
c .,'" ,... 
o· 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Virginia 
Tech 

RR3026 

8453 

VIRGLNIA POLYTECHNIC INSTITUTE 
AND STATE UNIVERSITY 

The Charle E. Via, Jr. 
Department of Civil Engineering 
Blacksburg, VA 24061 

Structural Engineering 

Behavior and Modeling of Mild and Reinforcing Steel 

by 
Clinton O. Rex 

Research Assistant 

W. Samuel Easterling, Ph.D., P.E. 
Principal Investigator 

Submitted to 
The American Institute of Steel Construction 

The American Iron and Steel Institute 
The National Science Foundation 

(MSS-9222064) 
Innovative Steel Research For Construction Program 

Report No. CE/VPI-ST 96/12 

October, 1996 



. ... .... 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Research Report 

Behavior and Modeling of Mild and Reinforcing teel 

by 
Clinton O. Rex 

Research Assistant 

W. Samuel Easterling, Ph.D., P.E. 
Principal Investigator 

Submitted To 
The American Institute of Steel Construction 

The American Iron and Steel Institute 
The National Science Foundation 

(MSS-9222064) 
Innovative Steel Research For Construction Program 

Report No. CElVPI-ST 96/12 

October, 1996 

Structures and Materials Research Laboratory 
The Charles E. Via, J. Department of Civil and Environmental Engineering 

Virginia Polytechnic Institute and State University 



.~ 
> 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

TABLEOFCONTE T 

LIST OF FIGURES .............................................................................................................................. IV 

LIST OF TABLES ................................................................................................................................. V 

TABLE OF NOMENCLATURE ......................................................................................................... VI 

ABSTRACT ......................................................................................................................................... VD 

1. INTRODUCTION ....................................................................................... ....................................... I 

1. 1 MILD STEEL ................................. ...... .. ............................................................................................... I 

1.2 REINFORCING STEEL ........................ ...... .... ....................................................... ... ............................... 3 

2. FOCUS AND OBJECTIVE .......................................................................... ..................................... 3 

3. MfLL SURVEY OF ANGLES AND PLATES .................................................................................. 5 

~ . TENSILE TESTS CONDUCTED AT VIRGINIA TECH ................................................................ 6 

4 . 1 MIsCELLANEOUS TENSILE TEST DATA COLLECTED .... ......... ... ... ...... ... ... ..... ........................................... 6 

4 .2 TENSILE TESTS WITH FULL STRESS-STRAIN DATA .. .................................................•............................ 6 

.J. 2. 1 Tensile Coupon Specimens ... .. .. .. ........ ...... .. ........................................................... ...................... 7 

-I.2.2Instru'1tenlalion ............................... .. , ............ ... ... .... ......... ... ... ... ... ..... .. .... ................................... 8 

4 .3 RESULTS ...................................................... ............ ... .................. ....... ... ............................................ 8 

5. SUMMARY AND COMPARl 0 OF DATA .................................................................................. 9 

- . 1 YIELD AND ULTIMATE STRESS ................................ .. ................... .. ....................................................... 9 

5.2 OTHER KEy STRESS-STRAIN VALUES ........ .. .... .. .... .. .......... .. ................ .. .. .. ......................................... 10 

6. MUL TJ-LINEAR APPROXIMATION ........................................................................................... 12 

6 . 1 MILD STEEL ... ........ ........... ...... .......... .. ... ... ... .. ...... ... .... ..... .. ................ ......... .................... ... ....... ........ 13 

6.1.1 Elastic Modulus ............................ .. ........... ...... ................. ....................................................... 13 

6. 1.2 l'ield and Ultimate Stresses ........... .. .................... .... .......... .......... .. ......... .. ................. ................ 13 

II 



• 

• 
6. /.3 Remaining Key I'alue .• .. .............................. ........................................................................... U 

6 .2 RENFORCING STEEL.... ... ........ .. .................. .............. .. ........................................... IS 

6.3 COMPAJUSOSOF MULTI-LINEAR ESTIMATETOMEAsUREDDATA. ...................................................... 16 

• 7, UMMARY, CONCLUSION ,AND RECOI\1I\1E DATIONS .................................................... 17 

71 StJ\IMARY ................................................................................................................................... , 17 

7.2 CO. CLUSIONS .............................................................................................................................. 19 

7 1 RECOMMENDATIONS .. .......................... ................. .......... .......... ....................... ...... ..... .. ... ........ ...... 19 • 
REFERE CE ..................................................................................................................................... 20 

APPE DIXA ....................................................................................................................................... 21 

• APPE DIX B ....................................................................................................................................... 2~ 

APPENDIX C ....................................................................................................................................... 32 

APPE DIX D ............................ ........................................................................................................... 76 ,. 

• 

• 

• 

• 
111 

• 



• ... ..,. 

• 
LIST OF FIGURES 

• 1 OMlNAL DIMENSIONS OF TENSILE COUl'ONS ...................................................................... 8 

2 M LTI-LINEAR APPROXlJ\tATlO FOR J\ULO STEEL STRESS- TRAI BEHAVIOR ...... 17 

3 MULTI-UNEAR APPROXIMATION FOR REINFORCING STEEL STRESS- TRAI • BEBA VIOR .......................................................................................................................................... 18 

• 

• 

• 

• 

• 

• 
IV 



• • 

• 
LI TOFTABLE 

I RE ULTS OF RECE T MILL RVEY ......................................................................................... 2 

• 2 IDEAL TRESS STRAIN POINT FOR GRADE 60 REINFORCI G TEEL .............................. 3 

3 lEA VAL E OF MILL RVEY DATA .................................................................................... 5 

• ~ lEANVAL ESOFY£ELDA DULHMATE TRE D TA .................................................... 9 

5 lEAN VALUES FOR KEY TRE - TRAIN TRAIN POI T FOR 11LD TEEL .............. 1\ 

6 lEAN VAL ES FOR KEY TRE - TRA[ TRAIN POI FOR REI FOR I G TEELl2 

• 7 UGGE TED YIELD AND LTJMATE TRES VAL ES ......................................................... I~ 

• 

• 

• 

• 

• 
v 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

TA BLE OF 0 1EN LAT RE 

F, = Yield stress 

Fu = Ultimate tensile stress 

(F» m,1I = Yield stress based on millteosile test 

(F ,).,.". = Yield stress based on pseudo static tensile test 

E = train rate 

CO = oefficient of variatIOn 

E = Modulus of elasticity 

VI 



.... 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

A B TRACT 

An investigation of the stress-strain behavior of mild structural steel and 

reinforcing steel is presented in this repon. Two grades of mild steel are included in the 

investigation, ASTM A36 and A TM A572Gr50. The only reinforcing steel investigated 

is Grade 60 and specifically #4 bars. Data from existing literature, tensile tests conducted 

at Virginia Tech (VT), and mill test repons was used as a basis to develop approxtmate 

methods for representing the stress-strain behavior of these steels 
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1. Introduction 

A composite beam-girder connection has two very basic components, steel and 

concrete. An approximate method of modeling the stress-strain behavior of these 

components is required for finite element analysis of beam-girder connections. The stress­

strain behavior of steel is the subject of this report . 

1.1 Mild Steel 

Mild steel is the primary material used for beams, girders, and connection elements 

such as plates and angles. There were two studies on the behavior of mild steel found in 

the literature Galambos and Ravindra (1978) and Read and Frank (1993) 

When the LRFD design method for steel structures was being developed 

Galambos and Ravindra (1978) studied the properties of hot rolled steel. They considered 

three sources of data; mill test data, data found in papers designed to determine specific 

steel properties, and papers that reported steel properties but where the focus was on 

some other feature of structural steel design. The specified yields for the steels included in 

the analysis ranged from 33 ksi to 55 ksi . 

When considering the yield stress, Galambos and Ravindra (1978) had to deal with 

the fact that mill yield tests are typically run at a high rate of strain which results in a 

higher apparent yield stress than the static yield stress. To account for the higher strain 

rate the authors developed a relationship to transform the mill yield stress to equivalent 

static yield stress. 

Where: 

l': = Strain rate in micro-inches per inch per second typically taken as 800 ~ in. I in. 



The strain rate was not really known at the time but because the formula was fairly 

insensitive to the strain rate the value of 800 seemed reasonable. This strain rate results in 

approximately a 4 ksi difference. 

The results (of interest for this report) are summarized as follows: 

• Mean elastic modulus = 29,000 ksi, Coefficient of Variation (COY) = 6% 

• Mean yield stress for flanges in rolled shapes = 1.05 Specified Stress, COY = 10% 

• Mean yield stress for plates and webs of rolled shapes = 1.10 Specified Stress, COY = 

11% 

• Mean strain hardening modulus = 600 ksi, COY = 25% 

The large quantity of structural steel being produced from recycled steel in recent 

years, which is approximately 85% (Bell, 1995), has changed the characteristics of 

structural steel A mill survey was conducted (Read & Frank, 1993) to evaluate the 

properties of steel currently being supplied. Mill test data for rolled W sections from six 

steel companies was provided over a 12 month period. Table I summarizes the results of 

a statistical analysis of the data which included orne 57,930 mill tests. Only the results for 

A36 and A572GrSO steel have been included. 

Table I Results of Recent Mill Survey 

Steel Grade A36 AS72 
Number of Data 36,570 13 ,536 

Yield (ksi) 
Mean 49.2 57.6 
Standard Deviation 4.9 5.1 

Ultimate (ksi) 
Mean 68.5 75 .6 
Standard Deviation 4.6 6.2 

YieldlVltimate 
Mean .720 .763 
Standard Deviation .057 .048 
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1.2 Reinforcing teel 

Standard defonned bar reinforcing steel is available in grade 40, 60 and 75 with 

nominal yield stresses of 40 ksi. 60 k i, and 75 ksi respectively The most common 

reinforcing steel used in buildings is grade 60 A review of mill test data by Mirza and 

MacGregor (1979) determined the following results for Grade 60 reinforcing teel 

• Yield Stress' Mean = 71 ksi, OY = 9.3% 

• 

• 

itimate Stress' Mean = 110.8 ks~ COY = 8 73% 

Elastic Modulus. Mean = 29,200 ksi, COY = 33% 

The stress-strain behavior of reinforcing bars is usually taken a ela tic plastic 

( ollins and Mitchell 1991); but, because #4 Grade 60 bars typically have a very short 

Yield plateau, a more detailed representation of the stress-strain behavior I desired by the 

wnter Four of the key points of an ideal stres -strain curve for grade 60 relOforcing bars, 

a given by Wang and Salmon ( 1985), are shown in Table 2. 

Table 2 Ideal tress train Points For Grade 60 Reinforcing teel 

Point tress (ksi) tralO (milO) 

Yield 60 0002 

Begin Strain Hardening 60 0 0 1 

Ultimate I 10 00 

Rupture 95 o 125 

2. Focus And Objecti e 

The objective of this investigation is to develop an appro Imate method of 

numerically representing the stress-strain behavior of mild and reinforcing teels The 

stress-strain behavior will later be used in composite connection analysis 

representation is probably the simplest method of representing the behavior 

3 

multi-linear 



A multi-linear representation of the stress-strain behavior consists of key points on 

the stress-strain curve that are connected with traight line segments The number of key 

points required to adequately represent the stress-strain curve depends on the basic shape 

of the curve as well as the degree of accuracy sought. A minimum of five points and 

preferably six points are needed to adequately represent the stress-strain behavior of mild 

and reinforcing steel These points include yield, start of strain hardening, one or two 

points between start of strain hardening and ultimate, ultimate, and rupture. 

Typical tensile tests are desi~,'ned to obtain the yield point (both stress and strain 

values), the ultimate stress (no strain value), and the percent elongation (rupture strain, 

no stress). Tensile test reports typically only include the yield and ultimate stress values 

(no corresponding strain values) and percent elongation. These are only three out of the 

10 to 12 values (5 to 6 stress and 5 to 6 strain) that are necessary to adequately represent 

the stress-strain behavior. However, these three values are probably the most important in 

definmg the boundaries of the tress-strain behavior. Consequently, readily available 

tensile test reports were collected and included in the analysis. These include tensile tests 

conducted at VT and mill test data 

To fill in the missing tress-strain values needed to define an adequate multi-linear 

representation special tensile tests that report the full stress-strain behavior were 

performed on mild and reinforcing steel coupons. 

The most commonly used mild structural steels are A TM A36 and ASTM 

A572Gr50 steel. In addition, all previous and subsequent research by the writers on 

composite beam-girder connections only utilizes #4 Grade 60 reinforcing bars. 

Consequently, this report only deals with these particular steels 

It should be noted that the primary intent of this work is to develop estimates for 

the average behavior of mild structural steel for use in finite element models . It is not the 

intent of the this work to develop a new statistical basis for the prediction of steel behavior 

for use in design codes. 
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3. Mill Survey of Angles and Plates 

Mill tests reporting yield stress, ultimate stress, percent elongation, and chemical 

analysis for hot rolled angles and plates were supplied by a steel mill. These tests covered 

approximately a six month time period from 6/25/95 to 12120195 . The mill that supplied 

the mill test data uses electric arc furnaces and scrap steel to produce the angles and 

plates. 

Data from the mill test reports was entered into a commercial database program 

and then analyzed with a commercial spreadsheet program. The data included 15 angle 

shapes and 40 plate shapes, a summary of the shapes included in the analysis is presented 

in Appendix A Table A-I . The data also included 14 different grades of steel. Only A36 

and A572Gr50 steels have been included in the analysis. 

A summary of steel property statistics including the mean, median, coefficient of 

variation, minimum values, maximum value, and number of data is presented in Appendix 

A Table A-2. These statistics are grouped by shape (plate or angle) and steel grade The 

mean values are also presented in Table 3 below. 

Table 3 Mean Values of Mill Survey Data 

Fy F. % Elongation F.fFy 

(ksi) (ksi) 

A36 Structural Angles 46.1 67.3 34.9 1.46 

A36 Plates 45 .7 67.2 32.0 1.47 

AS72GrSO Structural Angles 57.7 79.3 30.4 1.37 

AS72GrSO Plates 54.7 77.1 29.6 1.41 

A36 Angles & Plates 45.8 67.2 32.7 1.47 

AS72GrSO Angles & Plates 55.8 77.9 29.9 1.40 

5 



As can be seen in Table 3 the properties for A36 angles differed very little from 

those for A36 plates Consequently, it does not seem necessary to distinguish between 

angles and plates when considering A36 steel properties The properties for AS72GrSO 

angles did differ some from those for AS72Gr50 plates There were only 50 mill test 

reports available for AS72GrSO angles and plates. The small number of tests is the likely 

reason for tbe difference seen in the properties between AS72Gr50 angles and plates. 

Consequently, the writer believes distinguishing between angles and plates when 

considering AS72Gr50 steel is also not necessary 

4. Tensile Te t onducted at' irginia Tech 

The following describes the collection and compilation of various tensile test data 

available from recent work at VT. In addition, a description of special tensile tests which 

reported the entire stress-strain behavior is presented 

.t.1 1i cellaneou Ten ile Te t Data ollected 

Data from tensile tests that were performed at VT was collected and compiled. 

The amount of stress-strain data available varied depending on the particular tensile test 

The available data was analyzed to determine as many key points for the stress-strain 

behavior as possible. Tensile tests for plates and angles made of A36 steel, wide flange 

shapes made from AS72GrSO steel, and #4 Grade 60 reinforcing steel were found. This 

test data is summarized in Appendix B Table B-2 and Table B-4 for mild steel and for 

reinforcing steel respectively 

4.2 Tensile Tests With Full tress- train Data 

Typical tensile tests only measure enough strain data to determine the steel yield 

stress and occasionally extend into the start of the strain hardening region To determine 

additional strain values needed to define an adequate multi-linear representation of the 
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stress-strain curve, special tensile tests that repon the full stress-strain behavior were 

performed on 42 mild and 20 reinforcing steel coupons 

4.2. 1 Ten ile oupon pecimens 

The 42 mild steel coupons came from rolled steel plate that had a nominal grade 

A36 This plate was purchased at varying time from a local supplier Becau e of this and 

the fact that the plate thickness varied it is assumed that these coupons came from various 

different steel heats 

The 20 reinforcing steel coupon were taken from #4 Grade 60 bars The e bars 

were all purcbased at the same time from a local upplier Although not guaranteed, 

because these bars came from the same supplier at the same time and are all the same IZC 

and grade it is very likely they all came from the same heat of steel 

The nominal dimensions of the tensile coupons are hown in Figure I The e 

dimension are in accordance with A TM A370 (1988) guidelines The mea ured 

dimen ions are presented in Table C-I and Table D-I found in ppendix and Appendix 

D for the mild steel and reinforcing steel coupons respectively 

7 



Mild Steel Flat Plnte SpecImen 

'-------':~;=_1_1/2" _~,----------,I J. 
k /I

k L L 
71 

71 10' _ 

20" )1 

Reinforcing Steel Round Specunen 

#4 Bar O.3S0" Nominal Diameter 

2" 71 k 
3' 71 k 

2" 71 k 

Figure I Nominal Dimensions of Tensile Coupons 

4.2.2 In trumentation 

An Instron e>.1ensometer was used to measure the strain over a 2-in gage length. 

This extensometer was capable of strain measurements up to 50% a1ipers were u ed to 

measure initial and final gage lengths for purposes of calculating percent elongation. The 

mild steel coupons had gage lengths of 8-in. and the reinforcing steel coupons had gage 

lengths of 2-in. 

4.3 Re ult 

Tabular summaries of all key stress-strain and statistical values for both mild and 

reinforcing steel are presented in Appendix B Full stress-strain plots for the ten ile tests 

described in Section 4.2 are presented in Appendix C and D for mild steel tests and 

8 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

reinforcing steel tests respectively. A discussion of these results IS reserved for the 

following sections. 

5. ummary and Comparison of Data 

The purpose of this section is to summarize and compare the mean values of the 

steel properties determined from work described in Sections J and 4 as well as any 

pertinent ex.isting literature 

5.1 Yield and Ultimate Stress 

Yield and ultimate stress values are probably the most important values for 

defining the stress-strain behavior. Data for these values was reported in ex.isting 

literature and in the work described In ections 3 and 4. A summary of this data is 

pre ented in Table 4. 

Table 4 lean Values of Yield li nd Itimate tress Data 

F) F. FJF, o. On", 

(ksi) (ksi) 

A36 Mltd Steel 

Tensile Tests on Wide Flange Shapes 

Mill Survey (Read & Frank 1993) 49.2 68.5 1.39 36570 
Tensile Tests on Plates & Angles 

Mill Survey 45 .8 67.2 147 760 
Tensile Tests Conducted @ vr 459 678 148 90 

A572 Gr 50 Mold Steel 

Tensile Tests on Wide Flange Shapes 

MillS ",vey (Read & Frank 1993) 57.6 75.6 1.31 13536 

Tensile Tests Conducted @ vr 46.0 627 I 16 10 

Tensile Tests on Plales & Angles 
Mill S",ve\' 558 779 140 50 

Grade 60 Reinforcmg Steel 

Mill Survey (Mirza & MacGregor 1979) 71.0 110.8 1.56 3042 

Tensile Tests Conducled vr (#4 Bars) 70.5 1146 1 63 25 

9 



When considering A36 mild steel there appears to be a difference in mean yield 

stress values between wide flange shapes and plates and angles Part of this difference 

may be attributable to variations in test strain rates associated with the mill survey. 

However, a comparison of the two sets of mill survey data indicates this is most likely not 

the case. It is unclear why this apparent difference exits. Despite the difference in the yield 

stress values there is very little difference seen in the ultimate stress values. 

When considering A572Gr50 mild steel there is a large difference for both yield 

and ultimate stress values for wide flange shapes between the mill urvey by Frank and 

Read (1993) and the data found on tensile tests at VT This difference is attributed to the 

particularly small number of data ITom tensile tests conducted at VT and it is assumed that 

a larger base of data would tend to give values more in line with those determined by Read 

and Frank (1993). When comparing wide flange shape properties to angle and plate 

properties there is a very small difference between the yield and ultimate stress values 

which is most likely explained by the few number of tests in the mill survey on plates and 

angles 

When considering Grade 60 reinforcing steel there is very little difference between 

the yield stress values ITom the two sources; however, there is a small difference in the 

ultimate stress values. This is attributed to the fact the tests at VT are believed to come 

from the same heat and same bar size while the mill survey data comes ITom a much larger 

number of heats and bar sizes. 

5.2 Other Key Stre s- train Va lues 

In addition to the yield and ultimate stress values other key values are required to 

properly represent the stress-strain behavior. These values include: 

• The modulus of elasticity 

• Strain at start of strain hardening 
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• Two stress-strain points between start of strain hardening and the ultimate stress 

• The strain at ultimate stress (percent elongation) 

• The stress and strain at rupture 

A summary of these key points is presented in Table 5. Based on the data, 

distinctions between steel grades and shapes does not required for the steel properties 

listed. Consequently, the data presented in Table 5 are the mean values without regard to 

steel grade or shape. 

Based on a visual inspection of the typical stress-strain behavior the writer choose 

the intermediate stress-strain values at 5% and 10% strain were chosen The stresses 

corresponding to these strains were determined and normalized by dividing the value by 

the ultimate stress. The stress at rupture was also normalized by the ultimate stress. 

Table 5 Mean Values For Key Stress-Strain Strain Points For Mild tee I 

Modulus of elasllcll), (ksi) 

train @ stan of strain hardening (in .lin.) 

Stress @ 5% strain (nomlalized by F.) 

Stress @ 10% strain (nonnalized by F.) 

Strain @ ultimate stress (in .lin.) 

Stress @ rupture (nomlalized by F.) 

Strain @ rupture (in.lin.) 

Galambos & Plate & Angle 
Mtll Sun'e, 

0.325 

Tensile Tests 

Conducted a VT 

30000 
00219 

0846 

0 .957 

0. 189-1 

0.833 

0.296 

The only values that can be compared between sources are the modulus of 

elasticity and the strain at rupture. The commonly accepted value of the ela tic modulus 

for mild steel is 29,000 ksi . The difference between this and what was determined from 

tensile tests at VT can be attributed to the small number of tests and the lack of accuracy 

with which the extensometer used can measure small strains. The difference in rupture 

strains is small and can easily be attributed to the wide variability seen in percent 

elongation measurements. 

II 



A summary of the mean values for the key points of the stress-strain behavior for 

reinforcing steel is presented in Table 6 Based on a visual inspection of the typical stress­

strain behavior the intermediate stress-strain values at 3% and 7% strain were chosen. 

The tresses corresponding to these strains were determined and nonnalized by dividing 

the value by the ultimate stress. The stress at rupture was also normalized by the ultimate 

stress 

Ta ble 6 Mean Values For Key tress- train Stra in Points For Reinforcing teel 

Modulus of clasllCIl) (ksi) 
tram u start of stram hardenmg (m.lm.) 

Stress ~ 3% stram (nonnahzed b) F. ) 

Stress (u 7"10 strall1 (nonnahled by F.) 

Strain (0, ullimate stress (m.lm.) 

Stress (ii, rupture (normahzed by F.) 

Stram u rupture (in lin.) 

M,rza & 
MacGrc or 1979) 

29200 
0.01 

0.08 

0.125 

Tens,le Tests 
Conducted u VT 

32500 
() 0074 

U832 

0.976 

n.1 0 t 
0.837 

() 167 

A comparison of the data presented in Table 6 reveals some minor differences 

between the three sources For the most pan these difference may be explained by the 

limited variety of reinforcing steel used in the tensile tests conducted at T However, the 

ource of the ideal stress-strain behavior given by Wang and Salmon (1985) is not known. 

onsequently, it is difficult to say which set of values is more accurate. 

6. Multi-Linear Approximation 

The objective of this repon is to develop a method of representing the stress-strain 

curves for typical mild structural steel and for #4 Grade 60 reinforcing bars In particular 

a multi-linear representation of the stress- train curve is sought. For c1anty, methods to 

do this for mild steel and reinforcing steel are developed separately below After the 

methods are developed a comparison of the multi-linear representations to the measured 

stress-strain data is discussed. 
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6. I Mild Steel 

The first step in defining all the required key points in the stress-strain curve for a 

multi-linear approximation is to determine the elastic modulus. Next, the values of the 

yield and ultimate stresses must be determined. And finally, all remaining key values must 

be determined. 

6.1.1 Elastic Modulus 

The only statistically significant work that was done on mild steel with regard to 

the elastic modulus was by Galambos and Ravindra (1978) . They determined the mean 

value of the elastic modulus to be 29,000 ksi . Because of the many changes in the steel 

making process since this work it is questionable whether or not the mean value of the 

modulus has changed. The only recent data available to try to resolve this question is the 

data collected in this report. The mean value of the elastic modulus based on the 

combined results for the AJ6 and A572Gr50 steels is 30,000 ksi . As di scussed previously, 

this difference is most likely attributable to errors in measurement and the small number of 

data points. Consequently, without any additional data a value of 29,000 ksi should be 

assumed. 

6.1.2 'ield and Itimate Stresses 

If both the yield and ultimate stresses have not been determined by a tensile test 

then they must be approximated. The following possible scenarios will be considered. 

• Case I: Don' t know either Fy or F. 

• Case 2: Only know Fy or F. 

Consider Case I. There are two possible methods for determining both F y and F. 

Conservatively (conservative in this research but not necessarily in other re earch) Fy and 

F. can be assigned the nominal minimum ASTM properties for the grade of steel being 

used . These values are given in Table 7. A second alternative would be to use the mean 

13 



values detennined in the recent mill surveys and data collected in this report. The 

uggested values are also given in Table 7 ote that for A36 steel a distinction is made 

between wide flange shapes and angles and plates. However, this distinction is not 

necessary for A572Gr50 steel 

Table 7 Suggested Yield and Ultimate tress Values 

Steel Grade A36 A572Gr50 
ominal Fy (ksi) 36 50 
ominal F. (ksi) 58 65 

F, for wide flange shape (ksi) 49.2 576 
F. for wide flange shapes (ksi) 68.5 75 6 

FJF) for wide flange shapes 1.39 1.31 
F, for plates & angles (ksi) 45 .8 576 
F. for plates & angles (ksi) 67.3 756 

F.IF" for plates & angles 1.47 1.3 1 

Consider Case 2 If Fy or F. is unknown then it could be assumed that neither 

value is known and the method outlined for Case I could be u ed Alternatively, an 

estimate of the unknown quantity could be obtained by using the mean ratio of F. to Fy 

determined in the recent mill surveys and data collected in this report . These values are 

al 0 g iven in Table 7 

6. 1.3 Remaining Key Values 

Once tbe elastic modulus, yield stress, and ultimate stress have been detennined 

then the remaining values needed to complete the multi-linear approximation to the stress­

strain curve are: 

• The strain at which strain hardening begins 

• Two stress and strain values between the beginning of strain hardening and the 

ultimate stress 

• The strain at the ultimate stress 
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• The stress and strain at rupture 

Based on the mean values of the data collected in this report and general ob ervations of 

the full stress-strain curves the following recommendations for estimating these remaining 

values are given. 

• train at start of strain hardening = 2% 

• 1 ntermediate strain and stress values 

• Strain = 5%, tress - 85% of F. 

• Strain = 10%, tress = 95% of F. 

• train at ultimate stress = 20% 

• Rupture strain = 30% and stress ~ 83% of F. 

6.2 Reinforcing tee I 

The only reinforcing steel considered is #4 Grade 60 reinforcing bars 

onsequentIy. the key values of the tress-strain curve will be estimated with the tatistical 

mean values obtained from the mill survey by Mirza and MacGregor (197<» and those 

obtained ITom the data collected In trus report The value for the elasuc modulus, }'Ield 

stres , and ultimate stress are taken from the mill urvey while the remaining value are 

based on the data collected in this report and observation of the full stress- train data 

collected at VT. 

• Elastic Modulus = 29,000 ksi 

• Yield Stress = 71 ksi 

• ltimate Stress = I II ksi 

• train at start of strain hardening = 0 8% 

• Lntermediate stress and strain values 

• Strain = 3%, Stress = 83% ofF. 

• Strain = 7%, tress = 98% ofF. 

15 



• Strain at ultimate stress = 10% 

• Rupture strain = 16% and stress = 84% ofF, 

These values are slightly different than the ideal values suggested in Wang and Salmon 

( 1985) 

6.3 ompari on of Multi-Linear E timate to Measured Data 

The multi-linear estimates are plotted against the measured data for the mild steel 

and reinforcing steel tensile tests in Appendix C and D respectively There are two plots 

presented for each test : the full stress-strain curve and a view of the initial region of the 

curve The only full stress-strain curves available for mild steel are for A36 plates. 

onsequently, only the method for approximating the stress-strain behavior for A36 angle 

and plate steel can be evaluated . 

In general, the multi-linear estimates of the mild steel stress-strain behavior, when 

the yield and ultimate stresses are known, and the reinforcing steel stress-strain behavior 

are excellent. As is expected, without knowing Fy or F, or both, the approximation 

becomes worse but is still generally acceptable. Using nominal F) and F, values clearly 

gives a conservative estimate of the behavior 

The strain values for the approximations are constants and a visual comparison of 

the approximations to the measured data shows that the chosen strain value accurately 

represent the data. The reader may observe that the strain data for the mild steel coupons 

typically extends beyond the predicted rupture strain This is because the extenso meter 

used to measure the strain uses a 2-in gage length but an 8-in. gage length is used to 

determine tbe percent elongation The later was used to estimate the stram at rupture. 

This is not a problem for the reinforcing steel coupons because the gage for the 

extensometer is the same as the gage for determining the percent elongation 
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7. ummary, onclu ion and Recommendation 

7.1 ummary 

Readily available tensile test data and mill test data for common mild structural 

steels and #4 Grade 60 reinforcing bars was collected and analyzed In addition, special 

tensile tests that measured the entire stress-strain behavior were conducted on these same 

types of steel Based on this data, as well as previous studies on the behavior of tructural 

and reinforcing steel, method were developed to create multi-linear representations of the 

stress-strain behavior for these steels These methods are summarized in Figures 2 and 3 

tre S 

Fu u 
95% Fu 
85% Fu 

Fy 

0.02 0.05 0. 1 0.2 03 

train (in.lin.) 

Figure 2 lulti-Linear pproximation For Mild teel tre s- train Behavior 

The rules for determining Fy and F. if either or both are unknown are as follows 

A36 teel 
Fy & F. Unknown 

Use ominal Values 
Use 1ean alues 

17 
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Wide Flange Shapes 
Plates & Angles 

Fy or Fu Unknown 
Use Mean F./Fy Values 

Wide Flange Shapes 
Plates & Angles 

A572Gr50 Steel 
F) & F. Unknown 

Use ominal Values 
Use Mean Values 

F) or F. Unknown 
Use Mean F./F Values 

Fu 
98% Fu 
83% Fu 

~\ 

Stress 

0008 0.Q3 0.07 

Fv = 49 2 

F) = 45.8 
F. = 68 .5 
F. = 673 

Fy = FulI.39 F. = 139 Fy 
F) = Full.47 F. = 1.47 Fy 

o 10 

Strain (in.lin.) 

F. = 65 
F. = 756 

o 16 

Figure 3 Multi-Linear Approximation For Reinforcing Steel Stress- train Behavior 
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If F, and or F. are unknown then the mean values 71 ksi and III ksi respectively are • 

recommended. 

• 
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7.2 Conclusion 

This report outlines a method for developing a multi-linear approximauon a stres -

strain curve for the most common mild structural steels and for #4 Grade 60 reinforcing 

bars The agreement between the multi-linear approximation and the actual sIre -strain 

curve data is very good when both yield and ultimate stresses are known would be 

expected, the approximation compares less favorably when either F y or F. are unknown 

7.3 Recommendation 

The accuracy with whIch an approximation to the sIres -stram behavior I needed 

depends on the intended use of the approximate behavior In many case . hIghly accurate 

approximations are not necessary because the intended use is fairl msen ilive to 

variations in the approximate behavior. 

If the intended use is very sensitive to small variations in the approxImate material 

behavior then the following recommendations are given. 

much larger base of data needs to be collected 

A stallstical study of this data should be conducted to find the follOWing for each key POlOt 

of the stress-strain behavior 

• The mean value 

• The shape of the variation 

• onfidence interval values 

The results of such a study would allow investigators to properly account for the effects 

that the variation in the steel behavior has on their particular work 
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Table A-I 
Summary of Angle And Plate Shapes Included In Mill Survey • 

Plates Angles 

1-3/4 x 112 4x4 x 3/8 
1-3/4 x 3/4 4 x 4 x 0.344 

2 x 1/4 4x4x5116 • 
2 x 3/8 4x4x 112 
2 x 112 4x3-ll2x1 /4 
2 x 5/8 4x3x3/8 
2 x 3/4 4x3x5116 
2xl 4 x 3 x 114 • 

2-1/4 x 1/4 3-112 x 3-112 x 3/8 
2-1/2 x 3/8 3-112 x 3-1 /2 x 5116 
2-112 x 1/2 3- 1/2)(3-112 x 1/4 
2-112 x 5/8 4x4x7116 
2-112 x 3/4 • 2-112 x I 

3 )( 5/8 
3 x 3/4 
3 xl 

3-112 x 1/4 
3-112)(1 • 

3-3/4 x 5116 
4 x 114 
4 x 5/16 
4 x 3/8 
4 x 112 • 
4 x 5/8 
4 x 3/4 
4xl 

4-112)( 1/4 
4-112 x 318 • 4-112 x 112 

5 x 114 
5 x 5116 
5 x 3/8 
5 x 112 • 5 x 5/8 
6 x 114 
6 x 3/8 
6x 112 
6 x 3/4 
6xl • 
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Table A·2 
Summary of teel Propeny Statistics From Mill 

F, F. 
(ksi) (ksi) 

A36 truC\llral Angles 
MeW! 46. 1 67.3 

MediWl 45.8 67.3 
Caeff. of Van31lons 6.3% S .S~o 

Mmlmum Value 40.2 59.0 
Maximum Value 56.8 75 .8 
Number of Daln 174 174 

A36 Plates 
MeW> 45.7 672 

MediWl 458 674 
CocfT. of Varia lions 7.5% 68~o 

Minimum Value 38.2 7.2 
Ma ... imum Value 82.6 798 
Number of Data 586 586 

A572Gr50 Structural Angles 
MeW! 57.7 79.3 

Median 58 I 80.2 
Coeff of Yari."ons 6.8°0 62':. 

Minimum Value 52.0 13. / 
Maximum Value 645 88.3 
Number OrDala 18 18 

A572Gr50 Plates 
Mean 547 771 

Medl3n 54.1 76.0 
Caefl'. of Varia lions 4.8°/• S.ooo 

Minimum Value 503 724 
Mruumum Value 60.8 83.3 
NumberofOa18 32 32 

A36 Plates and StruC\llral Angles 
MeW> 45.8 61.2 

Median 45.8 67.4 
Coeff. ofYanatlons 7. 3~. 6.S·', 

Minimum Value 38.2 72 
Ma,1(lmum VaJuc 82.6 79.8 
Number of Oat. 760 760 

A572Gr50 Plates and Structural Angles 
Mean 55.8 77.9 

Median 55.3 76.7 
Coeff. ofy.,iatlons 6.2% 5.6% 

Minimum Value 50.3 72.4 
Maximum Value 64.5 883 
Number of Data 50 50 

23 

urvey 

%Elongation r .,IF, 

34.9 1.46 
35.0 147 
S 6°,. 3.2"", 
29.4 1.20 
40.0 1.56 
174 174 

32.0 141 
320 148 
IO .O~o 5 .6~. 

23.8 0.16 
40.0 1.75 
586 586 

30.4 137 
306 137 
9.S·/. 18'. 
260 1.35 
33.8 1.43 

18 18 

296 141 
29.8 1.39 
9.5~o 46". 
225 1.31 
35.0 154 
32 32 

32.7 147 
326 1.41 
9.8~o 5.2". 
23.8 0. 16 
400 1.75 
760 760 

29.9 1.40 
30.0 1.38 
9. S~. 4 0"", 
22.5 1.31 
35 .0 1.54 
50 50 
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Appendix B 

ummary Table & tatistic For 

Ten ile Te ts onducted At Virginia Tech 
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T.ble 0·1 Summary Statistics For Mild Steel Coupons 

Yield BegIn S_ Stress Stf211n 
ElastIc Suess StI'I:ln @'s'-' ·.o( '" or @/C,., ·'or " of Ult,m.1e Ult',",le Rupture "or "of 

Modulus .~ Offset Ilardelnni Slf2Iin Fu Fu- F)' Strain F. Fu. F)' '"''' tress Suess Fu Fu· F) 'It Elonptlon Fu,'Fy 
(a,) (ksl) (ksi) (a,) (ksi) (a,) (8· G.ge) 

A36 &. A572 Or 50 
No Oal. 58 100 64 64 64 64 n 5) 5) 101 42 62 62 62 101 100 

Man JOOSO 45.9 00219 56.) 146% SO 3'" 64' 957". 86 -n', 672 01894 553 833'. 466'i 296~ 147 

N COV 17.5'/, 67% 25) ..... 7rt. 2s'4 ,8 ,' .. 6J~" , 4', 4 ' •• 51~ .. 98% 8~', 66'1. lOr. 66';' 49-t. 
VI 

AJ6 Anlles &. Plates 
No. Data <8 90 54 54 5' 5' n 53 5) 90 42 12 52 52 90 90 

Mean ]0528 45.9 00210 57 I 84 9". 53 ()I:~ 64' 9SJ-'. 867% 678 0'894 In 8) """ 472'. 29 , 8'~ 148 
COV 17 3~" 6,9',. 185% 66% 2 3'~ II 3', 63", 14'1. 4 ,'t. 15% 98D4 91~ 69'. ]75% ) ... 4 . 3~'" 

A5n Or SO Wide Flange Sections 
No Data 10 10 10 10 10 10 II 10 10 10 II 10 

MOlIn 271S7 460 00264 520 83 \'" 35.9' .. 627 5)) as 2'" 438'. 285% I.lO 
COV 16 8'>1 SJ% )74% 4 J .... ) 0" 27 ". 2 .'. 49". '7% 33 ()I'. 17.5% 40'1. 

• • • • • 
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r hie R·2 . ummaI) of 1 en .Ie L>at. for Mold Steel ourem 

Y.eld Regon tress IrOSS lram 
Coupon omlnal Elast.c Iress Stram II ~.'e a 10% Uillmate a Ultimate Rupture 

Designation hape Icel Grade Modulus .2~' OfTset Iiardcnong Ira.n Strain tress Stress Stress Elongallo 
(k i) (ksi) (ksi) (ksi) (~SI) (kSl) (8" Gage) 

1· 1 Plote AJ6 450 650 31.0"10 
1·2 Plate A36 46.0 65 .0 31 001, 

2·1 Plate A36 460 65 .5 30.0". 
2·2 Plate AJ6 455 655 31.0". 
3·1 Plate A36 440 670 290". 
3·2 Plate AJ6 450 6 0 300". 
5·1 Plate AJ6 43831 437 00149 601 67.J 700 01817 56,] 30.0". 
5·2 Plate A36 4J 0 700 290". 
6·1 Plate AJ6 430 670 JO.O"I0 
6-2 Plate AJ6 440 67 .0 ) 1.0-'. 

7·1 Plate AJ6 450 670 29.0". 

tv 7·2 Plate AJ6 450 670 30.0-' 
a- 8·1 Plate AJ6 450 680 31Q-/. 

8·2 Plate AJ6 450 680 JO.O". 
9·1 Plate AJ6 45 .5 690 29.0"/0 
9·2 Plale A36 460 690 30 0"/0 
10·1 Plate AJ6 510 740 32.0"'0 
10-2 Plate A36 510 740 31.0". 
11·1 Plale AJ6 5lS 70 29 0". 
11·2 Plate AJ6 540 750 30.0"'. 
12·1 Plate AJ6 510 70 3 I 0"/0 
12·2 Plate AJ6 no 70 300",. 
1]·1 Plate A36 470 700 290" .• 

13·2 Plale AJ6 465 70.0 31.0". 
IS· I Plate A36 21856 429 " (I~oq 522 5 2 ('()9 01995 435 3200. 
15·2 PI te AJ6 2%111 U2 OU2~1 520 588 618 o 2()43 5J 7 3100. 
16-1 Plale: A36 23876 H7 00271 516 579 607 01943 548 2900. 
16-2 I'late A36 22615 437 00227 523 586 615 01954 418 290". 
17·1 Plate A36 24041 44 I 00195 52 593 620 01911 55.5 2900. 
17·2 Pla.e AJ6 26000 436 00201 530 595 620 01963 547 32 0". 



Table Jl-2 Summ3l) orTenSiIe Data For Mild Steel Coupons 

Yield Ucgm lres~ Strcss ~ tram 
Coupon Nominal Elastic tress Strain ra S~O @ 10% Ultimate @ Ultimate Rupture 

Designation hope Steel Grade Modulus .2% Offsct Ilardenmg lram Strain Stress Stress Stress Elongatio 
(ksi) (k i) (ksi) (ksi) (ksi) (ksi) (8" Gage) 

18-1 Plate A36 23762 47.9 0.0245 57.0 64.3 66.9 0. 1739 60.8 29.0"10 
18-2 Plate A36 27%0 47 I 0.0256 56] 63 .3 66.5 01900 57.9 29.0% 
19-1 Plate A36 47.1 00260 565 641 66.8 01803 590 290"10 
19-2 Plate A36 25%1 466 0.0240 562 634 664 01984 57.5 29 .~o 
20-1 Plate A36 17699 457 0.0256 559 635 664 02309 60.0 28 .M.~ 
20-2 PI.te A36 464 0.0274 5S2 629 65.9 0.1727 597 31.!l'. 
21-1 Plate AJ6 43 .7 637 290"10 
21-2 PI.te AJ6 33544 43 I 00202 53.9 609 63 .6 02083 43.4 29.0"~ 
22-1 PI.te AJ6 44.3 0.0217 50 61.6 638 01839 478 30.!l" 
22-2 Plate A36 33411 426 0.0180 54.7 61.3 639 01742 56.5 290"10 
23-1 Plate A36 31707 442 0.0202 54 .9 614 638 01724 524 29.0"~ 
23-2 Plate A36 33568 438 00207 546 612 638 01842 566 29~. 

N 24-1 Plate AJ6 35093 42 .9 00192 50 613 637 01788 56.1 29!l". -..l 
24-2 Plate A36 31517 438 0.0225 54 .0 61 I 63.6 0.1693 53.6 29.0"'0 
25-1 Plate A36 43.3 0.0140 562 61 8 63.7 02301 549 lO.O% 
25-2 Plate A36 JI879 440 0.0214 50 610 63 .7 02041 54 I 30.0% 
26-1 Plate A36 32023 43.2 0.0251 53.4 61 7 64 .3 01805 51.9 31.0% 
26-2 PIDte A36 34543 443 0.0223 50 61.S 646 02015 51.0 300% 
27-1 Plate A36 354% 449 0.0179 590 662 684 01773 S33 300"/. 
27-2 Plate A36 448 0.0183 58 .0 654 67.8 01567 52.5 29.0% 
27a-l Plate AJ6 32638 450 0.0192 58] 659 685 0.1863 52.6 30.0"10 
27a-2 Plate A36 39317 45.7 0.0177 58 .5 66.1 68 .3 01703 52.5 290"/0 
28-1 Plate A36 44 .7 0.0158 60.9 66.4 68.9 01710 548 29.0% 
28-2 PIDte A36 27482 44 .9 0.0165 59.0 666 69.2 01710 54.7 31.0% 
29-1 Plate AJ6 2 678 446 00148 598 666 687 0 1908 540 290'!'o 
29-2 Plate A36 4~ 5 689 30.0'!. 
30-1 Plate A36 29899 40 I 0.0152 558 63.5 663 01802 51 7 30.0"10 
30-2 Plate A36 31217 406 0.0147 569 627 664 02301 59.1 32.0% 
31-1 Plate A36 418 67.9 32.0"/0 
31-2 PIDte A36 39591 425 0.0137 587 65.8 67.7 0.1934 31.0"10 

• • II • • • • • • • • 
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Coupon Nominal 
Designation Shape Steel Grade 

32·1 Plate A36 
32-2 Plate A36 
33-1 Plate A36 
33-2 Plate A36 
34-1 Plate A36 
34-2 Plate A36 
35-1 PI.te A36 
35-2 Plate A36 
40- 1 Plate A36 
40-2 Plate A36 
41-1 Plate A36 

N 
41-2 Plate A36 

00 42-1 Plate A36 
42-2 Plate Al6 
43-1 Plate A36 
43-2 Plate A36 
44-1 Plate A36 
44-2 Plate A36 
2WV WF A572 Gr. 50 
2WII WF A572 Gr. 50 
3WH WF A572 Gr, 50 
2BF-I WF A572 Gr. 50 
2BF-2 WF A572Gr.50 
3BF-I WF A572 Gr. 50 
3BF-2 Wf A572 Gr 50 
OWV W~ 1\572 Gr, 50 
OWII WF 1\572 Gr, 50 

G11'-I WF A572 Gr. 50 
GTF-2 WF 1\572 Gr 50 

A-I Angle A36 

• • • • 

Table R':! Summary ofTcllsile Data For Mild Steel Coupons 

Yield Ucgin Stress Stress Strain 
Elastic Stress Strain fWS% @ IO% Ultimate @Ultim.te 

Modulus .2% Offset lIardening Strain Strain Stress Stress 
(ksi) (ksi) (ksi) (ksi) (ksi) 

30779 41.l 0 ,0233 52,4 63,7 67.4 0. 1890 
35682 42,3 0.0283 52, 1 59.7 67.7 0,2387 

26346 52,9 0,0169 1;5,2 71.8 73,8 0, 1777 
28708 53,7 0,0255 640 71.6 74, I 01777 

30385 51.5 00232 626 70.7 73,3 0, 1757 

31554 523 0,0239 63,8 71.8 74.4 0, 1686 

34993 528 00243 63,8 71.5 73,8 0,2052 

30071 524 0,0245 62.7 70,6 73.4 0,1998 
47,9 66,6 
47,9 67,3 
47,6 65.9 
47,9 70,6 
47,1 71.1 
46,5 70,5 
44,2 64,0 

432 62,6 

~4 2 677 
447 678 

28825 48.9 0 .0378 527 62,9 

30249 485 00301 54,5 62.9 
26111 459 0,0327 48.3 619 
29790 450 0,0254 522 61.6 
24635 445 0,0258 51 8 61.4 
25418 41.5 0.0048 50.4 61.2 
23577 43 .5 0.0171 486 60.6 
33322 487 0.0370 54 I 6~ . 1 

35496 47,6 00308 5) , I 647 

64.4 
20143 462 00230 543 644 
32314 42.4 0.0185 545 65 .4 

Rupture 
Stress 
(ksi) 
51.4 
51.7 
59,0 
62,2 
58,3 

63.4 
60,2 

553 
52.3 
56.2 
490 
55,2 
50,3 

516 
56,8 

52.2 

536 
51.9 

• 

Elongatio 
(8" Gage) 

30.0010 
31.0010 
28,0% 

280% 
29 _ 0~~ 

28.0% 
27,0% 
28,0% 

31.0% 
30,00/. 
31 .~~ 

31.00/. 
30,00/. 
29,0010 
31.00/. 
31 .0% 
30,00 • 

31.0010 
26,0010 
26,0010 
290% 
28,0010 

2500'0 
28 00'0 
27.0% 
24 .~'e 

42,00/. 

3200/. 
260010 
30,00/, 

• • -. It, 



Tobie S·2 Summar) "nensile Data For Mild teel Coupons 

Yield Begin Iless tress Stram 
Coupon omlnal Elaslle Stress train (I 5C!-iI Iii I~'. Uilimaic 'tl Ultimate Rupture 

Designation Shape Sleel Grade Modulus ~2'. Offset Hardening lrain lram tlCSS Stress SIlCS5 EJongallo 
(lsi) (ksi) (~si) (kSl) (ksi) (ksi) (8" Gage) 

SA·2 Angle A36 43393 426 0.0192 54.4 619 65.4 53.8 30.0"10 

PL·I Plate A36 36823 48.4 0.0227 59.5 67.4 71.3 59.0 29.0% 

PL·2 Plate A36 30238 496 00200 60.3 682 71.5 638 29.0'l. 

50a Plate A36 28747 448 0020~ 56.7 637 671 567 29. 7~' 

50b Plate A36 26655 45 .5 0.0228 57.4 6~ 4 67.8 57.5 30. 3~. 

510 Plate A36 27252 44 .9 0.0241 55 .6 62.7 65 .4 58.2 28.4% 

51b Plate A36 24435 44 I 0.0284 53 .5 613 65.5 56.9 28.9% 
Ala Angle A36 29799 49 I 00199 62.9 708 73.9 647 26.9". 

Alb Angle A36 32177 48.8 00193 62.6 706 731 62.7 26.8% 
A2a Angle A36 25139 48.8 0.0211 61.2 70 I 73.8 64.7 29.So~ 

A2b Angle A36 32000 492 00164 64.5 721 74.4 63.4 28.3% 

N 
10 
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TIbk 8·) Swnmuy SlItlS1ICS for 114 Grade 60 Rtlnrorclnl Steel C~ 

YIt"kI &11n ..... Sirti' ""'. 
W £Idle ,,," SU ... ) .. ..or II or " ", II or ',of Ulomllt" 01llma1 Ruphlft" -.of " of 
0 

Modvh • ..r-t ()ffid Harden.ft, SinlR h Fu.Fy .. ,. f_ Fu- .y ,,.., SlreH "'" F_ Fu· fy 'BonptlC)n Fu.l) 

(lso) (lso) (In 'In) (ls.) fUI) (In In I (b" (2" 0.",) 

No Dati 2' 21 2' 2' 2' 2' 20 20 20 25 20 2' 2' 24 21 2' 
Mean ]24SI 10' 00074 9" I) r. 56 ,', III I CH6', Q) r. 1146 01010 960 U Jt. 516'. 16 J-.. 16) 

COY 17,1 .. 21'> 20 .',. 26'_ Ir. !J l'. I 2', 06', 16', lor, 0"" or. sa', 116', 10 S' .. ll" 

----------------......... 



Table 8-4 Summary of Tensile Dam For #4 Reinforcing Steel Coupons 

Yield Begin Stress Stress Stress Stress Strain 
Elastic Stress train rm 30/. (1l!5% @ 7% @ IO% Ultimate Ultimate Rupture 

Designation Modulus D.2% OfTset Jlardening train Strain Strain Strain tress Stress Stress % Elongation 
(ksi) (ksi) (in.lin.) (ksi) (ksi) (ksi) (ksi) (ksi) (in .lin.) (ksi) (2" Gage) 

1-1&2a 40.471 69.9 00062 960 1076 112.4 1148 1151 01026 91.S 17.8% 
1-3&4a 29.178 71.S 0.0093 93.8 105.1 1102 1129 1131 01061 935 16 . 2··~ 

1-3&4b 29,599 71.2 0.0095 93 .9 loa 1096 1122 1126 01017 92 .3 16.1% 
1-3&4c 24.604 72.4 00102 92.9 10-1.2 109.9 112.4 1128 00925 92. 1 15 .2% 
2-1&2a 38.360 70.3 00059 957 107.6 1128 115.2 114.7 01061 93.9 17.6·'0 
2-1&2b 31.176 69.9 0.0063 95 .9 106.5 112.3 1145 114.9 0.0959 92.7 16.2% 
2-1&2c 31 .574 69.9 0.0076 93.9 105.3 111.9 1144 115.3 0.1006 90. 1 17.5°'. 
2-3&4. 41 ,161 68.3 0.0044 97.6 107.5 113. 1 115.3 1152 0.1020 92 .4 188% 
3-1&2. 31.481 72.0 0.0089 940 105.2 110.3 113 5 1142 01093 90.6 17.3% 

w 3-1&2b 35,942 72.8 0.0086 939 104.6 110.7 113.3 113.3 01067 95. 1 16.8% 
3-1&2c 26.924 71.9 0.0091 94.7 105.2 110.3 113.7 113.6 0. 1027 940 16. 8~. 

3-3&.4. 30.475 68.8 0.0091 92.3 103.0 109.0 108.4 110.3 0.0829 102.4 10.9"10 
3-3&4b 34.257 70.4 0.0082 93 .2 104.0 108.9 1114 111.4 0.0987 985 135% 
3-3&4c 30.196 71.1 0.0073 952 105.9 110.8 113.3 113.2 01055 91.8 17.4% 
4-1&2. 30.609 69.6 0.0061 948 106.4 1116 114.3 114.9 0.0978 91.4 16.2% 
4-3&4. 44. 127 68.5 0.0053 95 I 106.4 112.5 114.6 114. 1 0.0964 935 16.8% 
4-3&4b 44,729 67.5 0.0060 93.0 10M 110.7 1133 113.6 01000 91.1 17.60/. 
4-3&.4c 34.664 69.9 0.0068 94 .9 106 2 112.6 114.9 1150 0.1006 95.5 16.8% 
5-1&.20 32.273 68.3 00076 932 105.2 1099 113.2 113 I 01084 95 .0 18.4% 
5-3&4. 67.6 114 I 19. 1% 
6-3&4. 28,511 68.3 0.0072 94. 1 105.3 112.3 1148 115.3 0. 1028 90.7 17. 1% 

R-OI 27.929 72.5 0.0063 1006 112.9 1167 104.7641 
R-02 25.817 73.8 0.0085 998 1118 118.8 1079186 
R-03 28.773 73.6 00067 994 111.3 1194 IIH61 
R-O~ 25,989 73 0.0063 100 113 120 107.6264 

• • • • • • • • • • • 
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• 

TableC-1 
Mild Steel Coupon D,mensions • 

Coupon Average AHrnge 
Dcsignallon WIdth Thickness Area Imt181 Gage 

(In.) (In.) (in.'2) {tn.} 

5-1 1.499 0993 1.489 8 
15-1 1.497 0. 121 0.181 8 • 1S-2 1.497 o 120 0.180 8 
16-1 1498 0.121 0181 8 
16-2 1498 0120 0179 8 
17-1 1498 0120 0.180 8 
17-2 1497 0120 0180 8 
18-1 !.SOO 0.249 0.374 8 • 18-2 1.497 0248 0.371 8 
19-1 ISO I 0.246 0.370 8 
19-2 1.499 0249 0.374 8 
20-1 1497 0248 0.372 8 
20-2 1498 0250 0.3" 8 
21-1 1.498 0367 O.SSO 8 • 21-2 1.499 0.370 0.SS5 8 
22-1 !.SOO 0.367 OSSO 8 
22-2 1498 0370 0.554 8 
23-1 !.SOl 0.368 0.SS2 8 
23-2 1.499 0.370 0.5SS 8 
24-1 !.SOl 0.369 0.SS4 8 • 24-2 I SOl 0.367 0550 8 
25-1 ISO I 0.371 05S? 8 
25-2 I SOl 0.368 0552 8 
26-1 1498 0.500 0749 8 
26-2 1.499 0500 0.749 8 
27-1 !.SOO 0625 0937 8 • 27-2 1500 0.623 0.934 8 
27a-1 1500 0627 0940 8 
270-2 1.499 0.624 0935 8 
28-1 UOI 0."0 1.125 8 
28-2 UOO 0749 1.124 8 
29-1 UOO 0750 1.125 8 • 29-2 UOO 0.749 1.124 8 
30-1 UOO 0997 1.496 8 
30-2 UOI 0999 1499 8 
31-1 UOO 1000 1.500 8 
31-2 1500 1.001 1502 8 
32-1 1500 1001 1502 8 • 32-2 1.501 1.000 1501 8 
33-1 1.499 0491 0.736 8 
33-2 1499 0.491 0.736 8 
34-1 1.499 0.493 0.740 8 
34-2 1.501 0.494 0741 8 
35-1 1.500 0.486 0.729 8 • 35-2 1.502 0486 0729 8 

)) 
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Mild Steel Stress-Strain Plots Tensile Test: IS-2 • 
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Mild Steel Stress-Strain Plots Tensile Test: 17-2 • 
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Appendix D 

Ten ile Te t onducted At Virginia Tech 

Reporting Full tre - train Data 

Reinforcing teel 
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Table D-I 

Reinforcing teel Coupon Dimensions • 

Coupon A verage Average Initial 

Designation Diameter Area Gage • 
(in.) (in."2) (in.) 

1-1&2a 0.346 0.094 1.980 

1-3&4a 0.340 0.091 1.983 

1-3&4b 0.340 0.091 2.032 • 1-3&4c 0.342 0.092 2.056 

2-1&2a 0.345 0.093 2.042 

2-1&2b 0.349 0.096 2.067 

2-1&2c 0.334 0.088 2.071 

2-3&4a 0.344 0.093 2.050 • 
3-1&2a 0.340 0.091 2.065 

3-1&2b 0.335 0.088 2.074 

3-1&2c 0.344 0.093 2.040 

3-3&4a 0.344 0.093 1.989 • 3-3&4b 0.329 0.085 2.018 

3-3&4c 0.341 0.091 2.102 

4-1&2a 0.338 0.090 2.044 

4-3&4a 0.343 0.092 2.026 

4-3&4b 0.347 0.095 2.047 • 
4-3&4c 0.346 0.094 2.109 

5-1&2a 0.345 0.093 2.028 

5-3&4a 0.350 0.096 2.079 

6-3&4a 0.334 0.088 2.057 • 
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• 
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Reinforcing Steel Stress- train Plots Tensile Test: 1-1&2a 
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