ABSTRACT

BOGER, NATASHA. The Evaluation of Minimum AllowabEBend Diameters of Steel
Reinforcing Bars. (Under the direction of Dr. Rud®éracino).

Steel reinforcing bars are a common building matersed every day in construction
worldwide. Many reinforcing bars used on a dailgiban concrete structures are bent. These
bars are expected to pass the ASTM material stdadend are currently bent according to
ACI 318-11 recommendations.

However, in the United States many of these stalsdand design codes have not
been reevaluated in decades. Over the years nmrgiahias changed and higher grades of
steel have entered into the reinforcing bar mavkisb, possible limitations on the
temperature at which reinforcing bars may be bastriot been adequately investigated. All
of the above have led to a need for a comprehensagsessment of minimum allowable
reinforcing bar bend diameters.

In this research project the minimum bend diametes assessed through three
phases of testing. Phase one consisted of teestiag ASTM A615, A706, A955 grade 60
material, A615 grade 75 material, and A1035 grddle This phase of testing was conducted
to verify that the bars meet ASTM tensile propedguirements, and to observe the tensile
stress-strain behavior, including relative dugtilithis data was also compared to existing
CRSI databases of tensile properties to verify thtsamples used in this research project
were representative of what is commercially avadaiy the market. Some bars were
thermally conditioned to cooler temperatures piiotensile testing to investigate the effect

of temperature. Phase two of testing consisteanéling reinforcing bars according to ACI



318-11 recommendations and the relevant ASTM stasdaith the longitudinal rib
orientated both perpendicular and parallel to fhegof the bend. After these reinforcing
bars were bent under typical conditions in a |léahtication plant, they were observed for
cracking.

After the first two phases of testing were compleeveral recommendations were
able to be drawn, including: reinforcing bars skidog bent at ambient temperature above 50
F; reinforcing bars should be bent with the longjit@l rib perpendicular to the plane of
bending; and ACI 318-11 bend recommendations desfsathe types and grades of bars
tested, and CRSI recommendations should be madgstamt with the same.

In the third phase of testing, bent bars of sides4, 6, and 8 of ASTM A615 grade
60 material, and No. 6 of ASTM grade 75 materiatern@ast in concrete blocks of pull out
test specimens to observe the failure modes ofaaadrends of bars. Companion bars were
bent to the smaller ASTM pin diameter and the laAg€l bend diameter. Bars bent to both
requirements preformed with similar results andaléd by fracture of the bars outside the
concrete block. It was concluded that current AC3-31 recommendations remain valid for
minimum allowable bend diameters. Further, sineeréinforcing bars bent to the ASTM
standard preformed similarly to the bars bent &AK| 318-11 recommended bend
diameters in all respects, bend diameters withese¢Himits may be considered to be

acceptable for use in practice.
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Chapter 1.  Introduction

Many modern day structures are constructed ugimarced concrete (RC).
Reinforced concrete utilizes the high compressikength of the concrete along with the
tensile and ductility properties of the internaedtreinforcing.

In many structures high congestion areas as iar€ig-1 exist where reinforcing bars
from columns intersects with bars from girders alatbs. In these critical areas it would be
advantageous to reduce bar congestion by usingitienum possible bend diameter of the
reinforcing bars. This would not only reduce coriges but may also allow for the reduction
in column width. It would be very helpful, to minine congestion, if reinforcing bars could

be bent to smaller bend diameters than currentmaeEndations allow.

Figure 1-1: High Congestion Region



1.1: Project Motivation

A motivation for smaller acceptable minimum bemahakters for reinforcing bars is
ease of manufacturing, by allowing for tolerancéhwi the current standards. The current
American Concrete Institute reinforced concretéding design code (ACI 318-11) states
that minimum bend diameters for No.3 — N0.8 baestatimes the bar diameteg, for 44, if
the reinforcing bar is being used as a stirrufins No.3 - No.5), §dor No.9 - No.11 bars ,
and 10¢ for No.14 — No.18 bars. In the fabrication plare bars are cold bent around a pin
using a pin table, in which each bar is bent irdinailly by an operator as seen in Figure 1-2.
Once the reinforcing bar is delivered to the jdb airepresentative sample is inspected by
material quality control personnel to ensure thatliend of the reinforcing bar meets the
ACI requirements. A factor that affects the finahld diameter is reinforcing bar spring back.
Since ACI 318-11 give the final bend diameter, ilesk fabricator is required to determine

what pin size will yield the desirable bend diamete

Figure 1-2: Pin Table



In the United States there are a few differentfogcing bar standards. This is most
likely a result of the lack of a comprehensive egviof material and mechanical property
requirements in quite some time. Hence, therenisea for reevaluation of current standards.
It may also be found that smaller bend diametensbeaused, reducing congestion and
concrete dimensions due to more efficient detailirgwever, when reassessing reinforcing
bar minimum bend diameter there are matters of maatetegrity that need to be considered.
For example, the bar may not have the capabilityerrig bent to a smaller diameter without
fracture, and due to a tighter bend radius thegiitieof the concrete along the inside of the

bend may be compromised due to higher compressipgsss.

1.2: Experimental Objectives

The primary objective of this study is to reassaggmum bend diameter standards
of steel reinforcing bars. It will be importanteégaluate whether reinforcing bars currently
being produced meet ASTM standards, and to deterihall the current standards and
recommendations can be collectively rolled into andied recommendation.

Another objective of this study is to determinegiinforcing bars can be bent to a
smaller bend diameter. The major concern of benddirgorcing bars to smaller bend
diameters is the high tensile plastic strains tleatelop along the outer edge of the
reinforcing bar bend. If the strain is large enotlglhbar may actually fracture during the
bending process. Or, of greater concern, is therpiad for micro-cracking to develop
reducing the capacity of the bar. The smalleibided diameter, the greater the strain

demand along the outside of the reinforcing bar.



In addition to the potential premature failure raad the reinforcing bar, another
potential premature failure mode associated witidl#iameter is concrete crushing along

the inner radius of the bend diameter, as ideaizédgure 1-3.

Tension
Faorce

I

Figure 1-3: Potential Concrete Crushing Region



1.3: Research Overview

In this study a broad range of commonly availabétenals representative of that
available nationwide, as provided by reinforcing lweanufactures, will be evaluated in a
three phase process to reevaluate reinforcing draat diameters.

The first phase of testing involved testing remafing bars in tension. This phase of
testing was completed for two main purposes. Tits¢ fiiurpose of tensile testing was to
determine the full stress vs. strain behavior efréfinforcing bars. The second purpose of the
tensile test was to verify that samples being @sedepresentative of reinforcing bars being
produced nationwide by comparing the results todtate Reinforcing Steel Institute’s
(CRSI) database.

The second phase of testing included bend teatiagocal fabrication shop. The bars
were bent at the fabrication shop under represeatabnditions. The bent bars were then
evaluated to determine if cracking was present.ddre specimens were also assessed for
roundness and spring back. It is worth noting thatcompanion bars used in these first two
phases of testing came from the same heat to eaalitect comparison.

In the third phase of testing selected bent barewast in concrete block specimens
for a hook pull-out test. This test was used te@takloser look at the concrete- bar
interaction as well as the behavior of the reinfoydar subjected to tensile force after being
bent. In the pull-out test, special attention wa®ig to the concrete along the internal bend
radius to see if crushing occurred. Another indacadf an overly tight bend diameter is a

premature failure of the reinforcing bar in theioegof the bend within the concrete.



However, if the bar fractures outside of the cotecspecimen the bend may be considered

acceptable.

1.4: Thesis Layout

In the following chapter, the literature reviewpaxds more on the background,
previous research, and objectives related to #ssarch. In the third chapter, the first and
second phases of the research are presented,imgchheé experimental program for tensile
test and bend testing, and roundness assessmerthifthchapter also gives the results from
the tensile phase and bend phase of this projéeipt@r 4 includes the testing procedure of
the pull-out test and the resultant outcomes. &kedhapter gives the conclusions in which

final recommendations resulting from this proje@ presented.



Chapter 2.  Literature Review

In the construction of new buildings, bridges, atiter common infrastructure,
reinforced concrete is frequently used. The cortsaetompressive strength and the steel’s
ductility make the two materials a perfect pairwéwoer, one of the common issues related to
using reinforced concrete is congestion of thel steatersections of girders and columns
and at beams and girders. In a significant amotititese congested regions, reinforcing bars
are terminated in either a 96r 180 bend. One of the ways in which the congestion cbeld
reduced, is to allow for a tighter bend diameter.

Before simply allowing tighter bend diameters, lewer, the potential negative
impacts of changing the minimum bend diameter nedx considered. Different metals
have differing chemical compositions which leaddoiable material properties. The
characteristics of a metal in bending are reladeitstchemical composition. The metallurgy
of steel has also changed over the years. Therbd®msa change in the steel reinforcing
industry from using mined iron ore to recycled kt&ébere has since been no significant
investigation as to how reinforcing bars comprisofigecycled steels behave when bent
beyond the elastic strain limit. The effects of pemature also has to be considered when
bending steel because steel is a transition mie&ck, 1958); which implies that as steel
changes from higher to lower temperatures its hehahanges from ductile to brittle. It
would be beneficial if standard properties sucthagensile constitutive behavior are linked

to bendability of metals.



2.1: Material
In the reinforcing steel market, there are severetial types to choose from. Each
metal differs by its chemical and mechanical praopsr Several varieties of reinforcing steel

are available, including black carbon steel, galksah steel, and stainless steels.

2.1.1 :History of Reinforcing Steel

The most widely used material in the reinforcindustry is A615 (2014) steel, which
first became an ASTM standard in 1968. It is usechost common civil infrastructure in
non-seismic areas. Currently, A615 (2014) consittgades 40, 60, 75 and 80. The tensile
constitutive behavior of A615 material usually astsof an elastic region, a well-defined

yield plateau, and a strain hardening region astilated in Figure 2-1(Chaudary, 2009).
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Figure 2-1: Typical Constitutive Model of A615 St¢€haudary, 2009)



A706 (2014) steel entered as an ASTM standar®@14 1This steel was introduced
because of the industry’s desire for reinforcirepkthat could be welded, had a higher
ultimate strain requirement, and more predictadhsite constitutive behavior so that it could
be used in seismic applications. These enhancetdanmal properties are achieved by
altering the metallurgy used in the A615 matedal06 (2014) currently consist of grades 60
and 80. The general shape of the tensile conggtutlationship is like that of the A615
material.

More recently, with the development of higher sgtbrnconcrete, larger-scale
infrastructure, and the need to avoid congestimrethas been an introduction of a higher
strength reinforcing steel in the market. This $@sn the introduction of the A1035 (2013) in
2004, which comparatively has increased the yieltlidtimate stress capacities, however it
comes with lower ultimate strain and ultimate elatgn. A1035 (2103) consists of grades
100 and 120. Typically the constitutive behaviohifh strength steel is round house in
shape with lower ductility than that of A615. Hoveeyvthe use of this product allows for the
reduction of congestion, and the metallurgy is dineth it tends to exhibit better corrosion
resistance (Sharhrooz, 2011).

Corrosion resistance was the driving force forittieoduction of A955 (2013)
stainless in 1996, which has lower carbon conteam that of A615 and much higher
chromium content. The addition of the chromium jdeg protection from corrosion. The
decrease of carbon and increase of chromium colgaas to a highly ductile material with
greater elongation characteristics. In additioitg@orrosion resistance, A955 also has non-

magnetic properties (CRSI Tech Note, 2012). Strat&tainless steel is categorized as



austenitic or duplex. The duplex steel is comprisgfifty percent austenitic steel and fifty
percent ferrite (Nilsson,1992). As steel coolsnitlergoes a microstructure shift from
austenite, to ferrite, then to cementite. Howewath the introduction of alloys the phase
shift can be prevented. The most common type aflets steel used in the reinforcing
industry is austenitic steel. There are also séwgpas of stainless steel within the austenitic
and duplex categories that are denoted by a umiigabering system (UNS). Each of these
stainless steels has different alloys and thewlifarent corrosive resistance and ductility

characteristics. Stainless steel also has a roansehconstitutive relationship.

2.1.2: Tensile Requirements
According to all the ASTM standards referencechm previous section, A615-13, A706-13,
A1035-13, and A955-13, the same procedure is usedetermining yield and ultimate
strength. Yield is defined as the “drop or halt'tié gage during testing if a clear yield
plateau is present. If a clear yield plateau ispmesent then the 0.2% offset method should
be used and the stress at 0.0035 strain shouldalsecorded. Along with the yield and
ultimate stresses, elongation is also a key tepsiperty of the reinforcing steel. In order to
determine elongation, an 8 inch gage length is ethgkior to tensile testing and measured
again after the bar is fractured. The current tenrsgquirements for A615, A706, A955, and

A1035 are summarized in Table 2-1 -

Table 2-4, respectively.
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Table 2-1: Tensile Requirements for ASTM A615 Steel

Grade 40  Grade 60 Grade 75 Grade 80
Tensile Strength, min, psi 60,000 90,000 100,000  5,aa@D
Yield Strength, min, psi 40,000 60,000 75,000 80,00
Elongation in 8 in., min, %
Bar Designation No.

3 11 9 7 7
4,5 12 9 7 7
6 12 9 7 7
7,8 . 8 7 7
9,10,11 - 7 6 6
14,18 - 7 6 6

A Grade 40 bars are only furnished in sizes 3 tHrdug

Table 2-2: Tensile Requirements for ASTM A706 Steel

Grade 60 Grade 80

Tensile Strength, min, p5i 80,000 100,000
Yield Strength, min, psi 60,000 80,000
Yield Strength, max, psi 78,000 98,000

Elongation in 8 in., min, %
Bar Designation No.

3,4,5,6 14 12
7,8,9,10,11 12 12
14,18 10 10
A Tensile Strength shall not be less than 1.25 titmesctual yield
strength
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Table 2-3: Tensile Requirements for ASTM A955 Steel

Grade 60 Grade 75

Tensile Strength, min, psi 90,000 100,000
Yield Strength, min, psi 60,000 75,000
Elongation in 8 in., min, %

Bar Designation No.

3-11,14,18 20 20

Table 2-4: Tensile Requirements for ASTM A1035 Stee

Grade 100 Grade 120

Tensile Strength, min, pSi 150,000 150,000
Yield Strength, min, psi 100,000 120,000
Stress corresponding to an extensior80,000 90,000

under load of 0.0035 in/in, min, psi
Elongation in 8 in., min, %
Bar Designation No.

3-11 7 7
14,18 6 -
A Tensile Strength shall not be less than 1.25 titnesictual yield
strength

The tensile properties of a material are easibirdble experimentally, as seen in

Figure 2-2, by mechanical means. However, as of, tleeve is no direct link of these

standard properties and a material’s ability todoerth high levels of plastic deformation.
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Figure 2-2: Typical Tensile Test Setup

2.1.3: Bend Requirements

Just as there are standardized tensile requireig are also standard bend
requirements for reinforcing steel. In the Unitadt8s there are three documents that provide
recommended bend requirements; the ASTM standasdassed previously, ACI 318
(2011), and the CRSI Design Handbook (2008). Asegrall bars meet the tensile ASTM
requirements, then the bend requirements from GR&IACI should be the same.

There exist some similarities and differences lketwthe ASTM standards, ACI 318,
and CRSI recommendations. ASTM standards are rabgtaindards and have the lowest
minimum bend diameter where for convenience ofrigshinimum pin diameters are
specified, as seen in Figure 2-3. ACI 318 and GR& mmendations are given in terms of

inside bend diameters, as seen in Figure 2-4, sivese bends need to be detailed in
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reinforced concrete and final geometry is importaiable 2-5 - Table 2-8 summarize the
ASTM standard minimum pin diameters for the varietezl types. Similarly, Table 2-9

gives the minimum bend diameters in the current AG3 and CRSI recommendations.

Inside
Bend

Diameter

Figure 2-3: Pin Diameter Figure 2-4: Inside Bend Diameter

Table 2-5: Bend Requirements of ASTM A615 Steel

Bar Designation Pin Diameter for Bend TeSt

Number Grade 40 Grade 60 Grade 75 Grade 80
3,45 3.54 3.5d 5d 5d

6 5d 5d 5d 5d

7,8 5d 5d 5d
9,10,11 7d 7d 7d
14,18 (90) 7d 9d 9d

A Bend test 180unless noted otherwise
Bd = nominal diameter of bar
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Table 2-6: Bend Test Requirements of ASTM A706 [Stee

Bar Designation  Pin Diameter for Bend TeSt

Number Grade 60 Grade 80
3,4,5 3d 3.5d
6,7,8 4d 5d
9,10,11 6d 7d
14,18 8d od

A Bend test 180unless noted otherwise
Bd = nominal diameter of bar

Table 2-7: Bend Requirements of ASTM A955 Steel

Bar Designation  Pin Diameters for Bend Test

Number Grade 60 Grade 75
3,4,5 3.58 3.5d
6,7,8 5d 5d
9,10,11 7d 7d
14,18 (90) 9d od

A Bend test 180unless noted otherwise
Bd = nominal diameter of bar

Table 2-8: Bend Requirements of ASTM A1035 Steel

Bar Designation  Pin Diameters for Bend Test

Number All Grades
3,4,5 3.54
6,7,8 5d
9,10,11 7d
14,18 (90) od

A Bend test 180unless noted otherwise
B d = nominal diameter of bar
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Table 2-9: Minimum Bend Diameters

CRSI ACI
Bar No. Diameter (in.) In Terms of d In Terms of d

3 2.25 6d 6d
4 3 6d 6d
5 3.75 6d 6d
6 4.5 6d 6d
7 5.25 6d 6d
8 6 6d 6d
9 9.5 8.42d 8d
10 10.75 8.46d 8d
11 12 8.51d 8d
14 18.25 10.78d 10d
18 24 10.63d 10d

If nominal bar diameters are inserted into the munn bar diameters in Table 2-9 it
can be seen that ACI 318 and CRSI agree identicaltyinimum bend diameters up to and
including the No. 8 bar. The difference for larger sizes is apparently associated with
spring back.

The ASTM standards require a tighter bend tharAtbeand CRSI recommendations
because it is a material specification. Howevethadesign and construction of reinforced
concrete structures, ACI 318 controls minimum alble bend diameters once referenced in
the local building code. Interestingly, if a betr lis found not to meet the ACI 318
requirement on the construction site, even if atightly, it is typically discarded. This
wastes material and may delay the constructiongsyespecially if the bend diameter is

between that of the ASTM and ACI or CRSI recommdinda. In this case the bar may be

16



considered acceptable if found that microcracksgat present and experimental testing
confirms that concrete crushing within the bend tuleigh compressive stresses will not
occur. Investigating these potential problem aralsg with removing inconsistency is an

objective of this research project.

2.2: Factors Affecting Bendability

Bendability of a reinforcing bar is directly inBaced by how much plastic
deformation the steel material can withstand podracture, as seen in Figure 2-5. Plastic
deformation is directly related to a material’s sttutive behavior. There are several factors
that affect steel’s tensile constitutive behavialuding metallurgy, grade, and temperature.
Steel material consists of different alloys and raaterials that affect the characteristics of
its constitutive relationship. There is also a gaht#end that as the grade of steel is
increased there is a loss of ductility that coelslt in localized failures. Decreased
temperature too has the tendency to decreasessédxlity to deform which is significant to

the bending process.
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Strain Profile
Tension

/ Compression
1

Figure 2-5: Typical Strain Profile of a Bent Bar

2.2.1: Metallurgy

One of the key factors that determine bendahgitshemical composition. The
ASTMs prescribe various limits on chemical compositwhich steel mills must adhere to.
Also, since the 1970’s there has been an increaseycling due to a string of
environmental legislations to protect the Unitedt&’ natural resources and due to its
economic benefits. These environmental legislatamgpled with the economic benefits lead
to use of recycled materials in the rebar industry.

Historically, there have been very few, if anyanbes to the prescribed chemical
composition in ASTM documents. For example, they@hlemical change from the 1979
edition of ASTM A615 to the current edition is &bl increase in maximum allowable
phosphorous content from 0.05% by mass to 0.06#tce&000, ASTM A715 has had not
any changes to its chemical requirements. Withrosgeo ASTM A1035 only one chemical

modification has been made since 2004 where thgerahchromium content was widened
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from 8.0% - 10.0% to 8.0% - 10.9%. And the onlyrapato the chemical composition of the
stainless steel ASTM A955 is that of the maximurogghorous content for one of the six
steel stainless steel types, S31803, from 0.0450:0@%.

Another potential need for reevaluation of berahtkter recommendations comes
from the use of recycled steels. An example of wttae revaluation was necessary is
described in a study conducted by Kankam (2002hérstudy three random mills in Ghana
were selected and stock piled reinforcing bars wested. All of the bars passed the yield
requirements of the Ghana standard, DGS 527, ofVl38. This is comparable to the current
A615 grade 40 in the United States. Chemicallybatk failed the 0.01% phosphorus limit
set by the DGS 527 standard but interestingly woialde passed the A615 limit of 0.05%.
The bars also did not meet the DGS 527 elonga&quirement of 22%, which is
significantly higher than the A615 requirement 884, with average elongations of 9.6,
10.6, and 11.8%. While all of the mills claimedhi@ve met the standard, they apparently did
not. It was recommended after this study to plase&imum yield stress in the standard to
promote better elongation characteristics. Andesglongation is linked to bend
characteristics of the reinforcing bar, this stelpws how crucial it is for continual code

revaluation, due to the use of recycled materials.

2.2.2: Grade of Steel

As time has progressed and technology has advahiggebr strength steel has

entered the market. However, with increased sthetigtre is often a reduction of ductility.
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Since ductility is a key factor in the plastic def@ation that bending requires, higher grades
of steel are at risk of localized strain failures.

Since the original ASTM A615 in 1964 with gradésahd 60, grades 75 and 80 have
been added. More recently, ASTM A1035 was introduegh grades 100 and 120. All of
which have lower minimum elongation values thanAB&5 steel grade 60 but, for the
majority of the bar sizes the same minimum pin aigars are required. And according to
ACI 318-11 and the CRSI Design Handbook (2008)ah&no distinction between grade and
minimum bend diameter at all. Even though thereslzeen individual studies on particular
bars, such as a study conducted by Rizkalla (2@4&)e has not been a comprehensive
reassessment of minimum bend diameters for aleotgrades of steel in the United States.

There was a study conducted by Jarvenpaa (20Bhiand on the correlation of
various structural and nonstructural steels progeeetnd minimum bend radii. It was
concluded that there is a correlation between yg#&elss and minimum bend radius. In this
study like samples, from the same sheet, wereléetesited and bent. It was determined that
yield strength and minimum bend radii have a stnatgtionship. However, this study was
completed on sheet metals using carefully machspedimens and so, although the
conclusions are of interest, they are not direcdpsferrable to the current study on

reinforcing bars.

2.2.3: Temperature

Thermal effects have the potential to play a megte in the bendability of steel

reinforcing bars. Steel is a material which hasragerature range referred to as the ductile to
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brittle transformation zone. This transformatiome@hanges depending on the alloys in the
steel (ASTM A370, 2013).

There are currently no minimum temperature recontgagons at which to bend
reinforcing bars provided by any of the standandseference documents in the United
States. However, if a bend retest is necessametbeant ASTMs mandate that the bend
retest be undertaken at 60or above. The Washington State DOT's (Bab&88)
recommendation based on in-house research sudpgsisg bars at no lower than &5
Similarly, the Canadian Standard Practice: Spetiba 1038 (2013) recommends bending
bars above 56 however; it is not known what this recommendatsbased on. While all of
the above mentioned temperatures are within aaimahge, there is still no standardized
minimum requirement.

Levings (2012), by use of mechanical tensiontigstevaluated the effects of colder
temperatures on yield stress, ultimate stressufiimdate strain of A706 grade 60 materials
with temperatures ranging from &8to -40F. Interestingly, no significant change in
ultimate strain was observed. This implies thatgerature change should also not affect the
bendability of the bar, which is not consistentiwthe recommendation of minimum
temperature limits for bending as described in otb&erences. Overall there is uncertainty

and inconsistency as to the effect of temperatarthe bendability of steel reinforcing bars.

2.3: Methodology
Addressing the inconsistencies in bend requiresnacrioss documents within the

United States has the potential to be a cumbersaske especially when considering the
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potential regional or local differences in metaiiyrthe introduction of higher grade steel
over the years, and the potential effect of cotderperature on the reinforcing bar bending
process.

In the reassessment of bend requirements witleitUthited States it is key to consider
as many grades, bar sizes, heats, and temperatipassible to obtain a representative
sample. For example, the New Zealand Standard (R@3) has continuously reassessed its
requirements for minimum bend diameter for reinifogdars In the 1970’s when grade 55
entered into the market a revaluation of bend diamsevas conducted which lead to an
increase in minimum bend diameters. However, duhémge in micro-alloy metallurgy in
1995 another revaluation was conducted and a tidpeted diameter was deemed acceptable.
In 2001 grade 70 entered into the market and shaftiér concerns were raised as to its
bendability and temperature effects. A study was ttonducted (Hopkins, 2008) to
determine if bend diameter changes needed to be.riiae bars were tested over
temperatures ranging from 30to -22F over a range of 2 to 6 bar diameters. It was
concluded that bars were safely able to be bahiediZS B101 standard of 5 or 6 bar
diameters, depending on bar size. However, thistimagesult of testing only one grade of
steel and no tensile testing was completed to cemgiht the study. Hence, there is no way

to link bendability to appropriate tensile charaistecs.

2.3.1: Pull-Out Testing
Two primary experimental methods are typicallycduseevaluate the performance of

bent bars cast in concrete. One of which consfstei@ closed hoop bent with two concrete
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blocks as depicted by Figure 2-6 (Rizkalla et.2004). The other is a hooked bar pull out

test as shown by

Figure 2-7 (Harries et. al., 2010). Both the closedp method and the hooked pull out test

evaluate the effectiveness of a bent reinforcingroaoncrete.

BarSplice anchor|
load cell

hallow-core 108"
hydraulic ram | 2

ancholed
to flopr

12 T'T'jW—']'—Je"us"'
Figure 2-6: Closed Hoop Test Figure 2-7: Hooked Pull Out Test
(Rizkalla et. al., 2004) (Harries et. al., 2010)

However, in regards to the close hoop test thexaygically areas of debonded bar so
that solely the effects of bending on the reinfogdbar could be observed. The stress-strain
data on the straight sections of reinforcing barenben able to be compared to that of direct
tension tests. Data showed that fracture of theobaurs near the start of the bend in the
debonded block.

In the hooked pull out test not only is the bendldy of the reinforcing bar able to

be observed but the bond between the concretetaeldsalso evaluated. In this test setup
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the overall anchorage of the reinforcing bar isi8orzed. This test setup is representative of

common anchorage situations.

2.4: Conclusion

Since the earliest ASTM A615 standard in 1964dteve been many changes in
steel reinforcing bars. The metallurgy of reinfagcbar, for various applications, has been
altered. By adjusting the percentage of alloysyyoadding additional alloys, there are higher
grade and corrosion resistant materials. The mecdlgmroperties of the reinforcing bar have
also changed. All of which may also influence teadmability of the bar.

The temperature at which a bar is bent may afsetathe bendability. When
transitioning from warmer to cooler environmenigtdundergo a ductile to brittle
transformation. Since extensive plastic deformatiocurs during the bending process, brittle
behavior can cause premature fracture of the nedimfg bar.

There are many factors that affect the bendallityeinforcing bars and there are
currently several recommendations in the UnitedeStavith inconstant minimum bend

radius requirements. For this reason, it would éeeficial to reevaluate current standards.
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Chapter 3. Tension and Bend Testing

The first two phases of testing included tensiod lhend testing on companion bar
samples from the same heat. The tensile test sesalie compared to CRSI’'s databases to
confirm that the samples being used were reprepentaf the industry as a whole. The

experimental details of each phase of testing aseribed in the sections that follow.

3.1: Materials

Overall, five different reinforcing steel types wdested. They were selected as types
and grades of reinforcing steel commonly availavid used in the industry, and also what
was readily provided to this research project.dswonfirmed that the materials used were
representative of that available in the United &tdity comparison with the statistical data
available in the CRSI mill databases. This is dbscrlater in Sections 4.1 - 4.5. Of the
traditional black steel reinforcing bars curreraiyailable, ASTM A615 grades 60 and 75
were tested, as well as ASTM A706 grade 60. ASTMAgrade 80 material was also to be
including in the test matrix however, only bars keal grade 75 were delivered. These bars
were delivered without mill certificates but, basedmechanical testing, these bars can be
compared to the grade 80 mechanical requirementhie®ther types of metallic reinforcing
bars commercially available, ASTM A1035 grade 168 ASTM A955 grade 60 were also
tested. The bar sizes for each of these types i@udg of steel tested as part of the first two
phases are denoted by a check mark in Table 3rledéh bar size, grade, and steel type the
same heat of material was used in phase one antbtartsure consistency so that fair

comparisons can be made. There were two tensiamsges used in phase one of testing
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unless test results were dissimilar, then a thpetsnen was used. In phase two of testing
there were four bend specimens used. Two of theirspas were bent to both the ASTM
standard and the ACI requirement with the longitadlrib parallel to the plane of the bend,
The other two specimens were bent to both the ASTdvidard and the ACI requirement

with the longitudinal rib perpendicular to the ptaof the bend.

Table 3-1: Material Test Matrix for Phase 1 and 2

A 615 A 706 A 1035 A995
Grade 60 Grade 75 Grade 60 Grade 100 Grade 60
Bar | Tensile| Bend| Tensile| Bend | Tensile| Bend| Tensile| Bend| Tensile| Bend
No.| Test | Test| Test | Test| Test | Test| Test | Test| Test | Test
3
4
5
6
7
8
9
10
11
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3.2: Phase 1 Tension Testing

All tensile tests were undertaken using an MTS nmecht the Constructed Facilities
Laboratory, as shown in Figure 3-1, according taiSA370 (2014). The average ambient
temperature in the lab was maintained af72t this temperature there should be no thermal
effects on the tensile properties of steel. Thial {fength of each sample was 28 in., allowing
for a clear length of 16 in. between grips that weyst constant for all bar sizes, and met the
minimum requirements for the largest bar size testecording to ASTM A370 (2014). Six
2 in. gage lengths were marked along the longitidib of each bar, as can be seen in
Figure 3-2, as per ASTM A370 (2014). Even thoughgtandard explicitly states that the
gage length should be 8 in., a series of 2 in. d¢@ggths were used to capture elongation
data in bar ruptures outside of the middle 8 igeglength. A calibrated micrometer was

used to record the precise gage lengths (to treeienadl places) of each 2 in. gage length.

Figure 3-1: MTS Test Set Up
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Figure 3-2: Marked Gage Lengths (left) and Elorggatit Failure (right)

Six inch aluminum angles were used as end taleseetthe hydraulic grips of the
MTS machine and the test specimen to ensure arongap pressure and avoid premature
localized failure of the specimen. Sufficient goiessure was used to prevent the bar from
slipping during testing to failure. Before testimag, Epsilon extensometer of 2 in. gage length
was also placed on the bar midway between the.dfipsn the extensometer, complete
average strain data over the gage length was redaodfailure.

The loading rate was selected according to ASTM®@014) which states that up
to half of the yield stress any convenient loaé n be used; from half yield through yield

a maximum rate of moving crosshead speed of 1/ afi reduced cross section can be
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used; and for post yield a maximum rate of movirggshead speed of ¥z in/in of reduced
cross section can be used. However, at no timagltesting can the rate of moving
crosshead speed be less than 1/10 of the maxintemimaall specimens tested there was 16
in. of reduced cross section and the specimens lwaded at a rate of 1/2 in./min. up to
yield followed by 1 in./min. to failure, both of wdth are within the allowable rates.

After testing each reinforcing bar, the ruptubed was realigned and the gage
length measured using a micrometer to determinéotaéelongation to compare to their
respective ASTM standards. In order to obtain @ cheeded to compare to the
representative ASTM standards an extensometer etagquired. However, the EPSILON
extensometer provided information for the comp#ttess-strain curve to be determined

which will be discussed in more detailed later.

3.3: Phase 2 Bend Testing

Initially, all bars were bent to their ACI 318 (D minimum bend diameter and their
respective ASTM pin diameter, as summarized in@8&k2 . It is worth noting again that the
ASTM pin results in a smaller, or equal, bend disaneompared to that of ACI 318. The
No. 3 thru No. 5 bar specimens were 4 ft long,Nlbe 6 thru No. 9 specimens were 6 ft long,
and the No. 10 and No. 11 specimens were 8 ft [bhgse lengths were selected to provide
sufficient bar length to bend each end of the sgpeeimen.

All bars were bent at a local fabrication shofRadeigh, NC, where the bending was
undertaken using a typical pin table with gradeséflings, as shown in Figure 3-3. Each bar

was bent in the ‘recommended’ orientation with lthegitudinal rib pointing (although this is
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not explicitly stated in any relevant documenthia tUnited States) and with the longitudinal
rib pointing outward, as illustrated in Figure Z#d Figure 3-5, respectively. Bar orientation
was considered in order to observe any detrimefiiatt of bending about the strong axis.
Throughout the bend testing, the bend rate was torexi (as can be seen in Figure 3-6) and
checked every time a pin was changed. The average fate recorded was 11.9 rpm with a
minimum recorded bend rate of 11.3 rpm and a maxirafi13.1 rpm. Because of the
potential effect of temperature on ductility andfpamance during bending; the ambient

temperature at the time of bend testing was recortiee recorded temperature ranged from

48 F to 64F.

Table 3-2: Minimum Allowable Pin/Inside Bend Diaraet

ASTM ACI

Grade 60 Grade 75 Grade 100 Inside Bend

Pin Diameter Diameter

Bar No. Bar A615 A706 A615 A1035 ALL

Diameter A955

3 0.375 1.313 1.125 1.875 1.313 2.25
4 0.500 1.750 1.500 2.500 1.750 3.00
5 0.625 2.188 1.875 3.125 2.188 3.75
6 0.750 3.750 3.000 3.750 3.750 4.50
7 0.875 4.375 3.500 4.375 4.375 5.25
8 1.000 5.000 4.000 5.000 5.000 6.00
9 1.128 7.896 6.768 7.896 7.896 9.02
10 1.270 8.890 7.620 8.890 8.890 10.16
11 1.410 9.870 8.460 9.870 9.870 11.28
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Figure 3-3: Pin Table used in Phase 2 Testing

Figure 3-4: Longitudinal Rib Up (Recommended)

Figure 3-5: Longitudinal Rib Out
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Figure 3-6: Bend Rate Measurement

In order to visually inspect the bars for micraaking, a dye penetrant was used.
Prior to using the dye, a wire brush was usedrwre any rust that may have formed on the
bar. Once any rust was removed, the specimensthvemesprayed with an air hose and the
dye penetrate was sprayed along the outer diaroktiee bend. The dye was allowed to dry
on the bar for 30 minutes, as per the manufactirecommendation. After drying, the bar
was wiped with a cloth dampened with parts cleahleis process is depicted in Figure 3-7-
Figure 3-9. The bars were then visually inspetbeske if there were any indications of
micro-cracking. If a bar cracked during bendinghaut complete fracture, there is a
possibility that it would fail prematurely due toetreduced cross section. All bars, if they
met the ASTM standards, should not crack or fracwien bent about the minimum ASTM

pin diameter. If a bar passed the ACI required ladiacheter, but did not pass the ASTM
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minimum pin diameter an intermediate pin size wassen and a third specimen was bent.
However, if a bar did not fail the ASTM minimum pillameter no smaller bend was tested.

If a bar bent to an ACI bend requirement was fraetuno larger bend diameter was tested.

Figure 3-7: Bend Test Before Dye Figure 3-8: Bend Test With Dye

Figure 3-9: Bend Test After Dye Removal
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3.4 :Results

Phase one of the experimental program includedl¢ectesting to obtain tensile
constitutive characteristics of reinforcing bargién a better understanding of the mechanics
of the material. Phase two of the experimental gmogprovided the bend characteristics of
same material that was tension tested. This alfomwthe linking of the bend behavior to a

particular constitutive material property.

3.4.1: Tension Test Results-Phase |

Tension tests were undertaken using a 200 kipotigdd TS machine. Bar sizes 3 to
11 were tested of the A615 grade 60 material. S32es9 and 11 were tested of the A706
grade 60 material. Sizes 3 to 9 of the A1035 gddiematerial were tested. Bar sizes 3to 11
of the A955 grade 60 material, and sizes 4 to 8ldndf the A615 grade 75 material were
also tested.

All bars were tested according to ASTM A370 (20d¥chanical tensile testing
standards. The results obtained from the tensstntginclude: elongation, yield stress, yield
strain, ultimate stress, and ultimate strain. Tdl®Wing sections contain the results collected
from bars tested organized from lowest grade tbdsg In the tables which contain the
elongation data, some of passing criteria resuéisSraparenthesis. The parenthesis indicates
that all bars fractured outside of the marked daggth. However, some specimens passed
the elongation criteria even though the fractureuo®d outside of the marked gage length

and it can safely be said that the bar passed.
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3.4.1.1: A615 Grade 60

Figure 3-10 gives the results for the No. 6 bassad. All tensile specimens were
given an identification label with a three part rnering system. For example, specimen W-
3-1 represents an A615 grade 60 material, as syreldoby “W”, a No. 3 bar size specimen,
as noted by the first number, and it is the filsg@men in that category, as denoted by

second number in the label.

100
90 — S
01
= 60 +
<
0 50 o
g —W-6-1
N a0 - W-6-2
W-6-3
30
20
10 -
O T T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Strain

Figure 3-10: Stress vs. Strain Data for ASTM A6Tade 60
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The No. 6 bar, and all of the other A615 reinfogchars tested, had a constitutive
relationship that consisted of an elastic regiosl|-defined yield plateau, strain hardening,
and necking region. The measured stress vs. s#tationships for all other A615
reinforcing bars can be found in Appendix A.

Table 3-3 - Table 3-5 and Figure 3-11 - Figure33:@ntain the complete data sets for
elongation, yield stress, and ultimate stresshénelongation Table 3-3, the column labeled
gage length indicates if the bar fractured witlia gage length as denoted by “YES” or if
the bar fractured outside of the gage length astédrby a “NO”. If the bar fractured outside
of the gage length the elongation data cannot bd.usThe results from the CRSI databases
covering 2011 - 2013 are also shown in Figure 3Fidure 3-13, for comparison purposes.
The statistical data from the CRSI databases presented by a vertical line defining the
range of maximum and minimum results, and the @eeigrepresented by an open circle.

The majority of the elongation, yield stress, alitnate stress data collected on the
A615 grade 60 material met the ASTM A615 tensissdards. The only specimen that did
not meet the ASTM A615 standard for elongation s@ecimen W-4-2 however, this is
explainable by the fact that the specimen did reatttire within the gage length. The only
specimen which did not meet the minimum ultimatess requirement set forth by ASTM
A615 was specimen W-6-2 which had an ultimate gttenf 89 ksi, just shy of the 90 ksi
requirement. However, two other bar samples ofNbe6 bar were tested and both exceeded
the minimum requirement. Therefore, the No. 6 & deemed acceptable. Theoretically,

all bars tested should also be capable of medtmgninimum bend requirement.
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Most of the bars tested fell within the rangele CRSI database results, indicating
that the samples tested are representative obreinfy bars being available in the market.
The only bar which did not fall within any of theRGI database ranges was the one No. 6
reinforcing bar which also did not meet the ASTM1A62014) standard. However, as noted

before, two other samples were tested, both of &l within the CRSI range.

Table 3-3: A615 Grade 60 Elongation and ModulusaDat

% in Gage Average ASTM Strain at - Modulus

Sample . 0 Pass 0 ult. (ksi)
Elongation Length Yo Req. % Stress
W-3-1 10.85 NO 0.1064 25700
W-3-2 10.68 YES 10.68  YES 9 0.1101 27500
W-4-1 11.54 YES 0.0823 26200
11.54 YES 9
W-4-2 7.84 NO 0.0698 27100
W-5-1 12.2 YES 0.0854 23700
12.74 YE 9

W-5-2 13.28 YES S 0.0866 29200
W-6-1 14.09 YES 0.0904 23600
W-6-2 16.08 YES 15.37 YES 9 0.0959 31800
W-6-3 15.95 YES 0.0961 27500
W-7-1 14.75 YES 0.0998 28200
W-7-2 12.89 YES 13.82 YES 8 0.0801 30140
W-8-1 15.49 YES 0.1136 28200
W-8-2 15.57 YES 1553 YES 8 0.1111 25600
W-9-1 7.58 NO 0.0859 26400
W-9-2 14.69 YES 14.69  YES ! 0.0896 25600
W-10-1 10.33 YES 0.0833 26500
W-10-2 9.53 YES 9.93 YES ! 0.0841 26000
W-11-1 15.25 YES 0.0957 31800
W-11-2 13.89 YES 14.57  YES ! 0.0896 27300
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Table 3-4: A615 Grade 60 Yield Stress Data

Yield Average ASTM
Sample Stress (ksi)g Pass Requirement

(ksi) (ksi)
W-3-1 3 72 YES 60
W-3-2 70
W-4-1 84 83 YES 60
W-4-2 82
W-5-1 80 80 YES 60
W-5-2 80
W-6-1 74
W-6-2 71 74 YES 60
W-6-3 76
W-7-1 80 80 YES 60
W-7-2 80
W-8-1 70 71 YES 60
W-8-2 72
W-9-1 84 84 YES 60
W-9-2 84
W-10-1 92 92 YES 60
W-10-2 92
W-11-1 81 82 YES 60
W-11-2 82
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Table 3-5: A615 Grade 60 Ultimate Stress Data

Ultimate Average ASTM

Sample Stress (ksi)g Pass Requirement
(ksi) (ksi)

W-3-1 107 108 YES 90
W-3-2 109
W-a-1 101 101 YES 90
W-4-2 100
W-5-1 99.0 98.5 YES 90
W-5-2 98.0
W-6-1 92.0
W-6-2 89.0 91.0 YES 90
W-6-3 92.0
W-7-1 100 99.5 YES 90
W-7-2 99.0
W-8-1 106 107 YES 90
W-8-2 107
W-9-1 102 102 YES 90
W-9-2 102
W-10-1 118 118 YES 90
W-10-2 118
W-11-1 103 103 YES 90
W-11-1 102
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Figure 3-11: Elongation Data-A615 Grade 60
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Figure 3-12: Yield Stress Data-A615 Grade 60
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Figure 3-13: Ultimate Stress Data-A615 Grade 60

3.4.1.2: A706 Grade 60

Of the A706 grade 60 material bar sizes No. 3 MwO were tested as well as bar
size No. 11. Figure 3-14 is a sample measurediboatnge relationship of the A706
material. The nomenclature for sample labelingpéesdame as described in Section 4.1.1 with
the exception that “W” has been replaced with “®I'represent ASTM A706 grade 60
material.

As can be seen, the elongation requirements éoNth6 A706 bars were met. The
A706 requirement for elongation is more stringéatnt that of the A615 standard due to the
needed ductility for seismic applications. Alsaerhis a maximum yield stress limit of 80
ksi for A706 grade 60 material. The measured stresstrain relationships for all other

A706 reinforcing bars can be found in Appendix B.
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Figure 3-14: Stress vs. Strain Data - A706 Grdile 6

The constitutive relationship for the No. 6 bargddhe rest of the A706 material, is
similar to that of the A615 material in that itdsaracterized by an elastic, yield, strain
hardening, and necking region. However, the s@aultimate stress of the A706 material is
higher than that of the A615 material. The only &iae not characterized by the above
description is the No.3 bar which had a round haheged curve. Due to the round house
shape it is necessary to use the 0.2% offset mdthddtermine yield accompanied by the
stress at 0.0035 strain.

Table 3-6 - Table 3-8 give the data for the renmgars that were tested. Also,
Figure 3-15 - Figure 3-17 comparer the data cakeat this study with the CRSI mill

databases.
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All bars, with the exception of the No. 3 bar, pabthe ASTM A706 requirements.
Also, every bar but the No. 3 bar fell within th&E&l database ranges.

A plausible reason for the No.3 having a lowentbapected total elongation value
and higher than expected yield stress is becauge alold working process. The No. 3 bar
was coiled and subsequently straightened for emhsgting. However, the cold working
process had the possibility to induce mechanicahghs which alter the stress-strain

behavior of the material to give higher yield atitinate stresses with lower ductility.

Table 3-6: A706 Grade 60 Elongation Data

% in Average AS.'TM Strain Modulus
Sample Elonaation Gage % Pass Requirement at Ult. (ksi)

9 Length % Stress
BI-3-1 7.00 NO 0.0874 25400
BI-3-2 6.95 NO 10.21 NO 14 0.069 26800
BI-3-3 10.21 YES 0.0917 26800
Bl-4-1 15.79 YES 15.42 YES 14 0.1262 27100
Bl-4-2 15.05 YES 0.1288 27200
BI-5-1 14.46 YES 15.55 YES 14 0.1141 22900
BI-5-2 16.64 YES 0.1007 26500
BI-6-1 17.21 YES 15.86 YES 14 0.1226 26100
Bl-6-2 14.5 YES 0.1129 25500
BI-7-1 15.23 YES 15.84 YES 12 0.1178 27600
BI-7-2 16.45 YES 0.1200 28000
BI-8-1 16.55 YES 16.80 YES 12 0.1111 26000
BI-8-2 17.04 YES 0.1105 25200
BI-9-1 13.30 NO N/A  (YES) 12 0.1206 25200
BI-9-2 11.20 NO 0.1126 27300
Bl-11-1 12.12 NO 16.84 YES 12 0.1007 28300
Bl-11-2 16.84 YES 0.1075 30300
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Table 3-7: A706 Grade 60 Yield Stress Data

Yield

Stress

Average Min  Max Average Min
Sample Stress : Pass . .. 0.0035 : Pass .
(ksi) (ksi) (ksi)  (ksi) Strain (ksi) (ksi)
BI-3-1 78.0 69
BI-3-2 84.0 81.0 NO 60 78 | 73 71 YES 60
BI-3-3 81.0 72
Bl-4-1 67.0 67.0 YES 60 78
Bl-4-2 67.0
B->-1 620 o5 VvES 60 78
BI-5-2 63.0
B-6-1 700 .50 VvES 60 78
BI-6-2 70.0
BI-7-1 69.0 69.5 YES 60 78
BI-7-2 70.0
BI-8-1 680 490 VvES 60 78
BI-8-2 70.0
Bl-o-1 660 &0 VES 60 78
BI-9-2 66.0
BH11-1  70.0 7000 YES 60 78
BI-11-2  70.0
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Table 3-8: A706 Grade 60 Ultimate Stress Data

Ultimate Average Min
Sample Stre_ss (ksi) Pass (Ksi)
(ksi)
BI-3-1 102
BI-3-2 104 102 YES 80
BI-3-3 100

Bl-4-1 91.0

91.0 YES 80
Bl-4-2 91.0

BIl-5-1 86.0

86.0 YES 80
BI-5-2 86.0

Bl-6-1 94.0

94.0 YES 80
Bl-6-2 94.0

BI-7-1 94.0

94.0 YES 80
BI-7-2 94.0

BI-8-1 94.0

95.0 YES 80
BI-8-2 96.0

BI-9-1 94.0

94.0 YES 80
BI-9-2 94.0

Bl-11-1 95.0

96.0 YES 80
Bl-11-2 96.0
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Figure 3-16: Yield Stress Data A706 Grade 60
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Figure 3-17: Ultimate Stress Data A706 Grade 60

3.4.1.3: A955 Grade 60

The ASTM A955 (2014) duplex stainless steel reitify bar sizes No.3 through No.
11 were tested. The shape of its stress vs. stuaue is much different than that of the A706
and A615 material. There is no yield plateau presethe A955 material constitutive
behavior, and it is of round house shape. Duedadhnd house shape it is necessary to use
the 0.2% offset method to determine yield accomgzhbly the stress at 0.0035 strain. The
nomenclature for sample labeling is the same awithesl in Section 4.1.1 with the exception

that “W” has been replaced with “P” to represenfTAMBA955 grade 60 material.
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Figure 3-18 is a representative constitutive reteghip of the A955 material. Besides
the round house shape, one of the most distindifferences between the A955 and the
A615 and A706 materials is its extreme ductilitgardy twice that of the A615 material.
Table 3-9 - Table 3-11 contains the complete s&tmdile data for the A955 material. It
should be noted that on average the stress valu@@a5 is 23% lower than the yield stress
obtained by the 0.2% offset method. The measuredssvs. strain relationships for all other
A955 reinforcing bars can be found in Appendix C.

All of the stainless steel reinforcing bars passedelongation, minimum vyield,
minimum stress at 0.0035 strain , and ultimatesstrequirements as per ASTM A955. The
elongation data shows the extreme ductility of #teel. There is no comparable data from

the CRSI mill databases for A955 material.
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Figure 3-18: Stress vs. Strain Data A955 Grade 60
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Table 3-9: A955 Grade 60 Elongation Data

in ASTM .
% Avg. Strainat  Modulus
Sample : Gage 0 Pass Req. :
Elongation Length Yo % Ult. Stress (ksi)
P-3-1 23.78 YES 0.1846 23300
21.1
P-3-2 18.47 YES 3 YES 20 0.1438 26100
P-4-1 27.07 YES 0.1612 24100
P-4-2 22.57 YES 2482 YES 20 0.1631 24400
P-5-2 33.24 YES 0.2081 24300
29.40 YES 2
P-5-3 25.56 YES 0 0.2008 24300
P-6-1 29.87 YES 0.2001 21400
P-6-2 30.52 YES 3020 YES 20 0.1833 19100
P-7-1 24.24 YES 0.1577 23400
P-7-2 21.35 YES 2280 YES 20 0.1272 22600
P-8-1 29.97 YES 0.1791 22100
P-8-2 29.19 YES 2951 YES 20 0.1451 25200
P-8-3 29.38 YES 0.1892 25200
P-9-1 27.89 YES 0.2152 24000
31. YE 2
P-9-2 35.11 YES >0 S 0 0.1976 22400
P-10-1 26.85 YES 0.1172 22800
26.36 YES 20
P-10-2 25.86 YES 0.1598 23900
P-11-1 30.31 YES 0.1928 22200
32.15 YE 2
P-11-1 33.99 YES S 0 0.1940 23400
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Table 3-10: A955 Grade 60 Yield Stress Data

Yield Averade Min Stress at Average Min

Sample Stress (ksi)g Pass (Ksi) 0.0035 (ksi)g Pass (ksi)
(ksi) Strain

P-3-1 100 15 ves 60| %0 790 VYES 60

P-3-2 104 82.0

P-4-1 920 o35  ves 60| 40 750 YES 60

P-4-2 94.0 76.0

P-5-1 840 o905  ves 60| %80 705 vES 60

P52  97.0 /3.0

P-6-1 840 go9  yEs 0| 600 620 YES 60

P-6-2 88.0 64.0

P-7-2 100 76.0

P81 920 o5  ves eo| 80 715 VES 60

P-8-3 92.0 75.0

P9-1 860 g,9 ves 60| %0 g0 VYES 60

P-9-2 82.0 68.0

P-10-1 104 0o yps  go| 760 755 YES 60

P-10-2 101 75.0

P-11-1 840 o35 yvEs 60| %0 g5 YES 60

P-11-1  83.0 66.0
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Table 3-11: A955 Grade 60 Ultimate Stress Data

Ultimate Average Min
Sample Stress (ksi)g Pass (ksi)
(ksi)
P-3-1 124 127 YES 90
P-3-2 130
P-4-1 117 116  YES 90
P-4-2 116
P-5-1 116 117 YES 90
P-5-2 117
P-6-1 118 116  YES 90
P-6-2 114
P-7-1 118 118  YES 90
P-7-2 117
P-8-1 120 120 YES 90
P-8-3 120
P-9-1 116 116  YES 90
P-9-2 116
P-10-1 126 126 YES 90
P-10-2 125
P-11-1 116 116  YES 90
P-11-2 116

3.4.1.4: A615 Grade 75

Another grade of ASTM A615 material investigatadhis study is 75. The bars that
were received were marked grade 75 however; mecilinthey all met the grade 80
requirement. An example of the stress-strain biehawillustrated in Figure 3-19.

The shape of the constitutive model is similatiat of the A615 grade 60 material.
As can been seen for sample G-6-2 the ruptureeofeimforcing bar occurred outside of the

gage length. However, since the area inside the agth had already extended beyond the
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7% requirement, the sample would have met elongadquirements even though it could
not be measured according to the standard. Theletertpnsile data for A615 grade 75
material is listed in Table 3-12 - Table 3-14 wetbmparison to the CRSI mill database
information in Figure 3-20 - Figure 3-22. All ofdlA615 grade 75 reinforcing bars passed
the ASTM standard and fell within the CRSI databd$e measured stress vs. strain

relationships for all other A615 reinforcing baende found in Appendix D.
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Figure 3-19: Stress vs. Strain Data A615 Grade 75
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Table 3-12: A615 Grade 75 Elongation Data

. Strain
Sample Elonog)ation Ililecr?gtghe onog Pass RAeSqTI\‘;) gttrlég's I\/I(()i(<jﬁl‘Jil)lJS
os2 1o ves MO YES T gomis  oneno
ooz 55 o 2% YES T Jonse ovem
WSV na ves o ol o
-8- . 0.0791 27480
gg; ﬂig iE: 1120 YES ! 0.867 27833
-11- : 0.0805 27031
cie  1aer  ves 2% YES 6 Gogey orsy

Table 3-13: A615 Grade 75 Yield Stress Data

Sample Yield Average Pass Min
P Stress (ksi)  (ksi) (ksi)
G-5-1 92.0 920 YES 75

G-5-2 92.0

G-6-1 91.0
915  YES 75

G-6-2 90.0

G-7-1 92.0
920  YES 75

G-7-2 92.0
G-8-1 90.0 895 YES 75

G-8-2 89.0

G-11-1 88.0
870  YES 75

G-11-2 86.0
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Table 3-14: A615 Grade 75 Ultimate Stress Data

Bar Sizes

Sample Ultimate  Average Pass Min
P Stress (ksi)  (ksi) (ksi)
G5 112 112 YES 100
G-5-2 112
c-6-1 116 116 YES 100
G-6-2 115
G-r1 115 115 YES 100
G-7-2 115
c-8-1 112 112 YES 100
G-8-2 112
G-11-1 112 112 ves 100
G-11-2 112
30
25 T = ¢ NoGL
| s
8 20 I E O GL
% 15 v = ¥ T | —ASTM
o I 5 é | @ Minimum
m N
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Figure 3-20: Elongation Data A615 Grade 75
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Figure 3-22: Ultimate Stress Data A615 Grade 75
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3.4.1.5: A1035 Grade 100

Samples of A1035 material with bar sizes No.3uioNo. 9 were tested. The shape
of the stress vs. strain diagram is similar to tfahe A955 material with the round house
shaped curve, as seen in Figure 3-23. All of theBNmars passed the ASTM A1035
standard. Listed in Table 3-15 - Table 3-17 arentla¢erial properties of the A1035 bars
tested. A few of the bar samples for the A1035 grHaD material did not pass the elongation
requirement. However, all of those bars failed iot®f the gage length, therefore the
elongation data collected on those specimens dreuselongation values. Of the yield
data two of the No.4 reinforcing bars did not pesstress at 0.0035 strain ASTM A1035
(2014). However, it was determined that these Ware bent slightly and the straightening
of the bars caused greater strains at lower sge<3a average, the stress at 0.0035 strain is
29% lower than the yield stress as determined &YtR% offset method. The measured

stress vs. strain relationships for all other Aédisforcing bars can be found in Appendix E.
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Figure 3-23: Stress vs. Strain A1035 Grade 100
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Table 3-15: A1035 Grade 100 Elongation Data

% inGage Av ASTM  Strainat Modulus
Sample Elonaation  Len '?h O/g. Pass Req. ult. (ksi)

9 9 0 % Stress
Y-3-1 12.57 YES 1257  YES 7 0.0455 29300
Y-3-2 5.63 0.0479 30400
Y-4-1 5.73 NO 0.0435 17400
Y-4-2 4.26 NO 8.50 YES 7 0.0436 18300
Y-4-3 8.5 YES 0.0526 27100
Y-5-1 9.65 YES 934 YES 7 0.0554 29000
Y-5-2 9.12 YES 0.0554 29100
Y-6-1 8.7 YES 8.90 YES 7 0.0449 32800
Y-6-2 9.09 YES 0.0652 28600
Y-7-1 9.99 YES 9.86 VES 7 0.0548 29100
Y-7-3 9.72 YES 0.0575 30500
Y-8-2 9.45 YES 945 YES 7 0.0499 30900
Y-8-3 6.52 NO 0.0534 29700
Y-9-1 11.78 YES 11.8 YES 7 0.0361 31100
Y-9-2 11.84 YES 0.0407 27200
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Table 3-16: A1035 Grade 100 Yield Stress Data

Yield Ay Min Stress at Ay Min
Sample Stress (ks?). Pass (ksi) 0.0035 (ks?). Pass (ksi)
(ksi) Strain
¥-3-1 140 435 yes 100 110 103 YES 80
Y-3-2 125 95
Y-4-1 128 64*
Y-4-2 128 139 YES 100 64 9 YES 80
Y-4-3 139 90
Y-5-1 124 104 YES 100, 92 92 YES 80
Y-5-2 124 92
Y-6-1 136 435 ves 1000 19 995 vES 80
Y-6-2 134 96
Y-7-1 118 133 YES 100 93 96.5 YES 80
Y-7-2 148 100
¥-8-1 128 157 ves 100] % 955 YES 80
Y-8-3 125 95
Y-9-1 130 433 ves 1000 19 995 vES 80
Y-9-2 136 95

*These samples had low modulus of elasticity duglight bend in specimen
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Table 3-17: A1035 Grade 100 Ultimate Stress Data

Ultimate Average Min

Sample  Stress (ksi)g Pass (Ksi)

(ksi)
¥-3-1 170 167 YES 150
Y-3-2 164
Y-4-1 159
Y-4-2 160 150  YES 150
Y-4-3 159
¥-5-1 164 164  YES 150
Y-5-2 163
Y-6-1 172 173 YES 150
Y-6-2 173
Y-7-1 166 165 YES 150
Y-7-3 164
¥-8-2 166 166  YES 150
Y-8-3 165
Y-9-1 158 162  YES 150
Y-9-2 165

3.4.1.6: Thermal Tensile Data

In the current investigation of cooler temperatomethe constitutive behavior of

reinforcing bars, two different temperatures weral@ated. In the first set of tensile testing,

a 50 F (10 C) temperature was chosen as given by the Can&dtgenlard (2010)

recommend minimum bend temperature. The secoruf s&tsile testing temperature was

chosen to be 15 (-10 C) as was suggested by the reevaluation of the Zealand Standard

(2006). The elongation, yield stress, and ultinsitess data for the bars that were thermally

conditioned are given in Table 3-18 - Table 3-28e Tomplete constitutive behaviors of all
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of the tensile specimens conditioned to 50°F ané& &Be in Appendix F and Appendix G
respectively.

Only subsets of the reinforcing bars were selefdethermal testing. Bars sizes No.
4, No. 6, and No.8 of A615 grade 60, A706 gradeAdB5 grade 60, and A1035 grade 100
material, and No. 6 and No.8 A615 grade 75 matersk conditioned to a temperature of
50 F. Bar sizes No. 4, No. 6, and No.8 of A615 gradleued A706 grade 60 materials were
conditioned to 15-.

The bars that were thermally conditioned were abotean environmental chamber at
-10 F. Those at 5F were left in the chamber for 1 hour and thosalit@mmed at 15 were
placed in the chamber for 3 hours. Once taken bilteochamber the bars were placed in an
insulated cooler. Once in the MTS, the bar tempeeatwere monitored with a thermal laser
until the surface of the reinforcing bar was witBif of the desired temperature before

testing.
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Table 3-18: Elongation Data of Material Conditiortecb0°F

0 in Strain at
Material Sample EI£\ Gage Ao\//g Pass AFS;ZM ult.
9 length 9 Stress
W-4-4-T 13.22 YES 0.0868
13.22 YES
AGLE W-4-5-T 6.14 NO ? 0.0669
Grade W-6-4-T 9.57 NO N/A  (YES) 9 0.1191
60 W-6-5T 116 NO 0.1187
W-8-3-T 10.61 NO 0.1097
N/A  (YES
W-8-4-T 9.23 NO ( ) 8 0.1051
BI-4-3-T 16.63 YES 0.1262
16. YE
A706 Bl-4-6-T 9.95 NO 0.63 S 14 0.1027
Grade BI-6-3-T 12.13 NO 1535 YES 14 0.1137
60  BlI6-4-T 1535  YES 0.1109
BI-8-3-T 9.52 NO 0.1115
N/A NO
BI-8-4-T 11.24 NO (NO) 12 0.1175
Y-4-4-T 5.94 NO 0.414
N/A N
A1035 Y-4-5-T 4.58 NO (NO) ! 0.0522
Grade Y-6-3-T 3.58 NO N/A  (NO) 7 0.0465
100 Y-6-4-T 3.57 NO 0.0481
Y-8-4-T 3.99 NO 1053 YES 5 0.0334
Y-8-5-T 10.53 YES N/A
P-4-3-T  12.61 NO 0.1072
22.0
AGSS P-4-4-T 22.07 YES rYES 20 0.1692
Grade P-6-3-T 21.44 NO N/A  (YES) 20 0.1824
60 P-6-4-T  20.29 NO 0.2047
P-8-4-T 15.77 NO 0.1752
29.38 YES 2
P-8-5-T 29.38 YES 0 0.1598
G-6-3-T 11.01 YES 0.0875
A615 11.01 YES 7
Crade Ce3T 653 NO o747
75 b ' N/A '
G-8-4-T 6.96 NO ! (YES) 6 0.0712
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Table 3-19: Yield Stress Data of Material Condigdrto 50°F

Yield

Avg Min Max 0.0035 Avg Min
Mat.  Sample S(ngs (ksi) T35S (ksi) (ksi) Strain (ks) 2% (ksi)
W-4-4-T 83 435 VES 60
rors WAST 84
Grade W64T 76 S0 VES 60 NA N/A
o W-65T 76
W-8-3-T1 72 72 YES 60
W-8-4-T 72
BH-3-T 71 71 YES 60 78
o BHET 71
Grade BL6-3-T 70 70 YES 60 78 N/A
60 BH6-4T 70
BH8-3-T 71 705 YES 60 78
BI-8-4-T 70
Y-4-4-T 156 145 vES 100 92 94 VYES 80
nigss Y4ST 128 96
Grade ' 03T 140 199 vEs 100 na| 2 96 YES 80
oo Y-6-4T 138 96
Y-8-4-T 129 145 vES 100 9 965 YES 80
Y-85-T 134 08
P43T 96 6 . ves 6o
P4-4T 92 94 YES 60 72
AD  pes T 92 68
Grade N/A 70 YES 60
0 P6-4T 92 92 YES 60 72
P84T 92 4o ves 6o
P85T 94 93 YES 60 72
rors OO3T 92
A Ge4T 92 92 YES 5 VA
75 G83T 96
G-84T 90 93 YES 75
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Table 3-20: Ultimate Stress Data of Material Coiodied to 50°F

Ultimate Average Min
Material Grade Sample  Stress %€ pass .
: (ksi) (ksi)
(ksi)
W-4-4-T 101 101 YES 90
W-4-5-T 101
A615 6o W-64T 94 94  YES 90
W-6-5-T 94
W-8-3-T 107 107 YES 90
W-8-4-T 107
Bl-4-3-T 94 04 VES 80
Bl-4-6-T 94
A706 6o DBI6-3T 96 9%  YES 80
BI-6-4-T 96
BI-8-3-T 97 9% YES 80
BI-8-4-T 95
Y-4-4-T 156 159 YES 150
Y-4-5-T 162
Al1035 100 63T 178 1785 YES 150
Y-6-4-T 179
Y-8-4-T 162 161 YES 150
Y-8-5-T 160
P-4-3-T 120 120 YES 90
P-4-4-T 120
A955 60 P-6-3-T 120 1205 YES 90
P-6-4-T 121
P-8-4-T 122 123 YES 90
P-8-5-T 124
g'g'j'I 117 1165 YES 100
A6ls 75 o 116
bt 118 1155 YES 100
G-8-4-T 113
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Table 3-21: Elongation Data of Material ConditiortedL5°F

Mat.  Sample % inGage Average .. ASTM Strain at
' P'® " Elongation Length % Req. % Ult. Stress
W-4-3-T2 6.95 NO 0.0798
N/A NO 9
AB1S W-4-6-T2 6.97 NO (NO) 0.0663
Grade W-6-6-T2 8.57 NO N/A (YES) 9 0.0844
60 W-6-7-T2 9.85 NO 0.0963
W-8-5-T2 8.63 NO 0.0956
N/A YES 8
W-8-6-T2 9.05 NO ( ) 0.0932
Bl-4-4-T2 11.64 NO N/A (NO) 14 0.0948
A706 BI-6-5-T2 8.71 NO 0.0948
Grade BI-6-6-T2 94 NO N/A (NO) 14 0.1007
60 BI-8-5-T2 8.78 NO 0.0807
) N/A NO 12
BI-8-6-T2 8.99 NO (NO) 0.0939
Table 3-22: Yield Stress Data of Material Condigdrto 15°F
Yield .
Material Grade  Sample Stress A\Eﬁg%ge Pass ?Q'Sr:) l(\ﬂil);
(ksi)
W-4-3-T2 84 84 YES 60
W-4-6-T2 84
A615 60 \Wo6T2 76 76 YES 60 N/A
W-6-7-T2 76
W-8-5-T2 3 725 YES 60
W-8-6-T2 72
Bl-4-4-T2 71 71 YES 60 78
BI-6-5-T2 72
71.5 YES 60 78
A706 60 BI-6-6-T2 71
Bl-8-5-T2 71 715 YES 60 78
BI-8-6-T2 72
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Table 3-23: Ultimate Stress Data of Material Coodied to 15°F

Ultimate Average Min
Material Grade Sample Stress 9€ " pass .
(ksi) (ksi) (ksi)

W-43-T2 101
W-4-6-T2 100

A615 6o V66-T2 94 94  YES 90
W-6-7-T2 94
W-85-T2 108
W-8-6-T2 106
Bl-4-4T2 93 93 YES 80
B-6-5T2 96

A706 60 Bl6-6-T2 96 % YES 80
B-8-5T2 96
BI-8-6-T2 98

107 YES 90

97 YES 80

Since a majority of the thermally conditioned reirting bars fractured outside of the
gage length, elongation was unable to be used asamate comparison. Therefore, the
strains at ultimate stress for the bars conditictetbF, 50 F, and ambient temperature
were compared for the materials thermally condéthrirhe comparisons of the various
conditioned reinforcing bars are given in Figur24- Figure 3-28. The results from testing
the bars at 5& show that there are no significant differencethenyield and ultimate stress
data compared to that of the companion reinforbiaug tested at ambient temperatureF72
However, it can be observed that the No. 8 reinfigrbars conditioned at 15 had lower
strains at ultimate stress than those condition&® & and those at ambient temperature.
And of the reinforcing bars thermally conditiongcdb@ F that fractured in the gage length,

the elongation was similar to that of the compam&nforcing bars at ambient temperature.

65



0.13

3
4 0.12 |
ﬁ 0.11 .
g o1 -
= (A] ‘ 072°F
= 009 = ® m50° F
5 A
< 0.08 ® A15°F
]
& 0.07 f

0-06 T T T T T T 1

3 4 5 6 7 8 9

Bar Size
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Figure 3-25: Comparison of Thermally Conditionedd&%Grade 60 Bars
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Figure 3-28: Comparison of Thermally Conditionedd8% Grade 100 Bars

However, many of the bars did not fracture witliia gage length. In fact, many of
the bars fractured near the grip heads, as illiestria Figure 3-29. This observation was also
noted in a study conducted by Sloan (2005), whHegeekplanation given for this
phenomenon is the unequal thermal transfer duegetoeinforcing bar in the grips
transferring heat more rapidly than the bar expdéseanbient temperatures between the
grips. However, it should be noted that over theetbf testing the bars warmed up
significantly. That is, the reinforcing bar temperra was not kept constant of 50or 15F.
Based on the reduction of strain at ultimate stfesthe bars conditioned at Fscompared
to those at ambient temperature and condition&@ &t it is suggested that bars bent below
50 F (10 C) be checked for signs of micro-cracking, as presiy addressed in the literature

review in Section 2.2.3.
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Figure 3-29: Fracture of Thermally Conditioned Baesr Grips

3.4.2: Bend Results

After the tensile testing phase of the project e@spleted, reinforcing bars of the
same heat were tested in bending to both the A8I(2Q11) requirements and the ASTM
standard. The reinforcing bars were not bent tadR&I's recommendation. However, the
CRSI recommendations are the same as the ACI gb8maendations for bar sizes No.3 -
No0.9. Also, the effect of longitudinal rib orieibn was examined. All bars were tested to
ACIl and ASTM with the longitudinal rib oriented the recommended manner,

perpendicular to the plane of the bend. Likewidiehas were tested to ACI and ASTM with
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the longitudinal rib in the plane of the bend. Bdirs were bent on a pin table with grade 60

settings.

3.4.2.1: Individual Bar Testing

The results of the bend tests are summarizedhfeTa24 - Table 3-28. A failure is
defined as a partial or complete fracture of thiefoecing bar. In the tables mentioned above
“UP” and “OUT" refers to the orientation of the lgitudinal rib, as seen in Figure 3-30 and

Figure 3-31. UP, refers to the longitudinal rib posed perpendicular to the plane of bend.

OUT, refers to the longitudinal rib positioned ghalato the plane of bending.

Figure 3-30: Bar Bent in "UP" Position Figure 3-31: Bar Bent in "OUT" Position
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Table 3-24: A615 Grade 60 Bend Results

Bar ACI ASTM
No. upP ouT UP ouT

3 PASS| PASS PAS$ PASS
4 PASS| PASS PAS$ PASS
5 PASS| PASS PAS$ PASS
6 PASS| PASS PAS$ PASS
7 PASS| PASS PAS$ PASS
8 PASS| FAIL | PASS| FAIL

9 PASS| PASS PAS$ PASS
10 | PASS| PASS PASE PASS
11 PASS| PASS PAS§ PASS

Table 3-25: A706 Grade 60 Bend Results

Bar ACI ASTM

No. UP | OUT | UP | OUT

3 PASS| PASS| PAS$ PASS
4 PASS| PASS| PAS$ PASS
5 PASS| PASS PAS$ PASS
6 PASS| PASS| PAS$ PASS
7 PASS| PASS| PAS$ PASS
8 PASS| PASS| PAS$ PASS
9 PASS| PASS| PAS$ PASS
11 | PASS| PASS PAS$ PASS




Table 3-26: A955 Grade 60 Bend Results

Bar ACI ASTM

No. UP | OUT | UP | OUT

3 PASS| PASS PAS$ PASS
4 | PASS| PASS PAS$S PASS
5 PASS| PASS PAS$ PASS
6 PASS| PASS PAS$ PASS
7 PASS| PASS PAS$ PASS
8 PASS| PASY PAS$ PASS
9 PASS| PASY PAS$ PASS
10 | PASS| PASS PASS PASS
11 | PASS| PASS PASS PASS

Table 3-27: A615 Grade 75 Bend Results

Bar ACI ASTM

No. UP | OUT | UP | OUT

5 PASS| PASS PAS$ PASS
6 PASS| PASY PAS$ PASS
7 PASS| PASY PAS$ PASS
8 PASS| PASS PAS$ PASS
11 | PASS| PASS PASS PASS




Table 3-28: A1035 Grade 100 Bend Results

Bar ACI ASTM

No. UP | OUT | UP | OUT

3 PASS| PASS PAS$ PASS
4 PASS| PASS PAS$ PASS
5 PASS| PASS PAS$ PASS
6 PASS| PASS PAS$ PASS
7 PASS| PASS PAS$ PASS
8 PASS| PASS PAS$ PASS
9 PASS| PASS PAS$ PASS

Every bar passed the bend test for both longitlidibarientations, for the ACI

requirement and the ASTM standard except for th&5Agrade 60 No. 8 bar as identified in

Table 3-24. However, failure occurred while thedtudinal rib was placed in the non-

conventional orientation, in the plane of the bdfigure 3-32 shows failure of the bar with

the ACI bend and Figure 3-33 shows failure of thewith the ASTM bend. The ambient

temperature in which the reinforcing bars expemehithe micro-cracking was 3§ and the

bars were bent at a rate of 11.7 revolutions peutei
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Figure 3-33: ASTM Bend with Rib "OUT" on No. 8 A6Trade 60 Bar

Since these failures occurred along the outsidaefongitudinal rib in the non-
conventional orientation, these failures are lesxerning. Currently, there is no
recommendation on record regarding the orientaidfdhe longitudinal rib during bending.

Based on the findings of this study it is recomnezhthat there should be an addition to the
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bend standards that the longitudinal rib orientabbthe reinforcing bar be in the “UP”
position whenever possible.

All other bars passed the bend test. From a mi&graaspective all bends, other than
the No. 8 A615 grade 60 bars bent in the non-comnwes rib orientation, did not fracture
nor exhibit micro-cracking. These results demonsttiaat both the ACI 318-11 requirements

and the ASTM standards are still valid.

3.4.2.1 Roundness Assessment

The bent reinforcing bars were also assessethéar toundness. In assessing the
roundness the effects of grade, constitutive bamaxib orientation, and bar size were
examined. In determining the effect that sizedrasoundness, it was noticed that the larger

the bar the greater the spring back, which doeslfmt for a complete 18end, as shown

in Figure 3-34 - Figure 3-38.
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Figure 3-34: A615 grade 60 No.3

Figure 3-36: A955 grade 60 No.7

Figure 3-35: A615 grade 60 No.5

Figure 3-37: A615 grade 60 No.9
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Figure 3-38: A615 grade 60 No.11

With regards to rib orientation it was noticed ttiare was very little effect on
roundness. This trend can be observed by compBiguge 3-39 -Figure 3-43, which shows
a selection of No.6 reinforcing bars with the ldndinal rib in the UP position, and Figure

3-44 - Figure 3-48, which depicts reinforcing bathwongitudinal rib in the OUT position.
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Figure 3-39: A615 grade 60 rib UP

Figure 3-40: A706 grade 60 rib UP

Figure 3-41: A955 grade 60 rib UP

Figure 3-42: A615 grade 75 rib UP
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Figure 3-43: A1035 grade 100 rib UP

Figure 3-44:A615 grade 60 rib OUT

Figure 3-45: A706 grade 60 rib OUT
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Figure 3-46: A955 grade 60 rib OUT Figure 3-47: A615 grade 75 rib OUT

Figure 3-48: A1035 grade 100 rib OUT

Even though longitudinal rib orientation had litd#ect on the roundness of the
reinforcing bar there was evidence that suggesiadtitutive behavior does. In Figure 3-39 -

Figure 3-43 , it can be seen that reinforcing éts a well-defined yield plateau (generally
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A615 and A706 steel) retain their roundness ane ess spring back than reinforcing bars
with a round house constitutive relationship (gatgA955 and A1035). Through similar
observation it can be seen that grade is less offlience on roundness than constitutive
behavior. In the A615 material the grade 60 and@réb have little difference in their spring
back. However, there is more spring back in the3%l@rade 100 material than in the A955
grade 60, this is likely due to the longer elastigion due to the higher yield stress.

The effect of spring back and roundness are langgited to the pin table operator’s
abilities. In all of the test related to this stutlg pin table operator was asked to simply use
the settings he would as for the A615 grade 60 nahtélowever, for bars with greater
spring back potential (ie A955 and A1035) the jgiblé operator can bend the bar beyond the

desired 180to compensate for the spring back.

3.4.3: Summary of Tension and Bend Testing

The tensile data recorded in this study indicéited the majority of the bars on the
market pass the ASTM tensile requirements. AthefA615 grade 60 material passed
except for two bars that technically failed thengjation requirement, both of which are
explained by fracture occurring outside the gaggtle. Of the A706 grade 60 material, only
the No. 3 bar did not meet any of the ASTM requiats but this is related to the cold
working due to the coiling of the reinforcing baitl of the A955 grade 60 material passed its
ASTM requirements. The tensile results for the AGi&de 75 material passed the tensile
data. Also, the majority of the specimens forAi®35 material passed the ASTM standard.

When compared with the nationwide databases prdydeRSI, all the data fell within the
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ranges except for the No.3 bar of the A706 mateviden considering temperature effects
by comparing the stress at maximum strain, it ggested that a minimum of 30is a safe
limit at which to bend.

Also, all reinforcing bars passed the bend testife ACI requirement and ASTM
standards in both longitudinal rib orientationsthathe exception of the A615 grade 60 No.8
reinforcing bar. It was also observed that rounddeoconstitutive relationships tend to have
more spring back. Given the tensile data coupled bend results form a materials

perspective the ASTM standards and ACI requiremamsadequately met.
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Chapter 4. Hook Pull-Out Testing

The third phase of testing included the hook pull4esting. As described in the
literature review, several alternate test meth@l&lbeen used to-date, and there is currently
no standardized test method. Hence, the pull-atittethod adopted in this research
program is similar to that used in the anchoragdysof high strength reinforcing bars
conducted by Harries et. al. (2010). This method @reosen due to its proven success and
ease of manufacture. As will be discussed latevag decided to test representative samples
of No. 4, 6, and 8 bars all of which are of ASTM14&62014) steel. The No, 4 and 6 bars
were bent to 180and the No. 8 bars were bent to.9he No. 4 and 6 bars were bent to
180 instead of 90because they are both commonly used in stirrupshadre often bent to
180.

The target concrete strength for the specimens5@@8 psi, and the average strength
based on 4 cylinder tests at the time of testih¢eéest 28 days after casting) was determined
to be 5670 psi by testing according to ASTM C391(20 Along with the concrete blocks,
six 6 in. x 20 in. modulus of rupture beams wergt eacording to ASTM C78 (2010), along
with sixteen 4 in. x 8 in. cylinders. Eight of thé cylinders were used to determine the
concrete compressive strength at the time of tgséind the remaining cylinders were used
to determine the splitting tensile strength acaggdo ASTM C496 (2011). All measured
concrete properties are summarized in Table 4¢urEi4-5- Figure 4-10 show photos of the

various stages of the concrete pour.
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The reinforcing cage, shown in Figure 4-5, exclgdime hooked tension bar under
test, was designed in such a way as to preventédily undesirable mechanisms.
Undesirable mechanisms included shear failure®ttncrete block near the supports and
flexural failure of the specimen at the point cddio

The supporting HSS test frame was designed in aunhnner to prevent shear and
flexure failure as well as local buckling of the 8i®ebs. It was determined that an HSS
7x7x1/2 was sufficient to resist failure. The testup is illustrated in Figure 4-11, and the
schematics of the specimens are shown in Figure Bidure 4-4. All of the test blocks were
60” long x 18” wide x 26” high.

To apply the force required to fracture the bard)@ kip capacity hollow core jack
was used along with a rebar chuck, as shown inr€igtlL1. A load cell was also placed
below the hollow core jack to record the forceragtalong the bar. In order to develop the
stress - strain relationship of the bar being tegtgo strain gages were also applied on
opposite sides of the rebar. In this experimene pension force acting on the reinforcing
bar is desirable. By applying strain gages to Isadbs of the reinforcing bar, monitoring for
flexural bending is possible. The strain gagesthadoad cell were connected to the same
data acquisition system to record the experimetatd.

The two No. 4 bars tested were A615 grade 60 nahteme of which was bent to the
ASTM A615 minimum pin diameter of 3.5¢@1.75 inches), while the second No. 4 bar was
tested according to ACI 318 - 11 Section 7.2.2 wlike “inside diameters of bend for
stirrups shall not be less than,4dHence, the 4gl(2 in.) inside bend diameter allowable for

stirrups is more severe than the Guside bend diameter as per Table 7.2 of ACI318-11
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Of the four No. 6 bars tested two were ASTM A61&dg 60, and two of the bars
tested were ASTM A615 grade 75. Two of the barg, gnade 60 and one grade 75, were
bent with minimum inside bend diameters of @d5 in.) as per Table 7.2 of ACI 318-11.
Two of the number six bars, one grade 60 and oagegr5, were bent in accordance with
ASTM A615 with a minimum pin diameter of $¢3.75 in.).

The two number eight bars tested were ASTM A6156lg&0, one of which was bent
according to the minimum inside diameter of & in.), as per ACI 318-11 while the second
was bent according to ASTM A615 with a minimum diameter of 5g(5 in.).

The straight lengths of bar by embedded in the mtadlocks were determined

using the hooked development length equation frddh 218-11, given by the following,

e Equation 4-1

Where |}, represents the development lengthrepresents the epoxy coating facto (take as
1), f, represents the yield stress of the reinforcinglstaepresents the lightweight concrete
factor (taken as 1), frepresents the concrete compressive strengti(&&000 psi at the
time of design), and,depresents the bar diameter. The calculated sdbrdy, and other
bent reinforcing bar dimensiorege given in Table 4-2. Samples of reinforcing baken

from the same heat as the specimens that were testagl in the hook pull - out test were

tension tested to obtain the material properties.
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Table 4-1: Concrete Material Properties

Day 28 Day 35
Specimen Strength Average | Specimen Strength Average
ID (psi) (psi) ID (psi) (psi)
C1 5830 C5 5912
. c2 5656 5671 C6 6065 5067
C3 5746 Cc7 5971
C4 5453 C8 5919
ST1 665 ST5 751
f ST2 620 648 ST6 751 731
ST3 703 ST7 708
ST4 602 ST8 712
MOR1 655 MOR4 575
fr MOR2 603 633 MOR5 535 580
MOR3 641 MORG6 629
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Figure 4-1: Schematic for No. 4 Bar

Figure 4-2: Side View Schematic for No. 4, 6, angla8
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Figure 4-4: Schematic for No. 8 Bar
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Table 4-2: Pull-Out Specimen Dimensions

. Bend lgh D Tail Length
Specimen D} Ao | n) | (in) (in)
4-60-ACI os |2 b
4-60-ASTM 15
6-60-ACI 1600 | 107 |45
6-60-ASTM 3.75 5
6-75-ACI 5ol 45
6-75-ASTM 3.75
8-60-ACI o0 | 17 6 i
8-60-ASTM 5

Figure 4-5: Reinforcing Cage
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Figure 4-6: Specimen Ready for Casting

Figure 4-7: Concrete Casting
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Figure 4-8: Casting Concrete Cylinders

Figure 4-9: Finishing of Specimens
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Figure 4-10: Casting Modulus of Rupture Specimens

Figure 4-11: Hook Pull-Out Specimen Test Setup
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4.1: Hook Pull-Out Tests Results:

Following the tension and bend testing select na® chosen for the hook pull-out
testing. Due to various constraints, not all baesiand steel types were tested. Due to the
dominant market share, ASTM A615 grades 60 and &® whosen. For similar reasons, of
the ASTM A615 grade 60 material No. 4, 6 and 8 bare selected for testing, and the No.

6 bar was also chosen for the A615 grade 75 materia

4.1.1: Tensile Properties of Samples from Pull-Ouspecimens

In the eight pull out-test specimens, sample bams the same heat as the bent bars
embedded in the concrete blocks were tensile tégtedmpare to those referenced in
Section 4.1 during Phase 1 of this project. Theitertest data for the specimens used it the
hook pull-out test is summarized in Table 4-3. &flthe material passed the ASTM A615
standard. In Figure 4-12 - Figure 4-14 the ditension test data from Phase 1 of testing in
Table 4-3 is compared to the samples that werdaeested from the pull out test
specimens. It can be seen that the tensile prepeastithe reinforcing bars from Phase 1 of

testing are comparable to those of the pull-out tes
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Table 4-3: Direct Tension Test Data for Pull-Oue&8mens

Specimen % Yield Ultimate
D Grade Elongation Stre_ss Stre_ss
(ksi) (ksi)
T-W-4-1 13.8 68.5 107
T-W-4-2 60 114 68.5 107
T-W-6-1 15.7 66.5 105
T-W-6-2 10.3* 67.0 105
T-Bl-6-1 75 13.9 83.5 109
T-Bl-6-2 14.8 84.0 109
T-W-8-1 60 14.8 75.0 112
T-W-8-2 14.4 74.5 111
*Fracture outside of gage length
18
16 g
14 \ g g ¢ Grade 60
_§ 12 ® Phase 3
% 10 * & Grade 60
U_OJ 8 Phase 1
X 6 ¢ Grade 75
4 Phase 3
2 o Grade 75
0 . . . Phase 1
4 6 8
Bar Size

Figure 4-12: Elongation Comparison of Tension Tsia
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Figure 4-13: Yield Stress Comparison of Tension Deda
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Figure 4-14: Ultimate Stress Comparison of TenJiest Data
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4.2: Hook Pull-Out Test Results

The pull-out test specimens were instrumented stithin gages located on the
reinforcing bar and a load cell as shown in FigtiEL. The stress vs. strain relationships
recorded for the bars were then overlaid with #resile stress vs. strain data collected from
the tension tests, as described in Section 4.11&.tBthe limitations of the strain gages, the
complete stress vs. strain relationship could eatdptured. However, the maximum stress
was determined using the force recorded by the ¢efldFigure 4-15 shows the tensile stress
vs. strain relationship for the two No. 4 bars tlengsted in the MTS along with the

constitutive behavior of the No. 4 ACI and ASTM Ipolit test data.

120
004 e T T ,' _____ , =
80 e— T-\W-4-1
D —T-W-4-2
S
" == ACI- Pull Out
U) 60 T
g = ASTM - Pull Out
n
40 4 ACI Max
= = ASTM Max
20
0 T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12
Strain

Figure 4-15: No. 4 A615 Grade 60 - Tensile vs. ot Test
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The bar bent to the ACI requirement achieved &mate stress of 105.1 ksi and the
bar bent to the ASTM standard reached an ultinte¢éssvalue of 104.7 ksi. The average
ultimate stress from the two tensile specimens@s7 ksi. Both bars failed by fracture
outside of the concrete block, with no signs ofrdiss to the concrete. This shows that
sufficient anchorage was provided and that there megpremature concrete failure within
the reinforcing bar bend. Interestingly, both Haastured at the strain gage application site.
This is believed to have been caused by the gjghtling of the surface of the reinforcing
bar to apply the strain gages. This too may alsowat for the slight difference observed in
the stress vs. strain diagrams seen in Figure 4#-t&n be seen in Figure 4-16 and Figure
4-17 that the No. 4 grade 60 ASTM and ACI specinfaited due to bar rupture outside of

the concrete block.

Figure 4-16: Failure of 4-60-ASTM
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Figure 4-17: Failure of 4-60-ACI

Also tested was the ASTM A615 No.6 grade 60 bagufa 4-18 shows the
constitutive behavior of the pull out bar sampksted in direct tension as well as those
recorded from the pull-out tests of the ASTM staddend ACI requirement. The ASTM pin
diameter is 3.75 inches and the ACI bend diamstdr5 inches. Figure 4-19 shows the failed
No. 6 A615 grade 60 bar bent to the ASTM standadiFagure 4-20 shows its failed ACI

companion specimen.
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Figure 4-18: No. 6 A615 Grade 60 - Tensile vs. fut Test Data

The bar bent to the ACI requirement fracturedQ&.4 ksi and the bar bent to the
ASTM standard fractured at 104 ksi. These fractataes are comparable to values of the
direct tension test which were 105 ksi and 104i7THse yield plateau is slightly longer for
the bars in the pull-out test. The elongated ypdédeau of the pull-out test specimens could
be a result of using a different loading rate duthe use of a hand pump, instead of a
controlled load rate applied by the MTS. Howevercs both of the bent bars made it
through yield and fractured outside of the concsgtecimens the integrity of the ACI and

ASTM bends was again demonstrated.
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Figure 4-19: Failure of 6-60-ASTM

Figure 4-20: Failure of 6-60-ACI

Figure 4-21 contains the results for the direcsimmtest and pull-out test of the No.6

ASTM A615 grade 75 reinforcing bar. The developmength for both of the bars is 15.9

inches. The pin diameter used for the ASTM bend 3v@S inches and the bend diameter for
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the ACI bend was 4.5 inches. The bar failures @asden in Figure 4-22 and Figure 4-23 for

both the ASTM and ACI bends, respectively.

120

]

80 -
— = T-Bl-6-1
Q
~ = T-Bl-6-2
2 60 -
o) e ACI- Pull Out
@ 4o ——ASTM - Pull Out

ACI Max
= = ASTM Max
20
O T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12
Strain

Figure 4-21: No.6 A615 Grade 75- Tensile vs. Pull-Dest Data

The pull-out test data lined up almost identicalith the direct tension test data. The
strain gages detached from the pull-out test spatsnearly in the testing process. However,
an ultimate stress reading form the load cell &.@&si was achieved for the ACI specimen
and 109.4 ksi for the ASTM specimen. The ultimatess values for the two tensile
specimens were 109 ksi and 109.4 ksi. Both the &@I ASTM pull-out specimens fractured

outside of the concrete block. Due to the ASTM A pull-out specimens successfully
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achieving yield and fracturing outside of the ca@terblock at similar ultimate stresses, the

reduction of the bend diameter had no effect orstrength the bars were able to develop.

Figure 4-22: Failure of 6-75-ASTM

Figure 4-23: Failure of 6-75-ACI
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The largest bar size tested was the N0.8 ASTM Afidfle 60 bar. Figure 4-24
shows the constitutive behavior of the direct tensest as well as that taken during the
ASTM and ACI pull-out testing. The development légnfpr these specimens was 17 inches
with the ASTM bar having a bend diameter of 5 irechad the ACI bar having a 6 inch
diameter. Failure of the reinforcing bar bent te #6TM bend criteria and the ACI bend

requirement can be seen in Figure 4-25 and Figl@ #espectively.

120
100
80
—T-W-8-1
—T-W-8-2

= ACI- Pull Out
e ASTM - Pull Out

Stress (ksi)
3

40
ACI Max
= = ASTM Max
20
O T T T T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Strain

Figure 4-24: No.8 A615 Grade 60 - Tensile vs. RulkTest Data

Prior to strain gage detachment, the stress \@ng&sponse of the pull-out test data
for both the ACI and ASTM pull-out specimens lingalvery well with the tensile response

of the direct tension tests. The ultimate stretseaed by the ASTM bar was 110.7 ksi and
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the ACI bar developed an ultimate stress of 1168i9Those ultimate stresses are comparable
to the ultimate stresses achieved by the diresileetests are 111.6 ksi and 110.7 ksi. Both
the ACI bar and ASTM bar fractured outside of tbaaete specimen and were able to fully
yield. There was no significant difference in tlefprmance of the pull-out specimens with

the ASTM standard bend and the ACI requirements.

Figure 4-25: Failure of 8-60-ASTM
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Figure 4-26: Failure of 8-60-ACI

4.4: Summary of Hook Pull-Out Testing

The pull-out tests were completed on A615 graden@terial for No.4, 6 and, 8 bars
and on grade 75 No. 6 bars. All of the specimeat) those bent to ASTM standards and
ACI requirements, fractured outside of the concbébdeks, successfully passed through

yield, and obtained ultimate stresses at failuragarable to that of the direct tension tests.
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There was no indication that the pull-out speciméas were bent to the smaller ASTM
standard performed more poorly than those bertedarger ACI requirement.

With the findings of the pull-out testing it caa kecommended that current ACI
requirements are still valid. Also, the resultarthis study show that reinforcing bars
smaller bent to smaller diameters of the ASTM stadsl behaved similarly to that of those
bent to ACI requirements. The results from thigigtundicate that some tolerance can be

given to the ACI required bends.

106



Chapter 5. Conclusions and Recommendations

In the pursuit of determining the adequacy of aurrequirements for minimum bend
diameters of steel reinforcing bars three phasésstihg were conducted. The first phase
included obtaining the full tensile constitutivehla@ior of commonly available steel types
including grade 60 A615, A706 and A955 materiahdg 75 A615 material, and grade 100
A1035 material. The second phase of testing incumnding companion reinforcing bars,
taken from the same heats as those tested in phadesting, to the ACI318-11 requirement
as well as their respective ASTM standard. Thalthivase of testing included hook pull-out
tests on selected reinforcing bars from concregeksl.

In the tensile testing phase of the project coteéress-strain responses of the all
the material were obtained. The data collected filmertensile tests included elongation,
yield strength, and tensile strength. In additdayung’s Modulus and strain of peak stress
was recorded. All of the material that fracturedwn the gage length passed their respective
ASTM standard for elongation and fell within the EIRlatabase ranges available for 2011 -
2013, except for the No. 3 A706 bars. This is ykattributed to the cold working during the
straightening of the coiled product. Similarly, aflthe material with the exception of the No.
3 A706 bars passed the minimum ASTM yield requinetsieand fell within the CRSI
database ranges. All of the bars met their respe&S5TM requirement for ultimate strength
and also fell within the CRSI database rangesoffhe bars also met the ultimate stress
requirement for their respective ASTM standard fetidvithin the CRSI database ranges.

For the bars with a round house constitutive bedraitiwas observed that on average the
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stress at 0.0035 strain was 29% lower than the gigess determined by the 0.2% offset
method for the A1035 grade 100 steel, and 23% |dareihe A955 material.

Cold temperature effects on the tensile stressnstelationship were also
investigated for several of the metal types. Theot$ on elongation were technically
inconclusive due to the fact that the majorityled specimens fractured outside of the
marked gage lengths, near the grips. However, wbeiparing the strains at ultimate stress
it can be seen that the bars conditioned ta=/2nd 50 F had strain values on average 17%
higher for No.8 A615 grade 60 steel and 23% higheNo. A706 grade 60 steel than those
conditioned to 15F. It is suggested that this could be due to unéeat dissipation between
the grips and the reinforcing bar. However, it wated that in both the 5@ and the 15F
conditioned specimens the yield and ultimate stvaiiges were similar to those specimens
tested at ambient temperature of F2However, due to the rapid heat transfer from the
environment (at 72F) to the bar in the MTS machine during setup &stirig this
observation should be further investigated. Transféeat from the environment may alter
material properties such as: percent elongatiaid tress, ultimate stress, and the strain at
ultimate stress which all affect bendability. Ttasnost likely the reason for the limit of 50

F minimum for bending reinforcing bars given in thanadian Standard (2010).
Consequently, it is recommended that if bars an¢ below 50 F the condition of the bend
should be checked for micro-cracking.

Following the direct tensile tests, bend testbars from the same heat of each

material was tested. The bars were bent at a fabakation plant using a pin table and bent
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at a rate between 11.3 rpm and 13.1 rpm and ataenes between 48°F and 68°F. All of
the bars tested in the bend tests passed bothGhbekd requirement and the ASTM
standard when bent in the recommended manner katlohgitudinal rib perpendicular to
the plane of bending. However, when the longituldiitawas oriented parallel to the bend,
bar failure was observed in the No. 8 reinforciag for both the ACI required bend as well
as the ASTM standard bend. It is recommendedliegpreference of bending bars with the
longitudinal rib perpendicular to the plane of biexyd except for cases where it is
unavoidable, be explicitly included in existing AR&ommendations and documents.

It was observed that grade has little influencéh@roundness of the bend. The most
influential observed characteristic on the roundra@ghe bend is the shape of the
constitutive curve. The bars with a round housgstatress-strain curve tended to spring
back more than those with a well-defined yield gdat Larger diameter bars also
experienced greater spring back. It is recommetiotdfor the materials with round house
shape constitutive curves, pin table operators bleadar further beyond the desired degree
of bend to compensate for the extra spring backt fethis effect should be explicitly
included in existing CRSI recommendations and daus)

After the bend test phase was completed, a tb&ibbt hook pull-out specimens
were cast to examine the behavior of representbwe bars anchored in concrete. No. 4, 6
and 8 bars of grade 60 ASTM A615 were bent to tid Bend requirement, with the No. 4
bent to the allowable 4d for stirrups, and the AS3tshdard. Similarly, No. 6 grade 75
ASTM A615 bars were bent to the ASTM and ACI berahekters. All of the No. 4 and No.

6 bars were bent 180while the No. 8 bars were bent 90rhere were three possible failure
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modes in the pull-out specimens: fracture of thefoecing bar near the bend within the
concrete specimen, crushing of the concrete inkieldend, and fracture of the reinforcing
bar outside of the concrete. The first two represedesirable failure modes which would
indicate that the bend diameter is too small. Htket represents the desirable failure mode
demonstrating that the reinforcing bar was adedyatechored to develop the full tensile
strength of the bar. All of the specimens fraatusatside of the concrete block at a
measured ultimate stress within the range obtaoed direct tension tests on bars from the
same heat. Even though the ASTM bend diametersnaadier than the ACI requirement no
other failure, other than the bar rupture outsidéhe concrete block, was observed.
Although only a few pull-out tests were conductie, ASTM bend diameters are smaller
than those of the ACI requirements and no premdtuitees were observed when the
ASTM bends were used.

There are several recommendations which can endram this study. The first
recommendation is to accept the ACI 318-11 bendirements for A615 grades 60 and 75,
A706 grade 60, A955 grade 60, and A1035 grade fbd®ar sizes ranging from No. 3 - No.
11. Itis also recommended that the CRSI bend begmade consistent with the ACI 318-11
bend requirements, as summarized in Table 5-1s&bend recommendation is to bend bars
at temperatures at or above 50 If bars must be bent at temperatures below 88§
should be inspected for signs of cracking and teged any are found. It is also
recommended that bars be bent with the longitudibah the UP position, except in

circumstances where this is unavoidable due togiméorcement detailing.
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Table 5-1: Final Recommendation for Minimum Bencudeters

Bar Size Minimum Diameter
No.3 — No.8 6d
No. 9 — No.11 8d
No.14 — No.18 10d

It is also recommended that the strain at ultinsatess be reported instead of percent
elongation, as it is a more meaningful measureuofility from the fabrication and structural
analysis/design points of view. Percent elongaamot a reliable measure of ductility

because it includes post ultimate stress displaneare the random nature of bar fracture.

5.1 Recommendations for Future Research

The outcomes of this study have opened the dodtdure research opportunities.
Due the fact that the thermally conditioned barsenexposed to ambient temperatures
during tensile testing and that thermally condiéidrbars were never bent, a study should be
conducted in which bars are bent at cooler temperst especially at temperatures below
50 F. Another area for future research is relatedhéocurrent ACI 318-11 requirements. In
the pull-out tests conducted the specimens wittsthaller bends of the ASTM standards
behaved the same as the larger bends of the AGireagents. With further research, it may
be possible to lower the minimum bend diametergoifesd in ACI 318-11. In order to

determine a deeper understanding of bend charstatsriincluding the effect of strain at
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ultimate stress, a detailed finite element modellma used to observe the stresses along the

outer radius of bent reinforcing bars.
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Appendix A: Stress vs. Strain Data for A615 Grade ® Steel
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Figure A- 1: No.3 ASTM A615 Grade 60
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Figure A- 2: No.4 ASTM A615 Grade 60
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Figure A- 3: No.5 A615 Grade 60
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Figure A- 4: No.6 A615 Grade 60
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Appendix B: Stress vs. Strain Data for ASTM A706 Gade 60 Material

120
100
—~~ 80 T ]
‘0
=
2 60
g = B|-3-1
& ——BI-3-
40 BI-3-2
—B|-3-3
20
0 T T T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Strain
Figure B- 1: No.3 ASTM A706 Grade 60
100
~
80 j
g 60
7
o —Bl-4-1
o 40 ——BI-4-2
20
0 T T T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Strain

Figure B- 2: No.4 ASTM A706 Grade 60
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Figure B- 4: No.6 ASTM A706 Grade 60
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Appendix C: Stress vs.

Strain Data of ASTM A955 Grde 60 Material
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Appendix D: Stress vs. Strain Data for ASTM A615 Gade 75 Material
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Appendix E: Stress vs. Strain Data for ASTM A1035 @Gade 100 Material
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Appendix F: Stress vs. Strain Data for Thermally Caditioned Bars at 50°F
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Figure F- 2: No.6 ASTM A615 Grade 60 at 50°F
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Figure F- 4: No.4 ASTM A706 Grade 60 at 50°F
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Appendix G: Stress vs. Strain Data for Thermally Caditioned Bars at 15°F
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Figure G- 1: No.4 ASTM A615 Grade 60 at 15°F
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Figure G- 2: No.6 ASTM A615 Grade 60 at 15°F
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Figure G- 3: N0.8 ASTM A615 Grade 60 at 15°F
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Figure G- 4: No.4 ASTM A706 Grade 60 at 15°F
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Figure G- 6: N0.8 ASTM A706 Grade 60 at 15°F
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