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ABSTRACT

To investigate the possibility of a more economical design of bolted connections, a large quantity
of high-strength structural bolts were tested. The current resistance factor in ANSI/AISC 360-05
is 0.75 for structural bolts in tension and shear, which is believed to be conservative and based
on insecurities about the estimate of loads on fasteners and on ductility concerns rather than on
statistical analyses. A total of 1533 structural bolts, consisting of four different bolt grades and
six different diameters, up to five inches in length, were tested in direct tension and shear with
the threads excluded and not excluded from the shear plane. Resistance factors, based on
reliability indices and statistical reduction, were calculated from data reported in literature and
from the bolts tested. Based on the test data, some conclusions on dimensions, strength, and
strength ratios were made. After a statistical reduction of the results, an increase of the

resistance factor is recommended.



ACKNOWLEDGMENTS

The authors wish to express their gratitude to the Research Council on Structural
Connections (RCSC) for their generous financial support of this research project, their
guidance, and advice.

The authors would also like to acknowledge the invaluable technical and material support
provided by Nucor Fastener Division, and in particular by Mr. Roger Hamilton. The authors
would like to dedicate this work to his memory.

Materials were directly donated by Haydon Bolts, Infasco, Lake Erie Products, LeJeune Bolt,
Lohr Structural Fasteners, St. Louis Screw and Bolt, and Unytite: the authors are thankful for
the invaluable support of these companies. The authors also gratefully acknowledge CHC,
Porteous Fasteners, and Structural Bolt and Manufacturing, who donated fasteners from
various manufacturers. Finally, the authors thank Hodell-Natco for their generosity.

The authors thankfully acknowledge the generosity of Mr. Michael R. Reichling with The

Cincinnati Steel Treating Company, for providing free heat-treatment for shear inserts.



TABLE OF CONTENTS

CHAPTER 1 — INTRODUCTION ...uttitttiettestteesieeasteestee bt esieesstaesbeeasseesbeeasbeesbseantesssseesbesssneenteesnneeneessnes 1
I O 2 =T 1RSSR 4

L2 OUTLINE ittt ettt ettt b e bttt e s he e e bt e e R et et e e e he e e b e e e be e e be e nnneeneennnas 4
CHAPTER 2 — PROJECT BACKGROUND.......ceiitiiittiatieateesieeateesteeatessieeabeesssessessssasssessssesnsessssssssesssnes 6
2.1 DEVELOPMENT OF BOLTS ..uiiiiiiiiiiiieiisie sttt sttt sae e ane e 6
2.1.1 CHEMICAL COMPOSITION OF STRUCTURAL BOLTS ...cciiiiiiiiiiiiesieeee e 9

2.1.2 MANUFACTURING OF BOLTS . ciiiiiiiiiiiieitie sttt 12

2.1.3 DIMENSIONS OF STRUCTURAL BOLTS ....citiiiiiiiie ittt 12

2.2 TENSILE STRENGTH OF STRUCTURAL BOLTS ..ottt 22

2.3 SHEAR STRENGTH OF STRUCTURAL BOLTS.....uiiiiiiiiiiieeiee e 23

2.4 BACKGROUND OF LRFD ...ttt ettt 25
2.4.1 CALCULATING RESISTANCE FACTORS ...cccttiiiiiiiiiiiiieiee st nies sttt 25

2.5 DETERMINING THE NUMBER OF BOLTS TO BE TESTED ...veveveeveriesieresieseeesseseesesseseeseesessesnens 45
CHAPTER 3 — LITERATURE REVIEW .....coitiiiiiiiiiieiie sttt sttt ne e neennne e 48
3.1 LARGE BOLTED JOINTS (L960S) ... .ccuveiteeieasiesiiesiesiesieesieesiesiee i eesieesee e sseesae e sreensesnee e 48
3.1.1  JOHN L. RUMPF (L1958) ...cuviiiiiiiiitiiiiiiesiee ettt 49

3.1.2 ROBERT T. FOREMAN AND JOHN L. RUMPF (1958).....c.cccveiiiiiiieriieie e 49

3.1.3 ROBERT A. BENDIGO AND JOHN L. RUMPF (1959).....cccccviiiiiiicieeic e 50

3.1.4 ROBERT A. BENDIGO AND JOHN L. RUMPF (1960).......c.ccceiiiiiiiriiinieneenieeie e 53

3.1.5 ROGER M. HANSEN AND JOHN L. RUMPF (1960) .......cccoriririiiiiieienienie e 53

3.1.6 ROBERT T. FOREMAN AND JOHN L. RUMPF (1961).....ccccueiiiiiiieriieieseesie e 54

3.1.7 STANLEY E. DLUGOSZ AND JOHN W. FISHER (1962) ........ccoecveiiiieeieceese e 54

3.1.8 R.A.BENDIGO, R. M. HANSEN, AND J. L. RUMPF (1963)......cccceriniinierniaieniee e 56

3.1.9 JOHN L. RUMPF AND JOHN W. FISHER (1963)......cceiiriiriiniiniieieiene e 56

3.1.10 JOHN W. FISHER, PAUL O. RAMSEIER, AND LYNN S. BEEDLE (1963) ........ccccovvuennnn 58

3.1.11 JAMES JOSEPH WALLAERT (1964) ...c.vveiiiieiieeiie ettt 59



3.1.12 E. W.J. TROUP AND E. CHESSON, JR. (1964)

GORDON STERLING AND JOHN W. FISHER (1964)......cceioiiiiiiniiniiiieieeese s 64

3.1.13 RICHARD J. CHRISTOPHER (1964) ....c.utiieiiieiieeie s et see e 67
3.1.14 GORDON H. STERLING AND JOHN W. FISHER (1966) ........ccccvviveriieieiiesie e 69
3.1.15 GEOFFREY L. KULAK AND JOHN W. FISHER (1968)........ccceiiiiririiinienienieeie e 70
3.1.16 JOHN W. FISHER AND GEOFFREY L. KULAK (1968)........ccccvriiiiiiienieie s 70

3.2 TENSION TESTS c.utttueereauieeseasesteseeseasesseseasesseseeseasesseseesessessesensessessasessessesessessessesessensensasessens 71
3.21 W.H.MunsEg, D. T. WRIGHT, AND N. M. NEWMARK (1952)(1954) .......c.ccuvrueenee. 71
3.2.2 T.F.LEAHEY AND W. H. MUNSE (1954) ....ccoiiiiiiiiee e 72
3.2.3 W.H. MuUNsE, K. S. PETERSEN, AND E. CHESSON, JR. (1961) .......cccvvvvrrrairrrnnnnn. 72
3.24 R.S.NAIR,P. C. BIRKEMOE, AND W. H. MUNSE (1974) .....ccoveiirrrereiieseerie e 73
3.25 ScoTT T. UNDERSHUTE AND GEOFFREY L. KULAK (1994).......cccciviviiiiiiieie e 74
3.2.6  JAMES A. SWANSON (1999) ....oiiiiiiiiieie et s 75
3.2.7 JENNIFER AMRINE AND JAMES A. SWANSON (2004) .....cccoiiiiiiiieenieie s 78

B.3 SHEAR TESTS  ottitiiererteiteietesiesteseete st et e sestesee e besbe e seebe e e se e b e s be e eseebenbeseebenbe e eneabeneeneerennns 80
3.3.1 BURAK KARSU (1995) ..iviiiiiiie ettt st nte e ns 80
3.4 COMBINED TENSION AND SHEAR TESTS ....uiiiitiiiiiieiiesiieesiee sttt e et sneesieeasneesnneenee s 82
3.4.1 E.CHESSON, JR., N. L. FAUSTINO, AND W. H. MUNSE (1964)(1965) .........cccvvvene. 82
3.4.2 K.H.FRANKAND J. A. YURA (1981) ...coiiiiiiiieiiesie e 86
3.5 SUMMARY OF TENSION TESTS ..euvtutitiitiearesieseeseatesteseesessesessessessessesessessesessessessesessessessssessens 87
3.6 SUMMARY OF SHEAR TESTS...uttitieitiiatiesieeesteessseesieesieeesieessneasbeessesasseesssessneessnesnneessneenneens 89
3.7 RESISTANCE FACTORS BASED ON LITERATURE ....ccutiiiiiiiieiiieeiee ettt siee e sine e 91

3.7.1 RESISTANCE FACTORS WITH A RELIABILITY INDEX EQUAL TO 45 & AN
ADJUSTMENT FACTOR BASED ON A L/D = 1.0 .viiiiieiiiieicese e 94
3.7.2 RESISTANCE FACTORS WITH A RELIABILITY INDEX EQUAL TO 45 & AN
ADJUSTMENT FACTOR BASED ON A L/D = 3.0 ..ciiiiiiieiieesie e 99
3.7.3 RESISTANCE FACTORS WITH A RELIABILITY INDEX EQUAL TO 4.0 & AN
ADJUSTMENT FACTOR BASED ONAL/D = 1.0 .eoviiiiiieiceeee e 104
3.7.4 RESISTANCE FACTORS WITH A RELIABILITY INDEX EQUAL TO 4.0 & AN
ADJUSTMENT FACTOR BASED ON A L/D = 3.0 .eiiiiiiiiicir e 109

3. 7.5 CONCLUSIONS ..ttt et e ettt et ettt e e e e e e e e e e e e e e eeeeeeeeen e eeeeeeeeeennnnaaeeeeaeeeennns 114



CHAPTER 4 — TEST IMIETHODS ...ttt ettt e e tee e e e e e e e e e e e e e e e e e e ee e e e e e eeeeeeeennaaeeeeeees 117

4.1 ASTM SPECIFICATIONS w.vvtttereeteatesteseasestessesessesseseasessessesessessessesessessesessessessasessessensasessens 117
4.1.1  SPEED OF TESTING ..ecuttitieiieeeiee sttt asteesiee et e sies st e et e sneaaneesnneanneesnneeneesnneeneens 117
4.1.2  TENSION TESTING ..tteiuttitiesitiaiee sttt e steesieeeteesieeesbeesseeabeesseeasbeessseasbeessnesneesnneaneens 118
4.1.3  SHEAR TESTING ..iitiiitiiitiesiieeiee sttt e site e bt e siteasbeesbaeabeesseeabeesbeeebeesaeeebeesnneeneens 121

4.2 EQUIPMENT  oitiietiite et ste ettt e sttt e e s be st et e bt e e st et e st e et e e be b e st e b e nt et esenbe st e nenreneens 122
4.2.1 TESTING MACHINE AND DATA ACQUISITION SYSTEM .ccoviviiiiiiiieiiiiieeeeeeeeeeeeeeeaee 122
4.2.2 TENSION TESTING EQUIPMENT ..vvtiiiiiiiiiiiiitiiiiie e seisbrree s e e s s sibbbreee s s e s s s sasbnses 123
4.2.3 SHEAR TESTING EQUIPMENT ....cciittiiieiiittiee e eitee e e e ettee e e s entre e e s etree e e s snaree e e s naraeaeeennns 127

R B o Lo Yo =l U OSSPSR 132
4.3.1 DETERMINING THE SPEED OF TESTING....cccttiittetieririaieesireesieesineesseesnnessneesnneeneens 132
4.3.2  TENSION TESTING ..teittiiiiesiieatiesieeastee sttt e bt e siee bt e sieeabeesseeanbeessseasbeessnesneesnneanneens 134
4.3.3  SHEAR TESTING ..eiutiiiuiiiiiesiieeieesite et e site et siteesbeestaeabeesseesnbeesbbeebeesieesbeesnneeteens 135
4.3.4  THREAD LENGTH ..outiiiiiiiieiieie ittt sttt sttt st b e ane e 135

CHAPTER 5 — PRESENTATION OF DATA ..ottt 137

5.1 BOLTS OBTAINED/TESTED ..cuuvetieueesteeieaseesteesteaseesseeseessessseessssesssessssssesssesssessesssesssesseessens 137

5.2 THREAD LENGTH ...ttiitiiitieette sttt sttt sttt ettt e be e st e et e e sab e e be e s sbe et e e snbeebeesneas 139

5.3 RESULTS OF BOLTS TESTED ...c.viuiiuiitiiesiaiesiesiesesiesieseesesaeseesessesessessessesesesseseesessessessnsessenes 141
5.3.1 SAMPLE LOAD VERSUS ELONGATION/DISPLACEMENT CURVES.......cccovvreriinrnanens 143
5.3.2  COMPARISONS ...cutieieiautieatteasteeateeateeateessbeasbeeaseeesbeeaaeeaabeeasbeaabeesaneenbeeasneaseesnneenes 145

0.4 ELONGATION AT FAILURE ....ccitiieititeiieeesieeesitee et ettt et ee bt s bs e snbe e e snbe e e snbeeennbeesnnneeans 192

5.5 RESISTANCE FACTORS ...c.viuiiiitiietiaiesieseaie st see ettt ste st te st besbeeesesseseesessessensenessenes 196

5.5.1 RESISTANCE FACTORS WITH A RELIABILITY INDEX EQUAL TO 45 &
AN ADJUSTMENT FACTOR BASED ON A L/D = 1.0..eciiiiiiiieieee e 197
5.5.2 RESISTANCE FACTORS WITH A RELIABILITY INDEX EQUAL TO 45 &
AN ADJUSTMENT FACTOR BASED ON A L/D = 3.0 .c.cciiiiieiiiiieie e 202
5.5.3 RESISTANCE FACTORS WITH A RELIABILITY INDEX EQuAL TO 40 &

AN ADJUSTMENT FACTOR BASED ONA L/D = 1.0 ... ueueee e 207



5.5.4 RESISTANCE FACTORS WITH A RELIABILITY INDEX EQuAL TO 40 &

AN ADJUSTMENT FACTOR BASED ON A L/D = 3.0 .. ueeeie e 212

5.6 RECOMMENDATIONS/CONCLUSIONS ....ceetteeeeeeee e e et ee e et eeeeeeeaeeeeeeeeeseaseeeeeeeeeeenaaans 217
CHAPTER B — CONCLUSIONS .. titteetttteseeeeeseeesssaasssessssees st sssassseesssansssseesseessssasseeseseessssaaseeeees 230
6.1 RESULTS OF 1533 HIGH-STRENGTH BOLTS TESTED ..vvueieeeeeeeeeeee e e eeeeeeeeeeeeeeeeeeeeennnnnas 231
6.1.1 AS325 AND F1852 BOLTS IN TENSION . .uuuuiiteietieeertiiiisieeersresssssnssssesssesssrnnnseeeesseenns 231

6.1.2 A490 AND F2280 BOLTS IN TENSION . ...uuiiteeetieeerttiiseeeesssesssssnssssesssessnnsnseseesseenns 232

6.1.3 BOLTS IN SHEAR WITH THE THREADS EXCLUDED ......ccoiiiieieieee e eeeeeeeens 234

6.1.4 BOLTSIN SHEAR WITH THE THREADS NOT EXCLUDED ....cevvvveeeeeeeeeeeiceeeeeeeeeeeeenns 234

B.1.5 STRENGTHS COMPARISON ...uuuuiiieeetteetstutssseeettressssssesesssessteresssesseeeerreen 235

B5.1.0  ELONGATION AT FAILURE ....uuiiieiiiteeetiis e e e etteeetassseeesssesstsssssesesesesssssnsseeeesseenns 236

5.2 RESISTANCE FACTORS ... iiiieeeet e et e ettt e e e e e e e e et ee e e s e e eeeaeee st s seeeeeeeesssasrseeeeseeesnnnnnns 236
5.2.1 BASED ON LITERATURE ...oovtutiee et ettt e e e e e e e e e teeaaeeeeeeeeeee e aaeeeeeeeeeeennaaseeeaeeeennns 236

6.2.2 BASED ON ONE HUNDRED LOTS TESTED ...ciitiveertttiiieeeeeeeessisissesesssesssssnnsesessseenns 237

6.2.3 BASED ON EXPERIMENTAL RATIOS AND ONE HUNDRED LOTS TESTED .....ceeeveeeee 238

5.3 DESIGN RECOMMENDATIONS ....ttueteeeeteeeeeteeaasessesssessssnassssesssessssnnssssessseesssnasssesesseesssnnnns 239
B.4 FUTURE RESEARCH ...ttt e ettt ettt e e e e e e e e e e e e e e e e e e e e e ee e e e e eeeeeeeen e e eeeeeeeeennnnnnnn 240
=== = N =TT 241
APPENDIX A — DATA OF ONE HUNDRED LOTS TESTED ...cevteeevtteeeeeeeeeeeeieieeeseeesseesssnansseessssesnnnns A-1
APPENDIX B — RESISTANCE FACTOR EXAMPLE CALCULATIONS ..vvuiieieeieeirriiisseeeseseessssnnsesessseenns B-1
APPENDIX C — IMATERIAL D ATA SHEETS vt et eeeeeeetees e e e e e e eeeeeeeasseeeaseessssnassessssesesssnnaaseseesreenes C-1



Chapter 1 - Introduction

CHAPTER1

INTRODUCTION

Currently, in the steel industry, structural connections can be made using either welds or
structural bolts. Welds are mostly used when the fabrication takes place in the shop whereas
bolts are used more commonly in the field. According to the Commentary for Section J1.10 of
the AISC Specification for Structural Steel Buildings (2005), “pretensioned bolts, slip-critical
bolted connections, or welds are required whenever connection slip can be detrimental to the
performance of the structure or there is a possibility that nuts will back off. Snug-tightened high-

strength bolts are recommended for all other connections.”

Before the 1950s connections were primarily constructed using rivets. In connections where slip
was to be prevented, the use of rivets was problematic (Kulak 2005). High-strength bolts
became available during the 1950s. At that time rivets became less common since the
“installation of rivets required more equipment and manpower” (Kulak 2005). Besides the
installation of rivets having its disadvantages, high-strength bolts also offered more strength. A
plot of stress versus strain of a coupon taken from rivets and high-strength bolts is shown in
Figure 1-1 (Kulak 2005). Other advantages high-strength bolts have over rivets include: greater
friction gripping, faster erection, less erection noise, reduced fire risk, and improved inspection

(Munse 1976).
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150+
A490 bolts
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Stress A502 grade 2 rivets A325 bolts
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0.08 0.16 0.24
Strain

Figure 1-1: Stress vs. Strain of Coupons from Rivets and Bolts (Kulak 2005)

Research on high-strength bolts was performed starting in the 1930s. “The possibility of using
high-preload bolts in steel-framed construction was first demonstrated by Batho and Bateman in
their report included in the publication of the second report of the Steel Structures Research
Committee in 1934 (Fisher and Beedle 1967). Batho and Bateman found “that bolts having a
yield strength of at least 54 ksi could be pretensioned sufficiently to prevent slip of connected

material” (Kulak 2005).

In 1947 the Research Council on Riveted and Bolted Structural Joints was formed. They were
the main drive for the rapid development of high-strength bolts in the United States. “The
American Society of Testing Materials (ASTM) in conjunction with the Research Council
prepared a tentative specification for the materials for high-strength bolts, a specification which
was approved in 1949 and revised in 1951 under ASTM designation A325” (Fisher and Beedle
1967). The use of high-strength structural fasteners started becoming more favorable in steel

connections after the 1950s.

High-strength bolts are an important method for assembling steel structures and millions were

used every year in the 1970s (Munse 1976). For example one million high-strength fasteners
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were used in the erection of a 526 foot building at the John F. Kennedy Space Center (Munse
1976). In 1974 it was estimated that over 50 million high-strength bolts were used in the United

States (Munse 1976).

When designing bolted connections today engineers are required by the specification to account
for only 75% of the bolt’s tension or shear strength based on Load and Resistance Factor Design
(AISC 2005). In other words, the current resistance factor is a conservative value of 0.75 for the
tensile and shear strength of both A325 and A490 structural bolts (AISC 2005). Since only 75%
of the fastener’s strength is used in the design of connections with structural bolts, they can be
more costly than welded connections given that more bolts are needed to meet the required

capacity.

Instead of the resistance factor of 0.75 being based purely on statistical analyses, it is believed
that this conservative value is based more on uncertainties on the determination of loads on
fasteners combined with questions on their ductility. This is particularly true of A490 fasteners.
“Connection design is a vital part in the structural design process because improperly designed
connections may fail prematurely or they may deform excessively under low loads, thereby
rendering the structure unfit for use. Conversely, overdesigned connections may be grossly
inefficient and expensive” (Galambos and Ravindra 1975). To ensure a more economical design
of bolted connections, the main goal of this research project is to provide a more accurate
statistical basis for the calibration of resistance factors for high-strength fasteners using modern
materials. This project was sponsored by the Research Council on Structural Connections

(RCSC).
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1.1 Objective

The primary objective of this project is to recalibrate the current resistance factor for high-
strength fasteners based on tests of a meaningful, statistical population of A325, F1852, A490,
and F2280 bolts in both direct tension and shear. Past research on tension and shear of structural
bolts will also be examined when determining a recommended resistance factor. Resistance
factors will be calculated based on reliability indices and statistical reduction. The ductility of

A325, F1852, A490, and F2280 fasteners will also be investigated.

With an increased resistance factor, bolted connections have the potential to become more
competitive with respect to welded connections, since a higher percentage of the structural bolt’s
tensile and shear strength can be accounted for while designing. With a higher resistance factor
in the specification, a lower number of bolts would be required in each connection which can

represent significant savings in the overall cost of a project.

1.2 Outline

This report is broken down into six major chapters. The present chapter serves as an
introduction, discussing goals, objectives, and scope of work. Chapter Two will discuss the
background. Included in that chapter will be a background of the Load and Resistance Factor
Design (LRFD) philosophy. Also, incorporated in Chapter Two are the equations required to
calculate resistance factors and the process used to determine the number of structural bolts to be
tested for a statistical analysis. Chapter Three contains a literature review. Chapter Four
contains the test methods used for testing in direct tension and shear, including the American
Society for Testing and Materials (ASTM) Standards. The data obtained from the tension and

shear tests are presented in Chapter Five.  Chapter Six contains conclusions and
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recommendations. There are also three appendices. Appendix A incorporates tables showing all
of the tension and shear data of the tests performed. Example calculations for the resistance
factor are found in Appendix B. Appendix C contains the material data sheets which were

obtained for most of the A325, F1852, A490, and F2280 bolts tested.
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CHAPTER 2

PROJECT BACKGROUND

This chapter consists of the project background. It starts with an extensive discussion on the
manufacturing of bolts in the United States including their availability and distribution. The
background of the Load and Resistance Factor Design (LRFD) as well as the calculations
required to determine the resistance factor follows. Lastly, this chapter includes the method used

to determine the number of bolts to be tested for a statistical analysis.

2.1 Development of Bolts

The three most commonly used structural bolts are (1) A307 grade A carbon steel bolts
(2) A325 high-strength steel bolts and (3) A490 high-strength alloy steel bolts. There are also
two grades of tension control high-strength structural bolts that correspond to A325 and A490
which are F1852 and F2280, respectively. The carbon steel bolts, A307, are “primarily used in
light structures, subjected to static loads” (Kulak et al. 2001) and will not be considered in this

research.

ASTM A325 (2004) “covers two types of quenched and tempered steel heavy hex structural
bolts having a minimum tensile strength of 120 ksi for sizes 1.0 in. and less and 105 ksi for sizes
over 1.0 to 1-1/2 in., inclusive”.! Typically, A325 bolts are supplied as plain or galvanized. The
two types of A325 bolts are denoted by chemical composition. Type 1 is made of a medium
carbon, carbon boron, or medium carbon alloy steel whereas Type 3 is made from a weathering
steel. Type 3 bolts are distinguished by underlining the “A325” on the bolt head as shown in
Figure 2-1 (RCSC 2004). Medium carbon alloy steel with copper, nickel, and chromium

additions make up the chemical composition of Type 3 A325 bolts for weathering purposes.

! According to ASTM A325 the minimum stress is 105 ksi for bolts larger than 1-inch in diameter. AISC and
RCSC do not account for this and use 120 ksi regardless of the bolt diameter.
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Type 3 A325 bolts are used mostly in structures when connecting weathering steel (Kulak 2005).
Type 3 bolts are used generally in outdoor structures where the bolts are subjected to corrosion
such as bridges or stadiums. Type 2 was withdrawn in November 1991 (ASTM 325-04b).

Figure 2-1: Head Marking for A325 Type 3 (RCSC 2004)

Structural bolts of grade A490 comprise two types of quenched and tempered alloy steel and
have a tensile strength of 150 to 173 ksi?. The A490 bolts were developed for use with high-
strength steel members (Kulak et al. 2001). A490 bolts are manufactured in diameters from 1/2-
inch to 1-1/2-inches. Unlike A325 bolts, A490 bolts are only permitted to be supplied with a
plain finish, meaning they can not be galvanized. The two types of A490 bolts are also
designated by chemical composition, like A325. Type 1 is made from medium carbon alloy steel
and Type 3 is produced from weathering steel (ASTM A490-04a). Like A325, Type 3 is
distinguished by the line under “A490” on the bolt head as shown in Figure 2-2 (RCSC 2004).
A490 Type 3 fasteners are used for the same purposes as A325 Type 3 bolts, as previously
discussed. Type 2 was withdrawn in 2002 from ASTM A490 (ASTM A490-04a).

Figure 2-2: Head Marking for A490 Type 3 (RCSC 2004)

To prevent embrittlement in structural bolts, a limit of 200 ksi tensile strength is set. If the
tensile strength is higher than 200 ksi, the bolts “are subject to embrittlement if hydrogen is
permitted to remain in the steel and the steel is subjected to high tensile stress” (RCSC 2004).
The tensile strength for A325 bolts is 120 ksi or 105 ksi, depending on the diameter, which is

2 RCSC states 170 ksi maximum tensile strength for A490 bolts.
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well below the limit of 200 ksi. The A490 bolts have a maximum tensile strength of 173 ksi
which is approximately 14% below 200 ksi (ASTM A490-04a). It should be noted that RCSC
states that A490 bolts have a maximum tensile strength of 170 ksi which provides a 15% margin
below the limit of 200 ksi (RCSC 2004). Since “manufacturers must target their production
slightly higher than the required minimum, ASTM A490 bolts close to the critical range of
tensile strength must be anticipated” (RCSC 2004).

Tension control bolts are similar to A325 and A490 in chemical properties but have special
features pertaining to the installation. “The bolt has a splined end that extends beyond the
threaded portion of the bolt and an annular groove between the threaded portion of the bolt and
the splined end” (Kulak 2005), as shown in Figure 2-3 (Kulak 2005). The tension control bolt
shown in Figure 2-3 (Kulak 2005) has a round head, also known as a button or dome head.
However, tension control bolts can also have a heavy hex head like an A325 or A490 bolt.
Tension control bolts are produced in diameters from 1/2- to 1-1/8-inch. Like A325 and A490
structural bolts, tension control bolts also come in two types. Tension control bolts with ASTM
Specification F1852 correspond to an A325 bolt and have a minimum tensile strength of 120 ksi
for diameters smaller than and including 1 inch and a minimum tensile strength of 105 ksi for
diameter of 1-1/8-inches (ASTM F1852 -05)%. Type 1 is manufactured from plain carbon,
carbon boron, or alloy steel and Type 3 is made from weathering steel for an F1852 bolt. ASTM
Specification F2280 corresponds to an A490 structural bolt which has a required tensile strength
of 150 to 173 ksi (ASTM F2280-06). Like A490, F2280 Type 1 is made from alloy steel and

Type 3 is made from weathering steel.

® According to ASTM F1852 the minimum stress is 105 ksi for bolts larger than 1-inch in diameter. AISC and
RCSC do not account for this and use 120 ksi regardless of the bolt diameter.
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Figure 2-3: Tension Control Bolt (Kulak 2005)

The chemical composition, manufacturing process, and dimensions will be discussed in the next

few sections.

2.1.1 Chemical Composition of Structural Bolts

Steel is produced by purifying pig iron and introducing “impurities in the form of alloys to
impart the desired characteristics” (Pollack 1988). Carbon steels are categorized into three
categories. Low-carbon steels have carbon ranging from 0 to 0.25 percent, medium carbon steels
typically have carbon ranging from 0.25 to 0.55 percent, and high-carbon steels typically have
carbon above 0.55 percent. Boron which is found in some types of A325 and F1852 bolts
increase hardenability (Pollack 1988). “Alloying has the effect of improving wear, heat
corrosion, and fatigue resistance” (Pollack 1988). Adding the proper alloys to steel can increase
the hardness as well as possibly increasing the strength and toughness, while machinability may
also be improved (Pollack 1988).

Type 1 structural bolts made from alloy steel are more commonly used than Type 3. Table
2-1 (ASTM A325-04b; ASTM A490-04a) shows the chemical composition of A325 and A490
Type 1. Table 2-2 (ASTM F1852-05; ASTM F2280-06) shows the chemical composition of
F1852 and F2280 Type 1. Type 3 structural fasteners “are made out of an alloy steel with
copper, chromium, and nickel. As the surface of the steel corrodes or rusts, instead of forming a
coarse, flaky rust, the Type 3 material forms a fine-textured oxide coating that tightly adheres to
the base metal. This oxide coating seals the surface of the base metal from further corrosion”
(Nucor Fastener Division). Table 2-3 (ASTM A325-04b; ASTM A490-04a) shows the chemical
composition or A325 and A490 Type 3 bolts. The chemical composition of F1852 and F2280
Type 3 is shown in Table 2-4 (ASTM F1852-05; ASTM F2280-06).
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Table 2-1: Chemical Composition for A325 and A490 Type 1 (ASTM A325-04b; ASTM A490-04a)

A325 - Type 1
A490
Carbon Carbon Boron Alloy Alloy Boron Type 1
Steel Steel Steel Steel
Carbon 0.30-0.52% 0.30-0.52% 0.30-0.52% 0.30-0.52% 0.30-0.48% *

Manganese, min 0.60% 0.60% 0.60% 0.60% --

Phosphorus, max 0.040% 0.040% 0.035% 0.035% 0.040%

Sulfur, max 0.050% 0.050% 0.040% 0.040% 0.040%
Silicon 0.15-0.30% 0.10-0.30% 0.15-0.35% 0.15-0.35% -
Boron - 0.0005-0.003% - 0.0005-0.003% -
Alloying Elements - - t t t

* For diameter of 124" the required carbon content is 0.35-0.53%

t Steel, as defined by the American Iron and Steel Institute, shall be considered to be alloy when
the maximum of the range given for the content of alloying elements exceeds one or more of
the following limits: Manganese, 1.65%; silicon, 0.60%; copper, 0.60% or in which a definite

range or a definite minimum quantity of any of the following elements is specified or required
within the limits of the recongnized field of contructional alloy steels: aluminum, chromium up
to 3.99%, cobalt, columbium, molybdenum, nickel, titanium, tungsten, vanadium, zirconium,
or any other alloying elements added to obtain a desired alloying effect.

Table 2-2: Chemical Composition for F1852 and F2280 Type 1 (ASTM F1852-05; ASTM F2280-06)

F1852 - Type 1
F2280
Carbon Carbon Boron Alloy Type 1
Steel Steel Steel
Carbon 0.30-0.52% 0.30-0.52% 0.30-0.52% 0.30-0.48%
Manganese, min 0.60% 0.60% 0.60% --
Phosphorus, max 0.040% 0.040% 0.035% 0.040%
Sulfur, max 0.050% 0.050% 0.040% 0.040%
Silicon 0.15-0.30% 0.10-0.30% 0.15-0.35% -
Boron s 0.0005-0.003% t -
Alloying Elements - - t t

* For diameter of 1%2" the required carbon content is 0.35-0.53%

T Steel, as defined by the American Iron and Steel Institute, shall be
considered to be alloy when the maximum of the range given for the content
of alloying elements exceeds one or more of the following limits:
Manganese, 1.65%; silicon, 0.60%; copper, 0.60% or in which a definite
range or a definite minimum quantity of any of the following elements is
specified or required within the limits of the recongnized field of
contructional alloy steels: aluminum, chromium up to 3.99%, cobalt,
columbium, molybdenum, nickel, titanium, tungsten, vanadium, zirconium,
or any other alloying elements added to obtain a desired alloying effect.

T Heats of steel which boron has been intentionally added shall not be permitte:
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Table 2-3: Chemical Composition for A325 and A490 Type 3 (ASTM A325-04b; ASTM A490-04a)

A325 - Type 3 *
A490
A B C D E F Type 3
Carbon 0.33-0.40% 0.38-0.48% 0.15-0.25% 0.15-0.25% 0.20-0.25% 0.20-0.25% 0.20-0.53% **
Manganese 0.90-1.20% 0.70-0.90% 0.80-1.35% 0.40-1.20% 0.60-1.00% 0.90-1.20% 0.40% min
Phosphorus 0.035% max 0.06-0.12% 0.035% max 0.035% max 0.035% max 0.035% max 0.035% max
Sulfur 0.040% max 0.040% max 0.040% max 0.040% max 0.040% max 0.040% max 0.040% max
Silicon 0.15-0.35% 0.30-0.50% 0.15-0.35% 0.25-0.50% 0.15-0.35% 0.15-0.35% --
Copper 0.25-0.45% 0.20-0.40% 0.20-0.50% 0.30-0.50% 0.30-0.60% 0.20-0.40% 0.20-0.60%
Nickel 0.25-0.45% 0.50-0.80% 0.25-0.50% 0.50-0.80% 0.30-0.60% 0.20-0.40% t
Chromium 0.45-0.65% 0.50-0.75% 0.30-0.50% 0.50-1.00% 0.60-0.90% 0.45-0.65% 0.45% min
Vanadium t t 0.020% min t t t -
Molybdenum t 0.06% max t 0.10% max t t t
Titanium t t t 0.05% max t t -

* A, B, C, D, E, and F are classes of material used for Type 3 bolts. Selection of a class shall be at the option of the bolt manufacturer

** For sizes larger than 0.75 inch (not including 0.75 inch) 0.30-0.53%

T These elements are not specified or required.

¥ Either 0.20% minimum nickel or 0.15% minimum molybdenum

Table 2-4: Chemical Composition for F1852 and F2280 Type 3 (ASTM F1852-05; ASTM F2280-06)

F1852 - Type 3
F2280
A B C D E F Type 3
Carbon 0.33-0.40% 0.38-0.48% 0.15-0.25% 0.15-0.25% 0.20-0.25% 0.20-0.25% 0.20-0.53% **
Manganese 0.90-1.20% 0.70-0.90% 0.80-1.35% 0.40-1.20% 0.60-1.00% 0.90-1.20% 0.40% min
Phosphorus 0.040% max 0.06-0.12% 0.035% max 0.040% max 0.040% max 0.040% max 0.035% max
Sulfur 0.050% max 0.050% max 0.040% max 0.050% max 0.040% max 0.040% max 0.040%
Silicon 0.15-0.35% 0.30-0.50% 0.15-0.35% 0.25-0.50% 0.15-0.35% 0.15-0.35% -
Nickel 0.25-0.45% 0.50-0.80% 0.25-0.50% 0.50-0.80% 0.30-0.60% 0.20-0.40% t
Copper 0.25-0.45% 0.20-0.40% 0.20-0.50% 0.30-0.50% 0.30-0.60% 0.20-0.40% 0.20-0.60%
Chromium 0.45-0.65% 0.50-0.75% 0.30-0.50% 0.50-1.00% 0.60-0.90% 0.45-0.65% 0.45-0.90%
Vanadium t t 0.020% min t t t -
Molybdenum t 0.06% max t 0.10% max t t t
Titanium t t t 0.05% max t t -

* Designations A, B, C, D, E, and F are classes of material used for Type 3 tension control bolts.
Selection of a class shall be at the option of the bolt manufacturer

** For sizes 7/8" to 1-1/8" 0.30-0.53%
T These elements are not specified or required. They shall be present only as residuals.

¥ Either 0.20-0.60% nickel or 0.15-0.25% molybdenum

Alloying elements shown in the past few tables have various effects on fasteners, as explained
below. Chromium is found in all Type 3 bolts (A325, F1852, A490 and F2280). Chromium has
a moderate effect on the hardenability of the steel and contributes to resisting corrosion and

abrasion (Pollack 1988). Also found in some bolts made from weathering steel (Type 3) is
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molybdenum which has a strong effect on hardenability and adds abrasion resistance (Pollack
1988). Another element that is added to Type 3 (weathering steel) fasteners is copper.
According to Pollack (1988), copper improves resistance to corrosion. Vanadium is found only
in A325-111-C and F1852-111-C: it has a strong effect on hardenability (Pollack 1988). An
element that is found in every type of bolt is phosphorus which increases hardenability and
improves machinability (Pollack 1988). Lastly, silicon which is found only in A325 and F1852
Type | bolts has a moderate effect on hardenability (Pollack 1988).

2.1.2 Bolts Manufacturers

There are exactly five cold heading structural bolt manufactures in North America: Nucor
Fastener Division; Unytite, Inc.; Infasco Division of Ifastgroupe; SLSB, LLC dba St. Louis
Screw and Bolt; Lake Erie Products (Mike Friel, personal communication, October 9, 2006).
Unytite currently only produces tension control bolts (F1852 and F2280). Besides the
manufacturers in North America there are two major Asian Manufactures that export structural
bolts into North America. The two Asian companies are Korea Bolt of South Korea and Jinn
Herr which has manufacturing plants in Taiwan and China (Mike Friel, personal communication,
October 9, 2006). Some of the listed manufacturers produce structural bolts for other companies.
For example, “Unytite, Inc. produces private label bolts for LeJeune Bolt Company, and Korea
Bolt produces private label bolts for Lohr Structural Fasteners” (Mike Friel, personal
communication, October 9, 2006). There are also a few manufacturers that use the hot heading
process such as Cardinal Fastener, Haydon Bolts, and BBC Fasteners, which are just a few of the

larger companies (Mike Friel, personal communication, October 9, 2006).

2.1.3 Dimensions of Structural Bolts

The dimensions of A325, F1852, A490, and F2280 bolts are established in ASME B18.2.6
(2006). The basic dimensions are defined in Figure 2-4 (ASME B18.2.6 2006) for hex-head
structural bolts. Table 2-5 (ASME B18.2.6 2006) lists the dimensions of heavy hex-head
structural bolts. Figure 2-5 and Figure 2-6 (ASME B18.2.6 2006) depicts the basic dimensions
for tension control bolts with a round head and a heavy hex head, respectively. It should be
noted that Figure 2-5 (ASME B18.2.6 2006) shows a tension control bolt with cut threads.
However, according to ASTM F1852 and ASTM F2280, Section 6.2, threads of tension control

12
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bolts shall be rolled. Table 2-6 and Table 2-7 (ASME B18.2.6 2006) lists the dimension of
tension control bolts with a round head and a heavy hex head, respectively. Structural bolts are
generally stocked up to a length of eight inches. Lengths come in
1/4-inch increments up to five inches in length and 1/2-inch increments over a length of five
inches. Unlike general application bolts, heavy-hex structural bolts have the same size head as
the hex nut. This allows the ironworker to use the same wrench or socket on the bolt head and/or
the nut. To exclude the threads of structural bolts from the shear plane (which is preferable),

they have a shorter threaded length when compared to general application bolts.
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Figure 2-4: Hex-Head Bolt Dimensions (ASME B18.2.6 2006)

Table 2-5: Dimensions for Heavy Hex Structural Bolts (ASME B18.2.6 2006)

. . Transition
: Body Diameter Width Across Width Across Height Radius of Fillet Thread Thread
Nominal Flat Corners Length
Bolt ) (E) ® ©) ) (H) ) (R) w) Length
Diameter (inches) (inches) (inches) (inches) (inches) (inches) ) )
(inches) (inches)
Max Min Nominal Max Min Max Min Nominal Max Min Max Min Reference | Reference
12 0.515 0.482 7/8 0.875 0.850 1.010 0.969 5/16 0.323 0.302 0.031 0.009 1.00 0.19
5/8 0.642 0.605 1 1/16 1.062 1.031 1.227 1.175 25/64 0.403 0.378 0.062 0.021 1.25 0.22
3/4 0.768 0.729 1 1/4 1.250 1.212 1.443 1.383 15/32 0.483 0.455 0.062 0.021 1.38 0.25
718 0.895 0.852 1 7/16 1.438 1.394 1.660 1.589 35/64 0.563 0.531 0.062 0.031 1.50 0.28
1 1.022 0.976 1 5/8 1.625 1.575 1.876 1.796 39/64 0.627 0.591 0.093 0.062 175 0.31
11/8 1.149 1.098 113/16 1.812 1.756 2.093 2.002 11/16 0.718 0.658 0.093 0.062 2.00 0.34
11/4 1.277 1.223 2 2.000 1.938 2.309 2.209 25/32 0.813 0.749 0.093 0.062 2.00 0.38
13/8 1.404 1.345 2 3/16 2.188 2.119 2.526 2416 27132 0.878 0.810 0.093 0.062 2.25 0.44
1172 1.531 1.470 2 38 2.375 2.300 2.742 2.622 15/16 0.974 0.902 0.093 0.062 2.25 0.44
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Figure 2-5: Tension Control Bolt Dimensions with Round Head (ASME B18.2.6 2006)
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Figure 2-6: Tension Control Bolt Dimensions with Heavy Hex Head (ASME B18.2.6 2006)

Table 2-6: Dimensions for Tension Control Structural Bolts with Round Head (ASME B18.2.6 2006)

. Center of
Spline Grooveto | Transition
Head Body Diameter Bearing Head Thread Spline Width First Full Thread
Nominal Height Y Diameter Diameter Length Length Across Y
(E) Formed Length
Bolt (H) (inches) © (0) (L) (o) Flts 1 Thread )
Diameter (inches) (inches) (inches) (inches) (inches) (S) U inch
(inches) (inches) .( ) (inches)
(inches)
Max Min Max Min Min Max Reference Reference Reference Max Reference
1/2 0.323 0.302 0.515 0.482 0.890 1.126 1.00 0.50 0.32 0.192 0.19
5/8 0.403 0.378 0.642 0.605 1.102 1.313 1.25 0.60 0.43 0.227 0.22
3/4 0.483 0.455 0.768 0.729 1.338 1.580 1.38 0.65 0.53 0.250 0.25
718 0.563 0.531 0.895 0.852 1.535 1.880 1.50 0.72 0.61 0.278 0.28
1 0.627 0.591 1.022 0.976 1.771 2.158 1.75 0.80 0.70 0.313 031
11/8 0.718 0.658 1.149 1.098 1.991 2.375 2.00 0.90 0.80 0.367 0.34
11/4 0.813 0.749 1.277 1.223 2.213 2.760 2.00 1.00 0.90 0.367 0.38
13/8 0.878 0.810 1.404 1.345 2434 2.910 2.25 1.10 1.00 0.417 0.44
11/2 0.974 0.902 1.531 1.470 2.655 3.160 2.25 1.20 1.10 0.417 0.44

Note: This table is from ASME B18.2.6 however ASTM F1852 and F2280 specifies that tension
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Table 2-7: Dimensions for Tension Control Structural Bolts with Heavy Hex Head (ASME B18.2.6 2006)

. Center of
Spline Groove to Transition
Width Across . Head . Thread Spline Width "
Nominal Flat Width Across Corners Height Body Diameter Length Length Actoss First Fully Thread
(G) (E) Formed Length
Bolt (F) (inches) () (inches) (L (L) Flats Thread )
Diameter (inches) (inches) (inches) (inches) ©) (C)] (inches)
(inches) (inches) .
(inches)
Max Min Max Min Max Min Max Min Reference Reference Reference Max Reference
12 0.875 0.850 1.010 0.969 0.323 0.302 0.515 0.482 1.00 0.50 0.32 0.192 0.19
5/8 1.062 1.031 1.227 1.175 0.403 0.378 0.642 0.605 1.25 0.60 0.43 0.227 0.22
3/4 1.250 1.212 1.443 1.383 0.483 0.455 0.768 0.729 1.38 0.65 0.53 0.250 0.25
718 1.438 1.394 1.660 1.589 0.563 0.531 0.895 0.852 150 0.72 0.61 0.278 0.28
1 1.625 1.575 1.876 1.796 0.627 0.591 1.022 0.976 175 0.80 0.70 0.313 0.31
11/8 1.812 1.756 2.093 2.002 0.718 0.658 1.149 1.098 2.00 0.90 0.80 0.367 0.34
11/4 2.000 1.938 2.309 2.209 0.813 0.749 1.277 1.223 2.00 1.00 0.90 0.367 0.38
13/8 2.188 2.119 2.526 2.416 0.878 0.810 1.404 1.345 2.25 1.10 1.00 0.417 0.44
11/2 2.375 2.300 2.742 2.622 0.974 0.902 1.531 1.470 2.25 1.20 1.10 0.417 0.44

Note: This table is from ASME B18.2.6 however ASTM F1852 and F2280 specifies that tension

To clarify a few of the dimensions in the previous tables a brief explanation of some of the items
will now be given. The head height, H, for heavy hex structural bolts and for tension control
bolts, is the distance from the top of the head to the bearing surface measured parallel to the axis
of the bolt and shall include the thickness of the washer face. The head height shall exclude the

raised grade and manufacturer’s identification.

The body diameters for heavy hex structural bolts and for tension control bolts were given in
Table 2-5, Table 2-6, and Table 2-7. According to ASME B18.2.6 (2006), “any swell or fin
under the head or any die seam on the body shall not exceed the basic bolt diameter” by the

following:
(@) 0.030 inch for sizes 1/2-inch
(b) 0.050 inch for sizes 5/8-inch and 3/4-inch
(c) 0.060 inch for sizes over 3/4-inch through 1-1/4-inch

(d) 0.090 inch for sizes over 1-1/4-inch
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The bolt length for heavy hex structural bolts is the distance from the bearing surface of the head
to the extreme end of the bolt including the point measured parallel to the axis of the fastener.
The distance from the bearing surface of the bolt head to the center point of the groove measured
parallel to the axis of the bolt is the bolt length for tension control bolts. According to ASME
B18.2.6 (2006) the bolt length has tolerances as shown in Table 2-8 (ASME B18.2.6 2006) for
both heavy hex structural bolts and for tension control bolts.

Table 2-8: Length Tolerance for Heavy Hex and Tension Control Bolts (ASME B18.2.6 2006)

Nominal Bolt Nominal Bolt Length Tolerance (inches)
Diameter
(inches) Through 6 inch length Over 6 inch length
1/2 -0.12 -0.19
5/8 -0.12 -0.25
3/4 through 1 -0.19 -0.25
11/8 though 1 1/2 -0.25 -0.25

From Table 2-5 (ASME B18.2.6 2006), Table 2-6 (ASME B18.2.6 2006), and Table 2-7 (ASME
B18.2.6 2006), the thread length, L+, was stated to be a reference dimension. The thread length
is measured from the extreme end of a fastener to the last complete thread for a heavy hex
structural bolt. For a tension control bolt the thread length is the distance from the center point
of the groove to the last complete thread. According to ASME B18.2.6 (2006), the thread length
is intended for calculation purposes only and is controlled by the grip gaging length (Lg from the
previous figures) and the body length (Lg from the previous figures). The grip gaging length,
Lg, is a criterion for inspection and is the distance “from the underhead bearing surface to the
face of a noncounterbored or noncountersunk standard GO thread ring gage , assembled by hand
as far as the thread will permit” (ASME B18.2.6 2006) measured parallel to the axis of the
fastener. A noncounterbored or noncountersunk standard GO thread ring gage is a ring gage, as
shown in Figure 2-7 (Thread Check Inc. 2007), that has the countersink/chamfer grounded off
(Roger Hamilton, personal communication, July 27, 2007). The maximum grip gaging length

for bolts not fully threaded, reported to the hundredths, is calculated as the nominal bolt length
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minus the thread length ('—e, max = Lnominal — LT) (ASME B18.2.6 2006). The maximum grip

gaging length “represents the minimum design grip length of the bolt and may be used for
determining thread availability when selecting bolt lengths even though usable threads may
extend beyond this point” (ASME B18.2.6 2006). This means that the thread length, Ly, may be
longer than the reference value tabulated previously, which could cause problems when
designing a bolt in shear. The body length, Lg, from the previous figures, is the distance from
the underhead bearing surface of the fastener to the last scratch of the threads for cut threads or
to the top of the extrusion angle for rolled threads measured parallel to the axis of the bolt. Like

the grip gaging length, the body length is a criterion for inspection. The maximum grip gaging
length minus the transition thread length, Y, ('—a, min = Lg max = Y), gives the minimum body

length for structural bolts, which is reported to two decimal places (ASME B18.2.6 2006). The
transition thread length, Y, is a reference dimension, that “represents the length of incomplete
threads and tolerance on grip gaging length” (ASME B18.2.6 2006). The transition thread length
is only intended for calculation purposes. The maximum grip gaging lengths and the minimum
body lengths for heavy hex structural bolts are shown in Table 2-9 (ASME B18.2.6 2006).

Figure 2-7: Non-Ground Ring Gage (Thread Check Inc. 2007)
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For the heavy hex structural bolts, the point (as shown in Figure 2-4) “shall be chamfered or
rounded at the manufacturer’s option from approximately 0.016 in. below the minor diameter of
the thread” (ASME B18.2.6 2006). Tension control bolts do not need to be pointed unless
otherwise specified. The distance, U, given in Table 2-6 and Table 2-7, is measured “from the
center of the groove to the first fully formed thread crest and shall not exceed 2.5 times the
thread pitch” (ASME B18.2.6 2006).

For heavy hex structural bolts and for tension control bolts with nominal lengths less than and
including 12 inches, the camber shall be less than 0.006 inch per inch of bolt length. The
maximum camber shall be 0.008 inch per inch of fastener length for bolts with nominal lengths
between 12 and 24 inches.

The spline length and the width across the flats, as given in Table 2-6 and Table 2-7, are
reference dimensions. The groove diameter, E;, as shown in Figure 2-8 (ASME B18.2.6 2006),
is at the discretion of the manufacturer, as well as the spline, to assure proper function of the
tension control bolt. The groove diameter “is approximately equal to 80% of the thread
maximum minor diameter” (ASME B18.2.6 2006).

v—>| lt—— U max.

Eq
(Ref.)

Figure 2-8: Tension Control Bolt’s Groove Diameter (ASME B18.2.6 2006)

According to ASME B18.2.6 (2006), the threads on structural bolts shall be in accordance with
ASME B1.1 Unified (UN) Coarse, Class 2A. Coarse refers to the thread series and distinguishes
the number of threads per inch based on the diameter. The letter A is used to denote an external
thread since pitch diameter tolerances are different for external and internal threads (ASME B1.1
2004). The thread class number, in this case 2, distinguishes the amount of tolerance and
allowance (ASME B1.1 2004). As the class number increases the tolerance decreases (ASME
B1.1 2004). Figure 2-9 (ASME B1.1 2004) shows the basic profile for UN and UNR screw
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threads. The pitch, P, is one divided by the number of threads per inch. The basic dimensions
are shown in Table 2-10(ASME B1.1 2004).
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Figure 2-9: Profile for UN and UNR Screw Threads (ASME B1.1 2004)

Table 2-10: Basic Threading Dimensions for UNC/UNRC (ASME B1.1 2004)

Basic Major Number of Basic Pitch Basic Minor
Diameter Threads Diameter Diameter
Nominal Size (D) per Inch (Dy) (Dy)

(inches) (inches) (inches) (inches)
5/8 0.625 11 0.5660 0.5266
3/4 0.750 10 0.6850 0.6417
7/8 0.875 9 0.8028 0.7547
1 1.000 8 0.9188 0.8647
11/8 1.125 7 1.0322 0.9704
11/4 1.250 7 1.1572 1.0954

The design profile for external UN and UNR screw threads is shown in Figure 2-10 (ASME B1.1
2004). For UN threads a flat root contour is specified but it is “permissible to provide for some
threading tool crest wear. Therefore, a rounded root contour cleared beyond the 0.250P flat

width of the basic profile is optional” (ASME B1.1 2004). A rounded root is preferred over a
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flat root thread because a rounded root improves fatigue strength and reduces the rate of
threading tool crest wear (ASME B1.1 2004).
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2.2 Tensile Strength of Structural Bolts

The tensile strength of high-strength bolts is given by the product of the bolt’s ultimate tensile
stress and an area calculated according to various criteria. If a failure is considered through the

shank of the bolt, the cross sectional area would be given by

[N

Ashank = 4(d)2 (2'1)
where d is the nominal shank diameter.

The threads are the weakest section of any fastener in tension, therefore when calculating the
tensile strength an area through the threads is required. This area is not readily apparent. One

could use the minor diameter of the threads, known as the root area. The root area, A, is

calculated as (Barron 1998)

A - z(d ] 1_3) (2-2)

n

where d is the nominal shank diameter and n is the number of threads per inch. The tensile
strength predicted by the material and the root area underestimate the tensile strength of the
fastener when compared to bolts tested in tension (Barron 1998). “An empirical formula was
developed that accounts for this phenomenon” (Barron 1998). An effective area calculated from
the mean of the mean root and pitch diameters is a better estimate of the threaded area (ASTM
A370-05; AISC 2005; Kulak et al. 2001; Barron 1998; Wallaert and Fisher 1965). In this case

ﬂ( J_ 0.9743) ? 2-3)

n

Table 2-11 shows the shank area, the root area, and the effective area calculated from Equations
(2-1) through (2-3), respectively, for the most common sizes of high-strength structural bolts.

Table 2-11 also compares the root area and effective area to the shank area.
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Table 2-11: Areas of Common Size Bolts

Bolt Diameter Threads Shank Area Root Area Effective Area | Ratio of Root Rf';ltio of
d, . Agnank A Agst Area to Shank |Effective Area to
(inch) per inch (square inches) | (square inches) | (square inches) Area Shank Area
1/2 13 0.196 0.126 0.142 0.640 0.723
5/8 11 0.307 0.202 0.226 0.658 0.737
3/4 10 0.442 0.302 0.334 0.683 0.757
7/8 9 0.601 0.419 0.462 0.697 0.768
1 8 0.785 0.551 0.606 0.701 0.771
11/8 7 0.994 0.693 0.763 0.697 0.768
11/4 7 1.23 0.890 0.969 0.725 0.790

For easier design purposes, the effective area is estimated as seventy-five percent of the nominal
cross-sectional area of the shank for usual sizes of structural bolts. As can be seen from the right
most column in Table 2-11, the ratio of the effective area to the shank area only varies from
0.737 for 5/8-inch diameter bolts to 0.790 for 1-1/4-inch diameter bolts. The AISC Specification
(2005) tabulates the nominal tensile stress as 90 ksi for A325 bolts and 113 ksi for A490 bolts.
AISC obtained these nominal tensile stress values by taking seventy-five percent of the tensile
strength of the bolt material, which is 120 ksi for A325 bolts and 150 ksi for A490 bolts.
Modifying the tensile strength of the bolt material allows the nominal area of the bolt to be used
in the design calculations. Therefore based on the AISC Specification (2005) the tensile strength
of a high-strength bolt is given by (equation J3-1)

R, = Fy A, = (0.75F, ) A, (2-4)

Equation (2-4), which estimates the effective area as seventy-five percent of the gross area,

yields a slightly conservative approximation of the tensile strength for most diameters.

23 Shear Strength of Structural Bolts

It has been shown in literature that the strength of a single fastener with the threads excluded
from the shear plane is approximately equal to 62% of the tensile strength of the bolt material
regardless of the bolt grade (Kulak et al. 2001). When more than two bolts are in the line of
force in a lap splice, the distribution of the shear force in the bolts is non-uniform (RCSC 2004).

As a result, as the joint length increases the average strength of all the bolts in the joint decrease
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(Kulak et al. 2001). “Rather than provide a decreasing function that reflects this decrease in
average fastener strength with joint length, a single reduction factor of 0.80 is applied...” (RCSC
2004). This modification accommodates fasteners in joints up to fifty inches in length and does
not critically affect the economy of very short joints (RCSC 2004). As a result, the strength of a
fastener with the threads excluded from the shear plane in a group of fasteners is

080(0.62A F,) = 0.50AF, .

Finally, it was observed that a fastener with the threads not excluded from the shear plane had a
strength approximately equal to 83% of the strength of a fastener with the threads excluded, with
a standard deviation of 0.03 (RCSC 2004). The strength of a fastener with the threads not

excluded from the shear plane in a group of fasteners, taking eighty-three percent as roughly

eighty percent, is 080(0.50A,F,) = 0.40AF, .

In the most general terms, both AISC and RCSC present the strength of bolts with threads not

excluded from the shear plane as 0.40A F, and with threads excluded from the shear plane as

0.50A,F, (ANSI/AISC 2005). These equations were determined as discussed previously.

With this explanation in mind, let us determine the shear strength of one high-strength bolt. As
previously explained the equations in AISC and RCSC are based on bolts in a joint less than fifty
inches long. To calculate the shear strength of one fastener and not a group of fasteners in a
joint, let us divide the AISC and RCSC equations by 0.80, which accounted for the decrease in
the fastener strength with the joint length. Therefore, for one bolt with the threads not excluded

from the shear plane:

FunA _ 04FA

Ri="080 ~ 080

= 05F, A, (2-5)

and for one bolt with the threads excluded from the shear plane:

_FuxA  O05FRA
" 080 080

R = 0625F, A, ~ 0.62F, A, (2-6)
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Thus equations (2-5) and (2-6) reflect the spirit of the shear strength models presented in AISC
and RCSC in the context of the strength of a single fastener.

2.4  Background of LRFD

The Load and Resistance Factor Design (LRFD) philosophy is based on the use of reliability

indices and resistance factors. LRFD is based on the following general equation
R, > 2, 7iQu (2-7)
i=1

where the factored resistance (design strength) shall be greater than or equal to the factored
loads. The capacity (resistance) of the structure is represented by the left side of the equation;
whereas the right side of the equation corresponds to the loads acting on the structure, or “the
required strength computed by structural analysis” (ANSI/AISC 2005). The nominal resistance,
Ry, is the design strength computed according to design equations in the AISC Specification and

is based on nominal material and cross-sectional properties. The resistance factor, ¢, which is

always less than or equal to one, takes into account the uncertainties associated with the design

equation and the material.

2.4.1 Calculating Resistance Factors

Resistance factors are a function of the mean and variability of the material, geometric
properties, and load. In addition, the resistance factor takes into account “the ability of the
equation itself to predict capacity” (Franchuk et al. 2004). Resistance factors can be calculated
based on two different equations. The first equation, identified herein as Method 1, is (Fisher et
al. 1978) (Ravindra and Galambos 1978)

R
_ _ M A-aBVg
b0, (2-8)

and Method 2 is given by (Galambos 1998)
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p=0 5 PR CRtl (2-9)
where:

® , - adjustment factor

a = 0.55 - coefficient of separation

£ —> safety index or reliability index

The three variables defined above are identical between the two different methods and will be
discussed in detail in Section 2.4.1.1 through Section 2.4.1.3. Section 2.4.1.4 and Section 2.4.1.5

will discuss Methods 1 and 2, respectively.

24.1.1 Reliability Index

As previously stated, LRFD philosophy is based on equation (2-7). In order to determine the

resistance factor, ¢, for high-strength bolts in tension and shear, as well as Ry, , and Qn, a “first-

order” probabilistic design procedure is used. This simplified method uses only two statistical
parameters (mean values and coefficients of variation) and A, a relationship between them
(Ravindra and Galambos 1978). The reliability index, £, “has a direct correspondence to the
probability of failure of a given structural element considering both the variability of loads and
resistances; a higher safety index indicates a lower probability of failure, and, hence, a higher
level of safety” (Franchuk et al. 2004). The reliability index “is obtained by calibration to
existing standard designs. Thus, it is intended that successful past practice will be the starting
point for LRFD” (Fisher et al. 1978).

Safety is a function of two random variables: R, the resistance of the fastener, and Q, the load
effect acting on it. Figure 2-11 shows the safety margin, that is the frequency distribution of the
random variable (R-Q). When the resistance, R, is less than the load effect, Q, the result is

failure. Based on Figure 2-11 the probability of failure, pg, is equal to

p: = P[(R-Q)< 0] (2-10)
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Figure 2-11: Probabilistic Model

To develop the LRFD criteria, Figure 2-12 shows an equivalent representation where the

probability distribution of In(R/Q) is given instead. Now the probability of failure is given by

—PP[E) O] 2-11
Pe = nQ< (2-11)

which is shown as the area under the curve in Figure 2-12.

Frequency

\j

|
|
« G'"(WQ)"I

Value of In(R/Q)

Figure 2-12: Safety Index
Introducing the standardized variate, z, which measures the distance from the mean in units of

the standard deviation, is given by
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7= = (2-12)

In(R
where X is the random variable, In(R/Q), H s the mean, [ ( /Q)]m, and 9 is the standard

deviation, rn(r0) " Therefore,
ol vlg]
n —|-/In <
Q Q
Z= m (2-13)
O-In(R/Q)

The reliability index, 'B, is given by the quantity (Galambos and Ravindra 1973) (Ravindra and

Galambos 1978)

i [In(rR/Q)]

(2-14)
Pin(r/Q)

“If the probability distribution of (R/Q) were known, £ would directly indicate a value of the

probability of failure” (Ravindra and Galambos 1978). However, the probability distribution of

R/Q is unknown in practice. Using first-order probability theory the reliability index, ﬁ, can be
simplified into (Galambos and Ravindra 1973) (Ravindra and Galambos 1978) (Fisher et al.

1978) (AISC Specification 2005)

fr—— (2-15)

where:

R, = mean value of the resistance
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Qm = mean value of the load effect
Vg and Vq > corresponding coefficients of variation

The mean value of the load effect, Qn, and the corresponding coefficient of variation, Vo, is

given by (Ravindra and Galambos 1978)

Q,=c,AD +¢B L (2-16)

L=m™=m

c2 A2 DAV +VE)+cl B LA(VE+V/?
vV N\/Vz_'_ b An m( A D) L Pm m( B L) (2-17)

°TYF (coALD, + ¢, B, L, )
where:

C, and c, -> “deterministic influence coefficients that transform the load

intensities to load effects” (Ravindra and Galambos 1978)

A, = 10 - mean value of the random variable reflecting the uncertainties in the

transformation of the dead load into load effects (Ravindra and Galambos
1978)

V, =004 - coefficient of variation of the random variable reflecting the

uncertainties in the transformation of the dead load into load effects
(Ravindra and Galambos 1978)

B, = L0 - mean value of the random variable reflecting the uncertainties in the

transformation of the live load into load effects (Ravindra and Galambos
1978)

Vg =020 - coefficient of variation of the random variable reflecting the

uncertainties in the transformation of the live load into load effects
(Ravindra and Galambos 1978)

D, = D, = mean value of the random variable representing dead load intensity

(Ravindra and Galambos 1978)

V, = 004 > coefficient of variation of the random variable representing dead

load intensity (Ravindra and Galambos 1978)
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Ve =005 > coefficient of variation of the random variable representing the

uncertainties in structural analysis (Ravindra and Galambos 1978)
Ln = mean of the lifetime maximum live load for office occupancy (Ravindra
and Galambos 1978)

763

L =149+ —
A

V. = coefficient of variation of the lifetime maximum live load for office

(2-18)

occupancy (Ravindra and Galambos 1978)

13 15000
v =2t - A 2-19
LET 763 (2-19)
m 1494+ —
JA
where:

A, - influence area which equals twice the tributary area, A, (Ravindra and

Galambos 1978)

The mean value of the resistance, Ry, for high-strength bolts is given by (Fisher et al. 1978)

equation (2-20) for tension and equation (2-21) for shear

GLI A[ l:U
R, = [Fujmgftc(q + L) (2-20)
R [T] (Gj S b+ L) 2-21
m O-umFuvaC c+ rc (' )
where:

¢ = “influence coefficient transforming load intensity to member force” (Fisher
etal. 1978)
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o, 120 for A325 bolts
)= (Fisher et al. 1978)

107 for A490 bolts

A

N

) = 0.625 (Fisher etal. 1978)

m

Q

~ 0.75 (Fisher et al. 1978)

Fu = specified minimum tensile strength (Fisher et al. 1978)

120 ksi for A325 bolts
U 1150 ksi for A490 bolts

F; = allowable tensile stress (Fisher et al. 1978)

44 ksi for A325 bolts
Y | 54 ksi for A490 bolts

F, = allowable shear stress (Fisher et al. 1978)

30 ksi for A325 bolts - X
21 ksi for A325 bolts - N
Y140 ksi for A490 bolts - X
28 ksi for A490 bolts - N

L. = L(1- RF) (Galambos and Ravindra 1973) (2-22)

where:

o, = ultimate tensile strength of the bolts (Fisher et al. 1978)
7, = ultimate shear strength of the bolts (Fisher et al. 1978)
A, - tensile stress area of the bolt (Fisher et al. 1978)

A, — area of the bolt corresponding to the nominal diameter (Fisher et al. 1978)

0 for A, < 150ft’
0.0008A, for 150 ft* < A, < 750ft’
RF = miny | 0.60 for A, > 750ft?

023[1 D“j
E + Lc
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The coefficient of variation of the resistance, Vg, for A325 and A490 bolts, are 0.09 and 0.05 in
direct tension and equals 0.10 and 0.07 in shear, respectively (Galambos and Ravindra 1975)
(Fisher et al. 1978).

The reliability index, £, is calculated using equation (2-15). “Instead of limiting the calibration

to one preselected data point, a complete spectrum of design situations, characterized by
different tributary areas and dead loads...” (Ravindra and Galambos 1978) was evaluated in
order to choose a representative value for the reliability index. Table 2-12 shows values for the
reliability index for a live-load of 50 pounds per square foot, for dead-loads of 50, 75, and 100
pounds per square foot, and for tributary areas ranging from 200 square feet to 1,000 square feet.
The values of the reliability index tabulated in Table 2-12 are similar to the results summarized
in Fisher et al. (1978). Figures 2-13 through 2-15 shows the reliability index versus the tributary

area for a dead-load of 50, 75, and 100 pounds per square foot, respectively.

Table 2-12: Reliability Index, £

Dead Load _ Reliability Index, g

(pounds per Tributary Area Tension Shear

square foot) (square feet)

A325 A490 A325 A490

50 200 4.81 4.75 5.84 5.27
50 400 5.28 5.33 6.34 5.84
50 575 5.18 5.25 6.27 5.76
50 800 5.57 5.72 6.66 6.20
50 1000 5.81 6.02 6.90 6.48
75 200 5.50 5.63 6.59 6.12
75 400 5.97 6.26 7.07 6.71
75 720 5.71 6.02 6.85 6.47
75 1000 6.01 6.41 7.15 6.83
100 200 5.99 6.31 7.11 6.75
100 400 6.42 6.92 7.54 7.30
100 600 6.35 6.89 7.49 7.26
100 750 6.16 6.68 7.32 7.06
100 1000 6.37 6.97 7.53 7.33
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Figure 2-15: Reliability Index versus Tributary Area — Dead Load is 100 psf
From the range of reliability indexes obtained, one index is chosen. For beams and columns the
reliability index of 3.0 was chosen (Fisher et al. 1978). Since it is desirable to have a higher
safety index for connections, the reliability index equals 4.5 for the strength limit state and 1.5
for the serviceability state (Fisher et al. 1978). “The higher value of £ [,for the strength limit
state,] for connectors reflects the fact that traditionally connections are designed stronger than the
elements that are connected by them” (Ravindra and Galambos 1978). However, according to
the Commentary in the AISC Specification (2005), the reliability index equals 4.0 for
connections and 2.6 for members. Both values of the reliability index for connections (4.0 and

4.5) will be considered.
2.4.1.2  Coefficient of Separation

According to Galambos and Ravindra (1973) %r = 055 This “is a reasonable approximation
required to effectively separate the resistance and load effect terms...” (Galambos and Ravindra
1973).
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2.4.1.3  Adjustment Factor

In equations (2-8) and (2-9), ® , is the adjustment factor, which accounts for the

s
interdependence of the resistance and load factors when the reliability index, £, does not equal

3.0 (Galambos 1998). For values of £ less than 3.0, the adjustment factor is greater than 1.0.
Likewise for values of g greater than 3.0, the adjustment factor is less than 1.0 (Fisher et al.

1978).

Considering only dead and live load, equation (2-7) can be written in terms of the mean dead and

live load effects, Q,, and Q,, , respectively, as
PR, 2 ¥5Qpm + 7 Qun (2-23)

where 7o and 7 are the dead and live load factors, respectively. Writing this equation in terms
of the dead and live load intensities equation (2-23) becomes (Ravindra and Galambos 1978;
Fisher et al. 1978)

¢Rn27E(CD7DDm+CL7L Lm) (2-24)
where:

7e = V= > load factor representing uncertainties in analysis (2-25)
7o = 14 aﬂ,/@f +V2 (2-26)
7L =1+ @BV + V2 (2-27)

From Fisher et al. (1978) the following values are given: V. = 005, V, = 004, V; = 0.20,
V, =004,and V, = 013.
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The ratio

[7E(CD7D D+ eyt Lm)]/j'=3.0
[7E(CD7D D, +C.r. Lm)]ﬂ

(2-28)

was calculated for reliability indices, g, ranging from 1.0 to 5.0 and for live-to-dead load ratios

ranging from 0.25 to 3.0. A plot of the adjustment factor, @ ,, versus the reliability index, g, for

different live-to-dead load ratios is shown in Figure 2-16. For each live-to-dead load ratio,
equations to approximate the adjustment factor in terms of the reliability index were obtained by
a least square regression analysis with a second degree polynomial approximate. Table 2-13

summarizes the equations and correlation coefficients, R?, for each live-to-dead load ratio.

1.30
1.25 \\
1.20
.~ \\ \
\\\ rrrrrr L/D=0.25
1.15 YN e L/D =0.50
x\\\\ ——— UD=10
NN
N N — LD=20
£ 110 \?:\\ _ UD=30
= TN
= NN
s 105 >
g N
7] TN
2 )
=
< 1.00
N s
NS
NS
0.95 e
N
N .
~
0.90 S
~ -
~ ..
J~_"-.
~ S .
0.85 NN
\
0.80
0 0.5 1 15 2 25 3 35 4 4.5 5 55
Reliability Index

Figure 2-16: Adjustment Factor versus Reliability Index for Different Live-to-Dead Ratios
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Table 2-13: Adjustment Factor Equations based on Live-to-Dead Load Ratio

Live-to-Dead Load Ratio Equation Correlation Coefficient
0.25 0.00363% - 0.09383 + 1.249 1.0
0.50 0.00483% - 0.11128 + 1.2901 1.0
1.0 0.006543° - 0.13313 + 1.3404 1.0
2.0 0.00843% - 0.15493 + 1.3894 1.0
3.0 0.00933% - 0.16587 + 1.4135 0.9999

Fisher et al. (1978) stated that the adjustment factor, ® ,, “varies only from 0.86 to 0.90 as the

live-load to dead-load effect goes from 2 to 0.25” with a reliability index, g, equal to 4.5, which
can be seen from Figure 2-16. Fisher et al. (1978) recommends an adjustment factor of 0.88 be
used for connections with a reliability index, g, equal to 4.5. However, the adjustment factor for
this research will be calculated based on the equations summarized in Table 2-13. The resistance
factors will be calculated using both a live-to-dead ratio of 1.0 and 3.0, respectively, which are

summarized here.

® , = 0.00654 - 0133153+ 13404 (2-29)

D= 0.00934° - 016583+ 14135 (2-30)

2414  Method 1

Calculating resistance factors per Method 1 is based on equation 27 from Fisher et al. (1978) and
equation 24 from Ravindra and Galambos (1978) and is repeated here for convenience.

b= 0, —" g PV (2-8)

Rm = average value of the resistance R of the bolts tested (Kips)

R, = nominal resistance (kips)
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Vg = coefficient of variation of R,

From equation (2-8), Ry, is the average value of the resistance of the bolts tested in kips. When
the bolts fail the maximum load is recorded for each of the bolts tested. The value of Ry, is the

average of these loads.

The nominal resistance, Ry, can be calculated in one of two ways for tension. The first model to
calculate R, in tension is a simplified approach, identified herein as Model A. In the simplified
approach the nominal resistance in tension was given by equation (2-4) as previously described

in Section 2.2. The equation is repeated here.
R, = (0.75F, ) A, (2-4)

The ultimate stress, F,, equals 120 ksi for A325/F1852 bolts and 150 ksi for A490/F2280 bolts.

The area, A, is the nominal bolt area or area of the shank.

The second model to calculate R, in tension, identified as Model B, is the fundamental way

based on the effective area of a bolt given by
R, = F,Ag (2-31)
The ultimate stress, R , equals 120 ksi4 or 150 ksi for A325/F1852 bolts and A490/F2280 bolts,

respectively. The effective area, in inches, was given by equation (2-3) which is repeated here,
where d is the nominal bolt diameter and n is the thread pitch.

7 o.9743j ?
=Zld- 2-
The nominal resistance, Ry, in shear is given by the equation
Ro= R A (2-32)

* According to ASTM A325 and F1852 the minimum stress is 105 ksi for bolts larger than 1-inch in diameter.
AISC and RCSC do not account for this and use 120 ksi regardless of the bolt diameter.
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where F,, is the nominal shear strength and A, is the area of the shank. The shear strength of

the fasteners depends on the location of the shear plane. When the threads are not excluded from
the shear plane (N) (the shear plane is located in the threads) the shear strength is 50% of the

ultimate stress or

F

nv,N

=050F, (2-33)

The shear strength is 62% of the ultimate stress when the threads are excluded from the shear

plane (X) (the shear plane is located in the shank) or

F

nv,X

=062F, (2-34)

The shear strength for the two locations of the shear plane was determined previously in Section
2.3 for a single bolt.

In conclusion, the nominal resistance in shear for a single bolt when the threads are not excluded
from the shear plane is given by equation (2-35) and when the threads are excluded from the
shear plane is given by equation (2-36).

R, = 050F, A, (2-35)
R, = 0.62F, A, (2-36)

The coefficient of variation, Vg, equals the standard deviation divided by the average of the
resistance of the bolts tested, Rp..

2415  Method 2

The equation for Method 2 (Galambos 1998) resistance factors is restated here for convenience.
p=0 5 PR Rl (2-9)
where:

Pr 2 bias coefficient for the resistance
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Vg = coefficient of variation associated with pg

The bias coefficient, oy, is the average value of the ratio of the measured resistance to the

nominal resistance. The bias coefficient for the resistance is given by

Pr= Ps Pw Pe (2-37)

where p;, py, and p, are the bias coefficients for the cross-sectional geometry, material

strength, and professional factor, respectively.

The coefficient of variation associated with p,, Vg, is

Vo= (Vo) + (Vi) + (v, ) (2-38)

where Vg, Vi, and Vp are the coefficients of variation of the cross-sectional geometry, material
strength, and professional factor, respectively. The coefficient of variation is given by the

standard deviation divided by the average.

2.4.1.5.1 Method 2 — Bias Coefficient — Geometry:

The bias coefficient for the cross-sectional geometry, p., is the ratio of the average applicable

geometric property to the nominal value. The value of the bias coefficient for the cross-sectional
geometry is given by the equation

2
Average ﬂ(davg) 2
Actual Area ) Average((davg) ) (2-39)
P = Nominal Area _ [ﬂ(dmm‘f] T (dana)’
4

The diameter is measured using calipers at five different locations along the shank. The average

of these five values is dayg.
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2.4.1.5.2 Method 2 — Bias Coefficient — Material Strength

The bias coefficient for the material strength, p,, , is the ratio of the average appropriate material

property (F,) to the nominal value given in the AISC manual (2005).

Actual F, Foop
= - =— (2-40)
Nominal F, F

u, nominal

Pwm

The ultimate strength, F

u, exp !

is determined by

F i (2-41)
u,exp Aleff

where Py, is the experimental load at which the bolt failed in tension. The effective area, A, is

given by equation (2-3) except it is calculated using dayy (the average measured shank diameter)

instead of d

(2-42)

0.9743) 2
oo

, T
Aeff = Z davg

The nominal ultimate stress, Fy nominai, €quals 120 ksi®> and 150 ksi for A325/F1852 bolts and
A490/F2280 bolts, respectively.

To determine the material strength, four test specimens were machined from a lot of 7/8-inch
A325 and A490 bolts which were 4-1/4-inches in length. The eight test specimens had “their
shanks machined concentric with the axis of the bolt..., leaving the bolt head and threaded
section intact” (ASTM F606-05) as shown in Figure 2-17 (ASTM F606-05). The bolt specimens
were tested with the threads completely threaded into the tension fixture and with a proof

washer. Two different load rates were used when testing the specimens.

®> According to ASTM A325 and F1852 the minimum stress is 105 ksi for bolts larger than 1-inch in diameter.
AISC and RCSC do not account for this and use 120 ksi regardless of the bolt diameter. If 105 ksi were used for
the 1-1/8-inch and 1-1/4-inch bolts the bias coefficient for the material strength might be too high therefore 120
ksi was used.
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minimum radius recommended
3/8-inch, but not less than 1/8-inch

permitted
\ I...—._.. 294
Parallel Section

Figure 2-17: Tension Test Specimen for Bolts with Turned-Down Shank (ASTM F606-05)

1/2" +/ 0.01”
N SN ki ‘:“

Table 2-14 summarizes the tensile load and stress of the eight bolt specimens. The average

ultimate strength, F from equation (2-41) for the same lot of 7/8-inch A325 bolts tested full

U, exp ?
scale was 154.6 ksi. Likewise, the average ultimate strength for the same lot of 7/8-inch A490
bolts was 164.2 ksi. Comparing the tensile strength from the bolt specimens, Table
2-14, and from the full bolts tested the percent error is 3.9 percent and 4.2 percent for the A325
and A490 bolts, respectively. Due to the low percent error the above equations for the bias

coefficient for material strength, p,, , are justified and bolt coupons are not needed to determine

the material strength for each lot.

Table 2-14: Results of Bolt Tension Specimens

Average
Grade Load Rate Tensile Load Tensile Stress | Tensile Stress
(in/min) (pounds) (ksi) (ksi)
28762 146.48
0225 29563 150.56
A325 28979 147'59 148.74
0.75 .
29519 150.34
0.925 30428 154.97
31066 158.22
A490 157.60
31386 159.85
0.75
30896 157.35
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2.4.1.5.3 Method 2 — Bias Coefficient — Professional Factor

The bias coefficient for the professional factor, p,, is the ratio of the average tested strength,

determined experimentally, to the predicted strength, as calculated by a design equation using

measured dimensions and material properties.

Actual Strength Average (Pexp)
~ Predicted Strength R, based on measured values

Po (2-43)
The details of the bias coefficient for the professional factor are dependant on whether the bolts

were tested in tension or shear. The two applications are explored in the following two sections.
Method 2 — Bias Coefficient — Professional Factor - Tension

Two models are prevalent for predicting the tensile strength of bolts. The first, identified herein
as Model A, is based on the approximation that, for commonly used bolt sizes, the effective
tensile area is approximately equal to seventy-five percent of the nominal area of the shank.
Using equation (2-4) with measured dimensions and material properties to predict the strength,

the bias coefficient for the professional factor is

Average| P,,
Pp = L(p) (2-44)
0.75AF, ey
where
, T 2
'A\) = Z(davg) (2'45)

The second model, identified as Model B, is based on the effective area calculated using the

average measured shank diameters, as previously shown in equation (2-42).

Average( Pato )

. (2-46)
Aef'f Fu,exp

Pr =
where
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i 0.9743)2
g - (2-42)

n

It should be noted that the parameters used to compute the predicted strength (denominator of
equation (2-43)) in equations (2-44) and (2-46), are calculated using measured values. The value

for F is computed using equations (2-41) and (2-42) where d,, is the average of the

uexp

measured diameters.
Method 2 — Bias Coefficient — Professional Factor - Shear

Two situations exist in shear, the case where the threads are not excluded from the plane of shear
(N) and the case where the threads are excluded from the plane of shear (X). These situations

were considered in equations (2-5) and (2-6), respectively.

Average ( Pexp)

= . 2-47

P = T050AF, ., (2-47)
Average | P,

| Averae (P, o
0.62AF,

where
, T 2
Ab = Z(davg) (2'45)

The value of F,__ is determined based on equation (2-41).

uexp

Equations (2-47) and (2-48) reflect the spirit of the shear strength models presented in AISC and
RCSC in the context of the strength of a single fastener. This was determined in
Section 2.3.

Resistance factors were calculated using the equations described previously based on five
different levels of detail, as shown in Figure 2-18. For instance, resistance factors were first

calculated based on the diameter and grade of each bolt (Level V). Secondly, resistance factors
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were calculated based on just the grade (A325, F1852, A490, and F2280) of the bolts and not
based on the diameter, indicated as Level IV. Level I1I calculates resistance factors based on the
strength of the bolts, either 120 ksi (A325 and F1852) or 150 ksi (A490 and F2280). Level Il
calculates one resistance factor regardless of the bolt diameter or the bolt grade for both tension
and shear whereas Level | comprises all of the data from the tension and shear tests to calculate

one resistance factor.

Level IV* . Level lII* Level II* Level |

A325
All Diameters

120 ksi
(A325/F1852)
All Diameters

F1852
All Diameters

All Strengths All Failure Modes

All Diameters All Strengths
All Diameters

A490
All Diameters

150 ksi
(A490/F2280)
All Diameters

F2280
All Diameters

* Calculated for all failure modes

Figure 2-18: Levels of Detail Used to Calculate Resistance Factors for Tension and Shear

2.5 Determining the Number of Bolts to be Tested

Using ASTM standards and statistical analysis, the number of bolts from each lot to be tested
had to be determined. According to ASTM F1789 (2005) a lot is a “quantity of product of one
part number that has been processed essentially under the same conditions from the same heat
treatment lot and produced from one mill heat of material and submitted for inspection at one
time”. To obtain enough data to make a statistically sound recommendation of a resistance
factor, approximately one hundred lots of bolts were obtained to be tested.
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ASTM F1470 (2002) is a guide for determining the number of bolts which need to be tested in a
random sample to determine different characteristics, in this case tensile and shear (both with the
threads excluded and not excluded from the shear plane) strength. The sample size depends on
the lot size. Table 2-15 (ASTM F1470 2002) shows the number of bolts to be tested from each

lot for tension and shear based on the lot size.

Table 2-15: Sample Size Based on Lot Size (ASTM F1470 2002)

Lot Size Sample Size

1to?2 1
31015
16 to 25
26 t0 50
51t090
91 to 150
151 to 280
281 to 500
501 to 1200
1201 to 3200
3201 to 10,000
10,0001 to 35,000
35,001 to 150,000
150,001 to 500,000
500,001 and over

N | oo o BRI OO WNDND NP PR

Based on ASTM F1470 (2002), the same sample size is required for tensile and shear strength.
Assuming there are between 35,001 and 150,000 bolts per lot, five bolts per lot should be tested
in tension, shear with the threads excluded and shear with the threads not excluded.

Using the U.S. Department of Defense Military Standard 105E (NIST/SEMATECH 2006) the
same sample size was determined as based on ASTM F1470-02 conservatively assuming there

are between 35,001 and 150,000 bolts in a lot. It was determined that five fasteners would need

46



Chapter 2 — Project Background

to be tested from each lot in tension and shear with threads excluded and not excluded from the
shear plane for a total of fifteen fasteners from each lot.

Since one hundred lots are to be tested, or five hundred bolts in tension and five hundred bolts
each in shear with threads excluded and not excluded from the shear plane, a total of 1500 bolts
are to be tested to calculate resistance factors. Ten extra fasteners from each lot were to be
obtained for supplemental testing in case there was unacceptable variability. The bolts to be
tested ranged in size from 5/8-inch to 1-1/4-inch in diameter with lengths up to and including
five inches. The one hundred lots to be tested were divided among the different diameters and
between A325/F1852 and A490/F2280 bolts as shown in Table 2-16. Since A490/F2280 bolts
are perceived to have inconsistent strength, they have a higher number of lots to be tested as
compared to A325/F1852 bolts. The fasteners of size 3/4-inch to 1-inch in diameter have more

lots to be tested due to those sizes being the most common in practice.

Table 2-16: Test Matrix

Diameter Length Lots of A325/F1852 Lots of A490/F2280
(inches) (inches)

5/8 2-3/4t05 5 6
3/4 2-3/4t05 10 12
7/8 3to5 10 13
1 3tob 10 12
1-1/8 3-3/4t05 5 6
1-1/4 3-3/4t05 5 6
Total 45 55
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CHAPTER 3

LITERATURE REVIEW

A complete literature review was performed to obtain past data of high-strength bolts tested in
direct tension and shear. Thirty-eight MS theses, PhD dissertations, reports, and journal articles
were obtained. Some of the literature obtained did not pertain to this research. The theses, PhD
dissertations, reports, and journal articles acquired that are relevant to the project are described in

the following sections.

3.1 Large Bolted Joints (1960s)

When the A325 bolt was added to the 1954 design specification a substitution rule was in place
(Foreman and Rumpf 1961). This meant that one A325 bolt would replace one A141 rivet of the
same nominal size. *“The basic properties of the parent materials of the high strength bolt and
structural rivet suggested, from the outset, a superiority for the bolt, but, since this strength
advantage had not been completely demonstrated by structural applications, the bolt has

continued to be governed by the “one for one’ specification” (Foreman and Rumpf 1961).

During the 1960s tension and shear tests were performed as part of a large research project called
“Large Bolted Joints Project” which was conducted at the Fritz Engineering Laboratory at
Lehigh University under Dr. L. S. Beedle. The objective of this project was “to study the
behavior, under static tension loads, of large plate joints connected with high strength bolts to
determine if fewer bolts may be used than presently required by [the] specification” (Foreman
and Rumpf 1961). The failure characteristics of bolted joints (butt joints and shingle-type joints)
were the primary interest of this project (Foreman and Rumpf 1961). The bolted joints
considered were fabricated from structural and high-strength steel (Foreman and Rumpf 1961).
The project was “sponsored financially by the Pennsylvania Department of Highways, the
Bureau of Public Roads and the American Institute of Steel Construction” (Dlugosz and Fisher
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1962). The Research Council on Riveted and Bolted Structural Joints provided the technical
guidance during the research.

3.1.1 John L. Rumpf (1958)

The main purpose of this research was to “determine the influence of initial clamping force upon
the shear resistance of individual fasteners” (Rumpf 1958). The friction between the faying
surface affects the shear resistance of a bolt, which depends on the clamping force and the
coefficient of friction. Single bolts were tested with different faying surfaces and various
degrees of initial tension. The faying surfaces used were mill scale with or without molycote (a

lubricant).

The single bolts were tested in double shear so they will not be considered herein. However, five
lots of A325 bolts were tested in tension to obtain the bolt properties. The tensile strength is
shown in Table 3-1 (Rumpf 1958).

Table 3-1: Direct Tension Tests Results (Rumpf 1958)

Mean
Nominal Ultimate

Lot Diameter Load

(inches) (kips)

Z 7/8 60.4
B 7/8 54.3
Y 1 73.1
A 1 74.1
G 11/8 91.2

3.1.2 Robert T. Foreman and John L. Rumpf (1958)

Six double lap joints with 7/8-inch A325 bolts and one double lap joint with rivets were tested to
evaluate the present design specification. The design specification in the 1950s limited the
“allowable bolt shear to a value equal to seventy-five percent of the allowable net tensile stress”

(Foreman and Rumpf 1958). The joints were tested at various tensile-to-shear stress ratios.
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Five 7/8-inch, 5-1/2-inches long, A325 bolts were tested in direct tension. It should be noted that
the bolts ordered for this research were manufactured to approach the lower strength limit of the
specification. A 4-inch grip between the nut and the washers under the head was used when
testing the bolts. Table 3-2 (Foreman and Rumpf 1958) shows the results of the direct tension
tests for the five 7/8-inch A325 bolts. A ten degree wedge washer was not used when testing as
recommended by ASTM. Since strength and not ductility was being considered, there should be

no reduction in the ultimate load unless the bolt head would be removed from the shank.

Table 3-2: Direct Tension Tests (Foreman and Rumpf 1958)

Bolt Nominal Ultimate
Number Diameter Load
(inches) (kips)
B45 7/8 53.2
B46 7/8 55.0
B47 7/8 56.0
B99 7/8 53.0
B100 7/8 54.2

3.1.3 Robert A. Bendigo and John L. Rumpf (1959)

As a result of increased popularity of high-strength bolts being used in structural connections, the
need for accurate bolt calibration arose. This research was completed to determine the effects of
direct and torqued tension calibration procedures for 7/8-inch, 1-inch, and
1-1/8-inch bolts. Only the direct tension tests will be considered herein. The effects of the grip

length and thread length in the grip were also studied.

The bolts tested were A325 high-strength bolts of diameters 7/8-inch, 1-inch, and 1-1/8-inch
with lengths ranging from 5-1/2-inches to 8-1/2-inches. A few of the bolts were either fully
threaded or non-standard but most of the bolts tested had standard thread lengths. The results of
the thirteen lots of bolts tested in direct tension are summarized in Table 3-3 (Bendigo and
Rumpf 1959).
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Number of Mean
Nominal Bolt Thread Grip Bolts Ultimate Elongation
Lot Diameter | Length Length Length Tested Load at Failure
(inches) | (inches) | (inches) | (inches) (kips) (inches)
B 7/8 5172 2 4.00 5 54.3 0.31
D 7/8 51/2 2 4.00 5 56.7 0.25
z 7/8 51/2 2 4.00 8 60.4 0.242
Q 7/8 51/2 21/4 4.00 3 54.0 0.36
R 7/8 51/2 31/4 4.00 3 52.2 0.44
S 7/8 51/2 51/2 4.00 3 53.8 0.60
T 7/8 61/2 21/4 4.75 3 54.8 0.35
U 7/8 7 21/4 5.25 3 55.2 0.307
\% 7/8 712 21/4 6.00 3 53.6 0.333
w 7/8 812 21/4 6.75 3 55.1 0.34
A 1 51/2 21/4 4.00 5 74.1 0.33
Y 1 51/2 21/4 4.00 5 73.0 0.38
G 11/8 6 212 4.00 5 91.2 0.30

It should be noted that lots Q and R do not have standard thread lengths and lot S is a fully
threaded bolt. These three lots were made from the same mill heat. Figure 3-1 (Bendigo and
Rumpf 1959) shows the effect of the length of thread in the grip by graphing the tension versus
elongation curves for lots Q, R, and S. “At any point on this composite graph, the elongation at
any load varies in some relationship to the length of thread in the grip area. Likewise, the load
attained at any one elongation is related inversely to the length of thread” (Bendigo and Rumpf
1959). It can be seen from Table 3-3 (Bendigo and Rumpf 1959) that the elongation for Lot S
(the fully threaded bolt) was approximately twice the elongation of Lot Q (2-1/4-inch thread

length).
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Figure 3-1: Effect of Thread Length (Bendigo and Rumpf 1959)

Lots T, U, V, and W were tested in this study to determine the effect of grip lengths and the
effects of longer bolts which would be used in large bolted joints. It was concluded that “no
apparent decrease in ultimate load carrying capacity and also no definite trend in elongations at
rupture” (Bendigo and Rumpf 1959) resulted with the longer bolts, as can be seen in Figure 3-2

(Bendigo and Rumpf 1959).

8| .
3 o T-Lot (475)
z- a U-Lot (5.25)
o x V-Lot (6.00)
n « W-Lot (6.75)
E 5 * Grip Length in inches
l._ﬁ
p—
10 8
i 1 1 1 1 i i
0 0.05 [+1.4] 015 020 025 0.30 0.35

e, ELONGATION (inches— grip)
Figure 3-2: Effect of Grip Length (Bendigo and Rumpf 1959)

It was determined that the grip length had no appreciable effect on the tension or elongation

characteristics of bolts. The threaded portion of the bolt behaves plastically after the bolt reaches

52



Chapter 3 — Literature Review

its proof load while the shank remains elastic. Thus most of the elongation takes place in the

threaded portion.

3.1.4 Robert A. Bendigo and John L. Rumpf (1960)

Twelve long butt joints with A7 steel and 7/8-inch A325 bolts were studied. Joint length was the
major variable for this research. Only the material properties of the bolts used in the joints will
be considered herein. There were two different parts of this research. Part (a) of the research

varied the width and part (b) varied the grip.

The bolts used in the first part of this research were 7/8-inch, 5-1/2-inches long, A325 bolts with
a standard 2-inch thread length. Five bolts from this lot were chosen and tested in direct tension.
The bolts had an average ultimate strength equal to 56.7 Kips.

The bolts used in part (b) were 7/8-inch, A325 bolts. The bolts came from the same heat-
treatment but the bolt length varied. The threads were cut and had a standard length equal to 2-
1/4-inches. Five bolts from each of the four lots were tested in direct tension. The results are
summarized in Table 3-4 (Bendigo and Rumpf 1960).

Table 3-4: Direct Tension Tests Results (Bendigo and Rumpf 1960)

Number of Mean

Nominal Bolt Thread Bolts Ultimate
Lot Diameter | Length Length Tested Load
(inches) | (inches) [ (inches) (Kips)
T 7/8 61/2 21/4 5 54.8
U 7/8 7 21/4 5 55.2
\ 7/8 712 21/4 5 53.6
w 7/8 81/2 21/4 5 55.1

3.1.5 Roger M. Hansen and John L. Rumpf (1960)

In a bearing type connection it has been shown that the usual design assumption that all bolts
carry equal shear stress at ultimate load is invalid for long joints. The original study of long
bolted joints, as previously discussed in Section 3.1.4 (Bendigo and Rumpf 1960), raised four

outstanding questions. This research tested four long joints to answer some of the questions.
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The bolts used in the connections were 7/8-inch, A325, 9-1/2-inches long with 2-1/4-inches
rolled threads. The bolts used in the research were all from the same heat treatment. At random
three bolts were tested in direct tension. It was stated that the average ultimate load of the three
bolts in direct tension was 53.5 kips which is 100.3% of the ASTM specified minimum (Hansen

and Rumpf 1960). The standard deviation of the tension tests was not reported.

3.1.6  Robert T. Foreman and John L. Rumpf (1961)

Nine compact butt joints fabricated from structural plate and fastened with 7/8-inch, 1-inch, and
1-1/8-inch A325 bolts were tested. This research was performed to illustrate the conservatism of

the 1954 specification.

Bolts were tested in direct tension and double shear to verify the bolt properties. Only the direct
tension will be considered herein. Five bolts of each size were tested in direct tension and data
for the load versus elongation graph was recorded. The 7/8-inch and 1-inch A325 bolts tested
were 5-1/2-inches long whereas the 1-1/8-inch bolts tested were 6-inches long. The bolts used in
the joints were ordered to have the minimum specified ultimate strength. The results were not
published. However it was stated that the 7/8-inch bolts on average had 102% of the specified
minimum ultimate strength and the 1-inch and 1-1/8-inch A325 bolts were 106% and 114% of
the specified minimum ultimate strength, respectively (Foreman and Rumpf 1961).

3.1.7 Stanley E. Dlugosz and John W. Fisher (1962)

Dlugosz and Fisher tested five lots of 7/8-inch A325 bolts in direct tension and torque induced
tension. Only the bolts tested in direct tension will be discussed and considered. A shorter
thread length with a heavier head was being evaluated for A325 bolts during this time period.
This research wanted to determine if the shorter thread length would impair the performance of
an A325 bolt. The effect of the thread length under the nut was also considered.

To determine if the bolt strength had an effect on the bolt behavior, two strengths of A325 bolts
were tested. Four of the lots had the specified minimum tensile strength for an A325 bolt,
whereas the remaining lot had a strength twenty-five percent larger than the specified minimum
tensile strength. Approximately 0.05 inches per minute was used as the speed of testing. The
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differences in the five lots as well as the results can be seen in Table 3-5 (Dlugosz and Fisher
1962).

Table 3-5: Direct Tension Tests (Dlugosz and Fisher 1962)

Thread Length Between
Things to Note Percent of ASTM Bottom Face of Nut & Number of Average Elongation
Lot About the Lots Bolt Length Specification Thread Run-out Bolts Tested Ultimate Load at Failure
(inches) (inches) (kips) (inches)

B regular semi-finished 51/2 100% 3/4 5 54.3 0.310

1 . .1
8B heavy head, short thread length 51/2 100% 8 5 %5 0.188

1/4 5 54.1 0.188
Cc regular semi-finished 91/2 100% 3/4 3 53.5 0.380

1/8 5 67.5 0.188
E heavy head, short thread length 51/2 125%

1/4 4 65.2 0.188
H heavy head, short thread length 91/2 100% 1/8 5 58.2 0.280

The A325 bolts which had the minimum tensile strength and heavy hex head with shorter thread
lengths (lots 8B and H) failed by stripping of the threads. The remaining three lots (with the
regular head and longer thread length (lots B and C), and the heavy hex bolts with twenty-five
percent higher strength (lot E)) “ruptured by shearing on the transverse plane of the thread”
(Dlugosz and Fisher 1962). The direct tension characteristics of Lot 8B (heavy head bolt) is
compared with Lot B (regular semi-finished bolt) in Figure 3-3 (Dlugosz and Fisher 1962). The
effect of the decrease in thread length under the head is apparent from Figure 3-3 (Dlugosz and
Fisher 1962).
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Figure 3-3: Direct Tension Calibration Comparison (Dlugosz and Fisher 1962)

3.1.8 R. A.Bendigo, R. M. Hansen, and J. L. Rumpf (1963)

Bendigo, Hansen, and Rumpf (1963) investigated sixteen double shear butt joints. This was
done to determine the influence of the joint length on the ultimate strength of bearing type
connections. Tests were conducted on bolted joints “in order to measure the ability of the bolts
to redistribute load...” (Bendigo et al. 1963).

Anywhere from three to sixteen 7/8-inch A325 bolts were used in the butt joints. The thread
lengths on the A325 bolts specified during 1963 were longer than today’s specification. Bolts
from each lot were tested in direct tension to obtain tension-elongation curves. The clamping
force of the bolts used in the test joints were determined from the tension-elongation curves.
Table 3-6 (Bendigo et al. 1963) summarizes the tensile strength of the 7/8-inch bolts.

3.1.9 John L. Rumpf and John W. Fisher (1963)

The behavior and performance of A325 bolts, both with regular and heavy hex heads, in direct
and torqued tension were studied. The heavy hex headed A325 bolts had a shorter thread length
than the regular headed bolts. The bolts tested ranged in size from 7/8-inch to 1-1/8-inches in
diameter. The threads were mostly rolled but a few of the bolts tested had cut threads. Only the

direct tension tests will be considered herein.
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The ninety A325 bolts tested in direct tension were loaded at a rate of 0.005 inches per minute.
The results of the direct tension tests for the different diameters and lengths of A325 bolts are
summarized in Table 3-7 (Rumpf and Fisher 1963).

Table 3-6: Direct Tension Tests (Bendigo et al. 1963)

Mean Std. Dev.
Bolt Lot Bolt Tensile Tensile
Mark Length Strength Strength
(inches) (kips) (Kips)
D 51/2 56.9 0.55
T 61/2
J ! 54.8 0.94
\Y/ 71/2
W 81/2
C 91/2 53.4 0.12
L 31/2 55.2 0.97

Table 3-7: Direct Tension Tests (Rumpf and Fisher 1963)

Head and Thread | Number of Mean Standard Standard
Thread Nominal Bolt Thread Grip Length Bolts Ultimate Deviation of Elongation Deviation of
Type Lot Diameter | Length Length Length in Grip Tested Load Ultimate Load at Failure Elongation
(inches) | (inches) (inches) | (inches) (inches) (kips) (kips) (inches) (kips)
B 7/8 51/2 2 4.25 0.75 5 54.3 122 0.31 0.047
C 7/8 91/2 21/4 8.25 1.00 5 53.3 0.30 0.31 0.044
Regular D 7/8 51/2 2 4.25 0.75 5 56.9 0.55 0.27 0.050
':V‘Tta: D 718 512 | 2 3.80 0.30 0 ; - - ;
Rolled z 718 51/2 2 4.25 0.75 8 60.4 245 0.24 0.040
Threads A 1 51/2 21/4 4.25 1.00 5 73.7 0.96 0.36 0.030
Y 1 51/2 21/4 4.25 1.00 5 73.1 0.94 0.39 0.033
G 11/8 6 2172 4.25 0.75 5 91.2 191 0.30 -
Regular Q /8 5112 214 4.25 1.00 3 53.9 014 0.37 0.036
Head R 7/8 51/2 31/4 4.25 2.00 3 52.2 0.09 0.38 -
with S 718 51/2 51/2 4.25 4.25 3 53.8 0.52 0.53 0.164
Cut T 7/8 61/2 21/4 5.00 0.75 3 54.8 1.04 0.35 0.050
;::fadr:e U 718 7 21/4 5.50 0.75 3 55.2 0.72 0.39 0.026
steel and heat \% 718 7112 21/4 6.25 1.00 3 53.8 0.51 0.33 0.026
treatment) w 718 81/2 21/4 7.00 0.75 3 55.2 0.95 0.34 0.040
H 718 91/2 13/4 8.125 0.375 7 58.3 1.29 -
Heavy E 7/8 51/2 11/2 4.25 0.250 4 65.2 1.04 0.19
Head E 718 51/2 112 4.125 0.125 5 675 1.01 0.18
with 8A 7/8 51/4 11/2 4.00 0.250 5 59.4 112 0.31
Rolled 8A 718 51/4 1172 450 0.750 - - - -
Threads ™ gg 718 51/2 1172 4125 | 0125 5 55.6 1.00 019
8B 7/8 51/2 11/2 4.25 0.250 5 54.1 1.60 0.19
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It was concluded from the research that the bolts had similar elongation characteristics if the
strengths were slightly above and up to 125% of the minimum specified tensile strength. It was
also concluded that for both the regular and heavy headed bolts the deformation decreased when
a lesser amount of exposed threads were under the nut. Figure 3-4 (Rumpf and Fisher 1963)
shows the load versus elongation of bolts with different thread lengths. “The shorter length of
thread under the nut of the bolt with short thread results in a decrease in the elongation capacity”
(Rumpf and Fisher 1963) as shown in Figure 3-4 (Rumpf and Fisher 1963).
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Figure 3-4: Effect of Thread Length Under the Nut (Rumpf and Fisher 1963)

3.1.10 John W. Fisher, Paul O. Ramseier, and Lynn S. Beedle (1963)

During the early 1960s the use of high-strength steel for construction was becoming more
common. This research was performed “to investigate the behavior of these steels when used in
connections fabricated with A325 high-strength bolts” (Fisher et al. 1963). The properties of the
A325 bolts were also established during this research by testing them in direct tension, torqued

tension, and double shear (in tension and compression).
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The bolts tested were 7/8-inch A325 with lengths varying from 5-1/4 to 9-1/2 inches. The same
procedure was used to test the bolts in direct tension as was used in Rumpf and Fisher (1963),
from Section 3.1.9. The summary of the bolts tested in direct tension are given in Table 3-8
(Fisher et al. 1963).

A single A325 bolt was tested in double shear by A440 plates loaded in tension and
compression. Figure 3-5 (Fisher et al. 1963) shows the shear stress versus deformation for the
two different types of tests. It was determined that “the shear strength of single bolts tested in
plates loaded in tension was approximately 10% less than the shear strength from the
compression test. When bolts are loaded by plates in tension, the bearing condition near the end
shear planes causes a prying action and results in an additional tensile component which reduces
the bolt shear strength” (Fisher et al. 1963).

3.1.11 James J. Wallaert (1964)

When higher-strength bolts (A354BD and A490) are used in joints with high-strength steel,
fewer bolts should be required due to the bolts having a larger tensile strength (Wallaert and
Fisher 1965). A larger tensile strength should induce greater clamping force thus higher shear
strength (Wallaert and Fisher 1965). Figure 3-6 (Wallaert 1964) shows shear stress due to
double shear versus deformation for an A141 rivet, an A325 bolt, and an A490 bolt.

Table 3-8: Direct Tension Tests (Fisher et al. 1963)

Number of Mean Std. Dev.
Bolt Lot Bolt Length Tests Ultimate Load | Ultimate Load
(inches) (kips) (Kips)
D 51/2 5 56.9 0.55
8A 51/4 5 59.4 111
8B 51/2 5 55.5 1.12
H 91/2 7 58.3 1.28

59



Chapter 3 — Literature Review

Compression  Shear—,

90+ \ . -
— A T N
o \
x 80r « \

: TN ©

el . Y L@
2 70+ X \
[V \
5 o
» 6or
=1
Weok
% 50
b
7 40
m .
w 30
A
= i
i
E 413}

ol

SR U — I UUI S ———
0 005 010 015 020 025 0.20

8, BOLT DEFORMATION(INCHES]
Figure 3-5: Shear-Deformation Relationship (Fisher et al. 1963)

120

80

SHEAR
STRESS,

KSl 141 Rivet

40

T

0 - 0.10 ' 0.20 ’ 030
DEFORMATION, INCHES
Figure 3-6: Stress-Deformation Curves for Rivets and Bolts (Wallaert 1964)

For a Master’s of Science degree at Lehigh University, Wallaert studied the behavior and
performance of a high-strength structural bolt in double shear. A number of variables which
could affect the ultimate shear strength and the deformation at ultimate load were investigated.
To establish the minimum shear strength, the bolts used for testing were deliberately ordered
near the minimum tensile strength as specified by ASTM (Wallaert and Fisher 1965).

Bolts of 7/8-inch and 1-inch in diameter, of grade A325, A354 BC, A354 BD (similar to A490),
and A490 were tested to determine their double shear strength through the full shank area. Some
of the bolts tested had heavy heads whereas some had regular heads. Three lots of A354 BC
bolts were tested, from which one of the three lots had heavy heads. Three lots of A354 BD
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bolts, which all had regular heads, where tested. Two lots of A490 structural bolts were tested as
well. The heavy head A354 bolts “were made to conform to the size requirements specified in
ASTM A325 by reheat-treating AISI 4140 alloy steel bolts obtained from a Canadian firm”
(Wallaert and Fisher 1964).

Full size bolts as well as 0.505 inch diameter specimens were tested in direct tension to
determine the mechanical properties. Only the results of full size bolts will be considered herein.

The average bolt tensile strength was published in units of kips per square inch. The strength

was determined by using the effective area as previously discussed in Section 2.2

09743
d-

>

A (3-1)
as shown in Table 3-9 (Wallaert and Fisher 1965) to obtain the strength in units of Kips.
Table 3-9: Direct Tension Tests (Wallaert and Fisher 1965)
Bolt Number of
Nominal Bolt Number of Tensile Threads Mean
Grade Lot Diameter Length Bolts Tested Strength per Inch Ultimate Load
(inches) (inches) (ksi) (kips)
AC 718 51/4 3 140.8 9 65.01
A354BC CcC 7/8 51/2 3 134.8 9 62.24
DC 1 51/2 3 137.0 8 82.99
ED 7/8 51/2 3 168.3 9 77.71
A354BD FD 1 51/2 3 163.8 8 99.22
GD 718 91/2 3 163.3 9 75.40
KK 7/8 51/2 3 168.6 9 77.85
A490
AN 1 51/2 3 163.5 8 99.04
8A 7/8 51/4 5 128.5 9 59.33
8B 7/8 51/2 5 117.1 9 54.07
D 7/8 51/2 5 123.1 9 56.84
H 7/8 91/2 7 126.1 9 58.22
Q 7/8 51/2 3 116.7 9 53.88
A325
R 7/8 51/2 3 113.0 9 52.18
S 7/8 51/2 3 116.4 9 53.75
T 718 61/2 3 118.6 9 54.76
Y 1 51/2 3 120.6 8 73.05
z 718 51/2 3 130.7 9 60.35
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Resistance factors will be calculated based on the tests performed on the A354 BD, since they
have the same chemical and physical characteristics of A490 bolts. The results of the A354 BC

bolts will not be considered when calculating resistance factors.

There were four testing jigs to test the lots of bolts in double shear. The tests were performed in
a tension or compression jig made from either A440 steel or constructional alloy steel (Wallaert
and Fisher 1964). The constructional alloy steel (denoted Q & T) was stronger than A440 but
was less ductile. Table 3-10 (Wallaert and Fisher 1964) depicts the number of bolts tested in

each jig.
Table 3-10: Testing Matrix (Wallaert and Fisher 1964)
Jigs Tested
GBnge Lot Diameter Head Length Compression Tension
(inches) (inches) A440 Q&T A7 A440 Q&T
AC 718 Heavy 51/4 3 3 - -
A354 BC cc 718 Regular 51/2 3 3 3 3
DC 1 Regular 512 3 3 3 3
ED 7/8 Regular 51/2 3 3 3 3
A354 BD FD 1 Regular 51/2 3 3 3 3
GD 718 Regular 912 3 3 3 3
A490 KK 7/8 Heavy 51/2 3 3 -
3 1 Heavy 51/2 - - - - 3
8B 7/8 Heavy 51/2 3 - - 3
Q 7/8 Regular 512 3
R 718 Regular 51/2 3
A325 S 7/8 Regular 51/2 3
T 718 Regular 61/2 3
Y 1 Regular 51/2 - - 27
4 7/8 Regular 512 - - 27

Since the tests on single bolts were preformed in double shear, the results will be excluded in this
research due to the complexities associated with double shear testing. However, some of the

conclusions made from the research are worth noting.

It was found that the type of material used does not affect the ultimate shear strength. For one
lot, the deformation of a bolt tested in the Q & T jig was nearly double the deformation from the
A440 steel jig. “The test data shows that the variation in shear strength for a particular type of
fastener as influenced by the type of connected material is no greater than the variation in shear
strengths between the different bolt lots for a particular type of fastener. Thus, the test data
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indicates that the type of connected material has no influence on the ultimate shear strength”
(Wallaert 1964).

Figure 3-7 (Wallaert 1964) shows the typical mean stress versus deformation curves for the two
types of testing devices (tension and compression). As can be seen from Figure 3-7 (Wallaert
1964), the “ultimate shear strength of bolts tested in a tension jig is lower than when the bolt is
tested in a compression jig” (Wallaert 1964).

0ok A440 Compression WJig

80

60

SHEAR
STRESS,
KSl

40

20

0 .04 .08 2 16 .20 .24 .28

DEFORMATION, INCHES
Figure 3-7: Stress-Deformation Curves for A354 Bolts in Tension

It was noticed that the tension jig gave a lower shear strength compared to the compression jig.
“When considering all of the test results, the ultimate shear strength for bolts tested in the tension
jigs is 6% to 13% lower when compared to the compression jig tests using A440 steel. This
same trend was observed in the Q & T jig tests with the percent reduction in strength varying
from 8% to 13%” (Wallaert 1964). This reduction in shear strength when bolts are tested in a
tension fixture is due to lap plate prying, “a phenomena which tends to bend the lap plates of the
tension jig outward” (Wallaert 1964). “Due to the uneven bearing deformations of the test bolt,
the resisting force P/2 does not act at the centerline of the lap plate, but acts at a distance ‘e’ to
the left of it. This sets up a clockwise moment M, = P/2(e), which tends to bend the lap plate
away from the main plate. However, this moment, M, is resisted by the counterclockwise
moment Mgr = AT(a). This is the moment which induces an additional force, AT, into the bolt”

(Wallaert 1964). The mechanism of lap plate prying just described is shown in Figure 3-8
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(Wallaert 1964). When comparing the ultimate shear strengths and deformations from the
tension and compression jigs, regardless of the material, it was observed that the tension jig had
more consistent results.

i

AT

| [
i Yl

P € of lap plate
Figure 3-8: Lap Plate Prying (Wallaert 1964)

3.1.12 E. W. J. Troup and E. Chesson, Jr. (1964) Gordon Sterling and John W. Fisher (1964)

Troup and Chesson (1964) from the University of Illinois-Urbana and Sterling and Fisher (1964)
from Lehigh University provided data on the behavior of A490 bolts in direct tension and
torqued tension. Only the direct tension tests will be considered herein. The research was
completed at two universities “to determine whether different testing procedures employed at
various laboratories would contribute significantly to experimental scatter” (Troup and Chesson
1964). The A490 bolts tested were obtained by a manufacturer and then split between the two
universities.

This research was approved by the Research Council on Riveted and Bolted Structural Joints in
March 1963. The study was performed to provide additional data about A490 bolts for possible
revisions to the Council’s specifications in 1964. “The American Society for Testing and
Materials acknowledged the need for a structural bolt of higher strength by developing a

specification for a heavy structural bolt, comparable dimensionally to the ASTM A325 fastener
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but with material properties similar to the ASTM A354 grade BD bolt” (Troup and Chesson
1964).

Bolts tested of grade A490 where 7/8-inch in diameter with lengths of 5-1/2-inches and 9-1/2-
inches (Sterling et al. 1965).
between dies for the bolts with lengths equal to 5-1/2-inches whereas the 9-1/2-inch bolts had

The threads, length 1-7/16-inches, were produced by rolling

threads, length 1-3/8-inch, which were produced by machine cutting (Sterling et al. 1965).

The testing machine, measurement of elongation of the bolts, and the loading rate were different
at the two universities. The University of Illinois-Urbana used a 120-kip Baldwin hydraulic
testing machine, whereas a 300-kip Baldwin hydraulic testing machine was used at Lehigh
University (Sterling et al. 1965). At Lehigh University extensometers were attached to the bolts
directly. Lever type extensometers were used at the University of Illinois-Urbana. The bolts
were tested at a head speed of about 0.05 inches per minute at the University of Illinois-Urbana,

whereas at Lehigh University the speed was 0.01 inches per minute (Sterling et al. 1965).

The number of direct tension tests and results from Lehigh University and the University of
Illinois-Urbana are summarized in Table 3-11 (Troup and Chesson 1964) (Sterling and Fisher
1964). As can be seen from the table, there was excellent agreement between the data from the

two universities.

Table 3-11: Direct Tension Results (Troup and Chesson 1964) (Sterling and Fisher 1964)

Thread Mean
Bolt Testing Nominal Length Number of Ultimate Standard Mean
Length Location Grip in Grip Bolts Tested Load Deviation | Elongation
(inches) (inches) (inches) (Kips) (Kips) (inches)
. 4 1/8 1/8 5 75.9 0.45 0.13
lllinois
5172 4 9/16 9/16 5 72.1 0.54 0.23
Lehiah 4 1/8 1/8 5 76.0 0.54 (1.07) 0.137
J 4 9/16 9/16 5 72.1 0.17 (0.57) 0.245
. 8 14 1/8 6 74.6 1.57 0.15
Illinois
91/2 811/16 9/16 5 69.8 1.32 0.19
) 8 1/4 1/8 5 73.2 1.59 0.12
Lehigh
811/16 9/16 5 70.8 1.69 (1.36) 0.18

Note: The standard

deviations shown in parentheses are different values reported in
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In conclusion, the only result which seemed to differ considerably, approximately 10% or less,
was the mean elongation at ultimate load, which is not shown in the table. It was concluded that
the ultimate strength increases as the amount of thread in the grip decreases (Sterling and Fisher
1964). Figure 3-9 (Troup and Chesson 1964) and 3-10 (Troup and Chesson 1964) shows the
average load versus elongation curves. From Figure 3-9 (Troup and Chesson 1964) “it can be
seen that in the elastic region, a difference in the thread length in the grip (1/8 inch or 9/16 inch)
has little effect. However, the ultimate load for bolts with the shorter thread length in the grip
averaged about 5 percent greater than that for bolts with the longer included thread length. Also,
there was a noticeable increase in ductility or total elongation observed for the tests conducted
with the longer (9/16 inch) thread in the grip...” (Troup and Chesson 1964). Similar results can
be seen from Figure 3-10 (Troup and Chesson 1964) which shows the average load versus
elongation curves for 9-1/2-inch bolts. “The effect of shorter thread length in the grip produced
about an 8 percent increase in ultimate load” (Troup and Chesson 1964) for the 9-1/2-inch long
bolts, as shown in Figure 3-10 (Troup and Chesson 1964).
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3.1.13 Richard J. Christopher (1964)

Richard J. Christopher of Lehigh University tested A354 BC, A354 BD, and A490 bolts in direct
tension as part of his Master’s of Science Degree in 1964. This study’s main objective was to
investigate the behavior and performance of alloy steel structural bolts under a variety of

conditions of installation and service load (Christopher et al. 1966).

Four lots of both A354 BC and A354 BD along with eight lots of A490 bolts were tested in
tension. The A490 bolts have the same chemical and physical characteristics of the A354 BD
bolts but have the heavy hex head and short thread length like the A325 bolts. The bolts tested
were 7/8-inch and 1-inch in diameter. Before the results are summarized it should be noted that
“the A490 specification was not yet published at the time these tests were initiated and since the
A354 bolt was not in general use as a structural fastener, all of the bolts used for this study were
manufactured specially and because of this, exhibited a greater variation in properties, both
geometric and structural, then would ordinarily be expected” (Christopher 1964). A few of these
lots of bolts were tested in double shear as previously explained in Section 3.1.11 (Wallaert

1964). The results from the eighty-four direct tension tests are summarized in Table 3-12
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(Christopher 1964). The lots were designated by two letters followed by numbers and letters.
The bolt diameter in eighths of an inch is indicated by the first number following the double
letter. The length of thread under the nut in sixteenths of an inch is the next number after the
dash. Lastly, the S and L designate between short (approximately four inches) and long grip

lengths (approximately 8 inches).

Table 3-12: Direct Tension Results (Christopher 1964)

Standard
Head Nominal Type of Number of Mean Deviation of Elongation
Lot Grade Type Diameter Thread Bolt Length [ Bolts Tested Ultimate Load | Ultimate Load at Failure
(inches) (inches) (kips) (kips) (inches)

AC-7-2S A354BC Heavy Hex 718 Cut 51/4 3 72.6 1.88 0.173
AC-7-9S A354BC Heavy Hex 718 Cut 51/4 3 65.0 157 0.190
BC-8-2S A354BC Heavy Hex 1 Cut 51/4 3 91.0 2.26 0.140
BC-8-11S A354BC Heavy Hex 1 Cut 51/4 3 82.9 1.60 0.263
CC-7-128 A354BC Regular Hex 718 Rolled 51/2 3 62.3 0.20 0.300
DC-8-16S A354BC Regular Hex 1 Rolled 51/2 3 83.1 1.22 0.293
AD-7-2S A490 * Heavy Hex 718 Cut 51/4 3 83.1 2.63 0.083
AD-7-9S A490 * Heavy Hex 718 Cut 51/4 3 76.5 151 0.113
BD-8-2S A490 * Heavy Hex 1 Cut 51/4 3 102.1 1.83 0.127
BD-8-11S A490 * Heavy Hex 1 Cut 51/4 3 100.0 0.20 0.143
CD-7-2L A490 * Heavy Hex 718 Cut 91/4 3 82.6 1.25 0.120
CD-7-9L A490 * Heavy Hex 718 Cut 91/4 3 745 0.44 0.120
DD-8-2L A490 * Heavy Hex 1 Cut 91/4 3 105.4 0.71 0.147
DD-8-11L A490 * Heavy Hex 1 Cut 91/4 3 96.7 0.53 0.173
ED-7-12S A354BD Regular Hex 718 Rolled 51/2 3 77.8 0.67 0.120
FD-8-16S A354BD Regular Hex 1 Rolled 51/2 3 99.3 2.18 0.207
GD-7-12L A354BD Regular Hex 718 Cut 91/2 3 75.5 0.82 0.137
HD-8-16L A354BD Regular Hex 1 Cut 91/2 3 100.5 1.25 0.137

LI-7-2S A490 Heavy Hex 718 Rolled 51/2 5 76.0 0.54 0.137

LI-7-9S A490 Heavy Hex 718 Rolled 51/2 5 72.1 0.17 0.245
AB-7-2L A490 Heavy Hex 718 Cut 91/2 5 73.2 1.59 0.120
AB-7-9L A490 Heavy Hex 718 Cut 91/2 5 70.8 1.69 0.180
KK-7-3S A490 Heavy Hex 718 Rolled 51/2 5 77.9 0.44 0.115

1J-8-6S A490 Heavy Hex 1 Rolled 51/2 5 99.2 157 0.189

* Made by re-heat treating Canadian bolts manufactured to AISI specification 4140 to conform to A490

From Table 3-12 (Christopher 1964) it can be seen that bolts have a higher tensile strength and
lower elongation if a shorter length of threads is under the nut, than when the same lot is tested
with more threads under the nut. Figure 3-11 (Christopher 1964) is the tension versus elongation
graph of one lot of A490 bolts which shows the effect of thread length under the nut. “This
higher strength is partially the result of a small decrease in thread depth near the thread runout
which results in a somewhat larger cross sectional area. This increase in strength may also be
due to the fact that failure is forced to occur over a relatively short length of thread” (Christopher

1964). When a longer thread length was under that nut the bolts normally failed on a diagonal
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plane whereas for the shorter length the failure was not nearly as inclined. “Because of the short
length of highly stressed threaded portion, elongation capacity is reduced for short thread lengths
under the nut” as can be seen in Figure 3-11 (Christopher 1964).

100 T T T T T T

Min. Tensile Strength "'h.
e® g=3!Yg
® L ]
80 b

on0 . e

CEE ———
Tr~—
/=%

60 -
BOLT 9=4lg .
7y A490 Bolt
TENS]G’I Lot AD
kips aol ]
20+ | E
e
Threads Lubricated
1 L. 1 1 I . 1 e
o] 005 010 0I5 020

ELONGATION ,inches
Figure 3-11: Effect of Thread Length Under Nut (Christopher 1964)

Since A354 BD bolts have the same chemical and physical characteristics of A490 bolts,
resistance factors will be calculated based on the tests performed on the A354 BD and A490
bolts. The results of the A354 BC bolts will not be considered when calculating resistance

factors.

3.1.14 Gordon H. Sterling and John W. Fisher (1966)

“The recent development of the ASTM A490 high-strength bolt was necessitated by the
increased use of high-strength steels. Fasteners of higher strength than the A325 bolt had to be
developed so that the connections could have reasonable proportions” (Sterling and Fisher 1966).
Four compact joints were tested to determine the behavior of A490 bolts in butt joints of A440

steel (Sterling and Fisher 1965). The fasteners used in this research were 7/8-inch in diameter.

So that a theoretical prediction of the joint load could be made, load versus deformation curves
for single A490 bolts were determined. The single 7/8-inch, A490 bolts were tested in double
shear. Due to the complexity associated with double shear the results will not be considered

herein.
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3.1.15 Geoffrey L. Kulak and John W. Fisher (1968)

This research was carried out to examine the behavior of constructional alloy bolted butt joints.
Both information on the ultimate strength and slip behavior of the butt joint were obtained.
Eighteen joints were tested with A514 steel fastened by A325 or A490 bolts. Four butt joints
used 1-inch A490 bolts, six used 1-1/8-inch A325 bolts, seven used 7/8-inch A490 bolts, and the
last butt joint used 1-1/8-inch A490 bolts. The fasteners of the same diameter and grade came

from the same lot of bolts.

Some of the bolts from each lot were tested in direct tension and torqued tension to establish the
strength of the lot compared to the minimum specified value. Only the three lots of bolts tested
in direct tension will be considered herein. The bolts tested and used in this research were
ordered to the minimum ASTM strength requirements (Kulak 1967). Table 3-13 (Kulak and
Fisher 1968) shows the results of the direct tension tests for the A490 bolts.

Table 3-13: Direct Tension Tests (Kulak and Fisher 1968)

Bolt Bolt Tensile

Lot Grade Diameter Grip Strength
(inches) (inches) (Kips)
B A490 7/8 4 72.2
C A490 11/8 8 1195
D A490 7/8 4 75.4
JJ A490 1 4 99.1

3.1.16 John W. Fisher and Geoffrey L. Kulak (1968)

Fifteen double-shear butt joints were tested in static tension to study hybrid connections. The
butt joints had four to nineteen A325 or A490 bolts of diameter 7/8-inch or 1-1/8-inch. Of the
fifteen butt joints, ten consisted of A514 steel plates with 1-1/8-inch A325 bolts. The other five
butt joints were hybrid. Two butt joints had the main plate steel from A36 and the lap plate was
from A440 connected with 7/8-inch A325 bolts. The remaining three butt joints were tested with
A440 main plate steel and A514 lap plate steel connected with 7/8-inch A325 or A490 bolts.
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The bolts used for the butt joints were ordered with ASTM’s minimum strength requirements.
Bolts from each lot were tested in direct and torqued tension and double shear. Herein only the
bolts tested in tension will be considered. The results of the direct tension tests can be seen in
Table 3-14 (Fisher and Kulak 1968). It should be noted that only the mean values of the tensile
strength were reported in the journal article.

Table 3-14: Direct Tension Tests (Fisher and Kulak 1968)

Bolt Bolt Tensile
Grade Diameter Grip Strength
(inches) (inches) (kips)
4 814
11/8 33/4 106.3
A5 71/2 104.5
6 3/4 68.3
7/8 41/2 69.3
57/8 60.6
A490 7/8 57/8 78.1

3.2 Tension Tests

Direct tension tests which were performed and published that were not part of the “Large Bolted
Joints Project” conducted at Lehigh University are summarized in this section.

3.2.1 W.H. Munse, D. T. Wright, and N. M. Newmark (1952)(1954)

Static and fatigue tests were performed on structural joints connected with high-strength bolts.
This research was carried out to indicate that joints with high-strength bolts are generally

superior to joints using rivets in either static or fatigue loading conditions (Munse et al. 1954).

The ultimate strength of the A325 bolts used in the joints was determined and summarized in
Table 3-15 (Munse et al. 1952). The ultimate load for the 3/4-inch bolts was below the ASTM
minimum strength. “Upon close analysis it was found that the 3/4-inch bolts were actually
hexagon head cap screws which had an ultimate strength a little lower than required and a bolt
head which was somewhat smaller than that specified” (Munse et al. 1952).
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Table 3-15: Ultimate Strength (Munse et al. 1952)

Bolt Bolt Number Ultimate
Grade Diameter of Tests Load
(inches) (pounds)
A325 3/4 7 39,900
A325 7/8 4 66,900
A325 1 10 79,200

3.2.2 T.F. Leahey and W. H. Munse (1954)

During the mid-1950s little data on high-strength bolts in direct tension was available.
static and eighteen fatigue tests with 3/4-inch, 4-inch long, A325 bolts were performed to

determine the behavior of high-strength bolts in tension.

To determine if the bolts used in the connections met ASTM requirements and to obtain the
properties of the bolt material, full size bolts were tested in direct tension.
ASTM, a ten degree wedge washer was placed under the bolt head while testing in direct tension.

Table 3-16 (Leahey and Munse 1954) summarizes the results of the direct tension tests. Round

coupons were also tested but will not be considered herein.

As required by

Table 3-16: Direct Tension Results (Leahey and Munse 1954)

Bolt Bolt Ultimate
Grade Diameter Load
(inches) (pounds)
46,700
A325 3/4 47—100
| 46800
46,750

3.2.3 W. H. Munse, K. S. Petersen, and E. Chesson, Jr. (1961)

During the 1950s engineers wondered whether or not bolts and rivets should be permitted to

carry direct tensile loads (Petersen and Munse 1956).
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connections with either high-strength bolts or rivets were tested. This research was performed to
demonstrate the ability of bolts and rivets to carry direct tensile loads effectively.

The 3/4-inch A325 bolts used in the research were provided by two manufacturers (Petersen and
Munse 1956). Five bolts were tested in direct tension of each length and from each
manufacturer. Four of the bolts were tested to failure with a ten degree wedge washer, per
ASTM, and the remaining bolt was tested without the wedge washer. Table 3-17 (Munse et al.

1961) shows the results of these direct tension tests.

Table 3-17: Ultimate Strength (Munse et al. 1961)

Bolt Bolt Ultimate Load
Manufacturer Length *(pounds)
(inches) Wedged Not Wedged
3 45,500 45,800
4 45,300 45,500
Manufacturer 4 3/4 47,350 47,100
“N* 5 44,150 43,800
6 46,820 46,000
7 44,720 44,800
3 44,550 46,700
4 42,550 42,400
Manufacturer 43/4 48,520 48,300
"S" 5 45,890 43,800
6 45,700 44,600
7 49,220 49,600

i average of four tests unless otherwise noted
" average of two tests

3.2.4 R.S. Nair, P. C. Birkemoe, and W. H. Munse (1974)

T-stubs are frequently used as bolted structural connections when fasteners are subjected to
direct tensile loading. An increase in the tensile load on the bolts and a reduction of the
connection capacity, known as prying action, is a result of deformation of the connected parts.
Sixteen symmetric T-stub connections with four high-strength bolts were tested under static and
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fatigue loading to investigate prying action. Four single-bolt connections without prying action
were also tested under static and fatigue loading for comparison.

All of the bolts used in the T-stub connections were 3/4-inch, 4-1/2-inches long, A325 or A490
bolts. The average tensile strength of three A325 bolts with a 3-1/2-inch grip length was 42.0
kips. Three A490 bolts with a 3-5/8-inch grip length were also tested in tension. It was found
that the A490 bolts had an average tensile strength of 51.8 kips.

3.2.5 Scott T. Undershute and Geoffrey L. Kulak (1994)

Since tension control bolts were relatively new in the late 1990s, this research was performed to
investigate the preload of tension control bolts. This was studied because the preload may vary
under different conditions of weathering, aging, and thread conditions as well as from
manufacturer to manufacturer. The tests were used to evaluate the reliability of tension control
bolts for use in high-strength bolting. This research was also performed to establish if the F1852
(A325 tension control) bolts met the ASTM requirements by examining the behavior of the bolts
in direct and torqued tension.

A total of thirteen lots of tension control bolts were obtained from five different
manufacturers/suppliers from the United States, from one Japanese manufacturer/supplier, and
from a Japanese company that operates in the United States (Kulak and Undershute 1998).
According to the Research Council on Structural Connections 3/4-inch diameter structural bolts
are most commonly used in construction making this the target diameter tested. The F1852 bolts
tested in this research varied in length. Eight of the lots were
3/4-inch diameter, 2-3/4-inches long. Four lots were 3/4-inch diameter with lengths
2-1/4-inches, 2-1/2-inches, 3-inches, and 3-1/4-inches. The last lot tested was 7/8-inch diameter,

4-inches long.

The results published were not reported as ultimate tensile strength but as the ratio of the average
measured ultimate tensile strength to the specified ultimate tensile strength (Undershute and
Kulak 1994). These ratios for the thirteen lots are summarized in Table
3-18 (Undershute and Kulak 1994). Based on an effective area of seventy-five percent of the

shank area and the ultimate stress for F1852 being 120 ksi the tensile strength in kips was
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determined. It was concluded that F1852 structural bolts have substantially the same material

properties as A325 as would be expected.

Table 3-18: Average Tensile Strength (Undershute and Kulak 1994)

Average
Average Measured Specified Measured
Bolt Bolt Bolt Number per Tensile Tensile
Manufacturer Lot Diameter | Length Tested [ Specified Tensile Strength|  Strength Strength
(inches) | (inches) (kips) (kips)
A 2 3/4 23/4 5 1.06 39.761 42.15
3 3/4 23/4 5 1.31 39.761 52.09
B 4 3/4 23/4 5 1.31 39.761 52.09
5 3/4 31/4 5 1.26 39.761 50.10
1 3/4 23/4 5 1.23 39.761 48.91
6 3/4 23/4 5 1.23 39.761 48.91
C 7 3/4 3 5 1.18 39.761 46.92
8 3/4 21/4 5 1.22 39.761 48.51
9 7/8 4 4 1.20 54.119 64.94
D 10 3/4 23/4 5 1.27 39.761 50.50
E 11 3/4 2 3/4 5 1.20 39.761 47.71
F 12 3/4 23/4 5 1.12 39.761 44.53
G 13 3/4 21/2 5 1.15 39.761 45.72

3.2.6 James A. Swanson (1999)

James A. Swanson tested forty-eight T-stubs and ten clip angles (Swanson and Leon 2000) as
part of his doctoral work at Georgia Institute of Technology. During the 1994 Northridge and
1995 Kobe earthquakes, numerous fully welded moment connections failed (Swanson and Leon
2000). Swanson performed these tests to provide information about the behavior, ductility, and
failure modes of T-stubs and clip angles as part of a SAC Phase Il project (Swanson and Leon
2000). Structural bolts of 7/8-inch and 1-inch in diameter of grades F1852 (tension control
A325) and F2280 (tension control A490) were used in various configurations (Swanson and
Leon 2000).

There were several tests performed on the bolts but only the direct tension tests will be
considered herein. From the lots of 7/8-inch and 1-inch F1852 and F2280 bolts, to be used in the
T-stubs, fifty-five bolts were chosen for tension testing. It should be noted that the tension tests
were not performed using a wedge washer as stated in ASTM F606, but a “suitable fixture”
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(Swanson 1999) was used. Table 3-19 (Swanson 1999) and Table 3-20 (Swanson 1999)
summarize the ultimate load and elongation for the F1852 and F2280 bolts tested in direct

tension, respectively.

Table 3-19: Direct Tension Results for F1852 (Swanson 1999)

Nominal Ultimate Elongation
Diameter Bolt Length Load at Failure
(inches) (inches) (Kips) (inches)
65.5 0.1431
65.1 0.1238
67.9 0.1165
7/8 312 67.0 0.1349
71.6 0.0710
68.4 0.1168
70.3 0.1263
218 41/ 66.1 0.1545
65.5 0.1587
69.2 0.1365
69.5 0.1268
72.5 0.1603
7/8 5 70.1 0.0993
77.0 0.0884
73.1 0.0864
71.9 0.1673
86.4 0.1416
87.8 0.1327
1 31/2 90.3 0.1347
91.9 0.1329
95.1 0.1334
90.9 0.1330
86.4 0.1284
83.6 0.1328
1 5 88.0 0.1216
88.4 0.1311
96.3 0.1449
87.7 0.1063
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Table 3-20: Direct Tension Results for F2280 (Swanson 1999)

Nominal Ultimate Elongation
Diameter Bolt Length Load at Failure
(inches) (inches) (Kips) (inches)
80.5 0.1120
82.4 0.1171
- 31/2 87.1 0.0726
86.8 0.0851
90.7 0.0590
88.0 0.0637
218 412 76.8 0.0926
76.1 0.0504
80.4 0.0942
83.0 0.1049
218 , 86.1 0.0604
85.2 0.0587
80.0 0.1282
79.7 0.1024
109.4 0.0968
105.6 0.1409
1 31/2 110.2 0.0900
100.3 0.0878
110.7 0.0775
107.5 0.0748
1 41/2 102.8 0.1039
104.1 0.1347
103.6 0.1134
1 5 106.0 0.0935
107.9 0.0908
107.5 0.0951
105.8 0.0811

Swanson stated that “on average, the ultimate strength determined from the tension tests was 8%
higher than that reported on the manufacturer’s certification with a standard deviation of 4%”

(1999). The average ultimate strength of the F1852 bolts, based on the manufactures
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certifications, was 140.0 ksi with a 3.4 ksi standard deviation. This is 16.7% higher than the
specified 120 ksi for F1852 bolts. Also based on the manufactures certifications, the F2280 bolts
had an average ultimate strength of 162.7 ksi with a 2.7 ksi standard deviation. Compared to the
specified minimum strength for F2280 bolts of 150 ksi, this is 8.5% higher.

From Table 3-19 (Swanson 1999), for the F1852 bolts, the average elongation at failure was
5.2% with a 1.6% standard deviation. The F2280 bolts had an average elongation at failure of
3.6% with a 1.1% standard deviation, from Table 3-20 (Swanson 1999). It was concluded that
F1852 bolts have a 44% higher elongation at failure than F2280 bolts.

3.2.7 Jennifer Amrine and James A. Swanson (2004)

Amrine and Swanson investigated the strength of T-stubs with prying that had bolts with
different levels of pretension. It became a concern that an iron worker may unintentionally
tighten some bolts in a connection while leaving some bolts untightened. A fracture of the
tightened bolts could occur before the untightened bolts achieve their expected capacity which
could lead to an unzipping type of failure if this situation occurred. Some of the bolts used in the
T-stubs were tested in direct tension in order to establish the baseline strength of the fasteners.
This was performed in order to determine if differing levels of pretension had an effect on the

overall strength.

The bolts tested where 3/4-inch A325 and A490 with lengths varying from 3-1/4-inches to
3-3/4-inches. To investigate the effects of the number of threads in the bolt’s grip, the A325
bolts were order in varies lengths. Table 3-21 (Amrine and Swanson 2004) and Table 3-22
(Amrine and Swanson 2004) shows the results for the A325 and A490 bolts, respectively, tested
in direct tension. It can be seen from Table 3-22 (Amrine and Swanson 2004) that the ultimate
load of the two lots of A490 bolts vary. After the first lot of A490 bolts were tested it was
noticed that the ultimate load was lower than expected. Due to the questionable strength a
different lot of A490 bolts was obtained and tested, indicated as A490-B.
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Table 3-21: Direct Tension Results for A325 Bolts (Amrine and Swanson 2004)

Bolt Nominal Threads Ultimate
Designation Diameter Bolt Length in Grip Load
(inches) (inches) (kips)
48.347
45.945
48.176
46.881
47.736
47.812
47.192
47.340
47.337
46.886
46.935
47.743
A325-B 3/4 31/4 8to9 46.224
46.066
45.183
48.025
49.098
46.578
47.428
47.289
47.900

A325-A 3/4 3172 5t06

A325-C 3/4 33/4 1to?2

Table 3-22: Direct Tension Results for A490 Bolts (Amrine and Swanson 2004)

Bolt Nominal Threads Ultimate
Designation Diameter Bolt Length in Grip Load
(inches) (inches) (Kips)
49.341
49.954
A490-A 3/4 31/2 5t06 48.396
49.712
49.384
55.468
54.189
A490-B 3/4 31/2 5t06 54.928
54.351
54.463
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The strength was slightly affected by the number of threads in the grip as can be seen from the
A325 tension results in Table 3-21 (Amrine and Swanson 2004). The number of threads in the
grip did have a great effect on the deformation capacity. “When more threads are included in the
grip of a bolt, the plastic deformation is distributed over a longer length and leads to a more

ductile fastener behavior” (Amrine and Swanson 2004).

As can be seen in Table 3-22 (Amrine and Swanson 2004), the A490-A bolts presented a
strength lower than the minimum specified by ASTM. According to Amrine and Swanson
(2004) the A490-A bolts “demonstrated more ductility than some A325 bolts”. The second lot of
A490 bolts (A490-B) were obtained and tested. The strength of A490-B were above the ASTM
minimum strength. A relatively slow loading rate (same loading rate which was used for the T-
stub testing) was used when testing the bolts in direct tension. Amrine and Swanson (2004)
believed the A490-A bolts might have met ASTM minimum strength requirements if a faster
load rate was used.

3.3 Shear Tests

A published shear test that was not part of the “Large Bolted Joints Project” conducted at Lehigh

University is summarized in this section.

3.3.1 Burak Karsu (1995)

Burak Karsu (1995) studied the behavior of one bolt in single shear at Virginia Polytechnic
Institute and State University (a.k.a. Virginia Tech). The failure mechanisms and load
deformation characteristics were evaluated in this Master’s Thesis by conducting seventy tests
with different configurations. “A new analytical model for the determination of load-
deformation response of bolted connections was presented as well as a new Unified Design

Curves approach for design purposes” (Karsu 1995).

A large variety of failure modes can occur in a bolted connection, including shear failure of the
bolt or plate, bearing failure of the bolt or plate, bending failure of the bolt, transverse tension
failure of the plate, tension failure of the bolt, and splitting failure of the plate. Shearing of the

bolt and bearing and splitting of the plate were most common during the seventy tests performed.
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Only the bolts which failed in shear will be considered, from which resistance factors will be
calculated.

The seventy tests performed during this research were conducted with different plate thicknesses
and bolt sizes. The plates used were A36 steel in varying thickness from
1/8-inch to 3/4-inch. The bolts ranged in size from 3/4-inch to 1-inch in diameter of grade A325.
The bolts were arranged in the plates so the threads were excluded from the shear plane.

Twenty-six out of the seventy connections failed as a result of the bolt shearing. The results of
these tests can be seen in Table 3-23 (Karsu 1995).

Table 3-23: Single Shear Results (Karsu 1995)

Test No. Bolt I:()iina)meter Test Desg. Load(z}pl;?ilure Deformati(ti):)at Failure

3/4 3/8 x3/8 x 3/4 36.3 0.53

3/4 3/8x1/2x3/4 36.5 0.51

3/4 3/8 x 5/8 x 3/4 37 0.23
10 3/4 3/8 x 3/4 x 3/4 37.53 0.21
11 3/4 3/8x1x3/4 38.5 0.47
20 3/4 1/2 x 1/2 x 3/4 35.6 0.23
21 3/4 1/2 x 5/8 x 3/4 40 0.25
22 3/4 1/2x1x3/4 374 0.2
23 3/4 5/8 x 5/8 x 3/4 35.3 0.24
24 3/4 5/8x1x3/4 37.8 0.16
40 7/8 1/2x1/2x7/8 49.1 0.33
41 7/8 1/2x3/4x7/8 52.3 0.42
42 718 1/2x1x3/4 52.4 0.32
43 7/8 3/4x3/4x7/8 49.1 0.27
44 7/8 34x1x7/8 52.8 0.27
45 7/8 1x1x7/8 53.9 0.2
57 1 12x1/2x1 57.4 0.48
58 1 1/2x5/8x1 63.1 0.52
59 1 12x3/4x1 63.1 0.38
60 1 12x1x1 58.8 0.23
61 1 5/8x5/8 x 1 56.2 0.19
62 1 5/8x3/4x1 66.1 0.43
63 1 5/8x1x1 60.5 0.25
64 1 3/4x3/4x1 63.1 0.2
69 3/4 1/2 x 1/2 x 3/4 35.7 0.4
71 3/4 5/8 x 5/8 x 3/4 39.6 0.32
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34 Combined Tension and Shear Tests

Research which was performed on tension and shear strength of high-strength bolts is

summarized in this section.

3.4.1 E. Chesson, Jr., N. L. Faustino, and W. H. Munse (1964)(1965)

One hundred fifteen high-strength bolts were tested in order to define the strength and behavior
of one bolt subjected to various combinations of tension and shear at the University of Illinois-
Urbana. The bolts being tested consisted of grades A325 and A354 BD (which has similar
mechanical properties to A490) of diameters 3/4-inch and 1-inch with lengths of 3-inches, 4-
inches, and 6-inches. Like other tension and shear tests previously described, the bolt grip and
type of material used (factors which might affect the performance) were investigated as well.
The bolt diameter and type, in addition to the location of the shear plane, were also considered
(Chesson et al. 1964). There were three types of materials used for the testing (ASTM A7,
ASTM A242, and quenched and tempered steel (Q&T)).

Direct tension tests were performed on three bolts from each type and size. These results are
tabulated in Table 3-24 (Chesson et al. 1964). The one hundred fifteen bolts were tested in nine
series (designated A through 1) at various combinations of tension and shear. Herein only the
direct tension and direct shear tests will be considered. Table 3-25 (Chesson et al. 1964) and
Table 3-26 (Chesson et al. 1964) summarize the results of just the direct tension and shear tests,
respectively. The A354 BD bolts will be used as A490 bolts when calculating resistance factors

since they have the same chemical and physical characteristics.
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Table 3-24: Tension Results (Chesson et al. 1964)

Nominal Mean

Grade Diameter Bolt Length | Ultimate Load

(inches) (inches) (pounds)

55,700
A354 BD 3/4 3 56,250
58,700
A325 41,000
Low 3/4 3 39,700
Hardness 39,700
A325 41,250
Low 3/4 6 40,000
Hardness 41,450
A325 47,100
High 3/4 3 47,800
Hardness 46,200
A325 69,700
Low 1 4 70,700
Hardness 70,200
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Grade Nominal
Series (Hardness) Diameter Bolt Length Grip Ultimate Load
(inches) (inches) (inches) (kips)
36.70
A A325 3/4 3 2.28 37.92
(Low)
39.15
41.70
B A325 3/4 3 1.60 40.85
(Low)
41.40
A325 49.00
C - 3/4 3 1.60
(High) 49.50
41.00
D A325 3/4 3 1.60
(Low) 40.80
40.40
E A325 3/4 3 1.60
(Low) 39.65
53.40
F A354BD 3/4 3 2.25
54.50
55.40
G A354BD 3/4 3 1.60
55.90
42.50
H A325 3/4 6 4.67
(Low) 41.85
| A325 1 4 254 68.50
(Low) 69.30
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Table 3-26: Direct Shear Results (Chesson et al. 1964)

Grade Nominal Shear Plane Testing
Series (Hardness) Diameter Bolt Length Grip of Loading Material Ultimate Load
(inches) (inches) (inches) (kips)
25.38
A A325 3/4 3 241 Threads A7 26.16
(Low)
27.00
34.40
B A325 3/4 3 1.60 Shank A7 35.80
(Low)
35.50
C A?’ZS 3/4 3 1.60 Shank A7 40.80
(High) 40.70
D A325 3/4 3 1.60 Shank A242 33.30
(Low) 34.30
33.00
E A325 34 3 1.60 Shank Q&T
(Low) 33.00
38.50
F A354BD 3/4 3 2.25 Threads A242
35.30
42.30
G A354BD 3/4 3 1.60 Shank Q&T
43.50
H A325 3/4 6 467 Shank A7 36.80
(Low) 37.60
| A325 1 4 2.54 Shank A7 62.50
(Low) 59.60

To determine the relative behavior of structural bolts when the shear plane is excluded or not
excluded from the threads, Series A and B (A325 bolts) and F and G (A354 BD bolts) were
considered. From these series, with the load being predominantly shear, it was concluded that
“the ultimate strength of bolts with the shear planes through the threads was slightly more than
80% of that for bolts with the shear planes through the shank™ (Chesson et al. 1964).

To determine the effect of the material used for testing on the strength and behavior of structural
bolts Series B, D, and E were analyzed. It was concluded that the strength and behavior of
structural bolts are unaffected by the different materials used when testing based on Series B, D,

and E.
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3.4.2 K.H.FrankandJ. A. Yura (1981)

Frictional forces initially provide load transfer between plate components in high-strength bolted
shear connections. The friction characteristics of the contact surfaces and the high-strength
clamping forces develop the frictional forces. A friction connection is one which relies on the
slip resistance to transfer load. The connection becomes a bearing connection when the slip
resistance is exceeded. Before 1975, the American Association of State Highway and
Transportation Officials (AASHTO) prohibited friction connections to have surface coatings on
the contact surfaces. This research was performed to study the slip characteristics of four

primary surface coatings.

The bolts used in the research were tested in direct tension and single shear. Three lots of 7/8-
inch A325 bolts were used and tested. The average ultimate tension and shear strength for each
lot are summarized in Table 3-27 (Yura and Frank 1981) and Table 3-28 (Yura and Frank 1981),
respectively.

Table 3-27: Direct Tension Results (Yura and Frank 1981)

Average
Bolt Bolt Bolt Ultimate
Lot Grade Diameter Length Load
(inches) (inches) (pounds)
A A325 7/8 51/2 57,600
B A325 7/8 5 3/4 56,800
C A325 7/8 6 3/4 64,900

Table 3-28: Direct Shear Results (Yura and Frank 1981)

Average Ultimate
Shear Strength
Bolt Bolt Bolt (pounds)
Lot Grade Diameter Length Threads | Threads Not
(inches) (inches) Excluded Excluded
A A325 7/8 51/2 46,000 37,100
B A325 718 53/4 45,300 36,100
C A325 718 6 3/4 49,600 41,800
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It was concluded that “the average ratio of ultimate shear stress on the gross area to the ultimate
direct tensile strength on the tensile stress area is 0.60...” (Yura and Frank 1981).

3.5 Summary of Tension Tests

A review of the literature has shown that the actual direct tensile strength of production fasteners
exceeds the minimum requirements of the code considerably (Kulak et al. 2001). The average
actual tensile strength is 18% higher than required for A325 bolts up to 1-inch in diameter with a
coefficient of variation equal to 4.5% (Kulak et al. 2001). The load versus elongation
relationship and the frequency distribution is shown in Figure 3-12 (Kulak et al. 2001) for A325
bolts, where the average tensile strength is given by T,. This plot of load versus elongation is for
a bolt with average strength since T/T, equals 1.0. Also shown in this figure is Ty/Tspec Which is
the average tensile strength divided by the required strength. The minimum required strength is
located 18 divided by 4.5 or 4 standard deviations from the mean as shown in Figure 3-13
(partial from Kulak et al. 2001). From standard normal probabilities with the number of standard
deviations below the mean equal to 4, the probability of a bolt being below the required strength
is 0.00003. This means that 3 bolts out of every 100,000 will be below the minimum required
strength. For A325 bolts greater than 1-inch in diameter the actual direct tensile strength exceeds

the minimum required strength by an even larger percentage.
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Figure 3-12: Load versus Elongation & Frequency Distribution for A325 Bolts (Kulak et al. 2001)
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Figure 3-13: Distribution of A325 Bolts (partial from Kulak et al. 2001)

Similarly, direct tension tests on A490 bolts shows the average actual strength is 10% higher
than the minimum required value, with a coefficient of variation of 3.5% (Kulak et al. 2001).
Figure 3-14 (Kulak et al. 2001) shows the load versus elongation relationship and the frequency
distribution for A490 bolts. The minimum required strength is located 10 divided by 3.5 or
2.857 standard deviations from the mean as shown in Figure 3-15 (partial from Kulak et al.
2001). The probability of a bolt being below the required strength as determined from standard
normal probabilities is 0.0021. This means that 2 A490 bolts out of every 1,000, or 1 A490 bolt
out of every 500, will be below the minimum required strength. The A490 bolts exceed the
minimum tensile strength by a smaller percentage when compared to A325 bolts “because
specifications require the actual strength of A490 bolts to be within the range of 150 to 170 ksi®,

whereas for A325 only a minimum strength is specified” (Kulak et al. 2001).

® ASTM A490-04a states 173 ksi whereas RCSC states 170 ksi maximum tensile strength for A490 bolts.
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Figure 3-14: Load versus Elongation & Frequency Distribution for A490 Bolts (Kulak et al. 2001)
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Figure 3-15: Distribution of A490 Bolts (partial from Kulak et al. 2001)

3.6 Summary of Shear Tests

Subjecting bolts to shear, induced by plates in either compression or tension, results in shear
versus deformation relationships (Kulak et al. 2001). Figure 3-16 (Kulak et al. 2001) shows a
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typical load versus deformation from shear tests on A325 and A490 bolts. An A490 bolt has a
higher shear strength and a smaller deformation compared to an A325 bolt, which is to be

expected due to the increased tensile strength of A490 bolts.
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Figure 3-16: Typical Shear Load versus Deformation (Kulak et al. 2001)

A bolt can be tested in shear in a fixture subjected to either tension or compression, which may
influence the shear strength (Kulak et al. 2001). Bolts from the same lot were tested in a
compression and a tension jig to compare their strength and deformation capacity. The load
versus deformation for the two types of jigs used is shown in Figure 3-17 (Kulak et al. 2001). It
was shown that the shear strength of bolts tested in an A440 tension jig was six to thirteen
percent lower than if the same lot was tested in an A440 compression jig (Kulak et al. 2001).
Similarly, when bolts were tested in a constructional alloy steel tension jig the shear strength was
eight to thirteen percent lower than when the bolts were tested in a constructional alloy steel
compression jig (Kulak et al. 2001). It should be noted that these conclusions were based on
bolts being tested in double shear. Based on the bolts tested in a tension jig, the shear strength of
a single bolt is approximately 62 percent of the bolt’s tensile strength, regardless of the grade
(Kulak et al. 2001). This can be seen in Figure 3-18 (Kulak et al. 2001) which plots the tensile
strength versus the shear strength. Likewise, the bolts tested in a compression jig result in a
shear strength of approximately 68 percent of the tensile strength (Kulak et al. 2001). The
phenomenon known as lap plate prying, which “tends to bend the lap plates of the tension jig

outward” (Kulak et al. 2001), causes a lower shear strength of bolts. Given that bolts tested in a
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tension jig result in a lower shear strength, a tension jig is recommended because it produces a

lower bound shear strength and the most consistent test results (Kulak et al. 2001).
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Figure 3-17: Shear Load versus Deformation for Compression and Tension Jig (Kulak et al. 2001)
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3.7 Resistance Factors Based on Literature

Based on the literature summarized in Sections 3.1 through 3.4, resistance factors were
calculated. Table 3-29 tabulates the total number of bolts tested, as reported in literature, which
were previously discussed in Sections 3.1 through 3.4. Based on Figure 2-31 and Section 2.4.1,
resistance factors were calculated in five different levels of detail from the bolts reported in
literature. Method 1, based on equation (2-8), was used when calculating resistance factors as

well as Method 2, which is based on equation (2-9).
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Figure 3-18: Shear Load versus Tensile Strength (Kulak et al. 2001)

Table 3-29: Number of Bolts Tested from Literature

Tension Shear - X Shear - N
Diameter
(inches) A325 F1852 A490 F2280 A325 A490 A325 A490
3/4 116 60 20 - 23 2 3 2
7/8 242 + 20 93 + 14 9 - 3 -
1 38 + 12 29 + 13 10 - - -
11/8 10 + - 1+ - - - - -
Total 406 + 92 143 + 27 42 2 6 2
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Enough information was published in the literature to calculate Method 1 resistance factors.
However some assumptions needed to be made to calculate the resistance factors based on
Method 2, which depends on the cross-sectional geometry, material strength, and professional
factor. Since the shank diameters were not published, the bias coefficient and the coefficient of
variation for the cross-sectional geometry and the professional factor could not be calculated

based on the equations in Section 2.4.1.5.

For the tension tests summarized in Sections 3.1, 3.2, and 3.4 resistance factors were calculated
using Method 2 after a few assumptions were made. The bias coefficients for the cross-sectional

geometry (p,) and the professional factor (o, ) where assumed to equal 1.0 since the measured

shank diameters were not provided. The coefficient of variation for the cross-sectional geometry

(V) and the professional factor (V) were assumed to equal 0.05 and 0, respectively, according

to Fisher et al. (1978). The bias coefficient and the coefficient of variation for the material
strength were calculated based on equations (2-40) through
(2-42).

Resistance factors for shear could not be calculated based on Method 2 due to the lack of
published information. Based on the equations from Section 2.4.1.5.2 the bias coefficient for the

material strength ( p,, ) is based on the same lot of bolts being tested in direct tension. Since this

information was not published it could not be calculated. Thus the shear data from Sections 3.1,

3.3, and 3.4 had resistance factors calculated based on Method 1A only.

Resistance factors were calculated with a reliability index equal to 4.5 and 4.0 and with an
adjustment factor based on a live-to-dead load ratio of 1.0 and 3.0. Sections 3.7.1 and 3.7.2
contain resistance factors with a reliability index equal to 4.5 and an adjustment factor based on a
live-to-dead load ratio of 1.0 and 3.0, respectively. Resistance factors based on a reliability
index equal to 4.0 and an adjustment factor based on a live-to-dead load ratio of 1.0 and 3.0,
respectively, are tabulated in Sections 3.7.3 and 3.7.4. Section 3.7.5 summarizes Sections 3.7.1
through 3.7.4 and makes a recommendation based on the data obtained from the literature which

was previously discussed in Sections 3.1 through 3.4.

93



Chapter 3 — Literature Review

3.7.1 Resistance Factors with a Reliability Index Equal to 4.5 & an Adjustment Factor Based
onal/D=1.0

Tables 3-30 through 3-39 contain resistance factors based on a reliability index equal to 4.5 and
an adjustment factor based on a live-to-dead load ratio of 1. Tables 3-30 through 3-33 show the
resistance factors calculated from bolts in tension, whereas Tables 3-34 through
3-38 show the resistance factors calculated from bolts in shear. Tables 3-30, 3-34 and 3-35 show
the resistance factors calculated based on the diameter and grade of the bolts in tension, shear
excluded, and shear not excluded, respectively (Level V). The tension and shear resistance
factors based on the grade of the bolts are summarized in Tables 3-31 and 3-36, respectively
(Level 1V). The resistance factors based on the strength of the bolts (Level Il1) are shown in
Tables 3-32 and 3-37 for tension and shear, respectively. Tables 3-33 and 3-38 are the resistance
factors calculated from all of the data regardless of the bolt diameter or grade for tension and
shear, respectively (Level 11). The resistance factors from all tension and shear data (Level 1) are
shown in Table 3-39.
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Table 3-30: Resistance Factors — Tension — Level V- #=4.5-L/D=1.0

Method Method Method
Diameter Grade 1A 1B 2A & 2B
(inches) (0.75A¢) (At

A325 0.844 0.836 0.801

3/4 F1852 0.907 0.899 0.860
A490 0.832 0.824 0.784

A325 0.764 0.746 0.718

F1852 0.974 0.952 0.901

7/8

A490 0.870 0.849 0.804

F2280 0.911 0.890 0.850

A325 0.826 0.803 0.754

F1852 1.062 1.033 0.943

1

A490 0.934 0.908 0.839

F2280 0.986 0.959 0.884

A325 0.719 0.702 0.682

11/8

A490 0.933 0.911 0.805

Minimum 0.719 0.702 0.682

Maximum 1.062 1.033 0.943
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Table 3-31: Resistance Factors — Tension — Level IV - f=4.5-L/D=1.0

Method Method Method
Grade 1A 1B 2A & 2B
(0.75Ag) (Actr)
A325 0.775 0.754 0.728
F1852 0.932 0.922 0.879
A490 0.873 0.857 0.808
F2280 0.947 0.922 0.870
Minimum 0.775 0.754 0.728
Maximum 0.947 0.922 0.879

Table 3-32: Resistance Factors — Tension — Level III - f=4.5-L/D =1.0

Method Method Method
Strength 1A 1B 2A & 2B
(0.75A¢) (Agtp)
120 ksi
(A325/F1852) 0.770 0.750 0.726
150 ksi
(A490/F2280) 0.867 0.851 0.807
Minimum 0.770 0.750 0.726
Maximum 0.867 0.851 0.807

Table 3-33: Resistance Factors — Tension — Level Il - f=4.5-L/D =1.0

Method Method Method
1A 1B 2A & 2B
(0.75Ag) (At
0.790 0.770 0.744
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Table 3-34: Resistance Factors — Shear Excluded — Level V- =4.5-L/D=1.0

. Method
Diameter Grade 1A
A325 0.852
3/4

A490 0.912
7/8 A325 0.841
1 A325 0.802
Minimum 0.802
Maximum 0.912

Table 3-35: Resistance Factors — Shear Not Excluded — Level V- f=4.5-L/D=1.0

. Method
Diameter Grade 1A

A325 0.862

3/4
A490 0.972
718 A325 0.762
Minimum 0.762
Maximum 0.972
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Table 3-36: Resistance Factors — Shear — Level IV - f=4.5-L/D =1.0

Method 1A
Grade
Excluded Not Excluded
A325 0.823 0.757
A490 0.912 0.972
Minimum 0.823 0.757
Maximum 0.912 0.972

Table 3-37: Resistance Factors — Shear — Level III - f=4.5-L/D=1.0

Method 1A
Grade
Excluded Not Excluded
A325 0.823 0.757
A490 0.912 0.972
Minimum 0.823 0.757
Maximum 0.912 0.972

Table 3-38: Resistance Factors — Shear — Level Il - f=4.5-L/D=1.0

Method 1A

Excluded

Not Excluded

0.822

0.775

0.815
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Table 3-39: Resistance Factors — Level | - f=4.5-L/D=1.0

Tension 1A Tension 1B
Shear 1A Shear 1A
0.794 0.778

3.7.2 Resistance Factors with a Reliability Index Equal to 4.5 & an Adjustment Factor Based
onal/D=3.0

Resistance factors based on a reliability index equal to 4.5 and an adjustment factor based on a
live-to-dead load ratio of 3 are shown in Tables 3-40 through 3-49. The resistance factors
calculated from the bolts in tension are shown in Tables 3-40 through 3-43, whereas Tables 3-44
through 3-48 show the resistance factors calculated from the bolts in shear. Tables 3-40, 3-44
and 3-45 contain the resistance factors calculated based on the diameter and grade of the bolts
(Level V) in tension, shear excluded, and shear not excluded, respectively. The tension and
shear resistance factors based on the grade of the bolts (Level V) are summarized in Tables 3-41
and 3-46, respectively. The resistance factors based on the strength of the bolts (Level I11) are
shown in Tables 3-42 and 3-47 for tension and shear, respectively. Tables 3-43 and 3-48 are the
resistance factors calculated from all of the data regardless of the bolt diameter or grade for
tension and shear, respectively (Level I1). The resistance factors from all tension and shear data

(Level I) are shown in Table 3-49.
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Table 3-40: Resistance Factors — Tension — Level V- #=4.5-L/D =3.0

Method Method Method
Diameter Grade 1A 1B 2A & 2B
(inches) (0.75A¢) (At

A325 0.827 0.819 0.785

3/4 F1852 0.889 0.881 0.843
A490 0.815 0.808 0.768

A325 0.748 0.731 0.704

F1852 0.955 0.933 0.883

7/8

A490 0.852 0.832 0.788

F2280 0.893 0.872 0.833

A325 0.809 0.787 0.739

F1852 1.041 1.012 0.924

1

A490 0.915 0.890 0.822

F2280 0.966 0.940 0.867

A325 0.705 0.688 0.668

11/8

A490 0.914 0.893 0.789

Minimum 0.705 0.688 0.668

Maximum 1.041 1.012 0.924

100



Chapter 3 — Literature Review

Table 3-41: Resistance Factors — Tension — Level IV — f=4.5-L/D =3.0

Method Method Method
Grade 1A 1B 2A & 2B
(0.75A¢) (Agtp)
A325 0.760 0.739 0.714
F1852 0.913 0.904 0.861
A490 0.856 0.840 0.792
F2280 0.929 0.904 0.852
Minimum 0.760 0.739 0.714
Maximum 0.929 0.904 0.861

Table 3-42: Resistance Factors — Tension — Level IIl - f=4.5-L/D =3.0

Method Method Method
Strength 1A 1B 2A & 2B
(0.75Ag) (Aur)
120 ksi
(A325/F1852) 0.755 0.735 0.712
150 ksi
(A490/F2280) 0.850 0.834 0.791
Minimum 0.755 0.735 0.712
Maximum 0.850 0.834 0.791

Table 3-43: Resistance Factors — Tension — Level Il - f=4.5-L/D =3.0

Method Method Method
1A 1B 2A & 2B
(0.75A¢) (Aepp)
0.774 0.755 0.729
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Table 3-44: Resistance Factors — Shear Excluded — Level V- f=4.5-L/D =3.0

. Method
Diameter Grade 1A
A325 0.835
3/4

A490 0.894
7/8 A325 0.824
1 A325 0.786
Minimum 0.786
Maximum 0.894

Table 3-45: Resistance Factors — Shear Not Excluded — Level V- f=4.5-L/D=3.0

. Method
Diameter Grade 1A

A325 0.845

3/4
A490 0.953
718 A325 0.747
Minimum 0.747
Maximum 0.953
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Table 3-46: Resistance Factors — Shear — Level IV — f=4.5-L/D =3.0

Method 1A
Grade
Excluded Not Excluded
A325 0.806 0.742
A490 0.894 0.953
Minimum 0.806 0.742
Maximum 0.894 0.953

Table 3-47: Resistance Factors — Shear — Level IIl - f=4.5-L/D =3.0

Method 1A
Grade
Excluded Not Excluded
A325 0.806 0.742
A490 0.894 0.953
Minimum 0.806 0.742
Maximum 0.894 0.953

Table 3-48: Resistance Factors — Shear — Level II - #=4.5-L/D =3.0

Method 1A

Excluded

Not Excluded

0.806

0.760

0.799
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Table 3-49: Resistance Factors — Level I - f=4.5-L/D =3.0

Tension 1A Tension 1B
Shear 1A Shear 1A
0.778 0.762

3.7.3 Resistance Factors with a Reliability Index Equal to 4.0 & an Adjustment Factor Based
onal/D=1.0

Tables 3-50 through 3-59 contain resistance factors based on a reliability index equal to 4.0 and
an adjustment factor based on a live-to-dead load ratio of 1. Tables 3-50 through 3-53 show the
resistance factors calculated from bolts in tension, whereas Tables 3-54 through
3-58 show the resistance factors calculated from bolts in shear. Tables 3-50, 3-54, and 3-55
show the resistance factors calculated based on the diameter and grade of the bolts in tension,
shear with the threads excluded from the shear plane and shear with the threads not excluded
from the shear plane, respectively (Level V). The tension and shear resistance factors based on
the grade of the bolts are summarized in Tables 3-51 and 3-56, respectively (Level 1V). The
resistance factors based on the strength of the bolts (Level I11) are shown in Tables 3-52 and 3-57
for tension and shear, respectively. Tables 3-53 and 3-58 are the resistance factors calculated
from all of the data regardless of the bolt diameter and grade for tension and shear, respectively
(Level I1). Table 3-59 shows the resistance factor calculated based on all tension and shear data
(Level I).
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Table 3-50: Resistance Factors — Tension — Level V- #=4.0-L/D =1.0

Method Method Method
Diameter Grade 1A 1B 2A & 2B
(inches) (0.75A¢) (At

A325 0.897 0.888 0.855

3/4 F1852 0.964 0.955 0.919
A490 0.881 0.873 0.835

A325 0.814 0.795 0.769

F1852 1.031 1.007 0.959

7/8

A490 0.919 0.898 0.855

F2280 0.967 0.944 0.907

A325 0.872 0.847 0.802

F1852 1.114 1.083 0.999

1

A490 0.982 0.954 0.890

F2280 1.036 1.008 0.937

A325 0.772 0.754 0.734

11/8

A490 0.975 0.952 0.853

Minimum 0.772 0.754 0.734

Maximum 1.114 1.083 0.999

105



Chapter 3 — Literature Review

Table 3-51: Resistance Factors — Tension — Level IV - f=4.0-L/D=1.0

Method Method Method
Grade 1A 1B 2A & 2B
(0.75Ag) (Aur)

A325 0.827 0.805 0.781
F1852 0.989 0.978 0.937
A490 0.923 0.905 0.859
F2280 1.001 0.974 0.925
Minimum 0.827 0.805 0.781
Maximum 1.001 0.978 0.937

Table 3-52: Resistance Factors — Tension — Level III - 5=4.0—-L/D =1.0

Method Method Method
Strength 1A 1B 2A & 2B
(0.75A¢) (Autp)
120 ksi
(A325/F1852) 0.824 0.803 0.781
150 ksi
(A490/F2280) 0.918 0.901 0.859
Minimum 0.824 0.803 0.781
Maximum 0.918 0.901 0.859

Table 3-53: Resistance Factors — Tension — Level Il - f=4.0 - L/D =1.0

Method Method Method
1A 1B 2A & 2B
(0.75Ag) (Aer)
0.843 0.823 0.798

106




Chapter 3 — Literature Review

Table 3-54: Resistance Factors — Shear Excluded — Level V- =4.0-L/D=1.0

. Method
Diameter Grade 1A
A325 0.904
3/4

A490 0.952
7/8 A325 0.893
1 A325 0.850
Minimum 0.850
Maximum 0.952

Table 3-55: Resistance Factors — Shear Not Excluded — Level V- f=4.0-L/D=1.0

. Method
Diameter Grade 1A

A325 0.901

3/4
A490 1.016
718 A325 0.814
Minimum 0.814
Maximum 1.016
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Table 3-56: Resistance Factors — Shear — Level IV - =4.0-L/D =1.0

Method 1A
Grade
Excluded Not Excluded
A325 0.874 0.807
A490 0.952 1.016
Minimum 0.874 0.807
Maximum 0.952 1.016

Table 3-57: Resistance Factors — Shear — Level III - f=4.0—-L/D =1.0

Method 1A
Grade
Excluded Not Excluded
A325 0.874 0.807
A490 0.952 1.016
Minimum 0.874 0.807
Maximum 0.952 1.016

Table 3-58: Resistance Factors — Shear — Level Il - f=4.0 - L/D =1.0

Method 1A

Excluded

Not Excluded

0.874

0.826

0.867
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Table 3-59: Resistance Factors — Level | - /=4.0-L/D=1.0

Tension 1A Tension 1B
Shear 1A Shear 1A
0.847 0.830

3.7.4 Resistance Factors with a Reliability Index Equal to 4.0 & an Adjustment Factor Based
onal/D=3.0

Resistance factors based on a reliability index equal to 4.0 and an adjustment factor based on a
live-to-dead load ratio of 3 are shown in Tables 3-60 through 3-69. The resistance factors
calculated from bolts in tension are shown in Tables 3-60 through 3-63, whereas Tables 3-64
through 3-68 show the resistance factors calculated from bolts in shear. Tables 3-60, 3-64 and 3-
65 contain the resistance factors calculated based on the diameter and grade of the bolts (Level
V) in tension, shear excluded, and shear not excluded, respectively. The tension and shear
resistance factors based on the grade of the bolts (Level 1V) are summarized in Tables 3-61 and
3-66, respectively. The resistance factors based on the strength of the bolts (Level I11) are shown
in Tables 3-62 and 3-67 for tension and shear, respectively. Tables 3-63 and 3-68 are the
resistance factors calculated from all of the data regardless of the bolt diameter and grade for
tension and shear, respectively (Level I1). The resistance factors from all tension and shear data

(Level I) are shown in Table 3-69.
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Table 3-60: Resistance Factors — Tension — Level V- #=4.0 - L/D =3.0

Method Method Method
Diameter Grade 1A 1B 2A & 2B
(inches) (0.75A¢) (At

A325 0.884 0.876 0.843

3/4 F1852 0.950 0.942 0.906
A490 0.869 0.861 0.823

A325 0.803 0.784 0.758

F1852 1.016 0.992 0.946

7/8

A490 0.906 0.885 0.843

F2280 0.953 0.931 0.894

A325 0.859 0.835 0.790

F1852 1.098 1.068 0.985

1

A490 0.968 0.941 0.877

F2280 1.022 0.993 0.924

A325 0.761 0.743 0.724

11/8

A490 0.961 0.938 0.841

Minimum 0.761 0.743 0.724

Maximum 1.098 1.068 0.985
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Table 3-61: Resistance Factors — Tension — Level IV — f=4.0 - L/D =3.0

Method Method Method
Grade 1A 1B 2A & 2B
(0.75A¢) (Agtp)
A325 0.815 0.794 0.770
F1852 0.975 0.964 0.923
A490 0.910 0.892 0.847
F2280 0.987 0.960 0.912
Minimum 0.815 0.794 0.770
Maximum 0.987 0.964 0.923

Table 3-62: Resistance Factors — Tension — Level III - 5=4.0 - L/D =3.0

Method Method Method
Strength 1A 1B 2A & 2B
(0.75A¢) (Autp)
120 ksi
(A325/F1852) 0.812 0.792 0.770
150 ksi
(A490/F2280) 0.905 0.888 0.847
Minimum 0.812 0.792 0.770
Maximum 0.905 0.888 0.847

Table 3-63: Resistance Factors — Tension — Level Il - f=4.0 - L/D = 3.0

Method Method Method
1A 1B 2A & 2B
(0.75A¢) (Aepp)
0.831 0.811 0.787
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Table 3-64: Resistance Factors — Shear Excluded — Level V- =4.0—-L/D =3.0

. Method
Diameter Grade 1A
A325 0.891
3/4

A490 0.939
7/8 A325 0.880
1 A325 0.838
Minimum 0.838
Maximum 0.939

Table 3-65: Resistance Factors — Shear Not Excluded — Level V — #=4.0 - L/D =3.0

Diameter Grade Miiwd
A325 0.888
3/4
A490 1.001
718 A325 0.802
Minimum 0.802
Maximum 1.001
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Table 3-66: Resistance Factors — Shear — Level IV — f=4.0 - L/D = 3.0

Method 1A
Grade
Excluded Not Excluded
A325 0.862 0.796
A490 0.939 1.001
Minimum 0.862 0.796
Maximum 0.939 1.001

Table 3-67: Resistance Factors — Shear — Level III - f=4.0 - L/D = 3.0

Method 1A
Grade
Excluded Not Excluded
A325 0.862 0.796
A490 0.939 1.001
Minimum 0.862 0.796
Maximum 0.939 1.001

Table 3-68: Resistance Factors — Shear — Level Il - f=4.0 - L/D =3.0

Method 1A

Excluded

Not Excluded

0.861

0.814

0.855
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Table 3-69: Resistance Factors — Level I - f=4.0 - L/D =3.0

Tension 1A Tension 1B
Shear 1A Shear 1A
0.835 0.818

3.7.5 Conclusions

Resistance factors were calculated from the published tension and shear tests. As shown in
Table 3-29, there were limited shear tests so a resistance factor based on the shear literature
maybe not be statistically valid. There were ample tension results but most of the tests were
performed around the 1960s and the bolts tested were specified to have ASTM minimum

strength.

Tables 3-70, 3-71, and 3-72 summarize the resistance factors from Sections 3.7.1 through 3.7.4
for Level 1lI, Level Il, and Level I, respectively. Based on Table 3-72 (Level 1), a resistance
factor of 0.762 and 0.818, at a minimum, was calculated for a reliability index, g, equal to 4.5
and 4.0, respectively, with an adjustment factor based on a live-to-dead load ratio of 3. These
minimum values were based on Method 1B for tension and 1A for shear. Method 1B for tension
assumes the threaded area equals an effective area calculated from the average of the mean root
and pitch diameters. However, the AISC Specification does not use this effective area but
applies an approximation of 75% of the shank cross-sectional area for common size structural
bolts. Therefore the resistance factor calculated from Method 1A for tension should be
considered, which uses the approximate area as specified by AISC. For a reliability index, £,
equal to 4.5 and 4.0, still based on a live-to-dead load ratio of three, a resistance factor of 0.778
and 0.835, respectively, was calculated based on Method 1A for tension and shear, as can be
seen from Table 3-72. The current resistance factor specified in AISC is 0.75 for tension and
shear, which is based on a reliability index of 4.5 and a live-to-dead load ratio of 3. However,
the current AISC Specification’s Commentary states that a reliability index of 4.0 can be utilized.
Thus a resistance factor of 0.80 can be recommended based on the tension and shear literature

which was summarized in Sections 3.1 through 3.4 with a reliability index, 5, equal to 4.0 and a
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live-to-dead load ratio of three. Fisher et al. (1978) also recommended a resistance factor of 0.80

for high-strength bolts in tension and shear.

Table 3-70: Summary Literature Resistance Factors — Level 111

120 ksi 150 ksi
(A325/F1852) (A490/F2280)
B=4.0 =45 B=4.0 =45
LDP=10 | L/DP=30 | LD=10 | L/D=30 | L/D=10 | L/P=30 | LD=10 | LD=3.0
Method
1A 0.824 0.812 0.770 0.755 0.918 0.905 0.867 0.850
(0.75Ag)
Method
Tension 1B 0.803 0.792 0.750 0.735 0.901 0.888 0.851 0.834
(Aetr)
Method
24 & 2B 0.781 0.770 0.726 0.712 0.859 0.847 0.807 0.791
Shear Method
Excluded A 0.874 0.862 0.823 0.806 0.952 0.939 0.912 0.894
Shear Method
Not Excluded A 0.807 0.796 0.757 0.742 1.016 1.001 0.972 0.953
Table 3-71: Summary Literature Resistance Factors — Level 11
p=4.0 =45
L/D=1.0 L/D=3.0 L/D=1.0 L/D=3.0
Method
1A 0.843 0.831 0.790 0.774
(0.75A¢)
Method
Tension 1B 0.823 0.811 0.770 0.755
(Aeff)
Method
2A & 2B 0.798 0.787 0.744 0.729
Shear Method
Excluded 1A 0.874 0.861 0.822 0.806
Shear Method
Not Excluded 1A 0.826 0.814 0.775 0.760
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Table 3-72: Summary Literature Resistance Factors — Level I

B=4.0 p=4.5
L/D=1.0 L/D=3.0 L/D=1.0 L/D=3.0
Tension 1A
Shear 1A 0.847 0.835 0.794 0.778
Tension 1B
Shear 1A 0.830 0.818 0.778 0.762
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CHAPTER 4

TEST METHODS

To reevaluate the current resistance factor for tension and shear, fastener testing has been
performed. The bolt testing consists of loading A325, F1852, A490, and F2280 bolts in direct
tension and shear with both the threads excluded and not excluded from the shear plane.

This chapter describes the test methods. First the specifications for testing steel, especially
fasteners, based on ASTM specifications, are discussed. A description of the equipment used to
test in tension and shear follows. Lastly, this chapter includes the procedure used to test the bolts

in tension and shear with the threads excluded and not excluded from the shear plane.

4.1 ASTM Specifications

The standards for testing metallic materials in tension are given by ASTM E8-04. There are
certain exceptions when testing steel that are covered in ASTM A370-05 that are not discussed
in ASTM E8-04. The standard test methods for the tensile and shear strengths of fasteners are
given by ASTM F606-05.

4.1.1 Speed of Testing

According to ASTM E8-04, the speed of testing can be specified in a few different terms. The
speed of testing can be defined by (1) the crosshead movement of the testing machine when there
is no load, in inches per inch of length of reduced section per minutes, (2) the time to complete
part or all of the test, in minutes or seconds, (3) rate of straining of the fastener, in inches per
inch per minute, (4) rate of stressing of the bolt, in pounds per square inch per minute, and (5)
rate of separation of the heads during a test, in inches per inch of length of reduced section per
minute (ASTM E8-04). The speed of testing must be slow enough that the forces and strains are
accurately indicated (ASTM E8-04; ASTM A370-05). Expecting the bolts to elongate more than
five percent, the speed of testing shall be between 0.05 and 0.5 inch per inch of the length of
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reduced section per minute when determining tensile strength (ASTM E8-04; ASTM A370-05).
The crosshead speed is limited to 1 inch per minute according to F606-05.

According to F606-05, the speed of testing shall be between 0.25 inch/minute and 0.5

inch/minute when testing a bolt in shear.

4.1.2 Tension Testing

Bolts are preferred to be tested full size instead of as machined test specimens (ASTM A370-05;
ASTM F606-05). The following ASTM testing methods, from ASTM A370-05 and/or ASTM
F606-05, apply to bolts with a minimum length of three times the nominal bolt diameter. The
bolts to be tested in tension are tested in a holder with a load axially applied between the bolt
head and a nut or a suitable fixture. To guarantee the full tensile strength of the bolt, it must
have sufficient thread engagement in either the nut or the fixture. The nut or fixture must be
assembled on the fastener leaving four complete threads exposed, or unengaged, between the
grips for a heavy hex structural bolt, as can be seen in Figure 4-1 (ASTM F606-05). To obtain
four complete threads unengaged, the nut or fixture must be screwed onto the fastener until the
thread runout and then unscrewed four full turns (ASTM F606-05).

|
] e
11
i

4 exposed threads

Figure 4-1: Tension Testing of Full-Size Structural Bolts (ASTM F606-05)
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Tension tests are performed using a wedge washer. The purpose of using a wedge washer is to
obtain the tensile strength while demonstrating the quality of the bolt head and the ductility of
the fastener while an eccentric tensile load is applied. The wedge washer according to ASTM
F606 can be seen in Figure 4-2 (ASTM F606-05; ASTM A370-05). The wedge washer should
have a minimum Rockwell Hardness C Scale (HRC) of 45 (ASTM F606-05). The reference
thickness, T (the thickness at the thin side of the hole) in Figure 4-2 (ASTM F606-05; ASTM
A370-05), shall be a minimum of one half the nominal bolt diameter (ASTM F606-05). For bolt
diameters between 1/4-inch and 1-inch the wedge shall have an angle, W in Figure 4-2 (ASTM
F606-05; ASTM A370-05), of ten degrees (ASTM F606-05). A wedge washer with an angle,
W, of six degrees should be used for bolt diameters larger than 1-inch (ASTM F606-05). Table
4-1 (ASTM F606-05) provides the hole clearance, c, in Figure 4-2 (ASTM F606-05; ASTM
A370-05), in the wedge washer over the nominal size of the bolt and the required radius of the
top and bottom edges of the hole, R, in Figure 4-2 (ASTM F606-05; ASTM A370-05). The
minimum outside dimension of the wedge washer shall be such that no corner of the hexagonal
bolt head is loaded (ASTM F606-05).

e

T 1
1 1
i i
S
t—d—‘n

f——d#C —]

Figure 4-2: Wedge Washer (ASTM F606-05; ASTM A370-05)
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Table 4-1: Wedge Washer (ASTM F606-05)

Nominal Bolt Size Cleara_mce in Hole Radius on_Corners of Hole
(inches) (inches)

1/4" to 1/2" 0.030 0.030
9/16" to 3/4" 0.050 0.060
7/8"to 1" 0.060 0.060
1-1/8" to 1-1/4" 0.060 0.125
1-3/8" to 1-1/2" 0.094 0.125
1-3/4" to 2" 0.094 0.225
2-1/4" to 3" 0.125 0.256

The bolt head should be positioned on the wedge washer to ensure that during testing no corner
of the hexagonal head is in bearing. This means that a side of the hexagonal head (not a corner)
should be aligned with the direction of the uniform thickness of the wedge washer, as shown in

Figure 4-3.

Figure 4-3: Improper and Proper Installation of a Wedge Washer
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The structural bolt shall be tested in tension until fracture. The fracture must occur in the body
or threaded section of the bolt and not at the connection between the shank and the head.

4.1.3 Shear Testing

Shear testing is performed to determine the failure load when a transverse load is applied along
the axis of the bolt. ASTM F606-05 provides the test methods for single shear testing. The
shear test may be performed in either a tension or compression single shear fixture. Hardened
steel of sufficient thickness shall be used for the shear fixture to prevent bearing failure (ASTM
F606-05). The hole for the bolt should be 1/16-inch larger than the nominal diameter of the
fastener. A chamfer of 0.010 inch should be provided on the holes to eliminate the sharp edges.
A suitable shear fixture or a nut on the test bolt finger tight shall be used to prevent the shear
fixture from separating during testing. An example of a shear fixture to be used in tension is
shown in Figure 4-4 (ASTM F606-05).

Test Balt

|
Al

Open Jig T'est Bolt Assembled

Open Jig Test Bolt Assembled
Figure 4-4: Shear Fixture Example (Tension Type) (ASTM F606-05)

A testing machine that is capable of applying load at a controllable rate shall be used when

testing a bolt in shear. To ensure the load will be transmitted in a straight line transversely
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through the bolt, care shall be taken when installing the fastener. The load shall be applied to the

bolt until fracture occurs.

4.2 Equipment

Besides the testing machine, other equipment was used when testing the bolts in tension and
shear. Data was collected so the fasteners’ stiffness and ductility could be evaluated. This was
done by instrumenting the bolts to obtain a plot of force versus elongation, which is more
significant than a stress versus strain diagram of the bolt metal. In tension, the force versus
elongation plot depicts more of the bolts characteristics since the behavior of a fastener is

governed by its threaded part when subjected to an axial load (Kulak et al. 2001).

4.2.1 Testing Machine and Data Acquisition System

The tension and shear testing were carried out using a 400-kip Tinius-Olsen Closed-Loop 400
Super L Hydraulic Universal Testing Machine in displacement control. The crosshead
displacement was different for tension and shear testing. The Tinius-Olsen can be seen in Figure
4-5.

TS G OLSEN

~ P - "
Figure 4-5: Tinius-Olsen Universal Testing Machine
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Data was recorded using an OPTIM Electronics MEGADAC 3415AC data acquisition system
with Optim’s DOS-based Test Control Software (TCS) for Windows Version 3.2 (2000). The
OPTIM and laptop running TCS can be seen in Figure 4-6. The OPTIM employs a 16-bit ADC
3016 analog to digital converter. The ADC 3016 allows a post gain to be applied to the input
channels, which is software selected on a channel by channel basis. The data acquisition system
recorded at a rate of twenty scans per second. Load and crosshead displacement were outputted

via a proportional voltage signal from the Tinius-Olsen controller to the Optim data system.

I 4

Figure 4-6: OPTIM Electronics MEGADAC with Laptop

4.2.2 Tension Testing Equipment

As described in Section 4.1, tension testing requires a holder, wedge washer, and nut or suitable
fixture. The Tinius-Olsen has two different slotted bolt holders for tension testing depending on
the bolt size. For bolts 1-inch in diameter and less, a small slotted bolt holder was used, which is
capable of handling a maximum load of 125 Kips. For Dbolts larger than
1-inch in diameter a larger slotted bolt holder was used which can hold up to 300 kips. The
small and large tension slotted bolt holders are shown in Figure 4-7. The wedge washers, Figure
4-8, for each bolt size fit into the corresponding holder. Lastly a fixture, for each bolt size, was

used instead of a nut, as can be seen in Figure 4-9.
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.F.i.gure 4-9: Tension Fixture

The relative crosshead displacement was monitored by using independent Linear Variable
Differential Transformers (LVDTs). The reason for using LVDTs was to eliminate the elastic
compliance of the Universal Testing Machine from the measured data. The tension set-up to

obtain the elongation/crosshead displacement used three LVDTS, as shown in Figure 4-10. The

124



Chapter 4 — Test Methods

two LVDTs resting on the steel fixture measured the displacement of the bottom bolt fixture
relative to the lower cross head. The data obtained from these two LVVDTs were averaged due to
the rotation of the bolt as a result of the wedge washer. The third LVDT was located in an
apparatus with a lever arm, as seen in Figure 4-11. For the first sixty-six lots of bolts tested in
tension, the end of the lever arm rested on the bolt head, as can be seen in Figure 4-12.
However, since the bolt head bends due to the wedge washer, the elongation of the bolt was
slightly incorrect. Instead of the force versus elongation curve being straight in the elastic range
it was slightly curved since the wedge washer bends the head of the bolt. For the remaining
tension tests the lever arm of the third LVDT rested on a small angle which was attached to the
tension fixture, as seen in Figure 4-13. This was a more successful way of measuring the
elongation of the tension bolts. The average displacement of the two LVVDTs was added to the

third LVDT displacement which resulted in the elongation of the fastener.
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Figure 4-11: Third LVDT for Tension Testing

Figure 4-12: Third LVDT’s Lever Arm on Bolt Head
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Figure 4-13: Angle with Third LVDT

4.2.3 Shear Testing Equipment

The shear strength of bolts tested in tension results in approximately 8% to 13% lower shear
strength when compared to bolts tested in a compression shear fixture (Kulak et al. 2001). This
is observed due to a “phenomenon that tends to bend the lap plates of the tension jig outward”
(Kulak et al. 2001), known as lap plate prying. Even though this phenomenon occurs, the
tension jig is preferred because it produces a conservative (lower) shear strength and has more
consistent test results when compared to the compression jig (Kulak et al. 2001). The shear tests

thus were performed in tension.

The shear tests were conducted according to ASTM F606-05 using a fabricated shear fixture as
shown in Figure 4-14 and Figure 4-15. Tolerances of +/- 0.010 inch were allowed unless
specified otherwise. Big and small inserts, to be described later, were used to accommodate the
six different bolt diameters. As required in ASTM F606-05, a 0.010 inch chamfer was provided
on the holes to eliminate sharp edges.
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Figure 4-14: Fabricated Shear Fixture

Figure 4-15: Shear Fixture

After testing a few bolts in shear a number of problems were encountered. Since the bolts are
harder than the steel used to test them, the material in the fixture experienced bearing
deformations. Heat-treating the shear inserts was investigated since this would increase the life
of the inserts. Since the goal was to test isolated fasteners, it was thought that heat-treated inserts
would provide a more conservative set of results (i.e. lower measured strengths with the
hardened inserts versus unhardened inserts). ASTM F606-05 states that the fixture shall be made
from hardened steel to prevent bearing failure, however, after consulting members of the RCSC
Advisory Panel, it was advised not to use heat-treated steel for the inserts because it was not a

realistic representation of a bolted connection.
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The solution to this problem was to use three sizes of big inserts, which accommodate small
inserts for each bolt size that was tested in shear. The three big inserts used can be seen in
Figures 4-16, 4-17, and 4-18. Figures 4-16, 4-17, and 4-18 also show big inserts after testing.
The small inserts eventually caused damage to the big inserts. The big inserts were made from
D2 tool steel to provide a longer life but their usage depended on the bolt size and grade of the
bolts being tested. D2 tool steel has a tensile strength of approximately 275 ksi, a yield strength
of approximately 215 ksi, and a Rockwell hardness of C56 (McMaster-Carr 2007). To make the
shear testing realistic, small inserts were made from 1045 steel, which has an average tensile
strength of 92 ksi, an average yield strength of 57 ksi, and an average Brinell Hardness of 185
(McMaster-Carr 2007). The small inserts were rotated after each tested bolt so a clean surface
without bearing deformations was used for each test. Due to the bearing failures, four hundred
small inserts were made to test the bolts in shear. A pair of small inserts normally lasted about
ten bolts before the hole became too deformed and new inserts needed to be used. A typical

insert before and after testing can be seen in Figure 4-109.

W
—
Mol—
=
|
|
|
l
N

=

w

i
!

N
Sose

129



Chapter 4 — Test Methods

Figure 4-18: Big Inserts for 1-1/8" and 1-1/4” Bolts

Figure 4-19: Typical Insert Before and After Testing

The phenomenon known as lap plate prying caused some problems with the big inserts. When
the shear fixtures separated the big inserts would rotate causing damage. To prevent the shear
fixtures from separating during testing four 3/4-inch steel pins were added to the shear fixture as
shown in Figures 4-20 and 4-21. According to Wallaert (1964), a modified tension jig which
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eliminates lap plate prying results in shear strengths of bolts closer to the shear strength of a bolt
tested in a compression jig.
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Figure 4-21: Modified Shear Fixture

The shear set-up used only two Linear Variable Differential Transformers (LVDTs). The reason
for using LVDTs was to eliminate the elastic compliance of the Universal Testing Machine from
the measured data. Figure 4-22 shows the shear set-up with two LVDTs, where they were

attached to the sides of the shear fixture and measured displacement.
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Figure 4-22: Shear Fixture Set-Up

4.3 Procedure

This section describes the process used to determine the speed of testing for tension and shear, as
well as the procedure for testing. The head of each bolt was punched with a letter and number to

distinguish the provenience and the lot number of the bolts.

4.3.1 Determining the Speed of Testing

43.1.1 Tension

To determine the speed of testing to be used in tension, two 3/4-inch diameter bolts,
3-3/4-inches long, of both A325 and A490 were tested at four different strain rates, varying from
0.01 inch/inch/minute to 0.25 inch/inch/minute. The load rate programmed into the Tinius-Olsen
Machine was determined by multiplying the strain rate by the length of the reduced section, or
the bolt length. After the numerous tests, it was determined that the strength of the bolt did not
depend greatly on the strain rate. Table 4-2 shows the results of the A325 and A490 bolts tested
at the four different strain rates. A constant strain rate of 0.15 inch/inch/minute was used for all
tension tests. This rate was chosen so that the crosshead speed for the longest bolts tested (five

inches) would not exceed 1 inch/minute.
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Table 4-2: Determining Load Rate for Tension

Tension Load
Strain Rate Load Rate (pounds)
(in/in/min) (in/min)
A325 A490
49,629 51,345
0.01 0.0375
49,914 52,415
49,899 52,520
0.05 0.1875
50,152 52,985
49,831 52,340
0.15 0.5625 50,307 52,704
- 52,952
49,791 51,968
0.25 0.9375
49,899 53,587
Average (pounds) 49,928 52,535
Standard Deviation (pounds) 212 642
Standard Deviation (percent) 0.42 1.22
43.1.2  Shear

The two extreme load rates, 0.25 inch/minute and 0.5 inch/minute, were evaluated on two 3/4-
inch diameter A325 bolts with the threads excluded and not excluded from the shear plane to
determine the load rate for testing in shear. The results of the bolts tested at the two extreme
load rates are shown in Table 4-3. The load rate was determined not to be a great factor on the

strength of the fastener so a load rate of 0.5 inch/minute was used for all bolts tested in shear.
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Table 4-3: Determining Load Rate for Shear

Shear Load
Load Rate (pounds)
(in/min)
X N

0.25 42,060 27,721

0.50 42,344 29,245

Average (pounds) 42,202 28,483
Standard Deviation (pounds) 201 1078
Standard Deviation (percent) 0.48 3.78

4.3.2 Tension Testing

Before a bolt could be tested in tension, the diameter of the bolt shank was measured at five
locations and recorded. The wedge washer was first placed around the bolt and then to ensure
four threads were exposed it was screwed completely into the corresponding fixture. A mark
was made on the bolt and then the bolt was unthreaded four complete turns as shown in Figure 4-
23. The wedge washer was placed in the holder and positioned to assure that no corner of the
hexagonal head was loaded. After making sure all of the LVDTs where in their proper locations,
the tension test could begin. Using TCS, the three LVDTs were balanced so the starting position
of the test would equal zero displacement. The bolt was then loaded until fracture occurred. The
maximum load was recorded from the Tinius-Olsen machine to be used in the calculations for
resistance factors. The OPTIM recorded the load from the Tinius-Olsen for the force versus
deformation plot. After the bolt fracture, the elongated length was measured and recorded so the

elongation of the fastener could be determined.
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4.3.3 Shear Testing

As with the tension testing, before a bolt could be tested in shear the diameter of the bolt shank
was measured at five locations and recorded. Spacers were used to position the bolt so the
threads would be excluded or not excluded from the shear plane, as shown in Figure 4-24. The
bolt was installed in the shear fixture with a nut, finger tightened, to hold the bolt in place while
it was loaded. The two LVDTSs were balanced using TCS before the shear test could begin. The
bolt was then loaded until it failed in shear. The maximum load was again recorded from the
Tinius-Olsen machine to be used in the resistance factor calculations as like with tension. The
OPTIM recorded the load from the Tinius-Olsen for the force versus displacement plot. Before
the next shear test was performed the small inserts were rotated so the bearing deformation

would not affect the next test and the maximum use of the inserts would be achieved.

¥ -gi"’ '3

Figure 4-24: ‘Spacers' Used to Get X and N Shear Conditions

4.3.4 Thread Length

Besides the tensile and shear strength of A325, F1852, A490, and F2280 bolts being determined,
the thread lengths were also considered. It was noticed that the thread lengths on the bolts varied
from the dimensions in the AISC Manual (2005). This could cause problems when designing
bolts in shear for a connection. If a bolt was designed with the threads excluded from the shear
plane but the thread length was longer than specified in the Manual the bolt might actually fail at

a lower strength if the threads are not excluded from the shear plane. The thread length of one
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bolt was measured from each lot so the actual thread length could be compared to the nominal
length.
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CHAPTER 5

PRESENTATION OF DATA

The data and resistance factors from the 1533 bolts tested in tension and shear are summarized in
this chapter. The one hundred lots of A325, F1852, A490, and F2280 high-strength structural
bolts obtained from manufactures and suppliers are discussed in the first section of this chapter.
The thread length was measured and is reported in Section 5.2. The results of the bolts tested in
tension, shear excluded, and shear not excluded are presented in Section 5.3. The elongation of
the A325, F1852, A490, and F2280 bolts is discussed in Section 5.4. The primary objective of
this research (recalibrating the current resistance factor) is included in Section 5.5. Lastly,
recommendations based on the 1533 structural bolts tested are found in Section 5.6.

5.1 Bolts Obtained/Tested

As previously discussed in Section 2.5, the one hundred lots tested were divided between
A325/F1852 and A490/F2280 high-strength bolts with diameters ranging from 5/8-inch to
1-1/8-inches. The bolts were obtained from seven different manufacturers or distributors, who
will not be identified by name. Roughly half of the bolts were sought from United States
manufacturers by donations. The remaining bolts were purchased through local distributors.
Purchasing half of the needed bolts limited the possibility of preferential selection by the
manufacturers. Obtaining the fasteners in this matter should have led to a statistically sound
sample. The bolts were punched with a letter and a number. The letter corresponded to the
distributor or manufacturer where the bolt was obtained and the number distinguished the lot of
the bolt. More A490/F2280 bolts were tested compared to A325/F1852 due to the perceived
inconsistent strength of A490/F2280 high-strength structural bolts and the smaller amount of
data available from past research. Table 5-1 shows the number of lots obtained and tested based
on the grade of structural bolts (A325, F1852, A490, or F2280). Table 5-2 shows the breakdown

of the lots obtained based on the bolt diameter and grade.
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Table 5-1: Bolts Obtained/Tested by Grade

Grade Number of Lots Diameter Length
(inches) (inches)
A325 40 5/8 to 1-1/4 2.75t05
F1852 5 5/8to 1-1/8 2.75t04.5
A490 45 5/8 to 1-1/4 2.75t05
F2280 10 3/4t0 1-1/8 3.251t04.25

Table 5-2: Bolts Obtained/Tested by Diameter and Grade

Diameter Grade Number of Lots Length
(inches) (inches)
A325 4 2.75t04.5
5/8 F1852 1 2.75
A490 6 3to5
A325 10 2.75t05
F1852 1 3.75
3/4
A490 9 2.75t05
F2280 3 35t04
A325 9 3to5
F1852 1 35
718
A490 10 3to5
F2280 3 3.25t04.25
A325 9 3to5
1 F1852 1 3.25
A490 9 3to5
F2280 3 3.51t03.75
A325 4 4t04.5
F1852 1 45
11/8
A490 5 3.75t0 5
F2280 1 4.25
A325 4 45t05
11/4
A490 6 35105
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5.2 Thread Length

Due to the tolerances which are allowed on the thread length of bolts, the thread length of one
bolt per lot was measured. The measured thread length was compared to the AISC Manual
(2005). The percent error found in the thread lengths based on bolt diameter is summarized in

Table 5-3. Figure 5-1 shows the frequency distribution of the percent error.

As can be seen from Table 5-3, the average percent error in the thread lengths is less than five
percent for 5/8-inch, 3/4-inch, and 7/8-inch bolts. However as the bolt diameter increases the
percent error in the thread length also increases to as much as 7.41 %for 1-1/4-inch bolts. The
average error in the thread length was found to be 4.82 % with a standard deviation of 0.02513.
The minimum and maximum error in the thread length based on the one hundred lots measured
was -1.34 % (meaning the thread length is shorter than reported in AISC’s Manual) and 10.38 %,
respectively. This could cause some potential problems if the design shear plane is close to the

thread run-out since this location varies between bolts.
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Table 5-3: Percent Error of Bolt Thread Length by Diameter

Total Minimum
Lots Average &
Diameter Grade Tested (St. Dev.) Maximum

0 0

A325/F1852 5 4.38% 1.00%
(0.02328) 6.60%

0 0

(0.02511) 2.41%

0 o 0
All Grades 11 3.67% 0.24%
(0.02407) 6.96%

0 0

A325/F1852 11 4.89% 1.09%
(0.01740) 6.98%

0 0

3/4 | A490/F2280 12 4.26% 1.53%
(0.01644) 6.22%

9 0

All Grades 23 4.56% 1.09%
(0.01682) 6.98%

0 - 0
A325/F1852 10 3.61% 0.10%
(0.02500) 8.03%

0 - 0
718 | A490/F2280 13 3.93% 0.37%
(0.02761) 8.60%

0 o 0
All Grades 23 3.79% 0.37%
(0.02596) 8.60%

0 - 0
A325/F1852 10 4.89% 1.34%
(0.02458) 7.57%

0 0

1 A490/F2280 12 5.12% 1.34%
(0.02619) 9.63%

0 - 0
All Grades 22 5.02% 1.34%
(0.02490) 9.63%

9 0

A325/F1852 5 6.25% 3.80%
(0.01883) 7.90%

0 0

11/8 | A490/F2280 6 5.60% 0.12%
(0.02919) 7.93%

0 0

All Grades 11 5.89% 0.12%
(0.02407) 7.93%

6.56% 4.10%

A325 4 0 0
(0.02686) 10.38%

0 0
(0.02075) 10.30%

0 0

All Grades 10 7.41% 4.10%
(0.02309) 10.38%

4.82% -1.34%
Al All Grades 100 0 0
Diameters (0.02513) 10.38%
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14 Average: 4.82%
Standard Deviation: 0.02513 EFI85? WF2280 WA325 EA490
Total Number: 100 lots

Frequency
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Figure 5-1: Frequency Distribution of Percent Error for Bolt Thread Length

5.3 Results of Bolts Tested

One hundred lots of bolts were tested in tension and shear with the threads excluded and not
excluded from the shear plane. A few high strength bolts which failed in tension, shear with the

threads excluded, and shear with the threads not excluded can be seen in Figures 5-2, 5-3, and 5-

4. These figures show the typical failures.
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Figure 5-3: Typical Bolts Failed in Shear with the Threads Excluded

142



Chapter 5 — Presentation of Data

Figure 5-4: Typical Bolts Failed in Shear with the Threads Not Excluded

Appendix A tabulates the failure loads of the fifteen bolts tested per lot in tension and shear. The
appendix also contains the load versus elongation curves for the direct tension tests and the load
versus displacement curves for the shear with the threads excluded and not excluded. A sample
load versus elongation curve and load versus displacement curve for a 7/8-inch diameter A490

bolt, 5-inches long can be seen in Section 5.3.1.

A few comparisons were made from the 1533 A325, F1852, A490, and F2280 high-strength
bolts tested in tension and shear with the threads excluded and not excluded from the shear

plane. The comparisons can be seen in Section 5.3.2.

5.3.1 Sample Load versus Elongation/Displacement Curves

The load versus elongation and load versus displacement curves for the one hundred lots can be
found in Appendix A. For Lot C15, these curves can be seen in Figures 5-5 and 5-6 as a sample.
Lot C15 is a 7/8-inch A490 bolt, 5 inches long. Note that the bolt extension measurement is
impaired by the use of the wedge washer in the test setup. The bolt head will force the bolt to
rotate to adapt to the washer surface, and therefore the LVDT that measures the bolt head
displacement reads smaller elongations that the actual values during the rotation. After yielding,
the bolt straightens and the LVDT takes accurate readings.
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Figure 5-5: Load versus Elongation for Lot C15

C15 - Shear
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Figure 5-6: Load versus Displacement for Lot C15
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5.3.2 Comparisons

Comparisons of the 1533 high-strength bolts tested in tension and shear with the threads
excluded and not excluded from the shear plane were made. Section 5.3.2.1 compares the
experimental tensile strength to the material data sheets of the one hundred lots tested. The
tensile strength of the 515 bolts tested in direct tension was compared to the ASTM limits and is
discussed in Section 5.3.2.2. Section 5.3.2.3 compares the experimental strength to the nominal
strength for tension and shear with the threads excluded and not excluded from the shear plane.
Lastly, the ratios of the shear strength with the threads excluded to the tensile strength and the
shear strength with the threads not excluded to the shear strength with the threads excluded were

compared and are summarized in Section 5.3.2.4.

5.3.2.1  Experimental Tensile Strength to Material Data Sheets

The one hundred lots of high-strength bolts tested in direct tension were compared to the
material data sheets which were obtained from the manufacturer or distributor. The ratio of the
experimental tensile strength to the value obtained from the material data sheet was evaluated for
all lots. Figure 5-7 is the frequency distribution of the experimental tensile strength to the
material data sheets for the four grades of bolts. It should be noted that only seventy-nine out of

the one hundred material data sheets were available for comparison.
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Figure 5-7: Frequency Distribution of Strength to Data Sheets

As can be seen from Figure 5-7, the experimental tensile strength was on average 99.8 percent of
the strength given by the manufacturer’s material data sheets. This means that the experimental
tensile strength obtained from the direct tension testing is approximately equal to the tensile
strength reported by the manufacturers.

To further examine this ratio, the frequency distributions for each of the four grades based on the

diameter are shown in Figures 5-8 through 5-11.
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Average: 0.9946
Standard Deviation: 0.02068
Total Number: 28 lots

@1-1/8" DO1-1/4"

Frequency
N

094 095 (o6 097 098 g9 1 1.01

102 103 104 1.05

Experimental/Material Data Sheets

Figure 5-8: Frequency Distribution of Strength to Data Sheets for A325 Bolts
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Figure 5-9: Frequency Distribution of Strength to Data Sheets for F1852 Bolts
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ms5/8" W3/4" W7/8" @1" @1-1/8" O1-1/4"

5 Average: 0.9983
Standard Deviation: 0.01825
Total Number: 42 lots
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Figure 5-10: Frequency Distribution of Strength to Data Sheets for A490 Bolts
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Figure 5-11: Frequency Distribution of Strength to Data Sheets for F2280 Bolts
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Tables 5-4 and 5-5 summarize Figures 5-7 through 5-11. Based on the seventy-nine material
data sheets, Table 5-4 summarizes the tensile strength from the material data sheets and the ratio

based on the bolt grades, whereas Table 5-5 is based on the bolt diameters.

Table 5-4: Summarizing Material Data Sheets Based on Bolt Grade

From Material Data Sheets Strength Ratio - Experimental to Material Data Sheets
Number Number
of Lots Greater | of Lots Greater
Lots of Standard than 170 ksi than 173 ksi Standard
Grade Bolts Average | Deviation | Minimum | Maximum | Tensile Strength | Tensile Strength| Average Deviation Minimum Maximum
(ksi) (ksi) (ksi) (ksi)
A325 28 143.10 7.441 125.11 154.30 Not Applicable 0.9946 0.02068 0.9610 1.0350
F1852 5 148.03 6.583 136.94 152.69 Not Applicable 1.0051 0.02277 0.9729 1.0369
I:A13;32552 33 143.85 7.441 125111 154.30 Not Applicable 0.9962 0.02098 0.9610 1.0369
A490 42 164.21 4.144 155.34 170.96 2 0 0.9983 0.01825 0.9621 1.0507
F2280 4 167.00 2.245 165.19 170.16 1 0 1.0129 0.01648 0.9943 1.0337
A490
F2280 46 164.45 4.076 155.34 170.96 3 0 0.9995 0.01841 0.9621 1.0507
Al 79 N/A N/A N/A N/A 3 0 0.9981 0.01947 0.9610 1.0507
Grades
Table 5-5: Summarizing Material Data Sheets Based on Bolt Diameters
From Material Data Sheets Strength Ratio - Experimental to Material Data Sheets
Number Number
of Lots Greater | of Lots Greater
Lots of Standard than 170 ksi than 173 ksi Standard
Diameter Grade Bolts Average Deviation | Minimum [ Maximum [ Tensile Strength| Tensile Strength| Average Deviation Minimum Maximum
(inches) (ksi) (ksi) (ksi) (ksi)
" A325/F1852 5 142.45 3.814 138.88 147.12 Not Applicable 1.0020 0.02881 0.9614 1.0369
5
A490 5 165.36 4.777 158.34 169.93 0 | 0 0.9904 0.01966 0.9621 1.0145
y A325/F1852 6 151.37 2.213 148.46 154.30 Not Applicable 0.9792 0.00946 0.9638 0.9899
3/4
A490/F2280 10 164.58 4.575 155.34 170.96 1 | 0 0.9952 0.01413 0.9722 1.0159
’ A325/F1852 7 148.75 3.485 143.63 152.69 Not Applicable 1.0078 0.01575 0.9928 1.0349
718
A490/F2280 10 163.80 3.636 159.28 169.50 0 | 0 1.0057 0.01541 0.9890 1.0337
A325/F1852 6 146.12 3.277 141.52 151.05 Not Applicable 1.0073 0.01429 0.9946 1.0350
1
A490/F2280 10 163.11 3.645 158.22 169.03 0 | 0 1.0139 0.01555 0.9966 1.0507
118 A325/F1852 5 135.82 2.109 133.36 138.83 Not Applicable 0.9839 0.01757 0.9628 1.0025
A490/F2280 6 163.82 4.754 158.04 170.16 1 | 0 0.9980 0.01944 0.9747 1.0328
114 A325 4 132.38 7.031 125.11 139.33 Not Applicable 0.9926 0.02708 0.9610 1.0271
A490 5 168.01 2.463 165.00 170.26 1 | 0 0.9780 0.00907 0.9674 0.9884
All A325/F1852 33 143.85 7.441 125.11 154.30 Not Applicable 0.9962 0.02098 0.9610 1.0369
Diameters| a490/F2280 46 164.45 4.076 155.34 170.96 3 | 0 0.9995 0.01841 0.9621 1.0507

As can be seen from Table 5-4, the ratio of the experimental tensile strength to the material data
sheet is never less than 0.961 and never more than 1.051 for all grades of bolts. Based on the
tensile strength from the seventy-nine material data sheets none of the A490 or F2280 lots had a
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strength greater than 173 ksi as specified by ASTM. This will be discussed further based on the

bolts tested in the next Section.

5.3.2.2  Tensile Strength Compared to ASTM and RCSC

ASTM A325 (ASTM A325-04b) and F1852 (ASTM F1852-05) specify a minimum tensile
strength of 120 ksi for bolts less than or equal to 1-inch in diameter and 105 ksi for bolts greater
than 1-inch in diameter. However ASTM A490 (ASTM A490-04a) and F2280 (ASTM F2280-
06) bolts are specified to have a minimum tensile strength of 150 ksi as well as a maximum
tensile strength of 173 ksi per ASTM or 170 ksi per RCSC. Therefore the tensile strength of the
515 bolts tested in direct tension was compared to ASTM and RCSC limits. The tensile strength
was calculated by the failure tensile load divided by the effective area as given by equation (2-3).
Figures 5-12 through 5-19 show the frequency distribution of the tensile strength for the four
grades of bolts. Figures 5-12, 5-14, 5-16, and 5-18 show the frequency distribution for each bolt
tested in direct tension for A325, F1852, A490, and F2280 bolts, respectively. On the other
hand, Figures 5-13, 5-15, 5-17, and 5-19 show the frequency distribution of the average tensile

strength for each lot of bolts tested in direct tension.
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m5/8" W3/4" m7/8" @1 @1-1/8" @1-1/4"

35
Average: 143.23 ksi

Standard Deviation: 6.930 ksi

30 Total Number: 209 bolts

25

20

Frequency

15

10

130 135 140

145 150 155 160 .

Tensile Strength (ksi)
Figure 5-12: Frequency Distribution of Tensile Strength for A325 Bolts
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Figure 5-13: Frequency Distribution of Average Tensile Strength for Lots of A325 Bolts
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Figure 5-14: Frequency Distribution of Tensile Strength for F1852 Bolts
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Figure 5-15: Frequency Distribution of Average Tensile Strength for Lots of F1852 Bolts

152



Chapter 5 — Presentation of Data
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Figure 5-16: Frequency Distribution of Tensile Strength for A490 Bolts
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Figure 5-17: Frequency Distribution of Average Tensile Strength for Lots of A490 Bolts
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Figure 5-18: Frequency Distribution of Tensile Strength for F2280 Bolts
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Figure 5-19: Frequency Distribution of Average Tensile Strength for Lots of F2280 Bolts
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From Figures 5-12 through 5-15 it can be seen that the A325 and F1852 bolts are never below
the ASTM minimum tensile strength of 120 ksi. The average tensile strength, for A325 and
F1852 bolts is between approximately 143 ksi and 149 ksi. Since there is no maximum tensile
strength specified by ASTM or RCSC some of the A325 and F1852 bolts have a strength in
accordance with A490 or F2280 bolts since the tensile strength was found to be greater than 150
ksi.

The A490 and F2280 bolts’ tensile strength is never below the specified ASTM minimum of 150
ksi, as can be seen in Figures 5-16 through 5-19. On average for the A490 and F2280 bolts the
tensile strength is between approximately 164 and 168 Kksi. Also from Figures
5-16 through 5-19 it can be seen that some bolts or lots exceed RCSC’s maximum tensile
strength of 170 ksi.

Figures 5-12, 5-14, 5-16, and 5-18 are summarized in Table 5-6 based on the 515 bolts tested in
direct tension. Table 5-7 summarizes Figures 5-13, 5-15, 5-17, and 5-19 based on the one
hundred lots of bolts tested in direct tension. These tables summarize the tensile strength based
on the bolt grade.

Table 5-6: Tensile Strength of Bolts Tested Based on Grade

Number Number Number
(and percentage) (and percentage) (and percentage)

Bolts of Bolts Greater of Bolts Greater of Bolts Greater

Tested Standard than 150 ksi than 170 ksi than 173 ksi
Grade in Tension | Average Deviation | Minimum | Maximum Tensile Strength Tensile Strength Tensile Strength

(ksi) (ksi) (ksi) (ksi)

A325 209 143.23 6.930 121.55 156.28 24 11.48% Not Applicable
F1852 28 148.71 6.043 135.46 156.09 13 46.43% Not Applicable
A325 -
F1852 237 143.88 7.046 121.55 156.28 37 15.61% Not Applicable
A490 228 163.71 4.234 152.06 173.06 Not Applicable 18 7.89% 1 0.44%
F2280 50 167.92 3.150 161.78 179.79 Not Applicable 12 24.00% 2 4.00%
g‘;%% 278 164.46 4.367 152.06 179.79 Not Applicable 30 10.79% 3 1.08%
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Table 5-7: Tensile Strength of Lots Tested Based on Grade

Number Number Number
(and percentage) (and percentage) (and percentage)

Lots of Bolts Greater of Bolts Greater of Bolts Greater

Tested Standard than 150 ksi than 170 ksi than 173 ksi
Grade in Tension | Average Deviation | Minimum | Maximum Tensile Strength Tensile Strength Tensile Strength

(ksi) (ksi) (ksi) (ksi)

A325 40 143.24 6.912 124.24 152.57 4 10.00% Not Applicable
F1852 5 148.76 6.827 137.17 154.09 3 60.00% Not Applicable
A325 -
F1852 45 143.86 7.047 124.24 154.09 7 15.56% Not Applicable
A490 45 163.69 3.995 155.34 170.64 Not Applicable 3 6.67% 0 0.00%
F2280 10 167.92 2.465 163.90 171.20 Not Applicable 3 30.00% 0 0.00%
FA;;%% 55 164.46 4.089 155.34 171.20 Not Applicable 6 10.91% 0 0.00%

To further compare the tensile strength to ASTM and RCSC Specifications, it was examined
based on the diameter of the bolt. Tables 5-8 and 5-9 summarize the tensile strength for the 515

bolts tested and the one hundred lots tested, respectively, based on the diameter.

Table 5-8: Tensile Strength of Bolts Tested Based on Diameter

Number Number Number
(and percentage) (and percentage) (and percentage)
Bolts of Bolts Greater of Bolts Greater of Bolts Greater
Tested Standard than 150 ksi than 170 ksi than 173 ksi
Diameter Grade in Tension | Average | Deviation | Minimum | Maximum Tensile Strength Tensile Strength Tensile Strength
(inches) (ksi) (ksi) (ksi) (ksi)
58 A325/F1852 25 142.73 5.284 137.70 154.00 4 | 16.00% Not Applicable
A490 30 163.19 4331 158.40 170.74 Not Applicable 1 ‘ 3.33% 0 ‘ 0.00%
3 A325/F1852 59 147.14 3.697 137.32 156.28 8 | 13.56% Not Applicable
4
A490/F2280 60 164.91 5.423 152.06 172.10 Not Applicable 11 ‘ 18.33% 0 ‘ 0.00%
y A325/F1852 51 148.59 3.405 142.18 156.09 18 | 35.29% Not Applicable
7/8
A490/F2280 66 164.74 4.475 155.11 179.79 Not Applicable 6 ‘ 9.09% | 1 ‘ 1.52%
L A325/F1852 55 146.05 3.632 134.68 153.32 7 | 12.73% Not Applicable
A490/F2280 60 165.39 3.507 158.22 171.78 Not Applicable 9 ‘ 15.00% 0 ‘ 0.00%
8 A325/F1852 26 133.87 4.287 125.89 141.15 0 | 0.00% Not Applicable
11
A490/F2280 30 163.46 3.663 156.81 173,51 Not Applicable 1 ‘ 3.33% 1 ‘ 3.33%
114 A325 21 131.35 5.253 121.55 140.61 0 | 0.00% Not Applicable
A490 32 163.46 3.628 156.50 173.06 Not Applicable 2 ‘ 6.25% | 1 ‘ 3.13%
All A325/F1852 237 143.88 7.046 121.55 156.28 37 | 15.61% Not Applicable
Diameters| 5 490/F2280 278 164.46 4.367 152.06 179.79 Not Applicable 30 ‘ 10.79% 3 ‘ 1.08%
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Table 5-9: Tensile Strength of Lots Tested Based on Diameter

Number Number Number
(and percentage) (and percentage) (and percentage)
Lots of Bolts Greater of Bolts Greater of Bolts Greater
Tested Standard than 150 ksi than 170 ksi than 173 ksi
Diameter Grade in Tension | Average | Deviation | Minimum | Maximum Tensile Strength Tensile Strength Tensile Strength
(inches) (ksi) (ksi) (ksi) (ksi)
y A325/F1852 5 142.73 5.579 138.68 152.55 1 | 20.00% Not Applicable
5/8
A490 6 163.19 4584 159.74 169.71 Not Applicable ‘ 0.00% | 0 ‘ 0.00%
y A325/F1852 11 147.23 3.476 138.63 152.57 1 | 9.09% Not Applicable
3/4
A490/F2280 12 164.91 5.366 155.34 170.60 Not Applicable ‘ 25.00% 0 ‘ 0.00%
/8 A325/F1852 10 148.57 3.372 143.94 154.09 3 | 30.00% Not Applicable
7
A490/F2280 13 164.73 4.242 158.38 1710 Not Applicable ‘ 7.69% 0 ‘ 0.00%
A325/F1852 10 146.10 3.543 140.65 151.77 2 | 20.00% Not Applicable
1
A490/F2280 12 165.39 3.351 159.82 170.64 Not Applicable ‘ 16.67% | 0 ‘ 0.00%
118 A325/F1852 5 133.66 4.410 128.39 139.18 0 | 0.00% Not Applicable
A490/F2280 6 163.46 3.704 158.21 169.18 Not Applicable ‘ 0.00% | 0 ‘ 0.00%
114 A325 4 131.32 5.572 124.24 137.84 0 | 0.00% Not Applicable
A490 6 163.40 2712 158.92 166.65 Not Applicable \ 0.00% | 0 \ 0.00%
All A325/F1852 45 143.86 7.047 124.24 154.09 7 | 15.56% Not Applicable
Diameters| A 490/F2280 55 164.46 4.089 155.34 171.20 Not Applicable 6 ‘ 10.91% 0 ‘ 0.00%

Some comments can be made about Tables 5-6 through 5-9. First, considering the A325 and
F1852 bolts, the average tensile strength of the 237 bolts tested was 143.88 ksi with a standard
deviation of 7.046 ksi which can be seen from Tables 5-6 and 5-8. The minimum and maximum
tensile strength of the A325 and F1852 bolts tested was 121.55 ksi and 156.28 ksi, respectively.
Considering the average tensile strength of the forty-five A325 and F1852 lots, the average
tensile strength was 143.86 ksi with a standard deviation of 7.047 ksi, which can be seen from
Tables 5-7 and 5-9. The minimum and maximum average tensile strength of the A325 and
F1852 lots was 124.24 ksi and 154.09 ksi, respectively. It was found that of the 237 A325 and
F1852 bolts tested in direct tension, none of the bolts had a strength less than the minimum
tensile strength specified by ASTM. There were thirty-seven out of 237 A325 and F1852 bolts
tested in direct tension (15.61%) that had a tensile strength greater than 150 ksi, as can be seen
from Tables 5-6 and 5-8. Taking into consideration the average tensile strength of the bolts
tested per lot, from Tables 5-7 and 5-9, there were seven A325 and F1852 lots out of forty-five
(15.56%) that had an average tensile strength greater than 150 ksi. This is interesting to note,
even though ASTM and RCSC do not put a limit on the maximum tensile strength. The seven
lots of A325 and F1852 bolts, which had an average tensile strength greater than 150 ksi, could
qualify as an A490 or F2280 bolt based on the tensile strength but not based on material
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composition. From Tables 5-8 and 5-9, it can be seen that the bolts which had a tensile strength
greater than 150 ksi were 1-inch in diameter or less. According to ASTM A325 (2004) and
F1852 (2005), the minimum tensile stress is 105 ksi for bolts larger than 1-inch in diameter.
AISC and RCSC do not account for this and use 120 ksi regardless of the bolt diameter. After
testing the 237 A325 and F1852 bolts it can be concluded that the tensile strength was always
greater than 120 ksi regardless of the bolt diameter.

The average tensile strength of the 278 A490 and F2280 bolts tested was 164.46 ksi with a
standard deviation of 4.367 ksi, as can be seen from Tables 5-6 and 5-8. The minimum and
maximum tensile strength of the A490 and F2280 bolts tested was 152.06 ksi and 179.79 ksi,
respectively. Considering the average tensile strength of the fifty-five A490 and F2280 lots, the
average tensile strength was 164.46 ksi with a standard deviation of 4.089 ksi as can be seen
from Tables 5-7 and 5-9. The minimum and maximum average tensile strength of the A490 and
F2280 lots was 155.34 ksi and 171.20 ksi, respectively. None of the 278 A490 and F2280 bolts
tested in direct tension had a strength less than the minimum tensile strength of 150 ksi specified
by ASTM. As stated previously ASTM A490 (2004) and F2280 (2006) specify a maximum
tensile strength of 173 ksi and RCSC specifies a maximum of 170 ksi. There were thirty out of
278 A490 and F2280 bolts tested in direct tension (10.79%) that had a tensile strength greater
than the specified RCSC maximum (170 ksi), as can be seen from Tables 5-6 and 5-8. However,
only three of the 278 A490 and F2280 bolts (1.08%) had a tensile strength greater than 173 ksi as
specified by ASTM. Taking into consideration the average tensile strength of the bolts tested per
lot, from Tables 5-7 and 5-9, there were six A490 and F2280 lots out of fifty-five (10.91%) that
had an average tensile strength greater than 170 ksi which is the specified maximum according to
RCSC. On the other hand, no A490 or F2280 lots had an average tensile strength greater than
ASTM’s maximum tensile strength of 173 ksi. Therefore, depending on the maximum tensile
strength (either ASTM’s 173 ksi or RCSC’s 170 ksi) and if individual or average tensile
strengths are being taken into account, the A490 and F2280 bolts either did or did not meet the
specifications. Even though some of the A490 and F2280 bolts did not meet some of the
specifications, again depending on which is being considered, these bolts were still included in
the data analysis and the resistance factor calculations because the manufacturers would have

sold these bolts to fabricators and erectors just like they were provided for this research.
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5.3.2.3 Experimental to Nominal Strength

The experimental failure load for bolts tested in direct tension, shear with the threads excluded,
and shear with the threads not excluded were compared to the predicted failure load given by
AISC equations. Sections 5.3.2.3.1 and 5.3.2.3.2 cover the experimental failure load to the
nominal for the bolts tested in direct tension. Section 5.3.2.3.1 uses the nominal tensile load
based on the approximation as specified by AISC whereas Section 5.3.2.3.2 is based on the
effective area. The experimental failure load for the bolts tested in shear, with the threads
excluded and not excluded from the shear plane, compared to the nominal strength is
summarized in Sections 5.3.2.3.3 and 5.3.2.3.4, respectively. Section 5.3.2.3.5 summarizes all of

the experimental versus nominal strength values for the three failure modes.
Tensile Strength — Based on Approximation

Figures 5-20 and 5-21 show the frequency distributions of the experimental strength to the
nominal AISC strength for the direct tension tests of A325/F1852 and A490/F2280 bolts,
respectively. The nominal tensile strength was calculated from equation (2-4) from Section 2.2.

Repeating, for convenience, the nominal tensile strength is given by

d2
R, = (0.75F,)A = (0.75) Fu[ z ; j (5-1)
where F, is the tensile strength of the bolt material which equals 120 ksi’ for A325 and F1852

bolts and equals 150 ksi for A490 and F2280 bolts. The diameter is given by d in equation (5-
1).

" According to ASTM A325 and F1852 the minimum stress is 105 ksi for bolts larger than 1-inch in diameter.
AISC and RCSC do not account for this and use 120 ksi regardless of the bolt diameter.
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Average: 1.2220
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Total: 237 bolts
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Figure 5-20: Frequency Distribution of Experimental/Nominal (AISC) for Tension of A325/F1852 Bolts
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Figure 5-21: Frequency Distribution of Experimental/Nominal (AISC) for Tension of A490/F2280 Bolts

From Figures 5-20 and 5-21 the average ratio of the experimental tensile strength to the nominal
equals 1.222 and 1.119 for A325/F1852 and A490/F2280 bolts, respectively. This means that,
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on average, the tensile strength for the A325 and F1852 bolts tested was 22% greater than the
nominal tensile strength calculated based on AISC. The A490 and F2280 bolts tested had a
tensile strength 12% larger on average compared to the nominal tensile strength according to
AISC.

The frequency distribution of the experimental to nominal tensile strength for the A325 and
F1852 bolts, from Figure 5-20, seems to show two distinct bell curves. One bell curve occurs
from a ratio of 1.08 to 1.20 and the second bell curve occurs from a ratio of 1.20 to 1.34. Figures
5-22 and 5-23 show the frequency distributions based on the bolt diameter for A325 and F1852
bolts, respectively, to see if any conclusion may be drawn on the reason for the two bell curves in
Figure 5-20.
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Figure 5-22: Frequency Distribution of Experimental/Nominal (AISC) for Tension of A325 Bolts

The experimental to nominal tensile strength (based on AISC) frequency distribution for A325
bolts based on bolt diameter, Figure 5-22, shows that all of the 5/8-inch bolts and more than 80%
of the 1-1/8-inch and 1-1/4-inch A325 bolts make up the first bell curve (from a ratio of 1.08 to
1.20) in Figure 5-20. Less than 12% of the 3/4-inch and about two percent of the 1-inch bolts
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also contribute to this first peak. The second bell curve is comprised of all of the 7/8-inch bolts
and the remaining 3/4-inch, 1-inch, 1-1/8-inch, and 1-1/4-inch A325 bolts.

m5/8" W34 m7/8" @1* @1-1/8" ‘

Frequency
ESN

Experimental/Nominal

Figure 5-23: Frequency Distribution of Experimental/Nominal (AISC) for Tension of F1852 Bolts

From Figure 5-23, which shows the frequency distribution of the experimental to nominal tensile
strength (based on AISC) for F1852 bolts, it can be seen that all of the 1-1/8-inch bolts contribute

to the first peak (from a ratio of 1.08 to 1.20) in Figure 5-20 and all of the 5/8-inch, 3/4-inch, 7/8-
inch, and 1-inch F1852 bolts are part of the second peak.

Unlike the A325 and F1852 bolts, Figure 5-21, for the A490 and F2280 high-strength bolts,
shows a single bell curve. However, for completeness, Figures 5-24 and 5-25 show the
frequency distributions for A490 and F2280 bolts, respectively, based on bolt diameter.
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Figure 5-24: Frequency Distribution of Experimental/Nominal (AISC) for Tension of A490 Bolts
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Figure 5-25: Frequency Distribution of Experimental/Nominal (AISC) for Tension of F2280 Bolts
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Tensile Strength — Based on Effective Area

The frequency distributions of the experimental strength to the nominal strength calculated based
on the effective area of A325/F1852 and A490/F2280 bolts are shown in Figures 5-26 and 5-27,
respectively. The nominal tensile strength was calculated using the effective area from equation

(2-3) from Section 2.2. The nominal tensile strength based on the effective area is given by

z( 09743)°
Rn = FuAeff = l:u Z d- n (5'2)

where F, is the tensile strength of the bolt material which equals 120 ksi® for A325 and F1852

bolts and equals 150 ksi for A490 and F2280 bolts. The number of threads per inch and the

diameter is given by n and d , respectively.

A325/F1852

EF1852 WA325 MWA325/F1852
Average: 1.1990

Standard Deviation: 0.05872

237 bolts

Frequency

Experimental/Nominal

Figure 5-26: Frequency Distribution of Experimental/Nominal (Eff Area) for Tension of A325/F1852 Bolts

8 According to ASTM A325 and F1852 the minimum stress is 105 ksi for bolts larger than 1-inch in diameter.
AISC and RCSC do not account for this and use 120 ksi regardless of the bolt diameter.
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Figure 5-27: Frequency Distribution of Experimental/Nominal (Eff Area) for Tension of A490/F2280 Bolts

The average ratios of the experimental tensile strength to the nominal strength based on the
effective area equal 1.199 and 1.096 for A325/F1852 and A490/F2280 bolts, respectively, as can
be seen from Figures 5-26 and 5-27. Thus, on average, the tensile strength for the A325 and
F1852 bolts tested is 20% greater than the nominal tensile strength calculated based on the
effective area of the threaded section. The A490 and F2280 bolts tested had on average a tensile

strength 10% larger compared to the nominal tensile strength based on the effective area.

From Figure 5-26, the frequency distribution of the experimental to nominal tensile strength
(based on the effective area) for the A325 and F1852 bolts, seems to show three peaks. The
peaks occur from a ratio of 1.02 to 1.14, from 1.14 to 1.20, and from 1.20 to 1.32. Consequently,
the frequency distribution based on the bolt diameter for A325 and F1852 bolts was plotted to

see if any conclusion could be drawn. These can be seen in Figures 5-28 and 5-29 for A325 and
F1852 bolts, respectively.
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Figure 5-28: Frequency Distribution of Experimental/Nominal (Effective Area) for Tension of A325 Bolts

About 71% of the 1-1/8-inch, 81% of the 1-1/4-inch, and 2% of the 1-inch A325 bolts contribute
to the first peak (from a ratio of 1.02 to 1.14) of the experimental to nominal tensile strength
(based on the effective area) frequency distribution as can be seen from Figure 5-28. The second
peak (from a ratio of 1.14 to 1.20) contains all of the 5/8-inch, 12% of the 3/4-inch, 9% of the
7/8-inch, 16% of the 1-inch, and the remaining 1-1/8-inch and 1-1/4-inch A325 bolts. 88% of
the 3/4-inch, 91% of the 7/8-inch, and 82% of the 1-inch A325 bolts contribute to the third peak
(from a ratio of 1.20 to 1.32).

166



Chapter 5 — Presentation of Data

m5/8" m34" m7/8" @1" @1-1/8"

Frequency

110 112 114 1.16 =
. 118 120 122 194 126 128 130 13 L
Experimental/Nominal '

Figure 5-29: Frequency Distribution of Experimental/Nominal (Effective Area) for Tension of F1852 Bolts

34

Forty percent of the 1-1/8-inch F1852 bolts contribute to the first peak (from a ratio of 1.02 to
1.14) of the frequency distribution of the experimental to nominal tensile strength (based on the
effective area) as can be seen from Figure 5-29. The second peak (from a ratio of 1.14 to 1.20)
contains the remaining 60%of the 1-1/8-inch F1852 bolts. All  of the

5/8-inch, 3/4-inch, 7/8-inch, and 1-inch F1852 bolts contribute to the last peak (from a ratio of
1.20 to 1.32).

Figure 5-27, the frequency distribution for the A490 and F2280 bolts, shows a single bell curve,
compared to Figure 5-26, for the A325 and F1852 bolts. For completeness, however, Figures 5-
30 and 5-31 show the frequency distributions of experimental to the nominal tensile strength,
based on the bolt diameter, for the A490 and F2280 bolts, respectively.
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Figure 5-30: Frequency Distribution of Experimental/Nominal (Effective Area) for Tension of A490 Bolts
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Figure 5-31: Frequency Distribution of Experimental/Nominal (Effective Area) for Tension of F2280 Bolts
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Shear Strength with the Threads Excluded

The frequency distributions of the experimental strength to the nominal strength for shear with
threads excluded from the shear plane for A325/F1852 and A490/F2280 bolts are shown in
Figures 5-32 and 5-33, respectively. From Section 2.3, equation (2-6), the nominal strength for

bolts with the threads excluded from the shear plane is given by

d 2
R, ~ 062F, A = 062 Fu[ z ; ) (5-3)

where d is the bolt diameter. The strength of the bolt material, F,, equals 120 ksi® for A325
and F1852 bolts and equals 150 ksi for A490 and F2280 bolts.
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Figure 5-32: Frequency Distribution of Experimental/Nominal for Shear Excluded of A325/F1852 Bolts

° According to ASTM A325 and F1852 the minimum stress is 105 ksi for bolts larger than 1-inch in diameter. AISC
and RCSC do not account for this and use 120 ksi regardless of the bolt diameter.
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Figure 5-33: Frequency Distribution of Experimental/Nominal for Shear Excluded of A490/F2280 Bolts

The average ratios of the experimental shear strength with the threads excluded from the shear
plane to the nominal equal 1.181 and 1.056 with a standard deviation of 0.06026 and 0.03703 for
A325/F1852 and A490/F2280, respectively, as shown in Figures 5-32 and 5-33. On average, the
shear strength with the threads excluded from the shear plane had an 18% greater strength
compared to the specified AISC value for the 233 tested A325 and F1852 high-strength bolts.
Similarly, on average, a 6%greater strength was encountered compared to AISC’s specified shear
strength with the threads excluded from the shear plane for the 279 A490 and F2280 bolts tested.

These averages are slightly lower than the average for the same bolts tested in direct tension.

From Figure 5-32, for A325 and F1852 bolts, the frequency distribution of the experimental to
nominal shear strength with the threads excluded from the shear plane seems to show four bell
curves. One bell curve occurs from a ratio of 1.01 to 1.06, the second bell curve occurs from a
ratio of 1.08 to 1.13, the third occurs from 1.13 to 1.21, and the last bell curve occurs from a ratio
of 1.21 to 1.30. To see if any conclusions may be drawn based on the bolt diameter, Figures 5-
34 and 5-35 show the frequency distributions based on the bolt diameter for A325 and F1852

bolts, respectively.
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Figure 5-34: Frequency Distribution of Experimental/Nominal for Shear Excluded of A325 Bolts

Five percent of the 1-1/8-inch and about 22% of the 1-1/4-inch A325 bolts make up the first bell
curve (from a ratio of 1.01 to 1.06) in Figure 5-34 of the frequency distribution of the
experimental to nominal shear strength with the threads excluded. The second peak (from a ratio
of 1.08 to 1.13) in Figure 5-34 consists of 5% of the 5/8-inch, about 13% of the 1-inch, 70% of
the 1-1/8-inch, and about 78%of the 1-1/4-inch A325 bolts. From Figure 5-34 the third peak
(from a ratio of 1.13 to 1.21) is made up of 95% of the 5/8-inch, about 38% of the 3/4-inch,
about 45% of the 7/8-inch, about 76% of the 1-inch, and 25% of the 1-1/8-inch A325 bolts. The
last peak, from a ratio of 1.21 to 1.30, consists of about 62% of the 3/4-inch, about 55% of the
7/8-inch, and about 11% of the 1-inch A325 bolts.
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Figure 5-35: Frequency Distribution of Experimental/Nominal for Shear Excluded of F1852 Bolts

As can be seen from Figure 5-35, none of the F1852 bolts contribute to the first (from a ratio of
1.01 to 1.06) or third (from a ratio of 1.13 to 1.21) peaks of Figure 5-32. All of the
1-1/8-inch F1852 bolts are part of the second peak (from a ratio of 1.08 to 1.13) and all of the
5/8-inch, 3/4-inch, 7/8-inch, and 1-inch F1852 bolts contribute to the last peak (from a ratio of
1.21 to 1.30) as can be seen in Figure 5-35, the frequency distribution of the experimental to

nominal shear strength with the threads excluded.

Even though the frequency distribution of the experimental to nominal shear strength with the
threads excluded from the shear plane for A490 and F2280 bolts, Figure 5-33, shows a single
bell curve, the frequency distributions for the A490 and F2280 bolts based on the bolt diameter

are shown in Figures 5-36 and 5-37, respectively, for completeness.
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Figure 5-37: Frequency Distribution of Experimental/Nominal for Shear Excluded of F2280 Bolts
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Shear Strength with the Threads Not Excluded

Figures 5-38 and 5-39 show the frequency distributions of the experimental to the nominal
strength for shear with the threads not excluded from the shear plane for A325/F1852 and
A490/F2280 bolts, respectively. The nominal shear strength with the threads not excluded from
the shear plane was calculated from equation (2-5) from Section 2.3, which is repeated here for

convenience

dZ
R, = 05F A = O.SFU[HTJ (5-4)

The bolt material strength, F,, equals 120 ksi*® for A325 and F1852 bolts and equals 150 ksi for
A490 and F2280 bolts. The diameter is given by d in equation (5-4).
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Figure 5-38: Frequency Distribution of Experimental/Nominal for Shear Not Excluded of A325/F1852 Bolts

10 According to ASTM A325 and F1852 the minimum stress is 105 ksi for bolts larger than 1-inch in
diameter. AISC and RCSC do not account for this and use 120 ksi regardless of the bolt diameter.
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Figure 5-39: Frequency Distribution of Experimental/Nominal for Shear Not Excluded of A490/F2280 Bolts

For the 228 A325/F1852 and the 278 A490/F2280 high-strength bolts tested, the average ratio of
the experimental to nominal shear strength with the threads not excluded from the shear plane
was 1.121 and 0.994, respectively, as can be seen from Figures 5-38 and 5-39. The 228 A325
and F1852 bolts tested in shear with the threads not excluded from the shear plane, on average
had a strength twelve 12% higher than the AISC specified value. On the other hand, the 278
A490 and F2280 bolts had an average shear strength with the threads not excluded from the
shear plane approximately equal to the AISC specification. Compared to the ratios of the same
lot of bolts tested in tension and shear with the threads excluded from the shear plane, the

averages are somewhat lower.

Unlike the frequency distribution graphs in Sections 5.3.2.3.1, 5.3.2.3.2 and 5.3.2.3.3 for A325
and F1852 bolts, the frequency distribution for the experimental to nominal shear strength with
the threads not excluded (Figure 5-38) forms a single bell curve. For completeness the frequency
distributions, based on the bolt diameter, for the bolts tested with the threads not excluded from
the shear plane, are included. Figures 5-40 and 5-41 show the frequency distributions based on
the bolt diameter for A325 and F1852 bolts, respectively. The frequency distributions based on
the bolt diameter for A490 and F2280 bolts are shown in Figures 5-42 and 5-43, respectively.
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Figure 5-42: Frequency Distribution of Experimental/Nominal for Shear Not Excluded of A490 Bolts
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Summary

The experimental to nominal tensile strength from Figures 5-20, 5-21, 5-26, and 5-27 are
summarized in Table 5-10, whereas the experimental to nominal shear strength (threads excluded
and not excluded) from Figures 5-32, 5-33, 5-38, and 5-39 are summarized in Table 5-11. The
tables summarize the experimental to nominal ratios based on the bolt grade as discussed
previously in Sections 5.3.2.3.1 through 5.3.2.3.4.

Table 5-10: Ratio of Experimental/Nominal by Grade for Tension

Experimental/Nominal - Tension Experimental/Nominal - Tension
(Based on Approximation) (Based on Effective Area)
Number & Number &
Minimum Percent Minimum Percent
Total Average & Below Average & Below
Grade Tested (St. Dev.) Maximum AISC (St. Dev.) Maximum AISC
A3D5 209 1.2176 1.0666 0 1.1936 1.0129 0
(0.05703) 1.3146 0.00% (0.05775) 1.3023 0.00%
F1852 28 1.2552 1.1557 0 1.2392 1.1288 0
(0.05039) 1.3317 0.00% (0.05036) 1.3007 0.00%
A325/F1852 937 1.2220 1.0666 0 1.1990 1.0129 0
(0.05749) 1.3317 0.00% (0.05872) 1.3023 0.00%
A490 228 1.1138 1.0233 0 1.0914 1.0137 0
(0.03659) 1.2148 0.00% (0.02823) 1.1538 0.00%
2280 50 1.1427 1.1042 0 1.1195 1.0785 0
(0.01988) 1.2271 0.00% (0.02100) 1.1986 0.00%
AL90/F2280 278 1.1190 1.0233 0 1.0964 1.0137 0
(0.03594) 1.2271 0.00% (0.02912) 1.1986 0.00%
1.1664 1.0233 0 1.1436 1.0129 0
All Grades 515
(0.06970) 1.3317 0.00% (0.06825) 1.3023 0.00%
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Table 5-11: Ratio of Experimental/Nominal by Grade for Shear

Experimental/Nominal - Shear Excluded Experimental/Nominal - Shear Not Excluded
Number & Number &
Minimum Percent Minimum Percent
Total Average & Below Total Average & Below
Grade Tested (St. Dev.) | Maximum AISC Tested (St. Dev.) | Maximum AISC
A325 208 1.1764 1.0099 0 203 1.1156 0.9569 7
(0.05764) 1.2941 0.00% (0.06483) 1.3158 3.45%
F1852 25 1.2174 1.0722 0 25 1.1682 1.0613 0
(0.06996) 1.2803 0.00% (0.05483) 1.2605 0.00%
A325/F1852 233 1.1808 1.0099 0 228 1.1213 0.9569 7
(0.06026) 1.2941 0.00% (0.06580) 1.3158 3.07%
A490 228 1.0528 0.9231 20 228 0.9919 0.8405 132
(0.03855) 1.1501 8.77% (0.05025) 1.1664 57.89%
2280 51 1.0720 1.0019 0 50 1.0053 0.8895 23
(0.02384) 1.1095 0.00% (0.03881) 1.0928 46.00%
A490/F2280 279 1.0563 0.9231 20 278 0.9943 0.8405 155
(0.03703) 1.1501 7.17% (0.04861) 1.1664 55.76%
1.1130 0.9231 20 1.0516 0.8405 162
All Grades 512 506
(0.07903) 1.2941 3.91% (0.08511) 1.3158 32.02%

To further examine the experimental to nominal ratios, they were investigated based on the
diameter of the bolt. Tables 5-12 and 5-13 summarize the experimental to nominal ratios for
tension and shear, respectively, based on the bolt diameter. Figures 5-22 through 5-25 and
Figures 5-28 through 5-31 are summarized in Table 5-12 whereas Figures 5-34 through 5-37 and
Figures 5-40 through 5-43 are summarized in Table 5-13.
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Table 5-12: Ratio of Experimental/Nominal by Diameter for Tension

Experimental/Nominal - Tension
(Based on Approximation)

Experimental/Nominal - Tension
(Based on Effective Area)

Number & Number &

Minimum Percent Minimum Percent
Total Average & Below Average & Below
Diameter Grade Tested (St. Dev.) Maximum AISC (St. Dev.) Maximum AISC

A325/F1852 25 1.1683 1.1271 0 1.1894 1.1475 0
(0.04325) 1.2605 0.00% (0.04403) 1.2833 0.00%

5/8 A490 30 1.0686 1.0372 0 1.0879 1.0560 0
(0.02836) 1.1180 0.00% (0.02887) 1.1383 0.00%

All Grades 55 1.1139 1.0372 0 1.1341 1.0560 0
(0.06143) 1.2605 0.00% (0.06254) 1.2833 0.00%

A325/E1852 59 1.2377 1.1551 0 1.2262 1.1443 0
(0.03110) 1.3146 0.00% (0.03081) 1.3023 0.00%

3/ A490/F2280 60 1.1097 1.0233 0 1.0994 1.0137 0
(0.03649) 1.1581 0.00% (0.03615) 1.1473 0.00%

All Grades 119 1.1732 1.0233 0 1.1622 1.0137 0
(0.07259) 1.3146 0.00% (0.07191) 1.3023 0.00%

A325/F1852 51 1.2678 1.2131 0 1.2383 1.1849 0
(0.02905) 1.3317 0.00% (0.02837) 1.3007 0.00%

718 A490/F2280 66 1.1244 1.0587 0 1.0983 1.0341 0
(0.03055) 1.2271 0.00% (0.02984) 1.1986 0.00%

All Grades 117 1.1869 1.0587 0 1.1593 1.0341 0
(0.07734) 1.3317 0.00% (0.07554) 1.3007 0.00%

A325/F1852 55 1.2516 1.1542 0 1.2171 1.1224 0
(0.03113) 1.3139 0.00% (0.03027) 1.2777 0.00%

1 A490/F2280 60 1.1338 1.0847 0 1.1026 1.0548 0
(0.02404) 1.1777 0.00% (0.02338) 1.1452 0.00%

All Grades 115 1.1902 1.0847 0 1.1574 1.0548 0
(0.06518) 1.3139 0.00% (0.06338) 1.2777 0.00%

A325/F1852 2% 1.1422 1.0741 0 1.1156 1.0491 0
(0.03657) 1.2043 0.00% (0.03572) 1.1763 0.00%

118 | Adgo/F2280 30 1.1157 1.0703 0 1.0897 1.0454 0
(0.02500) 1.1843 0.00% (0.02442) 1.1567 0.00%

All Grades 56 1.1280 1.0703 0 1.1017 1.0454 0
(0.03340) 1.2043 0.00% (0.03262) 1.1763 0.00%

A325 ”n 1.1526 1.0666 0 1.0946 1.0129 0
(0.04609) 1.2338 0.00% (0.04377) 1.1718 0.00%

11/4 A490 3 1.1474 1.0986 0 1.0897 1.0434 0
(0.02546) 1.2148 0.00% (0.02418) 1.1538 0.00%

Al Grades 53 1.1495 1.0666 0 1.0917 1.0129 0
(0.03479) 1.2338 0.00% (0.03304) 1.1718 0.00%

All 1.1664 1.0233 0 1.1436 1.0129 0

. All Grades 515

Diameters (0.06970) 1.3317 0.00% (0.06825) 1.3023 0.00%
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Table 5-13: Ratio of Experimental/Nominal by Diameter for Shear

Experimental/Nominal - Shear Excluded Experimental/Nominal - Shear Not Excluded
Number & Number &
Minimum Percent Minimum Percent
Total Average & Below Total Average & Below
Diameter Grade Tested (St. Dev.) [ Maximum AISC Tested (St. Dev.) | Maximum AISC
A325/F1852 25 1.1766 1.1197 0 25 1.1103 0.9917 1
(0.04051) 1.2612 0.00% (0.06321) 1.2263 4.00%
5/8 A490 30 1.0504 1.0097 0 0 0.9952 0.8726 17
(0.01990) 1.0836 0.00% (0.05307) 11111 56.67%
All Grades &5 1.1078 1.0097 0 55 1.0475 0.8726 18
(0.07048) 1.2612 0.00% (0.08145) 1.2263 32.73%
A325/F1852 58 1.2194 1.1435 0 55 1.1499 1.0289 0
(0.03416) 1.2771 0.00% (0.05900) 1.2797 0.00%
34 A490/E2280 60 1.0684 0.9848 2 61 1.0022 0.8895 28
(0.03490) 1.1501 3.33% (0.04167) 1.0959 45.90%
Al Grades 118 1.1427 0.9848 2 116 1.0722 0.8895 28
(0.08325) 1.2771 1.69% (0.08961) 1.2797 24.14%
A325/F1852 50 1.2216 1.1584 0 51 1.1621 1.0496 0
(0.04024) 1.2941 0.00% (0.05506) 1.3158 0.00%
718 A490/F2280 66 1.0670 0.9807 2 65 1.0055 0.9150 28
(0.03468) 1.1324 3.03% (0.04005) 1.0928 43.08%
All Grades 118 1.1351 0.9807 2 116 1.0744 0.9150 28
(0.08551) 1.2941 1.69% (0.09111) 1.3158 24.14%
A325/F1852 50 1.1786 1.1051 0 51 1.1161 0.9785 1
(0.03880) 1.2596 0.00% (0.05105) 1.2191 1.96%
1 A90/E2280 63 1.0524 0.9485 6 62 0.9919 0.8405 36
(0.03609) 1.1061 9.52% (0.05401) 1.1664 58.06%
Al Grades 113 1.1083 0.9485 6 113 1.0480 0.8405 37
(0.07311) 1.2596 5.31% (0.08130) 1.2191 32.74%
A325/F1852 25 1.1087 1.0571 0 2% 1.0679 0.9843 2
(0.02860) 1.1688 0.00% (0.03537) 1.1357 7.69%
11/8 A490/F2280 30 1.0352 0.9564 5 30 0.9556 0.8976 27
(0.03070) 1.0746 16.67% (0.03323) 1.0245 90.00%
All Grades &5 1.0686 0.9564 5 56 1.0078 0.8976 29
(0.04723) 1.1688 9.09% (0.06590) 1.1357 51.79%
A325 23 1.0789 1.0099 0 20 1.0353 0.9569 3
(0.02895) 1.1144 0.00% (0.03950) 1.1243 15.00%
11/4 A490 30 1.0438 0.9231 5 30 0.9969 0.8778 19
(0.05089) 1.1297 16.67% (0.05828) 1.1264 63.33%
All Grades 53 1.0591 0.9231 5 50 1.0122 0.8778 22
(0.04591) 1.1297 9.43% (0.05457) 1.1264 44.00%
1.1130 0.9231 20 1.0516 0.8405 162
AL AllGrades | 512 506
Diameters (0.07903) 1.2941 3.91% (0.08511) 1.3158 32.02%

Some observations about the experimental to nominal tensile strength were made based on
Tables 5-10 and 5-12. The ratio of experimental tensile strength to the nominal strength was
never less than 1.023 when the nominal strength was based on AISC. This means that all of the
515 bolts tested in direct tension had a strength of at least 2.3 percent greater than the nominal
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strength specified by AISC. When the nominal strength was based on the effective area, the ratio
of experimental tensile strength to nominal strength was 1.013 at a minimum. Comparing the
ratio of experimental strength to nominal strength it can be seen that on average the nominal
strength calculated with the effective area better predicts the failure load (i.e. the ratio of
experimental to nominal strength is closer to one). It was determined from Table 5-12 that the
nominal strength based on the effective area better predicts the failure load for 3/4-inch, 7/8-inch,
1-inch, 1-1/8-inch, and 1-1/4-inch bolts compared to the nominal strength based on the
approximation AISC uses in its specification. This was to be expected since the ratio of the
effective area to the shank area was greater than 0.75, the approximation used by AISC, for
diameters 3/4-inch to 1-1/4-inch, as previously discussed in Section 2.2 and as shown in Table 2-
12. It should be noted that none of the high-strength bolts tested in tension had a tensile strength
lower than the nominal strength predicated by AISC or based on the effective area. This implies
that the AISC equation is accurately predicting the strength of structural bolts in tension based on
the 515 bolts tested.

Some observations about the experimental to nominal shear strength were also made based on
Tables 5-11 and 5-13. Twenty out of the 512 shear bolts tested with the threads excluded from
the shear plane had an experimental to nominal ratio less than one. These bolts were of grade
A490 and from Table 5-13 the diameters were from 3/4-inch to 1-1/4-inch. This means that of
the 512 bolts tested in shear with the threads excluded from the shear plane, about 3.9 % of the
bolts had a shear strength less than the nominal AISC value. Therefore based on the 512 bolts
tested in shear with the threads excluded from the shear plane, it can be observed that the AISC
equation closely predicts the shear strength with the threads excluded since only 3.9 percent of
the tested bolts were below the AISC nominal value.

As for the bolts in shear with the threads not excluded from the shear plane, there were seven out
of 203 A325 bolts tested with an experimental to nominal ratio lower than one. In other words,
about 3.45 % of the A325 bolts had a strength with the threads not excluded from the shear plane
lower than the AISC specified value. Also there were 132 out of the 228 A490 bolts tested and
twenty-three out of the fifty F2280 bolts tested which had a ratio less than one. Thus about 55.8
percent of the A490 and F2280 bolts tested had a shear strength with the threads not excluded

from the shear plane below the AISC nominal value. Therefore the AISC equation for the shear
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strength with the threads not excluded from the shear plane for structural bolts is over predicting
the strength more than 50% of the time for A490 and F2280 bolts based on the 278 bolts tested.
When looking at the 506 total bolts tested in shear with the threads not excluded, 162 or about
thirty-two percent were below AISC’s nominal value. Thus more than 30% of the time AISC’s
equation is over predicting the shear strength of bolts with the threads not excluded from the
shear plane based on the 506 bolts tested.

5.3.2.4  Strengths Compared

As previously discussed in Section 2.3, the shear strength is estimated as a percentage of the
bolt’s tensile strength. The strength of a single bolt with the threads excluded from the shear
plane is taken equal to approximately 62% of the bolt’s tensile strength (Kulak et al. 2001). For
a bolt with the threads not excluded from the shear plane the shear strength is approximately
83% of the shear strength with the threads excluded from the shear plane (RCSC 2004). Section
5.3.2.4.1 determines the shear strength as a percentage of the tensile strength for the structural
bolts tested. The shear strength with the threads not excluded from the shear plane is compared
to the shear strength with the threads excluded from the shear plane in Section 5.3.2.4.2. Section

5.3.2.4.3 summarizes the findings.
Shear X versus Tensile Strength

The shear strength with the threads excluded from the shear plane was compared to the tensile
strength. Figures 5-44 through 5-46 show the shear strength with the threads excluded from the
shear plane versus the tensile strength for all one hundred lots of 120 ksi bolts, 150 ksi bolts, and

all bolts tested, respectively.
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Figure 5-44: Shear Strength Excluded versus Tensile Strength for A325/F1852 Bolts
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Figure 5-45: Shear Strength Excluded versus Tensile Strength for A490/F2280 Bolts
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Figure 5-46: Shear Strength Excluded versus Tensile Strength for all Bolt Grades

As can be seen from Figures 5-44 and 5-45, the ratio of shear excluded to tensile strength is

largely independent of the bolt grade. The average shear strength with the threads excluded from

the shear plane is approximately 60% of the average tensile strength based on the one hundred

lots tested, as shown in Figure 5-46. According to the “Guide to Design Criteria for Bolted and

Riveted Joints” (Kulak et al. 2001), “the average shear strength is approximately 62% of the

tensile strength”. It should be noted that this value from Kulak et al. in 2001 was determined

based on bolts tested in double shear in a tension jig.

The frequency distribution of the ratio of the shear strength with the threads excluded from the

shear plane to the tensile strength is shown in Figure 5-47. From the one hundred lots of bolts

tested, the average ratio was 0.6036 with a standard deviation of 0.01494.
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Figure 5-47: Frequency Distribution of Shear Excluded Strength to Tensile Strength

Shear N versus Shear X Strength

The shear strength with the threads not excluded from the shear plane was compared to the shear
strength with the threads excluded from the shear plane. Figures 5-48 through 5-50 show the

shear strength with the threads not excluded from the shear plane versus the shear strength with

the threads excluded based on 120 ksi bolts, 150 ksi bolts, and all bolt grades, respectively.
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Figure 5-49: Shear Not Excluded versus Shear Excluded for A490/F2280 Bolts
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Figure 5-50: Shear Not Excluded versus Shear Excluded for all Bolt Grades

The ratio of shear not excluded to shear excluded is largely independent of the bolt grade, as can
be seen from Figures 5-48 and 5-49. The average shear strength with the threads not excluded
from the shear plane is approximately 76% of the average shear strength with the threads
excluded from the shear plane. The frequency distribution of the ratio of the shear strength with
the threads not excluded from the shear plane to the shear strength with the threads excluded is
shown in Figure 5-51. From the one hundred lots of bolts tested, the average ratio is 0.7621 with
a standard deviation of 0.02356. From RCSC (2004) a fastener with the threads not excluded
from the shear plane had a strength approximately equal to 83% of the strength with the threads
excluded with a standard deviation of 0.03. AISC takes this value as roughly 80%. It is believed
that the AISC value is based on a lack of data (as discussed previously in Chapter 3) which
results in the difference between the AISC value and the valued obtained from the shear testing.

It was observed that the ratio of 0.7621 is close to the ratio of the area of the threaded portion to
the gross bolt area (which AISC takes as 0.75).
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Figure 5-51: Frequency Distribution of Shear Not Excluded to Shear Excluded

Summary

Tables 5-14 and 5-15 were created to further examine the ratios of shear excluded to tensile

strength and shear not excluded to shear excluded. Tables 5-14 and 5-15 summarize these ratios
based on the bolt grade and diameter, respectively.
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Table 5-14: Strength Ratios by Grade

Shear Excluded/ Shear Not Excluded/
Tension Shear Excluded
Total Minimum Minimum
Lots Average & Average &

Grade Tested (St. Dev.) Maximum | (St. Dev.) Maximum
A325 0 0.6113 0.5831 0.7650 0.7141
(0.01234) 0.6335 (0.02213) 0.8217
F1852 5 0.6085 0.5872 0.7747 0.7523
(0.01418) 0.6270 (0.02112) 0.8047
A325/F1852 45 0.6110 0.5831 0.7661 0.7141
(0.01241) 0.6335 (0.02200) 0.8217
A490 45 0.5984 0.5522 0.7595 0.6983
(0.01495) 0.6372 (0.02608) 0.8332
F2280 10 0.5940 0.5711 0.7560 0.7340
(0.00993) 0.6116 (0.01606) 0.7800
A490/F2280 55 0.5976 0.5522 0.7589 0.6983
(0.01419) 0.6372 (0.02448) 0.8332
0.6036 0.5522 0.7621 0.6983

All Grades 100

(0.01494) 0.6372 (0.02356) 0.8332
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Table 5-15: Strength Ratios by Diameter

Shear Excluded/ Shear Not Excluded/
Tension Shear Excluded
Total Minimum Minimum
Lots Average & Average &
Diameter Grade Tested (St. Dev.) Maximum (St. Dev.) Maximum

A325/F1852 5 0.6134 0.6077 0.7614 0.7141

(0.005069) 0.6206 (0.04220) 0.8217

5/8 A490 6 0.5988 0.5851 0.7642 0.7265

(0.00884) 0.6098 (0.03827) 0.8332

All Grades 1 0.6054 0.5851 0.7629 0.7141

(0.01038) 0.6206 (0.03804) 0.8332

A325/F1852 1 0.6165 0.6028 0.7599 0.7335

(0.00967) 0.6317 (0.02089) 0.8154

34 ALOO/E2280 12 0.6027 0.5883 0.7559 0.7203

(0.01481) 0.6372 (0.02146) 0.7876

All Grades 23 0.6093 0.5883 0.7578 0.7203

(0.01419) 0.6372 (0.02080) 0.8154

A325/F1852 10 0.6116 0.5971 0.7673 0.7424

(0.01084) 0.6308 (0.01858) 0.7939

718 A490/F2280 13 0.6025 0.5844 0.7598 0.7422

(0.00935) 0.6144 (0.01256) 0.7800

All Grades 23 0.6065 0.5844 0.7631 0.7422

(0.01081) 0.6308 (0.01554) 0.7939

A325/F1852 10 0.6002 0.5831 0.7648 0.7198

(0.01105) 0.6179 (0.01968) 0.7902

1 AL90/F2280 1 0.5925 0.5653 0.7592 0.7286

(0.01332) 0.6157 (0.02358) 0.7967

All Grades 92 0.5960 0.5653 0.7617 0.7198

(0.01267) 0.6179 (0.02157) 0.7967

A325/F1852 5 0.6175 0.5872 0.7771 0.7621

(0.01808) 0.6335 (0.01683) 0.8047

11/ AL90/F2280 6 0.5891 0.5711 0.7450 0.6983

(0.01597) 0.6136 (0.03032) 0.7847

All Grades 1 0.6020 0.5711 0.7596 0.6983

(0.02186) 0.6335 (0.02921) 0.8047

A325 4 0.6101 0.5904 0.7757 0.7645

(0.01322) 0.6177 (0.01361) 0.7953

11/4 A490 6 0.5939 0.5522 0.7706 0.7354

(0.02159) 0.6158 (0.03192) 0.8215

All Grades 10 0.6004 0.5522 0.7726 0.7354

(0.01968) 0.6177 (0.02520) 0.8215

All 0.6036 0.5522 0.7621 0.6983
. All Grades 100

Diameters (0.01494) 0.6372 (0.02356) 0.8332

On average, the shear strength with the threads excluded from the shear plane is 60.4 % of the

tensile strength with a standard deviation of 0.01494. The minimum and maximum ratios of the
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shear strength with the threads excluded to the tensile strength are 0.552 and 0.637, respectively.
The ratio of the shear strength with the threads not excluded to the shear strength with the
threads excluded on average is 76.2 % with a standard deviation of 0.02356. The ratios of shear
not excluded to shear excluded varies from 0.698 to 0.833. As previously discussed in Section
2.3, these ratios are taken as 62% and 80% in the AISC code for the shear excluded to tensile
strength and the shear not excluded to shear excluded strength, respectively.

5.4  Elongation at Failure

The elongation at failure of high-strength bolts was considered by studying the elongation of the
515 bolts tested in direct tension. After the tension bolts were tested, the thread length was
measured and compared to the measured thread length as calculated in Section 5.2. This resulted
in the percent elongation of the tension bolt. Due to the reduced area in the threads, the
elongation occurs mostly in this region and not in the bolt shank. Figure 5-52 shows examples of

elongation in the tension bolts tested.

Figure 5-52: Elongation of Threads in Tension Bolts

Figures 5-53 and 5-54 show the frequency distributions of the percent elongation for
A325/F1852 and A490/F2280 bolts, respectively. The frequency distribution of all of the high-
strength bolts tested is shown in Figure 5-55. Tables 5-16 and 5-17 summarize the results based
on diameter and grade, respectively.
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Table 5-16: Percent Elongation Summarized Based on Bolt Diameter

Total Minimum
Lots Average &
Diameter|  Grade Tested (St. Dev.) Maximum

9 0

A325/F1852 5 10.75% 5.48%
(0.02640) 16.06%

0 0

5/8 A490 6 8.51% 4.71%
(0.02566) 13.75%

0 0

All Grades 11 9.53% 4.71%
(0.02811) 16.06%

9 0

A325/F1852 11 11.04% 0.58%
(0.05415) 21.94%

0 0

3/4 | A490/F2280 12 8.84% 1.54%
(0.03092) 15.76%

0 0

All Grades 23 9.93% 0.58%
(0.04519) 21.94%

9 0

A325/F1852 10 11.78% 6.42%
(0.03422) 21.98%

0 0

718 | A490/F2280 13 8.09% 4.43%
(0.01794) 12.520%

0 0

All Grades 23 9.70% 4.43%
(0.03199) 21.98%

0 0

A325/F1852 10 8.96% 2.35%
(0.03705) 16.96%

0 0

1 A490/F2280 12 5.45% 1.33%
(0.02104) 12.65%

0 0

All Grades 22 7.11% 1.33%
(0.03444) 16.96%

9 0

A325/F1852 5 7.26% 2.26%
(0.02431) 12.95%

0 0

11/8 | A490/F2280 6 3.25% 2.03%
(0.00879) 5.31%

0 0

All Grades 11 5.11% 2.03%
(0.02676) 12.95%

0 0

A325 4 6.01% 2.56%
(0.01822) 10.13%

0 0

(0.01516) 7.67%

0 0

All Grades 10 4.84% 0.35%
(0.01890) 10.13%

8.16% 0.35%

Al All Grades 100 0 0
Diameters (0.03931) 21.98%
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Table 5-17: Percent Elongation Summarized Based on Bolt Grade

Total Minimum
Lots Average &
Grade Tested (St. Dev.) | Maximum
9 0,
A325 40 9.19% 0.58%
(0.03635) 18.14%
0 0,
F1852 5 14.59% 2.26%
(0.05309) 21.98%
9 0,
A325/F1852 45 9.83% 0.58%
(0.04236) 21.98%
V 0,
A490 45 6.65% 0.35%
(0.03090) 15.76%
9 0,
F2280 10 7.17% 1.35%
(0.02530) 13.20%
9 0
A490/F2280 55 6.74% 0.35%
(0.03000) 15.76%
8.16% 0.35%
All Grades 100
(0.03931) 21.98%

The average percent elongation for A325/F1852 bolts and A490/F2280 bolts is 9.83% and
6.74%, with a standard deviation of 0.04236 and 0.03000, respectively, as can be seen from
Table 5-17. Comparing the minimum percent elongation for A325/F1852 (0.58%) and
A490/F2280 (0.35%), the values are not much different. The results in Tables 5-16 and 5-17
show the A490/F2280 bolts have a lower elongation at failure than A325/F1852 high-strength
bolts.

5.5 Resistance Factors

Resistance factors were calculated from the 1533 bolts tested. From Figure 2-31 in Section
2.4.1, the resistance factors were calculated for five different levels of detail. There are two
methods of calculating resistance factors, which were previously discussed in Section 2.4.1.

Appendix B contains Level 5 example calculations for the 7/8-inch A490 bolts.

Resistance factors were calculated with an adjustment factor based on a live-to-dead load ratio of
1.0 or 3.0 and a reliability index equal to 4.5 or 4.0. The resistance factors based on a reliability
index equal to 4.5 and an adjustment factor based on a live-to-dead load ratio of 1.0 and 3.0,
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respectively, are tabulated in Sections 5.5.1 and 5.5.2. Sections 5.5.3 and 5.5.4 contain the
resistance factors with a reliability index equal to 4.0 and an adjustment factor based on a live-to-

dead load ratio of 1.0 and 3.0, respectively.

5.5.1 Resistance Factors with a Reliability Index Equal to 4.5 & an Adjustment Factor Based
onal/D=1.0

Resistance factors based on a reliability index equal to 4.5 and an adjustment factor based on a
live-to-dead load ratio of 1.0 are shown in Tables 5-18 through 5-26. The resistance factors
calculated from the tension bolts are shown in Tables 5-18 through 5-21, whereas Tables 5-22
through 5-25 show the resistance factors for the shear bolts.  Tables 5-18 and
5-22 show the resistance factors calculated based on the bolt diameter and grade in tension and
shear, respectively (Level V). The resistance factors based on the grade of the bolts for the
tension and shear bolts are summarized in Tables 5-19 and 5-23, respectively (Level 1V). Tables
5-20 and 5-24 show the resistance factors based on the bolt strength (Level I11) for tension and
shear, respectively. The resistance factors calculated for tension and shear regardless of the bolt
diameter or grade (Level II) are shown in Tables 5-21 and 5-25, respectively. Lastly, Table 5-26

shows the resistance factors calculated from the 1533 bolts tested in tension and shear (Level I).
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Table 5-18: Resistance Factors — Tension — Level V- #=4.5-L/D=1.0

Method Method Method Method
Diameter Grade 1A 1B 2A 2B
(0.75Ag) (Ae) (0.75A,) (Aer)
A325
(@ lots) 0.982 1.000 0.987 1.007
5/8 F1852 1.090 1.110 1.090 1111
(1 lot)
A490
(6 lots) 0.870 0.886 0.876 0.894
A325
(10 lots) 1.016 1.007 0.994 0.987
F1852 1.089 1.079 1.089 1.086
(1 lot)
3 A490
(9 lots) 0.886 0.877 0.885 0.879
F2280 0.974 0.965 0.971 0.967
(3 lots)
A325 1.050 1.025 1.052 1.029
(9 lots)
F1852 1.148 1.121 1.148 1.122
(1 lot)
" A490
(10 lots) 0.916 0.895 0.912 0.892
F2280 0.944 0.922 0.936 0.915
(3 lots)
A325
(9 lots) 1.032 1.004 1.029 1.003
F1852 1.136 1.104 1.136 1.105
1 (1 lot)
A490 0.934 0.908 0.933 0.908
(9 lots)
F2280 0.972 0.946 0.970 0.946
(3 lots)
A325
(4 lots) 0.908 0.887 0.906 0.887
F1852 1.022 0.998 1.022 1.002
(1 lot)
11/8
A490 0.928 0.907 0.928 0.907
(5 lots)
F2280 1.008 0.985 1.008 0.988
(1 lot)
A325 0.906 0.860 0.904 0.860
(4 lots)
11/4 A0
(6 lots) 0.961 0.913 0.960 0.913
Minimum 0.870 0.860 0.876 0.860
Maximum 1.148 1121 1.148 1.122
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Table 5-19: Resistance Factors — Tension — Level IV - f=4.5-L/D=1.0

Method Method Method Method
Grade 1A 1B 2A 2B
(0.75Ag) (At (0.75A,) (Aetr)
A325
(40 lots) 0.947 0.925 0.930 0.920
F1852
(5 lots) 0.981 0.966 0.975 0.974
A490
(45 lots) 0.899 0.897 0.897 0.896
F2280
(10 lots) 0.967 0.942 0.925 0.913
Minimum 0.899 0.897 0.897 0.896
Maximum 0.981 0.966 0.975 0.974

Table 5-20: Resistance Factors — Tension — Level 111 - f=4.5-L/D =1.0

Method Method Method Method
Grade 1A 1B 2A 2B
(0.75Ag) (Aerp) (0.75A,) (Aerp)
120 ksi
(A325/F1852) 0.949 0.927 0.932 0.923
(45 lots)
150 ksi
(A490/F2280) 0.905 0.900 0.897 0.892
(55 lots)
Minimum 0.905 0.900 0.897 0.892
Maximum 0.949 0.927 0.932 0.923

Table 5-21: Resistance Factors — Tension — Level Il - f=4.5-L/D =1.0

Method

(0.75Ag)

0.878
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Table 5-22: Resistance Factors — Shear — Level V- f=4.5-L/D =1.0

Shear Excluded Shear NOT Excluded
Diameter Grade Method Method Method Method
1A 2A 1A 2A
A325
(@ lots) 0.978 0.981 0.837 0.827
5/8 F1852 1.091 1.091 1.018 1.018
(1 lot)
A4%0 0.876 0.855 0.769 0.740
(6 lots)
A325
(10 lots) 0.992 0.974 0.885 0.898
F1852 1.091 1.091 1.023 1.023
(1 lot)
3 A490
(9 lots) 0.854 0.847 0.800 0.777
F2280
(3 lots) 0.921 0.907 0.827 0.819
A325
(9 lots) 0.979 0.995 0.931 0.930
F1852 1.105 1.105 1.068 1.068
(1 lot)
8 A490
(10 lots) 0.856 0.854 0.800 0.795
F2280 0.891 0.876 0.846 0.839
(3 lots)
A325
(9 lots) 0.951 0.951 0.894 0.881
F1852 1.082 1.082 1.047 1.047
1 (1 lot)
A490
9 lots) 0.836 0.839 0.761 0.767
F2280 0.915 0.903 0.834 0.817
(3 lots)
A325
(@ lots) 0.914 0.888 0.866 0.851
F1852 0.945 0.945 0.943 0.943
(1 lot)
1178 A490
(5 lots) 0.831 0.839 0.776 0.762
F2280 0.907 0.907 0.858 0.858
(1 lots)
A325 0.875 0.834 0.828 0.812
(4 lots)
11/4
A4%0 0.809 0.824 0.760 0.779
(6 lots)
Minimum 0.809 0.824 0.760 0.740
Maximum 1.105 1.105 1.068 1.068
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Table 5-23: Resistance Factors — Shear — Level IV - f=4.5-L/D =1.0

Shear Excluded Shear NOT Excluded
Grade Method Method Method Method
1A 2A 1A 2A
A325
(40 lots) 0.912 0.898 0.857 0.840
F1852
(5 lots) 0.911 0.950 0.909 0.912
A490
(45 lots) 0.845 0.844 0.777 0.772
F2280
(10 lots) 0.896 0.861 0.826 0.796
Minimum 0.845 0.844 0.777 0.772
Maximum 0.912 0.950 0.909 0.912
Table 5-24: Resistance Factors — Shear — Level III - f=4.5-L/D=1.0
Shear Excluded Shear NOT Excluded
Grade Method Method Method Method
1A 2A 1A 2A
120 ksi
(A325/F1852) 0.910 0.900 0.859 0.845
(45 lots)
150 ksi
(A490/F2280) 0.851 0.842 0.785 0.772
(55 lots)
Minimum 0.851 0.842 0.785 0.772
Maximum 0.910 0.900 0.859 0.845

Table 5-25: Resistance Factors — Shear — Level Il - f=4.5-L/D=1.0

Shear Excluded Shear NOT Excluded
Method Method Method Method
1A 2A 1A 2A
0.817 0.825 0.759 0.768
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Table 5-26: Resistance Factors — Level | - f=4.5-L/D=1.0

Tension 1A Tension 1B Tension 2A Tension 2B
Shear 1A Shear 1A Shear 2A Shear 2A
0795 | 0796 [ 0797 | 0800

5.5.2 Resistance Factors with a Reliability Index Equal to 4.5 & an Adjustment Factor Based
onal/D=3.0

The resistance factors based on a reliability index equal to 4.5 and an adjustment factor based on
a live-to-dead load ratio of 3.0 are shown in Tables 5-27 through 5-35. The resistance factors
calculated from the tension bolts are shown in Tables 5-27 through 5-30, whereas Tables 5-31
through 5-34 show the resistance factors for the shear bolts.  Tables 5-27 and
5-31 show the resistance factors calculated based on the bolt diameter and grade (Level V) in
tension and shear, respectively. The resistance factors based on the grade of the bolts (Level 1V)
for the tension and shear bolts are summarized in Tables 5-28 and 5-32, respectively. Tables 5-
29 and 5-33 show the resistance factors based on the bolt strength (Level 111) for tension and
shear, respectively. The resistance factors calculated for tension and shear regardless of the bolt
diameter or grade (Level II) are shown in Tables 5-30 and 5-34, respectively. Lastly, Table 5-35
shows the resistance factors calculated from the 1533 bolts tested in tension and shear (Level I).
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Table 5-27: Resistance Factors — Tension — Level V- f=4.5-L/D =3.0

Method Method Method Method
Diameter Grade 1A 1B 2A 2B
(0.75Ag) (Ae) (0.75A,) (Aer)
A325
(@ lots) 0.963 0.980 0.968 0.987
5/8 F1852 1.068 1.088 1.068 1.089
(1 lot)
A490 0.853 0.868 0.859 0.876
(6 lots)
A325
(10 lots) 0.996 0.987 0.974 0.967
F1852 1.067 1.057 1.067 1.065
(1 lot)
3/4
A490 0.868 0.860 0.867 0.862
(9 lots)
F2280 0.955 0.946 0.952 0.948
(3 lots)
A325 1.029 1.005 1.031 1.009
(9 lots)
F1852 1.125 1.099 1.125 1.100
(1 lot)
" A490
(10 lots) 0.898 0.877 0.894 0.875
F2280 0.925 0.904 0.918 0.897
(3 lots)
A325
(9 lots) 1.012 0.984 1.009 0.983
F1852 1.113 1.082 1.113 1.083
1 (1 lot)
A490 0.915 0.890 0.914 0.890
(9 lots)
F2280
(3 lots) 0.953 0.927 0.951 0.927
A325
(4 lots) 0.890 0.870 0.888 0.869
F1852 1.001 0.978 1.001 0.982
(1 lot)
11/8
A490 0.910 0.889 0.909 0.889
(5 lots)
F2280 0.988 0.965 0.988 0.968
(1 lot)
A325 0.888 0.843 0.886 0.843
(4 lots)
11/4 A0
(6 lots) 0.942 0.895 0.941 0.895
Minimum 0.853 0.843 0.859 0.843
Maximum 1.125 1.099 1.125 1.100
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Table 5-28: Resistance Factors — Tension — Level IV — f=4.5-L/D =3.0

Method Method Method Method
Grade 1A 1B 2A 2B
(0.75Ag) (Ae) (0.75A,) (Aesp)
A325
(40 lots) 0.928 0.906 0.912 0.902
F1852
(5 lots) 0.961 0.947 0.956 0.955
A490
(45 lots) 0.881 0.879 0.879 0.878
F2280
(10 lots) 0.948 0.924 0.907 0.894
Minimum 0.881 0.879 0.879 0.878
Maximum 0.961 0.947 0.956 0.955

Table 5-29: Resistance Factors — Tension — Level IIl - f=4.5-L/D =3.0

Method Method Method Method
Grade 1A 1B 2A 2B
(0.75Ag) (Aet) (0.75A,) (Aerr)
120 ksi
(A325/F1852) 0.930 0.909 0.913 0.904
(45 lots)
150 ksi
(A490/F2280) 0.887 0.882 0.879 0.874
(55 lots)
Minimum 0.887 0.882 0.879 0.874
Maximum 0.930 0.909 0.913 0.904

Table 5-30: Resistance Factors — Tension — Level Il - f=4.5-L/D =3.0

Method Method Method Method
1A 1B 2A 2B
(0.75Ag) (Act) (0.75A,) (Aer)
0.861 0.845 0.851 0.842
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Table 5-31: Resistance Factors — Shear — Level V- f=4.5-L/D = 3.0

Shear Excluded Shear NOT Excluded
Diameter Grade Method Method Method Method
1A 2A 1A 2A
A325
(@ lots) 0.959 0.962 0.821 0.811
5/8 F1852 1.069 1.069 0.998 0.998
(1 lot)
A4%0 0.859 0.838 0.753 0.725
(6 lots)
A325
(10 lots) 0.972 0.955 0.868 0.880
F1852 1.069 1.069 1.003 1.003
(1 lot)
3 A490
(9 lots) 0.837 0.830 0.785 0.762
F2280 0.903 0.889 0.811 0.802
(3 lots)
A325
(9 lots) 0.960 0.975 0.912 0.912
F1852 1.083 1.083 1.047 1.047
(1 lot)
8 A490
(10 lots) 0.839 0.837 0.784 0.779
F2280 0.874 0.859 0.829 0.822
(3 lots)
A325
(9 lots) 0.933 0.932 0.877 0.863
F1852 1.061 1.061 1.026 1.026
1 (1 lot)
A490
(9 lots) 0.819 0.822 0.745 0.752
F2280 0.897 0.885 0.818 0.801
(3 lots)
A325
(@ lots) 0.896 0.870 0.849 0.834
F1852 0.926 0.926 0.924 0.924
(1 lot)
118 A490
(5 lots) 0.814 0.822 0.761 0.747
F2280 0.889 0.889 0.841 0.841
(1 lots)
A325 0.858 0.818 0.811 0.796
(4 lots)
11/4
A490 0.793 0.807 0.745 0.764
(6 lots)
Minimum 0.793 0.807 0.745 0.725
Maximum 1.083 1.083 1.047 1.047
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Table 5-32: Resistance Factors — Shear — Level IV — f=4.5-L/D =3.0

Shear Excluded Shear NOT Excluded
Grade Method Method Method Method
1A 2A 1A 2A
A325
(40 lots) 0.893 0.880 0.840 0.823
F1852 0.893 0.931 0.891 0.894
(5 lots)
A490
(45 lots) 0.828 0.828 0.762 0.756
F2280
(10 lots) 0.878 0.844 0.810 0.780
Minimum 0.828 0.828 0.762 0.756
Maximum 0.893 0.931 0.891 0.894

Table 5-33: Resistance Factors — Shear — Level III - f=4.5-L/D =3.0

Shear Excluded Shear NOT Excluded
Grade Method Method Method Method
1A 2A 1A 2A
120 ksi
(A325/F1852) 0.892 0.882 0.842 0.828
(45 lots)
150 ksi
(A490/F2280) 0.834 0.825 0.769 0.757
(55 lots)
Minimum 0.834 0.825 0.769 0.757
Maximum 0.892 0.882 0.842 0.828

Table 5-34: Resistance Factors — Shear — Level Il - f=4.5-L/D =3.0

Shear Excluded Shear NOT Excluded
Method Method Method Method
1A 2A 1A 2A
0.800 0.809 0.744 0.753
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Table 5-35: Resistance Factors — Level I - f=4.5-L/D =3.0

Tension 1A Tension 1B Tension 2A Tension 2B
Shear 1A Shear 1A Shear 2A Shear 2A
0779 | o780 [ o7 | 0784

5.5.3 Resistance Factors with a Reliability Index Equal to 4.0 & an Adjustment Factor Based
onal/D=1.0

The resistance factors based on a reliability index equal to 4.0 and an adjustment factor based on
a live-to-dead load ratio of 1.0 are shown in Tables 5-36 through 5-44. Tables 5-36 through 5-39
show the resistance factors calculated from the tension bolts whereas Tables
5-40 through 5-43 show the resistance factors calculated from the shear bolts. Tables 5-36 and
5-40 show the resistance factors calculated based on the diameter and grade of the bolts in
tension and shear (Level V), respectively. The tension and shear resistance factors based on the
bolt grade (Level 1V) are summarized in Tables 5-37 and 5-41, respectively. The resistance
factors based on the strength of the bolts (Level I11) are shown in Tables 5-38 and 5-42 for
tension and shear, respectively. Tables 5-39 and 5-43 show the resistance factors calculated
from all of the data regardless of the bolt diameter or grade (Level 1) for tension and shear,
respectively. Finally, the Level I resistance factors calculated from the 1533 high-strength bolts

tested in tension and shear are shown in Table 5-44.
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Table 5-36: Resistance Factors — Tension — Level V- #=4.0-L/D =1.0

Method Method Method Method
Diameter Grade 1A 1B 2A 2B
(0.75Ag) (Ae) (0.75A,) (Aer)
A325
(@ lots) 1.028 1.047 1.033 1.054
5/8 F1852 1.139 1.159 1.139 1.161
(1 lot)
A490
(6 lots) 0.916 0.933 0.922 0.941
A325
(10 lots) 1.069 1.059 1.048 1.041
F1852 1.137 1.127 1.137 1.135
(1 lot)
3/4
A490 0.933 0.925 0.932 0.927
(9 lots)
F2280 1.020 1.011 1.017 1.013
(3 lots)
A325 1.102 1.077 1.105 1.081
(9 lots)
F1852 1.199 1171 1.199 1.172
(1 lot)
" A490
(10 lots) 0.964 0.941 0.960 0.939
F2280 0.992 0.969 0.985 0.962
(3 lots)
A325 1.085 1.055 1.082 1.054
(9 lots)
F1852 1.186 1.153 1.186 1.154
1 (1 lot)
A490 0.981 0.954 0.981 0.954
(9 lots)
F2280
(3 lots) 1.019 0.990 1.016 0.991
A325
(4 lots) 0.958 0.936 0.956 0.935
F1852 1.067 1.042 1.067 1.046
(1 lot)
11/8
A490 0.974 0.951 0.973 0.952
(5 lots)
F2280 1.053 1.029 1.053 1.032
(1 lot)
A325 0.957 0.909 0.956 0.909
(4 lots)
11/4 A0
(6 lots) 1.009 0.958 1.008 0.958
Minimum 0.916 0.909 0.922 0.909
Maximum 1.199 1171 1.199 1.172
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Table 5-37: Resistance Factors — Tension — Level IV - f=4.0-L/D=1.0

Method Method Method Method
Grade 1A 1B 2A 2B
(0.75Ag) (Ae) (0.75A,) (Aesp)
A325
(40 lots) 1.002 0.979 0.986 0.975
F1852
(5 lots) 1.037 1.022 1.032 1.030
A490
(45 lots) 0.947 0.943 0.946 0.943
F2280
(10 lots) 1.013 0.988 0.975 0.961
Minimum 0.947 0.943 0.946 0.943
Maximum 1.037 1.022 1.032 1.030

Table 5-38: Resistance Factors — Tension — Level 111 - f=4.0 - L/D =1.0

Method Method Method Method
Grade 1A 1B 2A 2B
(0.75Ag) (Aet) (0.75A,) (Aerr)
120 ksi
(A325/F1852) 1.004 0.982 0.988 0.978
(45 lots)
150 ksi
(A490/F2280) 0.954 0.947 0.946 0.939
(55 lots)
Minimum 0.954 0.947 0.946 0.939
Maximum 1.004 0.982 0.988 0.978

Table 5-39: Resistance Factors — Tension — Level Il - f=4.0-L/D =1.0

Method Method Method Method
1A 1B 2A 2B
(0.75Ag) (Act) (0.75A,) (Aer)
0.933 0.915 0.923 0.912

209



Chapter 5 — Presentation of Data

Table 5-40: Resistance Factors — Shear — Level V- f=4.0-L/D =1.0

Shear Excluded Shear NOT Excluded
Diameter Grade Method Method Method Method
1A 2A 1A 2A
A325
(@ lots) 1.025 1.028 0.888 0.878
5/8 F1852 1.140 1.140 1.063 1.063
(1 lot)
A4%0 0.920 0.900 0.814 0.787
(6 lots)
A325
(10 lots) 1.044 1.027 0.938 0.949
F1852 1.139 1.139 1.069 1.069
(1 lot)
3/4
A4%0 0.900 0.894 0.844 0.823
(9 lots)
F2280 0.965 0.952 0.870 0.862
(3 lots)
A325
(9 lots) 1.032 1.047 0.981 0.980
F1852 1.154 1.154 1.116 1.116
(1 lot)
8 A490
(10 lots) 0.902 0.901 0.844 0.839
F2280 0.937 0.923 0.890 0.883
(3 lots)
A325
(9 lots) 1.002 1.001 0.943 0.930
F1852 1.130 1.130 1.094 1.094
1 (1 lot)
A490
(9 lots) 0.882 0.885 0.806 0.812
F2280 0.958 0.946 0.875 0.859
(3 lots)
A325
(@ lots) 0.962 0.937 0.912 0.898
F1852 0.987 0.987 0.985 0.985
(1 lot)
118 A490
(5 lots) 0.876 0.883 0.817 0.804
F2280 0.947 0.947 0.896 0.896
(1 lots)
A325 0.921 0.883 0.873 0.858
(4 lots)
11/4
A4%0 0.857 0.870 0.806 0.824
(6 lots)
Minimum 0.857 0.870 0.806 0.787
Maximum 1.154 1.154 1.116 1.116
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Table 5-41: Resistance Factors — Shear — Level IV - =4.0-L/D =1.0

Shear Excluded Shear NOT Excluded
Grade Method Method Method Method
1A 2A 1A 2A
A325
(40 lots) 0.965 0.952 0.908 0.892
F1852 0.968 1.005 0.962 0.964
(5 lots)
A490
(45 lots) 0.891 0.890 0.822 0.816
F2280
(10 lots) 0.940 0.908 0.869 0.840
Minimum 0.891 0.890 0.822 0.816
Maximum 0.968 1.005 0.962 0.964

Table 5-42: Resistance Factors — Shear — Level III - f=4.0 - L/D =1.0

Shear Excluded Shear NOT Excluded
Grade Method Method Method Method
1A 2A 1A 2A
120 ksi
(A325/F1852) 0.964 0.955 0.911 0.897
(45 lots)
150 ksi
(A490/F2280) 0.897 0.889 0.829 0.817
(55 lots)
Minimum 0.897 0.889 0.829 0.817
Maximum 0.964 0.955 0.911 0.897

Table 5-43: Resistance Factors — Shear — Level Il - =4.0 - L/D=1.0

Shear Excluded Shear NOT Excluded
Method Method Method Method
1A 2A 1A 2A
0.870 0.878 0.810 0.818
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Table 5-44: Resistance Factors — Level | - /=4.0-L/D =1.0

Tension 1A Tension 1B Tension 2A Tension 2B
Shear 1A Shear 1A Shear 2A Shear 2A
0848 | 0849 [ o851 | 0853

5.5.4 Resistance Factors with a Reliability Index Equal to 4.0 & an Adjustment Factor Based
onal/D=3.0

The resistance factors based on a reliability index equal to 4.0 and an adjustment factor based on
a live-to-dead load ratio of 3.0 are shown in Tables 5-45 through 5-53. Tables 5-45 through 5-48
show the resistance factors calculated from the tension bolts whereas Tables
5-49 through 5-52 show the resistance factors calculated from the shear bolts. Tables 5-45 and
5-49 show the resistance factors calculated based on the diameter and grade of the bolts in
tension and shear (Level V), respectively. The tension and shear resistance factors based on the
bolt grade (Level 1V) are summarized in Tables 5-46 and 5-50, respectively. The resistance
factors based on the strength of the bolts (Level I11) are shown in Tables 5-47 and 5-51 for
tension and shear, respectively. Tables 5-48 and 5-52 show the resistance factors calculated
from all of the data regardless of the bolt diameter or grade (Level 1) for tension and shear,
respectively. Finally, the Level I resistance factors calculated from the 1533 high-strength bolts

tested in tension and shear are shown in Table 5-53.
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Table 5-45: Resistance Factors — Tension — Level V- #=4.0 - L/D =3.0

Method Method Method Method
Diameter Grade 1A 1B 2A 2B
(0.75Ag) (Ae) (0.75A,) (Aer)
A325
(@ lots) 1.014 1.032 1.018 1.039
5/8 F1852 1.123 1.143 1.123 1.144
(1 lot)
A490
(6 lots) 0.903 0.920 0.909 0.927
A325
(10 lots) 1.054 1.044 1.033 1.026
F1852 1121 1.111 1121 1.119
(1 lot)
3 A490
(9 lots) 0.920 0.912 0.919 0.914
F2280 1.006 0.996 1.003 0.999
(3 lots)
A325 1.087 1.061 1.089 1.065
(9 lots)
F1852 1.182 1.155 1.182 1.156
(1 lot)
" A490
(10 lots) 0.950 0.928 0.947 0.926
F2280 0.978 0.955 0.971 0.949
(3 lots)
A325
(9 lots) 1.069 1.040 1.067 1.039
F1852 1.169 1.137 1.169 1.138
1 (1 lot)
A490 0.967 0.941 0.967 0.941
(9 lots)
F2280
(3 lots) 1.004 0.976 1.002 0.977
A325
(4 lots) 0.944 0.922 0.942 0.922
F1852 1.052 1.028 1.052 1.032
(1 lot)
11/8
A490 0.960 0.938 0.960 0.939
(5 lots)
F2280 1.038 1.014 1.038 1.018
(1 lot)
A325 0.944 0.896 0.942 0.896
(4 lots)
11/4
A490 0.994 0.944 0.994 0.945
(6 lots)
Minimum 0.903 0.896 0.909 0.896
Maximum 1.182 1.155 1.182 1.156
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Table 5-46: Resistance Factors — Tension — Level IV — f=4.0 - L/D =3.0

Method Method Method Method
Grade 1A 1B 2A 2B
(0.75Ag) (Ae) (0.75A,) (Aesp)
A325
(40 lots) 0.988 0.965 0.972 0.961
F1852
(5 lots) 1.023 1.008 1.017 1.015
A490
(45 lots) 0.934 0.930 0.932 0.929
F2280
(10 lots) 0.999 0.975 0.961 0.947
Minimum 0.934 0.930 0.932 0.929
Maximum 1.023 1.008 1.017 1.015

Table 5-47: Resistance Factors — Tension — Level III - 5=4.0 - L/D =3.0

Method Method Method Method
Grade 1A 1B 2A 2B
(0.75Ag) (Aet) (0.75A,) (Aerr)
120 ksi
(A325/F1852) 0.990 0.968 0.974 0.964
(45 lots)
150 ksi
(A490/F2280) 0.940 0.933 0.932 0.926
(55 lots)
Minimum 0.940 0.933 0.932 0.926
Maximum 0.990 0.968 0.974 0.964

Table 5-48: Resistance Factors — Tension — Level I - f=4.0 - L/D = 3.0

Method Method Method Method
1A 1B 2A 2B
(0.75Ag) (Act) (0.75A,) (Aer)
0.919 0.902 0.910 0.899
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Table 5-49: Resistance Factors — Shear — Level V- f=4.0 - L/D = 3.0

Shear Excluded Shear NOT Excluded
Diameter Grade Method Method Method Method
1A 2A 1A 2A
A325
(@ lots) 1.011 1.014 0.875 0.866
5/8 F1852 1.124 1.124 1.048 1.048
(1 lot)
A4%0 0.907 0.887 0.803 0.776
(6 lots)
A325
(10 lots) 1.029 1.013 0.924 0.936
F1852 1.123 1.123 1.054 1.054
(1 lot)
3 A490
(9 lots) 0.887 0.881 0.832 0.811
F2280 0.951 0.939 0.858 0.850
(3 lots)
A325
(9 lots) 1.018 1.032 0.967 0.966
F1852 1.138 1.138 1.100 1.100
(1 lot)
8 A490
(10 lots) 0.890 0.888 0.832 0.827
F2280 0.924 0.910 0.877 0.870
(3 lots)
A325
(9 lots) 0.988 0.987 0.929 0.916
F1852 1.114 1.114 1.078 1.078
1 (1 lot)
A490
(9 lots) 0.870 0.872 0.795 0.801
F2280 0.944 0.933 0.863 0.847
(3 lots)
A325
(@ lots) 0.948 0.924 0.899 0.885
F1852 0.973 0.973 0.971 0.971
(1 lot)
118 A490
(5 lots) 0.864 0.871 0.805 0.792
F2280 0.934 0.934 0.883 0.883
(1 lots)
A325 0.908 0.870 0.861 0.846
(4 lots)
11/4
A490 0.844 0.858 0.795 0.812
(6 lots)
Minimum 0.844 0.858 0.795 0.776
Maximum 1.138 1.138 1.100 1.100
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Table 5-50: Resistance Factors — Shear — Level IV — f=4.0—L/D = 3.0

Shear Excluded Shear NOT Excluded
Grade Method Method Method Method
1A 2A 1A 2A
A325
(40 lots) 0.951 0.939 0.895 0.879
F1852
(5 lots) 0.954 0.990 0.948 0.951
A490
(45 lots) 0.878 0.878 0.810 0.805
F2280
(10 lots) 0.927 0.895 0.856 0.828
Minimum 0.878 0.878 0.810 0.805
Maximum 0.954 0.990 0.948 0.951
Table 5-51: Resistance Factors — Shear — Level III - #=4.0 - L/D =3.0
Shear Excluded Shear NOT Excluded
Grade Method Method Method Method
1A 2A 1A 2A
120 ksi
(A325/F1852) 0.950 0.941 0.898 0.884
(45 lots)
150 ksi
(A490/F2280) 0.884 0.876 0.817 0.805
(55 lots)
Minimum 0.884 0.876 0.817 0.805
Maximum 0.950 0.941 0.898 0.884

Table 5-52: Resistance Factors — Shear — Level Il - f=4.0 - L/D =3.0

Shear Excluded Shear NOT Excluded
Method Method Method Method
1A 2A 1A 2A
0.857 0.866 0.798 0.807
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Table 5-53: Resistance Factors — Level I - f=4.0 - L/D =3.0

Tension 1A Tension 1B Tension 2A Tension 2B
Shear 1A Shear 1A Shear 2A Shear 2A
0835 | 0837 [ 0839 | o084

5.6 Recommendations/Conclusions

After the 1533 bolts were tested in tension and shear with the threads excluded and not excluded
from the shear plane, some recommendations and conclusions were made. Section 5.2 studied
the thread length. From Section 5.3.2 the comparisons showed that the bolts have consistent
strength. The elongation of high-strength bolts was studied in Section 5.4. Finally, resistance
factors were calculated and presented in Section 5.5 so a recommendation for a modified

resistance factor could be made.

It was concluded in Section 5.2 that the average percent error in the thread length was less for the
smaller bolts than for bolts larger than or equal to 1-inch in diameter. The thread length varied
as much as being 1.34 percent shorter than AISC’s manual and as much as 10.38 percent too
long. The average error in the thread length was 4.82 percent with a 0.02513 standard deviation.
The longer thread length could result in a shear bolt failing in the threads instead of the shank if

the shear plane was designed too close to the nominal lengths

The 79 material data sheets obtained from the manufacturers were compared to the experimental
tensile strength and were reported in Section 5.3.2.1. It was found that on average the
experimental tensile strength was 99.8 percent of the strength reported by the manufacturer’s
material data sheets. The minimum and maximum values of the ratio of experimental tensile

strength to the material data sheets were 0.961 and 1.051, respectively.

Section 5.3.2.2 compared the tensile strength of the four bolt grades to the minimum and
maximum values specified in ASTM and RCSC. From the 515 high-strength bolts tested in

direct tension, none of the bolts had a strength less then the specified ASTM minimum strength
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of 120 ksi** for A325 and F1852 bolts or 150 ksi for A490 and F2280 bolts. On average the
tensile strength was 143.2 ksi and 148.7 ksi for A325 and F1852 bolts, respectively. For the
A490 and F2280, bolts the average tensile strength was 163.7 ksi and 167.9 ksi, respectively.
ASTM specifies a maximum tensile strength, for A490 and F2280 bolts, of 173 ksi whereas
RCSC specifies this maximum as 170 ksi. About 10.8 percent of the A490 and F2280 bolts had
a tensile strength greater than RCSC’s specified maximum of 170 ksi whereas only about 1.1
percent of the A490 and F2280 bolts did not meet ASTM’s maximum specified 173 ksi. When
considering the average tensile strength of the lots tested, about 10.9 percent of the A490 and
F2280 lots were above RCSC’s maximum strength but no lots were above ASTM’s 173 ksi

maximum tensile strength.

The experimental bolt strength and the nominal strength according to AISC were compared in
Section 5.3.2.3. A325 and F1852 bolts, on average, had a 22% greater tensile strength than
AISC, a 20% greater tensile strength based on the effective area, an 18% greater shear strength
with the threads excluded, and a 12% larger shear strength with the threads not excluded than the
nominal strength specified by AISC with a standard deviation of 0.0575, 0.0587, 0.0603, and
0.0658, respectively. Similarly, A490 and F2280 bolts had a tensile strength 12% higher than
AISC, a 10% higher tensile strength based on the effective area, a 6% greater shear strength with
the threads excluded, and no increase in the shear strength with the threads not excluded when
compared to the nominal AISC strength with a standard deviation of 0.0359, 0.0291, 0.0370, and
0.0486, respectively. Since none of the 515 bolts tested in direct tension had a tensile strength
lower than the nominal strength calculated based on AISC’s equation, it was concluded that
AISC’s equation accurately predicts the tensile strength of high-strength bolts. On average,
however, the nominal strength based on the effective area better predicted the tensile failure load
compared to AISC’s approximation. It was also concluded that the AISC equation for the shear
strength of bolts in shear with the threads excluded from the shear plane closely predicts the
strength since only 3.9% of the 512 bolts tested in shear with the threads excluded had a strength
below the AISC nominal strength. However, a number of the bolts tested in shear with the

1 According to ASTM A325 and F1852 the minimum stress is 105 ksi for bolts larger than 1-inch in
diameter. AISC and RCSC do not account for this and use 120 ksi regardless of the bolt diameter.
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threads not excluded from the shear plane had a strength below AISC’s nominal value. Since
about 32% of the 506 bolts tested in shear with the threads not excluded had strength lower than
what prescribed in AISC’s equation, it was concluded that AISC’s equation for the shear strength

with the threads not excluded is over predicting the strength.

The higher experimental tensile strength compared to the AISC nominal strength resulted in a
higher resistance factor for bolts in tension, as was seen in Section 5.5. Likewise, due to the
minimal increase in shear strength with the threads not excluded from the shear plane the
resistance factor is not too much higher. However due to the low standard deviations it can be
concluded that the bolts have consistent strength in tension and shear with the threads excluded
and not excluded from the shear plane.

The tensile and shear strengths were compared in Section 5.3.2.4. From the one hundred lots,
the average shear strength with the threads excluded from the shear plane was approximately
60% (with a standard deviation of 0.0149) of the average tensile strength which closely
compares to the 62% that was reported in the “Guide to Design Criteria for Bolted and Riveted
Joints” (Kulak et al. 2001). It was also determined that the average shear strength with the
threads not excluded from the shear plane is roughly 76% (with a standard deviation of 0.0236)
of the average shear strength with the threads excluded from the shear plane which is less than
the 80% used by RCSC and AISC (reported as 83% by RCSC in 2004). The ratio of average
shear strength with the threads not excluded to the average shear strength with the threads
excluded is very close to the ratio of the effective area (area of the threads) to the shank area that
AISC and RCSC approximate as 75%.

Section 5.4 evaluated the elongation of the 515 structural bolts tested in direct tension. The
A490/F2280 high-strength bolts had a lower elongation compared to the A325/F1852 bolts. The
average percent elongation for A490/F2280 bolts was 6.74% (with a 0.030 standard deviation)
compared to 9.83% (0.042 standard deviation) for A325/F1852 high-strength bolts.

After evaluating the resistance factors, which were summarized in Section 5.5, it was found that
the current resistance factor can be increased for bolts in tension, shear with the threads
excluded, and shear with the threads not excluded from the shear plane without sacrificing

safety, which will result in improved efficiency of bolted connections. A summary of the
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resistance factors from Section 5.5 are shown in Tables 5-54 through 5-56 based on Level Ill,
Level 11, and Level | calculations respectively for tension, shear with the threads excluded, and

shear with the threads not excluded from the shear plane.

Table 5-54: Resistance Factors — Level I1I — Summary

120 ksi 150 ksi
(A325/F1852) (A490/F2280)
B=4.0 p=45 B=4.0 B=45
LD=1.0 | L/D=30 | LD=1.0 | L/D=30 | LD=10 | LD=30 | LD=1.0 | L/D=3.0
Method
1A 1.004 0.990 0.949 0.930 0.954 0.940 0.905 0.887
(0.75Ag)
Method
1B 0.982 0.968 0.927 0.909 0.947 0.933 0.900 0.882
(Act)
Tension i
Method
24 0.988 0.974 0.932 0.913 0.946 0.932 0.897 0.879
(0.75A,)
Method
2B 0.978 0.964 0.923 0.904 0.939 0.926 0.892 0.874
(Act)
M‘l*f:“’d 0.964 0.950 0.910 0.892 0.897 0.884 0.851 0.834
Shear
Excluded
Me;:"d 0.955 0.941 0.900 0.882 0.889 0.876 0.842 0.825
Method 0.911 0.898 0.859 0.842 0.829 0.817 0.785 0.769
Shear 1A
NOT
Excluded Me;:"d 0.897 0.884 0.845 0.828 0.817 0.805 0.772 0.757
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Table 5-55: Resistance Factors — Level II — Summary

B=4.0 45
L/D=1.0 L/D =3.0 L/D=1.0 L/D = 3.0
Method
1A 0.933 0.919 0.878 0.861
(0.75Ag)
Method
1B 0.915 0.902 0.862 0.845
(Acr)
Tension T
Method
2A 0.923 0.910 0.868 0.851
(0.75A,)
Method
2B 0.912 0.899 0.859 0.842
(Aerd)
Mit:"d 0.870 0.857 0.817 0.800
Shear
Excluded
Method 0.878 0.866 0.825 0.809
2A
Method
0.810 0.798 0.759 0.744
Shear 1A
NOT
Excluded M‘;t:"d 0.818 0.807 0.768 0.753
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Table 5-56: Resistance Factors — Level I — Summary

p=4.0 p=4.5
L/D=1.0 L/D =3.0 L/D =1.0 L/D =3.0
Tselfes:rmliA 0.848 0.836 0.795 0.779
TSelI:::;nllAB 0.849 0.837 0.796 0.780
TSEZZL“Z? 0.851 0.839 0.797 0.781
TSEZ’ZL“ziB 0.853 0.841 0.800 0.784

As can be seen from Tables 5-54 and 5-55, the resistance factors for tension, shear with the
threads excluded, and shear with the threads not excluded vary substantially. Therefore it is
recommended that a different resistance factor be used for the three types of bolt failures instead
of Level I calculations from Table 5-56. The resistance factors calculated for A325/F1852 high-
strength bolts are higher compared to the resistance factors calculated for A490/F2280 bolts, as
can be seen from Table 5-54. The resistance factors based on all grades of high-strength bolts
(Table 5-55) will be considered due to the added complexity with different resistance factors

based on grade as well as failure modes.

From Table 5-55 with a live-to-dead load ratio of one, the minimum resistance factors for tension
with a reliability index, £, equal to 4.0 and 4.5 are 0.912 and 0.859, respectively. For bolts in
tension, minimum resistance factors of 0.899 and 0.842 were calculated for a reliability index, f,
equal to 4.0 and 4.5 with a live-to-dead load ratio of 3.0, respectively, from Table 5-55. These
minimum values are based on Method 2B, which is from equation (2-9) assuming the threaded
area equals an effective area calculated from the average mean root and pitch diameters. Since
AISC does not use this effective area but uses an approximation of 75% of the shank cross-
sectional area, the resistance factor based on Method 2A shall be considered. From Table 5-55,

for tension, based on Method 2A, the resistance factors based on a reliability index of 4.0 and 4.5
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are 0.923 and 0.868 for a live-to-dead load ratio of 1.0 and 0.910 and 0.851 for a live-to-dead
load ratio of 3.0, respectively.

Minimum resistance factors of 0.870 and 0.817 were calculated for bolts in shear with the
threads excluded from the shear plane with a live-to-dead load ratio of 1.0 and a reliability index,
p, equal to 4.0 and 4.5, respectively, from Table 5-55. Based on a live-to-dead load ratio of 3.0,
the minimum resistance factors for bolts in shear with the threads excluded from the shear plane
are 0.857 and 0.800 for a reliability index, g, equal to 4.0 and 4.5. These values were calculated
from equation (2-8), which uses Method 1. Equation (2-9), Method 2, is the more recent
equation for calculating resistance factors thus the values from Method 2A shall be considered.
The resistance factors for shear with the threads excluded from the shear plane, based on Method
2A, are 0.878 and 0.825 with a live-to-dead load ratio of 1.0 and 0.866 and 0.809 for a live-to-
dead load ratio of 3.0 with a reliability index of 4.0 and 4.5, respectively.

Similarly, for bolts in shear with the threads not excluded from the shear plane with a reliability
index, g, equal to 4.0 and 4.5, the minimum resistance factors from Table 5-55 are 0.810 and
0.759, respectively, with a live-to-dead load ratio of 1.0. For a live-to-dead load ratio of 3.0, the
minimum resistance factors for shear with the threads not excluded from the shear plane are
0.798 and 0.744 for a reliability index, S, equal to 4.0 and 4.5, respectively. Like the resistance
factors for shear with the threads excluded from the shear plane these minimum values are based
on Method 1A from equation (2-8). Method 2A shall be considered since equation (2-9) for
Method 2 is a more recent resistance factor equation. Based on Method 2A for shear with the
threads not excluded from the shear plane with a reliability index, g, equal to 4.0 and 4.5 the
resistance factors are 0.818 and 0.768 with a live-to-dead load ratio of 1.0 and 0.807 and 0.753

with a live-to-dead load ratio of 3.0, respectively.

The current AISC Specification’s Commentary (2005) incorporates a reliability index of 4.0 and
a live-to-dead load ratio of 3.0; therefore the recommendations will be based on this. Keeping
the reliability index as a factor of five thousandths, the following recommendations are made. A
resistance factor of 0.90, 0.85, and 0.80 are recommended for bolts in tension, shear with the
threads excluded from the shear plane and shear with the threads not excluded from the shear

plane, respectively.
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It was observed that the AISC equation for the shear strength with the threads not excluded from
the shear plane does not accurately predict the strength based on the bolts tested for this research,
which is why the recommended resistance factor is lower compared to tension. Using the ratios
found in Section 5.3.2.4, equations (2-5) and (2-6), the nominal resistance for one bolt with the
threads not excluded and excluded from the shear plane based on AISC, respectively, are
revised. It was found from the bolts tested that the shear strength of a single high-strength bolt
with the threads excluded from the shear plane was approximately 60% of the tensile strength
regardless of the bolt grade. Therefore based on this ratio, determined experimentally from the
one hundred lots tested, the nominal shear strength for a single bolt with the threads excluded
from the shear plane, equation (2-6), should become

R, = 0.60F, A, (5-5)

Regardless of the bolt grade, the shear strength with the threads not excluded from the shear
plane was found to be approximately 76% of the average shear strength with the threads
excluded from the shear plane for a single structural bolt, based on the bolts tested. Thus
modifying equation (2-5) to reflect the two new ratios found from the one hundred lots tested,
the nominal shear strength for a single high-strength bolt with the threads not excluded from the

shear plane would be given by
R, = 0.76(06F, A, ) = 0.456F, A, ~ 0.46F, A, (5-6)

Resistance factors were also evaluated using the modified equations for the shear strength,
equations (5-5) and (5-6). Tables 5-57 through 5-59 summarize these resistance factors based on
Level 111, Level 1l, and Level I calculations, respectively. The tension resistance factors did not
change but are still shown in Tables 5-57 and 5-58 for completeness.
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Table 5-57: Resistance Factors Based on Experimental Ratios — Level III - Summary

120 ksi 150 ksi
(A325/F1852) (A490/F2280)
B=4.0 p=45 B=4.0 p=45
LD=10 | LD=30 | wp=10 | LD=30 | Lp=10 | LD=30 | LD=10 | LD=30
Method
1A 1.004 0.990 0.949 0.930 0.954 0.940 0.905 0.887
(0.75Ag)
Method
1B 0.982 0.968 0.927 0.909 0.947 0.933 0.900 0.882
(Act)
Tension o
Method
24 0.988 0.974 0.932 0.913 0.946 0.932 0.897 0.879
(0.75A,)
Method
2B 0978 0.964 0.923 0.904 0.939 0.926 0.892 0.874
(Act)
Mig“’d 0.996 0.982 0.940 0.922 0.927 0914 0.880 0.862
Shear
Excluded
Mezt:"d 0.987 0.973 0.930 0912 0.918 0.905 0.870 0.853
Method 0.990 0.976 0.934 0.915 0.901 0.888 0.853 0.836
Shear 1A
NOT
Excluded M‘;t;"d 0.975 0.961 0.918 0.900 0.888 0.875 0.839 0.822
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Table 5-58: Resistance Factors Based on Experimental Ratios — Level II — Summary

p=4.0 p=4.5
L/D = 1.0 L/D = 3.0 L/D = 1.0 L/D = 3.0
Method
1A 0.933 0.919 0.878 0.861
(0.75Ag)
Method
1B 0.915 0.902 0.862 0.845
(At
Tension ff
Method
2A 0.923 0.910 0.868 0.851
(0.75A,)
Method
2B 0.912 0.899 0.859 0.842
(Aer)
M:i“’d 0.899 0.886 0.844 0.827
Shear
Excluded
Method 0.907 0.894 0.853 0.836
2A
Method
0.880 0.868 0.825 0.809
Shear 1A
NOT
Excluded M‘;:“d 0.890 0.877 0.835 0.818
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Table 5-59: Resistance Factors Based on Experimental Ratios — Level I — Summary

p=4.0 p=45
L/D=1.0 L/D=3.0 L/D=1.0 L/D=3.0
TSelIles;:nliA 0.903 0.890 0.848 0.831
TSellnl:::‘nliB 0.897 0.885 0.843 0.826
‘Shearaa | 0908 0893 0851 0835
Tsel'fii‘i"ziB 0.903 0.890 0.849 0.832

Using Level Il resistance factors, Table 5-58, based on Method 2A, the resistance factors for
shear with the threads excluded from the shear plane are 0.907 and 0.853 with a live-to-dead load
ratio of 1.0 and 0.894 and 0.836 for a live-to-dead load ratio of 3.0, with a reliability index of 4.0
and 4.5, respectively. Similarly, the resistance factors are 0.890 and 0.835 with a live-to-dead
load ratio of 1.0 and 0.877 and 0.818 with a live-to-dead load ratio of 3.0, with a reliability
index, £, equal to 4.0 and 4.5, respectively, for shear with the threads not excluded from the

shear plane based on Method 2A.

To better show the impact the modified shear resistance equations have on the resistance factors,
Table 5-60 and 5-61 tabulate the resistance factors from Tables 5-55 and 5-56, based on the
AISC equations, and Tables 5-58 and 5-59, based on the modified shear equations.
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Table 5-60: Comparing Resistance Factors — Level 11

p=4.0 p=45
L/D=1.0 L/D=3.0 L/D=1.0 L/D=3.0
AISC | Modified | AISC | Modified | AISC | Modified | AISC | Modified
Method
1A 0.933 0.919 0.878 0.861
(0.75Ag)
Method
1B 0915 0.902 0.862 0.845
(Aer)
Tension f
Method
2A 0.923 0.910 0.868 0.851
(0.75A,)
Method
B 0.912 0.899 0.859 0.842
(Aeff)
Miz“’d 0870 | 0899 | 0857 | 0886 | 0817 | 0844 | 0800 | 0827
Shear
Excluded
Me;:“d 0.878 0.907 0.866 0.894 0.825 0.853 0.809 0.836
Method 0810 | 080 | 0798 | 0868 | 0759 | 0825 | 0744 | 0809
Shear 1A
NOT
Excluded Me;z"d 0.818 0.890 0.807 0.877 0.768 0.835 0.753 0.818
Table 5-61: Comparing Resistance Factors— Level I
B=4.0 p=4.5
L/D=1.0 L/D =3.0 L/D=1.0 L/D =3.0
AISC Modified AISC Modified AISC Modified AISC Modified
Tension 1A 0.848 0.903 0.836 0.890 0.795 0.848 0.779 0.831
Shear 1A
Tension 1B
0.849 0.897 0.837 0.885 0.796 0.843 0.780 0.826
Shear 1A
Tension 2A 0.851 0.906 0.839 0.893 0.797 0.851 0.781 0.835
Shear 2A
Tension 2B 0.853 0.903 0.841 0.890 0.800 0.849 0.784 0.832
Shear 2A
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As can be seen from Tables 5-60 and 5-61, the resistance factors for shear with the threads
excluded and not excluded from the shear plane increased with the modified nominal shear
equations. If the nominal shear equations are modified in AISC to reflect the ratios obtained
from the one hundred lots tested in this research, resistance factors of 0.90 and 0.85 are
recommended for bolts in tension and shear with both the threads excluded and not excluded
from the shear plane, respectively, based on a reliability index equal to 4.0 and a live-to-dead
load ratio of 3.0.
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CHAPTER 6

CONCLUSIONS

The main objective of this research was to evaluate the current resistance factor for high-strength
bolts in direct tension, shear with the threads excluded and not excluded from the shear plane.
The current resistance factor of 0.75, in AISC (2005), for the tensile and shear strength of
structural bolts is believed to be somewhat conservative. Therefore an evaluation was

performed.

A complete literature review was carried out. From journal articles, reports, MS theses, and PhD
dissertations, more than 668 high-strength bolts were tested in direct tension, forty-four were
tested in shear with the threads excluded from the shear plane, and eight were reported as being
tested in shear with the threads not excluded from the shear plane. Resistance factors were
calculated based on the test results reported. Most of the bolts tested in direct tension were
specified to ASTM’s minimum strength. Due to the lack of high-strength bolts tested in shear
and the minimum ASTM strength being specified, 1533 high-strength bolts were tested as part of
this research.

Five hundred and fifteen bolts were tested in direct tension, 512 bolts were tested in shear with
the threads excluded and 506 bolts were tested in shear with the threads not excluded from the
shear plane, for a total of 1533 high-strength bolts. Results of the bolts tested were evaluated
and some conclusions were made. Resistance factors were calculated for the tensile and shear
strength based on the data obtained from testing. Along with the resistance factors, the stiffness

and elongation at failure of the fasteners was studied.

Section 6.1 draws conclusions on the results of the 1533 bolts tested. Section 6.2 summarizes
the resistance factors based on the bolts reported in literature and the 1533 bolts tested as part of
this research. Design recommendations based on the research can be found in Section 6.3.

Lastly, Section 6.4 discusses a few items to consider for future research.
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Results of 1533 High-Strength Bolts Tested

Several conclusions were drawn from the high-strength bolts tested in direct tension and shear,

along with some other investigations, such as bolt thread length and elongation at failure.

The thread length of one bolt per lot was measured and compared to the AISC Manual (2005)
values, due to the tolerances allowed on the thread length when manufacturing high-strength
bolts. For the 5/8-inch, 3/4-inch, and 7/8-inch bolts (all grades) the average percent error in
the thread length compared to AISC were less than five percent, though the percent error
increased as the bolt diameter increased. The maximum percent error on the thread length
was 10.38% and the average was 4.82%. This error in the thread length could result in some

problems if the engineer designed the shear plane too close to the nominal thread length.

The tensile strength compared to the 79 material data sheets were on average approximately
equal. On average the ratio of experimental tensile strength to the material data sheets was
99.8%.

The minimum tensile strength according to ASTM for A325 and F1852 high-strength bolts
larger than 1-inch in diameter is 105 ksi. AISC and RCSC use 120 ksi regardless of the bolt
diameter. It was concluded after testing 237 A325 and F1852 bolts in tension that the tensile

strength for the bolts larger than 1-inch in diameter was always greater than 120 ksi.

Sections 6.1.1 and 6.1.2 summarize the results of the 120 ksi (A325 and F1852) and 150 ksi
(A490 and F2280) strength bolts tested in tension, respectively. The high-strength bolts tested in

shear with the threads excluded and not excluded from the shear plane are discussed in Sections

6.1.3 and 6.1.4, respectively. The strengths are compared in Section 6.1.5. Lastly, Section 6.1.6

discusses the elongation at failure.

6.1.1 A325 and F1852 Bolts in Tension

The tensile strength of the A325 and F1852 bolts was never below the ASTM minimum
strength of 120 ksi, regardless of the bolt diameter.
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On average, the 237 A325 and F1852 bolts had a tensile strength of 143.9 ksi with a standard
deviation of 7.05 ksi. The tensile strength of the A325 and F1852 bolts ranged between
121.6 ksi and 156.3 ksi.

The 237 A325 and F1852 bolts had a 22% greater tensile failure load than the nominal AISC
tensile load with a standard deviation of 0.0575. The ratio of the experimental failure load to
the AISC failure load ranged from 1.067 to 1.332 for A325 and F1852 bolts. This means that
the experimental tensile loads varied from 6.7% to 33.2% greater than the AISC predicted

failure load.

The experimental tensile load was also compared to the nominal tensile load based on the
effective area. It was found that on average the 237 A325 and F1852 bolts had a 20% greater
tensile strength with a standard deviation of 0.0587. The ratio of the experimental failure
load to the nominal failure load based on the effective area for the A325 and F1852 bolts
ranged from 1.013 to 1.302. This means that the failure loads for the A325 and F1852 bolts
varied from 1.3% to 30.2% greater than the nominal strength based on the effective area.

On average, the nominal failure load calculated using the effective area predicted the failure
load better than AISC’s equation based on an approximation of the thread area.

Even though there is no maximum bolt tensile strength for A325 and F1852 bolts, about
15.6% (37 out of 237) of the A325 and F1852 bolts had a tensile strength greater than 150
ksi.

The average tensile strength of the 45 A325 and F1852 lots was 143.9 ksi with a standard

deviation of 7.05 ksi. For the lots of A325 and F1852 bolts, the average tensile strength
ranged from 124.2 ksi to 154.1 ksi.

Seven out of the 45 lots of A325 and F1852 (about 15.6%) had an average tensile strength
greater than 150 ksi, even though there is no maximum bolt tensile strength specified in
ASTM.

6.1.2 A490 and F2280 Bolts in Tension

The 278 A490 and F2280 bolts never showed a tensile strength below the specified ASTM

minimum of 150 ksi.
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The tensile strength on average for the 278 A490 and F2280 bolts tested was 164.5 ksi with a
standard deviation of 4.37 ksi. The tensile strength of the 278 A490 and F2280 bolts tested
ranged from 152.1 ksi to 179.8 ksi.

Thirty out of 278 (10.8%) A490 and F2280 bolts tested had a tensile strength greater than the
maximum specified by RCSC of 170 ksi.

Three of the 278 (1.08%) A490 and F2280 bolts’ tensile strength exceeded ASTM’s
maximum tensile strength of 173 ksi.

The 278 A490 and F2280 bolts tested in direct tension had a failure load on average 12%
greater than the predicted failure load given by AISC with a standard deviation of 0.0359.
When comparing the experimental failure loads to the nominal AISC failure load the ratio
was between 1.023 and 1.227. This means that the experimental load was never less than 2.3
percent greater than AISC. For the A490 and F2280 bolts, the maximum experimental load
was 22.7% larger than AISC.

The 278 A490 and F2280 bolts on average had a 10% greater tensile failure load than the
nominal tensile load based on the effective area with a standard deviation of 0.0291. The
ratio of the experimental failure load to the failure load based on the effective area ranged
from 1.014 to 1.199 for the 278 A490 and F2280 bolts. This means that the experimental
tensile loads varied from 1.4% to 19.9% greater than the predicted failure load based on the
effective area.

The failure load calculated based on the effective area better predicted the failing tensile load
for the A490 and F2280 bolts.

From the 55 A490 and F2280 lots tested the average tensile strength was 164.5 ksi with a
standard deviation of 4.09 ksi. The average tensile strength ranged from 155.3 ksi to 171.2
ksi for the A490 and F2280 lots of bolts.

The average tensile strength of 6 out of 55 (10.9%) lots of A490 and F2280 bolts was greater
than RCSC’s maximum strength of 170 ksi.

No A490 or F2280 lots had an average tensile strength greater than ASTM’s maximum
strength of 173 ksi.
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6.1.3 Bolts in Shear with the Threads Excluded

The 233 A325 and F1852 bolts tested in shear with the threads excluded from the shear
plane, on average, had a failure load 18% greater than the AISC shear load. The ratio of
experimental failure load to nominal AISC ranged between 1.01 and 1.294. This means that
the minimum experimental failure load was 1% greater and the maximum was 29% greater

than AISC’s nominal failure load.

On average, a 6% greater failure load was encountered in the 279 A490 and F2280 bolts
tested in shear with the threads excluded from the shear plane compared to AISC. From the
A490 and F2280 bolts tested, the minimum failure load in shear with the threads excluded
from the shear plane was 7.7% lower than AISC and the maximum was 15% greater than
AISC.

Of the 512 bolts tested in shear with the threads excluded from the shear plane, 20 bolts had
an experimental failure load smaller than the value predicted by AISC. These 20 bolts were
comprised of 3/4-inch, 7/8-inch, 1-inch, 1-1/8-inches and
1-1/4-inches A490 bolts. Meaning of the 512 bolts tested in shear with the threads excluded
from the shear plane, approximately 3.9% of the bolts had a failure load smaller than the
nominal AISC value. Or from the 228 A490 bolts tested about 8.77% were below the
nominal AISC failure load.

It was concluded, based on the 512 bolts tested in shear with the threads excluded, that the
AISC equation closely predicts the shear strength with the threads excluded from the shear
plane.

6.1.4 Bolts in Shear with the Threads Not Excluded

The 228 A325 and F1852 bolts tested in shear with the threads not excluded from the shear
plane had an average 12% greater failure load than AISC. The minimum failure load in
shear with the threads not excluded from the shear plane was 4.3% lower than AISC and the

maximum was 31.6% higher.

On average, the shear strength with the threads not excluded from the shear plane for the 278
A490 and F2280 bolts was approximately equal to the AISC predicted failure load. The ratio
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of the experimental failure load to the nominal AISC load ranged from 0.841 to 1.166. This
indicates that the experimental failure load of the bolts tested was approximately 16% lower

than AISC’s nominal load at a minimum and was approximately 17% higher as a maximum.

From the 506 bolts tested in shear with the threads not excluded from the shear plane, 162
bolts, approximately 32%, were below the AISC nominal failure load. Of the 203 A325 bolts
tested, 7 bolts, or 3.45%, had an experimental failure load below AISC. In terms of 120 ksi
strength bolts 3.1% of the 228 A325 and F1852 bolts were below AISC’s nominal failure
load. Approximately 58% of the A490 bolts (132 out of 228) had a failure load below
AISC’s nominal failure load in shear with threads not excluded from the shear plane. Of the
50 F2280 bolts tested, 23 bolts, or 46%, had a lower failure load than AISC. Therefore, of
the 278 A490 and F2280 bolts tested in shear with the threads not excluded from the shear
plane, 55.8% had a failure load less than what predicted by AISC.

It was concluded that AISC’s equation is over predicting the shear strength of bolts with the
threads not excluded from the shear plane since more than 30% of the 506 bolts tested had a

lower strength.

6.1.5 Strengths Comparison

Based on the 100 lots tested, the shear strength with the threads excluded from the shear
plane was on average 60.4% of the tensile strength, regardless of the bolt grade, with a
standard deviation of 0.0149.

The average shear strength with the threads not excluded from the shear plane was about
76.2% of the average shear strength with the threads excluded from the shear plane

regardless of the bolt grade with a standard deviation of 0.0236, based on the 100 lots tested.

It was observed that the ratio of the shear strength with the threads not excluded to excluded
was close to the ratio of the effective area (area of the threads) to the shank area, that AISC

and RCSC approximates as 75%.

235



Chapter 6 - Conclusions

6.1.6 Elongation at Failure

e On average, the A325 and F1852 bolts elongated 9.83% with a standard deviation of 0.0424.
The minimum and maximum percent elongation for the A325 and F1852 high-strength bolts
were 0.58% and 21.98%, respectively.

e The A490 and F2280 bolts on average elongated 6.74% with a standard deviation of 0.030.
The percent elongation for the A490 and F2280 bolts ranged from 0.35% to 15.76%,

respectively.

6.2 Resistance Factors

Resistance factors were calculated based on literature data and on the 100 lots tested. Section
6.2.1 summarizes the calculated resistance factors, based on the bolt data reported in literature,
which were previously summarized in Chapter 3. The resistance factors calculated from the 100
lots tested are summarized in Section 6.2.2. Lastly, Section 6.2.3 summarizes the resistance
factors calculated with the modified shear resistance equations using the experimental ratios
based on the 100 lots tested.

6.2.1 Based on Literature

It should be noted that the resistance factors calculated from literature and summarized here are
based on Method 1, since assumptions needed to be made for Method 2 calculations for tension

resistance factors and could not be performed for shear resistance factors.

e From the 668 bolts tested in direct tension, which were published in literature, the resistance
factors based on Level Il calculations (regardless of the bolt diameter or grade) using the
AISC nominal tensile strength (Method 1A) are equal to 0.790 and 0.843 with a live-to-dead
load ratio of 1.0 and equal to 0.774 and 0.831 with a live-to-dead load ratio of 3.0, for a
reliability index, £, equal to 4.5 and 4.0, respectively. A majority of the bolts tested in direct
tension, which were published in literature, occurred during the 1960s and were specified to

have ASTM’s minimum tensile strength.

e The resistance factors for the shear strength with the threads excluded from the shear plane
for the 44 bolts published in literature based on Level Il calculations (for all bolt diameters
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and grades) and Method 1A equals 0.822 and 0.874 with a live-to-dead load ratio of 1.0 and
equals 0.806 and 0.861 with a live-to-dead load ratio of 3.0, for a reliability index, £, equal to
4.5 and 4.0, respectively. Due to the small number of bolts tested, the resistance factors
calculated may not be statistically valid.

Based on Method 1A and Level Il calculations (regardless of the bolt diameter and grade),
the resistance factors from the 8 bolts published in literature for shear with the threads not
excluded from the shear plane are 0.775 and 0.826 with a live-to-dead load ratio of 1.0 and
are 0.760 and 0.814 with a live-to-dead load ratio of 3.0, for a reliability index, g, equal to
4.5 and 4.0, respectively. These resistance factors may not be statistically valid since they

are just based on 8 bolts tested in shear with the threads not excluded from the shear plane.

Based on Level | (regardless of the bolt diameter, grade, and failure mode) and Method 1A
for both tension and shear, the resistance factors are 0.794 and 0.847 for a live-to-dead load
ratio of 1.0 and are 0.778 and 0.835 for a live-to-dead load ratio of 3.0, with a reliability
index, g, equal to 4.5 and 4.0, respectively.

It was recommended by Fisher et al. (1978) that a resistance factor of 0.80 should be used for
high-strength bolts in tension and shear.

6.2.2 Based on One Hundred Lots Tested

Resistance factors were calculated from the 100 lots tested. The resistance factors presented here

are based on Method 2A. Method 2 was used since it takes into account the geometry, material,

and professional factors. The AISC equation used to predict the tensile load was used in Model

A.

Different resistance factors for each of the three bolt failure modes are recommended due to
the varying values of resistance factors between tension, shear with the threads excluded, and

shear with the threads not excluded.

Based on Level Il calculations the resistance factors for tension are 0.923 and 0.868 with a
live-to-dead load ratio equal to 1.0 and are 0.910 and 0.851 with a live-to-dead load ratio of

3.0, for a reliability index, g, of 4.0 and 4.5, respectively.
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The resistance factors for shear with the threads excluded from the shear plane equal 0.878
and 0.825 with a live-to-dead load ratio equal to 1.0 and equal 0.866 and 0.809 with a live-to-
dead load ratio equal to 3.0, for a reliability index, g, of 4.0 and 4.5, respectively, based on

Level Il (regardless of the bolt diameter and grade) calculations.

With a reliability index, g, equal to 4.0 and 4.5, the resistance factors for shear with the
threads not excluded from the shear plane based on Level Il calculations are 0.818 and 0.768
with a live-to-dead load ratio equal to 1.0 and are 0.807 and 0.753 with a live-to-dead load

ratio equal to 3.0, respectively.

Even though it is not herein recommended, the resistance factors based on all bolt diameters,
grades, and failure types (Level I) can be calculated as 0.851 and 0.797 with a live-to-dead
load ratio of 1.0 and as 0.839 and 0.781 with a live-to-dead load ratio of 3.0, for a reliability
index, g, equal to 4.0 and 4.5, respectively based on Method 2A for both tension and shear.

6.2.3 Based on Experimental Ratios and One Hundred Lots Tested

Resistance factors were also calculated using the modified shear strength equations which were

based on the experimental ratios found from the one lots tested. The resistance factors for

tension are the same as was previously summarized in Section 6.2.2. The shear resistance factors

summarized here are based on Method 2A calculations, which take into account the geometry,

material, and professional factors.

With a reliability index, g, of 4.0 and 4.5, the resistance factors for shear with the threads
excluded from the shear plane using the modified ratios equal 0.907 and 0.853 with a live-to-
dead load ratio one of 1.0 and equal 0.894 and 0.836 with a live-to-dead load ratio thereof

3.0, respectively, based on Level Il (regardless of the bolt diameter and grade) calculations.

The resistance factors for shear with the threads not excluded from the shear plane, using the
modified ratios, based on Level Il calculations are 0.890 and 0.835 with a live-to-dead load
ratio equal to 1.0 and are 0.877 and 0.818 with a live-to-dead load ratio equal to 3.0, with a
reliability index, £, equal to 4.0 and 4.5 respectively.

Even though it is not herein recommended, the resistance factors, for a reliability index, /£,

equal to 4.0 and 4.5, based on all bolt diameters, grades, and failure types (Level I) can be

238



Chapter 6 - Conclusions

calculated as 0.906 and 0.851 with a live-to-dead load ratio of 1.0 and as 0.893 and 0.835
with a live-to-dead load ratio of t3.0, respectively, based on Method 2A for tension and the

modified shear strengths.

6.3 Design Recommendations

Based on the resistance factors calculated from the bolts tested and published in literature and
from the 100 lots tested as part of this research it was found that the current resistance factor can
be increased without sacrificing safety, which would result in an improved efficiency of bolted
connections making them more favorable than welded connections in some cases. With a
reliability index of 4.0 and a live-to-dead load ratio of 3.0, as incorporated in AISC
Specification’s Commentary (2005), resistance factors of 0.90, 0.85, and 0.80 are recommended
for bolts in tension, shear with the threads excluded, and shear with the threads not excluded
from the shear plane, respectively. The larger resistance factor for tension is due to the
experimental loads being higher than the nominal failure loads predicted by AISC. On the other
hand, the lower resistance factor for shear with the threads not excluded from the shear plane is a
result of the nominal failure load due to AISC over predicting the failure load compared to the
experimental tests. AISC takes the shear strength with the threads not excluded from the shear
plane as 80% of the shear strength with the threads excluded from the shear plane. However,
based on the 100 lots tested, the shear strength with the threads not excluded from the shear
plane was approximately 76% of the shear strength with the threads excluded from the shear
plane. An increase in the current resistance factor can still be recommended, since the reliability
index, £, is now taken as 4.0 in the new Specification compared to 4.5 and the low standard

deviations imply that the bolts have consistent strength resulting in a higher resistance factor.

If the ratios of the shear strength with the threads excluded to the tensile strength and the shear
strength with the threads not excluded to excluded, obtained during this research from the 100
lots tested, are incorporated into the AISC equations for the nominal shear strength, higher
resistance factors are recommended. Based on a reliability index of 4.0 and a live-to-dead load
ratio of 3.0, it is recommended to have a resistance factor equal to 0.90 for tension and to 0.85

for shear (both with the threads excluded and not excluded from the shear plane).
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6.4 Future Research

After testing 100 lots of high-strength bolts in direct tension and shear with the threads excluded
and not excluded from the shear plane, a few items arose that deserve additional research.

e A value of stiffness and ductility can be determined based on the tension data. An equation
to predict both stiffness and ductility of high-strength bolts would be very useful.

e The tension tests were conducted with four threads exposed. Ductility of high-strength bolts
depends on the number of threads included in the grip length. More direct tension tests
should be performed varying the number of threads in the grip length to evaluate its effect on

ductility.
e An equation predicting the displacement of bolts in shear would also be valuable.

e Since about half of the shear bolts with the threads excluded from the shear plane had a
failure load below AISC’s nominal load, a revised equation to better predict the failure load
is necessary which would also increase the resistance factor to levels closer to those of shear
with the threads excluded.

e Due to the recommended increase for the resistance factor in AISC, an evaluation of the
resistance factors in AASHTO is also recommended.

e A periodic statistical analysis (e.g., with a 10-year period) of the properties of the fasteners
currently being produced is recommended, because new production methods and other
factors may impact the quality of materials favorably or adversely, and therefore directly

impact the resistance factors.
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Appendix A — Experimental Data

APPENDIX A

EXPERIMENTAL DATA OF ONE HUNDRED LOTS TESTED

Appendix A contains the failure loads in tension, shear with the threads excluded, and shear with
the threads not excluded. It also specifies the elongation for each tension bolt tested. Lastly,
Appendix A contains a Load versus Elongation plot for the bolts tested in tension and a Load
versus Displacement plot for the bolts tested in shear with the threads excluded and not excluded

from the shear
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Nominal Thread Length:
Measured Thread Length:

Size:
Grade:

5/8"-11 x 4.5"
A325

1 1/4 inches
1.2960 inches

Table A-1: Lot C1 — 5/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6194 31,437 11.23% 0.6187 26,722 0.6191 20,450
2 0.6195 31,632 8.49% 0.6188 25,558 0.6192 21,374
3 0.6189 31,221 10.61% 0.6189 26,141 0.6193 21,716
4 0.6194 31,120 12.15% 0.6188 26,292 0.6191 21,699
5 0.6194 31,304 11.92% 0.6189 25,963 0.6190 22,142

Note: The lever arm of the third LVVDT was resting on the angle.
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Figure A-2: Lot C1 - 5/8-inch A325 — Shear
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Appendix A — Experimental Data

L 1 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 5/8"-11x 2.75"
Grade: A325
Nominal Thread Length: 1 1/4 inches
Measured Thread Length:  1.3010 inches

Table A-2: Lot L1 —5/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6215 31,477 11.45% 0.6212 26,570 0.6206 18,255
2 0.6215 31,808 12.53% 0.6212 26,441 0.6211 18,754
3 0.6216 31,952 13.84% 0.6204 26,372 0.6215 19,773
4 0.6215 31,754 8.84% 0.6212 26,555 0.6207 19,225
5 0.6205 31,639 13.30% 0.6210 26,470 0.6206 18,543

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:
Size:

Grade:
Nominal Thread Length:

Measured Thread Length:

5/8"-11 x 3.5"
A325

1 1/4 inches
1.2625 inches

Table A-3: Lot N1 — 5/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6204 32,306 11.25% 0.6212 25,982 0.6204 20,861
2 0.6196 31,686 8.48% 0.6207 26,219 0.6205 20,395
3 0.6198 31,538 6.97% 0.6205 26,610 0.6211 20,608
4 0.6208 31,556 10.46% 0.6205 26,251 0.6205 20,593
5 0.6206 31,805 11.17% 0.6208 26,012 0.6209 20,238

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

T 1 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 5/8"-11 x 3.5"
Grade: A325
Nominal Thread Length: 1 1/4 inches
Measured Thread Length:  1.3320 inches

Table A-4: Lot T1 —5/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6220 31,873 6.23% 0.6214 27,148 0.6216 20,143
2 0.6216 32,324 8.63% 0.6214 26,821 0.6217 18,765
3 0.6227 32,417 7.85% 0.6215 26,931 0.6216 20,531
4 0.6220 31,242 5.48% 0.6217 26,910 0.6216 20,347
5 0.6226 31,960 11.07% 0.6212 26,834 0.6216 19,235

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-8: Lot T1 — 5/8-inch A325 — Shear
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Appendix A — Experimental Data

B 1 Bolt Properties:
- .. Manufacturer:

Lot Number: I:l

Size: 3/4"-10x 3"
Grade: A325
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4070 inches

Table A-5: Lot B1 — 3/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.45 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7482 46,702 10.85% 0.7483 37,586 0.7475 28,088
2 0.7460 46,025 16.58% 0.7479 38,105 0.7477 28,687
3 0.7486 46,738 10.27% 0.7471 38,073 0.7482 27,274
4 0.7470 46,753 17.34% 0.7474 37,983 0.7479 27,418
5 0.7474 46,046 17.20% 0.7478 37,958 0.7483 27,883
6 0.7480 45,927 13.43% 0.7484 38,282

Notes: The lever arm of the third LVDT was resting on the bolt head.
Data for X5 was not recorded for the Load versus Displacement
graph due to technical problems.
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Figure A-10: Lot B1 — 3/4-inch A325 — Shear
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Appendix A — Experimental Data

B 2 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10 x 4"
Grade: A325
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4455 inches

Table A-6: Lot B2 — 3/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7452 49,438 12.69% 0.7442 39,677 0.7441 29,022
2 0.7458 48,768 5.25% 0.7441 38,567 0.7439 29,051
3 0.7460 48,544 14.98% 0.7445 39,100 0.7438 28,878
4 0.7444 48,631 15.08% 0.7442 38,826 0.7440 28,935
5 0.7448 49,326 12.18% 0.7437 38,678 0.7443 29,217

Note: The lever arm of the third LVDT was resting on the bolt head.
Data for T5 was not recorded for the Load versus Elongation graph
due to technical problems.
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Appendix A — Experimental Data

B 3 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10 x 4.5"
Grade: A325
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.3900 inches

Table A-7: Lot B3 — 3/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7434 48,977 13.53% 0.7436 38,542 0.7434 29,581
2 0.7450 49,200 16.94% 0.7433 39,533 0.7429 29,627
3 0.7438 49,377 11.87% 0.7433 39,363 0.7438 28,575
4 0.7436 49,243 14.71% 0.7434 39,284 0.7435 29,919
5 0.7426 48,872 11.83% 0.7437 39,673 0.7431 29,555

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

B4 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10 x 5"
Grade: A325
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4495 inches

Table A-8: Lot B4 — 3/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7466 48,995 14.28% 0.7451 40,012 0.7451 30,060
2 0.7482 48,454 11.35% 0.7449 39,965 0.7450 30,150
3 0.7468 48,962 10.93% 0.7449 40,192 0.7449 29,649
4 0.7478 48,778 10.14% 0.7451 39,554 0.7448 30,633
5 0.7460 48,771 12.83% 0.7450 40,250 0.7451 28,788

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Measured Thread Length:

Size:
Grade:
Nominal Thread Length:

3/4"-10 x 2.75"
A325

1 3/8 inches
1.4605 inches

Table A-9: Lot L2 — 3/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7457 51,121 5.10% 0.7439 40,715 0.7436 30,839
2 0.7446 49,366 6.23% 0.7437 40,549 0.7440 30,103
3 0.7460 49,020 3.59% 0.7436 39,846 0.7440 29,238
4 0.7442 49,344 3.22% 0.7435 39,850 0.7435 31,751
5 0.7450 49,853 4.93% 0.7438 39,136 0.7438 31,246

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

N O Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10 x 3.25"
Grade: A325
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4450 inches

Table A-10: Lot NO — 3/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4875 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7437 49,424 6.54% 0.7433 39,785 0.7437 31,350
2 0.7434 49,229 8.65% 0.7436 39,010 0.7432 29,162
3 0.7441 48,912 9.62% 0.7433 39,915 0.7433 29,260
4 0.7456 48,566 9.83% 0.7433 39,324 0.7437 29,689
5 0.7455 48,468 10.00% 0.7434 39,800 0.7434 31,765

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-20: Lot NO — 3/4-inch A325 — Shear
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Appendix A — Experimental Data

N 2 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10 x 2.75"
Grade: A325
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4710 inches

Table A-11: Lot N2 — 3/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7458 48,613 4.15% 0.7445 40,546 0.7443 30,702
2 0.7458 49,024 3.67% 0.7443 40,708 0.7444 31,707
3 0.7486 49,153 0.58% 0.7445 40,254 0.7443 30,424
4 0.7459 49,229 2.01% 0.7445 40,708 0.7443 29,591
5 0.7456 49,525 0.99% 0.7442 40,589 0.7444 31,866
6 0.7423 39,908

Note: The lever arm of the third LVDT was resting on the bolt head.
Data for X5 was not recorded for the Load versus Displacement
graph due to technical problems.
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Figure A-22: Lot N2 — 3/4-inch A325 — Shear
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Appendix A — Experimental Data

N 3 Bolt Properties:
- .. Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

3/4"-10 x 3.25"
A325

1 3/8 inches
1.4595 inches

Table A-12: Lot N3 — 3/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4875 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Ayerage Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7458 52,268 4.76% 0.7422 40,892 0.7424 32,655
2 0.7448 51,756 5.62% 0.7424 41,166 0.7427 33,365
3 0.7446 49,474 7.19% 0.7422 41,220 0.7420 33,920
4 0.7460 50,419 5.35% 0.7420 40,755 0.7423 33,423
5 0.7450 51,230 7.61% 0.7422 41,057 0.7426 33,347
6 0.7426 40,264

Note: The lever arm of the third LVDT was resting on the bolt head.

Data for X1 was not recorded for the Load versus Displacement

graph due to technical problems.
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Figure A-24: Lot N3 — 3/4-inch A325 — Shear
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Appendix A — Experimental Data

T2 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10x 3.5"
Grade: A325
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4455 inches

Table A-13: Lot T2 — 3/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7375 50,988 8.30% 0.7411 40,805 0.7410 30,965
2 0.7385 49,950 6.88% 0.7412 40,985 0.7411 32,089
3 0.7360 49,240 9.72% 0.7410 40,924 0.7408 31,437
4 0.7335 49,784 6.78% 0.7412 41,375 0.7406 31,736
5 0.7340 50,109 8.75% 0.7412 41,292 0.7407 30,125

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-26: Lot T2 — 3/4-inch A325 — Shear
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Table A-14: Lot T3 — 3/4-inch A325 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Size:
Grade:
Nominal Thread Length:
Measured Thread Length:

3/4"-10 x 3.75"
A325

1 3/8 inches
1.4555 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.5625 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7345 50,235 13.60% 0.7425 41,977 0.7414 30,777
2 0.7385 49,979 10.41% 0.7426 41,973 0.7413 30,893
3 0.7410 49,820 11.06% 0.7417 41,526 0.7418 32,273
4 0.7395 50,314 12.71% 0.7416 41,966 0.7415 31,347
5 0.7370 49,932 12.99% 0.7418 41,389 0.7413 33,081

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Figure A-27: Lot T3 — 3/4-inch A325 — Tension
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Figure A-28: Lot T3 — 3/4-inch A325 — Shear
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B5

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

]

7/8"-9 x 3.75"
A325

1 1/2 inches
1.5815 inches

Table A-15: Lot B5 — 7/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.5625 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8672 66,826 15.33% 0.8680 53,363 0.8676 37,867
2 0.8678 66,942 12.68% 0.8677 52,556 0.8688 38,599
3 0.8660 66,394 9.93% 0.8683 52,405 0.8687 39,947
4 0.8678 67,558 10.12% 0.8687 52,740 0.8680 40,600
5 0.8682 66,769 10.94% 0.8688 53,158 0.8677 39,133

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Figure A-29: Lot B5 — 7/8-inch A325 — Tension
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Figure A-30: Lot B5 — 7/8-inch A325 — Shear
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Appendix A — Experimental Data

B 6 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9 x 4.5"
Grade: A325
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5515 inches

Table A-16: Lot B6 — 7/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8676 67,717 13.76% 0.8666 52,570 0.8675 40,845
2 0.8664 66,769 13.25% 0.8674 51,950 0.8693 39,619
3 0.8680 66,816 17.05% 0.8663 52,322 0.8681 42,780
4 0.8688 66,289 18.14% 0.8667 51,824 0.8684 41,793
5 0.8686 67,969 13.89% 0.8663 52,275 0.8680 40,874

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

B6 - Tension

0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26

Elongation (inches)

Figure A-31: Lot B6 — 7/8-inch A325 — Tension
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Figure A-32: Lot B6 — 7/8-inch A325 — Shear
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Appendix A — Experimental Data

Manufacturer:
Lot Number:
Size: 7/8"-9 x 4.75"
Grade: A325
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5175 inches

B 7 Bolt Properties:

Table A-17: Lot B7 — 7/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.7125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Ayerage Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8682 66,711 14.17% 0.8690 53,320 0.8687 41,328
2 0.8700 67,295 12.75% 0.8690 53,140 0.8687 41,778
3 0.8692 67,522 13.97% 0.8694 53,273 0.8694 41,249
4 0.8684 68,178 9.75% 0.8681 52,837 0.8694 40,340
5 0.8706 68,153 15.39% 0.8701 53,295 0.8688 38,105
6 0.8692 53,079

Note: The lever arm of the third LVDT was resting on the bolt head.
Data for X1 was not recorded for the Load versus Displacement
graph due to technical problems.
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Appendix A — Experimental Data
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Figure A-33: Lot B7 — 7/8-inch A325 — Tension
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Figure A-34: Lot B7 — 7/8-inch A325 — Shear
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Appendix A — Experimental Data

L3 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9x 3"
Grade: A325
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5825 inches

Table A-18: Lot L3 — 7/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.45 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8713 67,194 6.51% 0.8712 52,268 0.8698 42,946
2 0.8706 65,651 7.61% 0.8701 53,129 0.8702 40,326
3 0.8719 66,495 7.08% 0.8700 53,007 0.8701 43,728
4 0.8716 66,913 8.25% 0.8703 54,679 0.8700 40,553
5 0.8710 66,048 9.67% 0.8702 52,650 0.8701 40,953

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Figure A-35: Lot L3 — 7/8-inch A325 — Tension

L3 - Shear

L3 - Tension
,/J._———_ =
——g
. ~
60 -/ Ty,
50 | /
/ O~
Y4
0.02 0.04 0.06 0.08 0.10 0.12 0.14

0.04 0.08 0.12 0.16 0.20

Displacement (inches)

Figure A-36: Lot L3 — 7/8-inch A325 — Shear
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L4

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

7/8"-9 x 5"
A325

1 1/2 inches
1.5435 inches

Table A-19: Lot L4 — 7/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8744 69,948 7.90% 0.8709 55,411 0.8710 43,209
2 0.8729 68,434 10.98% 0.8715 55,443 0.8727 41,721
3 0.8732 69,937 10.53% 0.8718 55,847 0.8704 39,742
4 0.8738 70,521 10.01% 0.8712 55,941 0.8721 43,927
5 0.8733 70,514 8.91% 0.8721 54,506 0.8714 41,768
6 0.8711 42,611

Note: The lever arm of the third LVVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Figure A-38: Lot L4 — 7/8-inch A325 — Shear
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Appendix A — Experimental Data

N4 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9 x 4.25"
Grade: A325
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.4985 inches

Table A-20: Lot N4 — 7/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8716 68,726 12.18% 0.8699 54,600 0.8700 41,508
2 0.8724 68,513 12.98% 0.8695 54,182 0.8701 40,214
3 0.8719 69,595 12.78% 0.8700 54,142 0.8700 39,079
4 0.8717 69,011 12.05% 0.8695 53,771 0.8700 41,746
5 0.8715 69,829 13.85% 0.8696 54,697 0.8698 42,297

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Figure A-39: Lot N4 — 7/8-inch A325 — Tension
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Figure A-40: Lot N4 — 7/8-inch A325 — Shear
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Appendix A — Experimental Data

Manufacturer:
Lot Number:
Size: 7/8"-9 x 4.25"
Grade: A325
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5240 inches

N 5 Bolt Properties:

Table A-21: Lot N5 — 7/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Ayerage Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8713 69,335 12.37% 0.8694 54,841 0.8694 40,138
2 0.8712 68,438 9.15% 0.8693 54,787 0.8692 42,452
3 0.8702 69,501 9.84% 0.8693 54,910 0.8694 42,853
4 0.8720 69,094 10.33% 0.8694 54,892 0.8688 47,474
5 0.8697 68,636 12.80% 0.8693 55,086 0.8695 45,033
6 0.8693 69,032 13.39%

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-41: Lot N5 — 7/8-inch A325 — Tension
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Figure A-42: Lot N5 — 7/8-inch A325 — Shear
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T4

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

7/8"-9 x 4"
A325

1 1/2 inches
1.5850 inches

Table A-22: Lot T4 — 7/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Ayerage Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8698 68,636 10.57% 0.8687 55,422 0.8693 40,304
2 0.8698 68,827 11.74% 0.8692 56,481 0.8695 42,568
3 0.8695 67,908 8.83% 0.8697 55,263 0.8696 44,168
4 0.8709 69,068 7.00% 0.8692 56,730 0.8692 42,788
5 0.8714 68,715 10.98% 0.8696 56,784 0.8687 44,976
6 0.8692 57,610

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-44: Lot T4 — 7/8-inch A325 — Shear
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Appendix A — Experimental Data

T5 Bolt Properties:
G5 ) Manufacturer:

Lot Number:
Size: 7/8"-9 x 4.25"
Grade: A325
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.6205 inches

Table A-23: Lot T5 — 7/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8672 70,795 11.32% 0.8683 57,408 0.8673 43,372
2 0.8683 70,182 8.42% 0.8689 57,620 0.8670 43,656
3 0.8686 69,447 6.42% 0.8683 57,894 0.8684 43,310
4 0.8692 69,861 6.85% 0.8684 57,429 0.8682 42,063
5 0.8693 70,626 8.58% 0.8685 57,163 0.8685 41,187
6 0.8684 57,660

Note: The lever arm of the third LVVDT was resting on the bolt head.
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Figure A-45: Lot T5 — 7/8-inch A325 — Tension
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Figure A-46: Lot T5 — 7/8-inch A325 — Shear
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Appendix A — Experimental Data

B 8 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 1"-8x 3.25"
Grade: A325
Nominal Thread Length: 1 3/4 inches
Measured Thread Length:  1.8415 inches

Table A-24: Lot B8 — 1-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4875 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9888 87,459 9.31% 0.9893 68,409 0.9898 52,055
2 0.9880 86,709 7.36% 0.9897 68,701 0.9892 50,318
3 0.9898 89,312 6.60% 0.9895 68,023 0.9901 50,354
4 0.9890 87,989 9.34% 0.9899 68,124 0.9883 47,456
5 0.9886 87,956 9.96% 0.9890 68,513 0.9885 48,933
6 0.9880 88,378 9.15% 0.9893 46,111

Note: The lever arm of the third LVVDT was resting on the bolt head.
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Figure A-48: Lot B8 — 1-inch A325 — Shear
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B9

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1"-8 x 3.5"
A325

1 3/4 inches
1.8130 inches

Table A-25: Lot B9 — 1-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9894 89,326 8.80% 0.9900 67,958 0.9901 53,392
2 0.9892 89,312 14.09% 0.9904 67,356 0.9906 52,697
3 0.9896 87,614 16.96% 0.9905 68,344 0.9905 52,264
4 0.9888 88,454 16.08% 0.9898 67,792 0.9899 49,853
5 0.9878 88,421 9.60% 0.9897 67,710 0.9893 51,168

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-49: Lot B9 — 1-inch A325 — Tension
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Figure A-50: Lot B9 — 1-inch A325 — Shear
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Appendix A — Experimental Data

B 10 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 1"-8x4"
Grade: A325
Nominal Thread Length: 1 3/4 inches
Measured Thread Length:  1.8300 inches

Table A-26: Lot B10 — 1-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9910 88,785 10.55% 0.9917 68,683 0.9918 50,501
2 0.9904 87,686 10.44% 0.9922 68,095 0.9917 54,311
3 0.9906 88,811 14.10% 0.9918 68,423 0.9919 50,285
4 0.9922 87,574 12.10% 0.9918 68,946 0.9920 51,687
5 0.9900 88,501 12.79% 0.9913 67,317 0.9916 50,242

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-51: Lot B10 — 1-inch A325 — Tension
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Figure A-52: Lot B10 — 1-inch A325 — Shear
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B11l

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Nominal Thread Length:
Measured Thread Length:

Size:
Grade:

1"-8 x 4.75"
A325
1 3/4 inches

1.8480 inches

Table A-27: Lot B11 — 1-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.7125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9898 85,347 11.63% 0.9925 65,904 0.9919 49,438
2 0.9939 84,611 12.45% 0.9920 65,280 0.9923 52,365
3 0.9938 85,624 11.85% 0.9921 65,734 0.9919 50,894
4 0.9916 85,217 12.99% 0.9902 65,421 0.9922 51,294
5 0.9932 85,195 11.20% 0.9925 64,574 0.9922 51,507

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-54: Lot B11 — 1-inch A325 — Shear
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L5

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Nominal Thread Length:
Measured Thread Length:

Size:
Grade:

18 x 3"
A325
1 3/4 inches

1.8545 inches

Table A-28: Lot L5 — 1-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.45 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9989 88,072 4.04% 0.9940 66,560 0.9962 52,516
2 0.9976 87,819 3.88% 0.9956 67,645 0.9960 51,532
3 0.9971 87,286 5.39% 0.9959 66,502 0.9962 53,122
4 0.9985 88,663 4.72% 0.9955 64,862 0.9959 54,578
5 0.9992 88,349 3.86% 0.9957 67,904 0.9960 51,759
6 1.0008 88,158 4.31%
7 0.9980 87,942 4.88%
8 0.9989 90,000 2.35%
9 0.9969 87,690 3.86%

Note: The lever arm of the third LVDT was resting on the bolt head.
Data for T1 through T4 were not recorded for the Load versus
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Appendix A — Experimental Data

L6 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 1"-8x5"
Grade: A325
Nominal Thread Length: 1 3/4 inches
Measured Thread Length:  1.8825 inches

Table A-29: Lot L6 — 1-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9952 89,229 7.01% 0.9932 69,548 0.9923 52,952
2 0.9941 88,273 4.83% 0.9926 69,865 0.9922 52,098
3 0.9943 88,227 7.97% 0.9913 68,989 0.9924 52,278
4 0.9961 89,232 7.12% 0.9920 69,151 0.9923 52,109
5 0.9942 88,998 6.06% 0.9920 68,986 0.9920 53,331

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

N 6 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 1"-8x4"
Grade: A325
Nominal Thread Length: 1 3/4 inches
Measured Thread Length:  1.8445 inches

Table A-30: Lot N6 — 1-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9942 81,583 5.31% 0.9950 68,895 0.9942 53,738
2 0.9943 88,082 5.34% 0.9942 68,899 0.9935 53,381
3 0.9956 85,148 6.13% 0.9943 67,360 0.9942 52,145
4 0.9973 83,833 7.56% 0.9938 69,400 0.9947 50,851
5 0.9955 87,653 7.32% 0.9939 66,996 0.9947 54,499

Note: The lever arm of the third LVDT was resting on the bolt head.
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N7

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1"-8 x 4.5"
A325

1 3/4 inches
1.8720 inches

Table A-31: Lot N7 — 1-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9965 89,722 7.18% 0.9938 69,634 0.9936 50,404
2 0.9948 89,596 5.29% 0.9934 69,851 0.9938 54,542
3 0.9956 89,409 5.69% 0.9935 69,238 0.9933 55,022
4 0.9935 90,209 N/A 0.9935 69,584 0.9935 53,266
5 0.9973 89,809 3.93% 0.9939 69,079 0.9939 52,181

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

T7 Bolt Properties:
S ) Manufacturer:

Lot Number:
Size: 1"-8x4.25"
Grade: A325
Nominal Thread Length: 1 3/4 inches
Measured Thread Length:  1.8435 inches

Table A-32: Lot T7 — 1-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9961 90,872 12.58% 0.9948 72,922 0.9937 55,501
2 0.9952 90,184 13.26% 0.9943 73,347 0.9939 56,438
3 0.9974 90,191 10.28% 0.9935 71,887 0.9941 56,265
4 0.9966 91,701 11.66% 0.9935 72,896 0.9935 54,913
5 0.9962 91,979 9.57% 0.9933 72,194 0.9936 53,363

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

F 1 Bolt Properties:
- .. Manufacturer:

Lot Number: I:l

Size: 1-1/8"-7 x 4"
Grade: A325
Nominal Thread Length: 2 inches
Measured Thread Length:  2.1475 inches

Table A-33: Lot F1 — 1-1/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1195 98,161 9.67% 1.1191 80,834 1.1180 58,705
2 1.1196 97,941 11.77% 1.1186 78,181 1.1180 62,173
3 1.1198 98,950 12.95% 1.1182 81,248 1.1188 61,740
4 1.1194 98,849 8.45% 1.1193 81,464 1.1188 62,609
5 1.1196 96,088 12.11% 1.1190 82,510 1.1191 62,851

Note: The lever arm of the third LVVDT was resting on the angle.
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L8

Appendix A — Experimental Data

Bolt Properties:
Manufacturer:
Lot Number:
Size:
Grade:
Nominal Thread Length:
Measured Thread Length:

1-1/8"-7 x 4.25"
A325
2 inches

2.1580 inches

Table A-34: Lot L8 — 1-1/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1186 101,729 5.07% 1.1194 82,427 1.1208 65,078
2 1.1195 101,657 6.36% 1.1205 81,299 1.1194 64,336
3 1.1196 100,453 5.88% 1.1193 81,392 1.1219 60,479
4 1.1200 101,106 5.67% 1.1205 80,848 1.1210 64,966
5 1.1198 99,199 6.49% 1.1201 80,801 1.1192 62,472
6 1.1213 63,478

Note: The lever arm of the third LVDT was resting on the angle.
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Appendix A — Experimental Data

N 8 Bolt Properties:
G5 ) Manufacturer:

Lot Number:
Size: 1-1/8"-7x4.5"
Grade: A325
Nominal Thread Length: 2 inches
Measured Thread Length:  2.0930 inches

Table A-35: Lot N8 — 1-1/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Ayerage Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1181 105,626 5.84% 1.1188 86,442 1.1187 66,488
2 1.1189 105,795 9.84% 1.1186 85,177 1.1187 65,186
3 1.1180 107,435 5.79% 1.1186 85,188 1.1193 67,735
4 1.1186 107,738 7.77% 1.1169 84,820 1.1154 64,000
5 1.1189 105,240 6.35% 1.1188 85,898 1.1192 66,430
6 1.1184 105,543 5.84%

Note: The lever arm of the third LVDT was resting on the angle.
Data for T6 was not recorded for the Load versus Elongation graph
due to technical problems.
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1-1/8"-7 x 4.25"
A325

2 inches

2.1505 inches

Table A-36: Lot T8 — 1-1/8-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1187 101,470 6.63% 1.1202 82,582 1.1188 63,925
2 1.1192 100,327 7.73% 1.1194 83,400 1.1188 65,309
3 1.1194 98,550 7.27% 1.1197 82,066 1.1181 59,340
4 1.1195 100,839 4.65% 1.1204 82,074 1.1189 63,027
5 1.1187 100,493 7.23% 1.1182 80,801 1.1190 63,492

Note: The lever arm of the third LVVDT was resting on the angle.
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C3

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1-1/4"-7 x 4.75"
A325

2 inches

2.1220 inches

Table A-37: Lot C3 — 1-1/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.7125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2438 127,669 2.56% 1.2443 98,709 1.2444 78,350
2 1.2441 129,473 5.14% 1.2434 98,298 1.2445 74,807
3 1.2435 126,644 3.62% 1.2446 99,563 1.2448 75,823
4 1.2451 126,312 5.26% 1.2444 99,267 1.2435 75,899
5 1.2456 125,475 5.16% 1.2438 99,448 1.2441 76,112

Note: The lever arm of the third LVVDT was resting on the angle.
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C4

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

]

1-1/4"-7 x 5"
A325

2 inches
2.0820 inches

Table A-38: Lot C4 — 1-1/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2438 135,506 7.71% 1.2432 99,458 1.2417 79,594
2 1.2436 133,918 6.13% 1.2433 101,124 1.2426 82,784
3 1.2432 134,019 4.48% 1.2423 97,800 1.2429 78,329
4 1.2434 128,174 6.78% 1.2429 100,403 1.2422 79,511
5 1.2427 136,270 6.36% 1.2426 100,514 1.2431 76,883

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1-1/4"-7 x 4.5"
A325

2 inches
2.1130 inches

Table A-39: Lot N9 — 1-1/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2442 121,189 8.37% 1.2427 92,202 1.2444 74,176
2 1.2442 117,985 10.13% 1.2427 92,386 1.2444 71,761
3 1.2447 123,166 4.39% 1.2433 95,410 1.2446 71,905
4 1.2437 117,797 9.13% 1.2438 94,888 1.2419 70,460
5 1.2440 121,867 6.22% 1.2425 95,486 1.2433 75,585

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1-1/4"-7 x 4.5"
A325
2 inches

2.2075 inches

Table A-40: Lot T9 — 1-1/4-inch A325 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2439 127,409 5.54% 1.2433 99,361 1.2432 76,818
2 1.2442 126,053 6.08% 1.2435 98,723 1.2425 77,254
3 1.2435 127,395 7.71% 1.2430 100,042 1.2433 75,733
4 1.2440 129,300 4.80% 1.2419 100,161 1.2428 74,728
5 1.2440 128,795 4.91% 1.2426 99,592 1.2429 78,112
6 1.2439 128,824 5.80% 1.2421 100,583
7 1.2430 101,744
8 1.2426 100,587

Note: The lever arm of the third LVDT was resting on the angle.
Data for T1 was not recorded for the Load versus Elongation graph

due to technical problems.

Data for X1, X2, and X4 were not recorded for the Load versus

Displacement graph due to technical problems.
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Appendix A — Experimental Data

Bolt Properties:
Manufacturer:
Lot Number:
Size: 5/8"-11x 2.75"
Grade: F1852
Nominal Thread Length: 1 1/4 inches
Measured Thread Length:  1.3325 inches

Table A-41: Lot U1 — 5/8-inch F1852 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6224 33,661 14.18% 0.6226 28,582 0.6225 21,136
2 0.6227 34,771 16.06% 0.6226 28,373 0.6228 22,574
3 0.6222 34,634 14.45% 0.6227 28,445 0.6224 21,562
4 0.6228 34,512 11.33% 0.6225 28,788 0.6229 20,390
5 0.6231 34,804 10.62% 0.6228 28,445 0.6224 21,638

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

3/4"-10 x 3.75"
F1852

1 3/8 inches
1.4360 inches

Table A-42: Lot U2 — 3/4-inch F1852 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.5625 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7325 49,845 18.25% 0.7430 41,209 0.7431 31,286
2 0.7335 49,420 16.33% 0.7425 40,870 0.7435 31,386
3 0.7315 49,701 20.93% 0.7426 40,719 0.7433 31,177
4 0.7350 49,546 21.31% 0.7432 41,357 0.7432 31,448
5 0.7320 49,528 18.70% 0.7428 41,162 0.7430 30,056
6 0.7345 49,492 19.67%
7 0.7305 49,571 21.94%
8 0.7315 49,539 20.33%

Note: The lever arm of the third LVDT was resting on the bolt head.
Data for T7 and T8 were not recorded for the Load versus Elongation

graph due to technical problems.
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Figure A-83: Lot U2 — 3/4-inch F1852 — Tension
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Figure A-84: Lot U2 — 3/4-inch F1852 — Shear
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Appendix A — Experimental Data

Bolt Properties:
Manufacturer:
Lot Number:
Size: 7/8"-9 x 3.5"
Grade: F1852
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5375 inches

Table A-43: Lot U3 — 7/8-inch F1852 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8716 71,213 21.98% 0.8718 56,514 0.8715 43,635
2 0.8719 71,008 17.27% 0.8717 57,018 0.8717 45,477
3 0.8719 70,298 16.59% 0.8715 56,124 0.8721 44,435
4 0.8720 72,071 18.70% 0.8719 57,278 0.8717 43,411
5 0.8723 71,152 14.93% 0.8715 56,193 0.8715 43,790

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Nominal Thread Length:
Measured Thread Length:

Size:
Grade:

1"-8 x 3.25"
F1852
1 3/4 inches

1.7265 inches

Table A-44: Lot U5 — 1-inch F1852 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4875 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9974 92,325 11.38% 0.9920 73,246 0.9931 56,463
2 0.9957 89,506 14.89% 0.9918 73,603 0.9938 57,451
3 0.9967 92,520 12.74% 0.9918 71,289 0.9929 56,481
4 0.9972 92,873 13.09% 0.9922 72,309 0.9945 56,402
5 0.9967 92,448 13.26% 0.9919 71,664 0.9936 55,750

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Figure A-88: Lot U5 — 1-inch F1852 — Shear
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1-1/8"-7 x 4.5"
F1852

2 inches
2.0760 inches

Table A-45: Lot U6 — 1-1/8-inch F1852 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1097 104,454 2.26% 1.1112 80,279 1.1117 63,298
2 1.1101 105,482 5.31% 1.1112 79,893 1.1112 64,541
3 1.1104 104,332 8.01% 1.1113 80,398 1.1112 64,624
4 1.1101 103,391 8.07% 1.1110 79,295 1.1109 65,868
5 1.1102 105,831 5.73% 1.1114 80,480 1.1119 63,824

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data

U6 - Tension

110
o0 47\
7
90 4
\-

80

70 4

60

/]

\ ) )

30 /

Elongation (inches)
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Figure A-90: Lot U6 — 1-1/8-inch F1852 — Shear
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C5

Table A-46: Lot C5 — 5/8-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:
Size:

Grade:
Nominal Thread Length:

Measured Thread Length:

5/8"-11 x 4.5"
A490

1 1/4 inches
1.2840 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6214 36,126 11.21% 0.6213 30,280 0.6213 24,541
2 0.6214 35,957 11.06% 0.6214 29,891 0.6209 25,286
3 0.6219 36,112 9.50% 0.6213 29,588 0.6216 25,565
4 0.6215 35,813 10.75% 0.6212 29,606 0.6217 24,899
5 0.6214 36,501 9.19% 0.6215 30,056 0.6204 24,210

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data
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Figure A-92: Lot C5 — 5/8-inch A490 — Shear
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Appendix A — Experimental Data

Bolt Properties:
Manufacturer:
Lot Number:
Size:
Grade:
Nominal Thread Length:
Measured Thread Length:

5/8"-11 x 5"
A490

1 1/4 inches
1.3370 inches

Table A-47: Lot C6 — 5/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6185 36,599 6.96% 0.6194 30,320 0.6196 22,667
2 0.6191 36,116 6.66% 0.6193 29,555 0.6170 23,070
3 0.6195 36,267 6.36% 0.6173 29,858 0.6192 22,035
4 0.6194 36,202 6.62% 0.6193 29,743 0.6196 22,544
5 0.6194 35,798 4.71% 0.6190 29,674 0.6197 23,254

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data
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C6 - Shear

T
0.20

0.22

0.24

35

30

25 4

20

Load (Kips)

15

10 4

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Displacement (inches)
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Appendix A — Experimental Data

L9 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 5/8"-11x 3"
Grade: A490
Nominal Thread Length: 1 1/4 inches
Measured Thread Length:  1.3065 inches

Table A-48: Lot L9 — 5/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.45 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6206 36,372 5.47% 0.6195 28,809 0.6197 21,873
2 0.6207 36,231 8.19% 0.6188 29,664 0.6187 20,079
3 0.6203 36,501 5.32% 0.6194 29,530 0.6198 22,132
4 0.6203 36,130 7.00% 0.6196 29,620 0.6196 21,470
5 0.6202 36,296 4.86% 0.6199 29,541 0.6194 21,355

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:
Manufacturer:
Lot Number:
Size:
Grade:
Nominal Thread Length:
Measured Thread Length:

5/8"-11 x 3.5"
A490

1 1/4 inches
1.2895 inches

Table A-49: Lot N10 — 5/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6228 38,199 6.13% 0.6208 30,727 0.6209 22,459
2 0.6221 38,116 7.02% 0.6207 30,903 0.6209 22,451
3 0.6230 38,062 6.67% 0.6206 30,918 0.6211 23,827
4 0.6220 38,152 7.33% 0.6210 30,907 0.6209 21,855
5 0.6223 37,803 7.75% 0.6210 30,503 0.6211 23,713

Note: The lever arm of the third LVDT was resting on the bolt head.
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N11

Table A-50: Lot N11 — 5/8-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:
Size:

Grade:
Nominal Thread Length:

Measured Thread Length:

[

5/8"-11 x 3.75"
A490

1 1/4 inches
1.2660 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.5625 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6213 38,408 9.83% 0.6211 30,129 0.6208 23,051
2 0.6215 38,387 9.40% 0.6205 30,305 0.6206 22,508
3 0.6214 38,588 8.81% 0.6208 30,637 0.6208 23,319
4 0.6216 38,098 7.31% 0.6205 30,572 0.6208 21,622
5 0.6225 38,289 8.29% 0.6205 30,662 0.6208 22,668

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

T 1 O Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 5/8"-11x 3"
Grade: A490
Nominal Thread Length: 1 1/4 inches
Measured Thread Length:  1.2470 inches

Table A-51: Lot T10 — 5/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.45 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.6188 36,292 12.27% 0.6200 29,501 0.6196 23,325
2 0.6197 36,123 13.75% 0.6199 29,462 0.6196 23,796
3 0.6204 36,357 10.79% 0.6198 29,577 0.6196 22,886
4 0.6197 36,170 12.55% 0.6177 29,137 0.6204 22,093
5 0.6204 36,357 13.67% 0.6197 29,408 0.6204 22,409

Note: The lever arm of the third LVDT was resting on the bolt head.
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C7

Table A-52: Lot C7 — 3/4-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Size:
Grade:

Nominal Thread Length:
Measured Thread Length:

]

3/4"-10 x 4.25"
A490

1 3/8 inches
1.4285 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7454 56,881 8.72% 0.7460 44,010 0.7461 31,167
2 0.7459 55,631 10.64% 0.7464 43,375 0.7462 32,154
3 0.7466 56,312 10.05% 0.7463 43,354 0.7458 31,985
4 0.7458 55,735 11.34% 0.7454 43,281 0.7456 30,640
5 0.7462 54,225 11.17% 0.7461 42,633 0.7456 30,110

Note: The lever arm of the third LVVDT was resting on the angle.
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Figure A-104: Lot C7 — 3/4-inch A490 — Shear
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C8

Table A-53: Lot C8 — 3/4-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:
Size:

Grade:
Nominal Thread Length:

Measured Thread Length:

3/4"-10 x 4.5"
A490

1 3/8 inches
1.4245 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7430 56,395 4.42% 0.7412 44,698 0.7415 33,686
2 0.7429 55,544 15.76% 0.7412 44,237 0.7421 33,621
3 0.7429 56,024 8.67% 0.7410 44,013 0.7415 34,126
4 0.7432 56,182 6.77% 0.7409 43,865 0.7426 32,724
5 0.7431 56,279 9.83% 0.7407 44,384 0.7417 34,941

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data

C9 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10 x 4.75"
Grade: A490
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.3960 inches

Table A-54: Lot C9 — 3/4-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.7125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7420 56,265 4.94% 0.7410 43,256 0.7404 33,765
2 0.7413 55,382 6.73% 0.7405 43,195 0.7407 33,621
3 0.7418 55,209 8.95% 0.7415 42,827 0.7407 33,167
4 0.7415 55,086 7.38% 0.7406 42,990 0.7412 33,719
5 0.7420 53,814 8.81% 0.7410 43,083 0.7405 34,011

Note: The lever arm of the third LVVDT was resting on the angle.
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Figure A-108: Lot C9 — 3/4-inch A490 — Shear
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Appendix A — Experimental Data

C 10 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10 x 5"
Grade: A490
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4445 inches

Table A-55: Lot C10 — 3/4-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7437 52,787 15.47% 0.7429 41,443 0.7431 32,832
2 0.7436 52,033 10.31% 0.7432 40,848 0.7432 32,785
3 0.7434 50,858 10.66% 0.7421 41,324 0.7426 32,407
4 0.7438 52,134 9.48% 0.7432 40,463 0.7426 31,163
5 0.7435 51,961 8.58% 0.7433 41,231 0.7426 32,508

Note: The lever arm of the third LVVDT was resting on the angle.

A-110



Load (Kips)

Load (kips)

Appendix A — Experimental Data

C10 - Tension

50

40

30 4

20

10 4

0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30

Elongation (inches)

Figure A-109: Lot C10 — 3/4-inch A490 — Tension
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Appendix A — Experimental Data

L 10 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10x 2.75"
Grade: A490
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4580 inches

Table A-56: Lot L10 — 3/4-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7442 56,553 1.54% 0.7432 44,723 0.7430 32,032
2 0.7446 55,681 3.36% 0.7427 44,042 0.7436 32,720
3 0.7433 56,618 7.54% 0.7429 43,307 0.7429 32,681
4 0.7436 56,319 5.25% 0.7422 43,382 0.7433 31,913
5 0.7435 55,220 5.97% 0.7426 44,251 0.7428 33,481

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

3/4"-10 x 3"
A490

1 3/8 inches
1.4605 inches

Table A-57: Lot N12 — 3/4-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.45 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7421 56,777 3.12% 0.7425 45,646 0.7427 36,310
2 0.7439 56,759 3.36% 0.7430 45,588 0.7421 33,553
3 0.7440 57,040 4.21% 0.7428 46,147 0.7431 35,431
4 0.7425 57,354 4.25% 0.7428 47,254 0.7430 35,078
5 0.7433 56,806 6.98% 0.7428 46,407 0.7413 35,802
6 0.7411 35,651

Note: The lever arm of the third LVVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Appendix A — Experimental Data

N 13 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 3/4"-10 x 3.25"
Grade: A490
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4000 inches

Table A-58: Lot N13 — 3/4-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4875 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7444 51,439 9.54% 0.7434 43,350 0.7433 32,991
2 0.7441 52,578 10.93% 0.7429 43,008 0.7440 34,021
3 0.7435 52,653 8.07% 0.7442 43,184 0.7438 32,511
4 0.7447 53,356 7.50% 0.7433 43,238 0.7436 31,624
5 0.7447 52,163 4.54% 0.7437 41,757 0.7428 31,336

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Table A-59: Lot T11 — 3/4-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Measured Thread Length:

Size:
Grade:
Nominal Thread Length:

3/4"-10 x 3.5"
A490

1 3/8 inches
1inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7365 53,436 11.70% 0.7443 45,008 0.7445 33,517
2 0.7335 53,814 10.57% 0.7439 45,783 0.7445 33,729
3 0.7360 53,886 13.29% 0.7447 46,284 0.7438 33,218
4 0.7345 54,128 7.65% 0.7441 45,286 0.7441 32,619
5 0.7355 54,016 13.68% 0.7447 44,269 0.7441 32,479

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Table A-60: Lot T12 — 3/4-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Measured Thread Length:

Size:
Grade:
Nominal Thread Length:

3/4"-10 x 3.75"
A490

1 3/8 inches
1.4170 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.5625 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7355 53,244 15.46% 0.7418 43,981 0.7424 31,614
2 0.7315 53,677 8.57% 0.7423 42,990 0.7426 32,969
3 0.7390 53,237 11.96% 0.7424 43,483 0.7426 34,980
4 0.7345 53,944 10.27% 0.7423 42,488 0.7434 34,313
5 0.7335 53,082 9.70% 0.7428 43,163 0.7422 34,407

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Appendix A — Experimental Data

C 1 1 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9 x 3.75"
Grade: A490
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.6125 inches

Table A-61: Lot C11 — 7/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.5625 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8676 77,669 5.24% 0.8673 60,396 0.8673 46,169
2 0.8679 77,665 4.43% 0.8670 61,809 0.8675 44,680
3 0.8677 77,593 6.79% 0.8674 58,983 0.8676 44,161
4 0.8664 76,195 6.26% 0.8678 60,677 0.8671 48,011
5 0.8673 77,182 5.92% 0.8675 58,536 0.8672 45,401

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data

C 1 2 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9x4.5"
Grade: A490
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.4945 inches

Table A-62: Lot C12 — 7/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8685 77,399 8.20% 0.8672 59,596 0.8687 44,179
2 0.8691 77,135 7.19% 0.8686 59,700 0.8686 45,451
3 0.8690 77,016 9.43% 0.8692 59,113 0.8690 44,049
4 0.8691 77,071 8.13% 0.8685 59,524 0.8691 44,392
5 0.8680 77,204 7.13% 0.8690 59,920 0.8694 44,291

Note: The lever arm of the third LVVDT was resting on the angle.
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Table A-63: Lot C13 — 7/8-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Size:
Grade:
Nominal Thread Length:
Measured Thread Length:

7/8"-9 x 4.75"
A490

1 1/2 inches
1.5665 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.7125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8677 73,217 10.34% 0.8680 57,491 0.8686 44,165
2 0.8672 73,985 9.96% 0.8677 58,179 0.8692 41,984
3 0.8684 73,416 11.84% 0.8693 58,028 0.8678 42,070
4 0.8676 73,524 8.81% 0.8683 57,653 0.8678 42,002
5 0.8678 73,819 9.99% 0.8679 57,401 0.8683 44,103

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data

Bolt Properties:

Table A-64: Lot C15 — 7/8-inch A490 — Data

Manufacturer:
Lot Number:

Size:
Grade:

Nominal Thread Length:
Measured Thread Length:

7/8"-9 x 5"
A490

1 1/2 inches
1.6290 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8687 72,907 8.84% 0.8705 56,081 0.8698 42,193
2 0.8676 73,408 9.05% 0.8699 56,135 0.8697 42,283
3 0.8680 73,131 10.50% 0.8691 56,150 0.8691 41,267
4 0.8695 73,073 10.22% 0.8695 54,845 0.8702 43,491
5 0.8692 73,124 9.79% 0.8690 55,079 0.8689 42,312

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data

L 1 1 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9x 3"
Grade: A490
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5205 inches

Table A-65: Lot L11 — 7/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.45 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8759 74,591 7.17% 0.8706 58,496 0.8713 46,212
2 0.8747 73,877 6.25% 0.8709 59,001 0.8714 46,371
3 0.8730 75,185 5.03% 0.8712 58,824 0.8712 44,175
4 0.8722 75,196 8.32% 0.8710 58,875 0.8713 46,302
5 0.8729 75,070 7.23% 0.8713 58,558 0.8712 43,956

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Figure A-130: Lot L11 — 7/8-inch A490 — Shear
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Table A-66: Lot L12 — 7/8-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Measured Thread Length:

Size:
Grade:
Nominal Thread Length:

7/8"-9 x 5"
A490

11/2 inches
1.5890 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8694 79,201 10.92% 0.8692 62,674 0.8691 47,275
2 0.8698 78,581 9.06% 0.8686 63,326 0.8689 48,425
3 0.8692 78,361 7.90% 0.8689 61,827 0.8698 45,235
4 0.8705 78,599 9.41% 0.8694 62,537 0.8689 45,268
5 0.8701 77,060 12.52% 0.8684 62,274 0.8689 46,987

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

N 14 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9 x 3.75"
Grade: A490
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5525 inches

Table A-67: Lot N14 — 7/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.5625 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8719 76,944 9.60% 0.8704 61,207 0.8699 45,498
2 0.8750 75,315 7.50% 0.8703 61,142 0.8703 46,457
3 0.8743 75,629 5.57% 0.8704 60,428 0.8693 46,688
4 0.8721 76,670 8.05% 0.8699 60,807 0.8698 46,522
5 0.8733 76,494 4.83% 0.8703 61,888 0.8698 45,963
6 0.8757 77,060 8.99%

Note: The lever arm of the third LVVDT was resting on the bolt head.
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Figure A-134: Lot N14 — 7/8-inch A490 — Shear
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Appendix A — Experimental Data

N 15 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9x 4"
Grade: A490
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5185 inches

Table A-68: Lot N15 — 7/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8735 73,628 9.94% 0.8696 56,921 0.8697 45,307
2 0.8711 71,620 10.54% 0.8692 56,867 0.8707 43,692
3 0.8726 74,601 6.88% 0.8699 57,963 0.8705 45,343
4 0.8750 73,610 8.66% 0.8698 62,714 0.8706 44,193
5 0.8752 72,413 6.35% 0.8693 58,042 0.8711 45,105

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-135: Lot N15 — 7/8-inch A490 — Tension
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Figure A-136: Lot N15 — 7/8-inch A490 — Shear
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Appendix A — Experimental Data

T 1 3 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9x 4"
Grade: A490
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5685 inches

Table A-69: Lot T13 — 7/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8740 77,914 9.75% 0.8742 61,571 0.8743 46,219
2 0.8762 76,620 9.40% 0.8740 61,207 0.8739 47,823
3 0.8758 78,927 5.67% 0.8732 61,539 0.8737 46,587
4 0.8756 77,777 8.70% 0.8739 60,353 0.8741 47,881
5 0.8745 77,907 9.75% 0.8741 61,088 0.8737 47,697

Note: The lever arm of the third LVDT was resting on the bolt head.
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Displacement (inches)

Figure A-138: Lot T13 — 7/8-inch A490 — Shear
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Appendix A — Experimental Data

T 14 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 7/8"-9 x 4.25"
Grade: A490
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5865 inches

Table A-70: Lot T14 — 7/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8745 75,611 8.45% 0.8701 59,902 0.8700 47,578
2 0.8737 74,252 6.84% 0.8701 59,617 0.8699 44,943
3 0.8728 76,364 6.97% 0.8704 60,169 0.8696 43,181
4 0.8717 75,420 7.85% 0.8703 58,485 0.8696 44,312
5 0.8736 75,730 7.28% 0.8703 59,996 0.8687 44,377

Note: The lever arm of the third LVDT was resting on the bolt head.

A-140



Load (Kips)

Load (Kips)
8

0.24

Appendix A — Experimental Data
T14 - Tension
80
o
70 f/"’- ,rg
" {f y
ri / /
50 / / ﬁf{
/ /,z’f’
30 e_:l;._('- _/f"j
20 Pl / /
(i
, r.n.' !
o Ja? — —
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
Elongation (inches)
Figure A-139: Lot T14 — 7/8-inch A490 — Tension
T14 - Shear
. e

50

N
o

20

10 4

Y

0.12

0.15 0.18 0.21 0.27

Displacement (inches)

Figure A-140: Lot T14 — 7/8-inch A490 — Shear

A-141



C16

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1"-8 x 4"
A490

1 3/4 inches
1.8325 inches

Table A-71: Lot C16 — 1-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9961 102,360 3.40% 0.9965 78,992 0.9979 58,561
2 0.9965 103,164 3.53% 0.9973 79,561 0.9974 58,824
3 0.9972 103,294 2.91% 0.9976 80,091 0.9964 68,704
4 0.9959 103,157 4.61% 0.9972 79,792 0.9978 61,636
5 0.9967 102,976 3.02% 0.9978 79,291 0.9973 60,021

Note: The lever arm of the third LVVDT was resting on the angle.
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Figure A-142: Lot C16 — 1-inch A490 — Shear
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Appendix A — Experimental Data

C 1 7 Bolt Properties:
- .. Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1"-8 x 4.5"
A490

1 3/4 inches
1.8290 inches

Table A-72: Lot C17 — 1-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9960 99,476 3.73% 0.9964 76,559 0.9969 56,431
2 0.9963 99,404 3.30% 0.9964 77,359 0.9954 58,622
3 0.9961 98,701 3.45% 0.9967 76,728 0.9963 58,824
4 0.9960 99,008 2.85% 0.9970 77,161 0.9966 58,435
5 0.9960 99,343 3.78% 0.9967 77,409 0.9971 60,043

Note: The lever arm of the third LVDT was resting on the angle.

Data for X4 was not recorded for the Load versus Displacement graph

due to technical problems.
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L13

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1"-8 x 3"
A490

1 3/4 inches
1.7905 inches

Table A-73: Lot L13 — 1-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.45 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Ayerage Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9946 95,843 5.36% 0.9930 69,277 0.9930 53,908
2 0.9959 95,994 5.56% 0.9903 69,386 0.9929 51,961
3 0.9952 96,733 6.28% 0.9929 71,765 0.9932 49,507
4 0.9947 98,950 12.65% 0.9921 72,089 0.9926 51,929
5 0.9948 96,531 5.45% 0.9924 71,419 0.9905 51,212
6 0.9918 71,833

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

L 14 Bolt Properties:
pran .. Manufacturer: I:l
T ff Lot Number:

Size: 1"-8x5"
Grade: A490
Nominal Thread Length: 1 3/4 inches
Measured Thread Length:  1.8220 inches

Table A-74: Lot L14 — 1-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9956 99,192 7.14% 0.9932 76,119 0.9928 57,851
2 0.9970 99,365 8.01% 0.9932 76,962 0.9951 56,352
3 0.9962 98,939 8.59% 0.9924 75,762 0.9929 57,909
4 0.9974 99,469 6.20% 0.9939 75,661 0.9924 57,595
5 0.9971 98,626 8.75% 0.9927 75,369 0.9933 59,718
6 0.9934 76,346

Note: The lever arm of the third LVDT was resting on the bolt head.
Data for X3 was not recorded for the Load versus Displacement
graph due to technical problems.
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N16

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1"-8 x 3"
A490

1 3/4 inches
1.7870 inches

Table A-75: Lot N16 — 1-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.45 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9951 100,396 3.67% 0.9917 73,765 0.9918 60,947
2 0.9954 104,018 5.82% 0.9916 74,320 0.9917 60,969
3 0.9942 100,291 5.71% 0.9911 74,144 0.9919 56,622
4 0.9933 98,954 7.81% 0.9920 76,937 0.9917 59,985
5 0.9954 100,943 5.90% 0.9924 73,416 0.9916 59,884
6 0.9913 57,811

Note: The lever arm of the third LVVDT was resting on the bolt head.
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Appendix A — Experimental Data

N 1 7 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 1"-8x 3.25"
Grade: A490
Nominal Thread Length: 1 3/4 inches
Measured Thread Length:  1.8805 inches

Table A-76: Lot N17 — 1-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4875 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9971 99,004 3.16% 0.9913 75,456 0.9738 60,645
2 0.9982 97,202 1.33% 0.9917 75,394 0.9915 58,294
3 0.9973 97,126 3.06% 0.9909 75,438 0.9909 61,005
4 0.9971 95,847 3.75% 0.9911 74,792 0.9920 58,212
5 0.9961 97,743 2.95% 0.9912 75,391 0.9912 59,960

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Figure A-152: Lot N17 — 1-inch A490 — Shear
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N18

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Grade:
Nominal Thread Length:
Measured Thread Length:

Size: 1"-8x4.75"

A490
1 3/4 inches
1.8530 inches

Table A-77: Lot N18 — 1-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.475 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9992 104,054 8.26% 0.9932 78,386 0.9929 62,234
2 0.9950 103,384 8.39% 0.9933 80,192 0.9924 61,196
3 0.9956 102,652 5.96% 0.9930 80,264 0.9934 63,272
4 0.9947 103,413 4.02% 0.9930 80,790 0.9933 62,642
5 0.9966 103,326 7.74% 0.9932 79,760 0.9927 62,533

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data
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Figure A-154: Lot N18 — 1-inch A490 — Shear
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Appendix A — Experimental Data

Bolt Properties:
Manufacturer:
Lot Number: I:l
Size: 1"-8x4"
Grade: A490

Nominal Thread Length: 1 3/4 inches
Measured Thread Length:  1.8205 inches

T15

Table A-78: Lot T15 — 1-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9976 98,878 6.21% 0.9922 78,790 0.9924 59,257
2 0.9975 98,525 5.99% 0.9927 79,623 0.9941 56,961
3 0.9982 99,426 3.95% 0.9950 76,526 0.9927 59,524
4 0.9971 98,943 5.16% 0.9936 80,531 0.9931 60,176
5 1.0001 98,939 5.19% 0.9923 79,435 0.9929 56,665

Note: The lever arm of the third LVDT was resting on the bolt head.
Data for T1 was not recorded for the Load versus Elongation graph
due to technical problems.
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T16

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1"-8 x 4.25"
A490

1 3/4 inches
1.8660 inches

Table A-79: Lot T16 — 1-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9963 101,088 4.10% 0.9960 74,792 0.9961 55,728
2 0.9970 100,662 7.69% 0.9958 78,044 0.9960 50,739
3 0.9960 100,893 7.07% 0.9959 77,766 0.9951 57,862
4 0.9957 101,697 7.74% 0.9960 78,527 0.9968 58,442
5 0.9981 100,349 5.06% 0.9922 79,035 0.9963 57,065
6 0.9931 78,678 0.9990 60,551

Note: The lever arm of the third LVVDT was resting on the bolt head.
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Appendix A — Experimental Data

C 18 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 1-1/8"-7 x 4"
Grade: A490
Nominal Thread Length: 2 inches
Measured Thread Length:  2.1435 inches

Table A-80: Lot C18 — 1-1/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1196 122,069 2.46% 1.1197 99,339 1.1212 69,818
2 1.1206 123,513 2.16% 1.1219 99,040 1.1205 68,297
3 1.1194 123,397 2.82% 1.1218 97,184 1.1217 70,092
4 1.1191 123,238 2.75% 1.1207 98,536 1.1215 68,683
5 1.1209 123,917 2.33% 1.1203 98,229 1.1218 66,917

Note: The lever arm of the third LVVDT was resting on the angle.
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Figure A-160: Lot C18 — 1-1/8-inch A490 — Shear
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Appendix A — Experimental Data

C 1 9 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 1-1/8"-7x4.5"
Grade: A490
Nominal Thread Length: 2 inches
Measured Thread Length: 2.1535 inches

Table A-81: Lot C19 — 1-1/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
A_verage Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1194 125,634 2.92% 1.1192 96,539 1.1195 73,051
2 1.1200 125,403 2.03% 1.1181 95,601 1.1189 69,036
3 1.1189 125,706 2.40% 1.1179 96,564 1.1193 68,694
4 1.1176 126,745 3.34% 1.1178 96,813 1.1187 70,070
5 1.1178 126,846 3.70% 1.1200 95,137 1.1191 68,117

Note: The lever arm of the third LVVDT was resting on the angle.
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Figure A-161: Lot C19 — 1-1/8-inch A490 — Tension
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Figure A-162: Lot C19 — 1-1/8-inch A490 — Shear
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C20

Table A-82: Lot C20 — 1-1/8-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:
Size:

Grade:
Nominal Thread Length:

Measured Thread Length:

]

1-1/8"-7 x 5"
A490

2 inches
2.0990 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1181 124,869 2.85% 1.1175 97,689 1.1175 70,734
2 1.1187 125,937 2.12% 1.1162 97,858 1.1147 72,276
3 1.1192 126,053 3.65% 1.1178 97,591 1.1151 76,378
4 1.1163 125,244 3.18% 1.1173 96,906 1.1155 75,751
5 1.1185 124,480 2.70% 1.1178 97,296 1.1161 74,021

Note: The lever arm of the third LVVDT was resting on the angle.
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Figure A-163: Lot C20 — 1-1/8-inch A490 — Tension
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Figure A-164: Lot C20 — 1-1/8-inch A490 — Shear
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L15

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:
Size:
Grade:
Nominal Thread Length:
Measured Thread Length:

1-1/8"-7 x 4.25"
A490

2 inches

2.1585 inches

Table A-83: Lot L15 — 1-1/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1175 123,787 4.11% 1.1192 95,775 1.1187 72,323
2 1.1191 124,205 2.96% 1.1171 94,592 1.1180 72,053
3 1.1193 122,964 4.89% 1.1173 97,890 1.1183 71,671
4 1.1194 123,830 2.38% 1.1194 97,094 1.1191 70,618
5 1.1194 125,576 2.89% 1.1167 94,444 1.1170 68,805

Note: The lever arm of the third LVVDT was resting on the angle.
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Figure A-166: Lot L15 — 1-1/8-inch A490 — Shear
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N19

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Size:
Grade:
Nominal Thread Length:
Measured Thread Length:

1-1/8"-7 x 3.75"
A490

2 inches

2.1145 inches

Table A-84: Lot N19 — 1-1/8-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.5625 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1191 121,016 5.25% 1.1184 88,410 1.1183 72,028
2 1.1186 120,150 3.43% 1.1182 90,577 1.1191 70,950
3 1.1180 121,160 3.71% 1.1168 92,163 1.1182 69,710
4 1.1189 119,688 3.92% 1.1184 90,213 1.1188 70,842
5 1.1175 121,766 3.82% 1.1179 89,405 1.1197 70,179

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data
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Figure A-167: Lot N19 — 1-1/8-inch A490 — Tension

N19 - Shear

90

80

7

70

VA

60

50

40

/

30

20

10 4

0«
0.00

Displacement (inches)

Figure A-168: Lot N19 — 1-1/8-inch A490 — Shear
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Appendix A — Experimental Data

C2 1 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 1-1/4"-7 x 4"
Grade: A490
Nominal Thread Length: 2 inches
Measured Thread Length:  2.1400 inches

Table A-85: Lot C21 — 1-1/4-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2455 157,053 4.25% 1.2427 122,055 1.2454 91,161
2 1.2461 160,444 7.27% 1.2448 118,707 1.2447 96,405
3 1.2448 157,601 3.48% 1.2437 117,668 1.2430 88,706
4 1.2439 156,605 3.43% 1.2440 120,612 1.2425 89,679
5 1.2457 158,496 2.95% 1.2438 118,620 1.2447 94,953

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data
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Figure A-170: Lot C21 — 1-1/4-inch A490 — Shear

A-171

0.40



C22

Table A-86: Lot C22 — 1-1/4-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:
Size:

Grade:
Nominal Thread Length:

Measured Thread Length:

]

1-1/4"-7 x 4.5"
A490

2 inches
2.1725 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.675 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2445 158,092 6.18% 1.2449 123,816 1.2455 94,336
2 1.2458 156,187 4.71% 1.2443 122,228 1.2445 87,300
3 1.2458 156,547 4.26% 1.2451 121,651 1.2452 90,116
4 1.2440 156,533 5.39% 1.2464 122,271 1.2446 91,190
5 1.2468 158,178 3.38% 1.2429 122,632 1.2446 87,549
6 1.2447 157,125 3.30%

Note: The lever arm of the third LVDT was resting on the angle.
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Appendix A — Experimental Data
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C23

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Size:
Grade:
Nominal Thread Length:
Measured Thread Length:

1-1/4"-7 x 4.75"
A490

2 inches

2.1360 inches

Table A-87: Lot C23 — 1-1/4-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.7125 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2440 160,747 2.77% 1.2453 119,399 1.2443 93,767
2 1.2437 158,828 3.43% 1.2434 127,481 1.2442 90,000
3 1.2431 159,203 2.54% 1.2442 120,973 1.2436 91,655
4 1.2434 161,541 3.49% 1.2435 122,416 1.2434 97,133
5 1.2441 160,372 3.12% 1.2442 119,674 1.2444 90,043

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data
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Appendix A — Experimental Data

C24 Bolt Properties:
- .. Manufacturer:

Lot Number:
Size: 1-1/4"-7 x 5"
Grade: A490
Nominal Thread Length: 2 inches
Measured Thread Length:  2.1000 inches

Table A-88: Lot C24 — 1-1/4-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.75 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2440 159,939 2.45% 1.2435 120,612 1.2432 91,442
2 1.2423 158,958 2.86% 1.2433 120,713 1.2422 93,796
3 1.2432 159,376 3.24% 1.2432 118,894 1.2436 87,354
4 1.2433 158,452 3.56% 1.2436 121,593 1.2419 90,627
5 1.2430 159,795 2.39% 1.2439 121,550 1.2439 86,233

Note: The lever arm of the third LVVDT was resting on the angle.
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Figure A-176: Lot C24 — 1-1/4-inch A490 — Shear
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L16

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Size:
Grade:
Nominal Thread Length:
Measured Thread Length:

1-1/4"-7 x 4.25"
A490

2 inches

2.2020 inches

Table A-89: Lot L16 — 1-1/4-inch A490 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Average Failure Load Average Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2460 152,694 0.35% 1.2450 116,513 1.2454 98,550
2 1.2461 159,448 3.87% 1.2460 124,768 1.2458 97,818
3 1.2470 167,718 4.92% 1.2439 128,925 1.2443 101,178
4 1.2453 167,530 4.52% 1.2451 120,857 1.2464 103,676
5 1.2466 159,217 4.02% 1.2461 120,770 1.2442 101,387
6 1.2450 162,421 3.47%

Note: The lever arm of the third LVDT was resting on the angle.
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Appendix A — Experimental Data
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N20

Table A-90: Lot N20 — 1-1/4-inch A490 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:
Size:

Grade:
Nominal Thread Length:

Measured Thread Length:

[

1-1/4"-7 x 3.5"
A490

2 inches
2.2060 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.2448 154,729 6.50% 1.2459 109,066 1.2448 86,309
2 1.2446 151,669 5.38% 1.2460 108,474 1.2440 84,586
3 1.2450 154,729 6.06% 1.2453 105,355 1.2443 88,082
4 1.2454 152,218 6.38% 1.2462 108,547 1.2445 86,680
5 1.2450 156,706 5.74% 1.2448 107,003 1.2456 80,790

Note: The lever arm of the third LVVDT was resting on the angle.
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Appendix A — Experimental Data
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Nominal Thread Length:
Measured Thread Length:

Lot Number:

Size:
Grade:

3/4"-10 x 3.5"
F2280

1 3/8 inches
1.4515 inches

Table A-91: Lot B12 — 3/4-inch F2280 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7390 56,579 10.99% 0.7403 44,348 0.7406 33,928
2 0.7390 57,519 10.51% 0.7401 44,446 0.7404 34,090
3 0.7390 56,690 10.06% 0.7416 44,489 0.7409 33,975
4 0.7388 57,559 9.09% 0.7412 44,882 0.7397 29,472
5 0.7400 56,943 10.68% 0.7397 45,563 0.7398 32,753

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:
Manufacturer:
Lot Number:
Size: 3/4"-10 x 4"
Grade: F2280
Nominal Thread Length: 1 3/8 inches
Measured Thread Length:  1.4545 inches

Table A-92: Lot B13 — 3/4-inch F2280 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7394 56,939 11.38% 0.7399 44,741 0.7396 34,353
2 0.7388 57,404 13.20% 0.7395 44,875 0.7403 33,715
3 0.7396 57,116 8.32% 0.7395 44,763 0.7394 34,843
4 0.7388 56,507 9.63% 0.7396 44,439 0.7403 34,126
5 0.7384 56,899 9.25% 0.7395 45,030 0.7400 34,021

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-184: Lot B13 — 3/4-inch F2280 — Shear
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Table A-93: Lot U7 — 3/4-inch F2280 — Data

Appendix A — Experimental Data

Bolt Properties:

Manufacturer:
Lot Number:

Grade:
Nominal Thread Length:
Measured Thread Length:

Size:

3/4"-10 x 4"
F2280

1 3/8 inches
1.4500 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.60 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.7350 55,137 7.83% 0.7425 45,105 0.7417 32,468
2 0.7345 56,013 7.07% 0.7422 45,181 0.7427 32,399
3 0.7315 56,564 6.86% 0.7420 43,307 0.7416 33,762
4 0.7325 56,867 10.28% 0.7418 41,166 0.7423 31,228
5 0.7300 56,070 7.62% 0.7414 44,994 0.7420 34,360

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:
Manufacturer:
Lot Number:
Size: 7/8"-9 x 3.25"
Grade: F2280
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5410 inches

Table A-94: Lot B14 — 7/8-inch F2280 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.4875 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8746 76,890 9.02% 0.8755 61,946 0.8763 46,879
2 0.8750 76,216 9.28% 0.8751 61,027 0.8758 44,561
3 0.8746 75,935 6.68% 0.8756 61,845 0.8757 45,819
4 0.8740 78,260 8.37% 0.8756 60,273 0.8753 45,549
5 0.8750 77,474 8.21% 0.8752 61,384 0.8751 46,432

Note: The lever arm of the third LVDT was resting on the bolt head.
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Table A-95: Lot B15 — 7/8-inch F2280 — Data

Appendix A — Experimental Data

Bolt Properties:

Measured Thread Length:

Manufacturer:
Lot Number:

Size:
Grade:

Nominal Thread Length:

7/8"-9 x 3.5"
F2280

1 1/2 inches
1.5815 inches

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Average Failure Load . Ayerage Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8742 74,699 11.19% 0.8738 58,608 0.8739 46,025
2 0.8742 77,110 8.63% 0.8737 59,347 0.8745 46,017
3 0.8740 75,092 6.58% 0.8742 58,334 0.8740 44,759
4 0.8742 75,769 5.12% 0.8742 58,918 0.8732 46,327
5 0.8730 75,726 7.62% 0.8741 58,738 0.8740 44,940
6 0.8746 58,911

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:
Manufacturer:
Lot Number:
Size: 7/8"-9 x 4.25"
Grade: F2280
Nominal Thread Length: 1 1/2 inches
Measured Thread Length:  1.5055 inches

Table A-96: Lot U4 — 7/8-inch F2280 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.8707 78,429 6.24% 0.8710 59,552 0.8702 48,133
2 0.8707 77,982 7.14% 0.8698 61,466 0.8704 49,283
3 0.8721 78,786 7.17% 0.8693 62,047 0.8703 48,991
4 0.8742 83,014 5.88% 0.8706 61,492 0.8703 46,944
5 0.8719 77,034 7.24% 0.8700 60,753 0.8703 44,788

Note: The lever arm of the third LVDT was resting on the bolt head.
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

]

1"-8 x 3.5"
F2280

1 3/4 inches
1.9185 inches

Table A-97: Lot B16 — 1-inch F2280 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9864 101,037 7.87% 0.9855 76,948 0.9864 62,187
2 0.9864 99,585 5.50% 0.9861 77,020 0.9858 58,727
3 0.9852 100,086 8.24% 0.9851 76,894 0.9854 58,500
4 0.9866 98,928 7.09% 0.9862 78,296 0.9852 57,988
5 0.9854 100,388 7.38% 0.9861 77,031 0.9855 59,102

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-194: Lot B16 — 1-inch F2280 — Shear
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1"-8 x 3.75"
F2280

1 3/4 inches
1.9025 inches

Table A-98: Lot B17 — 1-inch F2280 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.5625 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9902 100,770 5.52% 0.9880 78,015 0.9887 60,980
2 0.9913 101,621 5.86% 0.9893 77,925 0.9868 58,175
3 0.9915 100,349 4.89% 0.9890 78,368 0.9876 58,651
4 0.9912 101,055 3.76% 0.9888 78,213 0.9862 55,926
5 0.9904 99,174 5.73% 0.9880 78,408 0.9863 56,550

Note: The lever arm of the third LVDT was resting on the bolt head.
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Figure A-196: Lot B17 — 1-inch F2280 — Shear
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Appendix A — Experimental Data

Bolt Properties:

Manufacturer:

Lot Number:

Size:

Grade:

Nominal Thread Length:
Measured Thread Length:

1"-8 x 3.5"
F2280

1 3/4 inches
1.7735 inches

Table A-99: Lot U8 — 1-inch F2280 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.525 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 0.9953 102,014 4.74% 0.9945 77,139 0.9946 60,219
2 0.9968 102,061 1.35% 0.9943 79,525 0.9947 55,970
3 0.9955 101,059 3.30% 0.9951 77,294 0.9939 59,178
4 0.9963 103,575 6.68% 0.9943 77,283 0.9951 55,559
5 0.9973 101,041 4.74% 0.9945 79,367 0.9943 57,527

Note: The lever arm of the third LVDT was resting on the bolt head.
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Bolt Properties:
Manufacturer:
Lot Number: I:l
Size: 1-1/8"-7 x 4.25"
Grade: F2280

Nominal Thread Length: 2 inches
Measured Thread Length:  2.0025 inches

Table A-100: Lot U9 — 1-1/8-inch F2280 — Data

Shear
Tension
Threads Excluded Threads Not Excluded
Test Load Rate: 0.6375 in/min Load Rate: 0.5 in/min Load Rate: 0.5 in/min
Ayerage Failure Load . Average Failure Load Ayerage Failure Load
Diameter (pounds) Elongation Diameter (pounds) Diameter (pounds)
(inches) P (inches) P (inches) P
1 1.1120 132,432 2.68% 1.1115 96,200 1.1110 74,428
2 1.1112 127,828 3.12% 1.1115 95,857 1.1114 73,855
3 1.1115 128,088 4.15% 1.1118 96,254 1.1116 69,054
4 1.1114 129,228 5.31% 1.1120 95,082 1.1121 75,917
5 1.1112 128,073 3.51% 1.1123 96,791 1.1116 72,951

Note: The lever arm of the third LVVDT was resting on the angle.
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APPENDIX B

RESISTANCE FACTOR EXAMPLE CALCULATIONS

This appendix contains examples for calculating a resistance factor in tension and shear with the
threads excluded and not excluded from the shear plane for Level V based on the different
methods. From Section 2.4.1, Level V resistance factors are calculated for each diameter and
grade of bolts. For the eight examples herein the resistance factors will be calculated for 7/8-

inch A490 bolts.
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B.1 Level V- Tension Resistance Factor — 7/8-inch A490 Bolts

This section calculations the tension resistance factor for 7/8-inch A490 bholts based on the four
methods discussed in Section 2.4.1. The average of the bolt diameters and the failure loads in

tension for the ten lots of 7/8-inch A490 bolts are summarized in Table B-1.
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Table B-1: Raw Tension Data for 7/8-inch A490 Bolts

Average Tension
Bolt Shank Failure
Identification Length Diameter Load
(inches) (inches) (pounds)
0.8676 77669
0.8679 77665
C11 33/4 0.8677 77593
0.8664 76195
0.8673 77182
0.8685 77399
0.8691 77135
C12 4172 0.8690 77016
0.8691 77071
0.8680 77204
0.8677 73217
0.8672 73985
C13 43/4 0.8684 73416
0.8676 73524
0.8678 73819
0.8687 72907
0.8676 73408
C15 5 0.8680 73131
0.8695 73073
0.8692 73124
0.8759 74591
0.8747 73877
L11 3 0.8730 75185
0.8722 75196
0.8729 75070
0.8694 79201
0.8698 78581
L12 5 0.8692 78361
0.8705 78599
0.8701 77060
0.8719 76944
0.8750 75315
0.8743 75629
N14 33/4 0.8721 76670
0.8733 76494
0.8757 77060
0.8735 73628
0.8711 71620
N15 4 0.8726 74601
0.8750 73610
0.8752 72413
0.8740 77914
0.8762 76620
T13 4 0.8758 78927
0.8756 77777
0.8745 77907
0.8745 75611
0.8737 74252
T14 41/4 0.8728 76364
0.8717 75420
0.8736 75730
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B.1.1 Method 1A

The equation to calculate resistance factors for Method 1 was given by equation (2-8), which is

repeated here for convenience.

Rm -a R
¢: (D ﬂR_n e BY (2'8)
The coefficient of separation, «, equals 0.55. The safety (reliability) index, £, is taken as 4.0

for this example, as recommended in the commentary to the AISC Specification (2005).

STEP 1: Determine the Adjustment Factor

The adjustment factor, ® ,, which is based on the reliability index, 4, and a live-to-dead
load ratio of 3.0, was given by equation (2-30) and is repeated here.
®,= 0.00935° - 016583+ 14135 (2-30)

From this equation, the adjustment factor can be calculated with a reliability index equal to

4.0.

o, = 0.0093(4.0)° - 0.1658(4.0) + 14135 = 0.8991 (B-1)

STEP 2: Determine the Ratio R/Rn

The value of R_, in Kips, is the average value of the failure loads, given in Column 4 of

m?

Table B-2, of the five or more bolts tested per lot. This value was calculated for each of the

ten lots and is shown in Column 5 of Table B-2.
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The nominal resistance, R, was given by equation (2-4) as previously described in Section
2.2. The equation is repeated here for convenience.

R, = (0.75F, ) A, (2-4)
The ultimate stress, F,, equals 150 ksi for A490 bolts. The area, A, is the nominal area or

area of the shank. Therefore the nominal resistance for a 7/8-inch A490 bolt is

R, = 0.75(150" )[#] - 67.649" (B-2)

The ratio R% for each lot is shown in Column 6 of Table B-2 for each of the ten lots.

The ratio of Ry R Used in equation (2-8) is the average value for the ten lots. The average

of R% is 1.119199 as shown in Table B-2.

STEP 3: Determine the Coefficient of Variation

The coefficient of variation equals the standard deviation divided by the average of R% :

These two values are shown in Table B-2. The coefficient of variation thus equals

. (R
standard dewaﬂon( Aﬂ) 0.029126

VR = =
average( R% j 1119199

= 0.026024 (B-3)
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Table B-2: Tension — Method 1A

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6)
Average Tension
Bolt Shank Failure
Identification Length Diameter Load Rm Rn/R,
(inches) (inches) (pounds) (Kips)

0.8676 77669
0.8679 77665

Cil1 33/4 0.8677 77593 77.2608 1.142091
0.8664 76195
0.8673 77182
0.8685 77399
0.8691 77135

C12 41/2 0.8690 77016 77.1650 1.140675
0.8691 77071
0.8680 77204
0.8677 73217
0.8672 73985

C13 43/4 0.8684 73416 73.5922 1.087861
0.8676 73524
0.8678 73819
0.8687 72907
0.8676 73408

C15 5 0.8680 73131 73.1286 1.081008
0.8695 73073
0.8692 73124
0.8759 74591
0.8747 73877

L11 3 0.8730 75185 74.7838 1.105475
0.8722 75196
0.8729 75070
0.8694 79201
0.8698 78581

L12 5 0.8692 78361 78.3604 1.158346
0.8705 78599
0.8701 77060
0.8719 76944
0.8750 75315
0.8743 75629

N14 33/4 08721 76670 76.3520 1.128657
0.8733 76494
0.8757 77060
0.8735 73628
0.8711 71620

N15 4 0.8726 74601 73.1744 1.081685
0.8750 73610
0.8752 72413
0.8740 77914
0.8762 76620

T13 4 0.8758 78927 77.8290 1.150490
0.8756 77777
0.8745 77907
0.8745 75611
0.8737 74252

Ti14 41/4 0.8728 76364 75.4754 1.115699
0.8717 75420
0.8736 75730

Average 1.119199

Standard Deviation 0.029126
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STEP 4: Calculate the Resistance Factor
Now that everything is known, the resistance factor for 7/8-inch A490 bolts in tension, based

on Method 1A, can be determined from equation (2-8).

¢ = (0.8991)(1119199) e 0%s140N002024) _ (950 (B-4)

B.1.2 Method 1B

The equation to calculate resistance factors for Method 1 was given by equation (2-8), which is

repeated here for convenience.

R
_ _m  L-a BVg
p=0, R e (2-8)

The coefficient of separation, «, equals 0.55. The safety (reliability) index, £, is taken as 4.0

for this example, as recommended in the commentary to the AISC Specification (2005).

STEP 1: Determine the Adjustment Factor

The adjustment factor, ® ,, which is based on the reliability index, A, and a live-to-dead

load ratio of 3.0, was given by equation (2-30) and is repeated here.

® , = 0.0093/7 - 016583+ 14135 (2-30)

From this equation, the adjustment factor can be calculated with a reliability index equal to

4.0.

® , = 0.0093(4.0)* - 0.1658(4.0) + 14135 = 0.8991 (B-5)
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STEP 2: Determine the Ratio R/R,,

The value of R, for a lot of bolts, in Kkips, is the average value of the failure loads, given in

Column 4 of Table B-3, of the five or more bolts tested in tension. This value was calculated

for each of the ten lots and is shown in Column 5 of Table B-3.

The nominal resistance, R, was given by equation (2-31), as previously described in Section

2.4.1.4, with an effective area as given by equation (2-3) of Section 2.2. From these two

equations the nominal resistance is given by

0.9743) (B-6)

n

T
Rn:FuAeff:Fu Z d-

The ultimate stress, F,, equals 150 ksi for A490 bolts. The diameter, d, is the nominal

diameter of the shank. The number of threads per inch, n, equals 9 for a 7/8-inch bolt.

Therefore the nominal resistance for a 7/8-inch A490 bolt is

|z 09743)° .
Rn=150ks[z[7/ Tj } 6926™ (B-7)

The ratio R% is shown in Column 6 of Table B-3 for each of the ten lots.

The ratio of Ry R used in equation (2-8) is the average value for the ten lots. The average

of R% is 1.093159 as shown in Table B-3.
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Table B-3: Tension — Method 1B

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6)
Average Tension
Bolt Shank Failure
Identification Length Diameter Load Rm Rn/R,
(inches) (inches) (pounds) (Kips)

0.8676 77669
0.8679 77665

Cl1 33/4 0.8677 77593 77.2608 1.115519
0.8664 76195
0.8673 77182
0.8685 77399
0.8691 77135

Ci12 41/2 0.8690 77016 77.1650 1.114135
0.8691 77071
0.8680 77204
0.8677 73217
0.8672 73985

C13 43/4 0.8684 73416 73.5922 1.062550
0.8676 73524
0.8678 73819
0.8687 72907
0.8676 73408

C15 5 0.8680 73131 73.1286 1.055856
0.8695 73073
0.8692 73124
0.8759 74591
0.8747 73877

L11 3 0.8730 75185 74.7838 1.079755
0.8722 75196
0.8729 75070
0.8694 79201
0.8698 78581

L12 5 0.8692 78361 78.3604 1.131395
0.8705 78599
0.8701 77060
0.8719 76944
0.8750 75315
0.8743 75629

N14 33/4 0.8721 76670 76.3520 1.102397
0.8733 76494
0.8757 77060
0.8735 73628
0.8711 71620

N15 4 0.8726 74601 73.1744 1.056518
0.8750 73610
0.8752 72413
0.8740 77914
0.8762 76620

T13 4 0.8758 78927 77.8290 1.123722
0.8756 77777
0.8745 77907
0.8745 75611
0.8737 74252

T14 41/4 0.8728 76364 75.4754 1.089740
0.8717 75420
0.8736 75730

Average 1.093159

Standard Deviation 0.028448
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STEP 3: Determine the Coefficient of Variation
The coefficient of variation equals the standard deviation divided by the average. These two

values are shown in Table B-3. The coefficient of variation thus equals

L (R
standard dewatlon( An) 0.028448

average( R% j 1093159

V, = = 0026024 (B-8)

STEP 4: Calculate the Resistance Factor
Now that everything is known, the resistance factor for 7/8-inch A490 bolts in tension, based

on Method 1B, can be determined from equation (2-8).

¢ = (0.8991)(1093159) e 0%54010:026024) _ (g7 (B-9)

B.1.3 Method 2A

The equation to calculate resistance factors for Method 2 was given by equation (2-9), which is

repeated here for convenience.
p=0 5 Pr e /Y (2-9)
The coefficient of separation, «, equals 0.55. The safety (reliability) index, £, is taken as 4.0

for this example, as recommended in the commentary to the AISC Specification (2005).
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STEP 1: Determine the Adjustment Factor
The adjustment factor, ® ,, which is based on the reliability index, A, and a live-to-dead
load ratio of 3.0, was given by equation (2-30) and is repeated here.
® , = 0.00934 - 016583+ 14135 (2-30)
From this equation, the adjustment factor can be calculated with a reliability index equal to
4.0.

® , = 0.0093(4.0)” - 01658(4.0) + 14135 = 08991 (B-10)

STEP 2: Determine the Bias Coefficient and Coefficient of Variation

The bias coefficient, o, is the average value of the ratio of the measured resistance to the

nominal resistance. The bias coefficient for the resistance was given by equation

(2-37), which is repeated here for convenience.

Pr = Ps Pm Prp (2-37)

where p;, oy, and p, are the bias coefficients for the cross-sectional geometry, material

strength, and professional factor, respectively.

The coefficient of variation associated with p,, V,, was given in equation (2-38) and is

rewritten here.

2 2 2
Ve = \/(VG) +(Viy ) +(va) (2-38)
where Vg, Vi, and Vp are the coefficients of variation of the cross-sectional geometry,

material strength, and professional factor, respectively. Each coefficient of variation is given

by the respective standard deviation divided by the corresponding average.
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STEP 2a: Determine the Bias Coefficient and Coefficient of Variation
for the Cross-Sectional Geometry

The bias coefficient for the cross-sectional geometry, p., is the ratio of the average

applicable geometric property to the nominal value. The value of the bias coefficient for
the cross-sectional geometry was given by equation (2-39) and is restated here, using the

appropriate nominal diameter for this example.

ﬂ(davg )2
Actual Area 4 Average((davg )2) _ Avg((davg )2) (B-11)

~ Nominal Area [ ;;(dnomina,)zj i (dora)” (%)2

4

Average

Ps

Column 3 in Table B-4 is the average shank diameter, da,g. The square of the average
shank diameter is shown in Column 5. For each lot of bolts, the numerator of equation
(B-11) is shown in Column 6 of Table B-4. Column 7 of Table B-4 shows the bias

coefficient for the cross-sectional geometry, p., for each lot of bolts. The average of

these values is the bias coefficient for the cross-sectional geometry, which equals

0.991271.

The average and standard deviation of the bias coefficient for the cross-sectional
geometry are shown in Table B-4. From the average and standard deviation of the bias
coefficient, the coefficient of variation of the cross-sectional geometry can be

determined.

standard deviation(pG) 0.0067731
¢ average(p,) 0991271

= 00068327 (B-12)
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Table B-4: Tension — Method 2A — Calculation of pg

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7)
Squared Bias Coefficient
Average Tension Average Average of the for Cross-Sectional
Bolt Shank Failure Shank Squared Average Geometry
Identification Length Diameter Load Diameter Shank Diameter 6
(inches) (inches) (pounds) (ind) (in9)
0.8676 77669 0.75273
0.8679 77665 0.75325
C11 33/4 0.8677 77593 0.75290 0.75235 0.982659
0.8664 76195 0.75065
0.8673 77182 0.75221
0.8685 77399 0.75429
0.8691 77135 0.75533
C12 412 0.8690 77016 0.75516 0.75471 0.985743
0.8691 77071 0.75533
0.8680 77204 0.75342
0.8677 73217 0.75290
0.8672 73985 0.75204
C13 43/4 0.8684 73416 0.75412 0.75297 0.983475
0.8676 73524 0.75273
0.8678 73819 0.75308
0.8687 72907 0.75464
0.8676 73408 0.75273
C15 5 0.8680 73131 0.75342 0.75447 0.985426
0.8695 73073 0.75603
0.8692 73124 0.75551
0.8759 74591 0.76720
0.8747 73877 0.76510
L11 3 0.8730 75185 0.76213 0.76342 0.997124
0.8722 75196 0.76073
0.8729 75070 0.76195
0.8694 79201 0.75586
0.8698 78581 0.75655
L12 5 0.8692 78361 0.75551 0.75655 0.988150
0.8705 78599 0.75777
0.8701 77060 0.75707
0.8719 76944 0.76021
0.8750 75315 0.76563
0.8743 75629 0.76440
N14 33/4 08721 76670 0.76056 0.7634 0.997071
0.8733 76494 0.76265
0.8757 77060 0.76685
0.8735 73628 0.76300
0.8711 71620 0.75882
N15 4 0.8726 74601 0.76143 0.7630 0.996532
0.8750 73610 0.76563
0.8752 72413 0.76598
0.8740 77914 0.76388
0.8762 76620 0.76773
T13 4 0.8758 78927 0.76703 0.7660 1.000504
0.8756 777 0.76668
0.8745 77907 0.76475
0.8745 75611 0.76475
0.8737 74252 0.76335
T14 41/4 0.8728 76364 0.76178 0.7626 0.996028
0.8717 75420 0.75986
0.8736 75730 0.76318
Average 0.991271
Standard Deviation 0.0067731
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STEP 2b: Determine the Bias Coefficient and Coefficient of Variation
for the Material Strength
As previously defined in equation (2-40), the bias coefficient for the material strength,
Pwu » IS the ratio of the average appropriate material property (F,) to the nominal value
given in the AISC manual (2005).

Actual F, Fo e
~ Nominal F,  F

u, nominal

Pwm (2'40)

The nominal ultimate stress, Fy, nominal, €quals 150 ksi for A490 bolts.

The ultimate strength, F

u, exp !

is determined by

F o (2-41)
uexp Aleff

where Py, is the experimental load at which the bolt failed in tension, as given in Column

4 of Table B-5. The effective area based on the measured bolt diameters, A, was given

by equation (2-42) and is repeated here

7 0.9743)*
avg (2'42)

«=—d
Ao 4 n
There are 9 threads per inch, n, for a 7/8-inch bolt. The average diameter per bolt tested,

davg, 1S given in Column 3 of Table B-5. The effective area using the measured bolt

diameters, A, , for each bolt tested is shown in Column 5.

Then, from equation (2-41), the ultimate strength, F

u, exp !

is determined (Column 4

divided by Column 5). This gives the ultimate strength in pounds per square inch (psi),
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so dividing that by one thousand gives the ultimate strength in Kips per square inch (ksi),

which is shown in Column 6 of Table B-5.

Now that the ultimate strength, F

u, exp !

and the nominal ultimate stress, Fy nominal, are

known, the bias coefficient for the material strength, p,, , can be calculated for each lot.

average( F, exp) average( F, exp)

= = B'13

u, nominal

The bias coefficient for the material strength of each lot is shown in Column 7 in Table
B-5. The bias coefficient for the material strength is the average of these values which

equals 1.104213.

The average and standard deviation of the bias coefficient for the material strength are
shown in Table B-5. From the average and standard deviation of the bias coefficient, the

coefficient of variation of the material strength can be determined.

standard deviation(pM) 0.029680
average(p,, ) ©1.104213

= 0.026879 (B-14)

M

B-15



Appendix B — Expample Calculations

Table B-5: Tension — Method 2A — Calculation of pu

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7)
Average Tension Effective Ultimate Bias Coefficient for
Bolt Shank Failure Area Strength Material Strength
Identification Length Diameter Load A et F uexp PmM
(inches) (inches) (pounds) (in% (ksi)

0.8676 77669 0.45286 171,51
0.8679 77665 0.45322 171.36

Cl1 33/4 0.8677 77593 0.45298 171.29 1.138016
0.8664 76195 0.45143 168.78
0.8673 77182 0.45251 170.57
0.8685 77399 0.45394 170.51
0.8691 77135 0.45465 169.66

C12 41/2 0.8690 77016 0.45454 169.44 1.132555
0.8691 77071 0.45465 169.52
0.8680 77204 0.45334 170.30
0.8677 73217 0.45298 161.63
0.8672 73985 0.45239 163.54

C13 43/4 0.8684 73416 0.45382 161.77 1.082964
0.8676 73524 0.45286 162.35
0.8678 73819 0.45310 162.92
0.8687 72907 0.45418 160.53
0.8676 73408 0.45286 162.10

C15 5 0.8680 73131 0.45334 161.32 1.073712
0.8695 73073 0.45513 160.55
0.8692 73124 0.45477 160.79
0.8759 74591 0.46282 161.17
0.8747 73877 0.46137 160.12

L11 3 0.8730 75185 0.45933 163.68 1.083341
0.8722 75196 0.45837 164.05
0.8729 75070 0.45921 163.48
0.8694 79201 0.45501 174.06
0.8698 78581 0.45549 172.52

L12 5 0.8692 78361 0.45477 172.31 1.146904
0.8705 78599 0.45633 172.24
0.8701 77060 0.45585 169.05
0.8719 76944 0.45801 168.00
0.8750 75315 0.46173 163.11
0.8743 75629 0.46089 164.09

N14 33/4 0.8721 76670 0.45825 167.31 1.106120
0.8733 76494 0.45969 166.40
0.8757 77060 0.46258 166.59
0.8735 73628 0.45993 160.09
0.8711 71620 0.45705 156.70

N15 4 0.8726 74601 0.45885 162.58 1.060718
0.8750 73610 0.46173 159.42
0.8752 72413 0.46197 156.75
0.8740 77914 0.46053 169.18
0.8762 76620 0.46318 165.42

T13 4 0.8758 78927 0.46270 170.58 1.123087
0.8756 77777 0.46246 168.18
0.8745 77907 0.46113 168.95
0.8745 75611 0.46113 163.97
0.8737 74252 0.46017 161.36

T14 41/4 0.8728 76364 0.45909 166.34 1.094713
0.8717 75420 0.45777 164.76
0.8736 75730 0.46005 164.61

Average 1.104213

Standard Deviation 0.029680
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STEP 2c: Determine the Bias Coefficient and Coefficient of Variation
for the Professional Factor
The bias coefficient for the professional factor, p,, is the ratio of the average tested
strength, determined experimentally, to the predicted strength, as calculated by a design
equation using measured dimensions and material properties, as given in equation (2-43),

which is repeated here.

Actual Strength Average (Pexp)
~ Predicted Strength R, based on measured values

Po (2-43)

Model A is based on the approximation that, for commonly used bolt sizes, the effective
tensile area is approximately equal to seventy-five percent of the nominal area of the

shank. In this case,

Average( Pato )
=— 2-44
P = 0T5AF,, (2-44)
where
, T 2
Ab = Z(davg) (2'45)

The parameters used to compute the predicted strength in equations (2-44) and (2-45) are

measured values. The average of the measured diameters, d_,, is given in Column 3 of

avg !

Table B-6 for each bolt tested. The value for F,_ was calculated from equations (2-41)

u.exp
and (2-42) for the bias coefficient for the material strength, and is recalculated and shown
in Column 5 of Table B-6. The area of the shank, based on equation (2-45), is calculated
using the measured diameters from Column 3 and is shown in Column 6 of Table B-6.

Column 7 of Table B-6 is the denominator of equation (2-44), the predicted strength
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based on the measured values, which is 0.75 times Column 6 times Column 5. Column 8
is the average experimental load, the numerator of equation (2-44). In other words,
Column 8 is the average tensile failure load (i.e. average of Column 4) from the bolts
tested per lot. Lastly, Column 9 of Table B-6 is the bias coefficient for the professional
factor, which is Column 8 divided by the average of Column 7 for each lot. The average

of these values is the bias coefficient for the professional factor which equals 1.022546.

The average and standard deviation of the bias coefficient for the professional factor are
shown in Table B-6. From the average and standard deviation of the bias coefficient the

coefficient of variation of the professional factor can be determined.

standard deviation(pp) 0.00099077
) average(p,) 1022546

= 0.00096892 (B-15)

B-18



Appendix B — Expample Calculations

Table B-6: Tension — Method 2A — Calculation of pp

(Column 1) (Column 2) | (Column 3) (Column 4) (Column 5) (Column 6) (Column 7) (Column 8) (Column 9)
Average Tension Ultimate Average Bias Coefficient for
Bolt Shank Failure Strength Shank Predicted Experimental | Professional Factor
Identification Length Diameter Load Fuexp Area Strength Load Pp
(inches) (inches) (pounds) (ksi) (inz) (Kips) (Kips)
0.8676 77669 171.51 0.5912 76.0450
0.8679 77665 171.36 0.5916 76.0335
Ci11 33/4 0.8677 77593 171.29 0.5913 75.9681 77.2608 1.021284
0.8664 76195 168.78 0.5896 74.6312
0.8673 77182 170.57 0.5908 75.5756
0.8685 77399 170.51 0.5924 75.7582
0.8691 77135 169.66 0.5932 75.4850
C12 412 0.8690 77016 169.44 0.5931 75.3710 77.1650 1.021738
0.8691 77071 169.52 0.5932 75.4223
0.8680 77204 170.30 0.5917 75.5797
0.8677 73217 161.63 0.5913 71.6837
0.8672 73985 163.54 0.5906 72.4475
C13 43/4 0.8684 73416 161.77 0.5923 71.8620 73.5922 1.021403
0.8676 73524 162.35 0.5912 71.9866
0.8678 73819 162.92 0.5915 72.2707
0.8687 72907 160.53 0.5927 71.3568
0.8676 73408 162.10 0.5912 71.8731
C15 5 0.8680 73131 161.32 0.5917 71.5924 73.1286 1.021691
0.8695 73073 160.55 0.5938 71.5005
0.8692 73124 160.79 0.5934 71.5574
0.8759 74591 161.17 0.6026 72.8344
0.8747 73877 160.12 0.6009 72.1651
L11 3 0.8730 75185 163.68 0.5986 73.4832 74.7838 1.023401
0.8722 75196 164.05 0.5975 73.5131
0.8729 75070 163.48 0.5984 73.3732
0.8694 79201 174.06 0.5936 77.4992
0.8698 78581 172.52 0.5942 76.8824
L12 5 0.8692 78361 172.31 0.5934 76.6822 78.3604 1.022092
0.8705 78599 172.24 0.5952 76.8825
0.8701 77060 169.05 0.5946 75.3869
0.8719 76944 168.00 0.5971 75.2293
0.8750 75315 163.11 0.6013 73.5627
0.8743 75629 164.09 0.6004 73.8861
N14 33/4 0.8721 76670 167.31 0.5973 74.9565 76:3520 1023394
0.8733 76494 166.40 0.5990 74.7553
0.8757 77060 166.59 0.6023 75.2501
0.8735 73628 160.09 0.5993 71.9498
0.8711 71620 156.70 0.5960 70.0422
N15 4 0.8726 74601 162.58 0.5980 72.9219 73.1744 1.023318
0.8750 73610 159.42 0.6013 71.8974
0.8752 72413 156.75 0.6016 70.7236
0.8740 77914 169.18 0.5999 76.1258
0.8762 76620 165.42 0.6030 74.8084
T13 4 0.8758 78927 170.58 0.6024 77.0708 77.8290 1.023892
0.8756 777 168.18 0.6021 75.9527
0.8745 77907 168.95 0.6006 76.1067
0.8745 75611 163.97 0.6006 73.8637
0.8737 74252 161.36 0.5995 72.5549
T14 41/4 0.8728 76364 166.34 0.5983 74.6404 75.4754 1.023244
0.8717 75420 164.76 0.5968 73.7441
0.8736 75730 164.61 0.5994 74.0015
Average 1.022546
Standard Deviation 0.00099077
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Now that the bias coefficients for the cross-sectional geometry, p,, material strength, p,, .
and professional factor, p,, are known, the bias coefficient, p,, for the resistance can be

calculated.

Pr = P Py Po = 0991271 1104213 1022546 = 111925 (B-16)

The coefficient of variation associated with p,, V,, can also be calculated now.

V, = \/(VG)2 +(vy ) +(v,) (2-38)

V, = (0.0068327)% +(0.026879)% +(0.00096892)? = 0027751 (B-17)

STEP 3: Calculate the Resistance Factor
Everything is now known, so the resistance factor for 7/8-inch A490 bolts in tension, based

on Method 2A, can be calculated.

¢= q)ﬂpR e /e (2'9)

¢ = 08991(111925) g 05540082751 _ 947 (B-18)

B.1.4 Method 2B

The equation to calculate resistance factors for Method 2 was given by equation (2-9), which is

repeated here for convenience.
p=0 5 Pr e /Y (2-9)
The coefficient of separation, o, equals 0.55. The safety (reliability) index, £, is taken as 4.0

for this example, as recommended in the commentary to the AISC Specification (2005).
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STEP 1: Determine the Adjustment Factor
The adjustment factor, ® ,, which is based on the reliability index, A, and a live-to-dead
load ratio of 3.0, was given by equation (2-30) and is repeated here.
® , = 0.00934 - 016583+ 14135 (2-30)
From this equation, the adjustment factor can be calculated with a reliability index equal to
4.0.

® , = 0.0093(4.0)° - 01658(4.0) + 14135 = 08991 (B-19)

STEP 2: Determine the Bias Coefficient and Coefficient of Variation

The bias coefficient, o, is the average value of the ratio of the measured resistance to the

nominal resistance. The bias coefficient for the resistance was given by equation

(2-37), which is repeated here for convenience.

Pr = Ps Pwm Prp (2-37)

where p;, oy, and p, are the bias coefficients for the cross-sectional geometry, material

strength, and professional factor, respectively.

The coefficient of variation associated with p,, V., was given in equation (2-38) and is

rewritten here.

2 2 2
Ve = \/(VG) +(Viy ) +(va) (2-38)
where Vg, Vi, and Vp are the coefficients of variation of the cross-sectional geometry,

material strength, and professional factor, respectively. Each coefficient of variation is given

by the respective standard deviation divided by the corresponding average.
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STEP 2a: Determine the Bias Coefficient and Coefficient of Variation
for the Cross-Sectional Geometry

The bias coefficient for the cross-sectional geometry, p, is the ratio of the average

applicable geometric property to the nominal value. The value of the bias coefficient for
the cross-sectional geometry was given by equation (2-39) and is restated here, using the

appropriate nominal diameter for this example.

ﬂ(davg )2
Actual Area 4 Average((davg )2) _ Avg((davg )2) (B-20)

~ Nominal Area [ ;;(dnomina,)zj i (dora)” (%)2

4

Average

Ps

Column 3 in Table B-7 is the average shank diameter, da,g. The square of the average
shank diameter is shown in Column 5. For each lot of bolts, the numerator of equation
(B-20) is shown in Column 6 of Table B-7. Column 7 of Table B-7 shows the bias

coefficient for the cross-sectional geometry, p., for each lot of bolts. The average of

these values is the bias coefficient for the cross-sectional geometry, which equals

0.991271.

The average and standard deviation of the bias coefficient for the cross-sectional
geometry are shown in Table B-7. From the average and standard deviation of the bias
coefficient, the coefficient of variation of the cross-sectional geometry can be

determined.

v standard deviation(pG) 0.0067731 00068327 (B-21)
G~ average( o ) 0991271
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Table B-7: Tension — Method 2B — Calculation of pg

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7)
Squared Bias Coefficient
Average Tension Average Average of the for Cross-Sectional
Bolt Shank Failure Shank Squared Average Geometry
Identification Length Diameter Load Diameter Shank Diameter P
(inches) (inches) (pounds) (in9) (in%)
0.8676 77669 0.75273
0.8679 77665 0.75325
Ci11 33/4 0.8677 77593 0.75290 0.75235 0.982659
0.8664 76195 0.75065
0.8673 77182 0.75221
0.8685 77399 0.75429
0.8691 77135 0.75533
C12 412 0.8690 77016 0.75516 0.75471 0.985743
0.8691 77071 0.75533
0.8680 77204 0.75342
0.8677 73217 0.75290
0.8672 73985 0.75204
C13 43/4 0.8684 73416 0.75412 0.75297 0.983475
0.8676 73524 0.75273
0.8678 73819 0.75308
0.8687 72907 0.75464
0.8676 73408 0.75273
C15 5 0.8680 73131 0.75342 0.75447 0.985426
0.8695 73073 0.75603
0.8692 73124 0.75551
0.8759 74591 0.76720
0.8747 73877 0.76510
L11 3 0.8730 75185 0.76213 0.76342 0.997124
0.8722 75196 0.76073
0.8729 75070 0.76195
0.8694 79201 0.75586
0.8698 78581 0.75655
L12 5 0.8692 78361 0.75551 0.75655 0.988150
0.8705 78599 0.75777
0.8701 77060 0.75707
0.8719 76944 0.76021
0.8750 75315 0.76563
0.8743 75629 0.76440
N14 33/4 08721 76670 0.76056 0.7634 0.997071
0.8733 76494 0.76265
0.8757 77060 0.76685
0.8735 73628 0.76300
0.8711 71620 0.75882
N15 4 0.8726 74601 0.76143 0.7630 0.996532
0.8750 73610 0.76563
0.8752 72413 0.76598
0.8740 77914 0.76388
0.8762 76620 0.76773
T13 4 0.8758 78927 0.76703 0.7660 1.000504
0.8756 7T 0.76668
0.8745 77907 0.76475
0.8745 75611 0.76475
0.8737 74252 0.76335
T14 41/4 0.8728 76364 0.76178 0.7626 0.996028
0.8717 75420 0.75986
0.8736 75730 0.76318
Average 0.991271
Standard Deviation 0.0067731
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STEP 2b: Determine the Bias Coefficient and Coefficient of Variation
for the Material Strength
As previously defined in equation (2-40), the bias coefficient for the material strength,
Pwu » IS the ratio of the average appropriate material property (F,) to the nominal value
given in the AISC manual (2005).

Actual F, Fo e
~ Nominal F,  F

u, nominal

Pwm (2'40)

The nominal ultimate stress, Fy, nominal, €quals 150 ksi for A490 bolts.

The ultimate strength, F

u, exp !

is determined by

F o (2-41)
uexp Aleff

where Py, is the experimental load at which the bolt failed in tension, as given in Column

4 of Table B-8. The effective area based on the measured diameters, A, , was given by

equation (2-42) and is repeated here

7 0.9743)*
avg (2'42)

«=—d
Ao 4 n
There are 9 threads per inch, n, for a 7/8-inch bolt. The average diameter per bolt tested,

davg, 1S given in Column 3 of Table B-8. The effective area using the measured

diameters, A, , for each bolt tested is shown in Column 5.

Then, from equation (2-41), the ultimate strength, F

u, exp !

is determined (Column 4

divided by Column 5). This gives the ultimate strength in pounds per square inch (psi),
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so dividing that by one thousand gives the ultimate strength in Kips per square inch (ksi),

which is shown in Column 6 of Table B-8.

Now that the ultimate strength, F

u, exp !

and the nominal ultimate stress, Fy nominal, are

known, the bias coefficient for the material strength, p,, , can be calculated for each lot.

average( F, exp) average( F, exp)

= = B'22

u, nominal

The bias coefficient for the material strength of each lot is shown in Column 7 in Table
B-8. The bias coefficient for the material strength is the average of these values which

equals 1.104213.

The average and standard deviation of the bias coefficient for the material strength are
shown in Table B-8. From the average and standard deviation of the bias coefficient, the

coefficient of variation of the material strength can be determined.

standard deviation(pM) 0.029680
average( oy ) ©1.104213

= 0.026879 (B-23)

M:
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Table B-8: Tension — Method 2B — Calculation of py

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7)
Average Tension Effective Ultimate Bias Coefficient for
Bolt Shank Failure Area Strength Material Strength
Identification Length Diameter Load A et F uexp PmM
(inches) (inches) (pounds) (in% (ksi)

0.8676 77669 0.45286 171,51
0.8679 77665 0.45322 171.36

Cl1 33/4 0.8677 77593 0.45298 171.29 1.138016
0.8664 76195 0.45143 168.78
0.8673 77182 0.45251 170.57
0.8685 77399 0.45394 170.51
0.8691 77135 0.45465 169.66

C12 41/2 0.8690 77016 0.45454 169.44 1.132555
0.8691 77071 0.45465 169.52
0.8680 77204 0.45334 170.30
0.8677 73217 0.45298 161.63
0.8672 73985 0.45239 163.54

C13 43/4 0.8684 73416 0.45382 161.77 1.082964
0.8676 73524 0.45286 162.35
0.8678 73819 0.45310 162.92
0.8687 72907 0.45418 160.53
0.8676 73408 0.45286 162.10

C15 5 0.8680 73131 0.45334 161.32 1.073712
0.8695 73073 0.45513 160.55
0.8692 73124 0.45477 160.79
0.8759 74591 0.46282 161.17
0.8747 73877 0.46137 160.12

L11 3 0.8730 75185 0.45933 163.68 1.083341
0.8722 75196 0.45837 164.05
0.8729 75070 0.45921 163.48
0.8694 79201 0.45501 174.06
0.8698 78581 0.45549 172.52

L12 5 0.8692 78361 0.45477 172.31 1.146904
0.8705 78599 0.45633 172.24
0.8701 77060 0.45585 169.05
0.8719 76944 0.45801 168.00
0.8750 75315 0.46173 163.11
0.8743 75629 0.46089 164.09

N14 33/4 0.8721 76670 0.45825 167.31 1.106120
0.8733 76494 0.45969 166.40
0.8757 77060 0.46258 166.59
0.8735 73628 0.45993 160.09
0.8711 71620 0.45705 156.70

N15 4 0.8726 74601 0.45885 162.58 1.060718
0.8750 73610 0.46173 159.42
0.8752 72413 0.46197 156.75
0.8740 77914 0.46053 169.18
0.8762 76620 0.46318 165.42

T13 4 0.8758 78927 0.46270 170.58 1.123087
0.8756 77777 0.46246 168.18
0.8745 77907 0.46113 168.95
0.8745 75611 0.46113 163.97
0.8737 74252 0.46017 161.36

T14 41/4 0.8728 76364 0.45909 166.34 1.094713
0.8717 75420 0.45777 164.76
0.8736 75730 0.46005 164.61

Average 1.104213

Standard Deviation 0.029680
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STEP 2c: Determine the Bias Coefficient and Coefficient of Variation
for the Professional Factor
The bias coefficient for the professional factor, p,, is the ratio of the average tested
strength, determined experimentally, to the predicted strength, as calculated by a design
equation using measured dimensions and material properties, as given in equation (2-43)

which is repeated here.

Actual Strength Average (F’exp) (2-43)

P~ Predicted Strength R based on measured values

Model B is based on the effective area as given by equation (2-46), which is
Average| P,
Pr = # (2-46)
Aeff u.exp
where
.oz 0.9743)*
Aeff = Z davg - n (2'42)

The parameters used to compute the predicted strength, the denominator of equation (2-

46), are measured values. The average of the measured diameters, d is given in

avg !

Column 3 of Table B-9 for each bolt tested. The value for F was calculated from

uexp
equations (2-41) and (2-42) for the bias coefficient for the material strength, and is
recalculated and shown in Column 5 of Table B-9. The effective area of the shank, based
on equation (2-42), is calculated using the measured diameters from Column 3 with n
equals 9 threads per inch. The effective area using measured diameters per tested bolt is

shown in Column 6 of Table B-9. Column 7 of Table B-9 is the denominator of equation
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(2-46), the predicted strength based on the measured values, which is Column 6 times
Column 5. Column 8 is the average experimental load, the numerator of equation (2-46).
In other words, Column 8 is the average tensile failure load (i.e. average of Column 4)
from the bolts tested per lot. Lastly, Column 9 of Table B-9 is the bias coefficient for the
professional factor, which is Column 8 divided by the average of Column 7 for each lot.
The average of these values is the bias coefficient for the professional factor which equals

1.0000.

The average and standard deviation of the bias coefficient for the professional factor are
shown in Table B-9. From the average and standard deviation of the bias coefficient the

coefficient of variation of the professional factor can be determined.

standard deviation(pp) 0.00000
) average(p,) ~ 1.0000

= 0.00000 (B-24)

B-28



Appendix B — Expample Calculations

Table B-9: Tension — Method 2B — Calculation of pp

(Column 1) (Column2) | (Column 3) (Column 4) (Column 5) (Column 6) (Column 7) (Column 8) (Column 9)
Average Tension Ultimate Average Bias Coefficient for
Bolt Shank Failure Strength Effective Predicted Experimental | Professional Factor
Identification Length Diameter Load Fuep Area Strength Load Pp
(inches) (inches) (pounds) (ksi) (inz) (Kips) (Kips)

0.8676 77669 171.51 0.4529 77.6690
0.8679 77665 171.36 0.4532 77.6650

Cl1 33/4 0.8677 77593 171.29 0.4530 77.5930 77.2608 1.00000
0.8664 76195 168.78 0.4514 76.1950
0.8673 77182 170.57 0.4525 77.1820
0.8685 77399 170.51 0.4539 77.3990
0.8691 77135 169.66 0.4547 77.1350

C12 41/2 0.8690 77016 169.44 0.4545 77.0160 77.1650 1.00000
0.8691 77071 169.52 0.4547 77.0710
0.8680 77204 170.30 0.4533 77.2040
0.8677 73217 161.63 0.4530 73.2170
0.8672 73985 163.54 0.4524 73.9850

C13 43/4 0.8684 73416 161.77 0.4538 73.4160 73.5922 1.00000
0.8676 73524 162.35 0.4529 73.5240
0.8678 73819 162.92 0.4531 73.8190
0.8687 72907 160.53 0.4542 72.9070
0.8676 73408 162.10 0.4529 73.4080

C15 5 0.8680 73131 161.32 0.4533 73.1310 73.1286 1.00000
0.8695 73073 160.55 0.4551 73.0730
0.8692 73124 160.79 0.4548 73.1240
0.8759 74591 161.17 0.4628 74.5910
0.8747 73877 160.12 0.4614 73.8770

L11 3 0.8730 75185 163.68 0.4593 75.1850 74.7838 1.00000
0.8722 75196 164.05 0.4584 75.1960
0.8729 75070 163.48 0.4592 75.0700
0.8694 79201 174.06 0.4550 79.2010
0.8698 78581 172.52 0.4555 78.5810

L12 5 0.8692 78361 172.31 0.4548 78.3610 78.3604 1.00000
0.8705 78599 172.24 0.4563 78.5990
0.8701 77060 169.05 0.4559 77.0600
0.8719 76944 168.00 0.4580 76.9440
0.8750 75315 163.11 0.4617 75.3150
0.8743 75629 164.09 0.4609 75.6290

N14 33/4 0.8721 76670 167.31 0.4582 76.6700 76:3520 100000
0.8733 76494 166.40 0.4597 76.4940
0.8757 77060 166.59 0.4626 77.0600
0.8735 73628 160.09 0.4599 73.6280
0.8711 71620 156.70 0.4570 71.6200

N15 4 0.8726 74601 162.58 0.4588 74.6010 73.1744 1.00000
0.8750 73610 159.42 0.4617 73.6100
0.8752 72413 156.75 0.4620 72.4130
0.8740 77914 169.18 0.4605 77.9140
0.8762 76620 165.42 0.4632 76.6200

T13 4 0.8758 78927 170.58 0.4627 78.9270 77.8290 1.00000
0.8756 7777 168.18 0.4625 77.7770
0.8745 77907 168.95 0.4611 77.9070
0.8745 75611 163.97 0.4611 75.6110
0.8737 74252 161.36 0.4602 74.2520

T14 41/4 0.8728 76364 166.34 0.4591 76.3640 75.4754 1.00000
0.8717 75420 164.76 0.4578 75.4200
0.8736 75730 164.61 0.4600 75.7300

Average 1.00000

Standard Deviation 0.00000
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Now that the bias coefficients for the cross-sectional geometry, p,, material strength, p,, .
and professional factor, p,, are known, the bias coefficient, p,, for the resistance can be

calculated.

Or = P Pu Po = 0991271 1104213 1000 = 1094574 (B-25)

The coefficient of variation associated with p,, V,, can also be calculated now.

V, = \/(VG)2 +(vy ) +(v,) (2-38)

V,, = (0.0068327)% +(0.026879)% +(0.00000)? = 0027734 (B-26)

STEP 3: Calculate the Resistance Factor
Everything is now known, so the resistance factor for 7/8-inch A490 bolts in tension, based

on Method 2B, can be calculated.
p=0 5 PR CRtls (2-9)

¢ = 08991(1.094574) g 0540002773 _ 926 (B-27)
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B.2 Level V — Shear Resistance Factor — 7/8-inch A490 Bolts

This section calculations the shear resistance factor for 7/8-inch A490 bolts, with the threads
excluded (Section B.2.1) and not excluded (Section B.2.2) from the shear plane, based on the

two methods.

B.2.1 Shear Resistance Factor — Threads Excluded

The average of the bolt diameters and the failure loads in shear with the threads excluded from

the shear plane for the ten lots of 7/8-inch A490 bolts are summarized in Table B-10.
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Table B-10: Raw Shear Excluded Data for 7/8-inch A490 Bolts

Average Shear X
Bolt Shank Failure
Identification Length Diameter Load
(inches) (inches) (pounds)
0.8673 60396
0.8670 61809
C11 33/4 0.8674 58983
0.8678 60677
0.8714 58536
0.8672 59596
0.8686 59700
C12 41/2 0.8692 59113
0.8685 59524
0.8690 59920
0.8680 57491
0.8677 58179
C13 43/4 0.8693 58028
0.8683 57653
0.8679 57401
0.8705 56081
0.8699 56135
C15 5 0.8691 56150
0.8695 54845
0.8690 55079
0.8706 58496
0.8709 59001
L11 3 0.8712 58824
0.8710 58875
0.8713 58558
0.8692 62674
0.8686 63326
L12 5 0.8689 61827
0.8694 62537
0.8684 62274
0.8704 61207
0.8703 61142
N14 33/4 0.8704 60428
0.8699 60807
0.8703 61888
0.8696 56921
0.8692 56867
N15 4 0.8699 57963
0.8698 62714
0.8693 58042
0.8742 61571
0.8740 61207
T13 4 0.8732 61539
0.8739 60353
0.8741 61088
0.8701 59902
0.8701 59617
T14 41/4 0.8704 60169
0.8703 58485
0.8703 59996

B-32



Appendix B — Expample Calculations

B.2.1.1 Method 1A

The equation to calculate resistance factors for Method 1 was given by equation (2-8), which is

repeated here for convenience.

Rm -a R
¢: (D pR_n e BY (2'8)
The coefficient of separation, «, equals 0.55. The safety (reliability) index, £, is taken as 4.0

for this example, as recommended in the commentary to the AISC Specification (2005).

STEP 1: Determine the Adjustment Factor

The adjustment factor, ® ,, which is based on the reliability index, 4, and a live-to-dead
load ratio of 3.0, was given by equation (2-30) and is repeated here.
®,= 0.00935° - 0165843+ 14135 (2-30)

From this equation, the adjustment factor can be calculated with a reliability index equal to

4.0.

o, = 0.0093(4.0)° - 01658(4.0) + 14135 = 0.8991 (B-28)

STEP 2: Determine the Ratio R/Rn

The value of R_, in Kips, is the average value of the failure loads, given in Column 4 of

m?

Table B-11, of the five or more bolts tested per lot. This value was calculated for each of the

ten lots and is shown in Column 5 of Table B-11.
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The nominal resistance, R, was given by equation (2-36) as previously described in Section
2.4.1.4. The equation is repeated here for convenience.

R, = 062F,A, (2-36)
The ultimate stress, F,, equals 150 ksi for A490 bolts. The area, A, , is the nominal bolt

area or area of the shank. Therefore the nominal resistance for a 7/8-inch A490 bolt is

R, = 062(150 )[#} - 559228/ (B-29)

The ratio R% for each lot is shown in Column 6 of Table B-11.

The ratio R% used in equation (2-8) is the average value for the ten lots which equals

1.063464 from Table B-11.

STEP 3: Determine the Coefficient of VVariation

The coefficient of variation equals the standard deviation divided by the average of R% :

These two values are shown in Table B-11. The coefficient of variation thus equals

. (R,
standard dewatlon( An) 0.034842

VR = =
average( R% j 1063464

= 0032763 (B-30)
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Table B-11: Shear Threads Excluded — Method 1A

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6)
Average Shear X
Bolt Shank Failure
Identification Length Diameter Load R Rn/Ry,
(inches) (inches) (pounds) (Kips)

0.8673 60396
0.8670 61809

C11 33/4 0.8674 58983 60.0802 1.074342
0.8678 60677
0.8714 58536
0.8672 59596
0.8686 59700

C12 41/2 0.8692 59113 59.5706 1.065229
0.8685 59524
0.8690 59920
0.8680 57491
0.8677 58179

C13 43/4 0.8693 58028 57.7504 1.032681
0.8683 57653
0.8679 57401
0.8705 56081
0.8699 56135

C15 5 0.8691 56150 55.6580 0.995265
0.8695 54845
0.8690 55079
0.8706 58496
0.8709 59001

L11 3 0.8712 58824 58.7508 1.050570
0.8710 58875
0.8713 58558
0.8692 62674
0.8686 63326

L12 5 0.8689 61827 62.5276 1.118106
0.8694 62537
0.8684 62274
0.8704 61207
0.8703 61142

N14 33/4 0.8704 60428 61.0944 1.092477
0.8699 60807
0.8703 61888
0.8696 56921
0.8692 56867

N15 4 0.8699 57963 58.5014 1.046110
0.8698 62714
0.8693 58042
0.8742 61571
0.8740 61207

T13 4 0.8732 61539 61.1516 1.093500
0.8739 60353
0.8741 61088
0.8701 59902
0.8701 59617

T14 41/4 0.8704 60169 59.6338 1.066359
0.8703 58485
0.8703 59996

Average 1.063464

Standard Deviation 0.034842
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STEP 4: Calculate the Resistance Factor
Now that everything is known, the resistance factor for shear with the threads excluded for

7/8-inch A490 bolts, based on Method 1A, can be determined from equation (2-8).

¢ = (08991)(1063464) e 210079 = 0890 (B-31)

B.2.1.2 Method 2A

The equation to calculate resistance factors for Method 2 was given by equation (2-9), which is

repeated here for convenience.
p=0 5 Pr Cal (2-9)
The coefficient of separation, «, equals 0.55. The safety (reliability) index, £, is taken as 4.0

for this example, as recommended in the commentary to the AISC Specification (2005).

STEP 1: Determine the Adjustment Factor

The adjustment factor, ® ,, which is based on the reliability index, A, and a live-to-dead

load ratio of 3.0, was given by equation (2-30) and is repeated here.

® , = 0.0093/ - 016583+ 14135 (2-30)

From this equation, the adjustment factor can be calculated with a reliability index equal to

4.0.

® , = 0.0093(4.0)* - 0.1658(4.0) + 14135 = 0.8991 (B-32)
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STEP 2: Determine the Bias Coefficient and Coefficient of Variation

The bias coefficient, o, is the average value of the ratio of the measured resistance to the

nominal resistance. The bias coefficient for the resistance was given by equation

(2-37), which is repeated here for convenience.

Pr = Ps Pm Prp (2-37)

where p;, oy, and p, are the bias coefficients for the cross-sectional geometry, material

strength, and professional factor, respectively.

The coefficient of variation associated with p,, V,, was given in equation (2-38) and is

rewritten here.

2 2 2
Vo = (Ve ) +(vy, ) +(v,) (2-38)
where Vg, Vi, and Vp are the coefficients of variation of the cross-sectional geometry,
material strength, and professional factor, respectively. Each coefficient of variation is given

by the respective standard deviation divided by the corresponding average.
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STEP 2a: Determine the Bias Coefficient and Coefficient of Variation
for the Cross-Sectional Geometry

The bias coefficient for the cross-sectional geometry, p, is the ratio of the average

applicable geometric property to the nominal value. The value of the bias coefficient for
the cross-sectional geometry was given by equation (2-39) and is restated here, using the

appropriate nominal diameter for this example.

ﬂ(davg )2
Actual Area 4 Average((davg )2) _ Avg((davg )2) (B-33)

~ Nominal Area [ ;;(dnomina,)zj i (dora)” (%)2

4

Average

Ps

Column 3 in Table B-12 is the average shank diameter, da,g. The square of the average
shank diameter is shown in Column 5. For each lot of bolts, the numerator of equation
(B-33) is shown in Column 6 of Table B-12. Column 7 of Table B-12 shows the bias

coefficient for the cross-sectional geometry, p., for each lot of bolts. The average of

these values is the bias coefficient for the cross-sectional geometry, which equals

0.988233.

The average and standard deviation of the bias coefficient for the cross-sectional
geometry are shown in Table B-12. From the average and standard deviation of the bias
coefficient, the coefficient of variation of the cross-sectional geometry can be

determined.

standard deviation(p;) ~ 0.0038788
average(p,) ~ 0.988233

= 0.0039250 (B-34)
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(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7)
Squared Bias Coefficient
Average Shear X Average Average of the | for Cross-Sectional
Bolt Shank Failure Shank Squared Average Geometry
Identification Length Diameter Load Diameter Shank Diameter PG
(inches) (inches) (pounds) (ind (in?)
0.8673 60396 0.75221
0.8670 61809 0.75169
Cl1 33/4 0.8674 58983 0.75238 0.75372 0.984453
0.8678 60677 0.75308
0.8714 58536 0.75925
0.8672 59596 0.75204
0.8686 59700 0.75447
C12 41/2 0.8692 59113 0.75551 0.75429 0.985199
0.8685 59524 0.75429
0.8690 59920 0.75516
0.8680 57491 0.75342
0.8677 58179 0.75290
C13 43/4 0.8693 58028 0.75568 0.75384 0.984609
0.8683 57653 0.75394
0.8679 57401 0.75325
0.8705 56081 0.75777
0.8699 56135 0.75673
C15 5 0.8691 56150 0.75533 0.75620 0.987696
0.8695 54845 0.75603
0.8690 55079 0.75516
0.8706 58496 0.75794
0.8709 59001 0.75847
L11 3 0.8712 58824 0.75899 0.75864 0.990878
0.8710 58875 0.75864
0.8713 58558 0.75916
0.8692 62674 0.75551
0.8686 63326 0.75447
L12 5 0.8689 61827 0.75499 0.75499 0.986106
0.8694 62537 0.75586
0.8684 62274 0.75412
0.8704 61207 0.75760
0.8703 61142 0.75742
N14 33/4 0.8704 60428 0.75760 0.75735 0.989195
0.8699 60807 0.75673
0.8703 61888 0.75742
0.8696 56921 0.75620
0.8692 56867 0.75551
N15 4 0.8699 57963 0.75673 0.75613 0.987604
0.8698 62714 0.75655
0.8693 58042 0.75568
0.8742 61571 0.76423
0.8740 61207 0.76388
T13 4 0.8732 61539 0.76248 0.76367 0.997442
0.8739 60353 0.76370
0.8741 61088 0.76405
0.8701 59902 0.75707
0.8701 59617 0.75707
T14 41/4 0.8704 60169 0.75760 0.75732 0.989150
0.8703 58485 0.75742
0.8703 59996 0.75742
Average 0.988233
Standard Deviation 0.0038788
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STEP 2b: Determine the Bias Coefficient and Coefficient of Variation
for the Material Strength

The bias coefficient for the material strength, p,, , is the ratio of the average appropriate

material property (F,) to the nominal value given in the AISC manual (2005).

Actual F, Fo e
= - = — (2-40)
Nominal F, F

u, nominal

Pwm

The nominal ultimate stress, Fu nominat, €quals 150 ksi for A490 bolts. The bias

coefficient for the material strength is calculated based on the tension tests of the lot.

The ultimate strength, F

u, exp !

is determined by

F o (2-41)
uexp Aleff

where Py, is the experimental load at which the bolt failed in tension, as given in Column

4 of Table B-13. The effective area based on the measured bolt diameters, A, was

given by equation (2-42) and is repeated here

7[( 0.9743) 2
avg

A;zfr = Z d n (2-42)

There are 9 threads per inch, n, for a 7/8-inch bolt. The average diameter per bolt tested
in tension, dayg, is given in Column 3 of Table B-13. The effective area using the

measured bolt diameters, A , for each bolt tested is shown in Column 5.
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Then, from equation (2-41), the ultimate strength, F

Lo 1S determined (Column 4
divided by Column 5). This gives the ultimate strength in pounds per square inch (psi),
so dividing that by one thousand gives the ultimate strength in Kips per square inch (ksi),

which is shown in Column 6 of Table B-13.

Now that the ultimate strength, F

u,exp !

and the nominal ultimate stress, Fy nominal, are

known, the bias coefficient for the material strength, p,, , can be calculated for each lot.

average( F, exp) average( R, exp)
= - 150

u, nominal

Pwm = (B-35)

The bias coefficient for the material strength of each lot is shown in Column 7 in Table
B-13. The bias coefficient for the material strength is the average of these values which

equals 1.104213.

The average and standard deviation of the bias coefficient for the material strength are
shown in Table B-13. From the average and standard deviation of the bias coefficient,

the coefficient of variation of the material strength can be determined.

standard deviation(pM) 0.029680
average(p, ) 1104213

= 0.026879 (B-36)
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(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7)
Average Tensile Effective Ultimate Bias Coefficient for
Bolt Shank Failure Area Strength Material Strength
Identification Length Diameter Load A eff Fuexp Pm
(inches) (inches) (pounds) (inz) (ksi)

0.8676 77669 0.45286 171.51
0.8679 77665 0.45322 171.36

C11 33/4 0.8677 77593 0.45298 171.29 1.138016
0.8664 76195 0.45143 168.78
0.8673 77182 0.45251 170.57
0.8685 77399 0.45394 170.51
0.8691 77135 0.45465 169.66

C12 41/2 0.8690 77016 0.45454 169.44 1.132555
0.8691 77071 0.45465 169.52
0.8680 77204 0.45334 170.30
0.8677 73217 0.45298 161.63
0.8672 73985 0.45239 163.54

C13 43/4 0.8684 73416 0.45382 161.77 1.082964
0.8676 73524 0.45286 162.35
0.8678 73819 0.45310 162.92
0.8687 72907 0.45418 160.53
0.8676 73408 0.45286 162.10

C15 5 0.8680 73131 0.45334 161.32 1.073712
0.8695 73073 0.45513 160.55
0.8692 73124 0.45477 160.79
0.8759 74591 0.46282 161.17
0.8747 73877 0.46137 160.12

L11 3 0.8730 75185 0.45933 163.68 1.083341
0.8722 75196 0.45837 164.05
0.8729 75070 0.45921 163.48
0.8694 79201 0.45501 174.06
0.8698 78581 0.45549 172.52

L12 5 0.8692 78361 0.45477 172.31 1.146904
0.8705 78599 0.45633 172.24
0.8701 77060 0.45585 169.05
0.8719 76944 0.45801 168.00
0.8750 75315 0.46173 163.11
0.8743 75629 0.46089 164.09

N14 33/4 0.8721 76670 0.45825 167.31 1106120
0.8733 76494 0.45969 166.40
0.8757 77060 0.46258 166.59
0.8735 73628 0.45993 160.09
0.8711 71620 0.45705 156.70

N15 4 0.8726 74601 0.45885 162.58 1.060718
0.8750 73610 0.46173 159.42
0.8752 72413 0.46197 156.75
0.8740 77914 0.46053 169.18
0.8762 76620 0.46318 165.42

T13 4 0.8758 78927 0.46270 170.58 1.123087
0.8756 77777 0.46246 168.18
0.8745 77907 0.46113 168.95
0.8745 75611 0.46113 163.97
0.8737 74252 0.46017 161.36

T14 41/4 0.8728 76364 0.45909 166.34 1.094713
0.8717 75420 0.45777 164.76
0.8736 75730 0.46005 164.61

Average 1.104213

Standard Deviation 0.029680
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STEP 2c: Determine the Bias Coefficient and Coefficient of Variation
for the Professional Factor
The bias coefficient for the professional factor, p,, is the ratio of the average tested
strength, determined experimentally, to the predicted strength, as calculated by a design
equation using measured dimensions and material properties, as given in equation (2-43)

which is repeated here.

Actual Strength Average (Pexp)
~ Predicted Strength R, based on measured values

Po (2-43)

For the case where the threads are excluded from the shear plane, the bias coefficient for
the professional factor was determined in Section 2.4.1.5.3.1 and was given by Equation

(2-48), which is repeated here.

Average | P,
po = # (2-48)
0.62AF, em
where
, T 2
'A\) = Z(davg) (2'45)

The parameters used to compute the predicted strength, the denominator of equation (2-

48), are measured values. The average of the measured diameters, d is given in

avg !

Column 3 of Table B-14 for each bolt tested. The value for F __ was calculated from

u.exp
equations (2-41) and (2-42) for the bias coefficient for the material strength based on the

lot’s corresponding tensile tests. Column 5 of Table B-14 equals the average of F,_ for

u,exp

each bolt tested which is the average of Column 6 of Table B-13. The area of the shank,
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based on equation (2-45), is calculated using the measured diameters from Column 3 and
is shown in Column 6 of Table B-14. Column 7 of Table B-14 is the denominator of
equation (2-48), the predicted strength based on the measured values, which is 0.62 times
Column 6 times Column 5. Column 8 is the average experimental load, the numerator of
equation (2-48). In other words, Column 8 is the average failure load (i.e. average of
Column 4) from the bolts tested per lot. Lastly, Column 9 of Table B-14 is the bias
coefficient for the professional factor, which is Column 8 divided by the average of
Column 7 for each lot. The average of these values is the bias coefficient for the

professional factor which equals 0.974590.

The average and standard deviation of the bias coefficient for the professional factor are
shown in Table B-14. From the average and standard deviation of the bias coefficient,

the coefficient of variation of the professional factor can be determined.

standard deviation(pp) 0.019573
) average(p,) ~ 0.974590

= 0.020083 (B-37)

B-44



Appendix B — Expample Calculations

Table B-14: Shear Excluded — Method 2A — Calculation of pp

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7) (Column 8) (Column 9)
Average Shear X Ultimate Average Bias Coefficient for
Bolt Shank Failure Strength Shank Predicted Experimental | Professional Factor
Identification Length Diameter Load Fuexp Area Strength Load Pp
(inches) (inches) (pounds) (ksi) (inz) (Kips) (Kips)

0.8673 60396 0.59078 62.53
0.8670 61809 0.59038 62.48

C11 33/4 0.8674 58983 170.70 0.59092 62.54 60.0802 0.958957
0.8678 60677 0.59147 62.60
0.8714 58536 0.59631 63.11
0.8672 59596 0.59065 62.21
0.8686 59700 0.59256 62.41

C12 412 0.8692 59113 169.88 0.59338 62.50 59.5706 0.954684
0.8685 59524 0.59242 62.40
0.8690 59920 0.59310 62.47
0.8680 57491 0.59174 59.60
0.8677 58179 0.59133 59.56

C13 43/4 0.8693 58028 162.44 0.59351 59.78 57.7504 0.968475
0.8683 57653 0.59215 59.64
0.8679 57401 0.59160 59.58
0.8705 56081 0.59515 59.43
0.8699 56135 0.59433 59.35

C15 5 0.8691 56150 161.06 0.59324 59.24 55.6580 0.938486
0.8695 54845 0.59378 59.29
0.8690 55079 0.59310 59.22
0.8706 58496 0.59529 59.98
0.8709 59001 0.59570 60.02

L11 3 0.8712 58824 162.50 0.59611 60.06 58.7508 0.978677
0.8710 58875 0.59584 60.03
0.8713 58558 0.59625 60.07
0.8692 62674 0.59338 63.29
0.8686 63326 0.59256 63.20

L12 5 0.8689 61827 172.04 0.59297 63.25 62.5276 0.988626
0.8694 62537 0.59365 63.32
0.8684 62274 0.59228 63.17
0.8704 61207 0.59501 61.21
0.8703 61142 0.59488 61.19

N14 33/4 0.8704 60428 165.92 0.59501 61.21 61.0944 0.998454
0.8699 60807 0.59433 61.14
0.8703 61888 0.59488 61.19
0.8696 56921 0.59392 58.59
0.8692 56867 0.59338 58.53

N15 4 0.8699 57963 159.11 0.59433 58.63 58.5014 0.998606
0.8698 62714 0.59419 58.62
0.8693 58042 0.59351 58.55
0.8742 61571 0.60022 62.69
0.8740 61207 0.59995 62.66

T13 4 0.8732 61539 168.46 0.59885 62.55 61.1516 0.976153
0.8739 60353 0.59981 62.65
0.8741 61088 0.60008 62.68
0.8701 59902 0.59460 60.54
0.8701 59617 0.59460 60.54

T14 41/4 0.8704 60169 164.21 0.59501 60.58 59.6338 0.984785
0.8703 58485 0.59488 60.56
0.8703 59996 0.59488 60.56

Average 0.974590

Standard Deviation 0.019573
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Now that the bias coefficients for the cross-sectional geometry, p,, material strength, p,, .
and professional factor, p,, are known, the bias coefficient, p,, for the resistance can be

calculated.

Pr = P Py Po = 0.988233x 1104213 x 0.974590 = 106349 (B-38)

The coefficient of variation associated with p,, V,, can also be calculated now.

V, = \/(VG)Z +(vy )+ (Vo) (2-38)

V, = /(0.0039250) +(0.026879)* +(0.020083)? = 0.033782 (B-39)

STEP 3: Calculate the Resistance Factor
Everything is now known, so the resistance factor for 7/8-inch A490 bolts in shear with the

threads excluded from the shear plan, based on Method 2A, can be calculated.
=10 5 PR G (2-9)

¢ = 08991(106349) e 0540003372 _ (ggg (B-40)

B.2.2 Shear Resistance Factor — Threads Not Excluded

The average of the bolt diameters and the failure loads in shear with the threads not excluded

from the shear plane for the ten lots of 7/8-inch A490 bolts are summarized in Table B-15.
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Table B-15: Raw Shear Not Excluded Data for 7/8-inch A490 Bolts

Average Shear N
Bolt Shank Failure
Identification Length Diameter Load
(inches) (inches) (pounds)
0.8673 46169
0.8675 44680
Cc11 33/4 0.8676 44161
0.8671 48011
0.8672 45401
0.8687 44179
0.8686 45451
C12 4172 0.8690 44049
0.8691 44392
0.8694 44291
0.8686 44165
0.8692 41984
C13 43/4 0.8678 42070
0.8678 42002
0.8683 44103
0.8698 42193
0.8697 42283
C15 5 0.8691 41267
0.8702 43491
0.8689 42312
0.8713 46212
0.8714 46371
L11 3 0.8712 44175
0.8713 46302
0.8712 43956
0.8691 47275
0.8689 48425
L12 5 0.8698 45235
0.8689 45268
0.8689 46987
0.8699 45498
0.8703 46457
N14 33/4 0.8693 46688
0.8698 46522
0.8698 45963
0.8697 45307
0.8707 43692
N15 4 0.8705 45343
0.8706 44193
0.8711 45105
0.8743 46219
0.8739 47823
T13 4 0.8737 46587
0.8741 47881
0.8737 47697
0.8700 47578
0.8699 44943
T14 41/4 0.8696 43181
0.8696 44312
0.8687 44377
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B.2.2.1 Method 1A

The equation to calculate resistance factors for Method 1 was given by equation (2-8), which is

repeated here for convenience.

Rm -a R
¢: (D pR_n e BY (2'8)
The coefficient of separation, «, equals 0.55. The safety (reliability) index, £, is taken as 4.0

for this example, as recommended in the commentary to the AISC Specification (2005).

STEP 1: Determine the Adjustment Factor
The adjustment factor, ® ,, which is based on the reliability index, 4, and a live-to-dead
load ratio of 3.0, was given by equation (2-30) and is repeated here.
D= 0.00934° - 016583+ 14135 (2-30)
From this equation, the adjustment factor can be calculated with a reliability index equal to
4.0.

o, = 0.0093(4.0)° - 01658(4.0) + 14135 = 0.8991 (B-41)

STEP 2: Determine the Ratio R/Rn

The value of R, for a lot of bolts, in kips, is the average value of the failure loads, given in

Column 4 of Table B-16, of the five or more bolts tested. This value was calculated for each

of the ten lots and is shown in Column 5 of Table B-16.
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The nominal resistance, R, for shear with the threads not excluded from the shear plane,

was given by equation (2-35) as previously described in Section 2.4.1.4. The equation is
repeated here for convenience.

R, = 050F, A, (2-35)
The ultimate stress, F,, equals 150 ksi for A490 bolts. The area, A, , is the nominal bolt

area or area of the shank. Therefore the nominal resistance for a 7/8-inch A490 bolt is

R, = 050(150" )[#] = 450994 (B-42)

The ratio R% is shown in Column 6 of Table B-16 for each of the ten lots.

The ratio R% used in equation (2-8) is the average value for the ten lots which equals

0.998791 from Table B-16.

STEP 3: Determine the Coefficient of Variation
The coefficient of variation equals the standard deviation divided by the average of R% :

These two values are shown in Table B-16. The coefficient of variation thus equals

. (R
standard dewatlon( An) 0034657

average( R% j 0.998791

V, = = 0034699 (B-43)
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Table B-16: Shear — Threads Not Excluded — Method 1A

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6)
Average Shear N
Bolt Shank Failure
Identification Length Diameter Load Rm Rn/R,
(inches) (inches) (pounds) (kips)

0.8673 46169
0.8675 44680

C11 33/4 0.8676 44161 45.6844 1.012980
0.8671 48011
0.8672 45401
0.8687 44179
0.8686 45451

C12 41/2 0.8690 44049 444724 0.986105
0.8691 44392
0.8694 44291
0.8686 44165
0.8692 41984

C13 43/4 0.8678 42070 42.8648 0.950459
0.8678 42002
0.8683 44103
0.8698 42193
0.8697 42283

C15 5 0.8691 41267 42.3092 0.938140
0.8702 43491
0.8689 42312
0.8713 46212
0.8714 46371

L11 3 0.8712 44175 45.4032 1.006744
0.8713 46302
0.8712 43956
0.8691 47275
0.8689 48425

L12 5 0.8698 45235 46.6380 1.034124
0.8689 45268
0.8689 46987
0.8699 45498
0.8703 46457

N14 33/4 0.8693 46688 46.2256 1.024980
0.8698 46522
0.8698 45963
0.8697 45307
0.8707 43692

N15 4 0.8705 45343 44.7280 0.991773
0.8706 44193
0.8711 45105
0.8743 46219
0.8739 47823

T13 4 0.8737 46587 47.2414 1.047504
0.8741 47881
0.8737 47697
0.8700 47578
0.8699 44943

T14 41/4 0.8696 43181 448782 0.995103
0.8696 44312
0.8687 44377

Average 0.998791

Standard Deviation 0.034657
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STEP 4: Calculate the Resistance Factor
Now that everything is known, the resistance factor for shear with the threads not excluded

for 7/8-inch A490 bolts, based on Method 1A, can be determined from equation (2-8).

¢ = (08991)(0.998791) e 0%640(0046%) _ g3 (B-44)

B.2.2.2 Method 2A

The equation to calculate resistance factors for Method 2 was given by equation (2-9), which is

repeated here for convenience.
$=0,pz € (2-9)
The coefficient of separation, «, equals 0.55. The safety (reliability) index, £, is taken as 4.0

for this example, as recommended in the commentary to the AISC Specification (2005).

STEP 1: Determine the Adjustment Factor

The adjustment factor, ® ,, which is based on the reliability index, A, and a live-to-dead

load ratio of 3.0, was given by equation (2-30) and is repeated here.

D= 0.00934° - 016583+ 14135 (2-30)

From this equation, the adjustment factor can be calculated with a reliability index equal to

4.0.

o, = 0.0093(4.0)° - 0.1658(4.0) + 14135 = 0.8991 (B-45)

STEP 2: Determine the Bias Coefficient and Coefficient of VVariation
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The bias coefficient, o, is the average value of the ratio of the measured resistance to the

nominal resistance. The bias coefficient for the resistance was given by equation

(2-37), which is repeated here for convenience.

Pr = Ps Pm Prp (2-37)

where p;, p,, and p, are the bias coefficients for the cross-sectional geometry, material

strength, and professional factor, respectively.

The coefficient of variation associated with p,, V., was given in equation (2-38) and is

rewritten here.

2 2 2
Ve = \/(VG) +(Viy ) +(va) (2-38)
where Vg, Vi, and Vp are the coefficients of variation of the cross-sectional geometry,

material strength, and professional factor, respectively. Each coefficient of variation is given

by the respective standard deviation divided by the corresponding average.
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STEP 2a: Determine the Bias Coefficient and Coefficient of Variation
for the Cross-Sectional Geometry

The bias coefficient for the cross-sectional geometry, p., is the ratio of the average

applicable geometric property to the nominal value. The value of the bias coefficient for
the cross-sectional geometry was given by equation (2-39) and is restated here, using the

appropriate nominal diameter for this example.

ﬂ(davg )2
Actual Area 4 Average((davg )2) B Avg((davg )2) (B-46)

~ Nominal Area [ ;;(dnomina,)zj i (dora)” (%)2

4

Average

Ps

Column 3 in Table B-17 is the average shank diameter, da,g. The square of the average
shank diameter is shown in Column 5. For each lot of bolts, the numerator of equation
(B-46) is shown in Column 6 of Table B-17. Column 7 of Table B-17 shows the bias

coefficient for the cross-sectional geometry, p., for each lot of bolts. The average of

these values is the bias coefficient for the cross-sectional geometry, which equals

0.988249.

The average and standard deviation of the bias coefficient for the cross-sectional
geometry are shown in Table B-17. From the average and standard deviation of the bias
coefficient, the coefficient of variation of the cross-sectional geometry can be

determined.

v standard deviation(pG) 0.0041045 00041533 (B-47)
G = average(p; ) 0988249

B-53



Appendix B — Expample Calculations

Table B-17: Shear Not Excluded — Method 2A — Calculation of pg

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7)
Squared Bias Coefficient
Average Shear N Average Average of the | for Cross-Sectional
Bolt Shank Failure Shank Squared Average Geometry
Identification Length Diameter Load Diameter Shank Diameter o
(inches) (inches) (pounds) (ind) (ind)
0.8673 46169 0.752209
0.8675 44680 0.752556
Ci11 33/4 0.8676 44161 0.752730 0.752279 0.982568
0.8671 48011 0.751862
0.8672 45401 0.752036
0.8687 44179 0.754640
0.8686 45451 0.754466
C12 41/2 0.8690 44049 0.755161 0.755092 0.986242
0.8691 44392 0.755335
0.8694 44291 0.755856
0.8686 44165 0.754466
0.8692 41984 0.755509
C13 43/4 0.8678 42070 0.753077 0.754015 0.984835
0.8678 42002 0.753077
0.8683 44103 0.753945
0.8698 42193 0.756552
0.8697 42283 0.756378
C15 5 0.8691 41267 0.755335 0.756100 0.987559
0.8702 43491 0.757248
0.8689 42312 0.754987
0.8713 46212 0.759164
0.8714 46371 0.759338
L11 3 0.8712 44175 0.758989 0.759129 0.991515
0.8713 46302 0.759164
0.8712 43956 0.758989
0.8691 47275 0.755335
0.8689 48425 0.754987
L12 5 0.8698 45235 0.756552 0.755370 0.986605
0.8689 45268 0.754987
0.8689 46987 0.754987
0.8699 45498 0.756726
0.8703 46457 0.757422
N14 33/4 0.8693 46688 0.755682 0.756587 0.988195
0.8698 46522 0.756552
0.8698 45963 0.756552
0.8697 45307 0.756378
0.8707 43692 0.758118
N15 4 0.8705 45343 0.757770 0.757805 0.989786
0.8706 44193 0.757944
0.8711 45105 0.758815
0.8743 46219 0.764400
0.8739 47823 0.763701
T13 4 0.8737 46587 0.763352 0.763771 0.997579
0.8741 47881 0.764051
0.8737 47697 0.763352
0.8700 47578 0.756900
0.8699 44943 0.756726
T14 41/4 0.8696 43181 0.756204 0.756135 0.987605
0.8696 44312 0.756204
0.8687 44377 0.754640
Average 0.988249
Standard Deviation 0.0041045
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STEP 2b: Determine the Bias Coefficient and Coefficient of Variation
for the Material Strength

The bias coefficient for the material strength, p,, , is the ratio of the average appropriate

material property (F,) to the nominal value given in the AISC manual (2005).

Actual F, Fo e
= - = — (2-40)
Nominal F, F

u, nominal

Pwm

The nominal ultimate stress, Fu nominat, €quals 150 ksi for A490 bolts. The bias

coefficient for the material strength is calculated based on the tension tests of the lot.

The ultimate strength, F

u, exp !

is determined by

F o (2-41)
uexp Aleff

where Py, is the experimental load at which the bolt failed in tension, as given in Column

4 of Table B-18. The effective area based on the measured bolt diameters, A, was

given by equation (2-42) and is repeated here

7[( 0.9743) ?
avg

A;zfr = Z d n (2-42)

There are 9 threads per inch, n, for a 7/8-inch bolt. The average diameter per bolt tested
in tension, dayg, is given in Column 3 of Table B-18. The effective area using the

measured bolt diameters, A , for each bolt tested is shown in Column 5.
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Then, from equation (2-41), the ultimate strength, F

Lo 1S determined by dividing
Column 4 by Column 5. This gives the ultimate strength in pounds per square inch (psi),
so dividing that by one thousand gives the ultimate strength in kips per square inch (ksi),

which is shown in Column 6 of Table B-18.

Now that the ultimate strength, F

u,exp !

and the nominal ultimate stress, Fy nominal, are

known, the bias coefficient for the material strength, p,, , can be calculated for each lot.

average( F, exp) average( R, exp)
= - 150

u, nominal

Pwm = (B-48)

The bias coefficient for the material strength of each lot is shown in Column 7 in Table
B-18. The bias coefficient for the material strength is the average of these values which

equals 1.104213.

The average and standard deviation of the bias coefficient for the material strength are
shown in Table B-18. From the average and standard deviation of the bias coefficient,

the coefficient of variation of the material strength can be determined.

standard deviation(pM) 0.029680
average(p, ) 1104213

= 0.026879 (B-49)
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Table B-18: Shear Not Excluded — Method 2A — Calculation of pu

(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7)
Average Tensile Effective Ultimate Bias Coefficient for
Bolt Shank Failure Area Strength Material Strength
Identification Length Diameter Load A eff Fuexp Pm
(inches) (inches) (pounds) (inz) (ksi)

0.8676 77669 0.45286 171.51
0.8679 77665 0.45322 171.36

C11 33/4 0.8677 77593 0.45298 171.29 1.138016
0.8664 76195 0.45143 168.78
0.8673 77182 0.45251 170.57
0.8685 77399 0.45394 170.51
0.8691 77135 0.45465 169.66

C12 41/2 0.8690 77016 0.45454 169.44 1.132555
0.8691 77071 0.45465 169.52
0.8680 77204 0.45334 170.30
0.8677 73217 0.45298 161.63
0.8672 73985 0.45239 163.54

C13 43/4 0.8684 73416 0.45382 161.77 1.082964
0.8676 73524 0.45286 162.35
0.8678 73819 0.45310 162.92
0.8687 72907 0.45418 160.53
0.8676 73408 0.45286 162.10

C15 5 0.8680 73131 0.45334 161.32 1.073712
0.8695 73073 0.45513 160.55
0.8692 73124 0.45477 160.79
0.8759 74591 0.46282 161.17
0.8747 73877 0.46137 160.12

L11 3 0.8730 75185 0.45933 163.68 1.083341
0.8722 75196 0.45837 164.05
0.8729 75070 0.45921 163.48
0.8694 79201 0.45501 174.06
0.8698 78581 0.45549 172.52

L12 5 0.8692 78361 0.45477 172.31 1.146904
0.8705 78599 0.45633 172.24
0.8701 77060 0.45585 169.05
0.8719 76944 0.45801 168.00
0.8750 75315 0.46173 163.11
0.8743 75629 0.46089 164.09

N14 33/4 0.8721 76670 0.45825 167.31 1106120
0.8733 76494 0.45969 166.40
0.8757 77060 0.46258 166.59
0.8735 73628 0.45993 160.09
0.8711 71620 0.45705 156.70

N15 4 0.8726 74601 0.45885 162.58 1.060718
0.8750 73610 0.46173 159.42
0.8752 72413 0.46197 156.75
0.8740 77914 0.46053 169.18
0.8762 76620 0.46318 165.42

T13 4 0.8758 78927 0.46270 170.58 1.123087
0.8756 77777 0.46246 168.18
0.8745 77907 0.46113 168.95
0.8745 75611 0.46113 163.97
0.8737 74252 0.46017 161.36

T14 41/4 0.8728 76364 0.45909 166.34 1.094713
0.8717 75420 0.45777 164.76
0.8736 75730 0.46005 164.61

Average 1.104213

Standard Deviation 0.029680
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STEP 2c: Determine the Bias Coefficient and Coefficient of Variation
for the Professional Factor
The bias coefficient for the professional factor, p,, is the ratio of the average tested
strength, determined experimentally, to the predicted strength, as calculated by a design
equation using measured dimensions and material properties, as given in equation (2-43)

which is repeated here.

Actual Strength Average (Pexp)
~ Predicted Strength ~ R, based on measured values

Po (2-43)

For the case where the threads are not excluded from the shear plane, the bias coefficient
for the professional factor was determined in Section 2.4.1.5.3.1 and was given by

Equation (2-47), which is repeated here.

Average ( Pexp)

0.50A F, (2-47)

Pp =

, eXp

where

&:%@Mf (2-45)

The parameters used to compute the predicted strength, the denominator of equation (2-

47), are measured values. The average of the measured diameters, d is given in

avg !

Column 3 of Table B-19 for each bolt tested. The value for F ___ was calculated from

u.exp
equations (2-41) and (2-42) for the bias coefficient for the material strength based on the

lot’s corresponding tensile tests. Column 5 of Table B-19 equals the average of F,__ for

u.exp

each bolt tested which is the average of Column 6 of Table B-18. The area of the shank,
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based on equation (2-45), is calculated using the measured diameters from Column 3 and
is shown in Column 6 of Table B-19. Column 7 of Table B-19 is the denominator of
equation (2-47), the predicted strength based on the measured values, which is 0.50 times
Column 6 times Column 5. Column 8 is the average experimental load, the numerator of
equation (2-47). In other words, Column 8 is the average failure load (i.e. average of
Column 4) from the bolts tested per lot. Lastly, Column 9 of Table B-19 is the bias
coefficient for the professional factor, which is Column 8 divided by the average of
Column 7 for each lot. The average of these values is the bias coefficient for the

professional factor, which equals 0.915356.

The average and standard deviation of the bias coefficient for the professional factor are
shown in Table B-19. From the average and standard deviation of the bias coefficient,

the coefficient of variation of the professional factor can be determined.

standard deviation(pp) 0.023378
) average(p,) ~ 0.915356

= 0.025540 (B-50)
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(Column 1) (Column 2) (Column 3) (Column 4) (Column 5) (Column 6) (Column 7) (Column 8) (Column 9)
Bias Coefficient for
Average Shear N Ultimate Average Material Professional
Bolt Shank Failure Strength Shank Predicted | Experimental Factor
Identification Length Diameter Load Fuexp Area Strength Load Pp
(inches) (inches) (pounds) (ksi) (inz) (kips) (kips)

0.8673 46169 0.59078 50.42
0.8675 44680 0.59106 50.45

Cl1 33/4 0.8676 44161 170.70 0.59119 50.46 45.6844 0.905919
0.8671 48011 0.59051 50.40
0.8672 45401 0.59065 50.41
0.8687 44179 0.59269 50.34
0.8686 45451 0.59256 50.33

C12 4172 0.8690 44049 169.88 0.59310 50.38 44.4724 0.882837
0.8691 44392 0.59324 50.39
0.8694 44291 0.59365 50.43
0.8686 44165 0.59256 48.13
0.8692 41984 0.59338 48.20

C13 43/4 0.8678 42070 162.44 0.59147 48.04 42.8648 0.891160
0.8678 42002 0.59147 48.04
0.8683 44103 0.59215 48.10
0.8698 42193 0.59419 47.85
0.8697 42283 0.59406 47.84

C15 5 0.8691 41267 161.06 0.59324 47.77 42.3092 0.884742
0.8702 43491 0.59474 47.89
0.8689 42312 0.59297 47.75
0.8713 46212 0.59625 48.45
0.8714 46371 0.59638 48.46

L11 3 0.8712 44175 162.50 0.59611 48.43 45.4032 0.937248
0.8713 46302 0.59625 48.45
0.8712 43956 0.59611 48.43
0.8691 47275 0.59324 51.03
0.8689 48425 0.59297 51.01

L12 5 0.8698 45235 172.04 0.59419 51.11 46.6380 0.913907
0.8689 45268 0.59297 51.01
0.8689 46987 0.59297 51.01
0.8699 45498 0.59433 49.31
0.8703 46457 0.59488 49.35

N14 33/4 0.8693 46688 165.92 0.59351 49.24 46.2256 0.937713
0.8698 46522 0.59419 49.29
0.8698 45963 0.59419 49.29
0.8697 45307 0.59406 47.26
0.8707 43692 0.59542 47.37

N15 4 0.8705 45343 159.11 0.59515 47.35 44.7280 0.944650
0.8706 44193 0.59529 47.36
0.8711 45105 0.59597 47.41
0.8743 46219 0.60036 50.57
0.8739 47823 0.59981 50.52

T13 4 0.8737 46587 168.46 0.59954 50.50 47.2414 0.934964
0.8741 47881 0.60008 50.55
0.8737 47697 0.59954 50.50
0.8700 47578 0.59447 48.81
0.8699 44943 0.59433 48.80

T14 41/4 0.8696 43181 164.21 0.59392 48.76 44,8782 0.920417
0.8696 44312 0.59392 48.76
0.8687 44377 0.59269 48.66

Average 0.915356

Standard Deviation 0.023378
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Now that the bias coefficients for the cross-sectional geometry, p,, material strength, p,, ,
and professional factor, p,, are known, the bias coefficient, p,, for the resistance can be

calculated.

Dr = P Py Po = 0988249 x 1104213 x 0915356 = 0.998871 (B-51)

The coefficient of variation associated with p,, V,, can also be calculated now.

V, = \/(VG)2 +(vy )+ (Vo) (2-38)

V, = (0.0041533) +(0.026879)° +(0.025540)? = 0.037310 (B-52)

Everything is now known, so the resistance factor for 7/8-inch A490 bolts in shear with the

threads not excluded from the shear plane, based on Method 2A, can be calculated.

¢= q)ﬂpR e /e (2'9)

$= 08991(0.998871) g 05400037310 _ 877 (B-53)
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APPENDIX C

MATERIAL DATA SHEETS

The material data sheets obtained from the manufacturers are included in Appendix C.
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UCcIiD#: C1
Grade: A325

Material Grade: 1036ML

C Mn P S Si Cr Mo Cu

Ni Al V

037 079 0.01 0.022 0.24

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 27.4 32,250 142,699
Low: 25.8 31,260 138,319
Ave: 26.6 31,703 139,823
Notes:
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UC ID#: N1
Grade: A325

Material Grade: 1036ML

C Mn P S Si Cr Mo Cu

Ni Al V

037 079 0.01 0.022 0.24

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 28.1 31,760 140,531
Low: 27.1 31,500 139,381
Ave: 27.4 31,633 139,971
Notes:
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UC ID#: L2
Grade: A325

Material Grade: 1036ML1

C Mn P S Si Cr Mo Cu Ni Al V

041 091 0.011 0.012 0.28

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 30.8 51,270 155,898
Low: 29.4 52,070 153,503
Ave: 30.2 51,537 154,301

Notes:
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UC ID#: NO
Grade: A325

Material Grade: 1039M

C Mn P S Si Cr Mo Cu Ni Al V

042 0.93 0.009 0.007 0.19

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 31.7 50,440 151,018
Low: 30.5 49,090 146,976
Ave: 31.0 49,587 148,463

Notes:
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UC ID#: N2
Grade: A325

Material Grade: 1036ML1

C Mn P S Si Cr Mo Cu Ni Al V

0.4 0.9 0.014 0.018 0.25

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 30.4 50,360 150,778
Low: 28.9 49,410 147,934
Ave: 29.8 49,853 149,261

Notes:
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UC ID#: L3
Grade: A325

Material Grade: 1037ML

C Mn P S Si

Cr Mo Cu

Ni Al V

0.37 0.75 0.008 0.016 0.24 0.35
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 30.0 67,166 145,381
Low: 27.0 66,174 143,234
Ave: 28.1 66,791 144,569
Notes:
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UC ID#: L4
Grade: A325

Material Grade: 1037ML

C Mn P S Si Cr Mo Cu Ni Al V

039 0.78 0.006 0.018 0.25 0.36

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 31.8 71,359 154,457
Low: 30.2 68,646 148,584
Ave: 31.0 70,123 151,781

Notes:
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UC ID#: N4
Grade: A325

Material Grade: 1037ML

C Mn P S Si

Cr Mo Cu

Ni Al V

0.38 084 001 0.014 025 0.37
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 29.1 70,190 151,926
Low: 26.9 69,350 150,108
Ave: 28.5 69,677 150,815
Notes:
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Appendix C — Material Data Sheets

UC ID#: L5
Grade: A325

Material Grade: 1037ML

C Mn P S Si

Cr Mo Cu

Ni Al V

038 0.79 0.012 0.009 0.22

0.37

Core Hardness

Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 30.9 89,160 147,129
Low: 28.1 86,330 142,459
Ave: 29.8 87,687 144,698
Notes:
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Appendix C — Material Data Sheets

UC ID#: L6
Grade: A325

Material Grade: 1037ML

C Mn P S Si

Cr Mo Cu

Ni Al V

0.39 0.78 0.014 0.01 0.22 0.36
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 28.3 89,018 146,881
Low: 26.4 87,530 144,439
Ave: 27.2 88,440 145,941
Notes:
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Appendix C — Material Data Sheets

UC ID#: N6
Grade: A325

Material Grade: 1037ML

C Mn P S Si

Cr Mo Cu

Ni Al V

0.39 0.78 0.014 0.01 0.22 0.36
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 29.4 86,690 143,053
Low: 27.2 84,400 139,274
Ave: 28.6 85,760 141,518
Notes:
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Appendix C — Material Data Sheets

UC ID#: N7
Grade: A325

Material Grade: 1037ML

C Mn P S Si

Cr Mo Cu

Ni Al V

0.39 0.78 0.014 0.01 0.22 0.36
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 30.4 90,130 148,729
Low: 29.1 89,650 147,937
Ave: 29.6 89,920 148,383
Notes:
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Appendix C — Material Data Sheets

UCID# F1
Grade: A325

Material Grade: 1039ML

C Mn P S Si Cr Mo Cu Ni Al V

038 0.79 0.018 0.016 0.24 0.44

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 27.1 103,000 134,993
Low: 244 100,210 131,337
Ave: 25.8 101,735 133,359

Notes: Material sheet difficult to read
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Appendix C — Material Data Sheets

UC ID#: L8
Grade: A325

Material Grade: 1039ML

C Mn P S Si Cr Mo Cu Ni Al V

037 0.74 0.007 0.022 0.24 0.47

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 27.8 104,021 136,332
Low: 25.1 102,419 134,232
Ave: 26.4 102,986 134,975

Notes:
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Appendix C — Material Data Sheets

UC ID#: N8
Grade: A325

Material Grade: 10B30

C Mn P S Si Cr Mo Cu Ni Al V

0.35 101 0.008 0.012 0.21 0.03
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 28.7 106,430 139,489
Low: 27.2 105,510 138,283
Ave: 27.6 105,927 138,829
Notes:
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Appendix C — Material Data Sheets

UC ID#: T8
Grade: A325

Material Grade: 1039ML

C Mn P S Si Cr Mo Cu Ni Al V

037 0.74 0.007 0.022 0.24 0.47

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 27.8 104,021 136,332
Low: 25.1 102,419 134,232
Ave: 26.4 102,986 134,975

Notes: Duplicate of UC ID #L8
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Appendix C — Material Data Sheets

UC ID#: C3
Grade: A325

Material Grade: 1039ML

C Mn P S Si

Cr Mo Cu

Ni Al V

0.39 0.77 0.011 0.021 0.24 0.45
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 25.0 123,980 127,946
Low: 23.8 123,570 127,523
Ave: 24.4 123,743 127,702
Notes:
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Appendix C — Material Data Sheets

UC ID#: C8
Grade: A490

Material Grade: 5039LV

C Mn P S Si

Cr Mo Cu

Ni Al V

04 073 0.011 0.017 0.24

0.66

0.02

Core Hardness

Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 35.8 57,340 171,677
Low: 34.8 56,950 170,509
Ave: 35.4 57,100 170,958
Notes:
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Appendix C — Material Data Sheets

UC ID#: N13
Grade: A490

Material Grade: 5039LV

C Mn P S Si

Cr Mo Cu

Ni Al V

042 0.79 0.008 0.015 0.26

0.64

0.02

Core Hardness

Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.6 53,790 161,048
Low: 32.8 52,640 157,605
Ave: 33.5 53,390 159,850
Notes:
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Appendix C — Material Data Sheets

UC ID#: N10
Grade: A490

Material Grade: 5039LV

C Mn P S Si

Cr Mo Cu

Ni Al V

0.38 0.75 0.012 0.014 0.26 0.64 0.02
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 35.7 38,480 170,265
Low: 34.9 38,160 168,850
Ave: 35.4 38,270 169,336
Notes:
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Appendix C — Material Data Sheets

UC ID#: N11
Grade: A490

Material Grade: 5039LV

C Mn P S Si

Cr Mo Cu

Ni Al V

0.38 0.75 0.012 0.014 0.26 0.64 0.02
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 34.8 38,520 170,442
Low: 34.2 38,260 169,292
Ave: 34.5 38,403 169,926
Notes:
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Appendix C — Material Data Sheets

UC ID#: Cb6
Grade: A490

Material Grade: 5039LV

C Mn P S Si

Cr Mo Cu

Ni Al V

04 076 0.01 0.018 0.24

0.65

0.02

Core Hardness

Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 33.8 36,960 163,540
Low: 25.8 36,780 162,743
Ave: 30.8 36,870 163,142
Notes:
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Appendix C — Material Data Sheets

UC ID#: C5
Grade: A490

Material Grade:  5039H

C Mn P S Si Cr Mo Cu Ni Al V

043 0.77 0.009 0.021 0.29 0.64

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 34.7 37,920 167,788
Low: 33.7 37,250 164,823
Ave: 34.3 37,523 166,033

Notes: Material sheet difficult to read
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Appendix C — Material Data Sheets

UC ID#: N9
Grade: A325

Material Grade: 1039ML

C Mn P S Si

Cr Mo Cu

Ni Al V

0.37 0.74 0.011 0.011 0.24 0.42
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 37.1 126,200 130,237
Low: 25.0 118,280 122,064
Ave: 26.0 121,227 125,105
Notes:
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Appendix C — Material Data Sheets

UCID# T9
Grade: A325

Material Grade: 1039ML

C Mn P S Si

Cr Mo Cu

Ni Al V

0.38 0.72 0.007 0.014 0.23

0.47

Core Hardness

Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 25.5 133,474 137,744
Low: 25.2 132,796 137,044
Ave: 25.3 133,135 137,394
Notes:
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Appendix C — Material Data Sheets

UCID#: T2
Grade: A325

Material Grade: 1039M

C Mn P S Si Cr Mo Cu Ni Al V

041 0.86 0.013 0.009 0.25

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 30.7 51,060 152,874
Low: 28.8 50,000 149,701
Ave: 30.2 50,453 151,058

Notes:
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Appendix C — Material Data Sheets

UC ID#: N5
Grade: A325

Material Grade: 1037ML

C Mn P S Si

Cr Mo Cu

Ni Al V

0.39 0.76 0.013 0.006 0.26 0.41
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 30.4 69,250 149,892
Low: 28.0 68,380 148,009
Ave: 28.9 68,913 148,163
Notes:
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Appendix C — Material Data Sheets

UC ID#: C9
Grade: A490

Material Grade: 5039LV

C Mn P S Si

Cr Mo Cu

Ni Al V

0.4 0.8 0.007 0.018 0.24

0.66

0.02

Core Hardness

Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.1 55,470 166,078
Low: 33.1 55,010 164,701
Ave: 33.7 55,237 165,379
Notes:
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Appendix C — Material Data Sheets

UC ID#: C10
Grade: A490

Material Grade: 5039M

C Mn P S Si

Cr Mo Cu

Ni Al V

038 0.72 0.011 0.011 0.2

0.63

Core Hardness

Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 32.3 52,768 157,988
Low: 30.5 51,064 152,886
Ave: 31.4 51,882 155,335
Notes:
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Appendix C — Material Data Sheets

UC ID#: N12
Grade: A490

Material Grade: 5039LV

C Mn P S Si

Cr Mo Cu

Ni Al V

0.38 0.74 0.007 0.015 0.21 0.63 0.02
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 355.0 56,710 169,790
Low: 361.0 56,340 169,401
Ave: 108.0 56,543 169,291
Notes: Core Hardness Rockwell B. Average value of 108 is as it is written on sheets
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Appendix C — Material Data Sheets

UC ID#: T12
Grade: A490

Material Grade: 5039

C Mn P S Si Cr Mo Cu

Ni Al V

039 074 001 0.024 021 0.65

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.4 54,670 163,683
Low: 33.3 52,920 158,443
Ave: 33.9 54,003 161,687
Notes:
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Appendix C — Material Data Sheets

UC ID#: C11
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

034 088 0.011 0.018 0.23 0.95 0.16

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 35.2 76,470 165,519
Low: 335 75,510 163,442
Ave: 34.5 75,993 164,488
Notes:
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Appendix C — Material Data Sheets

UC ID#: C13
Grade: A490

Material Grade: 5140LV

C Mn P S Si Cr Mo Cu Ni Al V

041 0.75 0.012 0.024 0.24 0.72 0.02
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 34.6 74,614 161,502
Low: 334 73,254 158,558
Ave: 33.8 73,952 160,070

Notes: Material sheet difficult to read
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Appendix C — Material Data Sheets

UC ID#: C15
Grade: A490

Material Grade: 4135MOD

C Mn P S Si Cr Mo Cu

Ni Al V

034 082 0.012 0.014 0.18 094 0.15

0.01

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 33.5 75,980 164,459
Low: 30.2 72,875 157,738
Ave: 31.7 73,534 159,380
Notes:
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Appendix C — Material Data Sheets

UC ID#: L11
Grade: A490

Material Grade: 4135

C Mn P S Si Cr Mo Cu

Ni Al V

035 0.81 0.00/ 0.011 0.19 095 0.16

0.011

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 35.3 75,625 163,690
Low: 33.8 74,427 161,097
Ave: 34.6 75,026 162,394
Notes:
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Appendix C — Material Data Sheets

UC ID#: N14
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

034 091 0.009 0.023 0.25 0.95 0.16

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 35.3 77,500 167,749
Low: 34.2 76,880 166,407
Ave: 34.7 77,243 167,193
Notes:
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Appendix C — Material Data Sheets

UC ID#: N15
Grade: A490

Material Grade: 4135MOD

C Mn P S Si Cr Mo Cu

Ni Al V

034 085 0.012 0.011 0.19 095 0.16

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.1 73,880 159,913
Low: 334 73,050 158,117
Ave: 33.9 73,587 159,278
Notes:
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Appendix C — Material Data Sheets

UC ID#: T13
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

034 088 0.011 0.018 0.23 0.95 0.16

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 36.3 78,490 169,892
Low: 334 76,620 165,844
Ave: 34.8 77,393 167,518
Notes:
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Appendix C — Material Data Sheets

UC ID#: C16
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 0.87 0.009 0.024 0.23 094 0.16

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.6 98,770 162,987
Low: 33.3 97,470 160,842
Ave: 33.8 98,063 161,821
Notes:
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Appendix C — Material Data Sheets

UC ID#: C17
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

034 089 0.013 0.015 0.24 094 0.16

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.7 99,240 163,762
Low: 334 98,040 161,782
Ave: 33.9 98,727 162,915
Notes:

c-41



Appendix C — Material Data Sheets

UC ID#: L13
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

034 087 0.015 0.015 0.23 095 0.17

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 33.9 96,120 158,914
Low: 33.2 95,540 157,657
Ave: 33.5 95,883 158,223
Notes:
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Appendix C — Material Data Sheets

UC ID#: L14
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 0.87 0.013 0.015 0.24 096 0.16

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 35.0 97,700 161,221
Low: 34.1 97,560 160,990
Ave: 34.5 97,647 161,133
Notes:
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Appendix C — Material Data Sheets

UC ID#: N16
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 0.87 0.009 0.024 0.23 094 0.16

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 35.7 101,470 167,442
Low: 35.0 101,150 166,914
Ave: 35.3 101,310 167,178
Notes:
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Appendix C — Material Data Sheets

UC ID#: N17
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 0.87 0.009 0.024 0.23 094 0.16

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.0 97,740 161,287
Low: 335 97,080 160,198
Ave: 33.8 97,410 160,743
Notes:
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Appendix C — Material Data Sheets

UC ID#: N18
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 085 0.016 0.02 022 095 0.16

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 35.3 102,720 169,505
Low: 35.0 101,940 168,218
Ave: 35.2 102,430 169,026
Notes:
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Appendix C — Material Data Sheets

UCID#: T15
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 09 0014 002 024 096 0.15

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.8 96,780 159,703
Low: 34.2 96,010 158,432
Ave: 34.5 96,360 159,010
Notes:
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Appendix C — Material Data Sheets

UC ID#: C18
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

034 0.88 0.008 0.018 0.24 094 0.17

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.8 127,200 166,710
Low: 33.8 125,680 164,613
Ave: 34.4 126,380 165,635
Notes:
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Appendix C — Material Data Sheets

UC ID#: C19
Grade: A490

Material Grade: 4135MOD

C Mn P S Si Cr Mo Cu

Ni Al V

035 086 0.019 0.009 0.19 094 0.16

0.013

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.3 128,840 168,860
Low: 32.2 126,420 165,688
Ave: 33.3 127,610 167,248
Notes:
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Appendix C — Material Data Sheets

UCID#: C20
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

034 088 0.012 0.014 0.25 0.97 0.18

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 33.2 123,295 161,592
Low: 32.2 119,729 156,919
Ave: 32.8 121,288 158,962
Notes:
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Appendix C — Material Data Sheets

UC ID#: L15
Grade: A490

Material Grade: 4135MOD

C Mn P S Si Cr Mo Cu

Ni Al V

034 082 0.013 001 019 092 0.16

0.011

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.1 125,460 164,430
Low: 30.8 123,330 161,638
Ave: 325 124,293 162,634
Notes:
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Appendix C — Material Data Sheets

UC ID#: N19
Grade: A490
Material Grade: 4135MOD

C Mn P S Si Cr Mo Cu Ni Al \Y
0.35 084 0.015 0.1 0.2 095 0.15 0.013
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 32.9 122,220 160,183
Low: 30.4 119,240 156,278
Ave: 32.2 120,587 158,278
Notes:
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Appendix C — Material Data Sheets

UC ID#: C21
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 088 0.009 0.02 025 098 0.17

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 33.1 160,360 165,490
Low: 34.0 159,488 164,582
Ave: 334 159,884 164,999
Notes:
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Appendix C — Material Data Sheets

UC ID#: C22
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 088 0.009 0.02 025 098 0.17

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 31.2 161,340 166,502
Low: 345 159,730 164,840
Ave: 33.2 160,587 165,724
Notes:
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Appendix C — Material Data Sheets

UC ID#: C23
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 088 0.009 0.02 025 098 0.17

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 33.7 167,420 172,776
Low: 33.1 163,310 168,535
Ave: 334 164,980 170,258
Notes:
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Appendix C — Material Data Sheets

UC ID#: C24
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

035 088 0.009 0.02 025 098 0.17

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.4 165,260 170,547
Low: 33.0 164,050 169,298
Ave: 34.0 164,655 169,923
Notes:
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Appendix C — Material Data Sheets

UC ID#: L16
Grade: A490

Material Grade: 4135MLV

C Mn P S Si Cr Mo Cu

Ni Al V

034 086 0.008 0.02 024 095 0.17

0.02

Core Hardness Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 35.4 166,450 171,775
Low: 33.6 161,520 166,687
Ave: 34.5 163,893 169,136
Notes:
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Appendix C — Material Data Sheets

UC ID#: N20
Grade: A490

Material Grade: 4135MOD

C Mn P S Si Cr Mo Cu Ni Al V

033 082 001 0.009 02 091 0.15 0.007
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 34.8
Low: 33.8
Ave: 34.5

Notes: Material sheet notes that bolts were too short to test.
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Appendix C — Material Data Sheets

UC ID#: L9
Grade: A490

Material Grade: 5039M

C Mn P S Si

Cr Mo Cu

Ni Al V

04 0.7/5 0.005 0.011 0.22

0.64

Core Hardness

Tensile Strength

Tensile Strength

(Ibs) (psi)
High: 34.8 36,260 160,442
Low: 30.6 35,540 157,257
Ave: 329 35,785 158,341
Notes:
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Appendix C — Material Data Sheets

UC ID#: C7
Grade: A490

Material Grade: 5039LV

C Mn P S Si Cr Mo Cu Ni Al V

0.38 0.78 0.007 0.022 0.25 0.67 0.022
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 36.0 55,741 166,883
Low: 33.2 54,854 164,234
Ave: 33.9 55,210 165,238

Notes: Material sheet difficult to read
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Appendix C — Material Data Sheets

UCID#: T11
Grade: A490

Material Grade: 4037M

C Mn P S Si Cr Mo Cu Ni Al V

041 098 0.01 0.007 023 038 026 002 0.02 0.027

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 35.0 168,000
Low: 33.0 162,000
Ave: 34.4 165,625

Notes:
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Appendix C — Material Data Sheets

UCID#: T5
Grade: A325

Material Grade: 4037M

C Mn P S Si Cr Mo Cu Ni Al V

042 099 0.013 0.01 0.27 024 0.38 0.06 0.038 0.003
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 32.0 150,000
Low: 30.0 147,000
Ave: 31.2 148,600
Notes:
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Appendix C — Material Data Sheets

UCID#: T7
Grade: A325

Material Grade: 4037M

C Mn P S Si Cr Mo Cu Ni Al V

042 101 0.012 0.006 0.26 037 025 0.02 0.03 0.039

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 31.0 146,000
Low: 29.0 144,000
Ave: 30.0 145,125

Notes:
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Appendix C — Material Data Sheets

UCID#: T4
Grade: A325

Material Grade: 4037M

C Mn P S Si Cr Mo Cu Ni Al V

04 099 001 0.007/ 024 037 025 0.02 0.03 0.034

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 31.0 145,000
Low: 29.0 142,000
Ave: 30.0 143,625

Notes:
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Appendix C — Material Data Sheets

UCID#: T3
Grade: A325

Material Grade: 4037M

C Mn P S Si Cr Mo Cu Ni Al V

041 098 0.01 0.007 023 038 026 002 0.02 0.027

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 31.0 156,000
Low: 29.0 151,000
Ave: 29.8 152,750

Notes:
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Appendix C — Material Data Sheets

UC ID#: T16
Grade: A490

Material Grade: 4037M

C Mn P S Si Cr Mo Cu Ni Al V

042 101 0.012 0.006 0.26 037 025 0.02 0.03 0.039

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 36.0 165,000
Low: 34.0 163,000
Ave: 34.9 164,000

Notes:
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Appendix C — Material Data Sheets

UCID# T1
Grade: A325

Material Grade: 4037M

C Mn P S Si Cr Mo Cu Ni Al V

037 098 0.011 0.005 021 036 022 0.02 0.02 0.038

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 30.0 140,000
Low: 26.0 137,000
Ave: 28.1 138,875

Notes:
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Appendix C — Material Data Sheets

UC ID#: L12
Grade: A490

Material Grade: 4037M

C Mn P S Si Cr Mo Cu Ni Al V

039 096 0.008 0.004 0.23 0.36 0.251 0.014 0.02 0.035

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 36.0 170,000
Low: 33.0 169,000
Ave: 34.6 169,500

Notes:
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Appendix C — Material Data Sheets

UCID#: L1
Grade: A325

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

031 08 0.006 0.009 0.23 0.05 0.02 0.01 0.02

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 31.5 33,000 146,017
Notes:
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Appendix C — Material Data Sheets

UC ID#: U1l
Grade: A325

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

031 08 0.012 0.008 0.26 0.09 0.01 0.02 0.02

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 30.7 33,250 147,124
Notes:
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Appendix C — Material Data Sheets

UC ID#: U2
Grade: A325

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

033 084 001 0.011 025 0.07 0.01 0.08 0.04

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 31.2 50,960 152,575
Notes:
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Appendix C — Material Data Sheets

UC ID#: U3
Grade: A325

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

0.32 0.83 0.008 0.008 0.28 0.0/ 0.01 0.08 0.06

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 32.5 70,500 152,597
Notes:
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Appendix C — Material Data Sheets

UC ID#: U5
Grade: A325

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

032 083 001 0.009 026 0.06 0.02 0.09 0.04

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 32.5 91,500 150,990
Notes:
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Appendix C — Material Data Sheets

UC ID#: U6
Grade: A325

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

032 0.82 0.005 0.006 0.25 0.05 0.04 0.04 0.05

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 27.6 104,525 136,992
Notes:
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Appendix C — Material Data Sheets

UC ID#: U7
Grade: A490

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

04 088 0.013 0.011 0.25 1 0.22 0.09 0.05

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 35.0 55,250 165,419
Notes:
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Appendix C — Material Data Sheets

UC ID#: U4
Grade: A490

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

04 089 0013 0.013 023 093 021 0.09 0.06

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 34.1 76,475 165,530

Notes:  A325 is typed on the sheet but A490 is written in
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Appendix C — Material Data Sheets

UC ID#: U8
Grade: A490

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

043 088 0.012 001 024 096 019 0.08 0.05

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 34.7 101,175 165,955
Notes:
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Appendix C — Material Data Sheets

UC ID#: U9
Grade: A490

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

041 091 0.012 0.022 022 089 019 01 0.05

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High:
Low:
Ave: 34.2 129,875 170,216
Notes:
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Appendix C — Material Data Sheets

uc ID#: Ci12

Grade: A490

Material Grade:

C Mn P S Si

Cr Mo Cu

Ni Al V

0.38 0.95 0.011 0.018 0.026 055 0.02 0.31 0.36
Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 34.7 78,542 163,875
Low: 334 70,271 152,102
Ave: 33.9 75,225 159,889
Notes:
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Appendix C — Material Data Sheets

UC ID#: L10
Grade: A490

Material Grade:

C Mn P S Si Cr Mo Cu Ni Al V

036 097 0.012 0.019 025 064 002 0.29 0.35

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 36.4 56,518 169,216
Low: 34.3 55,122 165,036
Ave: 35.6 55,832 167,162

Notes:
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Appendix C — Material Data Sheets

UCID#: C4
Grade: A325

Material Grade: 1037M

C Mn P S Si Cr Mo Cu Ni Al V

036 1.04 0.00/ 0.011 0.17

Core Hardness Tensile Strength Tensile Strength
(Ibs) (psi)
High: 28.5 142,000
Low: 27.9 136,000
Ave: 28.2 139,333

Notes:
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