommended to use the expected material
properties, considering the previously proposed 40% strength increment or any other model

found in the literature, at the engineer's discretion.

6.2.2. Member level recommendations
Based on the experimental observations obtained from the material and member level
evaluation, the following recommendations for the implementation of HSRS in bridge design

in cold seismic regions are made:

6.2.2.1. Selection of reinforcing steel:
e ASTM A706 grade 80 steel showed promising seismic behavior at -40°F
(-40°C), with comparable force displacement response to the one obtained at
room temperature for columns with a longitudinal steel ratio of 1.74%,
transverse steel ratio of 1.23% at a separation of 3db, and axial load ratio of

8%.
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For MA and QST grade 80 steel, meeting the requirements of ASTM A706-
22, no significant differences in seismic behavior at room temperature and
low temperature (72°F/22°C and -40°F/-40°C) were observed, even with the
columns tested with a transverse steel spacing of 6db. This shows that the
manufacturing process does not pose a concern for the use of HSRS in cold

seismic regions with temperatures down to -40°F (-40°C).

6.2.2.2. Special considerations:

The design of RC columns at low temperature should be done accounting for
the expected material properties, with the low temperature overstrength factor
for the concrete and reinforcing steel.

The curvature profiles obtained at low temperatures in columns showed lower
curvature values compared to the room temperature specimens. This can also
be interpreted as a lower strain demand in the low-temperature columns than
in the room-temperature specimens at comparable displacements. Despite the
apparent reduction in strain demand, bar fracture and strength degradation in
the low-temperature specimens occurred at the same lateral displacement as
those tested at room temperature. This indicates more brittleness in the steel
at low temperatures, which also aligned with the experimental observations;
however, the effect of temperature on the other materials, i.e., concrete and
transverse steel, helps delay the onset of buckling and concrete damage,
thereby compensating for the local effects on the reinforcing steel. It is
important to emphasize that the compensation of the low temperature effect

on the longitudinal steel with the confinement provided by the increase in the
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strength of the spiral yielding strength was observed for a well-confined
column, with a transverse steel ratio of 1.23% and separation of 3db. It is

recommended to provide a similar level of confinement.

6.3. Further work

The experimental results of this research suggest promising seismic
performance behavior of HSRS at low temperature for well-confined
specimens. However, these observations indicate the importance of
confinement in mitigating the low-temperature impact on the longitudinal
steel, which contributes to its brittleness. Further research is needed to define
acceptable confinement ratios and spacing to ensure comparable seismic
behavior at low and room temperatures for RC columns under seismic
demand using HSRS.

Conventional sectional analysis approach showed to predict well the
experimental response of the specimens when using the low temperature
material properties. However, further investigation is needed to obtain low-
temperature-based limit states and capture the expected damage progression
of RC columns. Specifically, determine the strain demand in the onset of
buckling and fracture at room and low temperatures and propose a
temperature-based modified buckling limit state for grade 80 steel.

Montejo et al. (2010) suggested a plastic hinge length reduction factor for RC
columns reinforced with grade 60 steel to be used for RC columns exposed to
temperatures below -4°F (-20 °C), based on experimental observations that

showed a reduction in the spread of plasticity for the columns tested at low
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temperature. However, no decrease in the extent of plasticity was observed in
this research on columns reinforced with grade 80 steel at low temperatures.
Plastic hinge length and the factors contributing to these differences should
be further evaluated.

At the material level, more BBT tests should be performed on the QST steel
meeting ASTM A706 (with a higher T/Y ratio) to assess how the differences
in the T/Y ratio on QST steel affect the critical bending strain at room and

low temperatures.
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	EXECUTIVE SUMMARY 
	EXECUTIVE SUMMARY 
	Multiple regions worldwide are exposed to the combined effects of earthquakes and severe cold weather. Such is the case in Alaska, USA, where temperatures can reach sustained lows of -40°F (-40 °C) during the winter, while it is the most seismically active state in the US. Including high-strength reinforcing steel in members expected to form plastic hinges (i.e., bridge piers) requires a comprehensive understanding of the material's ability to perform appropriately under these conditions. The primary concer
	This research report presents an overview of motivation, research goals, methods, experimental results, and recommendations on using HSRS in cold seismic regions. A literature review was conducted to understand existing knowledge and identify research gaps regarding the effects of low temperatures on the material properties of reinforcing and high-strength steel, the low-temperature impact on the seismic behavior of reinforced concrete bridge columns, and the available code regulations that account for temp
	This research report presents an overview of motivation, research goals, methods, experimental results, and recommendations on using HSRS in cold seismic regions. A literature review was conducted to understand existing knowledge and identify research gaps regarding the effects of low temperatures on the material properties of reinforcing and high-strength steel, the low-temperature impact on the seismic behavior of reinforced concrete bridge columns, and the available code regulations that account for temp
	buckled bar tension tests on ASTM A706-22 grade 80 and grade 100 steel. The member-level evaluation addressed the low-temperature effect on the seismic behavior of RC columns reinforced with ASTM A706 grade 80 steel through quasistatic cyclic lateral loading tests. Based on experimental observations, design recommendations for incorporating high-strength reinforcing steel into the seismic design of bridges in cold seismic regions were developed. 


	CHAPTER 1. INTRODUCTION 
	CHAPTER 1. INTRODUCTION 
	1.1. 
	1.1. 
	High Strength Reinforcing Steel 

	In this study, "high-strength reinforcing steel" (HSRS) refers to reinforcing steel with a specified yield strength of 80 ksi (550 MPa) or greater. Two main manufacturing processes are available in the U.S. to produce HSRS: micro-alloying (MA) and quench-self-tempering (QST). Micro-alloying involves adding small quantities of alloying elements to the steel-making process. The most common alloying elements include titanium (Ti), niobium (Nb), and vanadium (V). The proportions per alloy are % by weight of the
	typically 0.02-0.15

	In the quenched self-tempering process, water is sprayed rapidly to cool (quench) the bars' surfaces after they leave the last rolling pass. The cooled outer layer undergoes a martensitic transformation, in which heat from the warmer core tempers the outer shell of the steel, increasing ductility and reducing brittleness in the hardened outer shell (selftempering). The slow cooling of the core generates a relatively lower-strength, more ductile interior microstructure. The mechanical properties of QST steel
	In the quenched self-tempering process, water is sprayed rapidly to cool (quench) the bars' surfaces after they leave the last rolling pass. The cooled outer layer undergoes a martensitic transformation, in which heat from the warmer core tempers the outer shell of the steel, increasing ductility and reducing brittleness in the hardened outer shell (selftempering). The slow cooling of the core generates a relatively lower-strength, more ductile interior microstructure. The mechanical properties of QST steel
	-

	additions of micro-alloying elements (J. Selzer, Director of quality assurance and process improvement at CMC, personal communication, 2024) 

	1.2. 
	1.2. 
	Background information and research motivation 

	ASTM A706 grade 60 steel is widely used for seismic applications in the United States, as this type of steel exhibits material properties (uniform elongation, T/Y ratio) that result in sufficient ductility and energy dissipation when placed in reinforced concrete members. Extensive structural testing and implementation of ASTM A706 grade 60 steel in codes have facilitated broad application in design. Nonetheless, HSRS is gaining popularity in the construction industry due to mills' ability to produce and ex
	HSRS provides construction, cost, and environmental benefits to structures. These benefits are attained by reducing the reinforcing steel required to achieve the necessary sectional strength. HSRS helps alleviate steel congestion, often found in joints of seismic-resistant structures, and reduces labor time and material transportation. Overcoming the challenges associated with using this material helps provide engineers with additional tools to develop more sustainable and cost-effective solutions while ens
	In 2009, ASTM A706/706M-09 included chemical and mechanical specifications for Grade 80 reinforcing steel. (ASTM International, 2009). These specifications for Grade 80 were adopted in 2011 in the Guide Specifications for LRFD seismic bridge design (2011) and ACI318-11(AASHTO Guide Specifications for LRFD Seismic Bridge Design, 2nd Edition, 2011; ACI Committee 318, 2011). However, these standards limit grade 80 steel to capacity-protected members due to uncertainties regarding seismic behavior. 
	For the first time, ACI318-19 included grade 80 steel for special moment frames, based on research showing comparable seismic performance to members reinforced with grade 60 steel. Grade 100 steel remains limited to capacity-protected members. This step into the inclusion of HSRS in the seismic design of structures hasn't been taken in the bridge design codes, and the use of HSRS is not yet allowed for members expected to form plastic hinges. However, the California Department of Transportation has assemble
	Research conducted through large-scale tests and computational modeling of the cyclic response of reinforced concrete (RC) has increased confidence in the performance of HSRS for members expected to form plastic hinges. (Barbosa et al., 2016; Barcley & Kowalsky, 2019a; Li et al., 2018; Manhard & Kowalsky, 2019; Rautenberg et al., 2012; Sokoli et al., 2020; Sokoli & Ghannoum, 2016). Plastic hinge-forming members with HSRS have shown displacement capacity similar to that of RC members reinforced with ASTM A70
	The predominant failure in well-detailed columns is bar buckling, followed by bar fracture, which causes significant strength degradation (Barcley & Kowalsky, 2019a; Manhard & Kowalsky, 2019). Buckling is a principal factor in bar fracture due to the compressive strains generated along the bar cross-section from buckling-induced bending. Stress concentrations at the base of the steel's deformations can lead to microcracks, initiating bar fracture in the subsequent tensile cycle. (Restrepo‐Posada et al., 199
	Research conducted by Barcley & Kowalsky (2019a, 2020), Manhard & Kowalsky (2019), and Thangjitham & Kowalsky (2023) have shown that the reinforcing steel's ability to sustain buckling-induced bending strain (BIBS) is influenced by factors that affect strain concentrations at the base of the deformations, such as the chemical composition and manufacturing process of the reinforcing steel, the ratio of rib height to rib radius at the base of the deformations, and the manufacturing processes. Reinforcing stee
	The information available on the seismic behavior of HSRS is limited to room temperature conditions. However, regions around the world, including the Northwest United States, Northwest Canada, Northeast Russia, northern China, and Japan, are exposed to low temperatures and earthquakes. In the United States, for example, Alaska stands out as the most seismically active state and a region where winters routinely achieve sustained temperatures as low as -40°F (-40°C). 
	The primary concern regarding low temperatures is the potential impact on existing strain concentrations at the base of the ribs, which could lead to earlier fracture than in conventional steel and further reduce displacement capacity. Paving the way for using HSRS in cold seismic regions requires a comprehensive understanding of the effect of low temperature on steel's material properties and the strain demand and capacity of HSRS in RC members. 
	1.3. 
	1.3. 
	Research objectives 

	This research aims to understand the impact of low temperatures on the seismic behavior of HSRS, develop design recommendations, and incorporate HSRS into bridge design in cold seismic regions. To accomplish the research goals, a material-level evaluation and large-scale testing (member-level) were conducted to develop design recommendations. The objectives of these phases are summarized below. 
	1.3.1. Material level objectives 
	1.3.1. Material level objectives 
	1. 
	1. 
	1. 
	Address the low-temperature effect on the tensile properties of ASTM A706 grade 80 steel and grade 100 steel using monotonic tension tests on reinforcing steel bars at temperatures varying from 72°F to -40°F (22 °C to -40°C). 

	2. 
	2. 
	Evaluate the low-temperature effect on the critical bending strain of ASTM A706 grade 80 and grade 100 steel, by conducting buckled bar tension tests (BBT Test) at 72°F and -40°F (22 °C and -40°C).  





	1.3.2. Large-scale testing (member level) objectives 
	1.3.2. Large-scale testing (member level) objectives 
	1. 
	1. 
	1. 
	Evaluate the impact of the temperature on the seismic behavior of RC columns reinforced with MA and QST ASTM A706 grade 80 steel by large-scale quasi-static lateral cyclic loading tests varying from 72°F to -40°F (22 °C to -40°C). Specifically, address how different manufacturing processes and temperatures affect the global and local responses of the RC members, including the force-displacement response, the spread of plasticity, the strain profiles, the strain limit states associated with damage progressio

	2. 
	2. 
	Evaluate the impact of the manufacturing process of the reinforcing steel (MA and QST ASTM A706 grade 80 steel) on the seismic behavior of RC columns tested at low 


	temperatures and its susceptibility to brittleness under different confinement levels (using two ratios of transverse steel). 

	1.3.3. Design objectives 
	1.3.3. Design objectives 
	1. Develop recommendations to account for the impact of the temperature on the mechanical properties of HSRS for structural analysis and seismic design of bridge columns using HSRS, such as plastic hinge reduction factors, expected material properties, and preferred manufacturing process (if any). 
	1.4. 
	1.4. 
	Document layout 

	Chapter 1 introduces the research report, including the definition of HSRS, the research background and motivation, and the research objectives; finally, the chapter explains the scope of the document.  
	Chapter 2 summarizes the main findings obtained from the literature review on the effect of low temperature on the seismic behavior of HSRS. This chapter includes information and research gaps on the impact of low temperatures on the material properties of high-strength and reinforcing steel, on the seismic behavior of RC columns reinforced with ASTM A706 grade 60 steel, and on temperature-based code requirements for the seismic design of RC structures. 
	Chapter 3 presents an overview of the research plan proposed to address the seismic behavior of HSRS at low temperatures. The project is divided into two experimental phases: material-level evaluation, large-scale testing (member-level), and the development of design recommendations. These phases are introduced and explained in the chapter, and the details of each phase are expanded in the corresponding chapter. 
	Chapter 4 explains in detail the methods followed for the material-level evaluation of HSRS. It also presents experimental programs, setups, and specimen definitions. In addition, results on the BBT and Tension tests are presented and analyzed in this chapter. 
	Chapter 5 presents the methods for the member-level evaluation conducted to address the impact of temperature on the seismic behavior of RC columns using HSRS. This chapter contains the experimental program, a description of the RC columns specimens and construction process, the testing methods: experimental setup, instrumentation, test predictions, and loading protocol, and the experimental observations of the 6 columns tested. This chapter concludes with a discussion of the observed impact of low temperat
	Chapter 6 presents the conclusions from the experimental observations in this study and recommendations for incorporating HSRS into the seismic design of bridges exposed to the combined action of earthquakes and low temperatures. 




	CHAPTER 2. LITERATURE REVIEW 
	CHAPTER 2. LITERATURE REVIEW 
	A literature review was conducted to identify the research gaps and existing knowledge on the seismic behavior of HSRS at low temperatures. It was found that this subject was not directly addressed in the available literature. However, information was collected on the low-temperature effects on the material properties of reinforcing and high-strength steel, the low-temperature impact on the seismic behavior of reinforced concrete bridge columns using ASTM A706 grade 60 steel, and the available code regulati
	2.1. 
	Low-temperature effect on the material properties of reinforcing and high-strength steel 

	Past research at the material scale focused on the effect of the temperature on the tensile properties (i.e., yield, tensile strength, modulus of elasticity, and elongation capacity), impact toughness, and brittleness of high-strength steel and mild reinforcing steels. Previous studies (Elices et al., 1986; Filiatrault & Holleran, 2001; Kunitake et al., 1979; Levings & Sritharan, 2012; Liu et al., 2014; Perez-Martin et al., 2019; Xie et al., 2018; Yan et al., 2014, 2021; Yan & Xie, 2017) showed that high-st
	Among the more relevant studies to this research, Levings & Sritharan, (2012), L. Montejo et al. (2009a), and Sloan et al. (2005) evaluated the effects of the cold temperature on the properties of ASTM A706 grade 60 reinforcing steel for applications in cold seismic regions.  
	Sloan et al. (2005) conducted tensile test on ASTM A706 grade 60 bars using approximate temperatures of -4°F (-20°C) and 68°F (20°C). The effect of strain rates on the tensile response of the steel was evaluated using earthquake-type strain rates, ranging from 
	-1 -1
	0.01 s to 0.001 s . In this study, the specimens had a diameter of 5/8 in and a length of 4 in between grips. This research was conducted without temperature control. The specimens were cooled using dry ice and subsequently tested. Therefore, the specimens' temperature increased during the tests because they were exposed to room temperature. (Sloan et al., (2005) reported that the yield and tensile strength increased by 8% and 10%, 
	from 68°F (20°C) to −4°F (−20°C), with no impact on the elastic modulus. The elongation 
	at maximum stress (uniform elongation) of the cold specimens decreased by 7.9% at low temperatures in tests conducted at a strain rate of 0.01 s. At lower strain rates, the uniform elongation was not significantly affected. This may have been a consequence of the specimens warming up with the slower strain rate. 
	-1

	Similarly, Filiatrault & Holleran, (2001) studied the combined effects of characteristic seismic strain rates and low temperature on the tensile properties of reinforcing steel with 58 ksi yield strength. They evaluated the uniaxial response of reinforcing steel coupons at quasi-static and seismic strain rates (up to 0.1 s) and temperatures of 68°F (20°C), -4°F (-20°C), and -40°F (-40°C). The steel coupons had a diameter of 0.24 in and were all machined from a single 39 ft. long deformed bar with a nominal 
	-1

	Filiatrault & Holleran, (2001) observed that at low temperatures and high strain rates, the yield strength and tensile strength of the reinforcing steel increase, as shown in The yield strength and tensile strength tested at a strain rate of 0.1s and a temperature of -40°F (-40 °C) increased by about 20% and 10%, respectively, compared with the specimens tested at a quasi-static strain rate (0.000080 s) and room temperature 68°F (20°C). Filiatrault & Holleran, (2001) Also observed that low temperatures migh
	Figure 
	2-1. 
	-1 
	-1
	Figure 2-1, 

	Figure
	Figure 2-1 Variations of yield and tensile strength of reinforcing steel under different temperatures and strain rates. (Filiatrault & Holleran, 2001) 
	Figure 2-1 Variations of yield and tensile strength of reinforcing steel under different temperatures and strain rates. (Filiatrault & Holleran, 2001) 


	Montejo et al. (2008) represent the temperature effect on the yield and tensile strength using the results obtained from Filiatrault & Holleran, (2001) and Sloan et al., (2005) considering a 10% strength increase from -4°F (-20°C) to -40°F (-40°C), with a linear variation from 0°F (32°C) to -4°F (-20°C). This model is presented in 
	Figure 2-2. 

	Figure
	Figure 2-2 Variation in the yield and tensile strength of the reinforcing steel in a temperature range of 68°F (20°C) to −40°F (−40°C) (L. Montejo et al., 2008) Furthermore, Levings & Sritharan (2012) studied the effect of low temperatures and strain rates on the tensile properties of ASTM A706 grade 60 reinforcing steel. The properties evaluated were yield and tensile strength, elastic modulus, and elongation at fracture, according to ASTM E8/E8M. The gauge length for the measurement of the elongation at f
	-1 -1
	from 68°F (20°C) to −40°F (−40°C) and 0.003 m to 0.3 m(0.00005 s to 0.005 s), respectively. 
	-1 
	-1

	At a quasistatic strain rate (0.003 m), the yield and tensile strength of the ASTM A706 grade 60 increased by 5.1% and 6.3%, respectively, from 68°F (20°C) to −40°F (−40°C). Levings & Sritharan, (2012) noticed that the yield and tensile strength increased progressively as the temperature decreased. They observed higher yield and tensile strengths even at temperatures higher than 32°F (0°C). Levings & Sritharan, (2012) represented the temperature effect on the yield and tensile strength in a quadratic functi
	-1
	(Figure 2-3)
	Figure 2-2. 

	Levings & Sritharan (2012) observed that higher strain rates increased yield strength and tensile strength. Changing the strain rate from 0.003 min to 0.3 min increased the yield and tensile strength by 3% and 1.67%, respectively, at −4°F (−20°C). Higher strain rates seem to increase the effect of the low temperatures on the yield and tensile strength (as observed by Filiatrault & Holleran (2001)), leading to higher values. The elastic modulus and the elongation at fracture remain almost constant under both
	-1 
	-1 

	Figure
	Figure
	a) b) Figure 2-3 Effect of cold temperature on the a) yield strength and b) tensile strength. (Levings & Sritharan, 2012) Elices et al., (1986), and Kunitake et al., (1979) also evaluated the effect of bar geometry and manufacturing processes on reinforcing steel's tensile properties. Stress concentrations in ribbed bars and bars with superficial imperfections (notches) were shown to decrease the strength of the bars as the temperature dropped. In addition, the manufacturing process significantly influenced
	using specific manufacturing methods that do not reflect current manufacturing practices (MA and QST). 
	On the other hand, several Charpy V-notch tests have been performed on high-strength and reinforcing steel to evaluate their impact toughness at low temperatures. For example, Hyvonen (1985), Liu et al., (2014), Mori et al., (1984), Morimoto et al., (1982), Rodriguez-Martin et al., (2007), Tong et al., (2018) showed that the high-strength and reinforcing steel's energy absorption capacity decreases with decreasing temperature. In addition, microstructural studies of the fracture surfaces of Charpy V-notch s
	One of the biggest concerns when using high-strength reinforcing steel at low temperatures is the contribution of stress concentrations to the bars' brittleness. Most of the studies performed on high-strength steel and reinforcing steel reported a predominance in ductile failures within our interest range (until -40°F, -40°C) (Elices et al., 1986; Filiatrault & Holleran, 2001; Levings & Sritharan, 2012; Liu et al., 2014; Perez-Martin et al., 2019; Yan et al., 2014, 2021; Yan & Xie, 2017). These studies anal
	2.2. 
	2.2. 
	Seismic behavior of reinforced concrete bridge columns at low temperatures 

	To the author’s knowledge, no studies have examined the seismic behavior of high-strength steel reinforced concrete columns at low temperatures, and few have evaluated the lateral cyclic loading behavior of large-scale reinforced concrete columns at low temperatures. For example, Sritharan et al. (2007) addressed the effect of subfreezing 
	To the author’s knowledge, no studies have examined the seismic behavior of high-strength steel reinforced concrete columns at low temperatures, and few have evaluated the lateral cyclic loading behavior of large-scale reinforced concrete columns at low temperatures. For example, Sritharan et al. (2007) addressed the effect of subfreezing 
	temperatures on soil-structure interaction. They found that frozen soil conditions relocate the plastic hinge and decrease the plastic hinge length in cast-in-drilled-hole (CIDH) foundation shafts, decreasing lateral displacement capacity. In addition, a research program was conducted at North Carolina State University to assess the impact of low temperature on the seismic behavior of reinforced concrete columns using ASTM A706 grade 60 steel. (L. Montejo et al., 2009b, 2009a; Sloan et al., 2005). 

	The studies conducted by Montejo et al. (2009b, 2009a); and Sloan et al. (2005) included the quasistatic lateral loading test of seven pairs of RC columns at room temperature and low temperature, including shear and flexurally dominant RC columns and RCFST columns. These studies showed that RC columns tested at temperatures of -40°F (-40°C) and −4°F (-20°C) exhibited higher strength and reduced spread of plasticity than those tested at room temperature (72°F (22°C)). 
	Sloan (2005) showed that the drop in the temperature increased the flexural strength by 7.9% and 13% at temperatures of -4°F (-20°C) and -40°F (-40°C), respectively. In addition, the column displacement capacity was also affected by low temperatures. The column drift, before the steel fracture, decreased from 5.97% at 74°F (23°C) to 5.39% and 5.32% at -4°F (-20°C) and -40°F (-40°C), respectively. Similarly, Montejo et al. (2009b) observed that the flexural strength increased by 14% in the cold specimen comp
	Although the increase in the flexural strength led to an increase in the shear demand of the element when subjected to cold temperatures, Montejo et al. (2009b) showed that the shear capacity of the columns increased at a higher rate, overcoming the increased shear 
	Although the increase in the flexural strength led to an increase in the shear demand of the element when subjected to cold temperatures, Montejo et al. (2009b) showed that the shear capacity of the columns increased at a higher rate, overcoming the increased shear 
	demand. Therefore, shear failures were not identified as a concern for well-detailed columns subjected to the combined effects of earthquakes and low temperatures. 

	Another important observation was that the spread of plasticity decreased with lower temperatures, as higher curvatures were concentrated over a smaller distance from the base . As a result, the equivalent plastic hinge length was 36% lower than the one obtained at room temperature. presents the change in the equivalent plastic hinge length as a function of temperature for different displacement ductility levels for the flexurally dominant specimens tested by Montejo et al., 2009b . 
	(Figure 2-4)
	Figure 2-5 

	Figure
	Figure 2-4 Curvature profiles of the conventionally reinforced columns FL-89A and FL-89C. (L. Montejo et al., 2009a) 
	Figure 2-4 Curvature profiles of the conventionally reinforced columns FL-89A and FL-89C. (L. Montejo et al., 2009a) 


	Figure
	Figure 2-5 Equivalent plastic hinge lengths for the reinforced columns FL-89A and FL-89C. (L. Montejo et al., 2009a) 
	Figure 2-5 Equivalent plastic hinge lengths for the reinforced columns FL-89A and FL-89C. (L. Montejo et al., 2009a) 


	Moreover, Montejo et al. (2009b, 2009a), Montejo et al. (2008), and Sloan et al. (2005) observed that low temperatures did not affect the energy dissipation capacity of the members reinforced with ASTM A706 grade 60 steel. However, prior research has shown that high-strength reinforcing steel reduces energy dissipation at room temperatures. (Barbosa et al., 2016; Barcley et al., 2019; Manhard & Kowalsky, 2019; Rautenberg et al., 2012; Trejo et al., 2014). This indicates that further research is needed to an
	Reductions in displacement capacity due to stress concentration at the base of the reinforcing steel’s ribs, the spread of plasticity, and the energy dissipation capacity are among the main concerns to be addressed in the structural-level assessment of the seismic behavior of HSRS at low temperatures. 
	2.3. 
	2.3. 
	Temperature-related code regulations  

	National seismic design codes have not directly accounted for the effects of low temperatures on structures' seismic behavior, resulting in a lack of guidance on design practices in cold seismic regions. As a result of research and years of experience, Alaska DOT&PF developed the Alaska Bridges and Structures Manual to provide design guidelines that bridges and structures under the responsibility of Alaska’s DOT&PF (Alaska Bridges and Structures Manual, 2017). 
	The design procedures in the manual are displacement-based; therefore, special care is given to estimating material properties to predict the structure’s behavior accurately. presents low-temperature strength factors that should be applied to the expected material properties and modifications to the analytical plastic hinge length (Alaska Bridges and 
	The design procedures in the manual are displacement-based; therefore, special care is given to estimating material properties to predict the structure’s behavior accurately. presents low-temperature strength factors that should be applied to the expected material properties and modifications to the analytical plastic hinge length (Alaska Bridges and 
	Table 
	2-1 

	Structures Manual, 2017). These requirements were provided by Montejo et al. (2010), who conducted pushover analyses and calibrated fiber-based lumped plasticity models with experimental results to develop the design recommendations, and should be applied to structures in regions where temperatures below -4°F (-20 °C) are reached. These modification factors are limited to ASTM A706 grade 60 steel, and further research is needed to develop design recommendations incorporating HSRS in cold seismic regions. 

	The manual also specifies in Section 17.6.4 that frozen soil stiffness should be included in the lateral analysis of foundations and substructures. Seasonal soil freezing has been shown to alter the fixation conditions between the soil and deep foundations, leading to plastic hinge relocation and affecting the seismic behavior of bridges (Alaska Bridges and Structures Manual, 2017). 
	Table 2-1 Low-temperature-based requirements for earthquake-resisting members.(Alaska Bridges and Structures Manual, 2017) 
	Properties 
	Properties 
	Properties 
	Low temperature-based modifications 
	Section 

	f'ce = expected concrete compressive strength 
	f'ce = expected concrete compressive strength 
	f’ce-cold = 1.4 × f’ce 
	18.3 

	fye = expected yield stress of steel 
	fye = expected yield stress of steel 
	fye-cold = 1.1 × fye 
	18.3 

	fue = expected tensile strength of steel 
	fue = expected tensile strength of steel 
	fue-cold = 1.1 × fue 
	18.3 

	Lp = analytical plastic hinge length 
	Lp = analytical plastic hinge length 
	Lp-cold = 0.6 × Lp 
	18.3 





	CHAPTER 3. RESEARCH PLAN 
	CHAPTER 3. RESEARCH PLAN 
	The experimental program includes material-level and large-scale evaluations to understand how temperature affects the seismic behavior of HSRS. It investigates whether parameters help the steel maintain better performance at low temperatures (i.e., one manufacturing process over the other) and to what extent the material and member-level properties change. 
	Three phases are proposed for this study: 1) A material-level characterization of the HSRS at temperatures ranging from 72°F to -40°F (22°C to -40°C) employing buckled bar tension tests and monotonic tension tests. 2) A member-level characterization of the seismic response of HSRS at room and low temperatures through large-scale quasi-static cyclic lateral loading tests on RC columns. 3) Develop design recommendations to incorporate HSRS in cold seismic regions using the information obtained from this resea
	Table 3-1 

	In the experimental phase of this study, HSRS from two of the largest reinforcing steel producers in the US is evaluated at temperatures ranging from 72°F to -40°F (22°C to -40°C). The experiments include ASTM A706 grade 80 steel manufactured by NUCOR, which primarily produces MA reinforcing steel, and CMC, which leads the QST steel production. ASTM A706 grade 100, made by NUCOR, is also evaluated at the material level. 
	Table 3-1 Research approach overview. 
	BBT Test 
	BBT Test 
	Monotonic Tension Test 
	Specimens: ASTM A706 Grade 80 
	Properties to evaluate: 
	Critical bending strain 

	Parameters: 
	Parameters: 
	-Manufacturing process (MA and QST) 
	-Temperature (-40°F and 72°F) (-40°C and 22°C) 
	Specimens: -ASTM A706 Grade 80 and Grade 100 steel 
	Properties to evaluate: 
	-Yield strength -Ultimate strength -T/Y ratio -Elastic Modulus -Uniform elongation 
	Parameters: 
	-Nominal strength (Grade 80 and Grade 100) 
	-Temperature (-40°F to 72°F) (-40°C to 22°C) 
	1. Material level evaluation 

	Quasi-static lateral cyclic loading column test 
	Quasi-static lateral cyclic loading column test 
	Parameters: 
	-Manufacturing process (MA and QST) 
	-Temperature (-40°F to 72°F) (-40°C to 22°C) 
	-Transverse steel spacing (2 inches and 4 inches) 
	Properties to evaluate: 
	-Force-displacement response -Displacement capacity -Spread of plasticity -Curvature profiles 
	2. Large-scale testing 
	Specimens: 6 RC Columns reinforced with ASTM A706 Grade 80 steel 
	3. Conclusion and Development of Design Recommendations 


	CHAPTER 4. MATERIAL LEVEL EVALUATION 
	CHAPTER 4. MATERIAL LEVEL EVALUATION 
	4.1. Definitions 
	4.1. Definitions 
	Bending strain, εb: Strain resulting from buckling at the section of maximum curvature of a buckled bar. When a bar is subjected to compression and buckles, the bar´s state of strain is a combination of axial compressive strain and bending strain from buckling, as illustrated in 
	Figure 4-1. 

	Figure
	Figure 4-1 State of the strain of a buckled bar. (Barcley & Kowalsky, 2019) Critical bending strain, εbc: Bending strain from buckling that leads to a brittle failure mode of reinforcing steel upon loading to tension. Uniform Elongation, UE: Elongation at the maximum tensile force that the reinforcing steel specimen measured just before necking, fracture, or both. Elongation at fracture, EF: Elongation measured just before the sudden decrease in force associated with fracture. This is calculated over a defi
	Bar length, L: Clear length of the bar measured between the grips when the specimen is in place for testing. 
	Bar diameter, Db: Nominal diameter of the reinforcing steel specimen. 
	Axial displacement, Δaxial: It corresponds to the total axial displacement applied in compression to achieve the desired buckling level in the specimen. 
	4.2. 
	4.2. 
	Methods 

	The effect of low temperatures on the mechanical properties of ASTM A706 grade 80 and grade 100 bars was assessed using BBT tests and monotonic tension tests. As previously discussed, the critical bending strain is affected by stress concentrations, which can be exacerbated by low temperatures. BBT tests were conducted to evaluate how factors that influence stress concentrations, such as the manufacturing process and bar geometry, impact the critical bending strain of HSRS at 72°F and -40°F (22°C and -40°C)
	Table 4-1. 
	Table 4-2 
	Table 4-1. 

	The experimental program for evaluating the material-level properties of HSRS at low temperatures required special considerations. These included designing and building a low-temperature testing setup, selecting the appropriate geometry to achieve testing objectives at room and low temperatures, and defining a measurement system. These considerations are presented in detail in this section, along with a description of the methods used to conduct the BBT tests and the tension test. 
	Table 4-1 Material-level experimental program. 
	Table 4-1 Material-level experimental program. 
	Table 4-1 Material-level experimental program. 

	Manuf. Bar Ref. Grade Test Evaluation process Surface 
	Manuf. Bar Ref. Grade Test Evaluation process Surface 
	Temperatures °F [°C] 

	Critical bending BBT Test 
	Critical bending BBT Test 
	72, -40 

	TR
	strain 
	[22, -40] 

	TR
	Tension Mechanical 
	72, 41, 14, 5, -4, -40 

	TR
	Test properties 
	[22, 5, -10, -15, -20, -40] 

	TR
	Critical bending BBT Test 
	72, -40 

	TR
	strain 
	[22, -40] 

	TR
	Critical bending BBT Test 
	72, -40 

	TR
	strain 
	[22, -40] 

	TR
	Tension Mechanical 
	72, 32, -4, -40 

	Test properties 
	Test properties 
	[22, 0, -20, -40] 


	1 
	1 
	1 
	80* 
	MA 
	Ribbed 

	2 
	2 
	80* 
	MA 
	Ribbed 

	3 
	3 
	80 
	MA 
	Smooth 

	4 
	4 
	80 
	QST 
	Ribbed 

	5 
	5 
	100 
	MA 
	Ribbed 


	* Steel designation: ASTM A706/A706M -22a 
	* Steel designation: ASTM A706/A706M -22a 
	* Steel designation: ASTM A706/A706M -22a 

	Table 4-2 Evaluation goals of the material-level experimental program. Evaluation goal 
	Table 4-2 Evaluation goals of the material-level experimental program. Evaluation goal 
	Refs. 

	Effect of the Manufacturing Process and Temperature on the Critical Bending Strain of HSRS. Effect of the Bar Geometry and Temperature on the Critical Bending Strain of HSRS. 
	Effect of the Manufacturing Process and Temperature on the Critical Bending Strain of HSRS. Effect of the Bar Geometry and Temperature on the Critical Bending Strain of HSRS. 
	1 and 4 1 and 3 

	Effect of the Strength and Different Temperatures on Mechanical Properties of HSRS. 
	Effect of the Strength and Different Temperatures on Mechanical Properties of HSRS. 
	2 and 5 


	4.2.1. Experimental Setup: Liquid Nitrogen Cooling System 
	4.2.1. Experimental Setup: Liquid Nitrogen Cooling System 
	A liquid nitrogen (LN) spray cooling system was built and adapted to a uniaxial 110 kip (500 kN) Universal Testing Machine (UTM). The system consisted of a 230L LN Dewar, which supplied LN through a 3/8" cryogenic hose. The hose was connected to a 120V AC 1/8" solenoid valve that opened and closed to spray LN into an insulated box. A 120V PID Temperature Controller monitors the box's internal temperature through a thermocouple and 
	A liquid nitrogen (LN) spray cooling system was built and adapted to a uniaxial 110 kip (500 kN) Universal Testing Machine (UTM). The system consisted of a 230L LN Dewar, which supplied LN through a 3/8" cryogenic hose. The hose was connected to a 120V AC 1/8" solenoid valve that opened and closed to spray LN into an insulated box. A 120V PID Temperature Controller monitors the box's internal temperature through a thermocouple and 
	sends 'open' and 'close' signals to the solenoid valve to hold the desired temperature. The insulated box was placed on the UTM surrounding the specimen. lists the materials utilized to build the cooling system, and a scheme of the system is shown in Two Type T thermocouples were used to record the temperature of the specimens during the test. 
	Table 4-3 
	Figure 4-2. 


	Table 4-3 Cooling system components. 
	Part 
	Part 
	Part 
	Function 

	22 PSI Liquid Nitrogen Tank (230L) 
	22 PSI Liquid Nitrogen Tank (230L) 
	Supply LN to the system. 

	Cryogenic Hose 120" Length Armor 3/8" 
	Cryogenic Hose 120" Length Armor 3/8" 
	Transfer LN from the tank to the insulated box 

	Cryogenic Solenoid valve 1/8" 120V AC 
	Cryogenic Solenoid valve 1/8" 120V AC 
	Control LN flows into the system. 

	PID Temperature Controller 120V AC 
	PID Temperature Controller 120V AC 
	Regulate the temperature of the system. 

	235 PSI Safety Pressure Relief Valve 1 
	235 PSI Safety Pressure Relief Valve 1 
	Protect the system from pressure buildup risk. 

	Nitrogen Candy Cane & T Pressure 1 
	Nitrogen Candy Cane & T Pressure 1 
	Protect the system from pressure buildup risk. 

	Type T -Thermocouples 
	Type T -Thermocouples 
	Measure temperature. 

	Foam Insulated Box 
	Foam Insulated Box 
	Insulate the specimen. 


	Figure
	Figure 4-2 Scheme of the liquid nitrogen spray cooling system. 
	Figure 4-2 Scheme of the liquid nitrogen spray cooling system. 


	Two types of insulated boxes were designed to meet the specific test requirements. The insulated box built for the BBT test consisted of two separated top and bottom boxes placed on each other with an air gap of ¼" between them . The flexible box allowed relative movement between the top and bottom portions, adapting to the specimen's vertical projection as the bar is compressed and then pulled into tension. The insulated box for the tension test setup consisted of a single insulated foam box with an "openi
	(Figure 4-3)
	(Figure 4-4)

	Figure
	Figure 4-3 Experimental setup for low-temperature buckled bar tension test. 
	Figure 4-3 Experimental setup for low-temperature buckled bar tension test. 


	Figure
	Figure 4-4 Experimental setup for low-temperature monotonic tension test. 
	Figure 4-4 Experimental setup for low-temperature monotonic tension test. 




	4.2.2. Buckled Bar Tension Test 
	4.2.2. Buckled Bar Tension Test 
	4.2.2.1. Test description 
	4.2.2.1. Test description 
	The BBT test (Barcley & Kowalsky, 2019a) is a material test that simulates the loading conditions of buckled bars in RC columns subjected to earthquakes by applying compressive and tensile loads on a reinforcing steel specimen in a UTM. The BBT test sequence consists of buckling a reinforcing bar to a predefined 𝜀level and pull in tension until fracture, as shown in 
	𝑏 
	Figure 4-5. 

	Figure
	Figure 4-5 Buckled bar tension test sequence. Two failure mode definitions are considered in the BBT test: ductile and brittle. The nature of the failure is related to measurements of bar elongation capacity, such as uniform elongation (UE), elongation at fracture (EF), or elongation after fracture (EAF), as previously defined. Ductile fractures correspond to elongation capacity measures numerically close to the ones obtained through the monotonic tension test, characterized by the presence of necking. In c
	𝑏
	𝑏

	The original procedure for the BBT test requires the use of a 3D optical, non-contact measuring system, such as the Optotrak Certus HD, to obtain the strains of the specimens from the relative displacements of the sensors and to record the deformed shape of the bar during the test. However, the low-temperature setup required an alternative procedure, as the insulated box limited the vision of the sensors, making the use of the optical measurement system infeasible. Therefore, an alternative method was propo

	4.2.2.2. Original BBT test procedure for room temperature 
	4.2.2.2. Original BBT test procedure for room temperature 
	Specimen preparation 
	Specimen preparation 

	LED caps were glued every 0.8 in (2cm) along the reinforcing steel specimen at least 24 hours before the test top). The caps were glued using Dow Corning 3140 RVT silicone coating. Before placing the LED caps, the bar's surface was cleaned of oil, wax, dirt, and rust using a wire brush. LED sensors were placed directly on the LED caps at the beginning of each test to record their position throughout the test bottom). 
	(Figure 4-6 
	(Figure 4-6 

	Figure
	Figure 4-6 LED caps (top) and markers (bottom) on a reinforcing steel specimen. 
	Figure 4-6 LED caps (top) and markers (bottom) on a reinforcing steel specimen. 


	Computations 
	Computations 

	Bending strain, 𝜺
	𝒃 

	The 𝜀is computed using the deformed shape of the bar, which is obtained by the LED sensor readings at the predefined buckling level applied to the specimen. The curvature of the section is related to the deformed shape of the bar at the neutral axis, w(x), following Euler-Bernoulli beam theory Eq. (1). As the slope of the section of maximum curvature approaches zero, the expression to obtain the curvature can be simplified to Eq. (2). The 𝜀is then obtained by multiplying the curvature by the bar's radius 
	𝑏 
	𝑏 
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	𝑏 


	2 Equation (3) 
	Elongation 
	The UE and EA are obtained from stress-strain results using elongations measured over an 8-gage length with the optical instrument system at peak strength and fracture, respectively, according to the definitions stated at the beginning of this document. 

	4.2.2.3. BBT test simplification for low temperatures 
	4.2.2.3. BBT test simplification for low temperatures 
	As mentioned before, the low-temperature experimental setup precluded the use of optical instrumentation because the insulated box obstructs visibility of the specimens. A simplified method was proposed to address this. The simplification involves two aspects: 
	As mentioned before, the low-temperature experimental setup precluded the use of optical instrumentation because the insulated box obstructs visibility of the specimens. A simplified method was proposed to address this. The simplification involves two aspects: 
	first, a calibrated equation developed by polynomial fit from experimental results relating to the bar's εto the axial displacement, ∆, of the UTM. Secondly, marks placed at defined intervals on the reinforcing steel specimen to obtain UE and EAF according to the methods proposed in the ASTM A706M-22a and ASTM A370-20, respectively (ASTM A370-20. Standard Test Methods and Definitions for Mechanical Testing of Steel Products, 2020; ASTM International, 2022). The specimen preparation and computations to obtai
	b
	𝑎𝑥𝑖𝑎𝑙
	b


	Specimen preparation 
	Specimen preparation 

	The low-temperature specimens required manual marks to be placed every 0.8 in along the reinforcing steel bar to compute the UE and EAF. Although ASTM 370-20 suggests punches, this option was avoided due to concerns about the homogeneity of the punches' depths and the possibility of generating additional stress concentrations along the bar. Due to this, marks were placed using ink markers on the longitudinal rib. The specimen surface was sandblasted to remove mill scale and prevent loss of ink marks as the 
	Before each test, the bar specimens were pre-cooled in a chest freezer at -4 °F (-20 °C), placed on the UTM for testing, and conditioned to the desired temperature using the LN Spray cooling system for 20 min to ensure a homogeneous temperature throughout the specimen.  
	Computations 
	Computations 

	Empirical equations to obtain 𝜺at Low-temperature for BBT tests 
	𝒃 

	Experiments conducted by Barcley & Kowalsky (2019) showed a correlation between the 𝜀and the ∆. Eq. (4) was obtained from this correlation through a second-order polynomial fit, as shown in 
	𝑏 
	𝑎𝑥𝑖𝑎𝑙
	Figure 4-8. 

	Figure
	Figure 4-7 Parameters used in the BBT test simplifications. 
	Figure 4-7 Parameters used in the BBT test simplifications. 


	Figure
	Figure 4-8 Axial displacement versus bending strain. (Barcley & Kowalsky, 2019). 
	Figure 4-8 Axial displacement versus bending strain. (Barcley & Kowalsky, 2019). 
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	2

	𝐿 
	𝐿 
	𝐿 
	𝐿 

	∆𝑎𝑥𝑖𝑎𝑙 = 0.096 ( 𝜀𝑏)Db 
	∆𝑎𝑥𝑖𝑎𝑙 = 0.096 ( 𝜀𝑏)Db 
	+ 329 ( 𝜀𝑏) − 0.031 Db 
	Equation (4) 


	However, Eq. (4) was derived from 133 experimental results from specimens with L/Db ranging from 8 to 16, with most specimens' L/Db between 8 and 11. For the ASTM A706 Ribbed MA and QST Grade 80 (references 1 and 4 in , 28 #6 bars with an 
	However, Eq. (4) was derived from 133 experimental results from specimens with L/Db ranging from 8 to 16, with most specimens' L/Db between 8 and 11. For the ASTM A706 Ribbed MA and QST Grade 80 (references 1 and 4 in , 28 #6 bars with an 
	Table 4-1)

	L/D ratio of 13.33 were tested at room temperature. The L/Db of the tested bars varied from that used to develop Eq. (4), resulting in a significant variation when obtaining 𝜀. Because of the equation's sensitivity to the L/Db ratio, empirical equations were derived from room-temperature results. 
	𝑏


	The room temperature results on ASTM A706 ribbed MA and QST Grade 80 showed a linear correlation between the ∆and the 𝜀. of the specimens, as presented in which were used to develop the empirical equation to process the BBT data at low temperature, as presented in 
	𝑎𝑥𝑖𝑎𝑙 
	𝑏
	Figure 
	4-9, 
	Table 4-4. 

	Table 4-4 Empirical equation developed for low-temperature BBT tests. 
	Empirical equation 
	Empirical equation 
	Empirical equation 
	Specimen descriptions 
	Ref* 
	Graph 

	𝐿 
	𝐿 
	Ribbed MA and QST 

	∆𝑎𝑥𝑖𝑎𝑙 = 0.5451 ( 𝜀𝑏) − 0.2775 D 
	∆𝑎𝑥𝑖𝑎𝑙 = 0.5451 ( 𝜀𝑏) − 0.2775 D 
	Equation (5) 
	Grade 80 
	1,4 
	Figure 4-9 
	Figure 4-9 



	* Reference from 
	Table 4-1 

	MA 
	Figure

	QST Linear regression 3.0 2.5 2.0 1.5 1.0 0.5 
	Figure

	0.0 012345 
	y = 0.5451x -0.2775 R² = 0.9498 
	6 



	L/D*ɛb 
	L/D*ɛb 
	Figure 4-9 Axial displacement versus bending strain times L/D ratio for the room temperature BBT test results on Ribbed MA and QST Grade 80 (Reference from . 
	Table 4-1)

	Axial displacement, ∆[in] 
	axial 

	Elongation 
	For the simplified BBT method, the UE and EAF were obtained manually from the marks placed on the specimen after rupture. The UE was obtained following the manual method presented in ASTM A706-22a A2.2. Meanwhile, the elongation after fracture (EAF) was obtained by fitting the two broken portions of the specimen and measuring the deformation over an 8-inch gauge, as specified in ASTM A370-20 14.4. 
	4.2.2.4. BBT Test program 
	4.2.2.4. BBT Test program 
	As mentioned at the beginning of this section, BBT tests were performed on ASTM 706-22a MA and QST ribbed grade 80 bars and MA smooth bars. The test matrix for the BBT tests is presented in It is important to recall that the objective of the BBT test experimental program is to directly address the effect of temperature on εbc across different steel properties, such as manufacturing processes (MA and QST) and geometries (Ribbed and Smooth bars). Therefore, each group of specimens is evaluated at both low and
	Table 4-5. 

	Table 4-5 Test matrix for the BBT test program. 
	Ref. * 
	Ref. * 
	Ref. * 
	MILL 
	Bar Size 
	Fy (Ksi) 
	Geometry 
	Manufacturing process 
	Temperature °F (°C) 

	1 
	1 
	NUCOR 
	#6 
	80 
	Ribbed 
	MA 
	-40 (-40) 

	1 
	1 
	NUCOR 
	#6 
	80 
	Ribbed 
	MA 
	72 (22) 

	3 
	3 
	NUCOR 
	#6 
	80 
	Smooth 
	MA 
	-40 (-40) 

	3 
	3 
	NUCOR 
	#6 
	80 
	Smooth 
	MA 
	72 (22) 

	4 
	4 
	CMC 
	#6 
	80 
	Ribbed 
	QST 
	-40 (-40) 

	4 
	4 
	CMC 
	#6 
	80 
	Ribbed 
	QST 
	72 (22) 


	*From 
	Table 4-1 


	4.2.3. Monotonic Tension Test 
	4.2.3. Monotonic Tension Test 
	4.2.3.1. Test description 
	4.2.3.1. Test description 
	The monotonic tension test subjects a reinforcing steel specimen to pure tension by pulling it in a UTM until fracture occurs. The force and elongation are measured and recorded during the test to obtain the specimens' material properties. The tension test follows the specifications in the ASTM A370-20 (ASTM A370-20. Standard Test Methods and Definitions for Mechanical Testing of Steel Products, 2020) and the ISO 6892-3 (ISO 68923:2015 -Metallic Materials — Tensile Testing — Part 3: Method of Test at Low Te
	-

	The geometry of the reinforcing steel specimen was selected in accordance with ASTM A370-20 for a 2-inch gage length, as explained later in this chapter. An Epsilon 3542 with a 2-inch gage was utilized to measure the elongation in the test. The Liquid Nitrogen Cooling System described earlier was used to control the temperature for the low-temperature testing. 
	The monotonic tension test involves placing the specimen into the UTM and conditioning the bar for 20 minutes to the desired temperature. The bar is clamped into the UTM once the specimen has reached a constant temperature to avoid thermal contraction-induced stress. As gripping the specimen can introduce clamping forces into the specimen, the imposed clamping force must be removed using the UTM commands to ensure a zero-force state at the beginning of each test. The test starts once the extensometer is pla

	4.2.3.2. Specimens' preparation 
	4.2.3.2. Specimens' preparation 
	Monotonic tension tests are conducted using machined-down specimens. The specimen's geometry was selected to reduce the temperature gradient along the bar and comply with the temperature control requirements presented in ISO 6892-3 (ISO 68923:2015 -Metallic Materials — Tensile Testing — Part 3: Method of Test at Low Temperature, n.d.). 
	-

	The specimen preparation for the monotonic tension test includes cutting the bars to 24 in (61 cm) and then machining the reinforcing steel bar to the selected geometry at the bar's central height. Before each test, the bar specimens are pre-cooled in a chest freezer at -4 °F (-20 °C), placed on the UTM for testing, and conditioned to the desired temperature using the LN Spray cooling system for 20 min to ensure a homogeneous temperature along the specimen. 

	4.2.3.3. Determination of tensile parameters 
	4.2.3.3. Determination of tensile parameters 
	The mechanical properties assessed for this study through the monotonic tension test include elastic modulus (E), yield and tensile strength (fy and fu), yield strain (εy), uniform elongation (UE), and T/Y ratio. Force and elongation were recorded during the test until the specimen reached maximum stress to prevent extensometer damage caused by rupture. Stress-strain curves were obtained by using the specimen's initial diameter to calculate stress, and strain measurements were obtained directly from a 2-inc
	-

	20. The yield strength was determined using the 2% offset method as specified in ASTM A370-20. The modulus of elasticity was obtained from the slope of the linear portion of the stress-strain curve, and the yield strain corresponded to the yield stress divided by the elastic 
	20. The yield strength was determined using the 2% offset method as specified in ASTM A370-20. The modulus of elasticity was obtained from the slope of the linear portion of the stress-strain curve, and the yield strain corresponded to the yield stress divided by the elastic 
	modulus. The peak stress corresponded to the maximum stress applied force on the bar, and the uniform elongation corresponds to the elongation measured at the peak stress. 


	4.2.3.4. Geometric selection of the specimen 
	4.2.3.4. Geometric selection of the specimen 
	A machined-down specimen was proposed to overcome the temperature limitations of the experimental setup. The LN cooling system was adapted to the UTM, with the restriction that the equipment's grips should remain outside of the insulated box due to the UTM's temperature specifications. This restriction on the experimental setup generates a temperature gradient along the reinforcing steel bar, as the sampled extremes are exposed to room temperature. Control of the temperature gradient in the specimen is crit
	To minimize variability in the results, ISO 6892-3 specifies that the temperature variation along the specimen should remain lower than 5.4 °F (3 °C). Using 2-foot-long reinforcing steel bars with a reduced cross-section in the central porting enabled the temperature requirements to be met. The reduced section was the test specimen, which remained entirely contained within the insulated box, and the non-machined bar sections extended from the specimen to the grips of the UTM as “specimen extensions”. The ge
	A preliminary set of tests was conducted to evaluate the impact of reducing the cross-section of MA and QST bars on different machine-down sections. The primary concern relied on the ability of the modified specimen to represent the mechanical properties of the unmodified bars, especially for the QST bars, as the higher strength of these bars is provided 
	A preliminary set of tests was conducted to evaluate the impact of reducing the cross-section of MA and QST bars on different machine-down sections. The primary concern relied on the ability of the modified specimen to represent the mechanical properties of the unmodified bars, especially for the QST bars, as the higher strength of these bars is provided 
	by the combination of a ductile ferrite-pearlite core and the hard-tempered martensite exterior, and the machining process reduces the hard-tempered martensite exterior. 

	presents two geometric definitions assessed for this study (specimens type 1 and 2) selected according to ASTM A370-20 for 2-inch and 1.5-inch gage length, respectively. The results obtained with the proposed geometries were compared with those obtained using full bars (unaltered specimens). shows the test matrix used to conduct this preliminary assessment. and present the comparison of the specimens for different geometries. The geometric evaluation was performed at room temperature. 
	Figure 4-10 
	Table 4-6 
	Figure 4-11 
	Figure 4-12 

	Figure
	Figure 4-10 Geometric specifications for the reduced cross-section machine specimens. Adapted from ASTM A370-20. 
	Figure 4-10 Geometric specifications for the reduced cross-section machine specimens. Adapted from ASTM A370-20. 


	Table 4-6 Test matrix for selection of tension test specimens. 
	Manufacturing Nominal Specimen Cross-sectional Area 
	Manufacturing Nominal Specimen Cross-sectional Area 
	Label 

	process bar size type area (in) reduction  
	process bar size type area (in) reduction  
	2

	MA #5 Full bar 0.307 -MA_Full_#5 MA #5 Type 1 0.196 36% MA_0.5_#5 MA #7 Full bar 0.601 -MA_Full_#7 MA #7 Type 1 0.196 67% MA_0.5_#7 
	QST #6 Full 0.442 -QST_Full_#6 QST #6 Type 1 0.196 56% QST_0.5_#6 QST #6 Type 2 0.096 78% QST_0.35_#6 QST #8 Full 0.785 -QST_Full_#8 QST #8 Type 1 0.196 75% QST_0.5_#8 QST #8 Type 2 0.096 88% QST_0.35_#8 
	a) b) c) 
	Figure 4-11 #6 QST bar specimens used in the preliminary tensile tests to define the geometry of tensile test specimens. a) Full bar. b) Type 1 specimen, and c) Type 2 specimen. 
	Figure 4-11 #6 QST bar specimens used in the preliminary tensile tests to define the geometry of tensile test specimens. a) Full bar. b) Type 1 specimen, and c) Type 2 specimen. 


	a) b) c) 
	Figure 4-12 #8 QST bar specimens used in the preliminary tensile tests to define the geometry of tensile test specimens. a) Full bar. b) Type 1 specimen, and c) Type 2 specimen. 
	Figure 4-12 #8 QST bar specimens used in the preliminary tensile tests to define the geometry of tensile test specimens. a) Full bar. b) Type 1 specimen, and c) Type 2 specimen. 


	Impact of area reduction on MA specimens for tension test specimen selection. 
	Impact of area reduction on MA specimens for tension test specimen selection. 

	As presented in #5 and #7 bars were used to evaluate the feasibility of using machined-down specimens on MA bars. The bars were machined down to the type 1 specimen, resulting in area reductions of 36% and 67%, respectively. The machined-down specimens were compared with the results obtained from unaltered bars. shows 
	As presented in #5 and #7 bars were used to evaluate the feasibility of using machined-down specimens on MA bars. The bars were machined down to the type 1 specimen, resulting in area reductions of 36% and 67%, respectively. The machined-down specimens were compared with the results obtained from unaltered bars. shows 
	Table 4-6, 
	Figure 4-13 

	the strain-strain curves for the 4 types of specimens evaluated for this phase. The comparison between the mechanical properties of the machined and unaltered #5 and #7 MA specimens is shown in 
	Table 4-7. 


	Results showed an increase in strength in the machined-down specimens, ranging from 7% to 13%. T/Y ratios remained mainly constant, regardless of the cross-sectional area being removed. The elastic modulus increased by 21% and 12% for the #5 and #7 specimens, respectively, and uniform elongation presented a 0% to 22% increment. The increase in the strength of the MA is attributed to centerline segregation, an uneven distribution of alloys along the steel structure that can lead to microstructural difference
	Since the strength increment was consistent across area reductions and the specimens to be evaluated within each experimental group of the program will have the same geometric properties, machined-down MA bars were defined as suitable for assessing the impact of temperature on the tensile properties of MA bars in this study. 
	Table 4-7 Tensile properties comparison between Type 1 and Unaltered MA specimens. 
	MA_#5 MA_#7 
	MA_#5 MA_#7 
	Properties 
	Properties 
	Properties 
	Full 
	Type 1 
	Type1 / Full 
	Full 
	Type 1 
	Type1 / Full 

	Yield strength (ksi) 
	Yield strength (ksi) 
	85.2 
	95.1 
	12% 
	83.4 
	89.1 
	7% 

	Tensile strength (ksi) 
	Tensile strength (ksi) 
	112 
	126 
	13% 
	114 
	124 
	9% 

	T/Y 
	T/Y 
	1.32 
	1.33 
	1% 
	1.36 
	1.39 
	2% 

	Elastic Modulus (ksi) 
	Elastic Modulus (ksi) 
	24610 
	29747 
	21% 
	26870 
	30128 
	12% 

	Uniform elongation 
	Uniform elongation 
	0.10 
	0.10 
	0% 
	0.09 
	0.11 
	22% 


	140 
	140 
	140 
	MA_Full_#5 MA_Full_#7 
	MA_Type1_#5 MA_Type1_#7 

	120 
	120 
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	100
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	[ksi] 80 
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	Stress 60 

	40 
	40 

	20 
	20 

	0 
	0 
	0 
	20 
	40 60 80 MicroStrain x103 
	100 
	120 

	Figure 4-13 Stress-strain curve using different geometries of MA Grade 80 specimens. 
	Figure 4-13 Stress-strain curve using different geometries of MA Grade 80 specimens. 


	Impact of area reduction on QST specimens for tension test specimen selection 
	Impact of area reduction on QST specimens for tension test specimen selection 

	Type 1 and 2 specimens were machined from #8 and #6 QST bars. The specimens were subjected to tension tests at room temperature, and the tensile properties were compared to those obtained from their respective unaltered bar tension test results. Type 1 and type 2 specimens resulted in a cross-sectional area reduction of 36% and 67% for the #6 bars and 75% and 88% for the #8 bars, respectively, as expressed in The stress-strain curves for the #6 and #8 specimens are shown in and The comparison between the me
	Table 4-6. 
	Figure 4-14 
	Figure 4-15. 
	Table 4-8 
	Table 4-9 

	As expected, decreasing the cross-sectional area of the QST specimens resulted in a considerable change in the bars' material properties. Machining on the QST specimen led to a lower yield strength that varied with the area reduction. As a result, T/Y ratios presented significant variations ranging from 8 to 27%. Elongation capacity reached increments up to 
	As expected, decreasing the cross-sectional area of the QST specimens resulted in a considerable change in the bars' material properties. Machining on the QST specimen led to a lower yield strength that varied with the area reduction. As a result, T/Y ratios presented significant variations ranging from 8 to 27%. Elongation capacity reached increments up to 
	74% for the bars with a higher percentage of area removed. The distribution in the variation of material properties in the MA and QST is presented in which compares the normalized property values obtained from all the machined specimens to the unaltered bars. The values were normalized to the average of each data set (MA and QST). From it is possible to observe a greater scatter in the properties obtained on the QST bars than on the MA bars. Due to this significant variation in the material properties of th
	Figure 4-15, 
	Figure 
	4-15, 


	Table 4-8 Tensile properties comparison between Type 1 and Unaltered QST specimens. 
	QST_#6 
	QST_#6 
	QST_#6 
	QST_#8 

	Properties 
	Properties 
	Full 
	Type 1 
	Type1 / Full 
	Full 
	Type 1 
	Type1 / Full 

	Yield strength (ksi) 
	Yield strength (ksi) 
	78.4 
	72.3 
	8% 
	80.5 
	69.5 
	14% 

	Tensile strength (ksi) 
	Tensile strength (ksi) 
	102 
	102 
	0% 
	105 
	104 
	1% 

	T/Y 
	T/Y 
	1.3 
	1.41 
	8% 
	1.31 
	1.5 
	15% 

	Elastic Modulus (ksi) 
	Elastic Modulus (ksi) 
	25752 
	28052 
	9% 
	24847 
	26532 
	7% 

	Uniform elongation 
	Uniform elongation 
	0.1 
	0.11 
	10% 
	0.09 
	0.12 
	33% 


	Table 4-9 Tensile properties comparison between Type 2 and Unaltered QST specimens. 
	QST_#6 
	QST_#6 
	QST_#6 
	QST_#8 

	Properties 
	Properties 
	Full 
	Type 2 
	Type2 / Full 
	Full 
	Type 2 
	Type2 / Full 

	Yield strength (ksi) 
	Yield strength (ksi) 
	78.4 
	70.9 
	10% 
	80.5 
	61.9 
	23% 

	Tensile strength (ksi) 
	Tensile strength (ksi) 
	102 
	101 
	1% 
	105 
	103 
	2% 

	T/Y 
	T/Y 
	1.3 
	1.42 
	9% 
	1.31 
	1.67 
	27% 

	Elastic Modulus (ksi) 
	Elastic Modulus (ksi) 
	25752 
	21192 
	18% 
	24847 
	20302 
	18% 

	Uniform elongation 
	Uniform elongation 
	0.1 
	0.15 
	50% 
	0.09 
	0.16 
	78% 
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	Figure 4-14 Stress-strain curve using different geometries of QST Grade 80 #6 specimens. 
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	Figure 4-15 Stress-strain curve using different geometries of QST Grade 80 #8 specimens. 
	Figure
	Figure 4-16 Distribution of the tensile properties obtained from MA and QST specimens machined to different cross-sectional areas. All values are normalized to the mean for each dataset. 
	Figure 4-16 Distribution of the tensile properties obtained from MA and QST specimens machined to different cross-sectional areas. All values are normalized to the mean for each dataset. 





	4.2.3.5. Testing program 
	4.2.3.5. Testing program 
	Monotonic tension tests were conducted at temperatures ranging from 72°F to -40°F (22°C to -40°C) to evaluate the temperature effect on the tensile properties of MA ASTM 706 gr. 80 and gr. 100 bars, using the geometry of the type 1 specimen specified previously. The test matrix is presented in 
	Table 4-10. 

	Table 4-10 Tension test matrix. 
	Ref.* 
	Ref.* 
	Ref.* 
	MILL 
	Manufacturing 
	Bar 
	Diameter type 1 
	fy 
	No. of 
	Temperature 

	TR
	process 
	Size 
	specimen (in) 
	(ksi) 
	specimens 
	°F (°C) 

	2 
	2 
	NUCOR 
	MA 
	#7 
	0.5 
	80 
	3 
	-40 (-40) 

	2 
	2 
	NUCOR 
	MA 
	#7 
	0.5 
	80 
	3 
	-4 (-20) 

	2 
	2 
	NUCOR 
	MA 
	#7 
	0.5 
	80 
	3 
	5 (-15) 

	2 
	2 
	NUCOR 
	MA 
	#7 
	0.5 
	80 
	3 
	14 (-10) 

	2 
	2 
	NUCOR 
	MA 
	#7 
	0.5 
	80 
	3 
	41 (5) 

	2 
	2 
	NUCOR 
	MA 
	#7 
	0.5 
	80 
	3 
	72 (22) 

	5 
	5 
	NUCOR 
	MA 
	#6 
	0.5 
	100 
	2 
	-40 (-40) 

	5 
	5 
	NUCOR 
	MA 
	#6 
	0.5 
	100 
	2 
	-4 (-20) 

	5 
	5 
	NUCOR 
	MA 
	#6 
	0.5 
	100 
	2 
	32 (0) 

	5 
	5 
	NUCOR 
	MA 
	#6 
	0.5 
	100 
	2 
	72 (22) 


	*From 
	Table 4-1 

	In addition, a preliminary assessment of the effect of conditioning time on the material properties of the low-temperature tested specimens was conducted. The tensile properties of 5 specimens, pre-cooled for 1 hour, 24 hours, and 7 days at 5°F (-15 °C), were obtained. Results were compared with the room-temperature material test results . From the results, obtaining a clear correlation between the conditioning time and the tensile properties was not possible. In general, it was observed that the relationsh
	(Table 
	4-11)
	Figure 4-17 

	1.03 1.02 1.001.02 1.04 1.01 1.10 1.00 1.09 0.99 1.01 1.02 0.80 1.08 1.07 1 hours 24 hours 7 days Yield strength Ultimate strength Elastic Modulus T/Y Uniform elongation 
	Figure 4-17 Preliminary evaluaton of conditioning cooling time on the tensile properties of HSRS 
	Figure 4-17 Preliminary evaluaton of conditioning cooling time on the tensile properties of HSRS 


	1.20 1.00 0.80 0.60 0.40 0.20 0.00 
	Conditioning time 
	Average value / Room temperature 
	Property / 
	Property / 
	Room Temp 1 hour 24 hours 7 days 
	Cond. time 
	Table 4-11 Results of the preliminary evaluation of using different cooling times. 
	Table 4-11 Results of the preliminary evaluation of using different cooling times. 
	Table 4-11 Results of the preliminary evaluation of using different cooling times. 

	Temp.°F (°C) 
	Temp.°F (°C) 
	5 (-15) 
	5 (-15) 
	5 (-15) 
	5 (-15) 

	Specimens 
	Specimens 
	2 
	1 
	2 
	2 

	Yield strength, ksi (MPa) 
	Yield strength, ksi (MPa) 

	Specimen 1 
	Specimen 1 
	89.1 
	(614) 
	91.2 
	(629) 
	89.6 
	(618) 
	89.8 
	(619) 

	Specimen 2 
	Specimen 2 
	87.9 
	(606) 
	91.2 
	(629) 
	86.8 
	(598) 

	Average 
	Average 
	88.5 
	(610) 
	91.2 
	(629) 
	90.4 
	(623) 
	88.3 
	(609) 

	Ultimate strength, ksi (MPa) 
	Ultimate strength, ksi (MPa) 

	Specimen 1 
	Specimen 1 
	124 (858) 
	127 (874) 
	127 (874) 
	128 (881) 

	Specimen 2 
	Specimen 2 
	124 (856) 
	131 (902) 
	124 (855) 

	Average 
	Average 
	124 (857) 
	127 (874) 
	129 (889) 
	126 (868) 

	Elastic Modulus, ksi (MPa) 
	Elastic Modulus, ksi (MPa) 

	Specimen 1 
	Specimen 1 
	29224 
	(201492) 
	32009 
	(220694) 
	28077 
	(193584) 
	31452 
	(216854) 

	Specimen 2 
	Specimen 2 
	29008 
	(200003) 
	30120 
	(207670) 
	32212 
	(222094) 

	Average 
	Average 
	29116 
	(200748) 
	32009 
	(220694) 
	29099 
	(200627) 
	31832 
	(219474) 

	T/Y 
	T/Y 

	Specimen 1 
	Specimen 1 
	1.40 
	1.39 
	1.42 
	1.42 

	Specimen 2 
	Specimen 2 
	1.41 
	1.44 
	1.43 

	Average 
	Average 
	1.40 
	1.39 
	1.43 
	1.43 

	Uniform elongation 
	Uniform elongation 

	Specimen 1 
	Specimen 1 
	9.36% 
	7.33% 
	9.62% 
	9.58% 

	Specimen 2 
	Specimen 2 
	9.01% 
	10.1% 
	9.98% 

	Average 
	Average 
	9.18% 
	7.33% 
	9.88% 
	9.78% 





	4.3. 
	4.3. 
	Results 

	4.3.1. Buckled Bar Tension Test 
	4.3.1. Buckled Bar Tension Test 
	This section presents the results obtained from BBT Tests on ribbed ASTM A706 grade 80 QST and MA bars and MA smooth bars, corresponding to references 1, 3, and 4 
	This section presents the results obtained from BBT Tests on ribbed ASTM A706 grade 80 QST and MA bars and MA smooth bars, corresponding to references 1, 3, and 4 
	from These tests were conducted using available steel from previous research on grade 80 steel conducted by Thangjitham (2023). Based on the results, the combinations of temperature effects with manufacturing and geometric impacts on the bending strain capacity of HSRS were evaluated. Scatter plots of the applied bending strain vs. the elongation after fractures were generated to identify the transition in the failure mode corresponding to the εbc in all the bar groups evaluated. and present examples of the
	Table 4-1. 
	Figure 4-18 
	Figure 4-19 


	a) b) 
	Figure 4-18 Examples of ductile(a) and brittle (b) failures obtained at room temperature BBT Test. 
	Figure 4-18 Examples of ductile(a) and brittle (b) failures obtained at room temperature BBT Test. 


	a) b) 
	Figure 4-19 Examples of ductile (a) and brittle (b) failures obtained at low-temperature BBT Test. 
	Figure 4-19 Examples of ductile (a) and brittle (b) failures obtained at low-temperature BBT Test. 


	4.3.1.1. Manufacturing process evaluation 
	4.3.1.1. Manufacturing process evaluation 
	The effect of the manufacturing process was evaluated by comparing the room-temperature and low-temperature BBT test results for MA and QST bars. shows a scatter of the bending strain (εb) vs. the elongation after fracture (EAF) of the QST bars. The transition in the failure mode of the QST specimens tested at room and low temperatures can be seen on the broken specimens, presented in Results from the BBT test on QST steel show similar behavior between specimens tested at room temperature and those tested a
	Figure 4-20 
	Figure 4-21. 
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	Maximum Bending Strain [L/L] 
	Maximum Bending Strain [L/L] 
	Figure 4-20 BBT test results of ASTM A706 grade 80 QST bars. 
	EAF [L/L] 
	Figure
	Figure 4-21 QST broken specimens tested at room (a) and low (b) temperatures. Specimens were arranged from ductile to brittle failure modes (increasing level of buckling). 
	Figure 4-21 QST broken specimens tested at room (a) and low (b) temperatures. Specimens were arranged from ductile to brittle failure modes (increasing level of buckling). 


	Figure
	a)       b) 
	a)       b) 
	On the other hand, shows the results for the MA bars from the BBT test, 
	Figure 4-22 


	illustrating a clear temperature effect on the εbc of the bars. MA bars typically exhibit a well-
	defined transition in failure mode from ductile to brittle at room temperature (Manhard & 
	Kowalsky, 2019; Thangjitham, 2023), contrary to the QST bars. This defined transition in 
	the failure mode is maintained at low temperatures. The temperature effect is evident when 
	the failure mode transition occurred first in the low-temperature specimens, compared to 
	those tested at room temperature, with εbc ranging from 0.14 to 0.16 at low temperature and 
	from 0.17 to 0.19 at room temperature. 
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	Maximum Bending Strain [L/L] 
	Maximum Bending Strain [L/L] 
	Figure 4-22 BBT Test results of ASTM A706 grade 80 MA bars. 
	Figure
	Figure 4-23 MA broken specimens, tested at Room (a) and Low (b) temperatures. Specimens were arranged from ductile to brittle failure modes (increased level of buckling) 
	Figure 4-23 MA broken specimens, tested at Room (a) and Low (b) temperatures. Specimens were arranged from ductile to brittle failure modes (increased level of buckling) 


	a)       b) 
	4.3.1.2. Geometric effect evaluation (transverse deformations) 
	4.3.1.2. Geometric effect evaluation (transverse deformations) 
	The geometric effect (the impact of rebar deformations) was evaluated by comparing the room-temperature and low-temperature BBT test results for ribbed MA and smooth MA bars. shows the bending strain vs. the EAF for the smooth MA bars. Smooth bars presented significantly higher εbc than ribbed bars, which is attributed to the lack of stress concentration due to the absence of ribs. Results showed that the εbc ranged from 0.40 to 
	Figure 4-24 

	0.44 for smooth bars at room temperature and 0.17 to 0.19 for ribbed bars. Smooth bars presented a higher reduction in the εbc when tested at -40°F (-40°C) compared to the ribbed bars (30% vs. 20%). However, the experimental setup may have affected the BBT test results for the smooth bars at low temperatures. 
	The clamping of the smooth bars on the UTM imposed deformations at the extremes of the bars. The temperature gradient on the bars exacerbated this, as the grips could not be exposed to the target temperature of -40°F (-40°C), leaving the bar ends exposed to room temperature. The lack of ribs prevented stress concentrations at the center of the bar, and the 
	The clamping of the smooth bars on the UTM imposed deformations at the extremes of the bars. The temperature gradient on the bars exacerbated this, as the grips could not be exposed to the target temperature of -40°F (-40°C), leaving the bar ends exposed to room temperature. The lack of ribs prevented stress concentrations at the center of the bar, and the 
	temperature gradient shifted the location of the bar fractures to the UTM grips, as seen in (b). Examples of the ductile and brittle failures of the smooth bars at room and low temperatures are shown in and 
	Figure 4-25 
	Figure 4-25 
	Figure 4-26. 
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	Figure
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	Figure
	Figure 4-24 BBT Test results of smooth ASTM A706 grade 80 MA bars 
	Figure 4-24 BBT Test results of smooth ASTM A706 grade 80 MA bars 


	Figure
	Figure 4-25 MA Smooth broken specimens with ductile failures, tested at room (a) and low (b) temperatures. 
	Figure
	Figure 4-26 MA Smooth broken specimens with brittle failures, tested at room (a) and low (b) temperatures. 
	Figure 4-26 MA Smooth broken specimens with brittle failures, tested at room (a) and low (b) temperatures. 


	Figure
	4.3.2. Tension test results 
	4.3.2. Tension test results 
	Lastly, tension tests on ASTM A706 grade 80 and grade 100 steel were conducted at temperatures ranging from 72 °F to -40 °F (22°C to -40 °C). presents the average stress-strain curve obtained for the MA grade 80 bars, and the stress-strain curves obtained for all the MA grade 100 specimens. and present the temperature effect on the yield and ultimate strength of grades 80 and 100, normalized to the room-temperature results. The impact of the temperature on the modulus of elasticity, the uniform elongation, 
	Figure 4-27 
	Figure 4-28 
	Figure 4-29 
	Figure 4-30 
	Figure 4-31 
	Figure 4-33. 

	Figure
	Figure 4-27 Average stress-strain curves for ASTM A706 grade 80 steel at temperatures ranged from 72°F to -40°F (22°C to -40°C) 
	Figure 4-27 Average stress-strain curves for ASTM A706 grade 80 steel at temperatures ranged from 72°F to -40°F (22°C to -40°C) 


	Figure
	Figure 4-28 Stress-strain curves for ASTM A706 grade 100 steel at temperatures ranged from 72°F to -40°F (22°C to -40°C) 
	Figure 4-28 Stress-strain curves for ASTM A706 grade 100 steel at temperatures ranged from 72°F to -40°F (22°C to -40°C) 


	Figure
	Figure 4-29 Yield strength variation as a function of temperature for ASTM A706 Grade 80 and Grade 100 reinforcing steel. 
	Figure 4-29 Yield strength variation as a function of temperature for ASTM A706 Grade 80 and Grade 100 reinforcing steel. 


	Figure
	Figure 4-30 Ultimate strength variation as a function of temperature for ASTM A706 gr.80 and gr.100 reinforcing steel. 
	Figure 4-30 Ultimate strength variation as a function of temperature for ASTM A706 gr.80 and gr.100 reinforcing steel. 


	For both Grade 80 and Grade 100 steels, the yield and ultimate strength increase as the testing temperature decreases. The strength was observed to change gradually with temperature and . This trend aligns with the observations from Levings & Sritharan, (2012) on ASTM A706 grade 60 steel. 
	(Figure 4-29 
	Figure 4-30)

	Figure
	Figure 4-31 T/Y ratio variation as a function of the temperatures for ASTM A706 grade 80 and grade 100 reinforcing steel. 
	Figure 4-31 T/Y ratio variation as a function of the temperatures for ASTM A706 grade 80 and grade 100 reinforcing steel. 


	Figure
	Figure 4-32 Uniform Elongation variation as a function of temperature for ASTM A706 grade 80 and grade 100 reinforcing steel. 
	Figure 4-32 Uniform Elongation variation as a function of temperature for ASTM A706 grade 80 and grade 100 reinforcing steel. 


	Figure
	Figure 4-33 Elastic modulus variation as a function of temperature for ASTM A706 grade 80 and grade 100 reinforcing steel. From to it was observed that the T/Y ratio remained essentially constant for grade 80 and grade 100 steels, varying from 0 to 5%. No clear trend in the elastic modulus was observed, with results at different temperatures remaining constant or increasing by up to 10% relative to room temperature. Uniform elongation showed the largest scatter in the results, with values increasing and dec
	Figure 4-31 
	Figure 4-33, 

	4.1. Discussion 
	4.1. Discussion 
	4.1.1. Summary of BBT Test Results 
	4.1.1. Summary of BBT Test Results 
	The temperature effect on the εbc obtained from the deformed QST and MA bars and the smooth MA bars is presented in These results indicate that the critical bending strain for QST bars is almost unaffected by temperature. For MA bars, a reduction of 20% in the εbc as the temperature decreased to -40 °F (-40 °C) was observed. In addition, smooth bars exhibited higher εbc at both low and room temperatures than the ribbed QST and MA bars, despite the low-temperature results showing a 30% εbc decrement relative
	The temperature effect on the εbc obtained from the deformed QST and MA bars and the smooth MA bars is presented in These results indicate that the critical bending strain for QST bars is almost unaffected by temperature. For MA bars, a reduction of 20% in the εbc as the temperature decreased to -40 °F (-40 °C) was observed. In addition, smooth bars exhibited higher εbc at both low and room temperatures than the ribbed QST and MA bars, despite the low-temperature results showing a 30% εbc decrement relative
	Table 4-12. 

	the room-temperature results. The greater decrease in the εbc of the smooth bars at low temperature could be attributed to a shift in the fracture location, which altered the BBT test results.  

	Table 4-12 Critical bending strain on ASTM 706-22 Grade 80 MA, and QST ribbed bars, and MA smooth bars 
	Specimen Description 
	Specimen Description 
	Specimen Description 
	εbc (72°F) 
	εbc (-40°F) 
	εbc decrement (%) 

	QST 
	QST 
	0.15 – 0.30 
	0.15 – 0.30 
	0 

	MA 
	MA 
	0.17 – 0.19 
	0.14 – 0.16 
	20 

	MA Smooth 
	MA Smooth 
	0.40 – 0.44 
	0.28 – 0.32 
	30 


	The material-level evaluation of the bending strain capacity of reinforced steel suggests that the manufacturing process affects the reinforcing steel's ability to sustain buckling at low temperatures, with an evident reduction in the critical bending strain of MA bars. This observation needs further investigation through large-scale testing and will be presented with the results. 

	4.1.2. Summary of Tension Test Results 
	4.1.2. Summary of Tension Test Results 
	In accordance with the trends presented in the literature review, the reinforcing steel exhibited increases in yield and ultimate stress as temperature decreased. The T/Y ratio and the elastic modulus were mainly unaffected by temperature, and the uniform elongation presented no clear trend. 
	and presented the increase in the yield and ultimate strength, respectively, compared to the models proposed by Montejo et al.(2008) and Levings & Sritharan (2012). For both grade 80 and grade 100 steel, temperature increases yield and ultimate strength progressively, with strength increments observed above freezing. The model proposed by Montejo et al. (2008) ignores the effect of temperatures above freezing and overpredicts the strength increase for grade 80 steel at temperatures below -4°F (-20°C). 
	Figure 4-34 
	Figure 4-35 

	It is shown that the effect of the low temperature on the grade 80 steel lies between the models proposed by Montejo et al. (2008)and Levings & Sritharan (2012). To represent the yield strength of grade 80 steel, an approximate 7% strength increase applies from -4°F (-20 °C) to -40°F (-40°C), and a 5% increase in strength applies to estimate the ultimate strength.  
	The increase in the yield strength of the grade 100 bars showed better alignment with the model proposed by Montejo et al. (2008). However, this is not maintained for the increase in the ultimate strength, which aligned better with the model proposed by and Levings & Sritharan (2012). 
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	Figure 4-34 Increase in the yield strength (Fy) at various temperatures. Ref1: Montejo et al., (2008) , and Ref2: Levings & Sritharan, (2012) 
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	Figure 4-35 Increase in the ultimate strength (Fu) at various temperatures. Ref1: Montejo et al., (2008) , and Ref2: Levings & Sritharan, (2012) 
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	CHAPTER 5. MEMBER LEVEL EVALUATION 
	CHAPTER 5. MEMBER LEVEL EVALUATION 
	This section presents the large-scale evaluation of six RC bridge column specimens reinforced with MA and QST grade 80 steel, subjected to quasistatic lateral loading at temperatures from 72°F to -40°F (22°C to -40°C). The design and detailing of the RC column specimens are initially presented, followed by the construction process, test definitions, experimental setup, instrumentation, and experimental observations. The chapter concludes with a comparison of the seismic behavior of the specimens at room and
	All columns were loaded under the same displacement-based loading protocol to ensure uniform input and facilitate direct comparison of member-level responses. The RC columns were instrumented using strain gages, linear potentiometers, string potentiometers, inclinometers, and thermocouples. These instruments were used to measure global and local responses, including force-deformation hysteretic behavior, strain profiles along the longitudinal steel, curvature distributions, and temperature variations throug
	5.1. 
	5.1. 
	Experimental program 

	The large-scale experimental program includes six RC column specimens reinforced with ASTM A706 grade 80 MA and QST steel. The first four specimens share the same detailing, with the only difference being the manufacturing process for the longitudinal reinforcing steel. Each pair of columns (reinforced with MA or QST longitudinal steel) was evaluated at room and low temperatures to assess the manufacturing impact on the low-temperature seismic behavior of RC columns and to compare directly with the room-tem
	Table 5-1. 
	Table 5-1 

	Table 5-1 Large-scale testing test matrix 
	Col # 
	Col # 
	Col # 
	Column 
	Diam 
	Length 
	L/D 
	Longitudinal 
	Transverse Steel 
	ALR 
	Temp. 

	TR
	specifications 
	(in) 
	(in) 
	ratio 
	Steel 
	°F (°C) 

	Col 1 
	Col 1 
	MA-RT-2in 
	18 
	65 
	3.61 
	10 #6 (1.74%) 
	#3 @ 2" (1.23%) 
	8% 
	72 (22) 

	Col 2 
	Col 2 
	QST-RT-2in 
	18 
	65 
	3.61 
	10 #6 (1.74%) 
	#3 @ 2" (1.23%) 
	8% 
	72 (22) 

	Col 3 
	Col 3 
	MA-LT-2in 
	18 
	65 
	3.61 
	11 #6 (1.74%) 
	#3 @ 2" (1.23%) 
	8% 
	-40 (-40) 

	Col 4 
	Col 4 
	QST-LT-2in 
	18 
	65 
	3.61 
	12 #6 (1.74%) 
	#3 @ 2" (1.23%) 
	8% 
	-40 (-40) 

	Col 5 
	Col 5 
	MA-LT-4in 
	18 
	65 
	3.61 
	13 #6 (1.74%) 
	#3 @ 4" (0.61%) 
	8% 
	-40 (-40) 

	Col 6 
	Col 6 
	QST-LT-4in 
	18 
	65 
	3.61 
	10 #6 (1.74%) 
	#3 @ 4" (0.61%) 
	8% 
	-40 (-40) 


	5.2. 
	5.2. 
	RC column specimens 

	5.2.1. RC columns design 
	5.2.1. RC columns design 
	The specimens were designed following a performance-based design philosophy, in which the expected material properties were used to define detailing capable of achieving ductile failure, characterized by bar buckling followed by bar fracture. 
	(Table 5-2) 

	The specimens were placed horizontally in the environmental chamber. The chamber has a 12-inch opening in the roof at 10 ½ feet from the chamber's entrance, built to accommodate an actuator extension for a previous large-scale column test conducted by Montejo et al., 2009a. The hole position was used as a reference to define the height of the column specimens for this study, which is 65 inches. 
	presents details of specimens 1 to 4. The column diameter is 18 inches with a 1-inch concrete cover, and the reinforcement consists of 10 #6 ASTM A706 grade 80 bars with #3 ASTM A706 grade 80 spirals at 2-inch spacing. An axial load ratio of 8% was selected. For columns 4 and 6, the transverse steel spacing was increased to 4 inches. 
	Figure 5-1 

	Table 5-2 Design Material Properties (Seismic Design Criteria Version 2.0, 2019) 
	Reinforcing steel material properties 
	Property Design Value 
	Elastic Modulus E= 29000 ksi Yield strength y = 80 ksi ye = 85 ksi Tensile strength u = 98 ksi ue = 112 ksi Yield strain y = 0.0028 ye = 0.0033 Ultimate tensile strain u = 0.0950 ue = 0.0600 
	Specified minimum, f
	Expected, f
	Specified minimum, f
	Expected, f
	Nominal, 
	ε
	Expected, ε
	Nominal, ε
	Expected, ε

	Concrete material properties 
	Property Design Value Equation 
	Elastic Modulus E= 4888 ksi 𝐸𝑐=33𝑤^1.5 √(𝑓′c𝑒 ), psi 
	Compressive strength 
	c = 5 ksi 
	Specified, f '

	ce = 6.5ksi f 'ce=1.3*f 'c Compressive strain 
	Expected, f '

	Unconfined strain at f 'c co = 0.002 
	ε

	Ultimate unconfined strain (spalling) sp = 0.005 
	ε

	Figure
	Figure 5-1 RC column specimen detailing (dimensions in inches) 82 
	Figure 5-1 RC column specimen detailing (dimensions in inches) 82 




	5.2.2. Footing design 
	5.2.2. Footing design 
	The footing was designed as a capacity-protected member using the column's overstrength moment input, ensuring that the footing yield moment was twice the column's overstrength moment. The environmental chamber has a pattern of eight pairs of holes, spaced every 3 feet, to allow access for bearing on the strong floor. The hole pattern defined the geometry of the footing, which was limited to 45 by 45 inches in plane, thus resulting in large shear demands and a heavily reinforced element. The design followed
	The footing's reinforcement consisted of 11 pairs of C-shaped #8 bars positioned in the parallel direction to the longitudinal steel of the column and 8 pairs of C-shaped #7 bars placed in the perpendicular direction. Sixteen 90-degree bars were positioned around the perimeter of the footing to prevent cracking around the PVC pipes. The 2-inch PVC pipes were placed to allow crossing bars for post-tensioning the footing to the strong floor, matching the hole pattern of the environmental chamber (3 ft by 3 ft
	Figure 5-2. 

	Figure
	Figure 5-2 Footing detailing (dimensions in inches) 
	Figure 5-2 Footing detailing (dimensions in inches) 



	5.2.3. Construction process 
	5.2.3. Construction process 
	The construction process for the large-scale specimens began with the construction of the column cages. The first step is to cut and bend the longitudinal reinforcing steel according to the detailing. For each column, ten straight #6 bars were cut to 192 inches and bent to an L shape with a 12-inch hook. Plywood templates were manufactured to accommodate the position of the reinforcing steel, providing external support for the bars at the ends and internal support along the span. The templates at each end w
	Figure 5-3 

	Figure
	Figure 5-3 Column cage construction 
	Figure 5-3 Column cage construction 


	The next step in the construction process involved assembling the footing cage and casting the footing concrete. The footing formwork was constructed using a steel-ply forming system comprising three 30-inch by 4-foot panels, four 24-inch by 4-foot panels, six 4-foot steel angles, and two 3-foot steel angles per footing, all connected with wedge bolts. A 3inch-thick foam block was installed in the formwork to ensure the footing's correct geometry. Four-panel form ties were added to each footing formwork to 
	-
	Figure 5-4. 

	Once the footing cage was ready, the next step was to close the formwork and prepare for concrete pouring. This process included applying a form release agent to the formwork and ensuring the column was plumbed vertically. shows the footings ready for casting, with the columns fixed in position and the footings being cast. Concrete cylinders were cast to monitor the strength development of the concrete used for the footings.  
	Figure 5-5 

	Figure
	Figure 5-4 Footing cage construction and formwork 
	Figure 5-4 Footing cage construction and formwork 


	87 
	Figure
	Figure 5-5 Footing's concrete casting After the footings were built, the columns and cap beams were constructed. Scaffolding was erected around the column cages to support the cap beam casting and provide access to the top of the specimen, facilitating concrete pouring and vibration.   Two specimens were positioned within each scaffolding setup. shows the specimen arranged within the scaffolding in preparation for the column and cap beam construction. 
	Figure 5-6 

	Figure
	Figure 5-6 Placement of the specimens and scaffolding for column and cap beam construction 
	Figure 5-6 Placement of the specimens and scaffolding for column and cap beam construction 


	Two type T thermocouples were installed in each specimen: one to measure the temperature at the core of the column and the other at a longitudinal bar. Additionally, 1inch-thick foam blocks were placed around the perimeter of the reinforcing steel along the expected plastic hinge length to expose the steel in that area (without cover) after casting. Exposing the steel in the plastic hinge region facilitates the installation of the column's instrumentation and enables tracking of the damage progression on th
	-

	Column core Thermocouple Long. bar Thermocouple 
	Figure 5-7 Thermocouples installation 
	Figure 5-7 Thermocouples installation 


	Figure
	Figure 5-8 Foam blocks used to expose reinforcing steel along the plastic hinge. 
	Figure 5-8 Foam blocks used to expose reinforcing steel along the plastic hinge. 


	The column formwork consisted of an 18-inch (internal diameter) cardboard concrete-forming tube cut to the column's clear length (55 inches). A hole was cut in the forming tube to allow the thermocouple cables to pass through. The cap beam's formwork was built using ¾-inches thick plywood and pressure-treated lumber. Two-inch holes were drilled in the cap beam formwork using a hole saw to cross PVC pipes for the cap beam-actuator connection. Additionally, a wooden frame was built from 4x4-inch pressure-trea
	Figure 5-9. 

	After placing the wooden frame and formwork, the reinforcing steel for the cap beam and the PVC pipes were installed, and the connection between the column form and the cap beam was sealed with waterproof silicone sealant . Once the formworks were sealed, the columns and cap beam were ready to receive concrete. shows the column and cap beam casting.   
	(Figure 5-10)
	Figure 5-11 

	Figure
	Figure 5-9 Formwork and frame support placement 
	Figure 5-9 Formwork and frame support placement 


	Figure
	Figure 5-10 Placement and sealing of cap beam steel and PVC pipes, and placement of formwork 
	Figure 5-10 Placement and sealing of cap beam steel and PVC pipes, and placement of formwork 


	Figure
	Figure 5-11 Column and cap beam concrete casting 
	Figure 5-11 Column and cap beam concrete casting 


	Once the concrete had set, the formwork, PVC pipes, and foam blocks were removed, as seen in and The specimen was then prepared for instrumentation and testing. This process involved cleaning the exposed reinforcing steel along the plastic hinge using wire brushing and removing excess concrete with a chisel and an air hammer. A strip disc was used to smooth the surface of the longitudinal bars where strain gages would be placed. A drill hammer was used to drill 3/8-inch holes for threaded rods to support th
	Figure 5-12 
	Figure 5-13. 
	Figure 5-14 

	Figure
	Figure 5-12 RC column specimens and removal of the formwork 
	Figure 5-12 RC column specimens and removal of the formwork 


	Figure
	Figure 5-13 Removal of the formwork 
	Figure 5-13 Removal of the formwork 


	Figure
	Figure 5-14 Cleaning of exposed reinforcing steel and column preparation for instrumentation 
	Figure 5-14 Cleaning of exposed reinforcing steel and column preparation for instrumentation 


	5.3. 
	5.3. 
	Large-scale testing methods 

	5.3.1. Experimental setup 
	5.3.1. Experimental setup 
	The experiments were conducted in the Constructed Facilities Laboratory (CFL) at NC State University. The tests were conducted inside a walk-in Thermotron environmental chamber, model WP-1512-CHM-25-25, measuring 18 ft x 8 ft x 8 ft, with a temperature range from -90 °F to 185 °F (-68 °C to 85 °C). Due to the geometric constraints of the environmental chamber, the specimens were designed to be positioned horizontally. Therefore, the cyclic load was applied vertically to simulate lateral forces on the column
	The test setup consisted of a structural steel test frame that supported a 110-kip MTS actuator with a 20-inch stroke, which applied cyclic loading to the column. The actuator was connected to an actuator extension that crossed the environmental chamber roof through a 12-inch hole to transmit the load to the column. The actuator extension was connected to a steel shoe attached to the column cap beam with a 2-inch pin, allowing rotation in the column's parallel direction. The steel shoe was attached to the c
	Figure 5-15.

	To maintain consistent testing conditions, the same setup was used for the room and low-temperature specimens. The only difference is that low-temperature tests were conditioned and tested inside the environmental chamber to maintain the target temperature, while room-temperature tests were not. 
	Figure
	Figure 5-15 Actuator extension by Montejo et al., 2009a During all tests, a constant axial load of 123-kip was applied using two double-acting hollow-plunger hydraulic cylinders (RRH10010), two spreader beams, and two 1 3/8-inch threaded bars. The hydraulic cylinders were located at the top of the columns and supported 
	Figure 5-15 Actuator extension by Montejo et al., 2009a During all tests, a constant axial load of 123-kip was applied using two double-acting hollow-plunger hydraulic cylinders (RRH10010), two spreader beams, and two 1 3/8-inch threaded bars. The hydraulic cylinders were located at the top of the columns and supported 


	over a spreader beam. The jacks were powered directly by the 3000-psi hydraulic system at the CFL, continuously throughout the test. Two 1 3/8-inch threaded bars transmitted the axial load to the column connecting the top and bottom spreader beams. The general layout of the experimental setup is shown in A closer look at the setup inside the chamber is shown in 
	Figure 5-16. 
	Figure 5-17. 

	Figure
	Figure 5-16 Experimental setup (general layout). 
	Figure 5-16 Experimental setup (general layout). 


	Figure
	Figure 5-17 Experimental setups (view inside the environmental chamber) 
	Figure 5-17 Experimental setups (view inside the environmental chamber) 





	5.3.2. Loading protocol 
	5.3.2. Loading protocol 
	The loading protocol was defined based on the first test, which involved an RC column reinforced with MA steel tested at room temperature. The cycles of lateral loading were determined in two parts: the first portion of the loading protocol was a "force control" range, in which displacements were applied to achieve a specific load. This range corresponds to the first 4 cycles, where each cycle was defined to achieve proportional values to the predicted first yielding force as 1/4 F'y, ½ F'y, ¾ F'y, and F'y 
	(Table 5-3)
	(Table 5-5)
	Δy (Table 5-4)

	of the displacements obtained experimentally from the pulling and pushing cycle at F'y. The 
	predictions were obtained through a sectional analysis. The analysis used the MATLAB 
	CUMBIA code set (Montejo et al. 2007) with expected material properties. Three complete 
	loading cycles were applied for each ductility level. presents the loading protocol 
	Figure 5-18 

	applied to the column. In addition, a constant axial load of 123 kips was applied to the 
	columns to simulate the vertical loads of a bridge column for a designed ALR of 8%. 
	Equation (6)
	𝑦𝑦 
	∆
	= ∆′
	𝑀
	𝑛 

	𝑀′𝑦 
	6 
	Displacementent Control 
	Displacementent Control 
	Force Control 
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	μ 
	5 
	μ 
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	Figure 5-18 Cyclic loading protocol definition Table 5-3 Load protocol definition -Force control range 
	Figure 5-18 Cyclic loading protocol definition Table 5-3 Load protocol definition -Force control range 


	Half Cycle 
	Displacement (in) 
	Force control range 
	State Force Cycles 
	1/4 F'y 8.25 kip 1 1/2 F'y 16.5 kip 1 3/4 F'y 24.8 kip 1 F'y 33kip 1 
	Table 5-4 Calculation of equivalent yield displacement. 
	F'y (kip) -Δ'y (in) + Δ'y (in) Average Δ'y (in) Δy (in) 
	33 0.57 0.58 0.58 0.8 
	Table 5-5 Load protocol definition -Displacement control range. 
	Displacement control range 
	Ductility Displacement Cycles 
	μ1 0.8in 3 
	μ1.5 1.2in 3 μ2 1.6in 3 μ3 2.4in 3 μ4 3.2in 3 μ5 4.0in 3 μ6 4.8in 3 
	5.3.3. Instrumentation 
	Each column was instrumented using two thermocouples, thirty strain gages, twelve linear potentiometers, six-string potentiometers, and two inclinometers. The columns tested at room temperature also used optical instrumentation systems to compare and validate the deformations obtained from the other instruments. 
	The embedded thermocouples were used to monitor temperatures in the column's core and the longitudinal steel during testing. Strain gauges were used to measure strains in the steel along the length of the plastic hinge. Linear potentiometers were employed to track relative axial elongation within a defined 6-inch gauge length, helping to assess curvature along the plastic hinge and strain penetration in the column. String potentiometers measured the top displacement and the deformed shape along the plastic 
	All instruments were connected to a StrainSmart Data Acquisition System 7000 for data collection during testing. Data recording commenced once the specimen reached a stable set temperature to eliminate errors caused by the instrument's thermal contraction, and after the column was lifted to a zero position, to counteract its self-weight and the weight of the beam and jacks installed at the top of the column for the axial load system. illustrates the instrumentation setup on an RC column specimen. 
	Figure 5-19 

	Figure
	Figure 5-19 Instrumentation of the RC column specimen 
	Figure 5-19 Instrumentation of the RC column specimen 



	5.3.4. Material testing 
	5.3.4. Material testing 
	Reinforcing steel: Two manufacturing processes, MA and QST, were evaluated using large-scale testing. The straight QST bars were donated by Commercial Metals Company (CMC), and Nucor Corporation donated the straight MA bars and the #3 coil for the spirals. The spirals were fabricated by Steel Specialties of Mississippi and shipped to the CFL at NC State University.  
	Tension tests at room temperature were performed on the longitudinal steel used to construct the column specimens. Three #6 bars were tested for each manufacturing process to determine their corresponding tensile properties. Elongation was recorded using a 2-inch gage Epsilon. The extensometer was removed at each test when the bar reached maximum stress to prevent damage to the equipment caused by bar rupture. Therefore, the stress-strain curves are presented until the peak stress. 
	The mechanical properties were obtained in accordance with the definitions presented in ASTM A370-20. The yield strength was determined using the 2% offset method specified in ASTM A370-20. The modulus of elasticity was obtained from the slope of the linear portion of the stress-strain curve, and the yield strain was obtained by dividing the yield stress by the elastic modulus. The peak stress corresponded to the maximum applied force on the bar, and the uniform elongation corresponded to the elongation mea
	Table 5-6. 
	Table 5-7. 

	Figure
	Figure 5-5-20 Stress-strain curve of MA bars used as longitudinal steel in the RC specimens 
	Figure 5-5-20 Stress-strain curve of MA bars used as longitudinal steel in the RC specimens 


	Figure
	Figure 5-21 Stress-strain curve of QST bars used as longitudinal steel in the RC specimens Table 5-6 Tensile properties of the longitudinal steel 
	Figure 5-21 Stress-strain curve of QST bars used as longitudinal steel in the RC specimens Table 5-6 Tensile properties of the longitudinal steel 


	Bar specifications 
	Bar specifications 
	Bar specifications 
	Fy (ksi) 
	E (ksi) 
	εy 
	Fu (ksi) 
	εu 
	T/Y 

	ASTM A706-22 
	ASTM A706-22 
	min 
	80 
	100 
	7.0% 
	1.25 

	#6 bar 
	#6 bar 
	max 
	98 

	MA (Average) 
	MA (Average) 
	85 
	26259 
	0.32% 
	113 
	9.7% 
	1.33 

	QST (Average) 
	QST (Average) 
	86 
	27235 
	0.32% 
	115 
	7.4% 
	1.33 


	Table 5-7 Tensile properties of the transverse steel 
	Bar specifications 
	Bar specifications 
	Bar specifications 
	Fy (ksi) 
	E (ksi) 
	εy 
	Fu (ksi) 
	Elongation in 8-inch 
	T/Y 

	ASTM A706-22 
	ASTM A706-22 
	min 
	80 
	100 
	12% 
	1.25 

	#3 bar 
	#3 bar 
	max 
	98 

	Spirals #3 (MA)* 
	Spirals #3 (MA)* 
	91 
	27000 
	0.34% 
	123 
	12% 
	1.35 


	*This data was provided by the coil manufacturer (NUCOR) 
	Concrete: Concrete strength was specified at 5 ksi for all castings. Cylinders with a diameter of 4 in and a height of 8 in from column and footing castings were used to determine the maximum compressive strength on the test day of each specimen. For the columns tested at low temperatures (Cols 3-6), concrete cylinders were conditioned at -40°F (-40°C) and tested outside the environmental chamber. presents the concrete strength obtained 
	Table 5-8 

	from the cylinders corresponding to all the column castings. Compression tests of the concretes were performed within a week of each column test day. 
	Table 5-8 Concrete compressive strength of the RC column specimens 
	Col # 
	Col # 
	Col # 
	Column Specification 
	Temperature 
	Concrete age (test day) 
	F'c (ksi) 
	Average (ksi) 

	TR
	5.97 

	Col 1 
	Col 1 
	MA-RT-2in 
	RT 
	193 
	6.69 6.06 
	6.24 

	TR
	6.95 

	Col 2 
	Col 2 
	QST-RT-2in 
	RT 
	231 
	7.22 6.77 
	6.98 


	6.68 
	Col 3 MA-LT-2in RT 329 6.68 
	6.68 9.45 
	Col 3 MA-LT-2in LT 329 9.50 
	9.56 
	7.15 
	Col 4 QST-LT-2in RT 425 7.14 
	7.13 
	8.95 
	8.95 
	8.95 

	Col 4 
	Col 4 
	QST-LT-2in 
	LT 
	425 
	9.72 
	9.34 

	TR
	4.42 

	Col 5 
	Col 5 
	MA-LT-4in 
	RT 
	57 
	4.53 
	4.45 

	TR
	4.40 

	TR
	7.56 

	Col 5 
	Col 5 
	MA-LT-4in 
	LT 
	57 
	7.95 
	7.82 

	TR
	7.94 


	4.84 
	Col 6 QST-LT-4in RT 110 4.95 4.91 4.95 7.86 
	Col 6 QST-LT-4in LT 110 6.58 7.37 7.66 
	RT: Concrete cylinders tested at room temperature LT: Concrete cylinders tested after low temperature conditioning at -40°F for more than 20 hours. 

	5.3.5. Column predictions 
	5.3.5. Column predictions 
	As mentioned earlier, the test predictions were obtained through a sectional analysis using the MATLAB CUMBIA code set (L. A. Montejo, 2007). The predictions were conducted using the material properties presented from to  For the low-temperature predictions, the yield and ultimate strength of the transverse and longitudinal steel were multiplied by 1.07 to account for the 7% strength increase at -40°F (-40°C) reported in the material-level evaluation for grade 80 steel. The compressive strength of the cylin
	Table 5-6 
	Table 5-8.

	The sectional analysis assumes the axial load acts at the center of the section, ignoring P-Δ effects. Therefore, a correction was applied to the force response to reduce the capacity due to second-order effects. The P-Δ correction accounted for the deformed geometry representation of the RC column specimen shown in Where Δ corresponds to the relative displacement between the axial load bar and the center of the bottom section of the column, and P corresponds to the horizontal component, P axial, of the app
	Figure 5-22. 

	The total moment obtained from the moment-curvature analysis has two main components (Eq. (8)). The first corresponds to the moment due to the lateral force. And the second, to the moment, due to the P-Δ effect. The corrected force is then obtained using Eq. (9). The corrected force-displacement response is compared later in this report with the experimental force-displacement response for each test. compares the force-displacement obtained directly from the moment-curvature analysis with the one obtained a
	Figure 5-23 

	Figure
	Figure 5-22 Geometric representation of the deformed RC specimen to account for P-Δ effects 
	Figure 5-22 Geometric representation of the deformed RC specimen to account for P-Δ effects 


	∆𝑡𝑜𝑝∗45 
	∆𝑡𝑜𝑝∗45 

	∆ = [𝑖𝑛] Equation (7)
	110 
	𝑀 = 𝐹𝐿+ 𝑃∆ Equation (8) 
	𝑐𝑜𝑙 
	𝑎𝑥𝑖𝑎𝑙
	𝑀−𝑃𝑎𝑥𝑖𝑎𝑙 ∆

	𝐹 = Equation (9)
	𝐿𝑐𝑜𝑙 
	Figure
	Figure 5-23 P-Δ effects on the Force-Displacement predictions 
	Figure 5-23 P-Δ effects on the Force-Displacement predictions 


	5.4. 
	5.4. 
	Experimental response COL1: MA_RT_2IN 

	5.4.1. Summary 
	5.4.1. Summary 
	This section summarizes the experimental response from the first column test. The test was performed at room temperature on an 18-inch-diameter column reinforced with 10 #6 Micro-alloyed ASTM A706 grade 80 bars. The specimen reached a maximum force of 50 kips and exhibited a 20% strength loss during the third pushing cycle of μ5 and the first pulling cycle of μ6, due to the fracture of the extreme bars. The column was loaded until the second cycle of μ6, at which point it lost approximately 70% of its stren
	Table 5-9. 

	This test served as a baseline to define the loading protocol presented earlier, which was used in all column tests to maintain a constant displacement demand input along the tests. 
	Table 5-9 Summary of column parameters 
	Column parameters 
	l=1.74%) MA t=1.23%) Longitudinal Steel Nominal Yield Strength: 84.5 ksi Transverse Steel Nominal Yield Strength: 91.2 ksi Concrete Strength: 6.3 ksi Axial Load: 123 kips Axial Load Ratio: 7.7% First Yield Displacement: 0.57 in F'y 36 kip Nominal Moment Capacity: 250 kip-ft Equivalent Yield Displacement: 0.8 in Maximum Lateral Force: 50.4 kips Displacement at 20% Strength loss: 4 in Failure Mode: Fracture of buckled bar 
	Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (ρ
	Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (ρ




	5.4.2. Test observations 
	5.4.2. Test observations 
	presents the summary of damage observations from the MA_RT_2in the column test. Starting from the cycle at ½ F'y, hairline cracks formed along the plastic hinge and continued expanding throughout the test. In the last cycle of μ3, the concrete began to flake. The extreme top bar (2T) buckled first during the third pulling cycle of μ4 and fractured during the third pushing cycle of μ5. The extreme bottom bar (2B) buckled at approximately the third pushing cycle of μ5 and fractured in the first pulling cycle 
	Table 5-10 
	Figure 
	5-24 
	Figure 5-35 

	Table 5-10 Column 1 damage progression summary. 
	Damage observations 
	Damage observations 
	Damage observations 

	Initiation of cracking: 
	Initiation of cracking: 
	1/2 F'y 

	Core Concrete Crushing: 
	Core Concrete Crushing: 
	μ3+3 

	Longitudinal Bar Buckling Top: 
	Longitudinal Bar Buckling Top: 
	μ4+3 

	Longitudinal Bar Buckling Bottom: 
	Longitudinal Bar Buckling Bottom: 
	μ5-3 

	Longitudinal Bar Fracture Top: 
	Longitudinal Bar Fracture Top: 
	μ5-3 

	Longitudinal Bar Fracture Bottom: 
	Longitudinal Bar Fracture Bottom: 
	μ6+1 

	20% Strength loss (-): 
	20% Strength loss (-): 
	μ5-3 

	20% Strength loss (+): 
	20% Strength loss (+): 
	μ6+1 


	(+) Pulling, (-) Pushing 
	Pulling (+) Pushing ( ) Top Bottom 
	Figure 5-24 The first cycle of first yielding (pulling). Top Bottom 
	Top Bottom 
	Figure 5-26 First cycle μ3 (pushing): Cracks at the base of the column and along the plastic hinge expand. Top 
	Figure
	Figure 5-28 First cycle of μ4 (pulling). 
	Figure 5-28 First cycle of μ4 (pulling). 


	Top Bottom 
	Figure 5-29 First cycle of μ4 (pulling): Concrete crushing around bar T2, and cracking and uplifting of concrete at the footing. 
	Figure 5-29 First cycle of μ4 (pulling): Concrete crushing around bar T2, and cracking and uplifting of concrete at the footing. 


	Top 
	Figure 5-30 Third cycle of μ4 (pulling): Buckling of the top extreme bar 2T and concrete crushing 
	Figure 5-30 Third cycle of μ4 (pulling): Buckling of the top extreme bar 2T and concrete crushing 


	Top 
	Figure 5-31 Third cycle μ 5: Visible bar buckling in pulling cycle and fractured in pushing cycle of the top extreme bar 2T 
	Figure 5-31 Third cycle μ 5: Visible bar buckling in pulling cycle and fractured in pushing cycle of the top extreme bar 2T 


	Figure
	Figure 5-32 First cycle μ6 (pulling) 
	Figure 5-32 First cycle μ6 (pulling) 


	Bottom 
	Figure 5-33 First cycle μ6 (pulling): Fracture of bottom extreme bar, 2B. 
	Figure 5-33 First cycle μ6 (pulling): Fracture of bottom extreme bar, 2B. 


	Bar 1T Bar 2T Bar 3T 
	Figure 5-34 Final state of the specimen: Fracture of bars 1T, 2T, and 3T, and concrete core crushing. Bottom 

	5.4.3. Force-displacement response 
	5.4.3. Force-displacement response 
	The hysteretic response of the column is shown in The specimen exhibited fractures in four bars, as indicated by an X on the hysteretic response. The first bar fractured during the last pushing cycle of μ5, which corresponded to the extreme top bar (2T). At this point, a 20% drop in strength was observed in the pushing direction (-) due to the bar fracture. Similarly, a 20% drop in strength was observed in the pulling direction (+) after the bar fracture of the extreme bottom bar (2B), which occurred at the
	Figure 5-36. 
	Figure 5-37, 

	Figure
	Figure 5-36 Hysteretic response of Column 1: MA_RT_2in 
	Figure 5-36 Hysteretic response of Column 1: MA_RT_2in 


	Figure
	Figure 5-37 Envelope of the Force-displacement response of Column 1: MA_RT_2in. 
	Figure 5-37 Envelope of the Force-displacement response of Column 1: MA_RT_2in. 
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	5.4.4. Curvature Profile 
	5.4.4. Curvature Profile 
	The curvature profile was calculated using the rotations obtained from the relative axial displacements measured by the linear potentiometers mounted on the sides of the columns (See . Four linear potentiometers were aligned with the extreme bars on the column cross-section. The linear potentiometers measured relative axial displacement over a gage length of approximately 7 inches, yielding a coarse curvature profile, with each marker representing the average curvature over the gage length containing the po
	Figure 5-19)

	and show the low-level (up to first yield of the column section) and high-level (beyond first yield of the column section) curvature profile of Column 
	Figure 5-38 
	Figure 5-39 

	1: MA_RT_2in, respectively. The predicted first yield curvature is also presented, assuming a linear distribution from the base of the column to the top of the column. In a symmetric distribution of curvature is noted for each direction of loading. A larger concentration of curvature is evident at the bottom of the column. 
	Figure 5-38 

	Figure
	Figure 5-38 Low-level curvature profile of Column 1: MA_RT_2in 
	Figure 5-38 Low-level curvature profile of Column 1: MA_RT_2in 


	Similarly, shows a symmetric distribution for the high-level curvatures, with slightly higher values in the pulling direction. The curvature data for μ6 in the pushing direction (dashed lines) were not presented due to data uncertainty, as the instrument support at the base of the column was compromised due to column damage. Overall, the larger curvatures were concentrated near the base of the column, and this observation was consistent across different ductility levels. 
	Figure 5-39 

	Figure
	Figure 5-39 High-level curvature profile of Column 1: MA_RT_2in 
	Figure 5-39 High-level curvature profile of Column 1: MA_RT_2in 


	5.5. 
	5.5. 
	Experimental response COL2: QST_RT_2IN 

	5.5.1. Summary 
	5.5.1. Summary 
	The second test was performed at room temperature on an 18-inch-diameter column reinforced with 10 #6 QST ASTM A706 grade 80 bars. The specimen reached a maximum force of 53 kips and exhibited a 20% strength loss during the third pushing cycle of μ5 and the first pulling cycle of μ6, due to the fracture of the extreme bars. The column was loaded 
	The second test was performed at room temperature on an 18-inch-diameter column reinforced with 10 #6 QST ASTM A706 grade 80 bars. The specimen reached a maximum force of 53 kips and exhibited a 20% strength loss during the third pushing cycle of μ5 and the first pulling cycle of μ6, due to the fracture of the extreme bars. The column was loaded 
	until the first pushing cycle of μ6, at which point it lost approximately 70% of its strength. 

	A summary of the column parameters is presented in Table 5-11 Summary of column parameters 
	Table 5-11. 

	Column parameters 
	l=1.74%) QST t=1.23%) Longitudinal Steel Nominal Yield Strength: 86.4 ksi Transverse Steel Nominal Yield Strength: 91.2 ksi Concrete Strength: 7 ksi Axial Load: 123 kips Axial Load Ratio: 6.92% First Yield Displacement: 0.58 in F'y 39 kip Nominal Moment Capacity: 282 kip-ft Equivalent Yield Displacement: 0.8 in Maximum Lateral Force: 53 kips Displacement at 20% Strength loss: 4 in Failure Mode: Fracture of buckled bar 
	Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (ρ
	Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (ρ




	5.5.2. Test observations 
	5.5.2. Test observations 
	Starting from the cycle at ½ F'y, hairline cracks formed along the plastic hinge and 
	continued expanding throughout the test. In the first cycle of μ3, the concrete began to flake. 
	Although no visible buckling was observed for the extreme top bar (2T), significant concrete 
	crushing was seen along the bar at the first pulling cycle of μ5, which could be an indication of the initiation of buckling. This bar (2T) fractured in the third pushing cycle of μ5. The extreme bottom bar (2B) buckled at approximately the third pushing cycle of μ5 and fractured in the first pulling cycle of μ6. The bars 1T and 3T buckled in the first pulling cycle of μ6 and fractured in the following pushing cycle. The test was finalized after the fracture 
	of bars 1T and 3T, as the column exhibited significant strength degradation. to illustrate the progression of the column's damage during the test. 
	Figure 5-40 
	Figure 5-53 
	Table 5-12 

	presents the summary of the damage observations from the test of the second column specimen. 
	Table 5-12 Column 2 damage progression summary 
	Damage observations 
	Initiation of cracking: 
	Initiation of cracking: 
	Initiation of cracking: 
	1/2 F'y 

	Core Concrete Crushing: 
	Core Concrete Crushing: 
	μ3+3 

	Longitudinal Bar Buckling Top: 
	Longitudinal Bar Buckling Top: 
	None visible 

	Longitudinal Bar Buckling Bottom: 
	Longitudinal Bar Buckling Bottom: 
	μ5-3 

	Longitudinal Bar Fracture Top: 
	Longitudinal Bar Fracture Top: 
	μ5-3 

	Longitudinal Bar Fracture Bottom: 
	Longitudinal Bar Fracture Bottom: 
	μ6+1 

	20% Strength loss (-): 
	20% Strength loss (-): 
	μ5-3 

	20% Strength loss (+): 
	20% Strength loss (+): 
	μ6+1 

	(+) Pulling, (-) Pushing 
	(+) Pulling, (-) Pushing 


	Pulling (+) Pushing ( ) Top Bottom 
	Figure 5-40 First cycle of ¼ F'y (pulling) 
	Figure 5-40 First cycle of ¼ F'y (pulling) 


	Figure 5-41 First cycle of 3/4 F'y (pulling): Hairline cracks formed along the plastic hinge Top Bottom 
	Top Bottom 
	Top Bottom 
	Figure 5-43 First cycle μ1.5 (pulling): Cracks elongated and expanded. Some cracks formed parallel to the reinforcing steel over the plastic hinge. 
	Figure 5-43 First cycle μ1.5 (pulling): Cracks elongated and expanded. Some cracks formed parallel to the reinforcing steel over the plastic hinge. 


	Top Bottom 
	Figure 5-44 Third cycle μ2 (pulling): Cracks at the base of the column expanded, and cracks formed at the footing. 
	Figure 5-44 Third cycle μ2 (pulling): Cracks at the base of the column expanded, and cracks formed at the footing. 


	Top 
	Figure 5-45 Third cycle μ3 (pushing): Extension of cracks and concrete crushing. Figure 5-46 First cycle of μ4 (pulling). Top Bottom 
	Top Bottom 
	Figure 5-47 Third cycle of μ4 (pulling): Cracks are widening at the base of the footing. 
	Figure 5-47 Third cycle of μ4 (pulling): Cracks are widening at the base of the footing. 


	Top 
	Figure 5-48 Third cycle of μ5 (pulling and pushing): Concrete crushing around the extreme bar 2T, followed by its fracture in the subsequent pushing cycle. 
	Figure 5-48 Third cycle of μ5 (pulling and pushing): Concrete crushing around the extreme bar 2T, followed by its fracture in the subsequent pushing cycle. 


	Top Bottom Bar 3T Bar 2B 
	Figure 5-49 First cycle μ6 (pulling): buckling of top bar 3T, and fracture of bottom extreme bar 2B 
	Figure 5-49 First cycle μ6 (pulling): buckling of top bar 3T, and fracture of bottom extreme bar 2B 


	Bar 1T Bar 3T 
	Figure 5-50 First cycle of μ6 (pushing): fracture of top bars 1T and 3T 
	Figure 5-50 First cycle of μ6 (pushing): fracture of top bars 1T and 3T 


	Bar 1T Bar 2T Bar 3T Top 
	Figure 5-51 Damage at the top of the column along the plastic hinge: Fracture of bars 1T, 2T, and 3T, and concrete core crushing. 
	Figure 5-51 Damage at the top of the column along the plastic hinge: Fracture of bars 1T, 2T, and 3T, and concrete core crushing. 


	Bottom Bar 1BBar 2BBar 3B 
	Figure 5-52 Damage at the bottom of the column: Fracture of bar 2B, concrete core crushing. 
	Figure 5-52 Damage at the bottom of the column: Fracture of bar 2B, concrete core crushing. 


	Top Bottom 

	5.5.3. Force-displacement response 
	5.5.3. Force-displacement response 
	The hysteretic response of the column is shown in where each ductility level and bar fracture is indicated. As with the previous specimen, the column exhibited fractures in four bars. The first bar fractured during the last pushing cycle of μ5, which corresponded to the extreme top bar (2T). At this point, a 20% drop in strength was observed in the pushing direction (-). Similarly, a 20% drop in strength was observed in the pulling direction (+) after the fracture of the extreme bottom bar (2B), which occur
	Figure 5-54, 
	Figure 5-55, 

	Figure
	Figure 5-54 Hysteretic response of Column 2: QST_RT_2in 
	Figure 5-54 Hysteretic response of Column 2: QST_RT_2in 


	Figure
	Figure 5-55 Envelope of the Force-displacement response of the RC column specimen #2. 
	Figure 5-55 Envelope of the Force-displacement response of the RC column specimen #2. 



	5.5.4. Curvature Profile 
	5.5.4. Curvature Profile 
	The low-level and high-level curvature profiles were generated for Column2:QST_RT_2in, respectively. The predicted first yield curvature is also presented, assuming a linear distribution from the base of the column to the top of the column. In both low-level and high-level profiles, the distribution of curvatures was very symmetric, with the high-level curvature showing slightly higher values in the pulling direction. At the low-level curvature profile, the maximum curvature values seemed to be between the 
	3.5 in and 10.5 in above the footing . However, for the high-level profiles, the higher values of curvature shifted towards the base of the column . The curvature profiles for μ6 in the pushing and pulling directions were not included in the high-level curvature profile due to damage to the column that affected the instrument support at the base and, therefore, the accuracy of the data. 
	(Figure 5-56)
	(Figure 5-57)

	Figure
	Figure 5-56 Low-level curvature profile of Column 2: QST_RT_2in 
	Figure 5-56 Low-level curvature profile of Column 2: QST_RT_2in 


	Figure
	Figure 5-57 High-level curvature profile of Column 2: QST_RT_2in 
	Figure 5-57 High-level curvature profile of Column 2: QST_RT_2in 


	5.6. 
	5.6. 
	Experimental response COL3: MA LT_2IN 

	5.6.1. Summary 
	5.6.1. Summary 
	The third test was performed at low temperature on an 18-inch-diameter column reinforced with 10 #6 MA ASTM A706 grade 80 bars. The column was conditioned for about 37 hours at a set temperature of -40°F, reaching -36°F at the reinforcing steel. The column maintained an average temperature of -37°F during the test. During the test, the specimen reached a maximum force of 59 kips and exhibited a 20% strength loss during the first pushing cycle of μ5 and the second pulling cycle of μ6, due to the fracture of 
	approximately 50% of its strength. A summary of the column parameters is presented in presents the temperature record during conditioning and the test. 
	Table 5-13. 
	Figure 5-58 

	Figure
	Figure 5-58 Temperature record of column 3:MA_LT_2in during the conditioning time and testing. Table 5-13 Summary of column parameters 
	Figure 5-58 Temperature record of column 3:MA_LT_2in during the conditioning time and testing. Table 5-13 Summary of column parameters 


	Column parameters 
	l=1.74%) MA t=1.23%) Longitudinal Steel Nominal Yield Strength: 84.5 ksi Longitudinal Steel Nominal Yield Strength LT: 90.5 ksi Transverse Steel Nominal Yield Strength RT: 91.2 ksi 
	Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (ρ
	Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (ρ

	Transverse Steel Nominal Yield Strength LT: 97.6 ksi Concrete Strength RT: 6.70 ksi Concrete Strength LT: 9.50 ksi Axial Load: 123 ksi Axial Load Ratio: 7.70% First Yield Displacement: 0.53 in F'y: 39.2 kip Nominal Moment Capacity: 268 kip-ft Equivalent Yield Displacement: 0.7 in Maximum Lateral Force: 59 kips Displacement at 20% Strength loss: 4 in Failure Mode: Fracture of buckled bar 



	5.6.2. Test observations 
	5.6.2. Test observations 
	Hairline cracks started forming at ¾ F'y along the plastic hinge. The concrete began 
	to crush during the first cycle of μ4, at a higher displacement than that of the MA column 
	pair tested at room temperature. During the first pulling cycle of μ5, the column exhibited 
	bar buckling of the top extreme bar (2T), which fractured during the subsequent pushing cycle. An additional top bar (1T) fractured during the first pushing cycle of μ6. At this same cycle, a spiral yielding along the bottom extreme bar (2B) was observed, which could be an indicator of bar buckling. The bottom extreme bars (2B) fractured in the following pulling cycle of μ6. A total of three bars fractured in this test: 2 top bars and 1 bottom bar. The test was finalized after the fracture of the extreme bo
	Figure 5-59 
	Figure 5-70 
	Table 5-14 

	Table 5-14 Column 3 damage progression summary 
	Damage observations 
	Damage observations 
	Damage observations 

	Initiation of cracking: 
	Initiation of cracking: 
	3/4 F'y 

	Core Concrete Crushing: 
	Core Concrete Crushing: 
	μ4+1 

	Longitudinal Bar Buckling Top: 
	Longitudinal Bar Buckling Top: 
	μ5+1 

	Longitudinal Bar Buckling Bottom: 
	Longitudinal Bar Buckling Bottom: 
	μ6-1 

	Longitudinal Bar Fracture Top: 
	Longitudinal Bar Fracture Top: 
	μ5-1 

	Longitudinal Bar Fracture Bottom: 
	Longitudinal Bar Fracture Bottom: 
	μ6+2 

	20% Strength loss (-): 
	20% Strength loss (-): 
	μ5-1 

	20% Strength loss (+): 
	20% Strength loss (+): 
	μ6+2 


	(+) Pulling, (-) Pushing 
	Pulling (+) Pushing ( ) 
	Figure 5-59 Experimental setup of the low-temperature quasistatic lateral cyclic column test 
	Figure 5-59 Experimental setup of the low-temperature quasistatic lateral cyclic column test 


	Top Bottom 
	Figure 5-60 First cycle of μ1 (pushing) 
	Figure 5-60 First cycle of μ1 (pushing) 


	Top 
	Figure 5-61 First cycle of μ2 (pushing). Perimetral cracks expand along the plastic hinge 
	Figure 5-61 First cycle of μ2 (pushing). Perimetral cracks expand along the plastic hinge 


	Figure
	Figure 5-62 First cycle of μ3 (pushing). Some hairline shear cracks were observed along the column, and expansion of cracks at the base of the columns 
	Figure 5-62 First cycle of μ3 (pushing). Some hairline shear cracks were observed along the column, and expansion of cracks at the base of the columns 


	Figure
	Figure 5-63 First cycle of μ4 (pulling). Initiation of concrete crushing 
	Figure 5-63 First cycle of μ4 (pulling). Initiation of concrete crushing 


	Top 
	Figure 5-64 First cycle of μ5 (pushing). Concrete damage around the longitudinal bars, damage observed in the footing, and thickening of cracks along the plastic hinge length 
	Figure 5-64 First cycle of μ5 (pushing). Concrete damage around the longitudinal bars, damage observed in the footing, and thickening of cracks along the plastic hinge length 


	Figure
	Figure 5-65 First cycle of μ5: bar 2T buckled at the first pulling cycle and fractured in the subsequent pushing cycle 
	Figure 5-65 First cycle of μ5: bar 2T buckled at the first pulling cycle and fractured in the subsequent pushing cycle 


	Top 
	Figure 5-66 First pushing cycle of μ6, fracture of top bar T1 
	Figure 5-66 First pushing cycle of μ6, fracture of top bar T1 


	Figure
	Figure 5-67 Second cycle of μ6 (pulling). Fracture the bottom extreme bar 2B 
	Figure 5-67 Second cycle of μ6 (pulling). Fracture the bottom extreme bar 2B 


	Bar 1T Bar 2T Bar 3T 
	Bottom Bar 1B Bar 2B Bar 3B 
	Figure 5-69. Damage at the bottom of the column: Fracture of the extreme bottom bar 2B, concrete core crushing, and some footing damage. 
	Figure 5-69. Damage at the bottom of the column: Fracture of the extreme bottom bar 2B, concrete core crushing, and some footing damage. 


	Top Bottom 
	Figure 5-70. Experimental extent of plasticity. 
	Figure 5-70. Experimental extent of plasticity. 



	5.6.3. Force-displacement response 
	5.6.3. Force-displacement response 
	The hysteretic response of the column is shown in indicating each ductility level and bar fractures. The column presented fracture on three bars. The extreme top bar (2T) fractured first during the first pushing cycle of μ5, right after visible buckling appeared in the previous pulling cycle. At this point, a 20% drop in strength was observed in the pushing direction (-). Compared with the MA pair column tested at room temperature, the fractured bar appeared more brittle. First, the room-temperature specime
	Figure 5-71, 
	Figure 5-72. 

	During the first pushing cycle of μ6, the column exhibited fracture of the top bar T1 and spiral yielding around the bottom extreme bar 2B, which could indicate buckling. The test was run until the third pulling cycle of μ6, after the fracture of the extreme bottom bar, at which point the column strength degraded by around 50%. These observations are also shown in which presents the envelope of the force-displacement response of the column, with each graph corresponding to the envelope for the first, second
	Figure 5-73, 

	Figure
	Figure 5-71 Hysteretic response of Column 3: MA_LT_2in 
	Figure 5-71 Hysteretic response of Column 3: MA_LT_2in 


	Figure
	Figure 5-72 Hysteretic response of Column 3: MA_LT_2in at μ5 
	Figure 5-72 Hysteretic response of Column 3: MA_LT_2in at μ5 


	Figure
	Figure 5-73 Envelope of the Force-displacement response of the RC column specimen #3 142 
	Figure 5-73 Envelope of the Force-displacement response of the RC column specimen #3 142 



	5.6.4. Curvature Profile 
	5.6.4. Curvature Profile 
	and present the low-level and high-level curvature profiles generated for Column3:MA_LT_2in, respectively. The predicted first-yield curvature is also provided, assuming a linear distribution from the base of the column to the top of the column. The distribution of curvatures in the low-level curvature profile differs between the column's pushing and pulling directions. shows that the higher curvature values are concentrated in the second gage for the pulling direction (solid lines) and in the base of the c
	Figure 5-74 
	Figure 5-75 
	Figure 5-74 
	(Figure 5-75)

	Figure
	Figure 5-74 Low-level curvature profile of Column 3: MA_LT_2in. 
	Figure 5-74 Low-level curvature profile of Column 3: MA_LT_2in. 


	Figure
	Figure 5-75 High-level curvature profile of Column 3: MA_LT_2in. 
	Figure 5-75 High-level curvature profile of Column 3: MA_LT_2in. 


	5.7. 
	5.7. 
	Experimental response COL4: QST_LT_2IN 

	5.7.1. Summary 
	5.7.1. Summary 
	The fourth test was performed at low temperature on an 18-inch-diameter column reinforced with 10 #6 QST ASTM A706 grade 80 bars. The column was conditioned for approximately 37 hours at a set temperature of -40°F, reaching -38.6°F at the reinforcing steel. The column maintained an average temperature of -37°F during the test. presents the temperature record during the conditioning time and the test. 
	Figure 5-76 

	During the test, the specimen reached a maximum force of 59 kips and exhibited a 
	20% strength loss during the first pushing cycle of μ5, due to the fracture of the top extreme 
	bar. In the pulling direction, the 20% strength loss occurred in the second pulling cycle of μ5, before the extreme bottom bar fracture. The column was loaded until the third pushing cycle of μ5, at which point it lost approximately 60% of its strength. A summary of the 
	column parameters is presented in 
	Table 5-15. 

	Figure
	Figure 5-76 Temperature record of column 4: QST_LT_2in during the conditioning time and testing. Table 5-15 Summary of column parameters 
	Figure 5-76 Temperature record of column 4: QST_LT_2in during the conditioning time and testing. Table 5-15 Summary of column parameters 


	Column parameters 
	l=1.74%) QST t=1.23%) Longitudinal Steel Nominal Yield Strength: 86.4 ksi Longitudinal Steel Nominal Yield Strength LT: 92.3 ksi Transverse Steel Nominal Yield Strength RT: 91.2 ksi Transverse Steel Nominal Yield Strength LT: 97.9 ksi Concrete Strength RT: 7.14 ksi Concrete Strength LT: 9.34 ksi Axial Load: 123 ksi Axial Load Ratio: 6.77% First Yield Displacement: 0.57 in F'y 40.3 kip Nominal Moment Capacity: 287 kip-ft Equivalent Yield Displacement: 0.7 in Maximum Lateral Force: 58 kips Displacement at 20%
	Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (ρ
	Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (ρ




	5.7.2. Test observations 
	5.7.2. Test observations 
	The first hairline cracks along the plastic hinge appeared at F'y and continued expanding throughout the test. Concrete crushing was observed in the first pulling cycle of μ4. In the third pushing cycle of μ4, the spiral around the extreme top bar started yielding, which could indicate initiation of buckling for bar 2T. The buckling for this bar was visible in the first pulling cycle of μ5, followed by its fracture in the subsequent pushing cycle. An additional top bar (3T) fractured in the first pushing cy
	Figure 
	5-77 
	Figure 5-87 
	Table 
	5-16 

	Table 5-16 Column 4 damage progression summary 
	Damage observations 
	Damage observations 
	Damage observations 

	Initiation of cracking: 
	Initiation of cracking: 
	F'y 

	Core Concrete Crushing: 
	Core Concrete Crushing: 
	μ4+1 

	Longitudinal Bar Buckling Top: 
	Longitudinal Bar Buckling Top: 
	μ4+3 

	Longitudinal Bar Buckling Bottom: 
	Longitudinal Bar Buckling Bottom: 
	μ5-1 

	Longitudinal Bar Fracture Top: 
	Longitudinal Bar Fracture Top: 
	μ5+1 

	Longitudinal Bar Fracture Bottom: 
	Longitudinal Bar Fracture Bottom: 
	μ5-3 

	20% Strength loss (+): 
	20% Strength loss (+): 
	μ5+1 

	20% Strength loss (-): 
	20% Strength loss (-): 
	μ5-2 


	(+) Pulling, (-) Pushing 
	Top Bottom 
	Figure 5-77 First cycle of μ1 (pushing) 
	Figure 5-77 First cycle of μ1 (pushing) 


	Top Bottom 
	Figure 5-78 First cycle of μ2 (pushing) 
	Figure 5-78 First cycle of μ2 (pushing) 


	Top Bottom 
	Top 
	Top 
	Figure 5-81 First cycle of μ4 (pulling): Concrete crushing Top Top 2T 
	2T 1T Top 
	Figure 5-83 Fracture of the top bars 2T and 1T in the first pushing cycle of μ5 
	Figure 5-83 Fracture of the top bars 2T and 1T in the first pushing cycle of μ5 


	Bottom 2B 
	Figure 5-84 Bar buckling of the extreme bottom bar 2B at the first pushing cycle of μ5 and fracture of the bar 2B at the third pulling cycle μ5 
	Figure 5-84 Bar buckling of the extreme bottom bar 2B at the first pushing cycle of μ5 and fracture of the bar 2B at the third pulling cycle μ5 


	Bar 1T Bar 2T Bar 3T Top 
	Figure 5-85 Damage at the top of the column along the plastic hinge: Fracture of bars 1T, 2T, and 3T, and concrete core crushing 
	Figure 5-85 Damage at the top of the column along the plastic hinge: Fracture of bars 1T, 2T, and 3T, and concrete core crushing 


	Bar 1B Bar 2B Bar 3B Bottom 
	Figure 5-86 Damage at the bottom of the column along the plastic hinge: Fracture of bar 2B, and concrete core crushing 
	Figure 5-86 Damage at the bottom of the column along the plastic hinge: Fracture of bar 2B, and concrete core crushing 


	Figure
	Figure 5-87 Experimental extent of plasticity 
	Figure 5-87 Experimental extent of plasticity 



	5.7.3. Force-displacement response 
	5.7.3. Force-displacement response 
	presents the hysteretic response of the column at all applied ductility levels and indications of bar fracture. The specimen presented fractures in four bars. Two bars fractured in the first pushing cycle of μ5, which corresponded to the extreme top bar and its adjacent bar (2T and 3T). At this point, a 40% drop in strength was observed in the pushing direction (-) due to the fracture of both bars. A third bar fractured during the second pushing cycle of μ5, corresponding to top bar 1T, and caused a 20% dro
	Figure 5-88 
	Figure 5-89. 

	Figure
	Figure 5-88 Hysteretic response of Column 4: QST_LT_2in 
	Figure 5-88 Hysteretic response of Column 4: QST_LT_2in 


	Figure
	Figure 5-89 Envelope of the Force-displacement response of the RC column specimen #4 
	Figure 5-89 Envelope of the Force-displacement response of the RC column specimen #4 


	154 

	5.7.4. Curvature Profile 
	5.7.4. Curvature Profile 
	The low-level and high-level curvature profiles were generated for Column4:QST_LT_2in. show the low-level curvature distribution, where a symmetric distribution is observed between the pushing and pulling cycles. It is also noted that, in the low-level distribution, higher curvature values were obtained in the second gage, corresponding to a position of 10.5 inches above the column's footing. The concentration of curvature on the second gage was maintained until μ2, as seen in the high-level curvature profi
	Figure 5-90 
	Figure 5-91. 

	Figure
	Figure 5-90 Low-level curvature profile of Column 4: QST_LT_2in 
	Figure 5-90 Low-level curvature profile of Column 4: QST_LT_2in 


	Figure
	Figure 5-91 High-level curvature profile of Column 4: QST_LT_2in 
	Figure 5-91 High-level curvature profile of Column 4: QST_LT_2in 


	5.8. 
	5.8. 
	Experimental response COL5: MA LT_4IN 

	5.8.1. Summary 
	5.8.1. Summary 
	Column five corresponded to the last pair of columns that were constructed using a larger spiral spacing of 4 inches. This specimen was constructed using 10 #6 MA ASTM A706 grade 80 bars as longitudinal steel and tested at low temperatures. The column was conditioned for approximately 37 hours, achieving a temperature of -38°F on the reinforcing steel. During the test, the column maintained an average temperature of -36.4°F on the reinforcing steel. The records of the conditioning and test temperatures are 
	Figure 
	5-92. 

	Column 5 reached a maximum strength of 57 kips and presented a 20% strength degradation in the second pushing cycle and third pulling cycle of μ5, caused by the fracture of the longitudinal extreme bars. The column was loaded until the third pushing cycle of μ5, 
	at which point a 60% drop in strength was observed. A summary of the column parameters for the fifth specimen is presented in 
	Table 5-17. 

	Figure
	Figure 5-92 Temperature record of column 5:MA_LT_4in during the conditioning time and testing 
	Figure 5-92 Temperature record of column 5:MA_LT_4in during the conditioning time and testing 


	Table 5-17 Summary of column parameters 
	Column parameters 
	l=1.74%) MA t=1.23%) Longitudinal Steel Nominal Yield Strength RT: 84.5 ksi Longitudinal Steel Nominal Yield Strength LT: 90.5 ksi Transverse Steel Nominal Yield Strength RT: 91.2 ksi Transverse Steel Nominal Yield Strength LT: 97.6 ksi Concrete Strength_RT: 4.50 ksi Concrete Strength_LT: 7.80 ksi Axial Load: 123 ksi Axial Load Ratio: 10.7% First Yield Displacement: 0.55 in F'y 37.6 kip Nominal Moment Capacity: 203 kip-ft Equivalent Yield Displacement: 0.7 in Maximum Lateral Force: 57 kips Displacement at 2
	Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (ρ
	Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (ρ




	5.8.2. Test observations 
	5.8.2. Test observations 
	The initiation of cracking was observed at ¾ F'y along the plastic hinge. The hairline cracks continued to expand along the test. During the third μ3 pulling cycle, concrete crushing was observed at the top of the column. In the first pulling cycle of μ4, significant concrete crushing was observed around the longitudinal extreme bar 2T; this was followed by visible bar buckling in the first pulling cycle of μ5. The first bar fracture in the second pushing cycle of μ5, with two cycles of load between visible
	The initiation of cracking was observed at ¾ F'y along the plastic hinge. The hairline cracks continued to expand along the test. During the third μ3 pulling cycle, concrete crushing was observed at the top of the column. In the first pulling cycle of μ4, significant concrete crushing was observed around the longitudinal extreme bar 2T; this was followed by visible bar buckling in the first pulling cycle of μ5. The first bar fracture in the second pushing cycle of μ5, with two cycles of load between visible
	failures observed in the material-level evaluation, where the broken surface presented a "stair . 
	step" shape (Figure 5-103)


	The photographic records indicated that a fourth bar fractured at the top of the column . This fracture was not observed during the test and was not visible in the hysteretic response, so it likely occurred after the test was finalized, when the column was being unloaded. to show the damage progression of the column. presents the summary of the damage observations from the test of the third column specimen. 
	(Figure 5-102)
	Figure 5-93 
	Figure 5-106 
	Table 5-18 

	Table 5-18 Column 5 damage progression summary 
	Damage observations 
	Damage observations 
	Damage observations 

	Initiation of cracking: 
	Initiation of cracking: 
	3/4 f'y 

	Core Concrete Crushing: 
	Core Concrete Crushing: 
	μ3+3 

	Longitudinal Bar Buckling Top: 
	Longitudinal Bar Buckling Top: 
	μ5+1 

	Longitudinal Bar Buckling Bottom : 
	Longitudinal Bar Buckling Bottom : 
	None visible 

	Longitudinal Bar Fracture Top: 
	Longitudinal Bar Fracture Top: 
	μ5-2 

	Longitudinal Bar Fracture Bottom: 
	Longitudinal Bar Fracture Bottom: 
	μ5+3 

	20% Strength  loss (+): 
	20% Strength  loss (+): 
	μ5-2 

	20% Strength  loss (-): 
	20% Strength  loss (-): 
	μ5+3 


	(+) Pulling, (-) Pushing 
	Top Bottom 
	continued expanding Top Bottom 
	Top Bottom 
	Figure 5-95 Third cycle of μ2 (pushing) Bottom Top 
	Top 
	Figure 5-97 Third pulling cycle of μ4: Significant concrete crushing around the longitudinal top extreme bar, 2T 
	Figure 5-97 Third pulling cycle of μ4: Significant concrete crushing around the longitudinal top extreme bar, 2T 


	Top 
	Figure 5-98 First pulling cycle of μ5: Visible buckling of top extreme bar, 2T 
	Figure 5-98 First pulling cycle of μ5: Visible buckling of top extreme bar, 2T 


	Top 
	Figure 5-99 Second pushing cycle of μ5: Bar fracture of top extreme bar, 2T 
	Figure 5-99 Second pushing cycle of μ5: Bar fracture of top extreme bar, 2T 


	Top 
	Figure 5-100 Third pulling cycle of μ5: Visible buckling of adjacent bar to top bar, 3T 
	Figure 5-100 Third pulling cycle of μ5: Visible buckling of adjacent bar to top bar, 3T 


	Top 
	Figure 5-101 Third pushing cycle of μ5: Bar fracture of bottom bar, 3B 
	Figure 5-101 Third pushing cycle of μ5: Bar fracture of bottom bar, 3B 


	Top Bar 1T Bar 2T Bar 3T 
	Figure 5-102 Damage at the top of the column along the plastic hinge: Fracture of bars 1T, 2T, and 3T, and concrete core crushing 
	Figure 5-102 Damage at the top of the column along the plastic hinge: Fracture of bars 1T, 2T, and 3T, and concrete core crushing 


	Bar 1T Bar 2T Bar 3T Top 
	Figure 5-103 Brittle fracture surface of top bars (1T, 2T, and 3T) 
	Figure 5-103 Brittle fracture surface of top bars (1T, 2T, and 3T) 


	Bar 1B Bar 2B Bar 3B Bottom 
	Figure 5-104 Damage at the bottom of the column along the plastic hinge: Fracture of bar 2B and concrete core crushing 
	Figure 5-104 Damage at the bottom of the column along the plastic hinge: Fracture of bar 2B and concrete core crushing 


	Bar 2B Bottom 
	Figure 5-105 Fracture of bar 2B near the base of the column 
	Figure 5-105 Fracture of bar 2B near the base of the column 


	Figure
	Figure 5-106 Experimental extent of plasticity 
	Figure 5-106 Experimental extent of plasticity 



	5.8.3. Force-displacement response 
	5.8.3. Force-displacement response 
	The hysteretic response of the column at all applied ductility levels and indications of bar fracture are shown in The specimen presented bar fractures in three bars during the test. The first bar fractured during the second pushing cycle of μ5, which corresponded to the extreme top bar (2T), resulting in a 20% drop in strength in the pushing direction (-). A second bar fractured during the third pulling cycle of μ5, corresponding to the bottom extreme bar 2B, and caused a 20% drop in strength in the pullin
	Figure 5-107. 
	Figure 5-108. 

	Figure
	Figure 5-107 Hysteretic response of Column 5: MA_LT_4in 
	Figure 5-107 Hysteretic response of Column 5: MA_LT_4in 


	Figure
	Figure 5-108 Envelope of the Force-displacement response of the RC column specimen #5 
	Figure 5-108 Envelope of the Force-displacement response of the RC column specimen #5 



	5.8.4. Curvature Profile 
	5.8.4. Curvature Profile 
	The low-level and high-level curvature profiles for Column5:MA_LT_4in are presented in and respectively. At low-level curvatures, the maximum curvature was concentrated in the third gage, corresponding to a column location of approximately 17.5 in above the footing. However, these values were mainly within the first yield curvature, just exceeding it at the third gage of the predicted first yield loading cycle in the pushing direction (dashed lines). The initial curvature distribution shifted as the column 
	Figure 5-109 
	Figure 5-110, 
	(Figure 5-110)

	Figure
	Figure 5-109 Low-level curvature profile of Column 5: MA_LT_4in 
	Figure 5-109 Low-level curvature profile of Column 5: MA_LT_4in 


	Figure
	Figure 5-110 High-level curvature profile of Column 5: MA_LT_4in 
	Figure 5-110 High-level curvature profile of Column 5: MA_LT_4in 


	5.9. 
	5.9. 
	Experimental response COL6: QST LT_4IN 

	5.9.1. Summary 
	5.9.1. Summary 
	The final test was performed at low temperature on an 18-inch-diameter column reinforced with 10 #6 QST ASTM A706 grade 80 bars and a 4-inch spiral separation. The column was conditioned for about 20 hours at a set temperature of -40°F, reaching -33°F at the reinforcing steel, and had an average temperature of -. This specimen was conditioned for less time than the other low-temperature specimens, which were conditioned for approximately 37 hours, due to operational time constraints in the environmental cha
	32°F during the test (Figure 5-111)

	During the test, the specimen reached a maximum force of 60 kips and exhibited a 
	20% strength loss during the first cycle of μ5 in both directions due to the fracture of the 
	extreme bars 2T and 2B. The column was loaded until the second push cycle of μ5, at which 
	point a drop in strength of about 50% was observed. The summary of the column parameters is presented in 
	Table 5-19. 

	Figure
	Figure 5-111 Temperature record of column 6:QST_LT_4in during the conditioning time and testing Table 5-19 Summary of column parameters 
	Figure 5-111 Temperature record of column 6:QST_LT_4in during the conditioning time and testing Table 5-19 Summary of column parameters 


	Column parameters 
	l=1.74%) QST t=1.23%) Longitudinal Steel Nominal Yield Strength RT: 86.3 ksi Longitudinal Steel Nominal Yield Strength LT: 92.3 ksi Transverse Steel Nominal Yield Strength RT: 91.2 ksi Transverse Steel Nominal Yield Strength LT: 97.6 ksi Concrete Strength_RT: 4.9 ksi Concrete Strength_LT: 7.4 ksi Axial Load: 123 ksi Axial Load Ratio: 9.9% First Yield Displacement: 0.55 in F'y 39.2 kip Nominal Moment Capacity: 211 kip-ft 
	Longitudinal Steel: 10 #6 ASTM A706 Gr.80 (ρ
	Transverse Steel: #3 ASTM A706 Gr.80 @ 2" (ρ

	Equivalent Yield Displacement: 0.7 in Maximum Lateral Force: 60 kips Displacement at 20% Strength loss: 4 in Failure Mode: Fracture of buckled bar 



	5.9.2. Test observations 
	5.9.2. Test observations 
	The first hairline cracks along the plastic hinge appeared at 3/4 F'y and continued expanding throughout the test. Concrete crushing was observed in the first pulling cycle of μ4. At the third pulling cycle of μ4, buckling of the top extreme bar 2T was observed. The first bar fracture in the first pulling cycle of μ5, which corresponded to the extreme bottom bar 2B. This was followed by the fracture of the top extreme bar 2B in the first pushing cycle of μ5. The fracture of the extreme bars resulted in 20% 
	A third bar (1B) fractured at the bottom of the column in the second pulling cycle of 
	μ5, corresponding to the bar adjacent to the extreme bar 2 B. This fracture resulted in a total 
	strength reduction of about 50% of the column's maximum strength, and the test was stopped after the completion of the second pushing cycle of μ5. to show the damage progression of the column. presents the summary of the damage observations from the test of the sixth column specimen. 
	Figure 5-112 
	Figure 5-123 
	Table 5-20 

	Table 5-20 Column 6 damage progression summary 
	Damage observations 
	Damage observations 
	Damage observations 

	Initiation of cracking: 
	Initiation of cracking: 
	3/4 f'y 

	Core Concrete Crushing: 
	Core Concrete Crushing: 
	μ4+1 

	Longitudinal Bar Buckling Top: 
	Longitudinal Bar Buckling Top: 
	μ4+3 

	Longitudinal Bar Buckling Bottom : 
	Longitudinal Bar Buckling Bottom : 
	None visible 

	Longitudinal Bar Fracture Top: 
	Longitudinal Bar Fracture Top: 
	μ5-1 

	Longitudinal Bar Fracture Bottom: 
	Longitudinal Bar Fracture Bottom: 
	μ5+1 

	20% Strength  loss (+): 
	20% Strength  loss (+): 
	μ5-1 

	20% Strength  loss (-): 
	20% Strength  loss (-): 
	μ5+1 


	(+) Pulling, (-) Pushing 
	Top Bottom 
	Figure 5-112 F'y (pushing). Hairline cracks formed along the plastic hinge in the first cycle of 3/4 F'y and continued expanding. 
	Figure 5-112 F'y (pushing). Hairline cracks formed along the plastic hinge in the first cycle of 3/4 F'y and continued expanding. 


	Figure
	Figure 5-113 Third pushing cycle of μ1: Extension of cracks 
	Figure 5-113 Third pushing cycle of μ1: Extension of cracks 


	Top Bottom 
	Figure 5-114 Third pushing cycle of μ1.5: Extension of cracks and formation of some shear cracks Top 
	Top 
	Figure 5-116 First pulling cycle of μ4: Concrete crushing near the base of the column 
	Figure 5-116 First pulling cycle of μ4: Concrete crushing near the base of the column 


	Top 
	Figure 5-117 Third pulling cycle of μ4: Buckling of top extreme bar 2T 
	Figure 5-117 Third pulling cycle of μ4: Buckling of top extreme bar 2T 


	Bottom 
	Figure 5-118 First pulling cycle of μ5: Bar fracture of bottom extreme bar 2B 
	Figure 5-118 First pulling cycle of μ5: Bar fracture of bottom extreme bar 2B 


	Top 
	Figure 5-119 First pushing cycle of μ5: Bar fracture of top extreme bar 2T 
	Figure 5-119 First pushing cycle of μ5: Bar fracture of top extreme bar 2T 


	Bottom 
	Figure 5-120 Second pulling cycle of μ5: Bar fracture of adjacent bar to top extreme bar 1B 
	Figure 5-120 Second pulling cycle of μ5: Bar fracture of adjacent bar to top extreme bar 1B 


	Top Bar 1T Bar 2T Bar 3T Bar 2T 
	Figure 5-121 Damage at the top of the column along the plastic hinge: Fracture of bar 2T and concrete core crushing 
	Figure 5-121 Damage at the top of the column along the plastic hinge: Fracture of bar 2T and concrete core crushing 


	Top Bar 1BBar 2B Bar 3B 
	Figure 5-122 Damage at the bottom of the column along the plastic hinge: Fracture of bars 2B and 1B, and concrete core crushing 
	Figure 5-122 Damage at the bottom of the column along the plastic hinge: Fracture of bars 2B and 1B, and concrete core crushing 


	Figure
	Figure 5-123 Experimental extent of plasticity. 
	Figure 5-123 Experimental extent of plasticity. 



	5.9.3. Force-displacement response 
	5.9.3. Force-displacement response 
	presents the hysteretic response of the column at all applied ductility levels and indications of bar fracture. The specimen presented fractures in three bars. The bottom extreme bar 2B fractured in the first pulling cycle of μ5, followed by the fracture of the top extreme bar 2T, which caused a 20% drop in strength in the pushing and pulling direction. Lastly, the bottom extreme bar (1B) fractured in the second pulling cycle of μ5, resulting in significant strength degradation. The test was finalized after
	Figure 5-124 
	Figure 5-125. 

	Figure
	Figure 5-124 Hysteretic response of Column 6: QST_LT_4in 
	Figure 5-124 Hysteretic response of Column 6: QST_LT_4in 


	Figure
	Figure 5-125 Envelope of the Force-displacement response of the RC column specimen #6 
	Figure 5-125 Envelope of the Force-displacement response of the RC column specimen #6 



	5.9.4. Curvature Profile 
	5.9.4. Curvature Profile 
	and present the low-and high-level curvature profiles for Column6:QST_LT_4in. Similar to the previous column, the maximum curvature was concentrated in the third gage, corresponding to a location 17.5 in above the footing, at low-level curvature, with values mainly within the first yield curvature, just exceeding it at the third gage of the first yield loading cycle in both loading directions. At the high-level curvature , the initial concentration of curvature was maintained until μ2, after which the distr
	Figure 5-126 
	Figure 5-127 
	profile (Figure 5-110)

	Figure
	Figure 5-126. Low-level curvature profile of Column 6: QST_LT_4in. 
	Figure 5-126. Low-level curvature profile of Column 6: QST_LT_4in. 


	Figure
	Figure 5-127. High-level curvature profile of Column 6: QST_LT_4in. 
	Figure 5-127. High-level curvature profile of Column 6: QST_LT_4in. 


	5.10. IMPACT OF LOW TEMPERATURE ON HSRS 
	5.10. IMPACT OF LOW TEMPERATURE ON HSRS 
	5.10.1. Low temperature impact on the seismic behavior of RC columns reinforced with grade 80 MA steel 
	Tests 1 and 3 corresponded to column tests performed on RC Columns reinforced using MA steel. The first was conducted at room temperature, while the last was tested at low temperature. The hysteretic response of the two specimens is shown in and the first and third cycles' envelope of the force-displacement response is presented in and Overall, both columns reached a displacement of 4 in before they achieved a 20% strength loss due to bar fracture, and both columns were loaded until a displacement of 4.8 in
	Figure 5-128, 
	Figure 5-129 
	Figure 5-130. 

	The main differences observed between the two specimens were the damage progression and the post-buckling behavior. During the test, the room-temperature specimen showed cracking earlier than the low-temperature specimen. In addition, more cracks and damage to the concrete core were observed in the room-temperature specimen, as shown in These differences in the concrete damage could be explained by the increased strength at low temperatures, where the concrete achieved 42% higher strength than at room tempe
	The main differences observed between the two specimens were the damage progression and the post-buckling behavior. During the test, the room-temperature specimen showed cracking earlier than the low-temperature specimen. In addition, more cracks and damage to the concrete core were observed in the room-temperature specimen, as shown in These differences in the concrete damage could be explained by the increased strength at low temperatures, where the concrete achieved 42% higher strength than at room tempe
	Figure 5-133. 

	loading between buckling and fracture. The comparison of the visible buckling and fracture of the top extreme bar for both specimens is shown in and These observations correlate well with the material-level experiments, in which buckled bar tension test results on MA bars showed a lower bending strain capacity at low temperature than at room temperature. The reduction in the bending strain capacity at low temperatures results in fractures that are more brittle in nature at low temperatures compared to bars 
	Figure 5-130 
	Figure 5-131. 


	Despite the reduction in the bending strain capacity of the longitudinal bars in the low-temperature specimen, the column exhibited a global response comparable to that of the room-temperature specimen. The similarity in global behavior is explained by the increase in the strength of concrete and transverse steel, which provided greater confinement of the longitudinal bars under low-temperature conditions, thereby delaying the onset of buckling. 
	Figure
	Figure 5-128 Comparison of the hysteretic response of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 
	Figure 5-128 Comparison of the hysteretic response of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 


	Figure
	Figure 5-129 Comparison of the first cycle envelope of the force displacement response of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 
	Figure 5-129 Comparison of the first cycle envelope of the force displacement response of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 


	Figure
	Figure 5-130 Comparison of the third cycle envelope of the force displacement response of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 
	Figure 5-130 Comparison of the third cycle envelope of the force displacement response of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 


	MA_RT_2in MA_LT_2in μ5+1 μ5+1 
	Figure 5-131 Visible buckling in the top extreme bar for the MA columns tested at room and low temperatures 
	Figure 5-131 Visible buckling in the top extreme bar for the MA columns tested at room and low temperatures 


	MA_RT_2in MA_LT_2in μ5-3 μ5-1 
	Figure 5-132 Top extreme bar fractures for the MA columns tested at room and low temperatures 
	Figure 5-132 Top extreme bar fractures for the MA columns tested at room and low temperatures 


	MA_RT_2in MA_LT_2in 
	Figure 5-133 Concentration of concrete crushing at the base of the columns and present the comparison between the curvature distribution of Columns 1 and 3 at μ1 and μ4, respectively. At μ1, the curvature profile in the pushing direction (dashed line) remained similar between the low-and room-temperature specimens. In the pulling direction (solid line), the room-temperature column exhibited higher curvature near the base than the low-temperature specimen . At μ4, both specimens presented a symmetrical curva
	Figure 5-134 
	Figure 5-135 
	(Figure 5-135)
	Figure 5-133 

	Figure
	Figure 5-134 Comparison of the curvature distribution at μ1 of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 
	Figure 5-134 Comparison of the curvature distribution at μ1 of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 


	Figure
	Figure 5-135 Comparison of the curvature distribution at μ4 of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 
	Figure 5-135 Comparison of the curvature distribution at μ4 of Columns 1 and 3: MA_RT_2in vs. MA_LT_2in 


	5.10.2. Low temperature impact on the seismic behavior of RC columns reinforced with grade 80 QST steel 
	Tests 2 and 4 corresponded to column tests performed on RC Columns reinforced using QST steel, conducted at room and low temperatures, respectively. shows the comparison of the hysteretic responses of the two specimens. The force-displacement envelopes of the first and third cycles of the columns are shown in and It was observed that both specimens exhibited 20% strength degradation in μ5; however, the specimen tested at low temperature showed greater strength degradation at this ductility level than the ro
	Figure 5-136 
	Figure 5-137 
	Figure 
	5-138. 

	Related to bar buckling and bar fracture, both specimens presented an indication of the extreme top bar buckling at the same . However, the fracture in the low-temperature specimen occurred during the first pushing cycle of μ5 and was more brittle. shows the fracture of the top extreme bars for the room and low temperature specimens, where it is also appreciated that the failure surface differs between the two specimens. The room-temperature specimen exhibited a diagonal fracture, typical of QST steel, wher
	ductility level (Figure 5-139)
	Figure 5-140 
	 (Figure 5-141)

	Figure
	Figure 5-136 Comparison of the hysteretic response of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in 
	Figure 5-136 Comparison of the hysteretic response of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in 


	Figure
	Figure 5-137 Comparison of the first cycle envelope of the force displacement response of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in 
	Figure 5-137 Comparison of the first cycle envelope of the force displacement response of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in 


	Figure
	Figure 5-138 Comparison of the third cycle envelope of the force displacement response of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in. 
	Figure 5-138 Comparison of the third cycle envelope of the force displacement response of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in. 


	QST_RT_2in QST_LT_2in μ5+1 μ5+1 
	Figure 5-139 Buckling of the top extreme bar in the QST columns, tested at room and low temperatures. 
	Figure 5-139 Buckling of the top extreme bar in the QST columns, tested at room and low temperatures. 


	QST_RT_2in QST_LT_2in μ5-3 μ5-1 
	Figure 5-140 Fracture of the top extreme bar in the QST columns, tested at room and low temperatures. 
	Figure 5-140 Fracture of the top extreme bar in the QST columns, tested at room and low temperatures. 


	Figure
	Figure 5-141 QST broken bars subjected to the BBT test at low temperature. Specimens were arranged from ductile to brittle failure modes (increasing levels of buckling at the top). 
	Figure 5-141 QST broken bars subjected to the BBT test at low temperature. Specimens were arranged from ductile to brittle failure modes (increasing levels of buckling at the top). 


	The comparison between the curvature distributions for Columns 2 and 4 at ductilities 1 and 4 is presented in and respectively. At both ductilities, the curvature distribution obtained for the QST specimens was similar at low temperature and room temperature. Both columns presented a symmetrical curvature distribution. At lower ductility, larger curvature values were concentrated in the first and second gages. In contrast, at higher ductility levels, both specimens exhibited larger curvature concentrations 
	Figure 5-142 
	Figure 5-143, 
	(Figure 5-144)

	Figure
	Figure 5-142 Comparison of the curvature distribution at μ1 of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in 
	Figure 5-142 Comparison of the curvature distribution at μ1 of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in 


	Figure
	Figure 5-143 Comparison of the curvature distribution at μ4 of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in 
	Figure 5-143 Comparison of the curvature distribution at μ4 of Columns 2 and 4: QST_RT_2in vs. QST_LT_2in 


	QST_RT_2in QST_LT_2in 
	Figure 5-144 Concentration of concrete crushing at the base of the columns 
	Figure 5-144 Concentration of concrete crushing at the base of the columns 


	5.10.3. Manufacturing process impact on the seismic behavior of HSRS 
	5.10.3. Manufacturing process impact on the seismic behavior of HSRS 
	5.10.3.1. Room temperature observations 
	5.10.3.1. Room temperature observations 
	Tests 1 and 2 corresponded to the room temperature control column tests. Both the MA and QST columns exhibited comparable behavior at room temperature. The columns were loaded to the first and second cycles of μ6, with the MA column achieving one additional complete loading cycle than the QST-reinforced column. The QST column exhibited slightly higher strength than the MA column, reaching a maximum force of 53 kips, compared to 50.41 kips obtained in the MA column. However, such minor differences are not un
	Figure 5-145 

	with bar fracture of the top extreme bar occurring at the third pushing cycle for μ5 and the first pulling cycle for μ6, resulting in 20% strength degradation in both loading directions 
	(pushing and pulling). A comparison of the force-displacement envelopes in presented in and for the first and third cycles of each ductility, respectively. 
	Figure 5-146 
	Figure 5-147 

	Bar buckling was more pronounced in the MA steel than in QST. Visible buckling was observed in the third pulling cycle of μ4 for the MA column, while it was not visible for the QST column. However, the QST column exhibited significant concrete crushing along the longitudinal extreme bar at the first pulling cycle of μ5, which could be an indication of the initiation of buckling . The observations indicate that the MA and QST columns withstand approximately three complete cycles between buckling and bar frac
	(Figure 5-148)
	(Figure 5-149)

	Figure
	Figure 5-145 Comparison of the hysteretic response of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in. 
	Figure 5-145 Comparison of the hysteretic response of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in. 


	Figure
	Figure 5-146 Comparison of the first cycle envelope of the force displacement response of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in. 
	Figure 5-146 Comparison of the first cycle envelope of the force displacement response of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in. 


	Figure
	Figure 5-147 Comparison of the third cycle envelope of the force displacement response of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in. 
	Figure 5-147 Comparison of the third cycle envelope of the force displacement response of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in. 


	MA_RT_2in QST_RT_2in μ5+1 μ5+1 
	Figure 5-148 Comparison of the MA and QST columns tested at room temperature, μ5: buckling in the MA specimen, and significant crushing along the top extreme bar in the QST specimen. 
	Figure 5-148 Comparison of the MA and QST columns tested at room temperature, μ5: buckling in the MA specimen, and significant crushing along the top extreme bar in the QST specimen. 
	+1



	MA_RT_2in QST_RT_2in μ5-3 μ5-3 
	Figure 5-149 Comparison of the top bar fractures on the MA and QST columns tested at room temperature. 
	Figure 5-149 Comparison of the top bar fractures on the MA and QST columns tested at room temperature. 


	MA_RT_2in QST_RT_2i 
	Figure 5-150 Concentration of concrete crushing at the base of the columns 
	Figure 5-150 Concentration of concrete crushing at the base of the columns 


	The curvature distributions of Columns 1 and 2 for ductility 1 and 4 are shown in and respectively. The curvature profiles were comparable between the QST and the MA specimens tested at room temperature. The QST specimen showed a slightly larger spread of plasticity, while the MA specimen showed a higher concentration of curvature near the base of the column. These observations are consistent with the final condition of the columns displayed in where crushing extended over a larger distance in the QST speci
	Figure 5-151 
	Figure 5-152, 
	Figure 5-150 

	Figure
	Figure 5-151 Comparison of the curvature distribution at μ1 of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in 
	Figure 5-151 Comparison of the curvature distribution at μ1 of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in 


	Figure
	Figure 5-152 Comparison of the curvature distribution at μ4 of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in 
	Figure 5-152 Comparison of the curvature distribution at μ4 of Columns 1 and 2: MA_RT_2in vs. QST_RT_2in 


	5.10.3.2. Low temperature observations 
	Columns 3 and 4 corresponded to the specimen reinforced with MA and QST tested at low temperature. shows the comparison of the hysteretic response of the columns. The MA was loaded until the third cycle of μ5, while the QST column reached the third cycle of μ5. Both columns achieved similar maximum forces: 58.9 kips for the MA column and 57.8 kips for the QST, which were 17% and 9% higher than those obtained from each specimen pair tested at room temperature. 
	Figure 5-153 

	When comparing the experimental responses of the MA and QST specimens tested at low temperatures with each room temperature pair, the impact of the low temperature appears consistent. Both low-temperature specimens exhibited similar damage progression, with a delay in the onset of concrete cracking, crushing, and bar buckling relative to the room-temperature tests. The delay in damage progression occurs due to the enhancement of concrete and steel strength caused by low temperatures. However, the QST specim
	When comparing the experimental responses of the MA and QST specimens tested at low temperatures with each room temperature pair, the impact of the low temperature appears consistent. Both low-temperature specimens exhibited similar damage progression, with a delay in the onset of concrete cracking, crushing, and bar buckling relative to the room-temperature tests. The delay in damage progression occurs due to the enhancement of concrete and steel strength caused by low temperatures. However, the QST specim
	at low temperature had a faster strength degradation than the MA specimen after the first bar buckled. This difference in strength degradation is shown in and which compare the first and third force-displacement response envelopes. In the force-displacement response envelopes, the QST specimen strength deteriorated by approximately 60% by the end of the third cycle of μ5, after four bar fractures, and the test was terminated. In contrast, the MA specimen showed greater residual strength at the end of μ5 and
	Figure 5-154 
	Figure 5-155, 


	observed. 
	The MA and QST columns tested at low temperature also showed indications of brittle bar fractures . In both cases, the bar fractures occurred in the subsequent half-cycle after visible buckling . At the same time, the room-temperature columns withstand approximately three complete cycles between buckling and bar fracture. 
	(Figure 5-157)
	(Figure 5-156)

	Figure
	Figure 5-153 Comparison of the hysteretic response of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in. 
	Figure 5-153 Comparison of the hysteretic response of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in. 


	Figure
	Figure 5-154 Comparison of the first cycle envelope of the force displacement response of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in 
	Figure 5-154 Comparison of the first cycle envelope of the force displacement response of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in 


	Figure
	Figure 5-155 Comparison of the third cycle envelope of the force displacement response of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in 
	Figure 5-155 Comparison of the third cycle envelope of the force displacement response of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in 


	MA_LT_2in QST_LT_2in μ5+1 μ5+1 
	Figure 5-156 Top extreme bar buckling for the MA and QST columns with 2-inch spiral spacing tested at low temperatures. 
	Figure 5-156 Top extreme bar buckling for the MA and QST columns with 2-inch spiral spacing tested at low temperatures. 


	QST_LT_2in MA_LT_2in μ5-1 μ5-1 
	Figure 5-157 Top extreme bar fractures for the MA and QST columns with 2-inch spiral spacing tested at low temperatures and present the curvature distributions of Columns 3 and 4 for ductility 1 and 4, respectively. At low temperatures, the MA and QST columns with a transverse steel spacing of 2 in presented a similar distribution of curvatures. At μ1, the MA specimen presented a higher concentration of curvature near the base of the column in the pushing direction (dashed lines); however, in the pulling di
	Figure 5-158 
	Figure 5-159 

	distribution obtained for the QST specimen. At μ4, both specimens had a symmetrical 
	distribution, with larger curvatures concentrated near the base of the column. For both cases, the curvatures obtained in the pulling direction were higher than in the other direction, which aligns well with the experimental observations, where both columns presented bar fracture first at the top of the column. In addition, the QST exhibited greater curvature in the pulling direction than at room temperature.  
	Figure
	Figure 5-158 Comparison of the curvature distribution at μ1 of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in 
	Figure 5-158 Comparison of the curvature distribution at μ1 of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in 


	Figure
	Figure 5-159 Comparison of the curvature distribution at μ4 of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in 
	Figure 5-159 Comparison of the curvature distribution at μ4 of Columns 3 and 4: MA_LT_2in vs. QST_LT_2in 


	Similarly, columns 5 and 6 corresponded to specimens reinforced with MA and QST, respectively, tested at low temperature, with a greater spiral separation of 4 inches. This pair of columns doesn't have a control test at room temperature, as the previous specimens (3 and 4), and therefore are just comparable to each other. The objective with this set of specimens was to determine whether there were any significant differences between the manufacturing processes, MA and QST, under aggravated buckling conditio
	Figure 5-160 

	Both low-temperature specimens exhibited comparable damage progression, with strength degradation occurring slightly faster in the QST-reinforced column than in the MA-reinforced column. shows a 20% strength degradation in both loading directions for the QST column during the first pulling and pushing cycles of μ5. While the 20% strength degradation occurred in the second and third cycles of μ5 for the MA column . 
	Figure 5-161 
	(Figure 5-162)

	As seen in the material-level evaluation, the failure mode of the reinforcing steel was more brittle at low temperatures. The fracture surfaces of the longitudinal bar showed a nonuniform failure surface (like a "stair step"), which differs from the most flat surface typically obtained on MA bars, and the QST steel showed a flat failure surface, where diagonal bar fractures tend to occur . 
	-
	(Figure 5-165)

	Figure
	Figure 5-160 Comparison of the hysteretic response of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in. 
	Figure 5-160 Comparison of the hysteretic response of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in. 


	Figure
	Figure 5-161 Comparison of the first cycle envelope of the force displacement response of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in 
	Figure 5-161 Comparison of the first cycle envelope of the force displacement response of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in 


	Figure
	Figure 5-162 Comparison of the third cycle envelope of the force displacement response of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in 
	Figure 5-162 Comparison of the third cycle envelope of the force displacement response of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in 


	QST_LT_4in MA_LT_4in μ5+1 μ4+3 
	Figure 5-163 Buckling of the top extreme top bars of specimens 5 and 6 
	Figure 5-163 Buckling of the top extreme top bars of specimens 5 and 6 


	MA_LT_4in QST_LT_4in μ5-2 μ5-1 
	Figure 5-164 Fracture of the top extreme bars of specimens 5 and 6 
	Figure 5-164 Fracture of the top extreme bars of specimens 5 and 6 


	MA_LT_4in QST_LT_4in 
	Figure 5-165 Brittle fracture of the MA and QST longitudinal steel. 
	Figure 5-165 Brittle fracture of the MA and QST longitudinal steel. 


	and present the curvature distributions of Columns 5 and 6 for ductility 1 and 4, respectively. Similar to the observations on the low-temperature specimens with a 2 in spiral spacing, the MA and QST columns with a transverse steel spacing of 4 in presented a similar distribution of curvatures. At μ1, both columns showed a greater curvature in the third gage at a column height of approximately 17.5 in the pushing direction (dashed lines). While in the pulling direction (solid lines), the greater curvature v
	Figure 5-158 
	Figure 5-159 

	Figure
	Figure 5-166 Comparison of the curvature distribution at μ1 of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in 
	Figure 5-166 Comparison of the curvature distribution at μ1 of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in 


	Figure
	Figure 5-167 Comparison of the curvature distribution at μ4 of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in 
	Figure 5-167 Comparison of the curvature distribution at μ4 of Columns 5 and 6: MA_LT_4in vs. QST_LT_4in 


	5.11. 
	Summary 

	Six columns reinforced with ASTM A706 grade 80 steel were subjected to quasistatic lateral loading to address their seismic behavior at room and low temperatures. All the columns had a diameter of 18 inches, a clear height of 65 inches, and were reinforced using 10 #6 grade 80 longitudinal bars. Two main steel manufacturing processes were studied, MA steel and QST steel. The first four columns had a spiral separation of 2 inches and corresponded to two pairs of identical columns that were tested at room and
	5.11.1. Low temperature impact on the seismic behavior of HSRS 
	• 
	• 
	• 
	The MA and QST specimens tested at low temperature showed an increase in strength of 17% and 9% relative to their room temperature counterparts. 

	• 
	• 
	The global response of the low temperature specimens was comparable to the room temperature columns, despite differences in damage progression and reduction in the bending strain capacity of their reinforcing steel. The low temperatures increased the strength of concrete and transverse steel, delaying the onset of buckling and counteracting the reduction in bending strain capacity. 

	• 
	• 
	The bar fracture of the low-temperature specimens appears to be more brittle in nature compared to the room-temperature specimens. 

	• 
	• 
	Based on the curvature distribution profiles, low temperature did not significantly affect the spread of plasticity. Higher curvature values were observed near the base of the columns in the room-temperature specimens compared to the low-temperature specimens 


	5.11.2. Manufacturing process impact on the seismic behavior of HSRS at low temperatures 
	• 
	• 
	• 
	MA and QST steel presented comparable behavior at room and low temperatures, in both confinement conditions (2 inches and 4 inches of spacing between spiral layers). The QST steel exhibited slightly higher strength in all comparisons and faster strength degradation than MA columns after the first bar fracture; however, displacement capacity was not affected. Usually, both manufacturing processes had the first bar fracture and 20% strength loss at the same ductility level in comparable conditions. 

	• 
	• 
	The curvature distributions were comparable between the MA and QST specimens in all the evaluated cases. Minor differences were observed at room temperature, where the QST specimens appeared to exhibit a slightly higher spread of plasticity. In contrast, the MA specimens showed higher curvature concentrated at the base of the column. These differences were not observed at low temperatures, where the curvature distribution obtained from the MA and QST specimens was very similar for both pairs of specimens wi

	• 
	• 
	The moment curvature predictions aligned very well with the experimental responses at room and low temperatures, which indicates that the low temperature response can be predicted with a conventional approach by using the expected material properties at low temperature. Further research is needed to more accurately predict the strength degradation of the columns at both room and low temperatures, particularly regarding bar buckling and bar fractures. 


	CHAPTER 6. CONCLUSIONS AND DESIGN RECOMMENDATIONS 
	This chapter summarizes the main findings obtained from the experimental program to understand the seismic behavior of HSRS at low temperatures. The material-level conclusions and recommendations are presented first, followed by those obtained at the member level. This chapter concludes with a description of future work. 
	6.1. Conclusions 
	6.1.1. Material level conclusions 
	Chapter 4 presented the material level evaluation of HSRS at low temperatures. In this phase, tension and BBT tests were performed at various temperatures to assess the impact of low temperatures on mechanical properties and on the critical bending strain on HSRS. The main findings are summarized below: 
	• 
	• 
	• 
	BBT tests performed on grade 80 steel at room and low temperatures suggested that the manufacturing process could have an impact on the reinforcing steel's ability to sustain buckling at low temperatures. From these tests, the critical bending strain of QST bars was almost unaffected by temperature. While in MA bars, a 20% reduction in εbc was observed as the temperature decreased to -40 °F (-40 °C). These observations suggested that MA bars are more likely to exhibit an earlier ductile-to-brittle transitio

	• 
	• 
	• 
	Smooth bars exhibited higher εbc at both low and room temperatures compared to both ribbed QST and MA bars. The absence of ribs in the bar (and therefore stress concentrations in the section of maximum curvature), 

	combined with temperature variations in the experimental setup, prevented conclusive results for this group of bars, for which the effect of stress concentrations was to be evaluated. 

	• 
	• 
	Tension tests showed that low temperatures resulted in increases in yield and ultimate stress for grade 80 and grade 100 steel as the temperature decreased. The T/Y ratio and the elastic modulus remained mainly unaffected by temperature. In addition, no clear trend was found on the effect of low temperatures on uniform elongation. 


	6.1.2. Member-level conclusions 
	Chapter 5 presented the large-scale experimental program conducted on 6 RC columns reinforced with ASTM A706 grade 80 MA and QST steel to evaluate the impact of low temperatures on the seismic behavior of HSRS. The first four specimens share the same detailing, with the only difference being the manufacturing process for the longitudinal reinforcing steel. Each pair of columns (reinforced with MA or QST longitudinal steel) was evaluated at room and low temperatures to assess the impact of manufacturing on t
	• 
	• 
	• 
	• 
	The global response of the low-temperature specimens was comparable to the room-temperature columns. The low temperature increased lateral strength in both MA and QST specimens, which were 17% and 9% higher than those obtained from the corresponding specimen pairs tested at room temperature. 

	No significant variations were obtained in the displacement capacity of the columns tested at low temperatures. 

	• 
	• 
	The MA and QST columns tested at low temperatures exhibited differences in the damage progression and reduction in the bending strain capacity of their reinforcing steel compared to their room temperature pairs. However, the increased strength of concrete and transverse steel caused by low temperatures delayed the onset of buckling. It counteracted the reduction in bending strain capacity, resulting in comparable global behavior. 

	• 
	• 
	The curvature distribution profiles did not show a significant effect of the low temperatures on the spread of plasticity. However, higher curvature values were observed near the base of the columns in the room-temperature specimens compared to the low-temperature specimens. 

	• 
	• 
	• 
	Regarding the potential impact of reinforcing steel manufacturing process, the MA and QST steel presented comparable behavior at room and low temperatures, in both confinement conditions (2-inch and 4-inch spiral spacing). The QST steel exhibited slightly higher strength in all comparisons and faster strength degradation than MA columns after the first bar fracture; however, displacement capacity was not affected. Usually, both manufacturing processes had the first bar fracture and 20% strength loss at the 

	review did not meet the T/Y ratio requirements specified in ASTM A706, whereas the one used for the member-level assessment did. This is the result of manufacturers fine-tuning their processes during this research project. 

	• 
	• 
	The moment curvature predictions aligned very well with the experimental responses at room and low temperatures, which indicates that the low temperature response can be predicted by using the expected material properties at low temperatures. Further research is needed to more accurately predict the strength degradation of the columns at both room and low temperatures, particularly regarding bar buckling and bar fractures. 


	6.2. Recommendations 
	6.2.1. Material level recommendations 
	6.2.1.1. Reinforcing steel: 
	Chapter 4 showed the effect of the low temperature on the grade 80 and grade 100 steel. The current recommendations in the Alaska Bridges and Structures Manual (2017) indicate using a 10% increase in yield and ultimate strength for the expected material properties of Grade 60 steel at temperatures below -4°F (-20 °C). However, based on the results of the tension test on HSRS using three bars at each evaluated temperature between 72°F (22 °C) and -40°F (-40°C), the 10% increment overpredicts low-temperature 
	Table 6-1 Low temperature strength increase factors for grade 80 steel 
	Reinforcing steel grade 
	Reinforcing steel grade 
	Reinforcing steel grade 
	Properties 
	Low temperature-based modifications 

	Grade 80 
	Grade 80 
	fye = expected yield stress of steel 
	fye-cold = 1.07 × fye 

	TR
	fue = expected tensile strength of steel 
	fue-cold = 1.06 × fue 


	6.2.1.2. Concrete: 
	The effect of low temperature on concrete strength was not directly addressed in this research, since the primary focus was to assess the impact of temperature on the HSRS. However, comparing the results from the column concrete cylinders tested at room and low temperatures, a 31% to 76% increase in compressive strength was observed at low temperature, with an average increase of 50%. The compressive strength values obtained at low temperature were used directly to derive analytical predictions for the test
	6.2.2. Member level recommendations 
	Based on the experimental observations obtained from the material and member level evaluation, the following recommendations for the implementation of HSRS in bridge design in cold seismic regions are made: 
	6.2.2.1. Selection of reinforcing steel: 
	• 
	• 
	• 
	ASTM A706 grade 80 steel showed promising seismic behavior at -40°F (-40°C), with comparable force displacement response to the one obtained at room temperature for columns with a longitudinal steel ratio of 1.74%, transverse steel ratio of 1.23% at a separation of 3db, and axial load ratio of 8%. 

	• 
	• 
	For MA and QST grade 80 steel, meeting the requirements of ASTM A70622, no significant differences in seismic behavior at room temperature and low temperature (72°F/22°C and -40°F/-40°C) were observed, even with the columns tested with a transverse steel spacing of 6db. This shows that the manufacturing process does not pose a concern for the use of HSRS in cold seismic regions with temperatures down to -40°F (-40°C). 
	-



	6.2.2.2. Special considerations: 
	• 
	• 
	• 
	The design of RC columns at low temperature should be done accounting for the expected material properties, with the low temperature overstrength factor for the concrete and reinforcing steel. 

	• 
	• 
	The curvature profiles obtained at low temperatures in columns showed lower curvature values compared to the room temperature specimens. This can also be interpreted as a lower strain demand in the low-temperature columns than in the room-temperature specimens at comparable displacements. Despite the apparent reduction in strain demand, bar fracture and strength degradation in the low-temperature specimens occurred at the same lateral displacement as those tested at room temperature. This indicates more bri


	strength of the spiral yielding strength was observed for a well-confined column, with a transverse steel ratio of 1.23% and separation of 3db. It is recommended to provide a similar level of confinement.  
	6.3. Further work 
	• 
	• 
	• 
	The experimental results of this research suggest promising seismic performance behavior of HSRS at low temperature for well-confined specimens. However, these observations indicate the importance of confinement in mitigating the low-temperature impact on the longitudinal steel, which contributes to its brittleness. Further research is needed to define acceptable confinement ratios and spacing to ensure comparable seismic behavior at low and room temperatures for RC columns under seismic demand using HSRS. 

	• 
	• 
	Conventional sectional analysis approach showed to predict well the experimental response of the specimens when using the low temperature material properties. However, further investigation is needed to obtain lowtemperature-based limit states and capture the expected damage progression of RC columns. Specifically, determine the strain demand in the onset of buckling and fracture at room and low temperatures and propose a temperature-based modified buckling limit state for grade 80 steel. 
	-


	• 
	• 
	• 
	Montejo et al. (2010) suggested a plastic hinge length reduction factor for RC columns reinforced with grade 60 steel to be used for RC columns exposed to temperatures below -4°F (-20 °C), based on experimental observations that showed a reduction in the spread of plasticity for the columns tested at low 

	temperature. However, no decrease in the extent of plasticity was observed in this research on columns reinforced with grade 80 steel at low temperatures. Plastic hinge length and the factors contributing to these differences should be further evaluated. 

	• 
	• 
	At the material level, more BBT tests should be performed on the QST steel meeting ASTM A706 (with a higher T/Y ratio) to assess how the differences in the T/Y ratio on QST steel affect the critical bending strain at room and low temperatures. 
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