ABSTRACT

THANGJITHAM, JESSICA SUPATHASeismic Design Recommendations for Grade 80
Reinforcing Steel ir€oncreteBridge Columns(Under the directioof Dr. Mervyn Kowalsky).

The advantages of high strength steeiforcement for use in elastic concrete columns are
selfevident, as it reduces congestion and bgstequiring less materiaHowever, to extend the
use of high strength steel to members forming plastic hinges, the material must possess sufficient
inelastic strain capacity. Currently, there are restrictions in bridge design codes that prohibit the
use of Grade 80 steel due to a lack of available test data. This document provides guidance for
engineers to confidently design bridge columns ugBrgde 80reinforcing steel. The main
objectivesare to:
(1) Develop an understanding of the characteristics of high strength steel that impact the
seismic behavior at the material level.
(2) Develop an understanding of columns reinforced with high strength steel at the
structural member level.
(3) Test unconventional design concepts that could improve thdpokling behavior of
columns reinforced with high strength steel.
(4) Characterize the impact of using high strength steel in bridge columns by comparing
performance to colans reinforced with Grade 60 steel.
(5) Given the geographic location, determine the strain demand in plastic hinge regions of
reinforced concreteRC) bridge columns.
A comprehensive investigation was conducted on the seismic performance of bridge
columnsreinforced with Grade 80 steel, including experimental and analytical resuks.

material level include tension testspuckled bar tensionests,and cyclic tests. In addition,



parameters influencing the seismic performance of Grade 80(staelfactuing process and
rebar geometiyareassessed throudbcalized modeling usinfinite element analysis

Ten largescale reversed cyclic tests were conducted on RC columns reinforced with Grade
80 steel for the member lelv The performance of the colummstewascompared to Grade 60
column tests of similar detailing, displacement history, and axial Tdaslresults concluded that
columns reinforced with Grade 80 steeutd match the displacement capacity of Grade 60 steel.
The largescale tests araccompaniedby fiber modeling tacharacterizéhe seismic performance
of columns reinforced witkerade 80 steel.

Design recommendationfor RC bridge columns reinforced with Grade 80 stad
presentedin addition, unified dagn recommendations applicable to Grade 60 and Grade 80 steel
areprovided Lastly, a standard methodology was established for quantifying the strain demand
on these structural members as a function of the expected seismic hazard. The results compare the
established strain demand in the plastic hinge to the column capacity, using column test data to
estimate the probability of reaching a limit state strain.

Ultimately, the main contributions of this study are thesign recommendations for the
demand (e.g.strains in plastic hinges) and the capacity (esigain limit states, plastic hinge

lengths, and energy dissipation) of RC bridge columns reinforced with Grade 80 steel.
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Chapter 17 Introduction

In the seismic design of reinforced concrete (RC) members, Grade 60 reinforcing steel has
been universally utilized in members forming plastic hinges. In line with capacity design
principles, the damage of seismic members occurs in locatiomslastic deformation, known as
plastic hinges, which act to dissipate eneftly Through mindful detailing for the anticipated
seismic demands, these locations are designed to fail in flexure through plastic rotation of the
hinge. The typical failure mode of welketailed, modern RC columns is the fracture of previously
buckled longitudinal reinforcing bars, which causes a significant loss of capacity of the structural
system.

While the use of Grade 60 reinforcing steel for these applications is currently the norm, the
use of stronger steel can have many advantages. High strength reinforcing steel can optimize
designs by reducing material cost, construction time, and congelstiprovements also arise
from minimized reinforced concrete sections and improved confinement to resist bar buckling.
However, highstrength reinforcing steel, such as Grade 80 steel, remains restricted in many design
codes due to the lack of sufficiensearch necessary to fully understand and quantify its behavior
under cyclic loading.

Although the advantages of Grade 80 steel are-esdient, structures with this
reinforcement must remain ductile to ensure that plastic hinge$ooanand other members
remain capacityprotected.In addition, he reinforcing steel must be proven with confidence to
have enough inelastic strain capacity and adequate strain hardénadty, many concepts need

to be understood about the behavior of Grade 80 tsteglsue adequate seismic performance.
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This document will assess the seismic performance of Grade 80 steel throughothimg
objectives:
(1) Develop an understanding of the characteristics of high strengthtseahpact the
seismic behavioatthe material level.
(2) Develop an understanding of columns reinforced with high strength steel at the
structural member level.
(3) Test unconventionalesigh concepts that couidhprovethe postbuckling behavioof
columns reinforced with high strength steel.
(4) Characterize the impact of using high strength steel in bridge columns by comparing
performance t@olumns reinforced witksrade 60 steel.
(5) Given thegeographic location, determine the strain demand in plastic hinge regions of
RC bridge columns
Ultimately, these five goals contribute design recommendations for the demand (e.g.
strains in plastic hinges) and the capacity (stgain limit statesplastic hinge lengthsndenergy

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



1.1 Research Need

Although Grade 80 steel was added to the ASTM A706 specification in 2009, the use of
high strength reinforcing steel remains restrictednamy design codes. There is still a lack of
sufficient data available about the performance of Grade 80 reinforcing steel in inelastic members
to fully understand and quantify its behavior under seismic loads. Specific to bridge design codes,
AASHTO LRFD Bridge Desigri2] and the 2019 Caltrans Seismic Design Criteria (SDC) do not
allow the use of Grade 80 steel in members designed to form plastic hinges. Specifically, the
Caltrans SDC statee Gr ade 80 bars are not to be wused in
definitive data from ongoing research become availgdile 0

The main concern with using Grade 80 reinforcing steel stems from the lack of
experimental datdo understandts displacement capacitgnd inelastic stragiunder seismic
loading As the steel strength increase, the maximum uniform elongation decreases. Grade 80 steel
has at least 33% less uniform elongation compared to Grade 60 steel. There is limited information
to determine ithelower uniform elongation oGrade 80 steel correlatesadower displacement
capacity under seismic loadsnplemening Grade 80 steel requireen understanding of the
implications of the higher strength on seismic performance. Due to these remswris, the
author's knowledgehere currently are no design recommendationgerformance strain limit

states for RC bridge columns reinforced with Grade 80 steel.



1.2 Dissertation Layout

A compehensiveinvestigation was conducted on the seismic performance of bridge

columns reinforcedvith Grade 80 steel, including experimental and analytieallts Five

components were outlined: material level characterization, structural member characterization,
development of unconventional detailing, design recommendations, and an evaluatramof s
demandsA summary of each component, chapter location, method, and outcome are summarized

in Figure1.1. Each section contributed to design recommendations for the demand and capacity

of Grade 80 reinforcing steel.

Method

Outcome

Material Structural Unconventional ||[Recommendations Strain Demand
Characterization Characterization || Column Detailing | | & Design Impact Study
(Chapter 3) (Chapter 4) (Chapter 5) (Chapter 6, 7, & 8) (Chapter 9)

|

|

|

|

1

Explore rebar
geometry and
manufacturing

through Tension, BBT,

Cyeclic tests, and FEA

Large-scale quasi-
static column
tests reinforced

with Grade 80 steel

Large-scale quasi-
static column
tests detalled with
smooth Grade 80
reinforced steel

Compare the
performance and
design of Grade 80
steel to Grade 60
steel

NLTHA to
determine the peak
tensile strain under

seismic loading

l

l

l

l

|

Evaluation of
parameters that
influence column

performance

Quantification of the
seismic behavior and
influencing design
parameters

Development of
unique designs to
Improve post-
buckling capacity

Design
Recommendations
for Grade 80 bridge

columns

Formulation of a
relationship between
Strain demand and
earthquake intensity

Figure 1.1 Experimental ad Analytical Components

This dissertation includes ten chapters, amd\gerviewof eachchaptelis outlined below

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

80 steel.

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

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

seismic performance of Grade 80 reinforcing steel are also sumadarize
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Chapter 4 covers thestructural member characterization, including the experimental
results oftenlarge-scalecolumn testseinforced with Grade 80 steel
Chapter 5 outlines theexperimentatesults of twdarge scale column tests reinforced with
smoothbar detailing
Chapter 6 compares theeismicperformance of Grade 80 columns to Grade 60 columns.
The impact of column design parameters, compartigomaterial test results, amsblumn
failure modesrealso covered
Chapter 7 proposes dsign recommendatiotigr damage limit states strain, plastic hinge
length, posbuckling capacity, energy dissipation, andothsement ductility demand. The
experimental results of Grade 80 columns will also be compared to current standards based
on Grade 60 columns.
Chapter 8 summarizes the design recommendationsdtuwmns reinforced witsrade 80
steel.
Chapter 9 describes the strain demand stubgt defines ta requiredcapacityof a RC
column in terms of seismicity.
Chapter 10 summarizes theconclusions ofthis study's experimental arahalytical
componentsFuture work related to the seismic performancéigh strength reinforcing
steelwill alsobe outlined.

Appendix AandAppendix Borovide additionatesults from theolumn tests and strain demand

study.



1.3Research Goals and Scope

This document outlines an extensivadst of the experimental and analytical resdis
the Grade 80 reinforcing steel design recommendafidresfollowing sections descrilbee goals

of each componenoutlinedin Figurel.1, in further detail

Material Level Characterization

The objective of the material characterization study is to understand the seismic properties
of Grade 80 reinforcing steat themateral level. Material tests serve as an indicator of column
performancdo evaluatanfluential rebar parameters speculated to impimismicperformance.
The tests will includenonotonicand cyclic testso provide inelastic properties that contribute to
the seismic behavior of Grade 80 steel, such as the spread of plasticity, strain hardening; and post
buckling performance. Seven types of Grade 80 steel used in the experimental column tests will
be evaluated in the material tests. Results from the matesés will contribute to the

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

Structural Member Characterization

The structural member characterizatewvaluateghe seismicperformance ofcrade 80
reinforcing steel in halécale bridge coluns Thetencolumntests in this study wilincrease the
database of Grade 80 colummdile exploing the influenceof rebar geometry and the
manufacturing process on Grade 80 steebhddition, he column testresultswill lead to design

recommendationfor Grade 80 reinforcing steel for members that form plastic hinges.



UnconventionalColumn Detailing

Results from the materidvel and structuramemberstudies will quantify the seismic
performance of Grae 80 steel with traditional detailing.he objective of the unconventional
column detailing study is to investigate the factors that could enhance tHeupkkhg capacity
of Grade 80 column®reviousmaterial tests haviund that stress concentratidiosm between
ribs of deformed barsand rebar without ribs performed bettematerialtests Therefore, &arge
scale column testwere conducted wittwo smooth bar designsith different bond strengths
between the steel and concréftbe results of thestests will be outlined, artie ability of each

smooth bar desigto improve seismic performaneell be assessed

Comparison of Column Performance

This research project aims to understand the seismic performance of Grade 80 reinforcing
steel compared to Grade 60 steel. The purpose of this section will be to ctimeyegormance
of each Grade 80 column to a nominally identical Grade 60 columrGiidde 80 colunmsin this
studymatchedhedetailing or strengtbf apreviously testeGrade 60 columand weresubjected
to the same axial load and displacement loading history. The global and local respbrise
compared toevaluate anydifferencesin seismic behavior. The comparison will show the
suitability of Grade 80 steel as an alternative to Grade 60 steel for seismic applications.

The influential parameters of manufacturing process and rebar geometry will also be
compared taunderstandifferences andmplicationsfor design recommendationkastly, the
impact of column design parameters, corgmar of column performance toaterial test resulgs

anduniquecolumn failures observed during the test sengisbe covered



DesignRecommendabns for Grade 80 Steel

The final recommendations for the seismic design of Grade 80 steel will be proposed from
the experimental result$he Grade 80design recommendations will include limit stateains
plastic hinge length, energy dissipation, and displacement ductility. In addition, the shkisigic
equations for Grade 80 steell be compared to current design recommendations based on Grade
60 columntests Lastly, this sectiowill presentunified design recommendations applicable to

Grade 60 and Grade 80 reinforcing steel.

Strain Demand Study

While theexperimental test results witirovide guidelines on thexpected capacities of
Grade 80 RC bridge columns, the strain demand study will gitesthe capacity required for
column designThis study aimgo define thestrain demand in the plastic hinge regions of RC
bridge columns. The strain demand will be establishedewglopng arelationshipbetween the
engineering demand parameter of pesisile strain andnearthquake intensity measukeseries
of nonlinear time history analyses (NLTHA) using fiber models calibrated from experimental tests
will be used to develop this relationshinally, the strain demandill be compared to the cohn
capacityfrom the experimentatolumn testsThe probability of exceeding the column capacity

will be calculated given the earthquake intensity



Chapter 27 Literature Review

2.1 Prior Grade 80 Steel Research at NC State

An extensive experimental program at North Carolina State University (NCSU) was
established to understand the seismic behavior of high strength reinforcing steel. The main
objective of this program was to quantify seismic design parameters of RC bridgesalsing
Grade 80 reinforcing ste€fhe progranbeganin 2014 with a material test studgn Grade 80
reinforcing steekonducted by Overby et d¥]. This studyled to recommerations forA706
Grade 80 steel material propertisgch as yield strength, yield strain, the onset of strain hardening,
tensile strength, and tensile strain at maximum stress.

With an understanding of the material properties of Grade 80 steel, theepxas to
investigate the expected seismic behavior and suitability of using high strength reinforcing steel
for structural members. Therefore, Barcley conducted four-secgke reverse cyclic column tests
reinforced with A70680 steel. Theperformance bthe columns reinforced with Grade 80 steel
had lower displacement capacity and pbsickling cyclesto fracture than the Grade 60
comparison columns

The dfference in displacement capacity and postkling behaviorwas attributed to
Aibendi ngpacgyd iThenefare, araterial test was developed to simulate bending and
tension strain demands tmebuckled bar. The test was designed to replicate the reverse tension
compression loading on a longitudinal reinforcing bar during a cyclic columii kestetests were
conducted on various reinforcing steel from different mdisd two batches of Grade 80 steel
resultedn improved performance in the tests and were selected for column constf&Ltion

Next,Manhard conducted four larggeale reverse cyclic column tests reinforced widse

two types ofGrade 80 steel. The tests resulted gimilar displacement capacity tee Grade 60
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columns andgreater displacement capacity thhaBarcley columns. Tétwo types of steel had
similar displacement capaig$, but one produced with a quenchinganufacturingprocess
showed differences in thextent of plasticity and strain hardenij&g.

Thetwelve largescale reverse cycle column tests outline@€hapter 4and Chapter Sof
this document are the last steptlod experimenthstudyat NCSUto quantify the seismic design
parameters of Grade 80 reinforcing st@dle column tests expand on the work of the previous
studies while increasing the database of Grade 80 columusidition, he experimental study
builds on the previas researchdiscussed in this sectiohy testing parameters that most

significantly impacthe seismic performancef Grade 80 steel

2.1.10verby:A706 Grade 8@haracterization

Implemening Grade 80 steel in design requires a comprehensive understanding of how the
reinforcing steel will behaven amaterial levelTherefore, material characterization whas first
step to understaimy the inelastic behavior of Grade 80 reinforcing steeh@mbers that form
plastic hingesThe research program at NCSU started witberies ofiniaxial tension tests on
A706 Grade 80 steel b@verby et al[4]. The results of this studgd to recommendationen
stressstrain material properties of A706 Grade 80 stBeforethe extensivetudy byOverby et
al., there werenly twelve tension tests on ASTM A706 Grade 80 steebnly a few bar sizes
conducted byrautenberg et al. and Trejo et[dl, [8].

The stresstrain properties of reinforcing steehry with yield strength As the yield
strength of reinforcing steel increases, the maximum uniform elongation redscgisown in
Figure2.1[9]. For exanple, Gade 80 steel has approximately 33% less uniform elongéuzm

Grade 60 steelvhich isonereason iis restricted in members that form plastic hinges
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Figure 2.1  StressStrain of Various Grades of St48]

The stresstrain pareneters vere characterized with 788 tension tests on ASTM A706
Grade 80 reinforcing bars ranging from #4 to #18 sizes. These bars were all manufactured using a
micro-alloying manufacturingorocess and corresponded to three different mills with three heats
for each bar size. This wosignificartly extended the stresdrain databasef A706 Grade 80
steelby over 650%.

The strain of the bars durirgachtension test wsrecorded withan Optotrak Certus HD
optical position sensor system. This instrumentaatiowed the stresstrain behavior to be
recorded up to bar fracture. The LEDs used during the tests were instrumented with a gauge length
of 2njfor a total ofsix 2-inch gauges or threeiBch gauge lengthd.he results of the stressrain

curves of th&’88 tension tests and the mean cuameshown inFigure2.2.
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Figure 2.2  StressStrain of ASTM A706teelfrom Overby Test9]

The key resulof this studywasthe statistical quantification of the uniaxial strestgain
behavior of Grade 80 steelhesepropertiescan be utilized for future design parameters and
material modeling.The investigation statistically represented the material propertigteof
modulus of elasticity, yield strength, tensile strength, yield strain, strain at the onset of strain
hardening, ultimate tensile strain, and tensilgield ratioc The material characterization of A706
Grade 80 steel properties and the recommendatimes shown in Table 2.1. These
recommendations were incorporated into the 2018 Caltrans Seismic Design Guid}irsess

shown inTable2.2.
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Table2.1 ASTM A706 Material Properties &ecommendatiortsy Overbyet al.[4]

P ; N Std D CoOV 95th 5th Recommended
ropertyv ean o Udd. ev. ; /
Perty Percentile Percentile Value
Modulus of
o Ct’ ‘Tt”“’(i ) 97888 1601 5.74% 30,322 25,111 98,000
asticity {51
Yield Strengtl
1“(1 _I)eu'-“ ! 85 3.03 3.56% 89.2 79 85
<S1
Tensile Strengtl
eust Z »)len" Y 1195 3.65 3.94% 118.9 106.4 112.5
31
Yield Strai
1?‘ p I)““ 0.0033  0.0003  9.03% 0.0038 0.0029 0.0033
m/in
Strain at Onset
of Strain 0.0074  0.0019  26.17% 0.0109 0.0048 0.0074
Hardening (in/in)
Ultimate Tensile
S:m,‘ e(_ ‘7“;6 0.0954  0.0055  5.80% 0.1024 0.0845 0.0954
olraln (1mn/1n
Tensile-to-Yield 1.32 0.03 2.19% 1.36 1.28 1.32

Ratio

Table2.2 Properties of ASTM A706 Grade 80 Reinforcing Steel from Caltrans[§DC

Property Grade 80

NModulus of Elasticity, E, 29,000 ksi
Specified Minimum Yield Strength. f, 80 ksi
Expected Yield Strength. fy. 85 ksi
Specified Minimum Tensile Strength, fy 98 ksi
Expected Tensile Strength, f. 112 ki
Nominal Yield Strain, g, 0.0028
Expected Yield Strain, £, 0.0033
Ultimate Tensile Strain. &, 0.095
Reduced Ultimate Tensile Strain, e& 0.06
Strain at Onset of Strain Hardening. &3 0.0074

The study foundew differences irthetensile behavior between different millsnother
significant outcomdrom the studywas that Grade 80 bars had reduced axial strain at maximum
stress andower ultimate tensile strength to yield strength (T/Y ratio) compared to Grade 60
reinforcing steelln addition,the yield plateadength of the stresstrain curve had the highest

variation of the tensile parameté43.
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The extensive study established a comprehensive understanding of how ASTM A706
Grade 80 steel will behave on a material level. Overby increased the publicly accessible stress
strain database of Grade 80 steebb9%. As a result, many of recommended design values from
the stressstrain curves are as material properties in this report. However, it should be noted that
the database only included tension tests on Grade 80 steel manufactured with-aloyicrg
marufacturing process. In addition, the database did not include any tests on-gndsek-

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

2.1.2Barcley:BBT Testsand Member Characterization

With an enhanced understandingtué material properties of Grade 80 steel, the next step
of the research study was to investigate the expected seismic behavior and suitability of using high
strength reinforcing steel for structural members. A stoglyBarcley[5] expandd the limited
experimental datase of Grade 80 steel column tests to improve the understanding of its inelastic
behavior under seismic loading. These tests consisted of four columns reinforced with ASTM
A706 Grade 80 from Mill 1lreferred to in this document as Mill 1 V1.#&he columnsn Table

2.3 were comparable to Grade 60 coluntested by Goodnighi0].

Table2.3 A706Grade 80Test Matrixby Barcley[5]

Column Mill Dia. L/D  Longitudinal Transverse Axial Load
Number (Type) (in) Ratio Steel Steel (Spirals) Ratio

1 1(MA) 24 4 16 #6 (1.6%) #3 @ 2.0” (1.0%) 5%

2 1 (MA) 24 4 16 #6 (1.6%) #3 @ 2.0” (1.0%) 10%

3 1 (MA) 24 4 16 #6 (1.6%) #3 @ 2.75” (0.7%) 5%

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

One set of the Grade 80 columns contained the same steel content (matched detailing) as
the Grade 60 comparison columns. In contrast, the other set contained a lower amount of

longitudinal steel but had the same strength as the Grade 60 columns (mataigtti)sin both
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comparisons, the Grade 80 columns had a similar{disggacement response, similar strains and
displacements at bar buckling, and slightly lower displacement capacity.

However, afundamentaldifference in the performance of the Gradec®@lumns was a
substantially earlier fracture of the bars after the initiation of bar buclorgexample, as shown
in Figure2.3, the Grade 80 columhad one cycle between bar buckling and fracture compared to
three cycles for the Grade 60 test. The lack of-paskling cycles can be a concern sittoebar
buckling limit states typically serve as the maximum survival stateilindiésign In additon, the
capacity after bar buckling serves as a factol

lower postbuckling capacity.

=

Grade 60 3 cycles
E._~\VAVAVAVAVAVAVAVAVAVAVA A A A A A A AK A
 © North Bar Buckling VVVVVVVVVVOV

| % North Bar Fracture
[ © South Bar Buckling
| X South Bar Fracture

Drift Ratio (%)

=)

- Grade 80

5AA,AVAVAVAVAVAVAVAVAVAVAVAAAAAA?\?\QAM i
O North Bar Bucking VVVVVVVVV! /

X North Bar Fracture
| © South Bar Buckling
| X South Bar Fracture

Drift Ratio (%)

i i N
ONNL NONDS DO O O™ NO NS OO

Figure 23 PostBuckling Cyclesor Grade 60 andsrade80 Load Historie$5]

Barcley developed material test to investigate the cause of early bar fraatasggned to
mimic the postbuckling behavioof reinforcingsteel Thi s materi al test, ca
Tensi ono ( BB Tthe condigsons,thatra bap ih & aolanineés subjected to during cyclic

load reversals. The loading sequence of the BBT test is shdvigure2.4. This sudy found that
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the buckled reinforcing bar woul d raewatdenio a fAcr
brittle failure. Correlation between experimental results found that when the bar surpassed this
critical bending strain-( ) in compression, it would likely result in a brittle fracture upon reversed
tensile loading. This parameter could be used to estimate the expected performance of the

reinforcing steel under cyclic loading.

\
D L
t
Rebar Compressive Tensile
Specimen Load Load

Figure 24 Loading Sequence of Buckled Bar Tension [0d3t

The fewer posbuckling cycles in tests by Barcley and Kowal§k#] were attributed to a
lower bending strain capacity of the Grade 80 staglre2.5 shows the bending strain history of
longitudinal bars throughout the test and compares Grade 60 and Grade 80 column tests. The red
Axo0 points represent the |l ast | oading cycle b

bending strain in d&rs at fracture was lower in Grade 80 columns= 0.097 0.10,compared to

the Grade 60 columps =0.137 0.16
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Figure 25 Bending Strain Histories for (a) Grade 60 and (b) Grade 80 Columns from Barcley and

Kowalsky[11]

The BBT tests were conducted on the same reinforcing steeMilbh, used inBarcley's

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

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

and 80 steel are shown kigure 2.6, with the range of

shaded in red. The top of the figure

shows the range of of the column tests frorRigure2.5, which match well with the BBT test

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

tests could indicate colunperformance.
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Figure 2.6 BBT Test Results vs. Column Test Results for GradadGrade 80 Stedb]

Subsequently, various reinforcing steel specimens were evaluated with the BBT test from
different strengths of ste@Grade 60, 80, 100), mills, bar size, and manufacturing pgexdhe
BBT tests found that two batches of Grade 80 steel, referred to in this document as Mill 2 V1 #6
and Mill 3 V1 #6, resulted in higher critical bending strains.

Mill 2 was produced wit the same micralloy manufacturing process as Mill 1. Miero
alloy steel contains small amounts of alloying elements to modify the microstructure of the steel
and increase its strength. An improved performance resulted from the much smoother rib radius,
shown inFigure2.7 (c), than the original column steel rib radius showRigure2.7 (b). Results

of theBBT test inFigure2.7 (a) linkeda larger rib radius to greater critical bending strains
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Figure 2.7 (a) BBT Test Results; (Reinforcing Steel Profil@Mill 1) used by Barcley; (c) Reinforcing
Steel ProfilgMill 2) used by Manhar{b]

Additionally, it was found that the Mill 3 steel manufactured through thedigmd self
tempering (QST) process resulted in improved bending strain values, as sheogure2.8 [11].
QST steel is produced with a hdéggated process involving rapid cooling (quenching) of thre ba
immediately after rolling. This process allows the hot ductile interior core tdeseffer outside
the bar creating a hard exterior, as showFRigure 3.47. Sincethe BBT results correlated with
column tests and could be an indication of column performanitie2 and Mill 3 with the largest

- capacities were selected for column construction.

0.12 T T T T T .

Mill 1, Gr 80
Mill 3, Gr 80

<

008 @ ny «

0.06

Axial Strain at Max Stress

0.08 0.12 0.16 0.2 0.24 0.28
Maximum Bending Strain

Figure 2.8 BBT Test Results for Mill 3 (QST) Reinforcing SE8El
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Since rebar geometry impacts the critical bending strain, the deformations on the bars were
removed by milling, and the resulting smooth bars were subjected to BBT tests. The performance
of smooth bars was found to reduce the stress concentrations ld@atad the rib radius. As
shown inFigure2.9, the results from BBT tests of smooth bars show higher critical bending strains
compared to the origihdar with ribs[11]. This promising performance in material tests leads to

the motivation to explore unconventional detailing using smooth reinforcing steel.
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Figure 29 BBT Test Results of Traditional Reinforcing Steel Compared to Smooth Reinforcif] Steel

2.1.3Manhard: Effect of Steel Production Process

The next phase in thresearctstudy expanded oBarcleys findings by sidying the
impact of rebar geometry and the manufacturing process of Grade 80 reinforcing steel. Column
specimens were constructed to determine if reinforcing steel from Mill 2 and 3 would result in
higher critical bending straisithan Mill 1 anctorrespodingly improve displacement capacity.
As a resultManhard[6] conducted reverse cyclic tests on two colaroanstructed with steel
that contained a larger rib radius compared to the Barcley columns (Wili#®5) and two
columns built with QST steel (Mill ¥1 #6)). The test matrixonducted by Manhard shown in

Table2.4.
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Table2.4 Grade 80 Test Matriky Manhard[6]

Column Mill Dia. L/D  Longitudinal Transverse Axial Load
Number  (Type) (in) Ratio Steel Steel (Spirals) Ratio

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

2 2 (MA) 24 4 16 #6 (1.6%) #3 @ 1.5” (1.3%) 5%

3 3 (QST) 24 4 16 #6 (1.6%) #3 @ 2.0” (1.0%) 10%

4 2 (MA) 24 4 16 #6 (1.6%) #3 @ 2.0” (1.0%) 10%

The Manhard columns matched the exact detilif the Barcley columns and, by
default, could also be compared to Grade 60 columns with the same detailing and flexural
strength Thetestresultsshowed favorable lateral displacement under buckling compared to
Bar c | ey oreinfaced withmMillsLsteel Furthermore, the Manhard columns had a
displacement capacity comparable to A706 Grade 60 columns previously tested at NC3Htate
A comparison of bending strain histories for the fractured bars of the three Grade 80 steel
mills and the Grade 60 steel is showrkrigure2.10. A summary of the critical bending strain
ranges can be found irable2.5. The data set includes 8 Graded®umnsg[6], [11], and 16
Grade 60 columni0]. The column detailingangesncluded longitudinal steel ratio @to
3.1%), transverse steel ratio (0.5 to 1.3%), axial load ratio (5 to 20%), and aspect ratio (4 to
8.67). The range of critical bending strain displays the lower bound of the lowest strain before

fracture and the upper bound of the highest strain béfacture.
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Table2.5 Critical Bending Strain of BBT Tests and Column Tests
. . . Manufacturing Critical Bending Strain. ... Range
Mill  Designation -
Process BBT Test Column Test
1 M1-80 MA 0.10 — 0.12 0.09 — 0.10
M2-60 0.15 — 0.17 0.13 — 0.16
2 MA
N2-80 0.16 — 0.21 0.10 — 0.12
3 N3-80 QST 0.13 — 0.26 0.10 — 0.17

Comparatively, the bending strain histories showed that QST columns had a larger critical
bending strain range in ctast to other column tests. Thiehavior wasimilar to the material

tests seen ikigure2.8, which shows the decreased axial strain is progressisglting in a larger
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critical bending strain range. From Barcl eyods
strain, which validates a possible relationship between the seismic performance and the
manufacturing process and rib geomé¢tri)].

The Manhard column tests showelhrger displacement capacity at fracture compared to
the Barcley columns. However, contradicting the initial theory, the colundnsadisignificantly
improve the bending strain capacity before fracture, as the material tests had sulygastitibn,
the critical bending strain values were not as large as the Grade 60 comparison column tests. This
discrepancy between the tests mhaycorrelated to an inaccurate method for calculating bending
strains for the columin $ongitudinal bars A better definition of the mathematical bar shape
functions could improve this proces

The columns constructed with QST reinforcing steel exhibiiéereint behavior than steel
manufactured with the micralloyed process. Although the QST columns reached a similar
displacement capacity, they had a shorter extent of plasticity, as shéiguia2.11. It can also
be noted that the columns reinforced with QST steel reached higher strains, which may have

compensated for the lower extent of plastifily

50 m T 50 m
45 ' -y I - = = Yield
£ 40 Z.40 ‘
& 35 235
8 30 2 30
© 25 ! 0 25
(o] ‘ o N
—2 20 i —2 20
% 15 i *_go 15 A
5 10 A 5 10 X
= 5 2 1 = 5 = —‘f/:
& e,
0 1l O i I
-0.04-0.02 0 0.02 0.04 0.06 -0.04-0.02 0 0.02 0.04 0.06
Strain [in/in] Strain [in/in]

(a) (b)
Figure 211 ManhardStrain Profiles (a) Micro-Alloyed (b) QST[6]
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2.2 Other Studies Related to Grade 80 Steel

Outside of the research program at NC Statated column tests have beeonducted
with A706 Grade 80 steel. For example, circular column tesBdblgosa et al[14] found that
A706 Grade 60 and Grade 80 columns had comparable displacement capacities. Supporting
finding, Sokoli & Ghannoun{l15] conducted reverse cyclic tests on square columns reinforced
with A706 Grade 80 steel with high axial loads and found similar results.

Potential parameters influencing the seismic behavior of Grade 80 reinforcing bars are rib
radius and the manufactng processRestrepePosada et aJ16] suggested that early fracture of
bars may result from cracks that form at the bzfsthe rebar rib while loaded in compression.
These cracks, shown Figure2.12, cause stress concentrations likely to resuttarfracture on

thesubsequent tension cycle.

Figure 212 (a) Rebar Compression CrackKb]; (b) Rebar Cracks in Grade 80 Column Test
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Rocha et al[17] investigated locations of higétress concentrations on bars manufactured
with a quenckandself-tempering (QST) proces$he relationship between rebar geometry and
stress concentrationgas studiedrom the profile of 24 rebarmodels with various diameters and
rib geometriesFinite element analysesonducted on 3D modelshowed thathigh stresses
occurred at the rito-shaft nterface. In addition, the rib radius to heigtih) ratio parameter had
the largest influence on stress concentration

Further investigation of the impact of rebar geometry latiéstudy d unconventionally
detailed column tests reinforced with srttooeinforcing steetovered inChapter 5 Significant
differences exisin the seismic performance of smooth reinforcing steel comparddftomed
reinforcing steel. Mny studiehave been conducted treseismic performance of RC structures
constructed with smooth longitudinal reinforcement simoeststructures built before the 1970s
were commonly reinforced with smooth bars, particularly intem Europe and New Zealand.

The performance of RC structures reinforced with smooth bars is mainly dictated by the
bond between the steahd concreteThe fiction bond between the smooth barsd concrete
makes up 80% of the bond strengtid significantly degrades under cycliodding[18]. Cyclic
RC column tets by Verderame et al. found that the insufficient bond between smooth reinforcing
steel and concrete leads to excessive slip of the reinforcing steel, resulting in a reduced capacity
due to lower stiffness and a pinching effect of the hysteretic c{t9¢durthermore, the reduced
bond strengthof smooth reinforcing steelas found to influence the strength, displacement
capacity, damage, and energy dissipation.

A database of experimental tests on RC columns reinforced with smooth bars subjected to
seismic loads was collected byOpabola et alto create a mechanical model to quantify the

displacement capacitylThe observations found that the behavior of RC columns under cyclic



26

loading was controlled by fixedend rotation. The low bond strength result minimal stress
transfer between the concrete and steel, reducing the formation of secondaryAcsaui{e. crack
in the footingcolumn interface is the typical responseler seismic loadl herefore, lhe seismic
behavior of columns reinforced witmeoth barss dominated by a rocking mechani$h8].

Beyond the experimental studyn Grade 80 steeh straindemand studys outlined n
Chapter 9 The studies related to this computational stady summarized in the introduction,
found in Sectio®.1 The literature review includgsevious probabilistic seismic demand models
incorporating structural, statistical, and modeling uncertainties. In addition, other intensity
measures to characterize seismic hazard levels ané ezigineering demand parameters to
intensity measures will be outlined.

All of thesepast investigations provide a basis for understanding the performance of Grade
80 steel and help establish methddsdevelop design recommendations for Grade 80 steel.
Although the studies listedhithis section are the most relevant to this investigatiomoge
thorough summary of past literatwe the seismiperformancef Grade 80 stealan be found in

the Caltrans report by Barcley and Kowal$RQ] andthesis reporby Manhard6].
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Chapter 37 Material Level Characterization

This chapter describes a series of material tests on high strength steel to assess mechanical
properties. These include Charpy impact tests, tension tests, buckled bar tension tests, and cyclic
tests.Results from this study influenced the reinforcing Istised for the largscale column tests

outlined inChapter 4andChapter 5

3.1Base Material Tests

Material tests were conducteid understand the propertied the base metal dhigh
strength steelThis section covers the Charpy impact test on the base material of high strength
steel. Ths test ains to understand if there is a relationship between the base material of Grade 80

steel andts seismic performanc&hen used to reinforce bridge columns

3.1.1Charpy Impact Tests

The Charpy Impact Test is a high strain rate test conducted by strikiagotched
rectangular prism with a pendulum hammer aburing impact, he amount of energy absorbed
at fracture is measured. The absorbed energy
toughnessand thematerial's ductilityis measured frombservations of the fractured surface.

Charpy impact tests were conducted on seven rebar samples of varying grades, heats, and
manufacturing types to measure the comparative energy absorbed at fracture. Four samples were
tested for eacheinforcing steel tye for a total 028 CharpyTests. In addition to testing different
grades,some samples were tested on steel withieased vanadiunGfade 8%¥), a chemical
elementknown to increase strengthile improvingstrain capacityf9]. However, énson tests
comparing Grade 80 rebaith Grade 80V rebar witkthe higher vanadium caartt indicated that

the vanadium only increased the strength and not the strain cgpackigure3.1 (a) shows the
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drawings for the rebar samples, which were machined to 1 cm x 1 cm x 5.5 cm prismsiwith a v
notch centered on the specim@&he final test specimen is shownkigure 3.1 (b). The Charpy

Tests followed theptandard Test Methods for Notched Bar Impact Testing of Metallic Matgrials
(ASTM E23) andvereconducted at a temperaguof 72°F with a standard weight pendulum and

swing heightas shown irFigure3.1 (c) [21].
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Figure 3.1 (a) Detail forCharpyTest Sample; (b) Charpy Test Samptd Charpy Test
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The results of the Charpy Impact Test can be fourfeignre 3.2. The topgraphshows

each test' energy absorbed at fractusedthe bottom graph showke average results. The Grade

80 steel, Mill 1, 2, and 3 (version Were sampletakenfrom #6 longitudinal bars used in Grade

80 Column Testbom Barcley and Manhard in a previous phase oféRgerimental prograf®],

[11]. The results showed that the steel produced with the QST manufacturing procgssidad
times greater energy absorptiban MA steel. For Mill 1 and 2, the results of Grade 60 to Grade
80 were similar. However, Grade 10@d significantly reducedenergy absorption, from an
average of 11 fib to 2 ftIb. This reduction in energy absorption capacity can be attributeé to th
inherent nature of increasing steel strength, which correlates to increased brittleness.
Correspondingly, Mill 1 Grade 80V with the additional vanadium also resulted in a reduction in

energy absorption.
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Figure 3.2 Charpy Impact Test Results

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

the base material at failure. The MA steel samples resulted in a brittle flat failure plane shown in
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Figure 3.3 (a). Conversely, the QST samples produced a ductile failure mode with jagged
surface/shear lips, as seerfFigure3.3 (b). The composition of QST reinforcing steel consists of

a tough martensitic exterior tempered from a hot ductile fepatéte core Figure3.47). Details
regardingthe QST manufacturing process can be found in Se@ti®2 When producing the
Charpy Test sames, the hardempered martensite exterior of the QST steel was milled down.

Therefore, the Charpy test results are only characteristic of the ductile peitiée interior.

(b)

Figure 3.3 Failure Modes of Charpy Impact Test: (a) Typical Fracture, Flat PjghpQST Fracture,
Jagged Surface / Shear Lips

Theresults from the Charpy Impact Test correlated tdrdmture surfacesf the different
manufacturing process. For example, Wen thehardtempered martensite exteriof QST steel
becomeslamaged after multiple cycles high bending strainguring the BBT or Cyclic testhe
failure is morerepresentative of thauctile ferrite-pearlite interiorcore.For these brittle failures,
the failure surface of the QST reinforcing steel was diagonal with jagged sheidie .18
(b)), similar to the QST Charpy sampkegure 3.3 (b). In addition, the MA reinforcing steel
exhibited a straight flat surface for the brifddures Figure3.18(c)) observed in BBT and Cycle,
similar to the MA Charpy failurefrigure 3.3 (a). Similar fracturesurfacedor the MA and QST

steelwere also exhibitedtthe column member levehs shown idrigure3.4.
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(b)

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

I n terms of measuri ng tapaeitylbetier pglotmance inghea er gy
base material through the Charpy Impact Test didlmettly correlate to the performance of the
steelonthe material level (BBT test and Cyclic tests) @melcolumn member level. Due to these
reasons, further Charpy Impacesting of the different types ofreinforcing steel was not

conducted.
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3.2Reinforcing BarTests

Thereinforcing bartesting will focus on the reinforcing steel shownTable3.1 used in
the 12 column tes{@ able4.1) summarized irfChapter 4 The longitudinal steel consssif seven
rebar heats, varying steel msjllbar size, bar geometries, and manufacturing procesghs.
versionof reinforcing steel foeach millincludes previous heats of steet.g.,Mill 1 V1 #6, Mill
2 V1 #6, and Mill 3 V1 #6)hat weretested in Grade 8ColumnTests conductely Barcley and

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

Table3.1 Summary of the Longitudinal Reinforcing Steel used in Column Test

Mill  Version Type Bar Size  Abbreviation Phase Column Test
2 2 MA #6 Mill 2 V2 #6 1 1,3, 5
3 2 QST #6 Mill 3 V2 #6 1 2,4,6
1 1 MA H#T Mill 1 V2 #6 2 7
3 1 QST #7 Mill 3 V3 #6 2 8
1 2 MA #6 Mill 1 #6 2 9
3 3 QST #6 Mill 3 #7 3 10
1 1 MA - Smooth H#T Mill 1 #7 SM 3 11, 12

The reinforcing steel from Mill 1 and @as produced with a micralloying (MA)
manufacturing prcess, and the bars were designa®d706. The A706 classification requires
that reinforcing steel meet a minimum ultimate tension stressl/yield stress (T/Y) ratio [#2].25
The steel from Mill 3 used a quenahdself-tempered QST) manufacturing processyhich is
typically characterized by a lower T/Y ratiDue to the quenching manufacturing process, the
specificT/Y ratio is difficult to tailor sothe barsveredesignedas A615 Althoughit should be
noted thatll batches of QST stealet the minimum T/Y ratio requirement of 1,2& shown in
Table3.1.

Il n addition, materi al tests TBenoet bohducstec
Column Tests 11 & 1Zonsidered unconventional detailing. These bars were manufactured using

a micrealloy method by rollingthe billets into a smooth round with the diameter of a #7
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reinforcing bar(dia. = 0.87%). The smooth bars were produced from the same steel billets as the
Mill 1 #7 bars.It should be noted that althoug@lest 12 used two types of steel (smooth bar in the
plastic hinge, Mill 1 SM #7 steel, coupled with traditional reinforcing bar, Mill 1 #7, above the
hinge), it will only be associated with Mill 1 SM #7 steel.

Material tests weralsoconducted on the transverse reinforcing steel used itwilge
columntests. The transverse steel consisted of two different heats from Mill 1 of ASTM A706
spirals produced using the mieatioying process, summarized Trable 3.2. Tension tests were

the only material tests conducted on the transverse steel spirals (Seztipn

Table3.2 Summary of the Transverse Reinforcing Steel used in Column Test

Mill  Version Type Bar Size  Abbreviation Phase Column Test
1 1 MA #3 Mill 1 V1 #3 1 1-6
1 2 MA #3 Mill 1 V2 #3 2,3 7-12

The material tests include three tests to quantify the material properties of the reinforcing
steel. First, the stresdrain properties of each steel were aiedi through tension tests. Next,
buckled bar tensile tests were conducted to obtain the range of critical bending strain to compare
to the performance of column tests outlinedimapter 4andChapter 5Lastly, cyclic tests were

conducted to obtain theyclic T/Y ratio o the different manufacturing processes.
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3.2.1Tension Tests

Tension tests were conducted to quantify the sgeas properties of the longitudinal and
transverse steel used in the column tests.td@imgiontests were conducted followirige material
testing standards of ASTM A37@3]. All of the reinforcing bars except for Mill 3 V3 #6,#

81.9 ks) werelargerthanthe Caltransexpected yield strengtbf 85 ksifor Grade 80 steqB]
which followed the recommendations from Overby ef4], shown inTable2.2. However,Mill
3 V3 #6 bars did meet the minimum required yield stress of Grade 80 reinforcing steel.

For each material typd;5 tension tests were conducted, and the ss&am curves were
obtained using@ptotrakLEDs markersas shown irFigure3.5 (a). The bars were instrumented
with 5 LEDs resulting in 4 2 rgauge lengthsThe fracture of the transverse stesid the
longitudinal steel produced frothe MA and QSTmanufacturing progssis shown inFigure3.5
(b) 7 (d). The transverse steelhadyjs haped fracture thatThebWA med al
steelexhibited neckingreducing the area of the fracture location. Conversely, the elongation of

the QSTsteelled to atriangularfracturesurface initiatingat the rib interface.

(d)
Figure 3.5 Photos of the Tension Teéh) Transverse Spiral Instrumentatiofto) Fracture of
Transverse Spiral(c) Fracture ofMA Longitudinal Bar; (d) Fracture oQSTLongitudinal Bar
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A summary of the tensile propes of the longitudinal and transverse steel is shown in
Table3.3 andTable3.4. Thetensile properties of theansverse ste@lere obtained usingtraight
bar samplesin addition, he transverse steel from thihase 1 columns used tensile data from a

previousresearctphaserom Barcley[5].

Table3.3 Tensile Properties dfongitudinalReinforcing Steel

Steel Column Yield Ultimate T/Y
' Test fy (ksi) e, (%) fu (ksi) e, (%) Ratio
Mill 2 V2 #6 1,3.5 87.36 0.287 111.0 0.78 1.27
Mill 3 V2 #6 2,4,6 86.82 0.302 110.2 9.60 1.27
Mill 1 V2 #6 7 86.13 0.288 112.6 9.60 1.31
Mill 3 V3 #6 8 81.87 0.281 103.0 9.73 1.26
Mill 1 #7 9 86.16 0.299 113.1 9.90 1.31
Mill 3 #7 10 89.00 0.315 113.4 8.62 1.28
Mill 1 SM #T7 11, 12 92.82 0.279 123.2 10.1 1.33
Table3.4 Tensile Properties of Transverse Reinforcing Steel
Steel Column Yield Ultimate T/Y
B Test [y (ksi) e, (%) Ju (ksi) =, (%) Ratio
Mill 1 V1 #3 1-6 79.00 0.480 117.0 7.60 1.48
Mill 1 V2 #3 7-12 88.14 0.470 125.6 9.45 1.43

Longitudinal Reinforcing Steel

The stressstrain results from the tension tests for each andtlivided intothecolumn test
phasedound inTable4.1: Phase 1Rigure3.6), Phase 2Rigure3.7), and Phase 3{gure3.8). In
each figure,lte average stresdrain curvdrom the4-gauge wasplottedfor each tesand labeled
asTestli 5. The average stresdrain curveof all the testobtained foreach remforcing steel
type islabeled as theModelncurve. TheModel curve forll severiongitudinalbar typess shown
in Figure3.9.

The reinforcing steel has a wide variety of strgtsain behavior ranging frothe smallest
yield stress, Mill 1 V3 #6to the largest, Mill 1 SM #7t should be noted that the smoothdar

Mill 1 SM #7, were produced from the same steel billets as the Mill 1 V2 #7 bars, although, as
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seen inTable3.3, the yield strength was higher disesmooth geometry. In addition, Mill 1 V2 #6

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

as shown irFigure3.9.
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Figure 3.6 Phase 1: Longitudinal Steel StreSgrain Curves
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Figure 3.7 Phase 2: Longitudinal Steel StreSgain Curves(a) Mill 1 V2 #6 (MA, Column Test;7)
(b) Mill 3 V3 #6 (QST, Column Test; &) Mill 1 #7 (MA,Column Test 9)(d) Mill 3 #7 (QST, Column
Test 10)
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Figure 3.9 Longitudinal Steel StresStrain Curves for Column Testi 12

Themanufacturing process of reinforcing steel can influence the yield plateau of the stress

strain curvePrevious studies have found that str&tsain curves of QST steel have a longer yield

plateauhanMA steel[6]. FromFigure3.10, the orangeurvesrepresent MA steeWhile the blue
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curvesrepresent QST stedixcluding the#7 QST barsthe QST had a longer yield gau.The

yield plateau of QST stealill be further investigated to see ifithpactsthe spread of plasticity

of thecolumn tests in Sectiof® 9.5
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Figure 3.10 Comparison of Yield Plateau of MA and QST Longitudinal Steel
Another critical aspect of reinforcing steel is the T/Y ratio. The T/Y ratio of each
reinforcing steel was plotted up to ultimate stress (T) for the seven types of reinforcing steel, as
shown inFigure3.11. This ratio is important because h8TM A706requirement limitshe T/Y
ratio to 1.25. In addition, QST steel is known to have a lower T/Y, wdainhestrictthe steefrom
becoming classified a&706 steel.In this study, he QST T/Y ratio ranged from 1.26 to 1.28.
Conversely, the T/Y ratio of the MA steel ranged from 1.2731. The smooth bars, manufactured
using the MA process, had the highest T/Y ratio of 1A3®&ore detailed discussion of the T/Y

ratio is outlined in Sectiod.3.2
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Figure 3.11 Comparison of T/Y Ratio of Longitudinal Steel

The last parameter that can be compared to the tensile properties of the reinforcing steel is
uniform elongatiormeasured as a % elongation o8anches. The results fordlseven types of
reinforcing steel used in the column sete shown iMTable3.5. The ASTM A706 requirements
specify a lower % elongation for Grade 80 steel as a minimum of 12% fo##B bar sizes
compared to the Grade 60 requirements of 14% for#8bar sizes and2% for #7- #11. The
impact of uniform elongation was an important difference between Phases 1 and 2 steel.
Specifically, Mill 3 V3 #6 increased uniformed elongatiori$%6 compared td3% in Mill 3 V2

#6.
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Table3.5 Elongation in &jof Grade 80 Steel

Steel Column Test Manufacturing Process Elongation in 8”
Mill 2 V2 #6 1.3.5 MA 12.0%
Mill 3 V2 #6 2.4.6 QST 13.0%
Mill 1 V2 #6 7 MA 14.8%
Mill 3 V3 #6 8 QST 15.0%
NMill 1 #£7 9 MA 14.1%
Nill 3 #£7 10 QST 14.0%
Mill 1 SN #7 11, 12 MA 14.1%

Transverse Reinforcing Steel

The transverse steel was instrumenigith Optotrak LEDs to measure strainsingthe
same method as the longitudinal bdansa previous research phase, Barcley conducted tension
tests to obtain the properties of the Phase 1 spiral (Mill 1 VI5¥3For the Phase 2 & 3 spiral,
four tensiontests were conducted, and the average ssteasm curve was obtained for all the
tension tests lalbed as thelModelnjcurve.

The transverse steel hadclearindicationbetween elastic and plastic behavior. Since the
curve lacks gield plateay the offset methodiasused to determine the yield str§&3]. A parallel
line to the initial yield line of the stresdrain curve was potted at a 0.2% offset strain to obtain the
yield stress, as shown Figure 3.12 (b) for Phases 2 & 3A similar method for the Phase 1
transverse steel was used to obtainyibll stress from the stressrain curves irrigure3.12 (a).
The yield strength of the spirals was 79 ksi, slightly under the ASTM A706 minimum yield
strength for Grade 80 steel of 80 ksi.

A comparison of the transverse reinforcing steel used in Phases 1, 2, and 3 can be found in
Figure 3.13. The yield strength between the two types of transverse steel was significantly
different. The Phase kpiral (Mill 1 V1 #3) had alower yield strength of 794 compared tohe

Phase & 3 spiral(Mill 1 V2 #3) yield strength 088 ksi.During a column test, laigherstrength
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spiral can bebeneficialfor the confinement of the concrete core and redtidithe longitudinal
bars from bucklingThere will be further discussion on the impact of spiral yield strength on the

Column Test results in Secti@m.4
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Figure 3.12 Transverse Steel StreS¢rain Curves
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Figure 3.13 Transverse Steel StreSs¢rain Curves for Column Testi 12

Tensile Properties o€omparisonGrade 60Steel

This research aimto compare the performance of Grade 80 reinforcing steel with Grade
60 reinforcing steel. Each column test matched tmeesdetailing or strength of a Grade 60
comparison column tested by Goodni¢ib®]. The comparison Grade 60 reinforcing steak
divided into two heats for both the longitudinal and transverse, gtbiedh will be referred to as
Grade 60 V1 and V2. The propertie$ the Grade 60 steelrea summarized inTable 3.6

(longitudinalbars)andTable3.7 (transverse steel).

Table3.6 Tensile Properties of Comparison Grade 60 Longitudiainforcing Steel

Steel Grade 80 Yield Ultimate T/Y
' Test fy (ksi) &, (%) fu (ksi) &, (%) Ratio
srade 60 V1 #6 1,2,5-8 68.1 0.25 92.4 12.1 1.36
srade 60 V2 #6 3,4 68.7 0.24 93.7 11.8 1.36

Grade 60 #8 9-12 70.5 0.24 97.7 10.9 1.39
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Table3.7 Tensile Properties of Comparison Grade 60 Transverse Reinforcing Steel

Steel Grade 80 Yield Ultimate . T/Y

Test fy (ksi) =, (%) Ju (ksi) &, (%) Ratio

Grade 60 V1 #3 1,2,5-8 65.6 0.47 100.0 11.8 1.52
Grade 60 V2 #3 3.4,9-12 63.9 0.43 95.20 11.3 1.49

The stresstrain properties of the Grade 60 test were plotted with the Grade 80 tests for
each comparison column set. The figures are outlinéthase in Figure3.14 andPhase & 3
in Figure3.15 (a) and (b), respectively. In addition, the results comparing the transverse steel for
the Grade 60 and Grade 80 tesis be found ifrigure3.16. The yield strength of Grade 80 steel
was 20i 32% higher thn the Grade 60 longitudinal steel. Compared to the Grade 60 steel, the

Grade 80 transverse steel was Z21% higher for Phase 1 and 338% higher for Phases 2 & 3.

‘120 T T T T T T T T T T T T
100 e |
5 /. |

Mill 2 V2 #6
B0 3 V2 #6

Stress (ksi)
2

40 B Grade 60 V1 #6 1
Grade 60 V2 #6
20 :
0 1 1 1 I 1 1 1
0 002 004 006 008 0.1 012 014

Strain (in/in)

Figure 3.14 Phase 1: Comparison of Longitudinal Steel St®ssin Curves for Testsi16, Grade 60
V1 & V2 #6 vsMill 2 V2 #6 & Mill 3 V2 #6
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3.2.2Buckled Bar Tension Tests

The Buckled Bar Tension (BBT) tests aim sbudy the posbuckling behaviorof the
reinforcing steelThe BBT test is designed to replicdke reverse tensicsompression loading
on a longitudinal reinforcing bar during a cyclic column .tést summarized irfChapter 2 the
BBT test was initially developed to investigate the causes of early bar fracture of Grade 80
reinforcing steetompared to Grade 60 reinforcing sti@etolumn tests conducted by Barc[&y.

In addition, he BBT test can be used to understdradtrain distribution of a buckled bar.

During a BBT test, dar specimen is loaded in compression um&ersal testing machine
(UTM) to aspecifiedbuckled curvature and then pulled in tension until fracture, as shown in
Figure3.17 (a). The fracture surfade recorded as either a ductile or brittle failure. The bar will
experience a brittle failure upon tension loading if buckled to a high enough curvabure.
example the curvature loading sequence for a brittle failure is shoviaigure3.17 (b), while a
ductile failure is shown ifrigure3.17 (c). In addition,Figure3.17 (d) shows a ductile curvature

loading sequence of a smooth bar.
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Figure 3.17 Loading Sequence 8BT Test(a) Conceptual5]; (b) Ductile; (c)Brittle; (d) Ductile
Smooth Bar

Typical characteristics of ductile failuressult in rebar straightening and necking at
fracture similar to a direct tension test. A brittle failure results in little to no elongation of the bar.
The steel manufacturing procesfiuences the appearance of ductile and brittle fractéiigare
3.18 (a) shows a typical ductile fracture of MA steel where the necking reducesethef the
fracture location. In contrast, a brittle failure for MA steel results in a flat fracture surface, as seen
in Figure3.18 (b). A ductile falure of QST steel has @deandiagonalshearsurface as shown in
Figure 3.18 (c). In contrast, ebrittle failure of QST steelhasa jagged diagonaturface and

occasionally visible compression cracks at the rib inteffaeseen ikigure3.18 (d). Figure3.19
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includes reinforcing steelfter BBT testson MA, QST, andsmoothsteelsortedfrom ductile to

brittle.

(a) MA Ductile (c) QST Ductile (d) QST Brittle
Figure 3.18 Reinforcing Steahfter BBT TestDuctile and BrittleFractures

(@)  (b)

Figure 3.19 Rebar Fracturesifter BBT Tests frorDuctile to Brittle (a) MA Steel; (b) QST Steel; (c)
Smooth Bars

During the test, each specimen was instrumented with seven LED markers on the
reinforcing steel and two on the UTM grips, as showhigure3.20 (a). Thebending strain- ,
is initially estimatediuring the tesby a prescribed displacemebt , usingthe relationship of

bar length over bar diametéj,Q , and bending sain, shown inEquatiorB.1. TheY equation
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is calculated fronthe polynomialfit through 133 material testgonducted in a previous study by

Barcley et al[11].

0 _ 0 ) Equation3.1
Yy 8T W (pQ— T® C ('?)— T81 0 p

The bar's position throughout the test is measured through a 3D optical measuring system
of LEDs. A fourthrorder polynomial was used to approximate the bar position from the seven LED
markersThe LED sensotgluedtot h e b ar @esordthaipositia atthe, center of the LED.

The measured LED positidthen must be corrected to the longitudinal bar's neutral axis (N#)
LED sensors were locatédLnjfrom the bar surfageccounting for the depth of the gléedding

this 0.1ndepthto half of the badiameteresulsin acorrecteddistanceof 0.48nfor the#6 bar and
0.54njfor the #7 bar. Thenitial LED position was correetl by moving theeED datato the

correcteddistance(0.48njor 054n) along a slope perpendicular to the tangent ofdeth-order
polynomial The initial LED position with the corrected neutral axis positioshiswn inFigure
3.20(b).

The resulting rebar displacetiape is differentiated twice to calculate the buckimyced
curvature on the bar cresection, as shown irigure3.20 (b) and (c).The EulerBernoulli beam
theory equationvas used to calculate the curvafugein Equation3.2 using the bar positiorn
[24]. Thedeformation of the baat maximum curvaturs small so the approximate solution for
theslope of the bar positias found using the methodology from Barcley e{Hl], by assuming
that'Q j 'Q &< 1. Therefore, the bar curvature can be approxithasethe second derivative of

the position functionshownin Equation3.3
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Figure 3.20 (a) BBT Instrumentation; LED Data from BBT T.g&f) LED Paosition on Buckled Bacc)
Curvature

Themaximumbending strairof the longitudinal bar , can be calculated usirgpuation
3.4. The equation assumes a uniform cyesstion and the maximum bending strain due to

curvature idocated at the neural axis at half of the thameterA .

. 8 Equation3.4
C

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

ngritical bending straimat the transition ohductile and brittle failur¢Section2.1.2). Correlation
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betweenthe experimental results found that when the bar surpassed this critical bending strain
(- ) in compression, it wdd likely result in a brittle fracture upon reverse tensile loadisy.
outlined inChapter 2the- of column tests conducted by Barcley wéyend to match the

of BBT tests on the same reinforcing steel in the column[testsTherefore, his parameter could
effectively estimate theeinforcing steel's expected performamte reverse cyclic column test
Furthermore, the ductile and brittle failure modes can be compared by plotting each failure's strain

strain curvesas shown irFigure3.21.
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Figure 3.21 StressStrainCurve: Ductile vs. Brittle Failure Mode

A total of 103BBT tests were conductdmm the seven reinforcing stegpesused in the
column tes{Table3.1). Foreachreinforcing steel bar type, 1315 samplesveretested by varyig
bar curvatures tquantifythe- range.The bending strairg , was calculated for each bar and
plotted against thaxial strain amaximumstressr , at fractureln some cases, the bar wss

buckledthat itfractured before reaching tension stresses  wastaken as 0.
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The results for the BBT tests are presented for each reinforcing steel and dividée into
Phase$ound inTable4.1: Phase 1Kigure3.22), Phase 2Kigure3.23), and Phase F{gure3.24).
The range of for each reinforcing steel simmarizedn Table3.8. In addition, the size adach
range is shown to indicate the largerange of#6 QST steel (Mill 3) correlating to a more gradual

lossof elongation.

Table3.8 Summary of BBT Test Results

Column Manutacturing Critical Bending

Steel Ace,,.
Test Process Strain. .. Range

NE 2 V2 #6 . 3.5 MA 0.15—0.18 0.04
N 3 V2 #6 2.4, 6 QST 0.13 —0.24 0.11
NIl 1 V2 #6 7 MA 0.11 — 0.14 0.03
NAIL 3 V3 #6 8 QST 0.10 —0.25 0.15
Mill 1 #7 9 MA 0.16 — 0.21 0.05
Mill 3 #7 10 QST 0.13 — 0.16 0.03

NMill 1T SN #7 11. 12 NMA 0.29 — 0.35 0.05




0.14
2 012
w
w0
[xh])
= 01
]
= 008
=
=
= 006
2
[4n]

2 004
fan]
—
———
]
= 002
2
=
0
0

0.14
S 012
7 7]

7]
Q
= 01
(o )]
= 008
i
@
= 006
-
[an]
2 004
fan]
1
-2
w2
= 002
o
=
0
0.

Figure 3.22 Phase 1: BBT Test Results of Longitudinal Steel

Range of Critical Bending Strain

T T T T T T T T T T T
. . |
| 4
. -
- [ |
Mill 2 V2 #6 1
- . 4
= 1
L |
]
: : — . i = -
12 0.14 0.16 0.18 0.2 0.22 0.24
Maximum Bending Strain (in/in)
() Mill 2 V2 #6 (MA, Column Tests 1, 3, 5)
Range of Critical Bending Strain
u T u T u T u T u T u T T
C [
]
] - |
- . .
. 1
r [
u 4
- Mill 3 V2 #6 "
] ]
N H N
12 0.14 0.16 0.18 0.2 0.22 0.24 0.26

Maximum Bending Strain (in/in)

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

56



57

Figure 3.23 Phase 2: BBT Test Results of Longitudinal S{@@IMill 1 V2 #6 (MA, Column Test;7)
(b) Mill 3 V3 #6 (QST, Column Test; &) Mill 1 #7 (MA, Column Test 9§d) Mill 3 #7 (QST, Column
Test 10)
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Range of Critical Bending Strain
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Figure 3.24 Phase 3: BBT Test Results of Longitudinal Steel, Mill 1 #7 Smooth Bar (MA, Coluisin Test
11 & 12)

The BBT test results for thHengitudinalsteel used in Column Tiss1li 10 are shown in
Figure3.25. Mill 1 V2 #6 had the lowest of 0.117 0.14, while Mill 3 V3 #6 had the highest
- andwidestrange of 0.1 0.25 The axial strain at maximum stress Ritase ZMill 1 V2 #6,
Mill 1 #7, Mill 3 #7,andMill 3 V3 #6) washigher for bars subjected to low bending stréthgtile
failure mode) The ductile- rangedfrom 0.137 0.15 for Phase 2compared t@®.17 0.12for

Phase 1
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Figure 3.25 Phase 1 & 2 Comparison: BBT Test Results of Longitudinal Steel for Colunsi Tekd
The column tests were reinforced with two different types of steel, MA and QST. The

columns were identically detailed and subjedtethe same displacement load history and axial
load. The BBT result®r eachtype of reinforcing stealan be compareidr Phase 1Kigure3.26)

and Phase 2Fgure 3.27). One noticeablecharacteristic ofsteel produced with th&ST
manufacturing process thelargerrange of , represered byY- in Table3.8. In addition, he
larger range o¥/- correlates to the reinforcing steel withanderyield plateaun the stress
strain curves found ifrigure3.10. The larger diametet7 QST bar had a yield plateau similar to
the length oMA steel, resulting in a small-  of 0.03 compared to 0.110.150f the #6QST

steelwith a longer yield plateau
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Figure 3.27 Phase 2 Comparison: BBT Test Results of Longitudinal Steel for Colunsiy Tels2

As discussed in Sectidhl.2 the rebar geometry significlly contributes to the bending

strain capacity of reinforcing steel. Therefazelumns reinforced with Grade 80 smooth bar are

testedn Phase 3 (Tests 11 & L raditional rebar with ribs can form stress concentrations at the
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rib interface, leading to smaller . Smooth barcan reach higher then traditional rebar with
ribs because they do not have these stress concentrdt@BBT test results oftte traditional
rebar with ribs(Mill 1 #7) and smooth baiMill 1 SM #7) are shown ifrigure3.28. Both types of
reinforcing steel are made up of tlzerse base material, the only difference beindgtdrgeometry.
Removing the stress concentragofrom the ribs increase the bending strain capacity

substantidy from a- range 0f0.167 0.21for the ribbed bato 0.291 0.35for the smooth bar.
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Figure 3.28 Phase 3 Comparison: BBT Test Results of Longitudinal Steel for Column Tests 11 & 12
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Next, the BBT Test results different barsizediametes can be comparedtor example,
Mill 1 V2 #6 and Mill 1 #7 had similar stresgtrain curvesincethey were produced witihhe same
base materialas shown ifrigure3.29. The results of Mill 1 BB tests can be comparedRigure
3.30(a). Althoughthe tension tests were simildéhgMill 1 BBT tessresultedn a range of  of
0.117 0.14 for the #6 bar compared to 0116.21 for the #7 bar. This difference may be due to
the larger r/h 0.4 forthe #7 bar compared 109 for the#6 bar(Table3.15). The impact of rebar
geometry will be further discussed in Secti®8.1 The BBT test results for the QST steel of
different bar sizes (#6 and #7) are showRigure3.30(b). The #7 bar had a small® of 0.03
compared td.15for the #6 bars This difference iY- was discussed above and correlates to

differences irtheyield plateawf the stresstrain curves
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100 | .
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20 .

0 L | 1 | L | L | L L L | !
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Figure 3.29 Mill 1 StressStrain Curve®f Longitudinal Steel
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Figure 3.30 Comparison of BBT Test Results of Different Bar Sizes (#6 vs. #7)
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Comparison toGrade 80 Steel anGrade 60Steel

Theresultspresented in the previous section pagt of an extensive study on the seismic
performance of Grade 80 steminductedat NC State. As outlined in the literature review, eight
column tests reimirced with Grade 80 steel from Mill 1, 2, and/8re conducted by Barcley (LB)
and Manhard (RM]5], [6]. BBT testawvere conducted on the@eereinforcing steel types: Mill
1 V1, Mill 2 V1, and Mill 3V 1. In addition, Barcley conducted BBT tests on Grade 60 steel from
the samemanufacturer athe aiginal Grade 60 comparison colusib]. The range of from
the BBT results of the previous versions of Grade 80 steel and the Grade 60 congbaeisan
be found inTable3.9. In addition, theé/- range is shown in the table indicating that Mill 3, V1,
the QST steel had a largér of 0.13 compared to 0.020.05 of the MA steel. This long&k

is correlated to a more gradual loss of elongation.

Table3.9 Summary of BBT Test ResultoéviousGrade60 & Grade80 Steel

Column NManufacturing Critical Bending
Steel ) AN
Test Process Strain, £.., Range
Mill1 V1 #6 1-4(LB) MA 0.10 — 0.12 0.02
NMill 3 V1 #6 1, 3 (RM) QST 0.13 — 0.25 0.13
NMill 2 V1 #6 2, 4 (RM) MA 0.16 — 0.21 0.05
Grade 60 #6 - MA 0.15 - 0.17 0.02

The BBT test results for each Grade 80 manufacturer are shdvigure3.31. The Mill
1 results were similar, except Mill 1 V2 had a higher range obf 0.111 0.14 compared to 0.1
T 0.12 for Mill 1 V1. For MIl 2, Version 1 has a higher range of bending strain of 0.0&1
compared to Version 2 of 0.15.18. In addition, Mill 2 V2 had a largexial strain at maximum
stressFor Mill 3, produced with the QST process, there were three versions of #aldeasira
alargeyY- of 0.13, 0.11, and 0.15 for V1, V2, and V3, respectively. Mill 3 V3 also had slightly

higher axial stress at maximum stress
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Figure 3.31 Comparison of All Versions of Grade 80 Reinforcing SaeMill 1; (b) Mill 2; (c) Mill 3
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The BBT test results of the Grade 80 steel in Column Tiedlcan be compared to Grade
60 steel inFigure3.32. Thefigure also shows theorresponding T/Y rat®of each type of steel,
with the largest T/Y being 1.36 (Grade 60) and the smallest being 1.26 (Mill 3 V3 #6). The axial

strain at maximum stress is lower for the Grade 60 steel than the Grade 80 reinforcing steel.
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Figure 3.32 Comparison of Grade 80 vs. Grade 60 Reinforcing Steel
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Barcley et al. developeBquation3.1 to simplify the ability to conduct the BBT test

without optical instrumentatiofi1]. The original egation was based on 103 tests, and the BBT
tests conducted in this section more than double the database of experimental data. The new
database only includes traditional reinforcing steel (with ribs) and includes tests outside this
section's scope. The akidisplacement of the experiments of the new database (228 tests) can be
compared to the predicté&djuation3.1, shown inFigure3.33. Equation3.1 matches well with the

new database with a 2@2overprediction of the experimental valul@ addition, the black line

shows a perfect correlation between the experimental and predicted displacenstasldl be

noted that the range 6f Q of 8 to 16, 80% of the database is betweebjdd range of 8§ 10.5.
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As mentioned in Sectiod 1.2 the BBT results correlate well with column tests, and it was
concluded that the material tests could indicate column performance. The relationship between the
performance of the reinforcing steel in the BBT test and the reverse cyclic columis liesited
to four column testdy Barcley[5]. An extensive database of BBT results from the Grade 80
reinforcing steel will be compared to the performance of the 12-gta8s column tests outlined
in Chapter andChapter 5The correlation between the BBT test results and bending strain from

column tests wilbe further discussed in Secti6riQ
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3.2.3Cyclic Tests

Cyclic tests were conducted to explore differences in cyclic behavior due to lower T/Y
ratios, typical due to th€@ST manufacturing procesBuring the cyclictests, reinforcing steel
specimens were subjected to cyclic loading similar to the load history of a column test. Seven
samples representing the seven typeeeinforcing steelised in theColumn TestgTable 3.1)
were testedindercyclic loading The specimens were each instrumented with a Tokyo Measuring
Instruments Lab. postield strain gaug€Type: YEFLAB-5-5LJCT-F) with an average gauge
length d 2njvarying as 2.6Q for a #6 baand 2.2% for a #7 bar. Tespacing matched the clear
spacing of the transverse steel durihg column test. Photos of the instrumentation and clear

distance of the cyclic tests can be founéigure3.34.

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

Thecyclic loading protocol was strain controlled and followed a Huyse set of stras
replicatingthe strains of aolumn test conducted by Manhdéd. The cyclic tests were conducted
in a MTS Universal Testiniylachine following the loading protocol foundTiable3.10. Thetest
was concluded after completing tliading protocol of 36 cyclesr whenbar fracture occurred.

A data acquisition system monitored the strain throughout the test to ensure ¢tbhatabidoading
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protocol was followedIn addition, he load historyapplied a smallvalue of compression strain
( 1 /y)3ftetleach tension cycle. The compression strain is low to prevent the occurréace of

buckling.

Table3.10 Cyclic Test Strain Loading Protocol

3-Cycle Set Load Cycle Strain (in/in)

- +ey 0.0033
} —&y —0.0033
o +3e, 0.0099
o —35y —0.0011
y 45z, 0.0165
3 1. 0.0011
—1le, _0.
N +8z, 0.0264
4 1_ 0.0011
~3-v -
+11e, 0.0363
o 1 0.0011
—le, _o.
, +14e, 0.0462
6 1. 0.0011
~ 37 -

The objective othe cyclictests is to understand the cyclic deterioratiothefdifferent
types of reinforcing steeln addition, previous tests by Manhard found tt@timns reinforced
with QST steelhad lesstrainhardening when comparéal columns reinforced witNA steel[6].
The cyclic load historngppliedwas the same faach material testnd wassimilar to a 3cycle set
of quastistatic colunm tests Thecyclic test results of eaaleinforcing steetan be found iffable
3.11 It should be noted that tfi@/Y r a t showmin the table is the ultimatnsionstresslivided

by yield stress,, , from the tension tests in Secti@®.1 In addition, he,, represents the

maximum stress of each cycle, and the j, is theficyclic stresgatiod of that cycle.



Table3.11 Cyclic Tests Results

Steel Column T/Y Load Max. Stress Tmax/ Oy Last Full
Tests Ratio Cycle Tmax | ks1) Ratio Loop
1 7H.36 0.56
C2 81.65 0.94
Mall 2 ) _ C3 87.90 1.01 ,
V2 46 1,3,5 127 c4 95 73 1.10 ©6, 3rd
ChH 100.6 1.15
C6 103.7 1.19
1 66.92 0.77
2 T74.97 0.36
Nall 3 _ C3 £0.61 093 ,
V2 46 2,4.6 127 C4 26.90 1.00 C6, 3rd
ChH 090.18 1.04
B 0213 1.06
1 69.30 0.51
C2 83.73 0.97
Mall 1 - 3 01.38 1.06 ,
V2 46 : 1.31 c4 100.1 1.16 C6, 3rd
CbH 105.7 1.23
B 109.5 1.27
C1 65.71 0.80
C2 75.60 0.92
Nall 3 C3 81.51 1.00 \
V3 #6 3 1.26 C4 §7.11 1.07 C6, 1st
Ch 02.43 1.13
C6 07.71 1.19
C1 63.98 0.80
Mill 1 C2 85434 0.98
V1 27 0 1.31 C3 03.33 1.08 Ch, 2nd
' C4 102.9 1.19
ChH 1006 1.27
C1 64.58 0.73
Mill 3 C2 £2.60 0.93
V1 47 10 1.27 C3 85.04 1.00 Ch, 2nd
' C4 05.833 1.08
ChH 101.6 1.14
C1 84.32 0.91
Mill 1 C2 90.77 0.98
SM 47 11,12 1.33 3 08.78 1.06 5, Ind
! C4 107.9 1.16

C5 115.4 1.24
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The hardening behavior of tmeinforcing steel is different during a cyclic test compared
to a tension test. This difference in streimin behavior is attributed to the material softening that
occurs when the material is subjected to repeated loads. The cyclic hardening orgsbéieaimor
is directly correlated to the material properties and microstructure of the reinforcing steel. Overall,
the cyclic T/Y ratio increased with each load set. The smaller bar diameter bars (#6) could sustain
more cycles than the #7 bars, and thegtiired a cycle later than the #7 bars (C6 vs. C5). The
cracks that formed at the rib interface were correlated to a brittle failure. In addition, bar buckling
throughout the test was monitored and observed in the late cycles of the larger diameter #7 bars
After the end of the cyclic test, the bar was pulled in tension until a fracture occurred. The
fracturetype of the reinforcing steel was notetbngwith other tesbbservationsincluding the
last cycle and type of failure modehich can be found imable 3.14. Also, Figure 3.35 shows
photos of representative fracture tgpeen during the testisastly, ie cyclic stresstrain results
for each mill are divided into the column test phases fourichbie 4.1: Phase 1Kigure 3.36),

Phase 2Kigure3.37), and Phase J-{gure3.38).
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Table3.12 Summary of Cyclic Test Observations

Column Last
Steel Process Test Observations
Test Cycle
. Ductile fracture (jagged surface) with
Mill 2 V2 #6 1,3.5 NMA C6, 3rd .
necking. no cracks
Mill 3 V2 46 5. 4. 6 QST 6. 3rd Ductile fracture with necking. no
cracks
. _ Brittle fracture, cracks formed at rib
Mill 1 V2 #6 7 NMA C6, 3rd ]
interface
. Brittle fracture. cracks formed at rib
Mill 3 V3 #6 s QST 6, lst ]
interface
NI 1 47 9 A 5. 2nd Brittle flat fracture, no cracks,
buckling during last cycle
. _ Brittle fracture. cracks formed at rib
Mill 3 #7 10 QST Ch, 2nd ] ) .
interface. buckling during last cycle
) _ Ductile fracture with necking.
NIl 1 SN #7 11, 12 MA C5, 3rd

buckling during last cycle

Figure 3.35 Cyclic Bar Fracture: (a) Tests on #6 bar: (Left to Right: Mill 1 V2, Mill 2 V3, Mill 2 V2,
Mill 3 V2); (b) Cracks at Rib Interface



190 gy gy 3e, Hey 8gy 11g, 14g,
80 .
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=
40 F J
80 F i
Mill 2 V2 #6
_120 i L i 1 i L i L i L i
-0.01 0 0.01 0.02 0.03 0.04 0.05
Strain (in/in)
(@) Mill 2 V2 #6 (MA, Column Tests 1, 3, 5)
190 -Ey £y 3g, 5gy 8e, 11z, 14z,
80 b 1
40 :
=
7 Or i
o
40 F 4
80 F .
Mill 3 V2 #6
-120 " 1 N i " 1 " 1 M 1 2
-0.01 0 0.01 0.02 0.03 0.04 0.05

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

Figure 3.36 Phase 1: Longitudinal Steel Cyclic Stre&isain Curves
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Figure 3.37 Phase 2: Longitudinal Steel Cyclic Str&Sisain Curves(a) Mill 1 V2 #6 (MA, Column
Test 7) (b) Mill 3 V3 #6 (QSTColumn Test 8)(c) Mill 1 #7 (MA, Column Test 9§d) Mill 3 #7 (QST,
Column Test 10)



Stress (ksi)

120
80 F .
40 -
0F i

A0 b 4

-80 F :

Mill 1 V2 #6
7120 1 L L a 1 L L a 1 L
-0.01 0 0.01 0.02 0.03 0.04 0.05
Strain (in/in)
(a) Mill 1 V2 #6 (MA, Column Test 7)

190 -&y Ey Ey he,y 8¢, 11g, 14e,
80 F -
40 .

0F 4

-40 F -

-80 | -
Mill 3 V3 #6

_120 Il i L A Il i L i L i

-0.01 0 0.01 0.02 0.03 0.04 0.05

Strain (in/in)

(b) Mill 3 V3 #6 (QST, Column Test 8)

80



(c) Mill 1 #7 (MA, Column Test 9)

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