MISSOURI

Missouri University of Science and Technology

&I Scholars' Mine

CCFSS Library (1939 - present) Wei-Wen Yu Cold-Formed Steel Library
01 Jan 1981

Bolted Connections in Cold Formed Steel Structures

Wei-Wen Yu
Missouri University of Science and Technology, wwy4@mst.edu

Randall L. Mosby

Follow this and additional works at: https://scholarsmine.mst.edu/ccfss-library

b Part of the Structural Engineering Commons

Recommended Citation

Yu, Wei-Wen and Mosby, Randall L., "Bolted Connections in Cold Formed Steel Structures" (1981). CCFSS
Library (1939 - present). 186.

https://scholarsmine.mst.edu/ccfss-library/186

This Technical Report is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in CCFSS Library (1939 - present) by an authorized administrator of Scholars' Mine. This work is protected
by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the permission of the
copyright holder. For more information, please contact scholarsmine@mst.edu.


http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/ccfss-library
https://scholarsmine.mst.edu/ccfss
https://scholarsmine.mst.edu/ccfss-library?utm_source=scholarsmine.mst.edu%2Fccfss-library%2F186&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/256?utm_source=scholarsmine.mst.edu%2Fccfss-library%2F186&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/ccfss-library/186?utm_source=scholarsmine.mst.edu%2Fccfss-library%2F186&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

CIVIL ENGINEERING STUDY 81-1

STRUCTURAL SERIES

FINAL REPORT

BOLTED CONNECTIONS IN COLD-FORMED STEEL STRUCTURES

by

Wei-Wen Yu
Project Director

and

Randall L. Mosby
Research Assistant

A Research Project Sponsored by American Iron and Steel Institute

January 1981

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF MISSOURI-ROLLA
ROLLA, MISSOURI






TABLE OF CONTENTS

Page
LIST OF ILLUSTRATIONS. .. cueueeeeonoennunossoccococoasannasonnnens iii
LIST OF TABLES. . ittt et enensesennseosnsssansasssassoesanenneens v
I. INTRODUCTION.....tuiensereensuonsosnsoesscsasansansassnns 1
A. Purpose of Investigation.....e.cieievreraseasnnnnons 1
B. Scope of Investigation....ouiviesnenoresensasaseonans 2
II. SUMMARY OF PROGRESS REPORTS..veeieeeeserennsnnornnsonnans 3
A. First Progress Report....cciceeenniinnncenannnnensonns 3
B. Second Progress Report.....cceceeereceorncnnccnsnnas 4
C. Third Progress RepoOrt.....c.oeeeceesosecooccsossasass 5
III. BASIS FOR THE REVISION OF THE AISI DESIGN CRITERIA....... 6
A, General....icoceeeeveoceeeecccassassscsosscacscronas 6
B. Revised Section 4.5 of the AISI Specification....... 7
C. Comments on the Revised Section 4.5 of the AISI
Design Specification........coviiuiieiiiiiinnannn. 14
IV. SUMMARY ...ccssvverccosvconssosvsconoaacocssas ceeresersaaannn 22
ACKNOWLEDGMENT S ¢t votvvenorersrsaernososoasennersnsesonsosenosssosssoenss . 23
BIBLIOGRAPHY s 4t vnevessnsonssrovsesoesrsaassssnonsssnss cecrereccaneses 24
APPENDICES. ¢ vveeoeevracrnccccns theesesesetis e es a0t eaneans 70
A, First Progress Report (80 pages )
B, Second Progress Report (62 pages )

C. Third Progress Report (114 pages)



LIST OF ILLUSTRATIONS

Figure : Page

1

5a.

5b.

5c.

10.

ll.

Single Shear Connections with Washers,

Fu/Fy_Z 1.15, e/d < 3.5, Shear Strength Study............... 53
Double Shear Connections with Washers,
Fu/Fy_z 1.15, e/d < 3.5, Shear Strength Study..........c0v.. 54
Single Shear Connections with Washers,
Fu/Fy <1.15, e/d < 3.5, Shear Strength Study.......coeeeeeen 55

Double Shear Connections with Washers,
Fu/Fy <1.15, e/d < 3.5, Shear Strength Study....eoveeeeeeenn 56

Effect of d/s on Tensile Strength of Bolted Connections

with Washers, (Double Shear, One Bolt)

....................... 57
Effect of d/s on Tensile Strength of Bolted Connections

with Washers, (Single Shear, One Bolt).......eveeeuneceannns 58
Effect of d/s on Tensile Strength of Bolted Connections

(Single Shear, Mhlti-Bolt)(é)...... ......................... 59
Tensile Strength on Net Sections, without Washers, (Single

Shear Connections)(6)............ ............... Cetaeeeees .. 60
Double Shear Connections with Washers,

Fu/Fyil.IS, efd > 3.5......0..... Ceieeeeniaa Cheteenenen .. 61
Double Shear Connections with Washers,

Fu/Fy<l.15, L B T Y
Single Shear Connections with Washers,

Fu/Fy >1.15 e/dli 3.5... T - |
Single Shear Connections with Washers,

Fu/Fy_<_1.15, e/d_>_35 64
Single Shear Connections without Washers, Fu/Fy > 1l.15...... 65

iii



Figure

12,

13.

14,

15.

Single Shear Connections without Washers,

F/F  <1.15, £t > 0.036 ifleeveerenns e
u y -—

Single Shear Connections with Washers,

F/F > 1.15, £ < 0.036 dNeceeevencnasnosasncnanns
uy — —

Double Shear Connections without Washers,

F/F_ >1.15, £ > 0.036 INevevennececenrnannnnanns
uy — -

Single Shear Comnections without Washers,

F/F_>1.15, t < 0.036 iN.vvveesveceoeonennannnn
u'y — —

Page

iv



Table

5a.

LIST OF TABLES

Page
Comparisons between the Revised Provisions
(with Washers), the 1968 AISI Specification, and
the AISC Specification......ceeveeens ettt 27
Comparisons between the Revised Provisions and the
1968 AIST SpecificatioN.....eeeveeesasoasss Cecccenasaas . 28
Bearing Strengths and Allowable Bearing Stresses
of Bolted Connections with Washers under Both Bolt
Head and Nut........ Cecesecceccecaetatsesresacen e eses s 29
Bearing Strengths and Allowable Bearing Stresses
of Bolted Connections without Washers under Both
Bolt Head and Nut........... C e teeeeceeseaeciteteteanraanne 29
Gross Areas and Root Areas of Structural BoltS........s... 30
Dimensions and Results of Single Shear Bolted Connections
with Washers Shear Strength Study, Fu/Fy_i 1.15,
e/d < 3.5, t > 0.036 in. ciievvieniiieannoeann teceeseatiann 31

Dimensions and Results of Double Shear Bolted Connections

with Washers,Shear Strength Study, Fu/Fy <3.5, t > 0.036in 33

Dimensions and Results of Single Shear Bolted Connections
with Washers, Shear Strength Study, Fu/F <1.15,
y

e/d <3.5, £ > 0.036 in. ...........

............ B &

Dimensions and Results of Double Shear Bolted Connections

with Washers, Shear Strength Study, Fu/Fy <1.15,e/d< 3.5,
t > 0.036 in.

LA I I I R R N N I Y TN 36

Dimensions and Results of Bolted Connections with Washers~

Tensile Strength Study (Double Shear Study) . 37



Table

5b.

5¢c.

5d.

5e.

10.

11.

12a.

vi

Page
Dimensions and Results of Double Shear Bolted
Connections with Washers—-Tensile Strength Study(s) .......... 38
Dimensions and Results of Bolted Connections with
Washers-Tensile Strength Study (Single Shear)........ceeee.s 39
Dimensions and Results of Single Shear Connections
with Washers-Tensile Strength Study(s) ...................... 40
Dimensions and Results of Multi-Bolted Connections
with Washers-Tensile Strength Study (Single Shear)(a) ....... 41
Dimensions and Results of Single Shear Bolted Connections
without Washers-Tensile Strength Study(6) .................. 42
Dimensions and Results of Bolted Connections with Washers-
Bearing Strength Study (Double Shear), Fu/Fy_z 1.15, e/d
> 3.5, £ >0.036 in. ceieiiiiiiiiiiiiiiiiiiii ittt ie it iaaes 43
Dimensions and Results of Bolted Connections with Washers -
Bearing Strength Study (Double Shear), Fu/Fy <1.15, e/d
> 3.5, £ >0.036 In. ..eiiiiiiiiiiiiiiiietiiiiiiieiieatenen 44
Dimensions and Results of Bolted Connections withWashers -
Bearing Strength Study (Single Shear), Fu/Fy >1.15~ e/d
> 3.5, t > 0.036 in. ....cc00i00nn Ceesssesesenanaanasecnnen 45

Dimensions and Results of Bolted Connections with Washers—
Bearing Strength Study (Single Shear), Fu/Fy < 1.15,

efd > 3.5, t > 0.036 in. ...ciiiiiiiiiiiiiitiiiiiitiiiianann 46
Dimensions and Results of Bolted Connections without
Washers-Bearing and Shear Strength, Fu/Fy_z 1.15, t >

0.036 in€6) .......... teceresrtetsentonanns reseacreecacaseann 47

Dimensions and Results of Bolted Connections without

Washers-Shear Strength Study, Fu/Fy <1.15, t > 0.036 inf6).. 48



Table

12b.

13.

14,

15,

Dimensions and Results of Single Shear Bolted

Connections without Washers-Bearing Strength Study,

F/F <1.15, t > 0.036 dNcveieieeeesincannosoesccnosasnens
u'y —

Dimensions and Results of Single Shear Bolted Connections

with Washers~Shear and Bearing Strength Study,

F/F >1.15, t < 0.036 In. cevrieenennnernennennenonocanans
u'y — —

Dimensions and Results of Double Shear Bolted Connections
without Washers-Bearing Strength Study, Fu/Fy > 1.15,

t >0.036 in. .....c0000e0enn, i ceteeereas
Dimensions and Results of Single Shear Bolted Connections
without Washers-Shear and Bearing Strength Study,

F /Fy > 1.15, £ < 0.036 in. ........

vii

Page



I. INTRODUCTION
A. PURPOSE OF INVESTIGATION
Bolted connections are usually designed for cold-formed steel
structures 1in accordance with Section 4.5 of the AISI Specification

(1)

for the Design of Cold-Formed Steel Structural Members. These

design provisions were originally developed on the basis of the Cornell
tests,(3’4’l3) for which all bolts used in the connections were
tightened to the specified torques, and washers were always placed under
the head and nut of each bolt.

In recent years, bolts without washers are often used in cold-formed
steel structures. In some cases, even though washers are used with the
bolts, the bolts may not be tightened to the specified torques used in
the tests. TFor this reason, the original design provisions of the AISI

(1)

Specification may not be applicable either to bolts used without

washers or to bolts installed with the torques less than that used in
the tests.

The purpose of the investigation reported herein was to develop
the background information needed for the revision of the AISI Specifi-
cationgl) The new design provisions for bolts without washers and bolts
installed with less than the specified torques are included in the 1980

(22)

Edition of the Specification. During the revision of the AISI design

criteria, due consideration was given to the available research results

. (29 6910—'18) e, .
recently published by other investigators ' and the additional

. . 19-21
experimental work conducted during the prOJect.( )
B. SCOPE OF INVESTIGATION

To reach the project's research objectives, the following tasks have

been conducted at the University of Missouri-Rolla since 1976:



(a) literature review and analysis of available test data,

(b) study of the effects of torques and washers on the
bearing strength and shear strength of connected parts,

(c¢) experimental work for the development of installation
procedures for bolts, and

(d) preparation of revised design recommendations.

The details of the various studies have been presented in three
progress reports, which are reproduced in the Appendix of this final
report. A summary of these three progress reports is given in Article
II.

The revised AISI bolted connection design criteria included in the
1980 Edition of the Specification for the Design of Cold-Formed Steel
Structural Members are presented in Article III. The reasoning behind

and justification for these new revisions are documented in Article III.

C.

Finally, Article IV is a summary of the entire study.



IT. SUMMARY OF PROGRESS REPORTS

During the period of June 1976 through August 1978, three
progress reports on bolted connections in cold-formed steel structures
were prepared by researchers at the University of Missouri-Rolla. They
were submitted to American Iron and Steel Institute for development of
the revised design provisions, which are included in Article III. B.
These three reports are summarized below. For details, the reader
should consult the Appendix.

A. FIRST PROGRESS REPORT

This report presents a review of the available test data on bolted
connections and a study of the additional design provisions needed for
the 1968 Edition of the AISI Specification concerning minimum edge dis-
tance, allowable tension on net section, allowable bearing between bolts
and connected parts, and allowable shear stress on bolts.

It was found that the Fu/Fy ratio (Fu being the ultimate tensile
strength and Fy being the yield point of steel sheets) affects considerably
the bearing strength of bolted connections and the shear strength of
steel sheets in the line of stress particularly when Fu/Fy <1.35. For
connections with the same geometric configurations, the smaller the Fu/F
ratio, the lower the bearing strength.

The study of d/t ratios versus strengths of bolted connections in-
dicates that in general the d/t ratio has little or no effect on (a) the
bearing strength of bolted connections, (b) the longitudinal shear strength
of steel sheets, and (c) the tensile strength of a net section.

The study of connections bolted without washers that was recently
conducted by Chong, Matlock, and Gilchrist indicates that the washers

play an important role in the bearing and tensile strength of connections$11’15)



B. SECOND PROGRESS REPORT

This report deals with the experimental work conducted at the
University of Missouri-Rolla on (a) bolt installation and (b) the effects
of torque and washers on the shear and bearing capacity of bolted
connections composed mainly of materials thinner than 0.036 inches.

(a) Bolt Installation

The purpose of this experimental work was to develop a turn-of-nut
method for bolted connections composed of cold-formed steel members and
to determine the bolt tension resulting from the torque values used in
the original Cornell study. Based on the results of 25 pretension tests,
it was found that from a finger-tight position, the specified minimum
pretension can be reached by a nut rotation of 240 degrees for the 1/2 in.
diameter A325 bolts and of 270 degrees for the 5/8 in. diameter bolts.

The change of grip lengths of the connections was found to have little effect
on the nut rotation required for reaching the specified minimum pretension.
It was also found that the torque values used in the original Cornell study
provide sufficient pretension as compared with those specified by the

Research Council on Structural Connections and American Institute of Steel
(2,6)

Construction

(b) Study of Effects of Torques and Washers on the étrength of Bolted

Connections

. .
he second part of this report presents the results of 50 tests conducted

at the University of Missouri-Rolla in the summer of 1976. This additional

. .
study deals with the effects of torques and washers on the bearing and shear
¢ .
strengths of single shear and double shear connections composed of thin
materials.
T
his study indicates that the shear capacity of thin sheets in line

with
the applied load is not affected by the use of washers and that the



ultimate bearing stress can be determined accurately in terms of the
ultimate tensile strength, Fu’ instead of the yield point of sheet
steel, Fy' Two separate design formulas were proposed in the report
for connections made by bolts with and without washers. It was

found that for lap joints composed of materials less than 0.036 in.

in thickness the elimination of washers results in a substantial re-
duction in the bearing strength of the connection. This is due to the
boltg excessive rotation, which causes a premature failure.

C. THIRD PROGRESS REPORT

This report presents the results of 370 additional tests for a study
of the bearing strength of bolted connections affected by the amount of
torque used in installation. The test specimens used in the UMR tests
fabricated from two types of bolts. Three different bolt diameters and
seven different types of steel sheets with various mechanical properties
were also used, Three different torques were employed to install the
bolts with and without washers.

The study indicates that for some types of bolts with large d/t
ratios the bearing strength of the connections may be affected by the
amount of torque actually used in the installation. The use of washers
can improve considerably the bearing strength of lap joints. For the
inside sheet of butt joints, the effect of washers is less important.

The test data indicate that when structural bolts are installed by
using the low torques same as that used for installation of A307 bolts,
satisfactory performance can be expected as far as the bearing capacity
of the connection is concerned. The design requirements for minimum edge
distance, minimum spacing, tensile capacity of the net section, and the

shear strength of the bolts are not affected by the initial clamping force.



III. BASIS FOR THE REVISION OF THE
ATISI DESIGN CRITERIA

A. GENERAL

In late 1974, the AISI Advisory Group on the Specification for the
Design of Cold-Formed Steel Structural Members appointed Submommittee 3
to study the possible revision of Section 4.5 of the Specification for the

design of bolted connections. The major revision of Section 4.5 was

completed in 1978 by a joint effort of Subcommittee 3 of the AISI Advisory
Group, AISI Task Group on Bolted Connections of the Engineering Sub-

committee of the Sheet Committees, and Committee 27 of the Research Council

on Structural Connections. The revised design provisions are included in

the 1980 Edition of the AISI Specification. ‘22

Compared with the 1968 Edition of the AISI Specification,(l) the

revised design provisions(zz) include the following major additions and

changes:
In a new subsection on materials, references are made to the

use of A490, A449, and A354, Grade BD bolts in addition to
A307 and A325 bolts.

b. A new section on bolt installation is added.

c. The design provisions for minimum spacing and edge distance
are based on Fu instead of F_.

d. The allowable tension stress and bearing stress are determined
on the basis of Fu instead of F_. New design formulas are
added for connectiong bolted without washers.

e.

The allowable shear stresses on bolts are increased
in accordance with the Specification for Structural

Joints Using ASTM A325 and A490 Bolts of the Research

Council on Structural Connections.



The revised Section 4.5 is presented in Article III.B. Article
IV.C contains detailed comments on the revised AISI design criteria along

with necessary background information.

B. SECTION 4.5 OF THE AISI SPECIFICATION
The following revised design provisions are now included in Section
4.5 of the AISI Specification for the Design of Cold-Formed Steel Struct-
umlMamas,l%OEﬁimn:
"4.5 BOLTED CONNECTIONS
4.5.1 Scope
Thé following requirements govern bolted connections of
éold—formed steel structural members in which the thickness of
the thinnest connected part is less than 3/16 inch. For bolfed
connections in which the thinnest connected part is equal to or
greater than 3/16 inch, refer to AISC's "Specification for the Design,
Fabrication and Erection of Structural Steel for Buildings," November
1, 1978.
4.5.2 Materials
Bolts, nuts, and washers shall generally conform to one
of the following specifications

Carbon Steel Externally and Internally Threaded Standard

Fasteners, ASTM A 307-78, Type A

High-Strength Bolts for Structural Steel Joints, ASTM A 325-79

Quenched and Tempered Alloy Steel Bolts, Studs, and Other
Externally Threaded Fasteners, = ASTM'A 354-79, Gr. BB (for
diameter of bolt smaller than 1/2 in.)

Quenched and Tempered Steel Bolts and Studs, ASTM A 449-78a

(for diameter of bolt smaller than 1/2 in.)
-~ Quenched and Tempered Alloy Steel Bolts for Structural Steel

Joints, ASTM A 490-79



When other than the above are used, drawings shall indicate
clearly the type and size of fasteners to be employed and the allow-
able stresses assumed in design.

4.5.3 Bolt Installation

Bolts shall be installed and tightened to achieve satisfactory
performance of the connections involved under usual service conditions.
4.5.4 Minimum Spacing and Edge Distance in Line of Stress

The distance e measured in the line of force from the center of
a standard hole* to the nearest edge of an adjacent hole or to the

end of the connected part toward which the force is directed shall not

be less than the value of emin determined below:

(a) Whemn F /F > 1.15:
u''y =

_ P
®ain © 0.5 F € (Eq. 4.5.4-1)

(b) When F /F_ < 1.15:
u'ly

e = ———-r;__
min 0.45 F t (Eq. 4.5.4-2)

where
P = force transmitted by bolt, kips
thickness of thinnest connected part, in,

q -~ specified minimum ultimate tnesile strength of steel

of the connected part, ksi

y specified minimum tensile yield point of steel of

the connected part, ksi

*
The diameter of a standard hole is 1/16 in. larger than the bolt

diameter for 1/2 in. and lar
. ger bolts, and is 1/32 in.
the bolt diameter for bolts less than 1/2 in. in dia;etiirger than



In addition, the minimum distance between centers of
bolt holes shall provide sufficient clearance for bolt heads,
nuts, washers and the wrench but shall not be less than 3 times
the nominal bolt diameter, d. Also, the distance from the
center of any standard hole to the end or other boundary of the
connecting member shall not be less than 1-1/2 4.

For oversized and slotted holes, the distance between
edges of two adjacent holes and the distance measuréd from the
edge of the hole to the end or other boundary of the connecting
member in the line of stress shall not be less than the value
of [emin - (dh/2)], in which € in is the required distance
computed from the applicable equation gimen above, gnd dh is
the diameter of a standard hole defined in the footnote of this
section. 1In no case shall the clear distance between edges of
two adjacent holes be less than 2d and the distance between the
edge of the hole and the end of the member be less than d.
4.5.5 Tension Stress on Net Section

The tension stress on net section of a bolted connection
shall not exceed 0.6 Fy nor shall it exceed the following
allowable stress:

(A) When t > 3/16 in.:
See Section 4.5.1

(B) When t < 3/16 in.:

(a) With washers under both bolt head and nut

(i) Double shear connection

t

(ii) Single shear connection

Ft = (1.0 - 0.9r + 3rd/s)0.45 Fu < 0.45 Fu (Eq.

F. = (1.0 - 0.9r + 3rd/s)0.50 Fu < 0.50 Fu (Eq.

4.5.5-1)

4.5.5-2)
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(b) Without washers under both bolt head and nut, or with

only one washer

Ft = (1.0 - T + 2.5rd/s)0.45 Fu < 0.45 FU (Eq. 4.5.5_3)

where

n

r the force transmitted by the bolt or bolts at the
section considered, divided by the tension force
in the membér at that section. If r is less than
0.2,.it may be taken equal to zero.

s = spacing of bolts perpendicular to line of stress,

in. In the case of a single bolt, s = width of

sheet

Ft = allowable tension stress on net section, ksi
Fu, Fy, d, and t are defined in Section 4.5.4.
4.5.6 Bearing Stress in Bolted Connections

The bearing stress on the area (d x t) shall not exceed
the allowable stress given in Tables 4.5.6 (A) and 4.5.6 (E),

where Fp is the allowable bearing stress, ksi. F and Fy are

defined in Section 4.5.4. For conditions not shown, stresses

shall be determined on the basis of test data using a factor of

safety of 2.22.



TABLE 4.

5.6 (A)

Allowable Bearing Stresses for Bolted Connections

with Washers under Both Bolt Head and Nut

Thickness of

connected part

Type of joint

F /F ratio of
u y

connected part

Allowable

bearing

stress, F
P

(inches) (ksi)
Inside sheet of > 1.15 1.50 Fu
double shear
connection < 1.15 1.35 Fu

> 0.024
1 h
but < 3/16 Single shear
and outside
sheets of No limit 1.35 Fu

double shear

connection

> 3/16

See Section 4.5.1

11
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TABLE 4.5.6 (B)
Allowable Bearing Stresses for Bolted Connections
without Washers under Both Bolt Head and Nut,

or with only One Washer

Allowable
Thickness of Fu/Fy ratio of bearing
fonnected part Type of joint connected part stress, F
(inches) (ksi)
Inside sheet of
double shear > 1.15 1.35 Fu
connection
> 0.036
but < 3/16 Single shear
and outside
sheets of > 1.15 1.00 Fu
double shear
connection
> 3/16 See Section 4.5.1




4.5.7 Shear Stress on Bolts

The shear stress on the gross cross—sectional area of

bolts designed for dead and live loads shall not exceed the

following values:
(a) ASTM A307-78 Bolts, Type A
(b) ASTM A325-79 Bolts
When threading is excluded from shear planes
When threading is not excluded from shear planes
(c) ASTM A354-79 Grade BD Bolts (less than 1/2 in.
in diameter)
When threading is excluded from shear planes
When threading is not excluded from shear planes
(d) ASTM A449-78a Bolts (less than 1/2 in. in diameter)
When threading is excluded from shear planes
When threading is not excluded from shear planes
(e) ASTM A490-79 Bolts
When threading is excluded from shear planes

When threading is not excluded from shear planes

10

30

21

40

24

30

18

40

28

ksi

ksi

ksi

ksi

ksi

ksi

ksi

ksi

ksi

13
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C. COMMENTS ON SECTION 4.5 OF THE AISI DESIGN SPECIFICATION

In the 1980 Edition of the AISI Specification,Section 4.5 was
extensively revised to reflect.the results of a recent study and to
provide a better coordination with the specifications of the Research
Council on Structural Connections and the American Institute of Steel

(2,6) In the revised Section 4.5, three new subsections

Construction.
were added for scope, materials, and bolt installation. The subsections
used in the 1968 Edition of the Specification were revised and renumbered.

In the following discussion, the numbers of the subsections are the
same as those used in the 1980 Edition of the Specification.
4.5.1 Scope

During the revision of Section 4.5 of the Specification, due con-
sideration was given to the range of thicknesses (0.012 in. to 1 iﬁ.) of
steel sheets, strip, flat bars, and plates, which are generally used for
fabricating cold-formed steel structural members. In addition, the effect
of the mechanical properties of the connected parts and bolts on the
strength of bolted connections was carefully evaluated and incorporated in
the revision.

Because previous studies and past practical experience have indicated
that the structural behavior of bolted connections used for joining re-

latively thick cold-formed steel members is similar to that of connected
hot-rolled shapes and built-up members, the revised Section 4.5 is appli-
cable only to cold-formed steel members that are less than 3/16 inch
in thickness. For materials not less than 3/16 in., the AISC design

provisions can be used for the design of bolted connections in cold-

formed steel structures.
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4.5.2 Materials
In Section 4.5.4 of the 1968 Edition of the AISI Specification,
the allowable shear stresses are provided only for A307 and A325 bolts.
Because the maximum thickness for cold-formed members has been increased
from 1/2 in. to 1 in., other high-strength bolts, such as A354, A449, and
A490 bolts have been included in the new subsection for bolted connections.
It should be noted that A325 and A490 bolts are available only for a
diameter of 1/2 in. and larger. High-strength A449 and A354 Grade BD bolts
should be used as equivalents of A325 and A490 bolts, respectively, whenever

smaller bolts (less than 1/2 in. in diameter) are required\in a design.

For other types of fasteners, which are not listed in this section,
the allowable stresses should be determined by tests in accordance with
Section 6 of the AISI Specification.

4.5.3 Bolt Installation

This is a new subsection of the revised specification. Even though
no specific requirements are given for installation, bolts should be properly
tightened according to good practice used in building construction.

The method of installation and the effect of torques on the strength
of bolted connections have been studied and reported in Refs. 15 and 16.
This background information will be useful for future development of
installation procedures.

It should be noted that the required pretension in bolts varies with
the types of connected parts, fasteners, applied loads, and applications.

It may be found that it is unnecessary for the AISI Specification to include
specific requirements for bolt installation,

4.5.4 Minimum Spacing and Edge Distance in Line of Stress

In Section 4.5.1 of the 1968 Edition of the AISI Specification, the

minimum spacing and edge distance in line of stress are determined by the
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following two requirements:

e . =1.5d (c1)
min

"

e .
min

P/(0.60 Fyt) (c2)
in which € in is the required minimum spacing and edge distance in
line of stress, in., d is the diameter of bolts, in., P is the allowable
load transmitted by one bolt, kips, Fy is the yield joint of connected
parts, ksi, and t is the thickness of the thinest connected part, in.

In the revised specification, the first’requirement, Eq. (cl), is
considered to be a general criterion. The second requirement, Eq.(c2),

was changed to Egs. (c3) and (c4) below on the basis of the longitudinal

shearing capacity of connected parts,

When F /F > 1.15
u 'y -

LI P/ (0.5 Fut) (c3)

When F /F_ < 1.15
u y

€ in = P/(0.45 Fut) (cb)

The above two formulas are Eqs. (4.5.4-1) and (4.5.4-2) of the revised

specification respectively.

It can be seen that Equations (c3) and (c4) were derived from

Eq. (c5) with a safety factor of 2.0 for Fu/F > 1,15 and 2.22 for
y 2

Fu/Fy < 1.15,.

e =P
min Fut (c5)

The above equation is based on the relationship with Eq. (c6) which was

established on the test data.

o] /Fu = e/d

b (c6)

In Eq. (c6), Ob is the ultimate bearing stress between the bolt and steel

sheet, ksi. The correlations between the test data and Eq.(cé) are
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shown in Figs. 1 and 2 for Fu/Fy > 1.15. Figures 3 and 4 show the
graphic comparison of the test data and Eq.(c6) for Fu/Fy < 1.15.
The specific Fu/Fy ratio of 1.15 represents the lowest value for the

(6) It should be

structural steels listed in the AISC Specification.
noted that Figs. 1 and 3 are for the case of single shear connections
(lap joints), whereas Figs. 2 and 4 are for the case of double shear
connections (butt joints). These figures indicate the justification
for using a larger safety factor for the case of Fu/Fy < 1.15.

The dimensions of the test specimens and details of the test data
‘used for plotting Figs. 1 through 4 are presented in Tables 1 through
4 respectively.

It should be noted that Eq.(c6) has been used in the Specifications
of the Research Council on Structural Connections and the American

Institute of Steel Construction.(2’6)

Therefore, the revised AISI require-
ment for minimum edge distance is the same as that required by the AISC
and Research Council Specifications when Fu/Fy_z 1.15.

Comparisons of the revised provision (1980) for minimum edge distance,
the 1968 AISI Specification, and the AISC Specification are presented in
Table A. It can be seen that for the 12 types of steels used in the com-~
parisons, the revised provision permits the use of relatively small edge
distances as compared with the 1968 Edition of the AISI Specification.
However, when Fu/Fy < 1.15, the revised provision and the 1968 Specification
require about the same amount of edge distance.

For the case of single shear connections without washers, the test
data shown in Figs. 11 and 12 together with the results given in Tables 11
and 12a verify the validity of Eq.(c6).

In addition to the changes discussed above, several new requirements

have been added to the revised criteria concerning (a) the minimum distance
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between the centers of holes as required for the installation of bolts,
(b) the required distance between the edges of two adjacent holes, and
(c) the minimum distance between the edge of a hole and the end of a
member. Most of these newly added requirements are based on the gen-
eral practices applied in cold-formed steel construction.
4.5.5 Tension Stress on Net Section

In the revised provisions, the design formula used for computing
the allowable tension stress, Ft’ on the net section of connected parts
has been changed as follows:

1. The provisions are applicable only to the thinnest connected
part, which is less than 3/16 in. thick. For thick materials,
i.e. t 2_3/16 in., one can determine the allowable tension
stress by using the AISC Specification.(6)

2. The allowable tension stress for the net section of a con-
nected member is determined by the tensile strength of the
connected part (Fu) instead of the yield point of steel (Fy)'

3. Different formulas are given for bolted connections with and
without washers.

4. The allowable tension stress for the net section of a connected
member is based on the type of joint, either a single shear lap
joint or a double shear butt joint,

For connections in which washers are placed under both the heads and

nuts of the bolts, the equations for computing the allowable tension stress

(Eqs. (4.5.5-1) and (4.5.5.5-2),were derived from the following formula for

the ulti
he ultimate tensile stress, Onet’ with the proper factors of safety.
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o} =
net = (1.0 - 0.9r + 3rd/s) F < F, (c7)

In the above equation,0__ . is the ultimate tensile stress on the net section,

et
ksi, s is the spacing of bolts perpendicular to the line of stress, in., and
r is a ratio of the force transmitted by the bolt or bolts at the section
considered, divided by the tension force in the member at that section.
The factors of safety used for deriving Eq. (4,5.5-1) for double
shear connections and Eq. (4.5.5-2) for single shear connections are 2.0
and 2.22 respectively.

The correlation between Eq. (c¢c7) and the test data presented in
Table 5 is shown graphically in Fig. 5.

When washers are not used and when only one washer is used in bolted

connections, the ultimate tensile stress on the net section, Onet’ can be

determined by Eq. (c8):

O ot = (1.0 - r + 2.5r d/s) F XF, (c8)

Equation (4.5.5-3) of the revised Specification was derived from
the above formula by using a safety factor of 2.22. Figure 6 shows the
correlation between Eq. (c8) and the test data presented in Table 6.

Comparisons of the revised specification (1980), the 1968 AISI
Specificatien, and the AISC Specification are given in Tables A and B. It
is of interest to note in Table B that for single shear connections ‘the
revised equation is practically the same as the formula used in the 1968
AIST Specification with an exception for A36 steel. For double shear

connections, the revised equation gives an allowable tension stress about

13% higher than that permitted by the 1968 Edition of the AISI Specification.
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4.5.6 Bearing Stress in Bolted Connections

In Section 4.5.6, the determination of the allowable bearing
stress has been extensively revised.

Based on the study conducted in this project, it was found
that the bearing strength of bolted connections depends on the
tensile strength of the connected part, the thickness of the connected
part, the type of joints (lap joint or butt joint), the Fu/Fy ratio,
and the use of washers. Tables ¢-1 and C-2 list the formulas for
predicting the ultimate bearing strengths of bolted connections. They
were derived from the test data shown in Figs. 7 through 14 and presented
in Tables 7 through 14,

The allowable bearing stress formulas included in Tables 4.5.6
(A) and (B) of the revised Specification were derived from the bearing
strength formulas given in Tables (C-1) and (C-2) of this report by
using a factor of safety ranging from 2.20 to 2.33. The actual factor
of safety used for each case with the applicable figure and table is
indicated in Tables (C-1) and (C-2).

It should be noted that the revised provisions are limited only
to the thicknesses of the materials indicated in Tables 4.5.6 (A) and (B).
For the thicknesses of materials not covered in these tables, the
allowable bearing stress must be determined by tests. This is because
the test data were not available for developing the proper design formulas,
4.5.7 Shear Stress on Bolts |

In order to achieve a better coordination with the Specifications

of the Research Council on Structural Connections and thé American

2,6
Institute of Steel Construction,( 16 the allowable shear stresses for

A325 bolts were increased by 36% in the revised design provisions. In
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addition, design values for A449, A490, and A354 Grade BD bolts were

added for use of high strength bolts. The revised Specification

permits the same allowable shear stresses for A307, A325, and A490

bolts as those specified in Refs. 12 and 13 for bearing~type connections.
It should be noted that in the revised specification, smaller

allowable shear stresses are used for A449 and A354 Grade BD bolts with

threads in the shear planes, as compared with those used for A325 and A490

bolts. This is based on the fact that the ratios of root area/gross

area for the 1/4 in. and 3/8 in. diameter bolts are smaller than those

of the 1/2 in. diameter and larger bolts. For details, see Table D. The

reduced allowable shear stress for A449 and A354 Grade BD bolts are derived

from the AK/AD ratios as follows:

For A449 bolts smaller than 1/2 in. in diameter,
Avg. AK/AD for 1/4 in. and 3/8 in. bolts

Eb = 21 (for A325 bolts)
Avg. AK/AD for 1/2 in. and 1 in. bolts
_ 0.585 _ '
= 21 x 0.670 - 18.33 ksi;

use FV =18 ksi.

For A354  Grade BD bolts smaller than 1/2 in. in diameter,

0.585

FV = 28 (for A490 bolts) x W35l

= 24,45 ksi;

use F = 24 ksi.
v



22

IV. SUMMARY

During the past few years, a study has been made of the structural
behavior and strength of bolted connections. Based on the analyses of
available test data and an additional study made of the effects of torques
and washers on the strength of bolted connections, the AISI design pro-
visions for bolted connections were revised for inclusion in the 1980
Edition of the Specification.

This final report summarizes the results of the studies and documents

the background information for the revised AISI design provisions.
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Comparisons

iavic »n

between the Revised Provisions (with washers), the 1968 AISI
Specification, and the AISC Specificzticn

. +
. End Dist. Tens. on N ion* i
ASTM Crade Fu Fy EE. Min. End Dist ens. on Net Section Bearing Stress
Spec. Fy Revised AISI AISC Revised AISI AISC Revised AISI AISC
(ksi) | (ksi) ATST 1968 Ed. | Spec AISI | 1968 Ed. | spec. AISI | 1968 Ed. | Spec
2,00 P | 2.27 P |2.00P
JYAA A 45 33 | 1.36 0.60 F, | 0.60 Fy [ 0.60 F 1.50 F, | 1.54 Fy |1.50 F
Fut F,t F t y y y u u ul
B 52 37 1.41 do 2?22—2 do do do do do 1.49 F do
Ut u
c 55 4 | 1.38 do DL g do do do do 1.52 F, | do
~ u
D 65 50 | 1.30 do 2:2F | g do | 0.58 F,| do do 1.56 Fy | do
) F,t ) y u
iA607 45 60 45 1.33 do do do do - 0.59 Fy do do 1.56 Fy do
§ 55 70 55 | 1.27 do do do do | 0.56 F, | do do 1.56 Fy | do
|
i 65 80 65 | 1.23 do do do do 0.55 Fy | do do 1.56 Fy | do
|
'A611 p ! 52 40 | 1.30 do do do do 0.58 Fy | do do 1.56 F, | do
N |
3 2.68 P
A36 - . 58 36 | 1.61 do P do do 0.60 F | do do 1.30 F, | do
. u : .
; ! | P
a8 | o= | 70 50 | 1.40 do LAE g do | do do do 1.50 F, | do
u §
f %
[ | 2.25 P s
1AST2 65 | 80 65 | 1.23 do do do : 0.55F, | .do do 1.56 F, | do
| l F,t y |
125 ¢ | T
iAsls |- 115 100 | 1.15 do = do 0.50 F, - 0.44 F, [0.50 F do 1.56 F, | do
l ut | u
% Assume that t > 3/16 in., r = 1 and d/s > 0.3.
+ Assume that t > 3/16 in. N



Comparisons between the Revised Provisions and the 1968 AISI Specification

Table B

Allowable Tension Stress* | Allowable Bearing Stress
ASTM Grade Fu Fy Fu F. (Revised) F'P(Revised)
Spec.
(ksi) (ks1) Fy F (1968 AISI) Fp (1968 AISI)
D.S. S.S. Fp= 1.50Fu Fp= 1.35Fu
A446 A 45 33 1.36 1.13 1.02 0.97 0.88
B 52 37 1.41 1.17 1.05 1.00 0.90
C 55 40 1.38 1.15 1.03 0.98 0.88
D 65 50 1.30 1.13 1.01 0.96 0.88
A607 45 60 45 1.33 1.13 1.01 0.96 0.87
55 70 55 1.27 1.13 1.01 0.96 0.87
65 80 65 1.23 1.12 1.01 0.96 0.87
A6l11 D 52 40 1.30 1.13 1.01 0.96 0.87
A36 - 58 36 1.61 1.34 1.21 1.15 1.04
A588 - 70 50 1.40 1.17 1.05 1.00 0.90
A572 65 80 65 1.23 1.12 1.01 0.96 0.87
A514 - 115 100 1.15 1.13 1.01 0.96 0.87

* Assume that t<3/16 in., r = 1, d/s = 0.1 and 0.2.
D.S. = Double shear connection.

§.S. = Single shear connection.

8T



Table C-1

Bearing Strengths and Allowable Bearing Stresses of Bolted

Connections with Washers under Both Bolt Head and Nut

29

Thickness of Type of F /F_Ratio of | Bearing Allowable | Factor
Steel Sheet Joint gtezl Sheet Strength | Bearing of Reference
(in.) Formula | Stress,F_ | Safety
(ksi) P
Ingide sheet _ Fig. 7
of double > 1.15 ob—B.SFu 1.50Fu 2.33 Table 7
shear
connections < 1.15 0, =3.0F 1.35F 2.22 iiﬁi 88
< 3/16 but u v able
> 0.024 Figs. 9 &
Single shear >1.15  [0,=3.0F | 1.35F 2.22 | 13. Tables
connections - b u u 9 & 13
and outside :
sheets of Fi 10
double shear < 1.15 0,=3.0F 1.35F 2.22 8-
u u Table 10
connections
Table C-2
Bearing Strengths and Allowable Bearing Stresses of Bolted
Connections without Washers under Both Bolt Head and Nut
Thickness of Type of Fu/F Ratio of | Bearing Allowable | Factor
Steel Sheet Joint y Strength | Bearing of Reference
(in.) Steel Sheet Formula | Stress Safety
(ksi)
Ingide sheet
of double > 1.15  |0,=3.0F | 1.35F 2.22
shear - b u u
< 3/16 but connections
> 0.036 Single shear Figs. 11,
connections 12 & 14.
and outside - Tables
sheets of > 1.15 % 2.2Fu l.OOFu 2.20 11, 12 &
double shear 14.
connections




TABLE D

Gross Areas and Root Areas of Structural

Bolts

Bolt Gross Area Root Area AK
| Diameter AD AK K;

(in.)  (1nd (in%)
1/4 0.049 0.027 0.55
3/8 0.110 0.068 0.62
1/2 0.196 0.126 0.64
5/8 0.307 0.202 0.66
3/4 0.442 0.302 0.68
7/8 0.601 0.419 0.70
1 0.785 0.551 0.70

Note: The gross and root areas are based on the AISC

Manual of Steel Construction, 7th Edition,
pa 4_125\

30



Table i. Dimensions and Results of Single Shear Bolted Connections with Washers-Shear Strength Study
Fu/Fy > 1.15, e/d < 3.5, £ > 0.036
Spec. d t e e/d dst Fy Ey u (Oh)cesc b'test (ab):al (ob)test Failure Ret .
No. (in.) (in.) (in.) (in.) (ksi) (ksi) y (ksi) Fu (ob)Cal Type ho;‘-
20A11SS 1/4 0.036 0.375 4,00 1.50 6.94 32.11 41.83 1.30 89.33 2.14 62.75 1.42 i N
20A21SS 1/4 0.036 0.625 4,00 2.50 6.94 32.11 41.83 1.30 134.50 3.22 104.58 1.29 L 8
20A12SS 3/8 0.036 0.563 4.00 1,50 10.40 32.11 41.83 1.30 79.77 1.91 62.75 1.27 L 8
20A22SS 3/8 0.036 0.938 4.00 2,50 10.40 32.11 41.83 1.30 130.28 3.11 104 .58 1.25 L 8
20A13SS 1/2 0.036 0.750 4,00 1.50 13.90 32.11 41.83 1.30 81.69 1.95 62.75 1.30 I 8
20A14SS 5/8 0.036 0.938 4,00 1,50 17.40 32,11 41.83 1.30 78.30 1.87 62.75 1.25 I 8
20A24SS 5/8 0.036 1.560 +.00 2.50 17.40 32.11 41.83 1.30 125.38 3.00 104 .58 1.20 L&l1 8
20A15SS 3/4 0.036 1.130 4.00 1.50 20.80 32.11 41.83 1.30 84.61 2.02 62.75 1.35 I 8
16C105SS 3/5 0.059 0,750 4.00 1,00 12,70 31.95 43.81 1.37 58.89 1.34 43.81 1.34 1 8
16C205SS 3/4 0.059 1.500 4.00 2.00 12.70 31.95 43.81 1.37 109.87 2.51 87.62 1.25 I 8
14A11SS 1/4 0.080 0.375 4.00 1.5° 3.13  29.81 43,40 1.46 80.30 1.85 65.10 1.23 I 8
14A128S 3/8 0.080 0.563 4,00 1.50 4,70 29.81 43,40 1.46 74.30 1.71 65.10 1.14 I 8
14A228S 3/8 0.080 0.938 4,00 2,50 4.70 29.81 43.40 1,46 129.78 3.00 108.50 1.20 i 8
14A13S8S 1/2 0.080 0.750 4,00 1.50 6.25 29.81 43.40 1.46 77 .10 1.78 65.10 1.18 L 8
14A23SS 1/2 0.080 1.250 4,00 2,50 6.25 29.81 43,40 1,46 122.73 2.83 108.50 1.13 L 8
12A11SS 1/4 0.093 0.375 4,00 1.50 2,70 25.60 41.15 1.61 77.99 1.80 61.73 1.26 I 4
12A12SS 3/8 0.093  0.563 4.00 1.50 4,03 25.60 41.15 1.6l 80.49 1.85 61.73 1.30 I 8
12A14SS 5/8 0.093 0.938 4,00 1.50 6.71  26.65 41,40 1.55 76.53 1.85 62.10 1.23 1 8
18E12SS 3/8 0.046 0.563 4,00 1.50 8.24 46.75 68.00 1.45 108.93 1.60 102,00 1.07 I !
18E22SS 3/8 0.046 0.938 4,00 2.50 8.24 46.75 68,00 1.45 197.62 2.91 170.00 1.16 L Y
18E14SS 5/8 0.046 0.938 4.00 1.50 13.74 46.75 68,00 1.45 112.52 1,65 102.00 1.1 L 4
14E13SS 1/2 0.078 0.750 4.00 1.50 6.40 54.44 70.40 1.29 111.30 1.58 105.60 1.05 L 4
14E23S8S 1/2 0.078 1,250 4,00 2.50 6.40 S54.44 70,40 1.29 182.50 2,60 176.00 1.04 1 Y
14E158S 3/4 0.078 1,130 4.00 1.50 9.60 S54.44 70.40 1.29 119.50 1.70 105.60 1.13 i 9

1€



Table 1 (con't)

Spec. d t e s e/d d/t Fy. Fu Eg (Gb)test (cb)test :b):al (cb)test Failure Ret.

No. (in.) (in.) (in.) (in.) (ksi) (ks1) Fy (ksi) Fu (cb)Cal Type _}o.
14E25SS 3/4 0.078 1.880 4,00 2.30 9.60 54.44 70,40 1.29 170.90 2.43 176.00 0.97 16 Il v
10E15SS 3/4 0.143 1.130 4,00 1.50 5.23 59.47 76.84 1,29 107.30 1.40 115.26 0.93 I Y
10E16SS 1.0 0.143 1.500 +.00 1,50 7.00 59.47 76.84 1.29 104.50 1.36 115.26 0.91 14 9
8E15SS 3/4 0.190 1.130 4.00 1.30 3.95 56.45 76.98 1.36 107.10 1.40 115.47 0.93 1 9
ss1 7/8 0.115> 1.750 §.00 2.00 7.61 35.4 49.44 1.39 128.45 2.60 98.88 1.30 1 to
sS4 1.0 0.116 2.C00 8.00 2,00 8.62 35.49 49.44 1.39 122,51 2.48 98.88 1.24 1 10
§s7 7/8 0.181 1.750 8.00 2,00 4.83 38.10 62.08 1.63 142,07 2.30 124,16 1.14 1 1o
§s10 1.0 0.184 2.000 8.00 2.00 5.3 38.10 62.08 1.63 137.50 2.21 124.16 1.11 1 10
$513 1.0 0.261 2.000 8.00 2,00 3.83 45.07 67.54 1,50 142.34 2.11 135.08 1.05 1 to
- 1/2 0.051 0.970 4.06 1.94 9.80 40.60 50.10 1.23 134.10 2.68 97.20 1.38 1 1
- 1/2 0.051 1.020 4.06  2.04 9.80 40.60 50.10 1.23 136.90 2.73 102.20 1.34 1 11
- 1/2 0.061 1.030 4.03 2.06 8.20 50.50 74.10 1.47 173.10 2.34 152.65 1.13 16 11 i
- 1/2 0.061 1.030 4,06 2,06 8.20 50.50 74.10 1.47 167.90 2.27 152,65 1.10 1& 11 B!

‘(Ub)cal = (e/d) Fu Mean = 1.18

The types of failure are defined as follows: Standard deviation = 0.130

1 - Longitudinal shearing of the steel sheets

II - Bearing failure between steel sheet and bolt
III - Transverse tension tearing failure

IV - Shearing of the bolt



Table 2. Dizensicns and Results of Double Shear Bolted Connections with Washers-Shear Strength Study
Fu/Fy >1.15, e/d < 3.5, t > 0.036

Spec. d t e e/d d/t Fy Fy EE Vb)test ob test (Gb):al (cb)test Failure  Ref.

No. (in.) (in,) (in.) (in.) (ksi) (ksi) Fv (ksi) Fu (ob)cal Type No.
20A11DS 1/4 0.036 0.375 4.0 1.5 6.94 32.11 41.85 1.30 95.85 2.29 62.78 1.53 1 8
20A21DS 1/4 6.036 0.625 4.0 2.5 6.94 32.11 41.85 1.30 142.75 3.41 104.63 1.36 I 8
20A12DS 3/8 0.036 0.363 4.0 1.5 10.42 32.1% 41.85 1.30 93.89 2,24 62.78 1.50 1 8
20A13Ds 1/2 0.036 0.750 4.0 1.5 13.90 32.11 41.85 1.30 84.42 2.02 62.78 1.34 1 3
20A14DS 5/8 0.036 0.938 4.0 1.5 17.36 32.11 41.85 1.30 88.09 2.10 62.78 1.40 1 8
20A15Ds 3/4 0.036 1.125 4.0 1.5 20.83 32,11 41.85 1.30 88.70 2,12 62.78 1.41 1 8
16C103Ds 1/2 0.059 0.500 4.0 1.0 8.46 31.95 43.81 1.40 58.55 1.34 43.81 1.34 1 8
16C203Ds 1/2 0.059 1.000 4.0 2.0 8.46 31.95 43.81 1.40 112.69 2.57 87.62 1.29 I 8
14A11DS 1/4 0.080 0.375 4.0 1.5 3.13 29.81 43,40 1.46 78.37 1.81 65.10 1.20 1 8
14A21DS 1/4 0.080 0.625 4.0 2.5 3.13 29,81  43.40 1,46 131.86 3.04 108.50 1.22 1 8
14A12DS 3/8 0.080 0,563 4.0 1.5 4.69 29.81 43,40 1.46 83.47 1.92 65.10 1.28 1 8
14A12DS 3/8 0.080 0.938 4.0 2.5 4,69 29,81 43,40 1.46 129.33 2.98 108.50 1.19 1 8
14A13DS 1/2 0.080 0.750 4.0 1.5 6.25 29.81 43.40 1.46 81.91 1.89 65.10 1.26 1 8
14A23DS 1/2 0.080 1.250 4.0 2.5 6.25 29.81 43.40 1.46 130.58 3.01 108.50 1.20 1 8
12A11DS 1/4 0.093 0.375 4.0 1.5 2.68 26.00 41,15 1.58 82.18 2.00 61.73 1.33 1 8
12A21DS 1/4 0.093  0.625 4.0 2.5 2.68 26.00 41.15 1.58 134.81 3.28 102.88 1.31 1 8
12A12DS 3/8 0.093 0.563 4.0 1.5 4.03 26.00 41.15 1.58 79.04 1.92 61.73 1.28 1 8
12A22DS 3/8 0.093 0.938 4.0 2.5 4,03 26,00 41.15 1.58 134.39 3.27 102.88 1.31 1 8
12A14DS 5/8 0.093 0.938 4,0 1.5 6.71 26.00 41.15 1,58 83.82 2.04 61.73 1.36 1 8
12A24DS 5/8 0.093 1.563 4.0 2.5 6.71 26,00 41.15 1.58 127.73 3.10 102.88 1.24 1 8
10A12DS 3/8 0.143  0.563 4.0 1.5 2.62 36.60 48.00 1,31 84 .84 1.77 72.00 1.18 1 8
10A22DS 3/8 0.143 0.938 4.0 2.5 2,62 36,60 48.00 1.31 133.56 2,78 120,00 1.11 L 8
8B23DS 1/2 0.188 1.250 4.0 2.5 2.66 35.15 47,10 1.34 124.75 2,65 117.75 1.06 1 8
8B25DS 3/4 0.188 1.880 4.0 2.5 4,00 35.15 47.10 1.34 129.16 2.74 117.75 1.10 1 8
18E12DS 3/8 0.046  0.563 4.0 1.5 8,24 46.75 68.00 1.45 110.71 1.63 102.00 1.09 1 9
18E22DS 3/8 0.046 0,938 4.0 2.5 8.24 46.75 68.00 1.45 185.37 2.73 170.00 1.09 1 9
18E14DS 5/8 0.046 0.938 4.0 1.5 13,74 46.75 68.00 1.45 110.91 1.63 102.00 1.09 1 9
18E24DS 5/8 0.046 1.563 4.0 2.5 13.74 46,75 68.00 1.45 171.97 2.53 170.00 1.01 1 9

e



Table 2. (con't)

Sgec. d t e s e/d d/t Fy' Fy Eg (ob)test (Ob)test (ob)zal (ob)test Failure Ref.

No. (in.) (in.) (in.) (in.) (ksi)  (ksi) Fy (ksi) F (cb)cal Type No
14E13DS 1/2 0.078 0.750 4.0 1.5 6.39 54 .44 70.40 1.29 122.40 1.74 105.60 1,16 I 9
14E13DS 1/2 0.078 1,250 4.0 2.5 6.39 54 .44 70.40 1.29 190.90 2,71 176.00 1.08 I 9
14E15DS 3/4 0.078 1.125 4.0 1.5 9.58 54.44 70.40 1.29 121.35 1.72 105.60 1.15 I 9
10E12DS 3/8 0.143 0.563 4.0 1.5 2,61 59.50 71.85 1.21 101.55 1.41 107,78 0.94 1 9
10E13DS 1/2 0.143 0.750 4.0 1.5 3.50 59.50 71.85 1.21 107.10 1.49 107.78 0.99 I 9
10E23DS 1/2 0.143 1.250 4.0 2.5 3.50 59.50 71.85 1,21 180.80 2,52 179.63 1.01 I 9
10E15DS 3/4 0.143 1.130 4.0 1.5 5.23 59.50 71.85 1.21 121.45 1.69 107 .78 1.13 I 9
10E26DS 1.0 0.143 2.500 +.0 2.5 7.00 59.50 71.85 1.21 167.00 2.32 179.63 0.93 I 9
8E15DS 3/4 0.190 1.125 4.0 1.5 3.95 56.45 76.98 1.36 108.95 1.42 115.47 0.94 1 9
8E25DS 3/4 0.190 1.875 4.0 2.5 3.95 56.45 76.98 1.36 158.30 2,06 192,45 0.82 I & II 9
16FAX-L14 1/2 0.062 1,250 2.5 2.5 8.06 30.10 45.90 1.52 101.60 2.21 114.75 0.89 I1&II 12
12FAX-L19 1/2 0.106 1.250 2.5 2.5 4.72 28.10 44.10 1.57 120.20 2.73 110.25 1.09 I &I1I 12

Mean = 1.18

*(ap) a1 = (e/d) F,

See Table 1 for the definition of type of failure Standard deviation = 0.168

ve



Table 3. Dimensions and Results of Single Shear Bolted Connections with Washers-Shear Strength Stuydy

F /F, < 1.15, e/d < 3.5, t > 0.036

Spec d t e s e/d d/t Fy Fy Eg (Gb)test (ob)test (0. )% (ob)test Fajlure Ref.
No. (in.) (in.) (in.) (in.) (ksi) (ksi) Fy (ksi) Fu b’cal (Ub)cal Type No.
12Y-L10 5/8 0.106 2.11 4.12 3.370 5.90 72,40 72.80 1.01 204.00 2.80 245.34 0.83 I &11 12
7Y-L1 3/4 0.183 0.62 1.50 0.833 4,10 83.10 83.80 1.01 62.00 0.74 69.81 0.89 I 12
7Y-L2 3/4 0.183 0.69 1.50 0.917 4.10 83.10 83.80 1.01 64 .00 0.76 76.84 0.83 I 12
7Y-13 374 0.183 0.62 1.50 0.833 4.10 86,40 91.30 1.06 58.50 0.64 76.05 0.77 1 12
7Y-L4 3/4 0.183 1.00 1.88 1.330 4,10 83.10 83.80 1.01 97.20 1.16 111.45 0.87 I 12
7Y-T4 3/4 0.183 1.00 1.88 1.330 4,10 86,40 91,30 1.06 102.00 1.12 121.43 0.84 I 12
7Y-15 3/4 0.183 1.75 3.00 2.330 4.10 86.40 91.30 1.06 186.00 2.04 212.73 0.87 I&I11 12
- 1/2 0.037 1.03 4.00 2.060 13.50 53.50 58.90 1.10 159.50 2.71 121.33 1.31 I 11
- 1/2 0.037 1.06 4.03 2,200 13.50 53.50 58.90 1.10 162.70 2.76 129.58 1.26 1 11
- 1/2 0.037 1.00 4.00 2.000 13.50 53.50 58.90 1.10 149.73 2.54 117.80 1.27 I 11
(Cb) (e/d) F, Mean = 0.97
See Table 1 for the definition of type of failure. Standard deviation = 0.214

Gt



Table 4. Dimensions and Results of Double Shear Bolted Connections with kWashers-Shear Strength Study
Fu/Fy <1.15, e/d < 3,5, t > 0.036

Spec. d t e s e/d d/t- Fy _Fu E& (Ob)test (ob)test (0) * (cb)test Failure

No. (in.) (in.) (in.) (in.) (ksi) (ksi) Fy (ksi) F, b’cal (Gb)cal Type
7Y-L22 1/2 0.183 0.88 5.00 1.75 2.73 83,10 83.80 1.01 136.8 1.63 146.65 0.93 1
7Y-L23 1/2 0.183 0.75 5.00 1.50 2.73 83.10 83.80 1l.01 112.3 1.34 125.70 0.89 1
7Y-L24 1/2 0.183 1.40 5.00 2.80 2.73 83.10 83.80 1.01 263.0 3.14 234.64 1.12 I&11
7Y-L25 1/2 0.183 1.50 3.33  3.00 2.73 83.10 83.80 1.01 240.0 2.86 251.40 0.95 I&11
20z-L5 1/2 0.038 1.00 2.50 2.00 13.16 75.70 81.70 1.08 130.8 1.60 163.40 0.80 I&1I
20zZ-L7 3/16 0.038 0.47 2.08 2.50 4,93 75,70 81.70 1.08 192.0 2.35 204.25 0.94 1
1605X-L5 1/2 0.062 1.00 2.50 2.00 8.06 83.25 83.25 1,00 157.0 1.89 166.50 0.94 1
1605X-Lé 1/2 0.062 1.40 5.00 2.80 8.06 87,60 87.60 1.00 224 ,0 2.56 245.28 0.91 I1&11
1205X-L10 1/2 0.106 1.40 5.00 2.80 4,72 80.50 80.50 1.00 206.0 2.56 225.40 0.91 I&11
7Y-L31 1/2 0.183 1.50 2.50 3.00 2,73 82,60 82.60 1.00 222.5 2.70 247.80 0.90 1

* = Mean = 0.93

(Op) a1 (e/d) F

See Table 1 for the definition of type of failure. Standard deviation = 0.080

9¢



Table 5a. Dimensicns and Results

of Bolted Connections with Washers-Tensile Strength Study (Double Shear)

*(g ) = (.1 + 3d/s)Fu <F

net’ cal u

See Table 1 for the definition of type

of fatilure

Standard deviation = 0.

Spec. d t s Fy Fu (Onet)test (snet)test (Gnet):al (Onet):es; Tailure

No ) am a4 s O ey ks Fu [CRS I Type ~ Reference

o * (rsi) (ksi) net’ cal P
20A21DS2 1/4 0.0347 4.0 2.3 0.063 7.2° 32.11 41,85 9.66 0.231 12.10 0.80 I & III 8
20A22DS 3/8 0.0344 4.0 2.3 0.094 10.90 32.11 41.85 14 .84 0.353 16.00 0.93 I& III 8
20A23DS1 1/2 0.0354 4.0 2.5 0.125 14,12 32.11 41.85 20.80 0.497 19.90 1.05 I& III 8
20A33DS1 1/2 0.0360 4.0 3.5 0.125 13.9¢ 32.11 41.85 23.60 0.564 19.90 1.19 111 8
20A43DS 1/2 0.0356 4.0 4.5 0.125 14.04 32.11 41.85 29.00 0.693 19.90 1.46 Il 8
20A34DS 5/8 0.0354 4.0 3.5 0.156 17.66 32.11 41.85 35.81 0.856 23.77 1.51 111 8
20A44DS1 5/8 0.0360 4.0 4.5 0.156 17.36 32.11 41.85 34.56 0.826 23.77 1.45 III 8
20A25D8 3/4 0.0355 4.0 2.5 0.188 21.13 32.11 41.85 29.86 0.714 27.80 1.07 111 8
20A35DS1 34 0.0357 4.0 3.5 0.188 21.01 32.11 41.85 35.68 0.853 27.80 1.28 111 8
16C403DS1 1/2 0.0591 4.0 4.0 0.125 8.46 32.00 44 .00 31.33 0.712 20.90 1.50 111 8
16C503DS1 1/2 0.0591 4,0 3.0 0.125 8 & 32.00 44.00 34.98 0.795 20.90 1.67 111 8
14A43DS1 1/2 0.077¢ 4.0 4.5 0.125 6.49 29.80 43.40 29.77 0.686 20.62 1.44 I1I 8
14B25DS1 3/4 0.0797 4.0 2.5 0.188 9.41 29.80 43.40 28.38 0.654 28.82 0.98 111 8
14B35DS1 3/4 0.0770 4.0 3.5 0.188 9.74 29.80 43.40 34.27 0.790 28.82 1.19 111 8
14B26DS1 1.0 0.0760 4.0 2.5 0.250 13.23 29.80 43.40 37.60 0.866 36.90 1.02 111 8
14B36DS1 1.0 0.0734 4.0 3.3 0.250 13.62 29.80 43.40 42.39 0.977 36.90 1.15 I1I 8
12A34DS1 5/8 0.0922 4.0 3.5 0.156 6.78 26.00 41.15 31.83 0.774 23.37 1.36 111 8
12A44DS1 5/8 0.0922 4.0 4.5 0.156 6.78 26.00 41.15 36.87 0.896 23.37 1.58 111 8
B35DS1 3/4 0.197¢g 4.0 3.5 0.188 3.81 32.00 46.00 41.40 0.900 30.54 1.36 111 8
B45SDS1 3/4 0.1808 4.0 4.5 0.188 4,15 32.00 46.00 46.50 1.010 30.54 1.52 111 8
8B4 5DS1 1.0 .0.191¢0 4.0 2.5 0.250 5.24 32.00 46.00 43.35 0.942 39.10 1.11 111 8
18E34DS1 5/8 0.0451 4.0 3.3 0.156 13.86 46.75 68.00 43.98 0.647 38.62 1.14 I& III 8
18E44DS1 5/8 0.0453 4.0 4.5 0.156 13.80 46.75 68.00 45.84 0.674 38.62 1.19 I&III 9
14E25DS1 3/4 0.0781 4.0 2.5 0.188 9.60 54.44 70.40 42.10 0.598 46.75 0.90 111 9
14E45DS1 3/4 0.0781 - 4.0 4.5 0.188 9.5 54,44 70.40 67 .40 0.957 46.75 1.44 111 9
10E25DS1 3/4 0.1351 4.0 2.5 0.188 5.55 59.50 71.85 44 .85 0.624 47.71 0.94 1& 111 9
10E16DS1 1.0 0.1421 4.0 1.3 0.250 7.04 59.50 71.85 35.40 0.493 61.10 0.58 1& III 9
10E46DS1 1.0 0.1411 4.0 4.5 0.250 7.09 59.50 71.85 69.40 0.966 61.10 1.14 111 9
14G25DS1 3/4 0.0768 2.0 2.5 0.375 9.77 29.80 43.40 47.80 1.100 43.40 1.10 111 9
14G35DS 3/4 0.0760 2.0 3.5 0.375 9.87 29.80 43.40 48.30 1.110 43.40 1.11 111 9
14G45DS 3/4 0.0755 2.0 4.5 0.375 9.93 29.80 43.40 49.70 1,159 43.40 1.15 11 9

Mean = 1.20

LE



Dimensions and Results of Double Shear Bolted Connections With Washers-Tensile Strength Studylz

Table 35,
(c__.) * (c_ ) .
Sg:c (gn) (i;) (i e/d d/s d/t Fy Fu (onet)test __ES%_EEEE (cnet)cal ?EEEETEEEE Failure
n (ksi) (ksi) (ksi) u (ksi) net’cal Type

202-19 3/4 0.039 2.5 3.0 0.30 19.23 75.50 81.70 74.00 0.906 81.70 0.91 Il & III
202T13 3/4 0.039 2.5 3.0 0.30 19.23 99.40 99.80 74.45 0.746 99,80 0.75 II & III
1605X-12 3/4 0.065 2.5 3.0 0.30 11.54 83.25 83.25 85.70 1.030 83.25 1.03 I1I
1605X13 3/4 0.065 2.5 2.0 0.30 11.54 83.25 83.25 68.72 0.825 83.25 0.83 I &1II&III
1205X-18 3/4 0.105 3.0 3.5 0.25 7.14 81.60 81.60 81.85 1.000 69.36 1.18 II & III
1205X~L9 7/8 0.105 3.5 3.5 0.25 8.33 81.60 81.60 83.25 1.020 69.36 1.20 IT & III
1205X-L11 3/4 0.105 2.5 3.0 0.30 7.14 80.50 80.50 77.30 0.960 80.50 0.96 189
7Y-132 5/8 0.183 3.0 3.5 0.21 3.42 82.60 82.60 66.20 0.801 60.30 1.10 I & IT &III
16FAX-L12 3/4 0.060 2.5 3.0 0.30 12.50 30.10 45.90 46.00 1.000 45.90 1.00 III
16FAX-L13 3/4 0.060 2.5 3.5 0.30 12.50 30,10 45,90 46.20 1.010 45.90 1.01 111
16FAXL15 1/2 0.060 2.5 3.5 0.20 8.33 30.10 45.90 43.87 0.956 32.13 1.37 II & III
1610XL18 3/4 0.060 2.5 3.0 0.30 12.50 78.40 81.50 84,32 1.030 81.50 1.03 I1I
12FAXL18 3/4 0.107 2.5 3.0 0.30 7.01 28.10 44,10 45.10 1.020 44.10 1.02 I
12FAXL20 1/2 0.107 2.5 3.5 0.20 4.67 28,10 44.10 41.10 0.932 30.87 1.33 II & III
1615XL22 3/4 0.600 2.5 3.0 0.30 12.50 45.40 54.70 61.80 1.180 54,70 1.13 I1I
1615X123 1/2 0.600 2.5 3.0 0.20 8.33 45.40 54,70 50.90 0.931 38.30 1.33 II & III
1625XL26 3/4 0.600 2.5 3,0 0.30 12.50 38.50 49.10 57.17 1.160 49.10 1.16 I1I
1625x1.27 1/2 0.600 2.5 3.0 0.20 8.33 38.50 49,10 42.50 0.866 34,37 1.24 II & III
1625X1.28 1/2 0.600 2.5 3.5 0.20 8.33 38.50 49.10 44.50 0.906 34,37 1.29 II & III
1210XL32 3/4 0.107 2.5 3.0 0.30 7.01 70.10 72.80 77.70 1.070 72.80 1.07 I1I
1210XL25 1/2 0.107 2.0 3.5 0.25 4.67 70.10 72.80 77.10 1.060 61.88 1.25 II & III
1215XL26 3/4 0.107 2.5 3.0 0.30 7.01 65.20 69.30 66.00 0.952 69.30 0.95 I1I
1215XL29 1/2 0.107 2.0 3.5 0.25 4.67 65.20 69.30 69.83 1.010 58.91 1.19 II & III
1225%-130 3/4 0.107 2.5 3.0 0.30 7.01 36.60 50.00 53,61 1.070 50.00 1.07 I1L
1225XL31 1/2 Q.107 2.5 3.0 0.20 4.67 36.60 50.00 42,40 0.848 35.00 1.21 I1 & III
1225XL32 1/2 0.107 2.5 3.5 0.20 4.67 36.60 50,00 42.50 0.850 35,00 1.21 11 & III
1225XL33 1/2 0.107 2.0 3.5 0.25 4.67 36,60 50,00 51.50 1.030 42.50 1.23 II & III
*(Opepdcar = (1 + 3d/8)F < F, Mean = 1.11

See Table 1 for the definition of type of failure. Standard deviation = 0.156
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Table 5. Dimensions and Results of Bolted Connections with Washers-Tensile Strength Study (Single Shear)

Spec. d t s e/d d/s a/t Fy Fu (cnet)test (Onet)r_est (Unet):al (Unet):est Failure Reference
No. (in) (in) (in) (ksi)  (ksi) (ksi) Fu (ksi) (0 etkal Type
POA41SS] 1/4 0.0346 4.0 4.3 0.063 7.23 32.11  41.85 15.50 0.370 12.03 1.29 I11 8
20A418S2 1/4 0.0349 4.0 6.3 0.063 7.16 32.11 41.85 14 .87 0.355 12.03 1.24 II1 8
R0A22SS1 3/8 0.0354 4.0 2.5 0.094 10.60 32,11  41.85 13.50 0.323 16.00 0.84 I& 111 8
R0A32SS1 3/8 0.0335 4.0 3.5 0.094 11.20 32,11  41.85 14.74 0.352 16.00 0.92 1& 111 8
§OA32552 3/8 0.03+2 4.0 3.3 0.094% 10.96 32,11  41.85 19.94 0.476 16.00 1.25 II1 8
0A428S1 3/8 0.0349 4.0 4.5 0.094 10.74 32.11  41.85 14.35 0.343 16.00 0.90 I &Il 8
P0AL28S3 3/8 0.0360 4.0 4.5 0.09% 10.42 32,11  41.85 13,10 0.313 16.00 0.82 III 8
20423551 1/2 0.0352 4.0 2.5 0.125 14.20 32,11  41.85 17.15 0.410 19.90 0.86 I& III 8
20A438S1 1/2 0.0352 4.0 4.5 0.125 14.20 32,11  41.85 17.19 0.411 19.90 0.86 I& 111 8
20A438S3 1/2 0.0361 4.0 4.5 0.125 13.90 32.11  41.85 20.55 0.491 19.90 1.03 IL1 8
20A34SS 5/8 0.0359 4.0 3.5 0.136 17,40 32,11  41.85 24.64 0.590 23.77 1.04 III 8
2044455 5/8 0.0353 4.0 4.5 0.136 17.70 32.11  41.85 21.90 0.523 23.77 0.92 111 8
20A25851 3/4 0.0357 4.0 2.5 0.188 21.00 32.11 41.85 25.30 0.605 27.80 0.91 111 8
20A35SS1 3/4 0.0357 4.0 3.5 0.188 21.00 32.11  41.85 25.13 0.600 27.80 0.90 111 8
16C305SS 3/4 0.0591 4.0 3.0 0.188 12.70 32.00  44.00 31.28 0.711 29.22 1.07 111 8
16C5058S 3/4 0.0591 4.0 5.0 0.188 12.70 32.00 44.00 30.32 0.690 29.22 1.04 III 8
14A235S1 1/2 0.0832 4.0 2.3 0.125 6.00 29.80  43.40 17.97 0.414 20.62 0.87 I&IIL 8
14B25SS1 3/4 0.0798 4.0 2.5 0.188 9.40 29.80  43.40 25.12 0.579 28.82 0.87 111 8
14B35SS1 3/4 0.0771 4.0 3.5 0.188 9.73 29.80  43.40 23.79 0.548 28.82 0.83 111 8
14B45SS 3/4 0.0814 4.0 4.5 0.188 9.21 29.80 43.40 26.21 0.60% 28.82 0.91 111 8
14B26SS1 1.0 0.0768 4.0 2.5 0.250 13.00 29.80  43.40 33.33 0.768 36.89 0.90 III 8
14B36SS1 3/4 0.0741 4.0 3.5 0.188 10.12 29.80 43.40 33,31 0.767 28.82 1.16 111 8
14B46SS1 3/4 0.0789 4.0 4.5 0.188 9.51 29.80 43.40 35.90 0.827 28.82 1.25 IIL 8
12A34SS1 5/8 0.0922 4.0 3.5 0.156 6.78 26.00 41.15 37.20 0.904 23.40 1.59 111 8
12A445S1 5/8 0.0922 4.0 4.5 0.156 6.78 26.00 41.15 24.30 0.591 23.40 1.04 111 8
8B4 5551 3/4 0.1867 4.0 4.5 0.188 4.02 32.00 46.00 29.07 0.632 30.54 0.95 I & III 8
B26SS1 1.0 0.1893 4.0 2.5 0.250 5,28 32.00 46.00 43.70 0.950 39.10 1.12 111 8
B46SS1 1.0 0.1884 4.0 4.5 0.250 5.31 32.00  46.00 46.98 1.020 39.10 1.20 111 8
8E42S51 3/8 0.0451 4.0 4.5 0.094 8.31 46.75 68.00 20.85 0.307 26.00 0.80 111 & 1 9
8E245S1 5/8 0.0441 4.0 2.5 0.156 14.20 46.75 68.00 29.78 0.438 38.62 0.77 1 & I11 9
8E34SS 5/8 0.0444 4.0 3.5 0.156 14,08 46.75 68.00 37.80 0.556 38.62 0.98 111 9
8E44SS1 5/8 0.0448 4.0 4.5 0.156 13.95 46.75 68.00 35.% ¢.515 38.62 0.91 II1 9
4E358S1 3/4 0.0789 4.0 3.5 0.188 9.51 54,44 70.40 47.95 0.681 46.75 1.03 111 9
4E458S1 3/4 0.0781 4.0 4.5 0.188 9.60 54.44  70.40 55.45 0.788 46.75 1.19 111 9
OE26SS1 1.0 0.1455 4.0 2.5 0.250 6.87 59.50 71.85 55.25 0.770 61.10 0.90 111 9
4G258S 3/4 0.0766 2.0 2.5 0.375 9.80 29.80  43.40 49,40 1.140 43.40 1.14 I11 9
4G35SS 3/4 0.0753 2.0 3.5 0.375 9.96 29.80  43.40 47.00 1.080 43.40 1.08 11 9
4G4 5SS 3/4 0.0795 2.0 4,5 0.375 9.43 29.80 43.40 46,50 1.070 43,40 1.07 111 9
*(0 . )car = (W1 *+3d/8) Fu<F Mean = 1.01
See Table 1 for the definition of type of failure. Standard deviation = 0.172
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Table 54, Dimensions and Results of Single Shear Connections With Washers-Tensile Strength Study]'2

(s_ ) * (o__,)
S;:C (gn) (1:) (i:) e/d d/s d/t Fy l:‘u (cnet)test —ne; test (Onet)cal © net test F;il:re
(ksi) (ksi) (ksi) u (ksi) “net’cal ye

12Y-L12 1/2 0.104 2.660 3.500 0.188 4,81 72.40 72.80 50.96 0.700 48. 34 1.05 Il & III !
12Y-L13 5/8 0.104 3.330 3.480 0.188 6.01 72.40 72.80 36.00 0.495 48.34 0.74 s 116 1L
12Y-L14 3/4 0.104 3.930 3.460 0.191 7.21 72.40 72.80 70.64 0.970 49.00 1.44 11 & II1
12Y-L15 3/8 0.104 1.520 3.990 0.247 3.61 72.40 72.80 66.12 0.910 61.22 1.08 1 & 1l & III[
12Y-L17 - 5/8 0.104 2.548 3.400 0.245 6.01 72.40 72.80 54.70 0.751 60.80 0.90 I &1L &I
12Y-L18 3/4 0.104 3.040 3.530 0.247 7.21 72.40 72.80 52.22 0.717 61.22 0.85 Il & II1
12Y-L19 7/8 0.104 3.530 3.430 0.248 8.41 72.40 72.80 52.55 0.722 61.44 0.86 111
7Y-T3 3/4 0.183 1.500 0.833 0.500 4.10 86.40 91.30 84.74 0.928 91. 30 0.93 IIL
7Y=-LS5 3/4 0.183 3.750 2.500 0.200 4.10 83.10 83.90 52.00 0.620 58.73 0.89 1 & 11 & 11T
TY-L6 3/4 0.183 3.750 5.000 0.200 4.10 83.10 83.10 79.00 0.951 58.73 1.35 Ir & 11
12Y~L27 3/8 0.105 0.872 5.330 0.430 3.57 87.00 88.10 85.00 0.965 88.10 0.96 1Ll
12Y-128 5/8 0.105 1.500 4.000 0.420 5.95 87.00 88.10 88.70 1.010 88.10 1.01 Il
7Y-T30 3/4 0.183 1.870 3.330 0.400 4.10 87.00 91.00 96.60 1.060 91.00 1.06 I1I
7Y-L20 3/4 0.183 1.500 1.500 0.500 4.10 83.10 83.80 84.60 1.010 83.80 1.01 11
7Y-L21 3/4 0.183 2.500 3.200 0.300 4.10 83.10 83.80 83.10 0.992 83.80 0.99 ITI
202~1L1 1/2 0.039 1.500 3.500 0.330 12.82 75.50 81.70 85.30 1.040 81.70 1.04 1I1
202-L2 1/2 0.039 1.500 2.000 0.330 12.82 ' 75.50 81.70 74.90 0.917 81.70 0.92 I & IT & 1I1Y
202-1.3 3/4 0.039 2.500 2.000 0.300 19.23 75.50 81.70 63.80 0.781 81.70 0.78 I & TI & LI
202-T10 1/2 0.039 1.500 3.500 0.330 12.82 94 .40 99.80 70.80 0.710 99.80 0.71 111
202-T11 1/2 0.039 2.500 3.000 0.200 12.82 94 .40 99 .80 40.23 0.403 70.00 0.57 IT & III
1605X-L1 3/4 0.065 2.500 3.000 0.300 11.54 83.25 83.25 81.30 0.977 83.25 0.98 II1
[16FAX-L16 1/2 0.060 2.500 3.500 0.200 8.33 30.10 45.90 41.30 0.900 32.13 1.29 IT & 111
*(0 o) car ™ (-1 + 3d/)F < F Mean = 0.97

See Table 1 for the definition of type of failure. Standard deviation = 0.203
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Table 5e. Dimensions and Results of Multi-Bolted Connections With Washers-Tensile Strength Studyl3 (Single Shear)

. (o__ ) * (c__)
Ss:c ;zl:f (1:) (i;) (i ) e/d d/s d/t I:)' I:u (Jnet)test —ne; test (Onet)cal © net)teat F;ilure
: s n (ksi)  (ksi) (ksi) u (ksi) %net’ cal ype
KF16A 1 3/4 0.060 4.01 4.00 0.1875 12.50 31.00 44,40 23.40 0.527 29.42 0.80 I & IIT
F351 1 11/8 0.185 4.00 2.67 0.2810 6.08 55.70 77.40 68.70 0.887 73.00 0.94 Il & III
14F451 1 1/2 0.078 4.00 6.00 0.1250 6.41 62.50 76.20 28.40 0.373 36.20 0.78 11 & III
16A15 1 1/2 0.060 4,00 6.00 0.1250 8.33 31.60 45,00 20.00 0.445 21.40 0.93 III
3C16A 2 1/2 0.060 4.00 3.50 0.1250 8.33 31.00 44,40 37.60 0.847 32.75 1.15 I & 11T
4C16A 2 3/4 0.058 4.01 2.33 0.1875 12.93 31.00 44,40 40.00 0.903 36.91 1.08 I & IIY
8F352 2 11/8 0.185 4.00 2.67 0.2810 6.08 55.70 77.40 80.40 1.040 75.20 1.07 II & IIY
OF452 2 3/4 0.144 4.00 3.33 0.1875 5.21 62.80 80.70 74.60 0.926 67.10 1.11 I1I
14F452 2 1/2 0.078 4.00 5.00 0.1250 6.41 62.50 76.20 64.00 0.841 56.20 1.14 11§ I1L
316A1 3 1/2 0.060 4.00 3.50 0.1250 8.33 31.60 45.00 37.80 0.840 37.13 1.02 III
316A2 3 1/2 0.060 4.00 3.50 0.1250 8.33 31.60 45.00 42.00 0.933 37.13 1.13 III
116A3 3 3/4 G.060 4.00 2.33 0.1875 12.50 31.60 45.00 43.50 0.968 39.94 1.09 111
216A3 3 3/4 0.060 4.00 2.33 0.1875 12.50 31.60 45.00 43.00 0.956 39.94 1.08 III
116051A 3 1/2 0.060 4.00 4.00 0.1250 8.33 84.90 84.90 85.00 1.000 70.04 1.21 II1
6052A 3 3/4 0.060 4.00 2.33 0.1875 12.50 84.90 84.90 100.00 1.180 75.35 1.33 111
6101A 3 1/2 0.060 4.00 4.00 0.1250 8.33 75.60 79.30 81.00 1.020 65.42 1.24 111
161024 3 3/4 0.060 4.00 2.33 0.1875 12.50 75.60 79.30 86.40 1.090 70.40 1.23 [11
7085S 3 5/8 0.184 3.22 5.00 0.1940 3.40 85.00 85.00 86.40 1.020 76.00 1.14 111
7091S 3 5/8 0.182 3.30 5.00 0.1940 1.40 86.25 86.25 84.80 0.983 76.76 1.10 111
7092S 3 5/8 0.183 4.23 6.80 0.1480 3.40 86.25 86.25 84.75 0.983 73.14 1.16 111
70938 3 5/8 0.185 4.23 6.80 0.1480 3.40 86.25 86.25 83.60 0.970 7. 4 1.14 111
.(onet)cal = -9+ 3rd/s)Fu < Fu Mean = 1.09
See Table 1 for the definition of type of failure. Standard deviation = 0.135
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Table 6. Dimensions and Results of Single Shear Bolted Connections without Washers - Tensile Strength Study11

s ok
Test No. of d it s e/d d/s a/t Fy Fu (Onet)t ffggglg_ (Onet): ;SEEEZE Failure
No. Bolts (in') ( n') (in.) (in.) (in.) (kSi) Fu (kSi) Onet)c Type
35 1 1/2 0.037 1.51 2.06 0.331 13.51 53.5 58.9 58.00 0.985 48.74 1.19 I1I
36 1 1/2 0.037 1.53 2.00 0.327 13.51 53.5 58.9 57.68 0.979 - 48.15 1.20 III
37 2 1/2 0.037 1.00 2.00 0.500 13.51 53.5 58.9 105.02 1.783 58.90 1.78 I1I
38 2 1/2 0.037 1.00 2.00 0.500 13.51 53.5 58.9 93.28 1.584 58.90 1.58 I1I
39 3 1/2 0.037 1.00 2.00 0.500 13.51 53.5 58.9 108.73 1.846 58.90 1.85 III
40 3 1/2 0.037 1.00 2.00 0.500 13.51 53.5 58.9 66.10 1.122 58.90 1.12 III
41 2 1/2 0.037 2.00 2.00 0.250 13.51 53.5 58.9 62.80 1.066 47.86 1.31 III
42 2 1/2 0.037 2.00 2.00 0.250 13.51 53.5 58.9 67.12 1.140 47.86 1.40 III
43 3 1/2 0.037 2.00 2.00 0.250 13.51 53.5 58.9 66.37 1.127 51.54 1.29 III
44 3 1/2 0.037 2.00 2.00 0.250 13.51 53.5 58.9 64.11 1.088 51.54 1.24 III
57 2 1/2 0.061 2.00 2.000 0.250 8.20 50.5 74.1 78.80 1.063 60.21 1.31 III
58 2 1/2 0.061 2.00 2.00 0.250 " 8.20 50.5 74.1 81.77 1.104 60.21 1.36 ITI
- 59 3 1/2 0.061 1.00 2.00 0.500 8.20 50.5 74.1 109.41 1.477 74.10 1.48 III
60 3 1/2 0.061 1.00 2.00 0.500 8.20 50.5 74.1 113.54 1.532 74.10 1.53 111
61 1 1/2 0.061 1.01 4,00 0.495 8.20 50.5 74.1 111.00 1.498 74.10 1.50 111
62 1 1/2 0.061 1.01 4.00 0.495 8.20 50.5 74.1 106.60 1.439 74.10 1.44 I1I
63 1 1/2 '0.061 1.01 4.00 0.495 8.20 50.0 74.1 97.81 1.320 74.10 1.32 III

*
(cnet)c = (1 ~-r + 2.5rd/s) Fu < Fu

** Except for two tests, the test data plotted in Fig. 6 for cnet/Fu < 1.0 are not given in Ref. 11. For this reason,

the mean value of (cnet)t/(onet)c is not included.
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Table 7. Dimensions and Results of Bolted Connections with Washers-Bearing Strength Study (Dcuble Shear)
F /F_ >1,15, e/d > 3.5, t > 0.036
u 'y - - -

Sgec. d t e e/d a/t Fy Fy Fu (cb)test (cb)tesc (ob)zal (ob)test Failure Ref.

No. (in.) (in.) (ia.) (in.) (ksi) (ksi) v (ksi) Fu (ksi) _(ob)cal Type No.
20A41DS 1/4 0.0360 1.125 4.0 4.5 6.94 32,11 41.85 1.30 206.32 4.93 146.48 1.41 II 8
16C403DS 1/2 0.0591 2.000 +.0 4.0 8.46 31.95 43.95 1.35 224,03 5.10 153.83 1.46 I1 8
16C503DS 1/2 0.0591  2.500 4.0 5.0 8.46 31.95 43.95 1.38 243,66 5.54 153.83 1.58 11 8
14E35DS 3/4 0.0783 2.625 4.0 3.5 9.58 54.44 70.40 1.29 242.20 3.44 246.40 0.98 I&1I 9
10E36DS 1.0 0.1430 3.500 4.0 3.5 6.98 59.50 71.85 1.21 199.35 2.77 251.48 0.79 11 9
10E46DS 1.0 0.1430 4.500 4.0 4.5 6.98 59.50 71.85 1.21 201.50 2.80 251.48 0.80 I1 9
16FAXL1S 1/2 0.0620 1.750 2.5 3.5 8.06 30.10 45.90 1.52 161,80 3.53 160.65 1.01 II & III 12
16FAXL17 1/2 0.0620 1.750 5.0 3.5 8.06 30.10 45.90 1.52 136.00 2.96 160.65 0.85 11 12
12FAX-L20 1/2 0.1060 1.750 2.5 3.5 4.72 28.10 44.10 1.57 159.20 3.61 154.35 1.03 11 & I1I 12
12FAX-121 1/2 0.1060 1.750 5.0 3.5 4.72 28.10 44.10 1.57 178,40 4,05 154.35 1.16 11 12
DpSi-1 7/8 0.1160 3.060 8.0 3.5 7.56  35.49  49.44 1.39 161,58 3.27 173.04 0.93 11 10
DS1-2 7/8 0.1160 3.060 8.0 3.5 7.54 35.49  49.44 1.39 148.77 3.01 173.04 0.86 11 10
DpS2-1 1.0 0.1150 3.500 8.0 3.5 8.70 35.49 49.44 1.39 139.13 2.81 173.04 0.80 11 10
DS2-2 1.0 0.1160  3.500 8.0 3.5 8.62 35.49 49.44 1.39 143.10 2.90 173.04 0.83 I 10
DS3-1 7/8 0.1810 3.060 8.0 3.5 4.83 38,10 62.08 1.63 209.94 3.38 217.28 0.97 11 10
DS3-2 7/8 0.1800 3,060 8.0 3.5 4.86 38.10 62.08 1.63 196.14 3.16 217.28 0.90 II 10
DS4-1 1.0 0.1820 3.500 8.0 3.5 5.49 38.10 62.08 1.63 229,12 3.69 217.28 1.05 11 10
DS4-2 1.0 0.1810 3.500 8.0 3.5 5.52 38.10 62.08 1.63 223.76 3.60 217.28 1.03 11 10
DS5-1 1.0 0.2590 3.500 8.0 3.5 3.86 45,07 67.54 1.50 221.62 3.28 236.39 0.94 11 10
DS5-2 1.0 0.2600 3.500 8.0 3.5 3.85 45,07 67 .54 1.50 222,31 3.29 236.39 0.94 11 10

Mean = 1.02
*(Ob)cal = 3.5 Fu
Standard deviation = 0.225

See Table 1 for definition of type of failure.
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Table 8. Dimensions and Results of Bolted Connections with Washers-Bearing Strength Study (Double Shear)
F“/Fy <1.15, e/d > 3.5, t > 0,036

*
Spec. d t e ] e/d a/t Fy Fu 5‘_ (ob)test (cb)test (ob) cal (ob)test Failure Ref.
No. (in.) (in.) (in.) (in.) (ksi) (ksi) F (ksi) Fu (ksi) (ob)cal Type No.
20z-L8 3/16 0.038 0.66 2.08 3.52  4.93 75.7 81.7 1.08 206.0 2.52 245.1 0.84 Irs&l 12
1205%L7 3/4 0.106 2.63 3.75 3.50 7.08 81.6 81.6 1.00 252.0 3.09 244.8 1,03 I1 & 1 12
1205x18 3/4 0.106 2.63 3.o0 3.50 7.08 81.6 81.6 1.00 236.0 2,90 244 .8 0.96 I1 & 111 12
1205XL9 7/8 0.106 3.06 3.50 3.50 8.25 81.6 81.6 1.00 242.0 3.00 244.8 0.99 I1 & II1 12
7¥-L32 5/8 0.183 2.19 2.98 3.50 3.42 82.6 82.6 1.00 247.0 3.03 247 .8 1.00 I1&1 12
Mean = 0.96

i'(ctb)c.1 =3.0F,

See Table 1 for definition of type of failure. Standard deviation = 0.074
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Table 9, Dimensions and Results of Bolted Connections with Washers-Bearing Strength Study (Single Shear)
F/F >1,15, e/d > 3.5, t > 0.36
u'y - - -

Spec. d t e s e/d d/t Fy Fy EE (cb)test (cb)test (cb)zal (Ob)test Fajilure Ref.

No. (in.) (in.) (in.) (in.) (ksi) (ksi) Fy (ksi) Fu Fcb)cal Type No.
20A418S 1/4 0.036 1.125 4,00 4,50 6.94 32,11 41.83 1.30 208.29 4.98 125.49 1.66 I1 8
14A43SS 1/2 0.080 2.250 4.00 4.50 6.25 29.81 43.40 1.46 177.50 4.09 130.20 1.36 11 8
10E36SS 1.0 0.143 3.500 4,00 3.50 6.98 59,47 76.84 1.29 172.25 2.24 230.52 0.75 I1 9
16FAX-L16 1/2 0.062 1.750 2.50 3.50 8.06 30.10 45.90 1.52 152.20 3.32 137.70 1.01 I1 & III 12
$S2 7/8 0.116 3.060 8.00 3.530 7.5 35.4 49.44 1.39 158.57 3.21 148.32 1.07 11 10
§§2-1 7/8 0.116 3.060 8.00 3.50 7.54 35.49 49.44 1.39 121.92 2.47 148.32 0.82 11 10
§S3 7/8 0.116 4,400 8.00 5.00 7.5 35.49 49 .44 1.39 149.29 3.02 148.32 1.01 11 10
SS5 1.0 0.116 3.500 8.00 3.30 8.62 35.49 49.44 1.39 133.84 2.71 148,32 0.90 11 10
§§5-1 1.0 0.116 3.500 8.00 3.30 8.70 35.49 49,44 1.39 117.61 2.38 148.32 0.79 11 10
31)) 1.0 0.116 3.500 8.00 5.00 8.62 35.49 49.44 1.39 132.25 2.70 148,32 0.89 I1 10
sSs8 7/8 0.181 3.060 8.00 3.3 4.83 38.10 62.08 1.63 208.37 3.36 186,24 1.12 11 10
§58-1 7/8 0.181 3.060 8.00 3.50 4.83 38.10 62.08 1.63 156.59 2.52 186.24 0.84 11 10
SS9 7/8 0.185 4.375 8.00 5.00 4.73 38.10 62.08 1.63 202.32 3.26 186,24 1.09 11 10
SS11 1.0 0.184 3.500 8.00 ¥ 5,43 38.10 62.08 1,63 200.00 3.22 186,24 1.07 11 10
SS11-1 1.0 0.184  3.500 8.00 3.30 5.3 38.10 62.08 1.63 164 .67 2.65 186.24 0.88 11 10
S§S12 1.0 0.184 5,000 8.00 5.00 5.43 38.10 62.08 1.63 191.85 3.09 186.24 1.03 11 10
SS14 1.0 0.261 3.500 8.00 3.50 3.83 45.07 67.54 1.50 216.86 3.21 202,62 1.07 I1 10
S§S14-1 1.0 0.259 3.500 8.00 3.50 3.86 45.07 67.54 1.50 178.96 2.65 202,62 0.88 11 10
SS15 1.0 0.255 5.000 8.00 >.00 3.92 45.07 67.54 1.50 217.65 3.22 202,62 1.07 11 10
- 1/2 0.051 2.030 4.00 4.06 9.80 40.60 50.10 1,23 158.80 3.17 150.30 1.06 I1 &1 11
- 1/2 0.051 2.030 4.00 4.06 9.80 40.60 50.10 1.23 165.90 3.31 150.30 1.10 I1 & 1 11
=i 1/2 0.061 1.940 2.03 3.88 8.20 50.50 74 .10 1.47 201.70 2.72 222.30 0.91 1I 11
*(ob)cal = 3.0 Fu Mean = 1.02

#*Two bolts perpendicular to line of stress Standard deviation = 0.200

See Table 1 for the definition of type of failure
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Table 10. Dimensions and Results of Bolted Connections with Washers-Bearing Strength Study (Single Shear)
Fu/Fy < 1.15, e/d > 3,5, t > 0.036

Spec. d t e s e/d d/t Fy Fy Eg (ob):est (Gb)test (ob)zal (Ub)test Failure Ref .

Yo. (o) (m.)  (is.) (@) Gsl)  ks)  F F ©).,,  Tyee No.
12Y-L7 1/2 0.106 1.75 4,00 3.50 4,72 72.40 72,80 1.01 239.0 3.28 218.40 1.09 IT1&1 12
12Y-18 3/8 0.106 1.50 2,53 4.00 3.5 72.40 72,80 1.01 245.0 3.36 218,40 1.12 11 12
12Y-19 1/2 0.106 1.75 3.41  3.50 4,72 72.40 72,80 1.01 267.0 3.37 218.40 1.22 II 12
12Y-L11 3/8 0.106 1.49 2.00 4.00 3.5 72.40 72,80 1.01 216.0 2.97 218,40 0.99 IT&1 12
12Y-L12 1/2 0.106 1.75 2,66 3.50 4,72 72.40 72,80 1.01 211.0 2.90 218.40 0.96 I & III 1z
12y-L15 3/8 0.106 1,50 1.52 4,00 3.54 72.40 72.80 1.01 194.0 2,66 218.40 0.89 I1 & 111 12
12Y-L16 1/2 0.106 1.75 2.04 3.50 4.72 72,40 72,80 1.01 211.0 2.90 218.40 0.96 11 12
12y-L18 3/4 0.106 2.65 3.04 3.53 7.08 72.40 72.80 1.01 153.0 2.10 218,40 0.70 11 12
7Y-L6 3/4 0.183 3.75 3.75 5.00 4,10 83.10 83,80 1.01 307.0 3.66 251.40 1.22 II & III 12
20ZT12 3/16 0.038 0.66 2,08 3.50 4.93 99,40 99.80 1.00 260.0 2,61 299.40 0.87 I1 12
- 1/2 0.037 2.00 4.00 4.00 13.50 53.50 58.90 1.10 200.0 3.40 176.70 1.13 11 11
- 1/2 0.037 2.00 4,03 4.00 13.50 53.50 58.90 1.10 197.8 3.36 176.70 1.12 11 11
- 5/16 0.037 . 2.06 4.06 6.60 8.45 53.50 58.90 1.10 183.4 3.11 176.70 1.04 II 11
- 5/16 0.037 2.04 4,06 6.53 8.45 53.50 58.90 1.10 190.4 3.23 176.70 1,08 I1 11
-— 1/2 0.037 2.50 4.00 5.00 13.50 53.50 58.90 1.10 207.6 3.52 176.70 1.17 II 11
- 1/2 0.037 2.00 4.00 4,00 13,50 53,50 58.90 1.10 214.6 3.64 176.70 1.21 IT &1 11
*(ob)cal = 3.0 Fu Mean = 1.05

**Two bolts perpendicular to line of stress

Standard deviation = 0.145

See Table I for the definition of type of failure
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Table 11. Dimensions and Results of Bolted Connections without Washers-Bearing and Shear Strensthll

F/F >1.,5,t > 0.036
u''y - -

*%
Gage of Connection* d t e s e/d d/t Fy Fy Eg (Ob)test (Ob)test (Ob)cal (Ob)test Failure
Steel Type (in.) (in.) (in.) (in.) (ksi) (ksi) Fy (ksi) Fu (ksi) (Ob)Cal Type
17 1 1/2 0.051 2.06 4.03 4,12 9.80 40.6 50.1 1.23 113.30 2.26 110.22 1.03 1611
17 1 1/2 0.051 2.0 4.03 4,02 9.80 40.6 50.1 1.23 117.00 2.34 110.22 1.06 1611
17 1 1/2 0.051 2.01 4,03 4,02 9.80 40.6 50.1 1.23 115.30 2.30 110.22 1.05 I&I1I
17 3 5/16 0.051 2.05 1.35 6.56 6.13 40.6 50.1 1,23 109.60 2.19 110.22 0.99 1I
17 3 5/16 0.051 2.07 1.35 6,62 6.13 40.6 50.1 1.23 112.70 2.25 -110.22 1.02 1I
17 2 1/2 0.051 1.97 2,02 3.94 9.80 40,6 50.1 1.23 109.20 2.18 110.22 0.99 I&1I
16 2 1/2 0.061 1.97 2,00 3.94 8.20 50.5 74,1 1.47 147.20 2.00 . 163.02 0.90 1I
14 1 3/4 0.079 3.00 4.00 4,00 9.50 52.8 65.9 1.25 145.10 2.20 144 .98 1.00 1& 11
14 1 3/4 0.079 3.01 4,00 4,00 9.50 52.8 65.9 1.25 137.60 2.09 144,98 0.95 I1&1I
14 1 /4 0.079 3.00 4,00 4.00 9.50 52.8 65.9 1.25 154.80 2.35 144,98 1.07 1&1II
12 1 3/4 0.104 3.03 4,06 4,04 7.20 59.3 70.6 1.19 160.30 2.27 155.32 1.11 I&11
16 1 1/2 0.061 0.51 4,00 1.02 8.20 50.5 74,1 1.48 90.82 1.23 75.58 1.20 I1&1I
16 1 1/2 0.061 0.52 4,00 1.04 8.20 50.1 74,1 1.48 101.30 1.37 77.06 1.31 I&I1II
le 3 1/2 0.061 1.00 4,03 2,00 8.20 50.1 74,1 1,48 143.20 1.93 148.20 0.97 I&II
16 3 1/2 0.061 1.00 4,06 2,00 8.20 50.1 74,1 1,48 147.50 2.00 148.20 1.00 T&II
17 1 1/2 0.051 1.50 2,02 3.00 9.80 40.6 50.1 1.23 112.20 2.24 110.22 1.02 1
17 1 1/2 0.051 1.44 2.02 2.88 9.80 40.6 50.1 1.23 113.70 2.27 110.22 1.03 1
All single shear connections
* 1 Ome Bolt For e/d 2 B2 ean = 1.12
2 Two bolts parallel to the line of stress Coe ol 63
3 Three bolts parallel to the line of stress : Standard deviation = 0.1
For e/d > 2.2:
A% For e/d < 2.2, (Ub)cal = (e/d) Fu Mean = 1.02
Standard deviation = 0.059

For e/d > 2.2, (Ob)cal = 2,2 Fu
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Table l2a. Dimensions and Results of Bolted Connections Without Washers-Shear Strength Study 11

F /F_ < 1.15, ¢t > 0.036 in.
u oy -

Gage of Connection* d t e s e/d d/t Fy F, fg (Gb)tes: (Gb)test (Ub):;1 (cb)ces: Failure
Steel Type (in.) (dm.) (in.) (in.) (ksi)  (ksi) Fy (ksi) F (ksi) (cb)cal Type
20 1 1/2 0.037 1.00 4,00 2,00 13.5 53.5 58.9 1.10 129.20 2.19 117.80 1.10 & 11
20 1 1/2 0.037 1.00 4,00 2,00 13.5 53.5 58.9 1.10 127.70 2.17 117 .80 1.08 [ & 11
20 1 1/2 0.037 0.50 4,00 1.00 13.5 53.5 58.9 1.10 90.81 1.54 53.50 1.70 1
20 1 172 0.037 0.50 4,00 1.00 13,5 53.5 58.9 1.10 §2.20 1.40 53.50 1.54 1
20 3 1/2 0.037 1.00 3.94 2,00 13.5 53.5 58.9 1.10 116.60 2,00 117.80 0.99 1
20 3 1/2 0.037 1.00 3.94 2,00 13.5 53.5 58.9 1l.10 116.76 2.00 117.80 G.99 1
20 2 172 0.037 1.00 4,00 2,00 13.5 53.5 58.9 1.10 118.40 2,01 117.80 1.01 1
20 2 1/2 0.037 1.00 4,00 2,00 13.5 53.5 58.9 1.10 116,80 2.00 117.80 0.99 I
All Single Shear Connections
Mean = 1.18

* 1 One Bolt
2 Two bolts parallel to the line of stress
3 Three bolts parallel to the line of stress

* (ob)cal = (e/d)Fu

See Table 1 for the definition of type of failure.

Standard deviation = 0.281

8%



11

Table )2p, Dimensions and Results of Single Shear Bolted Connections without Washers-Bearing Strength Study

F/F <1.15, t > 0,036 in,
vy _

*k
Gage of Connection* d t e e/d d/c Fy Fy _u 0b)cest (ob)test (Ob)cal (cb)test Failure
Steel Type (in.) (in.) (in.) (in.) (ksi) (ksi) Fy (ksi) Fu (ksi) (cb)cal Type
20 1 1/2 0.037 2.06 5.06 4.06 13.50 53.5 58.9 1.10 133.0 2.26 129.58 1.03 L s Il
20 1 5/16 0.037 2.04 4.03 6.53 8.45 53.5 58.9 1.10 158.4 2.70 129.58 1.22 Il
20 1 5/16 0.037 2.06 4.12 6.60 8.45 53.5 58.9 1.10 138.4 2.35 129.58 1.07 I & 11
20 1 1/2 0.037 2,50 4.00 5.00 13.50 53.5 58.9 1.10 122.2 2,07 129.58 0,94 Il
20 1 1/2 0.037 2.50 4,00 5.00 13.50 53.5 58.9 1.10 125.0 2.12 129.58 0.96 1L
20 1 1/2 0.037 1.50 4.00 3.00 13.50 53.5 58.9 1.10 130.3 2.21 129.58 1.01 1
20 1 1/2 0.037 1.50 3.06 3.00 13.50 53.5 58.9 1.10 123.8 2.10 129.58 0.96 1
20 1 1/2 0.037 1.50 3.03 3.00 13.50 53.5 5R.9 1.10 122.2 2.07 129,58 0.9 1
20 1 1/2 0.037 2.03 4.06 4.06 13.50 53.5 58.9 1.10 120.5 2.05 129.58 0.93 I
20 1 1/2 0.037 2.07 4.06 4,14 13.50 53.5 58.9 1.10 131.4 2.23 129.58 1.01 i
20 1 1/2 0.037 1.50 4.00 3.00 13.50 53.5 58.9 1.10 134.1 2.28 129.58 1.03 i
20 1 1/2 0.037 1.75 4.00 3.50 13.50 53.5 58.9 1.10 121.6 2.06 129.58 0.94 1
20 1 1/2. 0.037 2.00 4.00 4,00 13.50 53.5 58.9 1.10 138.9 2.36 129.58 1.07 1
* ] - One Bolt Mean = 1.01
*x (ob)cal = 2.2 Fu Standard deviation = 0.081

See Table 1 for the definition of type of failure.
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Dimensions and Results of Single Shear Bolted Connections with Washers - Shear and Bearing Strength Study

Table 13.
F /F_>1.15, t < 0,036 in,
u y - -
Spec. d t e s e/d d/t Fy Fu Eg (ob)telt (ob)test (ob):al z;:,b)telt Failure

No. (in.) (in.) (in.) (n.) (ks1)  (kai) F F (c.) Type

y u b’cal
B-1-1-1-0 1/4 0.0270 0.375 0.99 1.50 9.26 44.06 53.25 1.21 82.96 1.56 79.88 1.04 1
B-1-1-2-0 1/4 0.0275 0.375 0.99 1.50 9.09 44,06 53.25 1.21 74 .91 1.41 79.88 0.94 1
B-1-1-3-T 1/4 0.0270 0.375 0.99 1.50 9.26 44.06 53.25 1.21 86.81 1.63 79.88 1.09 1
B-1-1-4-T 1/4 0.0280 0.375 0.99 1.50 8.93 44 .06 53.25 1.21 85.00 1.60 79.88 1.06 1
B-1-2-1-0 3/8 0.0270 0.953 3.16 2.54 13.89 44,06 53.25 1.21 135.30 2.54 135.26 1.00 1
B-1-2-2-0 3/8 0.0265 0.923 3.19 2.46 14.15 44 .06 53.25 1.21 127.30 2.39 131.00 0.97 1
B-1-2-3-T 3/8 0.0265 0.938 3.17 2.50 14.15 44 .06 53.25 1.21 127.10 2.39 133.13 0.95 1
B-1-2-4-T 3/8 0.0265 0.938 3.17 2.50 14.15 44.06 53.25 1.21 127.30 2.39 133.13 0.96 1
B-1-8-1-T 3/8 0.0250 1.313 5.22 3.50 15.00 45.00 52.00 1.56 146.13 2.81 156.00 0.94 II
B-1-3-3-T 3/8 0.0250 1.313 5.23 3.50 15.00 45.00 52.00 1.56 130.13 2.50 156.00 0.83 11
B-1-9-1-T 3/8 0.0240 1.658 5.22 4.42 15.63 45.00 52.00 1.56 160.00 3.08 156.00 1.03 11
B-1~9-2-T 3/8 0.0240 1.688 5.22 4.50 15.63 45.00 52.00 1.56 137.56 2.65 156.00 0.88 11
B-1-9-3-T 3/8 0.0240 1.688 5.22 4.50 15.63 45.00 52.00 1.56 190.22 3.66 156.00 1,22 11

t(ab)c‘1 = (e/d) Pu for e/d < 3.0 For e/d ¢ 3.0:
Mean = 1.00
(ab)cal = 3.0 pu for e/d > 3.0 Standard deviation = 0.056
See Table 1 for the definition of type of failure. Yor e/d > 3.0:
Mean =« 0.98
All tests were conducted at the University of Missouri-Rolla im 1976. Standard deviation 0.153
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Table 14. Dimensions and Results of Double Shear Bolted Connections without Washers - Bearing Strength Study

F /F_>1.15, t 2 0.036 in.
u y -

F F F (0,) (0,)
Spec. d t e 8 e/d a/t y u _u (09 est btest (0)% , b’test Failure
No. (in.) (in.) (in.) (in.) (ksi)  (ksi) F F (0,) Type
Yy u_ b’ cal
B-0-5~1-T 1/2 . 0.046 1.72 6.875 3.44 10.87 43.83 55.73 1.27 110.35 1.98 122,61 0.90 II
B-0-5-2-T 1/2 0.046 1.72 6.875 3.44 10.87 43.83 55.73 1.27 115.00 2.06 122,61 0.94 11
B~0~-5-3-T 1/2 0.046 1.75 6.750 3.50 10.87 43.83 55.73 1.27 114.26 2.05 122.61 0.93 I1
B-0-5-4-T 1/2 0.047 1.75 6.840 3.50 10.64 43.83 55.73 1.27 122.04 2,19 122.61 1.00 II
B-0-5-5-T 1/2 0.047 1.75 6.840 3.50 10.64 43.83 55.73 1.27 120.43 2.16 112.61 0.98 I1
B-0-6-1-T 1/2 0.046 2,25 6.750 4.5 10.87 43.83 55.73 1.27 116.30 2.09 122.61 0.95 11
B-0-6-2-T 1/2 0.046 2.25 6.720 4.50 10.87 43.83 55.73 1.27 104.57 1.88 122.61 0.85 11
B~-0-6-3-T 1/2 0.046 2.25 6.750 4.50 10.87 43.83 55.73 1.27 107.40 1.93 122,61 0.88 11
t(ab)cal = 2.2 pu for e/d > 2.2 - H.ean = 0.93
See Table 1 for the definition of type of failure. Standard deviation = 0.050

All tests were conducted at the University of Missouri-Rolla in 1976,

IS



Table 15. Dimensions and Results of Single Shear Bolted Connections without Washers - Shear and Bearing Strength Study

F /F_>1.15, t < 0.036 in.
u 'y - -

Spec. d t e s e/d a/t Fy Fy Eg, (cb)test (ob)test (Jb)’c‘al (cb)test Failure**

No. (in.) (in.) (in.) (in.) (ksi)  (ksi) ?y u (Ob)cal Type
B~0-1-1-0 1/4 0.027 0.375 0.99 1.50 9.26 44.06 53,25 1.21 77.00 1.45 79.88 0.96 I
B-0-1-2-0 1/4 0.027 0.375 1.00 1.50 9.26 44,06 53,25 1.21 ‘82.96 1.56 79.88 1.04 I
B~0-1-3-T 1/4 0.026 0.375 1.00 1.50 9.62 44.06 53.25 1.21 78.92 1.48 79.88 0.99 1
B-0-1-4-1 1/4 0.026 0.375 1.00 1.50 9.62 44.06 53,25 1.21 78.92 1.48 79.88 0.99 1
B~0-2-1-0 3/8 0.027 0.923 3.17 2.46 13.89 44,06 53.25 1.21 79.70 1.50 117.15 0.68
B-0-2-2-0 3/8 0.027 0.938 3.17 2.50 13.89 44,06 53.25 1.21 75.16 1.41 117.15 0.64
B~0-2-3-T 3/8 0.027 0.953 3.17 2.54 13.89 44,06 53,25 1.21 80.50 1.54 117.15 0.69
B~0-2-4-T 3/8 0.027 0.93< 3.16 2.50 13.89 44,06 53.25 1.21 79.21 1.49 117.15 0.68
B-0-3-1-0 3/8 0.027 1.313 3.17 3.50 13.89 44,06 53.25 1.21 76.84 1.44 117.15 0.66
B-0-3-2-0 3/8 0.027 1.313 3.16 3.50 13,89 44,06 53.25 1,21 81.48 1.53 117.15 0.70
B-0-3-3-T 3/8 0.027 1.313 3.17 3.50 13.89 44,06 53.25 1.21 86.12 1.62 117.15 0.74
B-0~3-4-T 3/8 0.027 1.313 3.17  3.50 13.89 44.06 53,25 1.21 87.01 1.63 117.15 0.74
B-0-3-7-T 3/8 0.026 1.313 3,22 3.50 l4,42 45,03 52,03 1.l6 85.44 1.64 114,47 0.75
B-0-3-8-T 3/8 .0.026 1.300 3.23 3,46 14,42 45,03 52,03 1,16 80,62 1.58 114,47 0.70
B-0-4-1-0 3/8 0.026 1.688 3.16 4.50 14,42 44,06 53,25 1,21 77.64 1.46 117.15 0.66
B-0-4-2-0 3/8 0.026 1.703 3.19 4,54 14,42 44,06 53,25 1.21 76.41 1.43 117.15 0.65
B~0-4-3-T 3/8 0.027 1.688 3.17  4.50 13.89 44,06 53.25 1.21 79.01 1.48 117.15 0.67
B-0-4-4-T 3/8 0,027 1.688 3.17 4.50 13,89 44,06 53.25 1,21 82,96 1.56 117.15 0.71

= (e/d) F_for e/d < 2.2 For e/d < 2.2:
¢ Mean = 1.00

* I~
(Oh)cal 2.2 Fu for e/d > 2.2, (cb)
Standard deviation = 0.034

cal
See Table 1 for the definition of type of failure
All tests were conducted at the University of Missouri-Rolla in 1976.

** When e/d > 2.2, the connections did not fail for the type of bearing defined by the AISI
Specification. Therefore, the formula for bearing strength i{s not applicable.
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L. INTRODUCTION

A. Purpose of Investigation

The design of bolted connections in cold-formed steel structures
is based on the present AISI Specification for the Design of Cold-Formed
Steel Structural Members.l Prior to the development of the design
criteria, bolted connections were tested at University of Michigan2 in
the 1940's and then at Cornell University3’4 in the 1950's, The present
design provisions were developed primarily on the basis of the tests
conducted by George Winter and his associates at Cornell University.
Additional tests were recently made by Popowich5 on multi-bolt connec-
tions and by Dhalla6 on connections with low ductility steels. In these
tests, the specimens were tightened to specified torques, and washers
were placed under the head and nut of each bolt.

During recent years, bolted connections without washers have often
been used in numerous instances. In some cases, the washers were used
in the connections, but the bolts may not have been tightened according
to the torques previously used in the Cornell tests. In order to study
the effect of washers on connection strengths, Chong and Matlock7 have
conducted connection tests with and without washers. It was found that
the bearing strengths of the connections were reduced considerably when
the washers were eliminated. In addition, the parameters used by Chong
and Matlock for evaluation of the tensile strength of bolted connections
were slightly different from those used in the AISI Specification.

It is the purpose of this investigation to review the available test
data first and then to study the applicability of the present design formulas

to the connections that do not have washers and/or have improper torques.



Thin sheets will be used to make an additional study of the connection
strength affected by the pretension of bolts and the behavior of bolted
connections. In the study carried out to date, additional parameters,
such as d/t and Fu/Fy ratios,have been considered for the evaluation
of the connection strength,
B, Scope of Investigation

The present research project consists of an investigation of the
structural behavior of bolted connections, a review of the current
design criteria, and the conduct of additional tests to provide
new design information if necessary, The following itemé have been
planned for inclusion in this study: 20

1) Analysis of ;vailable data

2) Effect of torque or pretension in bolts on bearing strength

3) Tensile strength of connections

4) Effect of d/t ratio on bearing strength, longitudinal

shearing strength,and tensile strength of steel sheets

5) Difference between single shear and double shear conditions.

In order to achieve the objectives of the investigation, the planned
research work includes the following three phases: 20

1) Analysis of available data

2) Analytical and experimental investigation

3) Preparation of recommendations

Phase 1 of the investigation was initiated in February 1976, It was
carried out by Randall L, Mosby, Research Assistant,and directed by
Dr. Wei-Wen Yu, Professor of Civil Engineering at the University of

Missouri-Rolla, Phases 2 and 3 will be conducted in future studies,



This progress report contains the results obtained from the
analysis of the available data. It also includes the plans for future
analytical and experimental investigations.

The research project was sponsored by American Iron and Steel
Institute, The technical guidance provided by the AISI Task Group
on Bolted Connections (L.Ww. Ife, T.J. Jones, R.B. Matlock,
and D.S. Wolford, members) and the AISI Staff (A.L. Johnson and
D.P. Cassidy) is gratefully acknowledged, Thanks are also due to
J.H, Senne, Chairman of the Department of Civil Engineering,for his
advice. Acknowledgment is also due to E.B. Gibson, past Chairman of

the AISI Task Group, for his technical guidance.



II., ANALYSES OF AVAILABLE DATA

From the Cornell investigation, WinterB’4 observed that there are

four distinct types of failure modes in bolted connections:

TYPE I - Longitudinal shearing of the steel sheet along two
practically parallel planes whose distance of separation
equals the bolt diameter.

TYPE II -~  Shearing-tearing along two distinctly inclined planes
accompanied by a considerable 'piling-up' of the material
in front of the bolt, oxr bearing failure.

TYPE III -~ Transverse tension~tearing across the sheet,

TYPE IV -~ Shearing of the bolt.

In order to provide the needed additional information on the strength
of bolted connections,as discussed in Article I,A,, these four types
of failure have been reviewed in detail.

During the review and evaluation of the available data, due consider-
ation was given to the following factors that may affect the load-
carrying capacities of bolted connections:

a. Torques or pretension used in installation of bolts

b. Ratios of e/d, d/s,and d/t

c. Use of washers

d. Single and double shear conditions

e. Number of rows perpendicular and/or parallel to the line of

stress

f. Ductility of material or the effect of Fu/Fy

In the above listed factors, all symbols are defined as follows:

1]
]

edge distance, in,

o
n

diameter of the bolt, in,



s = spacing of bolts normal to the direction of force - for a single bo
it is the full width of connected sheet, in,

t = thickness of. connected sheet, in.

Fu = ultimate tensile stress of sheet, ksi

Fy = yield point of steel, sheet, ksi

A, Ductility of Material

Ductility is the ability of a material to undergo plastic deforma-
tion without fracture, It can be measured by the permanent elongation
of a tensile specimen after fracture, This property enables the
steel to redistribute the stress when a certain part of the member
yields locally,

Based on his study conducted at Cornell University, Dhalla6’12’13
indicated that the structural strength of a bolted connection is one of
the most critical problems for low-ductility steels. For the design
of bolted connections, the present AISIl Specification states in Section
4.5 that if the ratio of tensile strength to yield point is less than
1.35, a stress equal to the minimum tensile strength of the material
divided by 1.35 shall be used instead of Fy' This is an additional
provision concerning the ductility of the steel to maintain a minimum
safety factor of 2.2,

On the basis of Dhalla's findings, Liu14 showed that the results
of bearing tests involving both high-ductility and low ductility steels

can be predicted by a single formula if a proper ductility factor is

used, This factor can be determined as follows:

(@) C,=1, for F/F 2 1.35 1)



(b) c2=1.43 (Fu/Fy)—0.93 > 0.643, for

1,05 < Fu/Fy < 1,35. (2)

Table 1 contains the test results obtained by Dhalla6.The results involve both
high-ductility and low-ductility steels, and the Fu/Fy ratios range
from 1.57 to 1.04. These data are plotted in Figures 1, 2, and 3 for
different tensile strength to yield point ratios., In order to show
the effectiveness of the ductility factor, Dhalla's data have been
replotted in Figure 4. By using CZ’ as determined by Equation (1)
and (2), good correlation can be found between Winter's tests on high-
ductility steels and Dhalla's tests on low-ductility steels.
B. Bearing. Strength
1. General

Based on the tests performed at Cornell%’gslo,ll

Winter3’4 concluded
that when the edge distance of a bolt connection is relatively large
a type of failure by bearing will control the load carrying capacity

of the connection, Test results indicate that when the e/d ratio equals

or exceeds 3,5 the bearing stress can be conservatively determined by

Eq. (3):

ay, = 4.9 Fy 3)

where Ob = ultimate bearing stress, ksi,

1
The AISI™ design equation for allowable bearing stress for thin,

cold-formed steels is derived from Eq. (3) by applying a safety factor

of 2,33, i.e.,

F =2,
S 1 F, (4)



where Fp = allowable bearing stress, ksi.

As previously discussed in Section II.A., the ductility of steel
is an important parameter for the bearing strength of a bolted
connection, From the study made by Liul,4 the following modified
equations can be used to determine the ultimate and allowable bearing

stresses for any type of steel:

Q
I

4.9 Csz (5)

i
|

*
= 2,1 Csz. (6)

The factor C, can be determined by Egqs. (1) and (2), whichever is

2
applicable.

2. Torque Used in Installation

The present design provisions governing the bearing strength of a
bolted connection are based on the early tests performed at Cornellg,’g’lo’ll
for which all the bolts were torqued to the specified values, The
torques used for ordinary A307 bolts are given in Table ]13. Table 14
is a list of the torques used for high strength A325 bolts, The
additional research of PopowichS, Dhalla6, and Chong and Matlock?,
is also based on these torques,

In the investigation of Liula, the torques used for the high strength
bolts were the same as those used for the A307 ordinary bolts. This was done
in a hope that the high-strength bolts would behave in the same was as ordin-
ary bolts insofar as the bearing capacity between the connected part and
bolt was concerned. Even though no specific conclusion was drawn for

the effect of low values on bearing strength, satisfactory results have

been obtained by using the specified minimum torques.

*Recommended in Ref. 22.



Because the effect of torques on the bearing strength of bolted
connections has not heen fullylstudied in the past, further investiga~-
tion should be carried out in this area,

Recently, there have been indications that the minimum torque
requirements do not guarantee the proper tension in the bolts.
Consequently, the test data often show inconsistent results. In
view of the fact that the method of installation of high strength
bolts for thick hot-rolled shapes cannot be directly used for thin,
cold-formed sections due to the differences'in grip length and size
of bolts, a new method of installation should be developed.

3. Effect of efd Ratio

As mentioned in the previous section, when the e/d ratio is
equal to or greater than 3.5 the strength of connection is
limited by the bearing capacity determined by Eq. (5). Test
results indicate that when the e/d ratio is less than 3,5 longitudinal
shearing of the steel sheets will occur, This type of shearing failure
is discussed in Section II.C.

The present AISI design equation for the determination of the
bearing stress applies to both single and double shear connections,

In order to verify the use of Eq., (5) to both types of connections,

test data obtained from Cornell8’9’lo’ll, Dhalla6, Liu],‘4 and Chong
7
and Matlock have been analyzed and are given in Tables 2, 3, and 4.

A graph of Ob/CZFy vs. e/d, which has been constructed with these data,

is shown in Fig. 5.

It can be seen that when e/d is equal to 3,5, the experimental

values of ob/Csz for both single and double shear connections can be



predicted by Eq.(5). For larger e/d ratios, Eq. (5) provides a better
prediction of Ob/CZFy for single shear connections than double shear con-
nections. The double shear condition gives a more conservative
result on bearing strength,

It should be noted that by using the ductility factor C2,
determined by Eqs, (1) and (2), Eq. (5) can be generalized for both
high-and-low-ductility steels.

4. Effect of d/t Ratio

The present design equation for bearing stress has been cdeveloped
for e/d > 3.5. Since the diameter of the bolt to the thickness of the
material ratio, d/t, is much larger for cold-formed steel connections
than hot-rolled shapes, it was believed that the d/t ratio might affect
the bearing strength of the connection. In order to study the effect
of the d/t ratio on the bearing strength, the test data obtained from

6-11,14 were analyzed and are listed in

previous work
Tables 2, 3,and 4 of Appendix B. These results of tests were obtained
from specimens with e/d ratios greater than 3,5 that failed either
in bearing or a combination of bearing and other type of failure.

For single shear connections,the ratio of bearing stress at failure

to yield point, Ob/CZFy, has been plotted versus d/t as shown in Fig. 6.

From a least squares analysis, the following equation was obtained:
o, /C,F = 4.31 +0,071 d/t, (7
b 27y

From Eq. (7)it can be seen that as the d/t ratio increases there is a

slight increase in the bearing stress. However, for double shear

connections, Eq, (8)-shows that the beaxing stress decreases
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slightly as the d/t ratio increases;
= -V, d/t. (8)
ob/CZFy 5.35 -0,03 d/t

Even though Eqs. (7) and (8) may be used to predict the changes
in the bearing stress for the increase of d/t, the effect of d/t is
considered to be relatively small, It should be noted that in the region
of 9 <d/t <15 only a limited amount of data are available for a
detailed study. It appears that further investigation might be needed
for this region of d/t ratio.

For single shear conmnections without washers, no significant
effect was noted on the bearing stress for variousvd/t ratios as shown
in Fig, 8.

5. Effect of Washers

The present design provisions for the bearing stress of bolt
connections in cold-formed steel design are based on the tests performed
at Cornell on specimens with washers both under bolt head and nut., In
order to study the effect of washers on bearing strength of connections,
Chong and Mlatlock7 conducted . a study of bolted connections without
washers, for which the maximum bearing stress at failure was found
to be about 45% less than those with washers. Consequently, Eq. (9)

was proposed in Ref, 7 for the prediction of the ultimate bearing stress

of connections without washers;
Oy = 2,7 Fy for e/d > 2,5, 9)

It should be noted that for connections without washers a
bearing type of failure will occur for small e/d ratios as compared to

the connections with washers,
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If one considers the effect of ductility on bearing strength of bolted

connections, Eq. (9) may be modified by using the C2 factor as shown

in Eq. (10);

qy = 3.5 Csz for e/d > 2.5. (10)

The correlations of the tested bearing strengths and the predicted
values on the basis of Eq. (10) are shown graphically in Fig. 9.
Table 4 gives the mean value and standard deviation of the ratios
between the computed and tested results,

By using a safety factor of 2.3, the allowable bearing stress for

bolted connections without washers can be determined as follows:

F =1,5CF for e/d > 2.,5% 11
, 2y / an

6. Tentative Recommendations

As stated earlier, Dhalla6 has indicated that the ductility of
the steel affects the strength of a bolted connection particularly for
bearing capacity. It appears that the present design equation for the
determination of bearing stress may be modified by using the C2 factor
as shown in Eqs, (6) and (11) for bolted connections with and without
washers, respectively,

A review of the available data indicates that the effect of torque
on the bearing strength of bolted connections has not been fully

investigated. A study of the effect of torque or pretension in bolts

may include the following conditions, which were proposed in Reference 20:

a, No torque or pretension in bolts
b. With the same pretension in bolts as specified by the Research

Council on Riveted and Bolted Structural Joints (Table 15 )

*Recommended in Ref. 22,
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c. With the same torque used in the previous Cornell Tests
(Table 12)
The test data obtained from Case (c) above will be compared with those
obtained from Cases (a) and (b).

It has been shown from the available data that the d/t ratio has
little effect on the bearing strength. However, further study appears
to be needed in the region of d/t ratios from 9.0 to 15.0.

Based on their investigation of bolted connections without washers,
Chong and Matlock7 concluded that the bearing strength is actually
457% less than that for connections with washers, However, if the
ductility of steel is considered, the bearing strength is found to be
29% less than that with washers. It should also be noted that
the test specimens used by Chong and Matlock consisted of single shear
connections only. Further study should be conducted for both single
and double shear connections without washers and for connections using
steel sheets thinner than 0,036 in,
cC. Longitudinal Shearing Strength of Steel Sheets

1. General

As discussed in the preceding section, if the edge distance in line
of stress is insufficient, longitudinal shearing of the connected sheets
will occur along two practically parallel planes, Based on his
research work, Winter concluded that when the e/d ratio is less than
about 3.5, the bearing stress to yleld point ratio increases with the

increasing e/d, It can conservatively be represented by the following

straight line equation:

Gley = 1.4 e/d.\ (12)
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By inserting Oy = Pu/dt into Eq. (12), (Pu being the failure load, per
belt), the nominal shear stress in the two failure planes can be

determined by Eq. (13):

T, = P [2te = 0,7 Fy. (13)

By applying the ductility constant C2 as determined by Eqs. (1) and
(2), the following modified equation can be used to predict the shear

strength of a bolted connection:
= <
T 0.7 Csz for e/d < 3,5. (14)

2. Torque Used in Installation

As mentioned in Section II,.B,2, in the majority of the tests performed
on bolted connections, A307 and A325 bolts that have been torqued to the
specified values have been used. The exact effect of torque on the
bearing strength is a specific area of needed research. It has been
shown by Winter that for connections with e/d ratios less than 3.5
a shearing type of failure will occur if washers are used under both
head and nut, This conclusion is based on the results of tests for
which the bolts were torqued to the specified values as given in

Tables 13 and 14,

When bolted connections with e/d ratios less than 3.5 and bolts with
torques that satisfy the specified values are used, a shear type of
failure may be prevented because the friction between the connected sheets
is increased and causes a larger failure load.

Because there is not sufficient data concerning the effects of
torque on the shearing strength of steel sheets of a bolted connection,

further tests are needed in this area,
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3. Effect of e/d Ratio

As pointed out in Section II,C,1, Eqs, (12) and (14) are valid
only when e/d does not exceed 3,5, Within this range, the structural
strength of the bolted connection is governed by a longitudinal
shearing type of failure,

In the AISI Specification, Equations (12) and (14) are presently
used for both single and double shear connections. In order to deter-
mine the possible differences between these two types of connections,

the test data obtained from previous investigations6"ll’l4

have been
analyzed and are given in Tables 5, 6,and 7, These data deal with the
specimens that have failedin longitudinal shearing of the sheets with
e/d ratios less than 3,5,

Figures 10 and 11 show the correlation between the test data and
the predicted values for single and double shear connections,
respectively, Because the ductility factor,Cz,is used in the ratio of
bearing stress to yield point, both highrand low~ductility steels
can be combined in the same graph.

It can be seen from Figs. 10 and 1l that most of the test data
for both single and double shear connections is on the conservative
side of that predicted by Eq. (12), There is no major difference
for the two types of connections,

4, Effect of d/t Ratio

As mentioned in Article II.B,3, there is a question concerning
the effect of the d/t ratio on the bearing strength of a bolted

connection. From the studies made on bearing strength, it has been found

that for connections with e/d ratios larger than 3,5, the effect of d/t
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is negligible, However, further investigation may be needed for
connections with d/t ratios from 9 to 15,
In order to study the effect of d/t on connections with e/d ratios

less than 3.5, the available dataf"-ll’]'4 h

ave been analyzed and are
given in Tables 5, 6,and 7, In Figs, 12 through 15, the tested data
have been plotted separately according to the single or double shear
type of connections and to the actual value of the e/d ratios.
For the single shear connections with e/d equal to 1.5, it can be
seen from Fig, 12 that the actual bearing stress at the failure load resulting
from the shearing strength of the steel sheets is not affected by the
d/t ratios., But,for the double shear connections with the same e/d ratio
of 1,5, there is a slight increase in the bearing stress for an increase

in the d/t ratio as shown in Fig. 13. The effect of d/t can be described

by the following equation:
ob/CZFy = 2,47 40,024 d/t, (15)

When the e/d ratio is increased to 2,5,it can be seen from Fig. 14 that
the d/t ratio does not affect the bearing stress in single shear
connections. However, for the double shear connections with the same
e/d ratio, test data show a slight decrease in the bearing stress for
increasing d/t. See Fig. 15. The following equation can be used

to determine the effect of d/t ratio on bearing stress, Ob:

P 4.22 -0.04 d/t. (16)
C.F
2%y
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5. Effect of Washers
The present equation used for the determination of the shearing strength
of steel sheets of a bolted connection is based on the test specimens that
have had washers placed under both the heads and nuts of the bolts. From Chong an
Matlock's7 study on bolted connections without washers, it has been
found that the shear stress in steel sheets at failure is less than
that for connections with washers., Consequently, for bolted connections
with e/d ratios less than 2,5, the bearing stress can be determined

as follows:

%
= = 1,08 (e/d). a7

F
Y
Because eb = Pu/dt, then at fallure the shear stress in the two parallel

planes of the steel sheets is

P
= 4 _
T = Jte Q54 Fy. (18)

The above equatjon indjcates a 23% reduction in shear strength when
washers are not used.
Considering the actual ductility of steel, Eq. (17) may be modified

by using a factor C, as follows:

= 1.4 (e/d). (19)
2y

The comparisons of the test results and the predicted values are shown
in Fig. 16 . Based on Eq, (19) and a factor of safety of 2,3, the
following design equation can be used for the determination of the

minimum edge distance in lieu of stress when e/d < 2.5

e in = P/(0.6 Cszt)*s (20)

*Recommended in Ref. 22.
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6. Tentative Recommendations

As a result of the difference in ductility of various types of steels, the
AISI requirement for the minimum spacing and edge distance of a bolted
connection can be modified by using the ductility factor, Cy, as
discussed in Sections IL,A and IIL.C.(5), Therefore, the clear
distance between bolts and the distance from the center of any bolt
to the end of the connection member toward which the pressure of
the bolt is directed shall not be less than 1 1/2 d nor less than
e in determined by Eq. (20), |

Because most of the previous studies on the longitudinal shear
strength df bolted connections have been performed on specimens
that have been torqued to the same specified values, it appears that
additional tests in which various amounts of torques are used should be conducted
on bolted connections. In addition, connections with bolts pre-
tensioned to the values specified by the Research Council on Riveted
and Bolted Structural Joints (Table 15) should be investigated.

Further study is needed for bolted connections without washers
to conform to Eq. (19).
D. Tensile Strength

1, General

In the design of hot-rolled steel shapes,it is a general practice
to assume that the average stress on the net section of a tension
member can reach the yield point of steel, This assumption is based
on the fact that the effect of stress concentrations at bolt holes
is rendered insignificant by plastic stress redistribution. From the
results of the Cornell investigation, Winter3’4 concluded that for

test specimens failed by tearing in the net section the complete
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disregard of stress concentrations is not warranted for bolted
connections in cold-formed steel construction. He pointed out

that the d/s ratio has a decided influence on the

failure stress. For the condition of one bolt in the line of stress, the

tension stress at failure can be repfesented by

- : 21
o . = (0.10 + 3,0 d/s) F, S F (21)

The above equation indicates that when the d/s ratio exceeds 0.30
plastic redistribution eliminates completely the effect of stress
concentration in the same manner as hot-rolled sections.

A recent study conducted at Cornell by Popowich5 has shown that
the sharp stress concentration can be much relieved when more than
one bolt in line is used, As a result, the failure in the net section
for tw0-b;it and three-bolt tests occurred at a much higher stress than
for single bolt connections. As a general design criteriomn, the
following formula has been developed to predict the failure stress

in the net section for single and multibolt connections:

Oper = [L =091 +3 1 (@)l F <F (22)

where On failure stress in net section

et

la]
]

force transmitted by the bolt or bolts at the section
considered, divided by the force in the member at that
section
From Eq. (22),it can be seen that when r is equal to 1,0 the same
equation (Eq., (21)) dewelopedchy Winter-can be obtained,

The present AISIl Specification states that "the temsion stress

on the net section of a bolted connection shall not exceed 0.6 F nor

shall it exceed
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(1.0 - 0,9 r + 3 rd/s) 0.6 Fy (23)

It should be noted that Eqs. (21)to (23) apply to both single and
double shear connections, Equations (21)  to (23) are based on single shear
tests only. It appears that additional tests may be needed for double
shear, multibolt connections so that these two equations can be
verified for both types of connections.

2. Effect of Ductility

The effect of the ductility of steel on the structural strength of
bolted connections was discussed in Section II.A. Mrdified equations
were given for the determination of the bearing stress and the longitudinal
shear strength of steel sheets. Based on his recent studyG,Dhalla
concluded that the ultimate tensile strength is not affected by the
ductility of the steel,

Equations (21) and (22) are based on the specified tensile strength
to yield point ratios equal to or greater than 1.35. When the ratio
is less than 1.35, the present AISI Specification requires that a
stress equal to the specified minimum tensile strength divided by 1,35
be used instead of Fy in the design formulas,

From the tests conducted at Cornell, Winter15 concluded that the load
at which tearing occurs correlates better with the tensile strength than
with the yield point of the steel, By letting Fy = Fu/l.35,Eq. (23)

can be written in terms of the tensile strength of the steel as follows:

(1.0 - 0.9 r + 3 rd/s)0.44 Fu' (24)

Equation (24) allows one to determine the allowable tensile stress on the
net section of a bolted connection on the basis of the ultimate strength

of the steel sheets,
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3. Effect of d/s Ratio

As mentioned in Section II,D,1, the tensile strength of a bolted
connection is dependent upon the d/s ratio, FLf and the number of bolts
in the line of the load and can be predicted by Eq. (22). Even though
some of Winter's tests with low d/s ratios showed the net stresses in
excess of Fu, the ultimate tensile strength of steel sheets has been
regarded as an upper limit for Eq. (22),

When a bolted connection is composed of only one bolt in the line
of stress, Eq. (22) can be simplified to Eq. (21). The results of the
Cornell tests for both single and double shear connections that failed
by tearing across the net section are given in Tables 8 through 12.
Figures 17 and 18 are plots of Gnet/Fu vs. d/s for single shear connections
with high- and low~ductility steels, respecitvely. From Fig. 19, which is
a combination of Figs. 17 and 18, it can be seen thnat Eq. (21) gives a
good prediction of the tensile strength of single shear connections
composed of high~ and low=ductility steels. It can Be concluded that the
ductility has little effect on the tensile strength of a single shear
connection.

Figures 20 and 2] are plots of GneE/Fu vs. d/s for double shear
connections with high-- and! low-ductildty steels, reepectively. 1f Figs.
20 and 21 are combined as shown in Fig. 22, it can be seen that for
double shear connections Eq. (21)gives a conservative prediction of the
test results. Again it can be concluded that the ductility has little
effect on the tensile strength of a bolted connection,

Figure 23 is a plot of Gnet/Fu‘vs. d/s for multibolt connections -
based on the data obtained by Popowichs. Details of the results are given in

Table 12. Equation (22) is shown for r = 1, 1/2, and 1/3, 1t can be
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seen that when r = 1/2 and 1/3, Eq. (22) gives a conservative prediction
of the test results. As mentioned earlier, the data shown in Fig., 22 are
for single shear connections only. Additional tests may be needed
for double shear connections that are governed by tensile strength,

4, Effect of d/t Ratio

The present AISI equation for determining the tensile strength
of a bolted connection is dependent upon the dimensional parameters d and
s.  An investigation, similar to studies of bearing and shear strengths
made in Sections II.B.3 and II.C.3, was made on the effect of the d/t
ratio on the tensile strength,

Test data obtained from the Cornell tests have been studied and
are presented in Tables 8 through 12. 1In order to determine the effect
of the d/t ratio on the tensile strength, the nondimensional ratios

of (¢ )

net [(c.) are plotted against d/t in Figs. 24 to 26 for

cal n’ test

the same d/s ratios, These data are separated according to single and
double shear connections that have multibolt conditions. From these
figures,it can be seen that the d/t ratio has no significant effect
on the tensile strength of bolted connections, It appears that a
further study of the combination of d/t greater than 10.0 and d/s less
than (0,15 is desirable.

5. Effect of Washers

The present equation for the tensile strength of a bolted connection
is based on tests in which washers were used under both the heads and nuts.
Chong and Matlock , who studied the bolted connections without washers,
developed the following equation for the temsile strength in

net section:
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o ., =[0.6 ~0,66 r + 2,92 @/s)1 F S F, - (25)

The above equation indicates that the tensile strength of the
net section depends on the parameters "r" and "d/s". However, Kq. (22)
developed by Winter for bolted connections with washers depends on
the parameters r and rd/s, For this reason, further study will be made
in this project to determinme the appropriate parameters to be used in
the prediction of tensile strength. -

6. Tentative Recommendations

The preceding discussion indicates that Eq. (22) may be used for
the determination of the tensile strength of a bolted connection, This
equation uses the tensile strength of the steel rather than tﬂe
yield point.

As a result of the.different parameters involved in Egs. (22) and (25)
for connections with and without washers, respectively, further research
will be conducted in this area,

E. Shearing Strength of Bolts

The shear ing strength of bolts depends on the mechanical properties
of the bolt, the number of shear planes, joint length, pretension
in bolts, surface condition between connected parts, hole clearance, and
the type of loading condition, Numerous double and single shear tests
have been conducted at Cormell University to study the type of failure in which
shearing of the bolt for light gage steel bolted connections occurs. On
the basis of an investigation of the shear strength of connections for which
ordinary bolts were used, Winter concluded that the maximum shear capacity of bolts
correlates better with the tensile strength than with the yield point

of the bolt material. The shear stress at faiiure on the root area
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can be determined by the following equation for single shear
connections:

= 0.72 Fu . (26)

T
b b

For double shear connections, the shear stress is

Ty = 0.62 Fub (27)

where Fub is the ultimate tensile strength of the bolt, The higher shear
stress for the single shear tests is believed to be due to two reasons:
(1) Because of the bending and warping of the sheet, the bolt develops
an oblique position,which results in a decrease of the shear stress on
the normal section, with a simultaneous occurrence of tension. Because
steel is stronger in temnsion than in shear, there is an increase in bolt
resistance. (2) Although the failures of double shear tests occur
in two parallel shear planes, the planes are so close to each other
that some mutual weakening is conceivable for light gage steel.

Because shear failures of bolts are more sudden than those for

sheets, Winter has suggested the following conservative equation for

both single and double shear connections:

T, = 0.60 F

X up (28)

Additional tests were also conducted at Cornell on light gage
steel connections with high-strength bolts., From this study, Winter4
concluded that the equations developed from the corrections with
ordinary bolts also apply to connections for which high-strength bolts are used.
By using high strength bolts,the required number of bolts can be

reduced,and the slip at design loads can be eliminated,
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In the AISI Specification, the allowable shear stress on the
gross sectional area of the bolt cannot exceed the foliowing values:
1) For ASTM A307 bolts,

F = 10 ksi. (29)
v

2) TFor ASTM A325 bolts,

when threading is excluded from shear planes,

Fv = 22 ski¥% (30)
and when threading is not excluded from shear planes,

F = 15 ksi* _ (31)

where Fv = the allowable shear stress. :
These values are the same as the AISC Specification., It should be noted
that the allowable shear stresses included in the AISI Specification
are for the bearing-type connections only. No provisions are included
for the design of friction-type connections.

In their recent study, Chomng and Matlock7 concluded that for
bolted connections without washers the allowable shear stress on the

gross cross-sectional area of bolts is the same as that for the connections

using washers.

F. Other Specifications

The specifications being used in Canada and several European
countries for the design of bolted connections have been briefly reviewed-:
The following is a comparison of some of the design criteria:

1. Minimum Edge Distance in Line of Stress

Concerning the minimum edge distance for a bolted connection,

the Canadian Standard16 specifies that

*Higher allowable shear stresses on bolts have been proposed by subcommittee
3 of the AISI Advisory Group on Specification??
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e>1,54d (32)
and e > L (33)
- F*t

where F*is the design stress based on working stress design., In addition, the
limit states design may be used. The above two equations are practically
identical with the AISI design provisions except that in Eq. (33)

the design stress F* shall be equal to the basic design stress F

or (Fu/r.35 Fy) F, whichever is smaller.

The Britishl7 and French19 specifications allow the same require-
ments for the edge distance for cold-formed steel as those used for
hot-rolled bolted connections.

The edge distance of bolted connections in thin-walled steel
structures is also one of the requirements in the Swedish recommenda-
tions.18

Based on the edge conditions, it requires that for unstiffened

edges, the edge distance, e, is
1.5d <e<2,54.

For a stiffened edge,the edge distance should not exceed five times
the nominal diameter of the bolt.

The above discussion indicates that in the Swedish recommendations,
the minimum requirement for the end distance is similar to the AISI

Specification with additional limitations.
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2. Allowahle Bearing Stress

With regard to the design criteria for the bearing strength of a
bolted connection, the Canadian Standard is similar to the AISI
Specification, The allowable bearing stress permitted by the
British Standard is 0,8 Fy,which is considerably smaller than that
permitted by AISI. In the French recommendation, the allowable
bearing stress i1s determined as four times the allowable tensile
strength of the steel sheets. The allowable bearing stress, permitted
by the Swedish recommendations, depends on the bolted joint class,
bolt quality, number of shear planes, stress grade of steel sheets,
and loading conditions. For typical load cases, the allowable
bearing stress varies from 0,55 Fy to 0,72 Fy'

3. Allowable Tension in Net Section

A similar allowable tension stress is being used in Canada and
Sweden as that specified by the current AISI design specification.
In Great Britain and France, the same allowable tension stress is
used for cold-formed steel members and hot-rolled shapes,

4. Allowable Shear Stress on Bolts

The Canadian Standard permits the same allowable shear stress
for A307 bolts as the AISI Specification and slightly higher vyalues
for high strength bolts. In Great Britian and France, the same

allowable shear stresses are:used for thin-walled, cold-formed steel

members and hot-rolled shapes,
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ITL, SUMMARY AND CONCLUSIONS

In the United States and some other countries, the design of
bolted connections in cold-formed steel structures is based on the
AISI Specification for the Design of Cold-Formed Steel Structural Members. The
first phase of this investigation has been conducted for the purposes of re-
viewing the available test data on bolted connections and studying
the needed additional design criteria for the 1968 Edition of the
AISI Specification concerning minimum edge distance, allowable tension
on net section, allowable bearing stress in bolted cannections, and
allowable shear stress on bolts,

Based on the analysis of available test data, it was found that
the spread between the ultimate tensile strength and yield point of
the steel sheets (i.e.,Fu/Fy ratio) affects considerably the bearing
strength of bolted connections and the shear strength of steel sheets
particularly when Fu/Fy < 1,35. The tests made at Cornell have shown that the
decrease of Fu/Fy ratio results in a reduction of bearing strength
of the connection. However, the tensile strength of the connection
is not affected significantly by the Fu/Fy ratio. In order to consider
the effect of Fu/Fy ratio, the present AISI design formulas for the
allowable bearing stress and the minimum edge distance can be modified
simply by using an equivalent yield point "CZFy” to replace Fy in the
1968 Edition of the Specification.

A study of the difference between single shear and double shear
conditions indicates that the double shear condition can provide
a slightly higher bearing strength than the single shear condition.

For the sake of simplicity, no modification of the present design
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criteria appears to be necegsary,

The effect of the d/t ratio on the strengths of bolted connections
was also investigated, It was found that in general the d/t ratio has
little or no effect on the bearing strength of bolted comnections, the
longitudinal shear strength of steel gheets, and the tensile strength
of net section.

The test data published by Chong and Matlock on bolted connections
without washers show that the washers play an important role in the
bearing and tensile strengths of connections. These data were
reviewed and analyzed in the text, Design formulas are also proposed
in this report.

The second phase of the project will include analytical and
experimental investigations concerning the effect of torque on bearing
strength, tensile strength of net section, bearing strength of thin
sheets, effect of d/t, and effect of washers. Details of the planned

work are discussed in Article IV of the report,



29

IV, FUTURE STUDY

On the basis of the research proposal submitted to American lron
and Steel Institute in 197520 and the analysis of available test data
on bolted connections conducted in ghis investigation, the following
future studies are planned to be carried out in the second phase
of this investigation.

1. Effect of Torque on Bearing Strength of Bolted Connections

In the study of the effect of torque on bearing strength, the
following parameters will be considered:

A, Torque or initial tension in bolts

1) No torque
2) Same torque as used in the Cormell tests (See Tables 13 and
14)
3) Same initial bolt tension as specified by the Research
Council on Riveted and Bolted Structural Joints (See Table
15)
B. Thickness of steel sheets
t = 0,024, 0,06, and 0,105 in,
C. Diameter and material of bolts
d = 1/4 to 3/4 in,
Use A307 bolts and high strength bolts (A325 bolts) as appropriate,

D. Ratio of e/d

e/d = 1.5, 2,5, 3,5,and 4.5

E, Washers

Tests will be conducted with and without washers
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F. Ratio of Eu/Ey
Fu/Fy =1,1 to 1.80
This means that any steel sheets or strip having an Fu/Fy ratio
within the above range can be used for the tests,

G. Number of rows perpendicular and parallel to the line of
stress
Use one-bolt condition (r =.1,0)

H, Use single shear condition only, It is assumed that the
effect of torque is approximately the same for single and
double shear conditions,

I. The ratios of d/s and d/t are not specified for this portion
of the study. They will be determined as required by the
tensile strength of the connection and other practical
considerations,

With regard to the pretemsion in bolts indicated in Item A,(c),
it appears that new methods of measuring the pretension need to be
developed.

The findings to be obtained from this portion of the investigation
may also be used for the longitudinal shear strength of steel sheets.
2. Tensile Strengtﬁ of Net Section

Because the purpose of studying tensile strength was to
reevaluate the parameters to be used for determining the allowable
tensile stress in bolted connection design, the following variables
will be considered in the analytical and experimental investigations:

A. Torque or initial tension in balts
Use initial tension in bolts as specified by the Research

Council if new methods for measuring initial tension are
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available. Otherwise, the torque used for Carnell tests will
be used for this portion of study,

Thickness of steel sheets

t = 0.024, 0.06,and 0,105 in.

Diameter and material of bolts

d =1/4 to 3/4 in.

Use A307 and A325 bolts

Ratio of e/d

e/d > 3,5

Washers

Tests will be conducted with and without washers

Ratio of Fu/Fy

The Fu/Fy ratio of the steel used will be within the range of
1,10 to 1.80,

Number of rows perpendicular and parallel to the line of
stress

r =1, 1/2, and 1/3 (use one, two,and three rows parallel

to the line of stress) Few tests may be conducted for multiple
rows both perpendicular and parallel to the line of stress.
Use both single shear and double shear conditions,

Ratio of d/s

d/s = 0.1, 0.2, 0,3,and 0.4

Other Subjects

Other future studies will be planned at a later date as necessary,
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Notation
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edge distance

diameter of the bolt

36

spacing of bolts normal to direction of force; for single bolt

at section,it is full width of connected sheet
thickness of connected sheet

ultimate tensile stress of sheet

yield stress of material

ductility factor

ultimate bearing stress

allowable bearing stress

ultimate faillure load

nominal shear stress at failure

tension stress at failure of bolted connection
shear stress at failure of bolt

ultimate tensile strength of bolt
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Table 1. Dimensions and Results of Bolted Connections With Washers-Both High and Low Ductility Steels 6

P F z Failure*
Spec. d t e s ule u b a, /F 9 g, /CF
No. (in) (in) (in) (in) e/d d/e (kips) (ke d) (ksi) (ksi) by 2 bTr2y Type
16FAX-L14 1/2 0.062 1.25 2.5 2.5 8.06 3.20 30.1 45.9 103.20 3.43 1.000 3.43 Is II
16FAXL1S 1.75 3.5 5.10 164.50 5.47 1.000 5.47 I1 & II
16 FAXL16 1.75 4.80 154.84 5.14 1.000 5.14 1 & 112
16FAXL17 5.0 4.28 138.10 4.60 1.000 4.60 11
12FAXL19 0.106 1.25 2.5 2.5 4.72 6.44 28.1 44.1 121.51 4.32 1.000 4.32 1 s 1
12FAXL20 1.75 3.5 8.25 155.66 5.54 1.000 5.54 I1 & III
12FAXL21 5.0 9.55 180.20 6.41 1.000 6.41 It
1610X-L19 0.062 1.50 2.5 3.0 8.06 6.68 78.4 81.5 215.50 2.75 0.643 4.28 1
1610X-120 1.75 2.5 3.5 7.14 230.30 2.94 0.643 4.57 11
1610X-L21 2.0 5.04 162.60 2.07 0.643 3.22 I1
1610XL30 1.40 5.0 2.8 4.86 156.77 2.00 0.643 3.11 I1
1615XL23 1.50 2.5 3.0 5.92 45.4 54,7 190.97 4.21 0.793 5.31 I1 & 111
1615XL24 1.75 2.5 3.5 5.59 45.4 54.7 180. 32 3.97 0.793 5.01 !
1615XL25 2.0 4.34 140.00 3.08 0.793 3.89 11 |
1615XL31 1.40 5.0 2.8 4.32 139.40 3.07 0.793 3.87 1
1625X-127 1.50 2.5 3.0 4.94 38.5 49.1 159.35 4.14 0.894 4.63 11 & III
1625X-128 1.75 3.5 5.17 166.77 4.33 0.894 4.84 IT & III
1625X-129 2.0 4.20 135.50 3.52 0.894 3.94 |
1625X-L32 1.40 5.0 2.8 4.62 149.00 3.87 0.894 4.33 IS
1210X-123 0.106 1.50 2.5 3.0 4.72 11.74 70.1 72.8 221.51 3.16 0.643 4.91 o
1210X-L24 1.75 3.5 11.62 219.25 3.13 0.643 4.87 1
1210%-125 2.0 11.86 223.77 3.20 0.643 4.98 Il & ITT
1210X-L36 1.40 5.0 2.8 10.88 205.30 2.93 0.643 4.56 I |
1215X-L27 1.50 2.5 3.0 11.03 65.2 69.3 208.11 3.20 0.643 4.98 1
1215X-L28 1.75 2.5 3.5 11.32 213.60 3.28 0.643 5.10 11
1215XL29 2.0 10. 74 202,60 3.11 0.643 4. 84 II1 & 11
1215XL35 1.40 5.0 2.8 10.26 193.58 2.97 0.643 4.62 I
1225XL31 1.50 2.5 3.0 8.76 36.6 50.0 163.30 4.52 1.000 4.52 1T & I1I
1225XL-32 1.75 3.5 8.81 166,23 4,54 1.000 4.54 I s IIL
1225XL33 2.0 7.92 1adl ) 4.08 1.000 4.08 1 & 117
1225XL34 ~ 1.40 5.0 2.8 8.84 16b.79 4.56 1.000 4.56 11|

*The types of failure are defined as follows:

{--Longitudinal shearing of the steel sheets
Il--Bearing failure between steel sheet and bole

[I1--Transverse tension tearing failure
IV--Shearing of the bolt

RE



Table 2. Dimensions and Results of Bolted Connections with Washers-Bearing Strength Study (Single Shear)

() (0,) .
Spec. d t e s Fy Fu b'test C 0, /C,Fy (g, )* b cal Failure
No. (in) (in) (in) (in) e/d d/t (ksi) (ksi) (ksi) 2 b2 bcal Ob)test Type Reference
20A41SS 1/4 0.036 1.125 4.0 4.5 6.94 32.11 41.83 208.29 0.933 6.96 146.8 0.704 I1 9
[14A43SS 1/2 0.08 2.25 6.25 29.81 43.40 177.5 1.0 5.95 146.1 0.823 I1 9
LOE36SS 1.0 0.143 3.5 3.5 6.98 59.47 76.84 172.25 0.918 3.16 267.5 1.55 11 10
12Y-L7 1/2 0.106 1.75 4.0 3.5 4.72 72.4 72.8 239.0 0.643 5.13 228.14 0.952 ITs&1I 6
12Y-18 3/8 1.5 2.53 4.0 3.54 245.0 5.26 0.932 I1
2Y-L9 1/2 1.75 3.41 3.5 4.72 267.0 5.74 0.855 II
12Y-L11 3/8 1.49 2.0 4.0 3.54 216.0 4.63 1.05 I1&1
12Y-L12 1/2 1.75 2.66 3.5 4.72 211.0 4.53 1.09 II & III
12Y-L15 3/8 1.5 1.52 4.0 3.5 194.0 4.17 1.17 IT & III
12Y-L16 1/2 1.75 2.04 3.5 4.72 211.0 4.53 1.08 II
12Y-L18 3/4 2.65 3.04 3.53 7.08 153.0 3.28 1.49 II
7Y-L6 3/4 0.183 3.75 3.75 5.0 4.10 83.1 83.8 307.0 5.74 262.0 0.855 II & III
20ZT12 3/16 0.038 0.66 2.08 3.5 4.93 99.4 99.8 260.0 4.07 313.2 1.20 II
L6FAX-L16 1/2 0.062 1.75 2.5 3.5 8.06 30.1 45.9 152.2 1.0 5.06 147.5 0.969 I1 & III
S$2 7/8 0.116 3.06 8.0 7.54 35.49 49.44 158.57 4,47 173.9 1.1 II 14
s2-1 7/8 3.06 121.92 3.44 1.43 II
83 7/8 4.4 5.0 149.29 4.21 1.16 II
S5 1.0 3.5 3.5 8.62 133.84 3.77 1.3 II
§5-1 1.0 3.5 3.5 8.7 117.61 3.31 1.48 I1
§6 1.0 3.5 5.0 8.62 132.25 3.73 1.31 11
s8 7/8 0.181 3.06 3.5 4.83 38.1 62.08 208.37 5.47 186.7 0.896 II
S8-1 7/8 0.181 3.06 8.0 3.5 4.83 38.1 62.08 156,59 1.0 4.11 186.7 1.2 11
s9 7/8 0.185 4.375 8.0 5.0 4,73 202.32 5.31 0.923 11
S11 1.0 0.184 3.5 3.5 5.43 200.0 5.25 0.933 11
Sl1-1 0.184 3.5 3.5 164.67 4.32 1.133 11
S12 - 0.184 5.0 5.0 191.85 5.04 0.973 11
S14 0.261 3.5 3.5 3.83 45.07 67 .54 216.86 4.81 220.8 0.843 11
S1l4-1 0.259 3.5 3.5 3.86 178.96 3.91 0.81 11
$15 0.255 5.0 5.0 3.92 217.65 4.83 0.986 1I
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Table 2. (con't)
() x (G .
Spec. d t e s e/d /e Fy Fu b’test C2 ob/CZFy (ob)Cal ~“b’cal Failure ReferencJ
No. (in) (in) (in) (in) (ksi) (ksi) (ksi) : (ob)test Type
- 1/2 0.037 2.0 4.0 4.0 13.5 53.5 58.9 200.0 0.644 5.81 168.86 0.844 Il 7
- 1/2 0.037 2.0 4.03 4.0 13.5 53.5 58.9 197.8 0.644 5.75 168.86 0.854 II
- 5/16 0.037 2.06 4.06 6.6 8.45 53.5 58.9 183.4 0.644 5.33 168.86 0,921 11
- 5/16 0.037 2.04 4.06 6.53 8.45 53.5 58.9 190.4 0.644 5.53 168.86 0.887 II
- 1/2 0.037 2.5 4,0 5.0 13.5 53.5 58.9 207.6 0.644 6.02 168.86 0.813 11
- 1/2 0.037 2.0 4.0 4.0 13.5 53.5 58.9 214.6 0.644 6.23 168.86 0.787 11 &1
-- 1/2 0.051 2.03 4.0 4.06 9.8 40.6 50.1 158.8 0.835 4.68 166.11 1.05 IT &1
- 1/2 0,051 2.03 4.0 4.06 9.8 40.6 50.1 165.9 0.835 4.91 166.11 1.0 II &1
—kk 1/2 0.061 1.94 2,03 3.88 8.2 50.5 74.1 201.7 1.0 4.0 247,45 1.23 11
* = Mean = 1.04
(ob)Cal 4.9 Csz
Standard Deviation = Q.21

**Two bolts perpendicular to line of stress

See Table 1 for the definition of type of failure
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Table 1. Dimensions and Results of Bolted Connections With Washers-Both High and Low Ductility Steels
Spec. d t e s LI u y 0. /F C 6. /C.F Failure¥
No. (n) (i) (n) _ (in) o4 dlt (ips)  (kei) _ (ksi) _ (ksi) by 2 b2y Type
" |L6FAX~L14 1/2 0.062 1.25 2.5 2.5 8.06 3.20 30.1 45.9 103.20 3.43 1.000 3.43 1611
J16FAXL15 1.75 3.5 : 5.10 164.50 5.47 1.000 5.47 I1 & II7
16FAXL16 1.75 4.80 154.84 5.14 1.000 5.14 11 & 119
- L6FAXL17 5.0 4.28 138.10 4.60 1.000 4.60 11
.. [L2FAxL19 0.106 1.25 2.5 2.5 4.72 6.44 28.1 44.1 121.51 4.32 1.000 4.32 II 61
12FAXL20 te 1,75 3.5 8,25 155.66 5.54 1.000 5.54 I & III
12FAXL21 5.0 9.55 180.20 6.41 1.000 6.41 11
1610X-L19 0.062 1.50 2.5 3.0 8.06 6.68 78.4 81.5 215.50 2,75 0.643 4.28 11
. j1610X-120 1.75 2.5 3.5 7.14 230. 30 2.94 0.643 4.57 11
‘1610X~-L21 2.0 5.04 162.60 2.07 0.643 3.22 11
. J1610XL30 1.40 5.0 2.8 4.86 156.77 2.00 0.643 3.11 11
. ]1615xL23 1.50 2.5 3.0 5.92 45.4 54.7 190.97 4.21 0.793 5.31 II & III
" [1615xL24 1.75 2.5 3.5 5.59 45.4 54.7 180. 32 3.97 0.793 5.01 11
-j1615x1.25 2.0 4.34 140.00 3.08 0.793 3.89 11
" J1615xL31 1.40 5.0 2.8 4.32 139.40 3.07 0.793 3.87 11
. 1625%-L27 1.50 2.5 3.0 4.94 38.5 49.1 159.35 4.14 0.894 4.63 II & III
. L625x-L28 1.75 3.5 5.17 166.77 4.33 0.894 4.84 II & III
- {1625%-129 2.0 4.20 135.50 3.52 0.894 3.94 11
; h625%-132 1.40 5.0 2.8 4.62 149.00 3.87 0.894 4.33 11
fr210x-123 0.106 1.50 2.5 3.0 4.72 11.74 70.1 72.8 221.51 3.16 0.643 4.91 11
1210X-L24 1.75 3.5 11.62 219.25 3.13 0.643 4.87 11
. 1210%-L25 2.0 11.86 223.77 3.20 0.643 4.98 11 & III
1210X-136 1.40 5.0 2.8 10.88 205.30 2.93 0.643 4.56 11
1215%-127 1.50 2.5 3.0 11.03 65.2 69.3 208.11 3.20 0.643 4.98 11
1215X-128 1.75 2.5 3.5 11.32 213.60 3.28 0.643 5.10 1o
1215XL29 2.0 10.74 202.60 3.11 0.643 4.84 I1I & IT
1215XL35 1.40 5.0 2.8 10.26 193.58 2.97 0.643 4.62 11
1225XL31 1.50 2.5 3.0 8.76 36.6 50.0 165.30 4.52 1.000 4.52 11 & III
1225XL-32 1.75 1.5 8.81 166.23 4.54 1.000 4.54 II & III
1225XL33 2.0 7.92 149.43 4.08 1.000 4.08 II & III
1225XL34 1.40 5.0 2.8 8.84 166.79 4.56 1.000 4.56 11

*The types of fallure are defined as follows:

I-~Longitudinal shearing of the steel sheets

I1--Bearing failure between steel sheet and bolt

III--Transverse tension tearing failure

IV-~Shearing of the bolt
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Table 3. Dimensions and Results of Bolted Connections with Washers-Bearing Strength Study (Double Shear)

(¢.) (o, )* (o) R
Spec. d t e s Fy Fu b'test c o, /G Fy b”cal ~“b’cal Failure .
Yo (in) (in) (in) (in) e/d /e (en) (ksi) (ksi) 2 b2 (ksi) ) oat Type Reference

20A41DS 1/4  0.036 1.125 4.0 4.5 6.94  32.11  41.85 206,32 0.934  6.89 147.0 0.713 11 9
16C403DS 1/2  0.0591 2.0 4.0 8.46 31,95  43.95 224,03 1.0 7.01 156.6 0.7 11 9
16C503DS 1/2  0.0591 2.5 5.0 8.46  31.95  43.95 243,66 1.0 7.63 156.6 0.643 11 9
14E35DS 3/a  0.0783  2.625 3.5 9.58  S54.44  70.4 242.20 0.919  4.84 245.2 1.011 I&1II 10
10E36DS 1.0  0.143 3.5 3.5 6.98  59.5 71.85 199.35 0.797 . 4.2 232.4 1.16 11 10
OE46DS 1.0 0.143 4,5 4.5 6.98  59.5 71.85 201,5 0.797 4,2 232.4 1.16 11 10
EOZ—LB 3/16  0.038 .66 2.08  3.52  4.93  75.7 81.7 206.0 0.643  4.23 238.5 1.16 II & I 6 ;
1205XL7 3/4  0.106 2.63 3.75 3.5 7.08  8l.6 81.6 252.,0 4.81 257.1 1.02 II &I T
1205XL8 3/4 2.63 3.0 3.5 7.08 236.0 4.49 1.08 II & III ‘
1205XL9 7/8 3.06 3.5 8.25 242.0 4.62 1.06 II & III
7Y-L32 5/8  0.183 2.19 2.98 3.42 82.6 82.6 247.0 4.65 258.3 1.05 I 6 1
16FAXLL5 1/2  0.062 1.75 2.5 8.06  30.1 45.9 161.8 1.0 5.38 147.5 0.912 II & III
16FAXLL7 1/2 5.0 136.0 4.52 1.08 II
12FAX~L20 1/2  0.106 2.5 4,72 28.1 44,1 159.2 5.67 137.7 0.865 II & III
12FAX-L21 1/2  0.106 5.0 4.72 178 .4 6.35 0.772 11

51-1 7/8  0.116 3.06 8.0 3.5 7.54 35,49 49,44 161,58 1.0 4.55 173.9 1.08 II 14
DS1-2 0.116 3.06 148,77 4.19 1.17
DS2-1 1.0 0.115 3.5 8.7 139,13 3.92 1.25
DS 2-2 0.116 3.5 8.62 143,10 4.03 1.22
DS3-1 7/8  0.181 3.06 4.83  3R.1 62.08 209.94 5.51 186.7 0.889
DS3-2 0.180 3.06 4.86 196.14 5.15 0.952

DS4-1 1.0 0.182 3.5 5.49 229,12 6.01 0.815

DS4-2 0.181 5.52 ; 223.76 5.87 0.834
DS5-1 0.259 3.86  45.07  67.54 221.62 4.92 220.8 0.996

IDS5-2 0.26 3.85  45.07 222,31 4.93 _ 0,993

*(°b)ca1 = 4.9 CyFy Mean = 0.930

See Table 1 for definition of type of failure Standard Deviation = 0,170
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Table 4, Dimensions and Results of Bolted Connections without Washers-Bearing Strength Study 7 e/d > 2.5

Gage of Connection* d t e s e/d a/t Fy Fu (ob)test c2 ob/CZFy <Jb)€§1 ‘~b)§§i (°b)€§1 (Gb :;I Failure
Steel  Type (in) (1n)  (in)  (in) (ksi) (ksi) (ksi) (kei) (ksi) (Ob)test (Ob)test Type -
20 1 1/2 0.037 2,06 4,06 4,06 13.5 53.5 58.9 133.0 0.644 3.9 165.86 120.6 . 1,27 0.91 1611
20 1 5/16 0.037 2.04 4.03 6.53 8.45 158.4 4.6 1.07 0.76 11
20 1 5/16 0.037 2.06 4.12 6.6 8.45 138.4 4.04 1.22 0.87 I&1I1
20 1 1/2 0.037 2.5 4.0 5.0 13.5 122.2 3.55 1.38 0.987 11
20 1 1/2 0.037 2,5 4.0 5.0 13.5 | 125.0 3.63 1.35 0.965 11
17 1 1/2 0.051 2,06 4.03 4.12 9.8 40.6 50.1 113.3 0.835 3.3 166.11 118.65 1.47 1.05 I&11
17 1 1/2 0.051 2,01 4.03 4.02 9.8 117.0 3.45 1.42 1.01 I&I11
17 1 1/2 0.051 2.01 4.03 4.02 9.8 115.3 3.4 1.11 1.03 I1&11
17 3 5/16 0.051 2,05 1.35 6.56 6.13 109.6 3.23 1.52 1.08 I1
17 3 5/16 0.051 2,07 1.35 6.62 6.13 112.7 3.33 1.47 1,05 11
17 2 1/2 0.051 1.97 2,02 3.94 9.8 109.2 3.22 1.52 1.09 I1&11
16 2 1/2 0.061 1.97 2.0 3.94 8.2 50.5 74.1 147.2 1.0 2.91 247 .45 176.75 1.68 1.2 11
14 1 3/4 0.079 3.0 4.0 4.0 9.5 52.8 65.9 145.1 0.855 3.21 221.2 158.0 1.52 1.09 I&1I1
14 : 1 3/4 0.079 3.01 4.0 4.0 9.5 137.6 3.05 1.61 1.15 I1&1I
14 1 3/4 0.079 3.0 4.0 4.0 9.5 154.8 3.43 1.43 1.02 I&11
12 1 3/4 0.104 3.03 4,06 4.04 7.2 59.3 70.6 160.3 0.772 3.5 224 .34 160.23 1.4 1.00 I1&11
20 1 1/2 0.037 1.5 4.0 3.0 13.5 53.5 58.9 130.3 0.644 3.77 168.86 120.6 1.3 0.926 1
20 1 1/2 0.037 1.5 3.06 3.0 13.5 123.8 3.69 1.36 0.974 1
20 1 1/2 0.037 1.5 3.03 3.0 13.5 122.2 3.54 1.38 0.987 1
17 1 1/2 0.051 1.5 2.02 3.0 9.8 40.6 50.1 112,2 0.835 3.31 166.11 118.65 1.48 1.06 1
17 1 1/2 0.051 1.44 2,02 2.88 9.8 113.57 3.35 166.11 118.65 1.46 0.04 1
20 1 1/2  0.037 2,03 4,06 4.06 13.5 53.5 58.9 120.5 0.644 3.5 168.86 120.6 1.4 1.00 1
20 1 1/2 0.037 2.07 4.06 4.14 13.5 131.4 3.81 1,28 0.918 1
20 1 1/2 0.037 1.5 4.0 3.0 13.5 134.1 3.9 1.26 0.90 1
20 1 1/2 0.037 1.75 4.0 3.5 13.5 121.6 3.53 1.4 1.0 1
20 1 1/2 0.037 2.0 4.0 4.0 13.5 138.9 4.03 1,22 0.868 I
All Single Shear Connections Mean = 1.38 1.00
*1. Ome bolt " Standard Deviation = 0.14 0.09

2. Two bolts perpendicular to line of stress
3. Turee dolts perpendicular to line of stress

'.(Clb)‘:.1 - 6.9‘C2Fy
.‘.(ob)cll = 3.5 Csz

See Table 1 for the definition of type of fa lure
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Table 3. Dimensions and Results of Bolted Connections with Washers-Bearing Strength Study (Double Shear)

*
Spec. d t e s e/d d/e Fy Fu (ob)test c2 0b/CZFy (Ob)cal £SEZ£E£ Failure Reference
No. (in) (in) (in) (in) (ksi) (ks?) (ksi) (ksi) (cb)test Type

20A41DS 1/4 0.036 1.125 4.0 4.5 6.94 32.11 41.85 206.32 0.934 6.89 147.0 0.713 11 9
16C403DS 1/2 0.0591 2.0 4.0 8.46 31.95 43.95 224,03 1.0 7.01 156.6 0.7 11 9
16C503DS 1/2 0.0591 2,5 5.0 8.46 31.95 43.95 243.66 1.0 7.63 156.6 0.643 11 9
14E35DS 3/4 0.0783 2.625 3.5 9.58 54 .44 70.4 242.20 0.919 4.84 245.2 1.011 I&81II 10
10E36DS 1.0 0.143 3.5 3.5 6.98 59.5 71.85 199.35 0.797 . 4.2 232.4 1.16 11 10
ILOE46DS 1.0 0.143 4.5 4.5 6.98 59.5 71.85 201.5 0.797 4.2 232.4 1.16 I1 10
20Z-L8 3/16 0.038 .66 2.08 3.52 4.93 75.7 81,7 206.0 0.643 4.23 238.5 1.16 IT & I 6
1205XL7 3/4 0.106 2.63 3.75 3.5 7.08 81.6 81.6 252,0 4.81 257.1 1.02 IT &1
1205XL8 3/4 2.63 3.0 3.5 7.08 236.0 4.49 1.08 I1 & 1III
1205XL9 7/8 3.06 3.5 8,25 242.0 4.62 1.06 II & III
7Y-L32 5/8 0.183 2.19 2.98 3.42 82.6 82.6 247 .0 4,65 258.3 1.05 II &1
L6FAXL15 1/2 0.062 1.75 2.5 8.06 30.1 45,9 161.8 1.0 5.38 147.5 0.912 I1 & III
16FAXL17 1/2 5.0 136.0 4.52 1.08 II
12FAX-L20 1/2 0.106 2.5 4.72 28.1 44.1 159.2 5.67 137.7 0.865 II & III
12FAX-L21 1/2 0.106 5.0 4.72 178.4 6.35 0.772 II
psS1-1 7/8 0.116 3.06 8.0 3.5 7.54 35.49 49,44 161,58 1.0 4.55 173.9 1.08 II 14
DS1-2 0.116 3.06 148,77 4.19 1.17

S2-1 1.0 0.115 3.5 8.7 139.13 3.92 1.25

$2-2 0.116 3.5 8.62 143.10 4.03 1.22
DS3~-1 7/8 0.181 3.06 4.83 38.1 62.08 209.94 5.51 186.7 0.889
DS3-2 0.180 3.06 4.86 196.14 5.15 0.952

S4-1 1.0 0.182 3.5 5.49 229,12 6.01 0.815

S4-2 0.181 5.52 223.76 5.87 0,834
DS5-1 0.259 3.86 45.07 ©7.54 221.62 4,92 220.8 0.996

S$5-2 0.26 3.85 45.07 222,31 4.93 0,993

*(O) a1 = 49 CoFy Mean = 0,930

See Table 1 for definition of type of failure Standard Deviation = 0.170
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Table 4. Dimensions and Results of Bolted Connections without Washers-Bearing Strength Study 7 ef/d > 2.5

age of Connection* d t e s e/d  aie By Fu %) test C, O /C,Fy Oth CPEY 0% O Railure
Stesl Type (in) (ind  (in)  (in) (ksi) (ksi) (ksi) (kei) (ksi) (Ob)tmt (O) cese Type -
20 1 1/2 0.037 2.06 4.06 4.06 13.5 53.5 58.9 133.0  0.644 3.9 168.86 120.6 1.27 0.91 IsII
20 1 5/16 0.037 2.04 4.03  6.53  8.45 158.4 4.6 1.07 0.76 11
20 1 5/16 0.037 2.06 4.12 6.6 8.45 138.4 4.04 1.22 0.87 Is 11
20 1 1/2 0.037 2.5 4.0 5.0 13.5 122.2 3.55 1.38 0.987 11
20 1 /2 0.037 2.5 4.0 5.0 13.5 125.0 3.63 1.35 0.965 11
17 1 /2 0.051 2.06 4.03 4,12 9.8  40.6 50.1 113.3  0.835 3.3 166.11 118.65 1.47 1.05 1s 11
17 1 1/2  0.051 2.01 4.03 4.02 9.8 117.0 3.45 1.42 1.01 16 11
17 1 1/2  0.051 2.01 4.03 4.02 9.8 115.3 3.4 1.11 1.03 1611
17 3 5/16 0.051 2.05 1.35 6.56  6.13 109.6 3.23 1.52 1.08 11
17 3 5/16 0.051 2.07 1.35 6.62  6.13 112.7 3.33 1.47 1.05 II
17 2 1/2  0.051 1.97 2.02 3.9 9.8 109.2 3.22 1.52 1.09 1611
18 2 1/2 0.061 1.97 2.0 3.9 8.2  50.5 74.1 147.2 1.0 2.91 247.45  176.75 1.68 1.2 11
14 1 3/4  0.079 3.0 4.0 4.0 9.5  52.8 65.9 145.1  0.855  3.21 221.2  158.0 1.52 1.09 16 11
14 1 3/4  0.079 3.0l 4.0 4.0 9.5 137.6 3.05 1.61 1.15 I& II
14 1 3/4  0.079 3.0 4.0 4.0 9.5 154.8 3.43 1.43 1.02 1611
12 1 3/4  0.104 3.03 4.06 4.06 7.2  59.3 70.6 160.3  0.772 3.5 224.34  160.23 1.4 1.00 16 11
20 1 1/2  0.037 1.5 4.0 3.0 13.5 53,5 58.9 130.3  0.644  3.77 168.86 120.6 1.3 0.926 1
20 1 1/2  0.037 1.5 3.06 3.0 13.5 123.8 3.69 1.36 0.974 1
20 1 1/2 0.037 1.5 3.03 3.0 13.5 122.2 3.54 1.38 0.987 1
17 1 1/2 0.051 1.5 2.02 3.0 9.8  40.6 50.1 112.2  0.835  3.31 166.11 118.65 1.48 1.06 1
17 1 1/2 0.051 1.44 2.02 2.88 9.8 113.7 3.35 166.11 118.65 1.46 0.04 1
20 1 1/2 0.037 2.03 4.06 4.06 13.5  53.5 S58.9 120.5 0.644 3.5 168.86 120.6 1.4 1.00 1
20 1 1/2  0.037 2.07 4.06 4.1&4 13.5 131.4 3.81 1.28 0.918 1
20 1 1/2 0.037 1.5 4.0 3.0 13.5 134.1 3.9 1.26 0.90 1
20 1 1/2  0.037 1.75 4.0 3.5 13.5 121.6 3.53 1.4 1.0 1
20 1 1/2 0.037 2.0 4.0 4.0  13. 138.9 4.03 1.22 0.868 1
All Single Shear Conmnections Mean = 1.38 1.00
*1. One bolt Standard Deviation = 0.14 0.09

2. Two bolts perpendicular to line of stress
3. Turee bolts perpendicular to line of stress

**(Gb)c‘l =-4.9 Csz

i (0 = 3.5 C,Fy

b)cal 2

See Tablae 1 for the definition of type of fal.lure
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Table 5. Dimensions and Results of Single Shear Bolted Connections With Washers-Shear Strength Study

(o)
Spec d t e s F F (6.) * b’cal Failure Referencq
No (in) (in) (in) (in) e/d /e (k:i) Lk:il (:8:5“ CZ ob/CZFy (cb)cal (ob)test Type No
20A11SS 1/4 0.0360 0.375 4.00 1.500 6.94 32.11 41.83 89.33 0.933 2.98 62.90 0.704 I 9
2042188 1/4 0.625 2.500 134.50 0.933 4.50 104.87 0.780 I 9
2041288 3/8 0.563 1.500 10.40 79.77 2.66 62.90 0.788 1 9
2042288 ©3/8 0.938 2.500 10.40 130.28 4.35 104.87 . 0.805 I 9
2041358 1/2 . 0.750- 1.500 13.90 81.69 2.72 62.90 0.770 I 9
20A148S 5/8 0.938 1.500 17.40 78.30 2.62 62.90 0.803 I 9
20A24SS 5/8 1.560 2,500 17.40 125.38 4.20 104.87 0.836 I&II 9
20A15S8S 3/4 1.130 1.500 20.80 84.61 2.82 62.90 0.743 1 9
16C105SS 3/4 0.0591 0.750 1.000 12.70 31.95 43.81 58.89 2.00 41.73 0.709 1 9
16C205SS 3/4 1.500 2,000 12.70 109.87 | 3.70 83.47 0.760 1 9
14A11S8S 1/4 0.0800 0.375 1.500 3.13 29.81 43.40  80.30 1.000 2.69 62.60 0.780 I 9
14A12SS 3/8 0.563 1.500 4.70 74.30 2.52 62.60 0.843 i ¢ 9
14A22SS 3/8 0.938 2.500 129.78 4.36 104.34 0.804 I 9
1441388 1/2 0.750 1.500 6.25 77.10 2.59 62.60 0.812 I 9
14A238S 1/2 1.250 2.500 122.73 4.11 104.34 0.850 I 9
12A11SS 1/4 0.0931 0.375 1.500 2.70 25.60 41.15 77.99 3.05 53.76 0.689 1 9
12A128S 3/8 0.563 1.500 4.03 80.49 3.15 53.76 0.668 1 9
12A14SS 5/8 0.938 6.71 26.65 41.40 76.53 2.87 56.60 0.731 1 9
18E12SS 3/8 0.0460 0.563 8.24 46.75 68.00 108.93 2.33 98.20 0.901 1 10
18E228S 3/8 0.0460 0.938 2.500 8.24 197.62 4.23 163.63 0.828 1 10
18E14SS 5/8 0.0460 0.938 1.500 13.74 112.52 2.41 98.20 0.873 1 10
14E13SS 1/2 0.0780 0.750 6.40 54 .44 70.40 111.30 0.920 2.23 105.20 0.945 1 10
4E238S 1/2 0.0780 1.250 2.500 6.40 182.50 3.64 175.30 0.960 1 10
14E158$ 3/4 1.130 1.500 9.60 119.50 2.40 105.20 0.880 1 10
*(Gb)cal = l.4(e/d)c2Fy

See Table 1 for the definition of type of failure.
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Table 5 (con't)

) (0,.)
Spec d t e s e/d a/t F F, ) ¢ est F o™ ~"b’cal  Failure Reference

No (in) (1n) (1n) (in) ! ! (k:i) (ksi) (ksi) © %/ 2 y “b)ca1 (9 test Type No
14E2588 3/4 0.0780 1.880 4.00 2.500 9.60 54.44 70.40 170.90 0.920 3.41 175.30 1.030 I&II 10
1081888 3/4 0.1430 1.130 1.500 5.23 59.47 76.84 107.30 2.00 115.00 1.070 I 10
QE1688 1.0 1.500 1.500 7.00 104.50 2.00 115.00 1.100 I 10
21588 3/4 0.1901 1.130 1.500 3.95 56.45 76.98 107.10 1.000 1.90 118.50 1.110 - I 10
12Y-110 5/8 0.1060 2.110 4,12 3.370 5.90 72.40 72.80 204.00 0.643 4.40 219.65 1.080 I4&11 6
7Y=L1 3/4 0.1830 0.620 1.50 0.833 4,10 83.10 83.80 62.00 1.17 62.30 1.000 I 6
7¥-12 3/4 0.690 1.50 0.917 4.10 64.00 1.20 68.54 1.070 I 6
7Y-T3 3/4 0.620 1.50 0.833 4.10 86.40 91.30 58.50 1.06 64.80 1.110 I 6
7Y-L& 3/4 1.000 1.88 1.330 4.10 83.10 83.80 97.20 1.82 99.73 1.030 1 6
7Y-T4 3/4 1.000 1.88 1.330 4.10 86.40 91.30 102.00 1.84 103.70 1.020 I 6
7Y-T5 3/4 0.1830 1.750 3.00 2.330 4.10 86.40 91.30 186.00 0.643 3.34 181.45 0.976 I&11 6
S1 7/8 0.1150 1.750 8.00 2.000 7.61 35.49 49.44 128.45 1.000 3.62 99.40 0.774 I 14
S4 1.0 0.1160 2.000 2.000 8.62 122,51 3.45 99.40 0.811 I 14
87 7/8 0.1810 1.750 2,000 4.83 38.10 62.08 142.07 3.73 106.70 0.751 1 14
$10 1.0 0.1840 2.000 2,000 5.43 137.50 3.61 106.70 0.776 I 14
S13 1.0 0.2610 2.000 2.000 3.83 45.07 67.54 142.34 3.16 126.20 0.791 I 14
- 1/2 0.0370 1.030 4.00 2,060 13.50 53.50 58.90 159.50 0.644 4.63 99.37 0.623 1 7
- 1/2 0.0370 1.060 4.03 2.200 13.50 162.70 4.72 106.12 0.652 1 7
- 1/2 0.0370 1.000 4.00 2.000 13.50 149.73 4.35 96.47 0.644 1 7
- 1/2 0.0510 0.970 4.06 1.940 9.80 40.60 50.10 134.10 0.835 3.95 92.10 0.687 1 7
- 1/2 0.0510 1.020 4.06 2.040 9.80 136.90 4.04 96.82 0.707 1 7
- 1/2 0.0610 1.030 4.03 2,060 8.20 50.50 74.10 173.10 1.000 3.43 145.60 0.841 I &1II 7
- 1/2 0.0610 1.030 4.06 2,060 8.20 167.90 3.32 145.60 0.867 1&11 7

- Jl.lo(e/t‘l)CzPy Mean = 0,850

*(0y) a1

See Table 1 for the definition of type of failure. Standard Deviation = 0.140
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Dimensions and Results of Single Shear Bolted Connections With Washers-Shear Strength Study

Table 5.
Spec d t e s e/d /e Fy E, (ob)test C . /C.F (o )* (cb)cal Fallure Reference
No (in) (in) (in) (in) (ksi) (ks1i) (ksi) 2 b' "2y b’cal (cb)test Type No
20A11S8S 1/4 0.0360 0.375 4.00 1.500 6.94 32.11 41.83 89.33 0.933 2.98 62.90 0.704 I 9
20A21SS 1/4 0.625 2.500 134.50 0.933 4,50 104.87 0.780 I 9
20A12S8S 3/8 0.563 1,500 10.40 79.77 2.66 62.90 0.788 I 9
2042288 3/8 0.938 2.500 10.40 130.28 4.35 104.87 0.805 I 9
2041388 1/2 0.750- 1,500 13.90 81.69 2,72 62.90 0.770 I 9
20A1488 5/8 0.938 1.500 17.40 78.30 2.62 62.90 0.803 I 9
20A24S8 5/8 1.560 2,500 17.40 125.38 4,20 104.87 0.836 I&11 9
2041588 3/4 1.130 1.500 20.80 84.61 2.82 62.90 0.743 1 9
16C1058S 3/4 0.0591 0.750 1.000 12.70 31.95 43,81 58.89 2.00 41.73 0.709 I 9
16C205SS 3/4 1.500 2. 000 12.70 109.87 3.70 83.47 0.760 1 9
14A11SS 1/4 0.0800 0.375 1.500 3.13 29.81 43.40 80.30 1.000 2.69 62.60 0.780 1 9
1441288 3/8 0.563 1.500 4.70 764.30 2.52 62.60 0.843 I 9
1442288 3/8 0.938 2.500 129.78 4.36 104.34 0.804 I 9
14A13SS 1/2 0.750 1.500 6.25 77.10 2.59 62.60 0.812 1 9
14A23SS 1/2 1.250 2,500 122.73 4,11 104. 34 0.850 I 9
12A11SS 1/4 0.0931 0.375 1.500 2.70 25.60 41.15 77.99 3.05 53.76 0.689 I 9
12A12SS 3/8 0.563 1.500 4.03 80.49 3.15 53.76 0.668 I 9
12A148S 5/8 0.938 6.71 26.65 41.40 76.53 2.87 56.60 0.731 I 9
18E12SS 3/8 0.0460 0.563 8.24 46.75 68.00 108.93 2.33 58.20 0.901 I 10
18E22SS 3/8 0.0460 0.938 2,500 8.24 197.62 4.23 163.63 0.828 1 10
18E14SS 5/8 0.0460 0.938 1.500 13.74 112.52 2,41 98.20 0.873 I 10
14E13SS 1/2 0.0780 0.750 6.40 54.44 70.40 111.30 0.920 2,23 105.20 0.945 I 10
4E23SS 1/2 0.0780 1.250 2.500 6.40 182.50 3.64 175.30 0.960 I 10
14E15SS 3/4 1.130 1.500 9.60 119.50 2.40 105.20 0.880 I 10
*(cb)cal = l.A(e/d)Csz

See Table 1 for the definition of type of failure.

€Y



Table 5 (con't)

(o) .
Spec d t e s F F (g,) * b’cal Failure Reference
N am_am am a0 ey aen 2 W el G e No
14E25SS 3/4 0.0780 1.880 4.00 2,500 9.60 54.44 70.40 170.90 0.920 3.41 175.30 1.030 I&1II 10
10E15SS 3/4 0.1430 1.130 1.500 5.23 59.47 76.84 107.30 2.00 115.00 1.070 I 10
LOE16SS 1.0 1.500 1.500 7.00 104.50 2.00 115.00 1.100 I 10
8E15SS 3/4 0.1901 1.130 1.500 3.95 56.45 76.98 107.10 1.000 1.90 118.50 1.110 - I 10
12Y-L10 5/8 0.1060 2.110 4,12 3.370 5.90 72,40 72.80 204.00 0.643 4.40 219.65 1.080 I &1I 6
7Y-L1 3/4 0.1830 0.620 1.50 0.833 4.10 83.10 83.80 62.00 1.17 62.30 1.000 I 6
7Y-12 3/4 0.690 1.50 0.917 4.10 64.00 1.20 68.54 1.070 I 6
-T3 3/4 0.620 1.50 0.833 4.10 86.40 91.30 58.50 1.06 64.80 1.110 I 6
7Y-L4 3/4 1.000 1.88 1.330 4.10 83.10 83.80 97.20 1.82 99.73 1.030 I 6
7Y-T4 3/4 1.000 1.88 1.330 4.10 86.40 91.30 102.00 1.84 103.70 1.020 I 6
TY-TS 3/4 0.1830 1.750 3.00 2.330 4.10 86.40 91.30 186.00 0.643 3.34 181.45 0.976 I&I1 6
SS1 7/8 0.1150 1.750 8.00 2.000 7.61 35.49 49.44 128.45 1.000 3.62 99.40 0.774 I 14
SS4 1.0 0.1160 2.000 2.000 8.62 122.51 3.45 99.40 0.811 I 14
SS7 7/8 0.1810 1.750 2.000 4.83 38.10 62.08 142.07 3.73 106.70 0.751 I 14
SS10 1.0 0.1840 2.000 2.000 5.43 137.50 3.61 106.70 0.776 I 14
SS13 1.0 0.2610 2.000 2.000 3.83 45.07 67.54 142.34 3.16 126.20 0.791 I 14
- 1/2 0.0370 1.030 4.00 2.060 13.50 53.50 58.90 159.50 0.644 4.63 99.37 0.623 I 7
- 1/2 0.0370 1.060 4.03 2,200 13.50 162.70 4.72 106.12 0.652 I 7
- 1/2 0.0370 1.000 4.00 2.000 13.50 149.73 4.35 96.47 0.644 I 7
- 1/2 0.0510 0.970 4.06 1.940 9.80 40,60 50.10 134.10 0.835 3.95 92.10 0.687 I 7
- 1/2 0.0510 1.020 4.06 2.040 9.80 136.90 4.04 96.82 0.707 I 7
- 1/2 0.0610 1.030 4.03 2.060 8.20 50.50 74.10 173.10 1.000 3.43 145.60 0.841 I & I1 7
- 1/2 0.0610 1.030 4.06 2.060 8.20 167.90 3.32 145.60 0.867 I&1I1 7
*(cb)cal = 1.4(e/d)C2Fy Mean = 0,850
See Table 1 for the definition of type of failure. Standard Deviation = 0.140
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Table 6. Dimensions and Results of Bolted Connections Without Washers Shear Strength Study 7 e/d £ 2.5
age of Connection* d t e s e/d ale Fy Fu (Gb)test c 0. JCAF (Ob)::1 (Gb)cal Failure
Steel Type (in) (in) (in) (in) (ksi) (ksi) (ksi) 2 b’ ¥2y (ksi) (Ob)test Type
20 1 1/2 0.037 1.00 4,00 2.00 13.5 53.5 58.9 129.20 0.644 3.74 96.50 0.747 I& II*
20 1 1/2 0.037 1.00 4.00 2.00 13.5 53.5 58.9 127.70 0.644 3.70 96.50 0.756 I &I
20 1 1/2 0.037 0.50 4.00 1.00 13.5 53.5 58.9 90.81 0.644 2.64 48.23 0.531 bi
20 1 1/2 0.037 0.50 4.00 1.00 13.5 53.5 58.9 82.20 0.6646 2.39 48.23 0.587 bi
20 3 1/2 0.037 1.00 3.94 2.00 13.5 53.5 58.9 116.60 0.646 3.38 96.50 0.828 I
20 3 1/2 0.037 1.00 3.94 2.00 13.5 53.5 58.9 116.76 0.644 3.39 96.50 0.826 1
20 2 1/2 0.037 1.00 4.00 2.00 13.5 53.5 58.9 118.40 0.644 3.43 96.50 0.815 I
20 2 1/2 0.037 1.00 4.00 2.00 13.5 53.5 58.9 116.80 0.644 - 3.39 96.50 0.826 i
16 1 1/2 0.061 0.51 4,00 1.02 8.2 50.5 74.1 90.82 1.000 1.80 72.11 0.794 I &II
16 1 1/2 0.061 0.52 4,00 1.04 8.2 50.1 74.1 101. 30 1.000 2.00 73.53 0.726 I &1I
16 3 1/2 0.061 1.00 4.03 2,00 8.2 50.1 74.1 143.20 1.000 2.86 140.30 0.980 I & I1
16 3 1/2 0.061 1.00 4.06 2.00 8.2 50.1 74.1 147.50 1.000 2.94 140.30 0.951 I & 11
All Single Shear Connections Mean = 0.780
* 1 One Bolt
Standard deviation = 0.130

2 Two bolts parallel to the line of stress
3 Three bolts parallel to the line of stress

*k(Q = 1.4(e/d)C2Fy

b)cal
See Table 1 for the definition of type of failure.
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Table 7. Dimensions and Results of Double Shear Bolted Connections with Washers-Shear Strength Study

(0.)

(g,) .
Spec. d t e s Fy Fu b’test C g, {C,Fy (o, )* b’cal Failure
No. (in) (in) (in) (in) e/d d/e (ksi) (ksi) (ksi) 2 L bieal (c‘b)test Type Reference
[ROALLDS 1/4 0.036 0.375 4.0 1.5 6.94 32.11 41.85 95.85 0.934 3.2 62.98 0.659 I 9
0A21DS 1/4 0.625 2.5 142,75 4.76 104.98 0.735 1
[20A12DS 3/8 0.563 1.5 10.42 93.89 3.13 62.98 0.671 1
20A13DS 1/2 0.75 13.9 84 .42 2.82 62.98 0.746 1
20A14DS 5/8 0.938 17.36 88.09 2.93 62.98 0.715 I
ROAL5DS 3/4 1.125 20.83 88.7 2.96 62.98 0.71 1
16C103DS 1/2 0.059% 0.5 1.0 8.46 31.95 43,81 58.55 1.0 1.83 44,73 0.764 1
16C203Ds 1/2 1.0 2.0 8.46 112,69 3.53 89.5 0.794 1
14A11DS 1/4 0.08 0.375 1.5 3.13 29.81 43 .4 78.37 2.63 62.6 0.799 I
14A21DS 1/4 0.625 2.5 3.13 131.86 4 .42 104 .34 0.791 I
l4A12D8 3/8 0.563 1.5  4.69 83.47 2.8 62.6 0.75 1
14A12DS 3/8 0.938 2.5 4.69 129.33 4.34 104 .34 0.807 I
14A13DS 1/2 0.75 1.5 6.25 81.91 2.75 62.6 0.764 1
[14A23DS 1/2 1.25 2.5 6.25 130.58 4.38 104.34 0.799 1
12A11DS 1/4 0.0931 0.375 1.5 2.68 26.0 41.15 82.18 3.17 54 .6 0.664 I
2A21DS 1/4 0.625 2.5 2.68 134 .81 5.19 91.0 0.675 1
2A12DS 3/8 0.563 1.5 4,03 79.04 3.04 54.6 0.691 I
12A22DS 3/8 0.938 2.5 4.03 134 .39 5.17 91.0 0.677 1
[12A14DS 5/8 0.938 1.5 6.71 83.82 3.22 54.6 0.651 1
112A24DS 5/8 1.563 2.5 6.71 127.73 4.92 91.0 0.712 1
10A12DS 3/8 0.143 0.563 1.5 2.62 36.6 48.0 84 .84 0.945 2.46 72.63 0.856 1
%OAZZDS 3/8 0.143 0.938 2.5 2.62 133.56 3.86 121.05 0.906 I
B23DS 1/2 0.188 1.25 2.5 2.66 35.15 47.1 124.75 0.973 3.65 119.71 0.96 I
B25DS 3/4 0.188 1.88 2.5 4.0 129.16 3.78 119.71 0.927 I
18E12DS 3/8 Q.046 0.563 1.5 8.24 46.75 68 .Q 110.71 1.0 2.37 98 .2 0.887 I 10
18E22DS 3/8 0.938 2.5 8.24 185.37 3.97 163.63 0.883 1
18E14DS 5/8 0.938 1.5 13.74 110.91 2.37 98.2 0.885 I
18E24DS 5/8 1.563 2.5 13.74 171.97 3.68 163.63 0.951 1
14E13DS 1/2 0.078 0.75 1.5 6.39 54 .44 70.4 L2204 0.919 2.45 105.06 0.858 1
14E13DS 1/2 1.25 2.5 6.39 190.9 3.82 175.1 0.917 I
14E15DS 3/4 1.125 1.5 9.58 121.35 2.43 105.06 0.866 I
10E12DS 3/8 0.143 0.563 1.5 2.61 59.5 71.85 101.55 0.797 2.15 99.63 0.981 I
10E13DS 1/2 0.75 1.5 3.5 107.1 2.26 99.63 0.93 1
10E23DS 1/2 1.25 2.5 3.3 130.8 3.81 165.95 0.918 1
QE15DS 3/4 1.13 1.5 5.23 121,45 2,57 99.63 0.82 1 J




Table 7.(con't)

(o) N .
Spec. d t e s Fy Fu b’test C b’cal Failure
No. (in) (in) (tn)  (im) /4 /e (ks1)  (ksi) (ke) 2 %/%Y Sl G tent Type  Reference

10E26DS 1.0 0.143 2.5 4.0 2.5 7.0 59.5 71.85 167.0 0.797 2,53 165.98 0.994 I 10
E15DS 3/4 0.19 1.125 1.5 3.95 56.45 76,98 108.95 1.0 1.93 118.55 1.09 I
EEZSDS 3/4 1.875 2.5 3.95 158.3 2.81 197.6 1.25 I&1II

Y-L22 1/2 0.183 0.88 5.0 1.75 2.73 83.1 83.8 136.8 0.643 2.57 130.91 0.957 I 6
7Y~L23 1/2 0.75 1.5 112.3 2.1 112.2 1.0 I 6
[7Y-L24 1/2 1.4 2.8 263.0 4.91 209.46 0.796 I&1II 6
7Y-125 1/2 1.5 3.33 3.0 240.0 4.5 224.4 0.935 I&1II 6
20Z-L5 1/2 0.038 1.0 2.5 2.0 13.16 75.7 81.7 130.8 0.727 2.38 154.12 1.18 I&1II 6
20Z-L7 3/16 0.47 2.08 2.5 4.93 192.0 3.5 192.62 1.0 I 6
1605X-L5 1/2 0.062 1.0 2.5 2.0 8.06 85.25 83.25 157.0 0.643 2.94 149.9 0.955 I 6
1605X~L6 1/2 1.4 5.0 2.8 8,06 87.6 87.6 224.0 4.0 220.81 0.986 I&1II 6
[1205X-L10 1/2 0.106 1.4 5.0 2.8 4.72 80.5 80.5 206.0 4.0 202.93 0.985 I1§&1II 6
7Y-L31 1/2 0.183 1.5 2.5 3.0 2,73 82.6 82.6 222.,5 4.18 223.07 1.0 I 6
6FAX-L14 1/2 0.062 1.25 2.5 2,5 8.06 30.1 45.9 101.6 1.0 3.38 105.4 1.04 I&1I1 6
2FAX-L19 1/2 0.106 1.25 2.5 2,5 4.72 28.1 44.1 120.2 4,28 98.4 0.818 I&11 6

*(Gb) = 1.4(e/d) C,Fy Mean = 0.860

See Table 1 for the definition of type of failure. Standard Deiviation =0.140
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Table 8. Dimensions and Results of Bolted Connections with Washers-Tensile Strength Study (Single Shear)
Spec. d t s e/d a/s a/t Fy Fu (Onet)test (Onet)test (Gnet):al (Onet)cal Failure Referencd
No. (in) (in) (in) (ksi) (tsi) (ksi) Fu (ksi) (Onet test Type
20A41SS]1 1/4 0.0346 4.0 4.5 0.0625 7.23 32.11  41.85 15.5 0.370 12.03 0.776 III 9
20441552 1/4 0.0349 " " 7.16 14.87 0.355 12.03 0.809 III 9
20A225S1 3/8 0.0354 2.5 0.094 10.6 13.5 0.323 16.0 1.185 I& III 9
20A32551 3/8 0.0335 3.5 0.094 11.2 14.74 0.352 16.0 1.085 I& III 9
20432582 3/8 0.0342 3.5 0.094 10.96 19.94 0.476 16.0 0.802 111 9
20442881 3/8 0.0349 4.5 0.094 10.74 14.35 0.343 16.0 1.115 I& III 9
[20A42583 3/8 0.036 4.5 0.094 10.42 13.1 0.313 16.0 1.221 111 9
20A23551 1/2 0.0352 2.5 0.125 14.2 17.15 0.41 19.9 1.16 I & III 9
[20A43SS1 1/2 0.0352 4.5 0.125 14.2 17.19 0.411 19.9 1.157 I& III 9
20443583 1/2 0.0361 4.5 0.125 13.9 20.55 0.491 19.9 0.968 III 9
20A34SS 5/8 0.0359 3.5 0.156 17.4 24 .64 0.59 23.77 0.965 111 9
[20A4 4SS 5/8 0.0353 4.5 0.156 17.7 21.9 0.523 23.77 1.09 111 9
20425581 3/4 0.0357 2.5 0.188 21.0 25.3 0.605 27.8 1.1 111 9
20A35S5S1 3/4 0.0357 3.5 0.188 21.0 25.13 0.60 27.8 1.1 111 9
16C305S8S 3/4 0.0591 3.0 0.188 12.7 32.0 44.0 31.28 0.711 29.22 0.934 111 9
16C505SS 3/4 0.0591 5.0 0.188 12.7 30.32 0.690 29.22 0.964 I1I 9
14A23SS1 1/2 0.0832 2.5 0.125 6.0 29.8 43.4 17.97 0.414 20.62 1.15 I& III 9
14B25S5S1 3/4 0.0798 2.5 0.188 9.4 25.12 0.579 28.82 1.15 III 9
[L14B35S8S1 3/4 0.0771 3.5 0.188 9.73 23.79 0.548 28.82 1.21 I1I 9
114B4 58S 3/4 0.0814 4.5 0.188 9.21 26.21 0.604 28.82 1.1 III 9
14B26SS1 1.0 0.0768 2.5 0.25 13.0 33.33 0.768 36.89 1.11 111 9
14B36SS1 3/4 0.0741 3.5 0.188 10.12 33.31 0.767 28.82 0.865 111 9
14B46SS1 3/4 0.0789 4.5 0.188 9.51 35.9 0.827 28.82 0.803 III 9
12A34SS1 5/8 0.0922 3.5 0.156 6.78 26.0 41.15 37.2 0.904 23.4 0.629 I1I 9
12A44SS1 5/8 0.0922 4.5 0.156 6.78 24.3 0.591 23.4 0.963 111 9
|8B455S1 3/4 0.1867 4.5 0.188 4.02 32.0 46.0 29.07 0.632 30.54 1.05 I& III 9
8B26SS1 1.0 0.1893 2.5 0.25 5.28 43.7 0.95 39.1 0.895 111 9
[8B46SS1 1.0 0.1884 4.5 0.25 5.31 46.98 1.02 39.1 0.832 111 9
[18E42SS1 3/8 0.0451 4.5 0.094 8.31 46.75 68.0 20.85 0.307 26.0 1.25 III & I 10
[18E24SS1 5/8 0.0441 2.5 0.156 le.2 29.78 0.438 38.62 1.3 I& III 10
[18E34SS 5/8 0.0444 3.5 0.156 14.08 37.8 0.556 38.62 1.02 II1 10
[18E44SS1 5/8 0.0448 4.5 0.156 13.95 35.7% G.515 38.62 1.1 II1 10
14E358S1 3/4 0.0789 3.5 0.188 9.51 S54.44  70.4 47.95 0.681 46.75 0.975 III 10
M4E45SS1 3/4 0.0781 4.5 0.188 9.6 55.45 0.788 46.75 0.843 III 10
10E26SS1 1.0 0.1455 2.5 0.25 6.87 59.5 71.85 55.25 0.77 61.1 1.11 111 10
14G25SS 3/4 0.0766 2.0 2.5 0.375 9.8 29.8 43.4 49,4 1.14 43.4 0.879 III 10
[L4G35SS 3/4 0.0753 3.5 0.375 9.96 47.0 1.08 43.4 0.923 I1I 10
4G4 588 514 0.0795 4.5 0.375 9.43 46,5 1.07 43,4 0.933 111 10
Mean = 1,010
*(Onet)cal = (.1 + 3 d{s) Fu
Standard Deviation = 0.150

See Table 1 for the definition of type of failure.
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Table 9. Dimensions and Results of Single Shear Connections With Washers-Tensile Strength St:udy6

*

Spec d t s e/d d/s d/t Fy Fu (Onet)test ———————(One;) test (Onet) cal _________(Onet)cal Failure
No (in) (1n) (1n) (ksi) (ksi) (ksi) u (ks 1) nettest Type
12Y-L12 1/2 0.104 2.660 3.500 0.188 4.81 72.40 72.80 50.96 0.700 48.34 0.949 IT & III
12Y-L13 5/8 3.330 3.480 6.01 ’ 36.00 0.495 48.34 1.340 I & IT & IIT

F'LZY—L]A 3/4 3.930 3.460 0.191 7.21 70.64 0.970 49.00 0.694 II & III
12Y~-L15 3/8 1.520 3.990 0.247 3.61 66.12 0.910 61.22 0.926 I & IT & IIJ]
12Y-L17 5/8 2.548 3.400 0.245 6.01 54.70 0.751 60.80 1.110 I & IT & III
2Y-L18 3/4 3.040 3.530 0.247 7.21 52.22 0.717 61,22 1.170 IT & III
12Y-L19 7/8 3.530 3.430 0.248 8.41 52.55 0.722 61.44 1.170 III
7Y-T3 3/4 0.183 1.500 0.833 0.500 4.10 86.40 91.30 84.74 0.928 91.30 1.080 III
7Y-L5 3.750 2.500 0.200 83.10 83.90 52.00 0.620 58.73 1.130 I & II & ILY
7Y-L6 3.750 5.000 83.10 83.10 79.00 0.951 58,73 0.743 II & III
[12Y-L27 3/8 0.105 0.872 5.330 0.430 3,57 87.00 88,10 85.00 0.965 . 88.10 1.040 III
12Y-128 5/8 0.105 1.500 4.000 0.420 5.95 87.00 88.10 88.70 1.010 88.10 0.993 IIL
7Y-T30 3/4 0.183 1.870 3.330 0.400 4.10 87.00 91.00 96.60 1.060 91.00 0.942 IIX
7Y-L20 1.500 1.500 0.500 83.10 83.80 84.60 1.010 83.80 0.991 I11
7Y-L21 2.500 3.200 0.300 83.10 0.992 83.80 1.010 III
202-L1 1/2 0.039 1.500 3.500 0.330 12.82 75.50 81.70 85.30 1.040 81.70 0.960 111
20Z~L2 2.000 74.90 0.917 81.70 1.090 I & IT & II|
20z-L3 3/4 2.500 2.000 0.300 19.23 63.80 0.781 81.70 1.280 1 & II & III
20Z-T10 1/2 1.500 3.500 0.330 12.82 94.40 99.80 70.80 0.710 99.80 1.400 III
202~-T11 2.500 3.000 0.200 40.23 0.403 70.00 1.740 II & III
1605X-L1 3/4 0.065 2.500 3.000 0.300 11.54 83.25 83.25 81.30 0.977 83.25 1.020 IIL
16FAX-116 1/2 0.060 3.500 0.200 8.33 30.10 45.90 41.30 0.900 32.13 0.778 II & III
*(Onet)cal =Gl 3d/s)Fu Mean = 1.070

See Table 1 for the definition of type of failure. Standard Deviation = 0.230
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Table 10. Dimensions and Results of Bolted Connections with Washers-Tensile Strength Study (Double Shear)
*
Spec. d t s e/d a/s d/t Fy Fu (Onet)test Onet)test (Onet)cal net)cal Tailure Ref
No. (in) (in) (in) (ksi) (ksi) (vsi) Fu (ksi) onet)test Type elterence
20A21DS2 1/4 0.0347 4.0 2.5 0.063 7.2 32.11 41.85 9.66 0.231 12.1 1.25 I& III 9
20A22DS 3/8 0.0344 0.094 10.9 14 .84 0.355 16.0 1.08 I & III 9
20A23DS1 1/2 0.0354 0.125 14.12 20.8 0.497 19.9 0.957 I & III 9
20A33DS1 1/2 0.0360 3.5 13.9 23.6 0.564 0.843 II1 9
20A43DS 1/2 0.0356 4.5 14.04 29.0 0.693 0.686 II1 9
20A34DS 5/8 0.0354 3.5 0.156 17.66 35.81 0.856 23.77 0.664 II1 9
20A44DS1 5/8 0.036 4.5 17.36 34.56 0.826 0.688 III 9
20A25DS 3/4 0.0355 2.5 0.188 21.13 29,86 0.714 27.8 0.931 III 9
20A35DS1 3/4 0.0357 3.5 21.01 35.68 0.853 27.8 0.779 111 9
16C403DS1 1/2 0.0591 4.0 0.125 8.46 32.0 44 .0 31.33 0.712 20.9 0.667 III 9
16C503Ds1 1/2 5.0 34,98 0.795 0.597 I1I 9
14A43DS1 1/2 0.077 4.5 6.49 29.8 43.4 29.77 0.686 20.62 0.693 II1 9
14B25DS1 3/4 0.0797 2.5 0.188 9.41 28.38 0.654 28.82 1.02 111 9
14B35DS1 3/4 0.077 3.5 9.74 34.27 0.79 0.841 III 9
14B26DS1 1.0 0.076 2.5 0.25 13.23 37.6 0.866 36.9 0.981 III 9
14B36DS1 1.0 0.0734 3.5 0.25 13.62 42.39 0.977 0.870 111 9
12A34DS1 5/8 0.0922 3.5 0.156 6.78 26.0 41.15 31.83 0.774 23.37 0.734 III 9
12A44DS1 5/8 4.5 36.87 0.896 0.634 I11 9
8B35DS1 3/4 0.197 3.5 0.188 3.81 32.0 46.0 41,4 0.90 30.54 0.743 III 9
8B45DS1 3/4 0.1808 4.5 4.15 46.5 1.01 0.657 II1 9
8B4 5DS1 1.0 0.191 2.5 0.25 5.24 43.35 0.942 39.1 0.902 II1 9
18E34DS1 5/8 0.0451 3.5 0.156 13.86 46.75 68.0 43.98 0.647 38.62 0.878 I&III 9
18E44DS1 5/8 0.0453 4.5 0.156 13.8 45,84 0.674 0.842 I& III 10
14E25DS1 3/4 0.0781 2.5 0.188 9.6 54 .44 70.4 42,1 0.598 46,75 1.11 III 10
14E45DS1 3/4 0.0781 4.5 9.54 67 .4 0.957 0.694 I11 10
10E25DS1 3/4 0~1351 2.5 5.55 59.5 71,85 44.85 0.624 47.71 1,06 I& III 10
10E16DS1 1.0 0.1421 1.5 0.25 7.04 35.4 0.493 61.1 1.73 I& III 10
LOE46DS1 1.0 0.1411 4.5 7.09 69.4 0.966 : 0.88 I11 10
14G25DS1 3/4 0.0768 2.0 2.5 0.375 9.77 29.8 43.4 47.8 1.1 43.4 0.908 II1 10
14G35DS 3/4 0.0760 3.5 0.375 9.87 48.3 1.11 43.4 0.90 III 10
14G4 5DS 3/4 0.0755 4.5 0.375 9.93 49 .7 1,15 43.4 0.87 I11 1Q
= Mean 0.870
*(onet)cal .1+ 3d/s)Fu
Standard Deviation 0.220

See Table 1 for the definition of type

of failure
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Dimensions and Results of Double Shear Bolted Connections With Washers-Tensile Strength Study 6

Table 11.
) * (o )
S;ec : , (it) (is , e/d d/s /e Fy F, onet)test ne; test (onec)Cal . net)cal Failure
° (in . " (ksi)  (ksi) (kst) u (ksi) “net” est Type
20Z-19 3/4 0.039 2.5 3.0 0.30 19.23 75.50 81.70 74.00 0.906 81.70 1.100 II & II1
20ZT13 99.40 99.80 74.45 0.746 99.80 1.340 II & III
1605X-L2 0.065 11.54 83.25 83.25 85.70 1.030 83.25 0.971 III
1605XL3 2.0 68.72 0.825 1.210 I & II &IIT
1205X-L8 0.105 3.0 3.5 0.25 7.14 81.60 81.60 81.85 1.000 69.36 0.847 II & III
1205%~L9 7/8 3.5 3.5 8.33 83.25 1.020 69.36 0.833 11 & III
1205X-L11 3/4 2.5 3.0 0.30 7.14 80.50 80.50 77.30 0.960 80.50 1.040 III
7Y-L32 5/8 0.183 3.0 3.5 0.21 3.42 82.60 82.60 66.20 0.801 60.30 0.911 I & IT & IIT
16FAX-L12 3/4 0.060 2,5 3.0 0.30 12.50 30.10 45.90 46.00 1,000 45.90 0.998 III
16FAX~L13 2.5 3.5 46.20 1.010 0.994 III
16FAXL1S 1/2 2.5 0.20 8.33 43.87 0.956 32.13 0.732 II & III
1610XL18 3/4 3.0 0.30 12.50 78.40 81.50 84,32 1.030 81.50 0.967 II1
12FAXL18 3/4 0.107 3.0 0.30 7.01 28.10 44,10 45,10 1.020 44.10 0.987 III
12FAXL20 1/2 3.5 0.20 4.67 41.10 0.932 30.87 0.751 II & III
1615XL22 3/4 0.600 3.0 0.30 12.50 45.40 54.70 61.80 1.180 54.70 0.885 II1
1615X1.23 1/2 0.20 8.33 50.90 0.931 38.30 0.752 II & III
1625X126 3/4 0.30 12.50 38.50 49.10 57.17 1.160 49.10 0.859 III
1625XL27 2 0.20 8.33 42.50 0.866 34.37 0.808 II & III
1625XL28 1/2 3.5 0.20 44.50 0.906 0.772 II & III
1210XL32 3/4 0.107 3.0 0.30 7.01 70.10 72.80 77.70 1.070 72.80 0.937 III
1210X1L25 1/2 2.0 3.5 0.25 4,67 . 77.10 1.060 61.88 0.803 II & III
1215XL26 3/4 2.5 3.0 0.30 7.01 65.20 69.30 66.00 0.952 69.30 1.050 III
1215XL29 1/2 2.0 3.5 0.25 4.67 69.83 1.010 58.91 0.844 IT & III
1225%X~L30 3/4 2.5 3.0 0.30 7.01 36.60 50.00 53.61 1.070 50.00 0.933 111
1225XL31 1/2 0.20 4,67 42.40 0.848 35.00 0.825 II & III
1225XL32 3.5 42,50 0.850 0.823 II & III
1225XL33 2.0 0.25 51.50 1.030 42.50 0.825 ITI & II1
*(onet)cal = Gl+ Sd/s)Fu Mean = 0,920
Standard Deviation = 0,140

See Table 1 for the definition of type of failure.
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Table 12. Dimensions and Results of Multi-Bolted Connections With Washers-Tensile Strength Study 5

(o _).g * (o ) .

Spec :olc:f (irdl) (.t) s ) e/d d/s d/t Fy Fu (onet)test —_ne; test (onet)cal CANOI net)cal Failure
No olts in (in (ksi)  (ksi) (ksi) u (ksi) net’test ~ TYPe
Fl6A 1 3/4 0.060 4.01 4.00 0.1875 12.50 31.00 44.40 23.40 0.527 129,42 1.260 IT & I1T
BF351 1 11/8 0.185 4.00 2.67 0.2810 6.08 55.70 77.40 68.70 0.887 73.00 1.060 IT & III
[L14F451 1 1/2 0.078 6.00 0.1250 6.41 62.50 76.20 28.40 0.373 36.20 1.270 IT & III

16A15 1 1/2 0.060 8.33 31.60 45.00 20.00 0.445 21.40 1.070 I11
3C16A 2 3.50 31.00 44.40 37.60 0.847 32.75 0.871 IT & III
C16A 2 3/4 0.058 4.01 2.33 0.1875 12.93 40.00 0.903 36.91 0.923 IT & III
8F352 2 11/8 0.185 4,00 2.67 0.2810 6.08 55.70 77.40 80.40 1.040 75.20 0.935 IT & II1
10F452 2 3/4 0.144 3.33 0.1875 5.21 62.80 80.70 74.60 0.926 67.10 0.900 111
14F452 2 1/2 0.078 5.00 0.1250 6.41 62.50 76.20 64.00 0.841 56.20 0.878 Il & I1Y
316Al 3 0.060 3.50 8.33 31.60 45.00 37.80 0.840 37.13 0.982 II1
316A2 3 42,00 0.933 0.884 III
[116A3 3 3/4 2.33 0.1875 12.50 43.50 0.968 39.94 0.918 III
216A3 3 43.00 0.956 0.929 III
160514 3 1/2 4.00 0.1250 8.33 84,90 84.90 85.00 1.000 70.04 0.824 111
16052A 3 3/4 2.33 0.1875 12.50 100.00 1.180 75.35 0.754 III
161014 3 1/2 4.00 0.1250 8.33 75.60 79.30 81.00 1.020 65.42 0.808 III
161024 3 3/4 2.33 0.1875 12.50 86.40 1.090 70.40 0.815 III
7085S 3 5/8 0.184 3.22 5.00 0.1940 3.40 85.00 85.00 86.40 1.020 76.00 0.880 ITI
70918 3 5/8 0.182 3.30 0.1940 86.25 86.25 84.80 0.983 76.76 0.905 III
7092s 3 0.183 4.23 6.80 0.1480 84.75 0.983 73.14 0.863 II1
70938 3 0.185 83.60 0.970 0.875 111
*(O o) ar = - 91+ 3rd/S)E Mean = 0.930

See Table 1 for the definition of type of failure. Stanard Deviation = 0.130



Table 13. Torques Used in Installation of A307 Bolts
(Cornell Tests)

Bolt Diam, Torque
in. ft. 1b.,
1/4 ' 5
3/8 14
1/2 40
5/8 50
3/4 110

1 250

Table 14. Torques Used in Installation of
High Strength Bolts (Cornell

Tests) *

Bolt Diam. Torque
in. ft. 1b
1/4 11.0
3/8 37.5
1/2 95,0
5/8 190.0
3/4 335,0
1.0 750.0




Table 15. Bolt Tension Specified by the Research
Council on Riveted and Bolted Structural

Joints
' Bolt Diam, Minimum Bolt Tension, kips
i A325 Bolts A490 Bolts
1/2 12 15
5/8 19 "
. 3/4 28 35
7/8 39 49
1 51 64
11/8 56 80
1 1/4 71 102
1 3/8 85 121
11/2 103 148
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PREFACE

In June 1976, the First Progress Report on Bolted Connections
in Cold-Formed Steel Structures was submitted to American Iron and
Steel Institute. It summarized the available test data and studied
the applicability of the present design formulas for bolted connections.
During the Summer, 1976 two types of investigations were conducted
at the University of Missouri-Rolla. The first dealt with an evaluation
of bolt tension induced by the applied torque during installation.

The second involved a preliminary study of the effects of washers and
torque on the bearing strength of connections composed of steel sheets
thinner than 0.036 in. This report presents the results of these
investigations.

The planned future‘study on bolted connections will consist
of a study of the effect of bolt installation on the bearing capacity
of the connections. The parameters to be used in the future study
are based on the recommendations of the AISI Task Group formulated at
| its September 15, 1976 meeting.

This research project was sponsored by American Iron and Steel
Institute. The technical guidance provided by the AISI Task Group on
bolted connections (Mr. L.W. Ife, Chairman, Messrs. T.J. Jones, and
D.S. Wolford, members) and the AISI staff (Dr. A.L. Johnson and Mr. D.P.
Cassidy) is gratefully acknowledged. Thanks are also due to Mr.

E.B. Gibson, former Chairman of the AISI Task Group and Mr. R.B. Matlock,

former member of the Task Group, for their technical guidance.
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I. BOLT INSTALLATION
A. Introduction
The deve]bpment of Section 4.5 of the 1968 Edition of the
AISI Specification for the Design of Cold-Formed Steel Structural
Members] is based primarily on the study made at Cornell

University.2’3’4’5’6’7’8

The bolted connection specimens tested
in this study were assembled with the same torques throughout

the testing program. The torque values used are shown in Tab1es

1 and 2 for A307 bolts and A325 high strength bolts, respectively.
Also these same torque values were used in the recent studies

10 and Hauss]er]].

- made by Chong and Mat]ockg, Victor Liu
When the AISI Specification is compared with the
Specification of the Research Council on Riveted and Bolted
Structural Joints (RCRBSJ),]2 the current AISI Specification does
not provide the exact procedure to be followed for the installation
of bolted connections. For high-strength structural bolts, RCRBSJ
specifies that the bolts must be tightened so that the resulting
bolt tension is at least 70% of the specified minimum tensile
strength. The required minimum bolt tension is given in the
RCRBSJ Specification, as listed in Table 3. These values are
achieved by using calibrated wrenches, the turn-of-nut method,
or direct tension indicators.
When high-strength bolts were first introduced, installation

was primarily controlled by torque. Recent tests show that there

is a great variability of the torque-tension |r'e1at1'onship,13



which is one reason why the present RCRBSJ Specification for

bolted connections requires a specific minimum bolt tension

instead of torque. Also,it has been noted that for steel structures
using hot rolled shapes. connections can be designed as either
friction-type or bearing type when high-strength bolts are used.
However, in cold-formed steel construction only bearing-type
connections are used. Therefore, the pretension in bolts is less
important than with conventional steel structures. For this

reason, it has been found satisfactory in previous research

work and practice to install bolts by using torque control.

It is the purpose of this investigation first to develop
a turn-of-nut method for bolt connections composed of cold-formed
steel and second = to determine the bolt tension developed from
the torque values used in the original Cornell] study.

B. Experimental Investigation

1. Design of Test Specimens

To develop a turn-of-nut method, it was necessary to
have a means of measuring the tension developed in the bolt as the
nut was tightened. This was accomplished by using a specially
designed Toad cell and -d direct tension indicator.

Hollow steel cylinders mounted with four strain gages were
used for the load cells. Figure 1 shows the steel cylinders for
1/2 and 5/8 inch diameter bolts. The dimensions are listed in
Table 4. The cylinders were calibrated With a Tinius Oslen
testing machine. The calibration curves for the load cells for

1/2 and 5/8 inch bolts are shown in Figure 2.



The direct tension indicator is a hardened washer with a series
of protrusions on one face. The washer is inserted between the
bolt head and the gripped material. The protrusions, which bear
against the underside of the bolt head, leave a gap. When the bolt is
tightened, the protrusions are flattened and the gap is reduced. Bolt
tension is evaluated from measurements of the residual gap. The
direct tension indicator and the procedure described above are
illustrated in Figure 3. These washers are available for high
-strength 1/2 inch diameter bolts and larger. Table 5 Tists the
specified values of gap closure required for the minimum bolt
tension.

To determine the relationship between bolt tension
and the gap of the indicatorsthe test assembly shown in Figure 4
was used. As the nut was turned at specified angle increments,
gap measurements and strain readings were recorded. From the
calibration curves given in Figure 2, the bolt tension was then
determined. The assembly shown in Figure 5 was used to obtain the
relationship of gap versus nut rotation. By using the results
obtained from the assembly of Figure 4,the relationship between
the bolt tension and the required nut rotation was constructed
for a given grip length. The relationships of bolt tension versus
torque and torque versus nut rotation were also obtained from the
tests.

The purpose of using the direct tension indicator and the load
cells together was to provide a check for the experimental system
described above. Favorable results were obtained from this procedure

as discussed in Section I1.B.3.



2. Testing of Specimens

Ten tests were conducted on 1/2 in. diameter A325 bolts.
Five tests were run by using the assembly shown in Figure 4 and
the remaining five tests were run by using the assembly shown in
Figure 5. Table 6 lists the dimensions of the bolts used in
the tests.

The tests performed on the 5/8 in. diameter bolts consisted
of four tests for which the assembly shown in Fiaure 4 was used.
For 11 tests, the assembly shown in Figure 5 was used. The effect
of different grip lengths was studied in the 11 tests. Table 7
Tists the dimensions of the bolts.

3. Test Results and Evaluation of Test Data

As described in the previous section, two testing assemblies
were used throughout the testing program. The assembly shown
in Figure 4 was used so that the tension prodﬁced in the bolt could
be measured and compared to the gap of the direct tension indicator.
The assembly shown in Figure 5 was used to develop a turn-of-
nut method. During the testing of the specimens, strain readings,
gaps, turns of the nut,and the torques were recorded for -“each
test. Readings were taken every 60 degrees for the 1/2 in.
diameter bolts and 30 degrees for the 5/8 in. diameter bolts from
the finger tight position. Figures 6 through 19 show a graphical
representation of these results.

By using the assembly shown in Figure 4, a relationship of bolt

tension versus gap closure was obtained from the first series of tests.



The results are shown in Figures 6 and 7 for 1/2 and 5/8 in.

diameter bolts, respectively. It can be seen that for both cases when
the gap is closed to the specified gap closure of0.015 in. the bolt
tension exceeds the minimum specified values of 12 kips for the

1/2 in. bolts and 19 kips for the 5/8 in. bolts as specified by the
RCRBSJ. Also, as shown in Figure 7, the test data are in good

agreement with Ed Estes']5

load gap curve, which was derived from é
particular heat of Coronet Load Indicators for 5/8"¢A325 bolts. There-
fare, it is concluded that the method used in these tests produces
favorable results.

In the second series of tests, the testihg assembly shown in

Figure 5 was used. By using the recorded gaps measured from these tests,
the corresponding values of bolt tension were obtained from Figures
6 and 7. The relationship of bolt tension versus nut rotation is
shown in Figure8 for the 1/2 in. diameter A325 bolts and in
Figures 9, 10,and 11 for the 5/8 in. diameter A325 bolts with specimens
of different grip lengths. For the 1/2 in. diameter A325 bolts, the
~ specified minimum pretension was reached at a nut rotation of 240
degrees. For the 5/8 in. diameter A325 bolts, a rotation of approximately
270 degrees produces the specified minimum pretension. The change of grip
Tengths of the 5/8 in. diameter bolt assemblies seems to have no
effect on the amount of nut rotation required for the specified
minimum bolt tension. The results are summarized in Table 8.
As stated earlier,one of the objectives of this study was to
- determine the pretension produced in @ bolt by using the Cornell
torques given in Table 2. Figures 12, 13, 14, and 15 are plots of

bolt tension versus torque. In all cases it can be seen that the



Cornell torques usually provide sufficient values of pretension as compared
with those specified by RCRBSJ. Table 9 summarizes the measured
and specified values of bolt tension.

The final relationship obtained from the tests was torque
vS. nut rotation. The results are shown in Figures 16, 17, 18,and
19.
4. Summary

To develop a turn-of-nut method for bolted conhections
composed of cold-formed steel and to determine the bolt tension
developed from the torque values used in the original Cornell
study, a total of 25 pretension tests were conducted. Ten tests

were run on 1/2 in. diameter A325 bolts, and 15 on 5/8 in. A325
bolts.

It was found that from a finger-tight position the minimum
specified pretension can be reached by a nut rotation of 240 degrees
for the 1/2 in. diameter bolts and of 270 degrees for the 5/8 in.
diameter bolts. The change of grip lengths of the connections was
found to have little effect on the nut rotation required to reach
the minimum specified pretension. Also it was found that the torque
values used in the original Cornell study provide sufficient values

of pretension as compared with those specified by RCRBSJ as shown

in Table 9.



IT. BOLTED CONNECTIONS
A. Introduction
The First Progress Report on Bolted Connections in Cold-
Formed Steel, which was submitted to the American Iron and Steel
Institute in June 1976, outlined several recommendations on the
areas of future study. Those recommendations were based on the
analysis of the available test data on bolted connections.

The major study on bolted connections in cold-formed

steel was carried out at Cornell University in the 1950's. The

early program consisted of testing specimens composed of materials
with thicknesses equal to or greater than 0.036 inches. In each
test, a washer was placed under the head and another under the nut

of the bolt, and the bolt was torqued to a specified value

established at Cornell. Both symmetric (double shear) and unsymmetric
(single shear) connection types were tested. It was found that there
are four distinct types of failure modes in bolted connections
composed of cold-formed steel depending on the parameters of the
connections. They are:

Type 1. Longitudinal shearing of the steel sheets along two
practically parallel planes whose distance of
separation equals the bolt diameter.

Type 2. Shearing-tearing along two distinctly inclined planes
accompanied by a considerable "piling-up" at the
material front of the bolt, or bearing failure.

Type 3. Transverse tension-tearing across the sheet.

Type 4. Shearing of the bolt.



It wasinot until recently that bolted connections without
washers were studied by Chang and Mat]ock9 and the effects of

11

varying torques on bearing strength by Haussler and Pabers. However,

thest tests were limited to the study of unsymmetric connections only.
In the summer of 1976, a study was performed to provide additional
information as to the effects of torques and washers on the bearing
and shear strength of both symmetric and unsymmetric bolted connections
composed mainly of materials with thicknesses. less than 0.036
inches. This report summarizes the results of 50 tests carried. .
out since the completion of the First Progress Report. |
B. Experimental Investigation
1. Design of Test Speciméns
To study the effects of torques and washers on the
bearing and shear strength of bolted connections, the following
parameters were used:
Amount of Torque
Torque = 0
Torque = Cornell Torque (values listed in Tables 1 and 2)
Thickness = 0.024 and 0.047 fqn.
e/d = 1.5, 2.5, 3.5, and 4.5
With and without washers
Single and double shear connections
A11 test specimens consisted of blanks with general dimensions
as shown in Figure 20. The dimensions were chosen to ensure that the test
specimens would fail in bearing or shear of steel sheets. This was accom~
plished by choosinggtheﬁdjmensions so that the tensile strength of the

connection and the shear strength of the bolt were 25% greater than



the bearing strength of the connection.

Two types of connections, single and double shear, were tested.
Figures 21 and 22 show the configuration of the connected parts for
the single and double shear connections, respectively. Table 10
lists the dimensions and the results of bolted connection tests.

ASTM A307 bolts were used for diameters of 1/4 and 3/8 inches.
High strength A325 bolts were used for diameters of 3/8 and 1/2
inches. The hole diameters were drilled 1/32 in. larger than the
nominal size of the 1/4 and 3/8 in. bolts and 1/16 in. larger than
the 1/2 in. bolts.

2. Testing of Specimens

Because some of the test specimens had widths that were too
wide to be gripped in the testing machine available in the laboratory,
a specially designed supporting unit was connected to each end of
the test specimens to transmit the applied load. Figure 23 shows
the dimensions of this supporting unit. Plate A, the grip plate,
was designed to connect the test specimens, and plate B, the bearing
plate, was connected to the crosshead of the testing machine by
using four anchor bolts.

The test specimens were connected with both A307 and high-
strength A325 bolts with diameters of 1/4, 3/8, and 1/2 inches.
Throughout the testing program, the bolts were tightened with a
torque wrench. The torque values exerted on the nuts are listed in
Table 10. For connections indicated for zero torque, the bolts were
first tightened to 100% of the torque values used in the Cornell tests
and then released to zero in order to flatten the steel sheets and the
burrs at the edge of the holes.

A total of 50 tests were made in a 200,000 pound, universal testing

machine, 35 of which were single shear and 15 double shear connections.
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To investigate the effect of the washers en the bearing strength
of the bolted connections, 34 of the 50 tests were conducted with-
out washers under the bolt head and nut.
3. Test Results and Evaluation of Test Data
As stated in the previous section, it was the purpose of this
investigation to study the effects of washers and torque on the
shear and bearing strength of bolted connections composed of materials
with thicknesses less than 0.036 inches. The test results and several
parameters of the 50 bolted connections are listed in Table 10.
Three types of failure modes were observed in the. investigation.
They are the shearing failure of the connected plates (Type I),
bearing failure between the bolt and the sheets (Type II),and a
type of failure not defined by the AISI specification, that was
due to excessive bolt rotation and warping of the sheets.
a. Shear Strength Study
0f the 50 specimens tested, 12 single shear connections
failed as a result of the shearing of the steel sheets, of which
eight were connected with washers and four without. The results
are shown graphically in Figures 24 and 25. For both cases of with

and without washers, it was found that the results can be predicted

by the following equation:

op/F, = e/d. (1)
In Eq. (1), o, 1s the ultimate bearing stress, Fy the specified

minimum ultimate tensile strength of the steel, e the edge



1

distance, and d the dfameter of the bolt.

It should be noted that Eq. (1) is the same equation used by
the Research Council to determine the allowable bearing stress.

Equation (1) is valid only when e/d does not exceed 3.0 when washers
are used and 2.2 when washers are not used. Within these ranges, the
structural strength of the bolted connections is governed by a
lTongitudinal shearing type of failure.

Table 12 shows an additional study as to the effects of washers
on the shear capacity of single shear connections. Columns 1 and
2 list the specimen numbers and the tested bearing stresses for four
single shear specimens that were tested with washers. A reduction
factor was determined as shown in Col. 6 by dividing Col. 4 by Col.
2. It can be seen from the reduction factor that the shear
capacity of a bolted connection is not significantly affected by
the use of washers.

b. Bearing Strength Study
To provide additional information as to the effects

of washers on the bearing strength of bolted connections composed
of materials with thicknesses less than 0.036 in., both single and
double shear specimens were tested. The first series of tests
consisted of single shear connections with and without washers. The
results and dimensions of the test specimens are given in
Table 10. Figure 24 shows a graphical representation of the results
of the single shear connections with washers, From these results, the

bearing stress can be predicted by using the following formula:
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ap/F, = 3.0. (2)
The terms o, and Fu were defined earlier. Figure 24 shows that
the UMR test results correlate well with the test results of Haussler
and Pabers!l that are given in Table 13.

The results of the single shear connections without washers are
shown in Figure 25. From this figure, it can be seen that for specimens
for which steel sheets thinner than 0.036 in. were used, the tested
bearing values are in the neighborhood of 1.5F;, which represents a
considerable reduction as compared with 2.2F,. This is due to the
fact that for this type of connection the failure mode is not the
same as the bearing failure used in the AISI Specification. Instead
of a bearing failure as expected, the actual failure was due to
excessive rotation of the bolt, which caused a premature failure. In
addition to the bolt rotation, the steel éheets warped considerably.
Thisatype-of fai]ure‘is»i11ustrated in Figure 26.

Four tests were conducted on single shear specimens without washers
that were composed of materials with a thickness larger than 0.036 in.
It was found that when thicker material is used the bolt is prevented
from excessive rotation, thus the bearing strength is increased as
shown in Figure 27.

Table 14 shows that the actual reduction in the bearing stress that
results from the elimination of washers for single shear connections
is approximately 40% for specimens composed of material with a thick-
ness less than 0.036 in.

In addition to the single shear tests, double shear connections
without washers were studied. The results are shown in Figures
28 and 29 for connections with thicknesses less than and greater than

0.036 in., respectively. It can be seen that the bearing stress
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is not significantly affected by the thickness of the material and

can be reasonably predicted by:

cb/Fu = 2.2. (3)

A study was made to investigate the effect of torque
on the bearing strength of single shear connections without washers.
Table 15 lists the test specimens that were tightened to the full
- torque values used in the original Cornell study. For specimens
with the same dimensional and mechanical properties,the bearing

values were averaged as shown in Col. 4 of Table 15. These values

were then used to determine a reduction factor resulting from torque.

16 1ists the specimens that have the same dimensional and mechanical
properties as those in Table 15 except that when these specimens
were tested the torque values were varied. The reduction factor
given in Col. 5 of Table 16 was determined by dividing the bearing
stress values given in Col. 4 by the average values in Table 15.
By studying these reduction factors,it can be seen that the effect
of torque has Tittle effect on the actual bearing strength of single
shear connections without washers.
4; Summary

The purpose of this investigation was to provide additional
information of the effects of torque and washers on the shear and
bearing capacity of both single and double shear connections composed
mainly of materials with a thickness less than 0.036 in. Fifty

connection specimens were tested and analyzed.

Table
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It was found that the shear capacity of a bolted connection is
not affected by the use of washers and that the ultimate bearing
stress can be determined by Eq. (1) with reasonable accuracy.

It was noted that Eq. (1) is the same equation presently used by
the Research Council.

The results of the single shear test specimens designed for
a study of bearing strength of bolted connections indicate that if
washers are used the bearing stress can be determined by Eq. (2).
If the washers are omitted,the test specimens will fail at a much
lower value than that predicted by Eq. (2). This is due to the fact
that the bolt rotates excessively while the steel sheets
warp out of the plane of the load; this causes premature failure.
It is. concluded that for single shear connections composed of material
with a thickness less than 0.036 in. there is approximately
a 40% reduction in the bearing strength of the connection that
results from the elimination of washers.

For double shear connections without washers, it is shown
that the bearing strength of the connection is approximately the
same for specimens composed of materials less than and greater than
0.036 inches.

In studying the effect of torque on bearing strength, it was
found that for single shear connections without washers the bearing

strength is not significantly affected by the amount of torque

used in installation.
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Table 1. Torques Used in Installation
of A307 Boltsb

Bolt Dia. Torque

in. ft. 1b.
1/4 5
3/8 14
1/2 40
5/8 50
3/4 110

1 250

Table 2. Torques Used in Installation of
' A325 High Strength Bolts/

Bolt Dia. Torque

in. ft. 1b.
1/4 11.0
3/8 37.5
1/2 95.0
5/8 190.0
3/4 335.0
1.0 750.0




Table 3. Bolt Tension Specified by the Research Council
on Riveted and Bolted Structural Joints]2

Bolt Dia. Minimum Bolt Tension, kips
in. A325 Bolts _ ~  A490 Bolts
1/2 12 15
5/8 19 24
3/4 28 35
- 7/8 39 v 49
1.0 51 64
11/8 56 80
1.1/4 N 102
1 3/8 85 121
11/2 103 148
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Table 4. Dimensions of Load Cells

Diameter d

of Bolts . dp h A r /e
(inch) (in.) (in.) (in.) (in.%) (in.)
1/2 9/16 11/8 1.5 0.746 0.314 4.78

5/8 11/16 1 5/16 1.5 0.982 0.370 4.05




Table 5.

Load Indicator Gaps to Give

~ Required Minimum Bolt Tensionl4

Bolt Grade A325 A490
Under Bolt Head

Black Finish Bolts 0.015 in. 0.015 in.

A11 Platings Except

Galvanized 0.015 1in. -

Glavanized Bolts 0.010 in. -
Under Nut with

Hardened Washer 0.010 in. 0.010 in.
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Table 6. Properties of 1/2 in. Diameter,
A325 Bolts Tests

Test No. Bolt Length Grip Length ~Assembly
(in.) (in.) Type
] 3.0 1.980 Fig. 4
2 3.0 1.970 fig. 4
3 3.0 1.980 Fig. 4
4 3.0 2.010 Fig. 4
5 3.0 2.010 Fig. 4
6 1.5 0.309 Fig. 5
7 1.5 0.310 Fig. 5
8 1.5 0.310 Fig. 5
9 1.5 0.313 Fig. 5
10 1.5 0.309 Fig. 5




Table 7. Properties of 5/8 in. Diameter,
A325 Bolts Tests

Test No. Bolt Length Grip Length  Assembly Type
(in.) (in.)
1 3.0 2.174 Fig. 4
2 3.0 2.030 Fig. 4
3 3.0 2.160 Fig. 4
4 3.0 2.170 Fig. 4
5 1.5 0.414 Fig. 5
6 1.5 0.414 Fig. 5
7 1.5 0.410 Fig. 5
8 1.5 0.410 Fig. 5
9 1.5 0.416 Fig. 5
10 1.5 0.773 Fig. 5
11 1.5 0.775 Fig. 5
12 1.5 9.775 Fig. 5
13 1.5 0.358 Fig. 5
14 1.5 0.358 Fig. 5
15 1.5 0.358 Fig. 5




Table 8. Nut Rotations From Finger Tight
Condition

Bolt Diameter Bolt Length Nut Rotation Required to Reach

(in.) (in.) Minimum Specified Protension
1/2 1.5 240 degrees
5/8 1.5 270 degrees

Table 9. Comparison of Cornell Torque Values
With the Protension Specified by the

25

RCRBSJ
Cornell ] ]

Bolt Diameter | Grip Length | Torque Bolt Tension (Kips)
(in.) (in.? (ft-1bs) RCRBSJ UMR Tests
1/2 0.310 95.0 12.0 14.75
5/8 0.410 190.0 19.0 19.75
5/8 0.775 190.0 19.0 17.75
5/8 0. 360 - 190.0 19.0 18.75




Table 10. Dimensions and Results of Bolted Connection Tests

ICRN * (o],

Test d Torque t e s e/d 4/t Fy Fu FF (0h) test F,P_EEEE (9p)%a1 btest riiturer*
No. Spec. No.  (in.) (ft-1b) (in.) (in.) (in.) (ksi) (ksi) o'y (ksi) u (ksi) %’cal  Type
1 B-1-1-1-0-SS 1/4 0 0.0270 0.375 0.990 1.50 9.26 44.06 53.25 1.21 82.96 1.56 79.88 1.04 I
2 B-1-1-2-0-SS 1/4 0 0.0275 0.375 0.990 1.50 9.09 44.06 53.25 1.21 74.91 1.41 79.88 0.94 I
3 B-1-1-3-7-5S§ 1/4 5 0.0270 0.375 0.990 1.50 9.26 44.06 53.25 1.21 86.81 1.63 79.88 1.09 I
4 B-1-1-4-T-SS 1/4 5 0.0280 0.375 0.990 1.50 8.93 44.06 53.25 1.21 85.00 1.60 79.88 1.06 I
5 B-0-1-1-0-SS 1/4 0 0.0270 0.375 0.990 1.50 9.26 44.06 53.25 1.21 77.00 1.45 79.88 0.96 I
6 B-0-1-2-0-5S 1/4 0 0.0270 0.375 1.000 1.50 9.26 44.06 53.25 1.21 82.96 1.56 79.88 1.04 I
7 B-0-1-3-T-SS 1/4 5 0.0260 0.375 1.000 1.50 9.62 24.06 53.25 1.21 78.92 1.48 79.88 0.99 1
8 B-0-1-4-T-SS 1/4 5 0.0260 0.375 1.000 1.50 9.62 44.06 53.25 1.21 78.92 1.48 79.88 0.68 I
9 B-1-2-1-0-SS 3/8 0 0.0270 0.953 3.160 2.54 13.89 44.06 53.25 1.21 135.30 2.54 135.26 1.00 I

10 B-1-2-2-0-SS 3/8 0 0.0265 0.923 3.190 2.46 14.15 44.06 53.25 1.21 127.30 2.39 131.00 0.97 I

11 B-1-2-3-T-SS 3/8 14 0.0265 0.938 3.170 2.50 14.15 44.06 53.25% 1.2Y 127.10 2.39 133.13 0.95 I

12 B-1-2-4-T-SS 3/8 14 0.0265 0.938 3.170 2.50 14.15 44.06 53.25 1.21 127.30 2.39 133.13 0.96 1

13 B-0-2-1-0-SS 3/8 0 0.0270 0.923 3.170 2.46 13.89 44.06 53.25 1.21 79.70 1.50 117.15 0.68 v

14 B-0-2-2-0-SS 3/8 0 0.0270 0.938 3.170 2.50 13.89 44.06 53.25 1.21 75.16 1.41 117.15 0.64 v

15 B-0-2-3-T-SS 3/8 14 0.0270 0.953 3.170 2.54 13.89 44.06 53.25 1.21 80.50 1.54 117.15 0.69 v

16 B-0-2-4-T-SS 3/8 14 0.0270 0.958 3.160 2.50 13.89 44.06 53.25 1.21 79.21 1.49 117.15 0.68 v

17 B-0-3-1-0-5S 3/8 0 0.0270 1.313 3.170 3.50 13.89 44.06 53.25 1.21 76.84 1.44 117.15 0.66 v

18 B-0-3-2-0-SS 3/8 0 0.0270 1.313 3.160 3.50 13.89 44.06 53.25 1.21 81.48 1.53 117.15 0.70 v

19 B-0-3-3-T-SS§ 3/8 14 0.0270 1.313 3.170 3.50 13.89 44.06 53.25 1.21 86.12 1.62 117.15 0.74 v

20 B-0-3-4~T7-SS 3/8 14 0.0270 1.313 3.170 3.50 13.89 44.06 53.25 1.21 87.01 1.63 117.15 0.74 v

21 B-0-3-7-T-SS 3/8 14 0.0260 1.313 3.220 3.50 14.42 45.03 52.03 1.16 85.44 1.64 114.47 0.75 v

22 B-0-3-8-T-SS 3/8 14 0.0260 1.300 3.230 3.46 14.42 45.03 52.03 1.16  80.62 1.58 114.47 0.70 v

23 B-0-3-9-T-DS 3/8 14 0.0255 1.313 3.219 3.50 14.71 45.03 52.03 1.16 107.20 2.06 114.47 0.94 I+11

24 B-0-3-10-T-DS 3/8 14 0.0255 1.300 3.234 3.46 14.71 45.03 52.03 1.16 107.00 2.06 114.47 0.93 I+11

25 B-0-4-1-0-SS 3/8 0 0.0260 1.688 3.160 4.50 14.42 44.06 53.25 1.21 77.64 1.46 117.15 0.66 v

26 B-0-4-2-0-SS 3/8 0 0.0260 1.703 3.190 4.54 14.42 44.06 53.25 1.21 76.41 1.43 117.15 0.65 v

27 B-0-4-3-T-SS 3/8° 14 0.0270 1.688 3.170 4.50 13.89 44.06 53.25 1.21 79.01 1.48 117.15 0.67 v

28 B-0-4-4-7-SS 3/8 14 0.0270 1.688 3.170 4.50 13.83 44.06 53.25 1.21 82.96 1.56 117.15 0.71 v

29 B-0-4-7-T-DS 3/8 14 0.0260 1.673 3.234 4.46 14.42 45.03 52.03 1.16 100.10 1.92 114.47 0.82 I+11

30 B-0-4-8-T-DS 3/8 14 0.0260 1.688 3.234 4.5 14.42 45.03 52.03 1.16  94.15 1.81 114.47 0.82 I+11

9¢




Table 10 (cont'd)

5] : ]
Test d Torque t e s e/d  d/t Fy Fu F/F (ob)test {jﬁ%;é& (Jb)zal %—E%Eéf Failure**
No. Spec. No. (in.) (ft-1b) (in.) (in.) (in.) (ksi)  (ksi) u''y  (ksi) u (ksi) %b’cal Type
31 B-0-5-1-T-DS 1/2 95 0.0460 1.720 6.87% 3.44 10.87 43.83 55.73 1.27 110.35 1.98 122.61 0.90 11
32 B-0-5-2-T-DS 1/2 95 0.0460 1.720 6.875 3.44 10.87 43.83 55.73 1.27 115.00 2.06 122.61 0.94 11
33 B-0-5-3-T-DS 1/2 95 0.0460 1.750 6.750 3.50 10.87 43.83 55.73 1.27 114.26 2.05 122.61 0.93 I1
34 B-0-5-4-T-DS 1/2 95 0.0470 1.750 6.840 3.50 10.64 43.83 55,73 1.27 122.04 2.19 122.61 1.00 I1
35 B-0-5-5-T-DS 1/2 95 0.0470 1.750 6.840 3.50 10.64 43.83 55.73 1.27 120.43 2.16 122.61 0.98 11
36 B-0-6-1-T-DS 1/2 95 0.0460 2.250 6.750 4.50 10.87 43.83 55.73 1.27 116.30 2.09 122.61 0.95 11
37 B-0-6-2-T-DS 1/2 95 0.0460 2.250 6.750 4.50 10.87 43.83 55.73 1.27 104.57 1.88 122.61 0.85 Il
38 B-0-6-3-T-DS 1/2 95 0.046C 2.250 6.750 4.50C 10.87 43.83 55.73 1.27 107.40 1.93 122.61 0.88 1!
39 B-0-7-1-T-SS 1/2 95 0.0460 1.750 6.800 3.50 10.87 43.83 25.73 1.2 124.35 2.23 122.01 1.0i1 I
49 B-0-7-2-T-SS 1/2 95 0.0460 1.750 6.800 3.50 10.87 43.83 55.73 1.27 138.70 2.49 122.61 1.13 II
41 B-0-7-3-7-SS 1/2 95 0.0470 1.750 6.844 3.50 10.64 43.83 55.73 1.27 191.90 3.44 122.61 1.57 11
42 B-0-7-4-T-SS 1/2 95 0.0470 1.750 6.844 3.50 10.64 43.83 55.73 1.27 164.68 2.95 122.61 1.34 11
43 B-1-8-3-T-SS 3/8 37 0.0250 1.313 5.220 3.50 15.00 45.00 52.00 1.16 146.13 2.81 156.00 0.94 11
44 B-1-8-3-T-SS 3/8 37 0.0250 1.313 5.230 3.50 15.00 45.00 52.00 1.16 130.13 2.50 156.00 0.83 11
45 B-1-9-1-7-SS 3/8 37 0.0240 1.658 5.220 4.42 15.63 45.00 52.00 1.16 160.00 3.08 156.00 1.03 11
46 B-1-9-2-T-SS 3/8 37 0.024 1.688 5.220 4.50 15.63 45.00 52.00 1.16 137.56 2.65 156.00 0.88 I1
47 B-1-9-3-T-SS 378 37 0 Ged 1.688 5.220 4.50 15.63 45.00 52.00 1.16 190.22 3.66 156.00 1.22 11
48 B-1-10-1-T-DS 1/2 95 0.025 1.750 7.830 3.50 20.00 45.00 52.00 1.16 178.00 3.42 156.00 1.41 11
49 B-1-10-2-T-DS 1/2 95 0.025 1.750 7.830 3.50 20.00 45.00 52.00 1.16 161.44 3.10 156.00 1.03 11
50 B-1-10-3-T-DS 1/2 95 0.025 1.750 7.840 3.50 20.00 45.00 52.00 1.16 170.00 3.27 156.00 1.10 11

* A summary of the calculations used to determine (o) are given in Table 11.

**  The types of failure are defined as follows: cal

I - Longitudinal shearing of the steel sheets
IT - Bearing failure between steel sheet and bolt
V - Failure due to excessive bolt rotation and warping of steel sheets
++ The specimens are designated as:
B-1-1-1-0 ——————— Type of Torque: 0 - no torgue

L‘—— Test No.

No. of Specimen

Washers used: 0 - No
1 - Yes

Bearing test

L
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Table 11. Summary of Equayions Used to Determine
(Ob)ca1 Listed in Table 10
(a) With Washers
Calculated Bearing Stress
e/d for Single and Double Shear Connections
(04) a1
(ksi)
< 3.0 (e/d)F,
> 3.0 3.0Fu
(b) Without Washers
Ca]cu!ated Bearing Stress
e/d for Single and Double Shear Connections
(o)
b'cal
(ksi)
22.2 (e/d)F
> 2.2 2.2F

u
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Table 12. Effect of Washers on the Shear Capacity
0f Single Shear Conditions, e/d < 2.2
1 2 3 4 5 6 7
With Washers Without Washers

Spec. (Gb?test Spec. (ijigst Torque Egg%gﬁion

No. (ksi) No. (ksi) (ftf]b) (col 4/col:2)| Reference
B-1-1-1-0-SS 82.96 B-0-1-1-0-S§| 77.00 0 0.928 See Table 10
B-1-1-2-0-SS 74.91 B-0-1-2-0-SS| 82.96 0 1.107 do
B-1-1-3-T-SS 86.81 B-0-1-3-T-SS| 78.92 5 0.905 do
B-1-1-4-T7-SS 85.00 B-0-1-4-T-SS| 78.92 5 0.928 do




Table 13. Tests on Single Shear_ Connections
With Various Torgues

F F (Ob)test —ESPEEEEE- Washers
Nor (m) (e ey oGm0 Uty ey Ry () u Used
1 1/4 0 0.0236  .875 3.5 10.60 62.2 72.6 1.17  142.90 1.97 No
2 1/4 2.5  0.0236  .875 3.5 10.60 62.2 72.6 1.17 144,92 2.00 No
3 1/4 5.0 0.0236 .875 3.5 10.60 62.2 72.6 1.17  143.73 1.98 No
4 1/4 0 0.0236  .875 3.5 10.60 62.2 72.6 1.17  179.83 2.48 Yes
5 1/4 2.5 0.0236 0.875 3.5 10.60 62.2 72.6 1.17  237.63 3.27 Yes
6 -1/4 5.0 0.0236 0.875 3.5 10.60 62.2 72.6 1.17  246.27 3.39 Yes
7 3/8 0 0.0256 1.313 3.5 15.90 62.2 72.6 1.17  109.38 1.51 No
8 3/8 7.0 0.0236 1.313 3.5 15.90 62.2 72.6 1.17  105.42 1.45 No
9 3/8 4.0 0.0236 1.313 3.5 15.90 62.2 72.6 1.17  103.28 1.42 No
10 3/8 0 0.0236 1.313 3.5 15.90 62.2 72.6 1.17  162.60 2.24 Yes
1 3/8 7.0 0.0236 1.313 3.5 15.90 62.2 72.6 1.17  203.50 2.80 Yes
12 3/8 14.0 0.0236 1.313 3.5 15.90 62.2 72.6 1.17  185.31 2.55 Yes

1]
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Table 14. Effect of Washers on the Bearing Capacity
of Single Shear Connections e/d > 2.2

1 2 3 4 5 6 7
With Washers Without Washers
Spec. (Gblest Spec. (Ublest Torque ﬁigz§:1°n
No. (ksi) No. (ksi) (ft-1b) | (col 4/col 2)| Reference
B-1-2-1-0-SS| 135.30 [B-0-2-1-0-SS| 79.70 0 0.589 See Table 10
B-1-2-2-0-SS| 127.30 [B-0-2-2-0-SS| 75.16 0 0.590 do
4 179.83 1 142.90 0 0.795 Haussler!!
10 162.60 7 109.38 0 0.673 Haussler!]
5 237.63 2 144.92 2.5 0.610 Haussler11
6 246.27 3 143.73 5.0 0.584 Haussler 1]
1 203.50 8 105.42 7.0 0.518 Haussler!1
B-1-2-3-T-SS{ 127.10 |B-0-2-3-T-SS| 80.50 14.0 0.633 See Table 10
B-1-2-4-T-SS| 127.30 [B-0-2-4-T-SS| 79.21 14.0 0.622 do
12 185.31 9 103.28 14.0 0.552 Haussler 1]




Table 15. Average Bearing Stress of Single Shear Connections
Without Washers. (Using Full Cornell Torque)

1 2 3 4 5
Spec. Torque (U)tgst-o
No. (ft-1b) e/d ~ (ksi) Reference
B-0-2-3-T-SS 14 2.54 80.50 See Table 10
B-0-2-4-T-SS 14 2.50 79.21 do
Average 79.86
B-0-3-3-T-SS 14 3.50 86.12 See Table 10
B-0-3-4-T-SS 14 3.50 87.01 do
B-0-3-7-T-SS 14 3.50 85.44 do
B-0-3-8-T-SS 14 3.46 80.61 do
Average 84.80
B-0-4-3-T-SS 14 4.50 79.01 See Table 10
B-0-4-4-T-SS 14 4.50 82.96 do
Average 80.99
3 5.0 3.5 143.73 See Table 13
9 14.0 3.5 103.28 do

32
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Table 16. Effect of Torque on the Bearing Strength
of Single Shear Connections Without Washers

1 2 3 4 5 6
Reduction Factor
Spec. Torque (Ob)test (Ob)test
No. (ft-1b) e/d (ksi) Ave.(ob)test_o Reference

B-0-2-1-0-SS 0 2.46 79.70 0.998 See Table 10
B-0-2-2-0-SS 0 2.50 75.16 0.941 do
B-0-3-1-0-SS 0 3.50 76.84 0.906 do
B-0-3-2-0-SS 0 3.50 81.48 0.961 do
B-0-4-1-0-SS 4,50 77.64 0.959 do
B-0-4-2-0-SS 4.54 76.41 0.943 do

1 3.50 142.90 0.994 See Table 13

2 2. 3.50 144.92 1.008 do

7 3.50 109.38 1.059 do

8 7.0 3.50 105.42 0.980 do

The corresponding average

values of (ob)test for connections

using full torque are given in Table 15.
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Fig. 1 Load Cell Dimensions
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-Direct Tension Indicator
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Fig. 5 Pretension Test Assembly
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I. INTRODUCTION

In 1976, two progress reports on bolted connections used in cold-formed
steel structures were submitted to American Iron and Steel Institute (1,2).
These two reports summarized the research findings which were achieved dur-
ing the year of 1976.

During the year of 1977, additional bolted connection tests were con-
ducted by Randall L. Mosby, Graduate Research Assistant in the Department of
Civil Engineering at the University of Missouri-Rolla. These tests were
used to study the effect of torque on the bearing strength of bolted connec-
tions.

This information is required for development of the installation pro-
cedures for bolts to be used in cold-formed steel construction.

The experimental investigation carried out at UMR during 1977 is
presented in Section II of this report. It contains the discussions con-
cerning preparation of specimens, testing of specimens, results of tests,
and evaluation of the test data. The required future study is summarized

in Section III.



II. EXPERIMENTAL INVESTIGATION

In the 1968 Edition of the AISI Specification for the Design of Cold-
Formed Steel Structural Members (3), Section 4.5 provides the design criteria
for bolted connections. It does not include any specific procedures for
installation of bolts. Because the structural performance of bolted connec-
tions may be affected by the amount of torque used for installation, this
phase of experimental work was planned for a study of the effect of torque
on the bearing strength of bolted connections. It also considered the effect
of washers on the bearing strength of connections.

The types of connections used for the tests were carefully considered
by members of the AISI Task Group on Bolted Connections at its September
15, 1976 meeting. It was suggested that the following materials and para-
meters be used in this series of tests:

1. Types of Bolts

Three types of bolts were suggested for this study. They include
(a) ASTM A307 bolts (1/4" to 3/4'" in diameter)
(b) ASTM A354, Grade BD bolts (1/4" in diameter)
(c) ASTM A490 bolts (1/2" and 3/4" in diameter)

2. Thicknesses of Steel Sheets

The thicknesses of steel sheets were suggested to be varied

from 0.015 in., to 3/16 in,

3. Yield Points and the F /F, Ratios of Steel Sheets
It was suggested that the yield points of steel sheets be varied

from 33 to about 65 ksi. The range of Fu/Fy ratios should be as

large as possible,

4. Torque Used for Installation

Three types of torque were suggested for installation of bolts.



They are

(a) Zero torque (i.e. finger tight condition)

(b) Low torque
Use the lower values of torque given in Table 1(a). These
values were previously used at Cornell University for instal-
lation of the A307 bolts reported in Ref. 4.

(c) High torque
Use the higher values of torque listed in Table 1(b). These
values were previously used at Cornell University for instal-
lation of the high strength bolts reported in Ref. 5.

5. Washers and e/d Ratios

It was suggested that the connections be tested with and without

washers.
(a) For connections with washers under both bolt head and
nut, use e/d = 3.5, where e is the end distance measured
in the line of stress from the center of a standard hole
to the end of the sheet, and d is the diameter of bolt.
(b) For connections without washers, use e/d = 2.2,
These e/d ratios were considered to be the minimum values for the
bolted connections failed in the bearing mode.

6. Types of Connections

It was also suggested that the connections be tested for
(a) Single shear condition, and
(b) Double shear condition.

A. Preparation of Test Specimens

All test specimens were composed of blanks as shown in Fig. 1. The

actual dimemsions for the end distance "e'" measured from the center of a



standard hole* to the end of steel sheet and the width "s'" are listed in
Table 3a. These dimensions were designed to ensure that the test specimens
would fail in bearing between the bolt and steel sheets. This was accom-
plished by choosing the proper dimensions so that the tensile capacity of
steel sheets and the shear capacity of the bolts are greater than the bear-
ing capacity of the connection. In order to prevent the possible longitu-
dinal shearing failure of steel sheets, the e/d ratios are about 3.5 for
connections with washers under both bolt head and nut. For the connections
without washers, the e/d ratios are about 2.2.

Due to the difficulty of obtaining the exact types of materials
suggested by the AISI Task Group, the test specimens were prepared by using

the following available bolts and steel sheets:

1. Types of Bo}ts Used in the Tests
Two types of bolts were used in the conmnection tests. They are
ASTM A307 bolts and Grade 8 bolts (1/4ﬁ, 1/2" and 3/4" in diameter).
The Grade 8 bolts are high strength bolts. They were used to
replace the A354 Grade BD bolts and A490 bolts. See Tables 3b to
3d for dimensions of bolts, nuts and washers.

2. Thicknegses of Steel Sheets

The actual thicknesses of steel sheets used in the tests ranged

from 0.014 to 0.184 in. See Table 2.

3. Yield points and F“/Fy Ratios of Steel Sheets

The actual yield points of steel sheets used in the bolted
connections ranged from 38.97 to 70.64 ksi. The corresponding
Fu/Fy ratios varied from 1.116 to 1.321. Table 2 lists all the

mechanical properties obtained from the tests.

*The diameters of standard holes are 1/32 in. larger than the nominal size
of the 1/4 in. bolt and 1/16 in. larger than the 1/2 and 3/4 in. bolts.



The test specimens were prepared for single shear and double shear
conditions. Figures 2 and 3 show the configurations of the connected parts
for the single and double shear connections, respectively. For each test,
the type and size of bolt and the dimensions of the steel sheets are listed
in Table 3a.

During preparation of test specimens, the hole diameters were drilled
1/32 in. larger than the 1/4 in. bolts, and 1/16 in. larger than the 1/2 in.
and 3/4 in. bolts.

B. Testing of Specimens

A total of 370 bolted connections were tested to failure in a 200,000
pounds Tinius Olson Universal testing machine. Among these tests, 178
are single shear tests and 192 are double shear tests.

For the specimens having the widths less than 3.50 inches, the steel
sheets were gripped directly by the crosshead of the testing machine.

When the widths of steel sheets were wider than 3.5 inches, a specially
designed supporting unit was used to connect each end of the test specimens.
Figure 4 shows the dimensions of this supporting unit. Plate A, the grip
plate, was designed to connect the test specimens, and plate B, the bearing
plate, was connected to the crosshead of the testing machine by using four
anchor bolts.

Prior to testing, the bolts were tightened to the specified torque by
using a torque wrench. Three types of torque values were used for instal-
lation. They were recommended by the AISI Task Group as follows:

(a) Zero torque

(b) Low torque (Table la)

(c) High torque (Table 1b)

For the connections using zero torque, the bolts were first tightened to



100% of the low torque values as listed in Table 1 and then released the
torque value to zero in order to flatten the steel sheets and the burrs
along the edge of holes.

C. Results of Tests

for all the bolted connections

The tested ultimate loadsf (Pu)test’

are listed in Table 4. Based the values of (Py) , the conventional

test

tested bearing stresses, (Op) , can be computed by using the following

test
formula:

- Pwtest
©b) test = ——————udtes (1

in which d is the diameter of bolt and t is the thickness of steel sheet.
Also included in Table 4 are the failure modes of connections

observed from the tests. The types of failure are designated as follows:

Type 1 Longitudinal shearing of the steel sheets

Type IT -~ Bearing failure between steel sheet and bolt

Type III ~ Transverse tension tearing of steel sheet
Type IV - Shearing of the bolt
Type V - Tearing of steel sheet caused by the excessive bolt rota-

tion and dishing of sheet material. Figure 5 shows this
type of failure mode.

D. Evaluation of Test Data

During the evaluation of test data, considerations were given to the

following subjects:
* Factors of safety against bearing failure on the basis of the
revised Section 4.5.6 of the AISI Specification (6).
* Effect of torque on the bearing strength of bolted connections.

* Effect of washers on the structural behavior of bolted connections.



* Design methods for thin sheets which are not covered in the revised
Section 4.5.6 of the AISI Specification.
All the above listed items will be discussed in this article.
(a) Factors of Safety Against Bearing Failure on the Basis of the Revised
Section 4.5.6 of the AISI Specification
In the determination of the factors of safety against bearing failure,
studies have been carried out for the connections made from the steel
sheets covered in the revised Section 4.5.6 of the AISI Specification.
Because the newly revised design provisions on allowable bearing stress
are not applicable to the steel sheets thinner than 0.024 in. and 0.036 in.
for connections with and without washers, respectively, the results of
connection tests were therefore divided into the following four groups for
the convenience of investigation:
1. Single shear with washers (0.024" < t < 3/16')
Zero Torque
Low Torque
High Torque

2. Double shear with washers (0.024" < t 3/16")

{A

Zero Torque
Low Torque
High Torque
3. Single shear without washers (0.036" < t < 3/16")
Zero Torque
Low Torque

High Torque



4. Double shear without washers (0.036" < t < 3/16")
Zero Torque
Low Torque
High Torque
These 12 cases are listed in Tables 5a to 8c. In these tables, the
allowable bearing stresses, (ob)allow’ were computed in accordance with
the new revision of Section 4.5.6 of the AISI Specification as follows:

"Section 4.5.6 - Bearing Stress in Bolted Connections

The bearing stress on the area (dxt) shall not exceed the allowable

stress given in Tables 4,5.6(A) and 4,5.6(B), where Fp is the allow-

able bearing stress, ksi,Fu and Fy are defined in Section 4.5.4.

For conditions not shown, stresses shall be determined on the basis

of test data using a factor of safety of 2.22.,"

The factors of safety were determined by the ratios of (ob)test/
(Ob)allow. It has been noted that some of the low factors of safety
were due to either the excessive rotation of bolts or the combined bearing
and tearing. In some cases, the size of washers may affect the bearing
strength of connections. The mean values and the corresponding coeffi-

cients of variation for these 12 cases are summarized in Table 9. It

can be seen that if the low torque values are used for installation of

unf