
ABSTRACT 

BOGER, NATASHA. The Evaluation of Minimum Allowable Bend Diameters of Steel 
Reinforcing Bars. (Under the direction of Dr. Rudolf Seracino). 
 

Steel reinforcing bars are a common building material used every day in construction 

worldwide. Many reinforcing bars used on a daily basis in concrete structures are bent. These 

bars are expected to pass the ASTM material standards and are currently bent according to 

ACI 318-11 recommendations.  

 However, in the United States many of these standards and design codes have not 

been reevaluated in decades. Over the years metallurgy has changed and higher grades of 

steel have entered into the reinforcing bar market. Also, possible limitations on the 

temperature at which reinforcing bars may be bent has not been adequately investigated. All 

of the above have led to a need for a comprehensive reassessment of minimum allowable 

reinforcing bar bend diameters. 

 In this research project the minimum bend diameter was assessed through three 

phases of testing. Phase one consisted of tensile testing ASTM A615, A706, A955 grade 60 

material, A615 grade 75 material, and A1035 grade 100. This phase of testing was conducted 

to verify that the bars meet ASTM tensile property requirements, and to observe the tensile 

stress-strain behavior, including relative ductility. This data was also compared to existing 

CRSI databases of tensile properties to verify that the samples used in this research project 

were representative of what is commercially available in the market. Some bars were 

thermally conditioned to cooler temperatures prior to tensile testing to investigate the effect 

of temperature. Phase two of testing consisted of bending reinforcing bars according to ACI 



318-11 recommendations and the relevant ASTM standards with the longitudinal rib 

orientated both perpendicular and parallel to the plane of the bend. After these reinforcing 

bars were bent under typical conditions in a local fabrication plant, they were observed for 

cracking.  

 After the first two phases of testing were complete, several recommendations were 

able to be drawn, including: reinforcing bars should be bent at ambient temperature above 50 

�F; reinforcing bars should be bent with the longitudinal rib perpendicular to the plane of 

bending; and ACI 318-11 bend recommendations are safe for the types and grades of bars 

tested, and CRSI recommendations should be made consistent with the same.  

 In the third phase of testing, bent bars of sizes No. 4, 6, and 8 of ASTM A615 grade 

60 material, and No. 6 of ASTM grade 75 material were cast in concrete blocks of pull out 

test specimens to observe the failure modes of anchored ends of bars. Companion bars were 

bent to the smaller ASTM pin diameter and the larger ACI bend diameter. Bars bent to both 

requirements preformed with similar results and all failed by fracture of the bars outside the 

concrete block. It was concluded that current ACI 318-11 recommendations remain valid for 

minimum allowable bend diameters. Further, since the reinforcing bars bent to the ASTM 

standard preformed similarly to the bars bent to the ACI 318-11 recommended bend 

diameters in all respects, bend diameters within these limits may be considered to be 

acceptable for use in practice.  
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Chapter 1. Introduction 

 Many modern day structures are constructed using reinforced concrete (RC). 

Reinforced concrete utilizes the high compressive strength of the concrete along with the 

tensile and ductility properties of the internal steel reinforcing. 

 In many structures high congestion areas as in Figure 1-1 exist where reinforcing bars 

from columns intersects with bars from girders and slabs.  In these critical areas it would be 

advantageous to reduce bar congestion by using the minimum possible bend diameter of the 

reinforcing bars. This would not only reduce congestion, but may also allow for the reduction 

in column width. It would be very helpful, to minimize congestion, if reinforcing bars could 

be bent to smaller bend diameters than current recommendations allow.  

 

 

 

Figure 1-1: High Congestion Region 
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1.1: Project Motivation 

 A motivation for smaller acceptable minimum bend diameters for reinforcing bars is 

ease of manufacturing, by allowing for tolerance within the current standards. The current 

American Concrete Institute reinforced concrete building design code (ACI 318-11) states 

that minimum bend diameters for No.3 – No.8 bars are 6 times the bar diameter, db, (or 4db if 

the reinforcing bar is being used as a stirrup for bars No.3 - No.5), 8db for No.9 - No.11 bars , 

and 10db for No.14 – No.18 bars. In the fabrication plant the bars are cold bent around a pin 

using a pin table, in which each bar is bent individually by an operator as seen in Figure 1-2.  

Once the reinforcing bar is delivered to the job site a representative sample is inspected by 

material quality control personnel to ensure that the bend of the reinforcing bar meets the 

ACI requirements. A factor that affects the final bend diameter is reinforcing bar spring back. 

Since ACI 318-11 give the final bend diameter, a skilled fabricator is required to determine 

what pin size will yield the desirable bend diameter.     

 

 

Figure 1-2: Pin Table 
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 In the United States there are a few different reinforcing bar standards. This is most 

likely a result of the lack of a comprehensive review of material and mechanical property 

requirements in quite some time. Hence, there is a need for reevaluation of current standards. 

It may also be found that smaller bend diameters can be used, reducing congestion and 

concrete dimensions due to more efficient detailing.  However, when reassessing reinforcing 

bar minimum bend diameter there are matters of material integrity that need to be considered. 

For example, the bar may not have the capability of being bent to a smaller diameter without 

fracture, and due to a tighter bend radius the integrity of the concrete along the inside of the 

bend may be compromised due to higher compressive stresses.  

  

1.2: Experimental Objectives 

The primary objective of this study is to reassess minimum bend diameter standards 

of steel reinforcing bars. It will be important to evaluate whether reinforcing bars currently 

being produced meet ASTM standards, and to determine if all the current standards and 

recommendations can be collectively rolled into one unified recommendation.   

Another objective of this study is to determine if reinforcing bars can be bent to a 

smaller bend diameter. The major concern of bending reinforcing bars to smaller bend 

diameters is the high tensile plastic strains that develop along the outer edge of the 

reinforcing bar bend. If the strain is large enough the bar may actually fracture during the 

bending process. Or, of greater concern, is the potential for micro-cracking to develop 

reducing the capacity of the bar.  The smaller the bend diameter, the greater the strain 

demand along the outside of the reinforcing bar.  
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 In addition to the potential premature failure mode of the reinforcing bar, another 

potential premature failure mode associated with bend diameter is concrete crushing along 

the inner radius of the bend diameter, as idealized in Figure 1-3.  

 

 

 

Figure 1-3: Potential Concrete Crushing Region 
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1.3: Research Overview 

In this study a broad range of commonly available materials representative of that 

available nationwide, as provided by reinforcing bar manufactures, will be evaluated in a 

three phase process to reevaluate reinforcing bar bend diameters.   

 The first phase of testing involved testing reinforcing bars in tension.  This phase of 

testing was completed for two main purposes. The first purpose of tensile testing was to 

determine the full stress vs. strain behavior of the reinforcing bars. The second purpose of the 

tensile test was to verify that samples being used are representative of reinforcing bars being 

produced nationwide by comparing the results to Concrete Reinforcing Steel Institute’s 

(CRSI) database.  

 The second phase of testing included bend testing at a local fabrication shop. The bars 

were bent at the fabrication shop under representative conditions. The bent bars were then 

evaluated to determine if cracking was present. The bent specimens were also assessed for 

roundness and spring back. It is worth noting that the companion bars used in these first two 

phases of testing came from the same heat to enable a direct comparison.  

 In the third phase of testing selected bent bars were cast in concrete block specimens 

for a hook pull-out test. This test was used to take a closer look at the concrete- bar 

interaction as well as the behavior of the reinforcing bar subjected to tensile force after being 

bent. In the pull-out test, special attention was given to the concrete along the internal bend 

radius to see if crushing occurred. Another indication of an overly tight bend diameter is a 

premature failure of the reinforcing bar in the region of the bend within the concrete. 
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However, if the bar fractures outside of the concrete specimen the bend may be considered 

acceptable. 

 

1.4: Thesis Layout 

 In the following chapter, the literature review expands more on the background, 

previous research, and objectives related to this research. In the third chapter, the first and 

second phases of the research are presented, including the experimental program for tensile 

test and bend testing, and roundness assessment. The third chapter also gives the results from 

the tensile phase and bend phase of this project. Chapter 4 includes the testing procedure of 

the pull-out test and the resultant outcomes. The last chapter gives the conclusions in which 

final recommendations resulting from this project are presented.     
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Chapter 2. Literature Review 

 In the construction of new buildings, bridges, and other common infrastructure, 

reinforced concrete is frequently used. The concrete’s compressive strength and the steel’s 

ductility make the two materials a perfect pair. However, one of the common issues related to 

using reinforced concrete is congestion of the steel at intersections of girders and columns 

and at beams and girders. In a significant amount of these congested regions, reinforcing bars 

are terminated in either a 90� or 180��bend. One of the ways in which the congestion could be 

reduced, is to allow for a tighter bend diameter.  

 Before simply allowing tighter bend diameters, however, the potential negative 

impacts of changing the minimum bend diameter need to be considered. Different metals 

have differing chemical compositions which lead to variable material properties. The 

characteristics of a metal in bending are related to its chemical composition. The metallurgy 

of steel has also changed over the years. There has been a change in the steel reinforcing 

industry from using mined iron ore to recycled steel. There has since been no significant 

investigation as to how reinforcing bars comprising of recycled steels behave when bent 

beyond the elastic strain limit. The effects of temperature also has to be considered when 

bending steel because steel is a transition metal (Petch, 1958); which implies that as steel 

changes from higher to lower temperatures its behavior changes from ductile to brittle. It 

would be beneficial if standard properties such as the tensile constitutive behavior are linked 

to bendability of metals. 
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2.1: Material 

 In the reinforcing steel market, there are several metal types to choose from. Each 

metal differs by its chemical and mechanical properties. Several varieties of reinforcing steel 

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

 

2.1.1 :History of Reinforcing Steel 

The most widely used material in the reinforcing industry is A615 (2014) steel, which 

first became an ASTM standard in 1968. It is used in most common civil infrastructure in 

non-seismic areas. Currently, A615 (2014) consists of grades 40, 60, 75 and 80. The tensile 

constitutive behavior of A615 material usually consists of an elastic region, a well-defined 

yield plateau, and a strain hardening region as illustrated in Figure 2-1(Chaudary, 2009).   

 

 

 

Figure 2-1: Typical Constitutive Model of A615 Steel (Chaudary, 2009) 
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 A706 (2014) steel entered as an ASTM standard in 1974. This steel was introduced 

because of the industry’s desire for reinforcing steel that could be welded, had a higher 

ultimate strain requirement, and more predictable tensile constitutive behavior so that it could 

be used in seismic applications. These enhanced mechanical properties are achieved by 

altering the metallurgy used in the A615 material. A706 (2014) currently consist of grades 60 

and 80.  The general shape of the tensile constitutive relationship is like that of the A615 

material.  

More recently, with the development of higher strength concrete, larger-scale 

infrastructure, and the need to avoid congestion, there has been an introduction of a higher 

strength reinforcing steel in the market. This has seen the introduction of the A1035 (2013) in 

2004, which comparatively has increased the yield and ultimate stress capacities, however it 

comes with lower ultimate strain and ultimate elongation. A1035 (2103) consists of grades 

100 and 120. Typically the constitutive behavior of high strength steel is round house in 

shape with lower ductility than that of A615. However, the use of this product allows for the 

reduction of congestion, and the metallurgy is such that it tends to exhibit better corrosion 

resistance (Sharhrooz, 2011).  

Corrosion resistance was the driving force for the introduction of A955 (2013) 

stainless in 1996, which has lower carbon content than that of A615 and much higher 

chromium content. The addition of the chromium provides protection from corrosion. The 

decrease of carbon and increase of chromium content leads to a highly ductile material with 

greater elongation characteristics. In addition to its corrosion resistance, A955 also has non-

magnetic properties (CRSI Tech Note, 2012). Structural stainless steel is categorized as 
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austenitic or duplex.  The duplex steel is comprised of fifty percent austenitic steel and fifty 

percent ferrite (Nilsson,1992). As steel cools it undergoes a microstructure shift from 

austenite, to ferrite, then to cementite.  However, with the introduction of alloys the phase 

shift can be prevented. The most common type of stainless steel used in the reinforcing 

industry is austenitic steel. There are also several types of stainless steel within the austenitic 

and duplex categories that are denoted by a unified numbering system (UNS). Each of these 

stainless steels has different alloys and therefor different corrosive resistance and ductility 

characteristics. Stainless steel also has a round house constitutive relationship.  

 

2.1.2: Tensile Requirements 

According to all the ASTM standards referenced in the previous section, A615-13, A706-13, 

A1035-13, and A955-13, the same procedure is used for determining yield and ultimate 

strength. Yield is defined as the “drop or halt” of the gage during testing if a clear yield 

plateau is present. If a clear yield plateau is not present then the 0.2% offset method should 

be used and the stress at 0.0035 strain should also be recorded. Along with the yield and 

ultimate stresses, elongation is also a key tensile property of the reinforcing steel. In order to 

determine elongation, an 8 inch gage length is marked prior to tensile testing and measured 

again after the bar is fractured. The current tensile requirements for A615, A706, A955, and 

A1035 are summarized in Table 2-1 -  

 

Table 2-4, respectively.   

 



11 
 

 

Table 2-1: Tensile Requirements for ASTM A615 Steel 

 Grade 40A Grade 60 Grade 75 Grade 80 
Tensile Strength, min, psi 60,000 90,000 100,000 105,000 
Yield Strength, min, psi 40,000 60,000 75,000 80,000 
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 through 6 

 

 

Table 2-2: Tensile Requirements for ASTM A706 Steel 

 Grade 60 Grade 80 
Tensile Strength, min, psiA 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 times the actual 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 Steel 

 Grade 100 Grade 120 
Tensile Strength, min, psi A 150,000 150,000 

Yield Strength, min, psi 100,000 120,000 
Stress corresponding to an extension 
under load of 0.0035 in/in, min, psi 

80,000 90,000 

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 times the actual yield  
strength 

 

 

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

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

standard properties and a material’s ability to bend with 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 requires, there are also standard bend 

requirements for reinforcing steel. In the United States there are three documents that provide 

recommended bend requirements; the ASTM standards discussed previously, ACI 318 

(2011), and the CRSI Design Handbook (2008). Assuming all bars meet the tensile ASTM 

requirements, then the bend requirements from CRSI and ACI should be the same.  

 There exist some similarities and differences between the ASTM standards, ACI 318, 

and CRSI recommendations. ASTM standards are material standards and have the lowest 

minimum bend diameter where for convenience of testing minimum pin diameters are 

specified, as seen in Figure 2-3. ACI 318 and CRSI recommendations are given in terms of 

inside bend diameters, as seen in Figure 2-4, since these bends need to be detailed in 
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reinforced concrete and final geometry is important. Table 2-5 - Table 2-8 summarize the 

ASTM standard minimum pin diameters for the various steel types. Similarly, Table 2-9 

gives the minimum bend diameters in the current ACI 318 and CRSI recommendations.  

 

 

 

Figure 2-3: Pin Diameter 

 

Figure 2-4: Inside Bend Diameter 

 

 

Table 2-5: Bend Requirements of ASTM A615 Steel 

Bar Designation 
Number 

Pin Diameter for Bend Test A 

Grade 40 Grade 60 Grade 75 Grade 80 
3,4,5 3.5dB 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 180� unless noted otherwise 
B d = nominal diameter of bar 
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Table 2-6: Bend Test Requirements of ASTM A706 Steel 

Bar Designation 
Number 

Pin Diameter for Bend Test A 

Grade 60 Grade 80 
3,4,5 3dB 3.5d 
6,7,8 4d 5d 
9,10,11 6d 7d 
14,18 8d 9d 
A Bend test 180� unless noted otherwise 
B d = nominal diameter of bar 

 

 

Table 2-7: Bend Requirements of ASTM A955 Steel 

Bar Designation 
Number 

Pin Diameters for Bend Test A 

Grade 60 Grade 75 
3,4,5 3.5dB 3.5d 
6,7,8 5d 5d 
9,10,11 7d 7d 
14,18 (90�) 9d 9d 
A Bend test 180� unless noted otherwise 
B d = nominal diameter of bar 

 
 
 

Table 2-8: Bend Requirements of ASTM A1035 Steel 

Bar Designation 
Number 

Pin Diameters for Bend Test A 

All Grades 
3,4,5 3.5dB 

6,7,8 5d 
9,10,11 7d 
14,18 (90�) 9d 
A Bend test 180� unless 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 minimum bar diameters in Table 2-9 it 

can be seen that ACI 318 and CRSI agree identically in minimum bend diameters up to and 

including the No. 8 bar. The difference for larger bar sizes is apparently associated with 

spring back.  

 The ASTM standards require a tighter bend than the ACI and CRSI recommendations 

because it is a material specification. However, in the design and construction of reinforced 

concrete structures, ACI 318 controls minimum allowable bend diameters once referenced in 

the local building code. Interestingly, if a bent bar is found not to meet the ACI 318 

requirement on the construction site, even if only slightly, it is typically discarded. This 

wastes material and may delay the construction process, especially if the bend diameter is 

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



17 
 

considered acceptable if found that microcracking is not present and experimental testing 

confirms that concrete crushing within the bend due to high compressive stresses will not 

occur. Investigating these potential problem areas, along with removing inconsistency is an 

objective of this research project.  

 

2.2: Factors Affecting Bendability 

 Bendability of a reinforcing bar is directly influenced by how much plastic 

deformation the steel material can withstand prior to fracture, as seen in Figure 2-5. Plastic 

deformation is directly related to a material’s constitutive behavior. There are several factors 

that affect steel’s tensile constitutive behavior including metallurgy, grade, and temperature. 

Steel material consists of different alloys and raw materials that affect the characteristics of 

its constitutive relationship. There is also a general trend that as the grade of steel is 

increased there is a loss of ductility that could result in localized failures. Decreased 

temperature too has the tendency to decrease steel’s ability to deform which is significant to 

the bending process.  
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Figure 2-5: Typical Strain Profile of a Bent Bar 

 

2.2.1: Metallurgy  

 One of the key factors that determine bendability is chemical composition. The 

ASTMs prescribe various limits on chemical composition, which steel mills must adhere to. 

Also, since the 1970’s there has been an increase in recycling due to a string of 

environmental legislations to protect the United States’ natural resources and due to its 

economic benefits. These environmental legislations coupled with the economic benefits lead 

to use of recycled materials in the rebar industry. 

 Historically, there have been very few, if any, changes to the prescribed chemical 

composition in ASTM documents. For example, the only chemical change from the 1979 

edition of ASTM A615 to the current edition is a slight increase in maximum allowable 

phosphorous content from 0.05% by mass to 0.06%.  Since 2000, ASTM A715 has had not 

any changes to its chemical requirements. With regards to ASTM A1035 only one chemical 

modification has been made since 2004 where the range of chromium content was widened 
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from 8.0% - 10.0% to 8.0% - 10.9%. And the only change to the chemical composition of the 

stainless steel ASTM A955 is that of the maximum phosphorous content for one of the six 

steel stainless steel types, S31803, from 0.045% to 0.03%. 

 Another potential need for reevaluation of bend diameter recommendations comes 

from the use of recycled steels. An example of when code revaluation was necessary is 

described in a study conducted by Kankam (2002). In the study three random mills in Ghana 

were selected and stock piled reinforcing bars were tested. All of the bars passed the yield 

requirements of the Ghana standard, DGS 527, of 250 MPa. This is comparable to the current 

A615 grade 40 in the United States. Chemically, all bars failed the 0.01% phosphorus limit 

set by the DGS 527 standard but interestingly would have passed the A615 limit of 0.05%. 

The bars also did not meet the DGS 527 elongation requirement of 22%, which is 

significantly higher than the A615 requirement of 12%, with average elongations of 9.6, 

10.6, and 11.8%. While all of the mills claimed to have met the standard, they apparently did 

not. It was recommended after this study to place a maximum yield stress in the standard to 

promote better elongation characteristics. And since elongation is linked to bend 

characteristics of the reinforcing bar, this study shows 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 advanced, higher strength steel has 

entered the market. However, with increased strength there is often a reduction of ductility. 
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Since ductility is a key factor in the plastic deformation that bending requires, higher grades 

of steel are at risk of localized strain failures. 

 Since the original ASTM A615 in 1964 with grades 40 and 60, grades 75 and 80 have 

been added. More recently, ASTM A1035 was introduced with grades 100 and 120. All of 

which have lower minimum elongation values than the A615 steel grade 60 but, for the 

majority of the bar sizes the same minimum pin diameters are required. And according to 

ACI 318-11 and the CRSI Design Handbook (2008) there is no distinction between grade and 

minimum bend diameter at all. Even though there have been individual studies on particular 

bars, such as a study conducted by Rizkalla (2012), there has not been a comprehensive 

reassessment of minimum bend diameters for all current grades of steel in the United States.  

 There was a study conducted by Järvenpää (2013) in Finland on the correlation of 

various structural and nonstructural steels properties and minimum bend radii. It was 

concluded that there is a correlation between yield stress and minimum bend radius. In this 

study like samples, from the same sheet, were tensile tested and bent. It was determined that 

yield strength and minimum bend radii have a strong relationship. However, this study was 

completed on sheet metals using carefully machined specimens and so, although the 

conclusions are of interest, they are not directly transferrable to the current study on 

reinforcing bars. 

 

2.2.3: Temperature 

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

reinforcing bars. Steel is a material which has a temperature range referred to as the ductile to 



21 
 

brittle transformation zone. This transformation zone changes depending on the alloys in the 

steel (ASTM A370, 2013).  

 There are currently no minimum temperature recommendations at which to bend 

reinforcing bars provided by any of the standards or reference documents in the United 

States. However, if a bend retest is necessary the relevant ASTMs mandate that the bend 

retest be undertaken at 60�F or above.   The Washington State DOT’s (Babaei, 1988) 

recommendation based on in-house research suggests bending bars at no lower than 45�F. 

Similarly, the Canadian Standard Practice: Specification 1038 (2013) recommends bending 

bars above 50�F however; it is not known what this recommendation is based on. While all of 

the above mentioned temperatures are within a similar range, there is still no standardized 

minimum requirement.  

 Levings (2012), by use of mechanical tension testing, evaluated the effects of colder 

temperatures on yield stress, ultimate stress, and ultimate strain of A706 grade 60 materials 

with temperatures ranging from 68�F to -40�F. Interestingly, no significant change in 

ultimate strain was observed. This implies that temperature change should also not affect the 

bendability of the bar, which is not consistent with the recommendation of minimum 

temperature limits for bending as described in other references. Overall there is uncertainty 

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

 

2.3: Methodology 

 Addressing the inconsistencies in bend requirements across documents within the 

United States has the potential to be a cumbersome task; especially when considering the 
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potential regional or local differences in metallurgy, the introduction of higher grade steel 

over the years, and the potential effect of colder temperature on the reinforcing bar bending 

process.  

 In the reassessment of bend requirements within the United States it is key to consider 

as many grades, bar sizes, heats, and temperatures as possible to obtain a representative 

sample. For example, the New Zealand Standard (NZS, 2006) has continuously reassessed its 

requirements for minimum bend diameter for reinforcing bars  In the 1970’s when grade 55 

entered into the market a revaluation of bend diameters was conducted which lead to an 

increase in minimum bend diameters. However, due to change in micro-alloy metallurgy in 

1995 another revaluation was conducted and a tighter bend diameter was deemed acceptable. 

In 2001 grade 70 entered into the market and shortly after concerns were raised as to its 

bendability and temperature effects. A study was then conducted (Hopkins, 2008) to 

determine if bend diameter changes needed to be made. The bars were tested over 

temperatures ranging from 50�F to -22�F over a range of 2 to 6 bar diameters. It was 

concluded that bars were safely able to be bent at the NZS B101 standard of 5 or 6 bar 

diameters, depending on bar size. However, this was the result of testing only one grade of 

steel and no tensile testing was completed to complement the study. Hence, there is no way 

to link bendability to appropriate tensile characteristics.  

 

2.3.1: Pull-Out Testing 

 Two primary experimental methods are typically used to evaluate the performance of 

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

test as shown by  

 

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

evaluate the effectiveness of a bent reinforcing bar in concrete. 

 

 

 

Figure 2-6: Closed Hoop Test  

(Rizkalla et. al., 2004) 

 

 

Figure 2-7: Hooked Pull Out Test 

(Harries et. al., 2010) 

     

 

However, in regards to the close hoop test there are typically areas of debonded bar so 

that solely the effects of bending on the reinforcing bar could be observed. The stress-strain 

data on the straight sections of reinforcing bar were then able to be compared to that of direct 

tension tests. Data showed that fracture of the bar occurs near the start of the bend in the 

debonded block.  

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

be observed but the bond between the concrete and steel is also evaluated. In this test setup 
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the overall anchorage of the reinforcing bar is scrutinized. This test setup is representative of 

common anchorage situations. 

   

2.4: Conclusion 

 Since the earliest ASTM A615 standard in 1964 there have been many changes in 

steel reinforcing bars. The metallurgy of reinforcing bar, for various applications, has been 

altered. By adjusting the percentage of alloys, or by adding additional alloys, there are higher 

grade and corrosion resistant materials. The mechanical properties of the reinforcing bar have 

also changed. All of which may also influence the bendability of the bar. 

 The temperature at which a bar is bent may also affect the bendability. When 

transitioning from warmer to cooler environments, bars undergo a ductile to brittle 

transformation. Since extensive plastic deformation occurs during the bending process, brittle 

behavior can cause premature fracture of the reinforcing bar.  

 There are many factors that affect the bendability of reinforcing bars and there are 

currently several recommendations in the United States with inconstant minimum bend 

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

 The first two phases of testing included tension and bend testing on companion bar 

samples from the same heat. The tensile test results were compared to CRSI’s databases to 

confirm that the samples being used were representative of the industry as a whole.  The 

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

 

3.1: Materials  

Overall, five different reinforcing steel types were tested. They were selected as types 

and grades of reinforcing steel commonly available and used in the industry, and also what 

was readily provided to this research project. It was confirmed that the materials used were 

representative of that available in the United States by comparison with the statistical data 

available in the CRSI mill databases. This is described later in Sections 4.1 - 4.5.  Of the 

traditional black steel reinforcing bars currently available, ASTM A615 grades 60 and 75 

were tested, as well as ASTM A706 grade 60. ASTM A615 grade 80 material was also to be 

including in the test matrix however, only bars marked grade 75 were delivered. These bars 

were delivered without mill certificates but, based on mechanical testing, these bars can be 

compared to the grade 80 mechanical requirements. Of the other types of metallic reinforcing 

bars commercially available, ASTM A1035 grade 100 and ASTM A955 grade 60 were also 

tested. The bar sizes for each of these types and grades of steel tested as part of the first two 

phases are denoted by a check mark in Table 3-1. For each bar size, grade, and steel type the 

same heat of material was used in phase one and two to ensure consistency so that fair 

comparisons can be made. There were two tension specimens used in phase one of testing 
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unless test results were dissimilar, then a third specimen was used. In phase two of testing 

there were four bend specimens used. Two of the specimens were bent to both the ASTM 

standard and the ACI requirement with the longitudinal rib parallel to the plane of the bend, 

The other two specimens were bent to both the ASTM standard and the ACI requirement 

with the longitudinal rib perpendicular to the plane of 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 
No. 

Tensile 
Test 

Bend 
Test 

Tensile 
Test 

Bend 
Test 

Tensile 
Test 

Bend 
Test 

Tensile 
Test 

Bend 
Test 

Tensile 
Test 

Bend 
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 machine at the Constructed Facilities 

Laboratory, as shown in Figure 3-1, according to ASTM A370 (2014). The average ambient 

temperature in the lab was maintained at 72�F. At this temperature there should be no thermal 

effects on the tensile properties of steel. The  total length of each sample was 28 in., allowing 

for a clear length of 16 in. between grips that was kept constant for all bar sizes, and met the 

minimum requirements for the largest bar size tested, according to ASTM A370 (2014).  Six 

2 in. gage lengths were marked along the longitudinal rib of each bar, as can be seen in 

Figure 3-2, as per ASTM A370 (2014). Even though the standard explicitly states that the 

gage length should be 8 in., a series of 2 in. gage lengths were used to capture elongation 

data in bar ruptures outside of the middle 8 in. gage length. A calibrated micrometer was 

used to record the precise gage lengths (to three decimal 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 Elongation at Failure (right) 

 

 Six inch aluminum angles were used as end tabs between the hydraulic grips of the 

MTS machine and the test specimen to ensure a uniform grip pressure and avoid premature 

localized failure of the specimen. Sufficient grip pressure was used to prevent the bar from 

slipping during testing to failure. Before testing, an Epsilon extensometer of 2 in. gage length 

was also placed on the bar midway between the grips. From the extensometer, complete 

average strain data over the gage length was recorded to failure.  

 The loading rate was selected according to ASTM A370 (2014) which states that up 

to half of the yield stress any convenient load rate can be used; from half yield through yield 

a maximum rate of moving crosshead speed of 1/16 in/in of reduced cross section can be 
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used; and for post yield a maximum rate of moving crosshead speed of ½ in/in of reduced 

cross section can be used. However, at no time during testing can the rate of moving 

crosshead speed be less than 1/10 of the maximum rate. In all specimens tested there was 16 

in. of reduced cross section and the specimens were loaded at a rate of 1/2 in./min. up to 

yield followed by 1 in./min. to failure, both of which are within the allowable rates.   

  After testing each reinforcing bar, the ruptured bar was realigned and the gage 

length measured using a micrometer to determine the total elongation to compare to their 

respective ASTM standards. In order to obtain the data needed to compare to the 

representative ASTM standards an extensometer was not required. However, the EPSILON 

extensometer provided information for the complete stress-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 (2011) minimum bend diameter and their 

respective ASTM pin diameter, as summarized in Table 3-2 . It is worth noting again that the 

ASTM pin results in a smaller, or equal, bend diameter compared to that of ACI 318. The 

No. 3 thru No. 5 bar specimens were 4 ft long, the No. 6 thru No. 9 specimens were 6 ft long, 

and the No. 10 and No. 11 specimens were 8 ft long. These lengths were selected to provide 

sufficient bar length to bend each end of the same specimen. 

 All bars were bent at a local fabrication shop in Raleigh, NC, where the bending was 

undertaken using a typical pin table with grade 60 settings, as shown in Figure 3-3. Each bar 

was bent in the ‘recommended’ orientation with the longitudinal rib pointing (although this is 
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not explicitly stated in any relevant document in the United States) and with the longitudinal 

rib pointing outward, as illustrated in Figure 3-4 and Figure 3-5, respectively. Bar orientation 

was considered in order to observe any detrimental effect of bending about the strong axis. 

Throughout the bend testing, the bend rate was monitored (as can be seen in Figure 3-6) and 

checked every time a pin was changed. The average bend rate recorded was 11.9 rpm with a 

minimum recorded bend rate of 11.3 rpm and a maximum of 13.1 rpm. Because of the 

potential effect of temperature on ductility and performance during bending; the ambient 

temperature at the time of bend testing was recorded. The recorded temperature ranged from 

48�F to 64�F. 

 

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

  ASTM � ��� �����	 ��� ���
��	 
  ACI 
  Grade 60 Grade 75 Grade 100 Inside Bend 

Diameter   Pin Diameter 
Bar No. Bar 

Diameter 
A615 A706 

A955 
A 615 A1035 ALL 

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 micro-cracking, a dye penetrant was used. 

Prior to using the dye, a wire brush was used to remove any rust that may have formed on the 

bar. Once any rust was removed, the specimens were then sprayed with an air hose and the 

dye penetrate was sprayed along the outer diameter of the bend. The dye was allowed to dry 

on the bar for 30 minutes, as per the manufacturer’s recommendation. After drying, the bar 

was wiped with a cloth dampened with parts cleaner. This process is depicted in Figure 3-7-

Figure 3-9.   The bars were then visually inspected to see if there were any indications of 

micro-cracking.  If a bar cracked during bending without complete fracture, there is a 

possibility that it would fail prematurely due to the reduced cross section.  All bars, if they 

met the ASTM standards, should not crack or fracture when bent about the minimum ASTM 

pin diameter. If a bar passed the ACI required bend diameter, but did not pass the ASTM 
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minimum pin diameter an intermediate pin size was chosen and a third specimen was bent. 

However, if a bar did not fail the ASTM minimum pin diameter no smaller bend was tested. 

If a bar bent to an ACI bend requirement was fractured no 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 included tensile testing to obtain tensile 

constitutive characteristics of reinforcing bars to gain a better understanding of the mechanics 

of the material. Phase two of the experimental program provided the bend characteristics of 

same material that was tension tested. This allows for the linking of the bend behavior to a 

particular constitutive material property. 

 

3.4.1: Tension Test Results-Phase I 

 Tension tests were undertaken using a 200 kip capacity MTS machine. Bar sizes 3 to 

11 were tested of the A615 grade 60 material. Sizes 3 to 9 and 11 were tested of the A706 

grade 60 material. Sizes 3 to 9 of the A1035 grade 100 material were tested. Bar sizes 3 to 11 

of the A955 grade 60 material, and sizes 4 to 8 and 11 of the A615 grade 75 material were 

also tested.  

 All bars were tested according to ASTM A370 (2014) mechanical tensile testing 

standards. The results obtained from the tensile testing include: elongation, yield stress, yield 

strain, ultimate stress, and ultimate strain. The following sections contain the results collected 

from bars tested organized from lowest grade to highest. In the tables which contain the 

elongation data, some of passing criteria results are in parenthesis. The parenthesis indicates 

that all bars fractured outside of the marked gage length. However, some specimens passed 

the elongation criteria even though the fracture occurred 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 bars tested. All tensile specimens were 

given an identification label with a three part numbering system. For example, specimen W-

3-1 represents an A615 grade 60 material, as symbolized by “W”, a No. 3 bar size specimen, 

as noted by the first number, and it is the first specimen in that category, as denoted by 

second number in the label.  

 

 

Figure 3-10: Stress vs. Strain Data for ASTM A615 Grade 60 
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The No. 6 bar, and all of the other A615 reinforcing bars tested, had a constitutive 

relationship that consisted of an elastic region, well-defined yield plateau, strain hardening, 

and necking region. The measured stress vs. strain relationships for all other A615 

reinforcing bars can be found in Appendix A.  

 Table 3-3 - Table 3-5 and Figure 3-11 - Figure 3-13 contain the complete data sets for 

elongation, yield stress, and ultimate stress. In the elongation Table 3-3, the column labeled 

gage length indicates if the bar fractured within the gage length as denoted by “YES” or if 

the bar fractured outside of the gage length as denoted by a “NO”. If the bar fractured outside 

of the gage length the elongation data cannot be used.   The results from the CRSI databases 

covering 2011 - 2013 are also shown in Figure 3-11- Figure 3-13, for comparison purposes. 

The statistical data from the CRSI databases are represented by a vertical line defining the 

range of maximum and minimum results, and the average is represented by an open circle.  

The majority of the elongation, yield stress, and ultimate stress data collected on the 

A615 grade 60 material met the ASTM A615 tensile standards. The only specimen that did 

not meet the ASTM A615 standard for elongation was specimen W-4-2 however, this is 

explainable by the fact that the specimen did not fracture within the gage length. The only 

specimen which did not meet the minimum ultimate stress requirement set forth by ASTM 

A615 was specimen W-6-2 which had an ultimate strength of 89 ksi, just shy of the 90 ksi 

requirement. However, two other bar samples of the No. 6 bar were tested and both exceeded 

the minimum requirement. Therefore, the No. 6 bars were deemed acceptable. Theoretically, 

all bars tested should also be capable of meeting the minimum bend requirement.  



37 
 

 Most of the bars tested fell within the range of the CRSI database results, indicating 

that the samples tested are representative of reinforcing bars being available in the market. 

The only bar which did not fall within any of the CRSI database ranges was the one No. 6 

reinforcing bar which also did not meet the ASTM A615 (2014) standard. However, as noted 

before, two other samples were tested, both of which fell within the CRSI range.    

 

Table 3-3: A615 Grade 60 Elongation and Modulus Data 

Sample % 
Elongation 

in Gage 
Length 

Average 
% 

Pass ASTM 
Req. % 

Strain at 
Ult. 

Stress 

Modulus 
(ksi) 

W-3-1 10.85 NO 
10.68 YES 9 

0.1064 25700 
W-3-2 10.68 YES 0.1101 27500 
W-4-1 11.54 YES 

11.54 YES 9 
0.0823 26200 

W-4-2 7.84 NO 0.0698 27100 
W-5-1 12.2 YES 

12.74 YES 9 0.0854 23700 
W-5-2 13.28 YES 0.0866 29200 
W-6-1 14.09 YES 

15.37 YES 9 
0.0904 23600 

W-6-2 16.08 YES 0.0959 31800 
W-6-3 15.95 YES 0.0961 27500 
W-7-1 14.75 YES 

13.82 YES 8 
0.0998 28200 

W-7-2 12.89 YES 0.0801 30140 
W-8-1 15.49 YES 

15.53 YES 8 
0.1136 28200 

W-8-2 15.57 YES 0.1111 25600 
W-9-1 7.58 NO 

14.69 YES 7 0.0859 26400 
W-9-2 14.69 YES 0.0896 25600 
W-10-1 10.33 YES 

9.93 YES 7 
0.0833 26500 

W-10-2 9.53 YES 0.0841 26000 
W-11-1 15.25 YES 

14.57 YES 7 
0.0957 31800 

W-11-2 13.89 YES 0.0896 27300 
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Table 3-4: A615 Grade 60 Yield Stress Data 

Sample 
Yield  
Stress  
(ksi) 

Average 
(ksi) 

Pass 
ASTM 

Requirement 
(ksi) 

W-3-1 73 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 

74 YES 60 W-6-2 71 
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 

Sample 
Ultimate 

Stress  
 (ksi) 

Average 
(ksi) 

Pass 
ASTM 

Requirement 
(ksi) 

W-3-1 107 108 YES 90 
W-3-2 109 
W-4-1 101 

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 

91.0 YES 90 W-6-2 89.0 
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 

 

 

Figure 3-12: Yield Stress Data-A615 Grade 60 
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Figure 3-13: Ultimate Stress Data-A615 Grade 60 
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 Figure 3-14: Stress vs. Strain Data - A706 Grade 60  
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All bars, with the exception of the No. 3 bar, passed the ASTM A706 requirements. 

Also, every bar but the No. 3 bar fell within the CRSI database ranges. 

 A plausible reason for the No.3 having a lower than expected total elongation value 

and higher than expected yield stress is because of the cold working process. The No. 3 bar 

was coiled and subsequently straightened for tensile testing. However, the cold working 

process had the possibility to induce mechanical changes which alter the stress-strain 

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

 

Table 3-6: A706 Grade 60 Elongation Data 

Sample % 
Elongation 

in 
Gage 

Length 

Average 
% Pass 

ASTM 
Requirement 

% 

Strain 
at Ult. 
Stress 

Modulus 
(ksi) 

Bl-3-1 7.00 NO 
10.21 NO 14 

0.0874 25400 
Bl-3-2 6.95 NO 0.069 26800 
Bl-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 
Bl-5-1 14.46 YES 15.55 YES 14 0.1141 22900 
Bl-5-2 16.64 YES 0.1007 26500 
Bl-6-1 17.21 YES 15.86 YES 14 0.1226 26100 
Bl-6-2 14.5 YES 0.1129 25500 
Bl-7-1 15.23 YES 

15.84 YES 12 
0.1178 27600 

Bl-7-2 16.45 YES 0.1200 28000 
Bl-8-1 16.55 YES 16.80 YES 12 0.1111 26000 
Bl-8-2 17.04 YES 0.1105 25200 
Bl-9-1 13.30 NO N/A (YES) 12 0.1206 25200 
Bl-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 

Sample 
Yield 
Stress 
(ksi) 

Average 
(ksi) 

Pass Min 
(ksi) 

Max 
(ksi) 

Stress 
0.0035 
strain 

Average 
(ksi) 

Pass Min  
(ksi) 

Bl-3-1 78.0 
81.0 NO 60 78 

69 
71 YES 60 Bl-3-2 84.0 73 

Bl-3-3 81.0 72 
Bl-4-1 67.0 

67.0 YES 60 78 
        

Bl-4-2 67.0         
Bl-5-1 62.0 

62.5 YES 60 78 
        

Bl-5-2 63.0         
Bl-6-1 70.0 70.0 YES 60 78         
Bl-6-2 70.0         
Bl-7-1 69.0 

69.5 YES 60 78 
        

Bl-7-2 70.0         
Bl-8-1 68.0 

69.0 YES 60 78 
        

Bl-8-2 70.0         
Bl-9-1 66.0 66.0 YES 60 78         
Bl-9-2 66.0         
Bl-11-1 70.0 

70.0 YES 60 78 
        

Bl-11-2 70.0         
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Table 3-8: A706 Grade 60 Ultimate Stress Data 

Sample 
Ultimate 

Stress 
(ksi) 

Average 
(ksi) 

Pass Min 
(ksi) 

Bl-3-1 102 
102 YES 80 Bl-3-2 104 

Bl-3-3 100 
Bl-4-1 91.0 

91.0 YES 80 
Bl-4-2 91.0 
Bl-5-1 86.0 

86.0 YES 80 
Bl-5-2 86.0 
Bl-6-1 94.0 94.0 YES 80 
Bl-6-2 94.0 
Bl-7-1 94.0 

94.0 YES 80 
Bl-7-2 94.0 
Bl-8-1 94.0 

95.0 YES 80 
Bl-8-2 96.0 
Bl-9-1 94.0 94.0 YES 80 
Bl-9-2 94.0 
Bl-11-1 95.0 

96.0 YES 80 
Bl-11-2 96.0 
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Figure 3-15: Elongation Data A706 Grade 60 

 

 

Figure 3-16: Yield Stress Data A706 Grade 60 
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Figure 3-17: Ultimate Stress Data A706 Grade 60 
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Figure 3-18 is a representative constitutive relationship of the A955 material. Besides 

the round house shape, one of the most distinctive differences between the A955 and the 

A615 and A706 materials is its extreme ductility, nearly twice that of the A615 material. 

Table 3-9 - Table 3-11 contains the complete set of tensile data for the A955 material. It 

should be noted that on average the stress value at 0.0035 is 23% lower than the yield stress 

obtained by the 0.2% offset method. The measured stress vs. strain relationships for all other 

A955 reinforcing bars can be found in Appendix C. 

All of the stainless steel reinforcing bars passed the elongation, minimum yield, 

minimum stress at 0.0035 strain , and ultimate stress requirements as per ASTM A955. The 

elongation data shows the extreme ductility of this steel. There is no comparable data from 

the CRSI mill databases for A955 material.   

 

 

Figure 3-18: Stress vs. Strain Data A955 Grade 60 
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Table 3-9: A955 Grade 60 Elongation Data 

Sample % 
Elongation 

in 
Gage 

Length 

Avg. 
% 

Pass 
ASTM 
Req. 
% 

Strain at 
Ult. Stress 

Modulus 
(ksi) 

P-3-1 23.78 YES 21.13 YES 20 
0.1846 23300 

P-3-2 18.47 YES 0.1438 26100 
P-4-1 27.07 YES 

24.82 YES 20 
0.1612 24100 

P-4-2 22.57 YES 0.1631 24400 
P-5-2 33.24 YES 29.40 YES 20 

0.2081 24300 
P-5-3 25.56 YES 0.2008 24300 
P-6-1 29.87 YES 30.20 YES 20 

0.2001 21400 
P-6-2 30.52 YES 0.1833 19100 
P-7-1 24.24 YES 

22.80 YES 20 
0.1577 23400 

P-7-2 21.35 YES 0.1272 22600 
P-8-1 29.97 YES 

29.51 YES 20 
0.1791 22100 

P-8-2 29.19 YES 0.1451 25200 
P-8-3 29.38 YES 0.1892 25200 
P-9-1 27.89 YES 31.50 YES 20 

0.2152 24000 
P-9-2 35.11 YES 0.1976 22400 
P-10-1 26.85 YES 

26.36 YES 20 
0.1172 22800 

P-10-2 25.86 YES 0.1598 23900 
P-11-1 30.31 YES 

32.15 YES 20 
0.1928 22200 

P-11-1 33.99 YES 0.1940 23400 
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Table 3-10: A955 Grade 60 Yield Stress Data 

Sample 
Yield 
Stress 
(ksi) 

Average 
(ksi) 

Pass Min  
(ksi) 

Stress at 
0.0035 
Strain 

Average 
(ksi) 

Pass Min 
(ksi) 

P-3-1 100 102 YES 60 76.0 79.0 YES 60 
P-3-2 104 82.0 
P-4-1 92.0 

93.0 YES 60 
74.0 

75.0 YES 60 
P-4-2 94.0 76.0 
P-5-1 84.0 90.5 YES 60 68.0 70.5 YES 60 
P-5-2 97.0 73.0 
P-6-1 84.0 86.0 YES 60 60.0 62.0 YES 60 
P-6-2 88.0 64.0 
P-7-1 100 

100 YES 60 
76.0 

76.0 YES 60 
P-7-2 100 76.0 
P-8-1 92.0 92.0 YES 60 68.0 71.5 YES 60 
P-8-3 92.0 75.0 
P-9-1 86.0 84.0 YES 60 70.0 69.0 YES 60 
P-9-2 82.0 68.0 
P-10-1 104 

102 YES 60 
76.0 

75.5 YES 60 
P-10-2 101 75.0 
P-11-1 84.0 83.5 YES 60 66.0 66.5 YES 60 
P-11-1 83.0 66.0 
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Table 3-11: A955 Grade 60 Ultimate Stress Data 

Sample 
Ultimate 

Stress  
(ksi) 

Average 
(ksi) 

Pass Min  
(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 investigated in this study is 75. The bars that 

were received were marked grade 75 however; mechanically they all met the grade 80 

requirement.  An example of the stress-strain behavior is illustrated in Figure 3-19. 

The shape of the constitutive model is similar to that of the A615 grade 60 material.  

As can been seen for sample G-6-2 the rupture of the reinforcing bar occurred outside of the 

gage length. However, since the area inside the gage length had already extended beyond the 
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7% requirement, the sample would have met elongation requirements even though it could 

not be measured according to the standard. The complete tensile data for A615 grade 75 

material is listed in Table 3-12 - Table 3-14 with comparison to the CRSI mill database 

information in Figure 3-20 - Figure 3-22. All of the A615 grade 75 reinforcing bars passed 

the ASTM standard and fell within the CRSI database. The measured stress vs. strain 

relationships for all other A615 reinforcing bars can be found in Appendix D. 

 

 

 

Figure 3-19: Stress vs. Strain Data A615 Grade 75 
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Table 3-12: A615 Grade 75 Elongation Data 

Sample % 
Elongation 

in Gage 
Length 

Avg. 
% 

Pass ASTM 
Req. % 

Strain 
at Ult. 
Stress 

Modulus 
(ksi) 

G-5-1 12.15 YES 11.68 YES 7 
0.0869 29109 

G-5-2 11.2 YES 0.0818 28629 
G-6-1 13.35 YES 

13.35 YES 7 
0.0859 27745 

G-6-2 8.45 NO 0.0900 27651 
G-7-1 11.73 YES 11.47 YES 7 

0.0885 27619 
G-7-2 11.2 YES 0.0822 28367 
G-8-1 11.36 YES 11.27 YES 7 

0.0791 27480 
G-8-2 11.18 YES 0.867 27833 
G-11-1 11.24 YES 

12.46 YES 6 
0.0805 27031 

G-11-2 13.67 YES 0.0960 27547 
 

 

Table 3-13: A615 Grade 75 Yield Stress Data 

Sample 
Yield 

Stress (ksi) 
Average 

(ksi) Pass 
Min 
(ksi) 

G-5-1 92.0 92.0 YES 75 
G-5-2 92.0 
G-6-1 91.0 

91.5 YES 75 
G-6-2 90.0 
G-7-1 92.0 

92.0 YES 75 
G-7-2 92.0 
G-8-1 90.0 89.5 YES 75 
G-8-2 89.0 
G-11-1 88.0 

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

Sample 
Ultimate 

Stress (ksi) 
Average 

(ksi) Pass 
Min 
(ksi) 

G-5-1 112 
112 YES 100 

G-5-2 112 
G-6-1 116 116 YES 100 
G-6-2 115 
G-7-1 115 115 YES 100 
G-7-2 115 
G-8-1 112 

112 YES 100 
G-8-2 112 
G-11-1 112 112 YES 100 
G-11-2 112 

 
 
 
 

 
 

Figure 3-20: Elongation Data A615 Grade 75 
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Figure 3-21: Yield Stress Data A615 Grade 75 

 
 

 
 

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.3 through No. 9 were tested. The shape 

of the stress vs. strain diagram is similar to that of the A955 material with the round house 

shaped curve, as seen in Figure 3-23. All of the No. 6 bars passed the ASTM A1035 

standard. Listed in Table 3-15 - Table 3-17 are the material properties of the A1035 bars 

tested. A few of the bar samples for the A1035 grade 100 material did not pass the elongation 

requirement. However, all of those bars failed outside of the gage length, therefore the 

elongation data collected on those specimens are not true elongation values.  Of the yield 

data two of the No.4 reinforcing bars did not pass the stress at 0.0035 strain ASTM A1035 

(2014). However, it was determined that these bars were bent slightly and the straightening 

of the bars caused greater strains at lower stresses.  On average, the stress at 0.0035 strain is 

29% lower than the yield stress as determined by the 0.2% offset method. The measured 

stress vs. strain relationships for all other A615 reinforcing bars can be found in Appendix E. 

 

 

Figure 3-23: Stress vs. Strain A1035 Grade 100 
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Table 3-15: A1035 Grade 100 Elongation Data 

Sample % 
Elongation 

in Gage 
Length 

Avg. 
% 

Pass 
ASTM 
Req.  
% 

Strain at 
Ult. 

Stress 

Modulus 
(ksi) 

Y-3-1 12.57 YES 12.57 YES 7 
0.0455 29300 

Y-3-2 5.63 NO 0.0479 30400 
Y-4-1 5.73 NO 

8.50 YES 7 
0.0435 17400 

Y-4-2 4.26 NO 0.0436 18300 
Y-4-3 8.5 YES 0.0526 27100 
Y-5-1 9.65 YES 

9.34 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 YES 7 
0.0548 29100 

Y-7-3 9.72 YES 0.0575 30500 
Y-8-2 9.45 YES 

9.45 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 

Sample 
Yield 
Stress 
(ksi) 

Avg. 
(ksi) 

Pass Min  
(ksi) 

Stress at 
0.0035 
Strain 

Avg. 
(ksi) 

Pass Min 
(ksi) 

Y-3-1 140 135 YES 100 110 103 YES 80 
Y-3-2 125 95 
Y-4-1 128 

139 YES 100 
64* 

90 YES 80 Y-4-2 128 64* 
Y-4-3 139 90 
Y-5-1 124 

124 YES 100 
92 

92 YES 80 
Y-5-2 124 92 
Y-6-1 136 135 YES 100 103 99.5 YES 80 
Y-6-2 134 96 
Y-7-1 118 

133 YES 100 
93 

96.5 YES 80 
Y-7-2 148 100 
Y-8-1 128 

127 YES 100 
96 

95.5 YES 80 
Y-8-3 125 95 
Y-9-1 130 133 YES 100 104 99.5 YES 80 
Y-9-2 136 95 
*These samples had low modulus of elasticity due to slight bend in specimen 

 

 

 

 

 

 

 

 

 

 



59 
 

Table 3-17: A1035 Grade 100 Ultimate Stress Data 

Sample 
Ultimate 

Stress 
(ksi) 

Average 
(ksi) 

Pass Min 
(ksi) 

Y-3-1 170 167 YES 150 
Y-3-2 164 
Y-4-1 159 

159 YES 150 Y-4-2 160 
Y-4-3 159 
Y-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 
Y-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 temperature on the constitutive behavior of 

reinforcing bars, two different temperatures were evaluated. In the first set of tensile testing, 

a 50� F (10� C) temperature was chosen as given by the Canadian Standard (2010) 

recommend minimum bend temperature. The second set of tensile testing temperature was 

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

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

conditioned are given in Table 3-18 - Table 3-23. The complete constitutive behaviors of all 
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of the tensile specimens conditioned to 50°F and 15�F are in Appendix  F and Appendix G 

respectively.  

 Only subsets of the reinforcing bars were selected for thermal testing. Bars sizes No. 

4, No. 6, and No.8 of A615 grade 60, A706 grade 60, A955 grade 60, and A1035 grade 100 

material, and No. 6 and No.8 A615 grade 75 material were conditioned to a temperature of 

50�F. Bar sizes No. 4, No. 6, and No.8 of A615 grade 60 and A706 grade 60 materials were 

conditioned to 15�F.  

The bars that were thermally conditioned were cooled in an environmental chamber at 

-10�F. Those at 50�F were left in the chamber for 1 hour and those conditioned at 15�F were 

placed in the chamber for 3 hours. Once taken out of the chamber the bars were placed in an 

insulated cooler. Once in the MTS, the bar temperatures were monitored with a thermal laser 

until the surface of the reinforcing bar was within 2�F of the desired temperature before 

testing.   
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Table 3-18: Elongation Data of Material Conditioned to 50°F 

Material Sample  % 
Elong. 

in 
Gage 

Length 

Avg. 
% 

Pass ASTM 
Req 

Strain at 
Ult. 

Stress 

A615 
Grade 

60 

W-4-4-T 13.22 YES 
13.22 YES 9 

0.0868 
W-4-5-T 6.14 NO 0.0669 
W-6-4-T 9.57 NO 

N/A (YES) 9 
0.1191 

W-6-5-T 11.6 NO 0.1187 
W-8-3-T 10.61 NO 

N/A (YES) 8 
0.1097 

W-8-4-T 9.23 NO 0.1051 

A706 
Grade 

60 

Bl-4-3-T 16.63 YES 
16.63 YES 14 

0.1262 
Bl-4-6-T 9.95 NO 0.1027 
Bl-6-3-T 12.13 NO 

15.35 YES 14 
0.1137 

Bl-6-4-T 15.35 YES 0.1109 
Bl-8-3-T 9.52 NO 

N/A (NO) 12 
0.1115 

Bl-8-4-T 11.24 NO 0.1175 

A1035 
Grade 
100 

Y-4-4-T 5.94 NO 
N/A (NO) 7 

0.414 
Y-4-5-T 4.58 NO 0.0522 
Y-6-3-T 3.58 NO 

N/A (NO) 7 
0.0465 

Y-6-4-T 3.57 NO 0.0481 
Y-8-4-T 3.99 NO 

10.53 YES 7 
0.0334 

Y-8-5-T 10.53 YES N/A 

A955 
Grade 

60 

P-4-3-T 12.61 NO 
22.07 YES 20 

0.1072 
P-4-4-T 22.07 YES 0.1692 
P-6-3-T 21.44 NO 

N/A (YES) 20 
0.1824 

P-6-4-T 20.29 NO 0.2047 
P-8-4-T 15.77 NO 

29.38 YES 20 
0.1752 

P-8-5-T 29.38 YES 0.1598 

A615 
Grade 

75 

G-6-3-T 11.01 YES 11.01 YES 7 
0.0875 

G-6-4-T 7.64 NO 0.0872 
G-8-3-T 6.53 NO 

N/A (YES) 6 
0.0747 

G-8-4-T 6.96 NO 0.0712 
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Table 3-19: Yield Stress Data of Material Conditioned to 50°F 

Mat. Sample 
Yield 
Stress 
(ksi) 

Avg 
(ksi) 

Pass Min  
(ksi) 

Max 
(ksi) 

0.0035 
Strain 

Avg 
(ksi) 

Pass Min  
(ksi) 

A615 
Grade  

60 

W-4-4-T 83 83.5 YES 60 

N/A N/A 

W-4-5-T 84 
W-6-4-T 76 

76 YES 60 
W-6-5-T 76 
W-8-3-T 72 72 YES 60 
W-8-4-T 72 

A706 
Grade 

60 

Bl-4-3-T 71 
71 YES 60 78 

N/A 

Bl-4-6-T 71 
Bl-6-3-T 70 

70 YES 60 78 
Bl-6-4-T 70 
Bl-8-3-T 71 

70.5 YES 60 78 
Bl-8-4-T 70 

A1035 
Grade 
100 

Y-4-4-T 156 142 YES 100 

N/A 

92 94 YES 80 
Y-4-5-T 128 96 
Y-6-3-T 140 

139 YES 100 
96 

96 YES 80 
Y-6-4-T 138 96 
Y-8-4-T 129 132 YES 100 95 96.5 YES 80 
Y-8-5-T 134 98 

A955 
Grade 

60 

P-4-3-T 96       

N/A 

76 
74 YES 60 

P-4-4-T 92 94 YES 60 72 
P-6-3-T 92       68 70 YES 60 
P-6-4-T 92 92 YES 60 72 
P-8-4-T 92       74 

73 YES 60 
P-8-5-T 94 93 YES 60 72 

A615 
Grade 

75 

G-6-3-T 92       

N/A N/A 
G-6-4-T 92 92 YES 75 
G-8-3-T 96       
G-8-4-T 90 93 YES 75 

 

 

 



63 
 

Table 3-20: Ultimate Stress Data of Material Conditioned to 50°F 

Material  Grade Sample 
Ultimate 

Stress 
(ksi) 

Average 
(ksi) 

Pass Min  
(ksi) 

A615 60 

W-4-4-T 101 101 YES 90 
W-4-5-T 101 
W-6-4-T 94 94 YES 90 
W-6-5-T 94 
W-8-3-T 107 107 YES 90 
W-8-4-T 107 

A706 60 

Bl-4-3-T 94 94 YES 80 
Bl-4-6-T 94 
Bl-6-3-T 96 96 YES 80 
Bl-6-4-T 96 
Bl-8-3-T 97 96 YES 80 
Bl-8-4-T 95 

A1035 100 

Y-4-4-T 156 159 YES 150 
Y-4-5-T 162 
Y-6-3-T 178 178.5 YES 150 
Y-6-4-T 179 
Y-8-4-T 162 161 YES 150 
Y-8-5-T 160 

A955 60 

P-4-3-T 120 120 YES 90 
P-4-4-T 120 
P-6-3-T 120 120.5 YES 90 
P-6-4-T 121 
P-8-4-T 122 123 YES 90 
P-8-5-T 124 

A615 75 

G-6-3-T 117 116.5 YES 100 
G-6-4-T 116 
G-8-3-T 118 115.5 YES 100 
G-8-4-T 113 
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Table 3-21: Elongation Data of Material Conditioned to 15°F 

Mat. Sample  
% 

Elongation 
in Gage 
Length 

Average 
% Pass 

ASTM 
Req. % 

Strain at 
Ult. Stress 

A615 
Grade  

60 

W-4-3-T2 6.95 NO N/A (NO) 9 
0.0798 

W-4-6-T2 6.97 NO 0.0663 
W-6-6-T2 8.57 NO 

N/A (YES) 9 
0.0844 

W-6-7-T2 9.85 NO 0.0963 
W-8-5-T2 8.63 NO N/A (YES) 8 

0.0956 
W-8-6-T2 9.05 NO 0.0932 

A706 
Grade 

60 

Bl-4-4-T2 11.64 NO N/A (NO) 14 0.0948 
Bl-6-5-T2 8.71 NO N/A (NO) 14 

0.0948 
Bl-6-6-T2 9.4 NO 0.1007 
Bl-8-5-T2 8.78 NO 

N/A (NO) 12 
0.0807 

Bl-8-6-T2 8.99 NO 0.0939 
 

 

Table 3-22: Yield Stress Data of Material Conditioned to 15°F 

Material Grade Sample 
Yield 
Stress 
(ksi) 

Average 
(ksi) Pass 

Min 
(ksi) 

Max 
(ksi) 

A615 60 

W-4-3-T2 84 
84 YES 60 

N/A 

W-4-6-T2 84 
W-6-6-T2 76 76 YES 60 
W-6-7-T2 76 
W-8-5-T2 73 

72.5 YES 60 
W-8-6-T2 72 

A706 60 

Bl-4-4-T2 71 71 YES 60 78 
Bl-6-5-T2 72 

71.5 YES 60 78 
Bl-6-6-T2 71 
Bl-8-5-T2 71 71.5 YES 60 78 
Bl-8-6-T2 72 
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Table 3-23: Ultimate Stress Data of Material Conditioned to 15°F 

Material  Grade Sample 
Ultimate 

Stress 
(ksi) 

Average 
(ksi) 

Pass Min 
(ksi) 

A615 60 

W-4-3-T2 101 100.5 YES 90 
W-4-6-T2 100 
W-6-6-T2 94 

94 YES 90 
W-6-7-T2 94 
W-8-5-T2 108 107 YES 90 
W-8-6-T2 106 

A706 60 

Bl-4-4-T2 93 93 YES 80 
Bl-6-5-T2 96 

96 YES 80 
Bl-6-6-T2 96 
Bl-8-5-T2 96 97 YES 80 
Bl-8-6-T2 98 

 

 

Since a majority of the thermally conditioned reinforcing bars fractured outside of the 

gage length, elongation was unable to be used as an accurate comparison. Therefore, the 

strains at ultimate stress for the bars conditioned at 15�F, 50�F, and ambient temperature 

were compared for the materials thermally conditioned. The comparisons of the various 

conditioned reinforcing bars are given in Figure 3-24 - Figure 3-28. The results from testing 

the bars at 50�F show that there are no significant differences in the yield and ultimate stress 

data compared to that of the companion reinforcing bars tested at ambient temperature, 72�F. 

However, it can be observed that the No. 8 reinforcing bars conditioned at 15�F had lower 

strains at ultimate stress than those conditioned at 50�F and those at ambient temperature.   

And of the reinforcing bars thermally conditioned at 50�F that fractured in the gage length, 

the elongation was similar to that of the companion reinforcing bars at ambient temperature.  
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Figure 3-24: Comparison of Thermally Conditioned A615 Grade 60 Bars 

 

 

 

Figure 3-25: Comparison of Thermally Conditioned A706 Grade 60 Bars 
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Figure 3-26: Comparison of Thermally Conditioned A955 Grade 60 Bars 

 

 

 

Figure 3-27: Comparison of Thermally Conditioned A615 Grade 75 
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Figure 3-28: Comparison of Thermally Conditioned A1035 Grade 100 Bars 

 

However, many of the bars did not fracture within the gage length. In fact, many of 

the bars fractured near the grip heads, as illustrated in Figure 3-29. This observation was also 

noted in a study conducted by Sloan (2005), where the explanation given for this 

phenomenon is the unequal thermal transfer due to the reinforcing bar in the grips 

transferring heat more rapidly than the bar exposed to ambient temperatures between the 

grips. However, it should be noted that over the time of testing the bars warmed up 

significantly. That is, the reinforcing bar temperature was not kept constant of 50�F or 15�F. 

Based on the reduction of strain at ultimate stress for the bars conditioned at 15�F compared 

to those at ambient temperature and conditioned at 50�F, it is suggested that bars bent below 

50�F (10�C) be checked for signs of micro-cracking, as previously addressed in the literature 

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

 

3.4.2: Bend Results 

 After the tensile testing phase of the project was completed, reinforcing bars of the 

same heat were tested in bending to both the ACI 318 (2011) requirements and the ASTM 

standard. The reinforcing bars were not bent to the CRSI’s recommendation. However, the 

CRSI recommendations are the same as the ACI 318 recommendations for bar sizes No.3 - 

No.9.   Also, the effect of longitudinal rib orientation was examined.  All bars were tested to 

ACI and ASTM with the longitudinal rib oriented in the recommended manner, 

perpendicular to the plane of the bend. Likewise, all bars were tested to ACI and ASTM with 
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the longitudinal rib in the plane of the bend. All bars were bent on a pin table with grade 60 

settings.     

 

3.4.2.1: Individual Bar Testing 

 The results of the bend tests are summarized in Table 3-24 - Table 3-28. A failure is 

defined as a partial or complete fracture of the reinforcing bar. In the tables mentioned above 

“UP” and “OUT” refers to the orientation of the longitudinal rib, as seen in Figure 3-30 and 

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

OUT, refers to the longitudinal rib positioned parallel to 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 
No. 

ACI ASTM 
UP OUT UP OUT 

3 PASS PASS PASS PASS 
4 PASS PASS PASS PASS 
5 PASS PASS PASS PASS 
6 PASS PASS PASS PASS 
7 PASS PASS PASS PASS 
8 PASS FAIL PASS FAIL 
9 PASS PASS PASS PASS 
10 PASS PASS PASS PASS 
11 PASS PASS PASS PASS 

 

 

Table 3-25: A706 Grade 60 Bend Results 

Bar 
No. 

ACI ASTM 
UP OUT UP OUT 

3 PASS PASS PASS PASS 
4 PASS PASS PASS PASS 
5 PASS PASS PASS PASS 
6 PASS PASS PASS PASS 
7 PASS PASS PASS PASS 
8 PASS PASS PASS PASS 
9 PASS PASS PASS PASS 
11 PASS PASS PASS PASS 
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Table 3-26: A955 Grade 60 Bend Results 

Bar 
No. 

ACI ASTM 
UP OUT UP OUT 

3 PASS PASS PASS PASS 
4 PASS PASS PASS PASS 
5 PASS PASS PASS PASS 
6 PASS PASS PASS PASS 
7 PASS PASS PASS PASS 
8 PASS PASS PASS PASS 
9 PASS PASS PASS PASS 
10 PASS PASS PASS PASS 
11 PASS PASS PASS PASS 

 

 

Table 3-27: A615 Grade 75 Bend Results 

Bar 
No. 

ACI ASTM 
UP OUT UP OUT 

5 PASS PASS PASS PASS 
6 PASS PASS PASS PASS 
7 PASS PASS PASS PASS 
8 PASS PASS PASS PASS 
11 PASS PASS PASS PASS 
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Table 3-28: A1035 Grade 100 Bend Results 

Bar 
No. 

ACI ASTM 
UP OUT UP OUT 

3 PASS PASS PASS PASS 
4 PASS PASS PASS PASS 
5 PASS PASS PASS PASS 
6 PASS PASS PASS PASS 
7 PASS PASS PASS PASS 
8 PASS PASS PASS PASS 
9 PASS PASS PASS PASS 

 

 

Every bar passed the bend test for both longitudinal rib orientations, for the ACI 

requirement and the ASTM standard except for the A615 grade 60 No. 8 bar as identified in 

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

conventional orientation, in the plane of the bend. Figure 3-32 shows failure of the bar with 

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

temperature in which the reinforcing bars experienced the micro-cracking was 56�F, and the 

bars were bent at a rate of 11.7 revolutions per minute.   
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Figure 3-32: ACI Bend with Rib "OUT" on No.8 A615 Grade 60 Bar 

 

 

Figure 3-33: ASTM Bend with Rib "OUT" on No. 8 A615 Grade 60 Bar 

 

 Since these failures occurred along the outside of the longitudinal rib in the non-

conventional orientation, these failures are less concerning. Currently, there is no 

recommendation on record regarding the orientation of the longitudinal rib during bending. 

Based on the findings of this study it is recommended that there should be an addition to the 
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bend standards that the longitudinal rib orientation of the reinforcing bar be in the “UP” 

position whenever possible.  

All other bars passed the bend test. From a materials perspective all bends, other than 

the No. 8 A615 grade 60 bars bent in the non-conventional rib orientation, did not fracture 

nor exhibit micro-cracking. These results demonstrate that 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 assessed for their roundness. In assessing the 

roundness the effects of grade, constitutive behavior, rib orientation, and bar size were 

examined.  In determining the effect that size has on roundness, it was noticed that the larger 

the bar the greater the spring back, which does not allow for a complete 180� bend, as shown 

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

 

Figure 3-35: A615 grade 60 No.5 

 

 

 

Figure 3-36: A955 grade 60 No.7 

 

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 that there was very little effect on 

roundness. This trend can be observed by comparing Figure 3-39 -Figure 3-43, which shows 

a selection of No.6 reinforcing bars with the longitudinal rib in the UP position, and Figure 

3-44 - Figure 3-48, which depicts reinforcing bar with longitudinal 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 



80 
 

 

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 little effect on the roundness of the 

reinforcing bar there was evidence that suggested constitutive behavior does. In Figure 3-39 - 

Figure 3-43 , it can be seen that reinforcing  bars with a well-defined yield plateau (generally 
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A615 and A706 steel) retain their roundness and have less spring back than reinforcing bars 

with a round house constitutive relationship (generally A955 and A1035). Through similar 

observation it can be seen that grade is less of an influence on roundness than constitutive 

behavior. In the A615 material the grade 60 and grade 75 have little difference in their spring 

back. However, there is more spring back in the A1035 grade 100 material than in the A955 

grade 60, this is likely due to the longer elastic region due to the higher yield stress. 

The effect of spring back and roundness are largely related to the pin table operator’s 

abilities. In all of the test related to this study the pin table operator was asked to simply use 

the settings he would as for the A615 grade 60 material. However, for bars with greater 

spring back potential (ie A955 and A1035) the pin table operator can bend the bar beyond the 

desired 180� to compensate for the spring back.   

 

3.4.3: Summary of Tension and Bend Testing 

 The tensile data recorded in this study indicated that the majority of the bars on the 

market pass the ASTM tensile requirements.  All of the A615 grade 60 material passed 

except for two bars that technically failed the elongation requirement, both of which are 

explained by fracture occurring outside the gage length. Of the A706 grade 60 material, only 

the No. 3 bar did not meet any of the ASTM requirements but this is related to the cold 

working due to the coiling of the reinforcing bar. All of the A955 grade 60 material passed its 

ASTM requirements. The tensile results for the A615 grade 75 material passed the tensile 

data.  Also, the majority of the specimens for the A1035 material passed the ASTM standard.  

When compared with the nationwide databases provide by CRSI, all the data fell within the 
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ranges except for the No.3 bar of the A706 material. When considering temperature effects 

by comparing the stress at maximum strain, it is suggested that a minimum of 50�F is a safe 

limit at which to bend. 

 Also, all reinforcing bars passed the bend test for the ACI requirement and ASTM 

standards in both longitudinal rib orientations, with the exception of the A615 grade 60 No.8 

reinforcing bar. It was also observed that round house constitutive relationships tend to have 

more spring back. Given the tensile data coupled with bend results form a materials 

perspective the ASTM standards and ACI requirements are adequately met. 
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Chapter 4. Hook Pull-Out Testing 

 The third phase of testing included the hook pull-out testing. As described in the 

literature review, several alternate test methods have been used to-date, and there is currently 

no standardized test method. Hence, the pull-out test method adopted in this research 

program is similar to that used in the anchorage study of high strength reinforcing bars 

conducted by Harries et. al. (2010). This method was chosen due to its proven success and 

ease of manufacture. As will be discussed later, it was decided to test representative samples 

of No. 4, 6, and 8 bars all of which are of ASTM A615(2014) steel.  The No, 4 and 6 bars 

were bent to 180� and the No. 8 bars were bent to 90�. The No. 4 and 6 bars were bent to 

180��instead of 90� because they are both commonly used in stirrups which are often bent to 

180�. 

The target concrete strength for the specimens was 5000 psi, and the average strength 

based on 4 cylinder tests at the time of testing (at least 28 days after casting) was determined 

to be 5670 psi by testing according to ASTM C39 (2010). Along with the concrete blocks, 

six 6 in. x 20 in. modulus of rupture beams were cast according to ASTM C78 (2010), along 

with sixteen 4 in. x 8 in. cylinders. Eight of the 16 cylinders were used to determine the 

concrete compressive strength at the time of testing, and the remaining cylinders were used 

to determine the splitting tensile strength according to ASTM C496 (2011). All measured 

concrete properties are summarized in Table 4-1. Figure 4-5- 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, excluding the hooked tension bar under 

test, was designed in such a way as to prevent failure by undesirable mechanisms. 

Undesirable mechanisms included shear failure of the concrete block near the supports and 

flexural failure of the specimen at the point of load.   

The supporting HSS test frame was designed in such a manner to prevent shear and 

flexure failure as well as local buckling of the HSS webs. It was determined that an HSS 

7x7x1/2 was sufficient to resist failure. The test setup is illustrated in Figure 4-11, and the 

schematics of the specimens are shown in Figure 4-1 - Figure 4-4.  All of the test blocks were 

60” long x 18” wide x 26” high.   

To apply the force required to fracture the bars, a 200 kip capacity hollow core jack 

was used along with a rebar chuck, as shown in Figure 4-11. A load cell was also placed 

below the hollow core jack to record the force acting along the bar. In order to develop the 

stress - strain relationship of the bar being tested, two strain gages were also applied on 

opposite sides of the rebar.  In this experiment pure tension force acting on the reinforcing 

bar is desirable. By applying strain gages to both sides of the reinforcing bar, monitoring for 

flexural bending is possible.  The strain gages and the load cell were connected to the same 

data acquisition system to record the experimental data.  

The two No. 4 bars tested were A615 grade 60 material, one of which was bent to the 

ASTM A615 minimum pin diameter of 3.5db (1.75 inches), while the second No. 4 bar was 

tested according to ACI 318 - 11 Section 7.2.2 where the “inside diameters of bend for 

stirrups shall not be less than 4db”. Hence, the 4db (2 in.) inside bend diameter allowable for 

stirrups is more severe than the 6db inside bend diameter as per Table 7.2 of ACI318-11. 
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Of the four No. 6 bars tested two were ASTM A615 grade 60, and two of the bars 

tested were ASTM A615 grade 75. Two of the bars, one grade 60 and one grade 75, were 

bent with minimum inside bend diameters of 6db (4.5 in.)  as per Table 7.2 of ACI 318-11. 

Two of the number six bars, one grade 60 and one grade 75, were bent in accordance with 

ASTM A615  with a minimum pin diameter of 5db  (3.75 in.).  

The two number eight bars tested were ASTM A615 grade 60, one of which was bent 

according to the minimum inside diameter of 6db  (6 in.), as per ACI 318-11 while the second 

was bent according to ASTM A615  with a minimum pin diameter of 5db (5 in.).  

The straight lengths of bar by embedded in the concrete blocks were determined 

using the hooked development length equation from ACI 318-11, given by the following,  

 

� � � � �
� ��� � � � �

� � � �
�

� �   Equation 4-1 

       

Where  ldh represents the development length, � e represents the epoxy coating facto (take as 

1), fy represents the yield stress of the reinforcing steel, �  represents the lightweight concrete 

factor (taken as 1), f’c represents the concrete compressive strength (taken as 5000 psi at the 

time of design), and db represents the bar diameter.  The calculated values for ldh, and other 

bent reinforcing bar dimensions, are given in Table 4-2. Samples of reinforcing bar, taken 

from the same heat as the specimens that were being tested 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 

ID 
Strength 

(psi) 
Average 

(psi) 
Specimen 

ID 
Strength 

(psi) 
Average 

(psi) 

f'c 

C1 5830 

5671 

C5 5912 

5967 
C2 5656 C6 6065 
C3 5746 C7 5971 
C4 5453 C8 5919 

f t 

ST1 665 

648 

ST5 751 

731 
ST2 620 ST6 751 
ST3 703 ST7 708 
ST4 602 ST8 712 

fr 
MOR1 655 

633 
MOR4 575 

580 MOR2 603 MOR5 535 
MOR3 641 MOR6 629 
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Figure 4-1: Schematic for No. 4 Bar 

 

 

 

Figure 4-2: Side View Schematic for No. 4, 6, and 8 Bar 
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Figure 4-3: Schematic for No. 6 Bar 

 

 

 

Figure 4-4: Schematic for No. 8 Bar 



89 
 

Table 4-2: Pull-Out Specimen Dimensions 

Specimen ID 
Bend 
Angle 

ldh 
(in) 

D  
(in) 

Tail Length 
(in) 

4-60-ACI 

180° 

8.5 
2 

2.5 
4-60-ASTM 1.5 
6-60-ACI 

12.7 
4.5 

3 
6-60-ASTM 3.75 
6-75-ACI 

15.9 
4.5 

6-75-ASTM 3.75 
8-60-ACI 

90° 17 
6 

12 
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 bars were chosen for the hook pull-out 

testing. Due to various constraints, not all bar sizes and steel types were tested. Due to the 

dominant market share, ASTM A615 grades 60 and 75 were chosen.  For similar reasons, of 

the ASTM A615 grade 60 material No. 4, 6 and 8 bars were selected for testing, and the No. 

6 bar was also chosen for the A615 grade 75 material.  

 

4.1.1: Tensile Properties of Samples from Pull-Out Specimens 

In the eight pull out-test specimens, sample bars from the same heat as the bent bars 

embedded in the concrete blocks were tensile tested to compare to those referenced in 

Section 4.1 during Phase 1 of this project. The tensile test data for the specimens used it the 

hook pull-out test is summarized in Table 4-3. All of the material passed the ASTM A615 

standard.  In Figure 4-12 - Figure 4-14  the direct tension test data from Phase 1 of testing in 

Table 4-3 is compared to the samples that were tensile tested from the pull out test 

specimens. It can be seen that the tensile properties of the reinforcing bars from Phase 1 of 

testing are comparable to those of the pull-out test.    
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Table 4-3: Direct Tension Test Data for Pull-Out Specimens 

Specimen 
ID 

Grade % 
Elongation 

Yield 
Stress 
(ksi) 

Ultimate 
Stress  
(ksi) 

T-W-4-1 

60 

13.8 68.5 107 
T-W-4-2 11.4 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 

 

 

 

 

Figure 4-12: Elongation Comparison of Tension Test Data 
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Figure 4-13: Yield Stress Comparison of Tension Test Data 

 

 

 

Figure 4-14: Ultimate Stress Comparison of Tension Test Data 
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4.2: Hook Pull-Out Test Results 

 The pull-out test specimens were instrumented with strain gages located on the 

reinforcing bar and a load cell as shown in Figure 4-11. The stress vs. strain relationships 

recorded for the bars were then overlaid with the tensile stress vs. strain data collected from 

the tension tests, as described in Section 4.1.1. Due to the limitations of the strain gages, the 

complete stress vs. strain relationship could not be captured. However, the maximum stress 

was determined using the force recorded by the load cell. Figure 4-15 shows the tensile stress 

vs. strain relationship for the two No. 4 bars tensile tested in the MTS along with the 

constitutive behavior of the No. 4 ACI and ASTM pull-out test data.    

 

 

Figure 4-15: No. 4 A615 Grade 60 - Tensile vs. Pull-Out Test  
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 The bar bent to the ACI requirement achieved an ultimate stress of 105.1 ksi and the 

bar bent to the ASTM standard reached an ultimate stress value of 104.7 ksi. The average 

ultimate stress from the two tensile specimens was 106.7 ksi. Both bars failed by fracture 

outside of the concrete block, with no signs of distress to the concrete. This shows that 

sufficient anchorage was provided and that there was no premature concrete failure within 

the reinforcing bar bend. Interestingly, both bars fractured at the strain gage application site. 

This is believed to have been caused by the slight grinding of the surface of the reinforcing 

bar to apply the strain gages. This too may also account for the slight difference observed in 

the stress vs. strain diagrams seen in Figure 4-15. It can be seen in Figure 4-16 and Figure 

4-17 that the No. 4 grade 60 ASTM and ACI specimens failed 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 bar, Figure 4-18 shows the 

constitutive behavior of the pull out bar samples tested in direct tension as well as those 

recorded from the pull-out tests of the ASTM standard and ACI requirement.  The ASTM pin 

diameter is 3.75 inches and the ACI bend diameter is 4.5 inches. Figure 4-19 shows the failed 

No. 6 A615 grade 60 bar bent to the ASTM standard and Figure 4-20 shows its failed ACI 

companion specimen. 
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Figure 4-18: No. 6 A615 Grade 60 - Tensile vs. Pull-Out Test Data 
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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 direct tension test and pull-out test of the No.6 

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

inches. The pin diameter used for the ASTM bend was 3.75 inches and the bend diameter for 
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the ACI bend was 4.5 inches. The bar failures can be seen in Figure 4-22 and Figure 4-23 for 

both the ASTM and ACI bends, respectively.  

 

 

Figure 4-21: No.6 A615 Grade 75- Tensile vs. Pull-Out Test Data 
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achieving yield and fracturing outside of the concrete block at similar ultimate stresses, the 

reduction of the bend diameter had no effect on the strength 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 No.8 ASTM A615 grade 60 bar. Figure 4-24 

shows the constitutive behavior of the direct tension test as well as that taken during the 

ASTM and ACI pull-out testing. The development length for these specimens was 17 inches 

with the ASTM bar having a bend diameter of 5 inches and the ACI bar having a 6 inch 

diameter. Failure of the reinforcing bar bent to the ASTM bend criteria and the ACI bend 

requirement can be seen in Figure 4-25 and Figure 4-26 respectively.  

 

 

Figure 4-24: No.8 A615 Grade 60 - Tensile vs. Pull-Out Test Data 
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the ACI bar developed an ultimate stress of 110.9 ksi. Those ultimate stresses are comparable 

to the ultimate stresses achieved by the direct tensile tests are 111.6 ksi and 110.7 ksi. Both 

the ACI bar and ASTM bar fractured outside of the concrete specimen and were able to fully 

yield. There was no significant difference in the performance 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 grade 60 material for No.4, 6 and, 8 bars 

and on grade 75 No. 6 bars. All of the specimens, both those bent to ASTM standards and 

ACI requirements, fractured outside of the concrete blocks, successfully passed through 

yield, and obtained ultimate stresses at failure comparable to that of the direct tension tests. 
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There was no indication that the pull-out specimens that were bent to the smaller ASTM 

standard performed more poorly than those bent to the larger ACI requirement.    

 With the findings of the pull-out testing it can be recommended that current ACI 

requirements are still valid. Also, the results from this study show that reinforcing bars 

smaller bent to smaller diameters of the ASTM standards behaved similarly to that of those 

bent to ACI requirements. The results from this study indicate that some tolerance can be 

given to the ACI required bends.    
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Chapter 5. Conclusions and Recommendations 

In the pursuit of determining the adequacy of current requirements for minimum bend 

diameters of steel reinforcing bars three phases of testing were conducted. The first phase 

included obtaining the full tensile constitutive behavior of commonly available steel types 

including grade 60 A615, A706 and A955 material, grade 75 A615 material, and grade 100 

A1035 material. The second phase of testing included bending companion reinforcing bars, 

taken from the same heats as those tested in phase 1 of testing, to the ACI318-11 requirement 

as well as their respective ASTM standard. The third phase of testing included hook pull-out 

tests on selected reinforcing bars from concrete blocks.  

 In the tensile testing phase of the project complete stress-strain responses of the all 

the material were obtained. The data collected from the tensile tests included elongation, 

yield strength, and tensile strength. In addition, Young’s Modulus and strain of peak stress 

was recorded. All of the material that fractured within the gage length passed their respective 

ASTM standard for elongation and fell within the CRSI database ranges available for 2011 - 

2013, except for the No. 3 A706 bars. This is likely attributed to the cold working during the 

straightening of the coiled product. Similarly, all of the material with the exception of the No. 

3 A706 bars passed the minimum ASTM yield requirements, and fell within the CRSI 

database ranges. All of the bars met their respective ASTM requirement for ultimate strength 

and also fell within the CRSI database ranges. All of the bars also met the ultimate stress 

requirement for their respective ASTM standard and fell within the CRSI database ranges. 

For the bars with a round house constitutive behavior, it was observed that on average the 
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stress at 0.0035 strain was 29% lower than the yield stress determined by the 0.2% offset 

method for the A1035 grade 100 steel, and 23% lower for the A955 material.   

 Cold temperature effects on the tensile stress-strain relationship were also 

investigated for several of the metal types. The effects on elongation were technically 

inconclusive due to the fact that the majority of the specimens fractured outside of the 

marked gage lengths, near the grips. However, when comparing the strains at ultimate stress 

it can be seen that the bars conditioned to 72 �F and 50 �F had strain values on average 17% 

higher for No.8 A615 grade 60 steel and 23% higher for No. A706 grade 60 steel than those 

conditioned to 15 �F. It is suggested that this could be due to uneven heat dissipation between 

the grips and the reinforcing bar. However, it was noted that in both the 50 �F and the 15 �F 

conditioned specimens the yield and ultimate stress values were similar to those specimens 

tested at ambient temperature of 72 �F. However, due to the rapid heat transfer from the 

environment (at 72 �F) to the bar in the MTS machine during setup and testing this 

observation should be further investigated. Transfer of heat from the environment may alter 

material properties such as: percent elongation, yield stress, ultimate stress, and the strain at 

ultimate stress which all affect bendability. This is most likely the reason for the limit of 50 

�F minimum for bending reinforcing bars given in the Canadian Standard (2010). 

Consequently, it is recommended that if bars are bent below 50 �F the condition of the bend 

should be checked for micro-cracking.    

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

material was tested. The bars were bent at a local fabrication plant using a pin table and bent 
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at a rate between 11.3 rpm and 13.1 rpm and at temperatures between 48°F and 68°F. All of 

the bars tested in the bend tests passed both the ACI bend requirement and the ASTM 

standard when bent in the recommended manner with the longitudinal rib perpendicular to 

the plane of bending. However, when the longitudinal rib was oriented parallel to the bend, 

bar failure was observed in the No. 8 reinforcing bar for both the ACI required bend as well 

as the ASTM standard bend.  It is recommended that the preference of bending bars with the 

longitudinal rib perpendicular to the plane of bending, except for cases where it is 

unavoidable, be explicitly included in existing CRSI recommendations and documents.  

 It was observed that grade has little influence on the roundness of the bend. The most 

influential observed characteristic on the roundness of the bend is the shape of the 

constitutive curve. The bars with a round house shaped stress-strain curve tended to spring 

back more than those with a well-defined yield plateau. Larger diameter bars also 

experienced greater spring back. It is recommended that for the materials with round house 

shape constitutive curves, pin table operators bend the bar further beyond the desired degree 

of bend to compensate for the extra spring back. Text to this effect should be explicitly 

included in existing CRSI recommendations and documents.   

 After the bend test phase was completed, a total of eight hook pull-out specimens 

were cast to examine the behavior of representative bent bars anchored in concrete.  No. 4, 6 

and 8 bars of grade 60 ASTM A615 were bent to the ACI bend requirement, with the No. 4 

bent to the allowable 4d for stirrups, and the ASTM standard. Similarly, No. 6 grade 75 

ASTM A615 bars were bent to the ASTM and ACI bend diameters. All of the No. 4 and No. 

6 bars were bent 180�, while the No. 8 bars were bent 90�.  There were three possible failure 
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modes in the pull-out specimens: fracture of the reinforcing bar near the bend within the 

concrete specimen, crushing of the concrete inside the bend, and fracture of the reinforcing 

bar outside of the concrete. The first two represent undesirable failure modes which would 

indicate that the bend diameter is too small. The latter represents the desirable failure mode 

demonstrating that the reinforcing bar was adequately anchored to develop the full tensile 

strength of the bar.  All of the specimens fractured outside of the concrete block at a 

measured ultimate stress within the range obtained from direct tension tests on bars from the 

same heat. Even though the ASTM bend diameters are smaller than the ACI requirement no 

other failure, other than the bar rupture outside of the concrete block, was observed. 

Although only a few pull-out tests were conducted, the ASTM bend diameters are smaller 

than those of the ACI requirements and no premature failures were observed when the 

ASTM bends were used.    

 There are several recommendations which can be drawn from this study. The first 

recommendation is to accept the ACI 318-11 bend requirements for A615 grades 60 and 75, 

A706 grade 60, A955 grade 60, and A1035 grade 100, for bar sizes ranging from No. 3 - No. 

11. It is also recommended that the CRSI bend requ be made consistent with the ACI 318-11 

bend requirements, as summarized in Table 5-1. The second recommendation is to bend bars 

at temperatures at or above 50 �F. If bars must be bent at temperatures below 50°F they 

should be inspected for signs of cracking and rejected if any are found. It is also 

recommended that bars be bent with the longitudinal rib in the UP position, except in 

circumstances where this is unavoidable due to the reinforcement detailing. 
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Table 5-1: Final Recommendation for Minimum Bend Diameters 

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 ultimate stress be reported instead of percent 

elongation, as it is a more meaningful measure of ductility from the fabrication and structural 

analysis/design points of view. Percent elongation is not a reliable measure of ductility 

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

 

5.1 Recommendations for Future Research 

 The outcomes of this study have opened the doors to future research opportunities.  

Due the fact that the thermally conditioned bars were exposed to ambient temperatures 

during tensile testing and that thermally conditioned bars were never bent, a study should be 

conducted in which bars are bent at cooler temperatures, especially at temperatures below 

50�F. Another area for future research is related to the current ACI 318-11 requirements. In 

the pull-out tests conducted the specimens with the smaller bends of the ASTM standards 

behaved the same as the larger bends of the ACI requirements. With further research, it may 

be possible to lower the minimum bend diameter prescribed in ACI 318-11. In order to 

determine a deeper understanding of bend characteristics, including the effect of strain at 
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ultimate stress, a detailed finite element model can be 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 60 Steel 

 

Figure A- 1: No.3 ASTM A615 Grade 60 

 

 

 

Figure A- 2: No.4 ASTM A615 Grade 60 
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Figure A- 3: No.5 A615 Grade 60 

 

 

Figure A- 4: No.6 A615 Grade 60 
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Figure A- 5: No.7 A615 Grade 60 

 

 

Figure A- 6: No.8 A615 Grade 60 
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Figure A- 7: No.9 ASTM A615 Grade 60 

 

 

Figure A- 8: No.10 ASTM A615 Grade 60 
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Figure A- 9: No.11 ASTM Grade 60  
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Appendix B: Stress vs. Strain Data for ASTM A706 Grade 60 Material 

 

Figure B- 1: No.3 ASTM A706 Grade 60 

 

 

Figure B- 2: No.4 ASTM A706 Grade 60 
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Figure B- 3: No.5 ASTM A706 Grade 60 

 

 

Figure B- 4: No.6 ASTM A706 Grade 60 
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Figure B- 5: No.7 ASTM A706 Grade 60 

 

 

Figure B- 6: No.8 ASTM A706 Grade 60 
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Figure B- 7: No.9 ASTM A706 Grade 60 

 

 

Figure B- 8: No.11 ASTM A706 Grade 60 
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Appendix C: Stress vs. Strain Data of ASTM A955 Grade 60 Material 

  

Figure C- 1: No.3 ASTM A955 Grade 60 

 

 

Figure C- 2: No.4 ASTM A955 Grade 60 
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Figure C- 3: No.5 ASTM A955 Grade 60 

 

 

Figure C- 4: No.6 ASTM A955 Grade 60 

0

20

40

60

80

100

120

140

0 0.05 0.1 0.15 0.2 0.25 0.3

S
tr

es
s 

(k
si

)

Strain

P-5-1

P-5-2

P-5-3

0

20

40

60

80

100

120

140

0 0.05 0.1 0.15 0.2 0.25 0.3

S
tr

es
s 

(k
si

)

Strain 

P-6-1

P-6-2



128 
 

 

Figure C- 5: No.7 ASTM A955 Grade 60 

 

 

Figure C- 6: No.8 ASTM A955 Grade 60 

0

20

40

60

80

100

120

140

0 0.05 0.1 0.15 0.2 0.25 0.3

S
tr

es
s 

(k
si

)

Strain 

P-7-1

P-7-2

0

20

40

60

80

100

120

140

0 0.05 0.1 0.15 0.2 0.25

S
tr

es
s 

(k
si

)

Strain 

P-8-1

P-8-3



129 
 

 

Figure C- 7: No.9 ASTM A955 Grade 60 

 

 

 

Figure C- 8: No.10 ASTM A955 Grade 60 
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Figure C- 9: No.11 ASTM A955 Grade 60 
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Appendix D: Stress vs. Strain Data for ASTM A615 Grade 75 Material 

 

Figure D- 1: No.5 ASTM A615 Grade 75 

 

 

Figure D- 2: No.6 ASTM A615 Grade 75 
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Figure D- 3: No.7 ASTM A615 Grade 75 

 

 

Figure D- 4: No.8 ASTM A615 Grade 75 
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Figure D- 5: No.11 ASTM A615 Grade 75 
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Appendix E: Stress vs. Strain Data for ASTM A1035 Grade 100 Material 

 

Figure E- 1: No.4 ASTM A1035 Grade 100 

 

 

Figure E- 2: No.5 ASTM A1035 Grade 100 
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Figure E- 3: No.6 ASTM A1035 Grade 100 

 

 

 Figure E- 4: No.7 ASTM A1035 Grade 100  
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Figure E- 5: No.8 ASTM A1035 Grade 100 

 

 

Figure E- 6: No.9 ASTM A1035 Grade 100 
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Appendix F: Stress vs. Strain Data for Thermally Conditioned Bars at 50°F 

 

Figure F- 1: No.4 ASTM A615 Grade 60 at 50°F 

 

 

Figure F- 2: No.6 ASTM A615 Grade 60 at 50°F 
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Figure F- 3: No.8 ASTM A615 Grade 60 at 50°F 

 

 

Figure F- 4: No.4 ASTM A706 Grade 60 at 50°F 
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Figure F- 5: No.6 ASTM A706 Grade 60 at 50°F 

 

 

Figure F- 6: No.8 ASTM A706 Grade 60 at 50°F 
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Figure F- 7: No. 4 ASTM A955 Grade 60 at 50°F 

 

 

Figure F- 8: No.6 ASTM A955 Grade 60 at 50°F 
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Figure F- 9: No.8 ASTM A955 Grade 60 at 50°F 

 

 

Figure F- 10: No.6 ASTM A615 Grade 75 at 50°F 
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Figure F- 11: No.8 ASTM A615 Grade 75 at 50°F 

 

 

Figure F- 12: No.4 ASTM A1035 at 50°F 
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Figure F- 13: No.6 ASTM A1035 Grade 100 at 50°F 

 

 

Figure F- 14: No.8 ASTM A1035 Grade at 50°F 
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Appendix G: Stress vs. Strain Data for Thermally Conditioned Bars at 15°F 

 

Figure G- 1: No.4 ASTM A615 Grade 60 at 15°F 

 

 

Figure G- 2: No.6 ASTM A615 Grade 60 at 15°F 
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Figure G- 3: No.8 ASTM A615 Grade 60 at 15°F 

 

 

Figure G- 4: No.4 ASTM A706 Grade 60 at 15°F 
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Figure G- 5: No.6 ASTM A706 Grade 60 at 15°F 

 

 

Figure G- 6: No.8 ASTM A706 Grade 60 at 15°F 
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